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Special Dedication 

This issue of the Solid State Division Progress Report is dedicated to the 
memory of a valuable Division member who died during the past year. 

John Fletcher, a scientist in the research group investigating crystal defects 
and defect structures by electron microscopic techniques, was killed in an 
automobile accident on June 20, 1981. Although he had been at the Oak Ridge 
National Laboratory for only about fifteen months, he had made significant 
contributions to a broad range of research programs. His skills and his close 
associations with Division members are greatly missed. 
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Introduction 

The reporting period covered by this progress report of the Solid State 
Division includes the 19 months from March 1, 1980, through September 30, 198 1. 
During this period the research emphasis within the Division has been relatively 
stable compared to that during the previous five-year period. The large changes 
that occurred in earlier years, of course, were required when the Atomic Energy 
Commission was replaced first by the Energy Research and Development 
Administ.rat.ion (ERDA) and later by the Department of Energy (DOE). The 
broad missions of ERDA and DOE in the development of new energy systems 
required many new types of investigations in-the materials sciences to help find 
solutions for the severe materials problems in all advanced energy technologies. In 
adjusting to this requirement, the Solid State Division redirected many programs 
into new research areas, particularly into areas closely related to the nonnuclear 
energy technologies. The transition was exceptionally smooth, and these new 
programs are now providing very interesting and important fundamental 
information, which is necessary in the prediction and development of new materials 
with special properties. 

Throughout this reporting period, considerable effort has been directed toward 
the development of users' programs in the Solid State Division, whereby scientists 
outside ORNL can conduct research with unique facilities located at the 
Laboratory. Although informal arrangements for users have existed for many 
years, specific users' programs are being established to ensure the most effective 
utilization of these facilities for the best possible research. The National Center for 
Small-Anglc Scattering Research (NCSASR), which was illilialed at ORNL in 
1978 through a joint interagency agreement between the Department of Energy 
and the National Science Foundation (NSF), operates exclusively in the users' 
mode. This Center provides state-of-the-art instrumentation for scientists who wish 
to perforin small-angle neutron scattering investigations and/or small-angle x-ray 
scattering investigations. The major neutron scattering facility is a sophisticated 
30-m small-angle scattering instrument, which was constructed at the HFIR with 
funds obtained from NSF; the major x-ray scattering facility is a unique 10-m 
small-angle scattering camera t,hat was built for DOE programs and is available to 
the Center on a part-time basis. During the past two years about 100 research 
investigations have been performed on these instruments. A users' program has also 
been established for the other neutron scattering facilities at the HFIR, and these 
facilities are available to scientists outside the Laboratory for as much time as 
possible consistent with the programmatic requirements of DOE. In response to a 
questionnaire that was circulated to the scientific community, over 200 scientists 
have indicated specific interests in using' these excellent neutron scattering 
facilities. Although the existing users' programs involve only the neutron scattering 
facilities, careful consideration is being given to users' programs for other unique 
facilities, such as the accelerators for ion implantation, scattering, and channeling 
investigations and the lasers for materials processing. These facilities are already 

xix 



used informally by many scientists from industrial and university laboratories, but 
specific programs would undoubtedly increase the user participation. 

I n  addition to the users' programs, there are two cooperative programs that 
involve the ORNL neutron scattering facilities. ,Already in existence is a 
cooperative program with scientists of Ames Laboratory. When the Ames 
Laboratory Research Reactor was shut down, three neutron scattering instruments 
were moved from that reactor to the ORR; this equipment and the ORNL 
equipment at the HFIR and ORR are available to scientists of both laboratories. 
Another cooperative program in neutron scattering is in the final stages of 
negotiation with the Japanese Science and Technology Agency and the Japanese 
Ministry of Education. This program is being initiated by DOE under the umbrella 
of the U.S.-Japan Non-Energy Research Agreement that was signed by 
representatives of the two governments on May 1, 1980. The program in neutron 
scattering would involve the development and construction of a unique wide-angle 
diffractometer and considerable auxiliary equipment at the HFIR with funds 
provided by the Japanese organizations. The main collaboration would be centered 
on the use of this new equipment, but the Japanese scientists would also be 
permitted modest use of the HFIR neutron scattering facilities. Although the 
primary objective of cooperative programs and users' programs is to ensure 
effective use of the unique ORNL facilities, they also serve another important 
purpose; these programs produce very strong interactions between members of the 
Solid State Division and scientists from other organizations. 

The arrangement of this progress report has been chosen to emphasize the 
major areas of solid-state science in which the Solid State Division conducted 
research during the reporting period. The areas are Theoretical Solid State Physics, 
Surface and Near-Surface Properties of Solids, Defects in Solids, Transport 
Properties of Solids, ~ e b t r o n  Scattering, Crystal Growth and Characterization, 
and Isotope Research Materials. Each constitutes a section of the report, and 
additional subdivisions are included within the sections. A short introduction 
precedes each of the seven sections to indicate the scope and goals of the research 
and to give a few highlights of recent investigaliuns. These i~ltroductiolls reflect 
many of the changes that have occurred in the programs of the Division during the 
past several years. It is also their intent to give a clearer picture of the manner in 
which the individual programs are interrelated and to indicate how research 
activities of the Solid State Division contribute to various programs of ORNL and 
DOE. 

Because of the very close interactions among programs within the Division, 
rrlarly ~esearch sullilliaries do not fit uniquely into only one subsection of the 
report. A particularly good illustration is the neutron scattering research on 
superconducting flux-line lattices; these summaries have been included in the 
subsection on superconductivity, but obviously they would have fit equally well 
under small-angle neutron scattering. The situation becomes even more confused in 
research investigatibns concerned with ion implantation and laser annealing, 
particularly when the work involves photovoltaic materials for solar energy 
conversion. The development of unique materials by these techniques and the 
understanding of the physical properties of the materials have required the skills 
and experimental facilities of many Division members. Consequently, a number of 
research summaries concerned with this exciting new research could havc bccn 
placed in  several subsections. Of course, there is also very close coupling of almost 
all experimental programs with ongoing theoretical research and with programs 



concerned with materials preparation and characterization. In placing certain 
research summaries into one of the appropriate subsections, the choice has been 
somewhat arbitrary. It is hoped that the arrangement of the report minimizes 
difficulties for the reader in finding those summaries of interest. 



1. Theoretical Solid State Physics 

The primary role of theoretical research in the Solid State Division is to 
complement the experimental programs. The close collaboration which has existed 
over the years between the theoretical and experimental programs has naturally 
resulted in the development and extension of expertise in a wide variety of 
theoretical disciplines. Specific research activities generally include state-of-the-art 
investigations, including ~clevant extensions, of existing theories as well as the 
development of new concepts, theories, and procedurcs whcn appropriate. Of equal 
importance is the development and use of numerical procedures (e.g., computer 
programs, mathematical techniques, etc.) for generating accurate predictions from 
these complex theories of condensed matter for materials relevant to the mission of 
DOE. For purposes of clarity, the work presented in this section of the progress 
report is loosely grouped into four categories: Surfaces, Electronic 'and Magnetic 
Properties, Particle-Solid Interactions, and Laser Annealing. 

Research in the area of surface physics has continued to expand into new 
areas during the period covered by this report. For example, new techniques have 
been developed for generating more realistic pair potentials at metallic surfaces. 
Results from numerical calculations for aluminum and sodium have clearly 
established that the traditional method of using bulk pair potentials cannot yield 
reliable results for  lattice vibrations or relaxation at surfaces when reduced 
screening is important. Arguments based on differences between bulk and surface 
pair potentials, together with the corresponding conduction-electron redistribution, 
have also indicated that multilayer relaxation must be considered in any surface 
structure analysis. To investigate the possibility of multilayer relaxation, LEED I-V 
profile data for Cu(100) were reanalyzed. Strong evider~ce: .for. relaxations of two 
(and possibly three) layers was found. In addition, this analysis revealed the 
unusual result that the spacing between the second and third layer was expanded 
more than the contraction between the first and second layer. The investigation of 
the band structure of metallic surfaces also represents a new area of research. A 
calculation of the electronic. structure of Ag(100) has revealed two bands of 
surface states. Electronic excitations from bulk band states to these surface states 
have been correlated with two absorption features of Ag(100), which have been 
observed using the electroreflectance technique. This correlation may prove to be a 
useful tool to probe the potential distribution at metallic surfaces. 

Work on electronic and magnetic properties of solids continues on a wide 
variety of problems of both current and future interest. The introduction of new 
high-flux spallation neutron sources in the near future will make it possible to 
perform neutron scattering experiments with energy transfer in the eV range. It 
has been suggested that experiments of this type could be a useful tool for the 
experimental determination of electronic band structures. As an aid to assess the 
feasibility of such experiments for semiconductors, an extensive series of 
calculations of the total magnetic scatte!ing cross section has been carried out. The 
relatively small cross sections obtained from these calculations indicate that the 



experiments are going to be difficult. However, if these small cross sections can be 
measured, important information about the band structure of semiconductors could 
be provided which cannot, at present, be obtained from any other source. Work on 
the itinerant theory of magnetism has continued to yield important results. A 
calculation of the spin part of the magnetic form factor for nickel, which was 
based on a partial parameterization of the spin-polarized band structure, has 
established that most of the temperature dependence observed in the corresponding 
form factor measurement results from Fermi surface smearing and not from any 
significant change in the spin-splitting energy A with temperature. A first- 
principles calculation of A for nickel, which was based on the local density 
approximation that includes the lowest-order nonlocal, or gradient, contribution, 
has also been completed. It was found that even though the nonlocal term 
significantly affected the exchange potential, it had very little effect on A and, 
therefore, could not be the source of the large discrepancy which exists between A 
obtained from the local density theory and from experiment. Several important 
aspects of the general problem of hydrogen in metals have been studied. A 
spherical solid model was used to obtain reasonable estimates of lattice relaxation 
effects, heat of solution, and zero-point energy. A method based on the augmented 
space formalism has been developed for obtaining the electronic properties of 
random alloys with various degrees of short-range order. This method is treatable, 
self-consistent, and provides a useful description of short-range order over a wide 
range of concentrations. 

Research on particle-solid interactions has traditionally been associated with 
channeling, damage produced in solids by particle beams, and related phenomena. 
Numerical techniques which have been developed to study these types of problems 
have recently been used to examine displacement damage production in monazite 
and related minerals. These materials are important because of the observation 
that monazites containing radioactive impurities are crystalline, which is in 
contrast to the majority of radioactive minerals; therefore, monazites may have 
suitable phases in  which long-lived radioactive nuclear waste can be isolated. 
Computer simulations of channeling in  InAs-GaSb superlattices have been carried 
out to investigate the origin of some unusual fenlures observed in ion dechanneling 
measurements. Results from this study indicate that these features are most likely 
generated by a series of multilayer relaxations in the planar spacing at each 
interface in  the superlattices. Work has also continued on the use of an analytical 
model to describe enhanced Rutherford backscattering yields from disordered 
solids. 

Laser annealing and its applicability to the preparation of semiconductor 
device materials are areas of intense interest and study within the Division and the 
Theory Section. Over the past few years theoretical research based on the one- 
dimensional dopant diffusion model has established rather conclusively that the 
near-surface region of a sample melts and then regrows epitaxially when irradiated 
with a sufficiently intense laser pulse. Results from recent calculations for silicon 
and GaAs based on this melting model have been shown to be consistent with a 
wide variety of experimental data. The only significant disagreement relates to the 
surface temperature of unimplanted silicon during and shortly after irradiation. In 
experiments performed at another laboratory, the temperature inferred from the 
Stokes-to-antistokes Raman intensities was found to be significantly below Lhe 
melting temperature. It is not clear, however, that this is a reliable measure of the 
temperature of a sample undergoing pulsed-laser annealing because of possible 
large temperature gradients. This particular problem is currently under 
investigation. 



SURFACES 

H. L. Davis J. R. Noonan 

Metallic crystal termination by a surface affects 
both the atomic coordination and the conduction- 
electron distribution. Changes in both can influence 
the surface crystallography and cause it to differ 
from that of the truncated bulk crystal. One simple 
type of difference is a relaxation normal to the sur- 
face in which distances between atomic layers devi- 
ate from bulk values. Since pair potentials were 
constructed in a manner to mimic bulk properties, 
early attempts to calculate the amount of layer 
relaxation were based only on the change of atomic 
coordination. Such attempts then produced the 
almost universal prediction that the distance 
between the first two layers d12 in  a metallic sur- 
face should be larger than the bulk value. How- 
ever, this prediction was in stark contradiction to 
the results of LEED analyses of low-indexed metal- 
lic surfaces, which indicated that dl2 is usually less 
than the bulk value in most cases. 

The above dilemma between theoretical predic- 
tions and experimental results was resolved, at 
least in principle, when consideration was directed 
toward the surface-region modification of the 
conduction-electron distribution. Finnis and Heine 
(FH)* have shown that a heuristic redistribution of 
the truncated bulk electronic density will produce 
electrostatic forces on ionic cores in the outermost 
surface layer, which could result in a d12 less than 
the bulk value. Subsequent work of Landman, 
Hill, and Mostoller ( L H M ) ~  has considered three 
distinct models for the surface-regii:lrl electronic 
charge density and, importantly, allowed for the 
participation of several atomic layers in the relaxa- 
tion process. Although LHM's results showed some 
sensitivity to the model used for the charge density, 
their results were generally consistent with those 
available from LEED analyses. Further, LHM's 
I . C S ~ I ~ ~ S  illustrated the importance of multilayer 
relaxation mechanisms, which implies that mul- 
tiluycr relaxation must be considered when per- 
forrr~ir~g surface crystallography. 

Motivated by I.HM's results, we decided to 
investigate the possibility of multilayer relaxation 
in some relatively simple metallic surfaces using 
modern LEED analysis. Results of such an investi- 
gation fnr Cu(100), where existing4 I-V profile 

data were reanalyzed, are reported here. The 
results obtained from the new analysis of Cu(100) 
clearly provide evidence for multilayer relaxation. 

Sets of calculations were performed with 63 dif- 
ferent pairs of values for the relative change of the 
first interlayer spacing from the bulk spacing Adl2 
and the relative change of the second interlayer 
spacing Adz3. In these calculations Adl2 was varied 
fro111 -3.25 to + 1.25% and Ad23 from - 1.75 to 
+4.25%, with Adij incremented in steps of 0.75%. 
The results of these calculations were compared 
with'the experimental I-V profiles using three dis- 
tinct reliability factors (R factors). These were RZJ 
as defined by Zanazzi and ~ona, '  and R2 and R5 as 
defined by Van Hove, Tong, and ~ l c o n i n . ~  The 
factor HZ, was designed in an attempt lo weigh 
those features that experienced investigators use in 
a visual comparison of profiles. The R2 is a mea- 
sure of the mean-square difference between experi- 
mental and calculated profiles, while RS indicates 
the mean-square difference between the profiles' 
slopes. 

Contour maps of optimal values of the four- 
beam R factors are given in Fig. 1.1. The respec- 
tive minima in Fig. 1.1 were found for Adl2 in the 
range - 1.45 to -0.60% and for in the range 
+ 1.95 to +2.25%. Since a 1.0% variation in bulk 
dij corresponds to 0.018 A and the three R factors 
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Fig. 1.1. Contour maps of optimal values of four-beam 
R factors. 



weigh different features of I-V profiles, the con- 
sistency in the hi,, giving the minima R factors of 
Fig. 1.1, is very good for the results of a LEED 
analysis. Therefore, this consistency can be taken 
as evidence that the indicated multilayer relaxation 
is a valid characterization of the crystallography of 
the Cu(100) surface and not an artifact of the 
analysis. This statement is made even though the 
minima placements of Fig. 1.1 indicate what most 
would believe to be an unusual physical result, 
namely, that d23 is expanded from the bulk value 
more than d 1 2  is contracted. 

In previous work7 on Cu(100) where only relaxa- 
tion of Adlz was considered, a minimum RZJ value 
was obtained for Adl2 = -0.9%. The RZJ 
minimum of Fig. I. l(a) is for Adl2  = - 1.45%. 
These differ&t results for Adl2 are a consequence 
of the 'major axes of the "ellipsesn of Fig. l . l (a)  
being tilted to the left as Ad23 increases. Such a 
tilt implies that Adl2  and must be self- 
consistently varied in LEED analyses concerned 
with multilayer relaxation; that is, Adl2 cannot be 
determined by choosing Ad23 = 0 and then be 
expected to stay constant as Ad23 is varied. 

Figure 1.2 contains plots of experimental and 
calculated I-V profiles. The bottom curves of the 
subfigures of Fig. 1.2 are the averaged experimen- 
tal profiles. The top profiles are those calculated7 
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Fig. 1.2. Calculated and experimental profiles for 
Cu( 100). 

for the quantities producing the minimum four- 
beam RZJ when only Adl2 was allowed to deviate 
from the bulk value, so that these were calculated 
for Adl2 = 0.90% and = 0%. The middle 
curves were calculated for the quantities producing 
the minimum RZJ of Fig. l . l(a);  thus, these were 
calculated for Adl2 = -1.45% and Adz3 = 

+2.25%. Associated with each of the calculated 
profiles of Fig. 1.2 is the single-beam RZJ for com- 
parison of that profile with the corresponding 
experimental profile. It is noted that for all four 
considered beams d23 relaxation produces a reduc- 
tion in  RZJ, with the reduction being about 10% o r .  
more for three of the beams. This consistency in 
reduction of single-beam RZJ adds reinforcement 
to the conclusion that the indicated multilayer 
relaxation is a valid characterization of Cu(100)'s 
crystallography. 

Even though the indicated changes are only a 
few hundredths of an angstrom and some undoubt- 
edly will question whether our analysis has 
exceeded the precision that can be expected from a 
LEED analysis, the analysis has furnished consid- 
erable evidence that multilayer relaxation measur- 
ably exists for Cu(100) with lAdz3I > !Adl2!. Also, 
further calculations have been performed where 
variation was considered in Ad34, the relative 
change in the spacing between layers 3 and 4 of 
the surface region. In these calculations only fixed 
values of Adl2 = - 1.45% and = '+ 2.25% 
were used. When the calculated I-V p ro f i !~~  were 
compared with the averaged experimental profiles, 
the four-beam RZJ had a minimum value slightly 
less than 0.037 for Adu between + l and +2%. In 
addition, expansion of Adu reduced all the single- 
beam RZJ values from those for the B profiles of 
Fig. 1.2. We consider both the reduction in four- 
beam RZJ and the consistency in reduction of 
single-beam RZJ to be reasonable evidence that 
Ad34 is probably expanded by more than 1%. Cal- 
culations are now in progress to determine whether 
this conclusion is stable with variations in Adl2,  
Ad23, specific R factors, and nonstructural parame- 
ters. 
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CALCULATIONAL DEMONSTRATION 
THAT AVERAGING ENHANCES 

DATA FOR USE IN A 
LEED ANALYSIS 

H. L. Davis J. R. Noonan 

During the past few years a program has evolved 
at ORNL for the collection and analysis of LEED 
data to obtain, as precisely as possible, information 
concerning the crystallography of surfaces. Thus, 
some effort is concerned with attempts to improve 
technique, and the success of one such attempt is 
described here. A LEED analysis involves a trial- 
and-error procedure in which experimental I-V 
profiles are compared with those calculated for 
various geometric models of a surface. Then, the, 
surface structure determined by a given LEED 
analysis is the assumed structural model which 
leads to the "bcst" agrccmcnt between the experi- 
mental and calculated I-V profiles. Since the best 
agreement is never "perfect," questions always 
remain concerning the accuracy and sensitivity of 
the analysis. Therefore, an improvement in tech- 
nique for LEED usually would involve some pro- 
cedures which result in enhanced agreement 
between calculated and experimental I-V profiles. 

During the LEED investigation of the Cu(100)' 
and Ag( 1 1 0 ) ~  surfaces, it was observed that the 
agreement between calculated and experimental 
profiles was improved by the application of a rela- 
tively simple procedure. This procedure entailed 
collecting data with the electron beam at normal 
incidence and then using averaged experimental 
profiles obtained from the raw data i r ~  Lht: allalysis. 
This averaging process is explained below, and 
some calculational results are described which 
demonstrate that the averaging process does elim- 
inate some effects of errors that are present in the 
individual as-measured profiles. In fact, the calcu- 
lational results show that the averaging process 
serves to eliminate more than the effects of random 
errors. 

Although several inequivalent I-V profiles form 
the data base for a LEED analysis, the averaging 
Drocess can be explained adequately using data for 

the (10) beams from Cu(100). Such data are illus- 
trated by Fig. 1.3, where the as-measured {lo} I-V 
profiles'are the top four curves. Since Cu(100) has 
fourfold symmetry, the four (10) profiles should be 
identical. The as-measured profiles are quite simi- 
lar to each other; however, there are some differ- 
ences which we believe are due to residual elec- 
tromagnetic fields, minor detector misalignment, 
electron-beam divergence, surface topography, etc. 
The differences between the. 110) profiles can be 
specified quantitatively by use of an R factor. For 
example, if the Zanazzi and Jona3 RZJ is used to 
compare the (10) profile of Fig. 1.3 with the (Oi), 
a value of 0.061 results. This RZJ value is larger 
than the value that results when calculated profiles 
are compared1 with the averaged profile, which is 
at the bottom of Fig. 1.3. 
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Fig. 1.3. As-measured (101 I-V profiles from Cu(l0O) 
and their average. 

The differences between as-measured profiles 
that should be symmetrically identical can influ- 
ence the final result of a LEED analysis (e.g., the 
structural conclusion could be different depending 
upon which one of the four top curves of Fig. 1.3 
was employed in an analysis). Therefore, in a 
pragmatic attempt to reduce the influence of the 



differences in as-measured profiles, we decided to 
average profiles that should be symmetrically 
equivalent. When such averaging procedures were 
used, it was found that much better agreement was 
achieved between calculated and averaged experi- 
mental profiles than between calculated and as- 
measured experimental profiles. Thus, in our 
analyses of Cu(100) and Ag(1 lo), we "enhanced" 
the data by collecting, for each individual {ij} set of 
beams, all the profiles that should be symmetri- 
cally equivalent and then computed their mean to 
obtain an averaged experimental profile to rep-. 
resent the (ij) beam in the analysis. 

Since the above averaging procedure has been 
shown to lead to significant improvements in 
LEED analysis, it can be defended on a strictly 
empirical basis. However, the procedure can be 
strengthened further by calculational arguments, 
which show that the improvement is due to more 
than the fortuitous cancellation of random errors. 
Rather, the effects of systematic errors are greatly 
reduced. This can be illustrated by a study of the 
effects of averaging over I-V profiles calculated for 
the case of a misaligned incident beam. For exam- 
ple, the four top curves of Fig. 1.4 are calculated 
1101 profiles for Cu(100) with the incident beam 
aligned at l o  away from the surface normal. The 
curve labeled "average" in Fig. 1.4 is the mean of 
the top four, and the bottom one labeled "normal" 
is a (10) profile calculated for the incident beam 
exactly normal to the surface. First, note that the 
differences between the top four profiles of Fig. 1.4 
are of the same order as the differences between 
the as-measured profiles of Fig. 1.3. Associated 
with each of the top five profiles of Fig. 1.4 are 
single-beam RZJ (ref. 3 )  that resulted when .the 
respective profile was compared with the bottom 
profile ( i . . ,  the one calculated for normal 
incidence). Since the RZJ for the average profile is 
very small and the visual agreement between the, 
bottom two profiles of Fig. 1.4 is very good, it is 
evident that the process of obtaining the mean of 
the top four profiles has greatly reduced the effects 
of systematic errors caused by a l o  misalignment 
of the incident beam. 

Besides those profiles represented by Fig. 1.4, 
other (ijt sets of profiles and other cases of align- 
ment close to the surface normal have been investi- 
gated for both Cu( 100) and Ag( 1 lo). An example 
for Ag( l 10) is provided by Fig. 1.5. The results 
from the totality of calculations give the identical 
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Fig. 1.4. Calculated (101 profiles for Cu(100). The four 
top profiles were calculated for. the incident beam 
aligned at l o  away from the surface normal and in an 
azimuth 25' from the azimuth containing the (10) beam. 
The second profile from the bottom is the mean of the 
top four, and the bottom profile was calculated for 
exactly normal incidence. 

conclusion as that inferred from the results of Fig. 
1.4; that is, obtaining the mean of a set of as- 
measured {ij} profiles serves to reduce greatly the 
effects of errors caused by minor misalignment. it 
is inferred then that by using the averaged experi- 
mental profiles in  a LEED analysis, the' effects of 
those errors caused by beam divergence, beam 
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Fig. 1.5. Calculated (211 profiles for Ag(ll0). The four 
top profiles were calculated for the incident beam 
aligned at 1 "  away from the surface normal and in an 
azimuth 27.4" from the azimuth containing the (10) 
beam. The second profile from the bottom is the mean 
of the top four, and the bottom profile was calculated for 
exactly 1101.1nal illcider~ce. 

misalignment, and some variations in surface 
topography are reduced. 

I .  H.  L. Davis and J.  R .  Noonan, "Cu(100) Mul- 
lilayer Relaxation," this report. 
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SURFACE STATES ON ~g(100 ) '  

S. H. Liu 

I n  collaboration with K.-M. Ho of Ames 
Laboratory, we have studied the electronic struc- 
ture of the (100) surface of.Ag and discovered two 
bands of surface states. In the meantime, D. M. 
Kolb of the Fritz-Haber Institute, Berlin, West 
Germany, has observed two absorption features on 
Ag(lO0) by using the electroreflectance (ER) tech- 
nique in  the infrared and visible frequency ranges. 
We have identified these features as excitations 
from the occupied bulk band states into the surface 
states when the latter are unoccupied. There is 
good agreement between theory and experiment 
both in  the energetic positions of the absorption 
features and in  their dependence on the bias poten- 
tial. 

In situ reflectance spectroscopy in the visible fre- 
quency range has been a valuable tool for detecting 
adsorbed species on the surface of metal electrodes. 
By applying a moderate bias potential (-1 V) on 
the electrode, it is possible to obtain an exceedingly 
high electric field (-lo7 V/cm) which is concen- 
trated near the metal surface. Inside the metal the 
field is screened out within a Thomas-Fermi 
screening length. Therefore, only the surface elec- 
tronic states are affected by this field. The ER 
experiment, which measures the relative reflectance 
change of the electrode surface as a function of the 
potential, should be a very effective method to 
investigate the surface states of the metal. The 
energies of the surface states are very sensitive to 
the bias potential, and a study of their Stark shifts 
gives information on the spatial dependence of the 
electric field in the electrolyte immediately adja- 
cent to the metal surface. 

I n  calculating the energies of the surface states 
of Ag(100), we have used the self-consistent, first- 
principles pseudopotential method that has been 
found to be reliable in many surface calculations. 
The Ag(100) surface was investigated by setting 
up a periodic structure of metal slabs, each seven 
layers thick, separated by a 12-A-thick vacuum 
region. Only the s- and p-band electrons are 
iterated to self-consistency. No surface reconstruc- 
tion or surface relaxation has been observed for the 
Ag(100), and neither was included in the calcula- 
tion. For the charged surface we modeled the 
external potential by a long-wavelength periodic 
potential. Upon reaching self-consistency, the 
potential is rapidly screened out inside the metal 



by an induced charge on the surface layer. Contact 
was made with the experiments by relating the 
induced charge to the actual electrode potential 
through the differential capacitance. 

Figure 1.6 illustrates the surface band structure 
of the uncharged Ag(100) surface. The correspond- 
ing bias potential is the potential of zero charge 
(pzc), which is -0.9 V. The band energies are 
measured from the Fermi level EF. The large band 
gap at point L in the bulk band structure appears 
at point X of the surface Brillouin zone. In this 
gap we find two bands of surface states, labeled A 
and B, respectively. The empty band A has s sym- 
metry, and optical absorption can take place by 
exciting electrons into it from the top of the filled 
bands, which have p symmetry. This results 'in an 
absorption feature in the ER spectrum around 3 
eV, which is distinct from the bulk interband edge. 
The surface band B is mostly occupied at pzc and 
does not contribute to absorption. 
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Fig. 1.6. The Ag(100) projected bind structure together 
with surface states (marked A and B). Inset shows the 
orientation of the surface Brillouin zone with respect to 
the cubic crystal axes. * 

When the surface is biased positively, both sur- 
face bands A and B move upward relative to the 
bulk bands. At -0.5 V of bias the calculated band 
A merges into the continuum and the ER signal is 
seen to disappear. The bottom of band B is found 
to move above the Fermi level at -0.6 V, and at 
this point the entire band contributes to the 

absorption. Experimentally, no ER signal is detect- 
able at -0.7 V, but a distinct signal is seen at 
-0.6 V. However, for band B the energy of the 
absorption maximum is not simply the energy 
separation between the surface band and the edge 
of the bulk band. These two states have the same p 
symmetry, so that an optical transition between 
them is forbidden. The initial state must be 
located by an explicit calculation of the optical 
matrix ele.ments between the bulk and the surface 
states. In this manner the onset of optical absorp- 
tion of band B is found to occur at 0.73 eV, in 
agreement with the observed value 0.72 eV. In Fig. 
1.7, we show the agreement. between the calculated 
and the observed values of the transition energy for 
a number of bias potentials. The upper curve is for 
band A, and the lower curve is for band B. 
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Fig. 1.7. Shift in transition cncrgics E with bias poten- 
tial U,,, for excitation into surface bands. (o o o) 
Experimental data; ( )  theoretical data. 

For both bands of surface states, the rate of 
energy shift with the bias potential is nearly unity. 
This implies that the potential relative to the bulk 

' metal at the position of the surface state is com- 
parable to the total potential drop across the dou- 
ble layer. This is totally unexpected from the clas- 
sical theory of electrolyte structure, which 
describes a monotonic drop of potential from the 
metal surface to the bulk of the electrolyte. Since 
the surface state is only a small distance x , -  1 A 
away from the position of the surface atoms, it 
should experience only the fraction x/d of the total 



potential drop, where d is the mean thickness of 
the compact double layer ( d  should be of the order 
of 3 A for conditions chosen in  the experiments). 
We contend that the unusually large Stark shift of 
the surface states must have its origin in the 
molecular structure of the electrolyte. Carnie and 
chen2 have shown that, at the interface of a metal 
and a dilute eleclrolyle, the potential near the 
metal oscillates around the classical value because 
the water molecules, which possess large dipole, 
moments and are very effective in electrostatic 
screening, form alternating layers of overscreened, 
and underscreened regions. In concentrated electro- 
lytes such as those used in the experiment, the 
oscillation should be rapidly damped out due to ion 
scrccning and only an initial overshooting of tlie 
potential remains. In the overshooting region 
where the surface state resides, the local potential 
can be comparable to the bias potential and the 
local electric field can be two to three times as 
high as the average field. We therefore conclude 
that the electric-field distribution in the compact 
double layer has a far more complex structure than 
has so far been generally recognized, and we have 
dcmonstrated the effective use of surface studies to 
probe this potential distribution. 

Most applications of linear-chain mappings have 
involved reductions to linear chains with 
nearest-neighbor interactions only, because analytic 
solutions are available for this case. We have 
derived analytic solutions for the Green's functions 
for several linear-chain Hamiltonians involving 
further neighbor interactions; these can be used as 
numerical checks for more elaborate calculations3 
or for direct application when appropriate. Figure 
1.8 provides an example of the latter. It shows 
spin-wave densities of states at the fcc (1  10) face 

A number of three-dimensional problems can be 
mapped, by appropriate transformations, onto a 
linear chain. The recursion method2 does this for 
three-dimensional density of states calculations, for 
example. For surfaces and interfaces which .... _ _._ _.V.i.. 

preserve a two-dimensional period~c~ty, the surface 
wave-vector transform of the Hamiltonian is a 
linear-chain Hamiltonian for the following: elec- 
trons described by a 'tight-binding model, phonons 
i n  a ~orn-von ~ h r r n ~ n  model, and magnons in the 
Heisenberg model. h he resulting block-tridiagonal 
Hamiltonians can be treated by matrix-continued- 

I .  Summary of paper to be published. 0.3- 

2. S. L. Carnie and D. Y. C. Chen, J. Chem. Phys. 
73, 2949 ( 1  980). A 

!3 0.2 - 
Q 

SOME EXACTLY SOLUBLE 
MODELS FOR SURFACES 0.1 - 

AND INTERFACES 

Mark Mostoller A.' K. Rajagopal' 

PLANE 1 
PLANE 2 

- PLANE I 
PLANE 2 ).\ 

! '\, 

i \i, 
! \. 
I 1. 

! \. 

I ! I. \. 

I \. 
i I. 

I' '. 
> 

/ I 
.A- -.-. '. \'. I . . . . , . . . . l . . . .  

Ifaction techniques.3 The just Fig. 1.8. Surface spin-ra*e densities of state for the 
arc exact. 1 1 1  alldiliu~~, quilc: sirr~ple models car1 slill fCc (110) face of a ~ ~ i ~ ~ ~ b ~ ~ ~  ferromagnet: (a) truncated 
e used to explore qualitative features of problems bulk (Goldstone rule violated) and bulk band states, (b) 

..ke the electronic structure of grain boundaries4 or surface band states (Goldstone rule satisfied), and (c) sur- 
lattice vibrations at surfaces and interfacesS5 face states. 

2.5 , I 



of a Heisenberg ferromagnet with first-neighbor 
interactions. The results given are for T = 0 in the 
random phase approximation, with no changes in 
the exchange interactions at the surface save for 
truncation. The surface-wave-vector transform for 
this problem maps it onto a linear chain with first- 
and second-neighbor interactions, which we solve 
analytically and sum over surface-wave vectors to 
obtain the spin-wave densities of states. 
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PAIR POTENTIALS AND 
LATTICE VIBRATIONS AT 

SIMPLE METAL SURFACES' 

M. Rasolt Mark Mostoller 

When a crystal is cleaved, the interactions 
between atoms close to or on the surface are modi- 
fied. These changes are dominated by the bond 
rupture and the electronic redistribution at the sur- 
face, accompanied by atomic relaxation and, in 
.some cases, by geometric rearrangement. In simple 
metals like A1 or Na, the electronic redistribution 
at the surface gives rise to two kinds of effects on 
the ions. The first involves the static configuration 
of the relaxed surface and corresponds to the 
volume-dependent terms that make by far the larg- 
est contributions to the bulk potential energy. The 
large electronic density variations at the surface 
make a linear-response treatment (or equivalently, 
a pair-potential description) inadequate to deter- 
mine the relaxation. Other approaches have to be 
used; short of surface total energy calculations, 
some of the more important considerations have 
been discussed by Finnis and ~ e i n e l  and by Land- 
man, Hill, and ~ostol ler . '  

The second effect of the electronic redistribution 
involves small displacements of the ions around 
their relaxed, static configuration in the surface 
region, which is what is needed to describe surface 
vibrations. Here it is appropriate to use a linear- 
response approach, just as in the bulk, but with the 

electronic response function changed to reflect the 
presence of the surface. In this framework, the 
relaxation can be treated as externally given and 
taken either from experiment or from other calcu- 
lations. We have examined the linear-response 
effects by approximating the electrons by the semi- 
classical infinite barrier model and by determining 
the screened potential between point ionic charges 
within this model. For small displacements in the 
bulk, we retrieve the well-known semiclassical, or 
Thomas-Fermi, pair potentials. In the surface 
region, the electronic screening is reduced, and the 
pair potentials change. Since both the surface and 
bulk pair potentials are treated in the same semi- 
classical approximation, we should be able to esti- 
mate the magnitude and range of the surface 
screening effects relative to the bulk pair poten- 
tials. The model is not intended to give quantita- 
tively reliable surface or bulk pair potentials but 
rather to investigate trends in  surface screening 
effects. 

Our calculations suggest that for an electron 
density correspoilding to Al, differences from bulk 
screening are negligible at distances greater than 
-2.5 Bohr radii from the barrier and, for the 
lower electron density of Na, at distances greater 
than -3.5 ao. In Al, this means that surface 
screening effects are significant for the (110) 
surface, for which z = 1.35 a. is the unrelaxed 
position of the first plane of atoms relative to the 
barrier, but that reductions in the screening are 
relatively unimportant for the (00 1 ) and (1 1 1 ) 
faces. For the bcc metal Na, differences from the 
bulk potential appear to be large for the ( I  l I )  sur- 
face and still appreciable for the first plane in the 
(00 1 ) surface. 

Lattice vibrations at surfaces differ from those in 
the bulk, because atoms in the surface region have 
missing neighbors and because the interactions 
between pairs of atoms near the surface change. 
For our purposes, these changes arise from two 
sources. The first, which will be referred to as 
relaxation, comes from taking a model for the 
interatomic forces in the bulk (pair potentials here) 
and from including the effects of contraction or 
expansion in  interlayer spacing in the surface 
region within this model. The second arises from 
changes in  the electronic response near the surface 
and will be referred to as screening. From our 
semiclassical model, we can estimate the contribu- 
tions of both effects to force constant changes in 
the surface region and thence to the densities of 



states for surface vibrations. The changes in force 
constants due to relaxation are computed simply by 
decreasing the interatomic distances in the bulk 
Thomas-Fermi potentials and are wholly interlayer 
in nature. Screening changes are primarily 
intralayer, allhougl~ there are also nonncgligiblc 
interlayer effects for surfaces like Al(110) and 
Na( l l I). 

Figure 1.9 shows model densities of vibrational 
states for the first plane in the Al(110) surface, 
assuming a 10% inward relaxation of the first 
layer. For this example, cleavage, relaxation, and 
screening each have a significant impact. Cleavage 
and screening produce a large shift of spectral den- 
sities to lower frequencies relative. to the bulk, 
while ir1wiil.d relaxation stiffens thc first-second 
and first-third layer interactions, thereby opposing 
this downward shift. Screening and relaxation 
both give force constant changes of as much as 
40-50%. It is clear that any approach based solely 
on bulk pair potential forms cannot give reliable 
results for latlict: vibrations or relaxation at  sur- 
faces where the reduced screening is significant. 

I. Summary of paper: Phys. Rev. B 23, 3774 (1981). 
2. M. W. Finnis and V. Heine, J. Phys. F 4, L37 

( 1974). 
3. U. Landman,. R. N.  Hill, and M. Mostoller, Phys. 

Rev. B 21, 448 ( 1  970). 

E1,ECTRONIC AND 
MAGNETIC PROPERTIES 

CALCULATION OF NEUTRON CROSS 
SECTIONS FOR INTERBAND TRANSITIONS 

IN SEMICONDUCTORS~ 

J. F. Cooke J. A.   lack man* 

Thc introduction of the new high-flux. nelltrnn 
sources, such as S N S  a t  the Rutherford and 
Appleton Laboratories, England, and the WNR 
facility at  Los Alamos National Laboratory, in the 
next few years will make it possible to perform 
experiments that cannot be carried out at  present. 
One such experiment that has been proposed is the 

Fig. -1--9. Normalized densities of states for vibrations 
along the [110], [liO], and [001] directions in the first 
plane at the Al(110) surface. An inward relaxation of 
10% by the first plane is assumed. The dashed curves 
give results including only cleavage and relaxation. The 
full  curves include the screening contributions as well. 



single-particle excitation of electrons across the 
band gap in a semiconductor. This is an inelastic 
scattering experiment in which energy and momen- 
tum transfers would be measured, but, unlike pre- 
vious inelastic measurements, the energy transfer 
would be in the eV range. Some considerations 
about the spectrometry for an experiment of this 
type have already been made by Allen, Mitchell, 
and ~ i n c l a i r . ~  If such an experiment proves feasi- 
ble, one would hope that it would be a useful tool 
in the experimental determination of band struc- 
ture. 

We have carried out an extensive series of calcu- 
lations of the total magnetic scattering cross sec- 
tion for electronic excitations in semiconductors to 
aid in an assessment of the feasibility of the experi- 
ment. The interaction of the neutrons with the 
electrons is the familiar magnetic one in which the 
cross section comprises spin and orbital parts: 

""Ispi,, = 2901:l 
d Q  dE orbit 

where Q = kf - ki is the momentum transfer in 
units of h, E is the energy transfer, E ( n k )  is the 
electronic knergy for band n and wave vector k, 
and fnk is the Fermi occupation number. F ( ~ )  and 
F(")  are the spin and orbit form factors, 
respectively. 

Results for the inelastic neutron scattering cross 
section for Si and Ge have been obtained for Q 
along [ 1001, [ 1 1 11, and [ 1 101 and have been 
restricted to the first Brillouin zone. The calcula- 
tions incorporate the full-band structure (obtained 
from an empirical pseudopotential method) for the 
four valence and four lowest energy conduction 
bands, with higher energy bands being neglected. 
This should ensure that we obtain the total scatter- 
ing for energies on the order of 10 eV or less, 
which is sufficient for our needs. It should be 
emphasized that one of the main purposes of these 

calculations is to obtain the magnitude of the cross 
sections in  absolute units (mb/sr-eV). All factors 
in  Eq. (2) have been included apart from the ratio 
Ikfl/lkil, which depends on the experimental con- 
figuration. The neutron scattering cross section was 
obtained by numerically solving the pseudopoten- 
tial band structure equations and .evaluating the 
Brillouin zone sums using the tetrahedron method. 

A comparison of the spin and' orbitai'scattering 
cross sections for Q = (0.4375, 0.0, 0.0) is shown 
in Fig. 1.10 for Si and in Fig. 1.1 1 for Ge. The 
total scattering is the sum of these two contribu- 
tions. Notice that there is a considerable amount 
of structure in both components of the scattering 
and that the orbital part is significantly larger than 
the spin part. The dominance of the orbital part 
occurred at all values of Q examined but was less 
for large Q. Another important feature of these 
results is that there is not a dramatic rise in the 
scattering intensity for E near the indirect gap 
energy (which in our pseudopotential parameteriza- 
tion is about 0.9 eV for Si and 0.8 eV for Ge), as 
one might expect. It is clear, therefore, that no 
direct information about the band gap can be 
determined from inelastic neutron scattering exper- 
iments. 

Fig. 1.10. Comparison of spin nnd orbital scattering 
cross sections for Si. Notice difference in scales. 
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Fig. 1.11. Comparison of spin and orbital scattering 
cross sections for Ge. Notice difference in scales. 



Fortunately, however, it appears from calcu- 
lations at  various values of Q along [ 1001, [ 1 101, 
and [ 1 1 1 ] that the cross sections have sufficient 
structure and variation with Q that the band struc- 
ture, and thus the wave-vector-dependent band 
gap, could in principle be determined indirectly. 
This could be accomplished by varying the 
pseudopotential parameters to provide the best 
overall agreement between theory and experiment. 
This procedure could also provide an indirect check 
on the validity of the pseudopotential theory. 

Finally, we indicate the considerations that 
should be made in assessing the instrumental 
requirements necessary if neutron scattering is to 
bc a ~ l sc f~ l l  t,cchnique in hand structure determina- 
tion. Clearly, there are questions of both intensity 
and resolution. As can be seen in Figs. 1.10 and 
1.1 1, the overall intensities are very small. Intensi- 
ties at other values of Q = IQI can be roughly 
estimated by assuming a variation like Q - ~ .  Thus, 
ideally, one should attempt to make Q as small as 
possible. Also note that, although the band gaps in 
Si and Ge are of the order of 1 eV, the intensity 
remains negligible until the energy transfer is 
about 3 eV. To get a significant amount of useful 
information, it would be desirable to measure cross 
sections up to values of E equal to 7 or 8 eV. 

The problem of determining band structure 
parameters precisely is similar to the one of distin- 
guishing between the cross sections for the two 
similar band structures of Si and Ge. Model calcu- 
lations of the type we have carried out will not 
only indicate the regions of energy and momentum 
transfer that can be studied optimally but also 
should help in the assessment of the resolution of E 
and Q required to make the proposed experiments 
useful. It appears from the results we have 
obtained that the experiment proposed by Allen, 
Mitchell, and sinclair3 is going to be a difficult one 
to perform. The successful measurements of these 
relatively small cross sections would, however, pro- 
vide important information about the conduction 
bands in semiconductors which cannot, at  present, 
be obtained from any other source. 

I .  Summary of paper to be published. 

2. Guest scientist from University of Reading, Read- 
ing, England. 

3. D. R. Allen, E. W. J. Mitchell, and R. N. Sinclair, 
J.  Phys. E. 13 639 (1980). 

CALCULATION OF THE 
TEMPERATURE-DEPENDENT MAGNETIC 

FORM FACTOR FOR NICKEL 

J. F. Cooke 

Recent polarized-neutron diffraction experiments 
have revealed a relatively strong temperature' 
dependence of the magnetic form factor or, 
equivalently, the unpaired-spin density in fer- 
romagnetic nickel.' Results from these measure- 
ments have also established unambiguously that 
the symmetry character of the moment changes 
with temperature. For example, it was found that 
the fraction of unpaired-spin electrons with eg sym- 
metry increased by about 40% over the tempera- 
ture range from zero to T,. 

These unusual temperature-dependent effects 
can be understood, at  least qualitatively, in terms 
of the itinerant theory of magnetism. According to 
the simplest approximation of this theory, the elec- 
trons which are responsible for the unpaired-spin 
distribution occupy spin-split energy bands. At low 
temperatures, results from numerical calculations 
of the dynamic susceptibility for nickel based on 
this theory have been shown to be in excellent 
agreement with the spin dynamics obtained from 
inelastic neutron scattering experiments and with 
band structure information from A R P E S . ~  A sim- 
ple extrapolation of the low-temperature theory to 
high temperatures suggests that the temperature 
dependence of the magnetic form factor could 
result from the explicit temperature- dependence 
of the Fermi occupation function (i.e., Fermi sur- 
face smearing and/or a weak intrinsic temperature 
dependence of the spin-splitting energy A). Results 
from calculations of the dynamic susceptibility 
have already shown that Fermi surface smearing is 
important and that A may indeed be slightly tem- 
peiiitili.c dependent. 

To  assess the importance of these two effects on 
the magnetic form factor, numerical calculations of 



the symmetry components of the total moment as a 
1.5 

function of temperature have been initiated for 
nickel. The symmetry decomposition of the total 
moment follows from the expansion of the wave 1.4 

function in  terms of symmetry orbitals q5,(r), 

(1) 
1 .3 

#nko(r) = 2 anPa(k)q5p(r) r - 0 - 
P - 

where the {an,,(k)} are expansion coefficients; 
Z 
\ 1.2 - 

(nka)  refers to band, wave vector, and spin indices, 
X - - 

respectively; and p is the symmetry index. The z 
1.1 

number of unpaired-spin electrons with symmetry 
p(Np) is defined by 

1 .o 

where fnk,  is the Fermi occupation function. The 
band structure (and wave functions) which was 
used in  these calculations is the same one that was 
used in the earlier susceptibility  calculation^.^ The 
N,(T) were evaluated first by generating the 
symmetry-projected derisity of states: 

where 6 ( x )  is the Dirac delta function, and then by 
using 

I n  Eq. (4), Ef is the Fermi energy and kB is the 
Boltzmann constant. The tetrahedron method was 
used to evaluate the Brillouin zone sum in  Eq. (3) .  

Let us consider first only the explicit tempera- 
ture dependence of the Fermi function. A com- 
parison between theory and experiment of 
Ne(T/T,)/Ne(o), the relative number of un- 

I 

paired-spin eg electrons, as a function of tem- 
perature is shown in  Fig. 1.12. Clearly, Fermi sur- 
face smearing is an important effect which can 
account for most, but probably not all, of the tem- 
perature dependence. Agreement between theory 
and experiment can be achieved by forcing the 
spin-splitting energy to decrease slightly with 
increasing temperature (<5% at 0.8 T,). This is 
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Fig. 1.12. Comparison of theoretical and experimental 
results for a relative number of eg-symmetry electrons as 
a function of the reduced temperature x. Theoretical 
curve includes Fermi surface smearing only. 

consistent with results obtained from calculations 
of the spin dynamics.3 

Unfortunately, at present there does not exist a 
tractable systematic approach for calculating the 
spin-polarized band structure as a function of tem- 
perature. It is possible, however, to carry out a 
consistency check of' this temperature-extrapolated 
approach by detel-mining the two d-symmetry band 
structure which are defined in ref. 2, 
to yield the correct moment and symmetry charac- 
ter of the moment at each temperature. This pro- 
cedure would uniquely determine the band struc- 
ture (and spin-splitting energy) at each tempera- 
ture, which in turn could be used to calculate 
uniquely the spin dynamics. A comparison of the 
calculated spin dynamics with inelastic neutron 
scattering results would provide the consistency 
check. This study is currently under way. In view 
of the results obtained so far, it appears that the 
temperature dependence of the unpaired-spin den- 
sity for nickel can be described reasonably well in 
terms of a temperature-extrapolated itinerant elec- 
tron model which incorporates Fermi surface 
smearing and a slight decrease in the spin-splitting 
energy (<5% at T,) with increasing temperature. 

I. J. W. Cable, Phys. Rev. B 23, 61 68 (1981). 
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EXCHANGE SPLITTING OF viXC(r) = txc[fl~(r),f12(r)l + [fli(r) + nz(r)l 
FERROMAGNETIC Ni WITHIN THE LOCAL 

POTENTIAL APPROXIMATION ' 
M .  Rasolt H. L. Davis 

The quasiparticle excitation spectrum of a many 
fermion system is given by locating the poles of a 
single-particle , propagator.*v3 Equivalently, the self 
energy Zij(r, r', E )  generates these excitations as 
solutions of the well-known Dyson equation.2s3 This 
sclf cncrgy is a nonlocal operator in space coordi- 
r~ates r and r' and spin coordinates i and j; and it 
is, in general, complex in the energy E of Lhe 
quasiparticle. In principle, it contains contributions 
from all the collective excitations. For example, for 
an itinerant ferromagnet it should 'include both 
charge (plasmon) as well as magnetic (magnon) 
fluctuations. 

At present, the most widely used approximation 
for Zij(r ,  r', E) is the local density approximation 
( L D A ) . ~  It involves replacing Zi j ( r , ' r t ,  E )  by an 
energy-independent form which is diagonal in r and 
r'. In this form, it is the same exchange-correlation 
potential $$(r) which is used in the calculation of 
the ground state properties of a nonuniform spin- 
polarized system. It is also important to note that 
$,'j(r) can be further approximated by only consid- 
ering the first term in a gradient e ~ ~ a n s i o n . ~ - ~  

Ferromagnetic Ni is one example where 
discrepancies exist between many features of its 
calculated LDA band structure (i.e., quasiparticle 
spectra) and the results of experimental measure- 
ments. A specific discrepancy with Ni concerns the 
magnetic exchange splitting between bands of dif- 
ferent spin. Calculated values for this splitting have 
always been about twice the value inferred from 
experiment (see, e.g., refs. 7-9). Recognizing that 
$,;(r) employed in the band structure calculations 
could be inappropriate, we have focused some 
recent attempts on calculating Zi,,(r, r', E )  from 
band structures generated in the LDA." Such non- 
local Zij have been shown to make major modifica- 
tions i n  the LDA band structure of both 
as well as nonsimple metalsi0 and semi- 
c o n d ~ c t o r s . ' ~  

+ gradients of ni ( r )  ( 1 )  

The ni(r) corresponds to the spin-up and spin-down 
densities. 

We have performed two distinct KKR band 
structure calculations for ferromagnetic Ni. The 
first used for v;'(r) only the first two terms in Eq. 
( I ) ,  with txc[n,(r), n2(r)] being the form evaluated 
in ref. 5. The second calculation used all of Eq. 
( I ) ,  including the gradient corrections. In the first 
calculation excellent agreement was obtained with 
the band structure of ref. 14. In the second calcu- 
lation we found that the gradient contributions 
added significant corrections to vy(r). More pre- 
cisely, the difference in the magnitude of vy ( r )  - 
v y ( r )  is of the order of the exchange splitting. 
However, these corrections were both positive and 
negative as r increased from zero to the muffin tin 
radius, with the result that the final effect on the 
band structure was negligible. For example, the 
exchange splitting was essentially the same in both 
calculations. We  must then conclude that  the 
discrepancies between calculated band structures 
and experimental results for Ni are more likely to 
originate in the local treatment of Zii(r, r', E )  
rather than in a poor representation of the ground 
state potential v,XC(r) as derived from electron-gas 
forms. In fact, this conclusion is in agreement with 
the strong k dependence of the exchange splitting 
found in the work of Cooke, Lynn, and Davis." Of 
course, the gradients have been evaluated in the 
high-density limit,6 and the convergence of the gra- 
dient expansion has not as yet been completely 
assessed. However, for the purpose of trends and 
order-of-magnitude estimates, the above calculation 
is likely to be sufficient. 
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EXCHANGE AND CORRELATION ENERGY OF 
NONUNIFORM ELECTRONIC SYSTEMS 

M. Rasolt D. J. W.   el dart' 

Statistical forms for the ground state exchange 
and correlation energy2 are essential for attempts 
to calculate various atomic, bulk, and surface 
properties of nonuniform electron systems. Even 
though such forms have been widely applied, their 
accuracy has not been fully examined until 
 recent^^.^,^ We have initiated such a study for 
widely different systems, such as metal surfaces, 
metallic bulk, and atoms. 

The general form for the exchange and correla- 
tion energy Ex, can be written as3v4 

where v(q) = 47re2/q2 and X is the usual cou- 
pling constant. 

Statistical approximations (such as the LDA) 
are based on forms structured around the local 
electronic density variation. For example, the LDA 
is given by 

where E,,[n(r)] is the exchange-correlation energy 
per electron of a homogeneous electron gas of den- 
sity n(r). Additional gradient corrections are also 
given by the local behavior of the density n(r); that 
is, 

Equation (3) can be expressed in terms of the 
individual wave-vector components q of the inter- 
particle interaction v(q); i.e, 

where s![~, n(r)] is the structure factor of the 
homogeneous electron gas with local density n(r). 
Similarly, by expanding Eq. ( I )  to second order in 
an arbitrary external potential, Ex, of Eq. (4) can 
be expressed in terms of the individual q com- 
ponents. If Eqs. (1) and (5) are compared, it is 
expected, on physical grounds, that as q gets 
smaller, more and more of the global behavior of 
Sx(r, r') gets sampled and the local-like. approxi- 
mations of Eqs. (3) and (4) become less valid. This 
is demonstrated schematically for atomic systems 
by Fig. 1.13, where the results of the q decomposi- 
tion of Eq. (4) are sketched for atomic-like density 
profiles. For microscopic size systems (e.g., atoms), 

Ex, = N J % E A q )  the structure factor Sx(r, r') must be localized 
( 2 . ~ )  within a finite region (i.e., the size of the system), 

. and it follows from the conservation of particles 
N d3q I 

= - j- (2n)3 V(4)L dh[Sx(q,q) - I 1 7 (1) 
that lim,+ [(Sx(q, q) - I ]  must go to zero. From 
Eq. ( I) ,  Exc(q) must go to zero, as well, when 
q ' 0. 

with The solid curve in Fig. 1.13 is indicative of the 
behavior of E&(q) [as given by Eq. (4)]. Notice 

Sx(qlq) that the q -. 0 limit tends to be a constant. 
The dashed curves are the expected behavior at 

= $d3r ~ d ~ r ' e - ' ~ ' e ' ~ " S ~ ( r , r ' )  , (2) small q for the exact Exc(q) [Eq. ( I ) ]  for two sys- 
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Fig. 1.13. The decomposition of the gradient contribu- 
tion E& (9) in Eq. (4) as a function of wave vector q. l'he 
solid curve is the decomposition followirig Eq. (4), and 
the two dashed curves are the expected small q behavior 
of the exact form [Eq. (I)]  for two microscopic systems 
of size LI and L2. 

tems of size L, and L2. We conclude, therefore, 
that Eq. (4) must overestimate (and perhaps even 
give the wrong sign) &e magnitude of EtC in 
atomic systems. This result was first observed by 
Ma and ~rueckner, '  and our results provide a clear 
explanation for this behavior. The uniform electron 
gas, therefore, might not provide a universal struc- 
ture for E,,[n(r)] which can be used blindly in 
arbitrary systems. 

culation for the relaxation of the Al ions around an 
H impurity was performed within the spherical 
solid model (SSM). 

The relaxation energy AHre is defined by 

where R, are the positions of the Al ions in the 
perfect lattice and Ri = RjO+6,, with 6; being the 
lattice relaxations. H~{R,} and H~{R,} are the 
energies of the unrelaxed and relaxed lattice, 
respectively, in the presence of the proton impurity. 
H,{R;} contains the charge response relaxation due 
to the electrostatic, kinetic, exchange and correla- 
tion, and Madelung energies. 

It is as yet virtually impossible to evaluate Eq. 
(1) exactly for relaxations in the presence of a 
strong scatterer like H. Therefore, Eq. ( I )  has been 
evaluated within the SSM. However, simply to 
take Eq. ( 1 )  and approximate it within the S S M  

by 

is incorrect, since such an approximation would 
obviously produce artificial lattice displacements at  
distances significantly removed from the H sites. 
The correct procedure is to write Eq. ( I )  as 
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LATTICE RELAXATION AROUND AN H 
IMPURITY IN AN Al  METAL HOST 

F. perrot' M. Rasolt 

Since nonlinear screening effects occur when H 
is placed in Al, the pair-potential description for 
the H-AI interaction is inadequate. Thus, the 
usual simplifications provided by the lattice static 
method are no longer appropriate. Therefore, a cal- 

Equation (3)  is obtained from Eq. (2)  by formally 
adding and subtracting the quantity ' Ho{Ri} - 
Ho{Rio} where Ho{Ri} is the energy of the perfect 
lattice displaced by the same 6;'s. When Eq. (3 )  is 
used, only differences relative to ihe perfect and 
nonperfect lattice are evaluated within the SSM. 
The last term in Eq. (3)  is then evaluated via the 
usual form factors and structure factors for the 
perfect lattice (in the pair-potential approxi- 
mation)* without making the SSM approximation. 
Since the 6;'s are expected to be small, AH" can 
be expanded to second order in 6; and then mini- 
mized with respect to the displacements to yield a 
set of linear equations for the relaxations. 

Of the four terms entering Hl{R,} in Eq. (3), the 
most difficult to treat are the changes in the 
kinetic and electrostatic energies upon relaxation. 



These were treated by calculating response func- 
tions appropriate to the electron density surround- 
ing the proton in the unrelaxed A1 lattice, using a 
statistical representation (Thomas-Fermi-like) for 
the kinetic energy.3 Results are listed in Table 1.1. 
Detailed experimental results are not yet available 
for H in Al. A theoretical and experimental 
comparison4 should, however, be possible in the 
near future. 

1. Commissariat a 1'Energie Atomique, Saint Georges, 
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THE POTENTIAL SURFACE OF H IN Al 

L. M. ~ a h n '  F. perrot2 M. Rasolt 

A proton placed in a metallic host creates, in its 
vicinity, both a polarization of the metal's elec- 
tronic charge distribution as well as a relaxation of 
the positions of the host atoms. These two effects 
are responsible for the important differences which 
exist for H absorption in a variety of metallic 
hosts. Here we consider the detailed potential sur- 
face for H placed in an unrelaxed A1 host. 

The calculation of the potential surface was 
complicated by the fact that the proton is a very 
strong scatterer, and, consequently, it creates a 

large polarization in the surrounding electronic dis- 
tribution. Thus, the usual simplifications provided 
by linear screening are inappropriate, so that the 
full nonlinear solution for the charge density distri- 
bution around H was required. The calculations 
were done within the SSM, where the coordinate 
system was centered at the proton site. The poten- 
tial of the A1 lattice around the proton was approx- 
imated by only its spherical component. That is, let 

where T is the position of the proton (in the unit 
cell) and the Ri are the positions of the A1 ions. 
Use was made of only the 1 = '0 component'in Eq. 
(1). The spherical charge.density n( r )  was then 
calculated via a self-consistent Hartree-like set of 
equations. The response of the electrons to the 
nonspherical components of the A1 potential [i.e., 
Vl,O,m(r)Yl,m(e, 4)] was obtained in an approxi- 
mate fashion by developing polarization functions 
appropriate to the spherical charge density n ( r )  
surrounding the p r ~ t o n . ~  In Fig. 1.14 the potential 
surface of H in an unrelaxed A1 lattice is illus- 
trated schematically. From Fig. 1.14 it is noted 
that a slight preference exists for the octahedral 
site, for which a heat of solution of 0.59 eV and an 
activation energy of 0.5 eV are obtained. From the 
curvature of the potential surface around the 
octahedral site, it is estimated that the zero-point 

Table 1.1. Lattice relaxation hi for H in A1 
The two series (separated by double lines) of results refer to 
H in the octahedral position and in a vacancy, respectively. In 
each case, the convergence may be appreciated by comparing 
the results of two calculations, one with three and the other 
with five shells. The last row gives the results obtained with 
linear screening of the proton in the octahedral site 

Shell 100 111 210 221 300 AHreeV 
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Fig. 1.14. Variation of the heat of solution with the 
position of H in the fcc lattice of Al. 

energy is 0.147 eV. These results are in  good 
agreement with recent experimental measure- 
m e n t ~ . ~  

I .  University of Virginia, Charlottesville, Va. 
2. Commissariat a I'Encrgie Atomique, Saint Georges, 

France. 
3. L. M. Kahn, F. Perrot, and M. Rasolt, Phys. Rev. 

B 21, 5594 (1980). 
4. S. Matsuo and T. Hirata, Trans. Natl. Res. Inst. 

Met. (JPN) 11, 22 (1969). 

RANDOM ALLOYS WITH 
SHORT-RANGE ORDER' 

Theodore Kaplan L. J. ~ r a ~ *  

Some years ago, a major advance'in the theory 
of alloys was made with the introduction of the 
coherent potenthl approximation (cPA) .~ ,~  AS 
originally presented, the CPA was a single-site, 
mean-field theory for diagonal disorder only (that 
is, random-site diagonal energies for electrons and 
random masses for phonons). Recently the CPA 
has been generalized by Kaplan et al.' to a form 
which is applicable to Hamiltonians with any type 
of disorder (diagonal, off-diagonal, and environ- 
mental). It can include cluster rather than just 
single-site averages and can yield a configuration- 
ally averaged analytic Green's function which has 
Lhe pruper translational symmetry. The only re- 
striction on this theory was that it could not be 
applied to random alloys with short-range order. 

We have developed a method for approximating 
the averaged Green's function for random alloys 
with short-range order by using the self-consistent 
approximation5 and the augmented space formal- 

In this approximation the Green's function 
for the short-range order problem is expanded in 
terms of the self-consistent solutions. The coeffi- 
cients in this expansion systematically include the 
appropriate short-range order probabilities. Once 
the self-consistent solutions have beet1 evaluated, it 
is computationally quite simple to evaluate the 
averaged Green's function for any type of short- 
range order. The only limitation on this approxi- 
mation occurs because we use only a finite set of 
terms from. the expansion. As a result, the 
accuracy of the solution depends on how quickly 
the expansion converges for the particular choice of 
parameters. 

To understand the approximation better, we have 
examined the Markov chain, a system which we 
could solve exactly by other means. We calculated 
the density of states for an s-state tight-binding 
binary alloy with nearest-neighbor interaction and 
diagonal disorder. The Hamiltonian is 

where Wij # 0 for i and j nearest neighbors and si 
= . A  or B depending on whether an A or B atom is 
at site i with probability c~ or CB. For simplicity 
we used the lowest order approximation which 
included information about short-range order, the 
nearest-neighbor pair approximation. For this case 
we used only cA and PAB (the probability that A 
and S are nearest neighbors). 

In the first column of Figs. 1.15(a)-(e), we have 
plotted the densities of states of the Markov chain, 
as it changes from the case where the sites are 
uncorrelated (PAB = 0.25) at the top to the case 
of the almost segregated crystal, when A and B 
atoms separate into two nearly distinct crystals 
(PA* = 0.05), at the bottom. In the second 
column, Figs. 1.15(f)-(j), the changes from the 
uncorrelated case toward the almost perfect alter- 
nating crystal PAB = 0.45 are plotted. The first 
column shows an increase near the band edges and 
a corresponding decrease at the center as PAR 
decreases. The second column shows the opposite 
behavior as PAB increases. The approximation gives 
relatively good agreement with the exact results 
(hist.ogram) in the range from PAB = 0.15 to 0.35. 
The approximation does not pick up the extremely 
peaked behavior, but it does show good overall 
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Fig. 1.15. Density of states for electrons in a Markov 
chain wit11 r(A = -e(B) = -2.5, W = 1.0, c~ = 0.5, 
and PAB = 0.05-0.45. Comparison of the exact results 
(histogram) with the nearest-neighbor pair approxi- 
mations. 

agreement with major structure in the density of 
states. Such agreement in one dimension indicates 
far superior results in three dimensions. 

In the regime of stronger short-range order, 
where PA, is very large or very small, the match 
with exact results is not as good. In fact, by a sim- 
ple analysis of the expansion coefficients, we can 
determine the range over which the approximation 
is valid. For the example considered in Fig. 1.15, 
we find that we get adequate convergence only for 

0.125 S PAB S 0.375. Therefore, we see that the 
approximation can give a useful description of 
short-range order, provided it is used within its 
proper region of convergence. 

- 

1 .  Summary of paper: Physical Review (in press). 
2. Computer Sciences Division, UCC-ND. 
3. P. Soven, Phys. Rev. 156, 809 ,(I 967). 
4. D. W. Taylor, ~ 6 ~ s .  Rev. '156, 1017 (1967). 
5. T. Kaplan et al., Phys. Rev. B 21, 4230 (1980). 
6. A. Mookerjee, J. Phys. C 6, 2205 (1973); 6, 1340 

(1973). 
7. T. Kaplan and L. J. Gray, Phys. Rev. B 14, 3462 

( 1  976); J. Phys. C 9, L303 (1976). 

ON THE CHARGE COMPENSATION 
MECHANISM IN &ALUMINA' 

J. C. Wang 

In P-aluminas there exist about 15 to 40% 
extra M +  ions compared to the ideal formula 
M 2 0 .  1 1 AI2o3, where M represents monovalent 
conducting cations such as Ag, Na, K, Rb, TI, etc. 
These extra M+ ions are believed to be closely 
related to the high ionic conductivities of the 
materiak2 An interesting question is how the 
charges of these extra ions are compensated. In 
this work the problem was studied by making 
potential .energy calculations for various ionic 
arrangements. Coulomb, short-range repulsive, and 
po!arization enorgy terms wcrc ii~ccl. 

For the ideal structure of NaD-alumina, thc 
Coulomb potentials at all ions in a u11it cell were 
first calculated. It was found that the potentials at 
A I ~ +  ions in  the spinel block are about 20 eV 
lower than those at the Na+ sites in the conduc- 
tion plane. This implies that it is unlikely that the 
charges of extra ~ a +  ions in  the conduction plane 
of actual crystals are compensated by replacing 
A I ~ +  ions in  the spinel block with particles of less 
positive charge, because t.hat will require a transfer 
of charge against a large electrostatic potential 
difference. This was further verified by the calcula- 
tion of energies needed to ( 1 )  transfer artificially 
charge from the A I ~ +  ions to the Na' ions, (2) 
replace an Al(1) or Al(2) ion with three extra 
~ a +  ions in the conduction plane, and (3) replace 
an A I ~ +  ion with a divalcnt cation and add an 
extra Na' ion in the conduction plane. 

Roth, Reidinger, and ~ a ~ l a c a ~  proposed a model 
in which the excess ~ a +  ions are compensated by 
extra 0*- ions in  the conduction plane. Each of 



these extra 02- ions is assumed to be located a t  
an m O  position and bound to two A I ~ +  ions which 
mole from their octahedral sites [Al( l ) ]  to.inter- 
stitial positions closer to the extra 02- ion [A1(3)]. 
Together these ions form a VAI-AI-0-AI-VAI 
defect. Four calculated equilibrium configurations 
for this VAI-AI-0-AI-VAI defect are shown in Fig. 
1.16, whcrc Fig. 1.16(n). corresponds to the 
arrangement proposed hy Roth. The energies 
needed to reach these equilibrium configurations 
are shown in Table 1.2. These results suggest that 
the model proposed by Roth, Reidinger, and 
~ a ~ l a c a ~  is energetically possible. 

OWL-OIG mllr? 

0 I n t e r s t i t i a l  02- a t  z=O 

I n t e r s t i t i a l  ~ 1 ~ '  a t  z=*1.68 A 

Al(1) Vacancies a t  z=*3.24 A 

Fig. 1.16. Calculated equilibrium configurations for a 
VAI-AI-0-AI-VAI compensating defect plus two extra ~ a +  
ions in the conduction plane. The major differences 
between (A), (B), (C), and (D) are the arrangements of 
the ~ a +  ions which were treated as mobile in the calcu- 
lation (dashed circles). (A) corresponds lo Iht: arralrgc- 
ment proposed by Roth et al. 

Table 1.2. Changes of potential energies in 
eV when an 02- ion and two N a +  ions are 

brought into N a  &alumina 

AVr is from the short-range repulsive potential, AV, is 
from the Coulombic, polarization, and van der Waals 
terms, and AV, is the sum of the two. The ionic config- 
urations are shown in Fig. 1.16 
- .- 
Configuration (A) (B) (c)  (D) 

It is interesting to see how the potential energy 
of the system varies when the distance of the two 
interstitial A I ~ +  ions' from the conduction plane is 
changed. To simplify the calculation, we fixed all 
other ions in Fig. 1.16(b) during the process. The 
result is shown by the dashed line in Fig. 1.17. The 
deep minimum near the Al(3) layer suggests that 
the two interstitial A I ~ +  ions are tightly bound to 
the interstitial 02- ion. W e  made the same calcu- 
lation for the ideal structure, where the interstitial 
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Fig. 1.17. Potential energy of the system when two 
AI(1) ions (one above and one below a mO site) are moved 
toward the conduction plane. The solid line demonstrates 
that for the ideal structure the AI(1) ions tend to stay at 
their regular sites [Al(l) layers]. The dashed line indi- 
cates that for the configuration (B) shown in Fig. 1.16, 
because of the presence of the interstitial 02- ion near 
the rtlO sitc, the two Al(1) ions tcnd to move toward the 
conduction plane to the Al(3) layers. 



02- ion and the two extra ~ a +  ions were not 
present. The result is shown by the solid line in 
Fig. 1.17, where now the minimum is close to the 
AI(I) layer. This demonstrates that when the extra 
N a 2 0  is removed, the two interstitial A I ~ +  ions 
associated with it will return to the Al(1) vacan- 
cies. Since N a 2 0  is often one of the starting 
materials for growing Nap-alumina, it seems rea- 
sonable that an 02- ion and two ~ a +  ions will 
enter or leave the conduction plane together as a 
unit. This combined action will also maintain the 
neutrality of the crystal. Figure 1.17 demonstrates 
that the creation of two A1 Frenkel pairs is a 
natural result of the presence of an extra unit of 
Na20  and that, when the N a 2 0  is removed from 
the crystal, the two interstitial A I ~ +  ions will 
recombine with the two Al(1) vacancies. This is 
consistent with the result that VAI-Al-0-Al-VAI 
defects proposed by Roth, Reidinger, and LaPlaca 
disappear in stoichiometric @ - a l ~ m i n a . ~  

I .  Summary of paper: J. Chem. Phys. 73, 5786 
( 1980). 

2. J. C. Wang, M. Gaffari, and-Sang-il Choi, J. 
Chem. Phys. 63, 772 (1975). 

3. W. L. Roth, F. Reidinger, and S. LaPlaca, p. 223 
i n  Superionic Conductors, ed. by G. D. Mahan and W. 
L. Roth, Plenum Press, New York, 1976. 

4. Ph. Colomban and G. Lucazeau, J. Chem. Phys. 
72, 1213 (1980). 

PARTICLE-SOLID INTERACTIONS 

DISPLACEMENT CASCADES IN 
MINERAL CRYSTALS 

M. T. Robinson 

It has recently been that certain syn- 
thetic minerals, in particular the monoclinic rare- 
earth - phosphate monazite, may have suitable 
phases in which to isolate long-lived radioactive 
nuclear wastes. The proposal is based in part on 
the observation that thorium- and uranium- 
containing monazites in  nature are crystalline, in 
contrast to the majority of radioactive minerals. 
The latter are found typically in the more-or-less 
amorphous condition described by geologists as 
n ~ e t a m i c t . ~  The reasons why monazite behaves dif- 
ferently from many other minerals are unknown, 

but recent experiments3 suggest that this may be 
the result of an unusual low-temperature annealing 
process. Whether or not this idea is correct, it 
seems desirable to examine displacement damage 
production in  monazite and related minerals, using 
the computer simulation method which has been 
developed for studies of radiation effects in 
m e t a ~ s . ~  

The computer program MARLOWE constructs 
the trajectories of energetic particles slowing down 
in a crystalline solid in  the binary collision approxi- 
mation (BCA). It was necessary to make extensive 
modifications in  the program to enable it to deal 
with mineral crystals, many of which are mono- 
clinic or triclinic. At the same time, an improved 
scheme of describing a crystal was developed. A 
small number of preliminary calculations has been 
carried out with the modified code (designated as 
Version 1 1.6), and these are described briefly here. 

It was desired to undcrstand the effects uT Lhe 
crystal structure itself on cascades generated in 
monazite, without the complications of differing 
atomic masses, interatomic potential parameters, 
and so forth. Therefore, a monazite lattice was set 
up but was entirely populated with Cu atoms. 
The lattice parameters of the structure were 
adjusted so that the density of "monazite Cup was 
the same as that of ordinary fcc Cu. The parame- 
ters used are given in Table 1.3. The structure used 
is one given hy wyckoff5 and differs somewhat 
from the more recent work of Beall et aL6 Other 
parameters needed in the calculation are given in 
Table 1.4. The computations for the "monazite 
Cu" take only slightly longer than those for fcc Cu. 

Table 1.3. Parameters describing 'monazite Cu" 
a0 = 0.66585 nm; bo = 0.68949 nm; co = 

0.63531 nm; P = 103.633 deg. Space group 
P21/n with all atoms in fourfold general posi- 
tions: 

Site x Y z 



Table 1.4. Parameters used in cascade 
calculations 

Lattice constant of fcc Cu: a = 0.36150 nm 
Molitre potential parameter: a12 = 7.38 pm 
Maximum impact parameter: p,/a = 0.62 
Nonlocal inelastic losses normalized to the LSS theory 

This indicates that cascade calculations for com- 
plex mineral crystals will not be prohibitive in 
computational costs. 

Comparisons have been made of cascades gen- 
erated by I-keV Cu atoms recoiling from the "Cen 
site 1.d 1 . h ~  ~~~c.ll)azite structure and of thosc gen- 
erated by similar recoils in ordinary fcc Cu. The 
vector range distributions obtained in  the two cases 
are compared in Fig. 1.18. Note that both histo- 
grams are expressed in terms of the lattice constant 
of fcc Cu. At 1 keV, very little (if any) channeling 
is displayed by recoiling atoms in  the fcc structure. 
The range distribution is relatively symmetrical 
and has only a small extension on the penetrating 
side. In contrast, the range distribution in the 
monazite case shows a pronounced penetrating tail, 
involving perhaps 15% of the particles. This tail is 
apparently a result of the relative ease of channel- 
ing in  the rather open monazite structure. The 
direction(s) of the channeled particles has not been 
determined, but examination of a model suggests 
thc [OOI ] direction as probable. 

I n  addition to increased channeling, another 
important difference between the two structures is 
the absence of replacement sequences from the 
monazite cascades. I n  fcc crystals, arl i ~ n p u ~ ~ l a i ~ t  
feature of the development of cascades is the prop- 
agation of sequences of replacements along (0 1 1 ), 
(001 ), ( 1 1  1 ), and (to a much lesser extent) other 
direct,ions. These sequences are responsible for the 
survival of a considerable fraction of the interstitial 
atoms produced in  the cascades, since they provide 
a mechanism for transporting them far away from 
their vacancies. Such sequences do not occur at all 
in  monazite. Consequently, the monazite cascades 
are generally more compact than those in  fcc 
metals. Iigure 1.19 shows this cffect quantitatively 
for I-keV cascades in  the two crystals and shows 
the average. numbe,r of Frenkel pairs in each cas- 
cade with separations which exceed a specified 
minimum. I t  is clear that the role of replacement 
lequences i n  separating interstitials and vacancies 
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Fig. 1.18. Vector range distributions calculated for 
1-keV Cu atoms recoiling from lattice sites in fcc Cu and 
in "monazite Cu." 

outweighs their role in dissipating energy in  the fcc 
crystal. Thus, one may expect somewhat less darn- 
age in  the lower symmetry monazite crystal than 
would be anticipated from calculations on metals. 

l'hese calculations are being extended to rnona- 
zite crystals of the correct compositions. An objec- 
tive is to calculate the apparent cross sections for 
damaging these crystals as an aid to understanding 
cxpcrimcnts involving them. 
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Fig. 1.19. The distributions of Frenkel pair separation 
distances calculated for displacement cascades generated 
by 1-keV Cu atoms recoiling from lattice sites in fcc Cu 
and in "monazite Cu." 

MECHANISM'OF ION DECHANNELING IN 
Ill-V SEMICONDUCTOR SUPERLATTICES' 

J. H. Barrett 

Computer simulations of channeling have been 
used to evaluate a model proposed by Saris et aL2 
to explain some of their ion dechanneling measure- 
m,ents in InAs-GaSb superlattices. They observed 
that ions remain channeled to considerable depths 
for beams incident along [loo], the surface normal 
and crystal growth direction, but that ions are 
dechanneled very near the surface for beams 
incident along directions such as [I  101 that are 
inclined to the normal. To explain this second 
result, they proposed a model in which slight 
alterations in bond lengths at the interfaces 
between layers cause the atomic rows parallel to 
inclined directions to be offset slightly at each 
interface. Their suggestion was that at an interface 
with Ga-As bonds, the bond lengths are about 7% 
shorter than average, while at an interface with 
In-Sb bonds they are about 7% longer. For rows 
inclined to the surface normal, the result in either 
case is to offset the rows slightly at each interface. 
For [110], a 7% difference in bond lengths causes 
an offset of 0.021 nm. Some quantitative estimates 
for their model have been made by computer simu- 
lation of channeling and are presented here. These 
estimates indicate that the effects due to the small 
offsets in their model are much too weak to cause 
the observed dechanneling and that much stronger 
perturbations at each interface are required to 
explain their result. 

I n  using computer simulation of ion trajectories 
in  the present case, an electronic stopping power of 
310 cV/nm was used,3 and tht: associated multiple 
scattering was calculated as 

'l'he best measured value for the thermal vibration 
amplitude appears to be Kyutt's result4 of 
u l  = ( x 2 ) ' P  = 0.0108 nm for GaSb. With these 
parameters, the calculated dechanneling rate in 
pure GaSb was found to be too small. Results of 
subsequent calculations based on a value of 0.0156 
nm for u l  were found to be very close to the 
observed dechanneling rate in GaSb. Consequently, 



computer simulation studies were carried out for 
each of these'values of u,. 

The main results of the simulations are shown in 
Fig. 1.20. Consider first the results for the single- 
step offsets. With either ul, the distance calculated 
for half dechanneling for the proposed row offset 
of 0.021 nm is only slightly less than for no offset 
and is far larger than the observed2 value of 0.6 
pm. It seemed natural to extend the model of Saris 

.et al. to larger offsets, which would displace the 
rows at each interface to regions of higher ion flux. 
For u ,  = 0.0108 nm, even the largest offset fails. 
lo give the observed amount of dechanneling, 
which may be' related to the weaker calculated 
dechanneling in the substrate for this thermal 
vibration amplitude. For u l  = 0.0156 nm, an 
offset of about 0.086 nm gives the observed half 
distance for dechanneling. This offset corresponds 
to a change of k0.122 nm in the standard (100) 
planar spacing of 0.152 nm. It would seem very 
unlikely that a large alteration in planar spacing 
could occur without some alteration in adjacent 
spacings. Consequently, a calculation was done at 
each value of u, for a multistep row offset. The 
pirticulhr set of offsets ~lsed was 0.001, 0.004, 
0.010, 0.017, 0.022, 0.017, 0.010, 0.004, and 0.001 
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Fig. 1.20. Dechanneling distance along [llO] as a func- 
tion of row offset for 2.225-MeV He in InAs-CaSb 
superlattices. The layers were 50 nm thick, and the dis- 
tance through each layer along [I101 was 70.7 nm. The 
row offset values shown for the multistep cases are the 
total of all offset steps at an interface. 

nrn, which total 0.086 nm. The results, also shown 
in  Fig. 1.20, each lie above the curve through the 
corresponding single-step values. The particular set 
of multistep offsets used appears to be equivalent 
to a single-step offset about 70% as large as the 
total for all steps. This reduction in effectiveness is 
most likely due to a steering or shielding effect of 
each atom in the offset pattern in relation to atoms 
further along the row. Two additional multistep 
calculations were done for ul = 0.0156 nm with 
steps in the same proportions as above but with 
larger total values. The results are also shown in 
Fig. 1.20 and bracket the observed distance for 
half dechanneling. 

Dislocations or stacking faults as alternate 
dechanneling mechanisms seem incapable of 
explaining the observed behavior inasmuch as they 
would be expected to produce substantial dechan- 
neling along [I001 as well as along [I  101 and other 
directions inclined to the surface normal. In addi- 
tion, dislocations should produce a dependence of 
the dechanneling rate on ion energy, whereas Saris 
et al. found the dechanneling rate to be energy 
independent. 

The conclusions drawn concerning the observed 
dechanneling behavior are the following. The only 
mechanism that appears capable of obstructing 
channels inclined to the surface normal while not 
.obstructing those parallel to the normal is a series 
of relaxations (contractions or expansions) in 
planar spacing at each interface in the superlattice. 
The relaxation is probably distributed over several 
layers at an interface, and the resulting distributed 
set of row offsets is less effective than is a single 
offset equal to the total of the distributed offsets. 
'I'he adjustment of u l  to produce the amount of 
dechanneling observed in  the bulk for GaSb 
introduces uncertainty into making quantitative 
estimates. However, from the simulation results, 
there should be a total offset of at least 0.08 nm 
and a total relaxation of at least 0.1 1 nm at each 
interface. 

I .  Summary of paper to he published. 
2. F. W. Saris et .al., Appl. Phys. Lett. 37, 931 
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THE TWO-ATOM MODEL IN 
ENHANCED ION BACKSCATTERING 
NEAR 180' SCATTERING ANGLES' 

0 .  S. Oen 

An analytical two-atom scattering model has 
been developed to treat the recent discovery2 of the 
enhancement near 180" of Rutherford backscatter- 
ing yields from disordered solids. In contrast to 
conventional calculations of ' Rutherford back- 
scattering that treat scattering from a single atom 
only (the backscattering atom), the present model 
includes the interaction of a second atom lying 
between the target surface and the backscattering 
plane. The projectile ion makes a glancing collision 
with this second atom both before and after it is 
backscattered. Let the backscattering atom be 
located at some fixed position B, a distance D 
below the surface. Consider a second atom A at 
some arbitrary position in a plane at distance 1 
above B, such that the pair of atoms is inclined at 
a small angle 6 with respect to the surface normal 
(see Fig. 1.2 1 ). The differential scattering cross 
section for a no;mally incident beam to be focused 
by atom A toward B (and therefore backscattered) 
is . . 

Here 0 = ( s l l )  +a(s ) ,  where s is the impact 
parameter between the projectile ion and atom A 
and q(s) is the corresponding scattering angle. 
Since ~ ( s ) ,  in general, increases with a decrease in 
s ,  0 has a minimum value 6, for s =s,. Because 
of this extremum, it is only necessary that the 
trajectories of the backscattered ions lie in  the 
neighborhood of the critical impact parameter s, in  
order to emerge at angles close to the surface nor- 
mal. This tolerance of path is the basic reason, in  
this model, for the enhancement of the back- 
scattering yield. 

The backscattered flux starting toward the sur- 
face t'rom atom B is assumed to have angular iso- 
tropy, since Rutherford scattering changes little 
over a few degrees from 180". Before this flux 
exits the target surface, it is scattered by atom A. 
The number of particles scattered per unit solid 
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Fig. 1.21. Typical trajectory of an ion in the two-atom 
model. The.:ion makes glancing collisions with atom A 
before and after being backscattered by atom B. The ion 
exits the so!id at an angle i+b, which is measured with 
respect to the surface normal. 

angle at angle, 6" (6' is measured with respect to the 
axis of the dipole R A )  is  proportional to 

where 6' = (sf/l) + ~ ( s ' ) ,  S' is the impact 
parameter, and a($') is the scattering angle. The 
minimum or critical angle 6: produces a shadow 
region behind atom A, as viewed from atom B. 
Both functions given in Eq. (1) and Eq. (2) are 
highly peaked near the critical angle and approach 
unity for large angles. 

The two-atom model should be a good approxi- 
mation in  a solid of N atoms per unit volume pro- 
vided there is only one significant scattering before 
the ion strikes the backscattering atom. The proba- 
bility for a single scattering with an impact param- 
eter s is taken to be exp(-TNDS*). Atom A is 
assumed to be distributed at random with uniform 

s '  
[5' + h(s')l 

ds' 

d a  I 
ds 



probability density above the backscattering atom. 2 .  P. P. Pronko et al., Phys. Rev. Lett. 43, 779 
Convoluting the incoming [Eq. ( I ) ]  and backscat- (1979). 
tered [Eq. (2)]  fluxes, the normalized backscatter- 3. J.  H.  Barrett, B. R .  Appleton, and 0. W. Holland, 
ing yield at small exit angle J. is Phy.~ .  Rev. B 22, 4 180 ( 1980). 

where the summation extends over all alorrlic 
layers between the backscattering plane and the 
target surface. The angles 8' and 6' are related by 
f l l 2  = f12 -I- $2 - 2$4 cos 4. Equation (3) is the 
central result of this paper. 

The Molikre potential is llsed to c a l c ~ ~ l a t e  the 
ion-atom scattering angles. A good approximation 
for light ions hitting heavy targets is to assume 
that the ion loses no energy on backscattering; 
therefore, 8; = 8,. Numerical methods were used 
to calculate Eq. (3)  because of complexities in the 
scattering function [Eq. (2)]. As an illustration of 
the predictions of-Eq.  (3), the normalized yield vs 
depth at J. = 0.1 for various ion energies .is 
shown in Fig. 1.22. It is found that the, enhance- 
ment region is compensated by a deficit 'region a t  
larger backscattering angles. In addition to ion 
energy, the predictions of yield enhancement on the 
following parameters have been studied: back- 
scattering depth, exit angle, scattering potential, 

I atomic numbers of projectile and target, and 
atomic density of target. Scaling of some of the 
results to other systems is possible since the ion 
atomic number and energy appear only in the ratio 
Z l l E .  

Overall, i t  is found Lhat the rnudel reproduces 
the typical feature of the effect and its dependence 
on the various physical parameters. The main 
differences are that it predicts enhancements some- 
what loo small and at depths somewhat shallower 
than those found experimentally. The model gives 
a simple picture of ion-path tolerance near the crit- 
ical impact parameter as the physical origin of the 
enhancement in the backscattering yield. It is, to 
date, the only analytical model that gives all expla- 
nation of' the enhancement ei'l'ect. The simplicity 
and rapidity with which onc can do exploratory 
calculations make it a complementary approach to 
the detailed computer simulation methods of Bar- 
rett, Appleton, and ~ o l l a n d . ~  

I .  Summary of paper: Nuclear Instruments and 
Methods (in press). 
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Fig. 1.22. Calculated H e  ion backscattering yield in 
amorphous P t  vs depth for different ion energies. 
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PlJl,SED-1 ,ASER ANNEALING; 

I. MODEL FOR THERMAL 
TRANSPORT AND MELTING' 

R. F. Wood G. E. ~ i l e s ~  

It is now well established that nanosecond pulses 
of radiation from high-power lasers can be used 
very effectively to anneal thc latticc damage 
caused by ion implantation of semiconductors. 
Other similar applications include the laser-induced 
diffusion of thin dopant films deposited on the sur- 
face of samples, recrystallization of doped amor- 
phous films deposited on single-crystal substrates, 
and the removal of precipitates present after con- 
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ventional high-temperature dopant diffusion. All 
these processes can be understood in terms of 
models and calculations based on macroscopic dif- 
fusion equations for heat and mass transport, cast 
in a finite-difference form to allow for the tem- 
perature- and spatial-dependence of the thermal 
conductivity, absorption coefficient, reflectivity, 
and other quantities. In this paper, which is the 
first in  a series of three, a description of the model 
used at ORNL for calculations of heat transport 
during pulsed-laser annealing is given. Results of 
the modeling are illustrated by a variety of calcula- 
tions. These results include the effects of pulse 
duration, shape, and energy density; the effects of 
assumptions made about the latent heat of amor- 
phous silicon; the effects of substrate heating; the 
role played by the absorption coefficient in deter- 
mining melt-front penetration; and the duration of 
surface melting. 

Two basic models were used in most of the cal- 
culations described in the paper. In one model, the 
absorption coefficient k was assumed to have some 
average, constant value kc throughout the sample. 
Such a model is suggested by (a) ion implantation 
of light ions, such as boron, in silicon where the 
implanted region is not made completely amor- 
phous and the nature and extent of the damage is 
not defined very well; (b) multipulse annealing, 
where it is known that after the first laser pulse 
the damage in the implanted layer may be com- 
pletely removed; and (c) laser-induced melting of 
undoped, crystalline samples. Because of the 
absence of a well-defined damaged region in these 
cases, we refer to this as the crystalline or c model. 
The use of a single value (kc) for the absorption 
coefficient in the c model is a rather crude approx- 
imation whose validity must be checked as more 
experimental data are accumu~ated.~ In the second 
model, referred to as the amorphous or a model, a 
reasonably well-defined amorphous region is 
assumed to be present. This model is expected to 
apply to silicon samples implanted with heavy ions 
in certain ranges of energy and dose and to sam- 
ples on which an amorphous layer has been 
deposited by sputtering, e-beam deposition, etc. In 
the calculations, the absorption coefficient was 
assigned one value in the damaged region and 
some other, significantly lower, value in the 
undamaged, crystalline region. 

As an example of the temperature calculations, 
results for a series of cases in which the sample 
was either cooled or heated while the laser anneal- 

ing was carried out are shown in Fig. 1.23. These 
calculations, which employed the a model, yielded 
the position of the liquid-solid interface (melt 
front) as a function of time after the beginning of 
the laser pulse. Curves like those on Fig. 1.23 are 
typical of one class of results which the calcula- 
tions provide for a variety of assumptions about the 
annealing conditions and mechanisms. The slope of 
such curves gives the melt-front velocity at any 
time during the melting and resolidification pro- 
cess. The results shown in Fig. 1.23 suggest that 
substrate heating may be of interest for several 
reasons. If, for example, an available laser cannot 
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Fig. 1.23. Effects of substrate heating on melt-front 
prnfiles for a 15-ns, 0.82-~/cm~ pulse. 

supply the energy required to melt the near-surface 
region to a particular depth, sample heating may 
extend the melting range to that depth. The calcu- 
lations of Fig. 1.23 were carried out for samples 
irradiated with single pulses of 0.82 ~ / c m ~  and 
15-ns duration. The results show that the melt- 
front penetration depth can be extended by almost 
a factor of 2 by increasing the sample temperature 
from 20 to about 500°C. Even if a laser has suffi- 
cient power, it may still be advantageous to use 
substrate heating so that the lowest possible energy 
density for annealing can be used. In this way, the 
magnitude of the spatial inhomogeneities in the 
laser energy can be reduced. Undoubtedly, the 
most interesting use of substrate heating and cool- 
ing at this time is to control the melt-front velocity 
during resolidification of the melted near-surface 
region.4 



Most theories of crystal growth relate the crys- 
tallization rate to the temperature of the liquid- 
solid interface. In practice, this temperature is not 
well defined and virtually impossible to measure at  
the melt-front velocities involved in laser annealing. 
Moreover, i n  terms of the macroscopic diffusion 
equations used here, it is the temperature gradients 
at the melt front which are important in determin- 
ing the melt-front velocity. Table 1.5 shows the 
gradients obtained from calculations of some typi- 
cal melt-front profiles; the gradients are very large 
and explain the high melt-front velocities which 
play an important role in many laser annealing 
phenomena. Calculations of temperature gradients, 
melt-front velocities, etc., are particularly impor- 
tant because they provide information which is dif- 
ficult, if not impossible, to obtain experimentally. 

1.  Summary of paper: Phys. Rev. B 23, 2923 ( 1  98 1 ). 
2. Computer Sciences Division, UCC-ND. 
3. D. H. Lowndes, "Time-Resolved Optical Transmis- 

sion and Reflectivity of Pulsed Ruby Laser-Irradiated 
Si," this report. 

4. R .  F. Wood, "Macroscopic Theory of Pulsed-Laser 
Annealing: 111. Nonequilibrium Segregation Effects," 
this cepo1.t; C. W. White et al., "Factors Limiting 
Substitutional Solubilities Achieved by Laser Annealing 
of Ion-Implanted Si," this report; R. T.  Young et al., 
"Substrate Heating and Emitter Dopant Effects in 
Laser-Annealed Solar Cells," this report. 

MACROSCOPIC THEORY OF 
PULSED-LASER ANNEALING: 

11. DOPANT DIFFUSION 
AND SEGREGATION' 

R. F. Wood J. R. ~ i r k ~ a t r i c k *  
G. E. Giles.? 

I n  this, the second paper in this series, we dis- 
cuss dopant diffusion calculations in detail, with 

particular emphasis on the incorporation of segre- 
gation effects into the modeling. From the forms of 
the experimental dopant profiles, it is established 
that pulsed-laser annealing is a nonequilibrium pro- 
cess, but i n  this paper the interface segregation 
coefficient is treated as an adjustable parameter 
and no attempt is made to justify the values 
obtained. Approximate analytical and finite- 
difference solutions to the diffusion equation are 
discussed and compared. It is argued that the 
excellent fit between theory and experiment is a 
strong indication of the basic validity of the melt- 
ing model of pulsed-laser annealing. 

Our most complete treatment of the dopant dif- 
fusion problem employed the so-called quasi- 
stationary approximation. In this approximation, 
the sample is assumed to be divided into N layers, 
or cells, of various thicknesses. All the material in 
any one layer melts or solidifies at  the same time. 
The melt front thus advances into the solid and 
recedes back to the surface in finite jumps, and 
between jumps it is held stationary while diffusion 
in the molten material occurs. For example, begin- 
ning at  the surface layer, the dopant diffusion 
equation is solved in that layer for some time inter- 
val, with the implanted profile as the starting pro- 
file. The melt front then jumps to the next layer, 
where it pauses for a chosen time interval. During 
this interval, diffusion occurs with the initial pro- 
file given by the distribution of impurity in the 
first layer after the first time interval plus the 
implanted profile in the second layer. In this way, 
the diffusion equation is solved in steps as the melt 
front first penetrates into the sample and then 
returns to the surface. This problem can be solved 
analytically by using Green's functions appropriate 
to slabs of widths determined by the finite steps of 
the melt front. However, these Green's functions 
are given as infinite series and are rather cumber- 
some. We have, therefore, used a quasi-stationary, 

Table 1.5. Temperature gradients in units of OC/cm 
a t  the melt front for typical melt-front profiles 



finite-difference (QFD) approach, which is de- 
scribed i n  some detail in the paper. 

Our most extensive use of the QFD has been in  
fitting the data of White et a ~ . ~  on Si implanted 
with Sb, Ga, In, and Bi. Unlike the results for B-, 
P-, and As-implanted laser-annealed Si, the profiles 
of Ga, In, and Bi in  Si after laser annealing show 
clear evidence of segregation; the case of Sb is not 
as clear-cut, as we shall see. For Ga-, In-, and Bi- 
implanted samples, surface segregation spikes are 
observed, but they are not nearly as large as they 
would be if equilibrium values (ky) of the interface 
segregation coefficient ki were applicable during 
the recrystallization process. The necessity of 
choosing ki > k9 to obtain agreement between 
experimental and calculated profiles and the fact 
that the equilibrium solubility limit can be greatly 
exceeded as a result of the laser-annealing process 
show that the process is a highly nonequilibrium 
one. 

As an example of the type of results which can 
be obtained with the methods described in this 
paper and the melt-front data  given in the preced- 
ing paper4 of this report, we can briefly consider 
observed and calculated profiles of Sb. In fitting 
the profiles of Sb (and Ga) in  Si, it was necessary 
to take into account the measurable loss of dopant 
that is observed during laser annealing. To investi- 
gate this problem, three different assumptions 
about dopant loss were made. In one set of calcula- 
tions, all the loss occurred during the initial part of 
the surface melting when the temperatures in the 
liquid Si were the highest. A second set of calcula- 
tions was carried out with the assumption that 
dopant loss occurred only when the surface concen- 
tration exceeded some threshold value. In the third 
set of calculations, we used the approximation that 
the loss is proportional to the surface concentra- 
tion, as one would expect from a simple kinetic 
rate theory approach. We found that satisfactory 
fits to both Sb and Ga in Si could be obtained with 
this method. Although the root-mean-square devia- 
tions between experimental and calculated profiles 
for both dopants were not quite as good as those 
obtained with the assumption of a threshold con- 
centration for dopant loss, the values of the max- 
imum melt-front penetration needed to obtain the 
fits were much more i n  accord with the values 
given by the heat transfer  calculation^.^ Figure 
1.24 shows the results for Sb in Si from the third 
set of calculations. The overall fit is good, but the 
loss of dopant makes it difficult to obtain a truly 
satisfactory fit near the surface. 

1. Summary of paper: Phys. Rev. B 23, 5555  (1981). 
2. Computer Sciences Division, UCC-ND. 
3. C. W. White et al., J. Appl. Phys. 51, 738 (1980). 
4. R.  F. Wood and G. E. Giles, Phys. Rev. B 23,!2923 

( 198 1 ); "Macroscopic Theory of Pulsed-Laser An- 
nealing: I .  Model for Thermal Transport and Melting," 
this report. 
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Fig. 1.24. Antimony distribution in Sb-implanted S i  
before and after laser annealing. There is some loss of S b  
from the sample during laser annealing. The solubility 
limit of Sb in Si is -7 X 1 0 ' ~  atoms/cm. 

MACROSCOPIC THEORY OF 
PULSED-LASER ANNEAI.ING: 

111. NONEQUILIBRIUM 
SEGREGATION EFFECTS' 

R. F. Wood 

I n  the first two papers of this series on the 
theory of pulsed-laser annealing, the results of heat 
and mass (dopant) transport calculations based on 
the melting model were described in considerable 
detail. It was shown that dopant profiles observed 
after pulsed-laser annealing could not .be fit when 
values of the interface segregation coefficient k;, 
appropriate for solidification under nearly thermo- 
dynamic equilibrium conditions, were used in the 
dopant redistribution calculations. In this paper, a 
model2 is developed which rk~ates the nonequilib- 
rium interface segregation coefficient ki to ky and 
to the velocity v of the liquid-solid interface during 
recrystallization of the molten region created by 



the laser radiation. The model, which uses an 
approach based on kinetic rate theory, introduces 
the concept of a velocity-dependent activation 
energy for jumps of the dopant atoms from the 
solid to the liquid. This velocity dependence comes 
about when the material is solidifying at  such a 
rate that the probability of escape of a dopant 
atoll1 fro111 the liquid-solid interface regiur~ is signi- 
ficantly reduced from the corresponding probability 
during solidification near equilibrium. The func- 
tional dependence of ki on v cannot be calculated 
exactly, but simple approximate expressions for 
this dependence yield results which are in accord 
with the experimental data presently available. 
Mureover, using the velocity dependence of ki, it is 
shown that the velocity-dependent activation 
energy (VDAE) model gives satisfactory agree- 
ment with the nonequilibrium dopant concentra- 
tions which have been observed3 for an interface 
velocity of -4 m/sec. 

Using the results of the VDAE model, the 
theory of Mullins and sekerka4 on the stability of 
a planar liquid-solid interface against cellular for- 
mation is reinterpreted. It is shown that if ki = 

ki(v) is used in this theory, there is satisfactory 
agreement with pulsed-laser annealing experiments 
but that if ky is used, there is no agreement what- 
soever. An example of these stability calculations is 
shown in Fig. 1.25 for In in Si. The two heavy 
solid curves give the demarcation lines between 
stable and unstable regions of the plots of concen- 
tration vs melt-front velocity. The lower curve was 
calculated with ki = k9; the upper curve, with a 
form of ki = ki(v) obtained from the VDAE 
model. The dashed curve, which also was calcu- 
lated with k,jv), gives the so-called "capillary 
limit" for which capillary effects completely dom- 
inate the effects of constitutional supercooling due 
to the presence of the dopant atoms. The stability 
curve for the case in which the effect of constitu- 
tional supercooling is completely dominant does not 
appear on Fig. 1.25, because it lies so close to the 
ordinate on the velocity scale used. The light hor- 
izontal line, labeled c ( k y  = 0.0004), in Fig. 
1.25 gives the equilibrium solubility limit 
(v = 0)  estimated from data in the literature. l ' he  
other horizontal line, labeled C, (v --- 4 m/s),  indi- 
cates the approximate nonequilibrium concentra- 
tion reported by White et a ~ . ~  It should be realized 
that, because ki -. ky as v + 0, the stability 
curves for ki = ki(v) and ki = kp must go to the 
same value as v -+ 0. 
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Fig. 1.25. Results of an interface stability calculation 
for In in Si following the Mullins and Sekerka theory 
and using values of ki from the VDAE model. 

The curves displayed in Fig. 1.26 give informa- 
tion about the relationship between dopant concen- 
tration, cell size, and melt-front velocity. .To con- 
struct these curves, a melt-front velocity is chosen 
and the dopant concentration at  which a particular 
cell size appears is determined. For example, in 
Fig. 1.26 let us suppose that 4 m/s has been 
chosen for v; then we can determine the cell size 
for each concentration above the critical concentra- 
tion for instability. 'This leads to curve 2 fbr the ' ln  
group of curves in Fig. 1.26. The point at  the 
extreme right on each curve corresponds to the cell 
size and dopant concentrations at  the onset of the 
interfacial instability. It should be noted that if the 
concentration is held fixed while the melt-front 
velocity is increased, the cell size increases up to a 
certain maximum value corresponding to that ve- 
locity at which the stability curve (Fig. 1.25) is 
crossed. It is apparent from Fig. 1.26 that for a 
given concentration, the increase in cell size is very 
rapid as the velocity approaches that of the stabil- 
ity curve. This means that experimental values of 
the cell size at  the onset of the instability will be 
difficult to determine accurately. In fact, Mullins 
and Sekerka cautioned against the use of their 
theory to predict cell sizes unless the instability is 
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Fig. 1.26. Interrelationship of dopant concentration, 
melt-front velocity, and cell size. The cell size at the 
extreme right for a given velocity occurs at the onset of 
the instability. I f  the concentration is held fixed, the cell 
size increases as the velocity is increased until, for a 
given velocity, the interface becomes stable. 

known to be weak. However, from the sparse data 
that  are now available, it appears that the predic- 
tions of cell size are perhaps more accurate than 
might be expected. ~ a r a ~ a n '  has reported cell 
diameters of 0.07 pm, 0.052 pm,  and 0.035 pm, 
respectively, for Ga,  In, and Fe in ' ~ i  after laser 
annealing with pulses which should have produced 
melt-front velocities of approximately 4 m/s. The 
calculated cell sizes for the estimated concentra- 
tions involved are in rather good agreement with 
these values. 

Other topics which are covered i n  the paper 
include the following. It is shown that the VDAE 
model satisfies the Baker and Cahn criteria for 
"solute trapping"; that is, that the change in the 
chemical potential of a dopant atom i n  going from 
the liquid to the solid is positive for values of k i  
greater than ky .  It is pointed out that the tradi- 
tional thernlodynamic approach of assigning a tem- 
perature to the interface region may need modifi- 
cations when the temperature gradients are very 
large, as they are i n  pulsed-laser annealing. The 
dependence of k i  on the direction of crystal growth 

is discussed on the basis of a very simple model. 
Finally, attempts of other authors to obtain 
expressions for the velocity dependence of ki  are 
reviewed and compared to the VDAE model. 

I. Summary of paper: Phys. Rev. B (in press). 
2. R.  F. Wood. Appl. Phys. Lett. 37, 302 (1980). 
3. C. W. White et al., J.  Appl. Phys. 51, 738 (1980). 
4. W. W. Mullins and R .  F. Sekerka, J. Appl. Phys. 

35, 444 ( 1964). 
5. J.  Narayan,  J. Appl. Phys. 52, 1289 (1981). 

MODEL CALCULATIONS OF 
PULSED RUBY LASER 

MELTING OF GaAs 

R. F. Wood D. H. Lowndes 
G. E. Giles' 

Methods used previously for calculations of ther- 
mal and mass transport2v3 during pulsed-laser 
annealing of Si have been applied to similar prob- 
lems in GaAs. Although the range of temperatures 
over which the thermal properties have been mea- 
sured is more limited in GaAs than it is in Si, the 
thermal properties of the two materials are not 
greatly different: therefore, the Si data was con- 
sidered a reliable guide to extrapolations of the 
GaAs data. On the other hand, the optical proper- 
ties of the two semiconductors are quite different, 
since the minimum-band gap is direct in GaAs and 
indirect in Si. As a consequence, the absorption 
coefficient in crystalline GaAs at  the 0.693-pm 
wavelength of the ruby laser is approximately an 
order of magnitude greater than it is i n  crystalline 
Si at the same wavelength. Because of this, the 
differences between the crystalline and amorphous 
models described in ref. 2 were expected to be less 
pronounced in GaAs than they are in Si, and the 
calculations confirmed this expectation. Melt-front 
profiles, recrystallization velocities, surface melt 
duration times, etc., were calculated and found to 
be quite similar to the corresponding properties in 
Si. The differences that do exist in such quantities 
arc easily understood in terms of the differences in 
thc thcrmal and optical properties of the two 
m;~tcrials. For example, the latent heat of fusion is 
more than a factor of 3 greater in Si than it is in 
GaAs, and as a result significantly less energy is 
required to melt GaAs to a given depth. The calcu- 
lations also showed that the energy "window" 
between melting and vaporization is considerably 
snlaller in Si than it is in GaAs. 



Generally speaking, the calculated results are in 
good agreement with the experimental data on 
time-resolved reflectivity (TRR)  reported by 
Lowndes and For example, the calculations 
predict an energy density threshold El of -0.2 
J/cm2 for melting to a depth of -200 A"; this is in 
excellent agreement with the observed value of El 
for which the TRR signal just barely reaches the 
maximum value characteristic of the creation of a 
fully molten surface layer. The model calculations 
predict the onset of vaporization of GaAs at about 
0.8 ~ / c r n *  for 15-11s pulses from a ruby laser, and 
again this seems to be in reasonably good agree- 
ment with the experimental results. Finally, good 
fits between the experimental and calculated 
dopant profiles for Mg and Zn implanted into 
GaAs can be obtained, and these fits allow values 
of Dl (diffusion coefficient in liquid) and ki  (non- 
equilibrium interface segregation coefficient) to be 
determined for these dopants. 

that the near-surface region of the sample did not 
exceed 300 + 50°C even a t  El = 1.0 J/cm2. The 
melting model predicts that the lattice should 
reach temperatures very near the melting point 
under the conditions used in ref. 1. Later, Lo and 
compaan2 used essentially the same techniques to 
measure the recrystallization of Si samples ion 
implanted with 200 keV As ions to a dose of 
1 0 ' ~ / c m ~ .  By monitoring the growth of the Raman 
signal, they concluded that recrystallization from 
the amorphous state (created by the ion implanta- 
tion) was already far advanced a t  -30 ns after a 
laser pulse of El = 0.6 J/cm2. During part of the 
time that the Raman signal was detectable, the 
sample was observed to be in the high reflectivity 
phase, usually associated with melting of the near- 
surface region. Lo and Compaan contended that  
this was conclusive proof that the high-reflectivity 
phase was not indicative of melting. Compaan et  

extended the measurements of ref. 2 to include 
the measurement of the lattice temperature by the 

I. Conlputer Sciences Division, UCC-ND Raman S /AS ratio and reported a temperature of 

2. R .  F. Wood and G. E. Giles, Phys. Rev. B 23, 2923 600 ' 2000C, approximately 60 ns after 0.6 
(1981); "Macroscopic Theory of Pulsed-Laser J/cm2 laser pulses; they again contended that this 
nealing: I .  Thermal Transport and .Melting," this report, was inconsistent with the melting model. 

3. R .  F. Wood, J. R .  Kirkpatrick, and G. E. Giles, Melting model calculations designed to approxi- 
Phy.~. Rev. 5 23, 5 5 5 5  (1981); "Macroscopic Theory of mate as closelv as possible the experimental condi- 
Pulsed-Laser Annealing: 11. Dopant Diffusion and 
Segregation," this report. 

4. D. H.  Lowndes and R.  F. Wood, Appl. Phys. Lerr. 
38, 971 (1981). 

RAMAN SCA'IWI'EKING FROM 
ION-IMPLANTED LASER-ANNEALED Si 

R. F. Wood 

Compaan and c o - ~ o r k e r s ' - ~  have reported the 
results of several types of time-resolved Raman 
scattering experiments on Si samples irradiated 
with intense laser pulses of nanosecond duration. 
They concluded that their results were inconsistent 
with the melting model of pulsed-laser annealing 
which they, therefore, asserted could not be 
correct. We have shown by direct calculations that 
a number of the results, believed by Compaan and 
co-workers to contradict the melting model, are in 
fact i n  satisfactory agreement with that model. 

Lo and compaan1 used a pulsed-probe beam 
( A  = 0.405) to measure the ratio of the Stokes-to- 
anti-Stokes (S/AS)  Raman intensities from a 
laser-irradiated Si salllplt: Ll~at was not ion 
implanted. From the S / A S  ratio, they concluded 

. . 
tions employed by Cornpaan et al. in refs. 2 and 3 
were carried out. The results for the motion of the 
melt front showed that the occurrence of a Raman 
signal at  -30 ns after the end of the 0.6 ~ / c m ~  
heating pulse is not only not surprising, as Com- 
paan et al. imply, but also is fully in accord with 
the predictions of the melting model. In fact, in 
view of the unavoidable energy inhomogeneities of 
individual laser pulses, the var~atlons of the energy 
density from pulse to pulse, and the fact that Com- 
paan et al. employed a statistical counting tech- 
nique over thousands of laser pulses, it is quite 
likely that a Raman signal would have been 
obtained at even shorter delay times had these 
been used i n  the experiments. For the same reason, 
it is hardly surprising that both the high refec- 
tivity phase and Raman scattering were observed 
at approximately the same delay t ~ m e s  and energy 
densities. 

The calculations also gave information about the 
temperature in the near-surface region after the 
nielt front had returned to the surface (complete 
recrystallization). Table 1.6 shows the temperature 
or the near-surface region accessible to thc 
0.405-pm probe light used i n  ref. 3 for selected 



Table 1.6. Temperatures in OC at various depths and times in an As-implanted Si sample 
after irradiation with laser pulses of El = 0.4, 0.6, and 0.8 J/cml 

El = 0.4 J/cm2 El = 0.6 J/cm2 
Time El = 0.8 ~ / c m ~  

depth (wm) depth (wm) depth (wm) 
(1') ' 0 0.04 0.08 0.12 0 0.04 0.08 0.12 0 0.04 0.06 0.08 

times near the 59-ns delay time utilized by Com- 
paan et al. for values of El of 0.4, 0.6, and 
0.8 J/cm2. Clearly, the calculated temperatures at 
El = 0.6 J/cm2 are very nearly within the 
estimated temperature range reported in ref. 3. 
When it is considered that the calculations, as well 
as the experiments, have uncertainties associated 
with them, it is difficult to substantiate the claim 
that the Raman experiments unambiguously reveal 
a temperature significantly below that predicted by 
the melting model. Thus, we conclude that the 
experimental Raman results for ion-implanted Si 
published to date are not necessarily inconsistent 
with the melting model of pulsed-laser annealing. 

The temperature of 300 k 50°C reported in ref. 
I for unimplanted Si is more difficult to explain, 
and therefore more significant, if indeed it is 
correct. Obviously, the time-resolved measurements 
need to be repeated carefully under improved 
experimental conditions. However, it is interesting 

to consider whether or not the S/AS ratio is a reli- 
able measure of the temperature of a sample 
undergoing pulsed-laser annealing. In Brillouin 
scattering it is known that large temperature '\ 

-gradients will make the S/AS ratio completely 
invalid as a measure of the temperature.4 The pos- 
sibility that the large temperature gradients which 
occur during pulsed-laser annealing may also affect 
the  ama an measurements of temperature is being 
investigated. 

I .  H. W. Lo and A. Compaan, Phys. Rev. Lett. 44, 
1604 ( 1980). 
2. H. W. Lo and A. Compaan, Appl. Phys. Lett. 38, 

179 (1981). 
3. A. Compaan et al., p. 13 in Laser and Electron- 

Brani Solid Irrrrructions and Materials Processing, ed. 
by J .  F. Gibbur~s, L. D. Hess, and T. W. Sigmon, North 
Holland, New York 1981. 
4. A. Griffin, Can. J. Phys. 46, 2843 (1968). 



2. Surface and Near-Surface Properties of Solids 

During . this reporting period the use of ion implantation and/or laser 
annealing techniques to alter the surface and near-surface properties of solids in a 
desired manner has increased markedly. A significant portion of the work reported 
in this section involves materials prepared or .processed by one or both of these 
tcchniques. Reported here also are the results of the first research performed by 
rrlerlibers of the Division staff employing synchrotron radiation at other national 
facilities. Cooperative work with staff in other ORNI, divisions has continued to 
increase, and collaborative research with staff at academic and 'industrial 
institutions has grown at an even greater rate. The multiplicity of coauthors listed 
on a majority of the papers in this section of the report demonstrates the extent of 
these joint efforts. Much of the experimental work summarized here requires 
theoretical support. To obtain a more comprehensive view of the total effort, the 
reader is' referred to the first section of this report, which is devoted to theoretical 
solid state physics. 

Research in the Surface Physics Program has continued to emphasize the 
examination of relaxed and reordered surfaces. The best agreement ever obtained 
between LEED theory and experiment for a semiconductor surface structure 'was 
achieved, and the electronic structure of this surface was determined. Studies of 
surface-induced multilayer relaxation systems were also emphasized, and 
investigations of dilute binary. alloys and of domain reconstruction and phase 
transitions on surfaces were 'initiated. Combined EELS and LEED techniques 
continued to be used to establish the sequence of events occurring during both 
adsorption and reaction of ~llolecular spccies at surfaces: 

Work supporting the ORNL Magnetic Fusion Energy Program has been 
increased by staff in the Plasma,Materials Interactions Program, and very 
interesting and useful information has been obtained. A major effort was made to 
determine the effects produced by hydrogen recyclirlg in ISX-I), and mechanisms 
of impurity introduction into the plasma from the limiter and walls were identified. 
The use of deposition-probe techniques to determine plasma and impurity fluxes 
was continued, particularly as they relate to the effects of isotopic exchange, 
neutral beam injection, and gas puffing on plasma edge characteristics. In addition, 
the development of laser-induced fluorescence as a technique for determining the 
density and velocity distributions of impurities in the plasma edges was continued, 
and significant new results using this technique are reported. 

Although part of a larger program, reports concerning fundamental processes 
in ion-solid interactions are separated from olhelS program elements for the reader's 
convenience. A joint effort has been established with staff in the ORNL Melals 
and Ceramics Division to study ion-implanted ceramic materials. Results obtained 
from Cr-doped a-Alto3 have demonstrated that the mechanical properties of 
ceramic surfaces can be controlled hy selective implantations and thermal 
annealing. The research effort on enhanced scattering yields near 180°C has 
continued; understanding of the physical processes leading to enhancement has 



been increased; and it was established that double-alignment measurements and 
their normalization are matters of considerable concern. Also, work on lattice site 
location by proton-induced x-ray excitation was continued, as were examinations of 
implantation-induced lattice damage and solid-phase epitaxial crystal growth. 

The pulsed-laser annealing (PLA) studies reported here involved cooperative 
efforts of a large number of people both within and without ORNL. The principal 
areas addressed by PLA research were: the question of melting of pure and ion- 
implanted Si, an examination of the kinetic and thermodynamic limitations on 
solute trapping during epitaxial regrowth, studies of the factors contributing to 
interfacial instabilities and cell formation, and the characterization of defects 
associated with the annealing process. The effects of PLA on the properties of 
some superconducting materials are also reported here. One of the more interesting 
results from this body of work was the demonstration by synchrotron x-ray 
diffraction studies and related work that, during PLA, the melting model is very 
probably correct for Si and a number of its alloys. The synchrotron experiments 
were particularly important, because they showed for the first time that structural 
information could be obtained with a single synchrotron pulse. 

In studies of the photovoltaic conversion of solar energy, the continuing 
development of laser annealing techniques has resulted in the routine laboratory 
production of single-crystal Si solar cells of very high efficiency. Reported here are 
results obtained from amorphous, single-crystal, and polycrystalline Si and 
crystalline and amorphous GaAs. Optical and electrical property measurements 
and determinations of changes in  these properties resulting from PLA were 
emphasized. Time-resolved optical reflectivity and transmission of Si while it was 
subjected to pulses of laser light provided evidence confirming the melting model 
for PLA. Studies of grain boundary effects have emphasized the careful 
characterization of the boundaries and the correlation of electrical activity with the 
type of boundary. Also, the electrical passivation of the boundaries by Li was 
shown to be a promising technique. 

S UHFACE PI-IYSICS 

ATOMIC STRUCTURE OF 
LASER-ANNEALED Si(1 1 1)-(1 X 1)' 

D. M. Zehner H. L. Davis 
J. R. Noonan C. W. White 

The results of recent experiments in which 
single-crystal semiconductors are irradiated with 
the output of a pulsed laser in a UHV environment 
demonstrate that the expitaxial regrowth process 
extends to the outermost surface layers and that 
clean, well-defined surface structures are 

In particular, the LEED spot patterns 
obtained from surfaces of Si(1 l I)- and 
Ge(ll1)-oriented single crystals indicate that 
i~ielaslable ( 1  X 1) structures can be produced with 
this p ro~es s .~  These observations are to be con- 
trasted with the reconstructed surface arrange- 
ments present after other preparation techniques, 

such as cleavage or sputtering followed by thermal 
annealing, are used. Although extensively 
in~estigated,~ the successes achieved in the struc- 
tural determinations of the reconstructed surfaces 
have been quite limited. Some attempts to avoid 
the difficulties arising from reconstruction have 
been explored, such as using impurities (<5% of a 
monolayer of Te) to stabilize a (1 X 1) structure, 
for which a conventional LEED analysis has been 
performed.5 However, it is difficult to assess the 
effects due to the presence of impurities and to 
compare. results of this investigation with predic- 
tions of various model calculations. Thus, since the 
(1 X I )  surface structures obtained by laser irradia- 
tion are also observed to be atomically clean,' we 
have performed a detailed LEED analysis of the 
Si( l I 1  )-( I X 1 ) surface, and the results are 
presented here. 

All measurements were made in a conventionally 
equipped UHV surface analysis facility. The pro- 



:edures for obtaining an atomically clean 
3i( 1 1 1 )-( 1 X 1) surface using the light from a Q- 
switched ruby laser have been discussed 
previously.2 The intensities of the diffracted elec- 
tron beams were measured with a Faraday cup 
operated as a retarding field analyzer. By equaliz- 
ing the intensities and diffraction angles of intense 
diffraction peaks in symmetrically related beams, 
the surface nnrmal was aligned to within +O.1° of 
the incident beam direction. Symmetrically 
equivalent beams were averaged to produce a data 
base which contained the mean profiles. These pro-, 
files were compared with those obtained from fully 
dynalrlical LEED calculations, which have been 
based on assumed structural models that have 
allowed only lor rclaxations in the intcrlayer spac- 
ings of the bulk termination. Since alternate inter- 
layer spacings of the (1 11) truncation of the dia- 
mond lattice are quite small (0.78 A for Si), the 
effects of both intralayer and interlayer multiple 
scattering were treated using the angular momen- 
tum (or L) representation. Tests were performed to 
determine that the calculations were both converd 
gent numerically and employed reasonable values 
of the nonstructural parameters. It was determined 
that adequate convergence was obtained when cal- 
culations were performed using seven phase shifts 
and ten atomic layers. The phase shifts used were 
obtained from a truncated free-atom potential 
(TFA), which was constructed with full-Slater 
exchange. In addition, a surface-region Debye tem- 
perature of 550 K and a constant imaginary com- 
ponent of the optical potential equal to 4.5 eV were 
employed. The real component of the optical 
potential was $elected by shifting the computed 
profiles until the best overall agreement with the 
total experimental data base was obtained. 

Intensity-vs-voltage (I-V) profiles were obtained 
for all the {lo}, {Ol}, {20}, and {02} beams and three 
of each of the {l 11 and {2 11 beams. The indexing is 
such that the (10) and (01) beams lie in the [10T] 
and I i2T 1 azimuths, respectively. Calculations were 
performed in which both the first and second inter- 
layer spacings, d12 (bulk value = 0.78 A) and d23 
(bulk value = 2.35 A), were varied over reason- 
able ranges. Results of the calculations can be 
presented conveniently using the optimal R f a ~ t o r , ~  
which is the minimum value of R obtained for 
variation or the real component of the optical 
potential for a given d12 and dz3. The changes in 
the six-beam optimal K factor with these varialiulls 
are illustrated by the contour map shown in Fig. 
2.1. The results suggest that d12 is contracted by 

25.5 + 2.5% and dZ3 is expanded by 3.2 + 1.5%. 
profiles calculated using these values are shown in 
Fig. 2.2, which also contains the corresponding 
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Fig. 2.1. Six-beam optimal R-factor contour map illus- 
trating the effects of variation of the second interlayer 
spacing dz3 with variation of the first interlayer spacing 
d12. 
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Fig. 2.2. A comparison of the averaged experimental 
I-V profiles with calculational results for Adlz = 

-25.5% and Adz3 = 3.2%. 



experimental profiles and single-beam R factors 
determined for each comparison. The six-beam R 
factor, corresponding to Fig. 2.2 and determined 
as the minimum of Fig. 2.1, is 0.115. The changes 
in interlayer spacings determined from this anal- 
ysis correspond to nearest-neighbor bond-length 
changes of -0.058 and 0.075 A. 

Although only ordered structural models were 
tested in this analysis, the quality of agreement as 
determined by the value of the R factor, when 
compared with similar analyses for other surfaces, 
suggests a highly probable structural determina- 
tion. Also, the R value obiained in this analysis is 
the smallest ever obtained in a LEED analysis of a 
semiconductor surface. This may in part be due to 
the fact that the structural model proposed as a 
result of this investigation is one which involves 
interplanar spacing changes, relaxation without 
reconstruction, and is obviously much simpler to 
treat in a calculational sense. It should also be 
noted that the size of contraction-in the first inter- 
planar spacing determined in this analysis is almost 
the same in magnitude as thaf predicted by total 
energy  calculation^.^ Although the first-to-second 
interlayer spacing determined for the Te-stabilized 
(1 X 1) structure is similar to that obtained in this 
investigation, it is not obvious that identical surface 
structures are present following the two different 
surface preparations. 

Heating to -800 K subsequent to laser anneal- 
ing converts the (1 X 1) to a ( 7 x 7 )  structure. It 
appears reasonable that, under the combined time 
and temperature conditions present during the laser 
annealing process, the atoms in the outermost 
layers are not able to diffuse into the ordered 
geometric arrangements corresponding to a recon- 
structed surface3 after the regrowth of the molten 
region (-5000 A). However, it may be that some 
type of defect remains in the surface layer after 
laser irradiation which effectively inhibits the 
reconstruction. Although impurities such as Te 
have been used as the stabilizing comp~nen t ,~  the 
laser-irradiated surface is atomically clean;2 there- 
fore, this type of defect can be eliminated. The 
question of order and the extent of defects can be 
examined by comparing the intensity of '  diffuse 
scattering for both the ( 1 X 1 ) and (7 X 7) surface 
structures, and such work is in progress. 

1. Summary of paper: J. Vac. Sci. Technol. 18, 852 
(1981). 

2. D. M. Zehner, C. W. White, and G. W. Ownby 
Appl. Phys. Lett. 36, 56 (1980). 

3. D. M. Zehner, C. W. White, and G. W. Ownby, 
Appl. Phys. Lett. 37, 456 (1 980). 

4. D. E. Eastman, J. Vac. Sci. Technol. 17, 492 
( 1980). 

5. H. D. Shih et al., Phys. Rev. Lett. 37, 1622 (1976). 
6. E. Zanazzi and F. Jona, SurJ Sci. 62, 61 (1977). 
7. J. Ihm and M. L. Cohen, Phys. Rev. B 21, 1527 

(1980). 

ELECTRONIC STRUCTURE OF THE 
ANNEALED Ge(ll1) AND Si(ll1) 
SURFACES: SIMILARITIES IN 

LOCAL BONDING' 

D. M. Zehner B. ~ e i h l *  
C. W. White F. J. ~ i m ~ s e l ~  
P. ~ e i m a n n ~  D. E. Eastman2 

The annealed (1 11) surfaces of Ge and Si are 
observed to reconstruct in different ways: a (1 X 1) 
LEED pattern is'obtained from the laser-annealed 
Ge( 1 1 1 ) and Si( 1 1 1 ) surfaces, a (2  X 8) pattern 
from the thermally annealed Ge(1 1 1), and a 
( 7 x 7 )  pattern from the thermally annealed 
Si(ll1): Despite these differences, similar types of 
geometries have been proposed for all thermally 
annealed surfaces, for example, buckling models, 
island-type microdomains, or ( 2 x 2 )  building 
blocks centered around vacancies. Each of these 
models has a characteristic short-range order, or 
local bonding, and can accommodate different 
types of long-range order for different surfaces as 
seen in LEED observations. In addition, results of 
a recent dynamical LEED analysis of the laser- 
annealed Si( 1 1 1 )-( 1 X 1 ) surface are in good agree- . . -  
ment with a model in which the outermost atomic 
layer is relaxed inwards by -0.20 A and the dis- 
tance between the second and third layers is 
expanded by --0.07 A relative to the ideal (1 X 1) 
geometry, with no lateral  displacement^.^ Theoreti- 
cal band calculations predict that such a surface 
would be metallic, with a half-filled band of 
dangling-bond states at the Fermi energy EF, and 
would be very different from the annealed 
Si( 1 1 1 )-(7 X 7)- surface. Photoelectron spectroscopy 
(PES) yields information directly about the local 
bonding but is less sensitive to the long-range order 
than LEED. Therefore, we have used PES to 
determine the electronic surface states and surface 
core levels associated with different Ge(l l1)  and 
Si( 1 1 1 ) surfaces. 



A display-type spectrometer at the synchrotron 
radiation source, Tantalus I, was used to determine 
the extent of the surface states in k space, their 
symmetries, and binding energies and to obtain the 
number of special surface atoms which exhibit 
shifted core levek4 The procedure used for prepar- 
ing each of the surface structures using laser 
annealing and thermal annealing has heen 
described previously.5 

Figure 2.3 shows angle-integrated (1.8 sr) pho- 
toelectron spectra for clean (laser-annealed and 
thermally annealed) and H-covered Ge( l l1 )  and 
Si(l l I )  surfaces. Note that all four clean surfaces 
have a doublet of states near the top of the valence 
band Ev, which are quenched by H exposure 
(about one monolayer of H). Relative to Ev, these 
states lie at -0.4 and -1.3 eV for the two 
Si(l 11) surfaces and at -0.7 and - 1.3 eV for the 
two Ge(l l I )  surfaces. The width of these surface 
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Fig. 2.3. Angle-integrated photoelectron spectra fur the 
annealed Ge(ll1) and Si( l1l)  surfaces showing emission 
from two surface states near the top of the valence band 
fhich is quenched by H exposure (dotted lines). 

states is -0.5 eV (FWHM), and no dispersion is 
observed when kII is changed (detection limit -0.1 
eV). The absence of any emission in the gap at EP 
for the Si(l l I)-(1 X I )  surface is not in accord with 
predictions of one-electron band calculations for an 
unreconstructed surface and, therefore, appears to 
be inconsistent with the structural model for this 
surface determined in the LEED analysis.3 

Using angle-resolved polarization-dependent 
PES, we find that the surface states have distribu- 
tions in momentum kll space and symmetries 
which are similar for all four surfaces. Remark- 
ably, these predominant surface states match the 
(1 X 1) surface Brillouin zone and show no indica- 
tion of the small reciprocal ( 2 x 8 )  or ( 7 x 7 )  unit 
cells. This may be taken as a confirmation that we 
indeed observe the short-range order [given by the 
larger (1 X 1) unit cell in kll space]. There is one 
exception for the Si( I 1 1 )-( I X 1 ) surface: we find 
a weak third surface state near the Fermi level . 

(Fig. 2.3) which makes the Si(1 1 1)-(7 X 7) surface 
metallic, in  contrast to the other three surfaces. 
This state exhibits a well-defined hexagonal angu- 
lar emission distribution that is peaked at the 
Brillouin-zone boundary of a (2 X 2) surface unit 
cell and is sensitive to the long-range ( 7 x 7 )  order. 
This observation is consistent with a band picture 
wherein the Si( 1 1 1 )-(7 X 7) surface must be metal- 
lic, because there is an odd number of electrons in 
the ( 7 x 7 )  unit cell. Each band holds two elec- 
trons, which leaves a partially filled band. 

Complementary information about the surface 
geometry is given by the shifts of core levels6 for 
specific surface atoms. Figure 2.4 depicts surface- 
sensitive angle-integrated photoelectron spectra for 
Ge 3d and Si 2~~~ core levels. By comparing spec- 
tra for the clean surfaces (full lines) with the H- 
covered surface spectra (dotted lines), it is clear 
that there are core levels at lower binding energies 
which are characteristic of the clean surfaces. A 
least-squares fit to the data has been performed 
using bulk and surface core levels and their spin- 
orbit partners. 'l'he results of this analysis are given 
in Table 2.1. All the annealed Ge(l l I )  and 
Si( l 1 I )  surfaces have roughly 1 /4 monolayer of 
surface atoms with a large core level shift (0.6-0.8 
eV) toward lowcr binding cncrgy. 

The strong similarity in the valence-band surface 
states and in the surface core-level spectra for 
the Si( l l 1)-(7 X 7) and Ge( l l I)-(2 X 8)  surfaces 
appears to be the first measurements which con- 
clusively demonstrate the similarity in  the 
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Fig. 2.4. Surface-sensitive core level spectra for the 
annealed Ge(ll1) and Si(ll1) surfaces showing shifted 
core levels for special surface atoms. The Ge data con- 
sist of spin-orbit split 3d3p and 3d512 levels, whereas in 
the Si data the 2pIl2 levels have been removed by spin- 
orbit deconvolution. Dotted lines are for H-covered sur- 
faces [Ge(lll)-(1x1) + H and Si(I1I)-(2x1) + H, 
respectively], wherein the surface core levels at lower 

. binding energies become removed. 

short-range order for these surfaces. Within a band 
picture, either a suitable distorted (2 X 2)-vacancy 
model or buckled-surface models, which have both 
sufficient distortions to create strong back bonds 
and weaker long-range order [(2X 8) and (7X7)], 
could be consistent with these findings. 

Furthermore, the similarities in the spectra for 
the laser-annealed Si(l11)-(1 X 1) and thermally 
annealed Si( 1 1 1)-(7 X7) surfaces indicate that 
these surfaces have very similar local-bonding 
geometries and differ mainly in long-range order 
involving geometrical arrangements that are only a 
perturbation on the average local-bonding 
geometry. An interesting question then is why the 
LEED analysis3 of the laser-annealed surface 
yields such good agreement with data using a 
model (1 X 1) geometry which appears to be dif- 
ferent from that needed to describe the surface 
electronic structure. One possible explanation is 
that LEED is not particularly sensitive to long- 
range disorder, if it is present, on the (1 X 1) sur- 
face. Another explanation is that photoemission 
can rule out the relaxed ordered (1 X 1) geometry 
only if the surface states are bandlike as assumed 
in one-electron band calculations. However, corre- 
lation effects may be very important for these nar- 
row surface levels. Recent theoretical studies7.* of 
the S i ( l l1 ) - (1x1)  surface have shown that the 
photoemission data are not inconsistent with the 
unreconstructed relaxed surface structure predicted 
by LEED analysis when correlation effects are con- 
sidered. In these models it is assumed that strong 
correlations dominate the surface-state band struc- 
ture. Both theories predict a low-temperature anti- 
ferromagnetic ground state and a downward 

Table 2.1. Special surface atoms for the annealed 
Ge(ll1) and Si(ll1) surfaces 

Core level shift Number of atoms 
(toward lower binding involved 

energy, +0.1 eV) ( + 0.05 layer) 

Ge(111)-(2x8) 0.75 eV 0.28 Layer 
Ge(ll1)-(I X 1) 0.60 eV 0.37 Layer 
Si( 1 1 1 )-(7 X 7) 0.70 eV 0.16 Layer 
Si(ll1)-(I X I) 0.80 eV 0.23 Layer 



dispersion of the dangling bond along I'-J at low 
temperatures. These theories should be tested 
experimentally. 

1. Summary of two papers: Physical Review B (ill 
press). 

2. IBM T. J. Watson Research Center, Yorktown 
Heights, N.Y. 
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4. D. E. Eastman et al., Nucl. Instrum. Methods 172, 
327 ( 1980). 

5. D. M. Zehner, C. W. White, and G. W. Ownby, 
Appl. Phys. Lett. 37, 456 ( 1980). 

6. F. J. Hilnpsel et al., Plrys. Rev. Lett. 45, 1 1  12 
( 1980). 

7. C. B. Duke and W. K. Ford, Surface Science 
Letters (in press). 
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ELECTRONIC PROPERTIES' 
OF LASER-ANNEALED 

(I  11)-(1 X 1) SURFACES OF 
HIGHLY DOPED SILICON' 

D. E. ~ a s t m a n ~  B. ~ e i h l ~  
P. Heimann2 D. M. Zehner 
F. J. Himpse12 C. W; White 

\ 

The observation that laser annealing can be com- 
bined with ion implantation to provide semiconduc- 
tor surface regions which contain novel doping con- 
centrations (supersaturated alloys) suggests that 
these techniques may be used to alter or tailor the 
electronic structure in this region. To examine the 
possibility, photoemission techniques using syn- 
chrotron radiation and loser annealing with a 
Q-switched ruby laser have been employed to 
investigate highly degenerate n-type Si( 1 1 1 )-( 1 X 1) 
surfaces as a function of As concentration up to 5 
X lo2' cm-3 (10 at. %) and degenerate p-type 
Si( 1 1 1 )-(I X 1 ) as a function of B concentration up 
to 1 X lo2' cm-3 (2 at. %).' The samples were 
prepared by ion implanting 7 5 ~ s  (100 key, 7 X 
1016 cm-2 and 1 X 1016 ~ m - ~ )  and "B (35 keV, 
2 X 1016 ~ m - ~ )  and then by laser annealing in 
situ. The maximum doping concentrations are 
about ten and three times the concentrations of 
electrically active As and B achievable by conven- 
tional techniques, respectively. 

Angle-integrated photoemission spectra for the 
valence bands and 2p core levels are shown in Figs. 
2.5 and 2.6 for intrinsic Si(1 1 1)-(1 X l), degenerate 
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Fig. 2.5. Photoemission spectra for the valence bands 
of laser-annealed (1 11Hl X 1) surfaces of intrinsic and 
highly doped Si. The levels near -0.4 and -1.3 eV are 
due to surface states. ESV, Ec, and EF denote the 
valence-band maximum, conduction-band minimum, and 
Fermi-level positions at the surfaces, respectively. 

n-type As-doped (4 and 7 at. %) Si(ll1)-(1 X l) ,  
and degenerate p-type B-doped (1 at. 9%) 
Si( 1 1 1 )-( 1 X 1 ) surfaces. In Fig. 2.5, spectra are 
rlor~nalized to constant total emission within 5 eV 
of EF, and energies are given relative to the 
valence-band maximum at the surface EF. The 
Fermi-level position relative to the valence-band 
maximum at the surface (EF - E,)s for intrinsic 
Si( 11 1 )-( 1 X 1 ) was previously determined to be 0.5 
e ~ . ~  EF is seen to shift markedly with doping (i.e., 
from 0.25 eV above E$ for the B-doped sample,to 
the conduction-band minimum E; = 1.1 eV for 
the 7% As-doped sample). For intrinsic 
Si( 1 1 1 )-( 1 X 1 ) in Fig. 2.5, the dash-dot line shows 
the effect of an adsorbed monolayer of H, which is 
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Si(111) - (1x1) SURFACES (LASER ANNEALED) 
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Fig. 2.6. Angle-integrated photoemission spectra for 
the S i  2p core levels of the four S i  surfaces depicted i n  
Fig. 2.5. The binding energy at zero corresponds to the 
Si level for bulk Si(1 l I)-(1 X I). The schematic 
diagrams on the left depict band bendings and energy- 
level positions; escape depths are I - 5 A for hv = 120 
eV and -13 A for hv = 108 eV. 

to remove the two predominant surface-state levels 
at 0.4 and 1.3 eV below ESy..Relative to intrinsic 
Si, for highly degenerate (1 at. %) B doping, the 
two states are unaltered and the principal changes 
are that EF moves down by 0.25 eV and the sur- 
face becomes metallic. 

More dramatic effects are seen with As doping. 
At 4 at. % As doping, the surface states have 
become significantly altered, while EF has 
increased by 0.1 eV relative to the intrinsic Si. 
Namely, the upper "Sp,-like" dangling bond state 

has become much weaker and shifted upward in 
energy by 0.3 eV, the lower - 1.4 eV state has 
increased significantly in intensity but is unshifted, 
and the surface has become metallic with new 
states near EF. As the doping is further increased 
from 4 to 7 at. %, EF rapidly shifts and becomes 
pinned at the E;. Also, the intensity from the 
upper Sp,-like surface state continues to diminish 
so that it is nearly imperceptible by 7 at. % doping, 
and the lower surface state becomes extremely 
intense. The conduction-band minima A,,, near X 
become occupied, and emissions from these minima 
are observed as intense elliptical lobes in angle- 
resolved photoemission spectra (dotted line labeled 
AR in Fig. 2.5). 

The Si 2p core-level spectra shown in Fig. 2.6 
were obtained using hv = 108 eV (dashed lines) 
and hv = 120 eV (solid lines), which provide 
"bulk-sensitive" and "surface-sensitive" spectra, 
r e spe~ t ive l~ .~  S and B denote surface and bulk 2p 
levels. For intrinsic Si and 7 at. % As-doped Si 
surfaces, the 2p levels are the same for both hv = 

108 and hv = 120 eV (i.e., the "surface" S and 
"bulk" B 2p3,2 levels coincide in binding energy). 
This is an indication of the "flat-band" condition at 
the surface, as shown by the schematic diagrams 
on the left of Fig. 2.6. CB and VB denote the 
conduction-band and valence-band edges. A finding 
of significant interest is that at an As-doping level 
of 7% or greater, EF has shifted across the entire 
gap from 0.5 eV for an intrinsic Si-(1 X 1) surface 
to the E; at 1.1 eV. By depositing a thin Au film 
on this surface, it was possible to determine via Si 
2p core-level measurements (not shown in Fig. 2.6) 
that EF remained unchanged (within - 5.0 meV). 
Thus, a "zero-barrier-height" Schottky barrier was 
formed, although for electrical purposes the AuSi 
interface is undoubtedly shorted due to the.extreme 
degenerate n-type doping, (i.e., short Debye screen- 
ing length). For 4 at. % As- and 1 at. % B-doping 
levels, the bands are bent upward and downward in 
the surface region, respectively. The broadening 
and smearing of the spectra, when compared to 
that obtained for intrinsic Si, reflect the distribu- 
tion in energy'of the 2p core levels in the sampled 
region. 

It is observed that the binding energy of the 
2p3p peak B relative to the valence-band maximum 
monotonically decreases with increased As doping; 
for 7 at. % As doping there is a reduction in bind- 
ing energy of 0.2 + 0.5 eV (Fig. 2.6). This effect, 
which appears to be observed for the first time, i 



attributed to an initial-state shift due to the change 
in potential caused by the itinerant As-derived con- 
duction electrons as well as possibly to more effec- 
tive final-state screening by these conduction 
electrons. 
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OXYGEN-INDUCED RECONSTRUCTION 
OF THE Cu(ll0) SURFACE' 

J. R .  Noonan H.  L. Davis 

Experience has shown that the chemisorption of 
0 on open-faced surfaces of metals is a complex 
process. For example, a LEED study of 0 on 
Ni(l  1'0) has indicated that the 0 atoms position 
themselves between Ni atoms in the (1 10) 
direction.* However, results of a more recent ion- 
scattering study imply that the 0 replaces each Ni 
atom in every other (101)) chain.3 Establishing the 
0 adsorption site on the A g ( l l 0 )  experimentally is 
equally d i f f i cu~ t .~  Therefore, it is not surprising 
that our initial attempts to determine the site of 
0 adsorbed on C u ( l l 0 )  presented difficulties. 
Recently, however, significant progress has been 
made in determining the lattice location of 0 in 
the Cu(l  10)-(2X I )O surface. The exact struc- 
ture has not yet been completely established, but 
the solution of the problem appears from our 
LEED analysis to be related to reconstruction by 
Cu to a ripple surface due to the 0 atoms being 
below the surface. 

The CU( I 10)-(2X I )O  system appears from 
LEED patterns to be relatively simple. For room- 
temperature exposures as low as 0.05 L and up to 
2000 L ( l L = Torr exposure of gas for 1 s), 
a ( 2 X  1) superlattice LEED spot pattern was ob- 
served [i.e., the surface unit cell was twice that 
of the Cu substrate's ( i10 )  intraplanar spacing and 
the same as that of the substrate in the (001) 
intraplanar spacing]. Annealing a t  temperatures to 
200°C only improved the order of the surface, and 
no new superlattice beams were detected. 

The 0-saturated Cu( l l0)- (2  X I )O  surface was 
studied at  O R N L  by a LEED analysis.' The 
Cu( 110) sample was cleaned and annealed until a 
surface was prepared which was well ordered and 

free from contamination, as measured using the 
retarding field analyzer for AES. The crystal was 
exposed to 20 L of 0 by backfilling the UHV 
chamber to lo-' Torr of 0 for 200 s to produce a 
( 2 X  1 ) LEED pattern with streaking in the ( 1 10) 
directions. Well-ordered superlattice diffraction 
beams were observed after anneals to 185OC for 30 
min. The sample was then aligned normal to the 
incident electron beam, and experimental I-V pro- 
files were measured for 15 nonequivalent, nonspec- 
ular LEED beams. 

The measured I-V profiles were compared with 
the results of extensive sets of dynamical LEED 
calculations. These calculations used computer 
codes, based on the layer K K R  formalism 
and renormalized forward scattering (RFS)  
perturbation which were developed at 
O R N L  to treat surfaces with a simple overlayer 
selvedge. Several electron scattering potentials were 
used for the Cu and 0 atoms in an attempt to find 
an optimal potential. Atomic vibrations in the sur- 
face region were important in the analysis. There- 
fore, different values of the isotropic Debye tem- 
perature OD were used, and it was found that the 
Cu and 0 sublattices have different OD values. 
Several model forms of the complex electron opti- 
cal potential were tested to find one which would 
give the best agreement with experimental data. 
~ t r u c t u r a l  models i n  which the 0 was above, 
below, and within the outermost surface plane of 
the Cu lattice were tested; models which would 
create reconstruction of the Cu at0m.s were also 
included. 

Coniparing experimental LEED spectra with 
computed spectra for surface models initially pro- 
duced unsatisfactory agreement, a result similar to 
that of others studying 0 on Ni and Ag. Several 
model overlayer sites were tested, including the 
"short bridge," "two-fold hollow," and "on-top" 
mndels. None of the simple overlayer models pro- 
duced satisfactory agreement [Table 2.2(a)-(c)]. 
During this testing period, De Wit et reported 
a low-energy  on-scattering study (LEIS) of 
Cu( l 10)-(2 X 1 )O. They predicted a structure 
which had two salient features. First, the 0 atom 
was located at  the long-bridge site but below the 
Cu surface layer by 0.6 A. Second, the Cu atoms 
in the surface were located within 4% at  bulk lat- 
tice sites. Recently, a He molecular beam scatter- 
ing study of Cu( 110)-(2 X 1 )O  has reported 
results which agree with the LEIS modeL9 Unfor- 
tunatcly, when used i n  our LEED analysis, this 



Table 2.2. Comparison of 0 lattice position and model parameters 
for the Cu(l10)42 X 1)O structure 

Oxygen Distance from 
surface layer Voi D~~ DO Rma 

atomic geometry (A) (ev) (K) (K) 

a Short bridge 
b 2-fold hollow 
c Long bridge 
d Long bridge (De Wit) 
e Long bridge, 

Cu rippl 
f 2-fold hollow 
g Long bridge 
h Long bridge (De Wit) 
i Long bridge, 

Cu ripple 

"Zanazzi-Jona reliability factor" was used as a measure of agreement between 
theory and experiment. 

model did not produce good agreement between 
culculations and experiment [Table 2.2(d)]. 

A serious problem with the De Wit model is that 
the C u - 0  bond length between 0 and the first 
layer Cu nearest neighbors is much shorter than 
C u - 0  bond lengths in Cu oxides, which have values 
between 1.85 and 1.95 A. T o  overcome this piob- 
lem, consider a model in which the 0 lattice site 
satisfies three conditions. The 0 is located a t  the 
long-bridge site below the surface; the 0 placement 
satisfies the (2X 1) superlattice (i.e., an 0 atom 
is found at every long-bridge site in the (i10) 
direction, but only at  every other bridge site in the 
(001 ) direction); and finally, the Cu atoms adjust 
to accommodate a more desirable C u - 0  bond 
length. An immediate consequence of the three cri- 
teria, especially considering the bond lengths, is 
that the Cu atoms in the first layer nearest the 0 
move up to form a ripple-type reconstruction 
(Fig. 2.7). When this model was tested, the results 
of our LEED analysis improved significantly over 
other models tested [Table 2.2(e)]. 

Following improvement in the LEED analysis 
due to structural modifications, further refinements 
ol' the model were tested. As seen from Table 
2.2(i), agreement can be improved even more hy 
consideration of the nonstructural parameters i n  
the ~inalysis. It was found that the 0 sublattice is 
considerably stiffer to thermal motion than are  the 
Cu atoms in the surface. In addition, agreement 
was improved when the imaginary part of the inner 
potent i~~l ,  Vo,, was maintained constant at  -6 eV 
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Fig. 2.7. Illustration of the surface atomic structure for 
the 0-induced reconstruction of the Cu(llOH2X 1)O. 



i n  the calculations. Our best LEED analysis to 
date was obtained using the nonstructural 
parameters given i n  Table 2.2. The best model 
structure obtained to date is that shown in Fig. 2.7. 
The 0 atoms are at the long-hridge site with the 
Cu-0  interlayer distance, Al ,o  = 0.57 A; the Cu- 
Cu ripple spacing, A l , ,  = 0.7 A; and the second 
interlayer spacing, A,,*,  at the spacing and position 
for bulk Cu. I n  acfdiliu~~, sirlcc the agreemcnt is 
improved when the second layer Cu atoms, which 
form a short-bridge bonding to the Cu, contract 
toward the 0 by 5%, there is at least a suggestion 
of subsurface displacement as well. 

As a furlher test to illustrate that the recon- 
structed surface. model prod~~ces the best agree- 
ment to date, a LEED analysis using the other 
models was recomputed using the "optimal" non- 
structural parameters. As can be seen [Table 
Z.Z(f)-(h)], although the agreement improves with 
the parameter changes, use of the other models, 
including the De Wit model, does not produce as 
good an agreement with experiment as does the 
reconstructed surface. 

Although the agreement between theory and 
experiment is approaching an acceptable level, as 
illustrated by a ~ a n a z z i - ~ o n a "  R factor of 0.217, 
the conclusions derived in this LEED structure 
analysis are to be considered as preliminary in 
nature. The important and novel feature which is 
reported is that the 0 atoms located below the sur- 
face Cu atoms induce every other (100) row of Cu 
atoms to move outward, inducing a ripple-type 
reconstruction in doing so. There are several sub- 
stantiating observations which support this conclu- 
sion, First, the superlattice I..EED heams are as 
strong as the integral order beams, and there is a 
considerable change of the integral order beam I-V 
spectra from that of clean Cu. Since 0 is a weaker 
scatterer than Cu, the large change in intensities 
observed is more consistent with the Cu ripple 
model than with a simple 0 "on-top" overlayer 
model. Furthermore, x-ray diffraction analysis of 
thin epitaxial Cu20  films on Cu found large strains 
and vertical displacements in the oxide film." Of 
course, the 0 hcrc is in a chemisorbed state, but it 
is reasonable to extrapolate the concept of large 
induced strains in the rippled surface as the precur- 
sor of the strain in thin oxide films. Further studies 
of the Cu(l l I)-(2X 1 ) 0  surface, which are 
attempting to refine the prediction of the 0 and 
Cu lattice positions, are in progress. 
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S U R F A C E - I N D U C E D  M U L T I L A Y E R  
RELAXATION O F  Ag(l10)' .  

J.  R. Noonan H. L. Davis 

The termination of a solid, creating a surface, 
may result in  the modification of both the atomic 
and electronic structure in this region. Recently, 
theoretical studies of surfaces have shown that the 
atomic and electronic structures can adjust self- 
consistently to produce multilayer relaxations 
between atomic planes at the ~ u r f a c e . ~  Also, a 
LEED structural analysis of Cu(100) has provided 
evidence that at least the first two, and probably 
three, atom layers at the surface are relaxed from 
their bulk positions;3 however, differences exist 
between the theoretical calculations and the experi- 
mental LEED results. These differences are not 
surprising because the electron distribution used in 
the theoretical work was free-electron-like, whereas 
Cu does not behave as a free-electron-type metal. 
Further studies need to be performed to provide 
more information about multilayer relaxations at 
surfaces. Thus, our existing LEED data for the 
Ag(l 10) surface have been reanalyzed to deter- 
mine if this surface also exhibits multilayer relax- 
ation. 

The LEED analysis of the Cu(100) surface has 
shown that in order to determine multilayer relax- 
ations accurately, the experimental data must be of 
the highest possible quality. For the Cu study all 



symmetrically equivalent LEED I-V spectra were 
measured and then averaged to produce refined 
spectra to compare with theoretical LEED calcula- 
tions. The Ag(l  10) is the only other metal surface 
for which we have obtained the data necessary to 
permit averaging of spectra. Therefore, the 
A g ( l l 0 )  surface has been restudied to determine if 
it also exhibits multilayer relaxations. 

The Ag (1 10) sample was cut from a single- 
crystal boule, lapped, and electropolished. It was 
then cleaned repetitively by bombarding with 
500-eV ~ r +  ions and annealing at 700 K in a 
UHV chaniber until a well-ordered, sharp, LEED 
pattern with low diffuse scatter was observed and 
no contaminants could be detected by Auger elec- 
tron spectrometry. The sample was aligned with 
procedures developed during the Cu(100) study3 so 
that the Ag surface was normal to the electron 
beam. I-V spectra were collected for all symmetri- 
cally equivalent LEED beams in the (011, {lo}, { I  I}, 
1021, 1201, { I  21, and (211 data sets using a movable 
Faraday cup as a retarding field analyzer. Spectra 
related by 'symmetry were averaged ' to obtain 
refined I-V profiles, which served as the data base 
for analysis. 

Extensive sets of dynamical LEED calculations 
were performed i n  which effects of structural 
changes and nonstructural model parameters were 
studied. I n  addition, three different reliability 
factors ( R   factor^)^.^ were determined in order to 
compare experimental and calculated profiles. 
Since the LEED patterns showed no indication of a 
superlattice, the only structural changes investi- 
gated were displacements of the atomic layers from 
their bulk positions. Changes in the nonstructural 
paranieters were investigated to identify their 
optlmal values and forms. For example, several 
forms for the atomic scattering potential, including 
those of a trunc'ated free atom and of band struc- 
ture origin, were investigated. One of the band 
structures provided the best agreemenL6 Several 
modils of the imaginary part of the optical poten- 
tial also were studied. The form giving the best 
agreement was one i n  which the electron amplitude 
attenuation A,, was assigned a constant value of 
7.5 A. As was the case for the Cu(100) surface, 
thc nonstructural parameters affected the quality 
of the agreement between theory and experiment; 
however, the structural conclusions were not 
changed significantly by a wide range of variations 
in modcl parameters. 

A topograph giving values of the seven-beam 
RZJ ( the Zanazzi-Jona R factor) value for percent 

changes of the first and second interlayer spacings 
Adl2  and Adz3, respectively, clearly indicates mul- 
tilayer relaxation for the Ag( l 10) surface (Fig. 
2.8). A Adl2  contraction of 5.7% and a Adz3 
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Fig. 2.8. Seven-beam RZJ topograph as a function of 
the first interlayer spacing change Adl2 and the second 
interlayer spacing change Adz3. The optimal RZJ, 
0.0938, occurs for Adl2 = -5.7%, Adz3 = +2.2%. 

cxp~~nsion of 2.2% give the best agreement between 
theory and experiment. There are several features 
of thc analysis which reinforce the indicated dis- 
placement of the second layer. First, the change in 
the calculated I-V profiles improves the agreement 
between theory and averaged experimental data as 
seen by the change of the R-factor value from 
0.098 for only first-layer displacement to 0.094 for 
displacement of the first two layers. Second, anal- 
yses of all seven single averaged beams indicate 
that the second layer is expanded away from the 
third (determined values of 1-4%). The scatter 
between thi predicted values is quite small and of 
the order of 2% or less (Fig. 2.9). 

The analysis of the Ag(l  10) LEED data has 
provided another illustration that by taking special 
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Fig. 2.9. Comparison of theoretical (top) and experi- 
mental (bottom) LEED I-V spectra for the seven lowest 
order nonspecular beams from Ag(ll0). The calculated 
profiles are those giving the best agreement with the 
experimental profiles. The single-beam R factor RzJ for 
each pair of profiles is given for each beam. The experi- 
mental profiles are the mean profile derived for each 
equivalent set of LEED beams. 

care i n  measuring the I-V spectra, by collecting 
symmetrically equivalent beams and determining 
the rl,lt:ali profile, and by examining cxtensivc scts 
of calculated profiles (derived using many test 
values of nonstructural parameters), detailed and 
very sensitive analyses of surface structures are 
possible. The first interlayer spacing of the 
Ag( l 10) is contracted by 5.7 f 1.5% from the 
bulk value, while the second interlayer spacing is 
expanded by 2.2 +- 2%. Furtl~el. ~ . e f i ~ ~ e ~ ~ ~ e r ~ t  of tlii: 
electron mean-free-path model is expected to pro- 
duct: addiliu~ial i~npi.ovcrntnt i n  thc R-factor agrcc- 
ment, but it should not affect significantly the 
structural conclusions. 
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ELECTRON SPIN POLARIZATION 
IN ENERGY- AND ANGLE-RESOLVED 

PHOTOEMISSION FROM W(001): 
EXPERIMENT AND TI.IEORY' 

The first observation of spin-polarized photo- 
emission from nonmagnetic crystals by unpolarized 
light is reported. Two causes have been reported 
in the past for spin-polarized photoemission, 
initial-state effects in photoemission from 
ferromagnets,' and matrix-element effects involving 
circularly polarized light and spin-orbit c o ~ p l i n g . ~  
A third cause, which is reported here, is a final- 
state effect in which initially unpolarized 
photoelectrons may acquire spin polarization as 
they pass from the solid to the detector located in 
vacuum outside the solid. 

Final-state spin-polarized photoemission is sirni- 
lar to spin-polarizcd LEED except that the "pri- 
mary" electrons in photoemission may occupy dif- 
ferent Bloch states with the same energy. Also, 
the source and detector lie on different sides of the 
crystal-vacuum interface. A common feature is 111e 
strong wave-vector dependence of electron spin 
polarization. Thus, an energy-, angle-, and spin- 
resolved photoemission experiment is required. T o  
i~void confusion wi th  initial state and matrix ele- 
mcnt cfl'ccts, observation of final-state polarization 
requires the use of nonmagnetic target crystals and 
unpolnrized light. 

The experimental apparatus which meets these 
requ~rements is shown in Fig. 2.10. Unpolarized 
light from a conimercial discharge lamp ( H ,  L,,) is 
normally incident onto a W(001) single-crystal sur- 
I'acc. The polar angle 8, which must be nonzero 
I'or symmetry reasons, was set at  70' due to 
gcometricnl constraints. Photoelectrons leaving the 
surface ;ire accelerated and focused by a four- 
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Fig. 2.10. Schematic representation of experimental 
apparatus used to measure energy- and angle-resolved 
spin-polarized photoemission. 

element zoom lens into the energy analyzer, which 
is a section of a cylindrical mirror analyzer ( C M A )  
operating with a constant-pass energy giving an 
energy resolution of 0.3 eV. T o  reduce the contri- 
butions from secondary electrons and inelastically 
scattered photoelectrons, the energy window was 
set closely below the Fermi energy as measured 
from intensity spectra. After passing the CMA, 
the electrons are accelerated onto the second 
W(001) crystal (normal incidence), and the inten- 
sity asymmetry in the two detectors is a measure 
of the component of the polarization vector normal 
to the plane of Fig. 2.10. The  final stage of this 
analyzer is identical to the spin analyzer used for 
previously reported electron double diffraction 
experiments,' where its sensitivity and efficiency 
have been characterized. 

The experimental data are shown in Fig. 2.1 1 in 
the form of azimuthal rotation diagrams at  a fixed 
photon energy hu = 10.2 eV and an electron 
kinetic encrgy E -- EF - 0.5 eV. I n  the absence 
of final-state effects, a constant-zero polarization is 
expected. The structure observed in the data, 
which is directly connected with the crystal sym- 
metries. is direct proof of the existence of final- 
state spin-polarization effects. Results of a the- 
oretical calculation are also shown in the lower 

Fig. 2.11. Experimental and theoretical polarization 
rotation diagrams which show the existence of final-state 
spin-polarization effects in photoemission from nonmag- 
netic solids by unpolarized light. 
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portion of Fig. 2.1 1, and good agreement with the 
data is observed. In this calculation, unpolarized 
Bloch electrons, incident from the interior of the 
crystal, are diffracted at  the surface. Spin-orbit 
interaction may then result in plane-wave electrons 
(beams) going out into the vacuum, where a par- 
ticular beam is observed with the detector. 

There are several key r e~u l t s  of t h i ~  experiment. 
First, the feasibility of using the 1.F.F.D spin- 
polari~ation detector for energy-, angle-, and spin- 
resolved photoemission has been demonstrated. 
Second, as spin polarization in electron diffraction 
is known to be sensitive to structural paramctcrs,8 
its analysis may add a further dimension to struc- 
111 rc deternlination via photoelectron diffraction. 
Thc main constraint faced in the present experi- 
nicnt, low u v  light intensities, should be much 
relaxed by the future use of synchrotron light. 
Third, final-state polarization effects must be taken 
into account in all energy- and angle-resolved pho- 
toeniission experiments where spin-orbit interaction 
is present. 

I. Summary or paper: P h j ~ s .  R ~ I J .  Lett. 47, 614 
( IOSI  ). 
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RECONSTRUCTED DOMAINS ON A 
STEPPED W(100) SIJRFACE 

G.-C. Wang T.-M. Lu' 

Previous LEED patterns from a reconstructed, 
stepped W( 100) surface showed extra spots located 
at ( 1 12,112) beam positions for temperatures less 
than 370 K . ~  Although the integral-order beams 
were split at certain electron energies due to the 
existence of steps on the surface, the half-order 
beams were never split at  any energy. Debe and 
 in^^,' (DK)  estimated that the average terrace 
width was 85 A from the angular separation of the 
splitting of the integral-order beams. They attrib- 
utcd the nonsplitting of the half-order heams to 
result from the finite "transfer widthn (which was 
estimated to be 45 A)  of the instrument and 
deduced that a step must inhibit the reconstruction 
up to 20 A from the step edge (i.e., the recon- 
structed domains cannot be nucleated at  a terrace 
smaller than 40 A). Also, the lateral atomic dis- 
placements in the reconstructed domains have been 
determined to be along the ( 1 1 )  direction^.^ 

The "transfer width" (or "coherence width") 
approach, in  our opinion, is too crude and cannot 
explain the nonsplitting phenomenon of the half- 
order beams. I n  the DK experiment, the instru- 
ment was able to resolve the stepped surface with 
an 85-A terrace width, and the angular separation 
of the splitting of an integral-order beam reflected 
the periodicity of the occurrence of steps. This 
implies that the same instrument (with perhaps 
slightly different conditions) should be able to 
resolve domains separated by 85 A, which have the 
same periodicity as the steps.. This conclusion is 
independent of domain size. We proposed that the 
nonsplitting phenomenon is not due to the limita- 
tion of the instrument-resolving capability. Instead, 
we showed4 that (1)  the angular profile of a super- 
lattice beam obtained from LEED from. randomly 

nucleated reconstructed domains on a stepped sur- 
face does not split or broaden in an oscillatory 
manner when the incident electron energy is 
changed and that (2 )  the width of the angular pro- 
file is inversely proportional to a measure of the 
domain size. 

To  test the conclusion that the growth of the 
reconstructed domains on a W( 100) surface is 
inhibited by step edges up to a distance of 20 A 
from a step edge, we prepared a stepped W(100) 
surface which was 3.5" f 0.2" off the (100) orien- 
tation along the [ I  101 direction and which should 
have a terrace width 26 A f 2 A along this direc- 
tion. If the 20-A inhibition range is true, the recon- 
struction should not occur on the stepped surface 
that we prepared. 

Extensive oxygen treatments were used to clean 
the surface until Auger spectra showed no trace of 
impurities, and a ( I  X I)-LEED pattern with 
integral-order beams split a t  certain characteristic 
voltages was obtained from the stepped surface at  
room temperature. An example is shown in Fig. 
2.12(a), where all the (1 1 ) beams split along the 
[ 1 101 direction at  E = 1 12 eV for near normal 
incidence. These well-resolved splittings in the 
integral-order beams indicate that the terrace- 
width distribution is a narrow function centered 
around an average terrace width. We  scanned 
across the ( I  I )  beam with a Faraday cup; from the 
angular separation of the splitting intensity max- 
ima, we determined the average-terrace width to be 
27 A f 2 A, This result is in good agreement with 
the result obtained using x-ray Laue diffraction. 
From the characteristic energies where nonsplitting 
of integral-order beams occurs, we calculated the 
step heights and obtained single atomic heights. 

As the crystal was cooled below room tempera- 
ture, the integral-order beam splittings remained 
the same, but the intensities were larger due to the 
Debye-Waller factor. However, extra nonsplitting 
half-order beams were seen for a wide range of 
incidcnt electron energies. An example is shown in 
Fig. 2.12(b), where half-order beams from two 
orthogonally oriented domains are observed. The 
appearance of the extra half-order beams from this 
stepped W( 100) surface stror~gly suggests that the 
inhihition range (if it exists at  all) is less than 
20 A. 

Wc are in the process of measuring the angular 
width of the extra half-order beams from which 
the s i ~ e  of the reconstructed domain can be calcu- 
lated. Knowing the terrace width and the size of 
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a) ROOM TEMPERATURE 
STEPPED W(100) 

Fig. 2.12. LEED pattern from a stepped W(100) sur- 
face (a) at E = 112 eV, a. = 0°, T = 300 K and (b) at 
E = 42 eV, a. = 0°, T = 150 K. 

the reconstructed domain, the inhibition range due 
to the step edge can be determined quantitatively. 
This knowledge will play an important role in 
understanding the mechanism of metal surface 
reconstruction. 

I .  University of Wisconsin, Madison, Wis. 
2. M.  K. Debe and D. A,- King, Surf: Sci. 81, 193 
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THE EFFECT OF INSTRUMENTAL 
BROADENING ON LEED 

INTENSITY-ENERGY PROFILES' 

T.-M. Lu2 M. G. ~ a ~ a l l ~ ~  
G.-C. Wang 

LEED is the major technique used for surface 
structure determinations. Considerable effort has 
been expended during the, last ten or more years in 
developing dynamical theories to extract 
equilibrium positions of surface or overlayer atoms 
from experimental intensity-versus-energy (J-vs-E) 
profiles. The limitations of LEED for such 
structure determinations, as well as the reliability 
of the predictions of a particular structure for a 
particular surface or overlayer, continue to be of 
concern3 and were a major topic at  a recent 
~ o n f e r e n c e . ~  There are two types of limitations to 
the reliability of a structure determination, one 

introduced by the approximations made in the cal- 
culations and the other by uncertainties in the 
data. A manifestation of the latter is that fre- 
quently differences exist between data taken on the 
same surfncc in diffcrcnt laboratuiieb. Several lac- 
tors may be ~zspo~ l s i l l e  fur these differences, 
including surfncc impcrfcctions a1111 (IIC i ~ l s t ~ u ~ l i r n -  
tal broadcning inherent ill Ll~e LEED instrument. 
In this report we will summarize the effect of 
instrumental broadening on the measurements of 
J-vs-E profiles and suggest a simple method to 
extract from the measurements the scattering 
strength, the quantity calculated in dynamic 
theories. 

It has been recognized for some years that 
instrumental effects can distort J-vs-E spectra.*s6 
However, it has never been shown quantitatively 
how instrumental broadening affects the measured 
intensity. We show that in most circumstances the 
instr~~mentnl  broadening can be corrected to good 
:~pproximation for J-vs-E data by measuring both 
the peak intensity and the F W H M  of the intensity 
d~stribution i n  the diffracted beam under con- 
s~deration, rather than only the maximum inten- 
sity, which for different electron optics, different 
detector apertures, and frequently different labora- 
tories will have different values. This measured 
intensity J(d, E )  always includes instrumental 
effects (e.g., the spreading of the incident beam in 
energy and angle, the finite beam width, and the 
detector ~ i d t h ) . ~  . / (a, E )  can be represented by a 
convolution of the "true" intensity I(d, E )  and an 
instrumental response function6 T(d, E), 

T(il, E )  can be thought of as a "shape function," 
whose integral is equal to one, that distributes the 
intensity i n  /(a, E )  over a range of angles in 
reciprocal space. Generally, T(d, E )  is broader at  
low energies than at  high energies, but it is usually 
smoothly varying with energy.6 In structure deter- 
minations the integrated Bragg intensity (i.e., the 
integral of IB,,,,[d, El ) ,  is of interest and not its 
angular distribution. Because the integral of T(d, 
E )  is by definition equal to one, the integral of 
IB,;,,,(d, E )  is obtained simply by integrating 
JBragg(il, E )  over a Brillouin zone. 

We now consider a plane wave incident on a 
defect-free, infinitely periodic surface. In this case, 
there is no spreading in the angular profile of a 



liffracted beam, and the Bragg intensity can be 
:epresented by a delta function, 

I B , , ~ , ( ~ , E )  = I o ( E ) ~ [ ~  - ~ B ( E ) I  , (2) 

where E is the incident-electron energy and dB(E) 
is the diffraction angle satisfying the two- 
dimensional Bragg condition Sll = GII (i.e., the 
parallel component of momentum transfer falls on 
a reciprocal-lattice rod). Io(E) is the area under 
the delta function and is the value commonly 
obtained in dynamic calculations. This area 
represents the scattering strength. It is this value 
Lhal needs to be extracted from experimental data 
for comparison with the results of dynamical calcu- 
lations. Note that a true "peak" intensity is not an 
observable quantity. Only the value of the mea- 
sured intensity can be defined. 

We assume that the effect of T(d, E )  on Io(E) is 
negligible. Then, from Eqs. (1) and (2) ,  the 
scattering strength can be obtained simply by 
integrating the measured intensity profile J(d, E), 
if  there are no contributions to J(d,  E).other than 
the Bragg intensity. This condition is generally 
approximated experiment.ally only at  very low tem- 
peratures. 

I n  a particular case of a Gaussian Bragg inten- 
sity profile, it is commonly observed that6 

where A(E) is the measured peak intensity and 
b(E) is the measured F W H M  of the angular pro- 
file. I f  the shape remains Gaussian for all energies 
and angles, integration gives 

simple relations for the integral. The result of Eq. 
(4) is independent of the size of the detector. The 
reliability of the scattering strength extracted from 
measurements depends on the accuracy of the 
experimental determination of both the peak value 
A ( E )  and the width b(E) of the measured profile. 

It is now worthwhile to ask how important these 
effects are on structure determinations using typi- 
cal experimental data. We discuss first the perfect 
surface. This will produce a delta-function intensity 
that is spread by T(d, E). T(d, E )  is generally 
smoothly varying with d and E, and thus any peak 
intensity measurement that is interpreted as the 
integrated Bragg intensity will cause similarly 
varying errors in the extracted scattering strength. 
This may appear in the comparison of theoretical 
calculations and experiment as an incorrect 
Debye-Waller factor or as a ratio of inelastic-to- 
elastic scattering. Because the changes are smooth, 
however, peaks next to each other in a J-vs-E 
curve for a particular beam will not show large 
changes for a perfect surface. Of course, the rela- 
tive scattering strengths in different beams may 
still be incorrect. These effects may not prevent the 
determination of a surface structure, although they 
may significantly affect the R Factor of a given 
determination. 

More serious problems arise if the surface is not 
perfect, as will most likely be the case for all 
sputter-cleaned surfaces as well as most adsorption 

-systems. If surface imperfections exist, IBragg(d, E) 
is not a delta function but has a finite width. This 
width generally will not be smoothly varying with 
energy or angle. This fluctuating beam width can 
.cause large changes in the maximum intensity 
obscrved with a fixed detector. If this maximum 
intensity is interpreted as the integrated Bragg 
intensity, significant errors can be made in the 
intensity of peaks lying close to each other in 
energy in J-vs-E curves. Such errors can signifi- 
cantly affect structure determinations. In such 
cases it becomes imperative to measure b(E) as 
wcll as A(E). 

- - rlf= 

2(log 2)lE 
A ( E ) b ( E )  . (4) I .  Summary ot paper: surf S ~ I .  104, L229 (1381 ). 
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STUDIES OF SURFACE COMPOSITION 
AND PHASE TRANSITION OF Mo-~%~e(100) '  ORNL-DWG 81-11716~ 
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G.-C. Wang D. M. Zehner 

H. C.  ato on* - I AES 
Mo-5% Re (100) 
PRIMARY BEAM:5 kV.5uA I 

V) - .-  MODULATION:^ V p-p 
The reconstruction of a clean W(100) surface 5 

from a (1 X1) to a ( a ~ a )  R45O structure has 2 - 
been observed at temperatures below 370 K by '- 

g L E E D . ~ * ~  A phase transition has also been observed 3 ReMgN6.7N6.7 

for a clean Mo(100) surface, as indicated by the $ 
appearance of a quartet of spots located at half- " 
order beam positions in the LEED pattern.obtained 
at -160 K . ~  

Several different models of the driving force for 
the transitions have been suggested.' In one model, 
a surface state or strong resonance very near Ef 
drives the transition via a surface phonon softening 
and gapping of the two-dimensional Fermi 
~ u r f a c e . ~  Other models assume that the transition 
is not due to the temperature dependence of the 
Fermi distribution, as in a charge density wave, but 
is a consequence of the surface atoms being 
unstab~e.~ 

Recent experiments show that a very low cover- 
age (-2% of a monolayer) of chemisorbed nitro- 
gen may inhibit surface reconstruction. The inhibi- 
tion range can be estimated to be about 20 A for 
nitrogen on a W(100) ~ u r f a c e . ~  This inhibition 
range is an indication of the existence of a 
substrate-mediated long-range interaction induced 
by a chemisorbed atom. 

In order to test the effect of a substitutional 
impurity atom on surface reconstruction and to 
provide additional information for use in determin- 
ing the driving force, we chose to study a Mo- 
5%Re(100) surface. The 5%Re refers to a bulk 
quantity; there could be surface segregation. Thus, 
first we quantify the surface composition by both 
Auger electron spectroscopy (AES) and x-ray pho- 
toelectron spectroscopy (XPS), and then we 
present the LEED observations. 

(a)  AES. The major Re-Auger peaks at low 
energy overlap with the major Mo-Auger peaks. 
Therefore, we used the clearly separated high 
energy Re-MSN6,7N6,7 peak at 1799 eV and the 
M o - L ~ M ~ , ~ M ~ , ~  peak at 2044 eV for the composi- 

I I I I 
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Fig. 2.13. A signal-averaged AES spectrum from a 
Mo-5%Re(100) surface. The data consist of 16 repetitive 
spectra. 

using the values of the peak heights PIMNN and 
PILMM in the unknown sample measured at room 
temperature and shown in Fig. 2.13 and the ratio 
of the measured relative sensitivity factors,' the 
surface concentration of Re (CRc) is calculated to 
be 7.4 + 0.5%. The measurements have been 
repeated at 120 K, and the results are approxi- 
mately the same, within experimental uncertainty. 

(b) XPS. The Mo-3dSP peak and the Re-4f7/2 
peak were used for composition studies. The XPS 
spectra from the single-crystal Mo-5%Re(100) and 
a pure Mo foil in two different binding-energy 
ranges are shown as lower and upper curves in Fig. 
2.14. Within the binding-energy range 46-30 eV, 
two extra peaks near 43 and 40.6 eV are observed 
in the lowcr right scan, which is from the Mo- 
5%Re(100) surface, but they do not appear in the 
scan from the pure Mo foil (upper right scan). 
These two extra peaks are from the Re-4f7/2 and 
Re-4f5/.L core levels. The ratio of our measured 
peak heights M 0 - 3 d ~ ~ / M 0 - 3 d ~ ~  from Mo-5%Re is 
0.68, a value which corresponds to that obtained 
from a pure Mo sample.' This agreement implies 
that the Mo peak heights are not affected by the 
presence of a few percent of Re. Also, there are no 
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Fig. 2.14. XPS spectra obtained from a pure Mo thin 
foil (upper curves) and a Mo-S%Re(lOO) surface (lower 
curves). 

energy shifts of Re peaks detected under the exper- 
imental energy resolution. The value of CRe is 
obtained by using a standard f o r m ~ l a . ~  The CRe 
value thus obtained by evaluating areas under 
Re-4f7p and Mo-3dSn, peaks is 8.2 f 0.5%. If the 
peak heights are used instead of peak areas, the 
value of CRe is 7.5 + 0.5%. 

(c) LEED Observations. The clean surface at 
room temperature gives a (1 X 1) pattern as shown 
in Fig. 2.1 5(a). For temperatures near 160 K, no 
extra quartets of spots were observed a t  the 
(1 12,112) beam positions, as shown in Fig. 2.15(b), 
an observation in contrast to that for n pure 
Mo( 100) surface. 

ORNL-PHOTO 6072-8 1 
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M0-5~hRe(100) Mo-5% Re(1001 

Fig. 2.15. The (1x1)  LEED pattern from the Mo- 
S'RsRc(100) surface at (a) room temperature and (b) 160 K. 
Here, E = 150 eV, do - 0'. 

The results of a surface composition determina- 
tion of the Mo-5%Re(100) by AES and XPS are 
consistent. Both indicate a slight enrichment of Re 
within a 30-ti escape depth of the surface. The 
slight enrichment of Re near the surface implies 
that the heat of segregation, which is defined as 
the change in enthalpy that occurs when a solute 
atom (Re atom) is exchanged between a bulk and 
surface site, is negative. Recently a graphical pre- 
diction of segregation has. been proposed by 
~ a m i l t o n . ~  This method is based on the extensive 
work of Miedema and co-workers1° on the heats of 
solution of binary alloys. This graphical .prediction 
indicates surface segregation of Re in a MoRe 
alloy and is in agreement with our experimental 
results. 

A ( 1 X 1 )-LEED pattern from Mo-%Re( 100) 
similar 'to a pure Mo(100) is observed at room 
temperature. This implies that- the Re atoms 
replace Mo atoms substitutionally, which is con- 
sistent with the neutron scattering result." No 
structural change was observed at temperatures 
near 160 K. This result implies that' the substitu- 
tional Re atoms inhibit the formation of a periodic 
lattice distortion at this low temperature. 

The range of inhibition can be estimated to be at 
least 5 A. The inhibition due to substitutional 
impurities is similar to inhibition by chemisorption. 
However, this result carinot be used to distinguish 
between two proposed models. The presence of ran- 
domly substituted Re destroys the long-range order 
required in both. 
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EELS STUDY OF NITRIC OXIDE 
ADSORPTION ON Cu(100) AND 

C U ( ~  I 1) SURFACES' 

J.  F. Wendelken 

In recent X P S ~  and E E L S ~ . ~  studies, the adsorp- 
tion of NO on Cu surfaces has been shown to be 
highly complex at low temperatures. In the XPS 
study of NO adsorption on Cu( 100) and Cu( 1 1 1 ), 
evidence was found for the existence of N20(ad), 
bent and linear. forms of NO(ad), and O(ad) on 
both surfaces. Very different behavior has been 
observed via EELS for NO adsorption on Cu(1 lo), 
where only a bent predissociative NO molecular 
form may exist at low coverages. In this work, the 
EELS study of NO adsorption on Cu has been 
extended to the Cu( 100) and Cu( 1 1 1 ) surfaces. 
The data were obtained in a single system contain- 
ing EEL' and quadrupole spectrometers. 

ENERGY LOSS Icd' l  
0 low 2 m  3000 

I I I I 

For Cu(100), two vibrational loss peaks were 
observed to develop initially at 96.5 and 153 meV 
following a 1.0-L exposure to 1 4 ~ 0  as shown in 
Fig. 2.16. A shoulder on the elastic peak became a 
distinct peak at 43 meV, with a 1.6-L exposure. 
When exposures of "NO were used instead of 
1 4 ~ 0 ,  the peak at 43 meV was unaffected, but the 
other two peaks were reduced in energy by 1.5 
meV. The 43-meV peak may be assigned to O(ad) 
on the basis of its energy,6 its insensitivity to isoto- 
pic substitution, and its stability at higher tempera- 
tures where the other peaks have vanished. The 
observed energies and isotopic shifts of the other 
two peaks are consistent with gas-phase energies of 
either N20(ad) or ~ O ~ ( a d ) . ~  When the crystal 
was heated to 110-120 K following the 1.6-L NO 
exposure, only N 2 0  was observed to desorb; hence, 
that is the preferred assignment which is consistent 
with the presence of the remaining O(ad). 

Following an exposure of 2.3 L, an additional 
loss peak was observed at 190 meV for 1 4 ~ 0  and 
186 meV for ''NO. The energy and isotopic shifts 
of this new loss peak are consistent with a bridge- 
bonded NO(ad) molecular stretching mode. When 

Fig. 2.16. EEL spectra for (a) Cu(100) at 85 K and (b) Cu(ll1) at 90 K following various exposures to ' 4 ~ 0 .  The 
indicated CO stretching mode peaks are a result of adsorption from background and displacement of CO from chamber 
walls during exposures of NO which were made by backfilling. 



the crystal was heated to 120 K, both the peaks at 
190 and 97 meV were strongly reduced, suggesting 
that the 97-meV peak is in part an N O  bending 
mode and hence the molecule is bent on this sur- 
face, although not as strongly as on the Cu( l l0 )  
~ u r f a c e . ~  Thermal desorption of NO was not 
observed under these conditions, but growth of the 
43-meV peak indicates dissociation. 

With higher exposures, the N 2 0  peaks vanished, 
the bridge-bonded NO peak shifted down in 
energy, and new peaks appeared independently 
near 130 and 225 meV. The latter peak may also 
be attributed to NO but in a linear, atop site. 
Upon hcating the crystal, NO desorption was 
observed over a wide temperature range 120-243 
K, indicating that the atop NO is a predesorptive 
state. Significant amounts of N 2 0  were desorbed 
up to 210 K, and an N2 peak was observed over a 
narrow temperature range near 120 K. The 
presence of N2 has not been identified in the 
vibrational spectrum, and it is possible that the N2 
forms and desorbs immediately only after heating 
the crystal. The assignment of the peak near 130 
meV is not as clear as that for a similar peak from 
Cu(1 I1 ) discussed below. 

The vibrational data for Cu( l l1 )  exposed to NO 
show similarities to the data for Cu(100) but also 
pronounced differences. At very low exposures, the 
first two peaks observed are very close in energy 
and isotopic shifts to the peaks observed for a low 
coverage of N 2 0  on Cu(100). However, no ther- 
mally desorbed N 2 0  could be detected following 
these very low exposures. Vibrational peaks, which 
developed with exposure, at  184 and 72 meV may 
he assigned to the stretching and bending modes of 
a bent, bridge-bonded NO molecule. 'l'he subse- 
quent disappearance of the bending mode, upward 
shift in NO stretching-mode energy and intensity, 
and increase in elastic intensity are all indications 
that the molecule straightens up with coverage, 
although it is still bridge bonded. Thermal desorp- 
tion observations following an exposure in which 
only NO is observed in the vibrational spectrum 
are surprising. At 110 K ,  hoth N2 and N 2 0  were 
observed to desorb and reach a maximum desorp- 
tion rate at 135 K. No N O  desorption was noted 
until near 135 K. Above 135 K, NO became the 
dominant species desorbing with sharp reductions 
in the N2 and N 2 0  desorption rates. It is unlikely 
that there could have been substantial quantities of 
N2 and N 2 0  on the surface undetected by EELS. 
The probable explanation is that the bridge-bonded 

NO, as on the Cu(1 lo)' and Cu(100) surfaces, is a 
predissociative species. When it dissociates, the N 
atoms may then migrate and bond to other N 
atoms or NO molecules to create N2 and N 2 0  
which desorb above 110 K. This may also explain 
the apparent N2 desorption from Cu(100) when 
neither EELS nor X P S ~  indicates its presence on 
the surfacc. 

For higher exposures the bridge-bonded NO is 
replaced by linear-bonded NO represented by an 
NO stretching mode peak at 224 meV as for 
Cu(100). Thermal desorption indicated that N O  
begins desorbing at 110 K with smaller quantities 
of N2 and N 2 0  observed than in the lower cover- 
age case, which was dominated by the bridge- 
bonded NO. Hence, the atop NO molecule desorbs 
rather than dissociates as it also does in the 
Cu(l l I )  case. A peak which developed and shifted 
from 56 to 48 meV is probably O(ad) following the 
dissociation of bridge-bonded NO. As on Cu(100), 
there is also a peak near 130 meV at high expo- 
sures. I n  addition, peaks are also present near 450 
and 380 meV. The peak near 450 meV was found 
to be nondipole in  character. Hydrogen from the 
vacuum system residual background could combine 
with the O(ad) to produce the 135 ,  378-, and 
448-meV loss peaks. The peak at 135 meV might 
also be due to atomic hydrogen. Since the pho- 
toemission studies indicate 'that N 2 0  is a major 
surface species at the higher coverages on both sur- 
faces, the possibility of a second N20(ad) state in 
which the 130-meV mode is a distorted stretching 
mode must be considered. Work is co~~tinuing on 
these latter possibilities, and results will be pub- 
lished later. 

1. Summary of paper to be published. 
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4. J. F. Wendelken, Applicalions of Surface Science 
(in press). 

5 ,  J. F. Wendelken and F. M. Propst, Rev. Sci. 
Instrum. 47, 1069 (1976). 

6. B. A. Sexton, "A vibrational energy of 41 meV was 
also observed in this laboratory at low coverages of 
O(ad). The 2-meV higher energy in the present experi- 
ment may result from interaction with another species on 
the surface," Surf: Sci. 88, 299 (1979). 
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HYDROGEN RECYCLING AND IMPURITIES 
DURING ISOTOPIC EXCHANGE IN ISX-B' 

J. B. Roberto L. E. ~ u r r a y ~  
R. C. 1sler2 J. E. Simpkins2 
S. ~ a s a i ~  S. P. Withrow 

R. A. Zuhr 

The interaction of plasma particles with exposed 
surfaces in tokamaks contributes significantly to 
fueling and to impurity introduction in existing 
devices. H-D isotopic exchange experiments, which 
involve monitoring the plasma composition after 
switching to one working gas following many 
discharges in the other, allow direct observation of 
surface contributions to the plasma isotopic compo- 
sition and isotope effects in impurity introduction. 
We. report here measurements of working gas com- 
position and edge impurity levels during H-D 
changeover experiments in the ISX-B tokamak. 
The results are interpreted in terms of recycling 
and impurity introduction mechanisms in ISX-B. 

Plasma operation was shifted from D to H and 
from H to D by changing the fill and puffing gases 
for a sufficient number of discharges to obtain 
complete (>98%) changeover for each isotope. 
H / D  ratios were monitored during the discharge 
from relative Hg and Do spectral intensities and 
after each discharge by residual gas analysis and 
nuclear reaction analysis of Si surface probes 
which were exposed in the plasma edge. Relative 
0 and Fe impurity levels in the edge were deter- 
mined from 0 VI and Fe IX spectral intensities. 
Plasma conditions for the nongettered, ohmic 
discharges were BT = 1.3 T, Zp = 135 kA, Te(o) 
= 540 eV, and ne(o) = 6-7 X 10I3/cm3 with a 
current flattop of 150 ms. ISX-B has type 304 
stainless steel walls. 

The isotopic changeover in the plasma edge as 
determined from optical measurements is shown in 
Fig. 2.17. Plotted in Fig. 2.17 is the fraction of 
plasma Lornposition made up by the previous iso- 
tope as a function of the number of discharges in 
the new isotope. Data for H + D and D + H 
changeovers are shown at times varying from 
16-145 ms into the discharge. The results indicate 
that the isotopic exchange in the plasma is -80% 
complete after the first 15 ms of the first discharge 
in the new isotope but requires -10 discharges to 
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Fig. 2.17. Fractional contributions of the previous iso- 
tope to the plasma composition as a function of number 
of discharges in the new isotope. Data are from relative 
Hs and Dg spectral intensities and are shown for various 
times during the discharge for both H + D and D -. H 
changeovers. 

reach 98% completion. There is no evidence of a 
trend in the isotopic composition as a function of 
time during the discharge. Residual gas analysis 
and surface-probe results are consistent with the 
optical data. 

The changenver resi~lts indicate that  lapm ma 1 s ~ -  
topic composition for these experimental conditions 
in ISX-B is determined primarily by the fill. gas, 
with -20% of the plasma particles originating 
from exposed surfaces. This surface contribution 
appears within the first 20 ms of the discharge, 
after which the plasma composition remains 
approximately constant. These results suggest. that 
recycling in  ISX-B occurs without significant isoto- 
pic mixing after the first 20 ms of the discharge. 
This requires the rapid establishment of an equi- 
librium between the plasma composition and the 
interacting surfaces. Isctopic replacement in the 
walls does not contribute to the recycling, since 
this process would be continuous throughout the 
discharge. The isotopic replacement does occur in 
-10 discharges by diffusion between discharges 
and subsequent release. 

Fe levels in the plasma edge increase by a factor 
of -3 for D as compared to H operation. This 
result is consistent with the expected D/H sputter- 
ing ratio for a Maxwellian distribution of H atoms 



)n stainless steel near 100 eV. This suggests that 
iharge exchange neutral sputtering of the walls is 
the dominant heavy impurity introduction mecha- 
nism in ISX-B. The importance of the wall as a 
heavy impurity source is also indicated by the low 
Ti levels3 in ISX-B despite operation with a T i c  
outer limiter. The 0 levels in the edge are 
unchanged for D and H operation, consistent with 
a thermal release mechanism for light impurities. 

Overall, the results demonstrate low H inventory 
and rapid isotopic changeover for tokamak opera- 
tion with stainless steel walls. The surface-released. 
contribution is -20% of the plasma composition 
and appears within the first 20 ms of the 
discharge. This is associated with wall desorption 
and fast release processes at the limiter. Ion- 
induced effects do not contribute to recycling dur- 
ing the steady-state portion of the discharge. The 
results are consistent with a thermal mechanism 
for recycling4 and 0 release and with H sputtering 
of the walls for heavy impurity introduction. 

1. Summary .of paper, Journal of Nuclear Materials 
( in  press). 

2. Fusion Energy Division, ORNL. 
3. R. A. Zuhr, J. B. Roberto, and S. P. Withrow, 

"Effects of Neutral-Beam Injection and Gas Puffing on 
Deuterium and Impurity Levels in the Scrapeoff Layer 
of ISX-B," this report. 

4. J. B. Roberto et al., 'Minority Hydrogen Isotope 
Recycling in ISX-B," this report. 

MINORITY HYDROGEN ISOTOPE 
RECYCLING IN ISX-B' 

J .  B. Roberto R. C. 1sler2 
H. C. I-luwe2 L. E. Murray2 

The recycling of H from exposed surfaces con- 
trols plasma fueling in present tokamaks and will 
play a significant role in determining the wall tri- 
tium inv~ntory in  D-T devices. Recent H/D isoto- 
pic exchange experiments3 for nongettered ohmic 
discharges in the ISX-B tokamak suggest a fast 
recycling process, with no significant isotopic mix- 
ing after the first 20 ms of the discharge. This 
result is consistent with an H recycling mechanism 
for the wall that is not controlled by ion-induced 
effects. I n  the present experiment, HID  ratios were 
monitored in ISX-B plasmas for D2 discharges dur- 
ing which a short pulse of H2 was introduced as a 
minority isotope. The results confirm the previous 
bservations and are consistent with near-unity 

recycling controlled by a thermally activated pro- 
cess. 

In the experiment, a short burst of HZ was 
puffed into an established ohmically heated D2 
plasma at 80 ms into the discharge. H/D ratios 
were determined throughout the discharge from 
relative HB/DB spectral intensities using a high- 
resolution spectrometer equipped with an oscillat- 
ing mirror for repetitively scanning a 10-A region 
around 4861 A. The spectrometer viewed the 
plasma along a major radius -90" toroidally from 
the limiter and -180" toroidally from the Hz 
injection port. The narrow H Balmer lines in 
tokamaks are attributed to excited atoms formed 
during and following the dissociation of molecular 
H in  the plasma edge and probably reflect molecu- 
lar fluxes from the wall. Plasma conditions for this 
experiment were ne(o)  = 6 X 10I3/cm3, Te (o )  = 

720 eV, BT = 1.3 T, and Ip  = 170 kA with a 
current plateau from 80 to 180 ms. ISX-B had 
nongettered type 304 stainless steel walls at the 
time of this experiment and was equipped with a 
T i c  outer and stainless steel inner limiter. 

Relative HB/DB signals for several D2 discharges 
with HZ input are shown in Fig. 2.18. The Hg sig- 
nal rises rapidly during the puff to one-fourth of 
the Dg signal, consistent with the ratio of overall 
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Fig. 2.18. Relative Hg and Dg spectral intensities for 
three successive D2 discharges in ISX-B with a short puff 

, of Hz at 80 ins. The apparent time shift in  the relative 
Hg and Do increases during the puff probably reflects 
the time diiierence in Hg and Dg sampling. 



H2/D2 gas input (0.24). Hg remains essentially 
constant during the remainder of the discharge. 
The H charge exchange neutral flux (measured 
radially outward at a location well away from both 
the limiter and the HZ injection port) shows a com- 
parable rapid increase during the H2 puff with a 
plateau from 90 to 170 m ~ . ~  These results suggest 
recycle times of G20 ms and coefficients of 30.98 
for the minority isotope from a time almost 
immediately following the H2 puff until the end of 
the discharge. The Hg signal at the beginning of 
the discharge is approximately one-fifth of the 
steady-state value following the puff, consistent 
with' the previous observation3 that -20% of the 
initial plasma composition for nongettered, ohmic 
ISX-B discharges is released from exposed 
surfaces. 

For the case of recycling dominated by thermally 
activated processes, the H outflux for isotope i 
from the wall can be written 

where k ,  is the recombination rate constant and 
Ci j  is the near-surface H concentration for isotope 
ij. This equation governs the formation of molecu- 
la'r H at the surface which readily desorbs at room 
temperature. Thermally activated recycling has 
been observed in  plasma simulator experiments 
with stainless steel  wall^.^^^ Equation ( I )  implies 
that the minority isotope release will be dominated 
by recombination with the majority isotope, form- 
ing the HD molecule in our case. This requires 
essentially the same recycling behavior for the 
minority and majority species and an increase in 
the majority isotope outflux approximately equal to 
the minority isotope release. This is consistent with 
Fig. 2.18. where the DB signal increases after the 
Hz puff by an amount comparable to the Hg 
increase. 

The present results are not easily explained by 
recycling mechanisms based solely on ion-induced 
effects such as particle reflection or isotopic 
replacement i n  the walls. Reflection coefficients of 
G0.8 are expected for wall neutrals in ISX-B, and 
wall neutral fluxes are too low for significant 
replacement- in the bulk to occur during a 
discharge. Neither mechanism explains the simul- 
taneous rise in the HB and Dg signals. On the other 
hand, a thermally activated process based on diffu- 
sion and surface recombination is consistent with 
the observed recycling behavior, although the recy- 

cling time is somewhat faster than theoretically 
e ~ ~ e c t e d ~ , ~  for ISX-B operating conditions. 
Overall, the present results demonstrate fast (G20 
ms), near unity (20.98) minority species recycling 
in  a nongettered, stainless steel tokamak. 
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RECYCLING STUDIES IN ISX-B 
BY HYDROGEN-ALPHA EMISSION 

9. ~ m m o t h '  E. W.  horna as^ 
R. young2 T. B. Cook 

The recycling of gas atoms from the limiter and 
walls in a tokamak is as important as magnetic 
confinement in determining plasma density. In the. 
current generation of fusion energy devices, most 
of the gas fueling is by recycling with only a small 
fraction of the plasma particles supplied by active 
gas puffing. 

A useful diagnostic for studying recycling is the 
monitoring of H-a emission from the plasma edge. 
This radiation, generated as neutral H is excited as 
it moves into the plasma, has been shown to be a 
useful indicator of H flux into the plasma. H-a! 
detectors for the present experiment consist of a 
collimating lens, an interference filter to isolate the 
H line, and a photodiode as the receiver. Four such 
detectors have recently been installed on the ISX-B 
tokamak, each viewing a 2.5-cm diameter cylinder 
on a chord through the plasma and intercepting the 
relevant plasma edge region twice, once on the 
near side of the plasma and once on the far side. 

Although the work is at an early stage, several 
preliminary observations have been made. We find 
that there are pronounced toroidal and poloidal 
variations in H-a! emission, with the limiters and 
the gas puff being strong sources. For ohmic 
discharges, the detector viewing the gas puff region 
follows the flow of gas into the vessel; while simul- 
taneously, a detector viewing a region far from the 
gas puff or limiters shows a smooth increase in sig- 
nal. For neutral beam injection, the H-a! signal 



from the gas puff region increases steadily even 
with constant puffing, which is suggestive of 
beam-induced desorption from the hardened energy 
spectrum of neutrals striking the wall. Several H-a 
experiments are planned for the near future to 
invcstigatc particular issucs i n  the recycling prob- 
lem. 

1. Institute of Physics, Stockholm, Sweden. 
2. Georgia Institute of Technology, Atlanta, Ga. 

EFFECTS OF NEUTRAL-BEAM INJECTION 
AND GAS PUFFING ON DEUTERIUM AND 
IMPURITY LEVELS IN THE SCRAPEOFF 

LAYER OF ISX-B' 

R. A. Zuhr J .  B. Roberto 
S. P. Withrow 

Si deposition probes have been exposed to a 
variety of operating conditions in the plasma edge 
of ISX-B to investigate the effects of neutral beam 
injection and gas puffing on edge characteristics. 
The exposures were made using a bellows-sealed 
sample insertion system that allowed the samples 
to be positioned at any radius between the limiter 
and the outer wall. An electrically driven rotating 
shaft permitted multiple or time-resolved (15 ms) 
sampling. All measurements were made in the hor- 
izontal midplane of the tokamak at a toroidal posi- 
tion -1 20" from the limiters in the positive ion 
current direction. For these experiments, ISX-B 
was opcratcd with an inncr bar limiter of stainless 
steel and an outer mushroom-shaped limiter of 
Tic-coated graphite. 

Exposures were made for both ohmic and 
neutral-beam-injected discharges and fdr dis- 
charges in which the fill-gas puffing was pro- 
grammed to determine its effect on the plasma 
edge. After exposure, the samples were transferred 
to the Solid State Division's 2.5-MeV Van de 
Graaff accelerator, where they were analyzed for 
impurity deposits using 2-MeV 4 ~ e  backscattering 
and for retained U using the L ) ( ) H ~ , ~ ) ~ H ~  nuclear 
reaction. 

The temporal behavior of the principal impuri- 
ties collected 2.5 cm behind the limiter during 
I. I -MW neutral-beam-injected discharges in ISX- 
B is shown in Fig. 2.19. The 40-keV neutral H 
beam was co-injected into the D plasma from 80 to 
180 ms. Beam power during injection exceeded 
ohmic heating power by a factor of 4. Oxygen is 
the most abundant impurity observed, with more 
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Fig. 2.19. Impurity deposition a s  a function of  time for 
1 .1  MW neutral-beam-injected D discharges in ISX-B. 
The arrow indicates the start of 100 ms neutral-beam 
injection ( N  B'I). 

than an order-of-magnitude greater deposition than 
the most comm.on metallic element, Fe. Cr and Ni 
(not shown) are present in  approximately the same 
ratio to Fe as they are in  type 304 stainless steel, 
the wall material i n  ISX-B. The amount of Ti on 
the probe is an order of magnitude less than Fe. A 
sharp increase in all impurity levels occurs at the 
onsct of thc ncutral-bcam injcction. A similar 
increase is observed i n  the measured. I) flux at the 
time of injection. Even though these effects may be 
caused indirectly, such as through variations in  
plasma position, it is clear that edge impurity 
fluxes are increased by neutral-beam injection by a 
factor of 2-3 for 0 and -7 for metallic elements. 
I f  the metallic impurity fluxes are compared with 
magnetohydrodynamic (MHD) activity i n  the 
plasma, a correlation is found between high fluxes 
and high levels of MHD activity. Such a correla- 
tlon has been observed i n  all previous time-resolved 
probe data from ISX.* 

To clarify the effects of gas puffing on both 
impurity and plasma fluxes in the scrapeoff layer, 
an experiment was carried out in which a sharp 
puff of -0.3 Torr-1 of D gas was injected at 120 
ms into a conventional ohmically heated D plasma. 
This was in  addition to the "normaln puff at -40 
ms as shown in Fig. 2.20. In Fig. 2.20, Si surface 
damage, which is indicative of incident D flux and 
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Fig. 2.20. Comparison of single-crystal Si damage rate 
(indicative of D flux and energy) with MHD activity, 
plasma density, and gas puff rate for ohmic D discharges 
in ISX-B with 0.3 Torr-1 gas puffing at 40 and 120 ms. 

energy,3 is plotted as a function of time during the 
discharge. Comparisons are made with MHD level, 
density, and gas puffing rate for these discharges. 
A significant decrease in damage occurs with each 
gas puff. Unfortunately, saturation measurements, 
which can be used to estimate both energy and flu- 
ence to the probe, are not compatible with this 
time-resolved technique. Previous saturation studies 
on comparable discharges4 at this same radius have 
given estimates of D energy of -100 eV and flu- 
ence of - 1 0 ' ~  ~ / c m ~  per discharge. In the present 
work, primarily we collect ions traveling parallel to 
BT,  and the factor of 2 reduction in  incident flux 
during puffing implies that the ion density has 
decreased by 2, that the average ion energy has 
decreased by a, or that a combination of these 

effects has taken place. In all cases, it is clear that 
the D flux in the edge has been "cooled" by the 
gas puffing. 

The effect of D puffing on edge impurities is far 
less dramatic. Oxygen is unaffected, while Fe 
shows only a small decrease at the time of the 
second puff. The lack of effect on 0 is in agree- 
ment with the neutral-beam-injected results, while 
the minimal effect on Fe is probably due to the 
stable, low MHD operation during this part of the 
discharge. Note that the slight peaking in Fe flux 
just prior to 100 ms is also a time of incipient 
MHD activity. Both effects are eliminated during 
the second D puff. It would appear that gas puff- 
ing can minimize edge metallic impurity levels only 
to the extent that it can maintain a stable, low 
MHD plasma. 

The impurities found in the plasma edge of 
ISX-B were 0 from the wall and residual gases, 
stainless steel (Fe, Cr, and Ni) from the vacuum 
vessel, and Ti from the T i c  limiter. The relative 
amounts of Fe and Ti indicate that the wall, and 
not the limiter, is the principal source of metallic 
impurities. Spectroscopic5 and isotopic exchange6 
experiments that suggest charge exchange neutral 
sputtering of the wall may be the principal intro- 
duction mechanism for metals are consistent with 
the present data. Impurity levels in the edge were 
found to correlate well with both MHD activity 
and instabilities in  plasma position, reaching levels 
2 to 5 times higher during breakdown and the dis- 
ruptive end of a discharge than during the steady- 
state portion. Finally, it was observed that gas 
puffing effectively can cool the plasma edge and, 
by minimizing instabilities, lower the level of 
impurities. 

I. Summary of paper: Journal of Nuclear Materials 
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DEPOSITION PROBE MEASUREMENTS smaller than the ionized metallic flux circulating 
OF IMPURITY AND PLASMA FLUXES along magnetic field lines in the plasma edge. The 

NEAR THE WALL IN ISX-B' values given for Fe at  the wall locations are upper 
limits taken from the samples with the greatest 

R. A. Zuhr J. B. Roberto 
accumulation. Many of the samples show no 

S. P. Withrow 
detectable Fe. This variation in retained Fe sug- 

Deposition probe techniques have been used pre- 
viously to study the fluxes of impurit.ies and 
plasma particles incident upon limiter-like probes 
in the scrapeoff layer of the ISX-B tokamak.* In 
the present work, surface probes were used to 
measure impurity and plasma fluxes perpendicular 
to the toroidal field, both a t  and beyond the radius 
of the vacuum vessel wall. A comparison of 
material collected on these wall position samples 
with the earlier measurements of fluxes parallel to 
the toroidal field shows that the wall fluxes are far 
lower for both impurities and plasma particles. In 
addition, the wall a t  a location away from the lim- 
iters is shown to be a source, rather than a sink, of 
metallic impurities. 

The ISX-B vacuum vessel is constructed of type 
304 stainless steel and was not gettered for these 
experiments. Operating conditions for the wall 
position exposures were Bj- = 1.3 T,  Ip  = 170 kA, 
and Te = 5 X 1013/cm3; while for the limiter-like 
measurements, they were Bj- = 1.5 T, Ip  = 120 
kA, and iie = 2 X 10I3/cm3. An outer mushroom 
limiter of Tic-coated graphite and an inner stain- 
less steel bar limiter were in use during all the 
exposures reported. 

A comparison of Fe and D deposition for typical 
ohmic discharges in ISX-B for samples exposed 
at-wall position, behind-wall position, and at  a 
limiter-like position is given in Table 2.3. Retained 
D levels at  the wall are an order of magnitude 
lower, while the Fe is 3000X lower. The neutral 
metallic impurity flux at the wall is clearly much 

gests that most of the Fe may be deposited during 
disruptive behavior and that the steady-state flux 
to the walls is lower than indicated. 

The quantity of D retained as a function of 
exposure for the different probe locations is shown 
in Fig. 2.21. The upper curve, which shows the 
amount of retained D on samples exposed 
perpendicular to the toroidal field a t  a.radius 2 cm 
outside the 'limiter, has bcen fitted to trapping-vs- 
fluence  curve^.^ If an isotropic Maxwellian energy 
distribution is assumed, this fit results in estimates 
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Fig. 2.21. Deuterium retained in a-Si probes vs expo- 
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Table 2.3. D and Fe deposition for samples exposed at the wall 
position, 7 cm behind the wall, and. 2 cm outside 

the limiter radlus In ISX-B 
The at-wall and behind-wall samples were positioned parallel to the 

wall along u major radius of ISX-B, and the limiter-like 
saniplcs wcrc oriented Flrcing the toroidal field 

Deposition rate 
Behind wall Limiter 

At wall 
( 7  cm)  ( 2  cm)  



of fluence and energy of 2 X 10'~D/cm~-disch. at 
50 eV. If such a technique is applied to the wall- 
position samples, we find that the amounts retained 
are in a region ( - 1 0 ' ~ D / c m ~ )  where retention 
(for E 3 50 eV) vs incident fluence is linear and 
an estimate of energy cannot be made. The shape 
of the experimental curves (Fig. 2.21) indicates 
that the energy distribution of the incident parti- 
cles is neither monoenergetic nor a simple Maxwel- 
lian. The data would be consistent with a bimodal 
distribution having a low-energy component (-30 
eV) that saturates at -5 X 1 0 ' ~ D / c m ~  and with a 
high-energy tail that remains unsaturated at 18 
discharges. It is clear from charge exchange neu- 
tral data4 that such a high-energy tail exists, but 
there are no other diagnostics that are capable of 
corroborating the low-energy flux. The linear por- 
tion of the data can still be used to estimate the 
incident fluence. Results for the at-wall and 
behind-wall cases are approximately 1.1 X 1 0 ' ~  
and 6 X 1 0 ' ~ ~ / c m ~ - d i s c h .  The difference in these 
two values is explained completely by the change 
in exposure geometry. Measurements of damage to 
single-crystal Si samples exposed at the wall posi- 
tion give a surface-peak yield of 3 X 1 0 ' ~ D / c m ~  
after eight discharges. Such a yield is con- 
sistent5 with a monoenergetic dose of -7 X 
1 0 ' ~ ~ / c m ~ - d i s c h .  at  50 eV, and thus it confirms 
the above estimates. 

If the primary source of metallic impurities in 
the plasma is charge exchange neutral sputtering 
of the wall, as has recently been suggested,6 then 
such a model should be consistent with the present 
data. If we use our estimated D flux to the wall 
and assume a sputtering coefficient of 1 X 
(DL on Si at -60 eV), the Fe sputtered from the 
walls is 1 X 10'' atoms/disch. (This figure would 
correspond to an erosion rate of 0.02 mm/year in a 
tokamak operating at a 10% duty cycle.) The Fe 
deposited on the limiter-like probe 2 cm behind the 
plasma edge, when integrated over the area where 
such flux is present, is equivalent to 5 X l0I7 
atoms/disch. Considering the uncertainties involved 
in the above estimates, this is in reasonable agree- 
ment with the estimated total Fe input. If a sub- 
stantial fraction of the Fe were being redeposited 
on the wall uniformly around the torus,'it would 
have been detected on our wall-position probes. 
Thus, our data are consistent with a model in  
which most of the metallic impurities are intro- 
duced by charge exchange neutral sputtering of the 

wall and are removed by impact with primary and 
secondary limiters. 

In summary, we have shown that metallic 
impurity fluxes to the wall in ISX-B are far lower 
(by a factor 33000) than those to limiter-like 
probes located 2 cm outside the limiter radius. 
Deuterium fluxes are also lower (by a factor of 
-10) at the wall position and are in  reasonable 
agreement with single-crystal Si damage data. 
Finally, both wall and limiter position data are 
consistent with an impurity introduction model in 
which charge exchange neutral sputtering of the 
wall is the dominant introduction mechanism. 

1 .  Summary of paper: Journal of Vacuum Science 
and Technology (in press). 

2. R. A. Zuhr, S. P. Withrow, and J. B. Roberto, J. 
Nucl. Muter. 93/94, 127 ( 1980). 

3. S. A. Cohen and G .  M. McCracken, Princeton 
~l'asrna Physics Laboratory Report No. I .  PPPL-1529 
( 1979). 

4. S. D. Scott, private communication. 
5. S. P. Withrow, R. A. Zuhr, and J. Roth, "Lattice 

Damage in Si from Low-Energy Deuterium Bombard- 
ment: Evaluation and Application to Plasma Edge Stud- 
ies," this report. 

6. R. C. Isler et al., Physical Review Letters (in 
press). 

LATTICE DAMAGE IN Si 
FROM LOW-ENERCY DEUTERIUM 

BOMBARDMENT: EVALUATION 
AND APPLICATION TO 

PLASMA EDGE STUDIES' 

S. P. Withrow R. A. Zuhr 
J .  ~ 0 t h ~  

Rutherford backscattering (RBS) spectra taken 
in  a channeling geometry from single-crystal sam- 
ples are sensitive to lateral displacements of near- 
surface atoms from their lattice sites. Such dis- 
placement damage has been observed for Si probes 
exposed in the plasma edge of tokamaks due to the 
incident plasma particle f l ~ x . ~ - ~  RBS measure- 
ments of the amount and depth of particle-induced 
damage can be used to obtain estimates of both 
incident energies and fluences by comparison to 
laboratory simulations and theoretical predictions. 
We report here laboratory measurements to corre- 
late the amount of damage induced in Si samples 
with the energy and fluence of incident low-energy 
D ions. The results are used to estimate incident 



plasma parameters for probe samples exposed in 
ISX-B. 

The laboratory simulation measurements were 
made on single-crystal Si(100) samples implanted 
at normal incidence with D ~ +  at  energies between 
50 and 500 eV per nucleon and doses between l0I3 
and 10'' ~ / c m ~ .  The surface peak in I-MeV 4 ~ e  
backscattering spectra obtained in a (1  10) axis 
channeling geometry was used to measure the 
amount of lattice damage resulting from D implan- 
tation. The surface-peak yield from an unexposed 
single-crystal Si(100) sample was used as an 
undamaged control. The data indicate that for 
energics 6500  eV, fluences > 1 0 ' ~ / c . m ~  are required 
to produce lattice damagc observable by RBS. In 
Table 2.4 surfacc-peak yields are given for the 
highest dose implants made at  50, 250, and 500 
eV, as well as for the control sample. For suffi- 
ciently high doses at any energy, the Si crystal 
should become amorphous to the depth that the 
incident ions penetrate. Under these conditions the 
surface-peak yield will saturate, and the RBS 
results will resemble a spectrum taken from an 
amorphous sample. The values listed in Table 2.4 
are near saturation. 

estimate determined using trapping curves. These 
ISX-B data were also analyzed by comparing the 
widths of the damage profiles (surface peaks) in Si 
with theoretical T R I M  binary collision code calcu- 
lations. The resulting incident energy estimate was 
150-300 ev6,  in good agreement with the trapping 
and damage saturation results. 

These preliminary experiments indicate that  
damage to the Si lattice is observable for incident 
D at  energies above 50 eV and fluences above 
1 0 ' ~ / c m ~ .  Saturation effects are seen a t  higher flu- 
ences in the yield in the surface peak. The near 
saturation surface-peak yield is more than seven 
times greater a t  500 eV than a t  50 eV. For lattice 
damage above saturation, the yield in the surface 
peak can be used to estimate incident energies, 
particularly for monoenergetic or narrow energy 
distributions. In principle, below damage saturation 
exposures, combined measurements of the surface- 
peak yield and width (damage depth) should allow 
estimates of both energy and fluence. Energy esti- 
mates using this damage technique for samples 
exposed in the ISX-B tokamak are seen to agree 
with energy results obtained using the D trapping- 
vs-fluence technique. 

Table 2.4. Near saturation surface-peak yields 
for D implants in Si at 50-500 eV 

Energy Dose Surface-peak yield 
(eV) ( X  ~ ~ " / c r n ~ )  ( X  1 0 ' ~ / c m ~ ) "  

50 10 2.8 
250 I 11.3 
500 0.5 ZU.6 
Control 1.5 

I.  Summary of paper to be published. 
2. Max-Planck-Institut fur Plasmaphysik, Garching 

bei Munchen, Federal Republic of Germany. 
3. S. A. Cohen et al., J. Nucl. Mater. 76/77, 459 

( 1978). 
4, S. A. Cohen and G. M. McCracken, J. Nucl. 

A4ater. 84, 157 ( 1979). 
5. R. A. Zuhr, S. P. Withrow, and J. B. Roberto, J. 

Nucl. Mater. 93/94, 127 (1 980). 
6. S. P. Withrow et al., J. Nucl. Mater. 98, 231 

(1981). 

'Units reflect number of Si atoms detected per 
cm2. 

Particle energies of -150 eV have been 
estimated5 in previous plasma edge studies in ISX- 
B by comparison of retained D concentrat.ions in Si 
probes to empirical trapping curves. In an experi- 
ment in which the saturation behavior of the Si 
surface peak was monitored as a function of 
exposure to discharges in ISX-B, a saturation value 
of 7.7 X 1016 Si atoms/cni2 was measured. This 
result falls between the surface-peak yields 
reported in Table 2.4 for 50- and 250-eV incidence 
and, hence, is in good agreement with the 150-eV 

CONTINUOUS WAVE 
LASER-INDUCED FLUORESCENCE 

MEASUREMENTS IN ISX-B 

T. B. Cook C. E. young2 
P. W.  in^' W. R .  ~ u s i n s k ~ ~  

J. B. Roberto 

The method of laser-induced fluorescence (LIF)  
is a powerful diagnostic for detection of trace 
species i n  hostilc cnvironments and has been 
demonstrated in studying impurity metal atoms in 
t ~ k a m a k s . ~  The transport of such impurities into 
the tokamak plasma is a serious concern for fusion 
reactors, because as little as 0. I % contamination by 
heavy metals can prevent plasma ignition. 



The application of LIF  to plasma impurity stud- 
ies has primarily involved pulsed-laser systems.' 
There are, however, two disadvantages to such sys- 
tems. First, it is difficult to operate a pulsed dye 
laser at bandwidth sufficiently narrow to allow 
estimation of thermal Doppler widths. This is sig- 
nificant since the relative importance of sputtering 
vs thermal evaporation has not yet been fully 
characterized. Second, pulsed-laser systems provide 
information at only a few (1-10) submicrosecond 
intervals during the tokamak discharge. It is thus a 
time-consuming process to map the impurity evolu- 
tion during a 200-300 ms shot. To address these 
two problems of energy spectrum and temporal 
development better, we have undertaken LIF 
experiments on ISX-B using a cw dye laser. 

The laser system is a tunable, actively stabi- 
lized ring dye laser pumped by an argon ion laser. 
It produces single-frequency radiation with a 
linewidth of under 1 MHz and, therefore, can be 
tuned inside a Doppler-broadened transition even 
for low-temperature thermal distributions. Output 
power is sufficient to saturate the relevant absorp- 
tion transitions over an interaction volume of -1 
cm3. 

The first studies have been performed on Cr 
neutrals in  the vicinity of a Cr probe in the plasma 
edge of ISX-B. The dye laser is operated on one of 
the components of the atomic resonance line at 
-425 nm (producing a power output of 50-150 
mW). As indicated in  Fig. 2.22, the laser is tuned 

to the absorption using a variety of devices includ- 
ing a small grating spectrometer for rough tuning 
and a hollow-cathode lamp (utilizing the opto- 
galvanic effect) for fine tuning. Final adjustment 
to allow for Zeeman shifts in the -1-T torodial 
field is accomplished using a pair of scanning 
Fabry-Perot etalons. The laser beam is acousto- 
optically chopped (allowing high-order diffraction 
spots to be used for the various monitoring func- 
tions) and is injected into the tokamak vessel which 
is located -8 m from the laser table. Fluorescence 
from atoms illuminated by the laser just outside 
the plasma edge are collected, spectrally filtered 
using a double spectrometer with holographic grat- 
ings, and detected with a photomultiplier tube. 
A computer-controlled data acquisition system 
operates a gated counter, stores the data for later 
analysis, and graphically displays the results on a 
terminal in the laser enclosure. 

Only a preliminary analysis of Cr results is 
available, but a signal due to Cr has been detected 
and some estimates of Doppler-widths have been 
performed. Uncertainties in the measurements are 
large, due principally to extremely high count rates 
from plasma light scattered into the collection cone 
of the detector. To provide better rejection of 
plasma light and to reduce the background due to 
laser light scattered off vacuum components, 
efforts are now under way to replace the double 
spectrometer with an interferometer giving 
improved transmission with a narrower pass band 
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Fig. 2.22. Continuous-wave laser-induced fluorescence system. A ring dye laser (DL) is pumped by an argon ion 
laser (AL). The output beam is modulated using an acousto-optic modulator (AOM), wavelength-tuned using a grating 
spectrometer (GS) and hollow cathode lamp (HCL), and wavelength-monitored using two scanning Fabry-Perot etalons 
(FPI-2). Other optical elements include a Faraday rotator (FR), mirrors (MI-5), beam splitters (BSI-2), a mechanical 
chopper (CH), and an output aperture (OA). 



and to study an off-resonance three-level excitation 
in Ti, inslead of the resonant two-level C r  transi- 
tion. It is hoped that these measurements will lead 
to a better understanding of impurity introduction, 
transport, and ionization lengths in the plasma 
edge of ISX-B. 

1. Fusion Energy Division, ORNI ... 
2. Guest scientist from Argonne National Laboratory, 

Argonne, Ill. 
3. Guest scientist from Technical University, Vienna, 

Austria. 
4. H.-B. Schweer et al., J. Nucl. Mafer. 93/94, 357 

(1980). 
5. A cw LIF measurement of Zr impurities in the 

APEX tokamak has recently been reported; C .  E. Young 
et al. (to be published). 

MEASUREMENT OF THE DENSITY 
AND VELOCITY DISTRIBUTION 
OF SPUTTERED Al ATOMS IN 

EBT-S BY LASER-INDUCED 
FLUORESCENCE 

E. ~ u l l n i '  J. B. Roberto 

The density and velocity dist.rihution of neutral 
Al atoms have been measured in the vicinity of the 
outer wall of the EBT-S fusion device by laser- 
induced fluorescence. EBT-S is a steady-state 
plasma experiment consisting of 24 mirror sections 
bent into a torus. Macroscopic erosion rates are 
observed where magnetic field lines intercept the 
Al vacuum vessel walls. The mechanism of this 
erosior~ lras been the subject of considerable specu- 
lation and is an important consideration in the 
design of the next generation EBT-P device. 
Laser-induced fluorescence2 provides dlrect infor- 
mation on the erosion process through measure- 
ments of the flux and velocity distribution of the 
eroded atoms. 

The experimental setup is shown in Fig. 2.23. A 
flashlamp-pumped frequency-doubled dye laser was 
tuned to the resonance transition of Al a t  308.2 
nm. The laser-induced fluorescence was detected 
using a photomultiplier and lens system which opti- 
cally intercepted the laser beam 5 cm in front of a 
cavity wall in EBT-S. An Al plate partially 
covered the access port at  the wall position to 
simulate a continuous wall. Wavelength scanning 
the dye laser at  narrow linewidth (-1 1 mA) 
allowed measurements of the Doppler-broadened 
profile of the Al line with a valu~ily ~tsolution of 
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Fig. 2.23. Experimental setup for laser fluorescence 
measurements in EBT-S. 

-lo4 cm/s (-0.1 eV). Plasma parameters for 
these measurements were: 100-kW microwave 
power a t  2.8 GHz, B(0) = 1.4 T, ne(0) = 1.0. X 
1 0 ' ~ / c m ~ ,  Te(0) = 400 eV, and Ti(0) = 20- 
40 eV. 

The Doppler-broadened absorption profile for Al 
is shown in Fig. 2.24. The integral of this profile 
corresponds to a neutral A1 density of 6.5 X lo7 
atoms/cm3. The maximum in the distribution is 

- 

- 

--f -- - BACKGROUND LEVEL FROM ! 8 =  3.4 x 105cm,ri - 
SCATTERED LASER LIGHT I 1,6eV I 

! I 

0 I I I I I I  I 
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Fig. 2.24. Velocity distribution for neutral Al perpen- 
dicular to and 5 cm from an outer cavity wall in EBT-S. 
Atoms moving away from the wall show a negative ve- 
I . . '  u u t y  shift. 



shifted to the left indicating atoms moving away 
from the wall. The small peak on the right side of 
the distribution corresponds to atoms originating at 
the mirror throats which would have an opposite 
velocity component at the detection volume. The 
mean energy of the Al atoms released from the 
wall is 1.6 eV with a Doppler width of 2.5 eV. 
These energies are typical of sputtering distribu- 
tions and are much higher than energies expected 
for other release mechanisms such as arcing or 
evaporation. Efforts are currently under way to 
identify the source of the sputtering by measuring 
Al densities as a function of H vs D operation. 
Measurements as a function of plasma parameters 
and along the laser beam at different distances 
from the wall are also planned. 

1. Guest scientist from Ruhr-Universitaet, Bochum, 
Federal Republic of Germany. 

2. E. Hintz, J. Nucl. Muter. 93/94, 86 (1980). 

NEUTRAL ATOM IMAGING IN 
EBT USING A PINHOLE CAMERA 

R. A. Zuhr R. K. ~ i cha rds l  

Initial exposures have been made using a pinhole 
camera to image the neutral atom distribution 
coming from the plasma in a sector of the ELMO 
Bumpy Torus Scale (EBT-S) fusion device. EBT-S 
is a microwave-heated steady-state plasma experi- 
ment consisting of a series of magnetic mirrors 
arranged end to end in a toroidal configuration. 
The angular distribution of neutral impurities and 
H isotopes gives information on impurity sources 
and mechanisms, particle transport, and charge 
exchange processes. 

The camera consisted of a 0.76-mm pinhole 
located 7.5 cm outside the plasma-wall interface on 
the centerline of the cavity. C and Si deposition 
samples were placed 12.7 cm behind the pinhole to 
collect neutral plasma and impurity atoms. After 
exposure, the samples were removed and analyzed 
using Rutherford ion backscattering for impurity 
detection and nuclear reaction analysis with the 
D ( ~ H ~ ,  p ) 4 ~ e  reaction for D detection. 

Initial impurity results show the presence of C, 
0 ,  and Si. It is surprising that Si, which is present 
in  EBT-S in very small quantities, is observed, 
while Al, from which the vacuum vessel is con- 
structed, is not. The most likely source of the Si 
appears to be Si-greased O-ring seals. These seals 
can be heated to the point of failure by the 

microwave radiation, if they are not perfectly 
shielded. The absence of Al, which is known to be 
transported in  substantial quantities in EBT-S, can 
be explained if it is present in ionized form, since 
the camera is sensitive only to neutral particles. 

Geometric data have been taken in a horizontal 
plane that cuts through the centerline of the torus. 
Such data represent the neutral density, integrated 
along chords through the plasma, as a function of 
position in  the cavity. The geometry is such that 
observations can be made from the narrow region 
or throat where the coils are located on one end of 
the cavity to the same location on the other end. It 
has been proposed that these narrow throats would 
be regions of high neutral density because of the 
charge exchange that takes place at such surfaces. 
This idea is supported by our initial results, which 
show increased neutral deposition (-50%) of both 
D and impurities from each of the throat regions. 

A more thorough analysis of the data will 
require modeling of electron and ion densities and 
temperatures so that the integrated effects of neu- 
tralization and ionization along the chords can be 
calculated. For the present, the initial results show 
promise for using deposition probe techniques to 
take "pictures" of neutral distributions in the 
EBT-S plasma. 

I .  Fusion Energy Division, ORNL. 

ION-SOLID INTERACTIONS 

ION IMPLANTATION 
AND ANNEALING OF 

cr-A1203 CRYSTALS 

H. ~ a r a m o t o l  J. M. Williams 
C. W. White C. J. ~ c ~ a r ~ u e ~  

B. R. Appleton 

I t  is well known that ion implantation can alter 
the physical properties of the near-surface region 
of semiconductors and metals in a controlled 
manner. We have applied this technique to alter 
the near-surface properties of insulating a-A1203 
crystals, which are expected to play an important 
role as high-temperature materials. During implan- 
tation foreign atoms are introduced into the matrix 
under nonequilibrium conditions, but this is accom- 
panied by displacement damage in the matrix, 



which is especially sensitive for insulating systems. 
There may be strong interactions between 
implanted species and induced defects. For our 
experiments, Cr ions were used as the implanted 
species, because Cr exhibits total solubility under 
equilibrium conditions3 in A1203. In addition, this 
combination is ideally suited for studies using 
Rutherford backscattering and ion channeling tech- 
niques. 

Prior to implantation, a-A1203 single crystals 
with a (0001) orientation were polished using dia- 
mond paste and then were annealed at 1200°C for 
five days in  air to remove polishing damage. In this 
state these crystals exhibited excellent channeling 
bchavior [xmin (Al) - 1.8'3~1 indicating that the 
annealing procedure was very effective in removing 
polishing damage. Crystals were then implanted 
with 52Cr (300 keV) to doses up to 1 0 ' ~ / c m ~ .  Ion- 
scattcring/channeling measurements were used to 
determine the depth distribution of damage in the 
crystal and the total and substitutional concentra- 
tions of Cr. Comparisons were made for the as- 
implanted crystals before and after thermal anneal- 
ing at 800, 1000, 1200, and 1300°C (for 1 h in 
air). Part of each crystal was masked during 
implantation, and channeling spectra from the vir- 
gin region were taken at each stage of annealing to 
ascertain that no significant physical change 
occurred in the virgin material. Mechanical proper- 
ties such as fracture toughness and indentation 
hardness were evaluated at each stage of modifica- 
tion and annealing to determine the effect of 
implantation on the fundamental physical prop- 
erties. 

Figure 2.25 shows backscattered errergy spectra 
flurll u-A1203 single crystals implanted with 5 2 ~ r  
(300 keV) to a dose of 1 0 ' ~ / c m ~ .  The random 
spectrum was taken in the implanted region, and 
(0001) aligned spectra were taken from both the 
implanted and virgin regions. The random spec- 
trum shows a noticeable deficiency of A1 in the Al 
sublattice after Cr implantation. No similar defi- 
ciency is discer~lible in the 0 sublattice, Following 
implantation, the (0001) aligned spectra show that 
t l~e  Al and 0 surface peaks have increased in 
intensity but have the same FWHM as do those 
from the virgin region. This shows that surface 
damage remains after implantation within the 
depth (energy) resolution of the detector (-200 
A). The (0001) aligned spectra from the 
implanted region show that implantation caused 
considerable damage in the near-surface region of 
both the A1 and 0 sublattices, but it is significant 
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Fig. 2.25. 2-MeV 4He backscattering spectra for 
a-A1203 crystals implanted with 52Cr (300 keV, 1 X lo1' 

that no region was turned completely amorphous 
by the implantation of 10" ions/cm2. (The aligned 
spectra do not reach the random value.) For semi- 
conductors such as Si, implantation of - 1 0 ' ~  
atoms/cm2 would have turned the entire near- 
surface region completely amorphous. The damage 
distributions for both the A1 and 0 sublattice show 
a peak near the end of range for Cr, but the near- 
surface region is relatively undamaged. Just behind 
the surface peak, the xmin value in the implanted 
crystal is -8% in the A1 sublattice, compared with 
1.8% in  the virgin crystal. Finally, comparison of 
the aligned and random spectra associated with 
scattering from the implanted Cr shows that a part 
of the implanted Cr atoms were incorporated into 
substitutional lattice sites during implantation, also 
suggesting that considerable reordering occurs dur- 
ing implantation. 

Figure 2.26 shows the annealing behavior of thc 
Cr-implanted a-A1203 crystal (300 keV, I X lOI7 



ORNL-DWG 01-19750 

'04 4 

c o o I  I I I I I I I I 
0 4  0.6 0.8 1.0 1.2 1.4 1.6 

ENERGY (MeV)  

Annealing 5 2 ~ r  ( 300 keV, f x  1 0 ~ 7 / c r n ~ )  Implanted a-AI2O3 

Fig. 2.26. 2-MeV 4He backscattering spectra for 
a-Al2o3 crystal implanted with "Cr (300 keV, 1 X 
10" and annealed at 800°C and 1300°C in air. 

~ m - ~ ) .  Spectra are shown after annealing at 
800°C and 1300°C. The random spectra in the A1 
and 0 matrices are the same at each annealing 
stage, and the data points are omitted. As seen by 
comparison with the spectrum in Fig. 2.25, a selec- 
tive annealing occurs in the A1 matrix without sig- 
nificant change of Cr substitutionality after anneal- 
ing at 800°C. This may be due to the higher 
mobility of A1 atoms in the a-A1203 crystal. 
Annealing at 1200°C causes a big change in the 
substitutionality of the implanted Cr atoms accom- 
panied by substantial recovery in both the Al and 
0 sublattices. Results obtained after annealing at 
1300°C are also indicated in Fig. 2.26. The (0001 ) 
aligned spectrum shows that substantial annealing 
of damage has been achieved, but some defects still 
remain in the implanted region. In addition, the 
implanted Cr atoms have undergone some 
redistribution in depth as a result of the 1300°C 

annealing. After this annealing, Cr is highly sub- 
stitutional (>90%), and the substitutionality is 
highest in  the near-surface region. 

After every thermal annealing, measurements 
were done on the fracture toughness and the hard- 
ness. The former, which is one measure of the re- 
sidual stress at the surface, was evaluated from 
indentation-induced cracking, assuming an isotropi- 
cally elastic body. These measurements show that 
residual stress saturates after the implantation for 
doses in  excess of 1 X 1016 cm-2 and recovers to 
the values of the virgin crystal after thermal 
annealing. From the microhardness and channeling 
measurements, it is clear that the hardness 
decreases as the Cr implantation damage anneals, 
and after annealing at 1200°C, the hardness in 
the implanted specimen is equal to that in 
AI2O3-Cr203 alloys with the corresponding Cr con- 
centration which are grown through the melting 
~ r o c e s s . ~  

The microscopic structure analysis by ion 
scattering and the subsequent evaluation of 
mechanical properties show that AI2O3-Cr203 
alloys can be obtained by thermal annealing after 
Cr implantation. Measurements are in progress to 
determine the exact location of incorporated Cr 
atoms using a- and c-axes crystals. This work is 
being extended also through the implantation of 
other species such as Ti, Ge, and Zr, because these 
species do not exhibit complete solid solubility at 
AI2Oj, Them oarly results are eacour.aging indica- 
tions that one can tailor the mechanical properties 
of these surfaces by such sclective implants. 

I .  Guest scientist from Japan Atomic Energy 
Research Institute, Tokai-mura, Japan. 
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3. R. C. Bradt, J. Am. Ceram. Soc. 50, 54 (1967).  
4. C. J. McHargue et a]., Proceedings of International 

Conference on the Science of Hard Materials, to be pub- 
lished. 

A STUDY OF NEW ION-SCATTERING 
EFFECTS IN SOLIDS 

0 .  W. Holland B. R. Appleton 
J. H. Barrett 

The yields of energetic ions scattered from the 
near surface of amorphous solids have been shown 
to be enhanced in a 'small angular range about 
180" by more than 2.5 times that expected for 
elastically scattered ions.'-3 It has been demon- 



strated that correlations between an ion's incoming 
and outgoing (after backscattering) paths in the 
solid due.to trajectory reversibility can account for 
the enhanced scattering yields.4-6 A detailed study 
of the ion and target dependencies of this effect 
has been made and compared with results of com- 
puter simulations. Also, the manifestations of the 
effect in  single crystals under both channeling and 
nonchanneling conditions werc cxplored. These 
studies in  single crystals not only add to the 
understanding of this new ion-scattering effect 
but also are critical to the understanding and 
proper interpretation of uniaxial double-alignment 
(UADA) channeling experiments. 

The effect can be characterized by its depen- 
dency upon scattering depth in the solid as well as 
the angular extent over which it persists. Measure- 
ments were accomplished using an array of planar, 
solid -,state detectors which recorded, at various 
scattering angles near 180°, energy spectra of ions 
backscattered from the solid. The detector array 
was able to probe the scattered ion flux to within 
$ = 0.082" of 180" with .an angular acceptance 
less than 0.1". The results of such measurements 
are shown in Fig. 2.27 for 1.0-MeV 4 ~ e +  ions 
incident upon polycrystalline Pt. The maximum 
yield enhancement for a given scattering angle $ 
(measured from 180") is seen to decrease rapidly 
as $ increases. Also, Fig. 2.27(b) shows that the 
enhanced yield for a fixed scattering angle $ = 

0.082" increases rapidly from the surface to a 
maximum, after which it decreases to zero at a 
somewhat slower rate. Similar results were 
obtained from a variety of elemental targets with 
differing atomic numbers and densities probed with 
both protons and helium ions nf energies from 0.5 
to 1.5 MeV. As ion and target parameters were 

Fig. 2.27. Comparison of computer simulation results 
with experimental results for 1.0-MeV He on Pt. 

changed such that the average scattering of an ion 
over a unit path length in the solid increased, the 
extent of the angular distribution narrowed, and 
the scattering depth over which the enhancement 
was observed persisted to greater depths. 

An invaluable aid in the understanding of the 
effect has been the use of computer simulation of 
the ion-solid interaction. When the interaction was 
modeled such that trajectory reversibility was 
allowed, the calculated scattering yields were in 
excellent agreement with those measured, as can be 
seen in  Fig. 2.27. A detailed discussion of the com- 
puter model can be found in ref. 3. Additionally, 
simulations showed that the excess yield near 180" 
was compensated by a yield deficiency and that 
two nuclear recoil effects (the recoil of lattice 
atoms impacted by the incident ion and the energy 
loss of the ion during backscattering) can have a 
significant influence upon the effect. 

Two aspects of the new ion-scattering effect as 
manifested in single crystals were investigated. 
Both have impact upon the interpretation of the 
results of UADA measurements. Unlike single 
alignment, in  which the crystal is aligned with the 
incident beam, the detector is additionally aligned 
in the double-alignment geometry so that only scat- 
tered ions that leave the crystal along a major 
crystallographic direction are detected. The UADA 
is unique among the double-alignment geometries 
in  that the detector is positioned essentially at 180" 
so that both it and the incident beam are aligned 
along the same crystal axis. Previously, it was 
expected that the yield of scattered ions from the 
surface layers of a single crystal, those which 
comprise the characteristic surface peak in the 
aligned spectra, would be smaller in double align- 
ment than In s~ngle. This is because the scalle~~ecl 
ions in  the double-alignment geometry would be 
blocked from the detector by the crystal rows. 
Measurements of the Au(100) single-crystal sur- 
face have shown that this is indeed the case for a 
90" double-alignment measurement where the 
beam was incident along [I101 and the detector 
was aligned along [ 1 101. The measured surface 
yield in  this case was 2.26 atoms/row, a reduction 
of' about 15% from that measured in  single align- 
ment. I f  trajectory reversibility effects did not 
exist, about the same yield reduction would be 
expected for the UADA. Instead, the surface yield 
shows an enhancement of 45% to 3.77 atoms/row. 
This surface-yield enhancement occurs because tra- 
jectory reversibility causes ions scattered from sub- 



surface atoms to have an enhanced probability of 
being detected. This raises the possibility that the 
UADA geometry could increase sensitivity in the 
use of positive ion scattering as a tool in surface 
studies. 

The second effect involves random reference 
spectra measured from single-crystal targets in  the 
UADA geometry. It is well known that in  a 
single-alignment scattering geometry, the yield 
from a continuously rotated single crystal closely 
approximates that of an amorphous solid. This is 
an important result since most channeling data 
require normalization to a random yield. However, 
in UADA such normalization is made difficult 
because of the enhancement effect. An additional 
complication in the UADA geometry was identi- 
fied when the yield from a rotated crystal was 
found to differ from that of an amorphous sample. 
The results of measurements made on an amor- 
phous Ge target and a Ge single crystal are shown 
in  Fig. 2.28 and clearly demonstrate that the 
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Fig. 2.28. Measured scattering yields for 0.6-MeV He 
ions on amorphous and rotating single-crystal Ge targets. 

rotating crystal procedure leads to a larger yield 
enhancement which persists to greater depths. This 
additional enhancement, which arises because of 
the collective reflections near low-index directions, 
raises a number of concerns about double- 
alignment measurements and their normalization. 
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COMBINED ANALYTICAL METHODS IN THE 
ANALYSIS OF Cr-IMPLANTED G a ~ s '  

0. W. Holland J. Narayan 
B. R. Appleton P. P. pronko2 

The behavior of Cr-implanted GaAs was investi- 
gated using a combination of analytical techniques. 
These included transmission electron microscopy 
( T E M )  for analysis of the residual defects in 
implanted layers after annealing and ion scattering 
for both defect analysis and location of the 
implanted impurity in the lattice. A major aspect 
of this study was the use of MeV proton-induced 
x-ray excitation (PIXE) in determining the Cr lat- 
tice site. Normally, an analysis of the energy spec- 
tra of ions backscattered from the sample under 
both channeling and nonchanneling conditions is 
used in this determination. However, backscatter- 
ing techniques are sensitive only to heavy impuri- 
ties in light substrates and, therefore, were not 
suitable for the present work. The distinct separa- 
tion of the Cr characteristic x rays from those of 
the lattice, as seen in Fig. 2.29, makes possible lat- 
tice location studies in this material through the 
analysis of x-ray spectra that would otherwise be 
impossible by other ion-scattering techniques. 

GaAs( 100) specimens were room-temperature 
implanted at 120 keV to doses of 1 X lo", 5 X 
l0IS, and 5 X 1 0 ' ~  ions ~ m - ~ .  These samples were 
capped with a 0.08-pm plasma deposited Si3N4 
film and annealed in flowing N2 at 900°C for 15 
min. The caps were removed in H F  acid before 
analysis with a 1.0-MeV proton beam. Backscat- 
tered proton energy spectra were acquired simul- 
taneously with the x-ray spectra so that the 
recovery of the damage in  the implanted layer 
after annealing could be studied. Companion sam- 
ples were examined by TEM. 

The ( 110) aligned, backscattering spectra from 
the two lower dose implants indicated that a nearly 
damage-free epitaxial regrowth of the implanted 
layer had occurred during thermal annealir~g. This 
was evidenced by minimum yields in the near sur- 
face that were essentially identical to those 
obtained from virgin crystals. Beyond the 
near-surface region, the dechanneling rate in  both 
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Fig. 2.29. Characteristic x-ray spectra excited by 1.0-MeV H incident on (110) aligned and randomly oriented Cr- 
implanted GaAs(100). 

spectra were only slightly higher than in virgin 
crystals, indicating the possible presence of some 
small number of extended defects. This conclusion 
was corroborated by the TEM results which 
showed a low density of large dislocation loops. 
Also, Cr  precipitates were observed in the micro- 
graphs for the 5 X 10" cm-* implanted sample, 
while none were evident in the lowest dose sample. 
I n  the high dose 5 X 1016 cm-* implanted sample, 
thc micrographs showed massive C r  precipitates 
mainly associated with the dislocations in the lat- 
tice. The lattice was I~ighly strained and even con- 
tained some polycrystalline, stroctore. This agreed 
well with the backscattering results on this sample, 
which showed very high minimum yields for the 
aligned spectrum as well as large dechanneling 
rates. 

The spectrum of characteristic x rays from the 5 
X 1016 cm-* implanted crystal aligned along the 
(1 10) axis is compared in Fig. 2.29 to that from 
the randomly oriented crystal. The ratio of aligned 
yield to random for the Ga and AS K, x rays is 
approximately 0.54, which is somewhat higher than 
the virgin ratio of 0.32 and reflects the large 
amount of residual damage in the implanted layer 
after annealing. It is clear that there is no reduc- 
tion in the C r  characteristic x rays. Similar 
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behavior for the two lower dose samples was 
observed. This indicates that little or no Cr  was in 
substitutional sites in the samples. ~ddi t ional ly ,  
detailed engular scans across the (110) channel 
were taken for the 5 X l0I5 and 5 X 1016 cm-* 
implanted crystals. The angular scan in the sample 
implanted with 5 X 1 0 ' ~  cm-2 showed a uniform 
distribution of the Cr  x-ray yield as expected from 
the precipitated nature of the Cr  in this sample. 
However, the structure in the angular scan of the 
lower dose sample, as seen in Fig. 2.30, suggests 
that, while some of the Cr  had been precipitated, 
an interstitial site may have been occupied. This is 
evidenced by the peaking of the yield along the 
channel center. 

Cr  is an amphoteric impurity in GaAs and is 
introduced during growth to compensate both 
native donor and acceptor impurities and to render 
GaAs semi-insulating via its deep acceptor levels. 
Although it is clear from the results that little or 
no Cr  was incorporated into the GaAs lattice by 
the present techniques, such studies are of techno- 
logical importance, because not only could C r  be 
implanted into GaAs to tailor the resistivity selec- 
tively, but also to compensate donor and acceptor 
profiles at selected depths. The combination of the 
analytical techniques used for the lattice location 
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Fig. 2.30. Comparison of the yields of Cr x rays and 
backscattered ions from the GaAs lattice in an angular 
scan across the ( 110) axis in Cr-implanted GaAs(100). 

studies and defect analysis was demonstrated to be 
a viable method to deduce the role of impurities in 
GaAs. 

I .  S u ~ i i ~ ~ ~ a r y  of paper to be published. 
2. Ur~iversal Energy Systems, Dayton, Ohlo. 

DEFECTS AND LIMITS OF SOLID 
SOLUBILITY IN SPE-GROWN 

~ b + -  AND In+-IMPLANTED s i l  

J. Narayan 0. W. Holland 

Ion implantation in semiconductors at relatively 
high doses frequently leads to the formation of 
amorphous layers. The implanted impurities 
(dopants) do not occupy regular lattice sites and, 
therefore, are electrically inactive. It is possible to 
grow defect-free layers epitaxially by either heating 
the implanted specimen in a furnace (temperature 
range 450-650°C) or by using cw lasers or elec- 
tron beams (temperature range 650-1400°C). Dur- 
ing SPE growth where underlying substrates act as 
a seed for crystal growth, the concentrations of 
dopants in substitutional sites (electrically active) 
and the residual damage in the implanted region 
are of particular interest. Pioneering work by 

Csepregi et al.,2 using ion backscattering and chan- 
neling techniques, showed that amorphous layers 
on (100) and (1 10) substrates grew (in the tem- 
perature range 450-600°C) into rairly defect-free 
layers, whereas significant amounts of damage 
remained in the case of ( 1 1 1) substrates. There 
was also some evidence for exceeding the solubility 
limits after furnace annealing below about 600°C.' 
However, the previous studies relied primarily on 
ion backscattering and channeling techniques, 
which provide detailed information about the lat- 
tice location and dopant concentration of impuri- 
ties but are less sensitive to the nature of residual 
damage in the crystals. In the absence of detailed 
information on the residual damage in the above 
studies, there was always a question of whether the 
solubility limits were enhanced by the presence of 
defects. In the present study, we have combined ion 
backscattering and channeling techniques with 
TEM (both plan-view and cross-section) tech- 
niques. The TEM techniques are extremely useful 
for analysis of the nature of residual damage and 
for accurate determinations of thicknesses of 
regrown and amorphous layers. Lattice locations 
and concentrations of dopants as a function of 
depth can be determined from aligned axial chan- 
neling spectra and from detailed angular scans 
across axial directions. The combination of these 
analysis techniques has provided a much better 
understanding of the details of SPE growth, includ- 
ing the limits of solid solubility, the nature of 
defects, and the interfacial accumulation and redis- 
tribution of impurities. 

Si single crystals (having (100) and (1 11) 
orientations, 2-6 Q-cm resistivity, -500 pm thick) 
were implanted with (200 keV) IZ1sb+ and (125 
keV) " ' ~ n +  ions with doses ranging from 1.0 X 
I C ) ' ~  to 5.0 X 1016 ~ m - ~ .  The implanted specimens 
were annealed in  a furnace under flowing dry 
nitrogen at constant temperatures (isothermally) 
which ranged from 475-600°C. All the specimens 
were studied by plan-view and cross-section TEM 
techniques using a Philips EM-400 analytical 
microscope. Companion specimens were analyzed 
by ion backscattering and channeling techniques. 

Figure 2.31 shows a typical example of cross- 
section micrographs from Sb-implanted specimens 
(dose = 4.4 X 10" ~ r n - ~ )  after annealing at 
525°C for various times. The as-implanted 
specimen contained an amorphous layer 158 nm 
thick, which was followed by a band of dislocation 
loops. During thermal annealing, the epitaxial 



Fig. 2.31. Cr- TEM microgrrrpbs for Sb+-lmp&nted (100) Si (208 keV, 4.4 X 10'~ cm-3 .wrkd at 
52S°C for 5,10,15, Pnd 20 min. I 

growth sfarted with the-substrate acting as a seed 
for the crystal growth, and the underlying 
d'isJoczltion-loop structure remained largely uniaf- 
fected at these low temwatures. From the 
thicknesses of regrown layers as a function of time 
at 525"C, it was found that the growth rates 
varied from 0.05 eo 0.23 nm s-I, being propar- 
tional to the implanted dopant concentration. The 
effect of the underlying dislocation band was 
clearly observable in the channeling spectra. Direct 
large-angle scattering from the dcfwb produced a 
peak in the scattering yield at a depth that was 
consistent with location of the dislocation band as 
delmiind ~ I U I I I  the cross-section micrographs. 
The experiments done using detailed angular aroans -2.32. &b@&hd1JBBtd-tbrdSb 

8s a functb of dep&fPr (8) 4.4 x lof$ @) 0s X to1(, showed that greater than WB of the implanted Sb yl 1@6 st- - .(br 

in SPE grown layers was in the substitutional sites. 5 f S D c  
The substitutional and total concentrations of Sb 
as a function of depth are plotted in Fig. 2.32 
showing a complete incorporation of Sb in substitu- 
tional sites for 4.4 X 1015 and 0.9 X lor6 cm'2 
specimens. For higher dose implants of 2.9 X 10'' 
~ r n - ~ ,  the SPE growth occurred only to about 86 
nm above the dislocation band (120 nm from the 
surface). Further growth in these specimens did 
not occur even after 17 h of annealing at 525*C, 
and at higher temperatures the region became 
polycrystalline. Nearly complete incorporation of 
Sb occurred in the regrown layer. The substitu- 
- h a 1  concentration of Sb near the interface was 

1.3 X lo2' cm-', which was found to be the max- 
imum substitutional whcentration under SPE 
growth conditions at any temperature below 
600°C. The maximum substitutional concentration 
in the case of In-doped Si was found to be 5.0 X 
lot9 em-'. These conantrations in StSb and Si-In 
systems exceed the respective rettogrrtde solubiiity 
maxima by factors of 18 and 60, In the case of the 
Si-In system, substantial redistribution and prteipi- 
tation of In occurred during SPE growth, whereas 
for the Si-Sb system the as-implanted distribution 



was retained after SPE growth. After subsequent 
heating, most of the dopants in excess of solubility 
limits precipitate out (after 1000°C/30 min 
annealing), but the metastability is not easily des- 
troyed (e.g., after 800°C/30 min annealing of the 
0.9 X 1015 cm-2 specimen, the substitutional con- 
centration of Sb was 4.0 X l p  ~ m - ~ ,  which is 
five times its retrograde maximum). In conclusion, 
by SPE growth, it is possible to form metastable 
solid solutions in the absence of any defects, and 
there seems to be a maximum in the substitutional 
dopant concentration for each system under SPE 
growth conditions. 

I .  Summary of paper to be published. 
2. L. Csepregi et al., J. Appl. Phys. 49, 3906 (1978). 
3. P. Blood, W. L. Brown, and G. L. Miller, J. Appl. 

Phys. 50, 173 ( 1979). 

ENHANCED DIFmrSION AND FORMATION 
OF DEFECT'S DURING THERMAL 

 OXIDATION^ 
J. Narayan B. R. Appleton 
J. Fletcher W. H. christie2 

Enhanced diffusion of dopants and the formation 
of defects during thermal oxidation of Si have been 
investigated using electron microscopy, RBS, and 
SIMS techniques. Enhanced diffusion of B was 
clearly demonstrated in laser-annealed specimens 
in which secondary defects were not present. In the 
presence of secondary defects, such as precipitates, 
enhanced diffusion of B was not observed. The 
absence of enhanced diffusion during thermal oxi- 
dation was also observed for As in S i  These stud- 
ies shed light on the mechanisms associated with 
thermal-oxidation enhanced diffusion. 

1. Summary of paper: p. 355 in Defcts in Semicon- 
ductors, ad. by J .  Narayan and T. Y. Tan, North Hol- 
land, New York, 1981. 

2. Analytical Chemistry Division, ORNL. 

PULSED-LASER ANNEALJNG 

SYNCHROTRON X-RAY DIFF'RACIION 
STUDY OF Si DURING PULSED-LASER 

ANNEALING' 

B. C. Larson T. S. Noggle 
C. W. White D. ~ i l l s ~  

Time-resolved x-ray diffraction measurements, 
with nanosecond resolution, have been carried out 
on Si during pulsed-laser annealing through the use 
of single pulses from the Cornell High Energy 
Synchrotron Source (CHESS). These real time 
measurements represent the first nanosecond reso- 
lution structural measurements to be performed 
using x rays and further represent the first real 
time measurements to probe below the surface of 
Si during the annealing process. These measure- 
ments provide direct information on the time dura- 
tion and depth distribution of near-surface lattice 
strains associated with laser annealing of Si and, 
when analyzed in terms of thermal expansion, pro- 
vide the first determination of the lattice tempera- 
tures below the crystal surface. 

In this study, we have made use of the extended 
Bragg scattering intensity3 that is found in the 
vicinity of Bragg reflections as a result of Bragg- 
like scattering from near-surface strains. This 
intensity has been measured in a time-resolved 
mode following -- 1.3- ~ / c m ~  ruby laser pulses. 
Figure 2.33 shows schematically the method 
employed. The nanosecond time resolution utilizes 
the pulsed nature of synchrotron radiation (-0.1 
ns pulse length, 2.5 ps between pulses) and the fact 
that there are enough photons in a single pulse 
(25,000 in the Al beam line at CHESS) to mea- 
sure x-ray reflectivities in the range 10~-10-~. 
Pulses from a Q-switched ruby laser (15 ns pulse 
width, X = 0.694 pm) were synchronized with the 
x-ray pulses using coincidence circuits and variable 
time delays. The time delay between each laser 
pulse and the probing x-ray pulse was determined 
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-nme#rrrrr! by iteratively varying the strain prsfile to obtain a 
fit to the x-ray data, as was done previously3 for 
the analysis of static strain scattering. Figure 2.34 
also includes data for a time of 195 ns. These data 
are similar to those at 100 as; however, they have 
a smaller angular shift from the Bragg angle. As 
shown in the lower inset, the analysis of these 
195-ns data indicates lower surface strain values 
than the 100-ns data but indicates somewhat 
higher strain values deeper into the crystal. 

Transforming these strains into lattice tempera- 
Fig. 2334 5eBeanutie rep-trtim * - tures through the use of temperature-dependent 

r e s d v e d x - r a y d f f l n e t h o n ~ t s c b l q P e .  thermal expansion coefficients and assuming one  
dimensional strains3 gives an equivalent tempera- 

directly to a precision d 5 ns with a storagrs wil- 
loscspe. A multichannel pulse height analyzer was 
gated to accept only the pulse from the NaI x-ray 
detector corresponding to the x rays scattering 
from the probing pulse. The actual number of pho- 
tons detected was determined by comparison with 
the pulse height generated by a single x ray, since 
all the photons detected from a single synchrdm 
burst are in coincidence. 

Figure 2.34 shows the tmmured lreReSiv&ks of 
pure Si near the (400) refleetian (100 as after 
laser p u l s i ~ )  as a funieaim d the dcvistim &I 
from the Bragg reflection angle for unstred~td % 
scattering out to A8 - - 1000 s is evident. The 
inset in Fig. 2.34 shows the strain distribution 
corresponding to the dashed tine fit to the mea- 
sured x-ray reflectivities. This fit was c& out 
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Fig. 2.34. Meamred x-ray scattering mar tbe (480) 
Bragg reflection of pure Si at 100 and 1% ns after laser 
pPlses. The dashed lines are fits to the data cotrespond- 
ing to the strain profiles in the insets. 

ture scale as shown on the right-hand side of the 
insets of Fig. 2.34. At 100 ni, surface temperatures 
of - 1 1 50°C are found, while at 195 ns the surface 
temperature was 750°C. 

These high temperatures are qualitatively in 
accord with the melting model of laser a n d i n g ,  
and these results are apparently incompatibie with 
experiments suggesting4 --3W°C lattice t emp*  
tures during laser processing; however, the time 
scale of the annealing process suggested by these 
results would appear somewhat shorter than antici- 
pated on the basis of published calculation&5 for 
fully crystalline samples. The question of actual 
surface meIting is addreseed elsewhere in this 
report.6 

I. Summary of paper to be published. 
2. Cornell University, Ithaca, N.Y. 
3. B. C. Larson and J. F. Barhorst, J. Appl. Php.  51, 

3181 (1980). 
4. H. W. Lo and A. Cornpaan, Phys. Rev. Lett. 44, 

1604 (1980). 
5. R. F. Wood and G. Giles, Phys. Rev. B 23, W23 

(1981). 
6. B, C. L a w n  et al., m N ~ r - S u r f ~  Structure of B- 

Implanted Si during Laser Anotating," this report. 

NEAR-SURFACE STRUCTURE OF 
&IMPLANTED Si DURING 
LASER ANNULlNG' 

B. C, L a r w  T. S Nnggle 
C. W. White D. &dills2 

Time-resolved synchrotron x-ray diffraction stud- 
ies have provided real-time measurements of 
near-surface temperatures in pulsed-1- annealed 
Si3 While these extended Bragg scamring mea- 
surements determine the temperature of the crystal 



lattice, they are not directly sensitive to melted or (Fig. 2.35) were measured as a function of time 
amorphous surface layers. This technique can be after laser pulsing. These data are shown in Fig. 
modified, however, to study surface melting by 2.36 in the form of the ratio RJRo. The lower sec- 
doping a thin surface layer with B. The lattice con- tion shows that the intensity at the cold peak posi- 
traction induced by substitutional B shifts the sur- 
face layer scattering to angles sufficiently different 
from substrate scattering that the surface layer can 
be monitored directly. In this experiment, synchro- 

3 0  
tron x-ray pulses from CHESS have been used to 
carry out such a time-resolved study of the near- 
surface structure of B-implanted Si during pulsed- 9 2 . 0  

laser annealing. Si samples implanted with 2.5 X 2 
1 0 ' ~  ~ / c m ~  were chosen for this study, and ruby 4.0 
laser pulses with energy densities of -1.3 ~ l c m '  
and time durations of 15 ns were used. The mea- 

0 
surements were carried out as described elsewhere3 2.0 
in this report. 

Figure 2.35 shows the scattering [near the (400) o 

reflection] from the Bdoped layer measured with 
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time interval between 40 and 60 ns after the laser 
pulse. The recovery d the scattering in the shifted 

Fig. U S ,  --shift of the w c t e d  d m  peak region is more rapid than that observed for 
layer scattering 100 ns after hser pulses. the intensity in the cold peak region, and the inten- 

sity (ratio) in the shifted peak region actually 
increases to a level of twice the intensity present 

no laser pulsing (Ro)  and the scattering measured before laser pulsing. This extra intensity is a result 
100 ns after laser pulsing (RL). The presence of of the doped layer scattering shifting to this region, 
scattering from the &doped layer at 100 ns after of course, and this intensity subsides as the surface 
the laser pulse indicates that part (or all) of the layer cools. 
B-doped layer was crystalline; however, the 1040-s These results are interpreted in terms of initial 
angular shift in the scattering indicates the average heating of the near-surface region (removing the 
temperature of the B-doped layer (-0.3 am) to be intensity in the cold region), melting of the entire 
--1100°C at this time. This temperature rise is B-doped layer by 50 ns (removing all intensity 
consistent with, and perhaps even exceeds, the associated with the Bdoped layer), rapid resolidifi- 
average temperature observed3 in the pure Si cation of the doped layer (restoring intensity in the 
measurements. In order to follow the time evolu- heated peak region), and finally a cooliiag of the 
tion of the scattering from this layer more closely, near-surface region (returning the intensities to the 
the scattering intensities in the cold peak (2300 s) cold measurement values). These measurements 
region and in the shifted peak (600-1 100 s) region support laser annealing models involving high tem- 
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Fig. 2.36. Time evohthn of tbe scattering ratio from 
the B-cmtracted layer with (RL) a d  witlumt (Ro) laser 
pulses. See Fig. 2.35 for siBnifsance of angular pitims. 

tion disappears immediately after laser pulsing and 
returns gradually after >5M ns On the other 
hand, the scattering at the shifted peak position 
appears to be unchanged for a few nanoseconds 
after the laser pulse and then vanishes during the 



peratures and near-surface melting, but more 
importantly they provide a basis for detailed real- 
time studies of the transient phenomena involved in 
the laser annealing process. 

I .  Summary of paper to be published. 
2. Cornell University, Ithaca. N.Y. 
3. B. C. Larson et al., "Synchrotron X-ray Diffraction 

Study of Si during Pulsed-Laser Annealing," this report. 

FACTORS LIMITING S U r n O T I O N A L  
SOLUBILITIES ACHIEVED BY LASER 
ANNEALING OF ION-IMPLANTED 8' 

C. W. White H. ~ a r a m o t o ~  
J. Narayan J. M. Williams 
B. R. Appleton S. R. Wilson3 

Supersaturated alloys of Group 111 and Group V 
s p i e s  in Si can be readily formed by laser anneal- 
ing of ion-implanted ~ i . ~  Measured maximum sub- 
stitutional concentrations following laser annealing 
exceed equilibrium solubility limits by almost three 
ordets of magnitude in some cases. However, there 
is a maximum substitutional solubility which can 
be a~hieve8 for a given regrowth velocity, and 
knowledge of the mechanisms limiting the solubili- 
ties which can be achieved by laser annealing is an 
important consideration for this high-speed non- 
equilibrium crystal growth pmccss. 

The maximum substitutional solubilities which 
can be achieved by pulsed-laser annealing appear 
to be timited by t h m  mechanisms. The first of 
these, which is related to the materials properties 
of the implanted region, is lattice strain. When B is 
incorporated substitutionally in the Si lattice dur- 
ing pulsed-laser annealing, the lauice u~~dergoes a 
one-dimensional contraction in the implanted 
region in a direction normal to the surface: 
because the covalent bonding radius of B is signifi- 
cantly smaller than that of the Si atom it replaces. 
The magnitude of the contraction is proportional to 
the local B concentration. Contraction gives rise to 
strain in the implanted region, and when the strain 
e x d s  the fracture strength of Si (-4 at. 96 B in 
Si), cracks will develop in the near-surface region. 
To incorporate more B substitutionally in the Si 
lattice by laser annealing, it would be necessary to 
incorporate a dopant which is known to give rise to 
lattice expansion. Possible candidates include Ga, 
In, Bi, or Sb. 

A second mtxlranism which limits substitutional 
solubility achieved by laser annealing is an interfa- 

cial instability which develops during regrowth and 
leads to lateral segregation of the rejected dopant 
and to the formation of a well-defied cell struc- 
ture in the near-surface Figure 2.37 
shows both concentration profiles and TEM micro- 
graphs for a (100) Si crystal implanted by '151n 
(125 keV, 1.3 X 1016/cm2) and laser annealed. 
From the total and substitutional concentration 
profiles (measured by ion scattering/channeling 
techniques) up to concentrations of -1.2-2.0 X 
1 0 ~ ~ / c m ~ ,  almost all of the In is substitutional. 
However, in the near-surface region where the 
total concentration extends to - ~d'/cm', the 
substitutional component stays relatively flat at - 1.5 X 1 0 ~ ~ / c m ~ .  Results from TEM in Fig. 2.37 
show that the microstructures in the near-surface 
region consist of the epitaxial columns of Si 
(average diameter -450 A), surrounded by thin 
cell walls -50 A thick. The electron diffraction 
pattern obtained from the nearaurface region 
shows the presence of weak extra spots which arise 
from crystalline In in the cell walls, thus demon- 
strating nucleation of the second phase during laser 
annealing. Plan-view TEM results (not shown) 
indicate that the cell walls penetrate to a depth of - 1200 A, in good agreement with the concentra- 
tion profile results which show that the nonsubsti- 
tutional In is confined to a depth of -1200 A. The 
substitutional In in the near-surface region is 
trapped in the interior of the epitaxial cdumns of 
Si. The limiting concentration which can be 
trapped in the columns depends on the growth 
velocity and not on the implanted dose. If a higher 
dose had been used than that in Fig. 2.37, the 
same limiting substitutional concentration would 
havc been incorporated intn the epitaxial Si 
columns, but the cell walls would have penetrated 
to a greater depth. 

In addition to the limitations on substitutional 
solubility imposed by lattice strain and by interfa- 
cial instability during regrowth, there are predicted 
thermodynamic limits to solute trapping in ~ i . '  
Basic ideas underlying these predictions are illus- 
trated schematically in Fig. 2.38. On a plot of the 
Gibbs free energy vs composition at fixed tempera- 
ture, the solidus and liquidus lines intersect at one 
point, which is the upper limit for the solid compo- 
sition that can be formed from the liquid at any 
composition. Plotting the locus of these points at 
different temperatures on the equilibrium phase 
diagram defines the To curve, which is the max- 
imum solid composition that can be formed from 
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Fig. 2.37. Profdes (left) and microstructure (right) for "51n (125 keV, 1.3 X 1016/cmz) in (110) Si after laser 
annealing. 
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Fig. 2.38. Representation of the method used to deter- 
mine the thermodynamic limit to solute trapping. 

the liquid at any temperature even at infinite 
growth velocity. The To curve thus defines the 
thermodynamic limit to diffusionless solidification. 
For retrograde systems, thermodynamic argu- 
ments7 can be used to obtain a simple estimate 
for the maximum composition cf. on the To curve. 
This maximum composition on the To curve is the 
liquidus composition on the equilibrium phase 
diagram at the retrograde temperature. 

predictions7 of C: for five dopants in Si are 
listed in Table 2.5 and are compared with mea- 
surements of maximum substitutional solubilities 

obtained at a growth velocity of 4.5 m/s. 
(The equilibrium solubility limits are also indi- 
cated in Table 2.5.) Dopants for which the interfa- 



Table 2.5. Comparison of equilibrium (c:) and laser annealing 
( C y x )  solubility limits with predicted thermodynamic 

limits (c:) to solute trapping in Si 

Dopant c," C,max"(v = 4.5 m/s) c," 
( c ~ n - ~ )  ( ~ r n - ~ )  

"Values for CFSX were determined at a growth velocity of 
4.5 m/s. 

cia1 dislributioll coefficient k' is vcry near to unity 
(As and Sb) have measured solubilities which are 
very close to predicted thermodynamic limits. 
Dopants with relatively lower values for k' (Ga, 
In) have measured solubilities somewhat lower 
than predictions but are still within an order of 
magnitude of thermodynamic limits. Results for 
Ga, In, Bi, and Sb  are still limited by interfacial 
instability during regrowth.8 For the case of As in 
Si, the value Tor k' is -1.0, which implies that the 
liquidus and solidus line on the phase diagram are 
coincident (i.e., the To limit). Consequently the 
thermodynamic limit for the incorporation of As in 
Si may have been reached. The fact that the mea- 
sured value for C, exceeds the predicted thermo- 
dynamic limit is probably due to uncertainties on 
the equilibrium phase diagram from which the 
predictions were made. 

I .  Summary of paper: p. 59 in Laser ~ n c l  Eltcc./ta~sr~- 
Beam Solid Inferactions and Marerials Processing, ed. 
by J. F. Gibbons, L. D. Hess, and T .  W. Sigmon, 
North Holland, New York, 1981. 

2. Guest scientist from Japan Atomic Energy 
~ e s e a r c h  Institute, Tokni-mum, Japan. 

3 .  Motorola, Inc., Phoenix, Ariz. 
4. C. W. White et al., J. Appl. Phys. 51, 738 (1980).  
5.  B. C. Larson, C. W .  White, and B. R .  Applelull, 

Appl. Phys. Letr. 32, 801 ( 1  978).  
6.  See,  f o ~ .  example, C. W. White et al., p. 124 in 

Laser and Electrorl Beanz Processing of Materials, ed. 
by C.  W. White and P. S. Peercy, Academic Press, 
New York, 1980. 

7.  J. W. Cahn, S .  R. Coriell, and W. J .  Boettinger, 
p. 89 in Laser and Electron Beam Processing of Mareri- 
als, ed. by C.  W. White and P. S. Peercy, Academic 
Press, New York, 1980. 

8.  J. Narayan, J. kppl.  Phys. 52, 1289 (1 98 1 ). 

TEST OF PREDICTED 
THERMODYNAMIC LIMIT TO 

SOLUTE TRAPPING IN Sil 

C. W. White B. R. Appleton 
H. ~ a r a r n o t o ~  J. M. Williams 
J. Narayan S. R. wilson3 

Previous work4 has demonstrated that supersat- 
urated alloys of Group 111 and Group V impuri- 
ties in Si can readily be formed by ion implanta- 
tion and laser annealing. In the previous work it 
was shown that these impurities could be incor- 
porated into the lattice (by solute trapping) up to 
maximum concentrations CFax during the high- 
speed nonequilibl.iun~ liquid phase epitaxial 
regrowth process. Based on these results, Cahn et  
al.' predicted from thermodynamic arguments 
absolute limits to dopant incorporation into Si even 
at infinite growth velocity. To test these predic- 
tions, we have measured the maximum substitu- 
tional solubility obtainable by laser annealing of 
ion-implanted Si for four different alloy systems at 
two different growth velocities. 

For these experiments, regrowth velocity was 
changed by changing the substrate temperature 
during laser annealing (ruby laser, 15 X lo-' s 
pulse duration time, - 1.4 ~ / c m ~ ) .  Under these 
laser annealing conditions, regrowth velocities of 
4.5 and 6.0 m/s can be obtained at substrate tem- 
peratures of 300 and 77 K,  respectively. Maximum 
substitutional solubilities a t  each growth velocity 
were determined by comparing the total and sub- 
stitutional dopant concentrations as a function of 
depth by using ion scattering/channeling analysk4 

Table 2.6 compares the measured CFaX for four 
Group 111 and Group V dopants a t  two different 
growth velocities (4.5 and 6.0 m/s) with predicted 
thermodynamic limits Ct to dopant incorporation 
into Si even at infinite growth velocity. The 
equilibrium solubility limit is given also for 
comparison. As shown in Table 2.6, at either 
growth velocity, substitutional concentrations are 
approaching predicted thermodynamic limits. For 
Ga, In, and Bi, the substitutional solubilities can be 
increased by factors of 2-3 at a velocity of 6.0 ~ n / s  
compared to results at 4.5 m/s. 'The solubilities for 
these dopants are limited by interfacial instability 
during regrowth, and the onset of instability can be 
delayed to higher concentrations by going to higher 
growth velocities as discussed e l ~ e w h e r e . ~  For the 
case of As, however, we observed no increase in the 
substitutional solubility at the higher growth veloc- 



Table 2.6. Comparison of predicted thermodynamic limits C: for solute trapping in Si 
to measured maximum substitutional solubilities C r x  obtained after 

laser annealing at regrowth velocities of 4.5 and 6.0 m/s 
The equilibrium solubility limit C: is given also for comparison 

Dopant c," 

ity. For As in Si, k' is unity even at a velocity of 
4.5 m/s and this indicates4 that the thermo- 
dynamic limit for As incorporation into Si may 
have been reached. Measurements at even faster 
regrowth velocities will be required to provide a 
more stringent test of the predicted thermodynamic 
limits. This will require the use of picosecond 
rather than nanosecond laser pulses. Such experi- 
ments are currently under way. 

I. Summary of paper: p. 59 in Laser and Electron- 
Beam Solid Interactions and Materials Processing, ed. 
by J. F. Gibbons, L. D. Hess, and T. W. Sigmon, 

, North Holland, New York, 1981. 
2. Guest scientist from. Japan Atomic Energy 

However, for these films to be useful in integrated 
circuit fabrication, they must be thermally stable 
through subsequent processing steps. 

Polysilicon films on Si3N4 and single-crystal sili- 
con samples have been ion implanted with 7 5 ~ s  or 
3 ' ~  to doses ranging between' l0I4 cm-2 and lo i6  
~ m - ~ .  Samples were annealed with either a pulsed 
or cw laser to activate the dopant electrically. Then 
samples were exposed to isothermal anneals in the 
temperature range' 450-1000°C for times varying 
from minutes to hours. The electrical properties of 
these layers were examined by four-point probe, 
Hall effect, and spreading resistance probe mea- 
surements. The 7 5 ~ s  depth profiles and lattice loca- 
tions were measured before and after thermal Dro- 

Research Institute, Tokai-mura, Japan. cessing using ion backscattering. 
3. Motorola, Inc., Phoenix, Ariz. Figure 2.39 is a plot of sheet resistance mobility 
4. C. Whi te  al.. A ~ ~ l  P h ~ s  738 and concentration vs anneal temperature 
5. J .  W. Cahn, S. K. Coriell, and W. J. Boettinger, p. 

89 in Laser and EleCrmn Beom Processing Materia[s, lor a 70001A ~ ~ l ~ ~ ~ l ~ ~ ~ ~  On Si3N4 

ed. by C. W. White and P. S. Peercy, Academic Press, a As/cm2 and laser 
New York. 1980. with a pulsed Nd:YAG laser. After laser annkal- 

6 .  C. W. White et al., "Factors limiting Substitu- 
tional Solubilities Achieved by Laser Annealing of Ion- 
Implanted Si," this report. 

THERMAL STABILITY OF 
ION-IMPLANTED FILMS SUBJECTED 

TO LASER ANNEALING 

S. R.  wilsonl R. B. Gregory1 
M. W. Paulsonl C. W. White 
G. Tam' B. R. Appleton 

Laser annealing (both cw and pulsed) has many 
potential advantages over conventional thermal 
annealing of ion-implanted films of single-crystal 
silicon and polysilicon on dielectrics. Essentially 
100% electrical activation of implanted dopants 
can be achieved after laser annealing, even if 
impurity concentrations exceed 1 X lo2' ~ m - ~ .  

ing, the As .is essentially 100% electrically active 
and the sheet resistance is 20 ohm/square. Ion 
backscattering shows the impurity concentration to 
be 7 X lo2' ~ s / c m ~  over the first few thousand 
angstroms and to fall to nearly zero by 6000 A. 
After cumulative anneals up to 700°C, the impur- 
ity profile does not change; but the sheet resistance 
increases by a factor of 5, and the carrier concen- 
tration drops by a factor of 5. Above 800°C, diffu- 
sion of the As occurs as determined by ion back- 
scattering, and the carrier concentration begins to 
increase resulting in a decrease in the sheet resis- 
tance. The cw laser-annealed polysilicon films have 
much larger grains than the pulsed Nd:YAG 
laser-annealed films. When these samples are sub- 
jected to the same thermal anneal sequence, the 
decrease in  carrier concentration is considerably 
smaller. 
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Single-crystal silicon samples were implanted 
with 7 5 ~ s  to a dose of 1 0 ' ~ / c m ~  and were annealed 
with a pulsed ruby laser. Figure 2.40 presents sheet 
resistance vs time for samples annealed at either 
450°C or 800°C. The sheet resistance increases 
rapidly after only 10 min at each temperature and 
continues to increase for times exceeding 2 h. 
However, the sheet resistance for the single-crystal 
samples changed by less than a factor of 2 com- 
pared to the factor of 5 increase for the polysilicon 
samples when annealed at 800°C for 1 h. Ion 
cllallncling measurcmcnts indicate the 7 5 ~ s  is no 
longer 100% substitutional. This effect can also be 
observed in single-crystal samples annealed with a 
cw laser. For samples implanted with 3 1 ~  at com- 
parable doses, the changes in  sheet resistance are 
not nearly as pronounced. 

These results indicate that the high As concen- 
trations produced by laser annealing are unstable 
and will precipitate out of solution at the times and 
temperatures encountered in  silicon wafer process- 
ing. I n  the case of polysilicon films, the segregation. 

- POLY SILICON 
Nd: YAG LASER ANNEALED 

TIME lm in l  

(0'5 1 I I I I 1 I 
4 5 0  5 2 5  600 7 0 0  8 0 0  9 0 0  1 0 0 0  

TEMPERATURE (OC 

Fig. 2.40. Sheet resistance vs time for single-crystal sil- 
icon implanted with 1016 cm-* As and annealed at 450 or 
800°C. 

of dopants to grain boundaries is occurring and is 
most pronounced for small-grained samples. 

I .  Motorola, Inc., Phoenix, Ariz 

DEVELOPMENT OF MORPHOLOGICAL 
INSTABILITY AND FORMATION OF 

CELLS IN Si ALLOYS DURING 
PULSED-LASER  IRRADIATION^ 

J. Narayan C. W. White 
H. ~ n r a r n o t o ~  

H~gh-power laser pulses call Irc iised in a con- 
trolled way to heat and melt thin layers of 
semiconductors with heating and cooling rates 
exceeding 108"c s-I. The crystal growth rates 
associated with laser-melt quenching are of the 
order of meters per second, and these growth rates 
can be varied by changing either the laser parame- 
ters or the substrate temperature. During solidifi- 
cation of a dilute binary alloy, a planar liquid-solid 
interface can become morphologically unstable 
above a certain solute concentration at a given 
velocity of solidification. We have performed sys- 
tematic studies on interfacial instability, cell for- 
mation, and associated solute concentrations in Si- 
In, Si-Sb, Si-Ga, Si-Bi, and Si-Fe systems after ion 



implantation and laser annealing. The depth of cell 
formation and the average cell size at the position 
of onset of instability ( 0 1  region) and in the region 
of well-developed instability (DI region) were 
determined using plan-view and cross-section 
TEM. Total and substitutional concentrations of 
solutes as a function of depth were obtained by 
Rutherford backscattering-channeling techniques 
by which it was possible to determine the depth of 
instability and the solute concentration above 
which instability sets in. 

The average cell sizes, the depths of cell forma- 
tion, and solute concentrations associated with the 
interfacial instability were determined as a func- 
tion of solidification velocity in the range 2-6 
ms-I. These results were compared with the calcu- 
lations of the perturbation theory, originally 
developed by Mullins and Sekerka.3 From these 
calculations, we can obtain the critical concentra- 
tions above which instability occurs and the 
wavelength of instability corresponding to the aver- 
age cell size. This theory includes constitutional 
supercooling, surface tension between the solid- 
liquid interface, and the transport and evolution of 
latent heat from the interface. Assuming local 
equilibrium at an isotropic liquid-solid interface 
during unidirectional freezing of dilute binary 
alloys, the limiting concentration c,'. is given by4 

with 

where DL is the impurity diffusion coefficient in  
the liquid; V is the velocity of solidification; m is 
the liquidus slope obtained using the procedure 
described by Thurmond and ~owalchik;' kL and k, 
are the thermal conductivities, and Kt and K, are 

the thermal diffusivities of the liquid and solid, 
respectively; GL and G, are the thermal gradients 
in the liquid and solid, respectively; Tm is the melt- 
ing point of the planar interface in the absence of 
solute; F is the ratio of the solid-liquid surface 
energy to the latent heat of fusion per unit volume 
L,; o is the spatial frequency associated with the 
instability; and k' is the interfacial distribution 
coefficient (k' = C;/C;, where Ci and Ci are 
the interface solubilities in the solid and liquid, 
respectively). The values of kt used in the calcula- 
tions were deduced by fitting calculated profiles 
with the measured dopant profiles. 

We have solved cS1(w) as a function of w for 
given values of V.  The minimum value of C; (w) 
gives the stability-instability demarcation. The cell 
size is Xmin = 27r/wmin, where @,in is the value 
corresponding to the minimum value of c;.. The 
following values of the materials constants were 
used in the calculations: 

kL = 70 ~ m - '  s-' K-', k, = 22 ~ m - '  s-' K-' 
DL = 1.0 X lo-* m2 S-' and 5.0 X lo-' m2 s-' 
ko = 4.0 X (equilibrium distribution 

coefficient of In in Si) 
Tm = 1.3 X lo-'Km 
KL = 3.0' X lo-' m2 s-', K, = 9.4 X 

1 o - ~  m2 s-' 
GL = 1.33 X lo6 Km-' 
m = -509 K (at. fract.)-' for Si-In. 

The calculations were performed for Si-In, Si- 
Sb, Si-Ga, and Si-Bi systems, and the results for 
the Si-In systems are presented in  Figs. 2.41 and 
2.42. Figure 2.41 shows plots of c,'-(min) vs V, and 
the good agreement between the experimental 
results and the calculations is obtained when the 
dependence of k' on V is taken into account in the 
calculations. The original constitutional supercool- 
ing (CS) criterion (mG, = GL, where G, and GL 
are solute and temperature gradients, respectively) 
gives poor agreement with the experiment, particu- 
larly at higher velocities of solidification. At low 
velocities, Eq. (I) reduces to mG, = .GL(kL/kl), 
and it gives better agreement'-at low velocities com- 
pared to the original CS criterion. The results on 
cell sizes as a function of solidification velocity are 
shown in Fig. 2.42. The calculations predict a 
decrease in cell size with increase in V, which is 
consistent with experimental results (shown as 
dots). The cell sizes in  the 0 1  region were found to 
be slightly larger than those in the DI region, 
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Fig. 2.41. Limiting concentration associated with insta- 
bility as a function of Y: DL = 1.0 X lo- '  m2 S-I (curve 
a), DL = 5.0 X lo- '  m2 s-I  (curve b), perturbation 
theory curve with constant ko, CS criterion (mG, - GL), 
ard modified CS criterion. The dot represents the experi- 
mental point. 

which made the agreement between the experimen- 
tal and theoretical results even closer. The effects 
of surface tension and the melting points were cal- 
culated, because the segregation of In and Sb may 
decrease the interfacial surface energy as well as 
the melting point. The solute concentrations, as 
well as average cell sizes, were found to decrease 
with decreasing surface tension and melting point. 
This further improved the agreement between the 
experimental results and the theory. 

I .  Summary of paper .to be published. 
2. Guest scientist from Japan Atomic Energy 

Research Institute, Tokai-mura, Japan. 
3. W. W. Mullins and R. F. Sekerka, J. Appl. Phys. 

35,444 ( 1964). 
4. J. Narayan, J. Appl. Phys. 52, 1289 (1981). 
5. C. D. Thurmond and M. Kowalchik, Bell Sys. 

Tech. J. 39, 169 ( 1  980). 
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Fig. 2.42. Calculated cell size Xmi, as a function of Y: 
DL = 1.0 X lo-'  m2 s-' (curve a) and DL = 5.0 X 
lo-' m2 .s-' (curve b).. The dots represent experimental 
points. 

INTERFACE INSTABILITY AND CELL 
FORMATION IN ION-IMPLANTED 

AND LASER-ANNEALED sit 
J. Narayan 

The phenomenon of solid-liquid interface insta- 
bility during directional solidification has been 
studied in 1n+-, ~ a + - ,  ~ e + - ,  and Sb+-implanted 
Si after pulsed-laser annealing. Interface instability 
results in lateral segregation which leads to the 
formation of cellular structures. The cellular 



structures have been studied using TEM. The criti- 
cal bulk solute concentration above which instabil- 
ity develops and the wavelength of instability (cell 
size) as a function of velocity of solidification have 
been calculated following the perturbation theory 
originally developed by Mullins and ~ e k e r k a . ~  
Good agreement between experimental results and 
the calculations was obtained when the dependence 
of the interfacial distribution coefficient on the 
velocity of solidification was taken into account in 
the calculations. 

I .  Summary of paper: J. Appl. Phys. 52, 1289 (1981). 
2. W. W. Mullins and R. F. Sekerka, J. Appl. Phys. 

35, 444 ( 1964). 

MELTING PHENOMENON AND 
PULSED-LASER ANNEALING 

IN SEMICONDUCTORS~ 

J.  Narayan C. W. While 
J. Fletcher W. H. Christie2 

High-power ruby and Nd:YAG laser pulses have 
been used to remove displacement damage, disloca- 
tion loops, and precipitates in semiconductors. This 
annealing phenomenon, known as "laser anneal- 
ing," as well as the effects on dopant profile 
broadening and on the formation of constitutional 
supercooling cells, has been successfully interpreted 
on the basis of a melting model. An alternate 
explanation has been proposed, whereby laser 
annealing effects are produced by the presence of 
an electron-hole plasma with the lattice remaining 
close to ambient temperature.3 The basic assump- 
tion in  the melting model is that the energy from 
the electronic system can be rapidly (<lo-' s) 
transferred to the lattice and that this energy is 
then utilized to heat and melt thin ( e l  pm) sur- 
face layers of the material. According to the 
plasma model, the energy transfer from the 
electronic system to the lattice is delayed (-200 
ns) through the screening of phonon emission, and 
the high concentration of electrons and holes 
(plasma) produced by pulsed-laser irradiation may 
cause annealing via enhanced- diffusion of point 
defects and glide and climb of dislocations. At a 
still higher plasma density (-8 X lo2' ~ m - ~ ) ,  
electrons excited into antibonding states are pro- 
posed to undergo a second-order phase transition 
resulting in  softening of the lattice. The crystal 
would then be in a fluid-like state with energy pri- 
marily retained in the electronic system. This 

energy would be distributed over a much greater 
depth as carrier diffusion becomes important. As 
the plasma density declines, the material passes 
back through the phase transition, leading to re- 
crystallization. The support for the plasma model 
is derived primarily from the recent experiments on 
Raman-measured temperatures4 and optical 
transmission5 measurements in Si. They reported a 
temperature rise of only about 300°C and 
enhanced transmission for photon energies (< 1.08 
eV) in Si after irradiation with dye laser pulses (A 
= 0.485 pm, 7 = 9 ns, E - 1.0 J ~ m - ~ ) .  

To address the controversy between the two 
models, we have performed a series of collaborative 
experiments using the dye laser pulses to anneal 
Compaan's samples (AS+-implanted specimens 
containing amorphous layers) and a variety of 
ORNL samples (containing precipitates, disloca- 
tions, and dopants leading to the formation of con- 
stitutional supercooling cells). Annealing of dis- 
placement damage was studied in AS+-implanted 
specimens (100-200 keV, dose = 1.0-10.0 X loL5 
~ m - ~ )  using plan-view and cross-section TEM 
techniques. Figure 2.43 shows typical cross-section 
micrographs starting from the outer regions and 
proceeding to the central regions of the laser spots 
in  AS+-implanted specimens. In the central regions 
of the laser spots [Fig. 2.43(d)], the pulse energy 
density was high enough that the melt front 
exceeded the depth of the damage layer, and the 
specimens grew defect-free with the same perfec- 
tion as the underlying substrate. In the region 
immediately surrounding the central region, the 
melt front could reach only the dislocation band, 
and the loops intersected by the melt front grew 
back as two segments of V-shaped dislocations. 
These directions were characteristic of dislocation 
directions observed in crystal growth from the 
melt. I n  the outer regions of the laser spots where 
the melt front did not reach the crystalline sub- 
strate, polycrystals were observed. The AS+ con- 
centration profiles in the central regions of the 
spots were determined by SIMS techniques, and a 
typical example is shown in Fig. 2.44. The 
observed profiles were fitted to the model calcula- 
tions, and the value of the impurity diffusion coef- 
ficient (DL = 3.0 X m-* s-I) obtained from 
the fit was' in  good agreement with the value of the 
impurity diffusion coefficient in liquid Si. The 
extent of dopant-profile broadening is directly 
related to the melt lifetime, which is dependent on 
the pulse energy density. It was estimated that 



Fig. 2.43. Cr- eleetroll QIemOrrplr s b w h g  
ademtructum (for nomlnrl p.lee cwrlZJr aasiCy E = 
0.75 J an-?) f- tbe opba regiom to tk ecllter of tbe 
~ s p o t ( ~ , ~ ~ - o f ~ ) o b e - Q Y  
M t y )  h ~ ~ + - b p h a d  S@IWIB ceatrfatne W- 

pbcmR hy- (8) MY- - -d-bb 
lay=, (b) MY- layer -- 

pboPs hy=, (c) vahrped disks- (PO* f- the 
dislocation brad bebw the rmorpboas layer, and (d) 
nearly a 4 c ~ e "  .luerrlhg of Meets. 

pulse-to-pulse variation in energy density which 
resulted in melted regions varying from 2060 pm, 
while the size of the probe beam (70-100 pm 
diameter) was larger than the melted regions. The 
time-resolved transmission  measurement^,^ indicat- 
ing enhanced transmission at X = 1.1 52 Nm or 
photon energy = 1.076 eV which is less than the 
band gap of Si = 1.12 eV, can also be explained 
by invoking spatial inhomogeneity where the 
melted and unmelted regions are present simul- 
taneously. 

1 .  Summary of paper to be published. 
more than 60% of the laser spots used for 2. h a w i c a l  chemistry m i o n ,  ORNL. 
Raman-temperature measurements had varying 3. J. A. Van Vcchten et al., Phys. &tt. A 74 417 
imounts of profile broadening, indicating a large (1979). 
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MELTING PHENOMENON AND 
PROPERTIES OF DEFECTS 

ASSOCIATED WITH 
PULSED-LASER IRRADIATION' 

J. Narayan C. W. White 

The phenomenon of melting produced by 
pulsed-laser irradiation in Si has been studied 
using electron microscopy. Removal of dopant pre- 
cipitates, dislocations, or loops provides clear evi- 
dence for melting. From the thickness of defect- 
free regions and the length of reoriented segments 
of dislocations, the depth of melting can be deter- 
mined as a function of laser parameters. Using this 
technique, the depth of melting underneath the 
oxide layers has been investigated. Cellular struc- 
tures observed in ion-implanted, laser-annealed 
specimens also provided convincing evidence of 
melting during pulsed-laser irradiation. 

1. Summary of paper: Philos. Mag. A 43, 15 15 
(1981). 

CHARAClXRISTICS OF EMERGENT 
DISLOCATIONS AFTER LASER 

MELTING OF s i l  

J. Narayan R. ~ u l l o u g h ~  
J. R. willis3 

Growth directions of dislocations in laser-melted 
layers have been studied using TEM techniques. 
The dislocations after laser irradiation normally 
consisted of two emergent segments which were 
connected by a segment lying approximately paral- 
lel to the surface in the unmelted region. The 
observed directions of emergent segments were 
found to be in excellent agreement with the calcu- 
lated directions that correspond to a minimum in 
the total elastic energy of the dislocation config- 
urations. TEM experiments, performed on the 
same area after heat treatments outside the micro- 
scope, showed that the above orientations of dislo- 
cation segments remained unaffected by the subse- 
quent heat treatment, thus establishing that these 
directions of dislocations, indeed, correspond to the 
energy minimum. 

3. University of Bath, Bath, England. 

LASER-INDUCED DEFECTS 
IN V3Si SINGLE CRYSTALS' 

B. R. Appleton Y. K. Chang 
J. Narayan C. W. White 

B. stritzker2 

A companion paper in this report clearly shows 
that the laser-initiated defects in V3Si films fabri- 
cated by pulsed-laser mixing are much more diffi- 
cult to anneal than ion-induced de fe~ t s .~  To evalu- 
ate the nature of defects produced in V3Si, single 
crystals of (100) and (1 10) orientation were sub- 
jected to pulsed-laser annealing and examined by 
ion channeling and TEM. The ion channeling 
analysis of Fig. 2.45 compares the backscattering 
spectra for 2.5-MeV He ions incident parallel to 
the (100) axial directions of V3Si single crystals 
before and after pulsed-laser annealing in air at 
300 K. The unirradiated (100) channeling spec- 

Fig. 2.45. 2.5-MeV He ion c- analysis of 
(100) direction of a (100) V a i  single crystal before and 
after antding with pulses of 0.7 and 1.1 J/cm2. 



trum had a minimum yield of -2%, indicating 
that it was a good single crystal. The (100) spec- 
tra obtained after 0.7- and l . l - ~ / c m ~  laser pulses 
show that severe damage to the single crystal 
occurred in the near-surface region and that this 
damage increased with increasing energy density. 
Examination by TEM of a companion (100) single 
crystal exposed to one l , ~ - ~ / c m ~  pulse is shown in 
Fig. 2.46. This analysis shows that microcracks 

ties, the channeling yields increased as seen in Fig. 
2.45. At an energy density of 1.0 J/cm2 the chan- 
neling iffcot was no longer measurable and the 
energy spectra was essentially random. At 1.5 
~ / c m ~  the surface became heavily damaged and 
large irregular flakes developed. This type of 
laser-induced surface damage has been observed in 
Nb31r and NbN as well.6 

The microcracks o b d  in the surface of the 
laser-annealed (100) V3Si single crystal and the 
flaking of the (1 10) surface appear to be caused by 
severe mechanical stresses established in tht sur- 

developed in the surfam as a ~ u o n c e  of the 
rapid quenching. More significantly, these cracks 
did not have plastic zones associated with them. 
Based on recent studies of the plastic stress-strain 
behavior af V3Si between 1200 and 1800~C,4 it is 
likely that this absence of plastic wnes indicates 
that the annealed surface region did not remain 
above 1 3 0 ° C  for suffldent timts to generate 
dislocations in the specimen. In V3Si, yield stress is 
greater than the fracture slms for temperaturn 
<13W°C; at higher temperatures yield stress 
decreases with temperature and plastic deformation 
can occur. 

In related studies, (110) V3Si single crystals 
which were predamaged by 300-keV He ion bom- 
bardment were puW-laser annealed and studied 
by ion channe~ing.~ With increasing energy densi- 

gested that even larger doping levels might be pos- 
d b b  through compensating imflants t@ drdieve the 
surface strain.9 Simiiarly, the suggestion that 
deformation proawing of V#i might be pmdbk 
at elevated temperatures4 indicates that amw of 
the surface strain probkms in V&i might be 
relieved by nrveral techpiques which muld r d u a  
the surface temperature gradients during laser' 
annealing. 
The oontributbn these surface cracks malrn to 

thc surface damage peak and d a c h d i  
observed in the V&i channeling spectra of Fig. 
2.45 has not been established, because the density 
of tsurface cracks has not k n  determined. How- 
ever, the dislocation density in the VjSi singie crys- 
tal studied by TRM was mt ~uffdent to cause this 
observed behavior. Neither has it been determind 
if cracks are f o n d  in the pulaad-laser mixed V-Si 
samples3 nor, if they am f~nnOa, the i~  effect on T,. 
It is known that these and &he# thbs-fIhn mpcr- 
conducting samples depwited on insulating sub- 
strates crack and peel at high laser eetrgy d d -  
ties, but this could be due to substrate problems. 



The entire question concerning the nature of the 
defects in the A15 superconductors with A3B com- 
position has received much attention in recent 
years. Ion-induced defects have been studied exten- 
sively. X-ray diffraction studies have shown that 
site-exchange disorder occurs from ion irra- 
diation,1° and ion channeling studies have con- 
cluded that static displacement of V atoms in V3Si 

Recent ion channeling studies on V3Ge 
and V3Si single crystals have also determined that 
the B atom sites (Ge and Si, respectively) also 
acquire off-lattice static displacements as a result 
of ion damage.I4 A similar effort is needed to 
determine the nature and annealing characteristics 
of laser-induced defects. 
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LASER-INDUCED DEFECIS AND 
M A T E W  INTERACIIONS IN 

THE V S i  SYSTEM1 

B. R. Appleton J. Narayan 
B. Stritzkeg J. Fletcher 
C. W. White 0.  eyer^ 

S. S. ~ a u ~  

Pulsed-laser annealing has been evaluated as a 
technique for fabricating superconducting V3Si 
from multilayer samples. Correlated analyses by 
ion scattering, ion channeling, T, measurements, 
and TEM were used to examine the composition 
and structure of films subjected to single and mul- 
tiple pulses from a Q-switched ruby laser. 

A typical pulsed-laser mixing result is shown by 
the 2.5-MeV ion-scattering spectra in Fig. 2.47. 

onr-m lo-11- 

PULSED WER MIXINQ W V,Si 
- 1 1  1. I 1 I I I I I I 

Fig. 2.47. 2.5-MeV He ioa wattdog d y s b  of VSI 
multihyer samples before (ebacd drck) d after (dad 
trhpslee)p.lse8-lurermlwhg. 

Analysis of the as-prepared multilayer sample 
clearly shows four V layers separated by four Si 
layers. Alter a single 0 .9-~/cm~ laser pulse, the 
films became uniformly mixed with no remaining 
evidence of the multiple layers. Quantitative 
analysis showed an average composition of V:Si = 
2.8:l. Similar analyses showed that complete mix- 
ing occurred for all single laser pulses with energy 
densities 20.9 ~ / c m ~  and that the compositions of 
the mixed layers were unchanged by higher energy 



density pulses, multiple pulses, or thermal anneal- 
ing. 

Measurements of the superconducting transition 
temperatures of a variety of identical V-Si mul- 
tilayer samples after pulsed-laser mixing by single 
laser pulses in air at 300 K are shown in Fig. 2.48 

SU6SEWEN.T 77SK ANWALING 

AS LASER A W L E D  
tSoo I0 - - BCC 

'F 

as a function of laser energy density. The original 
samples with no thermal anneals had T, -- 5 K, 
presumably due to the V layers, and exhibited 
broad bcc x-ray lines of V. For increasing energy 
densities, T, in the as-laser-mixed films d d ,  
AT, (the width of the transition) increased, and x- 
ray analysis showed no evidence of any A15 phase 
until 1.55 J/cm2. Although all samples receiving 
>0.9-J/cm2 processing were uniformly 'mixed," as 
determined from ion scattering, there was no 
appreciable nucleation of the A15 phase, and the 
low values of Te (-1-2 K) were cbmparable to 
those which result from neutron: heavy ion$*' and 
light ionss9 irdditltiou of superconducting V3Si. 

The results of subsequent thermal annealing for 
1 h of each of these pulsed-laser mixed samples are 

also shown in Fig. 2.48. Thermal annealing at 775 
K of the 0.9-J/cm2 sample, which was completely 
mixed, caused the A15 phase to form out of the 
defected bcc phase with a Tc -- 9 K. Similarly, x- 
ray analysis showed that the 1.55 J/cm2 sample 
converted completely to the A15 phase even though 
it had a lower T, -- 8 K. Additional thermal 
annealing of these same samples to 925 K for 1 h 
increased T, even further. The 0.9 J/cm2 still 
showed a higher T, than the 1.55-J/cm2 sample; 
and, surprisingly, the unirradiated multilayer sam- 
ple showed the highest T, of all with the unmixed 
0.2-J/cm2 sample the next highest. 

Experiments performed to assees the dects of 
suaxsske 0.9-J/cm2 laser pulses showad that the 
first pulse decr& T, of -the initial V f b  due 
to intermixing of Si. Five puZses increased T, to 
6.7 K and initiated the formation of aa A15 phase. 
A total of ten p u k  improved Tc slightly (to 6.9 
K) indicating some increase in long-range order. 
Subsequent thermal annealing to 925 K for 1 h 
improved T, of all samples, with the unirradktd 
sample showing the highest T,. These results 
showed that T, increased from only 12.6 K for the 
sample irradiated by one pulse to 12.8 K far the 
sample irradiated by ten pulses after thermal 
annealing and that the highest T, was that f a  the 
sample receiving no laser processing. Furthermore, 
AT, increased with increasing number of pulses, 
signaling a more inhomogeneous composition. 

Additional experiments were performed on sam- 
pies held at 4 K during laser med ing  in the h- 
temperature vacuum cryostat to determine the 
effects of increased quenching rates. The overall 
effects on T, were similar to those reported above 
except the magnitude of T, was always observad to 
be 1- and AT, was always larger. 

Thermal annealiig uniformly improved T, of ail 
the pulsed-laser mixed f h s  but never to as high 
values as the films which were not laser mixed 
before thermal annealing. This indicates that the 
laser-induced defects are not campietely annealed 
even at temperatures of 925 K which is in contrast 
to neutron-damaged filmss where anneabg at tem- 
peratures 2775 K resulted in complete recovery of 
the superconducding properties. S i a r  results 
have been observed for V3Si formed by ion-beam 
mixing.10 In these experiments muItilaycr samples 
of V-Si which were uniformly mixed by bombard- 
ment with 4 X lo", 300-kcW Xe ions/cm2 and 
were thermally annealad to only 775 K for 1 h 
resulted in the formation of the V3Si, A15 phasa 
with Tc -- 15 K. All these observations show that 



the defects formed by pulsed-laser irradiation are 
much more difficult to anneal than ion-induced 
defects and are thus probably more complex. 

1. Summary of paper: p. 607 in Laser and Electron- 
Beam Solid Znteractions and Materials Processing, ed. 
by J ,  F. Gibbons, L. D. Hess, and T. W. Sigmon, North 
Holland. New York. 1981. 

2. Guest scientist from Institut fur FestMrper- 
forschung, Kernforschungsanlage, JUlich, Federal Repub- 
lic of Germany. 

3. Guest scientist from Nuclear Research Center, 
Karlsruhe, Federal Republic of Germany. 

4. University of California at San Diego, La Jolla, 
Calif. 

5. A. R. Sweedler, D. E. Cox, and S. Moehleche, J. 
Nucl. Muter. 7 5  50 ( 1  978). 

6. 0. Meyer, H. Mannard, and E. Phrilingose, p. 15 
in Applications of Ion Beams to Metals, ed. by S. T. 
Picraux, E. P. EerNisse, and F. L. Vook, Plenum Press, 
New York, 1974. 

7. B. Besslein et al., Phys. Lett. 53A. 49 (1975). 
8. J. M. Poate et al., Phys. Rev. Lett. 37, 1308 

( 1976). 
9. 0. Meyer and G. Linker, J. Low Temp. Phys. 38, 

747 (1980). 
10. S. S. Lau et al., p. 51 1 in h e r  and Electron 

Berw Processing of Materials, ed. by C. W. White and 
P. S. Peercy, Acadcmic Press, New York, 1980, 

THE EFFECl" OF LASER ANNEALING 
ONTHECRITICALCURRENT 

DENSITY OF ~ b ~ ~ e '  

A. I. Braginski2 R. C. ~uznickiZ 
J. R. ~ava le?  B. R. Appleton 

C. W. White 

Past attempts to increase the global flux pinning 
force F, and, concomitantly, the critical current 
density Jc in films of A15 Nb-Ge have been based 
mainly on two ideas: (a) production of the tetrago- 
nal NbsGe3 (o) phase dispersed as a second phase 
in the Nb3Ge and (b) reduction of the average 
grain size. Only the first has proved successful, but 
recent structural analyses of laser-annealed Nb-Ge 
films (>I pm thick) indicated that a surface layer, 
approximately 0.1 pm in thickness, melts and 
recrystallizes to a fine-grained structure during 
pulsed-laser annealing (PLA) of the film.' The 
present study was, therefore, undertaken to explore 
the effect of PLA on the Jc of Nb-Ge films. In so 
doing, it was necessary to distinguish between pos- 
sible effects due to precipitation (or further pre- 
cipitation) of Nb5Ge3 and effects due to grain size 
refinement. 

Our experimental samples may be classified by 
thickness into two sets, one of -4 pm thickness 
(thick) and the other of -0.2 pm thickness (thin). 
Pulses from the Q-switched ruby laser (2 J/cmZ 
energy density) melt thin samples more than half- 
way through but melt only a thin layer (<0.2 pm 
thickness) on a thick sample. 

Figure 2.49 shows the effect of PLA on Jc for 
thick Nb,Ge,. films of three compositions (xly), 
together with pertinent numerical data. The 

r T ' i i 5 1  
0. R E U l l V T  XJIAV 

LINE m*OTY 
*FORE nr .. H4 11111 

90 tm tmo 

H1 FIELD I TO SAMPLE IkOd 

Flg. 2.49. Ratio of J, before d after l a m  m m a h g  
(2 JICIU~) r~ perpeadkahr i ~ d  f~ N~F, tllnrs 
of x /y  v a l ~  3.35, 265, and 237. For the numerical 
data in the inset, the relative intensities of the x-ray 
reflections increase with increasing NbsGe:, fraction and 
pertain before laser annealing only. 

greatest improvement was in the sample of inter- 
mediate composition (x/y = 2.65). The sample 
that had the most Ge showed little improvement, 
and the one with the least Ge showed a decrease in 
Jc over most of the range in the applied field. 
These results are not readily explained by the 
expected flux pinning on grain boundaries. This 
effect should have caused an increase in Jc for all 
compositions, in the absence of overriding effects 
due to composition changes in the A15 phase. This 
latter effect is not probable, because even the sam- 
ple that was poorest in Ge contained enough Ge to 
saturate the A15 phase at its highest possible Ge 
concentration. Even if the concentration of the A15 
(that existed after PLA) had varied with 
composition of the film, the etTect of the grain- 
boundary pinning should have been to increase Jc 
for all compositions. Additional flux pinning due to 
further precipitation of the a phase in the unmelted 
material is more strongly indicated as an explana 
tion of the improvements that were observed 



Presumably, the sample that is poorest in Ge has 
little potential for pinning by this mechanism; 
whereas appreciable Nb5Ge3 has already been 
nucleated before PLA in the material that is 
richest in Ge (see Fig. l), causing a high critical 
current for this composition. 

Laser annealing of thin samples indicated that 
melting and resolidification, in itself, was probably 
deleterious. The 3,'s of this latter set feu to zero or 
nearly zero because of PLA. RBS indicated that 
the material had not evaporated to a significant 
extent and x-ray analysis indicated that the 
resolidified layer was amorphous. Thermal anneal- 
ing at 750°C, which should have restored the A15 
stru~lure~ did indeed restore J, to near its original 
value. 

It was concluded that Jc increases in the thicker 
films probably resulted from farther precipitation 
of NbsGeS in the mmrial that was heated, but 
remained solid, behiad the laser-melted zone. 
Furthermore, since the averslge precipitate size that 
is optimal for pinning should be near the 
Ginsburg-Landau oohemse lea@ (isGL - 30-50 
A for Nb3Ge at T weW blow T,), it was con- 
cluded that the dominant effect of PLA was to 
cause nucleation of new precipitates rather than 
growth of existing ones. This is because the mean 

ion-implanted Si, the posslb~lity of pulsed-laser 
annealing of GaAs without using encapsulant 
was examined in view of the short duration for 
which the annealed region remains at high tem- 
perature during pulsed annealing. In this report we 
present a summary of systematic studies on resid- 
ual damage in laser-annealed ~ n + - ,  ~ e + - ,  Cr+-, 
and ~ ~ + - i m ~ l a n t e d  GaAs. Companion specimens 
were used for electrical activation and SIMS mea- 
surements. 

Single-crystal (100) semiconducting GaAs wa- 
fers were implanted with either 150-keV ~ n + ,  
160-keV Se+, 35-keV ~ g ' ,  or 80-bV ~ r +  ions. 
The implanted doses ranged from 1-5 X 1015 

and the laser annealing was performed with 
dngle pulses from a ruby l w r  (A = 0.694 fcm, 
7 = 20 ns) with pulse energy densities ranging 
from 0.3 to 1.0 J cm-*. Laser annealing throu& s 
thin (--30 nm) 9i02 enmpsulant was a h  investi- 
gated. Both plan-view and c r ~ r r s - ~ o a  electron 
microscopy techniques were used to study r&d\tal 
damage in ion-implanted and lam-anncaaM ChAs. 

It was found that hser enetw densities 
about 0.36 J were required to amteal thn d C  
placemtdlt damage cumpWdy. Typical caws- 
section [Fig. 2,SO(a)] and plan-ui& [Rg. 2.5Wb)l 

Beam procesJing of  ater rial^, ed. by C. W. White and (4 
P. S. Peercy, Academic Press, New York, 1980. 

ANALYSIS OF DEFECIS IN 
LASER-ANNEALED W' 
J. Fletcher J. Narayan 

D. H. Lmvndes 

Good electrical activation in ion-implanted GaAs 
usually requires annealing temperatures above 
8Q0°C. It is then nemsary to me some form of 
encapsulation to prevent evaporation of As and 
degradation of the surface of the wafers. However, (bl 
during furnace annealing none of the presently mg. 2.9. h-m %++ 
available encapsulants give good electrical repro- Energy density is 0.36 J m-2.,(a) Cross-& elmtron 
ducibility. Since nanosecond laser pulses have been micrograph. (b) Plan-view electron sbwimg 
successfully used to anneal displacement damage in loop L and dislocations D in the regsawn layer. 



micrographs are shown for Se+-implanted GaAs 
specimens after laser annealing with a pulse of 
0.36 J ~ m - ~ .  Figure 2.5qa) shows completely 
annealed regions where the melt front just 
exceeded the thickness of the damage layer and 
regions (indicated L) with some dislocation loops 
due to slight spatial inhomogeneity of the laser 
pulse. In the plan-view a region with dislocation 
loops D is surrounded by the defect-free regions. 
Laser-induced surface degradation of GaAs (laser 
annealed without encapsulation) was observed for 
all the dopants in the form of Ga precipitates on 
the surface. A typical example is shown in Fig. 
2.51 for ~n+-implanted specimens after laser 

l q g . 2 . s l . P h b Y k w ~ ~ s L o * t L e  
presmce of regions (darker reghs) after l a m  
a m d i n g .  (a) 0.25 J ern-'. (b) 0.36 J cm-*. (c) 0.49 J 
-I-'. (d) 0.81 J 

annealing with 0.25, 0.36, 0.49, and 0.81 J 
For the 0.81 J specimen, Ga has started to 
form "cell-type" structures with a cell size of 1-2 
pm. Precipitation, as well as surface damage, was 
more severe for laser pulses above about 0.82 J 
~ r n - ~ .  By using a 30-nm-thick Si02 encapsulant, it 
was possible to avoid the precipitation of Ga. How- 
ever, the melting and volume changes under the 
SiOz layers resulted in the formation of surface 
ripples leading to uneven junction depths. 

Electrical activation measurements on pulsed- 
ruby-laser-annealed, ion-implanted GaAs showed 
that there is an energy density range 0.5 4 El < 
0.8 J cm-2 in which high activation of the 
implanted ions could be achieved. This gives a 
good correlation with the TEM observations that 
energy densities above 0.36 J are required to 
remove the as-implanted damage and that energy 
densities above 0.82 J cm-2 produce severe degra- 
dation of the surface with resultant laser-induced 
damage. Although electrical activation in laser- 
annealed specimens (without encapsulant) was 
high, exceeding 6096, the mobility was rather low, 
500-1000 cm2/vs. Laser annealing through thin 
encapsulants leads to electrical activation of about 
30% with improved mobility. Therefore, for certain 
applications such as solar cells, where unevenness 
in the junction depth can be tolerated, laser pro- 
cessing through thin encapsulant layers seems at 
present to offer the best solution for processing 
GaAs. 

1. Summary of paper: p. 421 in Defc ts  in Sernicon- 
duetors, ed. by J. Narayan and T. Y. Tan, North 
Holland, New York, 1981. 

SEMICONDUCI'OR PHYSICS AND 
PHOTOVOLTAIC CONVERSION 

THE DEVELOPMENT OF HIGH-EFFICIENCY 
BACK SURFACE FIELD Si SOLAR CEUS 

BY LASER PROCESSING' 

R. T. Young R. F. Wood 
W. H. christie2 

Laser processing has been demonstrated to be a 
promising technique in the fabrication of high- 
efficiency Si solar cells. Conversion efficiencies of 
14-15% AM 1 have been reported for p-n junction 
cells formed either by ion implantation followed 
by laser annealing or by laser-induced dopant 
diffu~ion.~.~ These efficiencies are comparable to or 
slightly higher than the efficiencies of cells fabri- 
cated by thermal diffusion to form the p-n junction 
and with no application of a back surface field 
(BSF). The special feature of these cells fabricated 
by laser techniques is that a high short-circuit 
current J,, in the range 33-35.6 ma/cm2 can be 
obtained without much attention to cell design. 
However, improvement in efficiency by the appli- 



cation of a BSF has not been observed in these 
cells because of the limited minority carrier diffu- 
sion length (MCDL). Higher efficiency, laser- 
processed cells are possible only if the open-circuit 
voltage V, and fill factor (FF) can be improved. 

In this work, we explored the feasibility of using 
laser-related techniques for the fabrication of 
high-efficiency BSF solar cells. During this study 
we found that the MCDL of the commercially 
available Cz Si is somewhat shorter than the cell 
thickness (2%)-300 pm). The gettering effect, 
which usually accompanies conventional diision 
processing, is absent from cells fabricated by laser 
processing. In order for the laser-pmcesed cells to 
benefit from the high-low junction near the back 
surface, the enhancement of the MCDL in the 
base region is a crucial factor. It has been 
reportedss6 recently that controlled mechanical 
damage created by high-power laser radiation on 
the back side of the sample can effectively improve 
the MCDL in Si. By using this gettering technique 
to enhance the MCDL, optimum laser annealing 
and ion-implantation conditions for formation of 
the emitter region and laser-induced dopant diffu- 
sion for creatiun of the BSF, Si solar cells with 
AM1 efficiencies as high as 16.6% have been 
obtained. 

Generally, it is believed that the limitation of the 
MCDL in single-crystal Si is due to the presence 
of heavy metals in the as-grown material. 
Laser-induced damage getbring, using either a 
Nd:YAG or an Ar-ion laser, hns been demon- 
strated by others to be an effective method for 
eliminating the detrimental effects of these heavy 
metals. This method relies first on forming def- 
on the back surface of the Sample by i n k ~ ~ & e  Iwi 
radiation and then following with a heat treatment 
to generate dislocatbns. These distocatioas act as 
effective gettering sites. In our study, uniform sur- 
face damage was produd by ruby-laser pulses of 
2.0-2.5 ~/cm' incident on the sampk after 
transmission through a rough-ground glass diffuser 
plate, after which the samples were annealed tri an 
oxidation furnace at 900-1000°C for 3060 min. 
The effectiveness of laser gettering as a function of 
laser energy density is given in Table 2.7. The 
mirxirnurn gettet-ing effect may not have been 
found in these experiments. However, the enhance- 
ment of the MCDL to 350-400 pm evidently is 
sufficient to make the application of a BSF 
ii~kplovt the tfficiencics of our mlls. 

Table 2.7. Improvement in tbe MCDL by kser-dmmge 
gettering as a ftmctioo of laser es~cgy deadty 

berm density MCDL: MCDL: 
Sample no. ( ~/m*) before after 

(rcm) (pm) 

The p+nn+ BSF solar cells were fabricated by 
using laser-damage gettering to improve the 
MCDL, shallow boron implantation (5 keV, 6 X 
10lS ~ m - ~ )  followed by laser annealing at 4W°C 
to anneal the implantation damage, and laser- 
induced diffusion of Sb into t b  back surface 
region of the cells to form the BSF. The resulting 
sheet resistivities on the back surface were in tbe 
range IS15 Q/o. Measured performaua of four 
selected p"nn+ BSF sdar cells fabricated by this 
process are tabulated in Table 2.8; the improve- 
ment of V, by the incorporation of the BSF is evi- 

Table 2.8. Meiiwnd serformaace of + nr + BSF Si d a r  edk 

Sa~aple no. Js VM FF E f f i c y  
( r n ~ l c r n ' )  (mv) (96) 

dent. The illuminated I-V characteristics of m p 1 e  
number 9-3 are illustrated in Fig. 2.52. 

We have demonstrated in this work that high- 
efficiency (>16%) p+nn+ ails can be obtained 
after a laser-gettering process to improve the 
MCDL in the starting material. Experimental evi- 
dence indicates that surface-recombination effects 
are still significant. Surface passivation will be 
required to improve further the efficiency of laser- 
processed cells. 

1. Summary of paper to be published. 
2. Analytical Chemistry Mvigion. ORNL. 
3. R. T. Young et al.. IEEE Trans. Elec tro~ Devices 

ED27,807 ( 1980). 



4. J. A. Muller et al., IEEE Trans. Electron Devices provide a unique opportunity to study heavy 
ED-27,8 15 ( 1980). emitter doping effects. However, several reports4 

5. G. H. Schwuttke and K. H. Yang, Lifetime Con- have indicated that point defects may remain in 
trol in Silicon Through Focused Laser Beam Damage, the laser-annealed layer and limit its quality for 
Final Report, DARPA Order No. 3231, June 30, 1979. 

6. P. M. Sandow, Solid State Technol. 23, 74 (1980). some applications. In this study we provide the 
first experimental evidence that the electrical prop- 
erties of laser-regrown layers are improved when 

nRNI -pnmn ssss-nn heating of the Si samples is used during PLA. This 
improvement is tentatively attributed to the reduc- 
tion in point defects due to the slowing down ~f the 
regrowth velocity produced by the substrate heat- 
41g. 

The material used in the studies was (100)- 
oriented, 5 a-cm, n-lype Czochralski Si. Boron was 
implanted at 5 keV in a dose range 2 X 1014 to 6 
X 10" ~ m - ~ .  Laser annealing was performed in 
air with one or two pulses from a ruby laser 
operating under multimode conditions with a pulse 
duration of --20 ns. In order to concentrate atten- 
tinn entirely on the emitter rcgion, no DSF w a u  
fr,~ III-1 ill [he wlls discu~ed here. 

In the ideal case, the V, of o ~ + n  solar cell is 
given by 

Fig. 2.52. Uluminated I-V characteristics of laser pro- 
cessed BSF Si solar cells. 

SUBSTRATE HEATING AND EMITTER 
DOPANT EFFECTS IN LASER-ANNEALED 

SOLAR CELLS' 

where J,, is the short-circuit current density and 
Je0 and Jb, are the saturation current densities for 
the emitter and base regions, respectively. In cells 
with very nearly equal values of Jh, differences in 
V, are primarily related to J,,, which is governed 
by surface and bulk recombination in the emitter 

R. T. Young W. H. christie2 region. A series of cells fabricated from the same 
R. F. Wood G. E. Jellison, Jr. starting material by ion implantation and PLA 

Several advantages of laser processing cannot be 
realized by conventional thermal annealing. For 
example, localization of the thermal effects of the 
laser radiation, precise control of the emitter 
dopant concentration over a wide range for a fixed 
junction depth, and complete electrical activation 
of dopants at concentrations well above the solid 
solubility limit, are important factors in solar cell 
study and design. Recently, model calculations3 
have indicated that V, becomes insensitive to sur- 
face recombination when the emitter dopant con- 
centration N, is increased to very high levels. 
Presently, there is a lack of experimental data 
because precipitates and/or dislocation networks 
develop in the heavily doped region during either 
thermal diffusion or ion implantation followed by 
thermal annealing. Solar cells made by ion iinplan- 
tation and PLA circumvent these prohlems and 

should have nearly the same value of Jbo and sur- 
face-recombination velocity, because the base 
region is virtually undisturbed by the laser irradia- 
tion and the same surface treatment can be applied 
to all the cells. Therefore, the emitter bulk recom- 
bination even at very high doping levels can be 
monitored by measurements of V,. 

Values of V, for p+n cells fabricated from B- 
implanted (5 keV, 6 X 10" ~ m - ~ )  Si, annealed at 
a pulse energy density El of 1.2 ~ / c m ~  and with T, 
held at 25"C, 200°C. 400°C, and 600°C are 
shown in Fig. 2.53. The data show that V, 
increases substantially as T, is increased from 
25 to 400°C and then remains constant or drops 
slightly at 600°C. To our knowledge, the value of 
585 mV for V, (measured at 21°C) as well as the 
cell efficiency of 15.3% obtained for T,' = 400°C 
is the highest reported for cells made from 5 Q-cm 
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Fig. 2.53. Cell parameters as a function of substrate 

temperature. 

Si without a BSF. To gain insight into the 
significance of substrate heating during PLA, 
dopant profiles were measured by secondary ion 
mass spectroscopy (SIMS). As cxpccted, with El 
held constant, the dopant spread farther into the 
substrate when T, was increased. The SIMS pro- 
files were fit quite well with calculations of 
thermal and mass transportS during PLA. These 
calculations also provided information about the 
variation of melt depth dm and regrowth velocity v 
with Ts, as shown in Table 2.9. Since the damaged 
layer from low-energy implantation of boron will 
not exceed 1500 A, the melting depth of -3000 A 
achieved with T, = 20°C and El = 1.2 ~ / c r n ~  
should be sufficient to give a good epitaxially 
regrowri layer. The fact that V,, reaches a max- 
imum at 400°C suggests that the quality of the 
regrown layer is dependent on the regrowth velo- 
city. Hencc, it appears that the concentration of 
quenched-in point defects can be reduced by 

decreasing v, thus resulting in a smaller J,, and a 
higher value of V,,. 

After demonstrating the importance of substrate 
heating, we studied the influence of N ,  on cell per- 
formance. I n  Fig. 2.54, we show the results of 
measurements of cell parameters as a function of 
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Fig. 2.54. Cell parameters as a function of emitter 
dopant concentration. 

N,  in the range from 2 X l 0 I 9  to 6 X loZ0 cm-j. 
All the cells represented in Fig. 2.54 were made 
with T, = 400°C. We note the following impor- 
tant results: 

(1) Apparently due to decreasing sheet resis- 
tance, the FF improves with increasing N,; 

(2 )  J,, is relatively unaffected by N,, which is 
expected from the "transparent" nature of the 
emitter to minority carriers in shallow junction 
cells; 

Table 2.9. Calculated melt depth and regrowth velocity as n 
function of substrate temperatures 

Melt depth, prn 0.328 0.377 0.438 0.506 
Regrowth velocity. m/sec 3.7. 2.7 2.1 1.7 



(3) V,, increases with N ,  up to approximately 3 regrowth from the perfect single-crystal substrate. 
X loZ0 ~ m - ~ ,  where it appears to saturate at a The resultant dopant profiles usually are broadened 
value of 585 mV (measured at 21°C). considerably from the preannealed condition; this 

This last result is in qualitative agreement with 
calculations of Shibib and ~ossum, '  which pre- 
dicted that J,, can be suppressed by increasing N,.  
Large discrepancies between the experimental 
values of V,, and the theoretical predictions of ref. 
3 are observed for N ,  > 2 X loZ0 ~ m - ~ ,  which 
may suggest that band-gap narrowing and recom- 
bination mechanisms are still not well understood 
at such high dopant concentrations (as assumed in 
ref. 3). I n  any case, the results from Fig. 2.54 
clearly indicate that with fixed junction depth, the 
cell efficiency can be improved by increasing N,. 

I. Summary of paper: Appl. Phys. Lett. 39, 313 
(1981). 

2. Analytical Chemistry Division, ORNL. 
3. M .  A. Shibib and J. G. Fossu~~l ,  J. Appl. Phys. 52, 
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4. J. L. Benton et al., Appl. Phys. Lett. 36, 670 

( 1980). 
5. R .  F. Wood, J. R .  Kirkpatrick, and G. E. Giles, 

Phys. Rev. B 23, 5555 (198 1); "Macroscopic Theory of 
Pulsed-Laser Annealing: 11. Dopant Diffusion and Segre- 
gation," this report. 

A COMPARISON BETWEEN PULSED- 
AND cw LASER ANNEALING FOR 

SOLAR CELL APPLICATIONS' 

G. E. Jellison, Jr. R. F. Wood 
R. T. Young A. Gat2 

It is widely believed that pulsed-laser annealing 
(PLA) of ion-implanted samples involves the melt- 
ing of the damaged layer, followed by epitaxial 

broadening is explained readily by the melting 
model. Continuous-wave (cw) laser annealing has 
also been useful for the annealing of ion-implanted 
emitter regions. However, cw laser annealing 
apparently takes place via a solid-phase recrystalli- 
zation process, which does not change the initial 
dopant profile appreciably. The purpose of this 
work was to compare the performance of solar cells 
made from ion-implanted Si laser annealed by the 
two types of lasers. 

Solar cells were fabricated from p-type sub- 
strates (10 R-cm), ion-implanted with As at 100 
keV, and cw laser annealed using an argon-ion 
laser. The laser power was I I W, with'a spot size 
of 100 pm, a scan rate of 25 cm/s, and a 50-pm 
lateral step after each scan. A backsurface field 
was fabricated by depositing B (10 nm) on the 
back of the cell and by PLA with a 1 . 8 - ~ / c m ~  
pulse. I n  addition to this procedure, some of the cw 
laser-annealed cells were subjected to a 700°C fur- 
nace anneal for l h. For comparison purposes, 
similar solar cells were fabricated using PLA tech- 
niques but with no gettering step. Three different 
implantation doses of As at 5 keV and one dose at 
25 keV were used. Because of the lack of dopant 
redistribution during cw laser annealing, a higher 
energy As implant had to be employed for the cw 
laser-arrrrealcd sainplcs than for the PLA samples 
to get similar junction depths (-200 nm). The 
resultirlg solar cell parameters are shown in  Table 
2.10. The results quoted for cells fabricated using 
PLA techniques were averaged over 2 to 4 cells, 
while the results quoted for the cw laser-annealed 
cells are for the best cells. Clearly, the PLA cells 

Table 2.10. A comparison of solar cell parameters for cw laser annealing and PLA 

~aser-annealing As-implant Dose Substrate FF VOC JSC Efficiency 
technique energy ( 1015/cm2) temperature 

(keV) ("C) 
(%) (mV) (mA/cm2) (%IO) 

Pulse 5 1 400 79 585 34.1 15.8 
Pulse 5 2 400 78 587 34.2 15.7 
Pulse 5 4 400 78 595 34 6 16.1 
Pulse 25 2 400 77 550 34.7 14.7 
C W  100 3 500 78 510 26.5 10.5 
CWa 100 3 500 78 532 27.5 11.4 

'These samples were subjected to a 700°C furnace anneal for 1 h. 



performed better than the cw laser-annealed cells; 
both V,, and J,, are less in the cw laser-annealed 
samples, compared with the PLA samples, though 
a 700°C furnace anneal for I h increases both V,, 
and J,, somewhat. Note also that V,, is decreased 
in  the PLA cells if  the As implantation energy is 
increased from 5 to 25 keV, though J,, remains 
constant. 

A further comparison can be made by examining 
the spectral response data for cells with no AR 
coating. The cw laser-annealed cells were found to 
have a lower quantum efficiency than the PLA 
cells at all wavelengths. A 700°C furnace anneal 
increases the quantum efficiency somewhat at all 
wavelengths, hut this increase does. not compare 
with the increase achieved using PLA. The poor 
blue response of the cw laser-annealed cells indi- 
cates very poor collection efficiency in the emitter 
region, while the poor red response is attributed to 
a low value of the MCDL in the base. Note that 
the cw laser-annealed cells were fabricated on dif- 
ferent substrates than the PLA samples, and the 
MCDL should not be expected to be the same. 

Continuous-wave laser annealing has been shown 
to be useful for many semiconductor device fabri- 
cation applications; however, the data presented 
here show that our best PLA solar cells are better 
than cells fabricated using the cw laser-annealing 
process. I t  was found 'from DLTS measurements 
that the cw laser-annealing process introduced a 
large number of recombination centers well into 
the bulk of the material and that the emitter 
region of cw laser-annealed cells was a very ineffi- 
cient collector of minority carriers. 

I .  Summary of paper: p. 15 in Space Photovoltaic 
Research and Technology, NASA Conference Publica- 
tion 21 69, Washington, D.C., 1980. 
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TIME-RESOLVED OPTICAL TRANSMISSION 
AND REFLECTIVITY OF PULSED-RUBY 

LASER-IRRADIATED ~ i '  

D. H. Lowndes 

The purpose of these experiments was to probe 
the optical behavior of Si during and immediately 
after pulsed-laser irradiation to help resolve the 
controversy which has arisen regarding the physical 
phenomena involved. Despite impressive experi- 
mental and theoretical suppurt for the thermal 
melting model of PLA, Compaan and co-workers2 

recently presented results which they claimed pro- 
vided conclusive proof that this model could not be 
correct. I n  particular, they observed both the 
time-resolved reflectivity (at A = 0.633 pm) and 
transmissivity (at X = 1.15 pm) of -400-pm-thick 
crystalline Si (c-Si) during PLA (at X = 0.485 
pm). They found that, although the transmission 
showed a sudden drop as the reflectivity rose and 
recovered when the reflectivity fell, the transmis- 
sion minimum (duration -50 ns) did not go to 
zero, as would be expected if the layer of molten Si 
(skin depth -100 A) implied by the melting model 
were present. They interpreted their results as aris- 
ing from a laser-induced transition of Si to a new 
"fluid phase," arising from formation of a high- 
density, hot plasma. 

I n  the experiments reported here, we measured 
both the time-resolved transmission (TRT) and 
time-resolved reflectivity (TRR) during pulsed- 
laser irradiation of Si and obtained results that 
contradict those of Lee et 

Our experiments were carried out using a pulsed 
ruby laser (A = 0.693 pm) operated in the TEMoo 
mode with a pulse duration 71 = 14 + 1 ns. A 
I-mW cw-He/Ne (A = 1.15 pm) probe laser beam 
was used for the transmission measurements. Both 
a Si avalanche photodiode (APD) and a Ge PIN 
photodiode were used in the transmission experi- 
ments. However, the much higher response of the 
Si APD (-2 A/W vs -0.2 A/W for the Ge PIN 
diode, at 1.1 5 pm) made it the preferred detector, 
since it was found necessary to use also a 1.15-pm 
bandpass filter (0.01-pm bandwidth and -40% 
transmission) directly i n  front of the detector in 
order to prevent intense near band-gap radiation 
emitted by the Si sample from swamping the 
detector when it was close to the sample. A 
3.4-mW cw-He/Ne laser (A = 0.633 pm) and a 
Si APD were used for the reflectivity measure- 
ments. 

The TRR signals were similar in shape to those 
reported e a r ~ i e r , ~ . ~  consisting of a flat-topped 
period of maximum reflectivity (duration 1,) fol- 
lowed by a decaying reflectivity tail (duration T ~ ) .  
However, in the present experiments we found that 
the enhanced reflectivity was 1.2.06 times the ini- 
tial reflectivity of c-Si (corresponding to reflectivi- 
ties of 71% and 35%, respectively), in  good agree- 
ment with the reported reflectivity for molten Si, 
while other experimenters2v3 have found somewhat 
lower values in the enhanced reflectivity state. This 
difference between our experiments and those of 
others may be due to our use of a relatively large 



probe beam (diameter < 1 mm) in contrast to the 
30-100-pm beam diameters used by others. 

Figure 2.55 shows typical results of a series of 
TRT measurements for ruby-laser pulses of energy 
E, both below and above the threshold (El = 0.89 
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TRT measurements were also carried out 
without the cw probe beam and with the 1.15-pm 
bandpass filter removed and the Si sample 
mounted directly on the enclosure of the Si APD 
detector, about 9 mm from the detector chip. Fig- 
ure 2.56 shows the time dependence of the intense 
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Fig. 2.56. Time-dependent intensity of NBG radiation 
emitted by laser-irradiated c-Si. The vertical arrow 
marks the time of the peak of the ruby laser pulse. Inset: 
Long time bchavior of the slowly decaying tnil. 
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Fig. 2.55. TRT of c-Si for a series of laser pulses of 
energy density El and viewed on two different times scales 
(20 and 50 nsldiv.). The upper left figure is for El less 
than the threshold for the fully enhanced reflectivity 
phase. 

+ 0.06 ~ / c m * )  for the enhanced reflectivity signal. 
The probe beam transmission drops to zero and 
remains there for a period of time 7,  that 
increases with increasing El. As is shown in ref. 1, 
there is quantitative agreement between this and 
other corresponding features of the TRR and TRT 
signatures. 

near band-gap radiation that was detected in this 
case. The radiation can.be separated into two com- 
ponents, a sharp initial peak and a long, slowly 
decaying tail. The initial peak occurs <4 ns after 
Lhe peak in the ruby-laser pulsc and appears to 
have a full width .at half maximum comparable to 
the ruby pulse width. A semilog plot of the slowly 
decaying tnil reveals that several decay processes 
may be involved, with time constants ranging from 
<lo0 to - 1000 ns. It should be noted that the 
1-mW, 1.15-pm probe laser intensity corresponds 
to just seven of the arbitrary intensity units in Fig. 
2.56 (i.e., it would be swamped completely by the 
near band-gap radiation signal) until nearly 1000 
ns after the ruby-laser pulse, unless the bandpass 
filter is in  place. 

Thus, we find that the optical transmission of Si 
during pulsed-laser irradiation drops to zero and 
remains there during the time that the reflectivity 



is at its maximum. The observed maximum value 
for the reflectivity also agrees with the known 
value for molten Si, and other .corresponding 
features of the TRR and TRT "signaturesn are in 
good agreement with each other. Thus, we con- 
clude that the optical propcrtics of Si during 
pulsed-laser irradiation are consistent with the 
presence of molten Si and do not require a transi- 
tion to a long-lived (-100 ns) high-density plasma 
phase for their explanation. 

I. Summary of paper to be published. 
2. M. C. Lee et al., Appl. Phys. Lett. 38, 499 (198 1 ). 
3. D. H. Auston et al., AIP Conf: Proc. 50, l l (1979). 
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OPTICAL ABSORPTION MEASUREMENTS 
OF PURE Si FROM 1.64 TO 4.73 eV 

G. E. Jellison, Jr. F. A. Modine 

The object of this wnrk was to measure the opti- 
cal absorption coefficient a of pure Si in the blue 
region of the solar spectrum using polarization 
modulation ellipsometry. The theory and operation 
of the polarization modulation ellipsometer (PME) 
are well documented in the literature.' By using 
the correct configuration of optical elements, one 
measures either N, S, or C, where N = cos 2#, 
S = sin 2$ sin A, and C = sin 2$ cos A. 

The quantities $ and A are the customary ellip- 
sometry parameters, which are given by rp/rs = 

tan $eiA,  where rs and rp are the perpendicular 
and parallel components, respectively, of the com- 
plex reflectance with respect to the plane of 
incidence. Because of the automated nature of the 
P8.:E, the quantities 1C/ and A are determined as a 
continuous function of wavelength. 

In order to transform the data for $I and A into 
n and k (the real and imaginary parts of the 
refraction index), a model of the surface must be 
used. The simplest model, a one-boundary struc- 
ture, can be solved analytically; however, since it is 
known .that Si normally forms a surface oxide 
(-20 A) which has quite different optical proper- 
ties than bulk Si, this model is clearly inadequate. 
Therefore, a more complex two-boundary model 
must be employed. This model consists of a semi- 
infinite region of air (or vacuum), an oxide layer of 
thickness d l  (n l  = 1.46, k l  = O), and one con- 
ductive layer. 

The ellipsometry parameters for a general two- 
boundary model can be expressed as 

and 

where f and g are complex functions of the given 
arguments. In general, we know that no = 1; we 
assume that the oxide layer is Si02, so that n l  = 
1.46 and k l  = 0. These values change very little 
over the wavelength range considered here. 
' The oxide thickness of the pure samples was 
measured using a Gaertner L117 nulling ellipsome- 
ter at h =" 632.8 nm' and an angle of incidence of 
70'; it was assumed from data in the literature 
that n = 3.85 and k = 0.018 for the pure Si at 
this wavelength. Equations ( l a )  and ( l b )  can then 
be solved using a two-dimensional*. analog of 
Newton's method. Extensive error analysis reveals 
that the error of cv depends on the magnitude of a ;  
for example, the error in a at a = lo4 cm-' is 
25%; at a = lo5 cm-', -10%; and at cr = lo6 
cm' ', -1.5%. 

The values of the optical constants (complex 
index of refraction f i  = n + ik,  or complex 
dielectric constant i = ij2 = e l  + i t2) fur pure Si 
were calculated using a two-boundary model from 
$ and A data taken for X from 262-755 nm 
(1.64-4.73 eV). The absorption coefficient ( a  = 

4nk/X, where X is the photon wavelength), which is 
important for solar cell applications, can be accu- 
rately determined above -2.5 eV using this tech- 
nique. The resulting values of the absorption coeffi- 
cient for pure Si are shown in Fig. 2.57 (solid line) 
along with data found in the literature. It is 
believed that our new dat,a from -2.5 to -3.5 eV 
(350 to 500 nm), which corresponds to the blue 
end of the solar spectrum, is the most accurate op- 
tical data now available for Si. 

1. S. N. Jasperson and S. E. Schnatterly, Rev. Sci. 
Instrum. 40, 796 (1 969). 

2. H. A. Weakliem and D. Redfield, J. Appl. Phys. 
50, 1491 (1979). 

3. W. C. Dash and R. Newman, Phys. Rev. 99, 1 1  5 1 
( 1955). 

4. R. Braunstein, A. R. Moore, and F. Herman, Phys. 
Rev. 109, 695 (1958). 

5. R. Hulthen, Physica Scripta 12, 342 (1975). 
6. S. S. SO and K. Vedam, J.  Opt. Soc. Am. 62, 16 

(1972). 
7. H. R. Philipp, J.  Appl. Phys. 43, 2835 (1972). 



S i l i c o n  R l p h a  Compar ison  
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Fig. 2.57. Optical absorption coefficient for pure Si 
determined by polarization modulation ellipsometry shown 
by the solid line. Comparison data points are taken 
from (1). Weakliem and Redfield2; (2) Dash and 
Newman, (3)  Braunstein, Moore, and Herman4; (4) 
Hulthens; (5) So and VedamG; and (6) Philipp.' 

OPTICAL PROPERTIES OF HEAVILY 
DOPED Si BETWEEN 1.5 AND 4.1 e ~ '  

G .  E. Jellison, Jr. C. W. White 
F. A. Modine R.. F. Wood 

R. T. Young 

The optical constants of heavily doped Si have 
been measured using polarization modulation ellip- 
sometry. Samples were prepared by ion implanta- 
tion followed by laser annealing with 10 pulses 
from a ruby laser at energy 1.3 ~ / c m ~ .  This form 
of sample preparation has several advantages: (1) 
the solubility limit can be exceeded to give higher 
doping densities than have been achieved previ- 
ously, ( 2 )  the resulting near-surface region is free 
of electrically active extended (> 10 a) defects, (3 )  
the surface is optically flat, and (4) the doping 
concentration profile is more nearly an abrupt 
junction than that obtained by diffusion. 

The values of the optical absorption coefficient 
for As-doped Si are shown in Fig. 2.58 for several 
doping levels. As can be seen, there is a dramatic 

ORNL-DWG 80-46554R2 

'o' 7 
UNDOPED 

------- 1- 9.5X 4 0 ' ~  A S / C ~ ~  
Si: As 

3.4~40" - -- 4.8 x 40" 
-.- 4.1 x 4020 
--- 
---- 

- 

- - - - - - 
- 
- 

/ - 

- - - - - - 
PHlLlPP AND TAFT - 

0 DASH AND NEWMAN - 
- 

(03 I I 
1 2 J 4 

ENERGY (eV) 

Fig. 2.58. Absorption coefficient vs photon energy for 
several As concentrations in Si. Data shown by the open 
circles and filled circles are representative data from 
refs. 2 and 3, respectively. 

increase in the absorption coefficient for increased 
doping densities for all photon energies below the 
direct gap (at 3.4 eV) and above 1.5 eV. similar 
experiments with B- and P-doped Si do not show 
this dramatic increase in absorption coefficient. 

The correct interpretation of these results is not 
obvious and will probably require a significant 
theoretical effort to arrive at a completely satisfac- 
tory explanation. However, a few significant obser- 
vations can be made, and a plausible interpretation 
can be proposed. Clearly, we can eliminate 
processes which depend upon the type of dopant (n 
or p ) ,  interband processes, and phonon perturba- 
tions, since there is no obvious correlation with the 



mass of the dopants. Moreover, since As has a 
close lattice match (in terms of covalent radii) with 
Si, we do not expect large lattice strains to occur 
for As-doped Si, even at high doping levels. There- 
fore, we conclude that the large effects observed 
for As-doped samples are due to the presence of 
the d electrons in  As. The As impurities will intro- 
duce either true localized levels or resonance states 
lying well below the top of the valence band r2y at 
the Brillouin-zone center. Orthogonality and 
screening effects due to the d electrons may influ- 
ence the energy levels of higher lying states (in 
both the valence and conduction bands), but they 
will probably not alter greatly the joint density of 
stales. It is 111uch morc likely that the presenc.e of 
the d orbitals produces a rapid increase in many 
matrix elements of the dipole operator which van- 
ish in the perfect crystal; the inclusion of d  orbitals 
in the basis set introduces the possibility that 
strong p-d transitions can occur on the same atom 
where ( p l r l d )  is expected to be large. Thus, 
although the coefficient of the d  orbitals may be 
rather small, the strength of the matrix .elements 
and the fact that there are 10 d electrons will lead 
to a rapid increase in a as the concentration of As 
increases. I n  B- and P-doped Si the enhancement 
of a will nu1 be i~early so grcat because the outer s 
and p orbitals of B and P do not differ signifi- 
cantly from their counterparts in the host Si lat- 
tice. 

I .  Summary of paper: Phys. Rev. Lett. 46, 1414 
(1981). 

2. W. C. Dash and R. Newman, Phys. Rev. 99, 1151 
( 1955). 

3. H. R.  Philipp and E. A:Taft, Phys. Rev.,lZO; '37 
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TRANSIENT CAPACITANCE STUDIES 
OF A I ,OW-LYING ELECTRON TRAP 

IN n-TYPE Si' 

G. E. Jellison, Jr. J. W. Cleland 
R. T. Young 

A new electron trap has been observed by tran- 
sient capacitance measurements in electron- 
irradiated n-type Si at E, - ET = 0.105 eV (El).  
I t  was found that this trap is related to another 
trap at E,. - ET = 0.172 eV (E2), in  that one 
trap can be converted to the other by altering the 
voltagc-pulsing scheme ncross the sample diode. 
However, it was also observed that not all the E2 

traps can be converted to El  traps (though all E l  
traps can be converted to E2 traps); therefore, we 
must distinguish between the convertible E2's 
(E2c) and the nonconvertible E2's (E2n). 

The experimentally observed height of the 
response from E l  is expressed as 

where hkl is the maximum response from the E l  
trap, t i  and t ,  represent the time between pulses 
and the pulse width, respectively, and 7 ,  and T ,  

represent characteristic time constants. As can be 
seen from Eq. ( I) ,  the maximum response from the 
El  trap occurs for t,, >> 7 ,  and t,, << 7,. It is, 
observed that hEl  + hE2 = constant. The time 
constants 7 ,  and 7 ,  are associated with thermally 
activated processes and can be expressed as 

and 

in which 7 ,  = 7.5 X 10-l3 s, 7 ,  = 7.3 X 
1 0-l3 s, AE, = 0.174 eV, and AE, = 0.145 eV. 
Furthermore, it was determined that 7 ,  = the 
emission time of the E2 trap. Annealing experi- 
ments showed that the E2c and El  traps annealed 
out at 350°C, while the E2n traps annealed out at 
450°C. 

A possible model explaining the experimental 
data involves an impurity-modified A center and is 
shown in Fig. 2.59. The activation energy, anneal- 
out temperature, and electron capture cross section 
(a, > lO-I4 cm2) indicate that the E2n trap is 
just the well-known A center or oxygen-vacancy 
d e f e ~ t . ~  The El and E2c traps appear to be dif- 
ferent configurations of the same trap. The 
observed dependence of the transient capacitance 
on the time between pulses indicates that, if the 
E2c trap is filled, it cannot be converted to an El 
trap but an unfilled E2c trap will convert to an E l .  
As t ,  is increased, more E2c traps are emptied 
and, therefore, are converted to El traps. Since the 
captured electron of the A center is localized on 
the Si-Si bond (see Fig. 2.59), the E2n and E2c 
traps will have nearly the same activation energy 
and emission times because the unpaired electron 
will not significantly overlap the impurity of the 
E2c trap. On the other hand, the unpaired electron 



ORNL-DWG 84-48243 in the El trap will overlap significantly the impur- 
ity (due to the proximity of the unpaired electron 

( 0 )  E 2 n  (A-CENTER) to the impurity atom), resulting in a different 
activation energy for the El trap than for the E2c 
or E2n trap. The pulse width indicates that there is 
a small probability for a filled El  trap to convert 
to a filled E2c trap. This transformation is similar 
to stress-induced configurational changes seen in 
the A center2 but has a smaller activation energy 
(0.145 eV for this case, compared with 0.38 eV for 
the A center2). The annealing experiments also 
support the conclusion that the El  and E2c traps 
are different configurations of the same defect, 
while the E2n trap is a different defect. 

Fig. 2.59.. Model for E2n, E2c, and E l  defcqts. (a) 
the A center, (b) the impurity-modified A center without 
vacancy-impurity interaction, and (c) the impurity- 
modified A center with vacancy-impurity interaction. 
The impurity atom is represented by the circled X, the 
oxygen atom by the crosshatched 0, and the vacancy by 
the dashed circle. Note that the impurity position is not 
stipulated; it could be interstitial or substitutional. 

I. Summary of paper to be published. 
2. G. D. Watkins and J. W. Corbett, Phys. Rev. 121, 

1001 (1961); J .  W. Corbett and G. D. Watkins, Phys. 
Rev. 121, 1014 (1961). 

ELECTRICAL AND STRUCTURAL 
PROPERTIES OF GRAIN BOUNDARIES 

IN POLYCRYSTALLINE Si 

R. T. Young Y. K. Chang 

Several individual high-angle (mismatch angle 
> 15") and low-angle (<1 ") grain boundaries in 1 
R-cm n-type polycrystalline Si have been investi- 
gated. The purpose of the investigation was to 
attempt to correlate the mismatch angle of a grain 
boundary with its barrier height and minority-car- 
rier recombination properties. The mismatch angle 
was determined from Laue x-ray 'diffraction pat- 
terns. The grain boundary barrier height was deter- 
mined from temperature-dependent resistivity 
measurements, and the carrier recombination was 
deterrnined by precision line scans using the scan- 
ning laser spot technique. Our preliminary results 
show no simple correlations between mismatch 
angle and electrical properties (barrier height 
and/or recombination). Some high-angle grain 
boundaries exhibit neither a significant barrier 
height nor strong recombination in the untreated 
specimen. ,Minority-carrier recombination at grain 
boundaries often develops after boron diffusion at 
950°C for 30 min. However, even after such treat- 
ment, it was not found that high-angle grain boun- 
daries always exhibit higher recombination rates 
than do the low-angle grain boundaries. This indi- 



cates that the dislocation configuration of a grain 
boundary and possibly the density of coincidence 
sites between the grains may affect the nature of 
the impurity segregation, which may have a large 
effect on the electrical properties of the grain 
boundaries. 

LASER MODIFICATION OF 
GRAIN-BOUNDARY STRUCTURES 

R. T. Young J. Narayan 

Efficiencies of small-grained (1-50 ~ m )  poly- 
crystalline Si solar cells are low, primarily because 
of the detrimental effects of grain boundaries. 
Grain-boundary passivation and the modification of 

grain-boundary structures are thought to be 
promising methods for the improvement of cell 
efficiency. 

In the work reported here, we used pulsed-laser- 
induced surface melting to change grain-boundary 
structures. We found that some electrically active 
grain boundaries can be converted to electrically 
inactive grain boundaries by laser irradiation. 
These findings may lead to the improvement of 
thin-film solar cells on low-cost substrates by 
laser-induced modification of grain-boundary struc- 
tures before subsequent epitaxial f h  growth. 

An example of the type of results that can be 
obtained is given in Fig. 2.60. Figures 2.60(a) and 
2.60(b) show a comparison of SEM images in the 

~ 2 a - ~ o l ~ d r b . e b n l l r q c r t f r s a t ~ d r n ~ L - - - . L . k n ( a ) ~ ~ g d a l t c  
o f a ~ o f a ~ . . % n a a a t d p e e Y ~ a o l a r o t l l ~ d & a a G C e o t r o n ~ a p t r a t f a l l $ ~ s t a o d u d  
(8emndary electron cmlseioa) optratise mode. (b) Emage of the same areit ou tbc sample taken with tha? m k m e o p  
operating in the EBIC mode* sbowin~ A* (ckmidy d m )  and B* (ektricolly inasaive) twin bmadmhs, (c) Area At, 
the elactricaUy active* incoherent twin boundary har tmndowed into an hiacthe, mhmat twin bumbuy in the 
laser-melted region. (d) A m  B', a typical elaetridly hmeth, dermt twin boundary. 



secondary electron and EBIC modes of a selected 
area of a polycrystalline Si specimen after laser 
irradiation. These and other micrographs indicate 
that the linear boundaries exhibit a wide range of 
electrical activity, from completely inactive boun- 
daries [for example B' in Fig. 2.60(a)J, to boun- 
daries which are electrically active only along 
certain sections, or to boundaries which are elec- 
trically active along their entire length (A'). The 
objectives of this work are to understand the differ- 
ences between electrically inactive and electrically 
active boundaries by an investigation of the differ- 
ences in the microstructures of the two linear 
boundaries and to study the modifications of the 
microstructures of these boundaries by laser irradi- 
ation. Figure 2.6qd) is a bright-field transmission 
electron micrograph of the electrically inactive 
boundary B'; the structure seen in the micrograph 
is typical of a coherent twin boundary. On the 
other hand, the electrically active boundary A' 
deviates from the ideal coherent twin morphology, 
as indicated by the presence of networks of partial 
twinning dislocations in the TEM micrographs. 
Figure 2.6qc) is a dark-field TEM micrograph 
(tilt 40") of boundary A'. Two distinct regions are 
indicated in this micrograph. The bottom region B, 
which is seen to contain twinning dislocations, is 
responsible for the electrical activity of the boun- 
dary. The top region T shows the characteristics 
of a coherent twin and is presumably electrically 
Inactive. The difterence between the T and B 
regions was produced by laser melting, which evi- 
dently eliminates the twinning dislocations. How- 
ever, the laser radiation did not alter the micro- 
structure of the coherent twin boundary, as shown 
in Fig. 2.6qd). Coherent twin boundaries are 
believed to contain no "danglingw bonds and, 
hence, are electrically inactive. 

Electrically active incoherent twin boundaries 
contain partial twinning dislocations, which are 
responsible for the electrical activity; apparently, 
these boundaries can be partially converted to 
coherent twins by laser radiation. Even though the 
depth of melting which can be obtained by laser 
annealing is not great (--0.5 pm), it may be 
enough to prevent the propagation of the electri- 
cally active grain boundaries into the epitaxial 
layer. Further study of the laser modification of 
other types of grain boundaries and the resulting 
changes in their electrical properties is under way. 

EFFECTS OF HEAT TREATMENT ON 
GRAIN-BOUNDARY ELECTRICAL ACTIVITY 

R. T. Young R. D. Westbrook 

Recent investigations of grain boundaries by 
~edfield' indicated that grain boundaries are "very 
clean" in as-grown Si. He stated that he observed 
no potential barriers by simple two-point probe 
resistance measurements at grain boundaries in 
untreated n- or p-type Wacker Silso samples or in 
bicrystals grown at RCA and that he suspected 
that barriers are produced at grain boundaries by 
heating samples to temperatures of -600-900"C, 
which causes diffusion of impurities (most likely 
oxygen) to the grain boundaries. 

Investigations were initiated to study the above 
effects. Samples were cut from a large-grained 
polycrystalline Si ingot, which had been grown by 
a single pass Fz technique, with columnar grain 
structure so that identical grain boundaries could 
be found in samples from adjacent slices. p-n 
junctions were formed in these samples, either by 
glow-discharge implantation followed by laser 
annealing or by boron diffusion at 950°C for 30 
min. The advantages of using glow-discharge 
implantation and laser annealing for junction for- 
mation in polycrystalline Si are that the substrate 
can be kept virtually at room temperature and 
enhanced dopant diffusion along grain boundaries 
can be eliminated. Careful studics af recnmhina- 
tion effects a t  grain boundaries in these solar cells 
were made by scanning laser spot and EBIC tech- 
niques. Our preliminary results indicated that some 
grain boundaries, which were electrically inactive 
after glow-discharge implantation and laser anneal- 
ing, were electrically activated as a result of ther- 
mal diffusion. 

Further experiments to determine the cause of 
the electrical activation of these grain boundaries 
were carried out by high-vacuum annealing (8 X 
lod8 torr, 950°C for 30 min) of samples both with 
and without implanted boron. The samples were 
then prepared for EBIC investigation. The results 
were that grain boundaries remain electrically 
inactive after thermal treatment only for those 
samples without B sources at the surface during 
the heat treatment. This indicates that preferential 
diffusion along grain boundaries of the boron 
and/or certain contaminants introduced by the 
glow-discharge implantation may be one of the 



lauses of electrical activation (see Fig. 2.61). On tages for the study and processing of polycrystal- 
he other hand, Li diffusion (350°C for 3 h) did line Si. 

not activate these grain boundaries. The results we 

1. D. Redfield, Bull. Am. Phys. Soc. 26,444 (198 1 1. 

EFmm OF Li DIFFUSION INTO 
POLYCRYSTALLINE Si SOWR CELLS' 

R. T. Young Y. K. Chang 
G. E. Jellison, Jr  M. C. LU' 

G. A. van der Leaden 

Recently, it has been reported that the presence 
of Li in plycrystalline Si can inereas not only the 
majority carrier mobility3 but also the minority 
carrier lifetime." To what extent Li ean bo%h 
remove the potential bamer and reduce minority 
carrier reambination at an idividwl groin boun- 
dary has not been imrestigated. In this work, these 
questions are studied by temperature-dcpandent 
resistivity measurements and by the scanning laser 
spot (SLS) technique. 

Polycrystalline-Si samples were cut from n-type, 
large-&& (mm size), ~ i n ~ l e - ~ a s s  Fz Si ingot 
columnar main structures. Ih t i ea l  

s with 
boun- 

daries canbe found in sample9 cut f&m adjacent 
slices. Li was diffused from one side of the sample 
surface for 10 min to 1 h at m°C.  The potential 
barrier of a grain boundary before and af 
diffusion was determined by four-point 
temperaturedependent resistivity measurements in 
the temperature range 78-300 K on samples with 
a size of -1.0 X 1.5 X 10 mm. The hflwll~a 
of Li on the reduction of minority-carrier mombi- 
nation at a grain boundary was examined by preci- 
sion SLS line scam on b-n junction cells 
from this Si. before and after Li diffusion. 

I cells were fabricated. Only the areas in which the 

Fig. 2.61. EBIC maps of tBc ddcMerl raplw of 
g r a i n ~ i n a a d u a f l m a d e b y ~  
i m p h W h  a d  laser (a) before any bat  
t m t k t  a d  @) sitw bentiag at 950°C for 30 d m  im a 
Mgbmmm (-8 X Tam) f.nrcc. The dark lines 
indicate boundaries with high electrical activity, that is, 
minority-carrier recombination. 

have obtained thus far are not sufficient to give a 
good overall picture of the effects involved. How- 
ever, they reinforce our previous conclusions that 
~dsed-laser techniques do offer substantial advan- 

grain boundaries were distributed more uniformly 
were selected for this study. Cell parmetem were 
measured both before and after Li diffusion. 

Our experimental results indicate that Li can 
effmively remove potential barriers for almost 
every individual grain boundary but can only 
reduce the recombination at some grain boun- 
daries, which agrees with our previous findings.' 
Sincc a grain boundary can involve very compli- 
cated defect configurations and possibly impurity 
segregation, the results presented in this paper may 
be applicable only to certain classes of grain boun- 
daries. Even though Li may not be an effective 
passivation agent for certain grain boundaries as 



far as the recombination mechanism is concerned, 
the incurporation of Li into the plycrystalline Si 
can lead to a better understanding of the physical 
and chemical properties of grain boundaries, which 
should be valuable in the search for a more effec- 
tive way to passivate small-grain (-- 100 pm) 
polycrystalline Si. 

1. Summary of paper: p. 1316 in Proceedings of the 
Fifteenth IEEE Photovoltaic Specialists Confer- 
ence-1981, IEEE 81CH 1644-4, New York, 1981. 

2. Oak Ridge Associated Universities faculty partici- 
pant from Walters State Community College, Morris- 
town, Tenn. 

3. R. T. Young et al., Appl. Phys. Lett. 38, 628 
(1981). 

4. G. L. Miller and W. A. Orr, Appl. Phys. Lett. 37, 
1100 (1980). 

EFFECT OF Li ON THE ELECl'RICAL 
PROPERTIES OF GRAIN BOUNDARIES IN sil 

R. T. Young R. D. Westbrook 
M. C. LU* G. E. Jellison, Jr. 

It is realized that improvements in cell efficiency 

suspension from one side of the sample surface fa 
1 to 4 h between 300 and 400°C. 

The electrical transport properties of Lidiffused 
plycrystalline Si were studied by van der Pauw 
measurements on TI-ply Si, in which the grain 
sizes are more uniformly distributed than they are 
in MS-ply Si. Figure 2.62 is a graph of the car- 
rier mobility vs the measured carrier concentration 
of Li-diffused TI-ply Si. For comparison, a curve 
obtained from the same material doped by neutron 
transmutation is also included. There are two 
features of interest in Fig. 2.62: (1) the carrier 
mobility for both the NTD and Li-diffused samples 
increases with increasing carrier concentration and 
(2) the mobilities in the Li-diffused samples are 
consistently higher than those in the NTD samples. 
Our previous study of the carrier transport proper- 
ties of NTDdoped TI-poly Si indicated that at a 
doping level of > 1 X 10" ~ m - ~ ,  the concentration 
of free carriers begins to increase rapidly. At this 
and higher free carrier concentrations the calcu- 
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of thin-film polycrystailine Si will result from H 
more detailed understanding of grain-boundary : o Li DIFFUSED TI - POLY 

properties and their effects on cell performance. - A NTD DOPED TI -POLY 

It has been demon~trated~.~ theoretically and ex- 
perimentally that grain boundaries may act as 
potential barriers to majority-carrier motion (and, 
conversely, as attractive potentials for minority car- 
riers) and may contain high densities of minority- , loo - 

U carrier traps. The discovery of a treatment for :: 
polycrystalline Si which removes or reduces the + 
potential barriers and compensates the minority- -? d 
carrier traps is considered a promising possibility E 
for solving the grain-boundary problem. Seager, t 

k Ginlcy, and zookS have indicated that treatment + 
with atomic H can remove grain-boundary t rap  P 
ping states and reduce the minority-carrier recom- 
bination. However, it is not easy to introduce 
atomic H uniformly into the grain boundaries. We 
have obtained experimental evidence that grain 
boundaries can be passivated by the introduction of 
Li into polycrystalline Si. 

Two types of polycrystalline Si were used in this 
study: large-grain n-type polycrystalline Si (MS- 
poly), with an average grain size of 1-2 mm, and 
small-grain undoped material (TI-ply), with an 
average grain size of --25 prn, as determined by 
electron microscopy. Li was diffused from an oil 

1 I I I 
1 0 ' ~  10" 

CARRIER CONCENTRATION ( cm*) 

Fig. 2.62. Carrier mobility va carrier concentration for 
Li-diffused and NTD polycrystabe Si. 



lated barrier height VB from Poisson's equation 
should be inversely proportional to the doping con- 
centration N. If carrier transport across the bound- 
aries is dominated by thermionic emission, the car- 
rier mobility p should be proportional to exp 
(-eVE/kT). The observed increase of p with 
increasing N can then be explained, as previously 
reported by ~ e t o . ~  Based on the Seto model, the 
observations of mobility at a fiied doping concen- 
tration should be a sensitive probe to monitor the 
changes in VE. The fact that the carrier mobility 
of the Li-diffused samples is much higher than 
that of the NTD samples simply suggests that the 
potential barrier at the grain boundaries at a given 
dopant concentration can be effectively reduced by 
diffusion of Li into the plycrystalline Si. 

To examine the effectiveness of Li in the reduc- 
tion of minority-carrier recombination at the grain 
boundaries, a careful comparison of photoresponse 
maps generated by the SLS technique has been 
made on p-n junction solar cells before and after 
Li diffusion. A He-Ne laser, which gives radiation 
( A  = 0.633 pm) with an absorption depth of 2.8 
pm in Si, was focused to a spot size -20 pm in 
diameter and was used as the light source in the 

measurements. The maps were obtained by raster- 
ing the laser beam over the sample with rotating 
galvanometer mirrors. 

The effects of grain boundaries on the local pho- 
tocurrent response produced by the He-Ne laser 
beam are shown in Fig. 2.63, which gives the com- 
parison of the SLS map of the same area of a cell 
before and after Li diffusion. The two wide-band 
black images in the map, spaced 2 mm apart, are 
due to the light beam passing over the metal 
fingers on the top surface of the cell. The decrease 
of photocurrent, due to the minority-carrier recom- 
bination at the grain boundaries, is clearly shown 
in Fig. 2.63(a). Comparison of Figs. 2.63(a) and 
2.63(b) shows that the recombination effects of 
some of the grain boundaries were significantly re- 
duced after the introduction of Li into the cell. 

In this study we demonstrated that Li may serve 
as a promising passivation agent for plycrystalline 
Si. However, caution needs to be taken in inter- 
preting the effectiveness of the passivation. For ex- 
ample, one must separate the excess doping effect 
on the barrier height from the real passivation ef- 
fect. Furthermore, the stability of Li in polycrystal- 
line Si needs to be considered. Our preliminary 
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Fig. 2.63. SLS m ~ p s  sbowing the effect of Li passivatioa on gmh bound.rks: (a) before Li passivation, @) after Li 
passivatb. 



results indicate that Li seems quite stable at room 
temperature for a period of two months. More 
quantitative information and long-term stability 
studies are needed to determine the actual poten- 
tial of this process for impmving polyaystdhe Si 
solar cells. 

1. Summary of paper: Appl. Phya. Lett. 38, 628 
(1981). 

2. Oak Ridge Associated U~vcrsitiu) faculty partici- 
pant from Waltcrs State Community College, Morris- 
town, Tenn. 

3. J. Y. W .  Set% J. -1. Phy~ .  46,5247 (1915). 
4. G. Baccarmi, B. R i m ,  and G. Spadini J. Appl. 

Phys. 49,5565 (197tI). 
5. C. H. Seager, D. S. OinIey, and J .  D. Zook. Appl. 

Phys. Lett. 36,831 (1980). 

LASER-ANNEALED GASEOUSDISCHARGE 
IMPLANTED si' 

R. D. Westbrook R. T. Young 

It is known that shallow layers of dopant ele- 
ments can be implanted in Si samples by bombard- 
ing a Si cathode with positive dopant ions in a sim- 
ple, inexpensive gaseous-discharge chamber. As 
with any ion-implantation process, annealing is re- 
quired to remove the damage created by ion bom- 
bardment. The purpose of this work is to study the 
effectiveness of pulsed-laser annealing techniques 
on gaseous-discharge implanted Si. 

Most of the experiments wexe done on single- 
cryatnl Si with a resistivity range 5-10 ohm-cm. 
BF3 and PFS were used as the dopant sources, and 
the gas flowed continuously through the disoharge 
chamber during each run. Total charge transfer 
varied from --0.1 to 2.0 C ~ m - ~ ,  but calculation 
of the exact amount of dopant implanted is dm- 
cult because of the presence of several multiply 
ionired cmmplexes. 

It was found that the annealing energy density 
requirement using a 25-11s pulse from a ruby laser 
is similar to that needed for annealing damage 
from standard ion implantation (i.e., about 1.0-1.3 
J cm-*). Energy densities less than that resulted in 
incomplete activation of the dopant, lower mobili- 
ties, and poor characteristics for solar cells made 
from implanted samples. 

The best cells were obtained with laser annealing 
performed at 400°C sumrate temperature which 
gave open-circuit voltages around 560-570 mV. In 
all cases the short-circuit current density was about 
21-22 mA with no AR coating, which is 
comparable to cells made by other methods. The 
short-circuit current density appeared to be rela- 
tively insensitive to the total implanted dopant con- 
centration. 

1. Summary of abstract p. 1070 in Extended 
Abstracts of the 158th Elcdrochemical Society Meet- 
ing-1980, The Elcctm~hembl Society, Pemingbn, 
N.J., 1980. 

DEVELOPMENT OF Si CHEMICAL VAPOR 
DEPOSITiON SY!3TEMS WITH IN SITU 

LASER-IRRADIATION CAPABILITY 

G. A. van der Leeden R. T. Young 
L. S. Darken, Jr. 

Chemical vapor deposition (CVD) has developed 
into one of the most important film-growth 
technologies of the semiconductor industry in the 
past decade. Apart from the practical applications, 
it constitutes an interesting field for fundamental 
material studies, especially in conjunction with re- 
cently developed laser-processing techniques. These 
techniques are expected not only to broaden the 
range of attainable filtn properties but also to add 
flexibility to semiconductor device design. 

A versatile cold wall horizontal CVD Si system 
was designed, built, and put into operation during 
the last year. This system has the ~8pabm@ for 
growing amorphous, polycrystalline, and single- 
crystal films on substrates at well-cuntrolled tem- 
peratures in the range 400-110O0C. Either di- 
chlorosilane (SiH2Cb) or &me (SiI&) is used as 
the Si source gas; dilute hydrogen-diborane (B2H6) 
and hydrogen-phosphate (pH3) mixtures are used 
as the dopant sources. Ultrahigh purity H is the 
carrier gas. A laser beam can be introduced into 
the reactor chamber by a 45* reflection mirror 
mounted directly above the sample pasition. With 
this arrangement, low-kmperature film deposition 
with intermittent liquid-phase crystallization can 
be studied. Controllable dopant levels, via the con- 
ventional CVD process, are usually in the range 



1 0 ' ~ - 1 0 ~ ~  ~ m - ~ .  With the aid of laser processing, 
good quality epitaxial films with dopant concentra- 
tions at least one order of magnitude higher than 
those obtained by conventional CVD have been 
grown. 

Other studies, including the growth of good 
quality polycrystalline films on low-cost substrates 
and the control of interface diffusion are currently 
under investigation. 

IN SITU LASER CRYSTALLIZATION 
OF THIN Si FILMS DEPOSITED 
RY I.,OW-TEMPERATURE cvn 

G. A. van der Leeden R. T. Young 
J. Narayan 

The growth of high-quality thin epitaxial films 
on single-crystal substrates with a well-controlled 
dopant redistribution at the growth interface has 
been a subject of investigation for years. The de- 
vice applications include bipolar technology, 
transistors, high-frequency microwave diodes, etc. 
The epitaxial process currently used in device fab- 
rication is based primarily on CVD of SiH2CI2 or 
SiH4 at 1000-1 100°C under atmospheric pressure. 
With this high-temperature process, dopant redis- 
tribution at the growth interface is virtually impos- 
sible to control. Furthermore, due to the relatively 
high deposition rates at these temperatures, it is 
very difficult to control the film thickness when a 
thin (0.2-0.3 pm) active layer is required for de- 
vices. 

The objective of the present work is to explore 
the use of laser irradiation of Si in situ with the 
CVD process to grow high-quality epitaxial films 
at low temperatures. (500-700°C) so that good 
control of the film thickness and interfacial dopant 
diffusion can be obtained. In preliminary experi- 
ments, Si films with a thickness of 0.3-1.0 pm 
were deposited on ( 100) and ( 1 1 1 ) Si substrates at 
660°C using asilane source (0.35% in H2) with a 
deposition rate of 150 A/min. The as-deposited 
films had grain sizes of less than 1 pm. In situ 
laser recrystallization was performed with a pulsed 
ruby laser operating in the energy range of 0.5-0.7 
J/cm2 by irradiating the sample with a single 25-ns 
pulse after every -500-1000-A deposition without 

interrupting the deposition process. Single-crystal 
films were obtained in all cases. However, TEM in- 
vestigations indicated that dislocations were 
present; their densities decreased from -106/cm2 
in the vicinity of the substrate interface to 
-103/cm2 at the surface. We believe that these 
dislocations were formed during laser recrystalliza- 
tion by localized strain fields originating from 
contamination-induced microinclusions in the as- 
deposited film or from contaminants at the sub- 
strate surface itself. We found that they can be re- 
duced greatly or removed completely when the 
completed epitaxial layer is irradiated with a final 
high-energy (2.0 J/cm2) laser pulse. Methods for 
controlling the dislocation density and contamina- 
tion are being investigated. 

DOPANT ION REDISTRIBUTION 
DURING PLA OF ION-IMPLANTED G a ~ s '  

R. F. Wood D. H. Lowndes 
W. H. christie2 

In this summary we illustrate the results of 
recent studies of the redistribution of implanted 
dopants resulting from pulsed ruby laser annealing 
of GaAs and compare experimental dopant redis- 
tribution profiles and experimental durations of 
surface melting (the latter measured by TRR) with 
the predictions of the melting model3 of PLA. 

The unencapsulated GaAs samples implanted 
with 150-keV Zn and 35-keV Mg ions at doses of 
5 X lOI5 ions/cm2 were irradiated at room tem- 
perature with single pulses (FWHM duration = 

15-25 ns) from a ruby laser operating under mul- 
timode conditions, with the laser beam spatially 
homogenized using a bent diffusing light pipe. The 
results of electrical properties measurements on 
these and similar samples are described in an 
accompanying paper by Lowndes, Cleland, and 
westbrook4 in this report. SIMS measurements 
were obtained, in some cases with the samples 
overcoated' with 30-50 nm of spectrographic grade 
carbon to eliminate spurious ion signals that would 
be generated by unfocused components of the pri- 
mary ion beam. Uncertainties in the SIMS depth 
and concentration scales are each estimated to be 
+ 10%. Dopant ion losses during PLA were 
estimated from the integrated numbers of secon- 



dary ion counts. Essentially no losses were observed 
for the Mg-implanted samples, but the Zn- 
implanted samples showed losses monotonically 
increasing from -2  to -20%, for laser energy 
densities El in the range 0.5 6 El 6 1.0 ~ / c m ~ .  

Several methods for calculating dopant diffusion 
during PLA have been described.' We have used 
these methods and the melt-front profiles to calcu- 
late the liquid-phase diffusion profiles of Mg and 
Zn in GaAs; the results for Mg are shown in Fig. 
2.64 together with the SIMS data. Values of the 
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Fig. 2.64. Experimental and calculated profiles of Mg 
in GaAs. 

diffusion coefficient Dl for dopants in liquid GaAs 
are not known, but we assumed that they would be 
of the same magnitude as Dl in Si. We first tried 
to fit the Mg data with Dl = 5 X cm2/s, 
but this gave results incompatible with the calcu- 
lated melt-duration times. We eventually found 

that Dl = 2.5 X cm2/s gave good fits to the 
experimental curves, as indicated in Fig. 2.64. 
Since the Mg profiles show clear evidence of sur- 
face segregation, we also had to determine an ap- 
propriate value of the interface segregation coeffi- 
cient ki. The necessity to fit both the surface 
segregation "spike" and the profile far below the 
surface severely constrains ki, and a few calcula- 
tions were sufficient to determine that ki = 0.6. It 
should be emphasized that this value of ki is not 
appropriate. for crystallization under equilibrium 
conditions but is characteristic of nonequilibrium 
segregation during ultrarapid (-3 m/s) solidifica- 
tion. 

The theoretical fits to the Zn data were some- 
what less satisfactory than those to the Mg data. 
The SIMS measurements of the Zn profiles 
showed that there were substantial losses of Zn 
during laser annealing at the higher energy densi- 
ties. Although the computer programs allow for 
dopant loss, such losses complicate thc fitting pro- 
cedure. Moreover, because of inherent difficulties 
with SIMS measurements in the close vicinity of 
the surface, the position of the surface in the ex- 
perimental data is not known with great accuracy. 
In spite of this difficulty with the Zn data, the fit 
between experiments and calculations is quite satis- 
factory, for both Mg and Zn. 

We conclude that by fitting a family of dopant 
redistribution profiles corresponding to various 
laser energy densities, both ki and Dl may be 
simultaneously determined. In fact, the method 
used here appears to provide the only measure- 
ments available for diffusion coefficients of dopant 
ions in molten GaAs. 

- 

I .  Summary of paper: p. 231 in Laser and EIectron 
Beam Solid Interactions and Materials Processing, ed. 
by J .  F. Gibbons, L. D. Hess, and T. W. Sigmon, North 
Holland, New York, 1981. 

2. Analytical Chemistry Division, ORNL. 
3. R. F. Wood and G. E. Giles, "Macroscopic Theory 

of Pulsed-Laser Annealing: I .  Model for Thermal Trans- 
port and Melting," this report. 

4. D. H. Lowndes, J .  W. Cleland, and R. D. West- 
brook, "Electrical Properties of Ion-Implanted, Pulsed- 
Laser Annealed GaAs," this report. 

5. R. F. Wood, J .  R. Kirkpatrick, and G. E. Giles, 
Phys. Rev. B 23, 5 5 5 5  (1981); "Macroscopic Theory of 
Pulsed-Laser Annealing: 11. Dopant Diffusion and Segre- 
gation," this report. 



ELECTRICAL PROPERTIES OF 
ION-IMPLANTED, 

PULSED-LASER ANNEALED G ~ A S '  

D. H. Lowndes J. W. Cleland 
R. D. Westbrook 

During the past several years, PLA of ion-im- 
planted Si has been shown to be well suited for for- 
mation of high-quality p-n junctions. In contrast, 
little application has been made of sir~~ilar pulsed- 
laser techniques for the formation of p-n  junctions 
in  compound semiconductors. The purposes of the 
present study were (1) to determine whether there 
exists arl energy density BI'"windown for PLA that 
results in high electrical activation of implanted 
ions, (2) to select ion-implanted species which pro- 
vide the highest electrical activation and carrier 
mobility, (3) to determine spatial homogeneity 
requirements on the pulsed-laser beam to ensure 
uniform annealing and junction depth, and (4) to 
measure the electrical properties of p-n junctions 
formed by the ion implantation-PLA technique in 
GaAs. 

Single-crystal ( 100) semiconducting GaAs 
wafers (doped -1 X 10"/cm3, opposite in carrier 
type to the implanted ions) were implanted with 
80- and 150-keV Zn, 35-keV Mg, 85- and 160-keV 
Se, and 80-keV Si ions (all singly ionized) to doses 
of 1 and 5 X 1 0 ' ~ / c m ~ .  Samples were irradiated 

I using single pulses from a ruby laser ( A  = 0.694 
pm, duration = 20-25 ns). The pulsed ruby laser 
heam was homogenized by passing it through a 
bent, diffusing fused-silica light pipe. 

Figure 2.65 summarizes the results of Hall effect 
and sheet resistivity measuremenis that were car- 
ried out u€ing the van der Pauw ~e,r:.hrtiilite in nrder 
to evaluate the electrical properties of the shallow 
p+ layers formed by ion implantation-PLA on 
n-GaAs substrates. The mean electrical activation 
[Fig. 2.65(a)] for 5 X 1 0 ' ~ / c m ~  Zn or Mg im- 
plants is 80 +. 5%, within a laser energy density 
window 0.4 < El < 0.8 ~ / c m ~ ;  there is also some 
evidcncc that thc morc shallow Zn implant pro- 
duces still higher activation near 0.4 ~ / c m ~ .  These 
arc the highest dopant ion activations reported to 
date for PLA of GaAs and arc cqual to the best 
rcsults ohtnined via thermal annealing of GaAs. 
The Hall mobility [Fig. 2.65(b)] within the highly 
doped ion implanted-PLA near-surface region is a 
linearly increasing function of El  up to El = 0.8 
.l/cm2, above which the mobility decreases sharply, 
in conjunction with the onset of easily visible laser 
damage to the samples' surfaces. Thus, there is a 
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well-defined energy density window, 0.4 6 El < 
0.8 ~ / c m ~ ,  within which annealing of shallow ion 
implants in GaAs can occur. The upper bound is 
determined by the onset of catastrophic damage 
due to vaporization, while the lower bound is deter- 
mined by the requirement of melting fully through 
the heavily damaged ion-implanted layer, so that 
epitaxial regrowth from the single-crystal substrate 
beneath can occur, in good agreement with the re- 
crystallization threshold observed directly via 
TEM. 

For the n-type implants Si and Se, the electrical 
activations obtained by PLA were lower, the best 
result being 640% activation for 1 X 1015 Si 
ions/cm2, for El - 0.45 ~ / c m ~ .  

SIMS measurements also showed a well-behaved 
increasing penetration of the dopant profile with 
increasing El ,  suggesting that laser-beam spatial 
inhomogeneity is probably not a limiting factor in 
forming well-defined p-n junctions in GaAs. How- 
ever, forward-diode characteristics clearly indicated 
a nonideal diode structure for the p+-n junctions 
formed by ion implantation-PLA of p-type dopant 
ions (which produced the highest electrical activa- 
tion). 

A combination of capacitance-voltage measure- 
ments, model calculations, and SIMS and TEM 
defect studies was found to be consistent with a 
model in which defects formed during ion implan- 
tation diffuse well beyond the original implantation 
range during the laser annealing step, producing 
compensation of the substrate material and result- 
ing in the presence of a semi-insulating layer where 
one would expect the junction to be. TEM and 
SIMS studies indicated that the most likely defects 
are arsenic vacancies, with compensation occurring 
in the Si-doped n-type substrate material through 
formation of either Si-As vacancy complexes or by 
Si atoms filling As-sublattice vacancies and acting 
as acceptors. The resulting diodes have a p+-i-n 
structure rather than p+-n. 

Thus, even though implantation lattice damage 
can be almost entirely removed by PLA, the pres- 
ence of a defect-induced semi-insulating layer in 
the junction region appears to be the limiting fac- 
tor in obtaining useful p-n junctions in GaAs by 
the ion implantation-PLA technique. 

I. Summary of paper: p. 45 in Proceedings of the 
15th IEEE Photovoltaic Specialists Conference, I E E E  
8 1 CH 1644-4, New York, 198 1. 

TIME-RESOLVED REFLECTIVITY DURING 
PULSED-LASER IRRADIATION OF G a ~ s '  

D. H. Lowndes R. F. Wood 

In this work we report the results of the first 
systematic TRR measurements on crystalline and 
ion-implanted GaAs, and their comparison with 
thermal-melting model calculations. GaAs samples 
were irradiated in air at room temperature, using 
single pulses (-12 ns duration) from a ruby laser 
operated in the TEMoo mode. A probe beam ( 6 1  
mm diam) from a low-power (-5 mW) unpolar-. 
ized cw He-Ne laser was incident at 45' on a pol- 
ished (100) face of the sample. The reflected-probe 
beam was passed first through a bandpass filter 
centered at the He-Ne wavelength (633 nm) and 
then was detected by a high-speed (7, - 150 ps), 
reverse-biased Si PIN diode connected directly to a 
Tektronix Model-7834 storage oscilloscope (7, - 2 
ns). 

Figure 2.66 shows melt duration 7 vs pulsed- 
laser energy density El for crystalline GaAs and 
for GaAs implanted with 160-keV Se ions at a 
dose of 5 X 10" ions/cm2. Also shown are the 
results of Auston et a ~ . , ~  for a GaAs sample im- 
planted with 50-keV Te ions to a dose of 1 X 1016 
ions/cm2. The results in Fig. 2.66 provide the first 
comparison of melt durations for laser-irradiated 
crystalline c- and amorphous a-GaAs. 
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Near the threshold (El -- 0.2 J/cm2) for attain- 
ing the maximum reflectivity, there is good agree- 
ment between the curves for the Se- and Te- 
implanted samples, and there are clear differences 
between them and the curve for the c-GaAs sam- 
ples. These observations, together with the results 
of melting model calculations, suggest that the 
energy stored in the ion-implanted region prolongs 
the surface melting. Either the melting point or the 
latent heat of fusion, or both, may be lower for a- 
GaAs than for c-GaAs. This explanation is con- 
sistent with both the lower melt threshold and the 
longer melt durations that are observed for a- 
GaAs. 

In the intermediate El range (El - 0.5 J/cm2), 
7 for the Se- and Te-implanted samples differs by 
a factor of 2. However, model calculations, using 
reasonable combinations of the thermal and optical 
parameters of a-GaAs, were unable to reproduce 
this wide range of 7. TO clarify this result, we con- 
ducted an additional set of experiments; using El  
= 0.4-0.5 J/cm2, Se-implanted samples were sub- 
jected to repeated (up to 5) laser irradiations, and 
7 was measured each time. Although there was 
some variation in 7 from pulse to pulse, the dura- 
tio~rs fur a given samplc ncvcr decreased to the 
substantially lower value for c-GaAs, even though 
TEM showed that these initially amorphous sam- 
ples epitaxially recrystallized after a single irradia- 
tion at El  > 0.36 J/cm2. We, therefore, interpret 
the differences in T for all three sets of samples for 
the higher El, as due primarily to chemical effects 
arising from substantial differences in the doping 
of the near-surface region. SIMS measurements 
showed that Se does segregate toward the sample 
surface as a result of PLA, with a mean Se con- 
centration 3 2  X lo2' atoms/cm3 found in the first 
0.1 prn below the surface following annealing at 
0.5 J/cm2. 

Figure 2.66 also shows the results of calculations 
of the melt duration for c - G a ~ s . ~  The agreement 
between the calculated and measured melt dura- 
tions is very good for c-GaAs. For El  > 0.8 J/cm2, 
the TRR for GaAs changes both qualitatively and 
quantitatively. These observations are in good 
agreement with model calculations which predict 
the onset of vaporization of c-GaAs at El  2 0.8 
~ / c m ~ . ~  Dopant profiles, resulting from laser an- 
nealing of Mg and Zn implants in GaAs, were also 
calculated as functions of El, using calculated melt 
durations that differed only slightly from those for 
c-GaAs, and were found to be in good agreement 

with experimental SIMS profiles.3 This result 
again supports the idea that the longer surface 
durations for the maximum reflectivity in Se- and 
Te-implanted GaAs are more characteristic of 
departures from stoichiometry and the formation of 
lower melting point liquids very near the surface 
than of stoichiometric GaAs. Inspection of' the 
Ga-Se (Ga-Te) phase diagram shows a number of 
intermediate alloys and compounds with melting 
points around 1000°C (800°C), in addition to pure 
Ga (30°C). The model calculations also predict a 
threshold at El = 0.2 J/cm2 for melting to a depth 
of -200 A (equal to one optical skin depth at the 
He-Ne probe laser wavelength) in excellent agree- 
ment with the observed thresholds of -0.22 
(-0.18) J/cm2 for c- (Se-implanted) GaAs. 

1 .  Summary of paper: Appl. Phys. Lett. 38, 971 
(1981). 

2. D. H. Auston et al., Appl. Phys. Lett. 34, 777 
(1979). 

,3 .  R. F. Wood, D. H. Lowndes, and W. H. Christie, 
p. 231 in Laser and Electron Beam Solid Interactions, 
ed. by J .  F. Gibbons, L. D. Hess, and T. W. Sigmon, 
North Holland, New York, 198 1. 

PHOTOLUMINESCENCE OF 
PULSED-LASER-IRRADIATED 

n- AND p - C a ~ s l  

D. H. Lowndes B. J. ~ e l d m a n ~  

Recent studies of ion implantation followed by 
PLA in GaAs showed that nonideal electrical 
characteristics resulted for these p+-n junctions.' 
It was postulated that this nonideality was the 
result of arsenic vaporization followed by formation 
of arsenic vacancy substrate-dopant ion complexes 
in the junction region. The purpose of the photo- 
luminescence study reported here was to evaluate 
the effects of ion implantation and pulsed ruby 
laser irradiation, separately and in combination, on 
radiative recombination pathways in GaAs. The 
principal result of our st.udy is that no photo- 
luminescence is observed in GaAs subjected to 
high-dose ( 3 1 0 ' ~  ions/cm2) ion implantation, ei- 
ther with or without subsequent pulsed-laser an- 
nealing. 

Both n-type (Si-doped -6 X 1 0 ' ~ / c r n ~ )  arid 
p-type (Zn-doped -1 X 10"/cm3) c-GaAs sam- 
ples were used. Zn ions with 150-keV energy (pro- 
jected range -595 A) were implanted to a dose of 
5 X l ~ ' ~ / c m '  in some of the n-type samples, while 



80-keV Si ions (projected range -677 A) were 
implanted at a dose of 1 X 10'*/cm2 in some of 
the p-type wafers. All samples were irradiated at 
room temperature using single 20-25-11s pulses 
from the spatially homogenized beam of a ruby 
laser ( A  = 0.694 pm). Photoluminescence spectra 
were obtained following PLA at both 77 and 300 
K with samples mounted inside a variable tempera- 
ture dewar. Photoexcitation was provided by, a 100- 
mW, unfocused, 0.514- or 0.458-pm argon ion 
laser beam, with the photoluminescence dispersed 
by a grating monochromator and detected with a 
cooled-Ge photodiode. 

Unirradiated control samples exhibited photo- 
luminescence spectra centered near the GaAs band 
edge (1.3-1.5 eV range) for Zn-doped material or 
broadened and shifted toward the midgap region 
(0.7-1.3 eV) for Si-doped GaAs. However, 
irradiation of p-  or n-type c-GaAs a t  El = 0.6 
J/cm2 resulted in a somewhat uniform reduction in 
photoluminescence intensity (in comparison with 
unirradiated samples), with the reduction more 
pronounced for p-type material and a shift of all 
spectra toward longer wavelengths. This pulsed- 
laser energy density lies in the center of the range 
of laser annealing energy density (0.4 < El < 0.8 
J/cm2), which we earlier found produced high 
activation of p-type ion implants in G~AS. '  TRR 
measurements and model calculations show that El 
= 0.6 J/cm2 should produce melting to a depth 
-3300 A in c-GaAs; by considering the much 
shorter absorption lengths (-550-1200 A) for 
light at the photoexcitation wavelengths used, it 
was shown that the changes' in photoluminescence 
spectra that were found are representative of bulk 
(not surface) processes of photoexcited electron- 
hole pairs that were produced entirely within 
material that was melted and recrystallized by the 
pulsed laser. 

The complete lack of photoluminescence from 
high-dose ion-implanted samples, whether laser an- 
nealed or not, contrasts strongly with TEM cross- 
section micrographs and selected area diffraction 
patterns, which show unequivocally that pulsed 
ruby laser irradiation at El 2 0.4 ~ / c m ~  is suffi- 
cient to produce complete epitaxial recrystallization 
of the ion-implanted samples used in this work. 
Thus, the present photoluminescence measurements 
allow us to infer that PLA (to within a photo- 
luminescence detection sensitivity of 

results only in nonradiative recombination centers 
in GaAs. These defects are probably the same, or 
closely related to, electrically active defects which 
strongly influence the electrical properties of ion- 
implanted laser-annealed GaAs. 

1. Summary of paper to be published. 
2. University of Missouri, St. Louis, Mo. 
3. D. H. Lowndes, p. 45 in Proceedings of the 15th 

IEEE Photovoltaic Specialists Conference, I E E E  
8 1 CH 1644-4, New York, 198 1. 

EFFECT OF SUBSTRATE. RELIEF 
PATTERNS ON THE MORPHOLOGY OF 

Si CRYSTALLIZATION 

L. S. Darken D. H. Lowndes 
G. A. van der Leeden 

The effect of a square-wave relief pattern in the 
substrate on the morphology of Si films grown on 
these substrates has been investigated for a variety 
of growth techniques to determine the suitability of 
these techniques for producing large-grain (>lo0 
pm) Si films for solar cell fabrication. If nucleation 
can be induced at the relief groove corners, mini- 
mization of anisotropic surface energy may deter- 
mine a unique crystallographic orientation for all 
nuclei, and a large-grained film should be obtained. 
The square-wave relief pattern was produced in 
thermally grown Si02  substrates by photolitho- 
graphic and reactive ion etching techniques, similar 
to those reported by Geiss, Flanders, and smith.' 
The acuity of the relief pattern is shown in Fig. 
2.67. The periodicity and depth of the pattern 
shown are typical for the work performed. 

Si hypereutectic (Si-rich) melts were formed by 
heating Si/Au couples evaporated on a 
patterned-Si02 substrate. These melts were slowly 
cooled (l°C/min) to allow Si to precipitate and 
grow as close to thermal equilibrium as possible. 
After complete cooling, the Au was removed by 
aqua regia, and the remaining Si was examined. 
Nucleation of the Si occurred at the melt/Si02 
interfice, preferentially in  the groove corners, but 
the nuclei were not preferentially oriented crystal- 
lographically in  the plane of the substrate. 

Fine-grain (<0.1 pm) Si films 0.5 pm thick that 
had been deposited on a patterned substrate were 
recrystallized using a hydrogen torch. If the dura- 
tion of melting was brief, the film did not coalesce 



Fig. 2.67. SEM micrograph of mbetrate after reactive ion etching of aquare-wave p a t h  

into droplets, but it recrystallized as a continuous 
film. Grain size i n c r d  to abwt 50 p. Grain 
boundaries tended to follow the grating structure. 

Finegain Si f"rlms on patterned Si* substrates 
were pulsed-laser annealed with a ruby laser using 
a variety of parameter values, namely, energy den- 
sity ranging from 0.1 to 1.3 ~ / c r n ~ ,  pulse repetition 
to 10 pulses, Si thickness 0.2-1.5 pm, oxide 
thicknesses 0.2-1.0 pm, pattern periodicity 1.5-8.9 
pm, groove depth 0.14.5 pm, a d  With various 
degrees of substrate heating to 600*C. Reflectivity 
measurements were performed to &tennine tbe 
onset of meltin$. Higher energy densities and 
higher substrate temperatures promoted larger 
grain growth. Full exploitation of these trends was 

prevented by vaporization of the Si. Repetition of 
annealing pulses did not &gnWcantly promote 
grain growth at any energy density. The largest 
grains formed were on the order of 1 pm. A typi- 
cal result is shown in Fig. 2.68. Here, larger grains 
grew on the higher plateau of the sguare-wave pat- 
tern. Crystallization apparently proceeded laterally 
from both sides, joining in a seam down the middle 
of the r a w  relief structure. We conclude that the 
techniques invwtigated do not appear to gwaess 
the potential for prectical application to substrate 
fabrication. 

I. M. W. Oeiss, D. C. Flanders, and H. 1. Srnitn, 
Appl. Phys. LPrr. 35,7 1 (1979). 



CRYSTALLOGRAPHIC ORIENTATION OF by a square-wave relief pattern formed in the 
ELECIRODEPOSITED TIN BY cathode of an eledrnlytic cell. A deposition is 

SUBSTRATE RELIEF STRUCI'URE shown in Fig. 2.69. 

L. S. Darken D. H. Lowndes 

Techniques for pattern definition of micron and 
submicron features in thermally grown Si02 have 
been developed for the integration and miniaturiza- 
tion of circuits on Si chips. This technology has 
been applied to the investigation of the effects of 
substrate-relief structure (usually a square-wave 
pattern) on the crystallographic orientation of 
deposited films.'*2 The strategy is to fabricate 
features with corner radii smaller than the radius 
of the critical nuclei for crystallization, anticipating 
that the anisotropy of the surface energy will cause 
the individual nuclei to be oriented ~niquely.~ We 
report the orientation of electrodeposited tin islands 

square-wave patterns in substrates were 
prepared by reactive ion etching Si02 through pho- 
tolithographically produced Cr masks. The tech- 
niques employed were similar to those described by 
Geiss et aL2 Typically, the square wave had a 
depth of 0.1 pm and a periodicity of 2.7 pm. The 
patterns were metallized for electrical continuity 
by evaporation of thin (100 A) films of Cr, Si, or 
Au. Two evaporations with the substrate tilted in 
opposite directions were necessary to ensure cover- 
age of the pattern. 

In addition to the patterned cathode, the cell 
consisted of a platinum anode and an electrolyte 
containing stannous tin (4.75 g/L SnC12-2H20, 
5.6 g/L NaOH, 50 g/L NaCN). Potentials were 



Fig. 2 69. SEM p i m e  of elecbodepoeited tin on a patterned sllbetrate. 

measured with respect to a saturated calomel elec- 
trode (SCE). The system was purged by bubbling 
argon. 

Highly oriented islands were formed at overvolt- 
ages 7 in the range 0.02 to 0.60 V. Islands had the 
form of elongated parallelepipeds with sides paral- 
lel to the {100j, {o~o], and (001] crystallographic 
planes of tin. These islands grew with remarkable 
reguIarity as shown m Fig. 2.70. Unentahon of 
the (001) crystallographic axis with the grating 
direction was observed on Cr-, Si-, and Au-ted 
substrates at both 23 and 70°C. 
Tin was also deposited from a halogen electro- 

lyte (SnC12.2H20, 75 g/L; NaF, 25 g/L; KHF2, 
50 g/L; NaCl, 45 g/L) but the islands were 
square, and the tendency to orient, though present, 
was less pronounced. Similar results were obtained 

with a fluoborate bath [Sn(BF.J2, 100 g/L; HBF4, 
150 g/L]. The flwbrate bath had the undesirable 
feature of attacking the SOz through any defects 
in the metallization. 

Analysis of the x rays produced by fluorescing 
the deposits with the electron beam in an SEM 
revealed no second component in the tin deposits. 
Sensitivity was in the range 0.1-1% per element. 

'I'he crystallograph~c or~entat~ons of the Jands 
were investigated with an x-ray diffractometer. In 
this technique, a large fraction of the substrate is 
irradiated; therefore, the orientations of many 
nuclei are averaged. The distribution of the (100) 
axis about the substrate normal was extremely nar- 
row, -0.2" FWHM. The distribution of the (001) 
axis about the grating direction was broader, --So 
FWHM. 



Fig. 2.70. SEM piftw didMCml tin Mud. 

It is evident from the extreme elongation of the 
islands in Fig. 2.69 that their regular shape at this 
stage is not due to minimization of surface energy. 
Rather, these are growth forms bounded by the 
slowest growing crystal planes. To investigate 
nucleation, deposition was interrupted at an early 
stage, and the substrate was examined. Rectangu- 
lar nuclei were found growing from the corners of 
the square-wave pattern. 

In classic81 nuc1atim theory, the critical radius 
P is defined as the radius of the smallest stable 
nuclei. ignoring anisotropy in surface energy? P = 
-2a/&,, where a is the Gibbs free energy per 
unit interfacial area and AG, is the bulk Gibbs 
free energy diffmncc per unit volume between the 
condensad phase and the dissolved phase. A rough 
lower limit on P can be obtained by application of 
this equation to the case of the smallest negative 
potential for which orientation was observed (AG, 
= 0.04 eV/atomic volume, a * lo2-ld erg/cm2). 

  or this range of cr, r* 0.6-6.0 nm. This is the 
same order of magnitude as the corner radius, 
which is expected to be about 5 nm. 

In summary, the morphology, composition, and 
orientation of tin islands electrodeposited on a 
square-wave relief pattern have been investigated. 
From an electrolyte containing SnC12, NaOH, and 
NaCN, highly regular box-like islands were pro- 
duced with (100) normal to the substrate and 
(001) parallel to the grating. No impurities or 
cornpasitional irregularities were detected in the 
deposits. 

1. H. I. Smith and D. C. Flanders, Appl. Phys. Lett. 
35 349 ( 1978). 

2. M. W. Geiss, D. C. Flanders, and H. I. Smith, 
Appl. Phys. Lett. 35, 71 (1979); M. W. Geiss et a]., 
Appl. Phys. Lett. 37,454 ( 1 980). 

3. D. C. Flanders, Ph.D Thesis, MIT, 1978; reprinted 
as MIT Laboratory Technical Report 533, 1978. 



OPTICAL STUDIES OF LATTICE DAMAGE 
IN NEUTRON-TRANSMUTATION-DOPED Si' 

N. ~ u k u o k a ~  J. W. Cleland 

A study with IR spectroscopy techniques was 
made of the near-edge absorption continuum and 
distinct absorption bands introduced by interstitial 
oxygen (Oi) in high purity Fz and Cz Si before 
and after reactor neutron i r rad ia t i~n .~  The primary 
results of the present studies are thal divacancy, 
near-edge absorption, and single-phonon bands 
were observed after irradiation of Fz or Cz Si, 
irrespective of Oi concentration, and the absorption 
coefficient of these IR-aclivc defcct centers 
increased with fluence. Higher order bands were 
formed in Fz csr Cz Si after irradiation and anneal- 
ing to 300°C, and the intensity of these bards 
decreased with increasing fluence. Formation of at 
least six distinct absorption bands in the 9.1-12.1 
pm wavelength region in Cz Si, after irradiation 
and partial annealing, may have been associated 
with the formation of different oxygen-defect 
related centers. However, the complete removal of 
all of the absorption introduced, following anneal- 
ing for 30 min at 750°C, even in very heavily irra- 
diated samples, is taken as evidence that there was 
no special oxygen-lattice defect complex that 
remained in Cz Si under these irradiation and 
annealing conditions. 

I .  Summary of paper: Proceedings of the Third Inter- 
nufionul Conference or) N T D  Si ( i n  press). 

2. Guest scientist from Osaka University, Osaka, 
Japan. 

3. N.  Fukuoka and J. W. Clelar~d, Radiat. Eff: 51, 
215 (1980). 

HEAT TREATMENT EFFECTS IN 
NEUTRON-TRANSMUTATION-DOPED ~ i '  

J. W. Cleland 

It has been shown by electrical property mea- 
surements that a significant concentration (10'~- 
l0I5 ~ m - ~ )  of an impurity (presumably Li) that 
can be activated as a donor hy short-term (30 min) 
heat trealrllent at 3650°C is present in some 
commercially available Fz, Cz, or neutron- 
transmutation-doped (NTD) Si ingots. Most (90%) 
of these donors became inactive in Fz or Cz Si 
samples within a few days at ambient temperature, 
but many (40-70%) of them were still active in 
NTD Si samples after several months at ambient 

temperature. Virtually all these donors could be 
reactivated by a subsequent heat treatment at 
2650°C. These results are especially significant 
because (1) heat treatment for 1-3 h at 650°C is 
required to remove oxygen-related donors formed 
in Cz Si during cool-down after growth and (2) 
heat treatment for 220  h at 650°C or 30 min at 
750°C is required to remove radiation damage and 
to obtain the anticipated carrier concentration in 
NTD Fz or CZ Si. The fact. that the carrier con- 
centration can be altered by 10 '~-10 '~  ~ m - ~  in Fz, 
Cz, or NTD Si by short-term heat treatment at 
2650°C should be considered in conventional de- 
vice processing steps such as dopant diffusion for 
junction formation or heat treatment for removal 
of lattice defects produced by neutron irradiation 
or ion in~plantation. 

1 .  Summary of paper to be published. 

HEAT TREATMENT STUDIES OF OXYGEN- 
DEFECT-IMPURITY INTERACTIONS IN Si' 

J. W. Cleland 

It has been shown by electrical property rnea- 
surements that extended (3100 h) annealing at 
450°C can introduce 31016 cm-3 0 donors in Cz 
single-crystal Si samples that contain --1018 cm-3 
interstitial oxygen (Oi) initially. The maximum 0 
donor concentration attained is ( I )  less if the Si 
contains C, (2) not altered by the presence of con- 
ventional n-type dopants (P, As, and Sb), and (3) 
larger if p-type dopants (B, Ga, and Al) are 
present. Short-term (30 min) heat treatment at 
3650°C is sufficient to remove most (390%) of 
the 0 donors in Cz single-crystal Si that does not 
contain Al. 0-related donors are also formed by 
extended annealing at 450°C in Cz or cast poly- 
crystalline Si; heat treatment at 2650°C does not 
remove most of these donors. Intermediate- 
temperature (550-650°C) annealing can introduce 
a new type of 0-related donor in Cz single-crystal 
or in  polycrystalline Si that is stable against heat 
treatment to 3900°C. No evidence of 0 donor 
formation has been observed in Fz single-crystal or 
in Fz polycrystalline Si of low initial Oi content as 
a consequence of similar annealings. . Very exten- 
sive 0-Al donor formation can occur in  Al-doped 
Cz Si during conventional device processing heat 
treatments (30 min at 3750°C); some of these 
donors are not removed by heat treatment for 30 



min at 1300°C. If Li is present in Si, it can be 
activated as a donor by heat treatment at 3550°C 
and can form a stable donor if associated with lat- 
tice defects. 

I .  Summary of paper to be published. 

ELEnRICAL PROPERTY STUDIES 
OF 0 IN CZ-GROWN NEUTRON- 
TRANSMUTATION-DOPED Sil 

J. W. Cleland N. ~ u k u o k a ~  

The carrier concentration in Cz and NTD Cz Si 
samples was determined as a function of the initial 
dopant, oxygen, and P concentrations before and 
after isothermal or isochronal annealing. It was 
shown that low-temperature (350-500°C) heat 
treatment can introduce a significant 0-donor con- 
centration in Cz Si and in NTD Cz Si that 
contains radiation-induced lattice defects. Inter- 
mediate-temperature (550-750°C) heat treatment, 
which is intended to remove 0 donors or lattice 
defects, can introduce other 0 donors; annealing 
above 750°C is required to remove any of these 
species. Extended (20 h) high-temperature (1000- 
1200°C) annealing can remove 0 donors and lat- 
tice defects, but a significant concentration of 0 
donors can still be introduced by subsequent low- 
temperature heat treatment. These results sug- 
gest that 0-related donor formation in NTD C7, Si 
a i  remperatures below 750°C may serve to mask 
the annealing of lattice defects. It is concluded 
that annealing for 30 min at 750°C is sufficient to 
remove radiation damage in NTD Cz 'S i  and to 
obtain the anticipated carrier concentration when 
the separate effects of any 0-donor formation are 
included. 

I .  Summary of paper: Proceedings of the Third Inter- 
national Conference on NTD Si  (in press). 

2. Guest scientist from Osaka University, Osaka, 
Japan. 

EXPERIMENTAL INVESTIGATION OF 
THE INFRARED ABSORPTION 
SATURATION IN p-TYPE Gel 

The dominant absorption mechanism in p-Ge at 
room temperature for light having a wavelength of 
about 10 pm has been shown to be direct transi- 

tions between the heavy- and light-hole bands. The 
absorption due to the intervalence-band transitions 
is saturable, with the decrease in the absorption 
coefficient a with increasing intensity given 
approximately by an inhomogeneously broadened 
two-level model. It is found that 

where ao(w) is the absorption coefficient at low 
intensity and Is(w) is the saturation intensity. This 
intensity dependence of a has been found to be 
well satisfied experimentally for p-Ge, and values 
of the saturation intensity have been measured. 

A theory describing the absorption saturation of 
p-Ge, which realistically accounts for the anisotro- 
pic and nonparabolic valence bands, has been 
presented; calculations based on the theory give 
results in close agreement with experimental 
r e s u ~ t s . ~ ~ ~  Theoretical results showed that for hole 
concentrations such that hole-impurity and hole- 
hole scattering rates were nonnegligihle compared 
to hole-phonon scattering (i.e., Nh 2 3 X 10'' 
cm-3 at room temperature), the saturation inten- 
sity increases monotonically with increasing doping 
density. 

We have performed transmission measurements 
on several samples of p-Ge with different hole den- 
sities to determine the dependence of the saturation 
Intensity on the hole concentration. A transversely 
excited C 0 2  laser operating at atmospheric pres- 
sure in the TEMoo mode was used as a source of 
saturation radiation. The measured values of Is for 
p-Ge are shown in Fig. 2.71 for 10.6 and 9.6 jtm 
radiation. Also shown are the calculated values for 
the dependence of the saturation intensity on the 
doping density. 'I'he calculated values of Is vs Nh 
at 10.6 pm (solid line) are reproduced from ref. 5, 
and values of Is at 9.6 pm (dotted line) are calcu- 
latcd in the same manner as discussed in that 
reference. 

The experimental values of Is indicate that the 
saturation intensity increases monotonically with 
increasing hole concentration for the Ge:Ga sam- 
ples we studied. For the samples with larger hole 
concentrations, the scattering rates due to hole- 
impurity and hole-hole scattering are larger. The 
result of increasing the scattering rate is that 
higher intensities are required to reduce the free- 
hole population in the heavy-hole band in the 
resonant region, since the excited holes can relax at 
a faster rate. Wc also note that the experimental 
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Fig. 2.71. Experimental and calculated values of the 
saturation intensity I, vs the hole concentratiuir for pGe.  

values for I, vs Nh are in fair agreement with 
theory, with the experimental values. consistently 
larger than the calculated values by about 20%. 

Similar absorption saturation has been observed 
in  p-type Si. We find that the intensity dependence 
of the absorption coefficient can also be described 
by Eq. (1) and that the measured values of I, 
range from about 40-70 M W / C ~ ~  for the sam'ples 
we examined. 

1. Summary of paper to be published. 
2. Eugene P. Wigner Fellow. 
3. California Institute of Technology, Pasadena, Calif. 
4. Honeywell Systems and Research Center, Minneap- 

olis, Minn. 
5. R. B. James and D.. L. .Smith, Phys. Rev. B 21, 

2836 (1980). 
6. R. B. James and D. L. Smith, Solid Stare Corn- 

mun. 33, 395 ( 1980). 

SPECTRAL HOLE BURNING IN 
p-Ge AT 10.6 pm' 

Direct free-hole transitions between the heavy- 
and light-hole bands arc primarily respnnsihle for 
the absorption of 10.6 pm light in p-Ge. The 
absorplio~l duc to these intervalence-band tran- 
sitions has been shown to saturate at high light 
intensities. This nonlinear behavior of the absorp- 
tion coefficient results from a decrease in the popu- 
lation of free holes in the resonant region of the 
heavy-hole band by the high-intensity laser light. 
Experimental at.t.empts have been made to under- 
stand the response of the hole distribution to a 
high-intensity pump laser of fixed wavelength by 

measuring the transmission of a weak tunable 
probe also resonant between the heavy- and light- 
hole bands.)-' Here the specific features of the 
absorption line shape of the probe beam give infor- 
mation on the distribution of hole states and funda- 
mental relaxation constants. 

We find that the absorption coefficient of the 
probe beam consists of two separate parts. One 
part is due to a decrease in the distribution of free 
holes in the resonant region of the heavy-hole band 
induced by the saturating beam, and the second 
part results from the response of the hole distribu- 
tion to a forcing oscillation at the beat frequency A 
( A  .= w+ ,- w-) for a pump laser with frequency 
w+ and a probe laser with frequency w- .  The first 
part can be accurately accounted for in the hole- 
burning model, while the contribution from the 
second part depends on the presence of pulsations 
in the occupation probabilities for states in the 
resonant region of the heavy- and light-hole bands, 
which is not accounted for in the hole-burning 
model. The population pulsations act as a laser- 
induced grating which can scatter photons from the 
pump laser into the direction of the probe beam 
with the frequency of the probe, and vice versa. 
This contribution can have a significant influence 
on the light transmission as it is measured along 
the probe direction. 

The two contributions to the probe absorption 
behave differently as w- is detuned from a + .  The 
hole-burning contribution has a linewidth given by 
the homogeneous linewidth of the resonant transi- 
tion, whcreas the second part is more complex and 
depends on the dynamic model used to describe the 
pulsations of the distribution for the states in the 
rcsonant region. For cases in which the linewidths 
of each contribution are significantly different, one 
expects the existence of a double-dip saturation 
spectrum for the probe absorption coefficient as a 
function of the detuning A. We present a calcula- 
tion of the composite line shape of a wcak tunable 
probe beam in p-Ge in the presence of a high- 
intcnsity pump beam with a wavelength of 10.6 
pm. Good agreement is found with the available 
experimental data, and values for the intensity 
dependcnce of the index of refraction are calcu- 
lated. 

~ - 

1. Summary of paper to be published. 
2. Eugene P. Wigner Fellow. 
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4. P. J. Bishop, A. F. Gibson, and M. F. Kimmitt, J.  
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AVALANCHE FORMATION IN n-TYPE Ge BY 
IMPACT IONIZATION PROCESS: 

HOT-ELECTRON EFFECTS' 

The results of a quantitative investigation of the 
formation of a laser-induced plasma in Ge by the 
absorption of 10-pm light are presented. For this 
spectral region, the material is relatively trans- 
parent at low intensity and is often used as a 
window material for C 0 2  lasers. Recently, ampli- 
fied reflection at 10.6 .pm has been observed via 
degenerate four-wave mixing in an optically 
induced free-carrier plasma in Gee3 Values for the 
onset of the formation of the plasma are calculated 
for a unidirectional beam and are in good agree- 
ment with thc observed threshold values. 

It is observed experimentally that n-type Ge 
exhibits an increase in the absorption coefficient 
with increasing intensity. This laser-induced "opac- 
ity" has a decay time of about 100 ps, which is on 
the order of the electron-hole recombination time 
in Ge. Physically, the high-intensity light increases 
the average energy of the conduction electrons via 
indirect .transitions within the conduction band. 
When an electron (.or hole) has an energy relative 
to its band minimum in excess of the band-gap 
energy, the hot electron is able to lose its energy by 
creating an electron-hole pair. As the free-carrier 
density increases, the absorption due to these free 
carriers also increases. In the calculations, rate 
equations were solved to. determine the hot-electron 
distribution as a function of the laser intensity and 
of the various scattering mechanisms. 

The rate for the inelastic scattering of electrons 
by the production of electron-hole pairs was com- 
puted by first-order perturbation theory. Because 
there are three occupied final states, the cross sec- 
tion near threshold is a strongly rising function of 
the hot-electron energy. The densities of states of 
Ge involved in the impact ionization rates are cal- 
culated using nonlocal pseudopotential theory.4 

We find that, for sufficiently high intensities, a 
significant fraction of the total electron density is 
excited to states with energy greater than the 
bandgap Eg by successive one-photon intraband 
transitions. For example, the calculated electron 
density with energy greater than E, is 0.01796, 
0.070%, and 2.4% of the total electron density for 

light with a wavelength of 10.6 pm, room tempera- 
ture conditions, and intensities of 20, 50, and 100 
M w/cm2, respectively. 

Using the values for the electron scattering rates 
by impact ionization and the calculated values for 
the occupation probabilities for states with energy 
greater than Eg, we find 

which defines an exponential growth rate constant 
c. I n  the numerical calculations, energy intervals of 
1 meV were used in the sum over i in Eq. (1). 
Here Ne is the total electron density, w(E) is the 
impact ionization rate for energy E, and Ni is the 
electron density in the ith energy interval. In Fig. 
2.72, the calculated values for the exponential 

ORNL-DWG 8148294 
10'0 

to3 
0 40 80 120 (60 200 240 

INTENSITY ( M W / C ~ ~ )  

Fig. 2.72. Values for the exponential growth rate of 
the free-electron density vs intensity for Ge at T = 300 
K. The solid curve is for light with a wavelength of 10.6 
pm, and the dashed curve is for !ight with a wavelengtl- 
of 9.6 km. 



buildup rate are shown for intensities in the range 
0-240 M W / C ~ ~ .  The calculations were performed 
for room-temperature conditions with the solid line 
showing the results at 10.6 pm and the dashed line 
showing the results at  9.6 pm. The free-carrier 
density and the absorption coefficient have also 
been calculated as a function of the laser intensity. 

Experimentally, the frec-carrier density has been 
~~ieasurcd as a function of the peak-input intensity 
for p-type, optical grade (lightly doped n-type), 
and intrinsic Ge at room temperature for light with 
a wavelength of 10.6 pm. The laser pulses were 
approximately Gaussian in time with a FWHM of 
about 2 n ~ . ~  The transmission data show the for- 

mation of a plasma for a peak intensity of 
-250-300 M W / C ~ * ,  which is in good agreement 
with our calculations. The measurements show that 
above this peak input intensity, the excess carrier 
density increases with intensity to about 5.5 power, 
which is in approximate agreement with our 
results. 

- -- 
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3. Defects i n  Solids 

It has long been recognized by scientists working to develop new materials 
that defects can alter or even dominate the properties of a material. Radiation 
damage is the major limitation to the choice and lifetime of materials in nuclear 
power applications; defects and defect interactions are the dominant limitations in 
solar cells and semiconductor devices; and defects play a critical role in initiating 
or controlling a wide range of mechanical, electrical, and chemical properties of 
metals and insulators. This section deals primarily with fundamental studies of 
defects, but reference to work reported in other sections, particularly Sect. 2, shows 
that characterization of defect structures is an essential element for understanding 
interactions in a wide range of materials systems. 

The unique capabilities of the low-temperature irradiation facility continue to 
provide information on nuclear radiation effects in materials of interest to both 
fission and fusion technologies. Such studies ranged from the cyclic irradiation and 
annealing behavior of Cu to be used in fusion-reactor magnets to evaluation of the 
mechanical strengths of polyimides and epoxies irradiated at low temperatures. 
Results from the Gases in Metals Program initiated last year highlight the 
importance of defect interactions in understanding the behavior and release of ion. 
implanted gases. 

The scope of the electron microscopy and x-ray diffraction research on crystal 
defects and defect structures has been increasingly directed toward a broader range 
of research within the !aser annealing, ion implantation, ion-solid inlerac~ions, 
photovoltaic, fast-ion conductivity, and high-temperature materials programs. 
These techniques have contributed significantly to understanding the fundamental 
nature of laser-solid interactions in semiconductors, of rapid solidification and 
recrystallization, of ion-beam and laser-induced materials interactions, and of 
defect interactions in ion-implanted solids. 

I n  situ studies of crack propagation under tensile deformation in an electron 
microscope have identified the role of defects in fracture phcnomena. Direct 
observations of crack-tip blunting by edge dislocations, of the formation of plastic 
zones ahead of crack tips, and of dislocation motion near crack tips during stress 
cycling have resulted in a firm theoretical understanding which links the micro- 
scopic dislocation theory of fracture and macroscopic fracture mechanics. 

One of the greatest needs in the various energy technologies is for insulating 
materials which can withstand high temperatures and hostile environments. In 
many applications it is necessary to alter the mechanical, optical, or electrical 
properties of conventional insulators to meet these needs. The work reported here 
shows that the introduction of impurities during fabrication, by thermochemical 
reduction, and even by ion implantation (see Sect. 2), can lead to impurity-defect 
interactions which significantly change the properties of the material. 



RADIATION EFFECTS 

THE CYCLIC IRRADIATION (4.0 K) AND 
ANNEALING (307 K) OF Cu FOR 
FUSION-REACTOR MAGNETS 

R. R. Coltman, Jr. C. E. Klabunde 

'I'he stabilizer (nor~nal metal) of a composite 
superconductor safely carries the current during a 
localized momentary normalization of the super- 
conducting matrix. The amount of normal metal 
needed for safe operation depends upon its resis- 
tivity. As a result, the design of large composite 
superconducting magnets for fusion reactors will 
depend sensitively upon increases in the resistivity 
of the stabilizer produccd by irradiation during its 
lifetime. To minimize these increases and, hence, 
the cost of magnets and their radiation shielding, 
consideration is given to periodic warming of the 
magnets to remove annealable portions of the 
radiation-produced resistivity. For large power 
reactors such warming cycles are costly, and the 
frequency of these operations becomes a "trade- 
off" parameter with various capital cost parame- 
ters. 

Presently, Cu stands as the choice candidate for 
the stabilizer, although some consideration is given 
to Al. While there have been many radiation 
experiments on Cu, none have been made under 
the combination of conditions present in. fusion- 
reactor magnets. These include magnetic fields up 
to 10 T, the use of commercial-grade Cu contain- 
ing various amounts of cold work, irradiation near 
4 K by a broad spectrum of fast neutrons, and the 
cyclic annealing just mentioned. Although there is 
presently no irradiation facility which can precisely 
simulate the range of conditions in a fusion-reactor 
magnet, some such as the O R N L  low-temperature 
irradiation facility (LTIF) can provide conditions 
which make it pnssiblt; to obscrve trends of 
behavior needed by magnet designers. 

In response to these needs, resistivity changes 
were studied in eight specimens of Cu throughout 
five cycles of an alternate irradiation (4.0 K )  and 
annealing (14 h at 307 K) program carried out in 
the LTIF. At each step, measurements were made 
at zero and six transverse magnetic field strength 
values up to 3.8 T. Six specimens were prepared 
from a commercial OFHC-type Cu now in use for 
large magnets. The states of preparation were 
high-temperature internal oxidation and low- 
temperature recrystallization treatments from 

each of which one fully annealed and two states of 
cold-worked specimens were made. This assembly 
produced zero-field resistance ratio values which 
encompass those now found in large magnets. In 
addition, one fully annealed and one cold-worked 
specimen of ASR research-grade Cu were studied 
for comparison. 

The operational mode chosen for the LTIF gave 
a mix of neutron-flux components, consisting of a 
fast spectrum (slightly harder than fission) which 
produced 55% of the damage and thermal neutrons 
which produced 45% of the damage by means of 
low-energy recoils resulting from an (n,y) reaction. 
For comparison, it is calculated that the neutron 
speclrum prescnt a t  a fusion-reactor magnet typi- 
cally will be softer than a fission-reactor 
spectrum.' Since the LTIF (n,y)-damage com- 
ponent is equivalent to that produced by collision 
with neutrons having a soft spectrum, the LTIF  
neutron conditions may bear some equivalence to  a 
magnet spectrum. Calculations of the details will 
be made. The irradiation dose given in the first 
cycle was based upon an average consensus among 
designers of a 25%-allowable increase in the initial 
field-on resistivity. The allowed increase was 
applied to one representative sample, while 
increases in the other samples were greater or 
smaller depending upon their initial condition. The 
irradiation increments for succeeding cycles were 
terminated when the resistivity of the chosen sam- 
ple again reached the allowed value. 

Thc experiment yielded a large multidimensional 
body of data which is now being analyzed. The fol- 
lowing are some early results and trends. They 
should be considered from the design view of thc 
three most desirable iield-on properties of a stabi- 
lizer (i.e., a minimum initial resistivity, a minimum 
incremental damage resistivity increase, and the 
minimum damage resistivity retained after an 
annealing cycle). 

1 .  In the commercial Cu the incremental damagc 
resistivity increases were greater (-9% at  0 T 
and 10-18% at  3.8 T) in the cold-worked sam- 
ples compared to the annealed samples. Incre- 
ments measured at  3.8 T were overall about. 
18% less than at 0 T. 

2. During the first annealing cycle, the cold- 
worked specimens showed smaller percent reten- 
tion than the annealed specimens (i.e., 6 and 
16%, respectively, at. 0 T.) At 3.8 T the values 
decreased slightly by 1 to 2%. During subse- 



quent cycles all samples showed progressively 
less retention with the annealed samples 
approaching but not exceeding that of the cold- 
worked samples. 

3. Using an extrapolation of the field-on data to 
10 T, it was found that during a cyclic program 
having a fixed field-on resistivity value after 
each irradiation increment, the approach to a 
prescribed accumulated fluence required fewer 
annealing cycles for the lightly cold-worked 
samples than either the heavily cold-worked or 
fully annealed samples. 

The results given above show, from the design 
viewpoint, that a given material can exhibit both 
beneficial and adverse effects from neutron irradia- 
tion which must be carefully sorted out in a data 
analysis involving several samples with different 
initial conditions. 

I .  K. T. Santoro, V. C. Baker, and J. M. Barnes, 
Nucl. Technol. 37, 274 (1978). 

MECHANICAL STRENGTH OF 
LOW-TEMPERATURE-IRRADIATED 

POLYIMIDES: A FIVEFOLD TO 
TENFOLD IMPROVEMENT IN DOSE 

RESISTANCE OVER EPOXIES' 

R. R. Coltman, Jr. C. E. Klabunde 

A program is under way at ORNL to study the 
irradiation behavior of organic insulating materials 
that may be used in the construction of large 
superconducting coils which provide magnetic con- 
tainment for the plasma in a fusion reactor. Recent 
calculations by ~ n ~ h o l m ~  show that without addi- 
tional shielding even the first test reactors such as 
the Fusion Engineering Device (FED) may pro- 
duce lifetime doses at magnet insulator locations 
that exceed the radiation tolerance of glass-fabric- 
filled (gff) epoxies in ,present use. Only recently 
have gff-polyimide materials, which have a 
strength in  the unirradiated condition comparable 
to gff epoxies and sufficient to meet design needs, 
become available. For these reasons a study of the 
mechanical properties of pure and gff polyimides 
was made on specimens irradiated at 4.9 K to vari- 
011s gamma-ray doses up to 100 MGy ( 10" rads). 

Tests were made after irradiation at 4.9 K and 
warm-up to room temperature. This is a meaning- 
ful procedure, since it is expected that over their 
lifetime fusion-reactor magnets occasionally will be 
warmed to 300 K. Knowledge of the strength of 

insulators under cyclic conditions is just as essen- 
tial as that under static cold conditions. 

Gff materials were especially prepared by 
cooperating manufacturers, while the unfilled 
polyimide, Vespel, is available commercially. The 
following list gives the material designation as used 
in this report and a brief description of each. The 
epoxies are discussed in ref. 3. 

1. Vespel-(SP-1) unfilled polyimide; E. I. du 
Pont de Nemours & Company. 

2. Spaulrad (formerly called Spau1dite)- 
SPAULDITEB S P A U L R A D ~ ~ ;  Spaulding 
Fibre Company; a high-pressure laminate com- 
posed of aromatic polyimide resin reinforced 
with continuous filament E glass-woven fabric 
70-7 1% by weight. 

3. Norplex (formerly called Kerimid)-Norplex 
NP 520; Norplex Division, UOP, Inc.; a 
balanced resin of bismaleimide and aromatic 
diamines reinforced with E glass-woven fabric 
40-60% by weight. 

Flexure tests were made at 300 and 77 K, while 
compression tests were made only at 77 K. 
Compression tests of Spaulrad were only in the 
direction parallel to the glass fiber laminations, 
while tests of Norplex were parallel and perpendic- 
ular to the laminations. Flexure tests at 77 K on 
Spaulrad and Norplex were made in three-point 
bending, while all others were made in four-point 
bending with 25 mm between supports for both 
cases. 

All doses in  this report are given only in terms of 
energy deposition by gamma rays, which is com- 
mon to all the materials. It is important to note 
that while we calculate the additional dose received 
by each material from 'OB fission in the glass,3 
there are insufficient data to determine if energy 
deposition is a valid criterion for predicting prop- 
erty changes which are produced by radiations hav- 
ing different damage-production mechanisms such 
as gamma rays and 'OB fission fragments. The cal- 
culations gave the following results. 

Material Dose Ratio 
( ' O B  fission/garnrna ray) 

Vespel 0 
Spaulrad 1.33 
Norplex 0.95 

Values for the highest dose to the samples were: 

Gamma-ray dose: 100 MGy ( 1 0 ' ~  rads) 
Ther~ual-neutron fluence: 3.1 X 10" n/m2 



Fast-neutron fluence: 8.7 X lo2' n/m2 > 0.1 MeV 
Irradiation time: 189 h 

Values for smaller doses are reduced propor- 
tionately. 

The rcsults of all fracture strength tests of the 
polyimides studied in this experiment are shown in 
Fig. 3.1. For comparison the results for similarly 
prepared epoxy materials irradiated under the 
same conditions are shown in Fig. 3.2. Some distin- 
guishing features were noted for the flexure- 
strength results: 

I. At 100 MGy Vespel loses only 8%, Norplex 
309'0, and Spaulrad 38% of initial strength a t  77 
K, but the latter remains about 25-40% 
stronger than Norplcx throughout the entire 
dose range, possibly because of the greater glass 
content in Spaulrad. 

2. At a dose of 24 MGy, the better gff polyiniide 
(Spaulrad) is about five times stronger than the 
best gff epoxy (G-I 1 CR) for tests a t  77 K. At 
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Fig. 3.1. Results of fracture strength tests on pure and 
gff polyimides after irradiation at 4.9 K followed by 
warmup to 307 K. Each data point shows the .average 
value of three tests, and error bars indicate average devi- 
ation. Points without error bars indicate that data scatter 
'was too small to show, See text for accnrnpanying 'OB 
fission dose. 
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Fig. 3.2. The effect of irradiation on gff epoxies 
obtained as in Fig. 3.1. The dashed lines serve only as a 
guide for connecting related data points and are not 
intended to give intermediate strength values. 

this dose the epoxy probably has insufficient 
strength for practical use, while, in contrast, the 
polyimide remains usable to a dose four times 
as large. 

In the case of compression tests, all of which 
were made at 77 K, Norplex material was avail- 
able to prepare specimens that could be loaded per- 
pendicular (Norplex I) as well as parallel (Nor- 
plex 11) to the glass fabric laminations, while 
Spaulrad was tested only with loading parallel to 
the laminations. The results shown in Fig. 3.1 have 
some notable features: 

I. Spaulrad shows a nearly linear decrease in 
strength with dose compared to the slight 
concave-up response of Norplex 11. Although the 
responses follow different paths, the two materi- 
als reach nearly the same strength a t  100 MGy, 
down about 45% from initial unirradiated 
values. 



2. In the case of Norplex I no loss in strength 
was observed for 100 MGy. Since present reac- 
tor designs show some material stressed perpen- 
dicular to the laminations, further study to 
doses greater than 100 MGy to determine the 
radiation tolerance for this orientation could 
give useful results. 

From the results given above, two main conclusions 
emerge: 

1. The gff-polyimide data in Fig. 3.1 indicate the 
loss in strength with dose reaches an average of 
-35% at 100 MGy. In comparison, Fig. 3.2 
shows no data for the gff epoxies in the fluence 
range where the loss of strength is most respon- 
sive. To make an approximate comparison 
between the two materials, we assumed no loss 
in epoxy strength up to 2 MGy (see results for 
G - 1 0 ) ~  and a linear decrease thereafter to the 
values indicated at 24 MGy. We then compared 
radiation doses for 30% and 40% losses in both 
flexure and compressive strength at 77 K. 
Overall, the span of comparative results shows 
that polyimides are 5-10 times more radiation 
resistant than comparably prepared epoxies. 

2. In this experiment 'OB fission-fragment damage 
accompanied that produced by gamma rays. In 
terms of energy deposition these two types of 
radiation were determined to be about equal in 
the gff materials. In his neutronics calculations 
for the FED, ~ n ~ h o l m ~  found a corresponding 
situation at magnet locations where energy 
deposition by fast neutrons is about equal to 
that by gamma rays. At this time, however, 
there are not enough data to determine if 
energy deposition is a valid criterion for predict- 
ing property changes produced by radiations 
whose damage-producing mechanisms differ 
greatly. For these two situations, however, 'OB 

fission-fragment and fast-neutron damage are 
far more comparable with each other than 
either is with gamma-ray damage. From this 
viewpoint we estimate, by comparing the 
present results with Engholm's calculations, that 
the use of gff polyimide materials as magnet 
insulators in the FED would make present 
designs for shields and magnet coils feasible. 

1. Summary of paper: Journal of Nuclear Materials 
( in  press). 

2. B. A. .Engholm, Proceedings of the Fourth A N S  
Topical Meeting on the Technology of Controlled 
Nuclear Fusion (in press). 

3. R. R. Coltman, Jr., et al., Radiation Effects on 
Organic Insulators for Superconducting Magnets, Ann. 
Prog. Rep., Sept. 30, 1979, ORNL/TM-7077; p. 1696 in 
Proceedings of the Symposium on Engineering Problems 
of Fusion Research, I E E E  79CH1441-5NPS, New York, 
1979. 

4. R. H. Kernohan, R. R. Coltman, Jr., and C. J. 
Long, Radiation Effects on Organic Insulators for 
Superconducting Magnets, Ann. Prog. Rep., Sept. 30, 
1978, ORNLfTM-6708. 

FISSION-NEUTRON DAMAGE RATES IN 
SEVERAL METALS AT 4.7 K 

C. E. Klabunde R. R. Coltman, Jr. 

We have extended the data base' of resistivity- 
damage production rates in  metals under pure 
fission-spectrum neutron irradiation2 at 4.7 K. 
Among the eight metals added here are three fcc 
(Pd, Ag, and Pt); two bcc (Ta and W), all heavier 
elements than those previously reported; and thrcc 
hcp (Mg, Ti, and Zr). The same facilities and 
techniques as described earlier1,* were used. 

The measured initial damage rates, corrected for 
all known extraneous effects (thermal-neutron 
damage, electrical size-effect, and other non- 
specific, initial transient effects) are listed in Table 
3.1, column 1 .  These rates carry uncertainties of 
about 5% except in two cases where the uncertain- 
ties are somewhat larger. ( I )  W: The sample was 
of such low purity (99.95%) that it could not be 
annealed without becoming too brittle to be bent 
into the required shape; therefore, it was studied in 
the as-rolled, highly cold-worked state. Such a 
state is known to enhance the damage rate of Cu 
by as much as 35970.~ I n  W we suppose the effect 
might be 20-50%. (2 )  Mg: I n  agreement with 
O'Neal and Chaplin,4 we found that some recovery 
occurs at the irradiation temperature. It appears to 
cause so much nonlinearity in  the damage rate that 
there is about + 15% uncertainty in  the choice of a 
rate which includes all stable defects as well as 
those belonging to the recovering species. 

These damage-rate data can help test present 
and future theoretical models of damage produc- 
tion. The modified Kinchin-Pease relation is 
presently used,s generally with an empirical "effi- 
ciency factor" in lieu of any explicit theoretical 
accounting 01' the instability of a portion of the 
supposedly stable- displacements created in a 
cascade. I t  is 



Table 3.1. Damage rates and efficiencies 

Damage Frenkel 
Damage energy defect Displacement Empirical rate 
cross-section threshold damage &I resistivity 

(uT) T d  efficiency 
d @  0 (keV-b) PF (ev 

Q m3/n) Q m) 
F 

'Large uncertainty; see text. 
b~stimated. 

where the irradiation-induced resistivity p and the 
neutron fluence @ are related to the specific resis- 
tivity of' 1-renkel defects p ~ ,  the spectrum-averaged 
product of cross section and damage energy ( a T ) ,  
and the threshold energy for displacements Td.  

These parameters are listed in columns 2 4 of 
Table 3.1. Values of ( a T )  were calculated by the 
code  RECOIL,^ except in the cases of the three 
precious metals not available in the data base of 
RECOIL, which were estimated by a calculation 
involving interpolation from other RECOIL- 
available elements. The experimental parameters, 
pF and Td,  are as compiled or estimated by 
~ucasson '  or are estimated in similar fashion. 
Damage efficier~cies implicd by Eq. (1 ) are shown 
In the last colurrln nf Tahlc 3.1.  

These efficiencies generally fit the trends of 
crystal structure which have been noted in several 
overviews of fast-neutron damage, namely, that [ is 
about 0.3 for fcc and 0.5 for bcc, while hcp has not 
been studied enough yet to establish a clear trend. 
Apparent anomalies in these (Ti, low; Ag, high; W, 
vcry high) suggest problem$ with the other param- 
eters, especially pF and Td.  Adjustment for the 
impurity of our W sample, as mcntioned above, 
could rcducc its very high efficiency to about 1.0, 
where it would be in agreement with results of 
field-ion microscopy work.8 

Further interrelations between these data and 
our similar data on six other metals,' as well as 
data from other types of irradiations, are to be 
pursued in some detail in a conference report.9 

I. R. R. Coltnian, Jr., C. E. Klabunde, and J. M. 
Williams, Joitrt~al of Nuclear Materials ( i n  press). 

2. C. E. Klabunrle, .I. M. Williams, and R. R. Colt- 
man,  Jr., Jo~lrnal of Nuclear Materials ( i n  press). 

3. R. R. Coltman, Jr., T. H. Blewitt, and C. E. 
Klabunde, Solid Srare Div. Ann. Prog. Rep., Aug, 31, 
1959. ORNL-2829, p. 74. 

4. T. N. O'Neal and R. L. Chaplin, Phys. Rev. B 5, 
38 10 ( 1972). 

5. M. A. K i r k  and L. R. Greenwood, J. Nucl. Marer. 
80, 159 ( 1979). 

6. T. A. Gabriel, J. D. Amburgy, and N. M. Greene, 
Radiarion Damage Calculations; Primary Recoil Spec- 
rra. Di.splacenrenr Rurrs, and Gas-Prod~lction  rare.^, 
ORNL/TM-5160 (1976). 

7. P. Lucasson, p. 42 in Fundamenral Aspects of 
Rarliariot~ Datnage in Merals, Vol. 1, cd. by M. T. 
Robinson und F; W. Y ~ I I I ~ ~ ,  .Ira. ERDA CONF- 
75 1006-P I ,  Oak Ridge, Tenn., 1976. 

8. M .  I. Current and D. N.  Seidman, Nucl. Insrrum. 
Mc~rhotls 170, 377 ( 1980). 

9. Proceedings of the International Conference on 
Neutron Irradiation Effects, Joirrnnl of Nuclear Mareri- 
als (to be published). 

LOW-TEMPEHA'I'URE RELEASE OF 
ION-IMPLANTED He FROM ~ i l  

D. B. Poker J .  M.  Williams 

Helium is introduced into the structural alloys of 
fission and fusion reactors by (n ,a)  reactions and 
will be injected into the first wall of the latter from 
the plasma. The He diffuses and precipitates at  
extended defects, producing profound effects on the 



mechanical integrity of materials. Low-temperature 
studies are essential to an understanding of the 
processes by which He migrates to these defects 
because the diffusion is expected to consist partly 
of motion as freely moving interstitials with small 
activation energies (0.1-0.4 e ~ ) . ~ , ~  I n  this work, 
the thermal desorption 'of He from Ni below room 
temperature and after ion implantation at 18 K is 
used to investigate this diffusion. 

Polycrystalline-Ni samples were implanted at 18 
K with 35-keV He to doses in the range 5 X 
1 0 ' ~  to 4.4 X I0 l 6  ~ m - ~ .  Implantation was made 
with the ion beam at a 45" angle to the surface 
normal to reduce the mean depth of penetration, 
increasing the amount of He which migrates to the 
surface without being trapped at defects. One 
implantation was made at 150 keV to a dose of 1.4 
X 1016 ~ r n - ~  with the sample normal to the beam 
for comparison. The annealing program consisted 
of 4-min isochrones at 5 K intervals up to 90 K. 
followed by a linear heating rate of 5 K/min up to 
300 K. Partial pressure of He released from the 
sample was measured with a quadrupole mass 
spectrometer. 

Figure 3.3 shows He release rates vs temperature 
at a dose of 1.4 X 1016 cm-2 for a 35-keV 45' 
and a 150-keV 90' implantation. For the 35-keV 
45" implant, there was a sharply peaked release 
centered at approximate.ly 50 K, designated- Stage 
I, followed by a more diffuse release extending 
from 90 K to 300 K, designated Stage 11. No 
Stage-I release was detected for the 150-keV 90' 
implant, while the Stage-I1 release had almost 
exactly the same form though it was a factor of 10 
smaller than that of the 35-keV 45' implant. 

The fractions released in each of the stages are 
plotted vs dose in Fig. 3.4. The total release below 
room temperature (-5%) was independent of dose, 
except for the highest dose, for which about 29% 
was released. Most of this increase occurred in 
Stage I where the release increased from 1.5 to 
22%, rather than in Stage 11 where the release 
increased from 4 to 7%. 

For the Stage-I release, the activation energy 
was determined by the change-of-slope method to 
be 0.1.1 + 0.02 eV over the entire range of doses. 

The calculated ~e-implantation profile was 
peaked at 0.07 pm and for the lowest dose 
corresponded to an average He concentration of 
about 0.03 at. % to a depth of 0.14 pm. Some tens 
of atomic displacements were produced per 
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Fig. 3.3. Release rate of implanted He from Ni as a 
function of temperature. A cubic spline fit has been 
drawn through the 35-keV 45" Stage-I release as a guide 
to the eye. The discontinuity at 90 K is a result of the 
change in effective heating rate in the transition from an 
isochronal annealing program to a linear ramp. The area 
under each curve represents the accumulated release. An 
area representing a 1% release is contained within the 
square box for comparison. 
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Fig. 3.4. Fractional release of He from Ni in each 
stage below room temperature vs total release through 
melting for the 35-keV implants. 



-4e-atom implant. Since the vacancy and self- 
nterstitial concentrations should have reached 

saturation at approximately 0.2 at. % as a result of 
spontaneous re~ombination,~ these concentrations 
were presumed to be nearly uniform over the 
implantation depth and relatively dose indepcndent. 

Two interpretations of the 'stage-I release are 
apparent. The first presumes that a large fraction 
of the He comes to rest interstitially and first dif- 
fuses when the temperature is raised to 50 K. The 
release is the fraction of He that avoids capture by 
vacancies as it diffuses. The results of Fig. 3.4 
imply that the trapping of He continues until 
approximately 10 He atoms per vacancy have been 
captured, corresponding to a dosc of 1.4 X 1016 
~ m - ~ .  Above this dose the vacancics become 
saturated, so that they can capture no more He, 
resulting in  the much larger fraction being released 
for the dose of 4.4 X 1016 ~ m - ~ .  The saturation 
number (10 He atoms/vacancy) is not inconsistent 
with predictions of Wilson et al.' 

The second model is suggested by the proximity 
to temperature of the Stage-I-release peak to the 
well-known Stage-ID-E annealing peaks of radia- 
tion damage in Ni, which are associated with the 
migration of Ni self-interstitials. Some calculations 
have suggested that it may be energetically favor- 
able for a migrating self-interstitial to recombine 
with a vacancy at which He has been trapped, 
freeing the He to migrate.2 This model would 
imply that the migration energy for interstitial He 
in  Ni is less that1 0.1 eV. 

While our data are not sufficient for a choicc 
hetween the two models, either would imply that 
the migration energy of interstitial He in Ni is < 
0.1 eV. 

I .  Summary of piper to be published. 
2. D. J. Reed, Radiat. EfJ 31, 129 (1977). 
3 .  C. F. Mclius, C. L. Bisson, and W. D. Wilson, 

Phys. Rev. B 18, 1647 (1 978). 
4. M. Nakagawa et al., Phys. Rev. B 16, 5285 (1977). 
5. W. D. Wilson, M. I.  ~askcs, and C. L. Bisson, 

Phys. Rev. B 13, 2470 ( 1976). 

He RELEASE FROM 
NEUTRON-IRRADIATED Ni 

D. B. Poker J. M. Williams 

Measurement of the diffusivity of He in Ni was 
attempted by the thermal degassing of neutron- 
irradiated samples in which He was produced by 

the (n,a) reaction. Open-ended cylinders of com- 
mercial "A" Ni so irradiated were heated in. a 
vacuum furnace, and the emitted He was detected 
using a quadrupole mass spectrometer. A result 
reported earlier,' that all of the He was released at 
temperatllres above 900°C, has since been shown 
to be erroneous. Chemical analysis of this Ni indi- 
cated a significant concentration of ' O B  which 
enhanced the production of He by a factor of 
approximately 1000 because of the large cross 
section of 'OB for the (n,a) reaction. Measure- 
ments of He release on melting these samples con- 
firmed the higher production of helium. The total 
release before melting was determined to be 
approximately 2%, most of which could be 
accounted for by the Ni surface evaporation alone. 

I n  an effort to determine the total release of He 
from Ni at room temperature, cylindrical capsules 
of MARZ-grade Ni were evacuated, sealed, and 
neutron irradiated at -lOO°C so that He doses of 
approximately I ppba (B content of this Ni was 
negligible) could be produced. After irradiation, 
the capsules were placed in a vacuum system and 
punctured, releasing that He which had diffused to 
the inside of the capsule. The release corresponded 
to approximately 0.04% of the total amount of He 
in  the sample, indicating that a small amount of 
the He was being released at room Lernperaturc. 
The capsules were then heated to melting. A negli- 
gible amount of He (-2%) was released prior to 
melting, and the remainder of the He was released 
as a burst on melting. These experiments suggest 
that He may he mobile in Ni at room temperature 
or below; however, the large preponderance of He 
inlroduced by nuclear transmutation is immobile 
(trapped) in Ni at temperatures up to its melting 
point. 

1 .  D. B. Poker and J. M. Williams, Solid State Div. 
Prog. Rep., Feb. 29, 1980, ORNL-5640, p. 131. 

ABSENCE OF ANELASTIC RELAXATION 
OF TRITIUM IN NIOBIUM BELOW 77 K' 

D. R. Pnker 

The mechanical properties of metals are sensitive 
to the interactions between hydrogen and defects in 
the metal. Oxygen has been shown to be an effec- 
live trap for hydrogen, reducing the effects of pre- 
cipitation and embrittlement at low temperatures. 
The properties of hydrogen and deuterium trapped 



at interstitial oxygen have been studied2 using 
ultrasonic anelastic relaxation. Defect symmetries 
and relaxation times and strengths were measured 
at low temperatures and indicated the existence of 
relaxation frequencies of about 10 MHz at tem- 
peratures as low as 2.4 K. Large nonclassical 
effects were observed in the relaxation strengths as 
a function of temperature and in the isotope shift 
of relaxation frequency. It was concluded that the 
relaxation proceeded via transitions between de- 
localized tunnel-split eigenstates of the hydrogen.2 

In an effort to obtain more information on the 
quantum mechanical nature of the system, mea- 
surements were extended to include the isotope tri- 
tium. Attenuation of 10-250 MHz longitudinal 
ultrasonic waves in the [ loo]  and [I101 directions 
was measured from 2-300 K on Nb single crystals 
containing approximately 3000 ppma each of oxy- 
gen and tritium. To ensure that the sample had 
been properly tritiated, measurements were made 
of relaxations near 150 K, which had previously 
been identified as due to oxygen-tritium complexes. 
No evidence of relaxations similar to those pro- 
duced by hydrogen and deuterium at low tempera- 
tures was seen below 60 K. 

Implications of this result are twofold, depending 
upon the assumption of the classical or quantum 
mechanical nature of the system. If the oxygen- 
hydrogen system is represented by classical 
behavior, then the predicted isotope shift would 
have located the relaxation within the temperature 
range of' measurements. The experimental uncer- 
tainty would place an upper limit on the tritium 
relaxation strength of only 4% of the corresponding 
value for hydrogen and only 1% of the value for 
deuterium. If the oxygen-hydrogen system 
represents quantum mechanical behavior, then the 
predicted isotope shift would locate the relaxation 
above room temperature for these measurement 
frequencies. 

The upper limit on the relaxation strength 
imposed by a classical model is a serious difficulty, 
whereas the experimental results are consistent 
with the predictions of a quantum mechanical 
model. 

- - 

I .  Summary of paper to be pllblished. 
2. D. B. Poker et al., Z. Phys. Chem. N.F. 116, 39 
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THERMAL ANNEALING OF 
DISLOCATION LOOPS IN Cu 

B. C. Larson J. F. Barhorst 
T. S. Noggle 

The thermally induced evolution of vacancy and 
interstitial loops during elevated temperature irra- 
diation represents an important aspect of the defect 
clustering process in metals. The annealing charac- 
teristics of vacancy loops in  metals are of particu- 
lar interest in  this regard because of their role in 
void formation, which occurs after prolonged irra- 
diation at high temperatures. The small size of 
vacancy loops and the tedious measurements 
required to differentiate between vacancy and 
interstitial loops have limited electron microscopy 
work in this area. In this study, we have made use 
of x-ray diffuse scattering measurements to investi- 
gate vacancy and interstitial loop annealing from 
40 to 300°C in Ni-ion-irradiated Cu. The irradia- 
tion was carried out at 4 K using a primary beam 
of 17.4-MeV Ni ions, which, was selectively 
degraded in energy by absorber foils' such that a 
uniformly damaged layer (1 I0 eV/A) 2.4 pm thick 
was produced. 

The x-ray diffuse scattering arising from a con- 
centration Ci of dislocation loops of radius Ri and 
scattering cross section d a / d Q  is given by 

where K is the scattering vector, AQ is the solid 
angle subtended by the detector, lo is the inciderit 
beam power, and p is the absorption. factor for the 
geometry used. The scattering cross section can be 
written as 

where re is the classical electron radius, F is the 
atomic scattering factor, and A(K) represents the 
diffuse scattering amplitude. Since A(K) can be 
calculated2 numerically for this case, Eqs. (1) and 
(2) provide a direct means of analyzing diffuse 
scattering measurements in terms of vacancy and 
interstitial loops. 

Figure 3.5 shows the measured diffuse scattering 
from the irradiated Cu after warming to 40°C and 
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Fig. 3.5. X-ray diffuse scattering measurements on 
ion-irradiated Cu near the (222) reflection. 

after anneals to 275 and 300°C. These data were 
collected along the [ l  1 I ]  direction near the (222) 
reflection and have been scaled by q 4  (where q is 
the distance to the reciprocal lattice paint.) to 
emphasize the scattering in the so-called "asymp- 
totic" scattering region. Calculalior~s havt: show11 
this region to be sensitive to the vacancy-interstitial 
nature of dislocation loops as well as their number 
and sizes; therefore, these measurements allow the 
investigation of the annealing characteristics of 
each type of loop separately. This aspect is 
demonstrated directly in Fig. 3.6, where size distri- 
butions determined from the solid line fits to the 
data in  Fig. 3.5 are shown for the 40 and 300°C 
anneals. Loops of radii 1 .O, 1.5, 2.0, 3.0, and 4.0 
nm were used in  the fitting procedure, and the con- 
centrations have been distributed over 1 nm in Fig. 
3.6 to produce a continuous size distribution with 
the area equal to the total loop concentration. 

At 40°C the size distributions of the vacancy 
and the interstitial loops are rather similar, with 
average sizes of 1.2 and 1.4 nm, respectively. 
After a 30-min anneal at 300°C, -55% of the 
total defects have been lost (-40% by 275°C) 
through vacancy-interstitial annihilation; and, in 
addition, significant size distribution changes can 
be seen. Throughout the annealing program, the 
numbers of vacancies and interstitials condensed 
into loops were found to be equal to within f 7%. 

I l l 1  I l l 1  
VAC. INT. 
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Fig: 3.6. Vacancy and interstitial loop size distributions 
for 40 and 300°C anneals of ion-irradiated Cu. 

The vacancy loop size distribution coarsened some- 
what as a result of the loss of the smaller loops, 
while the interstitial loop distribution indicates not 
only preferential loss of the small loops but also 
increasing numbers of larger loops. 

These results can be interpreted as preferential 
shrinkage of the smaller vacancy loops, due to 
dislocation line tension effects, with the free vacan- 
cies annihilating at interstitial loops. The increase 
in  numbers of larger interstitial loops is interpreted 
in  terms of interstitial loop glide and climb, 
resulting in loop coalescence, thereby removing 
small loops while producing larger loops. The lack 
of evidence for increasing numbers of larger 



vacancy loops indicates that vacancy loop motion is 
not as prominent as that for the interstitials. 

- -- 

I .  T. S. Noggle et al., p. 225 in  Proceedings, Fourth 
Conference on Scientific and Industrial Applications o j  
Small Accelerators, ed. by J .  L. Duggan and I. L. 
Morgan, IEEE 76CH1175-9, NTS, Piscataway, New 
Jersey, 1976. 
2. B. C. Larson and W. Schrnatz, Phys. Status Solidi 
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X-RAY DIFFUSE SCATTERING 
OF DEFECTS IN IRRADIATED Si' 

B. C. Larson J. F. Barhorst 

A considerable gap has existed in our knowledge 
of defect clusters in irradiated Si between the small 
(<6-atom) clusters identified using magnetic 
resonance2 and optical techniques and the larger 
(>50-atom) clusters reported3 in TEM investiga- 
tions. X-ray diffuse scattering measurements offer 
the possibility of bridging this gap, as, in principle, 
lattice defects from single interstitials up to defect 
clusters containing >lo00 atoms can be studied. In 
this investigation Huang scattering and asymptotic 
x-ray diffuse scattering near Bragg reflections were 
used to investigate defect clustering in neutron- 
irradiated (lo2' n/cm2) Si. The results of this 
study are presented in the form of size distributions 
of vacancy and interstitial loops, and they show 
large numbers of both vacancy- and interstitial- 
type defect clusters present in size ranges below 
TEM resolution. 

The cross section for x-ray diffuse scattering 
from defect clusters is given by 

where I 0  is the incident beam power, p is the 
absorption factor for the scattering geometry, K is 
the scattering vector, dui(K)/dQ is the scattering 
cross section, Ci is the volume concentration of 
clusters with radius Ri,  and AQ is the solid angle 
subtended by the detector. Loop concentrations are 
determined by fitting Eq. (1) to the measured dif- 
fuse scattering profiles with Ci as parameters. The 
symmetry of the Huang scattering, close to the 
reciprocal lattice vector, provides information on 
defect symmetries. 

Figure 3.7 shows x-ray diffuse scattering mea- 
surements made near the (1 l l )  reciprocal lattice 
point of lo2'-n/cm2 irradiated Si. These data were 
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Fig. 3.7. X-ray diffuse scattering measurements made 
on neutron-irradiated Si in the as-irradiated state and 
after 30-min anneals at 550 and 650°C. 

collected at 10 K using a position-sensitive detec- 
tor, and they represent the net scattering after 
removing thermal diffuse and Compton scattering. 
The data have been scaled by q4, where q is the 
distance (along the Ewald sphere) of the measuring 
point from the (I 11) reciprocal lattice point. Mea- 
surements are shown for the as-irradiated 
(-50°C) state and after 30-min anneals to 550 
and 650°C. The solid lines represent the results of 
fitting Eq. (1) to the measured points using 
vacancy and interstitial loops of 0.375-, 0.75, 1 .O-, 
1 .5 ,  and 2.0-nm radius. The scattering cross sec- 
tions used in the fitting were calculated for edge 
loops on (1  1 1 )  planes, using numerically calculated 
displacement fields and taking the elastic anisot- 
ropy of Si into account. Figure 3.8 shows a semi- 
log plot of the size distributions corresponding to 
the no-anneal data in Fig. 3.7. Separate size dis- 
tributions are shown for vacancy and interstitial 
loops. The overage size of the loops is quitc small, 
although some interstitial loops are indicated for 
larger sizes. Also shown is a comparison of the 
combined loop size distribution found here with the, 
results of an electron microscopy study3 made on 
Si irradiated with 5 X 10" n/cm2 (scaled linearly 
to lo2' n/cm2). The agreement between the elec- 
tron microscopy and the x-ray results is quite good 
at the larger sizes where electron microscopy can 
be sure to resolve all loops; however, at the small 
sizes where the resolution of the electron micro- 
scope becomes questionable, the x-ray results 
reveal the presence of large numbers of defect clus- 
ters. These small loops tend to bridge the gap that 
has existed between the large loops observed in 
TEM and the small atomistic-like clusters observed 



lo'=' ~ N L - ~ G  80-4*+41A loops. On subsequent thermal annealing, relatively 
small changes were observed up to 600°C, but 
most of'the damage annealed out by 750°C. The 
results on B+-implanted specimens show that most 

(om 
of the intrinsic damage anneals out by 750°C, and 

- the dislocation loops observed above 750°C are 
5 presumably due to clustering of self-interstitials 

? generated as a result of dopant substitution and a 
5 - 'kicksut mechanism." Annealing studies in 
t ,,3f7 

!i AS+-implanted Si suggest that divacancy migration 
in the temperature range 2O0-4OO0C repairs the 

i disorder associated with tetrahedra in the outer 
regions of the cascades. In the temperature range 

(om -500°C, core regions of the c a d  m e a l  out 
by solid phase epitaxial regrowth. At still higher 
temperatures dfs1ocation loop anamling ooours 
similar to that observed in neutron- and 

to4= 
0 4 2 3 0 ~ 2 3 0 4 2 3  

B'-implanted Si. A ~omplote meding of 
R(nm) displacement damage was accomplished by an oxy- 

acetylene flame at 1150 f 20°C. The resutts on 
F@* 3s* distribatioua of va-y laser annealing of displacement damage were 

disLocaBm laops in 7 SI. consistent with the melting madel. 

1. Summary of paper: p. 191 in Dqfkecfs in Semicon- 
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5% and 650°C anneals were found to be largely a land, New York, 1981. 
reduction in dislocation loop densities (by factors 
of 2.2 and 5, respectively) with little or no size dis- 
tribution changes. 
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RADIATION DAMAGE AND ITS 
ANNEALING IN SEMICONDUCTQ&S' 

J. Natayan J. Fletcher 

Residual damage in the form of point defect 
clusters and amorphous regium has been investi- 
gated in ion- and neutron-irradiated Si specimens. 
Annealing of this damage during collwntional 
heating, flame annealing, and pnlsed-laser irradia- 
tion has been studied by plan-view and cross- 
section electron microscopy techniques. The dis- 
placeme111 damage in ncutron-irradiated Si was 
lbserved in the form of interstitial and vacancy 

DlRECT OBSERVATIONS OR CRACK 
TIP BLUNTING BY EDGE DISLOCATIONS 

IN AL-M~ 

J. k Hur1u11 S.-J. chang2 
S. M. Ohr 

Recent TEM fracture experiments in various 
metals and alloys have shown that the in situ 
deformation technique is a useful tool for studying 
crack tip dislocation behavior of propagating 
cracks. In the prmnt study, direct observations 
have been made in aluminum of dislocations of pri- 
marily edge character emitted at a crack tip under- 
going Mode I fracture. The observations have 
shown, for the first time, that crack tips can be 
blunted by emitting dislocations on planes inclined 
to the crack plane. 

Figure 3.9 shows a pileup of dislacxtions of edge 
character which were emitted at a crack tip. The 
Burgers vector, tensile axis, and pileup direction 
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are all nearly perpendicular to the direction of 
crack propagation. The appear- of the dislw- 
tion pileup is similar to previous observations of 
screw dis locab pileups produced by Mode I11 
shear cracks in stginless steel, nickel, and copper. 
Screw dislocation pileups were also observed in 
aluminum; but due to a highcr stacking fault 
energy* more crass slip tGndtd to occur and the 
plaatict wne was broader. A dislocation-free zone is 
pmat in Fi. 3 9  bttweea the crack tip and the 
fmt distowtim, since this dbnce is about f a r  
times the distance between the first and m n d  
di9t.ocatioas. The dislocations are also in the form 
of an inverse +up. 

In general, under a constant applied km$ cracks 
propagated in discrete j u m p  and then between 

jump were blunted by emitting dislocations at 
angles between 45 and 90" to the dkdion of 
crack propagation. Such a sequence is shown in 
Fig. 3.10. During this sequence the specimen was 
held under constant load conditiom Between the 
second, third, and fourth minagmpb, no forward 
crack propagation occurred while dikatkm con- 
tinued to be emitted. Between the fourth and fdth 
micrographs, slight forward crack propagatiw 
occurred and didmatiom were emitted at the new 
aack tip on new slip planes parallel and adjacent 
to the prevkw sat. These results have shown that 
crack tip blunting dislocations do exist as 
predicted. 

We have treated the problem of edge dislocation 
p h p  by a singular integral equation, which 



describes the distribution of dislocations on an 
inclined plane in equilibrium with the crack. The 
integral equation is formulated by a superposition 
of the forces on each dislocation due to the pres- 
ence of other dislocations as well as the crack. The 
force on the dislocation is calculated by making 
use of the elasticity solution of a single edge dislo- 
cation near a finite crack The integral equation is 
then solved numerically. The results show that the 
stress field is relaxed within the dislocation-free 
zone in the direction of the pileup, whereas the 
stress is greater in the direction opposite to the 
pileup. These results are being applied to interpret 
the abserved behavior of dislocations near the 
crack tip. 

1. Summary of paper to be published. 
2. Computer Sciences Division, UCC-ND. 

DISLOCATION MOTION NEAR CRACK 
TIPS DURING !!XRESS CYCLING' 

J. A. Horton T. C. Estes 
S. M. Ohr 

Direct observations by TEM have been made of 
the behavior of dislocations in the plastic zone 
ahead of a crack tip during in situ cyclic deforma- 
tion of aluminum. In this experiment, a thin foil 
specimen was deformed in tension in an electron 
microscope until a crack and a plastic zone were 
created. The stress was then cycled, and the 
response of the dislocations in the plastic zone was 
studied. 

It was found that during stress cycling dis10~8- 
tions were observed to originate and travel awqy 
from a crack tip during loading and then, upon 
unloading, to travel back to the crack tip and to 
disappear. Upon reloading, new dislocations were 



generated at the crack tip on the same slip plane. 
This required at least a 2096 reduction in stress for 
the dislocations to reverse directions. This is the 
fmt direct evidence indicating that a dislocation 
can return to and partly heal a crack. This 
phenomenon was obse~ed only for crack tip 
blunting dislocations. 

A series of micrographs taken during an unload- 
ing cycle are shown in Fig. 3.11. A & h t i o n ,  
marked by an arrow in each micrograph, is shown 
to be approaching the crack tip in a, b, snd c. In d, 
the dislocation is about to dippear  into the crack 
tip, and in e, it has completely vanished. The entire 
sequence shwn in Fig. 3.1 1 occurred in about one 
second; in this t h e  the dislocation trawled about 
140 nm. The micrographs were made from a video 
recording which was recorded at a rate of 30 
frames per second. In order to understand the 
observed dislocation behavior near the crask tip, 
the distribution of dislocations in the plastic zone 
during cyclic loading ia being analyzed in terms of 

the dislocation pileup model of fatigue crack 
growth. 

1. Summary of paper to be published. 

ELECLaON MICROSCOPE STUDY 
OF CRACX TIP- 

CAVITY I N T E R A ~ O N S ~  

J. A. Horton S. M. Ohr 
W. A. ~esser' 

One of the major fracture modes which occur in 
structural materials is microvoid coalescence or 
dimple rupture. This fracture mode occurs by a 
process of void nucleation and void growth ahead 
of the crack tip, which results from plastic defor- 
mation processes. In order to. study crack tip 
interactions with cavities, specimens with preexist- 
ing cavities were tensile tested at room temperature 
in the Philips EM400T electron mlcroqap. Type 

Frame 

Fig. 3.11. A wries of dmgmpba depicting a dislocation rebmbg to and dislrpscuiag at a crack tip during an 
pnlolding cycle. This sequence occurred within a aeriod of one semdd. 



316 stainless steel tensile specimens were irradiated 
with either 5-MeV iron ions or 80-keV helium ions, 
which produced cavities up to 60 and 12 nm in 
diameter, respectively. 

The irradiated stainless steel fractured in a 
manner similar to unirradiated stainless steel in 
that screw dislocations were generated by a Mode 
111 shear crack and moved along a distinct set of 
slip planes without any dislocation cross slipping. 
As shown in Fig. 3.12, dislocations at distances up 
to 6 pm from the crack tip cut, sheared, and, 
thereby, elongated cavities which intersected the 
slip planes. Figure 3.12(a) shows elongated cavities 
with the dislocations out of contrast. Figure 
3,12(b) shows the crack-tipgenerated dislocations 
in contrast, which resulted in the cavity elongation. 
No apparent volume change in the cavities 
occurred. Near the crack tip, more generalized 
plastic deformation processes produced local strains 
up to 400% over a limited region, which was some- 
times within only 12 nm of the crack flank. This 
resulted in an apparent volume enlargement of the 
cavities. The cavities did not continue to enlarge 
until they intersected, but instead an intercavity 
fracture occurred in a brittle fashion as evidenced 

by the lack of ligament formation. The normally 
quoted vacancy formation energies and the number 
of vacancies produced per unit strain of plastic 
deformation did not account for the observed cav- 
ity volume enlargement. These results indicate that 
on a local scale the dislocation processes near a 
crack tip are substantially modified from those in 
bulk material. 

I .  Summary of piper: Journal of Nucleur Materials 
( in press). 

2. University of Virginia, Charlottesville, Va. 

IN SITU FRACTURE EXPERIMENTS 
IN ~ C C  METALS' 

S. ~abayashi~  S. M. Ohr 

Plastic deformation ahead of a crack tip has 
been the subject of numerous theoretical and 
experimental investigations in the past, because the 
stress distribution and the displacement near the 
crack are strongly affected by the extent of the 
deformation. The fracture toughness of a material 
also depends critically on the amount of plastic 
deformation pmcding catastrophic crack propaga- 

Fig. 3.12. (a) TEM micrograph of cavities seu a crack tip elongated by crack tip ~~ b hdrradirted Type 
316 staMess st& @) Some area with Bislc~NIom la watmd md eErc(r0u beam diredkm war I O l l E  



tion. The elasticity solutions for the stress and 
strain ahead of the crack are valid only when the 
yielded region is small compared with the size of 
the crack. It is, therefore, of g d t  interest to seek 
experimental information concerning the extent 
and the mechanism of plastic deformation around 
propagating cracks to establish a model of crack- 
tip plasticity and its relationship to fracture cri- 
teria. Recently, Ohr and ~arayan '  studied the 
fracture of stainless steel single crystals using an in 
situ electron microscope tezhnique and found that 
the extent of crack tip plasticity was determined by 
the critical crack opening displacement required to 
propagate the crack. In the present study, the in 
situ fracture experiment was extended to the bcc 
metals, molybdenum and tungsten. 

Figure 3.13 shows plastic zones observed in a 
thin foil of a tungsten single crystal. Two small 
cracks were nucleated simultaneously at the edge 
of the electropolishing hole, and their plastic zones 
lintersect each other. Although the cracks are still 
very small, their plastic zones have extended far 
into the specimen. The area Wween the crack tip 
and the plastic zone is free of dislocations, and this 
dislocation-free zone is nearly as long as the plastic 
zone itself. Under constant applied stress, it was 
possible to observe a number of dislocations being 
emitted from the crack tip. These dislacatims 
moved through the dishcation-fm zone and joined 
other dUocations in thc plastic zone The disroca- 
tions in the plastic zone had the burgers vector 
a/2[lIl] a d  were on a ( l f O )  slip plane. 

According to the BCS theory of fracture,' the 
dislocation density in the plastic zone is h i ies t  at 
the crack tip; hence, the dislocation-free zonc of 
the type observed in the present study is not 
expected. To examine the implication of the 
presnt observation, calculations were made to 
determine the stable positions of the dislocations 
ahead of an elastic crack as a function of the 
number of dislocations in the plastic z-. An 
equilibrium equation was set up for an individual 
dislocation by balall~ing the crwk stress, the stress 
due to other dislocations, and the friction stress. 
The equilibrium equation was solved n u m e ~ l y  
by applying the Newton-Raphson method5 and'by 
treating each disiocation discretely. The results of 
the salculations are shown in Fig. 3.14, which 
shows that the dislocation-free zone is expected 
when the number of dislocations in the plastic zone 
is less than that required to relax completely the 
stress concentration established at the crack tip. 

Fig. 3.13. Eketroa dcmgmb sbowiag p b t k  ~ollss 

i n ~ s i y k ~ s t a l s o b s e n e d ~ ~ i . d f Y f ~ ~ ~ -  
ture experiment. The area between the crack tip and the 
plastic zone is free of diilocatioes. 
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Fig. 3.14. Tbe crrldated size of the 6lidoutioe-free 
zoae as a feaFth of the ntio olthe applied stress a, to 
the friction stress up The size of the dislocation-free zone 
increases with the applied stress and decreases with the 
number of dislocations N in the plastic zone. 

The size of the dislocation-free zone increases with 
the applied crtress a d  rlw~e~ses with the number of 
dislocations in the plastic zone. The presence of the 
dislocation-free zone, therefore, can be attributed 
to the difficulty associated with the generation of 
dislocations at the crack tip. 

1. Summary of paper: Fhilos. Mag. Ada763 (1980). 
2. Present address: Toyota Central Restarch and 
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IN SITU OBSERVATIONS OF THE 
FORMATION OF P M T I C  ZONE 

AHEAD OF A CRACK TIP 
IN COPPER' 

S. ~obayashi~ S. M. Ohr 

In situ electron microscopy has been shown to be 
a useful technique to study the structure of the 
plastic zone ahead of a crack. In thin foils of stain- 
less steel, the plastic zone consisted of an inverse 
pileup of screw dislocations, which have split into 
partial dislocations with stacking faults between 
them. Similar structures were also observed in bcc 
metals, but the dislocations were no't split and f r e  
quently cross slipped out of the original slip plane. 
Since it was found that the detailed structure of 
the plastic zone ahead of a crack depended on the 
stacking fault energy of the materials, we have 
extended the studies to copper, a metal of medium 
stacking fault energy. 

From polycrystalline copper sheets of commer- 
cial purity, tensile specimens were punched out and 
then annealed at 900°C for 3 h. The specinens 
were electropolished at 20°C to perforation in an 
electrolyte of 24% ethyl alcohol, 5% isopropyl 
alcohol, 24% phosphoric acid, and 47% water. 

When the tensile stress was applied gradually to 
the specimen, dislocations started to move, and the 
number of dislocations in motion increased as the 
stress was increased. Following the initial slip 
activities, cracks were initiated at the edge of the 
hole and propagated rapidly into the specimen. 
During this propagation, many dislocations were 
generated at the crack tip and moved into the 
specimen, forming a plastic zone. 

Figure 3.1 5 shnws a crack and a plastic zone 
that is in the form of a thin ribbon of dark con- 
trast. The dislocations in the plastic zone are split 
into parfial dislocations, and the fringes due to 
stacking faults can be seen between the partials. 
From the trace analysis, the slip plane was 
identified as (1 11). It can be seen that part of the 
plastic zone immediately ahead of the crack is free 
of dislocations. Beyond this dislocation-free zone, 
the dislocations are in the form of an inverse pileup 
(i.e., the dislocation density is higher near the crack 
tip and gradually decreases toward the end of the 
plastic zone). In order to study the structure of the 
plastic zone in more detail, contrast analyses were 
carried out by imaging the area using various dif- 



fraction vectors. It was concluded from the anal- 
yses that these partial dislocations were formed by 
the splitting of perfect dislocations which lay on 
several different parallel planes. In general, the dis- 
tribution of dislocations in the plastic zone of 
copper was found to be very similar to that 
reported for stainless steel. 

1. Summary of paper: Scripta Met. 15, 343 (1981). 
2. Present address: Toyota Central Research and 

Development Laboratories, Nagoya, Japan. 

IN SITU OBSERVATION OF 
CRACK PROPAGATION BY TEM1 

S. M. Ohr S. ~ o b a y a s h i ~  

TEM was used to observe directly the distribu- 
tion of dislocations in the plastic zone of propagat- 
ing cracks during in situ tensile deformation of 
various metals including stainless steel, nickel, 
molybdenum, and niobium. The results show a 
number of new findings regarding dislocation 
behavior in the plastic zone and its relationship to 
crack propagation. The plastic zone results from 
plastic deformation on the slip system of maximum 
resolved shear stress that is coplanar with the 
crack. Dislocations in the plastic zone are in the 
form of an inverse pileup, and the number of dislo- 
cations in the plastic zone corresponds to the dis- 
placement at the crack tip. It is also noted that a 
zone devoid of dislocations is  present in all the 
metals studied near the crack tip. The presence of 
a highly stressed elastic zone free of dislocations 
between the crack tip and the plastic zone has been 
discu~sed,~ but the present observation provides the 
first experimental evidence for such a zone. 

These observations have shown that the phe- 
nomenon of crack propagation is closely related to 
the extent to which a material can deform plas- 
tically. Dislocations, generated at the crack tip to 
relieve the stress concentration, contribute in turn 
to the crack opening displacement. The availability 
of various slip systems, as well as the stacking fault 
energy, determines the geometry of the plastic 
zone. Grain boundaries can act as barriers to dislo- 
cation motion and, hence, control crack propaga- 
tion. These results have demonstrated that in situ 

"' a TY M is very useful in studying the physical of Mode iU type and its plrstic zoac in copper. The 
dislocations in the blastic zone are in the form of a linear phenomena occurfing at the crack Further 
array and are 'split into partial dislocations. A application of the technique is expected to con- 
dislocation-free zone is present between the crack tip and tribute greatly to a better understanding of frac- 
the plastic zone. ture processes in various structural materials. 



1. Summary of paper: J. Met. 32, 35 (1980). 
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SPECIALIZED DEFORMATION STAGES 
FOR THE PHILIPS EM400T 

J. A. Horton R. L. wallace' 

In order to perform the electron microscope 
experiments described in other contributions of this 
section, several specialized deformation stages were 
designed and constructed for the Philips EM400T 
transmission. electron microscope. Thesc stages 
were designed to deform a rectangular sheet speci- 
men in pure tension. 'l'he specimens were spark 
mnchined berore being electropolished until per- 
foration. Upon tensile testing in the microscope, 
cracks initiated at the edge of the electropolishing 
hole and propagated toward the thicker areas of 
the specimen. 

The stage shown in Fig. 3.16 is a constant-load, 
hydraulically operated stage which can perform 
stress cycling. In this stage, force on a hydraulic 
fluid-filled bellows is transferred to the bellows 
mo~lnted on the stage, which provides the tensile 
stress. The load on the specimen is indicated by the 
fluid pressure. A low-viscosity fluid was used to 
allow rapid stress cycling. Another tensile stage 
was designed and constructed to perform tensile 
experiments by controlling the crosshead displace- 
ment with a mechanically driven screw. This stiff 
stage is necessary for specimens of low ductility. 

ENSILE SPECIMEN 

BEARING SURFACE 

OEFORMATON STAGE FOR A PHILIPS EM400T 

Fig. 3.16. Sketch of a deforlilation stage for the Phi- 
lips EM400T electron microscope designed and con- 
rtructe4 at ORNL. 

Both stages allow single axis eucentric tilting over 
a +45O range in the electron microscope. The sta- 
bility of the hydraulic stage is such that the max- 
imum magnification of the microscope can be 
utilized during the deformation. 

A low-temperature deformation stage is 
currently being built. This stage uses the nitrogen 
gas flow from a liquid nitrogen reservoir mounted 
on the stage to cool the specimen to -150°C. 
Temperature mcasuremenl and control are pro- 
vided by two thermocouples. 

1 .  Plant and Equipment Division, ORNL. 

DISLOCATION-FREE ZONE MODEL 
OF FRACTURE' 

S.-J. chang2 S. M. Ohr 

Recent observations by electron microscopy3 
have shown that a dislocation-free zone (DFZ) is 
present between the crack tip and the linear pileup 
of dislocations in the plastic zone. The presence of 
the DFZ implies that the crack tip can remain 
atomically sharp, and Griffith's fracture criteria 
can be valid even in the presence of a considerable 
amount of plastic deformation at the crack tip. In 
order to understand the physical origin of the 
DFZ, we have studied the distribution of disloca- 
tions in equilibrium with the crack and the applied 
stress. A singular integral equation is formulated, 
and the distribution function of the dislocations is 
obtained from the equation in terms of elliptic 
integrals. The condition of compatibility and the 
elastic stress intensity factor at the crack tip are 
also derived. 

Figure 3.17 shows a plot of the stress intensity 
factor K as a function of the applied stress T. The 
size of the DFZ (e/c) and the size of the plastic 
zone (ale) relative to the crack size (c)  are used 
as two parameters. It can be seen for moderate 
values of K and T that the stress intensity factor K 
is primarily a function of the size of the DFZ (elc) 
and that the size of the plastic zone (a le )  is deter- 
mined primarily by the applied stress T. This is a .  
remarkable result which can be used to determine 
experimentally the value of K by trieasuring the 
size of the DFZ. Similar studies have heen made of . 

the dependence of the crack opening displacement 
(COD) on the applied stress, the plastic zone size, 
and the length of the DFZ. 

Based on the mechanism of dislocation geners- 
tion at the crack tip proposed by Rice and 



ORNL-DWG 80-12672 terms of elliptic integrals of the first and third 
I I I I 

kinds. The relationship between the sizes of the 
0 

crack and the DFZ was obtained as a function of 
:=!.lo applied stress, similar to the condition derived in 

the BCS theory of fracture. Because of the pres- 
ence of the DFZ, the stress diverges at the crack 
tip, leading to a finite elastic stress intensity factor. - 
A simple analytical expression for the stress inten- 
sity factor was obtained. 

- 

I. Summary of paper: p. 23 in Dislocation Modelling 
of Physical Systems, ed. by M .  F. Ashby, R. Bullough, 
C. S. Hartley, and J. P. Hirth, Pergamon, New York, - 
1981. 

2. Computer Sciences Division, UCC-ND. 

Stress Intensi ty  Factor  

Fig. 3.17. Stress intensity factor K vs applied stress T 
for various sizes of the DFZ (elc) and the plastic zone 
(a/c), where c is the crack length. It shows that K is pri- 
marily a function of the size of the DFZ. 

 hornso on,^ it is shown that the formation of the 
DFZ is anticipated when the stress intensity factor 
K is less than a critical stress intensity factor Kg 
defined for a spontaneous generation of disloca- 
tions. The magnitude of Kg, relative to the critical 
stress intensity factor for brittle lracture Kc, deter- 
mines the brillle-ductile nature of a material. 

I .  Summary of paper: Journal of Applied Physics (in 
press). 

2.  Computer Sciences Division, UCC-ND. 
3. S. M. Ohr and S. Kobnynshi, J. Met. 32, 35 

( 1980). 
4. J. R. Rice and R. Thomson, Philos. Mag. 29, 73 

( 1974). 

A MODEL OF SHEAR CRACKS 
WITH DISLOCATION-FREE ZONES' 

S.-J. Chang2 S. M. Ohr 

TEM observations of the distribution of disloca- 
tions in  the plastic zone of cracks have shown that, 
in  many instances, there is a zone near the crack 
tip which is free of dislocations. In order to treat 
this problem, an integral equation was formulated 
in  terms of a distribution of dislocations. The dis- 
tribution function was obtained in a closed form in 

FRACTURE MECHANICS OF 
ELASTIC-PLASTIC CRACKS' 

S. M. Ohr S.-J. chang2 

Direct observations by TEM of the plastic zone 
of propagating cracks in  various metals have shown 
that the area immediately ahead of the crack tip is 
devoid of dislocations. Under a constant applied 
stress, the dislocations are generated at the crack 
tip, move through the DFZ, and join other disloca- 
tions in  the plastic zone. The length of the DFZ is 
shorter, and the thickness of the specimen in the 
DFZ is thinner in ductile materials than in brittle 
materials. In ductile materials, the cracks prop- 
agate into the DFZ, which is thinned appreciably 
by plastic deformation, by rupturing thin ligaments 
i n  a zigzag manner. In brittle materials, the frac- 
ture of the DFZ occurs by cleavage which, in some 
instances, is accompanied by the emission of dislo- 
cations. 

Figure 3.18 shows schematically the crack tip 
geometry observed in  these fracture experiments. 
The crack tip is located at c, and the DFZ is 
present between the crack tip and the beginning of 
the plastic zone e. The plastic zone, represented by 
an inverse pileup of dislocations, extends to a. The 
crack tip displacement 6, is the portion of the 
COD which is contributed by the dislocations in 
the plastic zone. Thus, 6, = b N ,  where b  is the 
Burgers vector and N  is the number of dislocations 
in the plastic zone. The final step of the fracture 
process is accomplished by an elastic fracture of 
the thi,n ligament within the DFZ. 

The stress intensity factor of this elastic-plastic 
crack has been calculated from the DFZ theory of 
fracture3 as a function ot the applied stress and the 
number of dislocations' in the plastic zone. The 
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Fig. 3.18. Schematic drawing of crack-tip geumetry 
observed during in situ TEM fracture experiments of thin 
sheet specimens. I t  shows that cracks propagate by a 
combination of elastic and plastic fracture processes. 

result is shown in Fig. 3.19. As the number of 
dislocations N in the plastic zone increases,' the 
stress intensity factor K decreases from the elastic 
value at first slowly and then rapidly to zero. The 
crack with zero stress intensity factor is a crack 
which is  completely relaxed by plastic deformation 
and, hence, may be called a plastic crack. Between 
the elastic and plastic cracks, a wide ralige of 
elastic-plastic cracks having the crack-tip stress 
singularity, as well as the plastic zone, is possible. 
These elastic-plastic cracks are expected if there is 
a critical stress intensity factor Kg associated with 

, the generation of dislocations at  the crack tip. The 
expression for K, is obtained from the crack 

Fig. 3.19. Dependence of stress intensity factor K on 
the number of dislocations in the plastic zone N for a 
series of values of applied stress u,. 

tip dislocation nucleation model of Rice and 
 hornso on.^ I n  most materials, the magnitude of E;, 
is less than the critical stress intensity factor Kc for 
brittle fracture. 

To test the validity of the D F Z  theory of frac- 
ture, we have compared the predictions of the 
theory with the geometry of the plastic zone 
observed directly in the electron microscope in a 
number of rrielals and alloys. The values of the 
crack tip stress intensity factor K are determined 
from the experimentally measured lengths of thc 
crack, the DFZ, and the plastic zone. For the fric- 
lion stress a/, the measured values of yield stress 
of these metals are used. In Table 3.2, we have 
tabulated the measured values of K ,  along with a/, 
for the seven metals that were studied. These 
values are then compared with the theoretical 
values of Kg for dislocation generation and of Kc 
for brittle fracture. It can be seen that for all of 
the ductile fcc metals and niobium, the measured 
values of K are in very good agreement with the 
theoretical values of Kg. In semibrittle molybde- 
num and tungsten, the measured values of K are 
grcater than Kg but are less than Kc.  This may be 
taken as evidence that in many structural materials 
of interest, the physical parameter, which is impor- 
tant in determining the critical stages of crack 
propagatiorr, is the stress intensity factor required 



Table 3.2. Comparison of measured stress applied stress T is related to the crack tip 
intensity factor K with theory geometry by I 

K Theory 
Material Kg Kc 

( 10' Pa) (10' ~ / r n ~ ~ )  --- 
( lo5 N/m3I2) a 

S. steel 4.3 1.6 1.8 7.6 
Copper 1.5 0.9 0.9 5.2 
Nickel 3.4 1.8 1.7 7.2 
Aluminum 2.3 0.8 0.6 2.9 
Niobium 2.5 1.7 1.6 7.9 
Molybdenum 24.3 10.8 5.0 13.0 
Tungsten 16.0 12.3 6.5 16.5 

for the generation of.dislocations at the crack tip 
rather than the surface energy of the materials. 

I. Summary of paper to be published. 
2. Computer Sciences Division, UCC-ND. 
3. S.-J. Chang and S. M. Ohr, Journal of Applied 

Physics (in press). 
4. J. R. Rice and R. Thomson, Philos. Mag. 29, 73 

( 1974). 

CONDITION OF FINITE STRESS 
FOR 'THE STRIP-YIELDING MODEL 
WITH DISLOCATION-FREE ZONE' 

S.-J. Chang2 S. M. Ohr 
J. A. Horton 

Recently, we have developed a DFZ theory of 
fracture by considering a linear array of disloca- 
tions in  equilibrium with a sharp elastic crack of 
Mode 111 type.3 In this theory, the elastic stress 
intensity factor K is given by 

where a/ is the friction stress, c is the crack 
length, and F is the complete elliptic integral of 
the first kind. The parameters a2 and k2 are 
related to the sizes of the DFZ (elc)  and the plas- 
tic zone (alc). The condition for finite stress at 
both ends of the plastic zone requires that the 

where II is the complete elliptic integral of the 
third kind. These two relations link the microscopic 
crack tip parameters with the macroscopic fracture 
mechanics parameters. 

In the present work, the DFZ theory is shown to 
be an extension of the BCS theory4 by demonstrat- 
ing that the results of the BCS theory can be 
obtained as a special limiting case of the present 
theory. As a first step, it is shown that the elliptic 
integral of the thiid kind appearing in Eq. (.2) is 
expressed i.n terms of Heuman's lambda function. 
It is then shown that as the size of the DFZ is 
made to approach zero, Eq. ( 2 )  is reduced to the 
BCS condition in  the form of the inverse cosine 
function 

The case of an elastic crack can also be obtained 
from the present theory by considering the limit of 
a vanishingly small plastic zone. By combining 
Eqs. ( 1 )  and ( 2 )  and by forcing e to approach a ,  
we have obtained the well-known relationship 

between the applied stress T and the stress inten- 
sity factor K of an elastic crack. We have also 
considered the case of a plastic zone, which is very 
much longer than the length of the DFZ. It is 
found that in  the limit the applied stress T 
approaches the friction stress a/. These results 
demonstrate the validity of the DFZ theory and, 
hence, support the contention that the theory is a 
generalization of the BCS theory. 

I. Summary of paper: International Journal'of Frac- 
ture (in press). 

2. Computer Sciences Division, UCC-ND. 
3. S.-J. Chang and S. M. Ohr, Journal of Applied 

Physics (in press). 
4.' B. 'A. Bilby, A. H: Cottrell, and K. H. Swinden, 

Proc. Royal Soc. London A272, 304 ( 1963). ' 



DEFECTS AND IMPURITIES 
IN INSULATING CRYSTALS 

SUBSTITUTIONAL H- ION VIBRATIONS 
IN THE ALKALINE-EARTH OXIDES 

REDUCED AT HIGH TEMPERATURES' 

R. R. Gonzalez2 Y. Chen 
Mark Mostoller 

The infrared spectra of MgO, CaO, and SrO 
crystals containing high concentrations of hydrogen 
were studied. The crystals were heated at high 
temperatures (2000-2400 K )  and high pressures 
(4-7 atm) in magnesium or calcium vapor in a 
closed tantalum vessel and then were rapidly 
cooled. This frcatment produces oxygen vacancies. 
When hydrogcn impurities are present in the crys- 
tals, they can be trapped at oxygen-vacancy sites 
and form H-  ions. We investigated the infrared 
spectra of such crystals and found evidence that 
structure appearing in the low-frequency region 
arises from vibrations of H- ions substituting for 
02- ions in the crystals. These experiments are of 
particular interest because the conditions that pre- 
vail in the operation of some energy-efficient de- 
vices, such as the Stirling engine, are the same as 
those which produce H- ions, namely, high tem- 
peratures and high pressures of a reducing gas. 

In MgO, sharp lines at 1027, 1034, and 1056 
cm-' emerged after the high-temperature reduc- 
tion (see Fig. 3.20). The intensity of these lines 
depends strongly on both the initial hydrogen con- 
tent and the temperature for the reduction. The 
relative i~~terrsities of the lines, however, were 
roughly constant from sample to sample. We 
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Fig. 3.20. Infrared spectrum of an MgO crystal with 
relatively high hydrogen content after reduction at 2400 
K in Mg vapor. The sample thickness was 0.6 mm. In the 
inset, the band of 2106 cm-' is' magnified 5X in the 
vertical direction. 

attribute these lines to fundamental vibrations of 
substitutional H- ions. A low-intensity signal at 
2106 cm-' can also be observed in Fig. 3.20. This 
line is attributed to the first harmonic vibration for 
the 1056-cm-' absorption. The evidence is (1) an 
intensity correlation with the 1056-cm-' line, (2) a 
doubling of the frequency, and (3) a larger thermal 
shift than that of the fundamental H- vibration. 
Similar lines were observed in similarly treated 
CaO and SrO crystals. 

Table 3.3 summarizes our data on absorption 
lines attributed to substitutional H- ion vibrations 

Table 3.3. Substitutional H- ion vibrational frequencies 
in MgO, CaO, and SrO, in cm-' 

The numbers in parentheses are estimated relative intensities 
within each series of lines 

H- lines Other lines 
80 K 295 K 811 Y 295 K 

MgO 1056 (1.0) I053 (1.0) 1092 (1.0) 
1034 (0.9)  1032 (0.9) I loo (0.3) 
1027 (0.9) 1024 (0.9) 1107 (0.8) 1104 
2106 (CO.1) 2098 (<0.1) 

CaO 885 (1.0) 880 (1.0) 
916 (0.3) 911 (0.3) 

SrO 815 (1.0) 809 (1.0) 
822 (0.3) 
832 (0.3) 827 (0.3) 



in MgO, CaO, and SrO. Figure 3.21 is a log-log 
plot of local mode frequency vs lattice constant, 
which to a good approximation is a straight line, as 
it is in the alkali halides,) with about the same 
slope as the corresponding plot for NaC1, KCl, and 
RbCI. In each of the three oxides, the fundamental 
H -  ion vibrations produce two or more sharp, 
closely spaced lines, whose intensities in a given 
crystal are comparable but not necessarily equal or 
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Fig. 3.21. Plot of H- ion frequency vs lattice constant 
in the alkaline-earth oxides. 

rationally related. This may indicate a lowering of 
the point-group symmetry around the H- ion from 
O h  to a less symmetric configuration, which may 
be due to local charge compensation. The observa- 
tion of the first harmonic in MgO is further evi- 
dence of reduced symmetry around the H- ion in 
that crystal, since the first harmonic is not an opti- 
cally allowed transition in Oh symmetry. It is also 
possible, particularly in MgO where two sets of 
three lines are observed at 80 K, that H- ions are 
present in local environments of slightly different 
symmetries. Satellite lines arising from this effect 
have been observed in the alkali halides4 and the 
alkaline-earth  fluoride^.^ 

I .  Summary of paper to be published. 
2. Guest scientist from Universidad Complutense, 

Madrid, Spain. 
3. D. Kuhner and M. Wagner, Z. Physik 207, 1 1  1 

( 1967). 
4. T. Timusk and M. V. Klein, Phys. Rev. 141, 664 

( 1966). 
5. R. J. Elliott et al., Proc. Roy. Soc. London A289, 1 
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LUMINESCENCE IN THERMOCHEMICALLY 
REDUCED MgO: THE 

ROLE OF HYDROGEN' 

B. T. Jeffries2 Y. Chen 
R. R. Gonzalez3 G. P. Summers2 

One of the characteristics of thermochemically 
reduced MgO crystals is the long-lived green 
luminescence (or phosphorescence) observed fol- 
lowing optical excitation of F centers (oxygen 
vacancy with two electrons) near room tempera- 
ture. The nature of the emission has long been the 
subject of debate.4 We present the first unambigu- 
ous interpretation of the origin of the long-lived 
luminescence, which reopens the debate on recent 
models that have been proposed.s 

The main optical absorption transition of the F 
center in MgO and CaO takes an electron from 
the ' A ~ ,  ground state to a I T ] ,  excited state. Dur- 
ing the subsequent relaxation of the center in CaO, 
the electron falls nnnradiatively into a )Tf, excited 
state from which it then decays radiatively to the 
ground state with a transition energy of 2.0 eV and 
an intrinsic lifetime of 3.3 ms. Above 100 K the 
electron is able to escape into the conduction band 
by thermal excitation from the 3Tfu excited state. 
It can then become captured by a metastable trap, 
which gives rise to the long-lived phosphorescence. 
The kinetics of this process is well understood in 
CaO, but until now no evidence was available con- 
cerning the nature of the traps involved in either 
CaO or MgO. 

Thc results presented below show that these 
traps are mostly isolated H- ions which substitute 
for 02- ions. Hydrogen is a common impurity in 
the alkaline-earth oxides, and local modes at 1053, 
1032, and 1024 cm-' have been identified as due 
to H -  ions in ~ ~ 0 . ~  Results are presented on 
three representative samples, labeled MgO 1, MgO 
11, and MgO I11 (see Table 3.4). The concentra- 
tions of F centers and H- ions were estimated 
from the absorption coefficients at 4.95 eV and 
1053 cm-', respectively. samples held at 260 K 
were illuminated until the emission reached a max- 
imum intensity, and then the excitation was 
removed. The results are shown in Fig. 3.22, in 
which the intensities at t = 0 have been normal- 
ized. It is clear that as the concentration of H- 
ions increases, the phosphorescence at 2.3 eV 
becomes increasingly long lived. In fact, for MgO 
I, which has the highest H- concentration, the 
phosphorescence was still visible to the eye after 15 
min. None of the curves can be fitted with a single 



Table 3.4. Characteristics of thermochemically reduced MgO samples 
LYF and n~ are absorption coefficients and concentrations of F centers, 

respectively, c u ~  and n~ refer to the same parameters for 
H- ions, and T is the phosphorescence lifetime 

f f F  n F  (YH "H 7 Sample 
(cm-I) ( ~ m - ~ )  (cm-') ( ~ m - ~ )  (s) 

MgO I 330 (1.6 X loi8) 11 (3.3 X 1 0 ' ~ )  330 
MgO I1 820 (4.1 X 1 0 ' ~ )  0.5 (1.5 X 27 
MgO 111 I 1 0  (5.5 x 1 0 ' ~ )  0.2 (6 X 1 0 ' ~ )  3 

ORNL-OWG 8 ' -2 '27? T for samples I, 11, and 111 are 330, 27, and 3, 
respectively. The luminescence is not due to H- 

THERMOCHEMICALLY REDUCED MgO 
- - ions alone, since a crystal which contained H- ions 
- but no detectable F centers showed no 2.3-eV 

emission. F centers are required. In addition, con- 
trary to general belief, the extent of phosphores- 
cence does not increase with the concentration of F - centers as any process involving interacting pairs of - - F centers would require. Specifically, sample I1 
contained about three times the F-center concen- 
tration contained in sample I, but it has a charac- 
teristic time an order of magnitude smaller. 

H- iorls enter the lattice substitutionally for - - 02- ions and, therefore, represent a region of net - positive charge in the lattice. Our measurements . 
- indicate that these electron traps cause the,long- 

lived phosphorescence observed near room tem- - perature. We also observed a 2.3-eV luminescence 
when an electron is released from the H'- trap - - with a thermal activation energy of 0.7 eV. - Although this energy may appear to be small for 
thermal release of the electron from H ~ -  ions, the 

o 40 80 120 160 polarization energy associated with the surrounding 

Fig. 3.22. Luminescence decay a t  260 K of the 2.3-eV 
hand in thermochemically reduced MgO. The concentra- 
tion of H- ions decreases from MgO I to MgO 111 (see 
Table 3.4). 

simple function, although in each case after an ini- 
tial relatively rapid decay, the curves correspond to 
a second-order process. However, if one takes the 
period over which tile intensity falls to 1/10 the 
initial value as a reasonable measure of the phos- 
phorescence lifetime, then the characteristic times 

0 2 -  ' Ions is quite large and tends to reduce sub- 
stantially the binding energy for electrons in oxy- 
gen vacancy defects. 

1 .  Summary of paper to be published. 
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DISTRIBUTION OF ~ e ~ +  IN Fe-DOPED 
MgO SINGLE CRYSTALS' 

R. A. Weeks J. F. ~ a s t i n e a u ~  
E. Sonder 

It has become apparent3 that Fe3+ has an 
anomalously high mobility in MgO, and thus the 
high-temperature equilibrium distribution of substi- 
tutional ~ e ~ + ,  aggregates of Fe3+ ions, and cation 
vacancies are not retained upon rapid cooling to 
room temperature. We have measured the intensi- 
ties of electron-paramagnetic-resonance (EPR) 
spectra due to a number of ~ e ~ +  species in Fe- 
doped MgO samples as a function of thermal treat- 
ments. These treatments have included quenching 
from temperatures between 800 and 1600°C at dif- 
ferent rates and isochronal and isothermal anneals. 
The following conclusions were reached: (1) Fe3+ 
dissolved in MgO is sufficiently mobile that, even 
with the fastest possible quench rates (>5000 
K/sec) for which samples usually are destroyed, 
htgh-temperature equilibrium cannot be retained. 
For the fastest quench rate (in water), the concen- 
tration of isolated Fe3+ detected in octahedral Mg 
sites is approximately 1.5 times larger than for the 
slowest quench rate (in air). (2) Aggregation 
begins at temperatures as low as 350°C. (3) Fer- 
romagnetic precipitates of MgFe204 do not form 
for temperatures less than 450°C, even if anneals 
are carried out for more than 1000 h. However, 
the concentration of isolated Fe3+ in Mg sites 
decreases by more than a factor of 2 for isochronal 
anneals between 400 and 550°C. 

The two spectral components, shown in Fig. 
3.23, appear after isochronal anneals at 650 and 
750°C and then disappear after anneals at tem- 
peratures -800°C. The temperature dependence 
of their intensity indicates that both are due to fer- 
rimagnetic particles, which we suggest are aggre- 
gates of ~ e ~ + .  

The mobility of the Fe3+ is much higher than 
that predicted by extrapolation of the high- 
temperature (> 1000 K) diffusivity. We tentatively 
attribute this higher mobility to a high mobility of 
cation vacancies and of F ~ ~ + - M ~  vacancy dimers. 

I. Summary of paper: Phys. Status Solidi 61, 265 
( 1980). 

2. Great Lakes College Association Science Semester 
student from Lawrence College, Appleton, Wis. 

3:E. Sonder, J. Gastineau, and R. A. Weeks, Solid 
State Div. frog. Rep.. Feb. 29, 1980, ORNL-5640, 
p. 142. 

ORNL-DWG 8 0 - 9 6 6 E  

0.5 mT 

Fig. 3.23. EPR spectra of Mg0:Fe after annealing to 
permit aggregation of Fe oxide. The solid line in curve 
(b) represents experimental data obtained after anneal- 
ing at 650°C, and the dashed line is a correction for 
asymmetry; curve (a) shows the difference between these 
two curves. Curve (c) shows the experimental data 
obtained after annealing at 750°C. 

NEUTRON IRRADIATIONS IN OXIDIZED 
Li-DOPED MgO CRYSTALS' 

Y. Chen J. L. ~ o l d u ~  
E. ~ o n t e s a ~  M. M. Abraham 

The effect of neutron irradiations in Li-doped 
MgO crystals was investigated using optical 
absorption and EPR measurements. Unlike elec- 
tron irradiations, neutron irradiations do not pro- 
duce stable [Li]" defects (axial configuration: 
0 2 - - ~ i + - 0 - )  in as-grown MgO crystals doped 
with Li. In crystals containing stable [Li]" defects 
produced by oxidation at high temperatures, the 
ionizing propcrty of the electrons increased the 
concentration of the defects. Neutron irradiations, 
however, resulted in the loss of [Li]" defects, 
attended by the formation of stable VO, V-, VOH, 
and V F  defects with configurations [O--(Mg 
vacancy)-0-1, [ 0 2 - - ( ~ g  vacancy)-0-1, [OH-- 
(Mg vacancy)-0-1, and [F--(Mg vacancy)- 
0-1, respectively. The loss of [Li]" defects is 
attributed to the recombination of holes from these 
defects with electrons at multivacancy defects 
created by neutrons. 



I. Summary of paper: Phys. Rev. B 24, 5 (1981). 
2. Philippine Atomic Energy Commission, Quezon 

City, Philippines. 
3. Jnstituto de Fisica, U.N.A.M., Mexico, D.F. 

PENETRATION OF SURFACE 
DAMAGE RESULTING FROM 

ABRASION AND HEATING 
OF M ~ O  CRYSTALS~ 

E. Sonder J. V. Spadaro2 
R. A. Weeks 

Chemical polishing and dislocation etch pit 
observations have been applied to the study of the 
dcpth of pcnctration of dislocations produced by 
abrading (100) surfaces of MgO. From the results 
it has been concluded that such dislocations 
penetrate from 100-700 pm, depending on the 
source of the material. Heating of the abraded 
samples up to 1300°C for short times has little 
influence on the depth of penetration. 

I. Summary of paper: J. Am. Ceram. Soc. 64, C65 
(1981). 

2. Oak Ridge Associated Universities undergraduate 
research trainee from Stockton College, Union, N.J. 

MAGNETO-OPTICAL PROPERTIES 
OF METALLIC COLLOIDS 

IN INSULATORS' 

F. A. Modine V. M. 0rera2 

Colloidal particles of metal are formed in insu- 
lating materials when a metallic impurity or 
constituent precipitates as the result of thermal 
treatment, photothermal treatment, or redox reac- 
tion. Metallic colloids are a stable end product of 
radiation damage, and they have been produced by 
ion implantation. Colloids are of interest in connec- 
tion with nuclear waste storage and with solar. 
absorbers. 

The absorption and scattering of light by colloids 
often give a characteristic color to a transparent 
insulator, and 'the associated optical spectra have 
been extensively studied. In order to probe colloid 
properties more deeply, a magneto-optical study 
was made of two colloids, sodium and calcium pre- 
cipitates i n  NaCl and CaF2, respectively. These 
colloids were chosen because the known optical 
properties of Na and Ca, together with their 
~pproximately free-electron cor~ductivity, allowed a 
Lheoretical interpretation of experimental data. 

The optical spectrum produced by a colloid is 
described by an absorption coefficient a that can 
be computed as a series from either scattering or 
composite media theory. For small particles, the 
first term of the series is a good approximation. 

where F is the volume fraction of the metal, no is 
the refractive index of the host, and e l  and c2 are 
the real and imaginary dielectric functions of the 
particles. At the wavelength where el = - 2 4 ,  
Eq. (1) predicts a plasma-type resonance in the 
nbsorption. 

Magnetic circular dichroism (MCD) is simply 
the magnetically induced difference between the 
absorption of left- and right-circularly polarized 
light. The theory of the MCD follows, if the effect 
of the magnetic field on the dielectric function can 
be established. The field enters the intraband terms 
as the cyclotron frequency a,, and it enters the 
interband terms as a frequency shift Ao in inter- 
band transitions. When these effects are included, 
the dielectric function is of the form: 

where up = 4 7 r ~ e ~ / m *  and w, = lelH/m*c,  re- 
spectively, denote the plasma and cyclotron fre- 
quencies, and oo = 117 is a relaxation frequency. 
The upper and lower signs, respectively, refer to 
left- and right-circular polarization, and PI and p2 
denote interband contributions. Because a detailed 
knowledge of the band structure is required, the 
interband terms are difficult to evaluate. Moreover, 
the usual Landau description is not valid, because 
the particles are smaller than Landau orbits. Thus, 
the induced changes in the interband energies were 
simply assumed to have a linear-field dependence: 
AE = h Ao  = ge f fpBH,  where g,ff  is an effective 
g factor. 

An approximate description' of the MCD was 
obtained by ignoring interband contributions: 



Equation (3) predicts the shape of the MCD and 
implies that the effect of the magnetic field is to 
shift the position of the band by +wc/2 or -wc/2 
in energy when it is observed with left- or right- 
circularly polarized light, respectively. 

A detailed analysis required that particle size 
effects be recognized and that adjustments of the 
dielectric functions of the bulk metals be made. 
The shorter relaxation time 7 in a small particle 
was assumed to be: wo = 117 - wob + VflT, 
where web is the relaxation frequency for the bulk 
metal and VJ is the Fermi velocity. A distribution 
of particle sizes was also assumed. A suitable size 
distribution function was not found for Na colloids, 
but for Ca colloids the distribution used by Orera 
and ~ l c a l a ~  to study particle ripening gave a good 
description of the optical band. This distribution 
function is 

where p = r/r,  and r, is the critical radius for 
ripening. Finally, Orera and Alcala have deduced 
that Ca colloids are under a hydrostatic pressure of 
7.8 kbar and that there is a 10% reduction in the 
plasma frequency as a consequen~e,~ 

Figure 3.24 shows measured optical spectra for 
Na colloids. Recourse to Eq. ( 3 )  gave a good fit to 
the MCD. The intensity of the MCD is predicted 
by assuming a cyclotron mass equal to Smith's 
value for the optical m a s 4  Figure 3.25 shows 
spectra of calcium colloids together with theoreti- 
cal curves that were computed from Ca dielectric 
functions obtained by adjusting Hunderi's data5 to 
account for pressure and retaining terms through 
quadrupole in the Mie series. The fit to the MCD 
of Ca colloids required a magnetic contribution to 
the interband portion of the dielectric function. 
The fit was obtained by using m* = 2.4 (in units 
of free electron mass) and geff = 2m/m*. The 
increase over Hunderi's value of m* =. 2.0 for the 
bulk metal is consistent with the assumption that 
the plasma frequency is 10% less in the particle 
than in the bulk metal. The effective g factor is 
consistent with the expectation that a g value 
should scale inversely with the effective mass from 
the free electron g factor. 

ORNC-OWG 79-(569: 
I I I I I 1 

700 600 500 4 00 
WAVELENGTH (nm) 

Fig. 3.24. The optical absorption and MCD spectra of 
Na precipitates in NaCI. The solid points represent the 
diohroiom that is prcdictcd f l o r ~ ~  Lhc Jclivalivc UP il~e 
absorption spectrum. Units are base- 10 absorbance. 

For both colloids reasonable agreement between 
theory and experiment was obtained for parameters 
fixed by other measurements, a priori expectations, 
or rcasonable assumptions. Tlie ~riagnelo-optical 
spectra of both colloids are due mostly to intra- 
band effects. Since neither the measurement tem- 
perature nor the particle sizes would allow obscrva- 
tion of cyclotron resonance, it is remarkable that 
rough values for cyclotron resonance frequencies 
can be inferred. The results support Orera and 
Alcala's conclusion that Ca precipitates in CaF2 
are under pressure. 

I. Summary of paper: Phys. Rev. S 24, 1 159 (1 98 1 ). 
2. Guest scientist from University of Zaragoza, Zara- 

goza, Spain. 
3. V. M. Orera and R. Alcala, Phys. Status Solidi A 

44, 717 (1977). 



4. N. V. Smith, Phys. Rev. 183,634 (1969). 
5. 0. Hunderi, J. Php. F 6, 1223 (1976). 
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Fig. 3.25. m optical optierrl aed M a  8pecfr8 of 
Ca precipitates h -1. The dashed c u m  am tba pre- 
dictions crf Mie theory. The.smrIler band near 380 nm Is 
attributed to a defect. 

Ni COLLOIDS IN REDUCED Ni-DOPED lhgO1 

J. Narayan Y. Chen 
R. M. Moon 

Colloidal particles with dimensions of 1-200 am 
in alkali halides are known to produce interesting 
modifications of physical propertics of t h e  
materiak2 Improved mechanical properties (yiekd 
st- and ductitity), selective absorption of solar 
energy, cathodochromic. photochmic, and data 
storage applications represent a few examples of 
modifications of physical properties prod& by 
colloids in alkali halides. In this work, we report a 
method to produce Ni precipitates in the bulk of 
MgO. The precipitates were characterized using 

' analytical tbhniques of TEM, neutron-magnetic 
scattering, and optical spectroscopy. Nidoped 
MgO crystals were prepared by an arefusion tech- 
nique. As-grown crystals exhibited a light green 
color associated with ~ i ' +  ions in substitutional 
sites. Clustering of Ni into precipitates (formation 
of colloids) was achieved by heating the Ni-doped 
crystals at 2100 K in a strong reducing atmosphere 
and subsequently cooling these crystals rapidly. 

Figure 3.26(a) shows a bright-field micrograph 
obtained with the we of the [UW)] diffraction vec- 
tor. The average size (fust moment) of the precipi- 
tates was determined to be 50 nm with number 
density 1.0 X lOI9 m-=. Figure 3.2qb) is a 
micro-diffraction pattern from a precipita* located 
near the edge d the specimen. The micro- 
diiraction pattern in Fig. 3.26(c), which was from 
a precipitate inside the matrix, contains precipitate 
reflections of Fig. 3.2qb) in addition to the 11~8trix 
reflections oomponding to the [001] orientations. 
From the symmetry and the lattice specings 
corresponding to the various d8ff~ct.h sp ts  in 
Figs. 3.26(b) aml 3.26(c), it was possiile to index 
the precipitate pattern as a (1 12) pattern d fcc Ni 
with a lattice constant (ao) of 0.352 nm. The fol- 
lowing precipitate p and matrix m orientation re- 
lationship was deduced: [l  1 f lP 1 1  [1001, and 
[ 1 f o],, l l [OlO],. A collvergent-beam-tiiffdon 
(CBD) pattern, dter til* the specbn  ?9.S0 
around the [010] axis of the matrix, i8 shown in 
Fig. 3.2qd). The CBD patterns provlde informa- 
tion on the th-tllsional symmetry of materi- 
als and are very u& for unequivocal d e t e e a -  
tion of symmetry and space groups. The Mexed 
CBD pattern showing (939), (359), and (771) 
bigher order Laue wne (HOLZ) lines in Fig. 
3.26(d) are similar to the (1 11) pattern of fcc NL 
Mob5 patterns result from the interference 
between {l 1 1 1 precipitate and [20@ matrix planes 
shown in Fig. 3.26(a). From a m d  spacing of 7.0 
nrn and with a value of 0.210 nm for the matrix 
d, (lattice spwhg), the dill for the precipitate 
was calculated to be 0,204 nm, which was in good 
agreement with the value obtained from the dif- 
fraction mttcrns. 

Figure 3.27 shows the results of a polarized- 
neutron experiment in which the intensity in a 
(111) precipitate peak was measured when the 
incident neutro'ns were golarizad fmt in a d i i  
parallel (flipper off) and then in a direction 
antiparallel (flipper on) to the sampk magnetism. 



Fig. 3.26. Electron micrographs for tbe uulysis of colloids. (a) Bright-field electron micrograph showing the size 
distribution and moir6 fringes associated with the precipitates; (h) (1 12) fcc microdiffraction pattern from a precipitate 
near the edge; (c) (1 12) precipitate and (100) matrix diffraction patterns superimposed, and (d) (1 11) fcc Ni CBD pat- 
tern where 1, 2, and 3 represent (539), (359), and (771) HOLZ lines, respectively. 

From the ratio of these intensities, known as f l ip 
ping ratio, the ratio of magnetic-to-nuclear scatter- 
ing amplitudes for the (11 1) precipitate reflection 
was found to be about 17% below the value for 
pure Ni, indicating the probable presence of some 
impurities in these precipitates. From the dhu 
values for (I l l ) ,  (200), and (220) precipitate 
reflections, the lattice constant of the precipitate 
was determined to be 0.352 nm, in good agreement 
with the microscope results. 

The optical absorption measurements before and 
after the reducing treatment showed that the 
metallic colloids modify the absorption spectra of 
oxides in such a way that these materials are 
ideally suited for efficient solar-energy absorption. 
An ideal solar absorber is characterized by a high 
absorption coefficient a for X 5 2.0 pm and by low 
values of a and emissivity for X 2 2.0 pm to retain 
the absorbed energy. The optical spectra of these 
materials were found to be unchanged after a long 
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Fig. 3.27. Nestro~ 8c(itt- h t ~ ~ & y  rup a f.aetion of 
serrthiegamgkiarB - I s c ~ a a k g t B p : p 1 1 ~ ~ ~ 1  
d h d 8 &  P& Cf3tf~8p0Icd t0 (200) M e  ctad 
( 1 1 1 ) Ni precipitates with flipper on (0) and off (a), 
rwpesthly. Note that the MgO peak has been scaled 
down by a factor of 200. 

(100 h) annealing at 1073 K, thw making $hem 
suitable for high-temperature, solar-absorber a@- 
cations. Such materials are not presently available. 

1. Summary of papar: PJlys. Rev. Lest. 46, 1491 
(1981). 

2. A. E. Hughes and S. J. fain, Adv. Pkys. 28, 719 
(1979). 

CHARGE TRAPPING ANI) RELEASE IN 
ECWTRON- AND GAMMA-WIATED 

LEAD SILICATE GLASES1 

Many multimnrponent glasses exhibit spontane- 
ous dielectric breakdown wbn irradiated with a 
beam of electrons or gamma rays. The mast spec- 
tacular occurrence of this phenomenon has bton 
observed in lead silicate glass u d  as M d i n g  
windows in hot cells. This effect has also been 
observed in borosilicate glass,4d a glass which has 
ken  used for encapsulation of radioactive waste. 

Radrat~on-induced dielectric breakdown does not 
correlate directly with either bulk dc conductivity 
or dielectric strength.' The determining factor has 
been tentatively attributed7 to glass microstructure 
(i.e,, phase separation). However, @&her factors 
must also influence the tendency for *radiation- 
induced breakdown, since some phase-separated 
glasses do not exhibit these phenomena. In this 
work the thermally stimulated depolarization 
currents (TSDC) of irradiated lead silicate glasses 
were compared with the TSDC of these glasses 
polarized with electric fields. From such a 
comparison, a relationship between the polarization 
mechanism and chargetrapping sit- and a eorre- 
lation between TSDC and radiation-induced break- 
down were found, 

The measurements were mads on gZassus whose 
lead conteqt varied between 30 and 55 mol% Mi 
The range of temperature over which the, measure- 
ments were made was 190 d T 4 1450 K. The 
thermal release of trapped charge and polarization 
in irradiated glasses was the same as that o b r v  J 
in samples p o h r i d  by ebdric fields. The te& 
h c y  for dielectric breakdown was found to be 
determined by the recombination time of elactmns 
displaced by radiation with the sites from wbich 
they were displaced. This time d e c r d  with 
increasing PbO content. 

The radiation-induced breakdown tendency of 
these lead silicate glmm is atitribtitad to their 
microstructure, which both provides charge 
trapping sites and controls the relaxation time & 
the thermal release of the trapped charge. TB'i 
higher breakdown tendency for glassas havin~ a 
microstructure consisting of isolated drqdets in a 
low-~~nductivity matrix phase (30 mol % PW)' 
results from the combination of (1) a somewhat 
higher concentration of charge-trap pin^ sites at the 
immiscible phae boundaries; (2); a relaxation time 
for charge release at room temwrature, which 
essentially eliminates any dhsipation of the internal 
field created by the trappcd and (3) a 
nonunifm distribution of trapped charge, which 
created higher localid fie& than would occur in 
a more homogenaous material containing the same 
amount of trapped charge. The 1!wk of breakdown 
in structuraly homogeneous glasses, such as fused 
silica, can be explained by a mote uniform d i -  
butfon of trapping sites and the& higher dielectric 
breakdown strength. Also, wmpmitionsrl changes, 
such as the addition of a W i  oxides, which 
increase the bulk dc conducCivity, can also be 



expected to reduce the tendency for breakdown. 
The resulting reduction in the relaxation time for 
charge release at room temperature prevents the 
internal field from exceeding the dielectric break- 
down strength. 

1. Summary of paper to be published. 
2. University of Missouri, Rolla, Mo. 
3. Oak Ridge A d a t e d  Universities faculty partici- 

pant from Vanderbilt University, Nashville, Tenn. 
4. B. Gross, Phys. Rev. 167, 368 (1957). 
5. B. Gross, Phys. Rev. 110, 337 (1958). 
6. P. V. Murphy and S. C. Ribeiro, J. Appl. Phys. 34, 

2061 (1963). 
7. R. A. Weeks, D. L. Kinser, and J. M. Lee, p. 266 

in Proceedings of the Fourth International Conference 
on Physics of Non-Crystalline Solids, ed. by G. H. 
Frischat, Trans Tech Publications, Aedermansdorf, 
Switzerland, 1977. 

HIGH-TEMPERATURE ELECTRON- 
MAGNETIC-RESONANCE SPECTROSCOPY 

R. A. Weeks A. Chatelain' 

Electron-magnetic-resonance spectroscopy of 
materials at high temperatures (>800 K) can be 
used for studies of phase changes (e.g., 
ferromagnetic-paramagnetic), of the nature of 
charge compensation of aliovalent impurities in 
ionic crystals, and of changes in crystal-field poten- 
tials near melting temperatures. We report here 
preliminary measurements on the Curie tempera- 
ture and temperature dependence of tbe magneto- 
crystalline anisotropy energy of small (-150 &, 
spherical iron particles. 

Measurements were made at -9.5 GHz in a 
system in which sample temperatures up to 1100 K 
could be attained, while the microwave cavity 
remained at mom temperature. Two types of sam- 
ples were measured; one was a natural silica glass 
(mineral name Tulgurite") containing sphericid 
particles of metallic iron? and the second was sil- 
ica gha fused in the laboratory which also con- 
tained spherical metallic particles of iron.' Based 
on the temperature dependence of the intensity of 
magnetization in the temperature range 100-500 
K, we concluded that the iron particles had diame- 
ters ranging between 100 and 250 k 

The results of measurements of the temperature 
dependence of the intensity of magnetization and 
the magneto-crystalline anisotropy energy of the 
iron particles in these two materials are shown in 
Fig. 3.28. In the case of the natural silica glass 
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Fig. 3.28. Tem$eratat deQMdcllce of mgDetiuk 
htollslty mkm- -opy eaergy of 
smrrllspherhlhpubk.fes~pstaedlasllieollgbs& 
(a) The ordinate is the intensity of the ferromagnetic 
resonance of the iron particle, which is proportional to 
the intensity of magnetization. (b) The onhate is the 
width A H  of the fernmagnetic resonance m e d  
between the extremal inflection points of the first deriva- 
tive of the resonana; the first-order magnebcrystalline 
anisotropy energy Kt is proportional to AH. 

sample, a striking feature of the temperature 
dependence of the intensity of magnetization is a 
significant change in the relationship near 858 K 
followed by a sharp increase in intensities at higher 
temperatures. There is a sharp decrease in the 
region of 1043 K which continues up to 1100 K. 
On the other hand, the magneto-crystalline anisot- 
ropy energy [Fig. 3.28(b)] decreasw monotonically 
from room temperature up to -800 K. Above this 
temperature its effect on the spectrum is negligible. 
In the case of the other samples, the spectrum of 
the iron particles has the same general features 
except that the increase in magnetization intensity 
at T > 858 K is much less pronounced. 



The Curie temperature T, of Fe304 and of Fe 
metal are 858 K and 1043 K, respectively. Thus, 
the sharp decrease in magnetization intensity at 
these two temperatures, which is observed in Fig. 
3.28(a), are attributed to Fe304 and to metallic Fe. 
If Fe304 and Fe were present in the samples as 
separate particles randomly dispersed in the glass 
matrix, the observed magnetization intensity would 
be expected to decrease at the T, of Fe304 and 
then decrease again at the T, of Fe. The large 
increase in the intensity of magnetization at T > 
858 K indicates that there is an interaction 
between the magnetization of Fe,04 and Fe. Since 
the total intensity of magnetization increases above 
T, of Fe304, the magnetic field of Fe304 must 
oppose the field of Fe. We suggest that this type of 
interaction could arise if Fe304 and Fe were in 
intimate contact. Since the low-temperature spec- 
trum is that which is characteristic of spherical Fe 
particles, we suggest that Fe particles have a Fe304 
shell. 

On the basis of this suggestion, the difference 
between the spectrum of the natural glass and the 
laboratory-prepared samples is due to a difference 
in the thickness of the Fe304 shell. This explana- 
tion of the difference is consistent with the thermal 
treatments which the samples have received. The 
natural glass was cooled from its fusion 
temperature2 in a normal atmosphere, while the 
laboratory sample was never e@ to a normal 
atmosphere at high temperatures after the iron 
partiela were formed. 

I. Eoole Polytechniqut Institut, Lausanne, S w i w -  
land. 

2. R. A. Weeb et @I., J. Non-Cryst. &15ds 38, 129 
( 1980). 

3. David L. Grisoom, ZEEE Tramactions on Magnet- 
ics (to be published). 

MODIFICATIONS OF 
PHYSICAL PROPEBTIES 
OF HIGH-TlWPElUTURE 

CERAMICS 

J. Narayan Y. Chen 
B. R. Appieton 

Because of their high melting point and stability 
at elevated temperatures, ceramic materials lend 
themselves to many high-temperature appiicationsi. 
However, many of these material applicatims art 
limited by poor fracture toughness, lack of ductil- 

ity, and limited electrical and thermal conductivity. 
We have used high-temperature reducing treat- 
ments, which produce metallic colloids or high con- 
centrations of H- ions in the bulk, and laser- 
induced diffusion of metallic impurities to modify 
the physical properties of these materials. Although 
we expect that many physical properties can be 
modified in a useful way, we have concentrated 
primarily on mechanical and optical properties of 
these materials. 

Metallic particles in oxides can provide sources 
of dislocations and, hence, can improve the ductil- 
ity. Figure 3.29 shows dislocations associated with 
the precipitates after deforming the specifflens to a 
3.0% plastic strain. The number density of disloca- 
tions around the precipitates was estimated to be at 
least two orders of magnitude higher compared 
with that in the regions away from the precipitates. 
Table 3.5 shows a 50% increase in room- 

F'ig. 3.29. Bright-f&ld ekctnra Ni 
precipitates and dhlocatioos associated with tbrsm after 
3.0% plastic deformation. The precipitates transformed 
from coherent to incoherent upon deformation. 
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Table 3.5. Mechanical properties of doped oxides 

MgO:Ni, Mg":Ni* MgO:H 
MgO:Pure Ni-Substitutional Ni-Precipitates 

Yield stress 180 kg ~ r n - ~  530 690 190 
Ductility" 8.W 8.0 13.0 13.0 

"Total percentage elongation until fracture. 

temperature ductility in MgO containing Ni pre- 
cipitates. The precipitates can anchor the disloca- 
tions and may increase the yield stress of these 
materials (see the comparison in Table 3.5 between 
virgin crystals and crystals containing Ni 
precipitates). In situ (TEM) deformation studies 
on the MgO:Ni system showed an increased plastic 
deformation associated with cracks due to the pres- 
ence of the precipitates. Thus, the Ni precipitation 
served to retard or in some cases completely stop 
the propagation of the crack. 

Another approach taken to improve the mechan- 
ical properties of oxides involved the introduction 
of OH- and H-. This led to marked enhancement 
in ductility of these materials (see Table 3.5). Such 
enhancements may result from an increase in the 
velocity 6 of mobile dislocations. Although the 
causes of velocity enhancement are not known with 
certainty, it is speculated that the electronic prop 
erties of the core structure of dislocations are 
modified by the introduction of H- and OH-, 
which leads to increased velocity of dislocations. 

Laser-induced diffusion to modify the physical 
properties of ceramics involves the deposition of a 
thin layer of metal such as Pt or Al on fol- 
lowed by pulsed-laser irradiation. This leads to 
melting of the metal as well as thin oxide layers 
and to doping of the thin oxide layers with the 
desired impurities. Ion-scattering analysis showed 
that the Pt was incorporated into the surface of 
A1203 following pulsed-laser annealing. Electron 
microscopy and x-ray dispersive analysis indicated 
the presence of Pt inside the matrix. 

Optical Properties 

Metallic colloids can modify the absorption spec- 
tra of oxides in such a way that the materials are 
ideally suited for efficient solar absorption. Effi- 
cient solar absorbers are characterized by an 
absorption edge near a wavelength X of 2.0 pm in 
the solar spectrum. We found that the oxides con- 
taining metallic colloids exhibit high absorption for 
X < 2.0 pm (thus absorbing most of the solar radi- 
ation) and low absorption for X > 2.0 pm (thus 
inhibiting the reirradiation of absorbed energy). 
These materials were much more stable at high 
temperatures (--I 100 K) for extended periods of 
time compared with presently available cermets 
(oxide-metal mixed composites), which are stable 
only up to 600 K. 

In addition to the modifications of mechanical 
and optical properties, the oxides containing col- 
loids should exhibit unique electrical properties. 
Thermionic emission associated with metallic pre- 
cipitates is known to enhance electronic conduction 
in alkali halides. The enhancement was found to be 
proportional to the total surface area associated 
with these precipitates. We propose to investigate 
the electrical transport properties of oxides with 
different size distributions of precipitates and to 
evaluate thc phenomenon uf Lhermionic emission in 
these materials. Materials containing fine disper- 
sions of magnetic precipitates often exhibit unique 
magnetic properties. This area nccds to be explored 
further to obtain novel magnetic alloys contained 
in high-temperature matrices. 



4. Transport Properties of Solids 

Within the Division studies of transport properties are emphasized in programs 
examining fast-ion conduction processes, superconductivity, and the physical 
properties of ceramic materials in  harsh environments. Because research .is often a 
cooperative effort among various groups and is capable of classification under 
several broad categories, information pertinent to transport is also given in other 
sections of this report, particularly in those treating theory, crystal growth and 
cl~aracterizaLiori, and del.e-ccls iri solids. 

During the reporting period, work at ORNL and elsewhere established that 
H 2 0  can diffuse into the conducting planes of P-alumina and cause a marked 
decrease in  conductivity. Because H 2 0  diffuses much more rapidly in Lip- than in 
Nap-alumina, the former material was chosen for extensive studies of hydration 
processes. The H 2 0  molecules were determined from neutron diffraction studies to 
occupy randomly one of three equivalent positions about the anti-Beevers Ross site; 
infrared absorption and Raman scattering techniques were employed to establish 
that hydrogen bonding occurs between the water molecules and oxygen ions in the 
spinel blocks and that dissociation of some H 2 0  takes place to produce hydroxyl 
ions and complex hydronium ion derivatives. The mechanism for H 2 0  diffusion has 
been determined, as have the kinetic and thermodynamic properties of the system. 
Also reported here is significant progress in understanding conduction processes in 
the P"-aluminas. 

The properties of flux-line lattices (FLL) in superconducting materials 
continue to be a subject of great interest and emphasis. The neutron diffraction 
results reported for the FLL in single-crystal V3Si are the first obtained for a 
high-T, A I5 material, and they demonstrate that flux-line interactions in the low- 
field region can be described properly by the simplest theoretical model of an 
extreme Type I 1  superconductor. While possible explanations for an observed 
correlation between the FLL morphology and the crystal symmetry are offered, a 
fundamental understanding of this behavior is yet to be obtained. Both theoretical 
and experimental studies of FLL pinning have continued during the reporting 
period, and those results are reported here. Also described in this report are efforts 
to produce stoichiometric A15 compounds using the combined techniques of ion 
implantation and laser annealing, an apparatus for magnetization studies, and the 
magnetic and/or superconducting properties of several different materials. 

Processes involved in the dielectric breakdown of insulating ceramics are 
extremely complex, especially at high temperatures. Nevertheless, an increased 
understanding of some of the more fundamental causes has been gained during this 
reporting period. The first quantitative description of the high-temperature 
electrical breakdown of MgO, a common insulating refractory material, has been 
obtained, and the role of impurities in the breakdown process has been further 
elucidated. In Ni-doped MgO, it now appears that thermoelectric breakdown at 
high temperatures is related to the space charge induced by injection of electrons 
and holes in the near surface of the sample by the attached electrodes. Also, an ' 



understanding of the similarities in conductivities at high temperatures, as well as 
the dissimilarities at low temperatures, between single-crystal and polycrystalline 
MgO appears to be achievable. Reported also are results which are interpreted to 
show that cation vacancies act as carriers of current in MgAI2O4 spinel. Recently, 
research on ceramic materials has been extended to include the transition metal 
carbides and nitrides. The last two papers in this section are reports of initial 
research efforts dealing with this important class of materials. 

FAST-ION CONDUCTORS Table 4.1. Structural parameters of hydrated Lip-alumina 

STRUCTURE AND SPECTRA OF 
H 2 0  IN @-ALUMINA' 

J.  B. Bates G. M. ~ r o w n ~  
N. J. Dudney J. C. Wang 

R. ~ r e c h ~  

The reaction of H 2 0  with sodium 0-alumina is a 
potentially serious problem in the application of 
this material as the solid electrolyte in the sodium- 
sulfur battery. Work at ORNL and elsewhere has 
established that H 2 0  can diffuse into the conduc- 
tion planes of /3-alumina, causing a marked 
decrease in conductivity. There is also evidence to 
suggest that the reaction with H 2 0  can lead to 
mechanical failure due to anisotropic expansion. 
The structure and vibrational spectra of hydrated 
Lip-alumina are described here. The thermo- 
dynamics and kinetics of the hydration reaction 
and the mechanism of H 2 0  , diffusion in 
~ip-alumina are discussed elsewhere in this report.4 
Most of the results are reported for Lip-alumina 
rather than Nakalumina because high equilibrium 
concentrations of H 2 0  can be obtained much more 
rapidly i n  the Li compound. 

'I'he structure of H 2 0  in Lip-alumina was deter- 
mined from a neutron diffraction study of a single 
crystal treated in 0.8 atm of H 2 0  vapor at 235OC. 
The space group of the crystal was confirmed to be 
P63/mmc, as expected. The H 2 0  content of the 
hydrated crystal determined from refinement of the 
diffraction data, 1.55 H 2 0  molecules/unit cell 
(Table 4.1), is close to the theoretical saturation 
limit of 1.8/unit cell. Based on the composition of 
the starting material, the formula unit of the 
hydrate is 1 .55H20- 1. 19Li20- 1 1AI2O3. Compared 
to the anhydrous material, the c-lattice parameter 
of the hydrate is about 0.7% larger, while the a 
parameter remains about the same. 

The H 2 0  molecule was located in the structure 
(Fig. 4.1) from 'Fourier difference maps and 

Composition: 
Cell parameters: a0 = 

Co = 

Space group: 
< HOH = 

< (O(4)--H-0) = 

10-HI = 

I O(4)---O(W) I = 

1 O(4)---H I = , 

1.55 ( k0.05) H20/unit cell 
5.5914(8) A 
22.714(3) A 
P63/rnmc 
114" 
159.3O 
0.992 
2.623 A 
1.671 A 

least-squares refinement of the diffraction data. 
The H 2 0  molecule occupies one of three equivalent 
positions about the anti-Beevers Ross (aBR) site. 
The dotted outline in  Fig. 4.1 represents the 
molecule at these positions. The oxygen atom of 
H 2 0  is located on a 6-h-m site; the protons are 
located on 12-j-m sites above and below the con- 
duction plane and are hydrogen bonded to t,he 
O(4) oxygen ions in the adjamnt spinel layers 
located directly above and below the aBR site. 
Thus, the molecular plane of H 2 0  is perpendicular 
to the conduction plane, and the molecular twofold 
rotation axis lies along the line connecting the aER 
and BR sites. The HOH bond angle of 114" 
(Table 4.1) is large compared to the mean value 
for H 2 0  in  other hydrates (-109') and is 
appreciably larger than the gas-phase value of 
105'. Possibly because of interference due to 
scattering from the water molecules, we were not 
able to locate the ~ i +  ions with confidence. The 
~ i +  location at the BR site shown in Fig. 4.1 is 
purely schematic. 

Infrared absorption and Raman scattering mea- 
surements of hydrated single crystals containing 
H20,  D20, or HDO were made at 300 K and 
below. Examples of the absorption spectra using 
unpolarized light and with E in the conduction 
plane ( E l c )  are shown in Fig. 4.2. Assignments of 
the observed peaks to various proton-containing 
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A l l  

Fig, 4$1. (a) Unit cell of hydrated Lip-alumina (the Li+ 
ion location is  schematic). (b) H7.0 molecule near the aBR 
site. Dotted outlines indicate equivalent positions occu- 
pied by H 2 0 .  

ORNL- DWG 81-6656R 

Fig. 4.2: Absorption spectra of hydrated LiS-alumina 
for light polarized in the conduction plane. The Inset in 
(a)  is the region near the bending mode of H 2 0  ( v 2 )  to 
which we assign the peak near 1500 cm-'. 



species are based on isotope frequency shifts and 
on the change in intensity with the H 2 0  vapor 
pressure.4 

The major peak in Fig. 4.2(a) is assigned to the 
symmetric-stretching mode u l  of H 2 0  [D20  in Fig. 
4.2(b)]. The antisymmetric-stretching mode v3 is 
observed when the incident light is polarized paral- 
lel to the c-axis (Ell c).' Curve resolution of the 
polarized spectra gives the peak positions for v3 

and v l  at 3 170 and 3150 cm-', respectively. In the 
gas phase, these modes occur at 3756 cm-' and 
3657 cm-I. The 500-600 cm-' shift to lower fre- 
quencies in the solid is attributed to hydrogen 
bonding. As observed in other hydrates, hydrogen 
bonding causes a large reduction in the difference 
of the v3 and v l  frequencies from the gas phase 
value of -100 cm-'. Additional absorption bands 
in  the vicinity of the major v l  and v j  peaks are 
attributed to H 2 0  molecules oriented as in Fig. 4.1 
but with a different local environment of ~ i +  ions. 
The absorption band near 2940 cm-' in Fig. 4.2 
(2235 cm-' for D20)  is assigned to the acciden- 
tally degenerate v l  and v3 modes of molecules 
which lie in the conduction plane (i.e., parallel to 
the conduction plane). These molecules were 
undetected in the neutron diffraction analysis 
because they account for less than 10% of the total 
number of H 2 0  species in the lattice. The sharp 
peaks above 3400 cm-' are due to OH- ions pro- 
duced by dissociation of H 2 0  in the lattice. The 
corresponding peaks of the OD- ions appear above 
2500 cm-I. As a consequence of the dissociation of 
water, additional complex ions are formed. The 
broad peaks near 2760 and 2380 cm-' are 
assigned to the stretching modes of nonequivalent 
H 3 0 +  species, and a pair of bands near 2565 cm-' 
is assigned to the terminal OH stretching modes of 
HS0: ions. While the frequencies of these features 
assigned to the H 3 0 +  and H'O; species are con- 
sistent with those reported for other systems, our 
assignments rely on the intensity changes observed 
as a function of H 2 0  vapor p r e~su re .~  

The absorption coefficients for the u l  and v3 
modes of H 2 0  in Lip-alumina were calculated 
from the values reported for liquid H20.  The cal- 
culations included the contribution of the local 
fields in the lattice, which have an appreciable 
effect on the absorption coefficients of water and 

.other species and are primarily responsible for the 
large dichroic ratios observed.' The calculated 
absorption coefficient for vl, c = 60-80 
L/mole-cm, agrees reasonably well with the value 

estimated from weight-loss and infrared measure- 
ments, c = 85 L/mole-cm. The absorption coeffi- 
cients for the OH- ions were also estimated from 
the value reported for OH- in TiOz. In these 
calculations it was necessary to consider the 
orientation and position of the ions. The OH- 
peak at 3425 cm-' is observed for E l c  but not 
for E I l c. This means that the 0 - H  bond lies in the 
conduction plane, and we believe that the ion is 
formed by attachment of a proton to the O(5) ion. 
The OH- peak at 3514 cm-' is observed for both 
polarization directions. This peak is attributed to 
interstitial OH- ions in which the 0 - H  bond tilts 
out of the conduction plane. Because the magni- 
tudes of the local fields are sensitive to location, 
the absorption coefficient for this ion depends both 
on the position and on the angular deviation of the 
bond from the plane. From the observed dichroic 
ratio and the local field correction, we find the 
deviation is between 40 and 50". 

1. Summary of paper to be published. 
2. Chemistry Division, ORNL. 
3. Oak Ridge Associated Universities faculty partici- 

pant from University of Oklahoma, Norman, Okla. 
4. N. J.  Dudney, J. B. Bates, and J. C .  Wang, 

"Hydration of Lip-Alumina," "Mechanism for Diffusion 
of H 2 0  in Lip-Alumina," and "Rate of Hydration of 
Lip-Alumina," this report. 

5. J.  B. Bates, J.  C. Wang, and N. J. Dudney, "Local 
Field Effects and Polarized Infrared Absorption from 
H20 Molecules i n  p-Alumina," this report. 

HYDRATION OF L~B-ALUMINA' 

N.  J. Dudney J. B. Bates 
J. C. Wang 

Lip-alumina readily hydrates when exposed to 
H 2 0  vapor. The H 2 0  molecules diffuse into the 
conduction planes2 causing a significant decrease in 
the ionic conductivity. 

We have investigated thc thermodynamics of the 
hydration reaction by measuring the amount of 
water adsorbed by single-crystal samples equili- 
brated under different temperature and H 2 0  vapor 
pressure conditions. The results are shown in Fig. 
4.3. The sample was equilibrated at the indicated 
temperature in a flowing H20 /N2  gas mixture. 
Equilibration required approximately 24 h. Follow- 
ing treatment, the infrared absorbance of the 
hydrated sample was measured at room tempera- 
ture with the incident beam normal to the conduc- 
tion planes. Typical absorbance spectra are shown 
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Fig. 4.3. Concentration of H20 in Lia-alumina as  a 
function of the treatment temperature and HzO vapor 
pressure. 

in Fig. 4.4. The largest infrared peak at 3180 
cm-I is attributed to the v l  vibrational mode of 
H20.  Under conditions where Beer's law is appli- 
cable, the absorbance divided by sample thickness 4000 3500 3000 2500 2000 

is proportional to the H 2 0  concentration. The H 2 0  WAVENUMBERS (crn-'1 
concentration (left-hand =ale in Fig. 4.3) was cal- Fig 4.1. absorbance speccem hydrated 
culated from the measured absorbance (right-hand Lib-alumina measured at 300 and 77 K. ~h~ dashed 
scale) using the equation given in Fig. 4.3. The curves in the upper trace are Lorentzian components fit- 
molar absorption coefficient c was obtained from ted to the observed band contours. Such curve fits were 
the value for v l  of liquid H 2 0  corrected for the 
orientation of the molecules and the local field 
contribution in p -a l~mina .~  The calculated concen- 
trations are in good agreement with gravimetric 
determinations of the H 2 0  concentration. As 
demonstrated in Fig. 4.3, the absorbance varies 
continuously and reversibly as a function of the 
H 2 0  vapor pressure and temperature. There is no 
evidence for the formation of specific hydration 
compo~lnds within the observed composition range. 
The hydration reaction can, therefore, be described 
as an intercalation process. The observed depen- 
dence of the H 2 0  concentration on the H 2 0  vapor 
pressure is consistent with the chemical reaction 
shown in Fig. 4.3, where H 2 0  from the gas phase 
enters an unoccupied interstitial site (aBR) in the 
onduction plane. Far from saturation, the H 2 0  

used to determine the concentrations of each protonated 
species as a function of the treatment conditions. 

concentration is proportional to the H 2 0  vapor 
pressure. The pressure dependence decreases as the .  
saturation limit is approached and the 
concentration of available sites decreases. We 
believe that the structure becomes saturated when 
the number of molecules equals the number of 
available aBR sites. For our P-alumina crystals, 
the saturation limit is 1.8 1 H 2 0 .  1. 19Li20 1 1A1203. 

There are a number of other infraredabsorbance 
peaks besides the large one attributed to the vl 
mode of H20.  These peaks have been assigned to 
specific protonated species on the basis of the spec- 
troscopic results, described elsewhere in this 



report,2 and also on the basis of the observed 
change in intensity as a function of the H 2 0  vapor 
pressure. The sharp peaks at high energy are due 
to the OH- ions formed when water dissociates: 
H 2 0  = OH-  + OH+. Association of the H+ 
with an oxygen ion in or near the conduction plane 
will form an additional OH- species. As expected, 
the equilibrium concentration of OH- species was 
found to be approximately proportional to the 
square root of the H 2 0  vapor pressure. The H +  
may also associate with one or more H 2 0  
molecules to form H ~ O +  or ~ ~ 0 2 '  species. The 
lower energy peaks which grow very rapidly with 
increases in the H 2 0  vapor pressure are attributed 
to these species 

Most of our infrared measurements were made 
after cooling the sample to room temperature. 
From measurements of the water diffusivity, we 
know that the total proton concentration in the 
sample remains constant during cooling.4 The rela- 
tive concentration of the different protonated 
species, however, changes significantly. Several sets 
of infrared spectra measured as a function of the 
sample temperature showed that equilibrium 
between the H 2 0  and OH- species is maintained 
even at room temperature. The dissociation reac- 
tion is exothermic with an enthalpy of -10 
kJ/mol. 

Taking the association of OH- ions during cool- 
ing into account, the room-temperature data in 
Fig. 4.3 were evaluated to determine the values of 
the enthalpy and entropy for the hydration reac- 
tion. The fitted values are A H  = -85 kJ/mol and 
A S  = - 140 J/mol. K. The data fall within exper- 
mental error of the fitted curves, except for the 
largest H 2 0  concentrations where deviations from 
the ideal dilute solution approximations are 
expected to occur. Our estimates for the binding 
energy of H 2 0  to a Li+ ion and for the entropy 
change when a H 2 0  molecule is put into a solid 
are in reasonable agreement with the experimental 
ther~iiodynarnic parameters. 

Similar measurements have.been made for single 
crystals of Nap-alumina. Nap-alumina requires a 
much longer equilibration time than does 
Lip-alumina, and it absorbs only 1% as much H 2 0  
under identical conditions. Due to these factors, 
fewer measurements have been made for hydrated 
Nap-alumina samples. The currently available 
data, however, fall within experimental uncertainty 
of curves calculated using the same hydration reac- 
tion, saturation concentration, and hydration 

entropy as for Lip-alumina. The observed hydra. 
tion enthalpy is -66 kJ/mol, which again i! 
approximately equal to the estimated binding 
energy of H 2 0  with a ~ a +  ion. 

1. Summary of paper to be published. 
2. J. B. Bates, et al., 'Structure and Spectra of H20 

in 8-Alumina," this report. 
3. J. B. Bates, J. C. Wang, and N. J. Dudney, "Local 

Field Effects and Polarized Infrared Absorption from 
H20 Molecules in 8-Alumina," this report. 

4. N. J. Dudney, J. B. Bates, and J. C. Wang, 'Rate 
of Hydration of Lip-Alumina," this report. 

MECHANISM FOR DIFFUSION OF 
H 2 0  IN LIP-ALUMINA' 

N. J. Dudney J. B. Bates 
J. C. Wang 

Measurements of the hydration kinetics have 
demonstrated that H 2 0  is very mobile in 
Lip-a~umina.~ It is not clear, however, what diffu- 
sion path a large H 2 0  molecule might follow 
through the conduction plane. The molecule could 
remain intact and move through the plane by 
displacing the intervening Li+ ions. Alternatively, 
the molecule might temporarily dissociate allowing 
oxygen transport to occur by an interstitialcy jump 
mechanism. As a test of these possible mechan- 
isms, we measured the oxygen isotope distribution 
obtained when a LiP-alumina crystal was hydrated 
in ~ ~ ' ~ 0  vapor. An interstitialcy type of mechnn- 
ism would require exchange of the 180 from the 
H 2 0  with the 160 ions in the crystal lattice. 

Infrared absorption techniques were used to 
measure the HaO concentrat.inn and the oxygen 
isotope distribution in hydrated Lip-alumina. Sin- 
gle-crystal samples were prepared as thin disks. 
The faces of the disks were parallel to the conduc- 
tion planes, so that during hydration the water dif- 
fused into the sample in a radial direction. The 
infrared absorbance was measured through dif- 
ferent annular sectiohs of the sample by using a set 
of concentric masks in front of the sample. Two 
identical anhydrous samples were treated for 16 h 
at 350°C in a flowing N2 /H20  gas mixture 

= 7.4 kPa). One sample was hydrated in ~ ~ ' ~ 0  
vapor and the other in ~ ~ ' ~ 0 .  After 16 h the H 2 0  
concentration of the disks was almost homogene- 
ous. 

In Fig. 4.5 we compare part of the infrared 
absorbance spectra of the two hydrated samples. 
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Fig. 4.5. Infrared absorption spectra of the OH- band 
for different annular sections of each sample. (a) Sample 
treated in Hzl60. (b) Sample treated in H2I80. Absor- 
bance was measured at room temperature. 

The shaded area of the circles and the values of R 
beside each spectrum indicate the cross-sectional 
area through which the absorbance was measured. 
The infrared peak shown in Fig. 4.5 is attributed to 
a small concentration of OH-,  which is one of the 
protonated species found in hydrated Lip-alumina 
in addition to ~ ~ 0 . ~ 3 ~  There is a distinct shift in 
the frequency of the peak between the rim and the 
center of the sample treated in H2I80. From a 
comparison of the spectra in Fig. 4.5(a) and Fig. 
4.5(b), it is clear that the 180~- was located near 
the rim of the sample, but only 160~- was found 
near the center, We  believe that the radial ~ ~ ' ~ 0  
distribution must be identical to that observed for 
the INOH- due to the rapid proton exchange that 
occurs to maintain equilibrium between these two 
species. The relatively small isotope shift expected 
for the v l  mode of H 2 0 ,  however, was not detect- 
.able in the broad ( F W H M  = 250 cm-') infrared 
peak. The observed radial oxygen-18 gradient 
could only result from frequent dissociation of the 
H 2 0  molecule and exchange of oxygen ions with 
the lattice, as would occur for an interstitialcy type 
of diffusion mechanism. 

We proposed that the interstitialcy motion 
described by Fig. 4.6 is the most likely diffusion. 
mechanism. This proposal was supported by a com- 
parison of the observed and calculated oxygen-18 
profiles. The oxygen-18 distribution that would 
-esult from the interstitialcy mechanism was calcu- 

Fig. 4.6. Diffusion mechanism for H 2 0  in the conduc- 
tion plane of Lip-alumina. The shaded circles are ~ i +  
ions. The H 2 0  molecule dissociates, and the oxygen ion 
(large circle) moves by an interstitialcy mechanism. The 
protons move independently (small black dots and - - 

dashed arrows), and-the H 2 0  molecule is reformed at a 
new position. 

lated using a finite difference technique. The calcu- 
lated distribution agrees well with the 180~- dis- 
tribution determined from analysis of the infrared 
curves in Fig. 4.5. 

I. Summary of paper to be published. 
2. N.  J. Dudney, J. B. Bates, and J. C. Wang, "Rate 

of ~ ~ d r a t i o n  of Lip-Alumina," this report. 
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RATE OF HYDRATION OF LIB-ALUMINA' 

N. J. Dudney J.  B. Bates 
J. C. Wang 

The concentration of H 2 0  in Lip-alumina equili- 
brates very rapidly with the ambient H 2 0  vapor. 
The rate of change is controlled by diffusion within 
the conduction plane for a wide variety of tempera- 
ture (200 to 450°C) and H 2 0  vapor pressure ( 2  to 
80 kPa) conditions. 

The hydration kinetics have been observed using 
infrared techniques. Single-crystal Lio-alumina 
samples were prepared as thin disks 5 mm in diam- 
eter and less than 1 mm thick. The faces of the 
disks, formed by cleaving the crystal, were parallel 
to the conduction plane. Transmission infrared 
measurements were made with the incident beam 
normal to the face of the disks. Because the H 2 0  



diffuses within the conduction planes, different 
concentric masks could be placed in front of the 
sample to observe concentration gradients along 
the diffusion direction. When the hydration reac- 
tion was interrupted' at a nonequilibrium concen- 
tration, we observed a gradient in the H 2 0  
concentration from the rim to the center of the 
Lip-alumina disk. 

In Fig. 4.7 we have plotted data taken during 
the hydration of a Lip-alumina sample at 350°C. 
At each time point the infrared absorbance (A) 
was measured through different concentric areas of 
the sample. Initially, the sample was anhydrous. 
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350 O C .  7.4 kPo 
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A =  A ( H 2 0 1 + A ( O H l  

CENTER < 0.25 m m  - 
A C 2 m m  

RIM > 2 m m  
-CALCULATED - 

D =  5.8 x 40-'cm2/s 

coefficient of ~ i +  iil Lip-alumina at 3500C.~  A 
detailed discussion of a possible diffusion mechan- 
ism for H 2 0  is given elsewhere in this r e p ~ r t . ~  The 
agreement between the calculated and observed 
absorbances is poorer for the region near the rim 
of the sample; nevertheless, we can conclude that 
diffusion controls the rate of hydration and that 
the diffusion coefficient is approximately constant 
for small H 2 0  concentrations. 

Radial gradients in the H 2 0  concentration have 
also been observed for single crystals of 
Nap-alumina. Therefore, as for Lip-alumina, the 
rate of hydration of Nap-alumina appears to be 
controlled by diffusion through the conduction 
planes. The time required for Nap-alumina to 
reach equilibrium is, however, roughly 20 times 
longer than that for Lip-alumina. 

I .  Summary of paper: Solid State Ionics (in press). 
2 .  N. J. Dudney, J. B. Bates, and J. C. Wang, "Hy- 

dration of Lib-Alumina," this report. 
3. J. T. Kummer, p. 141 in Progress in Solid State 

Chemistry, vol. 7 ,  Pergamon Press, New York, 1971. 
4. N. J. Dudney, J. B. Bates, and J. C. Wang, 

"Mechanism for Diffusion of H20 in Lib-Alumina," this 
report. 

LOCAL FIELD EFFECTS AND 
POLARIZED INFRARED ABSORPTION 

4200 t400 FROM H 2 0  MOLECULES IN &ALUMINA 
TIME (min )  

Fig. 4.7. Relative infrared absorbance as a function of 
the hydration time for a circular disk of Lii-alumina. 

The final concentration was about 0.12H20 per 
formula unit, which is less than 10% of the satura- 
tion limit for ~ip-alumina.*, The total concentration 
of the diffusing species is approximately propor- 
tional to the sum of the absorbances due to the 
H20 ,  A(H20), and an OH- species A(0H).  These 
infrared features are at 3180 and 3525 cm-', 
respectively (Fig. 4.4). 

The curves through the data were calculated for 
a concentration distribution obeying Fick's second 
law assuming that the rim of the disk is in equilib- 
rium with the gas phase and that the chemical dif- 
fusion coefficient is independent of the H 2 0  
concentration. A diffusion coefficient equal to 5.8 
X lo-' cm2/s gives a good fit to the data for the 
area at the center of the sample. This diffusivity is 
comparable to values reported for the self-diffusion 

J. B. Bates J. C. Wang 
N. J. Dudncy 

Infrared spectroscopy is the principal analytical 
tool used in our investigation of the reaction of 
H 2 0  with the p- and 8"-aluminas.' During the 
course of these studies, we observed a large differ- 
ence in the absorption intensities of the stretching 
modes of H 2 0  for two polarization directions of 
the incident light with respect to the crystallo- 
graphic c-axis, E l c  and E l l  c. This difference is 
attributed primarily to a large local field anisot- 
ropy in the conduction plane of 0-alumina. 

In an isolated H 2 0  molecule, the symmetric v l  
and antisymmetric v3 stretching modes give rise to 
transition dipole moments (denoted hy PI and P3), 
which lie in the molecular plane and are parallel 
and perpendicular, respectively, to the twofold 
rotation axis. In a dilute gas of noninteracting 
molecules, the ratio R of the intensity of light 
absorbed at the resonance frequency of v3 to that 
absorbed at the resonance frequency of vl is given 



by R = I P 3 1 / I P I I w i t h I P , I - I <  1 l q i l 0 > l 2  X 
( d ~ ~ l d q ~ ) ~ ,  where qi is the normal coordinate. The 
absorption coefficients for the vibrational modes of 
H 2 0  in the gas phase or in liquid H 2 0  are not well 
determined because of the overlap of v l  and v3 and 
because of the contribution to thc absorption near 
v,  from 2v2 (overtone of the  bending mode). Pub- 
lished data for liquid H 2 0  typically give values of 
R from 1.3 to 1.5. It can be shown to a good 
approximation that R = tan-'(q5/2), where q5 is 
the HOH angle. For I#J = 105' (gas-phase angle), 
this gives R = 1.3. 

As described elsewhere in this report,' the H 2 0  
molecule in LiD-alumina is located near the anti- 
Deevers Ross (aRR) site in the conduction plane 
and is oriented such that thc molecular plane is 
perpendicular to the conduction plane. Because of 
this symmetric location, we expect P3 to be parallel 
to thc crystallographic c axis and P ,  to be perpen- 
dicular to the c axis and to lie in the conduction 
plane. 

An example of the polarized absorption in the 
v l - v 3  region of H 2 0  in Nap-alumina is shown in 
Fig. 4.8. These spectra are less complex than those 
of hydrated ~ip-alumina,' which contain absorp- 
tion peaks due to protonic species other than H20. 
The location and orientation of H 2 0  molecules in 
Nap-alumina have not been determined by neutron 
diffraction (the H 2 0  concentration is too small to 
make such a determination practicable), but from 
our polarized absorption measurements and from 
considerations of hydrogen bonding and packing, 
we can assume that the orientation is the same as 
in Lip-alumina. The absorption curves were fit to a 
function consisting of two Lorentzian peaks and a 
lincar background. Thc two pcnks resolved in the 
E l l c spectrum are 'assigned to the v3 mode of two 
nonequivalent H 2 0  molecules, while those of the 
E l c  spectrum are assigned to the v l  mode of the 
same molecules. Differences in the coordination of 
~ a +  ions about the H 2 0  molecules could account 
for the nonequivalence. The ratios of fitted peak 
heights and, for comparative purposes, the ratio 
measured for hydrated Lip-alumina are listed in 
Table 4.2. 

In order to compare the absorption intensities of 
v l  and v3, the absorption from vl  ( E l c )  must be 
corrected for the random occupation of H 2 0  
molecules at three equivalent sites,' which are 
related by a threefold rotation about an axis paral- 
lel to c. The absorption intensity for (E.Lc) is pro- 
ortional to c z ,  where 0 is the angle between E 
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Fig. 4.8. Polarized absorption spectra of HzO in 
Naj3-alumina measured at 300 K. 

Table 4.2. Observed and calculated absorbance 
ratios for the v3 and vl  modes 

uf H20 ill @-aluminas 

R (obs)O R ( ~ a l c ) ~  
Nap Lip mO OP 

"Ratio of fitted peak heights. 
b m ~  = mid-oxygen; OP = observed posi- 

tion of H20 in LiP-alumina. 

and P. The average of cos28 taken over the three 
equivalent H 2 0  sites is given by 



Since this effect of disorder does not apply for 
E I l c, the absorption from vl  must be multiplied by 
a factor of 2 in order to be compared with that 
from v3, and the ratios in Table 4.2 include this 
factor. It is seen in' Table 4.2 that the observed 
ratios are from two to four times larger than the 
value for H 2 0  in a gas of noninteracting molecules. 
Furthermore, R is about twice as large for H 2 0  in 
Nap-alumina as in Lip-alumina. 

In general, the absorption coefficient for an 
oscillator in a dielectric medium is proportional to 
P.EI,, where P is the induced moment and El, is 
the local electric field at P. The complete expres- 
sion for the absorption of infrared radiation by 
H 2 0  molecules in @-alumina must also contain 
terms to account for the response of the ions in the 
host lattice to the transition dipole moment on the 
molecules. We represent the transition moment of 
either vl or v3 by P,, where P, = P:+iP,". The 
real part PI, vanishes at the resonance frequency. 
The imaginary part P,", which is out of phase with 
the incident radiation and gives rise to absorption, 
induces a dipole moment at the surrounding ions in 
the lattice. This moment at the ith ion is given by 
Pi" = aiei, where ai is the electronic polarizability 
of the ith ion. The field ei which is produced by 
P," is given by 

where ri is. a position vector from H 2 0  to ion 
i, Pi = ri/ I ri I ,  and c is the dielectric constant. If 
Ei,', is the iocal field at ion i, the total absorption 
from this contribution is proportional to 
Z,P;.E,,~,, where the sum includes all ions con- 
tained in a spherical region of radius a about the 
H 2 0  molecule. Outside of the region, the medium 
is treated as an isotropic continuum so that El, = 

[(c + 2)/3]E, where E is the applied field. The 
dipole moment induced by PL in the outer re- 
gion is given by P: = [4(c - 1)/3ca]~L. 
The total absorption is, therefore, derived from 
three sources: (1) the transition moment at the 
H 2 0  molecule P,", (2) the moment induced by 
P," at each ion within the spherical cavity of 
radius a about the H 2 0  molecule, and (3) the 
dipole moment induced by P," in the region exte- 
rior to the cavity. 

The results of the local-field calculation 
expressed as the ratio of the absorbances R-1, are 
given in Table 4.2. The calculated ratio is largely 

determined by the term P;E,,,,, where El,,, is 
the local field 'at the protons of H20.  As seen in 
Table 4.2, RCaIc is sensitive to the location chosen 
for the molecule: RCaI, - 6 at the mid-oxygen site 
and increases to -1 1 at the location of water in 
Lip-alumina determined from the neutron diffrac- 
tion study. Perhaps the difference in R observed 
for H 2 0  in Lip-alumina and Nap-alumina can be 
attributed to a small difference in location. 
Although we have not obtained quantitative agree- 
ment between the observed and calculated ratios, 
the calculated results can qualitatively explain the 
large difference in absorption intensities for v3 and 
v l  of H 2 0  in p-alumina. 

1. J. 'B. Bates et a!., "Structure and Spectra of H 2 0  in 
@-Alumina," this report. 

STUDY OF @- and @"-ALUMINAS 
BY MEANS OF POTENTIAL 
ENERGY CALCULATIONS' 

J. C. Wang N. J. Dudney 
J. B. Bates H. ~ n ~ s t r o m ~  

The solid electrolytes 0- and 0"-alumina provide 
a family of materials with interesting and unusual 
properties. These materials have unusually high 
ionic conductivities and low activation energies for 
a number of monovalent and divalent cations. 
When cations such as K+ and ~ a +  are mixed, the 
conductivity goes through a minimum as the con- 
centration ratio is changed. The conductivity of 
P"-aluminas also shows a non-Arrhenian behavior; 
that is, the absolute value of the slope of log(aT) 
vs 1 /T  decreases gradually with increasing tem- 
perature. While interesting experimental data like 
these are being reported in the literature at a rapid 
pace, there is a real need to correlate and under- 
stand the various results through microscopic 
,model calculations. 

In general, for each ionic arrangement (config- 
uration), the monopole field Fi and dipole field Gi 
at ion i produced by all other ions and induced 
dipoles, respectively, are calculated first. The total 
field (or local field) at ion i is then given by 

Because the induced dipoles interact with one 
another, the fields Gi must be calculated self- 
consistently by either solving a system of linear 
equations or by making approximations. The total 



-1otential energy of the ionic configuration can be COMPOSITION, ION-ION CORRELATIONS, 
:alculated from AND CONDUCTIVITY OF @"-ALUMINA' 

J. B. Bates B. C. Larson 
H. ~ n ~ s t r o m ~  N. J. Dudney 
J. C. Wang W. E. Brundage 

1 ~ e c e n t  diffuse x-ray scattering measurements3 
- - z a i E i . F i  , (2) have shown that the mobile ions in Napn- and 

2 i  KBu-aluminas tend to order on a two-dimensional 

where qi and ai are the charge and ionic polariz- 
ability, respectively, of ion i; rij is the distance 
between ions i and j; and Aij and pij are the short- 
range repulsive potential parameters. Physical 
quantities such as activation energy, defect vibra- 
tional frequency, and equilibrium ionic configura- 
tion can be obtained by calculating the change in 
potential energy as the configuration of mobile ions 
is varied. 

The properties which have been investigated 
include the conduction me~hanism,~  mixed-ion 
 effect^,^ and charge compensation mechanismsS in 
P-aluminas, and the non-Arrhenian behavior of 
P"-al~minas.~ The results of the last two studies 
are described elsewhere in this reportsv6 In general, 
the ngreement with experimental results is reason- 
ably good. 

It is concluded that potential energy calculations 
can provide useful information for understanding 
the properties of P- and @"-aluminas. Some of the 
general results can either be applied to explain 
experimental data directly and/or can be used as a 
basis for more advanced theoretical models. 

1. Summary of paper: Solid State Ionics (in press). 
2. Present address: Spe11.y Univac, Santa Clara, Calif. 
3. J. C. Wang, M. Gaffari, and Sang-il Choi, J. 

Chem. Phys. 63, 7.72 (1975). 
4. J. C. Wang et al., p. 379 in Fast Ion Transport in 

Solids, .Electrodes and Electrolytes, ed. by P .  Vashishta, 
J. N. Mundy, and G. K. SBeaoy, North Holland, New 
York, 1979. 

5. J. C. Wang, J. Chem. Phys. 73, 5786 (1980); also, 
"On the Charge Compensation Mechanism in 8- 
Alumina," this report. 

6. J. C. Wang et al., "Oil the Non-Arrhcnian Be- 
havior of ,Y"'Alumina," this report. 

superlattice. The extent of short-range ordering or 
correlation length L decreases continuously with 
increasing temperatures above 25"C, but the onset 
of a rapid change in L with T occurs near 200°C. . 

In the log(aT) -vs 1 / T  graphs of these p"-aluminas, 
a noticeable decrease in the slope begins near 
200°C, which implies a decrease in the activation 
energy at high temperatures, These results suggest 
that conduction at low temperatures and the curva- 
ture in the log(?T) vs 1 / T  plots of the @"-aluminas 
are strongly influenced by the extent of the mobile 
cation ordering on the superlattice. Based on the 
results of earlier theoretical work,4 we expect these 
properties to be sensitive to the concentration of 
conducting ions. In this report we summarize the 
results of a current investigation' of the effect of 
composition on corlductivity and cation ordering in 
@"-alumina single crystals. 

Large single crystals of Nap"-alumina, stabilized 
with either Mg or Zn, were grown in platinum cru- 
cibles by a flux evaporation technique at tempera- 
tures from 1600-1725°C. Based on optical 
methods of analysis, the Mg-stabilized crystals 
(NapWMg) grown at 1650 and 1700°C had the 
same composition, N ~ ~ . ~ ~ M ~ ~ . ~ ~ A I ~ ~ . ~ ~ O ~ ~ .  Conduc- 
tivity and composition measurements indicate that 
some zn2+ ions are incorporated into the conduc- 
tion layers during crystal growth of Zn-stabilized 
P"-alumina. Treatment of as-grown crystals in mol- 
ten NaN03 replaced these zn2+ ions with ~ a +  
ions. Based on the analysis for Na and Zn, crystals 
grown at 1700°C have the composition 
Na1.57Zn0.57A110.43017 after treatment in NaN03. 

The impedance of the 0"-alumina crystals was 
measured in vacuum from 25 to 500°C using a 
two-probe ac technique. The results of these mea- 
surements are illustrated in Fig. 4.9. The data for 
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Fig. 4.9. Conductivity and x-ray diffuse scattering 
results for @"-aluminas. 

Nap"Zn were obtained after treatment in NaN03. 
The activation energies E,, taken as the absolute 
value of the slope of the low-temperature region of 
the log(aT) vs 1 / T  curves, and values of a at 25 
and 300°C are given in Table 4.3. Diffuse x-ray 
scattering measurementsS were made on singlc 
crystals of the Nap"- and KP"-aluminas prepared 
from the same parent material used in the conduc- 
tivity study. The results of the x-ray measurements 
are shown in Fig. 4.9. To simplify the illustrations, 
each data point represents the average of three 
points collected in the experiment. The solid curves 
are the results of fitting each full data set to a 

Table 4.3 Conductivities measured at 25 and 300°C, 
C, and L for Mg- and Zn-stabilized @"-aluminas 

Material Conductivity Ea L 

function consisting of a Lorentzian peak and z 
background parameter. The correlation length wa! 
calculated from the diffuse scattering linewidth. 
Values of L for each of the four P"-aluminas stud- 
ied are listed in Table 4.3. 

Based on the crystal composition, the fraction of 
vacant Na sites (p,) in our Mg-stabilized 
Napw-alumina (NapUMg) is 0.17, and in the Zn- 
stabilized material p, = 0.22. Mutual coulombic 
interaction among the vacancies in these com- 
pounds causes them to order on a superlattice. 
From the earlier x-ray the cell constant of 
the superlattice is a. An ideal cell can 
be constructed when p, = 0.167. This value is 
close to p, = 0.17 observed in Nap"Mg and 
perhaps explains why this compound has a large L 
at room temperature (Table 4.3). It is reasonable 
to expect that the ordered distribution of vacancies 
on a superlattice will cause the activation energy 
for vacancy diffusion to be higher than that for a 
random distribution. Since L decreases with 
increasing temperatures, we can expect the activa- 
tion energy to decrease as well. This picture is con- 
sistent with the conductivity and x-ray data for 
NapWMg; (i.e., the decrease in L on replacement of 
~ a +  by K+ is accompanied by a decrease in E,). 
However, .it is not clear why replacing ~ a +  with 
K+ causes the extent of ordering of the superlat- 
tice to decrease by more than a factor of 2 (Table 
4.3). 

The rcsults obtained fo; NaB"Mg (1650°C) and 
Nap"Zn suggest that factors other than vacancy 
concentration can affect the ordering within the 
conduction layers and the activation energy. 
Although the Na@"Mg grown at 1650°C has the 
same composition as the material grown at 1700°C 
(within experimental error), it has smaller values 
of L and E, (Table 4.3). This difference might be 
caused by differences in the distribution of M ~ * +  
ions on Al(2) sites.6 The degree of ordering of 
cations on a superlattice in NapnZn is evidently 
comparable to that of Nap"Mg grown at 1650°C, 
as evidenced by similar values of L. Yet E, for 
NapWZn is almost two times smaller than that of 
the M~-stabilized compound, and the room-tem- 
perature conductivity is more than twice as large. 
A possible explanation for this result is that, 
because of the higher vacancy concentration in 
Nap"Zn than in NapmMg, there is a larger number 
of vacancies which do not occupy order positions. 
These "free" vacancies will have a higher mobility 
than those on ordered sites, and increasing their 



number will lead to a net decrease in E, and an 
increase in conductivity at low temperatures. 

1. Summary of paper: Solid Slate Ionics (in press). 
2 .  Present address: Sperry Univac, Santa Clara, Calif. 
3. J.  P. Boilot et al., Phys. Rev. B 22, 591 2 (1980). 
4. Hiroshi Sato and Ryoichi Kikuchi, J. Chem. Phys. 

55, 677 ( 197 1 ). 
5. B. C. Larson et al., "Effect of Hydration on Con- 

duction Ion Correlations i n  Nap"-Alumina," this report. 
6. J. C. Wang et al., "Study of p- and 0"-Aluminas by 

Means of Potential Energy Calculations," this report. 

EFFECT OF HYDRATION ON 
CONDUCTION ION CORRELATIONS 

IN Nab"-ALUMINA' 

B. C .  Larson N. J. Dudney 
J. B. Bates J. F. Barhorst 

X-ray dittuse scattering studies have shown that 
Na ion vacancies in NapM-aluminas have a ten- 
dency to form superlattice structures in the con- 
ducting planes. The diffraction widths of the 
resulting superlattice streaks have been used2 as a 
measure of the lateral size (correlation lengths) of 
coherently ordered reginns, and there is convincing 
evidence that the activation energies of the Na ions 
are strongly influenced by the extent of this 
ordering.3 During the course of an investigation of 
the relationship between ion correlations, crystal 
composition, and ionic conductivity in Napu- 
aluminas, it was found that the presence of H 2 0  in 
the conducting planes has a strong influence on 
conduction ion correlations, and we report here the 
results of a systematic study of the effect of inter- 
calated water on Na ion correlations in Mg- and 
Zn-stabilized Nap"-alumina. 

Water was introduced into flux grown (1700°C) 
Mg- and Zn-stabilized Nap"-alumina by treating 
the crystals for extended times at temperatures 
from 70 150°C and water vapor pressures up to 80 
kPa. Additional samples were selected from crys- 
tals that were hydrated under ambient atmospheric 
conditions. The extent of hydration was monitored 
by means of infrared ahsorption measurements 
using the H 2 0  band at 3460 cm-I. X-ray measure- 
ments of the superlattice diffraction widths and 
relative peak heights were carried out near the I = 

28.5 position of the (413, 113, 1) superlattice 
streak using a rotating anode x-ray generator, a 
flat graphite monochromator, and a linear 
position-sensitive detector. The Scherrer expression, 

L = 0.94X/6 sin(4), relating diffraction linewidths 
to particle sizes was used to determine the correla- 
tion lengths L. In this expression, X is the x-ray 
wavelength, 6 is the full width at half maximum of 
the measured peak, and 4 is the scattering angle. 

The results of these measurements are shown as 
a function of the H 2 0  content in Table 4.4 and in 
graphical form in Fig. 4.10. An absorption coeffi- 
cient of a = 38 cm-' (base-10) corresponds to 
-0.2 H 2 0  molecules per planar unit cell. These 
peak height and peak width data were obtained by 

Table 4.4. Lineshape and correlation length parameters 
for hydrated Nap"-alumina 

12 Peak 6 L Stabilized 
(cm-I) height (") ( A )  material 

0.0 287 1.65 5 6 Zn 
3.8 25 1 1.63 5 6 

10.1 19 1 1.85 49 
18.2 149 2.27 4 1 
3.4.0 11 2 2.33 . 39 
38.4" . 65 4.16 2 2 
0.0 3 50 1.39 66 Mg 
2.7 ' 306 1.40 66 
8.7" 195 1.76 52 

18.4" 114 2.00 46 
35.0" 3 8 2.90 3 2 

' f ~yd ra t ed  under ambient conditions 

fitting Lorentzian lineshapes to the measured dif- 
fraction profiles, as the measured profiles were 
found to differ significantly from Gaussian 
shapes, suggesting a short-range-order superlattice 
structure rather than discrete ~Iornains.~ It call be 
seen that under dry ( a  = 0) conditions, the corre- 
lation lengths for M~-stabilized materials are in- 
trinsically -20% larger than for Zn-stabilized 
materials; however, the effect of HzO on the peak 
widths is seen to be more than twice this amount, 
and the effect of H 2 0  on the peak heights is even 
larger. This result underscores the need to remove 
all H 2 0  from samples to be used in superlattice 
structure studies. 

Although it is not possible to draw definitive 
conclusions on the mechanism of the superlattice 
disruption from these measurements, these results 
do suggest that a (statistically) homogeneous dis- 
tribution of H 2 0  molecules (presumably at vacant 
Na sites) is responsible for the reduction in the 
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Fig. 4.10. Effect of H20 on peak heights and peak 
widths in Zn- and Mg-stabilized Nag"-alumina. 

correlation lengths. A heterogeneous distribution of 
H 2 0  molecules, completely destroying the superlat- 
tice in some regions and leaving others undis- 
turbed, would lead to decreasing peak heights but 
would not cause peak broadening. 

1.  Summary of paper: Solid State Ionics (in press). 
2 .  D. B. McWhan et a]., Phys. Rev. B 17, 4043 

(1978). 
3. J. B. Bates et al., "Composition, Ion-Ion Correla- 

tions, and Conductivity of 8"-Alumina," this report. 

ON THE NON-ARRHENIAN BEHAVIOR 
OF 8"-ALUMINAS' 

J. C. Wang H. ~ n ~ s t r o m ~  
J. B. Bates D. F. Pickett, ~ r . ~  

The ionic conductivity of P"-aluminas shows an 
unusual non-Arrhenian behavior; that is, the abso- 
lute value of the slope of log(aT) vs 1 / T  is high at 
low temperatures and decreases gradually with 
increasing temperatures.4's If the true" activation 
energy E ( T )  is defined as the potential barrier 
height in the thermally activated form of conduc- 
tivity 

and the "apparentn activation energy Ea(T) is 
defined from the slope of log(aT) vs 1 / T  as 

then E ( T )  and Ea(T)  are not identical for 
P"-aluminas. They are related by 

By choosing reasonable values for the attempt 
frequencies, E ( T )  and Ea(T)  for several 
P"-alu~l~il~a samples were obtained by fitting the 
experimental log(uT) vs 1 / T  curves discussed else- 
where in this report.s As can be seen from Fig. 
4.1 1, E ( T )  and Ea(T)  are quite different. This is 
an important property of P"-aluminas which is due 
to the temperature dependence of the potential 
barrier height E(T) .  The problem of understand- 
ing the non-Arrlienian behavior now becomes one 
of understanding the form of E(T) .  From Fig. 
4.1 1 we can see that it decrease rapidly with tem- 
peratures from 300 to 500 K. Above 500 K, it 
approaches a constant value. 

To understand this behavior, we first consider an 
ideal case of a single vacancy in the conduction 
layer. Potential energy calculations using coulomb, 
short-range repulsive, and polarization energy 
terms showed6 that because of the correlated 
nlotior~ of the ~ a +  ions nearby, the potential bar- 
rier height for the vacancy to hop is about 0.02 eV. 
This number is much smaller than the values of 
E ( T )  shown in Fig. 4.1 1, suggesting that a single 
vacancy is nearly free. In actual crystals, the 
number of vacancies is about 116 that of the avail- 
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Fig. 4.11. E(T) and E,(T) obtained by fitting the con- 
ductivity data reported in ref. 5. The attempt frequencies 
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OR3(Zn, 1700°C). 

ORNL-DWG 8 1-9956 

- 33.5% big2+. 66.5% A I ~ +  
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able Na+ sites. Because of coulomb interaction 
among the vacancies, they tend to order on a 2-d 
superlattice. The extent of ordering increases with 
decreasing temperature but approaches a limiting 
value at zero T because of the structure of the 
crystal. At low temperatures, the main contribution 
to E ( T )  comes from the energy needed to excite a 
vacancy out of the superlattice site. This contribu- 
tion, taken to be 112 of the formation energy of a 
Frenkel pair, was calculated to be 0.15 eV. As can 
be seen from Fig. 4.11, this is in reasonable agree- 
ment with the low-t.cmpernture values of E(T) .  

At high temperatures, when the ordering of 
vacancies is destroyed by thermal agitation, it can 
be expected that E ( T )  approaches a small con- 
stant value. This value may be controlled by the 
electrostatic potential fluctuation in the conductiurl 
layer produced by the stabilizing ions in the spinel 
block. To estimate this fluctuation, we filled ran-, 
domly the Al(2) sites with 33.5% Mg2+ ions and 
66.5% ~ l ~ +  ions with the restriction that no two 
Mg2+ ions can occupy neighboring Al(2) sites in a 
spinel block. This corresponds to the Mg2+ content 
observed in single crystals of Na/3"-alumina.' The 
coulomb potential differences between all neigh- 
boring N'a+ sites AV's were calculated. The distri- 
bution of AV's is shown by the solid histogram in 
Fig. 4.12. The samplc standard deviation (half- 

Fig. 4.12. Distributions of the potential energy differ- 
ences between neighboring Na+ sites produced by the sta- 
bilizing impurities on Al(2) sites in the spinel block. The 
areas of aU the histograms are normalized to one. 

width) was calculated to be 0.05 eV. It is interest- 
ing to note that this is quite close to the high- 
temperature limits. of E ( T )  for Na0"- and 
KP"-aluminas shown in Fig. 4.1 1. Notice that the 
width of the distribution depends on the arrange- 
ment of the impurities among the available Al(2) 
sites in the spinel block and on the valence of 
impurities. This result may explain why the con- 
ductivity of @"-aluminas depends on sample 
preparation conditions. 
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6. J. B. Bates et al., p. 261 in Fast Ion Transport in 
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AUTOMATED MULTIFREQUENCY 
MEASUREMENTS OF THE 

COMPLEX IMPEDANCE OF 
FAST-ION CONDUCTORS' 

H. ~ n ~ s t r o m ~  J. C. Wang 

The dc conductivity is an important property of 
solid electrolytes. Direct measurements of this 
quantity for materials such as the P-aluminas pose 
serious experimental difficulties and limitations 
associated with the necessity of using molten salt 
or liquid alkali metal electrodes. Most measure- 
ments of the dc conductivity are, therefore, made 
indirectly using blocking electrodes and ac tech- 
niques. 

A variety of ac methods has been applied to the 
0-aluminas. The most common method employs an 
ac bridge, but pulse, microwave, and phase- 
synchronous detection techniques have also been 
applied. These techniques present their own sets of 
experimental difficulties, such as the effects of 
stray lead capacitance and inductance, and require 
more complicated procedures for data analysis. In 
addition, we have recently observed non-Debye 
electric susceptibility in N ~ P - a l ~ m i n a . ~  To account 
for this behavior properly, it is necessary to make 
complex impedance measurements over a wide 
range of frequencies. 

In this work we describe an automated system 
which permits a rapid, convenient,' and accurate 
determination of the complex impedance of the 
sample. Tlle heart of the system is a network 
analyzer combined with a frequency synthesizer. 
Together, these two devices constitute a highly 
accurate, digital, superheterodyne lock-in detector, 
which is capable of measuring the amplitude and 
phase of a signal over a frequency range 50 Hz-13 
MHz and has a dynamic range of 100 dBm. 
During an experiment, the network analyzer and 
synthesizer operate under the control of a program- 
mable calculator, which also controls the sample 
temperature, frequency of measurement, and a 
number of input/output devices. 

Samples of single-crystal P-alumina are cut as 
slabs with the approximate dimensions of 5 mm X 
3 mm X 0.5 mm. The conduction plane of the 
crystal is parallel to the large sample face. 
Electrical contacts are made by sputtering plati- 
num to a depth of -3 pm on the two smallest 
faces of the sample. The sample is held between 
two platinum contacts in a ceramic sample holder 
which is placed inside a quartz tube located in the 

core of a tube furnace. Electrical leads from the Pt 
contacts terminate in a load circuit at the end of 
the sample holder. The load circuit must be care- 
fully selected so that the measured signal strength 
will fall within the specifications of the network 
analyzer. To minimize interference with the signal 
from the sample, active oscilloscope probes are 
used to connect the load circuit with the network 
analyzer. 

Measurements of the sample impedance are 
made automatically with the apparatus described 
above at equally spaced ! / T  intervals from a 
selected upper temperature (usually 500°C) to 
room temperature. The phase and amplitude of the 
output signal from the sample at each temperature 
are measured from 100 Hz to 10 MHz. These data 
are stored on magnetic tape for later analysis. 

The commonly applied methods of character-. 
izing fast-ion conductors, that is, phase-synchro- 
nous detection, ac bridge, and pulse, can all yield 
the same information about the sample. However, 
all of the P-aluminas that we have studied exhibit 
a non-Debye susceptibility, and for this reason the 
pulse method is the least reliable and most difficult 
to interpret. The bridge technique, in principle, 
yields the best accuracy but is difficult to automate 
and, therefore, is quite slow. We have found that 
automated, phase-synchronous network analysis 
offers t'he best combination of speed, accuracy, ver- 
satility, and ease of use. Furthermore, except for 
the sample. holder itself, all of thc compone~~l. parts 
of the apparatus are readily available from com- 
mercial sources. 
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SUPERCONDUCTIVITY 

MICROSCOPIC MAGNETIC FIELD 
PROFILE OF THE FLUX-LINE 

LATTICE IN V3Si 

D. K. Christen S. T. Sekula 
H. R.  Kerchner Y. K. Chang 

Small-angle neutron diffraction was used to 
deduce the microscopic magnetic-field profile of 
the flux-line lattice (FLL) in the superconducting 



mixed state of a single crystal of v3Si.' In princi- 
ple, this information is obtained from the form fac- 
tor, found by measuring the integrated intensity 
Ihk in the peaks of the various order hk Bragg 
reflections of the quasi-two-dimensional FLL. The 
form factor is obtained from the equation 

Here, So is the incident neutron flux, y = 1.91 is 
the neutron moment expressed in nuclear magne- 
tons, A, = 0.26 nm is the neutron wavelength, and 
V is the illuminated sample volume. The scattering 
vector Khk is related to the Bragg angle 2dhk by 
Khk = 2ehk2r/'lXn, and the FLL unit cell area A, 
determines the bulk flux density B = C#Jo/A,, where 
C#JO is the flux quantum. 

The scattering form factor Fhk is related to the 
microscopic FLL field profile h ( r )  through the 
Fourier transforms, 

and 

h(r) = C#Jo/A, 2 Fhkexp(-iKhk.r) . (3) 
hk 

The FLL is somewhat unique in relation to other 
magnetic systems in the sense that the scattering 
vector, for a given order reflection hk, can be 
varied continuously by changing the magnitude of 
the applied magnetic field within the mixed state. 
This properly provides valuable information re- 
garding Llre I I ~ ~ C T O S C O ~ ~ C  behavior of the FLL. If 
curves of F(Khk) vs Khk lie on a universal curve 
for all hk, then the FLL microscopic field h(r) .is 
given by 

.h(r) = ho(r - R,)  , 
I 

(4) 

whtrc ho(r R,) is the single, isslatcd FL ficld for 
an FL centered on the FLL site I .  That is, the 
total ficld is simply thc lincnr superposition of the 
isolated FL fields, and 

It is now well known that pure niobium does not 
satisfy this simple criterion, even at the lowest flux 
-'ensities.* On the other hand, some nondilute 
lloys of Nb do indicate superposition.* 

Figure 4.13 shows the present results for V3Si, 
the first obtained for a high-T, A15 material. The 
closed circles are data obtained from Eq. (1) for 
the lowest-order (10) reflection as a function of the 
scattering vector K. The two open circles represent 
form factors found from higher order (20) reflec- 
tions. These data correspond to a flux density 
range 10-400 mT. 
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Fig. 4.13. The form factor of the FLL microscopic 
field at T = 4.85 K. The solid curve is the London 
model form factor for I = 1.08.0 nm, while the dashed 
curve is derived from either the Ginzburg-Landau or the 
boson theories. The inset shows the single FL field pro- 
file. The quantities a,,, and amin are the largest and the 
smallest inter-FL spacing, respectively, experimentally 
used, and ( is the coherence length deduced from the 
measured I and for K = 21. 

From Fig. 4.13; it is sccn that, within cxpcri- 
mental error, linear superposition of the vortex 
fields holds. Moreover, the K dependence of F ( K )  
is nearly Lorentzian, indicting the FL interaction is 
London-like over the range of inter-FL spacings 
experimentally employed and for a superconducting 
penetration depth X = 108.0 nm. A London model 
is the simplest description of an extreme Type I1 



superconductor. A more detailed analysis is pro- 
vided by the Ginzburg-Landau theory3 and the 
boson theory,4 the results of which both fall near 
the dashed line over this K range. 

In view of this agreement, it would appear that 
FL interactions in the low-field region of V3Si are 
described relatively simply, without need of the 
complicated nonlocal corrections required in the 
case of Nb. However, at present it is not clear 
how these observations are reconciled with the 
more complicated anisotropies in the FLL 
morphology. I s 5  
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ANISOTROPY OF THE 
FLUX-LINE-LATTICE MORPHOLOGY 

IN V3Si 

D. K. Christen S. T. Sekula 
H. R. Kerchner Y. K. Chang 

Using the high-resolution, double-crystal, small- 
angle neutron diffractometer at HB-3A at the 
HFIR, we have obtained the first direct observa- 
tions of a well-defined two-dimensional FLL in the 
superconducting mixed state of a single-crystal 
sample of the A15 compound v3Si.' Subsequently! 
systematic investigations were conducted to corre- 
late several structural properties of the FLL with 
the real crystal symmetries parallel to the applied 
magnetic field. In the following, we present data 
that reveal the existence of strong anisotropic 
correlations at the microscopic level of the FLL 
morphology. 

In these studies, the FLL were grown by apply- 
ing the magnetic field at a temperature above T, 
= 16.8 K and reducing the temperature of the 
sample to a controlled value 4.85 K. In this way 
the macroscopic flux density B could never exceed 
the applied field. In fact, independent bulk magne- 
tization measurements confirmed that in the range 
of applied fields used for these studies (10-400 
mT), the sample traps nearly all the applied field. 

Using a scattering geometry where the applied 
field is vertical and orthogonal to the incident hor- 
izontal neutron beam, the symmetry, mosaic distri- 
bution, and orientation of the FLL within the sam- 
ple could be deduced from the scattered intensity 
as a function of a sample rotation about a vertical 
axis (rocking curves). The FLL interplanar spacing 
was derived from the scattering angle 20. 

For two different field intensities, H = 60.0 mT 
and H = 200.0 mT, and for four different orienta- 
tions of the V3Si crystal, some representative 
results are shown in Fig. 4.14. A calculation of the 
bulk flux density B = n$dA, obtained from the 
measured FLL unit cell area A, indicates that n 
must be unity, so that each flux line possesses 
exactly one flux quantum $o = 2.07 X lo-'' 
~ m * .  
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Fig. 4.14. The FLL morphology for the applied mag- 
netic field parallel to four different V3Si crystal direc- 
tions in the (010) plane. 



The uppermost lattice in Fig. 4.14 represents the 
observed FLL morphology for the field parallel to 
the [I011 twofold axis. The width of a representa- 
tive rocking curve illustrates that the mosaic distri- 
bution is small, so that the FLL is a well-defined 
"single crystal." Note that for this orientation the 
FLL near-neighbor direction is a [ l o l l  and that 
the FLL deviates only slightly from hexagonal 
symmetry. The half-unit cell is an isosceles triangle 
with the legs about '1 or 2% longer than the base. 

The dramatic anisotropy in the FLL is seen 
when the field is applied parallel to a fourfold sym- 
metric [OOl] axis. Again the FLL is well defined 
but is comprised of distinct domains of isosceles 
triangular lattice of identical symmetry but 
oriented 90" apart. In this case the near-neighbor 
directions lie along ( 1 10) axes. 

At the off-symmetry direction [7, 0, 101 (10 
degrees from a [ lo l l ) ,  the FLL undergoes a split- 
ting from the single-domain case, as it apparently 
evolves toward the highly resolved two-domain 
situation. The rocking curves are broad and 
smeared, indicating that the anisotropic forces are 
much weaker. Finally, by the time one is at a field 
orientation midway between the twofold and four- 
t'old axes, the two domains characteristic of the 
[001] are nearly fully developed, although we 
observed one of the domains to occupy a larger 
fraction of the sample; and as revealed by the rock- 
ing curve width, the FLL is less perfect than for 
the high-symmetry directions. 

Several theories have been formulated to 
describe the FLL morphology, and they entail 
mapping the anisotropies in the microscopic elec- 
tronic system into inter-FL forces in an equilibrium 
lattice. This mechanism can be applied separately 
to a uniaxially symmetric or a cubic system. The 
uniaxial case may apply to the tetragonal domains 
of martensitically transformed V3Si. Tachiki and 
Umezawa2 have calculated the FLL symmetry in 
the tetragonally distorted material. Since the 
presen; crystal has a resistivity ratio R(300)l 
R(20) - 31, we expect that it should transform. 
However, it is not possible to reconcile the 
observed FLL symmetry with that in ref. 2, which 
would predict an isosceles triangular FLL half cell 
having a leg-to-base ratio about 1.5 instead of the 
observed 1.02. 

For the case of a cubic crystal, much work has 
been done for application to low-K materials such 
as niobium. Accounting for the effects of nonlocal 
electrodynamics, Fischer and ~ e i c h l e r ~  have 

obtained an asymptotic interaction energy between 
two flux lines that depends on an anisotropic 
coherent length, F12 - exp[-rld[(i)], while in 
the local limit Roger and co-workers4 generalized a 
London-like interaction to include anisotropic 
effects via an orientation-dependent ~enetration 
depth F12 - exp[-r12/A(i)]. The applicability of 
either of these regimes is not obvious, and at 
present it is difficult to estimate the orientation 
dependence of these parameters based on known 
electronic properties. 

Finally, we mention a possible mechanism which 
is heuristic but consistent with the observations. 
This entails supposing an interaction whereby flux 
lines should align along the boundary wall between 
martensitically transformed domains. These walls 
are believed to be twin boundaries lying in (1 10) 
planes. The model would assume that once the flux 
lines are locked into their near-neighbor orienta- 
tion, the remaining FLL symmetry properties are 
determined in the usual way by the nearly isotropic 
equilibrium energetics. 

Although it is clear that strong anisotropic corre- 
lations exist between the FLL and the real crystal, 
fundamental questions regarding the role of anisot- 
ropy in the superconducting properties of high-Tc 
A 15 materials have remained largely unanswered. 
At the theoretical level, this is due to a lack of 
details in  the microscopic electronic and elastic 
anisotropies and to the difficulty involved in relat- 
ing that information to calculations of relevant 
superconducting observables (e.g., critical fields, 
transition temperatures, and flux-pinning effects). 
Recently, advances in high-magnetic-field technol- 
ogy and materials preparation have enabled the 
experimental determination of upper-critical- 
field anisotropies in V3Si and ~ b ~ ~ n , '  'and these 
were found to be relatively small [Hc2((l10))/  
HC2((  100)) - 1.041. Since the mixed-state energy 
in the high-field regime is directly related to Hc2, 
these results have been interpreted to preclude 
anistropy effects as a major contributing factor to 
flux pinning by grain boundaries in these materials. 
However, the detailed mechanism by which grain 
boundaries pin flux presently is unresolved. In view 
of this, we propose that the energy required for 
reorientation of an FLL from one grain to another 
may provide an alternate mechanism for a barrier 
to flllx motion. 

Extension of this work, designed to separate out 
effects on the FLL due to martensitically trans- 
forming and nontransforming crystals, is in progress. 
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THEORY OF THE STATISTICAL 
SUMMATION OF FLUX-LINE-PINNING 

FORCES IN TYPE I1 SUPERCONDUCTORS- 
BEYOND THE DILUTE LIMIT 

H. R. Kerchner 

The microscopic theory of the critical state of 
Type I1 superconductors presently is inadequate 
because it fails to take into account the finite den- 
sity of flux-line-pinning defects in real materials. 
As a result, there exists a wide gap between the 
predictions of the dilute-limit theory and experi- 
mental observations. The most glaring discrepancy 
is between the dilute-limit-theory prediction that 
many weakly interacting defects should not contri- 
bute to the critical-current density and the fact 
that all Type I1 superconductors show evidence of 
nonzero critical currents. Just as important' is the 
absence of any conceptual basis for understanding 
quantitatively the behavior of materials containing 
a high density of crystalline defects. This class of 
materials includes all technologically important 
Type I1 superconductors. It is of interest, therefore, 
to begin developing a "many-bodyn type of theory 
to take into account the finite density of flux-line 
(FL) pins. 

The statistical-summation theory is the prescrip- 
tion for evaluating the configurational average of 
flux-line-pinning forces due to a random array of 
crystalline defects. For a perfectly rigid lattice of 
FL, the forces will have random directions and will 
nearly cancel. However, the FLL will be distorted 
by the pinning forces. A significant critical-current 
density (arising from a nonzero sum of the pinning 
forces) is due to correlations between defect posi- 
tions and FL positions. For a random array of 
defects, these correlations must be associated with 
elastic instabilities induced in the FLL by the 
defect-FL interactions. Then, the mathematical 
problem to be addressed is the stability of solutions 
of the force-balance equation which describes dis- 

tortions of the FLL from perfect periodicity. This 
problem has several similarities to the theory of 
disordered alloys; therefore, some of the techniques 
that are useful there have been adapted to the 
present problem. 

The matrix of derivatives of the displacement of 
the FLL at one point r with respect to an arbitrary 
force at r' is the elastic Green's function G(r, r'). 
Elastic instabilities arise at points r where 

where f(r) is the pinning force exerted on the FL 
element at r. Moreover, J(r)  is the Jacobian deter- 
minant of the coordinate transformation from the 
periodic to the distorted FLL. The configurational 
average ( J ( r ) )  is a relative density of defects on 
the distorted FLL; it contains the information 
required to evaluate the critical-current density. 

The configurational average of the elastic 
Green's function has been evaluated in the 
coherent potential approximation (CPA),' and with 
an additional approximation in the same spirit, 
(J(r))  has been obtained for a model array of 
strong, point-like pinning defeck2 In the CPA the 
effect of the pinning interactions is described by a 
simple mean field. This mean field is the derivative 
of the volume pinning-force density (the sum of the 
pinning forces in a unit volume) with respect to the 
average FLL displacement, a measurable quantity. 
It is a positive (i.e., it stabilizes the FLL), rnono- 
tonically increasing function of the defect density. 
Just as the CPA only includes scattering fr6m a 
single site in the theory of electronic states of an 
alloy,' so here it can only give instabilities associ- 
ated with individual defects. If the pinning interac- 
tion of a given defect is weaker than a threshold 
value, that defect cannot induce an instability in 
the FLL and cannot contribute directly to the 
critical-current density. 

It is clear from preliminary calculations made in 
the initial stage of this investigation that a set of 
many defects can induce an instability coopera- 
tively when none of them interacts sufficiently 
strongly to do so individua1ly.j Evidently, the 
correct theory requires taking into account the 
analog to cluster scattering. One can expect, how- 
ever, that calculations based on small clusters of 
defects will be inadequate. The appropriate cluster 
should contain many defects. It has been found 
that for weak pinning interactions, short-range 
components of the Green's function may be 



eglected, and G(r ,  r') may be averaged over r and 
' within the regions occupied by two sets of 

defects s  and s' ,  respectively. Then G(r, r f )  may be 3x10-~ 

replaced by the simpler quantity 

G s , s . = V s - 1 ~ s . - 1 S d 3 r S d 3 r ' ~ ( r ,  r') , ( 2 )  
v, v,. 

where Vs is the volume of the region occupied by 
the set s  of defects. Furthermore, if the number 
Ns of defects in s  is large and if correlations 
between the FLL and subsets of s may be 
neglected, the total pinning force due to the defects 
in s  is ~ ; ~ f ( r , ) ,  f ( r s )  is the force for a typi- 
cal defect in the set., and r, is the average of the 
defects' positions. If bundles of FL interacting with 
sets s  and s f  of defects are taken to be the sites of 
a lattice, then (Gs , s t )  may be evaluated in the 
CPA. The vol~lme pinning-force density calculated 
in this approximation depends on the division of 
defects into sets. Since the critical state is the 
metastable state carrying the largest current den- 
sity, this choice .of how to divide the defects into 
sets is made to maximize the current density. 

Since the questions that presently arise in the 
theory of the critical state are order-of-magnitude 
questions, the calculations that have been per- 
formed rely on making a. number of rather crude 
(-20%) approximations to obtain analytic results. 
The kind of agreement one obtains with experi- 
ment is shown ;n Fig. 4.15, where the normalized 
critical pinning-force density F, is plotted vs the 
normalized flux density BIBc2 for a vanadium sam- 
ple containing carbide  precipitate^.^ Here Bc2 is the 
flux density at the upper critical field, Hc is the 
thermodynamic critical field, [ is the Ginzburg- 
Landau coherence length, n is the number density, 
and a .is the volume of the precipitates. The value 
of n a 2  required to obtain a reasonable fit to the Fc 
data is within the experimental uncertainty of the 
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Fig. 4.15. Flux-density dependence of the critical 
pinning-force density for a vanadium sample containing 
carbide precipitates. Theoretical curves corresponding to 
three values of the temperature-dependent parameter 
na2/13 are compared with experimental data for three 
temperatures. 

qualitative changes in the critical-current density 
because this description permits only instabilities 
that are induced by individual defect-FL interac- 
tions. When the individual interactions are too 
weak to induce instabilities, the theory must be 
generalized to include instabilities induced by sets 
of many defects. This last step removes the thresh- 
old'effect and leads to calculations that are in 
reasonable quantitative agreement with experiment. 
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matches the experimental curvec only roughly, the J.  A. Krumhansl! and P. L. Rev. Mod. 

magnitude of Fc and the trends with changing tem- Phys. 46,465 (1974). 
2. H. R. Kerchner, Journal qf Low ~ e m ~ e r a t u r e  Phy- 

perature are predicted accurately by the theory. sics [in press). 
The state has been modi- 3. H. K. Kerchner, Solid State Div. Prog. Rep., Feb. 

fied to take into account effects associated with the 29, ,980, ORNL-5640, p. 173, 
finite density of FL pins. The mean-field descrip- 4. A.' J. Marker 111 et al., J. Low Temp. Phys. 31, 
tion via the CPA leads to quantitative but not 175 (1978). 



EXPERIMENTAL CHARACTERIZATION 
OF THE ELASTIC INSTABILITY OF 

THE FLUX-LINE LATTICE 
IN THE CRITICAL STATE OF A 

TYPE I1 SUPERCONDUaOR 

-< H. R. Kerchner S. T. Sekula 

The measurement of thermally activated creep of 
magnetic flux in the critical state has long held the 
promise of yielding information about microscopic 
flux-line-pinning interactions. Unfortunately, it has 
not been clear precisely how one should interpret 
those measurements. A new phenomenological 
argument has been developed and has been applied 
to the interpretation of some new data. A single- 
crystal Nb-5 at. % Zr rod was cold swaged for a 
factor-of-4 reduction in the cross-sectional area. 
The experimental evidence indicates that the 
critical-current density in this sample is due pri- 
marily to individual interactions between flux lines 
and dislocation tangles. 

Near the ideal critical state, regions of FLL that 
are near elastically unstable configurations may be 
thermally activated over the small energy barrier 
to the instability and then move irreversibly to a 
new, lower energy configuration. The rate of flux 
motion obeys an Arrhenius expression with an 
energy barrier U that is proportional to the 
amount by which the current density J is reduced 
from its ideal (zero-temperature) critical value J,.' 
The energy barrier mav be written 

where f is the elementary pinning force at the in- 
stability and dJ/dii is the derivative of J with 
respect to the reversible average displacement P of 
the FLL. The quantities f/(dJ/dii), (dJ/dii), and 
Jc can be deduced from the ac response experi- 
ments performed by placing the cylindrical sample 
in a large longitudinal dc magnetic field and a 
small parallel ac field and measuring the ac volt- 
age induced in a pickup coil wound around the 
 ample.^^^ Moreover, by comparing the order of 
magnitude of the configurationally averaged elastic 
Green's function G1(0) = (G(r, r)),  which is 
independent of r: with the ratio of f to the FLL 
spacing ao, one can deduce whether the defect 
responsible for the instability is point-like or an 
extended defect. 

Experimental values of the elementary pinnin 
force f ,  divided by one-sixth of the FLL spacin- 
a,,, are compared with the reciprocal of the elastic 
Green's function in Fig. 4.16. The fact that the 
quantities are of the same order of magnitude indi- 
cates that the single-particle pinning dominates and 
the conventional, dilute-limit theory should be 
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Fig. 4.16. The elementary pinning force f, divided by 
one-sixth of the FLL spacing ao, is compared with the 
reciprocal of the the~retical elastic Grppn's f~lnrtion C1(0). 

applicable. This sample shows a strong history 
effect at low field; the critical-current density is 
much smaller after the field is lowered from above 
the upper critical field than after the field is first 
raised from zero (the virgin state). The sharp drop 
in 6f/ao below [G'(o)]-I for the decreasing field 
history indicates that the FLL deforms more easily 
than the theory indicates and more easily than in 
increasing ficld. This result is exactly opposite to 
what is generally believcd to be the cause of the 
field history effect. A more careful investigation of 
this phenomenon is indicated. 

The elementary pinning force has been deduced 
from ac-response measurements on a moderately 
cold-worked, superconducting sample. The magni- 
tude of this force is consistent with the interaction 
between the FLL and a dislocation tangle involving 
about 1-pm length of dislocation. Comparison with 
the theoretical elastic response of the FLL indi- 



cates that the conventional, dilute-limit, statistical- 
summation theory should apply to this sample. 
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LOW-TEMPERATURE-IRRADIATION 
STUDY OF FLUX PINNING IN 
TYPE I1 SUPERCONDUCTORS 

H. R. Kerchner R. R. Coltman, Jr. 
C. E. Klabunde 

Wire samples of Nb and Nb-20 at. % Ta have 
been irradiated at liquid helium temperature in two 
different modes. In one mode, 75% of the damage 
was produced by thermal neutrons, while in the 
other mode, 85% of the damage was produced by 
fast neutrons. The critical current of these samples 
has been measured as a function of the neutron 
fluence. The theory of pinning by weakly interact- 
ing defects predicts that the critical-current density 
J,  will be proportional to the square of the defect 
density n, while it will be proportional to n if the 
pins are strong enough to contribute individually to 
J,.' A low-temperature irradiation allows us to 
control defect density. Niobium was previously 
irradiated at low temperatures by electrons (pro- 
ducing weak pins only),2 by fast neutrons (produc- 
ing weak pins and possibly some strong 
and hy high-energy neutrons (producing mainly 
strong pins).5 All those results are consistent with a 
linear relation between J,  and n. Because of the 
important fundamental significance of this result, 
however, it was worthwhile to confirm it by repeat- 
ing and extending the measurements. 

Figure 4.17 shows the increase in the critical 
current I, as a function of thermal-neutron fluence 
for two Nb samples that differ in their dislocation 
density and for a NbTa sample. The increase in I, 
is nearly linear in fluence, but in each case the 
total increase is only a fraction of the initial I,, 
even though the initial values of I, differed by 
nearly two orders ,of magnitude. Clearly, at least 
for the larger-I, Nb sample, the radiation-induced 
defects are somehow assisting the dislocations to 
nin flux lines. Comparison of the increase in I, for 
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Fig, 4.17. The relative increase in I ,  over the preirradi- 
ation value Ic,, with thermal-neutron irradiation at 4.1 K. 
Data for two samples of Nb and one sample of Nb-20 
at. % Ta are shown. 

the two Nb samples shows that the 
radiation-induced defects contribute more to I, 
when more dislocations are present. 

Figure 4.18 shows the increase in I, in the 
low-I, Nb sample and the NbTa sample with fast- 
neutron fluence. The NbTa sample shows two dif- 
ferent types of behavior at different fields. The 
365-mT data are representative of most of the 
data. while at 400 mT there is a narrow peak in I,. 
This peak appears only after irradiation and rises 
rapidly out of the background with increasing dam- 
age. In Nb and at the peak in NbTa, I, rises non- 
linearly with fluence, approximately confirming the 
n2 theoretical dependence. At other fields in NbTa, 
I, rises linearly with fluence. 

Although the data have not yet been analyzed in 
detail, one conclusion may be drawn immediately. 
The increase in the critical current with irradiation 
is not simply proportional to the number of 
radiation-induced defects in the sample. For the 
fast-neutron damage in Nb and NbTa at 400 mT, 
where the pinning interactions are strongest, I, is 
approximately proportional to n2. The data suggest 
that when the pinning interactions are weak, they 
contribute to I ,  through some interaction with 
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Fig. 4.18. I ,  vs fast-neutron fluence (E > 1 MeV) for a 
Nb sample and a Nb-20 at. % Ta sample. 

defects (dislocations and grain boundaries) al;eady 
present in  the samples before the irradiation. A 
careful analysis of the data and detailed compari- 
son with previous work and with theories of the 
critical state are now under way. 
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ION-IMPLANTATION- 
LASER-ANNEALING STUDIES 

J. R. ~ h o m ~ s o n '  J. M. Williams 
S. T. Sekula C. W. White 

Superconductivity in Ion-Implanted NbCe 
and MoCe 

An effort to produce the stoichiometric A15 
form of NbGe, using ion-implantation and/or 
laser-annealing techniques, was continued. Poly- 
crystalline, but single-phase, (A15) slabs of 
Nbl-,Ge,, x = 0.18, were implanted with 
200-keV Ge ions at nominally room temperature. 
Implanted fluences corresponded to F = 0.22, 
0.25, and 0.28 in a thin layer below the surface. 
These samples were then installed in an apparatus 
for low-temperature laser annealing and Tc mea- 
surements. Ruby laser pulses ( A  = 694 nm, T - 
15 ns) were applied in fluences of 0.2-1.7 X lo4 
~ m - ~ .  Annealing of the implanted layers took 
place on "substrates" of A15-phase NbGe main- 
tained at low temperatures, a circumstance which 
might promote a more orderly regrowth of the 
crystal and a corresponding high superconducting 
Tc in the 'implanted layer. However, no increase in 
Tc above 6.5 K, that of the underlying material, 
was observed. Four contact ac measurements of the 
sample resistance were used. 

One, possible cause of this negative result is the 
formation of equilibrium mixed-phase NbSGe3 with 
the stnblc A15 material, rather than the meta- 
stable, stoichiometric A15 Nb3Ge. An alternate 
mechanism is the retention of excessive disorder in 
the implanted and annealed layer. 

In a preliminary experiment, a foil of Mo was 
implanted with Ge ions under the conditions 
described above, producing a layer with x - 12 at. 
% Ge. No superconductive transition above 2.1 K 
was observed for this material. The Mol-,Ge, sys- 
tem is reported, however, to have metastahle cry- 
stalline and amorphous phases for larger Ge con- 
centrations with Tc 5 9 K. Further investigations 
of this and similar systems using ion-implantation 
methods are appropriate. 



Low-Temperature Laser Irradiation of Nb Films 

A study to correlate superconductive transition 
temperatures T, and electrical resistivity in Nb 
thin films has been undertaken. Films, previously 
evaporated to 100-nm thickness on sapphire sub- 
strates, were mounted in a cryostat for low- 
temperature laser irradiation and in situ electrical 
.measurements. Two sets of films were investigated, 
"as-prepared" and "outgassedn by heating to 
1800°C in  a vacuum of 10-~-10-~ Pa. In both 
sets T, = 7.2 + 0.1 K before laser irradiation. 

Light pulses from a ruby laser ( A  = 694 nm, 7 

= 15 ns) were applied at fluences to 1 X lo4 
~ m - ~ .  This led to a depression of Tc and to 
increases in  the normal-state film resistance R,. 
Fur the as-prepared film, the effects were quite 
large: after 1 X ~ m - ~ ,  T, was reduced to -2 
K and was accompanied by a fourfold increase in  
R,. For the outgassed film, the Tc depression was 
much smaller, with Tc = 6.75 K after 10 pulses of 
0.75 X lo4 ~ m - ~ .  The electrical resistivity of the 
film, after irradiation, followed Matthiessen's rule 
within experimental uncertainty P = po + pNb(T). 

The differences in behavior of the two sets of 
fillr~s suggest that volatile impurities strongly affect 
the damage produced. Also, the original depression 
of T, from the value 9.2 K for bulk Nb to 7.2 K in 
the unirradiated films is indicative of other impuri- 
ties or defects in  the virgin films and shows that 
films of higher purity are required. 

1 .  Adjunct research and develupnlcr~l p a r l i ~ i p a ~ ~ t  f1.ol11 
The University of Tennessee, Knoxville, Tenn. 

APPARATI-IS FOR MAGNETIZATION 
STUDIES UP TO 10 TESLA 

S. T. Sekula J. R. ~ h o m ~ s o n '  

A vibrating sample magnetometer (VSM) has 
been constructed for magnetization studies in 
applied fields up to 10 T. The apparatus has been 
utilized over the temperature range 4.5-280 K and 
employs a hybrid superconducting magnet (NbTi 
and Nb3Sn). Low remanent fields, necessary for 
many investigations, result from the use of multi- 
filamentary wire in the magnet; for example, a 
residual field of -3 mT was observed at the mag- 
net center after cycling to fields of 3 to 7 T. Ther- 
mometry (in zero field) is accomplished with a 
very small Si diode sensor in close thermal contact 
vith the material under investigation, while tem- 

perature regulation is achieved using a more dis- 
tant field-insensitive carbon-glass sensor. Magneti- 
zation samples are mounted in a capsule on the 
lower end of the drive rod, which is mechanically 
vibrated by a transducer at the head of the cryo- 
stat. The amplitude of vibration is electronically 
regulated. 

The usable sensitivity to a magnetic moment m 
in applied field Bo is m/Bo 1: 5 X J/T'. It 
is limited by background signals and noise arising 
primarily from interactions between the magnetic 
field and the metal He dewar and also from con- 
struction materials in the drive rod, etc. Nonethe- 
less, the sensitivity is more than adequate for many 
types of investigations. For example, the apparatus 
has been used for characterization of samples of 
NbSe2 and the A15 compounds V3Si and V3Ge. 
Also, in  collaboration with the neutron scattering 
group, the magnetic susceptibility of single crystals 
of Nd and SmS is being investigated. Finally, this 
apparatus was employed in a study of Mg0:Ni 
materiak2 

1 .  Adjunct research and development participant from 
The University of Tennessee, Knoxville, Tenn. 

2. J. R. Thompson, S. T. Sekula, and Y. Chen, 'Mag- 
netic Propcrtics of Ni in MgO," this report. 

MAGNETIC PROPERTIES OF Ni IN MgO 

J. R. ~hompson'  S. T. Sekula 
Y. Chcn 

Magnetic properties of two forms of Ni in 
single-crystal MgO have been s t ~ d i e d . ~  When in 
solution at densities of 1025-1026 m-3, the Ni ions 
exhibited classical paramagnetic behavior. Taking 
the spin S = 1 as appropriate for Ni2+, a 'gn fac- 
tor of 2.28 was obtained from the saturation 
magnetization, a value slightly larger (3%) than 
that observed elsewhere in ESR studies on more 
dilute materials (g = 2.215). No evidence of fer- 
romagnetic inclusions was observed, indicating a 
thorough dispersal of Ni in the MgO matrix. 

The "as-preparedn materials were subsequently 
processed for an extended time (-24 h) at 1800°C 
in  a reducing atmosphere of Mg vapor and then 
were quenched. This heat treatment produced 
small Ni-containing precipitates. These precipi- 
tates were ferromagnetic in character, displaying a 
remanent moment and magnetic hysteresis. The 
(extrapolated) zero-temperature, saturated mag- 



netic moment per Ni atom ranged from 0.25 to 
0.48 p~ in various samples. The moments were 
roughly proportional to the observed magnetic Tc. 
The Tc values, defined as the temperature at which 
the magnetization in a small field vanished, ranged 
from 275 to 595 K. Thus, both the moment/atom 
and Tc were below those observed in bulk fcc Ni, 
0.616 pB and 627 K, respectively. A lesser reduc- 
tion in moment/atom was also observed in the 
precipitated materials by polarized neutron 
scattering.3 These properties indicate a reduced 
magnetic exchange in the Ni-containing precipi- 
tates, perhaps due to incorporation of impurities, 
although one cannot rule out the possibility of sur- 
face effects in the small precipitates. Further inves- 
tigation would be required to characterize more 
fully the materials. 

The low-temperature experiments (4.5-280 K) 
were carried out in a vibrating sample magne- 
tometer4 with a superconducting solenoid providing 
magnetic fields to 10 T. The determinations of Tc 
were made in a low-field, high-temperature vibrat- 
ing sample magnetometer. 

1. Adjunct research and development participant from 
The University of Tennessee, Knoxville, Tenn. 

2. J. R. Thompson, S. T. Sekula, and Y. Chen, 
Physica B&C 107, 87 (198 1). 

3. R. M. Moon, private communication. 
4. S. T. Sekula and J. R. Thompson, 'Apparatus for 
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SUPERCONDUCTING TRANSITION 
TEMPERATURES O F  (V, -,TiJ3Ge 

Y. K. Chang H. R. Kerchner 
H. E. Harmon 

Materials with high superconducting transition 
temperatures Tc continue to be of interest due to 
their potential for application in energy-related sys- 
tems. In particular, the A15 cnmpounds A3B have 
attracted a great deal of attention as a result of the 
discovery of the highest known Tc in this family of 
materials. It is well known that Tc is closely 
related to the electron density of states and the 
phonon distribution. The high density of states at 
the Fermi surface, arising from the A-atom chains, 
is believed to be responsible for the high values of 
Tc that are frequently found for the A15 com- 
pounds. ~ e c e n t l ~ , '  a band structure calculation for 
binary compounds which was extended by the 
rigid-band method to pseudobinary compounds has 

predicted a peak value of Tc for the A15 phase 
(VI-xTix)3Ge with x = 0.13. Such a compound 
was prepared by casting an appropriate mixture in 
an arc melter and then remelting the material 
several times in an induction-heated silver boat. 
Specimens with a 1-mm2 cross section and 7 mm 
in length were cut with a wire saw and then chemi- 
cally etched to minimize the cutting-induced dam- 
age. The value of Tc was determined using a four- 
probe method in a low-temperature cryostat with 
controlled, continuous helium flow. A Tc of about 
6.1 K was obtained. This value is slightly lower 
than that of V3Ge and is much lower than the 
predicted value of 15 K. Specimens with x values 
deviating from the predicted value of x = 0.13 will 
be prepared for use in future determinations of Tc. 

I .  B. M. Klein, D. A. Papaconstantopolous, and L. L. 
Boyer, p. 455 in Superconductivity in d- and f-Band 
Metals, ed. by H. Suhl and M. B. Maple, Academic 
Press, New York, 1980. 

EXPERIMENTAL SEARCH FOR VERY LOW 
TEMPERATURE SUPERCONDUCTIVITY IN 

SEMICONDUCTING KTa03 ' 
J. R. ~ h o m ~ s o n ~  L. A. Boatner 

J. 0 .  ~ h o m s o n ~  

A series of experiments has been conducted in 
an effort to detect the presence of superconduc- 
tivity in semiconducting KTa03 single crystals. 
Semiconducting KTa03 has a number of properties 
in common with semiconducting SrTi03, which is a 
widely studied material that has been found to be 
superconducting below -U.3 K. For SrTi03, the 
T, first increases and then decreases rapidly as a 
function of carrier concentration. Both KTa03 and 
SrTi03 are perovskite structure oxides, and both 
have high dielectric constants at low temperatures 
("incipient ferroelectrics"). Thc similar properties 
of these materials suggest that semiconducting 
potassium tantalate might also exhibit supercon- 
ductivity. Superconductivity was not observed for 
KTa03, however, down to 0.01 K. 

Single-crystal samples of KTa03 were rendered 
semiconducting by a substitution of c a 2 +  for K+ 
ions during the crystal growth process. The (mea- 
sured) carrier concentrations lay in the range 
0.4-7.0 X m-3. The search for a supercon- 
ducting transition extended over the temperature 
range 0.01-4.2 K, and the applied magnetic fields 



ere on the order of 10-~-10-~  T. For T < 1.5 K, 
le search was carried out in a 3 ~ e - 4 ~ e  dilution 

refrigerator equipped for measurements of dc mag- 
netization with a SQUID-based system and for ac 
susceptibility studies. The system sensitivity was 
verified by observation of the paramagnetic signal 
from Dy203-doped KTa03 and was adequate to 
detect the diamagnetism due to flux exclusion from 
< 1% of the volume of the sample. 

The failure to observe superconductivity in 
KTa03, as opposed to the case of SrTi03, may 
ultimately aid in understanding the mechanism of 
superconductivity in the latter material. One differ- 
ence between KTa03 and SrTi03 is that the effec- 
tive electronic mass is larger for' SrTi03. This leads 
to a highcr density of states and higher transition 
temperatures. A second difference is that SrTiOl 
undergoes a transition to a tetragonal symmetry 
phase at 105 K, while KTa03 remains cubic to the 
lowest temperatures. This suggests that possibly 
there is a substantial difference in the strength of 
the electron-electron interaction in the two materi- 
als. The absence of superconductivity in KTa03 for 
T > 0.01 K may also help to differentiate between 
the many mechanisms assumed in various calcula- 
tions of transition temperatures in degenerate semi- 
conductors. 

I. Summary of paper to be published. 
2. Adjunct research and development participant from 

The University of Tennessee, Knoxville, Tenn. 
3. The University of Tennessee, Knoxville, Tenn. 

PHYSICAL PROPERTIES OF 
INSULATING MATERIALS 

THERMOELECTRIC BREAKDOWN OF MgO 
CRYSTALS AT HIGH TEMPERATURES 

K. L.  sang' Y. Chen 

All malerials curlduct electricity to a greatcr or 
.lesser extent, and all suffer some form of break- 
elown in a sufficiently strong elcctric field. In the 
case of insulators, it is commonly referred to as 
dielectric (or perhaps more aptly, thermoelectric) 
breakdown. Although it has been a subject of 
experimental and theoretical investigations for 
many years, there does not exist an unambiguous 
model of b r e a k d e ~ n , ~  even though models for 

ecific materials occasionally arise.3 

There has been a dearth of research on electrical 
breakdown in refractory materials, and most of the 
previous work has been confined to near room tem- 
perature. In this 'study, MgO crystals were chosen 
as a prototype refractory material for an investiga- 
tion of breakdown, because of the simple crystal 
structure and the availability of high-quality crys- 
tals. Previous studies have indicated that break- 
down in MgO is impurity related and that it occurs 
in tens to hundreds of hours at -1500 K with 
moderate To understand the role that 
impurities play in thermoelectric breakdown, 
efforts were concentrated on Ni-doped MgO. The 
goal. is to obtain a reasonable model for the 
phenomenon at high temperatures. 

Field Reversal 

A constant electric field of 1500 V cm-' was 
applied across Ni-doped MgO samples at 1473 K, 
and the current was measured as a function of 
time (Fig. 4.19). Initially, the current decreased 
from 0.20-0.12 mA in 40 min (top inset) and then 
increased approximately at an exponential rate 
until an arbitrarily chosen value of 18 mA was 
reached after 18 h. Upon field reversal. the current 
in the opposite direction instantaneously (<1 s) 
reached a maximum, which was also -18 mA. It  
then decreased to a minimum value of 0.7 mA in 
25 min; followed by an exponential increase which 
was faster than in the first cycle. Only 9 h were 
required to reach 18 mA in the second cycle. 
Several more field reversals were performed subse- 
quently. The current behavior was similar to that 

I I I A I I 
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Fig. 4.19. Current vs time at 1473 K with E = 1500 V 
cm-' fur several polarity reversals. 



of the first reversal, but the times to reach 18 mA 
diminished with each reversal. Ultimately, only 2 
h were required for each cycle, and no further 
decrease in time dependence was observed. Figure 
4.20 shows a plot of the time required to reach 18 
mA as a function of the sequential field reversals. 
The trend of the diminishing times required is 
evident. The time-dependent current after a rever- 
sal can be described as the sum of two exponential 

-c,r 
terms I ( t )  = I o l e  = lo2eCzt for t > 0, where 
l o , ,  Io2, c l ,  and c2 are positive constants, and c 2  is 
of the form exp(Q/kT + PE) .  
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Fig. 4.21. Current behaiior after a time increment 
without electric field (AtExo). 

instantaneous current in the opposite direction - I i  
was obtained, followed by a current behavior simi- 
lar to that shown in Fig. 4.19. 

The magnitude of Ii in either direction is a func- 
tion of the time interval with the field removed, as 
shown in the top portion of Fig. 4.22. The current 
decreasei rapidly in the first minute, but it eventu- 
ally reaches a value which is nearly constant. 

Short-Circuit Current 

0 A method which provides information on the dis- 
0 40 20 tribution of electric charges inside the sample and, 

nth REVERSAL OF FIELD therefore, on the mechanism of thermoelectric 

Fig. 4.20. Time necessary for the current to reach 18 breakdown is to measure the short-circuit current 

mA vs the nth field reversal. I,,, which is the current that flows from one sam- 
ple surface to the other via an external conductor 
when the electric field is removed. The I,, was 

Instantaneous 
E = O  

Current After Time Interval with 

An instantaneous current (<1 s), similar to that 
shown in Fig. 4.19, can be obtained in either direc- 
tion upon restoration of the field following a time 
interval without field, denoted as A t ( E  = 0). An 
illustration is shown in Fig. 4.21. An electric field 
was applied initially at t = 0 and removed at t = 

10 (in arbitrary units) when the current reached 
I i o  When the same field was reapplied at t = 11, 
an instantaneous current Ii was obtained. The sub- 
sequent current increas'e was slowed before increas- 
ing exponentially. If the field was removed at t = 

12 and a field reversal was applied. at t = 13, an 

mcasured as a fu~~ction of time after the field &as 
removed at t = 0, chosen to be when Ii = + 18 
mA. The result is shown in the bottom of Fig. 
4.22. The I,, was found to flow in the opposi te  
direction. It decreased rapidly in the first minute 
and then became nearly constant. While the shape 
of the I,, curve is similar and symmetric to the Ii 
curve, the former was about three orders of magni- 
tude smaller. 

The direction of the I,, suggests that electrons 
flow from the cathode end of the sample to the 
other sample surface via the external conductor. 
The relatively small I,, and the time-dependent 
shape of the I,, and Ii curves indicate that annihi- 
lation of charges occurs mostly within the crystal. 
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Fig. 4.22. Top curve: Zi vs time increment without elec- 
tric field. Bottom curve: I,, as a function of time. 

The initial surge of Ii shown in Figs. 4.19 and 4.21 
implies that most of the stored charges are local- 
ized in the sample surface regions'at the electrodes. 
We tentatively conclude that the thermoelectric 
breakdown at  high temperatures is due t.n a space 
charge incurred by injection of electrons and holes 
into the crystal. 
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ELECTRICAL CONDUCTIVITY OF 
POLYCRYSTALLINE MgO 

E. Sonder R. A. Weeks 

Extensive studies of the electrical properties of 
many MgO single crystals' have revealed varia- 
tions of conductivity that could not be attributed to 
nhserviihle alinvalent impurities, and it was pro- 
posed that dislocations and small-angle boundaries 

may influence the conductivity. Moreover, it has 
been shown that the destructive changes brought 
about by moderate electric fields during long 
anneals are related to the dislocation and grain 
boundary structure.' Thus, it appeared useful to 
compare the electrical conductivity of polycrystal- 
line MgO with that of single crystals over a wide 
range of temperatures. Polycrystalline material 
was obtained from Eastman Kodak. The material 
was commercially manufactured under the name 
"IRTRAN 5" for infrared windows. Analysis of 
the impurity content by atomic absorption and 
spark-source mass spectroscopy revealed that the 
sanlples contained large amounts of Li(40OPg/g) 
and moderate amounts of A1(35~g/g),  B(15pg/g), 
Cu( l 5 ~ g / g ) ,  F e ( 4 5 ~ g l g ) ,  N i ( 3 5 ~ g / g ) ,  S i (7O~g/g) ,  
and W(35pg/g). 

When dc conductivity measurements were 
attempted with a battery supply and electrometer, 
as employed for studies of single crystals,' polari- 
zation currents were observed that were orders of 
magnitude greater than those found in single crys- 
tals. These currents were so large, in fact, that dc  
measurements of conductivity were impractical. 
Consequently, a ratio arm bridge (GenRad Model 
162UA) was employed to make ac conductivity and 
capacitance measurements as a function of fre- 
quency o.ver the range 20 Hz-100 kHz. A guarded 
sample configuration was used to prevent errors 
due to surface and gas-phase conduction. The  
capacitance of the electrode-sample configuration 
was relatively temperature independent and 
changed only a small amount with frequency. The 
values measured, approximately 2 pF, can be 
accounted for by simply considering the sample to 
be i n  parallel wiih a srr~all i:apacitor. 

The resistance of the polycrystalline MgO sam- 
ple was strongly dependent on sample treatment 
and temperature. Measurements made in the first 
temperature cycle, as the temperature was progres- 
sively increased from 500 to 1200°C, yielded con- 
ductivities almost two orders of magnitude greater 
than that of single crystals of MgO. However, 
after the sample had been heated to 1200°C, the 
conductivity decreased, but after a long period a t  
this temperature, it stabilized a t  values that were 
comparable to the conductivities of MgO single 
crystals. 

Figure 4.23 illustrates the frequency dependence 
of the conductance for a number of selected mea- 
surements. The log of the measurement frequency 
is plotted vertically, and the log of the conductance 
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Fig. 4.23. Conductance of a polycrystalline MgO sam- 
ple as  a function of frequency and temperature. The curve 
labels give the temperature in degrees Celsius. 

is the abscissa. The high conductance values 
which were obtained at the higher temperatures ex- 
hibit a very small variation with frequency, partic- 
ularly for frequencies below 10 kHz. However, for 
data obtained below approximately 1000°C, 
frequency-dependent conductance becomes more 
prevalent as the measuring temperature decreases. 

Since the capacitance for this sample was 
independent of frequency and temperature, the 
ordinate scale of Fig. 4.23 is proportional to the 
imaginary component of the admittance 27rfC, 
where'f is the frequency and C is the capacitance. 
Thus, Fig. 4.23 can be considered an admittance 
plot according to the formalism that has been 
developed by a number of investigators3 for fitting 
complex impedance data to equivalent circuits. 
Within such a formalism a simple parallel circuit 
consisting of capacitance and resistance would pro- 
duce vertical straight lines such as those observed 
at high temperatures. If an additional capacitance 
was present in series with the resistor, a linear 
plot of the data of Fig. 4.23 would exhibit a half 
circle at low conductance values, ending in a verti- 
cal line at some higher limiting value of conduc- 
tance. Clearly, such a slope is not observed for 
IRTRAN 5 polycrystalline MgO; and the fre- 
quency dependence at the lower temperatures can- 
not be attributed to capacitive surface contacts or 
to a single series capacitance that might be due to 
the grain boundaries present. 

Figure 4.24 is a plot of the conductivity of IR- 
TRAN 5 polycrystalline MgO vs reciprocal tem- 
perature. The data points were obtained from ex- 

Fig. 4.24. Temperature dependence of the conductivity 
of polycrystalline MgO. The dashed line reflects data 
obtainod for a i l~~h i l lk i l ly  pure, slngle crystal; the 
crosshatchi~lg ir~dicates the variations observed by dif- 
ferent people for single-crystal conductivity. 

trapolating to 10 Hz the curves of Fig. 4.23. The 
error bars shown with the lower temperature data 
points indicate measurement uncertainties, which 
were due to difficulty in balancing the bridge when 
the resistances exceeded 10" ohms. The dashed 
line represents conductivity values for a single- 
crystal sample of Norton MgO (nominally pure), 
and the crosshatching indicates the range of values 
that have been observed for a variety of single- 
crystal samples.' It is clear that above 700°C the 
conductivity of the IRTRAN 5 material is only 
slightly greater than that of single-crystal MgO. 
However. at lower temperatures the conductivity 
rises significantly above the extrapolation of the 
high-temperature single-crystal data, indicating that 
another mechanism of conduction is becoming ac- 
tive. It is probable that this mechanism involves 



the grain boundaries. However, it should be borne 
in  mind, particularly in  view of the large concen- 
trations of impurities in the polycrystalline sam- 
ples, that the effects observed here, which do not 
occur in single crystals (i.e., the enormous polariza- 
tions, the large changes that take place after ini- 
tially heating the sample, and the low-temperature 
conductivity), may be due in  part to impurities. 
Increases in  conductivity and slow changes due to 
heat treatment have been observed in MgO single 
crystals doped with ~ i ~ 0 . ~  Also, large changes in 
the conductivity of single crystals of undoped MgO 
upon initial heat treatments have recently been at- 
tributed to diffusion and removal of carbon from 
near-surface regions of the. crystals during 
h ~ a t i n ~ . ~  It_ is possible that similar effects occur in 
the polycrystalline samples. 
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IDENTITY OF CURRENT 
CARRIERS IN SPINEL 

E. Sondcr 

Oxides of the light elements Mg, Al, and Si are 
the predominant constituents of high-temperature, 
~.Iectrically insulating ceramics. Thus it is surpris- 
ing that little data exist in the literature on electri- 
cal behavior of one of the simpler compounds of 
two of these oxides, MgAI2O4. We have reported1 
the temperature dependence of the cur~ductivity of 
MgA1204 spinel and have proposed that the resulls 
are consistent with purely ionic conduction. The 
present measurements of the transference number 
were designed to test this hypothesis. 

I f  a n  nxygen concentration cell i s  set up in which 
a spinel sample acts as an electrolyte hetween 
gases of differing oxygen partial pressures, a poten- 
tial is created across the sample due to different 
equilibrium levels of 02- at the respective surfaces 
in  equilibrium with the two gases. The voltage 

developed across such a cell, in the absence of any 
electronic conductivity, is 

where R is the gas constant, T is the absolute tem- 
perature, F is the Faraday constant, and p,  and p2 
are the respective oxygen pressures. However, if 
electronic conduction is present, the cell will act as 
a partial short circuit so that the measured voltage 
V is less than Vo. The ionic transference number, 
t i  = V/Vo, is a measure of the ratio of ionic to 
total conductivity. 

Using mixtures of 0 2  with Ar or C O  with C02 ,  
we have measured the voltage produced across 
pure and lightly iron-doped, single-crystal spinel 
samples. Transference numbers obtained from 
these measurements are given as a function of'oxy- 
gen partial pressure in Fig. 4.25(a). Measurements 
of the conductance vs oxygen partial pressure are 
given in  Fig. 4.25(b). 

The data of Fig. 4.25(a) indicate that for two 
different temperatures and for both nominally pure 
and iron-doped spinel (1000 ppm Fe), the transfer- 
ence number is 1.0, within experimental error, for 
oxygen partial pressures between 1-10-l2 atm. 
Therefore, we conclude that conduction in both un- 
doped and lightly iron-doped spinel is wholly ionic. 

The conductance measurements shown in Fig. 
4.25(b) indicate that the number of current car- 
riers is independent of the oxygen partial pressure. 
It', for example, electronic holes h were produced 
by a reaction such as 

followed by 

then the concentration h +  would be a function of 
the oxygen partial pressure. In a similar fashion, if 
the cation vacancies V compensating for the inclu- 
sion of excess 02- in the lattice were the current 
carriers, their concentration would be sensitive to 
oxygen pressure. Thus, observed lack of sensitivity 
of the conductivity to oxygen pressure rules out 
reactions such as those indicated above as the 
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Fig 4.25. ~ransference number and conductance of 
MgAI204 spinel as a function of oxygen partial pressure. 
(a) Transference numbers are given for two samples and 
two temperatures: o nominally pure spinel, 800°C; 
nominally pure spinel, 1 180°C; and Fe-doped spinel 
( 1000 ppm), 1050°C. (b) Conductance is given for nomi- 
nally pure spinel at the two temperatures indicated. 

source of the predominant current carriers. It is 
well known that spinel can be prepared with an ex- 
cess of A I ~ +  but that excess M ~ * +  produces a 
two-phase syslem. Thus, it is probable that in 
"stoichiometric" spinel, such as that used in the 
present experiments, there exists a small excess of 
A1203, accompanied by cation vacancies. The latter 
act as current carriers; their concentration would 
not depend on ambient oxygen pressure, in agree- 
ment with the observation depicted in Fig. 4.25(b). 

I. R.  A. Weeks and E. Sonder, J. Am. Ceram. Soc. 
63, 93 ( 1980). 

OPTICAL ELLIPSOMETRY STUDIES OF 
TRANSITION METAL CARBIDES 

F. A. Modine G. R. Gruzalski 

A systematic investigation of the optical proper- 
ties of the transition metal carbides has been un- 
dertaken. The investigation is based upon ellip- 
sometry measurements, which are supplemented by 
optical reflectance studies. The optical properties 
of only a few of the transition metal carbides have 
been studied previously, principally in connection 
with electronic-band-structure calculations, and 
only the optical properties of T i c  have been inves- 
tigated in detail by more than one research 
group.'-3 Moreover, the various results for T i c  are 
in poor agreement. Because ellipsometry is in- 
herently superior to the reflectance techniques used 
exclusively by the previous investigators of car- 
bides, more dependable results can be expected 
from the current investigation. The studies em- 
phasize the relatively low-energy region of the opti- 
cal spectrum (i.e., the near-infrared to near- 
ultraviolet), which is most readily accessible to el- 
lipsometry and least accessible to complementary 
techniques utilizing synchrotron radiation. In this 
spectral region, optical properties supply informa- 
tion on both chemical bonding and electron trans- 
port. Furthermore, because the density of states of 
these materials is low near the Fermi energy, opti- 
cal properties are quite sensitive to the observed 
wide variations in stoichiometry. 

An automated scanning ellipsometer of the po- 
larization modulation type has been constructed to 
perform these studies. Typically, the ellipsometer 
permits a 500-nm spectral scan to be made in as 
little as 100 s, while random noise is maintained at 
an insignificant level. The apparatus has a low- 
temperature (10-300 K )  measurement capability. 
Computer codes have been developed to reduce the 
ellipsometry data to optical constants (e.g., dielec- 
tric functions, refractive index, absorption coeffi- 
cient, optical conductivity, and reflectance). More- 
over, techniques for accurate calibration and for 
reduction of small systematic errors have been es- 
tablished, and the apparatus has been tested on 
materials having known optical properties. 

Initial efforts have focused primarily on T i c  and 
VC because these crystals are most readily avail- 



able, though still difficult to obtain. Studies of T i c  
have given results similar to, but nevertheless signi- 
ficantly different from, those of other investigators. 
The previous optical properties data for T i c  stem 
solely from reflectance measurements, and Fig. 
4.26, which shows various reflectance spectra, 
reveals the differences. The reflectance spectra 
differ more than can be attributed to 
stoichiometry; in fact, the differences are greater 
than those found by a single investigator measuring 
crystals of different stoichiometry. How much 
these reflectance variations can be attributed to 
measurement technique and surface preparation is 
yet to be established. Optical constants computed 
from such different reflectance spectra are neces- 
sarily different, but they can also differ because 
the reflectance must be extrapolated to both zero 
and infinite energy to obtain phase information 
from a Kramers-Kronig analysis. Such extrapola- 
tions are unnecessary in ellipsometry analysis 
because phase information is obtained directly. 
Reflectance data are very useful as a verification 
of ellipsometry results, and the reflectance com- 
puted from ellipsometry measurements on T i c  and 
other carbides has been found to be in excellent 
agreement with our directly measured spectra. 

Figure 4.27 shows representative ellipsometry 
results for a single crystal of VC0,88, which is the 
ordered structure of V8C7. The crystal had been 
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Fig. 4.26. The optical reflectance of Tic, as rneasured 
by various investigators. The solid curve is from the 
present work ( X  = 0.92). The dashed curve is from ref. 
I (X = 0.90, measured at 4.2 K). The curve labeled by 
crosses is from ref. 2 ( X  = 0.999, a hot-pressed sample). 
'he curvc labclcd by circlcs is from ref. 3 ( X  - 0.794). 
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Fig. 4.27. The optical dielectric function of a single 
crystal of VC. The dashed curve is the imaginary part. 

mechanically and electrolytically polished.4 Ruther- 
ford backscattering disclosed very little surface 
damage and revealed that any surface oxide could 
amount to no more than a monolayer. The diver- 
gence of the dielectric functions at low energy is 
typical of metallic materials and is due to inter- 
band transitions. The electrical conductivity of VC 
is much higher than that of group IV carbides, 
such as Tic ,  and the more metallic character of 
VC is apparent in the optical spectra. For example, 
the real dielectric function is positive throughout 
the visible spectrum for Tic ,  whereas it is negative, 
or depending upon stoichiometry, nearly so for VC; 
the sensitivity of the optical functions to Fermi- 
level changes induced by deviations in 
stoichiometry was readily observed. 

  he structure at higher energy in the VC spectra 
is due to interband transitions between the hybrid- 
ized vanadium d and carbon p bands that span the 
Fermi surface in the cubic transition metal car- 
bides. The portions of Brillouin zone contributing 
to the structure have not been established. The 
VC0.88 exhibits more pronounced structure than 
does VC0.84r probably because the vacancies on the 
carbon lattice are highly ordered, rather than 
because of the higher stoichiometry. Much less 
structure is observed for disordered T i c  of highcr 
stoichiometry. Fermi-level differences can change 
interband structures, but the changes are expected 
to be most pronounced at low energies where they 
are masked by intraband transitions. If the intra- 
band contributions can be subtracted, they may be 
observable. 



Further work on optical properties of the transi- 
tion metal carbides will focus on: (1) obtaining 
reliable optical properties data, (2) separating 
intra- and interband effects, (3) interpreting 
Fermi-level changes due to variations in 
stoichiometry, (4) carbon lattice ordering, (5) 
parameters associated with electron transport, and 
(6) interpreting optical properties in terms of band 
structure. 

I. D. W. Lynch et al., Phys. Rev. B 22, 3391 (1980). 
2. J. F. Alward et al., Phys. Rev. B 12, l 105 (1975). 
3. R. G. Lye and E. M. Logothetis, Phys. Rev. 147, 

622 (1966). 
4. G. R. Gruzalski, "Electrolytic Polishing of Vana- 

dium Monocarbides," this report. 

OPTICAL REFLECTANCE OF 
TANTALUM CARBIDE 

F. A. Modine R. W. ~ a j o r '  
G. R. Gruzalski 

Among the cubic transition metal carbides, 
TaC, displays the most apparent sensitivity of op- 
tical properties to stoichiometry. The color of the 
compound changes from gold to silver as carbon 
content is reduced, presumably as the consequence 
of an increasing Fermi level. In order to investigate 
the electrical properties and electronic structure of 
TaC, and their dependence on stoichiometry, opti- 
cal studies of the material have been undertaken. 
The optical reflectance of TaC, has been mea- 
sured, and the measurements have been extended 
to the infrared in an attempt to resolve interband 
effects. 

Figure 4.28 shows the optical reflectance of 
TaC, for the spectral range 0.05-5.8 eV. The inset 
shows the low-energy reflectance plotted so that it 
can be interpreted in terms of the Drude theory 
and the Hagen-Rubens appr~ximation.~ The solid 
line of the inset represents a fit of the Drude 
theoryto the data shown as points. The dashed line 
is fit to the slope of the curve at zero energy. In 
the Hagen-Rubens approximation the slope is 

0.2 I I I I I 
0 4 2 3 4 5 6 

ENERGY lev1 

Fig. 4.28. The reflectance spectrum of TaC. The inset 
depicts a fit of the low-energy reflectance to Drude 
theory and the Hagan-Rubens approximation. 

equal to the dc electrical resistivity. The result 
implies a resistivity equal to 70 pQ.cm, which 
compares to a directly measured value of 34 
p ~ . c m . 3  The difference is significant and may he 
attributed either to differences in surface and bulk 
conduction or to interband contributions to the 
reflectance. The latter is suggested by the fit to 
Drude theory which implies a plasma energy equal 
to about 40 eV, which is much too high. 

Further work is planned in whiich other samples 
will be measured, and more powerful methods for 
separating intra- and interband effects will be 
applied to calculated dielectric functions. 

I. Summer faculty research participant from Univer- 
sity of Richmond, Richmond, Va. 

2. M. Born and E. Wolf, Principals of Optics, 
Macmillan, New York, 1964. 

3. G. R. Gruzalski, T. M. Haywood, and F. A. 
Modine, "Electrical Properties of Transition Metal Car- 
bides," this report. 



5. Neutron Scattering 

The objective of the Neutron Scattering Program continues to be the study of 
the structure and dynamics of condensed matter on a microscopic level. Much of 
the information obtained through neutron scattering is unique, in that it cannot be 
obtained through other experimental techniques, and it is important, in that it 
provides fundamental details of structures and of atomic interactions. Such 
information is essential for increasing our knowledge of the solid state and in 
providing insight to, and guidance for, the solution of our long-range energy-related 
materials problems. 

There has been a growing involvement with outside users of ORNL neutron 
scattering facilities, a trend which will surely continue in the future. A highlight of 
this reporting period was the completion of the 30-m SANS instrument, funded by 
the NSF and DOE as part of the National Center for Small-Angle Scattering 
Research, which has been established at ORNL under a joint interagency 
agreement between these two organizations. Since its dedication in January 1981, 
this instrument has been in steady demand by outside users. A total of 78 proposals 
has been received, 44 of them in the field of polymer science. Our informal 
program for the use of the remainder of the neutron facilities continued in 
successful operation with about 36 outside participants during this period. This 
program will be placed on a more formal basis with increased visibility beginning 
in January 1982. A conceptual design for the wide-angle neutron diffractometer to 
be constructed as part of the United States-Japan Cooperative Program on 
Neutron Scattering has been completed. Our close and productive collaboration 
with the Ames Laboratdry staff has continued. 

The small-angle scattering program in this Division has been strengthened by 
the transfer of the small-angle x-ray laboratory from the Metals and Ceramics 
Division. A major new facility developed in this laboratory i s  a dynamic 
deformation device for studying transient structural effects in polymers while under 
deformation. The locally originated SANS program has featured a number of 
polymer studies and a continuation of the work on oil shale and coal solutions. 

In lattice dynamics, the study of the fascinating behavior of a-U has 
continued with observations of the pressure and temperature dependences of two 
sels of charge de~lsity waves, one commensurate and one incommcnsuratc. New 
information on the lattice dynamics of superconductors has been obtained through 
studies of the A15 compound Nb3Sb, of the layered superconductor PdTe*, and of 
Nb alloys. Strong coupling between valence fluctuations and phonons was observed 
in TmSe and in the high-pressure phase of SmS. Studies of the dynamics of water 
hiologicill systems (brine shrimp) have been initiated. Phonon dispersion curves for 
SbCls intercalated in graphite have been measured for two stages of intercalation. 

I n  the area of magnetic properties a wide variety of phenomena have been 
investigated. Unusual phase transitions have been studied in MnP, where Lifshitz 
behavior was confirmed, and in Gd, where a second-order spin reorientation 
transition occurs. A variety of structures and phase transitions have been observed 



in the system H o ~ - ~ E ~ ~ R ~ ~ B ~  and in the related material HoB4. Spin density 
measurements have been performed on Ni, which have been focused on the 
temperature dependence of the asymmetry, and on the itinerant ferromagnet 
TiBel,8Cuo.2. The distribution of atomic moments in ferromagnetic alloys has been 
measured in Co-V and in compositionally modulated Ni-Cu. The polarization 
analysis technique has been used to reveal new information on the complex 
magnetic behavior of the Cu-Mn spin-glass system. In a preliminary experiment, 
with eventual application to the study of true two-dimensional magnetic systems, 
diffraction patterns of very thin samples of manganese stearate have been observed 
and analyzed. The temperature dependence of the magnetic excitations in EuO and 
Gd has been studied, and in both cases, magnon-like excitations were observed 
above T,. 

Two major improvements to our experimental facilities are nearing 
completion. New computer systems for the four triple-axis instruments will result 
in better and more flexible control of experiments and in greatly expanded 
capability for data analysis. A new monochromator system for the correlation 
chopper should result in higher intensity and better energy resolution. This 
monochromator system features ultrasonically pulsed, perfect Si crystals. 

SMALL-ANGLE SCATTERING in progress on a range of polymers, including poly- 
isobutylene (P. J. Flory, Stanford University) and 

ONE YEAR'S EXPERIENCE WITH THE polymethyl methacrylate (J. O'Reilly, Eastman 
ORNL-NSF-DOE NATIONAL FACILITY FOR Kodak Company). The first results on the latter 

SMALL-ANGLE NEUTRON SCATTERING' polymer (Fig. 5.1) indicate that the scattering at 

W. C. Koehler R. W.  endr ricks^ 
H. R. Child J. S. Lin 

G. D. Wignall 

In SANS experiments it is the fluctuation in 
scattering-length density that is important. More- 
over, the "contrast" can be varied by substituting 
isotopes, such as D for H, and this has made possi- 
ble tremendous progress in understanding the prop- 
erties of macromolecules in the bulk and in solu- 
tion. Important investigations on polymers have 
been carried out over the past decade or so at 
C.E.N., Saclay; KFA, Jiilich; and ILL, Grenoble; 
and experiments on suitably labeled systems are 
now being done on the 30-m SANS instrument at 
ORNL. Of the 78 proposals received for this 
instrument, 44 are in the area of polymer science. 
We give here a few selected results. 

SANS experiments on amorphous polymers have 
confirmed the general predictions of Flory's ran- 
dom coil model that the overall molecular size as 
measured' by the radius of gyration in the bulk 
state is the same as in an ideal s~ lu t ion .~  These 
experiments are currently being extended to higher 
values of K to test how far the local configuration 
in the melt is described by this model. Projects are 

intermediate K values 0.1 < K < 0.6 A-' is 
markedly dependent on the chain tacticity and that 
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Fig. 5.1. Experimental Kratky plots for 20 mole % 
polymethyl methacrylate H in PMMA-D matrix com- 
pared to the qualitative predictions of the rotational 
isomeric theory for different polymer tacticities. 

the qualitative shape of the scattering curve as a 
function of tacticity is consistent with the random 
coil model using rotational isomeric statistics. The 
model calculations will now be refined by Flory's 



roup using the appropriate tacticity parameters 
3r the three polymer samples measured to check 

the degree of quantitative agreement between 
theory and experiment. 

Until recently, SANS experiments on polymers 
have been conventionally performed with small 
relative concentrations (<5%) of labeled polymer, 
but recent measurements on the 30-m SANS 
instrument and elsewhere have confirmed that the 
same information may be obtained with concentra- 
tions of labeled molecules up to 5 0 % ~  This 
development means that experiments can be per- 
formed with much greater statistical accuracy, and 
it has been particularly useful in the intermediate 
K-range measurements described above, where the 
scattered intensities are relatively low. 

Several projects aimed at developing a .fuller 
understanding of polymer-polymer interactions in 
multicomponent polymer blends (alloys) are in 
progress. SANS studies have shown that poly- 
styrene-polyphenylene oxide, marketed commer- 
cially as Noryl, forms a truly compatible blend 
with a statistical distribution of the two 
components.5 Extensive studies are in progress on 
both compatible and incompatible (phase- 
segregated) blends by Stein's group (University of 
Massachusetts). Experiments aimed at providing 
information on the domain organization, chain 
configuration within the domain, and nature and 
extent of the interface regions in phase-separated 
diblock copolymers (C. V. Berney and R. Cohen, 
MIT) are also in progress. 

Several projects are in progress or are scheduled 
to investigate the response of individual molecules 
to a macroscopic deformation of a sample. The 
first results have been collected on extrudates of 
oriented polystyrene samples prepared by a new 
technique developed by R. S. Porter and R. S. 
Stein (University of Massachusetts) to produce 
polymers of ultrahigh orientation and chain exten- 
sion. The results show that the radii of gyration 
transform in the same manner as the external 
dimensions (affine deformation). This result is in 
marked contrast to studies made on drawn poly- 
styrene in which the chain deformation has been 
shown to be strongly n~naff ine .~  Further projects 
will extend these studies to semicrystalline poly- 
mers. 

~ r o ~ o s a l s  in the chemistry and materials area 
are the next most numerous, 30 of 78. Two groups 
are currently investigating micellar systems. These 
.re significant in many practical areas, namely, 

enhanced oil recovery, detergent action, and 
catalysis, as well as in fundamental surface and 
solution chemistry. Studies are also under way on 
the unfolding of model protein systems. 

For spherical micelles, in the range of concentra- 
tion where interparticle interaction occurs, the 
intensity is proportional to a product of two terms 
I(K) - P(K)S(K). The first term is the single par- 
ticle form factor, and it is a monotonically decreas- 
ing function of K. The second term is the interpar- 
ticle form factor, and in the range of K covered by 
the SANS experiments, it is monotonically increas- 
ing. The net effect is an "interactionn peak in the 
small-angle scattering spectrum. In most cases this 
peak is well within the Guinier region so that the 
particle dimensions can be extracted from the K 
regiorl I X ~ O I I ~  the peek. 

S. Chen and D. Bendedouch (MIT) have studied 
the inter- and intraparticle structure factors of pro- 
tein bovine serum albumin (BSA) and micelles 
formed by the ionic detergents sodium dodecyl sul- 
fate (SDS) and lithium dodecyl sulfate (LiDS) in 
aqueous solutions of various ionic strengths at tem- 
peratures ranging from 20-65OC. At low ionic 
strengths and moderate concentrations, a dominant 
electrostatic interaction causes a dramatic sharpen- 
ing of the interparticle structure factor in such a 
way that a prominent interaction peak in the 
SANS pattern is observed. As the ionic strength is 
increased (by adding salt), the structure factor is 
gradually washed out, with the result that the 
pattern is reduced to a normal intraparticle form 
factor for spheres. This latter effect is shown in 
Fig. 5.2 for LiDS at 50°C, with and without 
additions of LiCl. The ultimate aims of this series 
of experiments are to extract the interparticle 
structure factor from the data and to study it as a 
function of concentration, ionic strength, and 
temperature. The experimental results are to be 
compared with the recent theoretical results of 
liquid structure factors for charged hard spheres in 
the presence of neutralizing counter ions. 

C. K. Johnson, R. Triolo, L. J. Magid, and P. C. 
Ho (ORNL) have investigated aqueous solutions of 
the surfactants sodium p (1-pentylheptyl) ben- 
zene sulfonate (64C12SNa) and sodium p 
( 1 -heptylnonyl) benzene sulfonate (89CI6SNa). A 
prominent feature in the scattering curves is the 
existence of an interaction peak at the higher sur- 
factant concentrations due to intermicellar interac- 
tions. The R, values, determined from the K 
region beyond the peak, range from 11.3 A for the 



ORNL-DWG 81-159751 

= 0 

0 1 I I I I I I I I I 
0 0.04 0.08 0.12 0.18 

K 

Fig. 5.2. I(K) for LiDS at 50°C with LiCl (upper 
curve) and without salt (lower curve). 

most dilute to 14.9 A for the most concentrated 
solutions. The main effect of the addition of salt 
in this system is to increase I ( 0 ) .  Calculations of 
S(K) are being made using the mean spherical 
approximation. 

In the metal physics area, two related experi- 
ments on the formation of grain boundary cavities 
have been performed (J. Weertman, Northwestern 
University, and M. Yoo and J. C. Ogle! ORNL). 
The mechanism of phase transitions (decomposi- 
tion) is being studied in binary Fe-Cr alloys (L. 
Schwartz, Northwestern University) and in ternary 
Fe-Cr-Co alloys (S. Spooner, Georgia Institute of 
Technology). 

In general, last year's experience with the 
ORNL-NSF-DOE SANS facility has been satis- 
factory for the staff and for the user community. 
There remain a few instrumental problems to be 
solved and sources of background to be tracked 
down and eliminated, but generally even. the weak- 
est scatterers studied (J. Weertman's Cu samples) 
have given useful data. For many specimens the 
turnaround time is as low as ten minutes, but a 
more usual measuring period is a few hours. 

- - 
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CHARACTERIZATION OF 
OIL-BEARING DIATOMITES BY 
SMALL-ANGLE SCATTERING' 

G. D. Wignall H. R. Child 
R. L. schmidt2 W. C. Koehler 

J. S. Lin 

Little information is currently available on the 
size distributions of pores in oil-bearing shales, dia- 
tomite~, and chalks, and these important untapped 
petroleum reserves have only recently become the 
subject of systematic scientific study. Shale oil 
recovery techniques center on a variety of methods 
for increasing the porosity and permeability of the 
material, and a detailed knowledge of the pore size 
distribution is, therefore, fundamental to control- 
ling the permeability of oil in these systems. 
SANS and SAXS techniques are ideally suited to 
the chara~terization of pores in the size range 
20-2000 A, though preliminary work on shale 
systems3 demonstrated that other scattering hetero- 
geneities present (minerals, iron pyrites, etc.) could 
also make a significant contribution to the small- 
angle scattering patterns and that these hetero- 
geneities would affect the SANS and SAXS 
patterns differently. Recent work has, therefore, 
centered on separating the contribution of pores 
and other potential scattering heterogeneities in a 
series of biogenically precipitated silicas (diatom- 
i te~) ,  which are known to contain the minimum 
heterogeneity levels of all important oil-bearing 
formations. Combined SANS and SAXS experi- 
ments have been made on the same diatomite sam- 
ple using methods developed by Vonk and 
co-workers: which have been shown to reproduce 
accurately the known pore size distributions of 
standard precalibrated samples.5 Figure 5.3 shows 
the pore size distributions determined indepen- 
dently from SAXS and SANS measurements on 
the same sample of a potentially rich (9.4 wt % 
organic cnrbon) diatomaceous formation, after 
removal of the oil by physicochemical extraction 
and oxidation techniques. The close agreement 
between the two distributions indicates that the 
contribution of other scattering heterogeneities is 
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Fig. 5.3. Radial distribution functions of pores in dia- Fig. 5.4. Radial distribution of oil-bearing pores in dia- 
tomite sample 4 (well depth, 1897 m) determined by tomite sample l (well depth, 1772 m) determined from 
SANS and SAXS. SANS difference experiments. 

small. The peak pore radius determined by these 
techniques ( 16-1 9 A) compares favorably with 
values of 21 A measured by gas adsorption and 25 
A measured by transmission electron microscopy 
(TEM) on similar d ia t~mi tes .~  The latter value 
was obtained by averaging the results of five 
independent observers whose individual results 
revealed wide differences in the number of peaks in 
the distribution (1-3) and divergencies up to 20 A 
in the peak positions. Thus, small-angle scattering 
techniques seem to be superior to TEM methods 
with regard to reproducibility and lack of subjec- 
tive bias. 

To obtain information on the oil-bearing pores, 
difference experiments were performed between 
samples treated to remove the oil and the original 
untreated materials. The physicochemical methods 
used are believed to remove the oil without chang- 
ing the matrix or pore distribution. In vicw of the 
extremely strong scattering cross sections of this 
type of sample, the differences are easily measured 
in short run times (<1 h) for both SANS and 
SAXS, and Fig. 5.4 shows the pore size distribu- 
tion of oil-bearing pores f ~ r  a diatomite containing 

11.6 vol % of oil. The peak in the oil-filled pore 
size distribution occurs at r = 30 A compared to a 
value of r = 22 A for the total pore distribution, 
indicating that the oil has been preferentially 
removed from the larger pores by the physicochem- 
ical methods involved. The distribution has a long 
tail out to r = 800 A, and after weighting for the 
pore volume, it may be estimated that over 80% of 
the oil removal occurs from pores with radii in the 
range 180 < r < 800 A. In this range the pore 
size distributions were found to be less reliable due 
to oscillations introduced by the mathematical con- 
straints applied to the data, and alternative 
methods for examining the larger pores were 
explored. This indicates another potential advan- 
tage of small-angle techniques, that is, the ability 
to focus on a particular part of the pore size distri- 
bution by an appropriate choice of the range of 
scattering vector K mcasured. In general, the 
intensity observed at smaller K is sensitive to the 
larger scattering fluctuations in the system, and 
hence SANS measurements in the limit K --* 0 can 
give information on the technologically important 
larger oil-bearing pores. Furthermore, the strong- 



est scattering signals occur in this limit and thus 
facilitate accurate characterization of these pores. 
Methods originated by Debye and co-workers798 
have been shown to be applicable in this limit,3 and 
for the difference intensity data used to derive the 
oil-bearing pore distribution (Fig. 5.4), the Debye 
plots are linear in the range 0.2 X S K~ 
< 2 X A-2 with a measured correlation 
length, a = 378 _+ 20 A, equivalent to an aver- 
age particle diameter of 640 + 30 A for the larger 
pores. 

Finally, the difference techniques developed in 
this work should be applicable even to systems 
where other scattering heterogeneities make an 
appreciable contribution to the measured intensity, 
as long as the matrix is unaffected by the physi- 
cochemical methods employed. 

I .  Summary of paper to be published. 
2. Chevron Oilfield Research Company, La Habra, 

Calif. 
3. G .  D. Wignall et al., Solid State Div. Prog. Rep., 

Feb. 29, 1980, ORNL-5640, p. 184. 
4. C. G. Vonk, J. Appl. Crystallogr. 9, 433 (1976). 
5. R. Triolo and H. R. Child, "Small-Angle Scatter- 

ing from Ludox Particles," this report. 
6. D. C. Hurd et al., Am. J. Sci. 281, 833 (1981). 
7. P. Debye and A.M.J. Bueche, J. Appl. Phys. 20, 

518 (1949). 
8. P. Debye, H. R. Anderson, Jr., and H. Brumberger, 

J. Appl. Phys. 28,679 (1957). 

SANS FROM COAL EXTRACT SOLUTIONS 

R. R. Triolo' H. R. Child 

Recently, Maxwell, Child, and  arte en^ reported 
SANS measurements on several samples of 
extracts of Illinois No. 6 coal. The different sam- 
ples were prepared with .different techniques, and 
the only conclusion possible at that time was that 
SANS seemed to be a promising method for 
measuring weight-average molecular weights of 
coal extracts. 

Here, we will present some SANS data obtained 
on similar Illinois No. 6 coal extracts as a function 
of time and of concentration. The purpose of this 
study was to assess the stability of the extracts 
with time and to determine whether a "molecular 
weightn which is independent of concentration can 
be determined. If the apparent molecular weight, 
which is related to the extrapolated zero-angle 
scattering, is not independent of concentration, 
then the scattering unit should clearly not be iden- 

tified as a molecule but rather as a particle with z 
concentration-dependent size. 

The samples for this study were obtained by 
extraction of Illinois No. 6 vitrinite with 
perdeuterated pyridine with a thermal gradient of 
100°C. After extraction, the sample was centri- 
fuged at 20,000 rpm for 30 min and then was 
filtered through a 0.2-p Teflon Millipore filter. 
The filtrate was collected in a quartz cylindrical 
spectrophotometric cell. Further dilutions were 
made in situ by withdrawing a predetermined 
amount of solution and replacing it with pure per- 
deuterated pyridine. All manipulations were done 
under inert atmosphere N2. Another sample of the 
same extract was sealed in another similar cell, and 
the scattering was measured at the beginning of 
the experiment (time 0) and after 18, 75, 180, and 
400 h. An apparent difference, noticeable in two 
runs, is due to the fact that the runs after 180 and 
400 h were done with different slits; but when nor- 
malized to the same exposed area, thc rcsults of all 
the runs agreed within the experimental errors. 
We can conclude, therefore, that samples prepared 
in this way maintain their scattering properties for 
periods of time which are long compared to the 
length of the experiment. 

The results for a study of the same solution as a 
function of concentration are shown in Fig. 5.5. 
After correcting for the solvent scattering, the data 
were fitted by least squares to the Debye scattering 
law3 

with the three parameters lo, a, and C. The values 
obtained are shown in Fig. 5.6 for all the solutions 
except the most dilute, which did not seem to give 
reasonable values because the scattering was too 
small. As shown in Fig. 5.6, Eq. (1) gives an 
excellent fit to the observations. 

The linear increase of the constant C is con- 
sistent with the incoherent scattering from H in the 
coal particles. The decrease in the correlation 
length a indicates that the scattering particles are 
decreasing in size as the concentration increases. 
Particles of constant size should show a linear rela- 
tionship between I. and the concentration; hence, 
the I. behavior also indicates that the particles are 
decreasing in size as the concentration is increased. 

Our present conclusion is that the particle sizes 
obtained in these experiments are not fundamental 
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Fig. 5.5. SANS intensity vs K = 4r sin B/X for an ex- 
tract of Illinois No. 6 coal solution in perdeuterated pyri- 
dine as a function of concentration. Solid lines are calcu- 
lated from Eq. ( I )  with parameters shown in Fig. 5.6. 

properties of the coal samplcs but dcpcnd on thc 
mechanical and chemical processing and on the 
particle concentration. Further analyses of these 
data will be performed when the chemical analyses 
of the coal samples are completed. 
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Fig. 5.6. Parameters Zo, a, and C of Eq. (1) vs concen- 
tration for the coal solutions shown in Fig. 5.5. Errors of 
the points are estimated to be k 5 to 10%. 

SMALL-ANGLE SCA'ITERING 
FROM LUDOX PARTICLES 

R. Triolo' H. R. Child 

An important step in the process of analyzing 
small-angle diffraction curves of polydisperse sys- 
tems is the inversion of experimental data to obtain 
size distribution functions. Several methods are 
currently available, each presenting some positive 
and negative aspects. The ideal situation would be 
one in which synthetic size distributions obtained 
by mixing components of different sizes could be 
analyzed by the different methods. Such analyses 
could then be compared to evaluate the methods. 

Unfortunately, in nature no system ;s strictly 
monodisperse and very often polymodal and 
polydisperse distributions are encountered. Sys- 
tems of this type are common in enhanced oil- 
recovery technology as well as in coal-extract tech- 

1 .  Chemistry ~ivis ion,  ORNL. 
2. B. E. Maxwell, H. R. Child, and A. H. Narten, nology. We present here some preliminary data on 

Solid Div, Prog, Rep,, Feb, 29, 1980, polydisperse, colloidal silica suspensions (Ludox) as 

ORNL-5640, p. 186. well as bimodal polydisperse suspensions obtained 
3. P. Debye and A. M. Bucche, J. Appl. Phys. 20, mixing different samples of Ludox. 

518 (1949); P. Debye, H. R. Anderson, Jr., and H. six grades of Ludox colloidal silica are commer- 
Brumberger, J. Appl. Phys. 28, 679 (1957). cially available: AM, AS, HS, SM, LS, and TM. 



The stabilization of the suspension is due to a 
slight negative charge on the surface of the parti- 
cle. The AS grade uses ammonium ions as counter 
ions; the other five grades use sodium ions as 
counter ions. In addition, the type AM also has 
some A1 atoms replacing Si atoms on the surface. 

We decided to study three types that have the 
same chemical composition but differ in the size of 
the particles. Typical properties of the samples 
used (before dilution) are presented in Table 5.1. 

Table 5.1. Properties of initial Ludox colloidal 
silica solutions 

- - -- 

Concn %, v/v 30 40 30 
Concn S O z ,  wt % 30 40 50 
Particle radius, A 3 8 77 118 
Viscosity at 25OC, cP 6.5 26 40 
Density at 25OC, g/ml 1.22 1.31 1.39 

We have studied these three types and some of 
their mixtures with both SAXS and SANS. The 
machines used were the 10-m SAXS instrument 
and the 30-m SANS instrument at ORNL. All 
the dilutions of the samples have been done 
volumetrically with D 2 0  to achieve maximum con- 
trast for the SANS experiments. The same 
solutions were also used for the SAXS studies. 
Experimental results have been obtained in the 
concentration range 40-0.05% (v/v) for x rays and 
40-0.5% when neutrons were used.2 In addition, 
we also studied some mixtures, SM-TM and HS- 
TM, at the highest concentration. 

Interesting effects from the interacting spherical 
particles are reflected in the scattered intensity for 
the more concentrated solutions, and these effects 
will be studied in more detail in the future. Our 
primary interest at present, however, is the use of 
the dilute solutions to try out the methods of 
extracting particle distributions available to us. 

For the data obtained for Ludox solutions as a 
function of concentration, the measured values of 
the radii of gyration3 at small K are consistent 
with the size of the particles as specified by the 
manufacturer (DuPont), so long as the dilution is 
small. More concentrated solutions show interac- 
tion effects as mentioned above; therefore, in this 
region of concentration the particles are no longer 

ideal polydisperse systems; and hence, the methods 
of extracting particle-size distributions are not 
applicable. 

We are presently analyzing dilute solution data 
with all the methods currently available to us for 
extracting size distributions; these include 
Schmidt's m e t h ~ d , ~  Glatter's method,5 and Vonk's 
m e t h ~ d . ~  As an example, in Fig. 5.7 (left) we 
show typical experimental (*) and calculated ( 0 )  

points using the size distribution function shown on 
the right of Fig. 5.7, which was obtained from the 
observed data by weighted and constrained least- 
squares fit by a version of Vonk's program. The 
data are for a sample of Ludox HS diluted 1:50. 
with D20. The experimental curve is actually a 
combination of three different data sets obtained 
with the detector set at different distances to mea- 
sure different K ranges. 

Vonk's method appears to be the most satisfac- 
tory at present for reproducing the size distribu- 
tions observed for these Ludox solutions by elec- 
tron microscopy. When the concentration of the 
solution gets so large that interference effects 
appear, none of the methods we have tried appear 
to be applicable. 

1 .  Chemistry Division, ORNL. 
2. Concentrations are specified in terms of the ratio 

( 100)(vol Si02)/(vol H20).  
3. A. Guir~ier and G .  Fournet, Small-Angle Scattering 

uJX-Ruys, John Wiley and Sons, New York, 1955. 
4. J. H.  Letcher and P. W. Schmidt, J. Appl. Phys. 

37, 649 (1966); 0. L. Brill and P. W. Schmidt, J. Appl. 
Phys. 39, 2274 (1968). 

5. 0. Glatter, Acta Phys. Austriaca 47, 83 (1976). 
6. G. G. Vonk, J. Appl. Crystallogr. 9, 433 (1976). 

SANS STUDY OF CHEMICAL AND 
MAGNETIC INHOMOGENEITIES IN 

Fe-BASED METALLIC GLASSES' 

G. E. ~ i s h ~  H. R. Child 

Important questions .remain about how the 
observed bulk properties of ferromagnetic metallic 
glasses arise from the microscopic structure. Con- 
sequently, a series of such splat-cooled metallic 
samples has been examined by SANS. For these 
studies, SANS has two unique characteristics: (1) 
the high penetration of neutrons, as opposed to x 
rays, provides a better sampling of the bulk 
material, and (2) the magnetic interaction of thc 
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Fig. 5.7. Left: SANS intensity for a 150 dilution by volume of Ludox HS in D20 (a experimental, 0 fitted points). 
Right: Norrnallzd ~llstrilrutiu~r uf ilumber of particles of radius R vs R obtained by least-squares fitting the dntn on the 
left, using Vonk's rneth~d.~ - 
neutron with the sample provides a probe of the 
magnetic inhomogeneities. The samples were 
Fel-,B,Si,,, enriched in "B, in the form of 
splat-cooled ribbons wrapped on a frame until a 
sufficient thickness was obtained. SANS measure- 
ments were made at the ORR facility with and 
without a magnetic field applied to the samples. 

The data showed a large intensity peak concen- 
trated at small K and a weak intensity extending 
out to K = 0.03 A-'. The strong, small K 
peak could be described by the Guinier approxima- 
tion with a radius of gyration -420 A. This peak 
was essentially eliminated by the application of a 

tk (-500 G )  magnetic field. Based on the field 
u~~endence ,  we attribute this peak primarily to 
magnetic-domain-wall scattering, a subject which 

is by no means well understood.   here was a 
direct correlation between the zero-field intensity 
for different samples and domain-wall density as 
seen in electron microscopy studies. 

The larger intensity was quite low and was 
comparable to the high background at the ORR 
instrument. We saw no evidence for a Porod limit 
( K - ~ )  in this scattering but, due to the low inten- 
sity, could not completely rule it out. This result, 
if confirmed by more accurate data, could indicate 
the absence of sharp interfaces on the regions caus- 
ing this scattering. .This region of the data was not 
greatly affected by the field and yielded an Rg = 
80 A. Further experiments are planned to investi- 
gate this portion of the data more fully at the 
HFIR SANS facility. 



1. Summary of paper: J. Appl. Phys. 52, 1.880 
(1981). 

2. Allied Chemical Corporation, Morristown, N.J. 

MAGNETIC SANS FROM MAGNETIC 
CORRELATIONS IN Feo.7~lo.3' 

H. R. Child 

Ordered Feo,7Alo.3 becomes ferromagnetic below 
400 K, paramagnetic on cooling below 170 K, and 
mictomagnetic below 92 K. A previous neutron 
scattering study of this material2 showed 
magnetic-diffuse scattering over this entire tem- 
perature range with little or no change except for a 
gradual increase at lower temperatures. It was 
proposed that this system represents a case where 
the moment of an Fe atom is strongly dependent 
on the number of Fe nearest neighbors. Statistical 
fluctuation in the concentration of A1 is presumed 
to be responsible for the development of clustering. 
The present paper presents an extension. of the pre- 
vious neutron results to smaller K = 4asinB/X 
to establish sizes of the clusters and to see if any 
behavior would occur at small K indicative of 
spin-glass behavior. 

Figure 5.8 shows the most important results and 
shows the temperature dependence of the scattered 

neutron intensity at three small K values. TI 
peak or hump at about 500 K is thought .. 

correspond to the ferromagnetic Curie temperature 
of the clusters themselves, and the temperature at 
which the peak occurs is apparently independent of 
K. The second peak at -200 K is not as easily 
explained but is tentatively assigned to the so- 
called spin-glass freezing temperature at which the 
clusters become frozen in place due to interactions 
between them. The temperature corresponding to 
this peak increases for smaller K, and this behavior 
has been associated with magnetic spin-glass 
materiak3 

The K dependence of the scattering can be well 
represented by the square of a Lorentzian function 
plus a constant, and the parameters of such a func- 
tional form have been obtained by least-squares fits 
to the data. The correlation range obtained in this 
way varies from -60 A at 160 K to - 150 A at 9 
K and room temperature. These numbers 
represent very large clusters containing thousands 
of atoms with a very large cluster moment, 
although each atom's moment is small. These 
clusters are present at all temperatures and near 
T, merge into the ordinary critical fluctuations one 
would expect. Scattering from magnetic domains 
must also be present, but their large size would 
probably confine their effects to smaller K than we 
can observe here. 

TEMPERATURE ( K )  

Fig. 5.8. Temperature dependence of the intensity from Feo.7Alo.3 at three different values of K = 4nsinOIA. 



To investigate the possible effect of domains, a 
magnetic field was applied to the sample with a 
rather dramatic and unexpected result; the scatter- 
ing essentially disappeared completely. This is not 
just the disappearance of magnetic scattering due 
to the turning of the magnetic moments into the 
direction of the scattering vector, because these 
measurements were made with an area detector 
which could record data for K parallel and perpen- 
dicular to the magnetic field simultaneously, and 
the scattering disappeared in both directions. The 
only reasonable explanation is that the magnetic 
field is sweeping out the clusters (the disorder) in 
the system and putting the magnetic scattering into 
the Bragg peaks by transforming the sample into a 
normal ferromagnet. Since these measurements 
were designed Lo observe only the diffuse or 
disorder scattering, the normal ferromagnetic 
scattering was not visible, and the disorder scatter- 
ing seemed to disappear. 

I .  Summary of paper: J. Appl. Phys. 52, 1732 
(1981). 

2. J.  W. Cable, L. David, and R. Parra, Phys. Rev. B 
16, 1 1  32 (1977). 

3. A. P. Murani and A. Heidernann, Phjls. Rev. Lett. 
41, 1402 (1978); A. P. Murani, J. Magn. Magn. Muter. 
5,  94 ( 1977). 

MEASUREMENTS OF SINGLE-CHAIN FORM 
FACTORS BY SMALL-ANGLE NEUTRON 

SCATTERING FROM POLYSTYRENE BLENDS 
CONTAINING HIGH CONCENTRATIONS OF 

LABELED MOLECULES' 

C. D. Wignall J. S. Lin 
R. W.  endr ricks* M. P. wai3 
W. C. Koehler E. L.  horna as^ 

R. S..Stein3 

SANS measurements on samples composed of a 
host polymer matrix in which a proportion of iso- 
topically labeled molecules is dispersed have been 
used in  a wide variety of studies of amorphous and 
crystalline p ~ l ~ m e r s . ~ + ~  These measurements have 
conventionally been performed with small relative 
concentrations of labeled molecules and have 
involved an extrapolation to zero concentration to 
eliminate interchain interference effects. The 
intensity of the scattering signal is limited by the 
small number of labeled chains, and this has re- 
stricted the .SANS measurements to strongly 

scattering systems to achieve a reasonable signal- 
to-noise ratio. 

Recent developments in scattering theory6,' have 
indicated that it is possible to extract both the 
single-chain and interchain (interference) functions 
by performing measurements at high relative con- 
centrations of labeled polymers. In this work we 
show, with well-defined polystyrenes, that the 
single-chain form factor of the polymer in bulk 
may be obtained from a single concentration mea- 
surement for any concentration of labeled 
molecules, provided that the molecular weights of 
the parent and labeled molecules are the same and 
that the molecular weight distributions are narrow. 
With these conditions, scattering theory shows that 
the small-angle intensity is 

where Xi is the mole fraction of polymer com- 
ponent i, a; is the total scattering amplitude of 
monomer i, N is the total number of polymer 
molecules, and P(K) is the single-chain form factor. 
This shows that the form of the scattering curve in 
this case is governed only by the single-chain form 
factor P(K). The mole fraction of each component 
will modulate the scattered intensity with the max- 
imum coherent scattering of the blend occurring at 
a 50:50 mixture of the two components. The anal- 
ogy between this result and the Laue monatomic 
scattering from binary alloys is apparent. 

For the S A N S  studies, blends of atactic hydro- 
gcnatcd polystyrcne (PSH Mw - 77,400) and 
deuteropolystyrene (PSD M w  = 75,000) con- 
taining 5, 10, 20, 30, 40, and 50 mole % PSD in 
PSH were prepared in addition to pure PSH and 
PSD blanks. The experiments were performed on 
the 30-m SANS facility (HFIR), and the area 
detector (64 X 64 cm2 with 1-cm2 element size), 
which is mounted on rails inside a 20-m vacuum 
flight path, was positioned at a distance of 10 m 
from the sample. The labeled samples were typi- 
cally measured for - 1 h, and after correcting for 
instrumental backgrounds, incoherent scattering, 
and sample transmission, the scattered intensities 
were normalized to a constant sample thickness. 
Samples 01' both pure PSI) and PSH were also 
measured to check that no voids or scattering 
heterogeneities were present and to provide a basis 
for subtracting incoherent scattering, arising princi- 
pally from 'H  nuclei. Values of the (weight- 
averaged) .molecular radius of gyration RF were 



obtained from conventional Zimm plots of the 
scattered intensity from the labeled molecules. 
Figure 5.9 shows the plot of R , " / M ~  concentra- 
tion of the labeled chain. The average value of 
0.266 A g - ' p  is in excellent agreement with previ- 
ous measurements made at low concentrations6 and 
with the value for polystyrene in an ideal solvent.' 
No concentration dependence was observed. 
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Fig. 5.9. Variation of RYM,!,~ with mole % labeled 
molcules in PSD/PSH blends. 

Figure 5.10 shows the normalized forward 
scattering (extrapolated to 26 = 0 )  vs concentra- 
tion of the labeled chains. A straight line could be 
drawn through all the points, indicating that the 
intensity of the scattering is simply dependent on 
the mole fraction of the labeled chain [see Eq. 
( 1  11. 

These results indicate that provided the molecu- 
lar weights of the parent and labeled molecules are 
the same and their distributions are narrow, the 
single-chain form factor of the polymer in bulk 
may be obtained from a scattering measurement at 
a single concentration for any concentration of 
labeled molecules. The theory given above has, 
theiefore, been confirmed for well-defined poly- 
styrenes over the range of concentration 5-50 mole 
% deuterated polystyrene. For the special case of 
matched parent and labeled molecules, the radius 
of gyration is independent of the concentration of 
labeled molecules, and there is no need to restrict 
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Fig. 5.10. Variation of Z(0)/XI(l - XI) with mole % 
labeled molecules in PSD/PSH blends. 
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SANS measurements to dilute concentrations of 
labeled molecules or to extrapolate to zero concen- 
tration, thus permitting a significant gain of 
scattering intensity for weak scattering systems. 
While the maximum coherent scattering occurs at 
a 5050 mixture of the two components, it may be 
advisable to work at a somewhat lower ratio of 
PSH in PSD to maximize the ratio of coherent to 
incoherent scattering. 
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STRUCTURAL CHARACTERIZATION OF 
SEMICRYSTALLINE POLYMER BLENDS BY 

SMALL-ANGLE NEUTRON SCATTERING' 

G. D. Wignall H. R. Child 
R. J. SamuelsZ 

Polymer blends ranging from completely 
compatible mixtures to phase-separated systems 
are gaining in commercial importance, though little 
information is available on how the configuration 
of individual molecules within the blend is per- 
turbed from the configuration in the homopolymer. 
Furthermore, in cases where incompatibility of the 
components leads to phase separation, knowledge 
of the structural nature of the phase-separated 
domains is necessary if the observed properties are 
to be interpretable. Semicrystalline polymer blends 
are particularly difficult . to characterize since the 
components may form lamella structures consisting 
of alternating regions of crystalline and amorphous 
materials in addition to phase separating into 
domains. Information on domain sizes and molec- 
ular characteristics is also difficult to obtain in 
polyolefin blends by conventional techniques, and it 
is the object of this work to demonstrate the appli- 
cation of' SANS to the solution of this problem. 

The SANS technique has been used increasingly 
for the study of chain configuration in bulk amor- 
phous and crystalline homopolymers, and many 
examples of the exploitation of this method are 
given in two recent review articles.394 Jahshan and 
summerfields have shown that for an incompressi- 
blc blcnd of two polymer species, designated > and 
S, where a fraction X of the P species has been 
labeled by substituting deuterium atoms for hydro- 
gen, the coherent differential scattering cross sec- 
tion per unit solid angle per unit sample volume is 
given by 

where a" and a~ are the coherent neutron scatter- 
ing amplitudes for the normal (hydrogenated) and 
deuterated monomer (repeat) units of the P 
species, a; is the neutron scattering amplitude of 
the monomer unit of the S species, V is the total 
sample volume, and N, is the number of chains per 

lit volume of the P species. Ss(K) is the single- 

chain form factor which describes the configuration 
of an individual chain within a domain, and ST(K) 
is the matrix form factor which describes the 
phase-separated domain structure. It was the 
object of this study to obtain both Ss(K) and 
ST(K) from SANS measurements on labeled 
polymer blends. Measurements were made on 
5050 wt % blends of polyethylene ( P  species) and 
polypropylene ( S  species) in which a fraction of 
the normal polyethylene (PEH) has been replaced 
by deuteropolyethylene (PED). ST(K) was 
obtained from measurements of the scattering cross 
section d Z / d f l  (K) of a blend where all the P 
species had been deuterated (X = I), and thus the 
first term in Eq. (1) is zero. Ss(K) was obtained 
from the scattering of a partially labeled (X = 

0.09) blend after subtracting a term proportional 
to ST(K), which had already been determined. 

For a sample in which all the P species have 
been labeled (X = l) ,  the scattering cross section 
is proportional to ST(K) and arises from the fluc- 
tuations in scattering length density in the system, 
which can be described by the theory first intro- 
duced by Debye and co-workers.6.' The latter 
characterizes the fluctuations by an exponential 
correlation function, and for a fully labeled blend 
(X = 1) the differential scattering cross section is 
given by 

where (v2) is the mean square fluctuation in 
scattering length intensity, F is a proportionality 
factor with the dimensions of length, and a is a 
correlation length from which the mean chord 
intercept lengths of each phase can be calculated. 
The single-chain form factor may be obtained from 
the scattering of a partially labeled blend (0 < X 
< 1) after subtracting the scattering from the 
phase structure ST(K) measured on a blend with a 
fully labeled P phase. The remaining scattering is 
given by the first term in Eq. ( I ) ,  which in the 
~u in i e r '  region ( R ~ K ~  < 1) may be expanded to 
give 

where KN is a neutron calibration constant, Rg is 
the radius of gyration, and Mw is the molecular 



weight of the labeled chain. Thus Rg and Mw 
may be obtained from fhe slope and intercept of 
plots of d X / d R  (K)- '  vs K~ for a partially 
labeled blend. 

The experiments were performed on the SANS 
instrument in operation at the O R R . ~  The SANS 
results from a 50% PED:50% PPH blend (X = 1 )  
are shown in the form of a Debye plot in Fig. 5.1 1 
for a sample slow cooled from the melt. The 
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labeled sample (X = 0.09) and was analyze( 
according to Eq. (3) to calculate the radius 01 

gyration and molecular weight of an individually 
labeled molecule as shown in Fig. 5.12 for a melt- 
quenched sample. The extrapolated forward 
scattering may be used to calculate the molecular 
weight of the labeled PED molecules and gives a 
value Mw = 148,000 in excellent agreement with 
a value of Mw = 149,000 obtained, by chromato- 
graphic methods prior to blending the samples. It 
also confirms that the PED molecules are statisti- 
cally distributed in the polyethylene domains. The 
radius of gyration of the PED molecule measured 
in the blend, R, = 139 A, is close to values mea- 
sured in  the homopolymer, Rg = 165 A, as 
expected when the domain size is large. 
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Fig. 5.12. [ d 2 / d f l  (K)]-'  vs K~ for 5 wt  8 labeled 

Fig. 5.11. Debye plot for 5050 blend of PPH and PED molecules in 5050  blend of  PPH and PEH (melt 
PED slow cooled from melt at S°C/min. quenched), 

Debye theory given in  Eq. (2) predicts that these 
plots will be linear in the low K region, and since 
this is generally true for the blends, an exponential 
correlation function appears to be a reasonable 
approximation for these systems. The correlation 
length a can then be calculated from the ratio of 
slope to intercept of this line and is in  the range 
a = 600 + 100.A. This indicates that the mean 
chord intercepts of the polyethylene and polypro- 
pylene phases, L I  and L2, exceed 1000 A. 

The single-chain form factor was obtained from 
the measured coherent scattering from a partially 

I n  the higher K region (K2 3 0.0002 A-2) of 
Fig. 5.1 1, the data deviate from the simple Debye 
theory and may be approximated by straight lines 
with correlation lengths (50-70 A) much lower 
than those observed at lower K. This scattering 
might be expected t o  originate from the internal 
scattering heterogeneities within the domains aris- 
ing from the alternation of crystalline and amor- 
phous lamellae within each semicrystalline com- 
ponent phase. I f  we use the measured SANS 
correlation lengths and sample crystallinity to cal- 
culate the lengths .of the crystalline and amorphous 



regions, we obtain values of L,,,,, = 220 A and 
Lamorphous = 94 A using a crystal volume fraction 
6 = 0.7, typically measured on this type of blend 
by calorimetric or wide-angle x-ray diffraction 
methods. Thus the long period calculated from the 
Debye plot ( L  = 314 A) compares with a value of 
L = 350 measured by SAXS. The periodicity of 
the amorphous and crystalline regions is, therefore, 
of the correct order to produce an approximately 
linear Debye plot with the measured correlation 
length a = 66 A in the region 0.0002 d K~ < 
0.001 A-2. 

In summary, the results of the present study of 
model blends demonstrate that isotopic labeling 
can produce strong SANS contrast in mixed 
polyolefin systems, where the application of 
microscopy is lirr~ited by lack of electron density 
contrast between the components. By appropriate 
labeling of the components, the SANS method can 
be used to determine both the domain dimensions 
and the size of individual molecules within the 
domains. SANS studies can also be used to study 
the blend structure in the melt and could yield 
important new information about the effect of dif- 
ferent crystallization/processing routes on the 
domain character of the blend. 
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HIGH-RESOLUTION SANS STUDY 
OF POLYMER BLENDS 

D. K. Christen H. R. Child 
G. D. Wignall K. J.  Samuels' 

I n  recent years, SANS techniques have provided 
important new information on the structure and 
corrlpalibility of homopolymers and b ~ e n d s . ~ . ~  
Samples analyzed by this technique are made up of 

a host polymer matrix in which a fraction of iso- 
topically labeled (deuterated) polymer molecules 
is substituted for normal (hydrogenous) molecules 
in the blend components. The difference in co- 
herent scattering length between deuterium ( b D  = 

0.66 X lo-'* cm) and hydrogen ( b H  = -0.37 X 
10-12 cm) results in  a marked contrast between 
the normal and deuterated molecules. In this way, 
SANS can be used to study systems where the lack 
of electron-density contrast limits the application 
of electron microscopy or optical techniques (e.g., 
polyolefin blends). Previous SANS studies4 on 
these systems have provided information on both 
the domain structure and molecular configuration 
within the blend, though the resolution limit of the 
O K K  HB6 SANS instrument precluded the obser- 
vation of large structures (up to 10,000 a), which 
were thought to be present in those systems. These 
studies have been corroborated and extended by 
using the high-resolution, double-crystal HFIR 
HB3A instrument. In previous work, mean chord 
intercepts of both phases were found to be - 1000 
A (100 nm). The existence of larger structures 
could not be quantitatively assessed due to a lack 
of resolution for scattering vectors K < 7 X 
nm-I. The double-cryslal instrument has provided 
better than an order-of-magnitude extension in the 
small-K data and in so doing revealed strong for- 
ward scattering due to significantly larger struc- 
tures. 

These results are shown in Fig. 5.13, plotted in 
terms of the vertically integrated differential 
cross-sectionlunit volume JdZldQ dB, and hor- 
izontal scattering vector Kh.  The reason for this 
particular parametric representation involves 
instrumental properties of the donhle-crystal de- 
vice, which possesses extremely high-K resolution 
in the horizontal direction but virtually relaxed 
vertical collimation. The system response is shown 
schematically in the inset of Fig. 5.13. 

The previous SANS studies4 have shown that for 
K < 0.015 A-' the differential scattering cross 
section of a fully labeled 50:50 blend of deuterated 
polyethylene (PED) and normal polypropylene 
(PPH) may be reasonably approximated by 

where a is a correlation length directly related to 
the mean chord length and d 2 ( 0 ) / d Q ,  the for- 



Fig. 5.13. [JdZldQ dev]-2/3 vs for a 50:50 blend 
of PED in PPH. The inset illustrates the instrumental 
response with the thin vertical slice being the resolution 
element. 

ward scattering cross section, involves constants of 
the materiaL4 From this, it is easily found that 

where k = 27rh is the incident neutron wave 
number. If Eq. (1)  is valid, then a plot of 
[JdZldQ d ~ , ] - ~ p  vs K; should yield a straight 
line, with a ratio slope/intercept = a2. 

From Fig. 5.13, this relationship is seen to exist 
down to K = 0.002 A-', below which excess 
scattering due to larger structures comes into play. 
For K > 0.002 A-I, one finds a = 580 A 
corresponding to a mean chord length L = 1160 
A, which merges very well with the low-K results 
of the earlier study (a  = 600 + 100 A). Extrapo- 
lation of this region to Kh = 0 yields a large 
dZ(O)/dQ = 7 X lo7 m-', also in good agree- 
ment with the previous results. Analysis at the 
lowest K, within the context of Fig. 5.13, would 
imply structures with a - 2700 A, L - 5400 A, 
and a distribution of domain sizes between these 
two values. 

In summary, the double-crystal instrument, 
though ideally suited for systems possessing trans- 

lation invariance in one dimension (e.g., flux-line 
lattices or filamentary structures), has found utility 
in the quantitative assessment of domain-structure 
sizes in polymer blends. In general, its applicabil- 
ity to analysis of other large structures in polymers 
should be good provided the scattering is isotropic. 
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739 (1978). 
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"Structural Characterization of Semicrystalline Polymer 
Blends by Small-Angle Neutron Scattering," this report. 

WIDE-ANGLE NEUTRON SCATTERING 
STUDIES OF MIXED CRYSTALS 

OF POLYETHYLENE AND 
DEUTEROPOLYETHYLENE~ 

G. D. Wignall C. ~ d w a r d s ~  
L.  ande elk ern^ M. Glotin2 

The arrangement of molecular chains within the 
lamellae of semicrystalline polymers has long been 
disputed, and this topic has attracted renewed 
attention in the light of current experimental and 
theoretical deve~opments.~ It is generally agreed 
that the melt consists of interpenetrating random 
coils and that on crystallization molecular chains 
traverse one or more lamellae many times, with 
some type of return on "foldingn at the 
interlamella, amorphous boundaries. The question, 
is whether the molecule returns with either 
predominantly adjacent or with random reentry to 
the crystallite'of origin. Recent discussion has cen- 
tered on the interpretation of SANS and IR data 
from mixed crystals of polyethylene (PEH) and 
deuterated polyethylene (PED), crystallized both 
from the melt and from dilute solution. Generally, 
the SANS experiments reveal that the radius of 
gyration R, of' molecules remains unchanged upon 
crystallization from the melt4,' and, hence, has an 
M ' / ~  dependence in both the molten and crystalline 
states. These results, along with the general shape 
of the scattering curve, have been interpreted as 
favoring predominantly random reentry.4-7 

Infrared studies on mixed crystals of PEH and 
PED, however, have been interpreted in terms of 
predominantly adjacent reentry in (100) planes for 
melt crystallized materiakg More recently, 
.attention has 'been focused on scattering measure- 



ments at higher values of the scattering vector 
K = 4i~sinO/X, where X is the incident 
wavelength and 28 is the angle of scattering; 
stamm9 has calculated the scattering functions of 
small numbers (2-10) of adjacent crystalline stems 
in the wide-angle neutron scattering range (K > 
0.5 A-I). These calculations show that the adja- 
cent sequences should give rise to measurable 
modulation of the diffuse scattering pattern and 
that these modulations are centered at the position 
of the previously forbidden Bragg reflections. We 
have, therefore, made a careful search to see if 
such features are present in the wide-angle neutron 
scattering patterns of mixed crystal samples, and 
on the basis of these experiments, we are able to 
rule out regular folding in (100) or (010) planes. 
Tht: results are particularly relevant to the discos- 
sion of folding in the melt-crystallized polyethylene 
because they disagree with the interpretation of the 
IR results. 

Figure 5.14 shows the wide-angle neutron 
scattering pattern of a 75% PED:25% PEH mixed 
crystal sample measured on the HB2 spectrometer 
with X = 1.28 A together with the predicted 
modulation of the pattern centered at 26 --- 15O for 
five adjacent stems folded in the (100) direction. 
No extra intensity above background which might 
be indicative of predominantly adjacent reentry 
within subunits was observed. In the case of (010) 
folding, the scattering curve should exhibit an even 
stronger modulation (by a factor of -4) at 28 - 
lo0, which is also not observed. Thus, the 
magnitude of the prcdicted modulatiol~s co~ripared 
with the statistical accuracy of the measurement 
rules out regular (100) or (010) folding with five 
or more adjacent stems for more than a fraction 
(-0.2) of the melt-crystallized materials. 

There are several possible reasons for the 
apparent contradiction between the IR results on 
the one hand and the SANS and the present wide- 
angle neutron scattering data on the other. At the 
outset of the neutron scattering studies, it was 
recognized that the technique was extremely sensi- 
tive to small compositional heterogeneities,'' and 
for this reason studies with polyethylene have gen- 
erally been made on samples rapidly quenched 
from the melt directly into liquid media cooled 
below room temperature. To date, no successful 
SANS study free of the effects of composition 
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Fig. 5.14. Wide-angle neutron scattering for melt- 
crystallized specimen (25% PEH:75% PED). The broken 
line represents the calculated scattering for subunits of 
five adjacent stems in the (100) plane. 

polyethylene samples crystallized relatively slowly 
from the melt, with cooling rates of 0.5-2"C/min. 
I n  two independent studies of polyethylene,4~" 
samples crystallized at 1 15OC or by cooling from 
the melt at 0.6°C/min were found to show strong 
macroscopic segregation of PEH and PED as 
demonstrated by calorimetry and wide-angle dif- 
fractometry. I f  it is still maintained that adjacent 
reentry folding along (100) planes makes a signifi- 
cant contribution to crystallite structure, then com- 
bined IR neutron scattering studies on the same 
sample would be appropriate. 

heterogeneities has been made on polyethylene 
samples slowly cooled from the melt. The IR I .  Summary of paper: Journal of Applied Physics 
studies, on the other hand, have been itlade on ( i n  ptess'). 
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THE NATIONAL CENTER FOR 
SMALL-ANGLE SCATTERING RESEARCH' 

H. R. Child S. P. King 
W. C. Koehler J. S. Lin 
L. B.   add ox^ G. D. Wignall 

Since the' end of the last report period, February 
29, 1980, the National Center for Small-Angle 
Scattering Research (NCSASR) has undergone a 
number of significant changes. Construction of the 
30-m SANS facility and machine testing were 
completed, and the first user of the instrument was 
scheduled on October 20-21, 1980. From that date 
to the present, users have been generally scheduled 
for five days per week with two days dedicated to 
machine physics. The instrument was forma4ly 
dedicated in January 198 1. 

The machine-physics periods permitted the staff 
to make any necessary repairs. In addition, this 
time was used to install a four-disk system to con- 
tain data and operating programs. The ModComp 
I1 memory is no longer used to accumulate neutron 
counts; instead, they are read into a CAMAC- 
controlled histogramming memory module, thus 
freeing 4-K words of computer core for other tasks. 
A completely new and more flexible data analysis 
package was written and in~ta l led .~  A hard-copy 
unit that makes copies of data directly from the 
screen of the Tektronix terminal was purchased. 

The mechanical components of the device for in 
situ small-angle x-ray and neutron scattering 
(SAXS and SANS) studies of polymer deforma- 
tion have been bdilt. The new x-ray chamber, the 
hydraulic loading system, and CAMAC-modular 

programmable function generator are operable. A 
number of problems that developed in the opera- 
tion of the fast Mostek memory system have now 
been overcome, and the software modifications to 
the ModComp I1 operating system have been writ- 
ten. Preliminary studies have been carried out 
using the ModComp I1 memory with satisfactory 
results. It is expected that the system will be 
operated with the 250-K word memory in the near 
future. 

From January 1, 1978, to September 15, 198 1, a 
total of 138 proposals has been received. In the 
early years, of course, the proposals were for the 
10-m SAXS apparatus. In the last year, however, 
since the SANS facility became operational, the 
majority of proposals was for the neutron facility. 
A breakdown of the SANS proposals and of the 
total proposals according to scientific disciplines is 
given in Table 5.2. 

Table 5.2. Summary of proposals received by NCSASR 
(January 1, 1978-September 15, 1981) 

SANS Total 

Biology 4 13 
chemistry and Materials 30 50 
Polymer Science 44 75 

- - 
Total 78 138 

One of the more recent experiments was carried 
out by G. Zaccai, ILL, Grenoble, at our request. 
He studied samples of ATPase in an H 2 0  buffer 
and in a D 2 0  buffer. These were samples similar to 
ones he had previously investigated on the Dl1 
instrument at the ILL. Briefly, he concluded that 
for the Q range (0 < Q < 013 A-', R, = 30 A) 
the ORNL-NSF SANS facility has a better 
signal-to-background ratio and better stability than 
the Dl 1 instrument for equivalent samples and 
experiment times. This result means that a wide 
range of biological investigations can easily be per- 
formed on the 30-m SANS instrument. For investi- 
gations of higher R, values, the current signal-to- 
noise ratio is greater at Grenoble by a* factor of 3 
(R, - 100-200 A) or 10 (R, - 500 A), but even 
for these systems useful data are currently being 
obtained in experimental times from 15 min to 6 h. 

In the near future we expect to install straight- 
beam guide sections in the presample flight path, 



ch as those already used at the ILL. These will 
-.r'ectively transport the source closer to the speci- 
men with a corresponding increase in intensity. 
Furthermore, in the intermediate future ( 1983), we 
plan to replace the 12 graphite reflectors with crys- 
tals whose mosaic spread is closer to the instru- 
mental design specifications, which will provide a 
further overall flux increase. 

Contracts for the execution of proprietary 
research have been arranged with the DuPont 
Company and with Firestone Tire and Rubber 
Company, and negotiations are under way with 
several other industrial organizations. The first 
proprietary experiment was performed in August 
198 1. 

1. This Center is operated under an agrcement 
between the U.S. Department of Energy and the 
National Science Foundation (Interagency Agreement 
DOE NO. 40-637-77, NSF NO. DMR-7724458). 

2. Computer Sciences Division, UCC-ND. 
3. H. R. Child and L. B. Maddox, "New System 

Software for .the HFIR 30-m SANS Instrument," this 
report. 

RECENT DEVELOPMENT OF A 
DYNAMIC DEVICE FOR PLASTIC 

L)EFORMA'I'ION RESEARCH 

J. S. Lin R. W.   end ricks' 
S. Suehiro2 

Polymeric materials are becoming more and 
more important in their technological applications. 
An understanding of the relationship of the 
mechanical properties and the structure at the level 
of lamellae is c,rucial for the development of corn- , 

mercially useful materials. SAXS and SANS have 
in recent years proven to be powerful tools for pro- 
viding information about the microstructure of 
semicrystalline polymers. 

A dynamic device that is being developed at the 
small-angle x-ray laboratory is intended for studies 
that fall into three broad classes: (1)  dynamic 
microstructural relaxation in semicrystalline poly- 
mers and elastomers; (2) dynamic microstructural 
orientation under periodic loads in semicrystalline 
polymers and in elastomers; and (3) crystallization 
of polymers, in . general, .and segregation, 
phenomena of amorphous polymers, in particular. 
The device is essentially designed for two types of 
experiments; namely, (1) transient deformation1 

relaxation or deformation/crystallization experi- 
ments in which the sample will be deformed very 
rapidly to a large extension ratio, and then the 
relaxation, reorientation, or phase transformation 
of the lamellae will be followed by SAXS and (2) 
oscillatory experiments in. which the specimen will 
be prestretched to a given elongation ratio and an 
oscillatory load will be applied at both variable fre- 
quency and variable strain amplitude. Both types 
of experiments will be performed at constant, but 
adjustable, temperatures. 

To meet the design criteria for such plastic 
deformation research, a fast-data-acquisition sys- 
tem with a large memory capacity for data storage, 
along with a two-dimensional position-sensitive 
detector system for simultaneous data acquisition 
in 64 X 64 data arrays, is required. The design, 
construction, .and development of such a sophisti- 
cated system were initiated by R. W. Hendricks 
and S. Suehiro and were continued by them until 
Suehiro returned to Japan in May 1980 and 
Hendricks left ORNL in March 198 1. Since then, 
the development of the dynamic device, particu- 
larly the fast-data-acquisition system, has been 
continued with the assistance of R. Willems, 
Instrumentation and Controls Division, ORNL. A 
thorough test has been performed of all associated 
CAMAC modules, such as the data bus display, 
position-sensitive detector interface, time-corre- 
lator, mapper, programmable function generator, 
and Mostek inputloutput interface. The Mostek 
memory system with a memory capacity of 256-K 
size has also been successfully tested with a diag- 
nostic program. The Mostek system is currently 
capable of storing time-slicing experimental data in 
up to 64 arrays, each 64 X 64. 

The calibration of the Terratek hydraulic load- 
ing with a loading capacity of 1000 lb and an 
actuator stroke of 2 in. has been carried out. Load 
cells of 1000, 200, and 25 lb have each. been tested; 
under. normal conditions, the 200-lb load cell will 
be used. 

The temperature system was originally designed 
to be controlled via the host computer through 
CAMAC modules. Twa heating elements and asso- 
ciated thermocouples have been acquired. The cali- 
bration of the sensor thermocouple and the 
measuring thermocouple has been completed; how- 
ever, the total temperature control system, includ- 
ing the development of control algorithm, remains 
to be completed. 



The software package for data analysis includes 
the background correction, sensitivity correction, 
in-phase and out-of-phase analysis, and Fourier 
expansion and transformation. Progress on further 
software development is being made with help from 
S. Suehiro and a group of researchers under R. S. 
Stein, University of Massachusetts. 

1. Present address: Technology for Energy Corpora- 
tion, Knoxville, Tenn. 

2. Consultant from Kyoto University, Kyoto, Japan. 

NEW SYSTEM SOFTWARE FOR 
THE HFIR 30-m SANS INSTRUMENT 

H. R. Child L. B.   add ox' 

The software which has been used for the 
NCSASR SANS 30-m instrument at the HFIR 
thus far has been a modified version of that 
developed for the SAXS camera at ORNL. The 
data analyses necessary for the two types of data 
are slightly different; therefore, it was recognized 
from the beginning that new versions of the 
software would be desirable. Furthermore, the 
addition of two more disk drives, making a total of 
four, for the ModComp computer would allow 
more convenient data storage and data plotting 
capabilities than had been available for the SAXS 
machine. For these reasons a new set of software 
programs has been written and installed on the 
HFIR and the ORR instruments and will shortly 
be installed on the SAXS instrument. 

One major effort in the utilization of the four- 
disk system was involved with using one entire disk 
for storage of the raw two-dimensional data runs. 
Previously, a region of the program disk was used 
for this purpose, limiting the number of data sets 
which could be accommodated to about 100 and 
requiring frequent shifting of these data to archive 
disks. By using an entire disk, more than three 
times the number of runs can be stored, and when 
the disk is full, a copy of it automatically becomes 
the archive. This scheme essentially eliminates the 
shifting of data. It also has the advantage that the 
program disk is entirely separate so that modifica- 
tion of programs can be made and installed with 
no changes in the data runs available. The neces- 
sary software changes for these improvements were 
not difficult and were made quickly. 

The second improvement was the hardware 
installation as well as necessary software modifica- 

tions for an external memory in the CAMAC crat 
within which the data runs can be accumulatec 
This addition results in freeing 4 K of computer 
memory for other tasks. The external memory has 
16 K of 24-bit words, providing sufficient space for 
four 64 X 64 data arrays or one 128 X 128 data 
array. The main computer can read the external 
memory at any time via the CAMAC data way 
even while data are being accumulated from the 
microprocessor via the external port. 

The new software, while maintaining the previ- 
ous capabilities, has resulted in several significant 
improvements. The data-taking process is consider- 
ably simplified by a new method of handling the 
descriptive header identifying each data set. The 
data analyses process is improved in accuracy by a 
new method of subtracting background, which is 
especially important for low scattering samples, 
and by providing the correct statistical error on 
the I(K) vs K curves. Several types of linear least- 
sq~~a res  fits to find radii of gyration, Porod con- 
stants, and extrapolated I ( K )  at K = 0 parameters 
are available with the more sophisticated plotting 
programs. Also, plots with more than one I(K) vs 
K data set on the same plot can be obtained for 
easy intercomparison, because all such data are 
normalized for monitor counts, thickness of sample, 
and transmission. There are also easier methods of 
data base management possible with the new 
software system such as the ability conveniently to 
correct values in the header record which may have 
been incorrectly entered when the run was made, 
to off-load data sets to a user's private disk, and to 
transfer data to the central computers. 

1. Computer Sciences Division, UCC-ND. 

LA'I"T1CE DYNAMICS 

PRESSURE AND TEMPERATURE 
DEPENDENCE OF THE CHARGE 

DENSITY WAVES IN ALPHA-URANIUM 

H. G. Smith R. M. Nicklow 
N. wakabayashil G. H. ~ a n d e r ~  

E. S.   is her^ 

The pressure and temperature dependence of 
the incommensurate (0.5,qY,q,) and commensurate 
(0.5-6,0,0) charge density waves (ICDW and 
CCDW) in a-U have been investigated by both 
elastic and inelastic neutrori scattering techniques 



The initial zero-pressure elastic scattering measure- 
ments confirmed the preliminary low-temperature 
measurements of the ICDW of Marmeggi and 
~ e l a ~ a l m e , ~  ILL, Grenoble. However, a detailed 
comparison of the CCDW and the ICDW (see Fig. 
5.15) revealed a broadened peak for the former 
compared with the latter (which was of the order 
of the instrumental resolution), suggesting a 
coherency region of the CCDW of only about 50 
unit cells in ~ht: c direction. Both CDW's arc 

Fig. 5.15. Rocking curves of the ICDW and CCDW in 
U at 10 K. 

related to soft phonons; however, the relation 
between them is not understood and will require 
further studies, particularly inelastic scattering 
studies. The CCDW involves a phonon with a 
predominatcly x displacement of optic character 
and a small y displacement with acoustic charac- 
ter, but no z displacement because of the crystal 
symmetry. However, the ICDW involves an off- 
symmetry axis phonon which allows a z displace- 
ment as well. The lattice dynamical model, which 
fits the room-temperature dispersion curves, 
predicts an instability in the (0.5,y,z) direction and 
a z displacement of optic character comparable in 
magnitude to the y displacement. 

It is tempting to suggest that the CCDW is 
actually associated with disc om mensuration^ 
between the domains of the ICDW. The weak 
scattering (IccDw = 1/40 IIcDw) of the CCDW is 
consistent with this idea of a smaller volume if its 
x displacement is of the order of the x 
displacement of the ICDW. It may be even larger. 

Thc two-chargc density waves exhibit quite dif- 
ferent behavior as a function of pressure. The 

intensity of the CCDW decreased dramatically as 
pressure was applied (at 10 K)  and was very weak 
and more diffuse after application of 2-3 kbar of 
pressure (see Fig. 5.16). This behavior is not 
consistent with the elastic constant measurements 
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Fig. 5.16. Pressure dependence of ICDW (curve a) and 
CCDW (curve b) in U at 10 K. 

vs temperature and pressure reported by Fisher and 
 ever^ nor with the variation of' its super- 
conducting transition temperature with pressure as 
reported by Smith and  ish her.' However, the pres- 
sure 'dependence of the ICDW is consistent with 
Fisher's observed shift of the elastic constant 
anomalies vs pressure and is not incompatible with 
Smith's observation of a linear increase of the 
superconducting transition temperature as pressure 
is increased until a pressure of 6 kbar is reached. 
Smith observed a further increase of Tc at about 8 
kbar until a pressure of 12 kbar was obtained, 
whereupon Tc decreased with increasing pressure. 
These latter observations suggest additional 
changes in the modulated structures of U at lower 
temperatures and higher pressures than have been 
used before in the neutron scattering studies. It is 
unlikely that the necessary experimental conditions 
are attainable with our present equipment for sub- 
sequent neutron experiments, but this possibility 
will bc examined. 
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LATTICE DYNAMICS OF 
THE A15 COMPOUND Nb3Sb 

L. ~intschovius' W. ~eichardt '  
H. G. Smith G. W. webb4 
N. wakabayashi2 Z. ~ i s k ~  

A knowledge of the lattice dynamics and the 
detailed phonon behavior of the A15 compounds is 
considered essential for obtaining a better under- 
standing of the electron-phonon interactions in 
these materials. Inelastic neutron scattering tech- 
niques are extremely valuable in this regard; and 
coupled with complementary techniques such as 
ultrasonics, Raman scattering, and superconducting 
tunneling measurements, they have shed much 
light on the role of phonons in many superconduct- 
ing metals, alloys, and compounds.5 Several of the 
highest Tc A15 compounds, which are of current 
interest, are Nb3Sn, V3Si, Nb3Ge, and' Nb3Al. 
Unfortunately, large single crystals are necessary 
to determine completely the phonon dispersion 
curves in the search for phonon anomalies and 
direct measurements o f  the phonon linewidths. Of 
the above-mentioned A15 compounds, large crys- 
tals (>I  cm3) could be grown only for V3Si and 
V3Ge, but the neutron scattering properties are so 
poor that only measurements of the lowest phonon 
branches could be made. Even in this case, 
however, much valuable information concerning 
phonon softening and lattice instabilities has been 
obtained. A similar situation existsS for Nb3Sn, 
where only small crystals have been grown, but the 
limited amount of phonon data obtained by inelas- 
tic neutron scattering has also contributed substan- 
tially to furthering the state of knowledge of the 
lattice instabilities in this compound. 

It is often very informative to compare the pho- 
non dispersion curves of a moderate- or high-Tc 
material with a low-Tc or nonsuperconducting ma- 
terial to determine which regions, if any, of the 
dispersion curves are anomalous. This has proved- 
very useful in the past for many different types of 
superconductors. A large crystal (>1 cm3) of 
Nb3Sb (Tc - 0.2 K) has been grown by Webb 

and Fisk and made available to us for lattice 
dynamic studies by co'herent inelastic neutron 
scattering. Nb and Sb have excellent neutron 
scattering properties, which make a fairly complete 
lattice dynamics study feasible. The phonon studies 
were made at room temperature on the HB-IA, 
HB-2, and HB-3 triple-axis spectrometers at the 
HFIR. The determination of a rather complete set 
of dispersion curves in the [OOl] and [ I l l ]  direc- 
tions and a partial determination in the [110] 
direction along with a Born-von Khrmin force con- 
stant analysis are the subjects of this report. 

Although the A15 structure is cubic, the lattice 
dynamics is rather complex because there are two 
A3B units in the primitive cell thereby giving 3n = 

24 branches in the Brillouin zone. However, in the 
[001] and [ l  1 11 directions some branches are two- 
fold degenerate, which reduces the number of 
branches to be determined to 17 and 16, respec- 
tively. It is extremely difficult, if not impossible, to 
identify all the branches without a group theoreti- 
cal study and a knowledge of the polarization vec- 
tors of the modes. For the latter, it is.necessary to 
have a lattice dynamics model to calculate the 
expected intensities of the phonon groups based on 
the polarization vectors. 

A rather complete group theoretical analysis for 
all the symmetry points and directions for the A15 
structure has been published by Achar and 
~ a r s c h , ~  and these results have proved useful in the 
initial stages of this work. The calculated results 
reported herein for Nb3Sb are based on a KfK, 
Karlsruhe, program which utilizes a Born-von 
Kirmin force constant model fit to the experimen- 
tal data. The model was first based on the acoustic 
branches and a few optical frequencies only, which 
yielded approximate values of the dominant force 
constants. This model was a great help in predict- 
ing yet unobserved phonon groups. In later refine- 
ments, more and more data were included, and 
finally we were able to reproduce not only the 
experimental frequencies but also the observed 
intensities quite accurately. (See Fig. 5.17.) This 
allowed us to assign with confidence all the modes 
at the I', X, and R points and most of the modes in 
the A and A directions. Only for some q values, 
where there is a great deal of mixing of the polar- 
ization vectors of certain branches and the instru- 
mental resolution is too poor to resolve the dif- 
ferent contributions to the observed intensity, could 
there be some error in the proper assignment of the 
observed phonon groups. 



ORNL-OWG 81-2094t superconducting temperatures. There is an overall r X r X 
9 softening of the acoustic 'modes in Nb3Sn all the 

way out to the Brillouin zone boundary.P The 
8 further softening of these modes as the tempera- 

7 ture is reduced reflects the instability of the A15 
lattice in this compound. (Nb3Sn undergoes a mar- 

- 6 tensitic transformation in the vicinity of 45 K.) 
1 + - The dispersion curves of Nb3Sb are not expected to 
> 5. 
y 1;5 

show appreciable change at low temperatures. 
W Klein et a ~ . ~  have observed two modes in Nb3Sb by z 
W 
lY Raman scattering techniques. These modes show a 
LL 

3 frequency increase of about 3% on cooling to 90 K. 
The frequencies and the assignment of these modes 

2 (I'12, I'25) given by Klein et al. agree with the neu- 

I tron scattering results. 
y-- 

0 
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c = o q / 2 ~  Karlsruhe, Federal Republic of Germany. 
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Fig. 5.17. (a) Measured phonon dispersion curves for 
Nb3Sb in the [OOl] direction. (b) Calculated phonon 
dispersion curves based on Born-von Karmin model. 

Our model included axially symmetric forces up 
to the seventh nearest neighbors. We note, how- 
ever, that all interactions beyond those between 
third nearest neighbors yielded only minor 
improvements in the quality of fit. As was to be 
expected, the longitudinal force constant for the 
nearest-neighbors Nb-Nb (intrachain) interaction 
turned out to be the largest of all (i.e., 6.7 X lo4 
dynelcm). However, the Nb-Sb interaction (fL = 
4.5 X lo4 dyne/crr~) arid the Nb-Nb interchain 
coupling (fL = 1.8 X lo4 dyne/cm) are also 
rather strong. 

Nb3Sb is a very low 'I'; superconductor, and any 
anomalous features in the phonon dispersion curves 
due to electron-phonon interactions are thought to 
be small. There is no evidence from other experi- 
ments, such as temperature-dependent resistivity 
studies, to suggest any kind of phase transition, 
real or incipient. It is of interest to compare the 
lilrlited pltortur~ dispersion curves of Nb3Sll 
obtained previously5 by coherent inelastic neutron 
scattering with the results of this study. Since the 
atomic masses involved are almost identical, the 
observed differences can be attributed more 
directly to the differences in the electronic proper- 
ties. The electron-phonon coupling constant X is 
much larger in  Nb3Sn (A = 1.4) than in Nb3Sb (A 
= 0.4), reflecting the large difference in their 
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PHONON DISPERSION CURVES IN PdTe2: 
A LAYERED SUPERCONDUCTOR 

H. G. Smith T. ~ i n l a ~ s o n ~  
N. wakabayashil T. F. smith2 

The physical properties of layered compounds 
continue to be of high interest, as can be seen by 
the number of publications and special meetings 
devoted to this subject. The materials of greatest 
interest are' those with strong intralayer interac- 
tions and weak interlayer interactions. This is par- 
ticularly true for the metals, semimetals, and semi- 
conducrors, although the area of superionic con- 
ductors is also of interest. To understand these . 

materials better, it is desirable to know their lattice 
dynamical properties as well as their electronic 
properties, since they are intimntely related. 

Inelastic neutron scattering has already proved 
useful, if not essential, in revealing many of the 
vibrational characteristics of such materials as 
pyrolptic graphite, MoS2, TiSel, and TnSe2. 



Because of the size and/or quality of available 
crystals, it has not been possible to make a com- 
plete lattice dynamical study of these and similar 
compounds. However, a very large single crystal of 
PdTe2 has recently become available for neutron 
scattering studies, and preliminary phonon mea- 
surements indicate that all the branches in the 
symmetry directions of the crystal should be 
observable. 

PdTe2 is a superconductor with a T, - 1.7 K. 
It is isomorphous with NiTe2, which is not 
superconducting but is magnetic, and dilution of 
PdTe2 with Ni reduces its superconducting tem- 
perature markedly. Other physical properties of 
PdTe2 have been determined., Extensive de Haas- 
van Alphen measurements have been made, and 
recently most of the experimental band structure 
has been obtained from angle-resolved photoemis- 
sion spectroscopy.3 Both of these studies have been 
compared to several band structure calculations 
and have revealed some discrepancies in the order- 

. ing of some of the calculated bands. A complete 
determination of the experimental phonon disper- 
sion curves and a successful theoretical interpreta- 
tion should be valuable-in assessing the degree of 
the two dimensionality of the crystal and should 
also aid in the evaluation of the corrections of the 
various band structure calculations. 

PdTe2 belongs to the space group Djd-P3,,,, and 
has one formula unit per unit cell. This requires 
nine branches in the phonon dispersion curves. 
However, because of the crystal symmetry, there is 
a simplification in the c direction, and one should 
observe only six branches-three doubly degenerate 
branches polarized in the x-y plane (one acoustic 
branch and two optic branches) and three singlet 
branches polarized along the z direction (again, 
one acoustic and two optic branches). 

The crystal was cleaved diagonally from a large 
cylindrical specimen about 4 cm long and 1 cm in 
diameter. The crystal cleaves very easily parallel to 
the c face, and the resulting surface is a highly 
reflecting silver surface. The lattice constants are a 
= 4.0365 A and c = 5.1262 A. This gives an 
abnormally low value for the c/a ratio of 1.270 
compared to the ideal 1.63 ratio for close-packed 
structures which some of the layer compounds 
exhibit (e.g., the c/a ratio of SnSe2 is 1.61). How- 
ever, TiSe2 and TiTe; have c/a ratios larger than 
the ideal-1.69 and 1.73, respectively. 

The crystal was mounted with the (120) axis 
vertical, permitting phonon measurements in the 

(h01) plane. The modes in the c direction are 
shown in Fig. 5 .18 . -~he  highest branch at 5.4 THz 
is the doubly degenerate Eg optic mode involving 
symmetric motions of only the Te atoms, and they 
are constrained to the x-y plane. The next lowest 
branch at 5.15 THz is the totally symmetric Alg 
optic mode which involves displacements only of 
the Te atoms, and these are constrained to the z 
direction. The mode at 4 THz is the nonsymmetric 
A2, mode involving Pd motion out of phase with 
the Te atoms and along the z direction. The lowest 
optic mode at 2.25 THz is the Eu optic mode 
involving Pd motion out of phase with the Te 
atoms (x-y plane). 

The so-called rigid layer modes correspond to 
the LA and TA modes at point A in the Brillouin 
zone. These modes have relatively high frequencies 
compared to several transition metal selenides 
which have much lighter masses. This may be a 
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Fig. 5.18. Phonon dispersion curves for PdTe2 in the 
[001] direction. 



flection of the greater polarizability of Te vs Se 
id, therefore, leads to larger van der Waals forces 

between the layers. 
In the Z direction those branches with x-z .polar- 

izations have been measured. These branches, how- 
ever, cannot cross, and in. regions where they try to 
do so, their identification is not certain. Model cal- 
culations will be necessary to sort them out, and 
this will be attempted shortly. 
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MEASUREMENTS OF PHONON DISPERSION 
CURVES, SPECIFIC HEATS, 

AND SUPERCONDUCTIVITY IN 
4d NIOBIUM ALLOYS' 

Alloys consisting of Zr, Nb, and Mo show 
interesting physical phenomena; the superconduct- 
ing Tc increases by the addition of Zr to Nb, 
which has T, = 9.2 K .  The maximum in T, has 
been reported to occur for the Nb-Zr alloy contain- 
ing approximately 20% of Zr (T,  = 11 K). The 
Zr-rich Nb-Zr alloys have been studied in connec- 
tion with the w phase, which is generally inter- 
preted as a manifestation of the electronically 
driven phase ~ransilioll ill this alloy system. The 
addition of Mo to Nb, on the other hand, lowers 
Tc drastically. The anomalies in the phonon disper- 
sion curves in. Nb become weaker, resulting in 
higher phonon frequencies as Mo is added, and 
they are eventually replaced by a different set of 
anomalies found in Mo. These anomalies are 
believed to be closely related to the number of con- 
duction electrons per atom, the e/a ratio. 

In Llie pl'estt111 sludy illelaslic r~eulron scallering 
measurements of phonon dispersion curves at room 
tea~perature have been carried out for three alloys: 
~ r ~ . , ; ~ b ~ . , , ,  Zro,,Nb0,9,, and Z~o.o,,Nbo.,,9Moo,88~ The 
specific heats and room temperature elastic con- 

stants were also measured to determine the elec- 
tronic density of states parameter y and to provide 
information on the phonon energies at very small 
q. The phenomenological charge fluctuation model 
(CFM) was used to fit the phonon dispersion 
curves and to generate the phonon density of states 
for each sample. Moments of this distribution 
along with Tc and y are used to determine (12) , 
the average electron-phonon interaction, for 'com- 
parison with Butler's rigid-muffin-tin ca~culations.~ 
Although detailed numerical agreement is not 
expected and does not occur, nevertheless, the gen- 
eral trend around Nb is reproduced. The Zr-Nb- 
Mo alloy is found to behave in detail like a Nb-Mo 
alloy of the same electron/atom ratio both in its 
dispersion curves and in other properties, indicating 
the importance of this parameter. 
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PHONON ANOMALIES AND 
SUPERCONDUCI'IVITY IN THE hcp 

METALS Tc, Re, AND RU' 

H. G. Smith N. wakabayashi2 

The phonon dispersion curves have been mea- 
sured for the hcp metals Tc, Re, and Ru in the 
[loo] direction at room temperature. A pro- 
nounced phonon anomaly has been observed for the 
LO mode in Tc and Re which is absent in Ru. A 
low-temperature study of Tc revealed a strong tem- 
perature dependence of the anomaly. It is sug- 
gested that the magnitude of the phonon anomaly 
is correlated with the strength of the electron- 
phonon interaction in these metals. 

1. Abstract of paper: Solid State Commun. 39, 371 
(1981). 
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LATTICE DYNAMICS OF Ti, Co, Tc, 
AND SOME OTHER hcp METALS' 

N. wakabayashi2 R. scherm3 
H. G. Smith 

New phonon dispersion curves as determined by 
inelastic neutron scattering experiments are 

for the hcp metals Ti, Co, and Tc, along 
with their theoretical analyses in terms of the 
phenomenological charge fluctuation modeL4 The 
model was also used to reanalyze the phonon data 
for some other hcp metals Sc, Y, Zr, and Hf. For 
all the metals other than Sc  and Y, it was found 
that the data could be successfully analyzed only 
with a dipolar charge fluctuation (DCF) model, in 
contrast to Nb which required only monopolar 
terms. For Sc and Y, the 'dispersion curves were 
satisfactorily analyzed in terms of a third-neighbor 
Born-von KBrmBn model without any charge fluc- 
tuation terms. 

The softening of the longitudinal [001] mode 
near r observed in some of the metals appears to 
be closely related to an incipient instability in the 
electronic system toward the formation of a dipolar 
charge density wave. The teniperature dependence 
of .the large anomaly in Tc could be reproduced by 
extremely small changes in one of the parameters 
of the DCF model. 

1. Summary of paper to be published. 
2. Present address:. Keio University, Yokohama, 5 

We have found that the lattice dynamics ' 

strongly affected by valence fluctuations in tl 
alloy system Sm0.75Y0.25S and that the phonons in 
the LA mode in the (1 11) direction are coupled 
particularly strongly to valence fluctuations. Good 
agreement has been obtained between our results 
and a number of lattice dynamical calculations 
that correctly take into account the mixed-valent 
effeck4 Recently additional neutron inelastic 
scattering measurements have been made on 
stoichiometric TmSe, which has a mixed-valent 
ground state. Phonon softening was again observed, 
particularly for the longitudinal modes in the [ I l l ]  
direction. It appears that valence fluctuations cou- 
ple strongly to the phonons in TmSe. 

Recently, we have been able to ,extend our pho- 
non measurements to SmS under pressure. SmS at 
standard pressure is not mixed valent, and we 
would expect that the phonon dispersion curves 
would be typical of a standard rock salt material. 
At about 6.5 kbar, SmS undergoes a first-order 
transition to a metallic phase that has a mixed- 
valent ground state. We were successful in 
compressing a single crystal of SmS isotopically 
enriched in ' 5 4 ~ m  in a clamped pressure cell 
through the 6.5-kbar transition so that phonons 
could be measured in the mixed-valent state. Fig- 
ure 5.19 shows the phonon dispersion curves for 
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3 
LATTICE DYNAMICS OF THE N 

INTERMEDIATE VALENCE COMPOUNDS 
TmSe AND SmS 

2 
H. A. Mook F. Holtzberg' 
R. M. ~ i c k l o w  D. B. ~ c ~ h a n ~  

Intermediate valence effects have been the sub- I 

ject of considerable experimental and theoretical 
interest in the last few years.3 A number of 
unusual physical properties result from mixed- 0 
valent effects, and several mixed-valent materials 0 O.! 0.2 0.3 0.4 0.5 

have been studied with neutron scattering so that a ( 5 5 5 )  

better understanding of the nature of the Fig. 5.19. Longitudinal acoustic [ I l l ]  phonon disper- 
intermediate-valence ground state can be obtained. sion curve for SmS at standard pressure and at 7 kbar. 
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SmS in the semiconducting state at standard 
pressures and in  the metallic-mixed-valent state at 
high pressures. We see that there is a dramatic 
softening of the [ I  1 I ]  LA phonon branch about 
halfway to the zone boundary. One can determine 
from symmetry considerations that the LA [ I l l ]  
phonon at the zone boundary does not couple to 
valence fluctuations, and we see that the phonon 
energy at the zone boundary increases with pres- 
sure as would be 'expected. The strong phonon 
softening for the [I 1 1 1  LA mode shows that there 
is a strong coupling between the valence fluctua- 
tions and the phonons in  intermediate-valent SmS. 
Thus, any theory of the mixed-valent state for this 
material must correctly take into account the cou- 
pling between phonons and valence fluctuations. 
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LATTICE DYNAMICS OF LaSn3 

C. stassis2 C.-K. ~ o o n g ~  
J. zarestky2 0 .  D. McMasters2 

R. M. Nicklow 

The room-temperature dispersion curves of 
. LaSn3 have been measured using inelastic neutron 

scattering techniques along with a selection of pho- 
non frequencies at 750 K and 1200 K. No pro- 
nounced anomalies were observed, even though 
LaSn3 has a high superconducting transition tem- 
perature ( T ,  = 6.42 K). This observation is con- 
sislenl with other evidence3 that the Sd condllction 
electrons contribute very little to the superconduct- 
ing nature of LaSn,, implying that this compoi~nd 
can be treated as a simple metal. 

There does exist, however. a subtle feature of the 
LaSn, dispersion curves which can be seen in com- 
parison with CeSn3.4 With nearly equal masses 
and similar outer electronic configurations, the 
dispersion curves for CeSn3 and LaSn3 should be 
identical, but near the lower rI5 point, the LaSn3 
frequencies are much lower than the CeSn, fre- 

quencies (Fig. 5.20). We speculate that the differ- 
ence may be due to the electron-phonon interaction 
in superconducting LaSn3. 

The behavior of the frequencies near the lower 
rI5  point motivated the high-temperature measure- 
ment on LaSn3. Except for these phonons, the fre- 
quencies showed the normal temperature depen- 
dence. However, at and near the lower r15 point, 
the phonons showed soft mode behavior quite simi- 
lar to the behavior of the upper optic mode at r in 
Zr (ref. 5) and T C . ~  In fact, the electronic density 
of states for both LaSn3 (ref. 7) and Zr (ref. 8) 
have a peak just below EF arising from doubly 
degenerate bands. Therefore, the soft mode 
behavior of the lower rI5  mode could be explained 
by the lattice distortions from this mode splitting 
the degeneracy and lowering the electronic energy. 
These qualitative arguments are supported by 

l- REDUCED WAVE VECTOR X 

Fig. 5.20. Comparison of the room-temperature phonon 
dispersion curves along the [loo] direction of LaSn3 and 
CeSn3. 



frozen phonon calculationsg for Zr and by recent 
theoretical models of the softening in supercon- 
ducting hcp metals9 

The phonon frequencies were used in a conven- 
tional Born-von KBrmBn three nearest-neighbor 
model to obtain the atomic force constants which 
were then used to calculate the phonon density of 
states g(v), the Debye temperature BD(T), and the 
lattice contribution to the specific heat. 

intercalate layer, and Stage n implies there are n 
graphite layers between intercalate layers. A struc- 
tural model for SbC15:graphite based on the results 
of an x-ray study2 is shown in Fig. 5.21. 

The system SbC15:graphite was considered very 
suitable for neutron scattering studies. Large sam- 
ples can readily be made, they are stable in air, 
and Sb and C1 have very favorable neutron scatter- 
ing properties. A sample consisting of about eight 
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NEUTRON SCATTERING STUDIES 
OF  THE INTERCALATE SbCls IN GRAPHITE 

M. G .  Smith P. C .  Eltlund' 
R .  M. Nicklow V. yeti '  

Many of the physical and electronic properties of 
graphite are related to its predominately two- 
dimensional nature resulting from the strong 
intralayer bonding and very weak interlayer bond- 
ing. This latter property permits the intercalation 
into graphite of a wide variety of atoms, such as 
the rare gases, alkali metals, SbC15, and SbF5. It is 
probable that the molecules intercalate as several 
molecular species (e.g., -SbCl;, SbC13, and perhaps 
SbC15 to a limited extent). The degree of intercala- 
tion is very dependent upon the conditions of 
preparation and on the atomic or molecular species 
incorporated into the graphite lattice. Some are 
donor systems (i.e., electrons donated to the lattice, 
as exemplified by the alkali metals), and others are 
acceptor systems (electrons received from the lat- 
tice, as .exemplified by the species SbC1;). The 
amount of intercalation is described in terms of 
stages. Stage 1 implies every other layer is an 

CARBON LAYER 3.35 n 

I 2 S ~ C I )  SbLI6 

C A R B O N  LAYER 1 

Fig. 5.21. Geometry of the centrosymmetric intercalate 
sandwich of SbCI5:graphite. 

platelets [ l o  X 10 X 1.5 cm] of Stage 2 material 
was investigated on the HB-3 spectrometer 
(HFIR) at room temperature. Preliminary phonon 
measurements were limited mostly to determining 
the longitudinal acoustical optic branches in the c 
direction, although a few trial measurements were 
made in searching for other modes. The results are 
shown in Fig. 5.22(a). Similar measurements for 
the Stage 4 material are shown in Fig. 5.22(b). 
The highest branch in each case is very tentatively 
assigned to the center-of-mass mode, where the 
intercalate sandwich vibrates against the carbon 
layers. The gaps between branches at the zone 
center and zone edge are a measure of the zone- 
folding interactions in the two materials. Clearly, 
additional measurements are desirable and neces- 
sary to e1"cidate the lattice dynamics of this 
interesting material, particularly with regard to the 
molecular species incorporated in the crystals. 
Low-temperature phonon studies are also contem- 
plated so that a search for possible ordering of the 
intercalates within the planes can be made. 

The elastic neutron scattering measurements 
have .revealed an interesting anomaly associated 
with the (001) reflections. For example, the even 
reflections 1 = 2n (except for 1 = 10) all give the 
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Fig. 5.22. (a) C-axis dispersion of the LA and LO pho- 
nons in State 2 SbC15:graphite. The lines are guides for 
the eje. (b) C-axis dispersion of LA and LO phonons in 
State 4 SbC'IS:graphite. The lines are guides for the eye. 

same value of the c-lattice constant, as expected, 
whereas odd reflections (plus 0,0,10) give experi- 
mental peak positions that are slightly displaced 
from the calculated positions based on the lattice 
constant determined from the even reflections. This 
unusual, but interesting, behavior i s  pnssihly assnci- 
ated with some sort of correlated disorder in the 
intercalate layers. 

A by-product of this investigation is the observa- 
tion of the relatively large intensity of the (001) 
reflection which occurs for both materials. This 
suggests that both materials show promise as long- 
wavelength neutron monochromators (-- 10-20 A) 
since, in principle, large samples can be made from 
pyrolytic graphite, and they are relatively stahle in  
air. 

I .  University of Kentucky, Lexington, Ky. 
2. M. L. Saylors et al., p. 117 in Extended Abstracts 

of the 15th Biennial Carbon Conference, American Car- 
Ion Society, Philadelphia, Pa., 1981. 

NEUTRON SCATTERING STUDY OF 
WATER DYNAMICS IN BIOLOGICAL 

AND MODEL SYSTEMS' 

E. C.  ranth ham^ J. C. Clegg4 
H. E. RorschachJ C. F. ~azlewood' 

R. M. Nicklow 

The role of water in biochemical and biological 
processes is one of the most important unsolved 
problems in biology. Nuclear magnetic resonance 
(NMR) spin-echo techniques have been used 
extensively to study water properties in biological 
cells by measurements of orientational relaxation 
times and translational diffusion coefficients. 
Present pulse technology requires a measuring time 
of a few milliseconds, which for water gives a dif- 
fusion distance >1 p. This introduces difficulties in 
the interpretation of the results for a heterogeneous 
system such as the biological cell where the scale 
size is also of the order of a micron. The measured 
diffusion coefficient is then an average over the 
cellular environment, and it has not been possible 
to obtain a clear picture of the microscopic disposi- 
tion of water within a cell. 

The method .of quasi-elastic neutron scattering 
(QNS) offers the possibility both to reduce the 
"measuring distance". to a few angstroms and to 
obtain details about the diffusion dynamics not 
available from NMR data. Our initial QNS study 
has been carried out on three systems: a model sys- 
tem of a 20% gel of polysaccharide agarose, a bio- 
logical system of the cyst of brine shrimp 
(Artemia), and pure water. Agarose gel is a poly- 
mer (Cl2HI7o9),,  of known structure. It contains 4 
OH groups and 13 covalently bonded protons in 
each repeat unit. It was selected for a pilot study 
to determine if the spectrometer resolution was suf- 
ficient to separate the quasi-elastic line due to the 
diffusing water protons from the elastic line of the 
polymer nondiffusing protons. The brine shrimp 
cysts have a diameter of -0.2 mm and consist of 
an.inner mass of about 4000 cells surrounded by a 
complex noncellular shell. Their biochemical and 
physical properties have been studied, and the dif- 
fusion coefficient of water for various degrees of 
hydration has been measured by NMR methods. 
The degree of hydration can be varied over a wide 
range (0.02-1.5 g H20 /g  dry cyst), while still 
retaining viability for the extended periods needed 
for the neutron spectrometer scans. 

The neutron measurements were obtained on the 
HB-2 triple-axis spectrometer at the HFIK. 



Pyrolytic graphite monochromator and analyzer 
crystals, a neutron beam energy of 4 meV, and a 
Be filter were employed, giving an energy 
resolution of 0.10 meV. The samples were con- 
tained in aluminum sample holders sealed with an 
indium gasket. 

Data were obtained for various values of Q 
between 0.7 and 1.9 A-', where Q is the magni- 
tude of the neutron scattering vector. The quasi- 
elastic peaks measured for each Q were analyzed 
by a least-squares fit with a five-parameter func- 
tion, which included a linear background and the 
convolution of the spectrometer resolution function 
with an elastic line and with a Lorentzian quasi- 
elastic line. The width r of the Lorentzian line and 
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the intensities of the two components were deter- Fig. 5.23. The line width r for quasi-elastic neutron 
mined at  each "Iue of from the fitting parame- scattering from water, agarose gel, and artemia cysts. 
ters. The contribution from the agarose protons - 

was determined by scattering from a D20  gel. For 
the brine shrimp, the contribution from the protons developed a model which is conriaent with all the 
uf [he "dry" cyst was determined from an extrapo- features of the spectra. 
lation of line intensity vs hydration to zero water 
content. 

Figure 5.23 shows the line width I' as a function 
of Q2 for pure water (solid curve) and for the 20% 
agarose and the 1.2-H20/g dry solid cysts. The 
data points are not shown for water. Their error 
bars are similar to those for the agarose and brine 
shrimp results. 

The line width I'(Q2) for water and the agarose 
gel could be fitted by a jump diffusion model with 
r givcn by 

For water, a fit of I'(Q~) gives D = 2.4 X lod5 
cm2/s and = 10-l2 S. For agarose, the initial 
slope of I'(Q2) is nearly the same as for pure 
water, although data at smaller Q are needed to be 
certain of this. There are deviations from the water 
curve at large Q, indicating an increased value of 

70. 
The brine shrimp data show substantial devia- 

tions from pure water. The line width is relatively 
independent of Q and is much narrower than that 
of pure water. This behavior is consistent with the 
NMR data on translational diffusion, which shows 
that the diffusion coefficient is greatly reduced 
from the pure-water value. The constancy of the 
line width with Q is also consistent with a rota- 
tional diffusion model, but we have not yet 

I .  Summary of paper to be published. 
2. Oak Ridge Associated Universities thesis partici- 

pant from Rice University, Houston, Tex. 
3. Oak Ridge Associated Universities faculty partici- 

pant from Rice University, Houston, Tex. 
4. University of Miami, Coral Gables, Fla. 
5. Baylor College of Medicine, Houston, Tex. 

USE OF ULTRASONIC WAVES TO 
PRODUCE HIGH-INTENSITY PULSED 

NEUTRON BEAMS FOR TIME-OF-FLIGHT 
SPECTROSCOPY 

H. A. Mook 

High-quality large crystals of Si are now readily 
available for use in the semiconductor industry. 
These crystals reflect few neutrons since 
their mosaic spread is so small (a few seconds of 
arc). If high-power ultrasonic waves are introduced 
into the Si, the effective mosaic spread can be 
made as large as a few tenths of a degree, making 
the crystal useful as a neutron monochromator. If 
high-frequency ultrasonic waves are used, the neu- 
tron beam may be pulsed by rapidly switching the 
ultrasonic signal. An assembly of Si crystals has 
been built for use as a pulsed monochromator for 
the time-of-flight spectrometer at the HB-4 beam 
port at the HFIR. The separate crystals are placed' 



so that time focusing is utilized. The crystal assem- 
bly gives short neutron pulses of a few 
microseconds so that good energy resolution is 
obtained. The use of a series of focused crystals 
and the use of the cross-correlation technique of 
taking time-of-fight neutron data give a high neu- 
tron intensity. The spectrometer is expected to be 
particularly useful where high-energy resolution is 
needed. 

DATA ACQUISITION SYSTEM FOR 
HFIR NEUTRON SPECTROMETERS 

R. M. Nicklow S. P. King 
E.  adde en' D. E. Smith' 

A new data acquisition system for the four 
triple-axis neutron spectrometers (HB- 1, HB-l A, 
HB-2, and HB-3) at the HFIR has been designed, 
and it was installed during the fall of 1981. 

The major components of the system consist of 
four PDP 1 1 /23 "satelliten computers, one for each 
of these spectrometers, and a fifth "hostn com- 
puter, which is a PDP11134. Each satellite com- 
puter has 128-K words of memory, two 2.5-M 
word disks, a Decwriter 11, a Tektronix 4006 
graphics terminal, and CAMAC interfacing to the 
experiment. The host computer has a 128-K word 
memory, four 2.5-M word disks, a high speed Dec- 
writer 111, a DEC VTlOO graphics terminal, a Tek- 
tronix 4014 graphics terminal, and a Versatec 1200 
plotterlline printer. 

'She system software fbr each satellite and the 
host is DEC RSX11-M, allowing for multiuser, 
multitask real-time data acquisition, data analysis 
and display, and some program development plus 
DECNET software to provide communication 
between each satellite computer and the host com- 
puter. Each satellite computer is a completely self- 
contained data acquisition system providing experi- 
mental control and some data analysis and display 
capabilities. To carry out extensive program 
development or complex data reduction, plotting, 
and analysis, the data and program files can be 
transferred to the host computer via the DECNET. 
For very extensive data analysis problems, a dedi- 
cated hardwired link to the ORNL PDP-10 com- 
puter is provided. 

The custom operating programs are designed to 
provide the maximum flexibility of experimental 
control consistent with great simplicity of interac- 
ive communication between the experimenter and 

the system. For example, most of the spectrometer 
control and associated computational tasks can be 
initiated by typing simple two- or three-letter com- 
mands which are acronyms of the task description 
that the command initiates. 

-- - 

1. Instrumentation and Controls Division, ORNL. 

MAGNETIC PROPERTIES 

NEUTRON SCATTERING EVIDENCE ON 
LIFSHITZ BEHAVIOR IN M ~ P '  

R. M. Moon J. W. Cable 
Y. shapira2 

Many theoretical studies of the Lifshitz point 
(LP) have been published in recent years,3 but 
there has been a notable absence of positive experi- 
mental evidence on the existence of this effect. In a 
magnetic system, this multicritical point has the 
following three essential characteristics: (1) The 
LP is a meeting point of three phases: a paramag- 
netic phase, a ferromagnetic phase, and a heli- 
coidal phase with a variable wave vector, which is 
a function of thermodynamic parameters. (2) The 
transitions from the paramagnetic phase to both 
ordered phases should be of second order. (3)  The 
wave vector q in the helicoidal phase should 
approach zero continuously as the LP is 
approached. 

Based on a study of the phase diagram and on 
susceptibility measurements, it was recently con- 
cluded that the ferro-fan-para triple point of MnP 
is an L P . ~  However, neither the phase diagram nor 
the susceptibility gives direct evidence of the varia- 
tion of q in the fan phase. The purposes of the 
present work are to measure the variation of q in 
the fan phase and to check whether indeed q -. 0 
as the LP is approached. We also attempted to 
determine the critical exponent Pk,  which governs 
the variations of q along the fan-para phase boun- 
dary. 

MnP has an orthorhombic cell and is ferromag- 
netic below 291 K, with a magnetic phase change 
at 50 K.' Neutron diffraction studies6.' have shown 
the low-temperature (zero-field) structure to be a 
spiral with the wave vector along a (a > b > c).  
Application of a magnetic field along b produces a 
fan phase, as shown by magnetization8 and neutron 
diffraction s tud~es .~  'l'he Mn moments are 



ferromagnetically coupled in planes perpendicular 
to a, but the direction of these moments wobbles 
about the b direction in a periodic fashion with a 
wave vector 

We have measured the position and intensity of 
the resulting magnetic satellites at the ( 2  f 6 0 0 )  
positions as functions of applied field and tempera- 
ture (89-1 17 K ) .  

Our results are summarized in Fig. 5.24, which 
shows the satellite peak intensity and 6 as functions 
of field and temperature. The intensity curves may 
be used to construct the phase diagram. At a fixed 
temperature and low applied field, the system is 
ferromagnetic and the satellite intensity is zero. 
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Fig. 5.24. Satellite peak intensity and wave vectors as 
functions of applied field and temperature. 

The abrupt increase marks the ferro-fan phase 
boundary at H I .  In the fan phase the intensity rises 
rapidly with increasing field and then gradually 
falls to zero at the fan-para boundary. There is 
some ambiguity in the location of this boundary, as 
indicated by the 89.1-K data, because the intensity 
gradually tails off in the paramagnetic phase, indi- 
cating critical behavior. We have used an intuitive 
extrapolation, as indicated in Fig. 5.24, to locate 
this phase boundary at H2. Our results for H , ( T )  

are in excellent agreement with magnetostriction 
results on the same sample, but H2(T)  as deter- 
mined from Fig. 5.24 is consistently higher by 
roughly 600 Oe than the corresponding magneto- 
striction result. We believe that our extrapolation 
of the neutron intensities may lead to Hz values 
which are slightly high, but there may be also a 
real difference attributable to the completely dif- 
ferent experimental techniques. 

The theory of the LP predicts a characteristic 
variation of q along the para-helicoidal segment of 
the X line. In the theoretical papers3 the phase 
diagram is in  the P-T plane, where P is a general 
thermodynamic parameter. Very close to the LP 
and along the para-helicoidal boundary, q is 
predicted to vary as ( P  - P~')" ,  where PL is the 
value of P at the LP. In mean-field theory Pk = 

0.5,  and to a better approximation Pk = 0 . 5 4 . ~  To 
translate this theoretical prediction to the present 
case where the phase diagram is in the T-H plane, 
it is necessary to introduce scalirrg axes as dis- 
cussed in  ref. 4. Using their procedure, we expect 
that near the LP on the fan-para boundary 

where TL is the temperature at the LP. 
Using the data of Fig. 5.24, we have determined 

6 ( T )  along the fan-para boundary and have made 
a least-squares fit of Eq. ( 2 )  with K ,  TL,  and 
Pk as adjustable parameters. The results arc 
displayed in Fig. 5.25 with Bk = 0.44 2 0.05 and 
T L  = 121.7 f 1.3 K. Recalling the difficulty in 
exactly determining the fan-para boundary, we 
have also use.d the phase diagram of ref. 4 and 
our measurements of 6 to establish 6 ( T )  along thc 
X line. This results in a curve very similar to Fig. 
5.25 with Pk = 0.49 + 0.03 'and TL = 122.6 f 
0.9 K. It is not clear that the theoretical power law 
should extend over our temperature range, so that 
our value of Pk may only be approximate. 
Nevertheless, it appears that the temperature 
dependence of q is in approximate agreement with 
the theoretical prediction for LP behavior. 

I .  Summary of paper: J. Appl. Phys. 52, 2025 ( 1  98 1 ). 
2. Francis Bitter National Magnet Laboratory, Mas- 
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3. For a review, see R. M. Hornreich, J. Magn. 

Magn. Muter. 15-18, 387 (1980). 
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Fig. 5.25. Temperature dependence nf d along the fan- 
para phase boundary. Thc solid linc is a least-squares fit 
of the theoretical relation to the experimental data. 

A NEUTRON STUDY OF THE SPIN- 
REORIENTATION TRANSITION IN Gd' 

J .  W. Cable W. C. Koehler 

The easy axis of magnetizaiion in GJ  is parallel 
to the hexagonal c axis between the Curie tempera- 
ture (T, = 293 K) and the spin-reorientation tem- 
perature (T, -- 235 K). The easy axis moves away 
from the c axis below T, and lies on the surface of 
a c-axis cone of semiapex angle 0. The temperature 
dependence of 8 has been determined both from 
torque magnet~meter ' .~  and neutron diffraction4 
measurements, and although there are differences 
in detail, the results are in general agreement. 8 
lies i n  the 30-40" region at  low temperatures; this 

increases up to about 70-90" in the 150-200 K 
region and then decreases precipitously to 0" at  T,. 
There is a small a-axis resistivity anomaly associ- 
ated with T,, and recent measurements by Sousa 
et a ~ . ~  show that dpldt follows a (T, - T)- 'P 
dependence below T,. They assume that this resis- 
tivity anomaly is predominantly due to orientation 
fluctuations. If that is the case, then the observed 
dpldt behavior implies that sin 8 should vary as 
(T, - T ) ' / ~ .  One of the characteristic features 
of a second-order, spin-reorientation transition is 
that the Landau theory should be valid over a wide 
temperature range around T, .~  The order parame- 
ter sin 8 should, therefore, follow a. (T, - T)' /* 
dependence, in contrast to the conclusions from the 
resistivity data. 

In an attempt to resolve this apparent dis- 
crepancy, we have remeasured B(T) with particular 
emphasis on the region near T,. Intensity data 
were collected for the (002) and (100) Bragg 
reflections from a ' 6 0 ~ d  single crystal as a func- 
tion of temperature in the region 9-310 K. The  
intensities for T 3 298 K were assumed to be 
purely nuclear so that approximate magnetic inten- 
sities could be obtained from temperature differ- 
ences. Here, peak height intensities were used 
rather than integrated intensities to minimize the 
effects of the quasi-elastic paramagnetic scattering 
near T,. The temperature dependences of the raw 
magnetic-to-nuclear intensity ratios are shown in 
Fig. 5.26. The unusual temperature dependences 
shown here reflect the spontaneous spin- 
rcoricntation effects of Gd. These intensity ratios 
were corrected for thermal motion using a Debye 
temperature of 195 K to obtain squared structure 
factor ratios. In a ferromagnet, these ratios are 

where p and b are the magnetic and nuclear 
amplitudes while q2(002) = sin2 8 and q2(100) = 

I - '/Z sin2 0. The nuclear amplitude of ' 6 0 ~ d  is 
b = 0.915 X 10-l2 cm, while the magnetic ampli- 
tude is a function of scattering vector and 
temperature. This dependcncc is givcn by 

where p = 7 pg, a(T) /a  (0)  is the relative mag- 
netization, and f ( K )  is well established by the 
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Fig. 5.26. .Temperature dependence of the magnetic- 
to-nuclear intensity ratios for the (100) and (002) reflec- 
tions of Gd. 

form factor measurements of Moon et al.' The 
neutron results for a(T)/u(O), which are obtained 
by an appropriate combination of the (002) and 
(100) data, agree with the magnetization data of 
Nigh, Le'gvold, and speddings over the entire f ~ r -  
romagnetic region, with discrepancies of only a few 
percent in those temperature regions where the 
intensity ratios are changing most rapidly. 

The neutron results for ~ ( T ) / ; ( o )  were used in 
Eqs. ( I )  and (2) to determine the temperature 
dependence of 8 shown in Fig. 5.27. This curve is 
similar to those previously de termir~ed~-~  for Gd 
but contains more detail, especially in the phase 
transition region near T,. A surprising result is 
that 8 does not go to zero at T, but, instead, 
remains finite out to about 285 K. This can also be 
seen in Fig. 5.26 where the (002) intengity ratio 
remains finite above T,. Temperature difference 
curves in this temperature region show that the 
intensity appears at the Bragg position with no 
apparent broadening. Another characteristic fea- 
ture of a' second-order, spin-reorientation transition 
is that the spin-orientation fluctuations have corre- 
lation lengths that are typically lo3 times larger 
than those associated with the moment fluctuations 
at T,. We, therefore, attribute the. magnetic inten- 
sity remaining at (002) above T, to long-wave- 
length spin-orientation fluctuations. If such fluctu- 
ations have an amplitude of +68 fro,m an average 

Fig. 5.27. Temperature dependence of the cone angle I9 
in Gd. For T > 235 K, the observed I9 actually 
corresponds to fluctuations about zero 19. 

- 
8, then instead of q2  = sin2 8 for (002) we should 
use q2(002) = sin2 8 cos2. 68 + cos2 3 sin2 68. 
Above T,, where 8 is presumably zero, the (002) 
intensity is then proportional to sin2 68, and 
the finite values shown in Fig. .5.27 for T > T, 
actually correspond to 68 fluctuations about $ = 0. 
The correlation length of these fluctuations is 
necessarily large enough that only Bragg scattering 
is observed (-500 A). These fluctuations should 
also occur below T,, and this complicates the 
determination of the temperature dependence of 
the order parameter; which in the presence of fluc- 
tuations becomes sin 8. Fortunately, 60 is small, 
and to first order we can neglect the fluctuations 
and use q2(002) , = sin2 8 as thk square of the 
order parameter for this transition. The tempera- 
ture dependence of this parameter just below T, 
shows' that the order parameter follows a 
( T ,  - T) 'P  dependence as expected within the 
framework of the Landau theory. Since this is 
inconsistent with the spin-orientation fluctuation 
interpretation of the dp/dT behavior, we conclude 
that the resistivity anomaly at T, is not associated 
with spin-orientation fluctuations. Instead, this 
anomaly is probably associated with magnetoelastic 



fects which produce an anomaly in the elastic 
nstant C33 just below T , . ~  This constant 

describes the velocity of propagation of longitudi- 
nal acoustic phonons along the c axis, and the 
observed softening just below Tr should increase 
the a-axis resistivity through the electron-phonon 
interaction. 

I .  Summary of paper: Journal of Applied Physics (in 
press). 

2. C. D. Graham, J. Phys. Soc. Japan 17, 1310 
( 1962). 
3. W. D. Corner, W. C. Roe, and K.N.R. Taylor, 

Proc. Phys., Soc. London 80, 927 (1 962). 
4. J .  W. Cable and E. 0. Wollan, Phys. Rev. 165, 733 

( 1968). 
5. J .  B. Sousa et al., J. Magn. Magn. Mater. 15-18, 

892 ( 1980). 
6. K. P. Belov et al., Sov. Phys. Usp. 19, 574 (1976). 
7. R. M. Moon et al., Phys. Rev. B 5, 997 ( 1972). 
8. H. E. Nigh, S. Legvold, and F. H .  Spedding, Phys. 

Rev. 132, 1092 (1  963). 
9. M. Long, A. R. Wazzan, and R. Stern; Phys. Rev. 

178, 775.(1969). 

SUPERCONDUCTIVITY AND MAGNETISM 
IN Ho, -,Er,Rh4B4 ' 

H. A. Mook D. G.   inks^ 
W. C. Koehler M. B. ~ a ~ l e ~  
S. K. sinha2 Z. Fisk3 
G.  W. crabtree2 D. C. ~ o h n s t o n ~  

L. D. woolf3 

Since the discovery of reentrant superconduc- 
tivity in  E ~ R ~ ~ B ~ , ~  there has been considerable 
interest in the nature of the magnetic transitions in 
these types of materials. The H o , - ~ E ~ ~ R ~ ~ B ~  
alloy system is a n ,  ideal system to study the 
interaction between magnetism and superconduc- 
tivity since a wide variety of phenomena occurs 
throughout the alloy system. We have made neu- 
tron diffraction measurements on several alloys in 
this system to determine the type of magnetic or- 
dering and its temperature dependence. HoRh4B4 
is not a superconductor but orders ferromagnet- 
ically at 6.80 K with the moment directed along 
the c axis. A mean-field model gives an excellent 
description of the temperature dependence of the 
magnetization. This is unusual and is found in no 
other mctallic system. 

As Er is introduced into HoRh4B4, the magnetic 
ordering temperature drops, but the materials 
become superconducting at higher temperatures. 
Ho0,6Er0,4Rh4B4 is superconducting at about 7 K 
and magnetic at 3.60 K. We have found ferromag- 
netic c-axis ordering in this material also, with a 
moment consistent with only the Ho ordering. The 
magnetic transition now becomes first-order, super- 
conductivity is destroyed, and long-range fer- 
romagnetism is created in a sharp transition at 
3.60 K. 

Magnetic ordering in ErRh4B4 is in the basal 
plane so that Er and Ho have orthogonal compet- 
ing magnetic anisotropies in the alloy system, and 
alloys near 75% Er have compositions in the vicin- 
ity of a multicritical point. Alloys in this region 
have complex ordering in which two transitions are 
found. Ho0,3Er0.7Rh4B4 has a magnetic transition 
with c-axis ordering at 1.1 K and an additional 
transition with basal plane ordering at 0.87 K. 
Superconductivity is destroyed in a first-order tran- 
sition at 1.1 K where Ho aligns ferromagnetically 
along the c axis. 

A single crystal of ErRh4B4 has become avail- 
able, and more detailed data have been obtained 
for this material. Basal-plane ferromagnetic order- 
ing that coexists with superconductivity is found 
below about 1.2 K, but in addition, satellites are 
found near the magnetic reflections, showing that a 
sinusoidally modulated state also exists. The mag- 
netization as determined from the (101) reflection 
is shown in Fig. 5.28. As the material is cooled, 
ferromagnetism and superconductivity coexist with 
a modulated phase until 0.7 K, when both super- 
conductivity and the modulated phase disappear in 
a first-order transition, leaving a simple ferromag- 
netic structure. Large hysteresis is found upon 
warming, and superconductivity is regained at 0.74 
K. There is considerable interest in the nature of 
the coexisting state, and further SANS measure- 
ments are planned. 

I .  Summary of paper to be published. 
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Fig. 5.28. Magnetic intensity vs temperature for the 
(101) reflection and for a satellite reflection in ErRh4B4. 

MAGNETIC STRUCTURES OF HoB4 

W. C. Koehler Z. Fisk' 
H. A. Mook M. B. ~ a ~ l e '  

I n  a previous report,2 we presented a brief sum- 
mary of the magnetic properties of HoB4 as deter- 
mined from neutron diffraction from polycrystal- 
line specimens. Since then, we have investigated a 
number of single-crystal specimens. Our earlier 
conclusions about the complexity of the magnetic 
structures have been confirmed. 

Magnetic susceptibility, specific heat, and resis- 
tivity measurements by Fisk et have revealed 
two ordering transitions in HOB, at temperatures 
near 7.1 and 5.7 K. Moreover, the macroscopic 
measurements indicate that the higher temperature 
transition is of second order and the lower one is 
of first order. The present neutron scattering data 
on single crystals confirm these results. 

The data in  both temperature ranges have thuc 
far resisted a complete interpretation, and there ar 
some inconsistencies in  the data obtained with dit- 
ferent specimens. However, a number of conclu- 
sions can be reached. 

I n  the higher temperature phase the principal 
ordered mode is an incommensurate-ordered struc- 
ture characterized by two wave vectors, k l  = (0, 
0, 0.425) and k 2  = (6, 6, O), and equivalent [110] 
directions. The magnitude of 6 varies with tem- 
perature, but it is 0.021 reciprocal lattice vector 
units at 5.7 K. Polarization analysis experiments 
have established that the moments in  a given 
domain are parallel to a [ 1 101 direct-lattice direc- 
tion, thus normal to the c axis of the tetragonal 
unit cell. 

Below 5.7 K, at which temperature a first-order 
transition occurs, the magnetic structure changes 
to a commensurate antiferromagnetic structure of 
the type previously reported for ErB4 by Schafer, 
Will, and  usc chow.^ An analysis of the powder 
data at 4.2 K yields values of the components of 
the moment parallel and perpendicular to the c 
axis of ~ 1 1  = 6.7 PB and = 4.0 PB. 

- - - -- 
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TEMPERATURE DEPENDENCE OF THE 
SPIN DENSITY ASYMMETRY IN Ni' 

J .  W. Cable 

Magnetic form factor measurements2 on fer- 
romagnetic Ni show an unpaired spin density that 
is highly asymmetrical and arises mnstly from 
unpaired d electrons with t Z g  symmetry (81% t2, 

at 295 K). This symmetry character depends quite 
strongly on the details of the electronic band struc- 
ture and thus provides an important check on the 
validity of such calculations. Alternatively, the 
observed symmetry may be used as input data for 
adjusting the interaction matrix elements in these 
calculations. This latter approach is used, for 
example, by Cooke and ~ a v i s ~  in their highly suc- 
cessful calculations of the dynamical susceptibili- 



+:e's'of Fe and Ni. Clearly, this symmetry character 
id its dependence on temperature are important 

to an understanding of the spin dynamics of these 
materials at elevated temperatures. Previous mea- 
surements showed no temperature dependence of 
the symmetry properties for ~ e , ~  C O , ~  and .a series 
of Co-Fe and Co-Ni alloys.6 In this paper we 
report the first observation of a thermal effect on 
this symmetry character for a transition metal. 

The magnetic form factor of Ni can be written 
as' 

where .2/g is the fractional spin moment; a is the 
fraction of the spin moment with nonlocal charac- 
ter; and f3dr  ' fNL, and forb are appropriate form 
factors for the local spin, nonlocal spin, and orbital 
components, respectively, of the moment. The form 
factor for d electrons in a cubic field is given by7 

where ( jo )  and ( j4 )  describe the spherical and 
aspherical parts of the spin density, Ahkl depends 
on direction in the crystal, and y is the fraction of 
the spin density with eg symmetry. ~ o o k '  found 
that this form factor reproduces his room tempera- 
ture Ni data with g = 2.20 taken from magne- 
tomechanical data and with fNL(K) contributing 
only at K = 0. The best fit was obtained with 
Hartree-Fock IVi2+ filnctions for ( jo) ,  (j,), and 
forb(K) and with a = y = 0.19. 

We assume this formalism to determine the tem- 
perature dependence of the asymmetry parameter 
y. In so doing, we use the (333)(511) pair of 
reflections that occurs at the same scattering angle 
and therefore has the same ( jo) ,  ( j4) ,  fNL(K), 
and forb(K). The difference between the form fac- 
tors for these reflections thus contains only an 
aspherical term, 

from which y can be determined if a and ( j4 )  are 
known. The simplest approach is to assume the 
same a and ( j4 )  values used by Mook for his room 
temperature data. Because form factor measure- 
ments for a variety of ferromagnetic alloys show 
that the nonlocal moment is proportional to the 
average moment, it is reasonable to assume that a 
is indeed a constant and is independent of tempera- 
ture. We must, however, recognize the possibility 
that ( j 4 )  is temperature dependent. The wave 
functions and, therefore, the form factors are ex- 
pected to be slightly different for spin-up and 
spin-down electrons. As a result, the spin density 
contains a contribution from the paired electrons in 
addition to the usual unpaired electron term. In an 
itinerant system, where the number of unpaired 
electrons may vary with temperature, this could 
result in temperature-dependent ( jo)  and ( j 4 )  
functions. However, the magnitude to be expected 
for such an effect is not known. Fortunately, there 
is an experimental cross-check on the constancy of 
these parameters. Since the Ahkl for this pair of 
reflections is nearly equal in magnitude and oppo- 
site in sign (A333 = -0.667, A=,,, = 0.650), the 
aspherical term contributes less than 1% to the sum 
of their form factors and can be neglected. We can 
then define an average form factor at this K, given 

where ,fNI,(K) has been dropped because it con- 
tributes only at small K. We note that the ( jo )  
term is the major part of ( f ) ,  So that  any tem- 
perature dependence in either a or ( jo )  should be 
observed in (f ). In fact, we find that ( f )  is con- 
stant within 5% limits and conclude that a and 
( jo)  are temperature independent. In that case 
( j 4 )  should also be temperature independent, and 
Eq. (3) can be used to obtain y ( T )  from Af (T). 

Polarized-neutron flipping-ratio measurements 
were made on an isotopic single crystal of 6 0 ~ i  in 
the temperature range from 4 to 634 K. Form fac- 
tors were obtained by using the magnetization data 
of Crangle and ~oodman, '  and b ( 6 0 ~ i )  = 0.291 
X 10-l2 cm. The latter was determined by com- 
parison of the room temperature p/b values with 



those of ~ o o k *  assuming bNi = 1.03 X 10-l2 cm 
for natural Ni. 

The temperature dependence of ( f )  and Af is 
shown in Fig. 5.29. The average form factor 
remains essentially constant with a value of 0.070, 
compared with a calculated value of 0.068 for the 
Hartree-Fock ~ i ~ +  ion. By contrast, the form fac- 
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Fig. 5.29. Temperature dependence of the average (n 
and the difference Af form factors for the (333)(511) pair 
of Bragg reflections of Ni. Equations ( 3 )  and (4) define 
Af and w, respectively. The solid curves serve only as a 
visual aid and have no theoretical significance. 

tor difference decreases continuously with increas- 
ing temperature. The corresponding eg population, 
shown in Fig. 5.30, increases from 19% at 4.2 K up 
to about 26% at 634 K. The temperature depen- 
dence of y shows that the t2g magnetization falls 
off more rapidly with temperature than does the eg 
magnetization. The origin of this difference in 
thermal behavior for the two subbands is not 
presently understood. The only intrinsic tempera- 
ture dependence in the electronic band structure is 
in  the Fermi distribution function. However, calcu- 
lations by cooke7 indicate that this thermal effect, 
although significant, is insufficient to account for 
the observations. We suggest that the increasing eg 
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Fig. 5.30. Temperature dependence of 7, the eg 
population, in Ni as determined from Eq. (3). The filled 
data point is from Mook.* 

population is caused by a different temperature 
dependence of the spin-splitting for the two sub- 
bands. Specifically, we expect the t2, splitting to 
decrease more rapidly with temperature than does 
the eg. 
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MAGNETIZATION DENSITY IN 
FERROMAGNETIC TiBel,sCuo,2 ' 

G. P. ~ e l c h e r ~  J. W. Cable 
J. L. smith3 

The compound TiBe2 has recently received a 
considerable amount of attention as one of the few 
cases in which the onset of magnetic ordering 
comes about as a result of the unique properties of 
the band structure of the material.495 Pure TiBez is 
reporteds to be antiferromagnetic; however, the 



)artial substitution of beryllium with copper 
.esults6 in  ferromagnetism for TiBe2-,Cu, with 
x 2 0.14. The . Curie temperature increases 
rapidly with x,  and the magnetizations give linear 
Arrott plots which are indicative of a Stoner-like, 
or itinerant, character of the ordering. The mag- 
netization shows no tendency toward saturation at 
1.6 K and 5.4 T, where the magnetization achieved 
is a mere fraction of that appropriate t.o the free 
titanium ion. The purpose of the present experi- 
ment is to determine by polarized-neutron diffrac- 
tion the magnetic density distribution in this weak 
itinerant ferromagnet. 

Flipping-ratio measurements were made on a ,  
polycrystalline sample of TiBel.8Cuo,z maintained 
at 4.2 K in a field of 1.0 T applied normal to the 
scattering platie. In Lhese conditions the magnetiza- 
tion equals 0.1 12 +_ 0.004 pB per Ti atom. All the 
Bragg reflections up to and including the (444) 
reflection were measured. Extinction and double 
Bragg scattering effects were neglected because of 
the small crystallite size. 

After the polarized-neutron measurements, the 
sample was crushed into a fine powder, and the 
crystal structure was examined by unpolarized neu- 
tron diffraction. This latter test confirmed the find- 
ing of earlier x-ray work,6 namely, that 
TiBel.8Cuo.2 crystallizes in the cubic Laves phase 
C-15 with a cell parameter of 6.5 A and with the 
Cu atoms going entirely in substitution on the Be 
sites. 

The magnetic structure factors obtained from 
the flipping-ratio measurcments were Fourier 
transformed to obtain the magnetic density. The 
[ I  101 cut, which contains the direct bonds between 
Ti atoms, is presented in Fig. 5.31. The contour 
levels I~avt: all ur~cerlainty due both to the error of' 
the original data points and to the truncation of 
the Fourier series after the (444) term; however, 
we estimate the uncertainty to be less than half of 
the step between the contour levels. 

The magnetization of TiBel.8Cuo.2 is concen- 
trated around the Ti positions. The distribution is 
tetrahedral, reflecting the point symmetry of such 
positions in  the crystal structure, and elongated 
a l u ~ ~ g  Lhe Ti-Ti bond. 

This picture is in rather sharp contrast to that of 
the isostructural ZrZn2, which is also a weak fer- 
romagnet. In the latter compound, a polarized- 
neutron experiment. showed7 the presence of a very 
diffuse magnetization weakly concentrated around 

le Zr sites. The trend is not cntirely uncxp~cLecl, 
,;cause the radial extent of the 4-d wave functions 

Fig. 5.31. (110) section of the magnetic moment density 
in TiBel.8Cuo.2. The contours are in  units of 0.04 LLB/A3. 
The dashed lines are zero contours and enclose low nega- 
tive density regions. 

of'Zr is certainly larger than the corresponding 3-d 
wave functions of titanium. 

The form factor of Ti as measured in the present 
compound and, for comparison, the Hartree-Fock 
form factore of ~ i ~ +  (spin only) are.plotted in Fig. 
5.32. The present form factor is considerably more 
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Fig. 5.32. The moment-form factor product for 
TiBel,8Cuo.2. The solid curve is the spin-only Hartree- 
Fock form factor of Ti2+ multiplied by the magnetiza- 
tion at 4.2 K and 1 .O T. 



contracted than the ionic one, which is to be 
expected in a metal for an element at the begin- 
ning of the 3-d series. No band calculations have 
been performed yet on the spatial extent of the 
d-electrons in any Ti compound. 

In conclusion, the present experiment confirms 
conclusively that in this material Ti is ferromag- 
netically active. It also presents a rather detailed 
description of the magnetic distribution which is 
concentrated around the Ti atoms but with a non- 
trivial radius of 0.6 A. The considerations made 
here apply to the average Ti site; whether this 
average is attained by summing over widely dif- 
ferent states depending upon the microscopic con- 
centration of copper around the Ti or if it is a 
description of the state of each Ti still has to be 
tested. 
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NEUTRON DIFFRACTION ANALYSIS OF 
A COMPOSITIONALLY MODULATED 

ALLOY OF NICKEL-COPPER' 

G .  P. ~ e l c h e r ~  Z. Q. zheng3 
.I. W. Cable J. B. ~ e t t e r s o n ~  

J. E. ~ i l l i a r d ~  

The new techniques of controlled vapor deposi- 
tion have made possible the preparation of materi- 
als with distinct and novel physical ~haracteristics.~ 
These materials are the compositionally modulated 
alloys (CMA), where the two components are 
deposited alternately on a convenient substrate 
forming a periodically stratified layer structure. By 
a proper choice of the substrate and of the condi- 
tions of deposition, each component can be made to 
grow along some particular crystallographic orien- 

tation; hence, the material is, at  least along thc 
direction of deposition, a single crystal whose basic 
properties can be examined by diffraction tech- 
niques. 

We have studied a CMA alloy Ni0.4C~0,6 to 
determine its microscopic magnetic behavior using 
polarized neutrons. Nickel-copper is very appropri- 
ate for this purpose, since the magnetic and crys- 
tallographic properties of the bulk alloy have been 
studied extensively. Thus, it is well known that the 
average magnetization of disordered Ni-Cu alloys 
and the temperature at which they order magneti- 
cally decrease linearly with increasing copper con- 
centration to a critical concentration near 60% 
copper. It has been found that annealing causes a 
clustering of the two components with an enhanced 
magnetization. It is to be expected that a CMA 
would also exhibit an enhanced magnetization over 
a similar disordered alloy, and such a result has 
been found in  recent ferromagnetic resonance 
 measurement^.^ 

Our alloy of composition Nio,4Cuo.a was depos- 
ited on a substrate of sapphire. It was confirmed 
that the CMA had grown with excellent expitaxial- 
ity along the [ I l l ]  direction of the fcc structure 
common to both components. First-order satellites 
were detected around the (1 11) Bragg reflection, at 
the positions expected for a repeat period of 22 A, 
and with an intensity lower by two to three orders 
of magnitude than that of the main (111) peak. 
Nn hieher nrder satellites were detected with our 
diffractometer. 

The pnlarized-neutron diffraction work was per- 
formed with the sample located in the bore of a 
split-coil superconducting magnet producing an 
external magnetic field parallel tn the layers and 
normal to the scattering plane defined by the 
incoming and scattered beam. The measurements 
were taken at different temperatures in magnetic 
fields of 1.0 and 0.06 T, the latter being the 
minimum field required to saturate the sample. 
The measurements were carried out on the two 
most prominent peaks of the structure, namely, the 
(1 11) fundamental reflection and the (000') satel- 
lite. The observed magnetic-to-nuclear-amplitude 
ratios for these reflections are given by 

and 



here pNi is the average Ni moment, Acl and Apl 0.4 
,re the amplitudes of the concentration and the Ni 
moment modulation, f Ni(K) is the .magnetic form 
factor, b = F b N i  + (I  - F)bcu, and Ab = bNi  
- bcu with b N i  = 1.03 and bcu = 0.76 X 10-l2 0.3 

c n ~ .  For the (000') reflection note that f Ni(K) = 

I and Ab = 0.27 so that the observed ratio 5 
becomes > 

i 0 .2  - 
2 

Therefore, the average Ni moment is obtained 
directly from the amplitude ratios of the (1 11) fun- 
damental, while the moment fluctuation about that 
average is given by the amplitude ratio of the 
(000+) satellite. Here, Ac, = 0.26 is obtained 
from the 1 1 1 + and I I I - satellite intensities. If the 
Ni atoms were randomly distributed' in each 
atomic layer, then with c = 0.4 and Acl = 0.26 
the Ni-rich layers would contain up to 66% Ni and 
the Cu-rich layers would contain only 14% Ni. 
From the magnetization-vs-concentration behavior 
of the bulk alloys, we estimate that the Ni moment 
should then vary from about 0.35 p~ in the Ni-rich 
regions to zero in the Cu-rich regions with an aver- 
age value of about 0.1.5 p ~ .  

The observed momcnt bchavior is shown in Figs. 
5.33 and 5.34. Figure 5.33 shows the temperature 
dependence of the average Ni moment in two 
external fields. The data show p ~ i  = 0.3 pB/Ni at 
low temperatures; this moment decreases with 
incrcasing tcmperature in the usual manner with a 
Curie temperature near 250 K as indicated best by 
the low-field data. There is a strong field depen- 
dence of the magnetization near T,.   he amplitude 
ratio dara for the (000 j satellite are shown in 
Fig. 5.34. Surprisingly, the magnitudes and the 
temperature and field dependences are essentially 
the same as for the average Ni moment in Fig. 
5.33. This shows clearly t h a t  moment fluctuations 
are negligible and thus that the Ni moment is the 
same in each layer regardless of the Ni concentra- 
tion in that layer. This cannot happen for a situa- 
tion in which the Cu and Ni atoms are randomly 
distributed in the layers; however, any clustering 
effect in the layer increases' the magnetization of 
Ni and reduces its dependence on the concentration 
in the layer. Such an effect is further reinforced if 
the clustering in a layer'is correlated with the clus- 
tering in adjacent layers. 
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Fig. 5.33. Temperature dependence of the average Ni 
moment in externally applied fields of 1 and 0.06 T. 
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Fig. 5.34. Temperature dependence of the magnetic-to- 
nuclear-amplitude ratio of the (000') satellite. The ratio 
is given by ,ENi + Fbf i , /Ac ,  and is shown in units of p~ 
per Ni atom. 

On the basis of the knowledge accumulated on 
the disordered alloys of Ni-Cu, both by magnetiza- 
tion measurements and by diffuse neutron scatter- 
ing, we can construct a crude model that substan- 
tiates our claim. In a layer with an average Ni 



concentration, we arrange the Ni atoms in clusters, 
with a size defined so that the Ni atoms in the 
interior of the cluster have the full Ni moment of 
0.6 pB, while those on the perimeter of the cluster 
have zero moment. The size of this intralayer clus- 
ter is adjusted to give 0.3 pB per Ni, and it comes 
to about 37 Ni atoms. For the' other layers, 
enriched or depleted in Ni, we accordingly enlarge 
(or reduce) the size of the cluster. We then obtain 
clusters ranging from about 50 Ni atoms in the 
Ni-rich regions to about 20 atoms in the Cu-rich 
regions. In each of these intralayer clusters the 
average moment per Ni is quite close to 0.3 pg; the 
variation of the size of the cluster produces a fluc- 
tuation of only 0.05 pB/Ni in much closer agree- 
ment with our findings. 
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casting, and quenching from 1385 K. The twn 
more dilute alloys are disordered fcc, with som 
hcp phase contamination for the 10% alloy, while 
the 20% alloy is atomically ordered in the Cu3Au 
structure. ~olarized-neutron-diffuse scattering mea- 
surements were made at 4.2K in a saturating field 
of 2 T. For the two disordered alloys, these yield 
the K-dependent moment disturbance functions 
M(K) presented in Fig. 5.35. These functions were 
fitted to the expression 

sin KR, 
= A P +  L: z(Ri)4(Ri)- 

R+O KR, ' 
(1) 

where Ap = pv - pco, 4(Ri) is the moment dis- 
turbance at any site caused by a V atom at 
distance Ri, and z(Ri) is the number of atoms at 
distance Ri. Here, the Co form factor was ap- 
proximated by fco(K) = e-0.049K2, and an 
exponential decay of the moment disturbance with 
the form 

was assumed. The fitting parameters are then Ap, 

MAGNETIC MOMENT DISTRIBUTION 4(RI),  and K ,  the inverse correlation length. The 

IN CO-v ALLOYS' best fits are represented by the solid curves in Fig. 
5.35 with the parameters given in Table 5.3. The 

'J. W. Cable parameters are similar for both compositions and 

Magnetization measurements2 on Co-rich Co-V show that the moment difference term Ap is only a 

alloys show that both the average moment and the 
Curie temperature decrease linearly with V concen- 
tration out to about 12 at. % V. Both properties 
decrease more rapidly at higher concentrations, 
and ferromagnetism no longer occurs above the 
critical concentration of 23 at. % V. In the linear 
region, dpldc = -6  pfj per V atom, and neutron- 
diffuse scattering data3 show that most of this 
moment decrease occurs at the Co sites due to the 
presence of V atoms in neighboring shells. The pre- 
vious neutron measurements3 were confined to the 
5 at. % impurity level, where only hcp and hcp-fcc 
mixed-phase samples are available. Here, we 
extend the measurements to higher concentrations 
and to the fcc region in an attempt to determine 
the local environment effects on the magnetic 
moment distribution in these alloys. 

Polycrystalline Co-V alloys containing 10, 15, 
and 20 at. % V were prepared by arc melting, drop 
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Fig. 5.35. The K-dependent moment disturbances for 
disordered Co-V alloys. Solid curves are fitted to Eqs. 
( I )  and (2)  with the parameters in Table 5.3. 



Table 5.3. Moment disturbance parameters for Co-V alloy8 

at. % v Ap $ ( R I )  K ( A - ' )  M(O) (PV) (PCO) 

'All parameters are in pB/atom except for K .  

small part of the total moment disturbance M(0)  magnetic structure factors. The results, which have 
caused by a V atom. This disturbance has a been corrected for instrumental imperfection and 
maximum value of only -0.06 pB on a nearest- sample depolarization, are given in Table 5.4. 
neighbor atom but extends over several shells of 
atoms so that the net effect is quite large. The 

Table 5.4. Magnetic structure factors of LRO Co-20 at. % average V and Co moments were obtained by com- 
bining Ap with the magnetizations, and these are 
given in the last two columns of Table 5.3. The 
average V moments are quite small and antiparal- 
lel to the Co moments, while the average Co 
moments are large but decrease very rapidly with 
increasing V content. 

The above analysis cannot be applied to the 20 
at. % V alloy, which exhibits long-range atomic 
order ( L R O ) .  In the usual treatment of L R O  in an 
A3B structure, the normal lattice and superlattice 
structure factors are FNL = fg + 3f, and Fsr. = 

f ,  - f,, where f ,  and f a  are the amplitudes on 
the o ( 0 )  sites preferred by the A(B) atoms. For 
nuclear scattering, these reduce to FNL = 46 and 
FSL = AbS, where S is the L R O  parameter. For 
magnetic scattering, the magnetic amplitudes de- 
pend on local environment, and this site depen- 
dence must be explicitly included in the structure 
factors. These are 

and 

where r and w are the fraction of "rightly" and 
"wrongly" occupied subscripted sites and p is the 
magnetic amplitude of the subscripted atom on the 
superscripted site. The site occupations can be 
determined from the nuclear LRO parameter for 
which we obtain S = 0.84 + 0.04 from the (100) 
to (200) intensity ratio. This corresponds to the 
maximum possible order at this concentration for 
which r ,  = 1, w, = 0 ,  r~ = 0.8, wg = 0.2, and 
S(max) = 0.8. Flipping-ratio measurements were 
made for the first three reflections to obtain the 

h k l  R FIMIFN' FN FM 

Here, R = ( F N  + F M ) ~ / ( F N  - F M ) ~ ,  and we 
have used bc, = 0.250, bv = -0.038, and S = 

0.8 to obtain FN. With the Co form factor and 
Eqs. ( 3 )  and ( 4 ) ,  these FM values yield (p;,) = 

0.28 + 0.01 p~ and (&,) + 4(&)  = 1.32 f 
0.06 pB.' Because the molecular field.at a V site is 
smaller here. than for the more. dilute disordered 
alloys, we expect that ( p e )  - 0 so that (p&) - 
1.3 pg. These results clearly demonstrate the 
dramatic .effects of local environment on the Co 
moment. Those Co atoms on sites have 12 C o  
nearest neighbors and large moments, while those 
on a sites have an average of 8.8 Co nearest neigh- 
bors and small moments. Co atoms on 0 sites have 
the same nearest-neighbor chemical environment as 
pure fcc Co, but their moments are only 1.3 pB 
compared with 1.76 pB for fcc Co. This reduction 
probably arises' mostly from magnetic environment 
effects since the 12 nearest-neighbor a site Co 
atoms have small moments. More distant neighbor 
effects will also contribute to this reduction. As a 
consequence of this strong dependence of the Co 
moment on local environment, it is quite likely that 
there are large fluctuations in pe0 because of the 
distribution of environments for the a sites. Fluc- 
tuations in pgo should be smaller because envi- 
ronment fluctuations occur only beyond the 
first-neighbor shell. Even so, there are moment 
fluctuations associated with the @ sites because 
they are populated by both Co and V atoms. Both 
of these effects contribute to the observed 



magnetic-diffuse scattering. Although the site 
occupation probabilities are different because of 
the LRO, these are the same moment fluctuation 
effects as in the disordered alloys, and the 
magnetic-diffuse cross sections are similar in shape. 
However, the K dependence is sharper for the 
ordered alloy ( K  = 0.14), indicating longer-range 
moment disturbances. This type of behavior, in 
which the range of disturbance increases with 
increasing solute content, has been observed for 
several Ni-based alloy systems and is taken as evi- 
dence for a magnetic environment effect. The 
present results indicate that the magnetic moment 
on a Co atom also depends on both its chemical 
and magnetic environment. 
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NEUTRON SCATTERING EXPERIMENTS 
ON THE MAGNETISM IN 

Cu-Mn SINGLE CRYSTALS' 

S .  A. werner2 J. W. Cable 

The curious magnetic properties of Cu-Mn alloys 
in the a-solid sululion range have attracted consid- 
erable attention for a very long time. In spite of 
the fact that a large number of neutron scattering 
experiments have been carried out on these alloys, 
a full understanding of the static and dynamic 
magnetic structure of these materials has not yet 
evolved. Fundamentally, we are faced with the 
problem of understanding the origin of the cusp in 
the low-field magnetic susceptibility occurring at 
some temperature, which is dependent upon Mn 
concentration, in the absence of the development of 
long-range antiferromagnetic order at low tempera- 
tures. Since there is no abrupt change in the 
entropy at the temperature at which the suscep- 
tibility cusp occurs (now commonly called the 
freezing temperature Tf), the low-temperature 
magnetic structure of these alloys is thought to 
resemble the static (metastable) structure of a 
glass. The spin-glass or mictomagnetic behavior 
now appears to be a general characteristic of 
many, more or less disordered, alloys [such as 

Au(Fe), Ag(Mn), and (Lal-,Gd,)A12] irrespective 
of the concentration of magnetic atoms. 

It is clear that the macroscopic magnetic proper- 
ties of these alloys depend intimately upon the 
spatial distribution of atoms in the crystals, that is, 
on the short-range atomic order. This fact is par- 
ticularly apparent from the drastic changes in the 
magnetic susceptibility upon heat treatment. For 
example, in Cu75Mnz5 the height of the cusp in the 
low-field susceptibility is a factor of 4 larger in an 
annealed sample than in a quenched sample.3 It is 
known from neutron scattering experiments that 
the short-range atomic order increases with anneal- 
ing. This suggests that short-range atomic order, or 
inhomogeneity, may be a prerequisite to spin-glass 
behavior. 

The microscopic connection between the short- 
range atomic order and the Mn spin-spin correla- 
tions can be observed using elastic neutron scatter- 
ing in which the nuclear and magnetic scattering 
cross sections are separated by polarization 
analysis. Experiments of this type have previously 
been carried out on quenched, polycrystalline Cu- 
Mn ~ a m ~ l e s , ~ . ~  yielding conflicting results. Ahmed 
and ~ i c k s ~  concluded that the nearest-neighbor 
Mn-Mn interaction is ferromagnetic, while the 
more recent results of Davis, Burke, and ~a inford '  
have been analyzed to yield antiferromagnetic cou- 
pling at nearest-neighbor distances. 

In order to clarify this situation, we have carried 
out polarization analysis experiments on a series of 
annealed Cu-Mn single-crystal samples grown by 
the Bridgman technique. The Cu-Mn crystals were 
placed at the sample position of the triple-axis 
spectrometer in a horizontal field of 20 mT 
directed along the scattering vector. The. scattered 
neutrons were then analyzed with a Co(Fe) crystal. 
The polarization state of the incident beam was 
controlled by an rf flipper coil, thus permitting a 
measurement of the spin-flip and the non-spin-flip 
cross sections s e p n r a t c ~ ~ . ~  In this geometry, all of 
the magnetic scattering is spin-flip scattering, while 
the coherent nuclear scattering is non-spin-flip 
scattering. 

The Cu-Mn crystals were oriented with the 
[001] fcc axis normal to the scattering plane. 
Peaks in the nuclear-diffuse scattering occur at the 
['/2,1,0]-type positions while the magnetic-diffuse 
scattering peaks at the [fi + d,l,O]-type positions. 
The intensity of both the nuclear- and magnetic- 
diffuse scattering decreased rapidly with decreasing 
Mn concentration, as shown by the results of scans 



along the [1,1,0] line displayed in Fig. 5.36. As a temperatures. The results of this procedure are 
function of increasing temperature, the peaks in shown in Fig. 5.37. The splitting of the magnetic- 
the magnetic-diffuse scattering decrease in inten- diffuse peaks is observed to decrease as the Mn 
sity and broaden continuously. concentration decreases. 

It is clear that the magnetic-diffuse scattering is 
symmetry related to the short-range order nuclear 

Cul-x*n, YS ORNL-wG el -20980 scattering. We interpret the scattering along the 
line [ f  ,1,0] to be due to one of three possible orien- 

1.0 tations of short-range ordered clusters. That is, the 

[%I,, magnetic-diffuse peaks at ['/z f 6,1,0] along this 

barns line arise from scattering from the same regions of 
s r  atom Os the macroscopic crystal as those that give rise to 

the diffuse nuclear scattering at [lh,l,O]. Similar 
symmetry-related magnetic and nuclear scattering 

o is observed along the two other equivalent direc- 

barns 
s C m  

Fig. 5.36. Lower half: The non-spin-flip scattering 
cross section (nuclear-diffuse scattering) measured along 
the line [1,1,0]. Uppcr half: Thc spin-flip scattering cross 
section (magnetic-diffuse scattering) measured along the 
line [1,1,0]. These data were taken at 8 K.  

In order to determine more precisely the posi- 
tions in  reciprocal space where the magnetic-dif- 
fuse scattering peaks, we have also carried out 
unpolarized neutron scattering'experiments to take 
advantage o f .  the increased intensity available. 
Knowing from the: polarization analysis experi- 
ments that the nuclear scattering is essentially con- 
stant over the temperature range 8-295 K and 
that the magnetic scattering decreases to near zero 
at a temperature just above room temperature, a 
subtraction of the unpolarized scattering cross 
section at 295 K from the cross section at 8 K 
,ields the magnetic-scattering cross section at low 

tians, namely, [ I  ,k,O] and [l,O,h]. 

Fig. 5.37. Magnetic-diffuse scattering along [1,1,0] line 
in reciprocal space as measured with unpolarized neutrons 
at 8 K. 
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1" view of thk fact that the small-angle neutron 
scattering from Cu-Mn alloys clearly shows the 
freezing of spin fluctuations,' it may appear 
surprising that this magnetic-diffuse scattering 
displays no hint of a freezing transition at low tem- 
peratures. However, we believe that these data are 
precisely the information needed to justify the 
qualitative model which has emerged over many 
years and has guided our thinking about magne- 
tism in  these .spin-glass alloys. This model involves 
the formation of magnetic clusters at some tem- 
perature well above Tf and an increase in their 
concentration and average moment as the tempera- - 
ture is lowered toward Tf. The fluctuations within 
and among these clusters slow down as T 
approaches TJ. Whether or not critical slowing 

1D~- 

C U , - ~ M ~ ,  Alloys 
Unpolarized 

A Neutrons 



down should be expected is not clear. We would 
like to suggest that the model magnetic clusters are 
the short-range order domains and that the data of 
Figs. 5.36 and 5.37 represent the Fourier decompo- 
sition of the magnetism within these regions. With 
these data as the basis, we are currently working 
on various models to obtain a physical picture of 
the magnetic structure of these clusters in real 
space. 
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NEUTRON DIFFRACTION 
FROM SMALL NUMBERS OF 

LANGMUIR-BLODGETT MONOLAYERS 
OF MANGANESE STEARATE' 

R. M. Nicklow M. pomerantz2 
A. segmiiller2 

The goal of this study is to determine the mag- 
netic structure of the ordered state of magnetic 
multilayers by neutron diffraction. Many quasi- 
two-dimensional magnetic crystals have been inves- 
tigated. I n  almost every case, if magnetic ordering 
occurred, it was three-dimensional, implying that 
the interaction between the magnetic layers was 
ultimately significant. One wonders if the layers 
can be spread sufficiently far apart, reducing the 
coupling such that individual planes only will have 
magnetic order. There are mean-field theoretical 
arguments denying this possibility. The reasoning is 
that, as an individual layer approaches T2-,,, an 
ordering temperature, its susceptibility diverges. 
Then any interplanar field, however small, will pro- 
duce ordering between the planes which sets in 
slightly below T Z - d .  

We have begun to investigate this question using 
magnetic monolayers of manganese stearate 
[Mn(C18H3502)2, abbr. MnSt2]. It has been shown3 
that with the Langmuir-Blodgett technique this 
compound can be deposited on polished Si wafer 
substrates as .individual monolayers or as precisely 
repeating multilayers with spacing between Mn 

layers of about 50 A. A monolayer of the material 
seems to order magnetically4 below about 2 K to a 
weak ferromagnetic state. Since the interplanar 
spacing is more than twice that of any other 
reported quasi-2-d magnet and could easily be 
made larger, this seems to be an appropriate 
material to study weak interlayer interactions. 

Such experiments require very low temperatures 
and have not yet been completed. Our initial mea- 
surements were carried out at room temperature to 
determine whether it is possible to observe success- 
fully neutron diffraction from a few monolayers 
with an area of a few cm2. The mass of the sample 
is g, which is probably the smallest ever 
to give observable neutron diffraction. 

The neutron measurements were carried out on 
the triple-axis neutron spectrometer located at the 
HB-2 beam hole of HFIR. The (002) planes of a 
pyrolytic graphite crystal, having a mosaic spread 
of approximately 0,4O, were used as the monochro- 
mator. Bccause of the large cell spacing (-50 A) 
of the sample, a relatively long neutron wavelength 
of 4.15 A was used to resolve the Bragg reflections 
better. This wavelength also permitted the use of a 
Be filter to suppress higher-order wavelength con- 
tamination (Xln, n = 2, 3, 4, etc.) from the 
monochromator which would have given diffraction 
peaks from the Si substrate in the same angular 
range as thk peaks from the MnSt2 films. The col- 
limation of the incident beam was 20 ft (FWHM). 
No collimation was used after the sample. 

The results for standard diffraction mcasurc- 
ments on three samples with different numbers of 
layers are shown in Fig. 5.38. The solid lines are 
theoretical calculations. It is interesting to note 
that, because of the small number of layers, the 
diffraction pattern contains considerable structure 
and intensity in  addition to the familiar Bragg 
peaks. However, much of the predicted structure is 
smeared by the instrumental resolution. Neverthe- 
less, good overall agreement between the measured 
and calculated patterns for both deuterated 
(shown) and protonated (not shown) samples is 
obtained. The calculated patterns were in fact "fit- 
ted" to the measurements to give structural infor- 
mation about the MnSt2 layers, which is comple- 
mentary to that obtained by previous x-ray 
 measurement^.^ 
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( a )  

Fig. 5.38. Ncutron diffraction from MnStz films: (a) 
43-layer film, (b) 11-layer film, and (c) 3-layer film. The 
dots are experimental points, and the lines are calculated 
patterns. Note the logarithmic intensity scale. 

THE MAGNETIC FORM FACTOR 
OF METALLIC IRON AND NICKEL 
AS SEEN BY INELASTIC NEUTRON 

SCATTERING FROM PHONONS' 

0. steinsvol12 W. C. Koehler 
R. M. Moon C. G. windsor3 

The magnetic form factors of the 3d metals have 
been studied by means of coherent elastic scatter- 
ing of polarized neutrons in a number of investiga- 
tions. However, with this technique one has access 
only to discrete values of momentum transfer equal 
to the reciprocal lattice vectors. We have utilized 
the coherent inelastic scattering of polarized neu- 
trons by phonons to study the neutron magnetic 
scattering amplitudes of metallic Fe and Ni for 
momentum transfers which are different from the 
reciprocal lattice vectors. For a ferromagnetic sam- 
ple the magnetic electrons are expected to follow 
the nuclei in their thermal oscillations. Thus, in 
addition to the usual coherent nuclear scattering by 
phonons, there is also coherent magnetic scattering 
(magnetovibrational scattering) with the same 
dependence on energy and momentum transfer as 
for the nuclear scattering. As in the elastic case, 
the use of polarized neutrons leads to constructive 
(or destructive) interference effects between the 
nuclear and magnetic scattering, depending upon 
the neutron polarization direction relative to the 
direction of atomic moments. The sensitivity of the 
experiment is thereby increased. The inelastic 
vibrational scattering has been separated from 
other inelastic and polarization-dependent scatter- 
ing phenomena by energy analysis using a triple- 
axis, polarized-neutron spectrometer with a non- 
polarizing crystal as the analyzer. 

Part of the motivation for these experiments 
originated with Marshall and ~ o v e s e ~ , ~  who have 
pointed out that "the form factor for inelastic 
scattering in a metal need not be a smooth interpo- 
lation of the factor measured at reciprocal lattice 
points in Bragg scattering experiments." This was 
based on a simplified treatment of magnetic 
scattering by itinerant electrons and involves the 
difference between Wannier functions and localized 
atomic functions. 



Our results for longitudinal phonons in Fe along 
the three principal symmetry axes are shown in 
Fig. 5.39. The closed circles are taken from the 
Bragg scattering data of Shull and ~ a m a d a , '  and 
the smooth curve is based on a fitted atomic model 
in order to interpolate between the reciprocal lat- 
tice points. It is evident that our phonon data, 
given by the open circles, consistently lie below the 
elastic curve in the [ loo]  and [ I  101 directions. In 
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Fig. 5.39. 'I'he Fourier transforms of the magnetization 
density M(Q) as measured by inelastic scattering along 
different crystallographic directions in Fe. The smooth 
curves are interpolations of the experimental elastic form 
factors for these directions, as explained in the text. For 
data points without error bars, the uncertainties are 
equal to or smaller than the size of the points. 

the [ 11 11  direction, however, our results are higher 
than the elastic curve. At values of momentum 
transfer approaching the reciprocal lattice vectors, 
the deviation from the elastic curve is within the 
experimental error. 

The Ni results, obtained mostly in the [ loo]  
direction, are shown in Fig. 5.40 in comparison 
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Fig. 5.40. The Fourier transform of the magnetization 
density M(Q) as measured by inelastic scattering along 
the 100 direction for Ni. The smooth curve is an interpo- 
lation of the experimental elastic form factor for this 
direction. 

with the elastic data of ~ o o k . ~  A 6 0 ~ i  crystal was 
used for most of these measurements to avoid the 
high incoherent scattering from natural Ni. It was 
not possible to make measurements inside the 200 
position with the 6 0 ~ i  crystal; therefore, the inner- 
most point was obtained with a natural Ni crystal. 
Note that this point is along [ I l l ]  rather than 
[loo]. It is shown in Fig. 5.40 because the elastic 
[ 1 1 1 ] and [ 1601 curves are almvsl equal at such a 
low-Q value. In contrast to thc Fc case, the pho- 
nod data for Ni are in satisfactory agreement with 
the elastic results. The weighted mean of the frac- 
tional deviations between the inelastic data along 
the [I001 and the elastic curve is 0.01 f 0.02. 

Using. a tight-binding formalism, we have 
obtained an expression for the form factor at gen- 
eral Q values. This contains an oscillating term 
which vanishes at reciprocal lattice positions and 
causes a deviation from a smooth interpolation 
between the Bragg positions. However, this calcu- 
lation predicts a negative deviation along all three 
symmetry directions in Fe and an even larger nega- 
tive deviation for the [ loo]  direction in Ni. The 
orthogonalized wave functions of this treatment are 
very similar to the Wannier functions of the 
Marshall and Lovesey treatment. In both cases the 
departure from the elastic form factor comes from 
the spreading of atomic wave functions onto near- 
neighbor sites. In the tight-binding formalism the 



magnitude of this spreading is determined, through 
the orthogonality condition, by the near-neighbor 
overlap integral. 

We believe that any static band theory lacks an 
essential element of the physics involved in our 
experiment, namely, the relative motion of neigh- 
boring atoms during a selected phonon vibration. It 
seems probable that the 3d electron distribution is 
dynamically distorted during a phonon vibration. 
The extent and nature of this distortion would 
depend on the phonon wave vector and the phonon 
polarization vector. Viewed from a vibrating 
nucleus, the surrounding electron distribution 
would have a time-dependent, real-space density 
function, oscillating in phase with the nuclear 
motion. It may be that the charge density distor- 
tion is relatively small, but there is a dynamic 
repopulation of symmetry orbitals resulting in a 
time-dependent spin density. If there is any truth 
to the notion of dynamic distortion of the electron 
cloud, one would expect that the ratio of the 3d 
radii to the near-neighbor distance would be an 
important factor in determining the magnitude of 
the effect. On this basis we would expect a smaller 
effect in Ni than in Fe, as observed. We would also 
expect the magnitude of the departure from the 
elastic form factor to depend on the amplitude of' 
the phonon vibration and, hence, on the tempera- 
ture. Therefore, experiments on the temperature 
dependence of this effect would be of some 
interest. 
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NEUTRON SCATTERING STUDY OF 
THE SPIN DYNAMICS OF EUO' 

H. A. Mook 

Europium oxide is a si~rlplc Heisenberg fer- 
romagnet, and thus the material serves as an ideal 
testing ground for theoretical efforts to understand 
magnetic behavior. Extensive neutron scattering 

measurements have been made on powders of EuO 
by Passell, Dietrich, and ~ l s - ~ i e l s o n . ~  However, it 
is difficult to study excitations with wave vectors 
near the zone boundary with powders, and we have 
used high-quality single crystals of EuO to extend 
the earlier measurements. The temperature depen- 
dence of the magnetic excitations has an interest- 
ing behavior as the momentum transfer reaches 
values near the zone boundary. At temperatures 
near and above the Curie temperature 7;, the 
magnetic excitations can be well described by a 
Lorentzian peak centered at  zero energy for small 
momentum transfers. As the momentum transfer is 
increased to values near halfway to the zone 
boundary, the peaks become non-Lorentzian, and 
near the zone boundary rather well-defined peaks 
are observed. 

Figure 5.41 shows the magnetic excitations for 
the [ I  1 1 1  zone boundary for four temperatures. A t  
Tc- 10 a broad, but well-defined, spin-wave peak is 
found. At Tc the peak broadens further and shifts 
downward in energy. Similar peaks are found a t  
1.27 Tc and at 2 Tc. Calculations by Hubbard3 for 
a near-neighbor ferromagnet have been made for 
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Fig. 5.41. Magnetic excitations in EuO for the [ I l l ]  
zone boundary measured at four temperatures. 



magnetic excitations at these temperatures and 
momentum transfers. The agreement is quite good, 
although the calculations show somewhat broader 
peaks than have been observed. Well-defined spin 
waves have been found in Ni and Fe at much 
smaller momentum transfers than for EuO. This 
suggests that the spin correlation length above Tc 
is much longer for Fe and Ni than for EuO. 

I .  Summary of paper: Phys. Rev. Lett. 46, 511 
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TEMPERATURE DEPENDENCE OF 
THE MAGNETIC EXCITATIONS IN Gd' 

J. W. Cable N. Wakabayashi2 
R. M. Nicklow 

Metallic Gd is an isotropic Heisenberg ferromag- 
net with a Curie temperature of 293 K. The Gd 
atoms behave electronically as tripositive ions with 
half-filled f shells;. therefore, there is a spin-only 
moment and very little anisotropy. This makes Gd 
an ideal candidate for neutron inelastic scattering 
studies of spin dynamics since the spin coupling is 
dominated by the exchange interactions. In earlier 
papers394 we reported the spin-wave dispersion for 
Gd in the temperature range 78-232 K. We have 
now extended these measurements to temperatures 
above Tc to determine if spin waves persist in the 
paramagnetic region' for this Heisenberg system 
similar to those observed5v6 in the itinerant systems 
Fe and Ni. 

The sample was the same single crystal of I6O~d 
that was used in the previous studies.'~~ Neutron 
measurements were made with a triple-axis 
spectrometer in the constant-Q mode of operation. 
Energy scans were made by varying the incident 
energy with fixed final energies of either 1.0 or 3.6 
THz depending on the resolution requirements. 
Higher-order wavelength contaminants were 
essentially removed from the scattered beam by the 
use of either Be or pyrolytic graphite'filters. Mea- 
surements were made out to the Brillouin zone 
boundaries in the 1001 ] and [ 1001 directions in the 
temperature range 9-593 K. Some of the raw data 
are shown in Figs. 5.42 and 5.43, which illustrate 
typical temperature dependences of the spin-wave 
spectra at small and large q . 
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Fig. 5.42. Temperature dependence of the magnetic 
excitation spectrum of Gd at q = 0.15 in the [OOl] 
direction (q is given ili units of 27r/c). 

Figure 5.42 shows high-resolution data at tem- 
peratures near T, for a wave vector of 0.15 2a/c 
along the [001] direction. The central peak consists 
of a temperature-independent component, which is 
probably the incoherent scattering from the fur- 
nace, plus a component that increases with 
decreasing temperature and may be domain-wall 
scattering. The peaks symmetrically displacec 
about the central peak correspond to spin wave! 
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Gd 
q = 0.9 (q) 

Fig. 5.43. Temperature dependence of the magnetic 
excitation spectra of Gd at q = 0.9 along [ I l l ]  (q is 
givcn in units of 2nlc). 

propagating along the c-axis direction. These move 
continuously inward with increasing temperature 
and collapse into a single peak centered at o = 0 
at T,. This is the expected behavior at small q ,  
where the spin-wave energies should follow thc 
magnetization and vanish at T,. 

Typical large-q behavior is illustrated in Fig. 
5.43. These are medium-resolution data for a wave 
vector of 0.9 2s /c  along [OOl]. These spectra show 
a pronounced broadening of the spin-wave 
linewidths near T, and an energy renormalization 
lcss rapid than that observed at small q .  The peaks 
do not collapse into a single peak at T,; instead, a 
distinct shoulder remains in the excitation spec- 
trum above T,. Other data, not included in  Fig. 
5.43, show that this shoulder persists up to about 
350 K.  Because of the strong damping, it is not 
clear that these excitations above T, should be 
characterized either as propagating or as over- 
damped spin waves. Their shapes suggest that 
there are characteristic frequencies associated with 
the spin co13relations, and this feature remains up 
to about 1.2 T,. 

The temperature dependence of the magnetic 
excitations in  Gd is qualitatively similar to that 
reported for Fe and Ni in that the small wave vec- 
tor behavior follows the predictions of hydro- 
dynamic theory, while strong departures from that 
behavior are observed at larger wave vectors. How- 
ever, the spin-wave peaks above T, in Fe and Ni 
are more pronounced and persist to higher tem- 
peratures (1.4 T, in  Fe, 2.0 T, in Ni) than in Gd. 
The presence of spin waves in  the paramagnetic . 
region is presumably associated with short-range 
ordered regions which exist over large enough- 
correlation lengths and times to support short- 
wavelength, high-frequency spin waves. It would 
then seem that short-range order is much more 
pronounce,d in Fc and Ni than in Gd. 
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SPIN-WAVE DISPERSION RELATIONS 
IN DISORDERED Fe-V ALLOYS' 

Y. ~ a k a i ~  N. ~uni tomi*  
N. Schibuya3 N. wakabayashi4 

J. F. Cooke 

The spin-wave dispersion relations of ferromag- 
netic metals and alloys with parallel lnonlents arc 
expressed in most cases by the power law, 

for small values of q ,  where E, q; and D are the 
spin-wave energy, spin-wave momentum, and stiff- 
ness constant, respectively. However, if the orienta- 
tion of the magnetic moment of the impurity atoms 
with respect to the host moment is taken into con- 
sideration, deviations from the power law are 
predicted theoretically. Several theories show the 
existence of extra spin-wave modes in a Heisenberg 
ferromagnet containing an isdated impurity, which 
has its magnetic moment antiparallel to those of 



host atoms. Fe-V alloy systems are considered to 
be one of the most appropriate for studying the 
deviation from the power law, because V atoms 
have moments of about 1 pg aligned antiparallel to 
the host moment of 2.2 pg and because single- 
crystal specimens can be easily grown. 

The exchange stiffness constants of several Fe-V 
alloys were previously determined indirectly by 
means of the small-angle scattering of neutrons5 
without energy analysis and by the analysis of 
the temperature dependence of the bulk 
magnetization.6 A direct determination of the stiff- 
ness constant can, however, be made by the inelas- 
tic neutron scattering experiment on a single crys- 
tal using a triple-axis spectrometer. The purpose of 
the present study was to observe possible anomalies 
in the dispersion relation as well as to determine 
the stiffness constants D and p for these alloys. 
Four specimens containing 7.6, 13.5, 16.0, and 18.7 
at. % V were studied. Neutron scattering experi- 
ments for the 16.0 at. % V specimen were per- 
formed with the TUNS triple-axis spectrometer at 
the JRR-2 at the Japan Atomic Energy Research 
Institute, and the HB-2 and the HB-3 triple-axis 
spectrometers at the HFIR were used for the 
measurements on the other specimens. 

The spin-wave dispersion relation for each speci- 
men at room temperature was determined, as 
shown in  Fig. 5.44, after the resolution function 

. corrections were made. The smallest momentum 
transfer observable in the present experiment is 
restricted by the interference due to high-intensity 
phonon peaks. Broken curves in Fig. 5.44 show the 
dispersion curves evaluated by using the stiffness 
constants deduced from the results of Lowde et 
Plots of ~ ( q ) / ~ ~  vs q2 made for each sample show - 
no significant deviation from a straight line in the 
energy range between 5 and 80 meV, indicating 
that there is no resonance-like anomaly of the spin 
waves in these alloys. The stiffness constant D and 
the parameter p, determined from these plots, yield 
the dispersion curves, shown in Fig. 5.44 by solid 
curves. It is concluded, therefore, that Eq. ( 1 )  
adequately describes the spin-wave spectrum of the 
Fe-V alloys in a wide range of the excitation 
energy, as it does for other metals and alloys. 
These results may be interpreted on the basis of 
two different pictures, the Heisenberg model and 
the band model. 

First, we consider the analysis based on the 
Heisenberg model for the virtual metal correspond- 
ing to the alloy Fe,-,V,. Within the molecular 

Fig. 5.44. Spin-wave dispersion curves for Fc-V alloys 
containing (a) 7.6 at. % V and pure Fe, (b) 13.5 at. % V, 
(c) 16.0 at. % V, and (d) 18.7 at. % V. Solid curves show 
the calculated dispersion relation given by Eq. ( 1 )  with 
the stiffness constant and thc parameler /3 determined by 
the present experiment. Broken lines near the origin 
represent the dispersion relation given by D deduced 
from the work of ref. 5. 

field approximation, the stiffness constant D for 
the alloy can be written in the form 

where R ,  and z are the nearest-neighbor distance 
and the coordination number, respectively. The vir- 
tual spin can be determined from bulk magneti- 
zation data, and the value of the effective exchange 
constant 7 is fixed by host exchange constants and 
the derivative of the Curie temperature with 



--;pect to concentration. Values of D determined 
this way are found to be in  reasonable agree- 

ment with experiment for concentrations of V < 
10% but give the wrong behavior above this range. 

Although the data on the dynamical properties 
presented in this report can be interpreted within 
the Heisenberg model, a more fundamental 
interpretation based on band theory seems more 
desirable but requires extremely time-consuming 
computer calculations associated with rigorous 
theoretical formulations. Along these lines, Cooke, 
Lynn, and ~ a v i s '  have been quite successful in cal- 
culating the spin-wave energies in various d-band 
metals including bcc Fe. Their calculations involve 
K K R  bands and two exchange parameters which 
are associatcd with the terms in the spin-dependent 
part of the Hamiltonian corresponding to the e, 
and 22,  symmetries. These parameters are adjusted 
to reproduce the experimentally determined magni- 
tude and symmetry character of the moment. 
Using this more rigorous approch, the change in 
the spin-wave energy due to the addition of V 
atoms was estimated within the rigid-band approxi- 
mation. The exchange parameters were assumed to 
be the same as those determined for Fe. The Fermi 
energy was adjusted so that the calculated moment 
agrees with the observed value for the average 
moment. For the alloy with the average magnetic 

moment of 1.95 ~ L B ,  which corresponds to concen- 
trations of V of about lo%, the calculated spin- 
wave dispersion curve was then found to be in rea- 
sonable agreement with the experiment for small 
values of the wave vector' (q < 0.5 A-'). For 
larger wave vectors, the calculated curve actually 
falls below that for pure Fe, and the agreement is 
lost. This may be interpreted as an indication of 
the inadequacy of the rigid-band model. Extension 
of the theory beyond this rigid-band approach is 
very difficult and, at present, not tractable. It is, 
therefore, quite important to acquire more experi- 
mental data which could not only help improve our 
understanding of these types of alloys but also aid 
in  the future development of the theory. We are 
currently studying the spin waves in the Ni-Pt 
alloy system. 

I .  Summary of paper: Physical Review B (in press): 
2. Osaka University, Osaka, Japan. 
3. Tokyo University of Agriculture and Technology, 

Tokyo, Japan. 
4. Present address; Keio University, Yokohama, 

Japan. 
5. R. D. Lowde et a!., Phys. Rev. Lett. 14, 698 

( 1965). 
6. .A. T. Aldred, Int. J.  Magn. 2, 223 (1972). 
7. J. F. Cooke, J. W. Lynn, and H. L. Davis, Phys. 

Rev. B 21,4118 (1980). 



6. Crystal Growth and Characterization 

The development of advanced energy systems and continued improvement in 
the efficiencies of current systems can only be achieved by solving a variety 
of materials and materials-related problems. The Crystal Growth and 
Characterization Program has multiple purposes: (1)  identifying materials 
problems that relate to DOE research objectives; (2)  preparing and characterizing 
high-quality research specimens for use in research programs in the Solid State 
Division, in other ORNL divisions, and in other laboratories; and (3) performing 
collaborative work with various groups engaged in energy-related research. 

The program investigating the suitability of the lanthanide orthophosphates 
for the primary containment of nuclear waste was expanded during the period 
covered by this report. Single crystals of the lanthanide orthophosphates with both 
the monazite and zircon structures were grown and characterized, and it was 
demonstrated that the lanthanide orthophosphates have.the potential of serving as 
a primary containment matrix for defense, nuclear power reactor, and actinide 
wastes. Also, the preparation and characterization of ferroelectric materials were 
continued, as were the growth and characterization of superconducting materials 
with the A15 structure and the growth of large, optical-quality single crystals of 
Nap"-alumina; refractory metals and alloys were prepared for investigations of 
fluxoid pinning in superconductors, phonon 'spectra, fracture, H absorption, and 
many other phenomena. 

Although the Research Materials Information Center was eliminated, some of 
the publishing activity was continued temporarily; two additional volumes of the 
Solid State Physics Literature Guides are scheduled for publication by Plenum 
Press. 

CRYSTAL GROWTH AND exchanges of technical information. Representative 
CHARACTERIZATION PROGRAM examples of some of the research specimens and 

L. A. Boatner Y. K. Chang their utilization are provided in Table 6.1. 

M. M. Abraham H. E. Harmon 
W. E. Brundage J. 0. Ramey 
G. R. Gruzalski B. C. Sales 

M. Petek 

A continuing policy of the program to loan sam- 
ples to cooperating research groups for supplemen- 
tary physical property measurements is maintained 
in order to realize the maximum utilization of 
these often unique specimens. Measurements made 
on these samples usually complement the research 
efforts of Solid State' Division members, and the 
investigations carried out by workers in foreign 
research institutions serve as a means of enhancing 

NUCLEAR WASTE FORMS 

LANTHANIDE ORTHOPHOSPHATES AS A 
MATRIX FOR SOLIDIFIED RADIOACTIVE DE- 
FENSE, REACTOR, AND ACTINIDE WASTES' 

L. A. Boatner M. Petek 
M:M. Abraham J. 0 .  Ramey 

B. C. Sales 

The problem of selecting a suitable .primary 
immobilization medium for nuclear wastes is com- 
plicated by the long half-lives of many of the iso- 



Table 6.1. Loan of samplesfor research outside the Research Materials Program 

Material 

LuP04, YP04 
KTa03, KTN 
KI -,Li,TaO3 
KTal -,Nb,03 

ZrC 
Ni 

Ni 
N i 
V3Si 
V3Si 

V,Si 
Nb3 18 at. % Ge 
Nh3Ge 

V3Ge 

V3Ge 
Mb 
Nb 

Type of study 

Optical absorption 
Raman scattering 
Raman scattering 
Electro-optics 

Neutron scattering 
Electro-optics 

Thcrmal conductivity 

Crystallography 
Thermal conductivity 
Dissolution and stability 

Raman scattering 
Mossbauer 
Superconductivity 
Studies of adsorp- 
tive and catalytic 
properties 

Light scattering 
Light scattering 
Light scattering 
Light scattering 
Optical properties 
Optical proper.ties 
Electrical conduc- 
tivity 

Optical properties 
Optical properties 
Ion channeling 
Ion implantation 
Optical properties 
Optical properties 
Neutron diffraction 
Optical properties 
Grain boundary 
cavitation 

He diffusion 
Diffusion 
Superconductivity 
Neutron and x-ray 
scattering 

Superconductivity 
Superconductivity 
Neutron and x-ray 
scattering 

Neutron and x-ray 
scattering 

Ion channeling 
Current resistance 
Positron annihilation 

To whom sent 

N. Edelstein 
L. Chase 
L. Chase 
E. Kratzig 

J. Axe 
R. Orlowski 

A. de Goer 

D. Mullica 
R. Pohl 
M. Bancroft 

G. Begun 
P. Huray 
J. Thompson 
J. Cunningham 

W. Unruh 
W. Unruh 
W. Unruh 
W. Unruh 
F. Modine 
F. Modine 
H. Engstrom 

F. Modine 
F. Modine 
C. White 
J. Williams 
F. Modine 
F. Modine 
H. Smith 
F. Modine 
J. Schncibcl 

J. Williams 
D. Poker 
D. Chrisler~ 
J. Staudenmann 

S. Sekula 
S. Sekula 
J. Staudenmann 

J. Staudenmann 

B. Stritzker 
H. Kerchner 
G. Stocks 

Organization 

LBL 
Indiana University 
Indiana University 
University of Osnabruck, 

Germany 
BNL 
Philips Research Labs, 

Hamburg, Germany 
Centre dlEtudes NuclCaires, 

Grenoble, France 
Baylor University 
Cornell University 
University of Western 

Ontario, Canada 
ORNL 
University of Tennessee 
University of Tennessee 
University College, Dublin, 

Ireland ' 

University of Kansas 
University of Kansas 
University of Kansas 
University of Kansas 
ORNL 
ORNL 
ORNL 

ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
ORNL 
OKNL 

ORNL 
ORNL 
ORNL 
Ames Laboratory 

ORNL 
UKNL 
Ames Laboratory 

Ames Laboratory 

ORNL 
ORNL 
ORNL 
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Table 6.1 (continued) 

Material Type of study To whom sent Organization 

NbMo 
Ti3Au 

NbTa 
Ni-29,30,50 at. % 
Pt 

P-brass 
Cu-Au-Ln 
Napn-alumina , 
(Mg) 

Napw-alumina 
(zn) 

A1203 

Positron annihilation 
Neutron and x-ray 
scattering 

Neutron and x-ray 
scattering 

Current resistance 
Neutron scattering 

Neutron scattering 
Neutron scattering 
Fast-ion conductivity 

Fast-ion conductivity 

Light scattering 

G. Stocks 
J. Staudenmann 

J. Staudenmann 

H. Kerchner 
N. Wakabayashi 

N. Wakabayashi 
N. Wakabayashi 
J. Bates 

J. Bates 

W. Unruh 

ORNL 
Ames Laboratory 

Ames Laboratory 

ORNL 
ORNL 

ORNL 
ORNL 
ORNL 

ORNL 

University of Kansas 

topes present in these materials. In order to realize 
a reasonable level of confidence in the potential 
long-term stability of a given waste form, it is 
necessary to devise various means of simulating, 
during a practical time span, the long-term effects 
of diverse conditions that the waste form might 
experience. Because the half-lives of some of the 
a-active actinides are as long as - lo6 years, the 
reliability of simulations of this type is frequently 
subject to question. This situation has fostered an 
dpproach for selecting potential waste forms that 
consists of examining naturally occurring mineral 
systems whose stability under various environmen- 
tal conditions has been established by geological 
investigations. This type of approach was responsi- 
ble for the decision to investigate the lanthanide 
orthophosphates. 

The mineral monazite is a mixed lanthanide 
orthophosphate that occurs as beach sands, alluvial 
deposits, microcrystalline inclusions in granite rock, 
and large ( -  25 kg) crystals. The geological age of 
various monazites has been found to range from 5 
X lo8 to 2 X lo9 years, and the geological history 
of some alluvial monazites indicates that they have 
survived more than one cycle of rock-forming and 
metamorphic processes. Accordingly, there is a 
considerable 'body of evidence indicating that 
monazite is an extremely stable mineral. Addition- 
ally, monazite ores are a source of both uranium 
and thorium, so that their ability to incorporate 
large quantities of at least two actinide elements is 

already established. Since many monazites contain 
significant amounts of thorium, they have naturally 
been subjected to a-particle radiation damage over 
long periods of time. It was found, however, that 
these minerals maintained their structure even in 
the presence of relatively high fluxes of a particles 
and did not undergo extensive metamictization. 
Finally, the mobility of uranium and thorium in 
monazite has been shown to be low in comparison 
with that of other minerals such as uraninite, 
orthite, pyr~chlore, and zircon. Al l  thew factors 
are consistent with the concept that synthetic ana- 
logs of monazite (i.e., lanthanide orthophosphate 
compounds LnP04) may represent a potentially 
ideal primary containment medium for the irnmo- 
bilizntion of a-active actinide wastes. 

An experimental program with both fundamental 
and applied aspects was undertaken to evaluate the 
applicability of lanthanide orthophosphates to the 
problem of isolating nuclear wastes. The goals of 
the fundamental portion of these studies include 
the achievement of an understanding on a micro- 
scopic level of the solid state chemical and physical 
properties of mixed lanthanide-actinide systems. To 
this end, investigations of the valence states, site 
symmetries, etc., of actinide and other impurities in 
the lanthanide orthophosphates are being carried 
out. The more applied segment of this effort is 
directed toward studies of processing techniques 
having potential for practical production of waste 
forms via remote operations. 



The properties of lanthanide orthophosphates 
toadd with simulated Savannah ~ i v e r  defense 
wastes (SRW) and simulated r e p r d  light 
water reactor wastes have been investigated. Pure 
LaP04 was selected as the host matrix for the 
incorporation of composite SRW without alumi- 
num removal and a reprocessed reactor fuel waste, 
as represented by the PW-4b composition. In both 
cnses the solidified waste forms were prepared 
from nitric acid solutions of the simulated calcined 
waste oxides and La203. The formation and pre- 
cipitation of the composite phosphates were accom- 
plished by adding (NH4)2HP04 or by combining 
the (NH4)2HP04 addition with a precipitation 
from molten urea. 

For the case of simulated SKW, the effects of 
waste loading on compaction and sintering proper- 
ties of the composite material and on the formation 
of crystalline phases other than the monoclinic 
monazite phase were investigated. Waste loadings 
from 10 to 5 0  wt % relative to La203 were used. 
For loadings up to 20 wt 9% no additional phasee 
were detected in x-ray powder diifractometer 
measurements. At higher loadings, however, an 
extra phase identified as an orthorhombic form of 
AlP04 was detected. The relative fraction of this 
phase increased proportionally with increased waste 
loading. A similar series of measurements h in 
progress using a mixture of lanthanides as they are 
obtained commercially from Molycorp, Inc. 

Dilatometry measurements on cold-pressed 
powders of SRW-LaPO4 composite powders 
showed that sintering occurs in the range 
700- 1000°C. Accordingly, the sinteriag tempera- 
tures for these composites can be held below - 1050°C. Cold-pressed, a te red  pellets d SRW- 
loaded LaP04 were hard, uniform, and yellow- 
green in color. SRW-LaF04 pellets produced by 
cold pressing and sintering had densities of 3.2 to 
3.9 g/cm3 depending on the waste l d m g ,  and 
hot-pressed pellets with a density of 3.5 g/cm3 
were produced using material with a 15 wt % load- 
ing. 

In the case of LaP04-(PW-4b) composites the 
effect of varying the amount of urea used in t b  
precipitation on the particulate size and the asmi- 
ated compaction properties was studied. The quan- 
tity of urea was varied between 0 and 200 moles of 
urea per mole of La. Waste form pellets with 92 
+2% of the theoretical density of pure Lap04 
were fonned by cold p~tssing and sintering (T,, 
= 1200°C) LaP04 powder loaded with 10 wt 96 

PW-4b. Hot pressing at 4000 psi and 1050°C 
resulted in the formation of pellets with a density 
of 96% of the theoretical value of LaPOI. No 
additional phases were detected in the (PW-4b)- 
loaded orthophosphate material. Representative 
examples of compacted bodies of both SRW- and 
(PW-4b)-loaded LaP04 are shown in Fig. 6.1. 

a. Lam4 + 20% SRW b. L a p 0 4  4- 15% SRW 
COLD PRESSED HOT PRESSED 
SINTERED AT 1000°C 4000 psi, 90O0C 

c. LaP04 + 10% PW-4b d. Ld'04 + 10% PW-4b 
COLD PRESSED HOT PRESSED 
SIMTERED AT 1 200°C 4000 psi, 10SO°C 

The nintering propertim of (PW-4b)-loaded 
LaP04 we= investigated using continuous reading 
diiatometry, and a typical sintering curve is shown 
in Fig. 6.2. It can be seen that sintering ocoutred 
between 800 and 1200°C and that the sinbring 
pn>oess still appeared to be ia progrrm when the 
cooling cycle was initiated. 

Leaching data for Cs, Sr, and U are being 
obtained, and these results will be compared to the 
results ohtained for other types of radioactive 
waste forms. 

- 
1. Summary of paper to be published. 



Fig. 6.2. The effect of temperature on sintering of 
Lam4 loaded with 10 wt % of PW-4b waste. 

GEOLOGIC STABILITY OF MONAZITE 
AND ITS BEARING ON THE 

IMMOBILIZATION OF ACTINIDE WASTES' 

R. J.  loran' L. A. Boatner 
M. M. Abraham M. ~ a ~ ~ a z ~  

An approach that is now a commonly used aid in 
evaluating crystalline substances that are potential 
high-level waste forms is to examine the long-term 
stability of natural analogs of these materials in 
geological/geochemical environments. In view of 
the increased attention recently accorded monazite, 
the geologic evidence for its stability during weath- 
ering (i.e., at ambient T and P), under hydrother- 
mal conditions (at elevated T and P), and with 
regard to radiation damage (metamictization) has 
becn examined. Monazite [(Ce,La)P04], the major 
member of the monazite group of minerals, is 
widely distributed and occurs in a variety of igne- 
ous, metamorphic, and sedimentary terrains. It 
occurs as an accessory phase in granitic and gneis- 
sic rocks, as large crystals in pegmatites, in vein 
deposits of hydrothermal origin, and as a heavy 
detrital mineral in sedimentary deposits and uncon- 
solidated beach sands. The tendency of monazite to 
be concentrated along with other relatively insolu- 
ble heavy minerals in placer deposits is a reflection 
of its chemical and physical inertness. The stability 
of the monazite structure is demonstrated by the 
extreme rarity of reported partially metamict 
occurrences, not only of monazite but also of the 
isostructural mineral huttonite. Totally metamict 

or fully amorphous examples of these minera 
have never been reported. A puzzling observatio 
worth noting is an apparent discrepancy in suscep- 
tibility to metamictization by minerals with very 
similar crystal structures. This is well illustrated by 
comparing the monocliiic/tetragonal polymorphs 
of ThSi04 (huttonitelthorite) with their rare-earth 
orthophosphate counterparts (monazite/xenotime). 
Thorite, like zircon (ZrSi04), is often found in 
either a partially or fully metamict state. In con- 
trast, xenotime (YP04) is rarely, if ever, metamict 
despite the fact that it is isostructural with both 
thorite and zircon. The reason for this differential 
response toward metamictization is not known. 
Based on the available geologic data, it appears 
that additional critical information needs to be 
gathered and evaluated. Research needs include a 
better understanding of the following: the leaching 
mechanism(s) in monazite and how these mecha- 
nisms could affect the mobility of rare-earth ele- 
ments as well as U-Th-Pb systematics, the relative 
stabilities of the monazite group of minerals as a 
function of kinetic and thermodynamic parameters 
(e.g., pH and Eh), and the physical and chemical 
conditions under which monazite can (?) become 
metamict and the potential role that alteration may 
play in metamictization. Detailed investigations of 
a large suite of monazites are needed as well as a 
careful reexamination of the partially metamict 
monazites reported in the literature. A comparative 
study of monazite and related minerals that exam- 
ines the critical role of crystal structure in the 
metamictization process might shed considerable 
light on this problem. 

1. Summary of paper: p. 507 in Scientific Basis for 
Nuclear Waste Management, Vol. 3, ed. by J. G. Moore, 
Plenum Press, New York, 198 1. 

2. Union Oil Company, Brea, Calif. 
3. Swiss National Fund for Scientific Research Fellow 

from Ecole Polytechnique FedCrale de Lausanne, 
Switzerland. 

RAMAN SPECl'RA OF THE 
RARE-EARTH ORTHOPHOSPHATES' 

G. M. ~ e ~ u n ~  L. A. Boatner 
G. W. ~ e a l l ~  W. T.  rego or^ 

Single crystals of all the lanthanide orthophos- 
phates (except PmP04) doped with small amounts 
of ~ d ~ +  were prepared for the initial purpose 



berforming a series of electron paramagnetic reso- 
lance (EPR) experiments. The availability of 

these samples, however, made it possible to carry 
out a study of the Raman spectra for essentially 
the entire series of rare-earth orthophosphates. 
This study was directed toward two main 
objectives. First, baseline spectra were to be 
obtained that could be used as a basis of compari- 
son with subsequent lanthanide orthophosphate 
crystals that would be doped with a-active 
actinides and, consequently, would be subjected to 
heavy-particle radiation damage. Second, a classifi- 
cation and correlation of the Raman spectra of the 
entire group of rare-earth orthophosphates were 
desired. Yttrium orthophosphate was included in 
the investigation because its properties are known 
to correlate well with thosc ot' the orthophosphates 
of the second half of the rare-earth series (i.e., 
T b P 0 4  through LuP04)  and also because Y P 0 4  is 
the analog of the natural mineral xenotime. Raman 
spectra of the Group I (La, Ce, Pr, Nd, Sm, Eu, 
and Gd) orthophosphates are shown in Fig. 6.3. 
The Raman spectra of the zircon-structure ortho- 
phosphates were also obtained. All these data were 
interpreted in a systematic manner based on the 
known structures of the compounds, and assign- 
ments and correlations were made for many of the 
observed bands. 

I .  Summary of paper: J. Raman Specfrosc. 11, 273 
(1981). 

2. Chemistry Division, ORNL. 
3. The Radian Corporation, Austin, Tex. 
4. The University of Tennessee, Knoxville, Tenn. 

VALENCE STATES OF ACTINIDES 
IN SYNTHETIC MONAZITES' 

K.  L.   ell^* J. P. young3 
G. W. ~ e a l l *  L. A. Boatner 

A series of investigations has been i~~ i t i a t ed  to 
determine the chemical properties of various 
act~nides doped into the l a n ~ l ~ a ~ ~ i c l t :  01.t11oph0~- 
phates. These investigations have included an 
identificatlon of aclinide valelrcc states and studics 
of changes in the host crystal produced by radia- 
tion damagc and subsequer~l annealing. An cxami- 
nation of undoped single crystals of LaP04  showed 
that this material was transparent over the entire 
spectral region of interest; and, accordingly, LaP04  

ORNL- DWG 80-9686 
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Fig. 6.3. Raman spectra of the Croup 1 (La, Ce, Pr, 
Nd, Sm, Eu, and Gd) orthophosphates. 



was selected as a host for the incorporation of 
actinide impurities. Single crystals of LaP04 con- 
taining either 2 3 8 ~ ,  2 4 2 ~ ~ ,  2 3 7 ~ p ,  2 4 1 ~ m ,  or 2 4 6 ~ m  
were prepared from starting mixtures which con- 
tained 10.0 wt % UOz, Pu02,  or Np02, 0.5 wt % 
Am203, or 0.7 wt % Cm203 relative to La203. The 
actual concentrations of the actinides in the doped 
crystals were determined by means of analytical 
techniques. In order to obtain optical absorption 
spectra, the actinide-doped orthophosphate crystals 
were placed in  a quartz capillary that was then 
mounted in a microscope spectrophotometer. 

Crystals of LaP04 doped with 2 3 8 ~  were charac- 
terized by a bright green color, and the optical 
absorption spectrum shows that uranium is 
primarily in the tetravalent state. Several small 
peaks were observed at 630, 790, and 900 nm, 
which indicates that a small amount (-5%) of 
u3+ is also probably present. 

Plutonium-doped single crystals of LaP04:5.0 wt 
% Pu exhibited a dark purple coloration. The opti- 
cal absorption spectrum indicates that plutonium, 
like uranium, is incorporated in LaP04 in the 
tetravalent state. There is no indication of the pres- 
ence of pu3+ in the La(Pu)P04 spectrum. 

The absorption spectra of LaP04 crystals doped 
with 0.2 wt % 2 4 1 ~ m  show that americium is incor- 
porated in  the trivalent state (see Fig, 6.4). The 
americium-doped LaP04 crystals were character- 
ized by an amber color when removed from the Pt 
crystal growth crucible. L ~ ( ~ ~ ' A ~ ) P o ~  crystals 
were annealed at -500°C for 16 h; and they 
became colorless, indicating that the amber color 
was due to radiation damage and was not associ- 
ated with optical absorption arising from ameri- 
cium ions. The amber color returned to the crystals 
within a short time following their removal from 
the annealing furnace. 

Single crystals of Lap04 doped with -0.2 wt % 
246Cm are also characterized by an amber color. 
The optical spectra obtained for the L ~ ( ~ ~ ~ c ~ ) P o ,  
specimens did not exhibit any absorption peaks 
that could definitely be assigned to curium. 
Curium is expected to be in the 3 +  valence state, 
and the absence of any observable Cm(II1) absorp- 
tion peaks can be explained by the poor spectral 
sensitivity of this ion coupled with its low concen- 
tration in  the crystal. 

'I'he absorption spectrum of La(Np)P04 (-2.0 
wt % Np) was also studied. These crystals are 
characterized by a bright green color. A compari- 
son of the La(Np)P04 spectrum with that of 
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Fig. 6.4. The optical absorption spectrum of La(Am 
0.2 wt %)POa (solid curve). For purposes of comparison, 
the dashed curve shows the absorption spectrum of 
~m'' in fayolite. 

Np(1V) in an aqueous solution of HC104 shows 
that tetravalent neptunium is present in the ortho- 
phosphate single crystal. No changes in the crystal 
color as a function of time were observed in the 
case of 237~p-doped LaP04. 

I n  summary, the valence states of the actinides 
doped into single crystals of LaP04 were found to 
be U(IV), U(III), Pu(IV), Np(IV), Am(III), and 
most probably Cm(II1). Since it is known that 
trivalent and tetravalent ions are generally less 
mobile in  geologic media than pentavalent or hexa- 
valent ions, the present determination that the 
aclir~ides are in  these "less mobile" valence states 
i n  LaP04 can be a significant factor in reinforcing 
the viability of employing analogs of monazite as a 
primary containment form for high-level trans- 
uranic wastes. 

I. Summary of paper: p. 189 in Scientrfic Basis for 
Nuclear Waste Management, vol. 3, ed. by J .  G. Moore, 
Plenum Press, New York, 1981. 

2. The Radian Corporation, Austin, Tex. 
3. Analytical Chemistry Division, ORNL.  



EPR SPECTROSCOPIC CHARACTERIZATION 
OF cd3+ IN THE MONAZITE-TYPE 

RARE-EARTH ORTHOPHOSPHATES: LaP04, 
CeP04, PrP04, NdP04, SmP04, AND EUPO~'  

M. ~ a p ~ a z ~  J. 0 .  Ramey 
M. M. Abraham L. A. Boatner 

Materials for the primary containment of long- 
lived radioactive wastes must satisfy a riuinber of 
stringent criteria. These criteria include high reten- 
tion of actinide and other radioactive ions at the 
elevated temperatures associated with useful con- 
centrations of nuclear waste, long-term chemical 
and physical stability under the conditions that can 
exist i n  a geological repository, and resistance to 
a-particle and recnil radiation damage. The various 
possible scenarios inherent to storage in a deep 
geological formation include exposure of the waste 
form to hydrothermal conditions. Recent findings3v4 
have indicated that borosilicate glasses which have 
been seriously considered as primary radioactive 
waste forms are, in fact, both chemically and phys- 
ically unstable under hydrotllerll~al conditions, and 
these results have prompted a reconsideration of 
alternative crystalline materials for the contain- 
ment of nuclear wastes. 

The mineral monazite, a mixed lanthanide ortho- 
phosphate LnP04, may represent an ideal host for 
geologic disposal of actinides, rare earths, and pos- 
sibly other elements formed during nuclear reactor 
operation. Synthetic monazite-type orthophosphates 
of all the elements of the first half of the 
lanthanide series (except Pm) have been prepared; 
single crystals were grown using a flux technique, 
and powders were precipitated in molten urea. 
The EPR spc,c,(ra nf int.entionally added Gd impur- 
ities show that the ~ d ~ +  ions occupy predom- 
inantly substitutional rare-earth sites in both the 
fluxigrown single crystals and the precipitated 
powders. Though these sites have a very low (tri- 
clinic C , )  symmetry, the spectra were successfully 
interpreted using an orthorhombic spin- 
Hamiltoniun. It has bee,n fo1.1nd t.hat, while the 
main spin-Hamiltonian parameter by is almost 
constant through the series from LaPOp to EuP04 
(by, - f 8 3 0  X cm-I), the parameter b: 
decreases monotonically from + 3 7 3  X cmT1 
to 4-283 X cm-I, respectively. A complete 
analysis (i.e., angular variations of the EPR lines 
and position of the principal electric-field axes 
relative to the crystallographic axes) of the EPR 

~gle-crystal spectra was done for the two diamag- 

netic hosts LaP04 and EuP04, where the observed 
EPR lines were the sharpest. The angular variation 
of the ~ d ~ +  EPR spectrum in EuP04 is illustrated 
in Fig. 6.5. It was shown that the two magneti- 
cally inequivalent EPR spectra (i.e., ' 14 lines) 

Fig. 6.5. Angular dependence of the EPR lines of Gd3+ 
in a EuP04 single crystal when the applied magnetic field 
H is rotated in a plane perpendicular to the b-axis of the 
crystal [i.e., the (010) plane]. Each curve is doubly degen- 
erate. The resolution of the superimposed lines, which 
occurs for certain angles due to a small misalignment of 
the crystal, is more evident for the 2712 o f 512 tran- 
sitions. 

observed for the monazite-type single crystals are 
equivalent when the  magnetic field is applied 
parallel or perpendicular to the b-axis of the 
monoclinic structure (i.e., for these directions, only 
seven doubly degenerate lines are observed). These 
results are in  perfect agreement with the descrip- 
tion of the monazite structure whose unit cell con- 
tains four "differentn rare-earth sites that 
transform with the symmetry operations of the CZh 
group. The present investigations constitute an 
indispensable basis for subsequent studies of 
actinide-doped monazite orthophosphates or of 
#-induced radiation damages in  these hosts. 

1 .  S~~rnmary of paper: Phys. Rev. B 23, 1012 (1981). 
2. Swiss National Fund for Scientific Research Fellow 

from Ecole Polytechnique FedCrale de Lausanne, 
Switzerland. 

3. G. J. McCarthy et al., Nature 273, 3 16 (1978). 
4. K. C. Ewing, Science 192, 1336 (1976). 



EPR INVESTIGATIONS OF 
RARE-EARTH IMPURITIES IN THE 

LANTHANIDE ORTHOPHOSPHATES' 

M. M. Abraham L. A. Boatner 
M. ~ a p ~ a z ~  

The function of a crystalline substance in the 
role of a primary waste form is to incorporate or' 
stabilize radioactive (and other) impurities in its 
crystal structure. The properties of such an 
impurity-host ensemble can be determined, to a 
substantial degree, by the application of EPR spec- 
troscopy. Prior to the investigations of radioactive 
actinide-doped samples,, a systematic EPR study of 
their isoelectronic rare-earth analogs has been per- 
formed. Isotopically enriched impurities were 
employed, and EPR spectra of the Kramers' ions, 
c e3+ ,  Nd3+, D ~ ~ + ,  ~ r ) + ,  and yb3+,  were 
observed in the tetragonal hosts LuP04, YP04, and 
ScP04. Unambiguous identifications of the various 
elements were facilitated by the use of the enriched 
isotopes and their corresponding hyperfine struc- 
tures. 

An example of an EPR spectrum in which the 
spectral complexity has been reduced by employing 
an enriched isotope is illustrated in Fig. 6.6.  Here, 
a single crystal of YP04 (xenotime) has been de- 
liberately doped with the enriched isotope 1 4 5 ~ d .  
The characteristic eight-line hyperfine pattern, 
coupled with the measured spectroscopic parame- 
ters, can be used to identify the responsible ion as 
1 4 5 ~ d 3 + .  The spectrum of ~ d ~ +  is of particular 
interest since its electronic properties (it is charac- 
terized by a 4f3 electronic configuration) are analo- 
gous to those of trivalent uranium, which has a 5f3 
configuration. By investigating the spectroscopic 
properties of ~ d ~ + ,  it is possible to identify and 
investigate impurities of 2 3 8 ~  and to avoid the 
necessity of employing the radioactive uranium iso- 
topes 2 3 3 ~  or 2 3 5 ~ .  It should be noted that EPR 
transitions due to ~ d ~ +  and ~ r ' +  (naturally abun- 
dant) are also present in the spectrum shown in 
Fig. 6.6. ~ h e s e '  EPR' results, combined with stud- 
ies of other i ~ i l ~ u r i ~ ~  ions, show that it is possible 
to incorporate 2+ ,  3 + ,  4+,  and 5+ ions in the 
lanthanide orthophosphates. The ability to deter- 

ORNL-DWG 80-(3538 

Y P O , : ' ~ ~ N ~ ~ +  

I lc  
u= 9.376 GHz 
T=  4.2 K 

gll = 3.09 
2 5 0  G - 
H- 

evenEr3+ 

- 5/2 -- - 7/2 

~ d ~ +  
- 1/2---3/2 

Fig. 6.6. The EPR spectrum of I4'Nd3+ in ypo,. ~o'sitions of the eight I4'Nd (I = 712) hyperfine lines are indi- 
cated. The spectrum of naturally abundant Er3+ is also in evidence along with two Gd3* fine-structure lines. 



nine the valence states of various impurities and to experimental and calculated energy levels. The 
bbtain information regarding the location of ions in crystal-field parameters obtained in  this work pro- 

the host orthophosphate lattice represents an vide a basis for future work on tetrapositive acti- 
important capability in the evaluation of these nide ions (e.g., N P ~ + )  in this type of host crystal. 
materials as radioactive waste forms. 

I .  Summary of paper: p. 475 in Nuclear and Elec- 
tron Resonance Spectroscopies Applied to Materials Sci- 
ence, vol. 3 ,  ed. by E. N. Kaufmann and G. K. Shenoy, 
North Holland, New York, 1981. 

2. Swiss National Fund for Scientific Research Fellow 
from Ecole Polytechnique FedCrale de Lausanne, 
Switzerland. 

OPTICAL SPECTRA AND 
ZEEMAN EFFECT FOR ~ r ~ +  

IN LuP04 AND HfSiO,' 

T. ~ a ~ h u r s t ~  N. Edelstein2 
G. shalimoff2 L. A. Boatner 

M. M. Abraham 

Synthetic analogs of the mineral monazite [(La, 
Ce, Nd, Y, ...) PO4] have chemical and physical 
properties that make them attractive candidates as 
host materials for long-term storage of actinide 
wastes. Accordingly, the characterization of possi- 
ble sites where actinide (and other) impurity ions 
can be incorporated in these materials and a deter- 
mination of the oxidation states of these ions are 
pertinent to understanding the interrelationship 
between the chemical and physical properties of 
the lanthanide orthophosphate impurity systems 
and the parameters appropriate to an acceptable 
stable waste form. Optical absorption and Zeeman 
effect studies were carried out in the range 0.4-3.0 
nm for ~ r j +  as a dilute impurity in LuPO,. 
Energy levels were assigned to states derived from 
the constraint of an f" configuration restricted to 
D2d point symmetry and were fit to a semiempiri- 
cal Hamiltonian by a least-squares minimization. 
Parameters describing the electrostatic, spin-orbit, 
and crystal-field interactions were adjusted. Results 
of this analysis, along with the previously reported 
EPR measurements, were used to assign the optical 
spectra of ~ r ~ +  in HfSiO,. Although hafnium sili- 
cate is isostructural with LuP04, it appears [hat 
the trivalent Er ion could substitute in more than 
one site in the silicate host crystal. By a close com- 
parison with the E ~ ~ + : L U P O ~  system, the spectra 
associated with only the Did site were assigned, 
- i d  good ngreement was obtained between the 

I. Summary of paper: J. Chem. Phys. 74,  5449 
(1981). 

2. Lawrence Berkeley Laboratory, Berkeley, Calif. 

A NOVEL MEASUREMENT OF 
HYPERFINE INTERACTIONS IN SOLIDS: 

2 0 7 ~ b 3 +  IN YP04 AND LUPO,' 

M. M. Abraham L. A. Boatner 
M. ~ a p p a z ~  

In order to characterize the rare-earth and 
related orthophosphates systematically in the 
laboratory, numerous synthetic single crystals of 
these materials have been grown by means of a 
lead-based flux technique. Ensuing EPR investiga- 
tions indicated that pb3+ impurities were present 
in single crystals of LuP0, and YP04 produced by 
this method. A positive identification of pb3+ was 
made from the observation of the spectrum of the 
20.8% naturally abundant isotope 2 0 7 ~ b ,  which has 
a characteristically large hyperfine interaction. The 
hyperfine constants, which proved to be larger than 
any reported previously for 2 0 7 ~ b ,  were fortuitously 
in  a range that made the application of a new 
measurement technique possible. 

The electronic configuration of pb3+ is [Xe] 4fI4 
5dI0 6s', and the associated ground state is 'SE. In 
the absence of a nuclear spin, the EPR spectrum 
for such a state will consist of a single line whose g 
value is c!osn tn the free electron value of g = 

2.00232. This line was observed in both the LuP04 
and YP04 single crystals and is due to the -80% 
naturally abundant even-even pb3+ nuclei. The g 
value of this line was slightly anisotropic as a 
result of the tetragonal symmetry characteristic of 
these particular orthophosphate hosts. The isotope 
2 0 7 ~ b  has a nuclear spin I = 112, but since the 
hyperfine constant is larger than the frequencies 
commonly employed in EPR measuremcnts, the 
usual spcctrum consisting of two allowed A M s  = 

+ 1, Am, = 0 transitions was not observed. EPR 
spectrometers were available in  the X-band (-10 
GHz), K-band (-25 GHz), .and KA-band (-35 
GHz) regions. The transitions observed in these 
three microwave regions are indicated in Fig. 6.7 
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Fig. 6.7. Breit-Rabi diagram for 207Pb'-" in a YPO4 
singlc crystal. The i~idicated transitions were observed in 
three different microwave frequency ranges [X, K, and 
KA bands]. The two KA-band transitions are shown in 
Fig. 6.8 as a function of the microwave frequency. 

for representative frequencies within the available 
ranges. The particular value of the 2 0 7 ~ b 3 +  hyper- 
fine constant in Y P 0 4  and LuP04 ,  relative to the 
KA-band frequency range, presented a unique 
opportunity for a determination of the hyperfine 
spin-Hamiltonian -parameters. The microwave fre- 
quency v could be adjusted so that both the 
allowed and forbidden transitions shown in Fig. 6.7 
occurred at exactly the same magnetic field posi- 
tion. The uniqueness of this procedure lay in the 
fact that a measurement of the laboratory mag- 
netic field was precluded and the hyperfine values 
could be determined to the same accuracy as the 
microwave frequency. Figure 6.8 shows the allowed 

ORNL- DWG 8 0 - 9 0 3 6 A  

( a )  v =  
34.445 GHz 

MAGNETIC FIELD ( gauss ) 

Fig. 6.8. Microwave frequency dependence of 207Pb3+ 
( I  = 112) EPR transitions in YP04. The allowed transi- 
tion corresponds to AMs = f I, Am, = 0; and the for- 
bidden transition corresponds to AMs = 0, Am, = 

+ 1. The coincidence of the two lines occurs at v = 
34.47 GHz and provides a direct measurement of A. The 
extreme position of the Ms: +7/2 o +5 /2  transition 
shown for Gd3+ was established at each frequency and 
provided an accurate method for orienting the crystal. 



and forbidden transitions for several frequencies, at  
and near coincidence, in the Y P 0 4  host. If the 
approximation All = A 1  is made, then the "isotro- 
pic" value of A is A;,, = f l u .  The allowed hyper- 
fine transition in Fig. 6.8 shows a resolution into 
superhyperfine satellites which arise from the 
interaction with neighboring nuclei. The forbidden 
hyperfine line shown in Fig. 6.8, however, does not 
exhibit a well-resolved superhyperfine structure. 

The hyperfine interaction determined here for 
*07pb3+ in both Y P 0 4  and LuP04  is the largest 
ever found for pb3+ in solids and indicates that 
these particular orthophosphates have a strong 
ionic character. By comparison with the free atom 
value, however, it is evident that the .wave function 
is still distorted to n large extent. Trivalent lead is 
apparent.1~ stabilized in the substitutional rare- 
earth site by the solid state chemical restraints of 
the host lattice. This situation is similar to the sta- 
bilization of divalcnt rare-earth ions in the divalent. 
alkaline-earth halides. In this case, however, no 
irradiation or electrochemical reduction was neces- 
sary. 

I .  Summary of paper: Phys. Rev. Lett. 45, 839 
( 1980). 

2. Swiss National Fund for Scientific Research Fellow 
from Ecole Polytechnique Fedtrale de Lausanne, 
Switzerland. 

composition). Additionally, the 's~,, ground state 
resulting from the 3dS configuration of ~ e ~ +  is 
characterized by magnetic properties that are simi- 
lar in many ways to those associated with the 8 ~ 7 / 2  
ground state of ~ d ) ' ,  which was previously 
studied. 

The EPR spectra of ~ e ~ +  in both powders and 
single crystals of the zircon-type orthophosphates 
ScP04,  YP04 ,  and L u P 0 4  were examined. Iron- 
doped single crystals ot' these orthophosphates were 
grown by means of a flux technique. Correspond- 
ing powders were prepared independently by a urea 
precipitation technique, and EPR measurements 
demonstrate that the ~ e ~ +  impurity is situated in 
the same substitutional site in both the single crys- 
tals and the powders for all three hosts (see Fig. 
6.9). The sign of the crystal-field parameter b! 
was shown to be positive (opposite to that found 
for Gd3+ in these hosts). Of the three hosts, the  
crystal-field splittings were found to be largest for 
scandium and smallest for yttrium. Accordingly, 
iron can be incorporated into a substitutional crys- 
tallographic site in material prepared by either a 
high-temperature process or by a low-temperature 
precipitation and calcination (- 800°C). These 
findings have implications for the use of lanthanide 
and related orthophosphates as .a host material for 
the isolation of nuclear wastes. 

EPR 1NVESTlCATlONS O F  ~ e ~ +  IN 
SINGLE CRYSTALS AND POWDERS O F  T H E  
ZIRCON-STRUCTURE ORTHOPHOSPHATES 

LuP04, YP04, AND SCPO~' 

M .  ~ a ~ ~ a z ~  L. A. Boatner 
J. 0 .  Ra111t.y M. M. Abraham 

In an actual nuclear waste form, the actinides 
and rare earths may not be separated from a 
number of other elements that are present in the 
waste material. Acco~.dingly, the propcrtics of 
mixed systems in which these other elements are 
combined with the lanthanide orthophosphates are 
of considerable practical' importance; therefore, 
investigations oriented toward impurity elements 
other than those of the 4f and 5f transition series 
were undertaken. Iron was investigated since this 
element is found in relatively high concentrations 
in some high-level waste compositions (e.g., 58 mol 
% Fe is contained in the PW-7a composition and 
up to 30 mol % Fe is found in the PW-8a 

I. Summary of paper to be published. 
2. Swiss National Fund for Scientific Research Fellow 

from Ecole Polytechnique Fed6rale de Lausanne, 
Switzerland. 

EPR INVESTIGATIONS O F  2 4 3 ~ m  AND 
244Cm IN L u W 4  SINGLE CRYSTALS' 

M. M.  Abraham L. A. Boatner 

The natural mineral monazite is characterized 
by an established long-term stability under a 
variety of geological conditions; additionally, mona- 
zites contain appreciable amounts of uranium and 
thorium. Accordingly, the lanthanide orthophos- 
phates that are synthetic analogs of monazite are 
of interest as hosts for the imroubilizaton of 
a-active actinide wastes. 

EPR spectroscopy has been used in characteriz- 
ing orthophosphate-impurity systems, because the 
number of observed EPR transitions and their posi- 
tion as a function of the strength and relative 
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Fig. 6.9. EPR spectrrlm, at KA band and room ten+ 
perature, of Fe3+ in LuP04: (a,b) single crystal with H 
parallel and perpendicular, respectively, to the c-axis and 
(c) powder. The Fe3+ transitions are labeled at the bot- 
ton;. The divergence of the central line that occurs for 0 
= arc cos + &/3, as well as extra lines due to Gd3+(6) 
and pb3+, is not labeled. 

orientation of the magnetic field can be used to 
determine the valence state of the paramagnetic 
impurity and the site occupied by the impurity and 
can also provide information regarding the local 
crystal structure. Previous EPR studies of Gd3+ 
(4f7) in the orthophosphate hosts have established 

that, while the impurity ion is located in the substi- 
tutional rare-earth site, the crystal-field interaction, 
which splits the S = 712 ground state, is positive 
for the monoclinic hosts and negative for the 
tetragonal hosts. The actinide analog of ~ d ~ +  
(i.e., cm3+,  5f7) was incorporated into the tetra- 
gonal host LuP04, and the EPR spectra of both 
2 4 3 ~ m  and 2 4 4 ~ m  were observed. The I = 512 
nuclear spin of the 2 4 3 ~ m  isotope allows a positive 
identification to be made, and Fig. 6.10 shows the 
spectrum observed at T = 4.2 K with the mag- 
netic field applied parallel to the crystal tetragonal 
c axis. The g value in  this parallel orientation is 
7.98(1), while the corresponding value in  the per- 
pendicular orientation is 4.096(4). These values 

Fig. 6.10. The EPR spectrum of trivalent 244Cm in a 
single crystal of LuP04. The six hyperfine lines associ- 
ated with the I = 512 nuclear spin of 243Cm are identi- 
fied by the bar graph at the bottom of the figure. 



Innot be fit to a doublet wave function a I ' + 
12) + p I T 112) to give a consistent Land6 g 

factor but can be fit to the doublet wave function 
a I 1- 512) + P I i 312) yielding a Land6 g fac- 
tor of 1.92. Further verification of this doublet 
identification comes from tlie observation that 
lowering the temperature to =1.5 K reduces the 
intensity of the EPR signals, clearly indicating that 
this is an excited doublct. Therefore, the sign of 
thc crystal-field interaction for the 5f7 ion in the 
tetragonal LuP04 host is negative and is the same 
as that found previously for the 4f7 ion. 

Additional investigations of Np and other 
actinide impurities are in progress. 

-"..,. 

1. Summary of paper to be published 

RUTHERFORD BACKSCATTEKINC 
INVESTIGATION OF THE CORROSION 

OF BOROSILICATE GLASS' 

B. C. Sales H. ~ a r a m o t o ~  
L. A. Boatner C. W. White 

Borosilicate glass is one of the candidate primary 
containment materials currently being evaluated 
for use in  the long-term storage of r~uclear wastes. 
The French have adopted borosilicate glass as their 
official nuclear waste form, and it may be chosen 
as the first-generation waste form for radioactive 
U.S. defense wastes. One of the major concerns 
regarding the use of glass, however, is its ability to 
retain hazardous radioactive nuclei when exposed 
to groundwater at temperatures above ambient. 
Thc removal of radioact.ive nuclei from glass in an 
aqueous environment is referred to as leaching or 
corrosion. Predictions of the long-term leaching 
characteristics of glass must necessarily be based 
on the extrapolation of data from experiments with 
durations much shorter than the half-lives of the 
more dangerous radioactive nuclei. Obviously, the 
ability to extrapolate reliably the results from these 
studies depends on how well one understands the 
mechanisms of glass corrosion. Although there is a 
good qualitat,ive understanding of the leaching of 
simple borosilicate glasses, more quantitative data 
and theories are needed. In particular, it is not suf- 
ficient for a theory to account for the concentra- 
tion of ions found in the leachant solution during 
an experiment. The chemical structure of the 

:ached glass surface l~iiist also be considered, since 

this layer greatly affects subsequent leaching 
characteristics of the glass. 

The technique of depth profile analysis by means 
of Rutherford backscattering (RBS) has been used 
to study changes due to leaching in the chemical 
composition of the 1-2 micron surface layer of 
borosilicate glass. Several prototype borosilicate 
glasses were prepared by melting appropriate 
amounts of the constituent oxides in a platinum 
crucible at 1 160°C. The molten glass was poured 
into a mold of spectroscopically pure carbon, . 

annealed at 550°C for 2 h, and then slowly cooled- 
to room temperature. Samples measuring 0.5 X 
1.0 X 0.2 cm3 were cut from the resulting glass 
billets. One surface of each sample was polished to 
a 1.0-p finish with A1203 powder. The samples 
were then leached in distilled water at 90°C in a 
.Teflon container for times ranging from 0.5-48 h. 

A beam'of 2 M ~ V  4 ~ e +  ions was scattered from 
both leached and unleached horosilicate glass sur- 
faces. Analysis of the energies of the 4 ~ e +  ions 
scattered by the nuclei of the elements in the glass 
allows one to determine quantitatively the concen- 
tration of each element as a function of depth in a 
1-2 micron surface layer. The depth resolution is 
about 150 A. The sensitivity of RBS to a particu- 
lar element is proportional to its atomic number 
squared. Hence, in a simple borosilicate glass com- 
posed mainly of the elements Si, Na, B, and 0 ,  
one can detect much less than 1 at. % of the 
heavier nuclear waste elements such as Sr, Cs, U, 
and the other actinides. The large atomic numbers 
of the waste elements also simplify the depth-vs- 
concentratioli calculations. 

Some typical results are shown in Fig. 6.1 1. A 
prototype borosilicate glass, with the composition 
dcvclopcd at the Savannah River facility, was 
prepared and doped with 5 wt % 2 3 8 ~ ~ 2 .  Four 
glass samples cut from this billet were leached in 
distilled water at 90°C for 0, 0.5, 3, and 24 h. 
After leaching, the polished surface of each sample 
was coated with a 100-A film of A1 to prevent 
charging. The backscattering spectra which consist 
of the total backscattering yield in counts vs energy 
are shown in Fig. 6.1 1 for the leached and 
unleacl~ed glass samples. The EARS spectra of 
the unleached glass indicatc that the 2 3 8 ~  

concentration is uniform to a depth of 1-2 p. The 
magnitude of the 2 3 8 ~  concentration calculated 
from the spectra is consistent with the amount of 
238U02 added to the glass. After leaching the 
glass for 0.5 h, there is a threefold increase in  the 



Fig. 6.11. Energy spectra of 2 M e V  4He+ ions back- 
scattered from leached and unleached borosilicate glass 
doped with 5 wt % UO,, The glass was leachod in dij- 
tilled water a t  90°C for 0, 0.5, 3, and 24 h. 

U concentration within 150 A of the surface. The 
near-surface concentrations of Ti and Ca also 
increased. ' ~ f t e r  leaching for 3 h, the U concentra- 
tion increases even further and extends to a depth 
of about 1 pm. A similar increase is observed for 
Ti and Ca, but there is a depletion of both Na and 
Si from a I-pm-thick surface region. 

After leaching for 24 h, however, the composi- 
tion of the leached surface layer is virtually identi- 
cal to the unleached surface. This is probably due 
to the large increase in the pH of the water, which 
attained a value of 10.1 after 24 h. For a pH 2 9, 
the entire glass network begins to dissolve, and 
apparently the rate of dissolution is faster than the 
rate of formation of the surface layer. Experiments 
are under way to test this hypothesis. Experiments 

on Sr-, Cs-, Gd-, Nd-, and Fe-doped glasses aro 
also in  progress. 

I .  Summary of paper to be published. 
2. Guest scientist from Japan Atomic Energy 

Research Institute, Tokai-mura, Japan. 

FERROELECTRIC MATERIALS 

RAMAN SCATTERING STUDIES OF THE 
IMPURITY-INDUCED FERROELECTRIC 

PHASE TRANSITION IN K T ~ o ~ : N ~ ' . *  

R. L. prater3 L. L. Chase3 
L. A. Boatner 

Potassium tantalate is a cubic perovskite- 
structure material that exhibits the characteristics 
of a ferroelectric whose transition temperature is 
near absolute zero. In the purest KTa03 samples 
investigated thus far, an actual transition to a fer- 
roelectric phase has not been observed at tempera- 
tures as low as 1.6 K. Potassium tantalate and 
strontium titanate are currently the only two 
known substances which exhibit this type of 
behavior, and term "incipient ferroelectric" has 
been applied to these special materials. For both 
KTaO, and SrTi03, deviations of the behavior of 
the dielectric constant from a Curie law depen- 
dence have been attributed to the presence of a 
paraelectric phase that is "guant~~m stabilizedn 
(i.e., the zero-point motion of the lattice is compar- 
able to or larger than the energy corresponding to 
a distortion of the lattice into a ferroelectric struc- 
ture). 

Raman scattering and optical depolarization 
measurements have been employed in investigations 
of the ferroelectric phase transition in 
KTa,-,Nb,03 in the limit x < 0.05. The critical 
niobium concentration for which Tc - 0 K was 
found to be xc = 0.008, in agreement with previ- 
ous acoustic resonance results. Electric-field- 
induced Raman scattering and disorder-induced 
Raman scattering were used to study the zone 
center TO frequency as a function of x and tem- 
perature. At a given temperature, the TO fre- 
quency decreases with increasing x and no new low 
frequency vibrational features due to the Nh are 
observed. The Raman spectra as a function of tem- 
perature are indicative of a soft-mode-dominated 
displacive transition to a rhombohedra1 ferroelec- 



r i c  phase. The soft mode frequencies in both 
)bases, however, remain finite ( -  10 cm-') in the 

immediate vicinity of T,.  iso order-induced scatter- 
ing features in the paraelectric phase in all of the 
samples (including pure KTa03) 'are attributed to 
first-order scattering from the coupled TO and TA 
branches. The TA peak has previously been associ- 
ated with a resonance mode of lithium impurities. 
The observed TA scattering was modeled using 
parameters obtained previously from neutron 
scattering investigations, and good agreement was 
found for the frequency of this feature as a func- 
tion of the soft. mode energy. The presence of Nb 
has no effect on the intensity of any of the 
disorder-induced features, and the exact source of 
the disorder is presently undetermined. 

I .  Research sponsored in part by NSF grant DMR 
78-09426. 

2. Summary of paper: Phys. Rev. B 23, 221 (1981). 
3. Indiana University, Bloomington, Ind. 

PHOTOREFRACTIVE EFFECTS 
IN THE CUBIC PHASE OF 

POTASSIUM TANTALATE-NIOBATE' 

R. Orlowslii2 L. A. Boatner 
E. ~ r a t z i ~ '  

Light-induced changes in the index of refraction 
(i.e., photorefractive effects) arise as a result of 
optically generated space-charge fields. When an 
electro-optic crystal is exposed to a light interfer- 
ence pattern, electrons in the regions of high light 
intensity are excited and displaced. The internal 
electric fields generated by this charge transport 
modulale Llle ~efractivc indcx by means of the 
electro-optic effect. Uniform illumination of the 
specimen produces a corresponding uniform redis- 
tribution of the charge and returns the crystal to 
its original state. 

The Curie point of single crystals of potassium 
tantalate-niobate (i.e., KTal-,Nb,03 or KTN) 
can be varied by controlling the niobium/tantalum 
ratio; and, accordingly, the electro-optic properties 
of these subsla~l~es can be cffcctivcly "tailoredn by 
means of a variation of this type. The ability to 
exercise such control over the electro-optic 
properties makes the KTN system particula'rly 
interesting for the storage of volume phase holo- 
grams via photorefractive effects. The linear 
dectro-optic effect can be employed when the 

Nb/Ta ratio and crystal temperature are such that 
the system is in the ferroelectric tetragonal phase, 
and the' quadratic electro-optic effect can be util- 
ized when conditions correspond to the presence of 
the nonferroelectric cubic phase. Recent measure- 
ments using incoherent light have shown that the 
storage properties of KTN are very attractive in 
both cases. 

In this work holographic techniques have been 
used to study photorefractive effects associated 
with quadratic electro-optic mechanisms .in the 
cubic phase of KTN. An expression for the depen- 
dence of the refractive index change produced by 
external writing and by reading electric fields was 
derived, and the validity of the expression was 
examined by means of two-beam interference 
experiments. Additionally, the light-induced charge 
transport in KTN was investigated, and the sign of 
the dominant light-induced charge carriers was 
determined by means of beam coupling experi- 
ments carried out in the absence of an applied 
writing electric field. 

I .  Summary of paper: Opt. Commun. 35, 45 (1980). 
2. Philips Laboratories, Hamburg, Germany. 
3. University of Osnabriick, Osnabriick, Germany. 

RAMAN SCATTERING STUDIES OF THE 
IMPURITY-INDUCED FERROELECTRIC 

PHASE TRANSITION IN K T ~ o ~ : L ~ '  

R. L. prater2 L. L. Chase2 
L. A. Boatner 

A relatively recent review of the dynamics of 
phase transitions by Halperin and varma3 has 
served to s t im~~late  increased interest in the related 
topic of the effects of impurities on phase transi- 
tions. Raman scattering and optical depolarization 
measurements were employed in investigations of 
the phase transition induced by the substitution of 
lithium for potassium in KTa03 to form 
KI-,Li,Ta03. Lithium concentrations as high as 
5.4 mol % were studied. At low concentrations x S 
0.004, the intensities of the disorder-induced 
scattering feat.11res observed for pure KTa03 
increase as the Li fraction increases. A low fre- 
quency feature, which was previously associated 
with a Li resonance mode, appears to be scattering 
from the coupled TA and TO branches due to 
disorder introduced by the lithium. For x >, 0.01, a 
clearly defined step in  the optical depolarization is 



observed at T,, which increases rapidly with 
lithium concentration and reaches a value of T, = 

68 K at x = 0.054. The dependence on the polari- 
zation direction of the incident light indicates that 
a tetragonal or orthorhombic low-temperature 
phase is formed with (100) symmetry axes. New 
Raman-active phonons are observed near and 
below T,. The anisotropy of the energy of the 
extraordinary phonon expected from polar modes is 
not observed in the unpoled samples. Poling can be 
accomplished by cooling the crystals through T, 
with an applied electric field, after which the polar 
character of these phonons is observed. The lack of 
anisotropy in unpoled samples is the result of the 
presence of ferroelectric domains with diameters 
smaller than optical wavelengths. Additionally, the 
depolarization measurements imply domain sizes of 
at least a few thousand angstroms. These results 
clearly disagree with the previous claims that 
KI-,Li,Ta03 is not ferroelectric for x < 0.24 and 
that the.Li centers form a polar glass a t  low tem- 
peratures. Finally, the presence of the lithium 
impurities stiffens the TO branch at the zone 
center, and the ferroelectric phase results from an 
order-disorder transition of the off-center lithium 
ions. 

1. Summary of paper: Phys. Rev. B 23, 5904 (198 1). 
2. Indiana University, Bloomington, Ind. 
3. B. I. Halperin and C. M. Varma, Phys. Rev. B 14, 

4030 (1976). 

RAMAN SCATTERING STUDIES OF THE 
EFFECTS OF A SYMMETRY-BREAKING 

IMPURITY ON THE FERROELECTRIC PHASE 
TRANSITION IN K I  -,Li,Ta, -,N~,o~' 

R. L. prater2 L. L. chase2 
L. A. Boatner 

Raman spectroscopy and optical depolarization 
techniques have been .employed in revealing the 
contrast between the low-temperature phases and 
the accompanying transitions when either lithium 
or niobium ions are included as substitutional 
impurities in the incipient ferroelectric KTa03. 
The Nb ions replace Ta in the cubic perovskite lat- 
tice; and for 0.008 S y < 0.06 in the mixed crystal 
KTal-,NbYO3, they induce a soft-mode-dominated 
transition to a trigonal ferroelectric phase where 
the transition temperature T, depends on the Nb 
concentration. In contrast, Li ions, which substitute 

for K in the KI-,Li,Ta03 lattice, induce a transi 
tion to a tetragonal ferroelectric phase where 7, 
increases with increasing Li concentration. The 
Raman spectra clearly show that the lowest 
transverse optic phonon increases in energy with 
increasing Li concentration both at the phase 
transition temperature and at 4.2 K. Therefore, 
this phase transition appears to have a predom- 
inantly order-disorder character with the Li ions 
occupying off-center positions near the K sites. The 
slow relaxation of the Li impurities between 
equivalent off-center positions combined with the 
large polarization of the lattice around the indi- 
vidual dipoles is apparently responsible for the 
unusual characteristics of the Li-induced phase 
transition. 

An investigation of the properties of KTa03 con- 
taining the contrasting impurities Nb and Li (i.e., 
of the system KI~xLixTa l -yNby03)  has been car- 
ried out. A study of this type represented an oppor- 
tunity for a direct experirliental comparison of the 
effects of relaxing, symmetry-breaking defects on 
soft-mode phase transitions. 

Raman scattering and optical depolarization 
measurements on KI -,Li,Tal -,NbYO3 with y < 
0.028 and x < 0.06 show that lithium impurities 
destabilize the niobium-induced rhombohedra1 fer- 
roelectric phase. With increasing x ,  the phase 
transition is altered from a soft-mode-dominated 
transition to a disorder-order transition in a tetra- 
gonal phase. The dependence of T, on x disagrees 
with the predictions of classical mean-field theory. 

1. Summary of paper: Solid State Commun. (in 
press). 

2. Indiana University, Bloomington, Ind. 

HIGH-TEMPERATURE MATERIALS 

THE PREPARATION OF VC SINGLE 
CRYSTALS BY A .FLOAT-ZONE TECHNIQUE 

G. R. Gruzalski H. E. Harmon 

Because of their high strengths and solidus tem- 
peratures, the Group IV and Group V transition 
metal monocarbides represent an important class of 
materials in high-temperature technology. In addi- 
tion, these materials exhibit a host of other 
phenomena (e:g., variable stoichiometry, superlat- 
tice structure, and superconductivity) that have 
generated increasing interest in their fundamental 



emical and physical properties. In spite of this 
:erest, only a few investigators have produced 

single crystals of the transition metal carbides. 
Consequently, many of the data concerning these 
compounds have been obtained using sintered or 
cemented materials and, therefore, have been of 
limited utility. Since there is an obvious need for 
better quality well-characterized singlo crystals, 
several methurls Tug yrodueing them are currently 
being investigated. This summary describes the 
application of an rf float-zone technique to the 
growth of VC single crystals. The method 
described here is similar to that of Precht and 
Hollox. ' 

Hot-pressed rods 8 mm in diameter were made 
from a starting material of VC powder blended 
with 6, 10, or 14 wt % vanadium powder (both V 
and VC had a I I U I I U I I ~ ~  purity of 99.886). The rods 
were supplied by Cerac and were made using heir 
powders. It was necessary to anneal the as-received 
rods at 1900°C for about 6 h in a vacuum to effect 
both outgassing and the dissolution of 200-300-p 
inclusions, whiqh were found by x-ray radiography 
and were tentatively identified as aggregates of 
vanadium. When the feed rods were not annealed, 
large chunks of malarial, several millimeters in 
dimension, were ejected as the liquid zone was 
advanced. A second technique for making feed rods 

1 was also pursued. In this approach, VC and V 
powders supplied by Cotronics Corporation and I United Mineral and Chemical Corporation, respec- 
tively, were used. The rods were produced by 
blending the powders with a binder (both polyvinyl 
alcohol and polystyrene have been used) and then 
by loding the blended powders into Gouch tubing 
which was evacuated and isostatically p r d  to 
about 50,000 psi at room temperature. The pressed 
rods were then sintered and diamond-ground to a 
112-in. diameter. Although the rods made by this 
second approach have not been zone melted, it is 
anticipated that they will be suprior to the Cerac 
hot-pressed rods. 

Vanadium carbide single crystals were prepared 
in a Varian crystal growing furnace (MP type) 
using the fwd rods ~uppli~d by Cerac. Figure 6.12 
shows the chamber configuration after a typical 
growth run; note that an interface between the 
crystal and the original feed rod can be seen. The 
crystal feed rod specimen, originally two rods 
joined together, was held by Ta holders supported 
by boron nitride devices attached to water-cooled 

ainlass steel rods. During the growth run the 

. .. . b:' ., 
> ;, 

- 
Y .  

Fig. 6.12. Cbrmber cod@dm after the grow& of a 
v a d o m  carbide single crystal, 

chamber becomes heavily coated by decomposition 
products; hence, in Fig. 6.12 even the BN appears 
dark. The specimen was surrounded by tantalum 
heat shields, which are partially removed in Fig. 
6.12, and the heat shields were supported by a 
mullite cylinder. The liquid zone was produced by 
passing rf current through an efficient lead struc- 
ture (bus-bar type) and the three-turn coil shown, 
the ID of the center turn being about 1.3 cm. 
Several other coil configurations were tested. 

The liquid zone was passed from the bottom to 
the top of the rods so that the liquid-crystal inter- 
face advanced at about 1.25 cm/h. The diameter 
of the resulting.crysta1 was mntrullul by lowering 
the upper rod at a slightly faster rate than the 
lower rod. No afterheating was requid. The 
chamber was pressurized with 5 atm of purified 
argon to alleviate problems associated with the 
high decomposition rates exhibited by these materi- 
als. 



Five VC crystals, each with the nominal compo- 
sition VCo.83 were produced by the technique 
described above. The dislocation density of these 
crystals was found to be very low, with most of the 
dislocations c o n f i i  to the subgrain boundarie. 
The crystals are about 5 cm long and, owing to 
narrow plycrystalline crusts of long grains which 
form along their peripheries, are only 6-7 mm in 
diameter. These parasitic grains, which are readily 
removed by spark cutting, are not actually detri- 
mental since the outer region of the zoned crystal 
is often removed in any case, because both the oxy- 
gen and carbon concentrations are relatively high 
in this region. 
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Fig. 6.13. Currest-voltage relation for a VG.ss anode 
and stainless-steel cathode in a 5 to 1 wdution of 
metho1 to dphuk acid, cooled to about 200 K. 

1. W. Precht and G. E. Hollox, J. Cryst. Growth 314, 
818 (1968). 

ELECTRICAL PROPERTIES OF 
TRANSITION-METAL CARBIDES 

ELECTROLYTIC POLISHING OF 
VANADIUM MONOCARBIDES 

G. R. Gruzalski 

In order to study the optical properties of 
transition-metal carbide crystals, it is necessary to 
prepare high-quality flat specular surfaces. Since 
electrolytic polishing yields surfaces that are 
unworked and free from macroscopic steps and 
contamination, this technique was investigated as a 
means of preparing suitable surfaces on these 
materials. An electropolishing system consisting of 
a 5:l mixture by volume of acetone-free, reagent- 
grade methanol and concentrated sulphuric acid 
yielded promising results for vanadium monwar- 
bides polished at 200 K with stainless steel serving 
as a cathode. 

Figure 6.13 shows the current-voltage relation 
for a VC0.88 crystal in the above electrolyte. The 
shape of the curve is similar to that obtained for 
other metals and electrolytes, but the plateau 
region occurs at relatively low values of voltage 
and current density. In general, the polished sur- 
faces are highly specular and exhibit large areas 
that appear featureless at 600X magnification. 
Portions of some surfaces, however, appear to be 
rough or two-phase-like. It is not clear at the 
present time whether these poorly polished regions 
are due to sample inhomogeneities or to an artifact 
of the electrolytic polishing procedures. 

G. R. Gruzalski T. W. ~ a ~ w o o d '  
F. A. Modine 

Because the electrical conductivities of 
transition-metal monocarbides are especially 
interesting (e.g., they exhibit unusual temperature 
dependences similar to those of A15 compounds) 
and because they provide a convenient tool for 
specimen characterization, particularly with respect 
to stoichiometry and ordering, an apparatus has 
been designed and built for their measurement. 
The apparatus has been automated with a desk-top 
computer to facilitate rapid characterization on a 
routine basis, and the van der Pauw technique2 has 
been employed because the samples often are flat 
disks having various irregular shapes. 

Figure 6.14 shows the resistivity of two specimen 
disks as a function of temperature. The resistivity 
of the crystal has been used to interpret IR 
reflectance rnea~urements.~ By comparing the resis- 
tivity of the VC0.88 specimen disk with that of 
other VC crystals with known compositions and 
thermal histories, it can be concluded that the 
present sample is the ordered compound VsC7 and 
that it is well annealed. 

1. Summer facully research participant from Univer- 
sity of North Carolina, Wilmington, N. C. 

2. L. J. van der Pauw, Phil. Res. Rep. 13, 1 (1958). 
3. F. A. Modine, R. W. Major, and G. R. Gruzalski, 

'Optical Reflectance of Tantalum Carbide," this report. 
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DIFFUSION OF HYDROGEN AND DEUTERIUM 
INTO PURE AND DOPED KTa03 CRYSTAIS . 

R. R. ~onzalez' L. A. Boatner 
M.M.Abraham Y.Chen 

Earlier measurements of the diffusion of hydro- 
gen isotopes into KTa03 indicated that impurities 
can play an important role in determining the 
resulting hydrogen or deuterium ~p take .~  Accord- 
ingly, the diffusion of hydrogen and deuterium into 
single crystals of pure KTa03 and KTaU3 doped 
with Fe, Ni, Cu, and Li has been investigated. 
Both hydrogen isotopes were introduced by heating 
the KTa03 crystals for 3 h at 1000°C in the pres- 
ence of H20 or D20 vapor. The presence of H in 
the crystals as OH- and OD- was monitored 
usings their infrared absorptions at 3472 and 2565 
cm-', respectively. Broad optical absorption bands 
in crystals doped with Fe, Ni, Cu, and Li were 
observed to center at 2.8, 1.9, 1.8, and 1.9 eV, 
respectively. The H in crystals doped with varying 
concentrations of iron was studied using the 2.8 eV 
optical absorption and EPR techniques. Although 
no direct correlation between the OH- or OD- 
and the Fe3+ content was observed, the introduc- 

of OH- nr (11) was attended by a conversion 

1. Guest scientist from Universidad Complutense, 
Madrid, Spain. 

2. H. Engtrom, J. B. Bates, and L. A. Boatner, J. 
Chem. Phys. 73, 1073 (1980). 

INFRARED SPECTRA OF HYDROGEN 
ISOTOPES IN POTASSIUM TANTALATE' 

H. ~ngs t rom~ J. B. Bates L. A. Boatner 

The spectroscopic constants of OH-, OD-, and 
OT- species in potassium tantalate KTa03 were 
determined from infrared absorption measurements 
on single crystals at 300 and 77 K using a Fourier 
transform spectrometer. Single crystals of KTa03 
were grown by slowly cooling a molten mixture of 
Ta20S and K2C03 which react to form KTa03 at 
1450°C. Sharp absorption lines due to OH- ions 
were readily appasent in as-grown crystals. These 
were probably introduced into the lattice by the 
reaction of KTa03 with atmospheric H20 vapor 
during the crystal growth process. 

After heating the crystals in D20 or T20 vapor 
at -lQOO°C, sharp absorption lines due to OD- 
and OT-, respectively, were observed in the spec- 
tra. The peak positions and widths of the principal 
absorption bands of these species were measured at 
77 K with a resolution of 0.5 cm-', and the results 
are listed in Table 6.2. By comparison of these 

Taw 6.2. Peak poeitiom o and widtbs 6 of tbe 
major abnpkh bad uf OH-, OD-, and 

OT- ioas Lo KT* from measurememts at 77 K 

- 

OH- 3484.8 ( f 0.1) 1.0 (+ 0.1) 
OD- 2575.5 0.8 
OT- 2 175.4 0.7 

results with the values observed for the same 
species in Ti023 and ~ 1 ~ 0 ~ :  it can be seen that the 
peak positions are at higher wave numbers and the 
widths are much smaller in KTa03, indicating a 
weaker interaction between the hydroxyl ions and 
the KTa03 lattice. A weaker interaction is also 
indicated by the smaller anharmonic coefficients 



t d  from the frequencies observed in ~RNLPHOTO 246 1 

band and three weaker features at higher energies 
increased after treatmnt of as-grown crystals in 1 
H20 at 1050°C. The total integrated intensity of 
these bands did not change after prolonged treat- 
ment beyond 2 h, suggesting that saturation is 1 
achieved rapidly as a result of the high diffusion I - 
rate of protons at this temperature. The weak 
infrared features, which grow at a faster rate with 
treatment than the principal absorption band, 
occur at 3488, 3495, and 3504 cm-'. These bands 
are attributed to OH- ions in different local 
environments which may be associated with impur- 
ities. 

The importance of impurities in determining the Fig. 6.15. Seeded &I& eryst.l of V3Si. The long axis 
saturation concentration of hydrogen-containing of the sample is parallel to a crystallographic axis. 
species in KTa03 was confirmed in this study by 
the observation that higher OH- concentrations 

The zoned region was about 45 mm in length, and were found in regions of the same crystal which 
one single cryst.l was with a residual had higher concentrations of an unknown impurity. 

The addition of hydrogen to a lattice requires resistance ratio of -40. Work on improving the 

either the presence of a charge compensating crystal quality of V3Ge and Nb3Gel-, specimens 

impurity or a change of valencx of one of the host is also currently in progress. A heavy crust forma- 

ions of the lattice. tion over the zoned surface has complicated the 
growth of these materials. Using a scanning elec- 
tron micr08cope with an energydispersive x-ray 

1- Summary of paper: J. C h  Phys- 739 1073 spectrometric mode, these crusts were identified as 
( 1980). extraneous impurities that formed as crystallites on 

2. Present address: Spony Univac, Sane Clara, Calif. the main EIystal surface. 3. J. B. Bates and R. A. Perkins. Phvs. Rev. B 16. . - 
3713 (1977). - 

4. H. Eagstrom et al., Phys. Rev. B 21,2520 (1980). 1. Y. K. Chang and H. E. Harmon, Solid State Div. 
Prog. Rep., Feb. 29, 1980, ORNL-5640, p. 222. 

CRYSTAL GROWTH OF A15 
INTERMETALLIC COMPOUNDS 

Y. K. Chang H. E. Harmon 

The single crystals of V3Si described previously' 
were grown from polycrystalline rods without the 
use of a seed. In order to obtain higher quality 
crystals with a predetermined orientation, V3Si sin- 
gle crystals were grown by seeding from a high- 
quality V3Si crystal chosen with a crystallographic 
axis lying close to a [I001 orientation. An example 
of a seeded V3Si crystal is shown in Fig. 6.15. This 
specimen is -8 mm in diameter and was grown at 
a rate of 7 mm/h in an rf induction-heated float- 
zone furnace under a 207-kPa purified argon gas 
atmosphere with an oxygen content of 0.3 ppm. 

SPECIAL MATERIALS 

PREPARATION OF METAL AND 
ALLOY SINGLE CRYSTALS 

Y. K. Chang H. E. Harmon 

Recently, the success of a band structure calcu- 
lation carried out for the Ag-Pd system has 
prompted a number of experimental investigations, 
including positron annihilation and photoemission 
studies, to verify the predicted band structure 
change near the Brillouin zone boundary when Ag 
is alloyed with Pd. A single crystal of pure Ag, 1.9 
cm in diameter and 4 cm long, was successfully 
grown in a Bridgman-type vitreous carbon crucible. 
The loaded crucible was suspended in a quartz 



tube in an argon atmosphere and was lowered 
through a long cylindrical induction coil at a rate 
of -2.5 cm/h. The resulting single crystal is 
shown in Fig. 6.16. In order to grow single crystals 
of the Ag/Pd alloy, Pd metal with a purity better 
than 4 N was melted with Ag in an arc melter and 
then swaged to form a rod 6.35 mm in diameter. 
This rod was then chemically cleaned ssld zone 
re-fined in an el~tron~beam float-zone system at a 
rate of 20 mm/h under a dynamic vacuum of 2 X 
10-' torr. This technique resulted in the prduc- 
tion of AgPd crystals with reduced diameters of 
--4 mm. 

mechanism. Diffusivities of such impurities rarely 
differ from those of the hosts by more than an 
order of magnitude. In contrast with this behavior, 
however, the diffusivities of impurities having a 
substantial interstitial component are often many 
orders of magnitude greater than those &biting 
"normal" solute diffusion. These "fast diffusers" 
have been the subject of considerable stud? with 
the most thoroughly investigated systems having 
Pb as a salvent and a noble metal or near-noble 
metal as a solute. These studies have shown that 
the diffusion proces94s quite complex, and the elec- 
tromigration of many of these Pb alloys has been 
studied' extensively to obtain additional insight. As 

ORnA-PHoTo 3990-81 
a continuation of thaxe efforts and in an attempt to 

1 
answer practical questions 'concerning the elec- 
tromigration of impurities in different Id - t i n  mld- 
ers, the dectromigration of noble-metal and new- 
noble-metal solutes in Pb(Sn) ailoys is baing 
investigatd. This report summarizes the inttial 
efforts to measure the eieetromigratim of Cu in 
dilute single-phase alloys of Pb,,,Sn, (0 6 x 6 
0.1 2). 

The diffusivity of Cu in several alloys was Hud- 
i d  using a tracer-sectioning te&ta@u.e to d a -  
mine the minimum time in the QSeatromigratiQn 
experiments. These mperiments were complicated 
by the short half-life of the Cu isdope (12.8 h far 
@Cu) and the low solubility of CP in t h e  alloys, 
The solubility problem was somewhat alleviated by 
using a source. d high sspocifir: activity. The results 
already obtained show that a relatively small 
amount of Sn is sufficient to tower the Cu &if- 
fusivity markedly. For example, the ratio of the Cu 
diffusivity in a PbtSa) alloy to that in pure Pb is I about 1:2 for a 50-ppm aIby at 230°C and this 
ratio significantly decreases by either lowering the 
sample temperature or by raising the Sn cantent. 
The general pattern suggests that the activation 
energy for diffusion inmass with increasing Sn 
concentration. 

Fig. 6.16. Shgb crystal of Ag grew by the BrMlpnra Using the steady-state technique, the eleet~omi- 
techdqw ka a vitreoas carbon cntdble. gration of Cu in a 50-ppm Pb(Sn) alloy was meas- 

ured. It was found that the affective charge 
number Z* is approximately unity for a sample 
temperalure of about 2GSOC. ELEcraOMCRATION OF Ca 

IN Pb(Sn) ALLOYS 

C.-K. HU' H. B. Huntington' I. Rensmlaer Polytechnic Institute, Troy, N.Y. 
G. R. Gruzalski 2. This subject has been reviewed quite exteasively by 

W. K. Warburton and D. Turnbull, p. 171 iaA?&j5usr'on 
The transport of substitutional impurities in in Solids Recarrt Developments, 4. by A. &%wick and 

most metals occurs principally by a vacancy J. J. Burton. Aeadernlc Press, New York, 1915. 



3. For example, see H. Nakajima and H. B. Hunting- 
ton, J. Phys. Chem. Solids 42, 171 ( 198 I ) ,  and refer- 
ences therein. 

AN EPR AND ENDOR INVESTIGATION OF 
THE [FUI0 CENTER IN CaO1 

M. M. Abraham V. M. Orera3 
Y. Chen T. M. wilson4 
D. N. Olson2 R. F. Wood 

A new paramagnetic color center, denoted by 
[FLilO, has been found. The center has been 
observed in single crystals of CaO grown with Li 
impurities and consists of a single electron in a 
02- vacancy with a ~ i +  ion replacing an adjacent 
Ca2+ ion (i.e., an F+ center next to a Li- 
substitutional impurity). Therefore, this is the first 
paramagnetic electron-defect center possessing 
local electrical neutrality to be seen in the 
alkaline-earth-oxides. EPR and ENDOR measure- 
ments at both X- and K-bands yielded the follow- 
ing spin-Hamiltonian parameters at 4.2 K: gl = 

1.9993(2), g l  = 2.0001(2), A = i9.01(1) MHz, 
B = +5.35(1) MHz, and P d 0.005 MHz. The 
hyperfine values are temperature dependent and 
were also measured at 77 and 150 K. 

An oscilloscope display of the EPR signal at K- 
band with the (100) magnetic field paraIlel to a 
crystal (100) axis is shown in Fig. 6.17. Clearly 
visible are a large isotropic line and two sets of 
four lines. I h e  former a due to the F+ center, 
and the latter are attributed to the [Fti10 center; 
they are due to the interaction of an electron at an 
02- vacancy with a ' ~ i +  ion (I = 3/2) substi- 
tuted for a ca2+  ion in a nearest-neighbor site. 
The four-line set centered on the F+ line has twice 
the amplitude of the four-line set displaced to 
higher fields, which suggests that the [FLil0 center 
has an axial site symmetry oriented along a (100) 
direction of the crystal and that gl is the same as 
the isotropic g value of the F+ center. This sugges- 
tion is further supported by the observed angular 
dependence. 

Each of the EPR transitions, saturated in turn, 
produced ENDOR signals. The ENDOR transi- 
tions are shown in Fig. 6.18 for sites aligned paral- 
lel to the magnetic field. The magnetic field for 
each transition is indicated at the left of each trace 
in terms of the NMR proton frequencies. Counting 
from the low field line for the EPR transitions in 
Fig. 6.17, the second 8 = 90" line and the first 8 

Fig. 6.17. EPR spectra of F+ and [FdO cemters h 
CaO. The oscilloscope trace clearly shows two sets of 
four lines for the [FLila center. One set, labeled B = 0". 
arises when the field is along the axis of the center. while 
for the other set labeled B = 90°, the Fild is perpendic- 
ular to the axis. The isotropic F+ centerline is located at 
the center of the B = 90° set. 

[F~JO IN  CaO 
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Fig. 6.18. ENDOR spectra of the [FdD center in CaO 
with H parallel to the defect PKi8. Individual traces were 
taken on different hyperfine lines labelled progressively 
from I (low field) to 4 (high field). Applied magnetic 
fields are specified in terms of proton nuclear resonance 
frequency. 



= 0" line can be seen to overlap. For this mag- 
netic field, therefore, the ENDOR traces seen in 
Fig. 6.18 show evidence of both transitions. 

The alignment of the ENDOR transitions, one 
above the other, at the same rf frequency in Fig. 
6.18 is an indication that the quadrupole splitting 
factor P = 3eZqQ/41(21 - I )  is very small. The 
data suggest that there is an outward relaxation of 
the lithium ion and probably of the other ions in 
the lattice, but there is no electric-field gradient. 

I. Summary of paper: Phys. Rev. B 23, 5 1 (198 1). 
2. Oak Ridge Associated Universities faculty research 

participant from St. Olaf College, Northfield, Minn. 
3. Guest scientist from University of Zaragoza, Zara- 

goza, Spain. 
4. Oak Ridge Associated Universities faculty research 

participant from Oklahoma State University, Stillwater. 

THE GROWTH OF CRYSTALLINE Si 
SHEETS BY A LIQUID BED METHOD 

Y. K. Chang L. A. Boatner 

An inexpensive method for preparing thin, 
large-surface-area Si single crystals would rep- 

resent a significant development in the solar 
photovoltaic field. An approach has been investi- 
gated in which molten Si is floated on a hot, liquid 
bed. The proper choice of the liquid bed material 
is, of course, the key to the possible success of this 
technique. Initially, BaF2 was chosen as the liquid 
bed material due to its higher density relative to 
Si, lower melting point, and chemical inertness. 
The molten Si, however, does not spread uniformly 
over the top of molten BaF2, and it forms an 
almost spherical body due to its large surface ten- 
sion as compared to that of BaF2. Based on these 
observations, a molten metallic substance was 
selected as the liquid bed material. Tin was chosen 
not only because' it exhibits the above-mentioned 
properties but also because it has a low vapor pres- 
sure and is an inactive impurity in Si. Preliminary 
experiments have demonstrated that liquid tin is 
not an ideal molten-bed material. Further testing 
and an evaluation of lead as a possible molten-bed 
material are required. 



7. Isotope Research Materials 

The preparation of special chemical and physical forms of separated, high- 
purity isotopes is the task of the Isotope Research Materials Laboratory (IRML). 
Research samples using nearly all stable isotopes and many radioisotopes (espe- 
cially the actinide elements) are made to customer specifications in support of 
research programs throughout the United States and in foreign countries. In addi- 
tion to satisfying isotope research material requirements for DOE programs, IRML 
provides an international service of sample preparation supplying over 100 universi- 
ties and commercial firms in more than 30 countries with samples unavailable from 
commercial sources. During the reporting period approximately 2700 samples were 
prepared for the international scientific community. Support for this work comes 
directly from sales of materials and services; therefore, IRML has an integral sales 
function with associated inventory and revenue-accounting operations. Research 
and development activities in IRML are funded by DOE through the Office of 
Basic Energy Sciences. 

Technical functions of IRML can be categorized generally into materials 
research and development, inorganic chemical conversions, preparation of .special 
physical material forms, radioisotope source preparations, purifications, single- 
crystal' and epitaxial growth studies, and development of analytical techniques 
(usually nondestructive methods) that are compatible with characterization of thin 
film and other types of samples. From its inception, IRML has prepared particle 
accelerator targets; technologies of physical vapor deposition, chemical vapor depo- 
sition, mechanical rolling of metals, distillation of metals, metal reductions, arc 
melting, levitation melting, sintering, and o'iher metallurgical and chemical 
processes are used to produce unique isotope-containing samples. Because of 
present-day interests in high-energy physics research, new technologies have been 
required to transform large (multigram) quantities of separated isotopes into thick, 
large-area target samples. In all operations, specific efforts to improve purity and 
to conserve isotope resources are of vital importance because the monetary value of 
isotopes consumed during a sample preparation may be many times the cost of 
assigned manpower and ancillary expense. 

Procedures developed for handling stable isotope materials usually are equally 
applicable to radioisotope sample and source preparations. Adaptation of prepara- 
tive methods to radioisotopes generally implies modification for remote operations 
(hot-cell enclosure of processing equipment) or at least glove-box operations 
required for personnel protection. Almost all of the above-noted operations have 
been adapted for radioisotope processing. 



CHEMICAL COMPATIBILITY OF 
URANIUM AND PLUTONIUM CARBIDES 

WITH Cr-Fe-Ni ALLOYS 

E. C. Beahm' C. A. Culpepper 
W. S. Aaron 

Fundamental studies associated with advanced 
fast breeder reactor fuels are being conducted in a 
cooperative effort with the Chemical Technology 
Division. Thermodynamic calculations and experi- 
mental phase studies are being used to determine 
the phases present in the interface, or reaction 
zone, between carbide fuel and the cladding alloy. 

At 1273 K, the principal products in the reaction 
of uranium carbides with Cr-Fe-Ni alloys are 
UNiC2 and the Laves phase U(Fe,Ni,Cr)2. At  
973 K, the principal proclllcts are UNiS and 
(Cr,Fe),C3. At the lower temperature, reaction 
with uranium monocarbide is limited by the rate of 
for ma ti or^ of UNiS. Liquid formation was observed 
in the UC-type 316 stainless steel system at 1292 
+ 8 K and at 1351 -t 12 K in the UC-Inconel 
7 18 system. 

The compatibility studies have been expanded to 
include phase relations in the reaction products of 
mixed uranium/plutonium carbide fuel. Recent 
phase studies in our laboratory showed that up to 
50% of the plutonium in hexagonal PuNis may be 
replaced by uranium. However, no substitution of 
uranium by plutonium was detected in cubic UNi5. 
Thus, in the fuel-clad interface of (U-0.8P~,0.2) 
carbide with Cr-Fe-Ni alloys, we would expect a 
combination of either UNiS plus U-saturated 
PUN& or UNiS plus (U,Pu) carbide containing 
more plutonium than the bulk fuel. 

I. Chemical Technology Division, ORNL. 

CHEMICAL THERMODYNAMICS 
AND PI-IASE EQUILIBRIA IN 

ACTINIDE-CARBON-OXYGEN- 
CONTAINING SYSTEMS 

T. M. ~esmann '  C. A. Culpepper 

High-temperature, chemical studies of the 
actinide-carbide-oxide systems associated with the 
preparation and use of advanced fast breeder reac- 
tor fuels are being conducted in a cooperative 

effort with personnel of. the Chemical Technology 
Division. Thermodynamic calculations and experi- 
mental measurements are used to determine phase 
equilibria and chemical thermodynamic properties 
of actinide carbides and oxycarbides. 

Measurements of CO pressures. were made at 
constant temperatures to determine the equilibrium 
of P U O ~ , ~ - P U C ~ , ~ - C - C O .  This work considerably 
extended the only previous data set and allowed 
the determination of thermodynamic data for 
P U C ' , ~ .  

Measurements of CO pressure at constant tem- 
perature were begun to establish the equilibrium 
(U,PU)O~-(U,PU)C,,~-C-CO and to correlate 
composition and thermodynamic properties of 
(U,Pu)C1,5. 

I. Chemical ~ e c h n o l o i ~  Division, ORNL. 

TRITIUM SEPARATION FROM LIGHT 
AND HEAVY WATER BY BIPOLAR 

ELECTROLY SIS1 

M. Petek D. W. Ramey 
R. D. Taylor 

Using multiple bipolar electrolytic separation of 
hydrogen isotopes with Pd-25% Ag electrodes, the 
mathematical feasibility of this method for tritium 
separation was shown and experimentally verified. 
Separation factors were measured on single bipolar 
electrodes and were found to be approximately 
equal to those associated with individual ordinary 
electrolytic systems. Multibipolar separations were 
experimentally achieved in single cascaded cells in 
which each bipolar electrode was of equal area to 
others in a series arrangement. Factors measured 
for multibipolar H-D separation were close to the 
values measured in single-stage cell measurements; 
for H-T separation, interstage leakage reduced the 
measured separation factor. However, in both cases 
separation of sufficient magnitude was achieved to 
show feasibility for real application to the extrac- 
tion of tritium from large-volume systems at high 
current densily. 

1. Summary of paper: J. Appl. Electrochem. 1 1 ,  477 
(1981). 



CUSTOM RESEARCH MATERIALS 
PREPARATIONS 

W. S. Aaron W. B. Grisham 
B. L. Byrum J. M. Lovegrove 
K. B. Campbell T. C. Quinby 
C. A. Culpepper D. K. Thomas 
J. M. Dailey L. A. Zevenbergen 

As described in Table 7.1, a distribution of sale- 
able special isotopic materials was prepared 
predominantly for the contractors of DOE during 
the past period. However, this skewed distribution 
is biased by the large number of radioisotope sam- 
ples generally not allowed for sale to some foreign 
customers and by the materials required uniquely 
for accelerator devices present only in the United 
States (e.g., RTNS-II).' Although smaller in 
number, prepared, stable isotope research forms 
that were sold to foreign customers accounted for 
approximately 40% of the total revenues realized. 
Rather remarkably, the private sector of the 
United States provided an almost equal market to 
that of DOE contractors in terms of the total 
number of samples prepared using stable isotopes. 

Of major importance to the entire separated iso- 
topes program, the IRML processed nearly 
$900,000 of stable materials during this period. If 
equivalent valuation was applied to radioisotopes 
(particularly tritium and actinide materials), mul- 
timillion dollar quantities of these items were pro- 
cessed. Obviously, IRML contributed significantly 
to the distribution of separated isotopes on an 
international basis and, in particular, to the domes- 
tic research effort. This is a reasonable and 
expected result inasmuch as chemical and physical 
forming of separated isotopes is a costly and time- 
consuming activity when performed (if indeed it 
can be performed at all) on a local basis within the 
user's laboratory. 

Of the 2647 samples prepared in this period, 433 
samples were requested by ORNL research person- 
nel. Of this quantity 288 were produced for the 
ORNL Instrumentation and Controls Division in 
their effort to develop an ultrasensitive flux moni- 
toring fission chamber for the CRBR. 

As in past reporting periods, conversion of iso- 
tope inventory forms (oxides, carbonates, chlorides, 
and nitrates) to elemental or other compound 
forms represented a major activity of IRML. 
These conversions were necessitated either to form 
the material into a physical shape needed to satisfy 
experimental conditions or to remove interferring 
nuclides which would preclude the attainment of 
meaningful experimental results. Most chemical 
conversions were performed by high-temperature 
chemistry (reduction-distillation or "bombn reduc- 
tion to metal), by electrodeposition, or by hydrogen 
reduction. 

Outstanding examples of the importance of 
chemical conversions during this period were the 
reduction-distillation and casting of 2 5 ~ g  metal 
into a 5-cm by 5-cm block haviiig a thickness 
of 1 cm and the preparation of 2 g of 
246Cm(-70%)-244Cm for fundamental equation- 
of-state measurements. It was also shown that 
ultrapure 2 4 1 ~ m  metal could be produced by direct 
distillation from plutonium metal containing a 
minor 2 4 ' ~ ~  content. Subsequently, the overall 
radiation level of the parent plutonium metal was 
significantly reduced, permitting it to be physically 
worked into useful forms without undue exposure 
to personnel. The by-product 2 4 ' ~ m  metal was 
then cold-rolled into sheet stock for other target 
preparations; the purity of the 2 4 ' ~ m  was the 
greatest produced by our laboratory because of the 
total absence of 2 4 3 ~ m .  TWO highly significant 
features of this process require comment: (1)  
impurity americium in plutonium metal can readily 

Table 7.1. Enriched isotopic targets prepared by IRML 

Department of U.S. colleges, Foreign 
Energy universities, and customers Total 

contractors private industries 

Stable isotope 
sample 
preparations 293 274 155 722 

Radioisotope 
sample 
preparations 1391 444 90 1925 



be removed at far less cost than by using complex 
'wet" chemical processing and (2) the product 
U ' ~ m  can be used to prepare ultrapure research 
samples. 

The use of earlier developed and IRML- 
patented, ceramic powder forming technology to 
prepare both open and encapsulated samples of 
actinide oxides (for use in reactor dosimetry and 
other applications) was again of importance. How- 
ever, generally the preparation of vanadium- 
encapsulated "wire" dosimeters decreased signifi- 
cantly because of the relatively few experiments 
being conducted at the Fast Flux Test Facility 
(FFTF) in this period. Ceramic wafers (-1 cm 
diam) were produced in relatively large quantities 
from Np02, Pu02, and UOz. 

Finally, successful development of Cu-U02 cer- 
mets having ultrahigh uniformity of distribution of 
the U02 in the metal matrix (<I% variation) was 
performed to enable samples to be prepared in the 
near future for use in low-energy neutron experi- 
ments. 

1. H. L, Adair et al., *Tritium Target Fabrication for 
the Rotating Target Neutron Source," this report. 

US/UK HIGHER ACTINIDE 
IRRADIATIONS IN THE DOUNREAY 

PROTOTYPE FAST REACTOR 

E. H. Kobisk D. K. Thomas 
H. L. Adair B. L. Byrum 
T. C. Quinby J. A. Setaro 
J. M. Dailey D. W. Ramey 

J. R. Gibson' 

A cooperative US/UK research program was 
initiated some years ago to investigate the neu- 
tronic and irradiation behavior of higher actinides 
in fast breeder reactors. This program eventually 
involved ORNL, HEDL, and laboralories in the 
United Kingdom at Dounreay, Scotland, and 
Windscale, England. The test "fuelw pin(s) 
designed to observe actinide burnup rates and neu- 
tron cross section during irradiation in the Proto- 
Lype Fast Reactor (PFR) at Dounreay contains 
three sections of actinide oxides (fuel pellets) in a 
normal fuel configuration and 21 actinide oxides 
(physics samples) encapsulated in vanadium, 
ORNL had specific responsibilities for selecting 

and providing the isotopes, for fabricating the fuel 
pellets, for fabricating the neutron dosimeters and 
physics samples, and for loading and seal-welding 
the fuel pin segments (with HEDL assistance). 
HEDL was responsible for test-pin design, pin 
fabrication, final assembly of pin sections, quality 
assurance, and shipping to the United Kingdom. 
ORNL responsibilities pertaining to test-pin 
preparation were successfully met by the middle of 
June 1981. 

A major effort was required by several ORNL 
divisions to prepare and characterize both- physics 
specimen and fuel pellet materials. The physics 
specimen materiaIs were composed of milligram 
quantities of actinide oxide compoun<fs that were 
encapsulated in 1.5-mm-diam vanadium capsules. 
The quaetity of material contained in each capsule 
was accurately determined by using a substitution- 
weighing scheme that caaspared the weight of 
material loaded with standard weights as devised 
by the National Bureau of Standards. The amount 
of actinide material in each vanadium sample was, 
or will be, determined by using the compound 
weight together with isotopic and concentration 
analyses for each material. A total of 132 
vanadium-encapsulated samples was prepared and 
loaded into three fuel pins for the physics specimen 
portion of the US/UK higher-actinide irradiation 
experiment. 

Twenty-eight fuel pellets of each actinide fuel 
having dimensions 3.8 mm diam by 3.8 rnm long 
were fabricated from m ~ m 2 ~ 3 ,  U ' ~ 2 ~ 3 ,  and a 
mixture of "Cm203, U'Am2~3 and several 
lanthanide oxides. The highdensity actinide oxide 
pellets were prepared by hot pressing fme powder 
produced in a urea precipitation process. Sewn 
high-intcgrity psllets were prepared simultaneously 
in an ATJ paphite die .(Fig. 7.1) by hot pressing 
carefully weighed powder at a temperature of 
1575-1675 K. The integrity of the pellets was 
clearly demonstrated when 12 fuel pins, four each 
loaded with pellets prepand from the 2 M ~ m 2 4 ,  
24'~m@3, and the mixture, were fabricated and 
found to be free of contamination after the loading 
process. Seven %m203 pellets fabricated in a dn- 
gle pressing are shown in Fig. 7.2. Approximately 
300 mg of w m  is contained in each of the pellets 
shown in Fig. 7.2. 

1 .  Plant and Equipment Division, ORNL. 
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235~02 COATINGS FOR ULTRAHIGH 
SENSITIVE FISSION CHAMBER FOR 

THE CLINCH RIVER BREEDER REACTOR 

B. L. Byrum J. M. Lovegrove 
J. M. Dailey J. R. ~ibson'  

H. L. Adair 

The Instrumentation and Controls Division of 
ORNL was requested to design and construct an 
ultrasensitive fission chamber that could be used to 
monitor the neutron flux during startup and opera- 
tion of the Clinch River Breeder Reactor (CRBR). 
The major component of the proposed fusion 
chamber was a set of approximately 300 curved 
aluminum substrates coated with approximately 2.0 
mg/cm2 of 93% enriched U 5 ~ .  

To obtain the best 2 3 S ~ ~ 2  coating possible, 
several techniques were experimentally studied and 
the resulting targets were examined under identical 
conditions. IRML prepared 235~02 deposits both 
by physical vapor deposition and by painting. The 
Instrumentation and Controls Division compared 
the resulting fission-fragment spectra from these 
deposits, as well as the spectra produced from elec- 
troplated deposits, during neutron bombardment. 
Fission fragments from the 235~02 deposits 
prepared by physical vapor deposition were shown 
to have a higher average energy and thus a better 
resolution. Deposits prepared by electroplating and 
painting produced a lower average fusion-fragment 
energy that resulted from straggling fission frag- 
ments in the deposit layer. In addition, swipe tests 
revealed that the deposits prepared by physical 
vapor deposition were more adherent to the sub- 
strate. As a result of the tests, IRML was asked to 
prepare the 235~02 deposits for the CRBR fmion 
chamber by physical vapor deposition. 

The CRBR fission chamber required approxi- 
mately 300 curved aluminum substrates to be 
coated on both the front and back surfaces with 
2 3 5 ~ ~ z .  The substrates were approximately 17 by 
7 cm and curved such that-the plates would fit in 
support ring grooves in the fission chamber spaced 
at approximately 6.1-cm intervals. Required toler- 
ances associated with the U02 deposits were as fol- 
lows: 

1. Average coating thickness on any given plate 
was to be 2.1 f 0.2 mg/cm2. 



- Thickness of the coating on any given plate was 
to be 2.1 + 0.3 mg/cm2 at any given point on 
the coated surface. 

A "ferris wheel" coating fnture was designed to 
cause both sides of the aluminum substrates to be 
coated during a single vapor deposition. The coat- 
ing fixture permits 16 aluminum substrates to be 
coated on both surfaces by rotating each substrate 
on its own axis as the ferris wheel rotates simul- 
taneously over the vapor source. The fenis wheel 
was installed in an oil diffusion-pumped, 61cm- 
diam vacuum chamber as shown in Fig, 7.3. At the 
distance of clostst approach, the aluminum sub- 
strates were approximately 30 cm above an 
electron-beam-heated evaporation souroe. Sbb- 
strates rotated at approimately 75 rpm as the 
ferris wheel revolved over the vapor source at 25 

~fg.  7.3. 235~02 ~ t h g  - btr~cd h - 
system. 

rpm. Such movement permitted random orientation 
of the plates in the vapor beam. An evaporation 
time of 3 h and about 70 g of 2 3 s ~ ~ 2  were 
required to coat both surfaces of each set of 16 
aluminum substrates with an average of 2.0 
mg/cm2 U@. The variation in uniformity across 
the subtrate was d l M .  

1. Plant aid ~ ~ u i k i n t  Divisiia ORNL. 

TREiWM TARGET FABRICATION FOR 
THEROTATINGTARGETNEUTRON 

SOURCE1 

H. L. Adair J. M. Dailey 
B. L. Byrum D. W. Ramey 

Since the inception of the LLNL program enti- 
tled "Rotating Target Neutron Source (RTNS)" in 
which high-flux neutron fields are generated by the 
!H(:H, Qn)f~e  reaction, IRML has prepared the 
required tritium-containing targets. Originally, the 
RTNS program was conceived to provide monoen- 
ergetic 14.5 MeV neutrons with a flux of 10'~-10" 
n/cm2/s. The neutron field was usad for biolo@ca1 
experiments, materials damage s t u d ' i  and a 
broad program involving users external to LLNL. 

First-generation targets employed in the RTNS-I 
facility were 23 cni 'in diameter and cuntahd 
approximately 4.4 X 10' MBq of tritium. These 
targets, when bombarded with a 20-mA D+ beam 
at 4400 keV, ptoduced a source strength of 1 X 
1012 n/cm2/s. Increased interest in the use of 
such a neutron source for the study of fusion teac- 
tor materials and cancer tbefnpy resulted in con- 
struction of two 8econd-geno~~tion RTNS systems 
(RTNS-11) which can use SOandiam targets that 
contain approximately 2.2 X l@ MBq of tritium. 
The design goal is that these targets (RTNSII), 
when bombarded with a 150-mA D' beam at 400 
keV, will produce a neutron flux of 1.2 .X 1013 
n/cm2/s. 

Development by IRML personnci of tritium tar- 
get preparative techniques, equipment design, and 
canstniction have spanned a 20-year period. For 
the past Fie yaamp IRML has been preparing 
RTNS-typ~ targets. In the later p~riod 8cwral 
major substrate modifications have required 
changes in processing methods and equipment. 
Both the 23cmdiam and SOnn-dim targets 
presently are prepared by coating the targets with 



approximately 3.5-mg/d titanium metal in an oil 
diffusion-pumped vacuum system that maintains a 
pressure level of <2.7 X lo-' Pa during the 
titanium evaporation, A rodefed, electron-&am- 
heated source is used to vaporize the titanium that 
is condensed oo the rotating copper-alloy substrate. 
The substrate is heated to 673-723 K during the 
titanium coating to produce an adherent titanium- 
to-copper alloy substrate M. The target is then 
placed in an all metal ion-pumpcd vacuum system 
to form subsequently the titalfium tritide. Tritide 
formation is accomplishad by *ping the system 
containing the titanium-matd -get to 61.3 X 

Pa, heating the hrpiet W approximately 673 
K, and exposing the target to a tritium gas pres- 
sure of 53.2 kPa that is generated by heating 
storage traps containing uranium tritide and 
uranium. Residual tritium that rdcm not react with 
the titanium layer is sorbed b& onto the storage 

23-cm-diam trap. Resulting 
or 50-cm-diam, m md mounted 
on the target assembly in the RTNS-I1 facility, a 
schematic view of which is shown in Fig. 7.4. 
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q. 7.4. scbeaartic of tmge4 aesembiy sectloa iE 
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During the review period a total of forty-five 
23-cm-diam targets and three 50-cm-diam targets 
has been prepared for the RTNS-I1 program. The 
first 50-cm-diam target is scheduled to be used at 
the RTNS-I1 facility in October 1981. 

1. Summary of paper to be published. 

PREPARATION OF HIGH-PURITY 
BERYUIUM FOILS' 

R. D. Taylor 

One problem area involving beryllium fabrica- 
tion technology is the preparation of thin foils 
(<25 pm) suitable for x-ray energy spectroscopy 
(XES) applications. Specific foil requirements are 
high purity (>99.8% Be) for x-ray transparency, 
vacuum tightness, and sufficient strength to with- 
stand an indefinite number of cycles between 0 and 
100 kPa differential pressure. 

Prior researchersu have shown that dense, 
strong beryllium foib may be prepared by evapora- 
tion of beryllium onto heated (>775 K) copper 
substrates followed by dissolution of the copper in 
nitric acid; however, foil contamination arising 
from the copper substrate (-0.5 wt 5%) using this 
technique is unacceptable for XES applications. 

Using a similar approach, a method has been 
investigated to minimize diffusion of copper into 
the evaporated beryllium deposit. Thin "barrier" 
films of molybdenum and/or silicon of varying 
thicknesses up to 0.5 pm were evaporated or sput- 
tered onto copper substrates (0.13 mm thick) prior 
to beryllium vapor deposition. In this process the 
beryllium deposition system was evacuated to a 
base pressure of 1.3 X Pa, and the substrate 
was heated to 825 K by backside radiation from 
quartz heat lamps. Beryllium was then evaporated 
onto the heated substrate at a deposition rate of 5 
prnlmin to a tbickne,.~ of 7 5 p n ~  udng a water- 
cooled electron beam gun (10 kV, 300 mA) located 
25 cm above the substrate. 

After cooling to room temperature, the copper 
substrate was dissolved in a 50% (by volume) 
HNOs solatian. Light brushing under water served 
to rcmove any adherent residual film from the 
beryllium foil. Resulting beryllium foils were 
examined by optical microscopy for surface mor- 
phology and pinholes. A scanning electron micro- 
scope with an XES attachment was used for 
microstructural characterization and preliminary 
chemical analysis. Tubeexcited x-ray fluorescence 
provided a more quantitative determination of ele- 
mental constituents. 

The scanning electron micrograph of Fig. 7.5 
shows the columnar grain growth characteristics of 
vapor-deposited beryllium; average grain diameter 
is 2.0 pm. Porosity and pinholes occurring in the 
foils are primarily attributable to contaminants on 
and roughness of the substrate surfaces. Chemical 
analysis of the foils showed a reduction of coppi 



Fig. 7.5. Seaaniag electron micrograph of bery l l b  foil &wing fracture cmsa sectioa d a c e  texture. 

content with increased thicknesses of harrier films. 
Molybdenum bamer films having thickness greater 
than 0.1 pm eliminated copper oonlamination, but 
the resultant molybdenum content exceeded 100 
ppm and was, therefore, unacceptable. Silicon bar- 
rier films of thickness greater than 0.2 Fm resulted 
in excessive residual stress in the beryllium deposit, 
as evidenced by curling of the foils after stripping. 

Satisfactory results were obtained using a binary 
barrier consisting of 0.1 fim of Mo and 0.2 pm of 
Si on the Cu substrate. Copper and molybdenum 
levels in the resultant beryllium foil were deter- 
mined to be less than 20 ppm each. Silicon content 
was less than 200 ppm, which is considered accept- 
able bccause of the small x-ray sorption cross sec- 
tion of silicon. Most of the silicon was present as 
shallow inclusions in the foil and may be reduced 
by sputter etching. The resultant foils exhibited 
some degree of residual stress, mostly because of 
the mismatch of the thermal expansion coefficients 
of the deposit and substrate. P re l i i a ry  work 
using nickel instead of copper as the primary sub- 

strate has shown a lesser degree of intrinsic foil 
stress. 

1. Summary of paper to be published. 
2. R. F. Bunshah and R. S. Juntz, J. Vac. Sci. Tech- 

nol. 10,83 (1973). 
3. G. Mah and C. W. Nordin, RFP-1814, Dow 

Chemical, Rocky Flats Division. 

THIN METAL ENCAPSULATION OF 
FISSION FOILS AND OXIDE DISCS 

BY RESETANCE WELDING' 

T. C. Quinby 

Development of a method for hermetic encapsu- 
lation of metal or oxide samples of actinide ele- 
ments by diffusion bonding of thin metal shells has 
been successfully performed. Use of hydraulic pres- 
sure and heat generated by electric current resis- 
tance rapidly forms the circular (in this case) 



bond. Double encapsulation was performed using of this leak test is considered to be 10-~-cc/mi 
concentric capsules sealed sequentially. helium. Completed dosimeters were normall, 

Several hundreb neutron dosimeters were radiographed to ascertain concentricity of the sam- 
prepared by this method containing either a metal ple discs inside the shell containers. 
foil or a densified oxide disc. All copper or alumi- 
num containers were leak checked by -immersion in 1.  Summary of paper to be published. 
ethylene glycol under vacuum, and a rejection rate 
of less than 1% was achieved. Detection sensitivity 
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Laser-Induced Diffusion to Photovoltaic Conversionn 

International Conference on Ordering in Two Dimensions, Lake Geneva, Wisconsin, May 28-30, 1980: 

Martin ~ l e h l a ,  "Gauge Fields and Ordern 

Twenty-Fifth Annual Meeting of the American Section of the International Solar Energy Society, Phoenix, 
Arizona, June 2-6, 1980: 

R. T. Young, G. E. Jellison, Jr., C. W. White, R. D. Westbrook, and A. Gat, "Comparison Between 
Pulsed- and cw Laser Annealing for Solar Cell Fabricationn 

International Symposium on the Management of Alpha-Contaminated Wastes, Vienna, Austria, June 2-6, 
1980: 

L. A. Boatner, G. W. Beall, M. M. Abraham, C. B. Finch, R. J. Floran, P. G. Huray, and M. Rappaz, 
"Lanthanide Orthophosphates for the Primary Immobilization of Actinide Wastesn 

Workshop on Plasma Edge Experiments and Modeling, Los Angeles, California, June 4-5, 1980: 

J. 9. Roberto, "Plasma Edge Experiments in ISX-Bn (invited paper) 



",nth International Symposium on Effects of Radiation on Materials, Savannah, Georgia, June 3-5, 1980: 

J. A. Horton and W. A. Jesser, "Coarse Slip Processes and Crack Propagation in Irradiated Stainless 
Steeln 

First Republic of China Solar Cell Workshop, Taipei, Taiwan, June 5-6, 1980: 

R. T. Young, "Laser Techniques in Photovoltaic Applicationn (invited paper) 

American Nuclear Society Annual Meeting, Las Vegas, Nevada, June 8-1 2, 1980: . 

T. J. Hoffman, M. T. Robinson, H. L. Dodds, Jr., and D. K. Holmes, "Ion Penetration Distance Calcu- 
lations with Multigroup Transport Computer Codesn 

Polycrystalline Silicon Contractors' Review Meeting, Washington, D.C., June 11-13, 1980: 

Rosa T. Young, Douglas H. Lowndes, and Richard F. Wood, "Applications of Laser Annealing and 
Laser-Induccd Diffusion to Photovoltaic Conversionn 

Fortieth Physical Electronics Conference, Ithaca, New York, June 16-18, 1980: 

R. J.  Culbertson, L. C. Feldman, and P. J. Silverman, "Si(ll1) Surface Structure Studies Using High 
Energy Ion Scatteringn 

Conference on Determination of Surface Structure by LEED, Yorktown Heights, New York, June 19-20, 
1980: 

H. L. Davis and J. R. Noonan, "Sensitivity of Structural Conclusions in LEED Analysis to Variation 
of Nonstructural Parameters" 

J. R. Noonan and H. L. Davis, "Reliability of Contemporary Data Acquisition Techniques for LEED 
Analyses" 

D. T. Pierce, R. J. Celotta, and G.-C. Wang, "What Can PLEED Contribute to Surface Structure 
Determinations" 

International Conference on Dislocation Modeling of Physical S.ystems, Gainesville, Florida, June 22-27, 
1980: 

S.-J. Chang'and S. M. Ohr, "A Model of BCS Cracks with a Dislocation-Free Zonen 

Gordon Conference on Polymer Physics, New Hampton, Connecticut, June 23-27, 1980: 

G. D. Wignall, "Recent Studies of Chain Conformation in Crystalline and Amorphous Polymers by 
SANSn (invited paper) 

Gordon Research Conference on Diffusion in Solids, Andover, New Hampshire, July 7-11, 1980: 

N. J. Dudney, J. B. Bates, G. M. Brown, J. C. Wang, B. C. Larson, and H. L. Engstrom, 
"Intercalation of Water in Lithium-Sodium Beta-Aluminan 

Twelfth International Glass Congress, Albuquerque, New Mexico, July 9-12, 1980: 

R.. A. Weeks, M. Nasrallah, S. Arafa, and A. Bishay, "Studies of Fusion Processes of Natural Glasses 
by Electron Magnetic Resonance Spectroscopyn 



AIAA Fifteenth Thermophysics Conference, Snowmass, Colorado, July 14-16, 1980: 

J. R. Kirkpatrick, G. E. Giles, Jr., and R. F. Wood, 'Numerical Methods for the Analysis of Laser 
Annealing of Doped Semiconductor Wafers" 

IBMM-80 International Conference on Ion-Beam Modification of Materials, Albany, New York, July 
14-1 8, 1980: 

B. R. Appleton, E. J. Kelly, C. W. White, N. G. Thompson, and B. D. Lichter, "Corrosion Mecha- 
nisms Associated with Ti Surfaces Modified by ~ t +  Implantationn 

S. S. Lau, B. Y. Tsaur, M. von Allmen, J. W. Mayer, B. Stritzker, C. W. White, and B. R. Appleton, 
"Ion-Beam Mixing of Metal-Semiconductor Eutectic Systems" 

S. T. Sekula and J. R. Thompson, "Low-Temperature H-Ion Implantation in Aluminumn 

Second Solid State Symposium on Electron Microscopy and Electron Paramagnetic Resonance, Galindo, 
Queretaro, Mexico, July 15-18, 1980: 

M. M. Abraham, "Review of EPR Research on Analogs of Monazite for the Isolation of Actinide 
Waste" (invited paper) 

L. A. Boatner, "A Review of Electron Paramagnetic Resonance Investigations of the Jahn-Teller 
Effectn (invited paper) 

International Conference on Frontiers of Glass Science, Los Angeles, California, July 16-18, 1980: 

R. A. weeks, R. Magruder, and D. Kinser, "The Effect of OH on UV Optical Absorption of Reduced 
GeOz Glassesn 

19th National Heat Transfer Conference of the American Society of Mechanical Engineers, Orlando, 
Florida, July 17-30, 1980: 

G. E. Giles, J. R. Kirkpatrick, and R. F. Wood, "Laser Annealing of Solar Cell Wafersn 

Cordon Research Conference on Particle-Solid Interactions, Andover. New Hampshire, July 21-25, 1950: 

John H. Barrett, "Enhanced Backscattering near 180'" (invited paper) 

R. J. Culbertson, "The Ni-Si(ll1) Interfacen (invited paper) 

0 .  S. Oen, "The Two-Atom Model in Ion Reversibility Studiesn 

M. T. Robinson, "Computer Simulation in the Binary Collision Approximation" (invited paper) 

NATO Advanced Study Institute on Scattering Techniques Applied to Supra-Molecular and Nonequi- 
librium Systems, Wellesly, Massachusetts, August 3-1 5, 1980: 

W. C. Koehler, R. W. Hendricks, H. R. Child, S. P. King, J. S. Lin, and G. D. Wignall, "The 
National Center for Small-Angle Scattering Researchn 

J. S. Lin, W. C. Koehler, R. W. Hendricks, and G. D. Wignall, "Research Applications of Small-Angle 
X-ray and Neutron Scattering" 

American Crysiallographic Association Summer Meeting, Calgary, Alberta, Canada, August 17-22, 1980: 

J. E. Epperson, 'J. Faber, R. W. Hendricks, and J. S. Lin, "On the Decomposition and Ripening of a 
Ni- 12.7 at. % A1 Alloy" 



American Chemical Society Symposium on Regional and National Facilities in Chemistry, Las Vegas, 
Nevada, August 24-29, 1980: 

W. C. Koehler and R. W. Hendricks, "The National Center for Small-Angle Scattering Researchn 

Australian Physical Society Meeting, Melbourne, Australia, August 25-29, 1980: 

H. G. Smith, "Phonons, ~ a t t i c e  Instabilities, and Superconductivityn (invited paper) 

Third International Conference on Neutroq-Transmutation-Doped Silicon, Frederikssund, Denmark, 
August 27-29, 1980: , 

J. W. Cleland and N. Fukuoka, "Electrical Property Studies of Oxygen in Czochralski-Grown . 

Neutron-Transmutation-Doped Siliconn 

Noboru Fukuoka and J. W.. Cleland, "Optical Studies of Radiation Damage in Neutron- 
Transmutation-Doped Siliconn 

Second International Conference on Vibrations at Surfaces, Namur, Belgium, September 10-12, 1980: 

J. F. Wendelken, "The Adsorption and Co-Adsorption with CO of NO on Cu(l l0)  Studied with ELS 
and LEED" 

Joint US.-France Symposium on Small-Angle Neutron and X-ray Scattering, Strasbourg, France, Sep- 
tember 16-1 9, 1980: 

. D. W. Schaefer, R. W. Hendricks, and J. S. Lin, "static correlations in semidilute solutions: Mar- 
ginal Solvents" 

G. D. Wignall, R. W. Hendricks, and W. C. Koehler, "Current Instrumentation Developments and 
Polymer Research at the United States National Center for Small-Angle Scattering Researchn (invited 
paper) 

1 Fourth International Conference on Solid Surfaces and the Third European Conference on Surface Sci- 
ence, Cannes, France, September 22-26, 1980: 

R. J. Celotta, D. T. Pierce, G.-C. Wang, S. D. Bader, and G. P. Felcher, "Surface Magnetism in 
Ni( l l0)  as Studied by Polarized Electron Scatteringn 

J. R. Noonan and H. L. Davis, "High Sensitivity LEED Analysis for Clean Metallic Surfacesn 

D. T. Pierce, R. J. Celotta, and G.-C. Wcng, "Spin-Polarized Electron Scattering Studies of W(100)" 

Summer School on Neutron Scattering from Macromolecules, Kent, England, September 22-26, '1 980: 

G. D. Wignall, R. W. Hendricks, W. C. Koehler, and J. S. Lin, "The National Center for Small-Angle 
Scattering Research at Oak Ridge" (invited paper) 

Internotionnl Conference on Ternary Superconductors. Lake Geneva, Wisconsin, September 24-26, 1980: 

H. A. Mook, M. B. Maple, Z. Fisk, D. C. Johnston, and L. D. Woolf, " ~ e u t r o n  Scattering Studies of 
the Magnetic Transitions in the Ternary Alloy Syslc~il Er,-xI-I~xRh4D4n 

Cotlferettce of the Metallurgical Society of AIME, Pittsburgh, Pennsylvania, October 5-9, 1980: 

J. W. cable, "Atomic and Magnetic Moment Distributions in  ransi sit ion Metal Al1oys"invited paper) 

158th Meeting of the Electrochemical Society, Hollywood, Florida, October 5-10, 1980: 

H. F. Bittner, J. T. Bell, C. W. White, and W. H. Christie, "Steam Oxidation of Laser-Annealed 
Incoloy 800" 



Y. Chen and M. M. Abraham, "Thermochemically Induced Semiconductivity of Li-Doped MgO Crys 
tals" 

J. W. Cleland and N. Fukuoka, "Annealing Studies of Czochralski-Grown Neutron-Transmutation- 
Doped Silicon" 

J. Narayan, "Ion Implantation Damage and Its Annealing Behaviorn (invited paper) 

J.  Narayan, J.  Fletcher, and R. T. Young, "Laser Annealing of Dislocation Loops and Dislocations in 
Ion-Implanted and Thermally Annealed Siliconn 

J.  Narayan, J. Fletcher, and R. T. Young, "Laser Annealing of Residual Damage in Ion-Implanted, 
Thermally Annealed Siliconn 

E. Sonder, J. Gastineau, T. G. Stratton, and R. A. Weeks, "The Use of Electron Resonance in the 
Study of Valence Changes and Impurity Aggregation in Dilute MgO:Fen 

R. D. Westbrook and R. T. Young, "Laser-Annealed Gaseous Discharge Implanted Siliconn 

C. W. White, "Laser Annealing of Ion-Implanted Siliconn (invited paper) 

S. R. Wilson, C. W. White, B. R. Appleton. J.  Fletcher, and J. Narayan, "Thermal Annealing 
75~s -~mplan ted  < 1 1 1 > Sin 

D. M. Zehner, C. W. White, and G. W. Ownby, "Investigation of Surfaces of Laser-Annealed Si 
Implanted with Fe or Cum 

Fifth International Conference on Small-Angle Scattering, Berlin, Federal Republic of Germany, October 
6-10, 1980: 

W. C. Koehler and R. W. Hendricks, "The United States National Center for Small-Angle Scattering 
Researchn 

P. LaBarbe, A. C. Wright, J. S. Lin, R. W.   end ricks, and J. Zarzycki, "SAXS and SANS Studies of 
Silica Glasses Prepared by Hot Pressing of Silica Geln 

S. M. Shapiro, C. R. Fincher, Jr., W. C. Koehler, and H. R. Child, "Inelastic and Elastic Small-Angle 
Neutron Scattering Studies of the Ferromagnetic-Spin Glass Alloy FexCrl -," 

Conference on Growth and Characterization of Crystalline Solids, Cairo, Egypt, October 11-12, 1980: 

R. A. Weeks and E. Sonder, "Distribution of Iron Impurity in MgO Single Crystalsn (invited paper) 

1980 World Conference of the International Nuclear Target_ Development Society, Gatlinburg, Tennessee, 
October 13-16; 1980: 

H. L. Adair, E. H. Kobisk, and B. L. Byrum, "Tritium Target Fabrication for the Rotating Target 
Neutron Sourcen 

T. C. Quinby, "Thin Metal Encapsulation of Fission Foils and Oxide Discs by Resistance Welding" 

R. D. Taylor, "Preparation of High Purity Beryllium Foilsn 

Twenty-Seventh National Vacuum Symposium, American Vacuum Society, Detroit, Michigan, October 
14-1 7 ,  1980: 

Y. J. Chabal, R. J. Culbertson, L. C. Feldman, and J. E. Rowe, "Si(1ll):Ni Surface Studies by Auger, 
Photoemission, LEED, and Ion Scatteringn 

R. J. Culbertson, L. C. Feldman, and R. J. Silverman, "Si(111)-(7x7) Surface Structure Using Ion 
Scattering" 



W. R. Husinsky, "Impurity Studies in Fusion Devices Using Laser Fluorescence Spectroscopyn (invited 
paper) 

G.-C. Wang, D. T. Pierce, and R. J. Celotta, "Study of Temperature and Hydrogen Induced Recon- 
struction and Reordering of W(100) by Polarized Electron Scatteringn 

D. M. Zehner, J. R. Noonan, H. L. Davis, and C. W. White, "The Atomic Structure of Laser- 
Annealed Si( 1 1 1 )-( 1 X 1 )" 

Fourth High Efficiency and Radiation Damage Solar Cell Conference, Cleveland, Ohio, October 15-17, 
1980: 

G. E. Jellison, Jr., R. T. Young, R. F. Wood, and A. Gat, "A Comparison Between Pulsed- and cw 
Laser Annealing for Solar Cell Applicationsn 

Midwest Section Meeting of the American Physical Society, Dayton, Ohio, October 17-18, 1980: 

C. W. White, "Laser Annealing of Semiconductorsn (invited paper) 

Midwest Solid State Theory Symposium, Bloomington, Indiana, October 27-28, 1980: 

S. H. Liu, "Contribution of Surface States to the ~lectroreflectance of Ag(l l0)  Surfacen (invited 
paper) 

1980 Photovoltaic Solar Energy Conference, Cannes, France, October 27-31, 1980: 

R. T. Young, R. F. Wood, G. E. Jellison, Jr., and W. H. Christie, "Laser Processing for High Effi- 
ciency Solar Cellsn 

First Annual Symposium and Equipment Exhibit, American Vacuum Society, Knoxville, Tennessee, 
October 28-30, 11980: 

B.  R. Appleton, "The Use of High Energy Ion Beams for Analysis of Surfaces and Solidsn (invited 
paper) 

J. B. Roberto, "Laser Spectroscopy of Neutral Particles in Fusion Researchn (invited paper) 

D. M. Zehner, "Surface Studies of Laser-Annealed ~emiconductors" (invited paper) 

Workshop on Artificinl ,S~~perlattice.~, IJrhana, Illinois, October 30-31, 1980: 

G. P. Felcher and J. W. Cable, "Neutron Diffraction Investigation of Layered Coherent Structuresn 

Twentieth Science Week, Damascus, Syria, November 1-6, 1980: 

R. A. Weeks, "Electron States of Glasses Used for Optical Waveguidesn (invited paper) 

R. A. Weeks, "Properties of Glasses for Use as Optical Waveguidesn (invited paper) 

Sixth Conference on the Applications of Accelerators in Research and Industry, Denton, Texas, November 
3-5, 1980: 

D. D. Allred, D. C..Booth, B. R. Appleton, P. D. Miller, C. D. Moak, J. P. F. Sellschop, ,C. W. White, 
and A. L. Wintenberg, "The iIydrogen Content of Multicomponent Amorphous Silicon Alloys by "F 
Nuclear Reaction Analysisn 

0 .  W. Holland, B. R. Appleton, and J. H. Barrett, "Enhanced Backscattering Near 180" for Energetic 
Ions in Solidsn (invited paper) 

(.: W. White, "Laser Annealing of Ion-Implanted Semiconductors' (invited paper) 



Southeastern Section Meeting, American Physical Society, Chapel Hill, North Carolina, November 6-8 
1980: 

B. R. Appleton, "Ion Beam Analysis Techniques in Materials Research" (invited paper) 

R. R. Coltman, Jr., and C. E. Klabunde, "The Resistance of Fusion Reactor Magnet Materials ,to 
Radiation: A Competition for the Role of 'Weakest Link'" [Bull. Am. Phys. Soc. 26, 92 (1981)l 

J. Narayan, "Laser Annealing of Semiconductors" (invited paper) 

Sixteenth International Thermal Conductivity Conference, Chicago, Illinois, November 7-9, 1980: 

C. L. Tsai, A. R. Moodenbaugh, M. Weinstock, and Y. Chen, "Thermal Conductivity of Damaged 
MgO" 

American Physical Society Meeting, Sun Diego, California, November 10-1 4, 1980: 

W. R. Husinsky, P. W. King, and J. B. Roberto, "Studies of Cr Impurities from a Limiter-Like Probe 
in ISX-B by Laser Fluorescence Spectroscopy" [Bull. Am. Phys. Soc. 25, 977 (1980)l 

J. B. Roberto, R. A. Zuhr, and S., P. Withrow, "Time-Resolved Measurements of Deuterium and 
Impurity Depositions in the Scrapeoff Layer of ISX-B" [Bull. Am. Phys. Soc. 25, 977 (1980)l 

S. P. Withrow, R. A. Zuhr, and J. B. Roberto, "D Fluxes During.D To H Changeover in ISX-B" 
[Bull. Am. Phys. Soc. 25, 977 (1980)l 

R. A. Zuhr, R. E. Clausing, L. C. Emerson, L. Heatherly, W. R. Husinsky, P. W. King, R. A. Lang- 
ley, J. B. Roberto, B. Schweer, J. E. Simpkins, and S. P. Withrow, "Summary of Surface Studies on ISX- 
Bn [Bull. Am. Phys. Soc. 25, 876 (1980)l 

Twenty-Sixth Annual Conference on Magnetism and Magnetic Materials, Dallas, Texas, November 11-14, 
1980: 

J. W. Cable, N. Wakabayashi, and R. M. Nicklow, "Temperature Dependence of the Magnetic Excita- 
tions in Gdn 

H. R. Child, "Small-Angle Neutr~a Scattering from Magnetic Correlat.ian in Feo,7Alo.3" 

J. F. Cooke, "'Semperature Dependent Dynamic Susceptibility Calculations for Itinerant Ferromagnets" 

G. E. Fish and H. R. Child, "Studies of Chemical Homogeneity and Magnetic Domain Walls in Fe- 
Based Metallic Glasses Using Small-Angle Neutron Scattering" 

H. A. Mook, "Neutron Scattering Study of the Spin Dynamics of EuO" 

R. M. Moon, J. W. Cable, and Y. Shapira, "Neutron Scattering Evidence on Lifshitz Behavior in 
MnPn 

R. M. Nicklow and N. Wakabayashi, "Neutron Scattering Investigations of Magnetic Excitations in Er 
Metaln 

V. C. Rakhecha, G. H. Lander, A. J. Arko, and R. M. Moon, "Induced Magnetization Density in the 
Sf System UAL2" 

S. A. Werner and J.  W. Cable, "Neutron Scattering Experiments on the Magnetism in Cu-Mn Single 
Crystal" 

Materials Research .Society Annual Meeting, Boston, Massachusetts, November 16-20, 1980: 

M. M. Abraham, L. A. Boatner, and M. Rappaz, "EPR Investigations of Impurities in the Lanthanide 
Orthophosphates" 



B. R. Appleton, "Ion Channeling Techniques for Defect Studiesn (invited paper) 

B. R. Appleton, B. Stritzker, C. W. White, J.  Narayan, J. Fletcher, S. S. Lau, A. I. Braginski, and J. 
R. Gavaler, "Laser-Induced Materials Alterations in Superconducting Alloysn 

L. A. Boatner, M. M. Abraham, and M. Rappaz, "The Characterization of Nuclear Waste Forms by 
EPR Spectroscopy" 

R. J. Culberison, "Interfacial Structure and Reactivity of Ni on Si(ll1)" (invited paper) 

J. Fletcher, J. Narayan, and D. H. Lowndes, "Analysis of Defects in Laser-Annealed Gallium 
Arsenide" 

R. J.  Floran, M. M. Abraham, L. A. Boatner, and M. Rappaz, "Geologic Stability of Monazite and Its 
Bearing on Immobilization of Actinide Wastes" 

G. E. Jellison, Jr., J. W. Cleland, and R. T. Young, "Transient Capacitance Studies of a Low-Lying 
Electron Trap in n-Type Siliconn 

K. L. Kelly, G. W. Beall, J. P. Young, and L. A. Boatner, "Valence States of Actinides in Synthetic 
Monazitesn 

B. C. Larson and J. F. Barhorst, "Diffuse X-ray Scattering for the Study of Defect Clusters in Silicon" 
(invited paper) 

Douglas H. Lowndes, J. W. Cleland, W. H. Christie, and R. E. Eby, "Pulsed-Ruby Laser Annealing of 
Zn, Mg, Se, and Si Ion Implants in Semiconducting GaAsn 

J. Narayan and J. Fletcher, "Interface Instability and Cell Formation in Ion-Implanted, Laser- 
Annealed Silicon" 

J. Narayan and J. Fletcher, "Radiation Damage and Its Annealing in Semiconductorsn (invited paper) 

S. M. Ohr and J. Narayan, "Studies of Fracture and Plastic Deformation in Silicon" 

J. B. Roberto, "Low-Energy Hydrogen Interactions at Surfaces" (invited paper) 

V. N. Shukla and J. Narayan, "Stability of Laser-Annealed Contacts in Barium Titanaten 

C. W. White, B. R. Appleton, B. Stritzker, D. M. Zehner, and S. R. Wilson, 'Kinetic Effects and 
Mechanisms Limiting Substitutional Solubility in the Formation of Supersaturated Alloys by Pulsed-Laser 
Annealingn 

R. F. Wood, D. H. Lowndes, and W. H. Christie, "Pulsed-Laser Annealing of Ion-Implanted GaAs: 
Theory and Experiment" 

D. M. Zehner, J. R. Noonan, H. L. Davis, C. W. White, and G. W. Ownby, "A LEED Investigation of 
( I  11) Oriented Si, Ge, and GaAs Surfaces Following Pulsed-Laser Irradiation" 

Topical Polycrystalline Silicon Subcontractors' Review Meeting, Colorado Springs, Colorado, November 
1 7 ,  1930: 

R. T. Young and R. F. Wood, "Applications of Laser Annealing and Laser-Induced Diffusion to Pho- 
tovoltaic Conversion" 

1980 International Conference of  the American Nuclear Society, Washington, D.C., November 17-21, 1980: 

L. A. Boatner, M, M. Abraham, and M. Rappaz, "Analogues of Monazite for the Storage of Radioac- 
tive Wastes" (invited paper) 



Department of Energy Workshop on Assessment of Insulators for Fusion Reactors, Gaithersburg, Mar 
land, December 2-3, 1980: 

R. R. Coltman, Jr., and C. E. Klabunde, "Magnet Materials Studies in the Solid State Division, 
ORNL" (invited paper) 

Fusion Power Coordinating Committee Meeting, Oak Ridge, Tennessee, December 9-1 1, 1980: 

J. B. Roberto, "Plasma-Materials Interactions" (invited paper) 

American Chemical Society Meeting, New Orleans, Louisiana, December 9-13, 1980: 

P. G. Huray, S. E. Nave, M. B. Hoyt, J. R. Peterson, L. A. Boatner, M. M. Abraham, and M. 
Rappaz, "Mijssbauer Studies of Actinide Orthophosphates" 

G. D. Wignall, "Recent Studies of Chain Conformation in Crystalline and Amorphous Polymers by 
SANS" (invited paper) 

International Conference on Valence Fluctuations in Solids, Santa Barbara, California, December 16-18, 
1980: 

H. A. Mook and F. Holtzberg, "Lattice Dynamics of the Intermediate Valence Compounds 
Smo,,,Y,,2,S and TmSe" (invited paper) 

Gordon Research Conference on Electrochemistry, Ventura, California, January 26-30, 1981: 

N. J. Dudney, J. B. Bates, G. M. Brown, J. C. Wang, B. C. Larson, and H. L. Engstrom, "Intercala- 
tion of H 2 0  in Li Beta-Aluminan 

8th Annual Conference on the Physics of Compound Semiconductor Interfaces, Williamsburg, Virginia, 
January 27-29, 1981: 

D. E. Eastman, P. Heiman, F. J. Himpsel, B. Reihl, D. M. Zehner, and C. W. White, "Electronic 
Properties of Highly Doped Si( 1 1 1 )-( 1 X 1 ) Surfaces Prepared by Laser Annealingn 

D. M. Zehner, C. W. White, G. W. Ownby, and B. R. Appleton, "Studies of Laser-Annealed GaAs 
( 1 OO), (1 1 O), and ( 1 1 1 ) Surfacesn 

International Conference on Valence Fluctuations in Solids, Santa Barbara, California, January 27-30, 
1981: 

S. H. Liu, C. Stassis, and K. A. Gschneidner, Jr., "Mixed Valent Properties of CeSn3" (invited paper) 

RMIT  International Workshop on Nonequilibrium Beam-Solid Interaction Processes, Philip Island, Aus- 
tralia, January 29-February 7, 1981: 

B. R. Appleton, "Ion Beam and Pulsed-Laser Processing: Fundamentals and .Applicationsn (invited 
paper) 

B. R. Appleton, "Supersaturated Substitutional Alloys of Silicon Fabricated by Ion-Implantation Dop- 
ing and Pulsed-Laser Annealingn 

U.S.-Japan Workshop on Impurity Control, Divertors and Plasma-Wall Interactions, Princeton, New Jer- 
sey. February 2,5, 1981: 

J. B. Roberto, "Plasma-Materials ~nteractions Research on ISX-Bn 



zternational Seminar on Current and Future. Developments in Microelectronics, Melbourne, Australia, . ebruary 12. 1981: 

B. R. Appleton, "New Methods of Materials Processing with Particular Emphasis on Solar Energyn 
(invited paper) 

International Seminar on New Methods of Surface Processing of Materials, Melbourne, Australia, Febru- 
ary 13, 1981: 

B. R. Appleton, "Ion Beam and Laser-Induced Materials Interactions: Implications for Surface Treat- 
ment and Thin Film Reactionsn (invited paper) 

Fifth International Conference on Ion Beam Analysis, Sydney, Australia, February 16-20, 1981: 

B. R. Appleton, J. H. Barrett, and 0. W. Holland, "Enhanced 180" Scattering Effect in Surface 
Analysis by Positive Ion Channeling Spectroscopyn (invited paper) 

Anntrnl Meeting of the Metallurgical Society of AIME, Chicago, Illinois, February 23-26, 1981: 

S.-J. Chang and S. M. Ohr, "Dislocation-Free Zone at the Crack Tipn [J .  Met. 32, 43 (1981)l 

J. A. Horton and S. M. Ohr, "TEM Observations of Fracture in Aluminumn [J.  Met. 32, 43 (1981)l 

J. Narayan, "Laser Processing of Semiconductorsn [J.  Met. 32, 49 (1981)l (invited paper) 

S. M. Ohr, "Direct Observation of Crack Tip Deformationn [J .  Met. 32, 74 (1981)l (invited paper) 

Third American Physical Society Conference on Atomic Processes in High Temperature Plasma, Baton 
Rouge, Louisiana, February 25-27, 1981: 

J. B. Roberto, "Laser Fluorescence Spectroscopy in Tokamak-Produced Plasmas" [Bull. Am. fhys. 
Soc. 26, 8 1 1 (1 98 1 )] (invited paper) 

German Physical Society Meeting, Muenster, Federal Republic of Germany, March 9-14, 1981: 

E. Kratzig, L. A. Boatner, and R. Orlowski, "Storage of Holograms by Means of Quadratic Electro- 
Optical Effects" 

American Physical Society Meeting, Phoenix, Arizona, March 16-20, 1981: 

M. M. Abraham, L. A. Boatner, and M. Rappaz, "EPR of Rare Earth and Actinide Impurities in the 
Lanthanide Ortl~uphosphates" [Bull. Am. Phys. Soc. 26, 236 ( 198 1 )] 

J. B. Bates, "Reaction and Properties of Water in the Beta- and Beta"-Aluminasn [Bull. Am. Phys. 
Soc. 26, 370 (1981)l (invited paper) 

L. A. Boatner, "Lanthanide Orthophosphates for the Primary Containment of High-Level Actinide 
Wastes" [Bull. Am. Phys. Soc. 26, 401 (1981)l (invited paper) 

A. I. Braginski, J. R. Gavaler, B. R. Appleton, and C. W. White, "The Effect of Laser Annealing on 
the Critical Current Density of Nb3Gen [Bull. Am. Phys. Soc. 26, 479 (1981 j] 

J. W. Cable, "Temperature Dependence of the Spin Density Asymmetry in Nickeln [Bull. Am. Phys. 
SOC. 26, 335 (1981)l 

Y. Chen, J. Narayan, and K. L. Tsang, "Threshold Temperature for the Formation of Metallic Nickel 
Colloids in MgO Crystals" [Bull. Am. Phys. Soc. 26, 268 (1981)l 

D. K. Christen, H. R. Kerchner, S. T. Sekula, and Y. K. Chang, "Observation of a Flux-Line Lattice 
in Superconducting V3Sin [Rull. Am. Phys. Soc. 26, 479 (198 1 )] 

J. F. Cooke, "Itinerant Electron Magnetism in Transition Metalsn [Bull. Am. Phys. Soc. 26, 333 
(1 98 1 )] (invited paper) 



R. J. Culbertson, L. C. Feldman, P. J. Silverman, and H. Boehm, "Ag(ll1) Surface Structure and t' 
Early Stages of Au Epitaxy" [Bull. Am. Phys. Soc. 26, 226 (1981)l 

H. L. Davis, J. R. Noonan, C. W. White, and D. M. Zehner, "Si(ll1)-(1 X 1) LEED-Comparison of 
Experimental and Calculated I-V Profilesn [Bull. Am. Phys. Soc. 26, 350 (1981)l 

Herbert Engstrom, J.  B. Bates, W. E. Brundage, and J. C. Wang, "Ionic Conductivity in 
Napu-Aluminan [Bull. Am. Phys. Soc. 26, 405 (1981)l 

S. Epstein, R. J. Higgins, and D. H. Lowndes, "de Haas-van Alphen Studies of LaA12 Doped with Ce 
and Gd" [Bull. Am. Phys. Soc. 26, 277 (198 l ) ]  

R. L. Fagaly, H. Weinstock, and Y. Chen, "Thermal Conductivity of Lithium-Doped MgOn [Bull. 
Am. Phys.-Soc. 26, 236 (1981)l 

J. R. Gavaler, A. I. Braginski, B. R. Appleton, C. W. White, and J. M. Williams, "Critical Tempera- 
ture of A15 Structure V-Si-C Films" [Bull. Am. Phys. Soc. 26, 480 (1981)l 

G. R. Gruzalski, Herbert Engstrom, and F. A. Modine, "Optical Properties of Transition Metal Car- 
bides" [Bull. Am. Phys. Soc. 26, 271 (1981)l 

P. Heimann, F. J. Himpsel, B. Reihl, D. E. Eastman, C. W. White, and D. M. Zehner, "Electronic 
Structure of the Annealed Si( 1 1 1 ) and Ge(l l1)  Surfacesn [Bull. Am. Phys. Soc. 26, 35 1 (1 98 1 )] 

R. B. James and D. L. Smith, "Nonlinear Absorption of a C 0 2  Probe Laser in p-Ge in the Presence of 
a High-Intensity Laser at 10.6 pmn [Bull. Am. Phys. Soc. 26, 355 (1981)l 

Theodore Kaplan and L. J. Gray, "A Self-consistent Cluster Theory for Random Alloys with Short- 
Range Ordern [Bull. Am. Phys. Soc. 26, 454 (1981)l 

H. R. Kerchner, D. K. Christen, and S. T. Sekula, "Elastic Instability of the Flux-Line Lattice in the 
Critical State" [Bull. Am. Phys. Soc. 26, 244 (1981)l 

W. C. Koehler, "The National Center for Small-Angle Scattering Research" [Bull. Am. Phys. Soc. 26, 
400 (1981)l (invited paper) 

B. C. Larson, J. F. Barhorst, and T. S. Noggle, "Thermal Annealing of Dislocation Loops in Ion- 
Irradiated Copper" [Bull. Am. Phys. SQC. 26. 349 ( 1  981 )] 

S. H. Liu, C. Stassis, and K.-M. Ho, "Theory of LO Phonon Anomaly in hcp Transition Metals Ti, Zr, 
Hf, and Tc" [Bull. Am. Phys. Soc. 26, 28 1 (198 l ) ]  

R. D. Lowde, R. M. Moon, B. Pggonis, C. H. Perry, and J. B. Sokoloff, "Polarized Neutron Studies of 
'Forbidden Magnons' Well Below T, in Nickel Alloy" [Bull. .Am. Phys. Soc. 26, 334 (1981)l 

Douglas H. Lowndes, "Time-Resolved Reflectivity of GaAs during Pulsed-Ruby Laser Irradiation" 
[Bull. Am. Phys. Soc. 26, 354 (198 l ) ]  

C. F. Majkrzak, G. Shirane, S. K. Satija, H. A. Mook, H. C. Hamaker, H. B. McKay, Z. Fisk, and 
M. B. Maple, "A Neutron Diffraction Study of the Magnetic Ordering in Superconducting TmRh4B4 and 
NdRh4B4" [Bull. Am. Phys. Soc. 26, 277 (1981)l 

F. A. Modine and V. M. Orera, "Magneto-Optical Properties of Metallic Colloids in Insulatorsn [Bull. 
Am. Phys. Soc. 26, 298 (1981)l 

R. M. Moon and B. Lebech, "Magnetic Susceptibility of the Cubic and Hexagonal Sites in Nd" [Bull. 
Am. Phys. Soc. 26,478 (198 l ) ]  

R. M. Moon and'H. A. Mook, Jr., "Neutron Scattering Facilities at Oak Ridge National Laboratoryn 
[Bull. Am. Phys. Soc. 26, 399 (198 1 )] (invited paper) 

Mark Mostoller and Mark Rasolt, "Pair Potentials at Simple Metal Surfacesn [Bull. Am. Phys. Soc 
26, 292 (1981)l 



J. Narayan, Y. Chen, and R. M. Moon, "Nickel Colloids in Reduced Nickel-Doped Magnesiumn [Bull. ' 
Phys. Soc. 26, 268 (1981)l 

R. M. Nicklow and N. Wakabayashi, "Magnetic Excitations in the Sinusoidally Modulated Spin Struc- 
ture of Ern [Bull. Am. Phys. Soc. 26,468 (198 l ) ]  

J. R. Noonan and H. L. Davis, "LEED Analysis of Ag(ll0)-Second Interlayer spacing Expansionn 
[Bull. Am. Phys. Soc. 26, 224 (198 l ) ]  

S. M. Ohr, J. A. Horton, and S.-.I. Chang, "Dislocation-Free-Zone Model of Fracturen [Bull. Am. 
Phys. SOC. 26,475 ( 1  981)] 

F. Perrot and M. Rasolt, "Energetics of Hydrogen in Aluminumn [Bull. Am. Phys. Soc. 26, 336 
(198111 

R.. L. Prater, L. L. Chase, and L. A. Boatner, "Demonstration of the Ferroelectric Nature of the 
Lithium-Induced Phase Transition in KTa03" [Bull. Am. Phys. Soc. 26, 304 (1981)l 

M. Rasolt and D. J. W. Geldart, "The Small and Large Wave Vector Behavior for the Nonuniform 
Electron Gasn [Bull. Am. Phys. Soc. 26, 470 (1981)l 

S. K. Sinha, H. A. Mook, D. G. Hinks, and G. W. Crabtree, "Study of the Coexistence between Super- 
conductivity and Ferromagnetism in Single Crystal ErRh4Bdn [Bull. Am. Phys. Soc. 26, 277 (1981)l 

D. L. Smith and R. B. James, "Laser-Induced Changes in the Dispersive Properties of p-Ge Due to 
Intervalence-Band Transitionsn [Bull. Am. Phys. Soc. 26, 353 (1 98 1 )] 

Harold G. Smith, "Soft Modes and Charge Density Waves in Alpha-Uranium" [Bull. Am. Phys. Soc. 
26, 200 (198 1)] (invited paper)' 

C. Stassis, J. Zarestky, C.-K. Loong, 0. D. McMasters, and R.  M. Nicklow, "Lattice ~ ~ n a m i c s  of 
LaSn3" [Bull. Am. Phys. Soc. 26, 281 (1981)l 

N. Wakabayashi, "Phonon Spectra in Cu-Mn Alloysn [Bull. Am. Phys. Soc. 26, 281 (1981)l 

J. C. Wang, J. B. Bates, and Herbert Engstrom, "On The Non-Arrhenian Behavior in 8"-Aluminas" 
[Bull. Am. Phys. Soc. 26, 405 (198 l ) ]  

J. F. Wendelken and J. Kirschner, "Spin-Polarized Low-Energy Electron Diffraction Study of Oxygen 
Adsorption on Tungsten (001)" [Bull. Am. Phys. Soc. 26, 225 (1981)l 

C. W. White, D. M. Zchner, D. E. Eastman, P. Heirnann. F. J. Himsel, and B. Reihl, "Photoelectron 
Spootro~copy of the 1 .;lser-~nnealed Si( 1 1 1 )-( 1 X I ) Surface" [Bull. Am. Phys. SOC.' 26, 350 (198 1 )I 

C. Wood, J. Woosley, E. Sonder, and R. A. Weeks, "High-Temperature Seebeck Coefficient Measure- 
ments on Spineln [Bull. Am. Phys. Soc. 26, 386 (1981)l 

R. F. Wood, *Macroscopic Models of Ultrarapid Crystallizationn [Bull. Am. Phys. Soc. 26, 329 
( 198 1 )] (invited paper) 

D. M. Zehner, "Surface Properties of Laser-Annealed Semiconductors" [Bull. Am. Phys. Soc. 26,.296 
( 198 1 )] (invited paper) 

D. M. Ze.hner, C .  W. Whitc, P. Heimann, B. Reihl, and D. E. Eastman, "Laser Annealing of Ni(100) 
and Pt(100) Surfacesn [Bull. Am. Phys. Soc. 26, 226 (1981)J 

Inter'national Conference on Excited States and Multiresonanf Notrlitrear Optical Processes in Solids. 
Aussois, France, March 24-27, 1981: 

R. B. James, D. L. Smith, and T. C. McGill, "Nonlinear Optical Properties of Semiconductors Induced 
by High-111lr11sity Infrared Lightn 



American Chemical Society Meeting, Atlanta, Georgia, March 29-April 3, 1981: 

C. W. White and W. H. Christie, "The Use of RBS and SIMS to Investigate the Near-Surface Region 
of Laser-Annealed Semiconductors" (invited paper) 

Fifth International Conference on Fracture, Cannes, France, March 29-April 3, 1981: 

S. M. Ohr, S. Kobayashi, and S.-J. Chang, "Direct Observation of Dislocations in the Plastic Zone 
during Crack Propagation" 

111-V Compound SERI  Contractors' In-Depth Review Meeting, Raleigh, North Carolina, April 1, 1981: 

D. H. Lowndes, R. T. Young, and R. F. Wood, "Applications of Laser Annealing and Laser-Induced 
Diffusion to Photovoltaic Conversionn 

Application of Spectroscopy to Problems in Polymer Engineering and Science, Houston, Texas, April 5-9, 
1981: 

R. J. Samuels, G. D. Wignall, and H. R. Child, "Structural Characterization of Semicrystalline Poly- 
mer Blends by Small-Angle Neutron Scattering" 

Second Microscopy of Semiconducting Materials Meeting, Oxford. England, April 6-10, 1981: 

J. Fletcher and J. Narayan, "TEM Studies of  Solid Phase Epitaxial Regrowth of Amorphous Layers in 
Ion-Implanted Silicon" 

J. Fletcher, J. Narayan, and D. H. Lowndes, "TEM Studies of Defects in Laser-Annealed Gallium 
Arsenide" 

J.  Narayan, "Melting Phenomenon and Laser Annealing of Semiconductorsn (invited paper) 

International Topical Meeting on Advances in Mathematical Methods for the Solution of Nuclear 
Engineering Problems, Munich, Federal Republic of Germany, April 27-29, 1981: 

T. J. Hoffman, H. L. Dodds, Jr., M. T. Robinson, and D. K. Holmes, "Charged Particle Calculations 
Using Boltzmann Transport Methods" (invited paper) 

Seventeenth Annual Symposium of the American Vacuum Society, Albuquerque, New Mexico, April 
28-30. 1981: 

D. M. Zehner, "Characterization' of Laser-Annealed Semiconductor Surfaces" (invited paper) 

Eighty- Third American Ceramic Society Annual Meeting,. Washington, D. C., May 3-6, 1981: 

L. D. Bentsen, D. H. Hasselman, and Y. Chen, ."Thermal Diffusivity of MgO Crystals Containing 
~ i l +  Ions and Metallic Ni Colloidsn [Am. Ceram. Soc. Bull. 60, 384 (1981)l 

N. J. Dudney, J. B. Bates, and J. C. Wang, "Intercalation of Water into P-Alumina" [Am. Ceram. 
Soc. Bull. 60, 360 ( 198 1 )] 

P. LaBarbe, A. F. Wright, R. A. Weeks, J. S. Lin, R. W. Hendricks, and J. Zarzycki, "Small-Angle 
Neutron Scattering Studies of Magnetite Crystallization Process in Glasses of Different Silica and Iron 
Contentsn [Am.  Ceram. Soc. Bull. 60, 355 (1981)l 

R. Magruder, D. Kinser, and R. A. Weeks, "Dielectric and Optical Behavior of Irradiated Ge02" [Am. 
Ceram. Soc. Bull. 60, 4 12 ( 198 1 )]  

. . 

E. Sonder, R. A. Weeks, and J. V. Spadaro, "Penetration of Surface Damage Resulting from Abrasion 
and Heating of MgOn [Am. Ceram. Soc..Bull. 60, 384 (1981)l 



wkshop on the Interaction of Laser Radiation with Surfaces for Application to Microelectronics, Cam- 
dge, Massachusetts, May 4-5, 1981: 

D. M. Zehner and C. W. White, "Surface Properties of Laser-Annealed Semiconductors" (invited 
paper) 

Fifteenth IEEE Photovoltaic Specialists Conference, Kissimmee, Florida, May 12-15, 1981: 

G. E. Jellison, Jr., F. A. Modine, C. W. White, and 'R. T. Young, "Optical Absorption Measurements 
of Pure and Heavily Doped Silicon from 1.24 to 4.63 eV and the Effect on Solar Cell Performancen 

D. H. Lowndes, J. W. Cleland, J. Fletcher, J. Narayan, R. D. Westbrook, R. F. Wood, W. H. Christie, 
and R. E. Eby, "Pulsed-Laser Annealing of Ion-Implanted Semiconducting GaAs for Homojunction Solar 
Cells" 

R. T. Young, G. E. Jellison, Jr., Y. K. Chang, M. C. Lu, and G. A. van der Leeden, "Effects of 
1,ithium Diffusion into Polycrystalline Si Solar Cellsn 

International Conference on Fast Ionic Transport in Solids, Gatlinburg, Tennessee, May 18-22, 1981: 

J. B. Bates, H. Engstrom, J. C. Wang, B. C. Larson, N. J. Dudney, and W. E. Brundage, "Composi- 
tion, Ion-Ion Correlations, and Coilductivity of BctaU-Alumina" 

G. M. Brown, D. A. Schwinn, J.  B. Bates, and W. E. Brundage, 'Structures of Four Fast-Ion Conduc- 
tors by Single-Crystal Neutron-Diffraction Analysis: Zn-Stabilized Nap"-Alumina and Mg-Stabilized Na-, 
K-, and Ago"-Aluminas" 

N. J. Dudney, J. B. Bates, J. C. Wang, G. M. Brown, B. C. Larson, and H. Engstrom, "Intercalation 
of Water into Lithium p-Alumina" 

B. C. Larson, J. B. Bates, N. J. Dudney, and J. F. Barhorst, "Effect of Hydration on Conduction Ion 
Correlations in Nap"-Alumina" 

J. C. Wang, J. B. Bates, N. J. Dudney, and H. Engstrom, "Study of p- and p"-Aluminas by Means of 
Potential Energy Calculations" 

International Conference on Defects in Insulating Crystals, Riga, Salaspils. U.S.S.R., Ma.y 18-23, 1981: 

R. F. Wood and T. M. Wilson, "Theoretical Calculations of the Electronic and Vibrational Structure of 
Point Defects in Ionic Crystals" 

Second International Conference on Solid Films and Surfaces, College Park, Maryland. .Tune 8-1 1 ,  1981: 

John F. Wendelken, "A Study of Nitric Oxide Adsorption on Copper (100) and (1 10)" 

Conference on Lasers and Electro-Optics, Washington, D.C., June 10-12, 1981: 

B. R. Appleton, "Unique Materials Alterations Possible with Laser Annealing" (invited paper) 

J. Narayan, J. Fletcher, C. W. White, R. E. Eby, and W. H. Christie, "Melting Phenomenon and 
Laser Annealing in Semiconductors" 

S. R. Wilson, W. M. Paulson, and C. W. White, "CW and Pulsed-Laser Annealing of Polysilicon 
Films" 

Polycrystalline Silicon Contractors' Review Meeting, Washington, D. C., June 1 7-1 9, 1981. 

Rosa T. Young, R. F. Wood, G. A. van der Leeden, and D. H. Lowndes, "Applications of Laser 
Annealing and Laser-Induced Diffusion to Photovoltaic Conversionn 



Electronics Materials Conference, Santa Barbara, California, June 24-26, 1981: 

S. R. Wilson, W. M. Paulson, and C. W. White, "Comparison of Polysilicon Films Annealed with a 
CW or Pulsed Lasern 

Forty-First Conference on Physical Electronics, Bozeman, Montana, June 19-July 1, 1981. 

R. J. ~ul'bertson, L. C. Feldman, P. J. Silverman, and R. Haight, "Hydrogen Adsorption on 
Si(l11)-(7x7)" 

J. R. Noonan and H. L. Davis, "Oxygen Induced Reconstruction of the Cu(100) Surfacen 

G.-C. Wang, D. M. ~ e h n e r ,  and H. C. Eaton, "Phase Transitions of Mo-5%Re(100) and Stepped 
W( 100) Surfacesw 

Ninth International Conference on Atomic Collisions in So!ids, Lyon, France, July 6-20, 1981: 

S. D. Bloom, D. C. Hamilton, B. L. Berman, M. J.  Alguard, J. H. Barrett, Sheldon Datz, R. H. Pan- 
tell, and R. L. Swent, "Monte Carlo Calculations of Channeling Radiationn 

Ordean S. Oen, "The Two-Atom Model in Enhanced Ion Backscattering Near 180" Scattering Angles" 

Gordon Research Conference on Physical Metallurgy, Andover, New Hampshire, July 6-10, 1981: . 
S. M. Ohr, "Observations of Crack Tip Processesn (invited paper) 

Gordon Research Conference on Point and Line Defects in ~~miconductors, Plymouth. New Hampshire, 
July 13-17, 1981: 

R. T. Young and Y. K. Chang, "Electrical and Structural Properties of Grain Boundary in Sin 

International Symposium on Recent Theoretical (Computational) Developments in Atomic Collisions in 
Solids, Strasbourg, France, July 14-16, 1981: 

Ordean S. Oen, "Ion Reversibility Studies in Solids Using the Two-Atom Scattering Mnrlc!" 

Fifth American Association Jur Crystal Growth International Conference on Vapor Growth and Epitoxj~, 
Cbronado, Califbrnia, July 19-24, 1981: 

L. A. Boatner, J. 0. Ramey, C. B. Finch, and M. M. Abraham, "The Role of Crystal Growth in the 
Characterization of Nuclear Waste Formsn 

C. W. White, "Laser Annealing of Ion-Implanted Semiconductors: Studies of Nonequilibrium Crystal 
Growth" (invited paper) 

International Conference on Phase Transitions on Surfaces, Orono, Maine, August 3-7, 1981: 

G.-C. Wang, D. M. Zehner, and H. C. Eaton, "Phase Transitions of Mo-5%Re(100) and Stepped 
W( 100) Surfacesn 

Second Topical Meeting on Fusion Reactor Materials, Seattle, Washington, August 10-12, 1981: 

R. R. Coltrnan, Jr., and C. E. Klabunde, "Mechanical Strength of Low-Temperature-Irradiated 
Polyimides: A Five-to-Tenfold Improvement in Dose Resistance Over Epoxiesn. 

J.'A. Horton, S. M. Uhr, and W. A. Jesser, "TEM Observations of Crack Tip-Cavity Interactionsn 

V. Philipps, K. Scsnnenberg, and J. M. Williams, "Diffusion of Helium-in Nickeln 

J. B. Roberto, R. C. Isler, S. Kasai, L. E. Murray, J. E. Simpkins, S. P. Withrow, and R. A. Z L * ~ -  
"Hydrogen Recycling and Impurities during Isotopic Exchange in ISX-Bn 

Mark 1'. Robinson, "The Reflection of Low Energy Helium Atoms from Tungsten Surfacesn 



R. A. Zuhr, J. B. Roberto, and S. P. Withrow, "Effects of Neutral Beam Injection and Gas Puffing on 
ueuterium and Impurity Levels in the Scrapeoff Layer of ISX-Bn 

International Symposium on the Physics of Solids under High Pressure, Bad Honnef; Federal Republic of 
Germany, August 10-1 4, 1981: 

S. H. Liu, "Effects of Pressure on the Mixed-Valent Properties of Ce and Its Intermetallic Compoundsn 
(invited paper) 

Cryogenic Engineering Conference/International Cryogenic Materials Conference, Sun Diego, California, 
August 10-1 4, 1981:. 

A. Braginski, J. R. Gavaler, J. Dreggi, R. C. Kuznicki, M. D. Nakenow, B. R. Appleton, C. W. White; 
and J. M. Williams, "The Effect on the Critical Current Density of Nb3Gen 

Symposium on Neutron Scattering, Argonne, Illinois, August 12-14, 1981: 

W. C .  ~oehler ;  H. R. Child, R. W. Idendricks, J. S. Lin, and G. D. Wignall, 'One Year's Experience 
with the ORNL-NSF National Facility for Small-Angle Neutron Scatteringn (invited paper) 

E. C. Trantharn, H. E. Rorschach, J. C. Clegg, C. F. Hazelwood, and R. M. Nicklow, "QNS Measure- 
ments on Water in Biological and Model Systemsn 

Twelfth International Union of Crystallography, Ottawa, Canada, August 16-25, 1981: 

J. E. Epperson, J. Faber, J. S. Lin, and R. W. Hendricks, "On the Decomposition of a Ni-12.5 at. % A1 
Alloyn 

B. C. Larson, J. F. Barhorst, and S. S. Goldenberg, "X-ray Study of Near-Surface Strain in Implanted 
' Siliconn 

H. G. Smith, N. Wakabayashi, R. M. Nicklow, G. H. Lander, and E. S. Fisher, "The Modulated 
Structures of Uraniumn (invited paper) 

Fifth International Meeting on Ferroelectricity (IMG-5), University Park, Pennsylvania, August 17-22, 
1961: 

R. L. Prater, L. L. Chase, and L. A. Boatner, "Raman Scattering Studies of Ferroelectric Transitions 
Induced by Lithium and Niobium in KTaO3" 

Sixteenth International Conference on Low Temperature Physics, Los Angeles, California, August 19-25. 
1981: 

D. K. Christen. H. R. Kerchner, S. T. Sekula, and Y. K. Chang; "Observation of the Flux-Line Lattice 
.in Supercnnducting V3Sin 

H. R. Kerchner, "The Satistical-Summation Theory of Weak Flux-Line Pins in Type I1 Superconduc- 
tors" 

-'S. K. Sinha, G. W. Crabtree, D. G. Hinks, and H.' Mook, "Study of Coexistence of Ferromagnetism 
and Superconductivity in Single Cryslal ErRh4D4" , 

J. R. Thompson, S. T. Sekula, and Y. Chen, "Magnetic Properties of Ni in MgO: ~ i + ~  Ions and 
Magnetically Ordered Precipitatesn 

I:,. D. Woolf, D. C. Johnston, Hi A. Mook, W. C. Koeh!er, M. B. Maple, and Z. FiSk, "Interpretation 
of Specific Heat and Spontaneous Magnetization Anomalies a t  the Reentrant Superconducting- 
"srromagnetic Transition in 



NATO Advanced Study Institute on Excitations in Disordered Systems, East Lansing, Michigan, Aug~  
23-September 4, 1981: 

Theodore Kaplan and L. J. Gray, "Self-Consistent Approximations Beyond the CPA-Part 11" (invited 
paper) 

Seventh International Biophysics Congress and Third Pan American Biochemistry Congress, Mexico City, 
Mexico, August 23-28, 1981: 

M. J. Zuckerman, M. Avignon, S. H. Liu, and D. A. Pink, "The Effect of Electrostatic Interactions on 
the Properties of Charged Lipid Membranes: A Theoretical Approachn 

NATO Research Institute on Surface Modification and Alloying, Trevi, Italy, August 24-28, 1981: 

C. W. White, "Nonequilibrium Crystal Growth during Laser Annealingn 

C. W. White, "Semiconductor Surface Structures Resulting from Pulsed-Laser Irradiationn (invited 
paper) 

C. W. White, B. C. Larson, and T. S. Noggle, "Time-Resolved X-ray Diffraction During Pulsed-Laser 
Annealingn 

International Conference on Phonon Physics, Bloomington, Indiana, August 31-September 3, 1981: 

B. Salce, A. M. de Goer, and L. A. Boatner, "Study of 'Pure' KTa03 and KTN Single Crystals by 
Thermal Conductivity. Measurements to 50 mKn 

Actinides Conference-1981, Pacific Grove, California, September 10-15, 1981: 

M. M. Abraham, L. A. Boatner, and M. Rappaz, "EPR Investigations of 2 4 3 ~ m ,  2 4 4 ~ m ,  and 2 3 8 ~  in 
LuP04 Single Crystalsn 

Actinide Workshop, Los Alamos, New Mexico, September 16-18, 19'81: 

S. H. Liu, "Excitons in f-Band Metalsn (invited paper) 



Seminars 

SOLID STATE DIVISION SEMINARS AT ORNL 

During this period D. M. Zehner served as Seminar Chairman March-August 1980; J. B. Bates, August 
1980-June 1981; and F. A. Modine, June 1981-continuing. The following seminars were held: 

"Relativistic Density Functional Theory and Some ~ ~ ~ l i c a t i o n s , " '  A. K. Rajagopal, Louisiana State 
University, Baton Kouge, Louisiana 

"Properties of Magnetic Superconductors," J. W. Lynn, University of Maryland, College Park, Maryland 

"Challenges and Opportunities in Ceramic ~ a t e r i a l s , " ~  D. W. Readey, Ohio State University, Columbus, 
Ohio 

"The Thermodynamics of Solidification," J. Cahn, National Bureau of Standards, Washington, D.C. 

"Development of Tuneable UV (Lyman-a) Lasers for Spectroscopy," R. Mahan, University of Maryland, 
College Park, Maryland 

"High Purity Epitaxial INP as a Far-Infrared Detector," K. M. Lau, Rice University, Houston, Texas 

"Iron Radio-Tracer Diffusion in Magnesium-Doped Aluminum Oxide," I. K. Lloyd, Massachusetts Insti- 
tute of' Technology, Cambridge, Massachusetts 

"CO Dissociation on the Mo(100) Surface," S. Semancik, Brown University, Providence, Rhode Island 

"Electronic Structure of Point Defects in Metals," P. H. Dederichs, Kernforschungsanlage, Jiilich, Federal 
Republic of Germany 

"Chemical Trends in 'Semiconductor Surface Structures," R. J. Meyer, Xerox Corporation, Rochester, New 
York 

"Properties and Applications of Metal Hydrogen Systems for the Generation, Purification, and Storage of 
Hydrogen," H. Wenzl, Kernforschungsanlage, Jiilich, Federal Republic of Germany 

"Experimental Determination of Transport Properties of Magma at High Pressure and ~ e m ~ e r a t u r e , " ~  H. 
S. Yoder, Jr., Geophysical Laboratory, Carnegie Institution, Washington, D.C. 

"Device Physics of a Heavily Doped Region in PN Junction Si Solar Cell," M. A. Shibib, University of 
F;orida, Gainesville, Florida 

"Superconductivity, Stoichiometry, and Atomic Ordering in  Nb3AI," R. Flukiger, Kernforschungszentrum, 
Karlsruhe, Federal Republic of Germany 

"The Calculation of Vacancy Formation and Self-Diffusion Energies in Simple ~ e t a l s , " '  R. Taylor, 
National Research Council, Ottawa, Canada 

"Nucleation and Growth Studies of Crystallization in Glasses by Small-Angle Neutron ~ c a t t e r i n ~ , " ~  A. F. 
Wright, Institut Laue-Langevin, Grenoble, France 

"Paramagnetic Point and Pair Defects in Perovskites," K. A. Miiller, IBM, Zurich, Switzerland 



"HVEM Studies of Helium Embrittlement in Stainless Steel," J. A. Horton, Y-12 Plant, Oak Rid, 
Tennessee 

"CuCI-A Few Facts and Ideas," G. Gilat, Technion, Haifa, Israel 

"The One-Dimensional Classical Heisenberg Magnet with Anisotropic Interactions," J. M. Loveluck, Insti- 
tut Laue-Langevin, Grenoble, France 

"Formation of Silicides: Diffusion and Nucleation Control Kinetics," C. C. Peterson, University of Uppsala, 
Uppsala, Sweden 

"Raman Measurement of Lattice Temperature During Pulsed-Laser Heating of Silicon," A. Compaan, Kan- 
sas State University, Manhattan, Kansas 

"Energy and Electric Field Dependence of Si-Si02 Interface States by Optically Activated Admittance 
Measurements," T. C.-Y. Poon, Columbia University, New York, New York 

"Accurate Spin-Dependent Electron Correlation Energies: Some Consequences in LSDA Calculations,"' S. 
H. Vosko, University of Toronto, Toronto, Canada 

"What's Wrong with Laser Annealing," H. J. Leamy, Bell Laboratories, Murray Hill, New Jersey 

"Temperature Dependence of the Haven Ratio in Beta-Alumina," H. Sato, Purdue University, West Lafa- 
yette, Indiana 

"Channeling Studies of Si Interfaces," N. C. Cheung, California Institute of Technology, Pasadena, Califor- 
nia 

"Amorphous and Rare Earth Cobalt Magnets," E. C. Subbarao, India Institute of Technology, Kampur, 
India 

"Ion Implantation-A Powerful Tool for the Production of Superconductors," B. W. Stritzker, Kern- 
forschungsanlage, Jiilich, Federal Republic of Germany 

"Materials Problems in Fluidized Bed Combustion Systems,"2 J.  Stringer, Electric Power Research Institute, 
Palo Alto, California 

"Hardening Mechanisms for ~echan ica l  Properties, Superconductivity, and ~e r roma~ne t i sm,"~  P. Haasen, 
University of Gottingen, Gottingen. Federal Republic of Germany 

"Neutron Small-Angle and Diffuse Scattering, a Powerful Tool for Materials Science," W. Schmatz, Kern- 
forschungszentrum, Karlsruhe, Federal Republic of Germany 

"Helium in Metals," W. F. Schilling, Kernforschungsanlage, Jiilich, Federal Republic of Germany 

"Ion-Beam Induced Mixing," W. Hofer, Max-Plnnck-Institut, Garching, Federal Republic of Germany 

"An Integrated Approach to Desert Development," A. Bishay, American University in Cairo, Cairo, Egypt 

"Hopping Conductivity and the Universal Dielectric Response," A: K. Jonscher, University of London, Lon- 
don, England 

"Atomistic Modeling of Defects in Semiconductors," T. Y. Tan, IBM, Yorktown Heights, New York 

"Photo-Ionization of Atomic Cesium," T. B. Cook 111, Portland State University, Portland, Oregon 

"A High-Efficiency, Low-Cost GaAs Solar Cell Program," D. Walsh, McGill University, Montreal, Canada 

"The Rutherford Spallation Neutron Source: Current Status and Future Plans," S. W. Lovesey, Rutherford 
Laboratory, Oxford, England 

"New Position-Sensitive Neutron Detector at Argonne National Laboratory," G. H. Lander, Argonne 
National Laboratory, Argonne, Illinois 



"Aspects of the Ising Spin Glass Problem," J. A. Blackman, University of Reading, Reading, England 

"Current Research Activities of the Laboratory Lion Brillouin," B. Farnoux, C.E.N., Saclay, France 

"Monazite and Other Related Orthophosphates for the Primary Containment of Nuclear Waste," M. Rap- 
paz, Solid State Division, ORNL 

"Surface Phase Transformations; Molecular Dynamics of Epitaxial Crystallization and Melting," C. L. 
Cleveland, Georgia Institute of Technology, Atlanta, Georgia 

"Resistivity of Metals: Exploring the Breakdown of Bloch-Boltzman  heo or^,"' P. B. Allen, State University 
of New York, Stony Brook, New York 

"Micromechanics of Solids,"' T. Mura, Northwestern University, Evanston, Illinois 

"Influence of the Electronic Structure of Complex Crystals on Metallic Properties: Theory and Application 
to ~ b ~ S n , " '  W. E. Pickett, Naval Research Laboratory, Washington, D.C. 

"~erromagnctism in Iron and ~ icke l , " '  R. E. Prange, University of Maryland, College Park, Maryland 

"Phase Diagrams, Gibbs' Free Energy and Their Applications," T. Lindemer, Chemical Technology Divi- 
sion, ORNL 

"Auger Electron Spectroscopy and Solid Surface Chemistry," H. H. Madden, Sandia National Laboratories, 
Albuquerque, New Mexico 

"Small-Angle Neutron Scattering Studies of Crystalline Polymers," D. G. H. Ballard, Imperial Chemical 
Industries, Runcorn, England 

"Molecular Dynamical Calculations of Energy Transport in  solid^,"^ R. MacDonald, National Bureau of 
Standards, Washington, D.C. 

"~rt i f ic ial  Intelligence: Is It Useful as a Research Tool?" C. K. Johnson, Chemistry Division, ORNL 

"Recent Neutron Scattering Studies on the Diluted Heisenberg Ferromagnet System EuxSrl-,S," W. Zinn, 
Kernforschungsanlage, Julich, Federal Republic of Germany 

"Diffusion of Point Defects-Interpretation of Neutron Scattering and Mossbauer Effect Studies," K. 
Schroeder, Kernforschungsanlage, Julich, Federal Republic of Germany 

"The Anderson Lattice Model for the Mixed Valent Crystal CeSn3," S. H. Liu, Ames Laboratory, Iowa 
State University, Ames, Iowa 

"Polarized Electrons and the Mysteries of Nickel," M. Campagna, Kernforschungsanlage, Julich, Federal 
Republic of Germany 

"Characteristic Properties of Mictomagnets (Spin Glasses)," P. A. Beck, University of Illinois, Urbana, Illi- 
nois 

"Thermodynamics and Kinetics of Diffusion in High Defect Concentration Solids," R. A, McKee, Metals 
and Ceramics Division, ORNL 

"Morphology of Amorphous Semiconductors," J.  C. Phillips, Bell Laboratories, Murray Hill, New Jersey 

"Structural Ceramic Research and Plans," V. J. Tennery, Metals and ceramics Division, ORNL 

"Advances in Magnetisn~," R. M. Whitc, Xerox Corporation, Palo Alto, California 

"Magnetic Excitations in Chromium and y-MnCu Alloys," K. Mikke, Institute of Nuclear Research, 
Swierk, Poland 

"The Oscillatory Oxidation of CO over a Platinum Catalyst," B. C. Sales, University of,California, San 
Diego, California 



"Atomic Positions at Crystal Surfaces Studied by MeV Ion Scattering," R. J. Culbertson, Bell Laboratories 
Murray Hill, New Jersey 

"Electronic Structure of Magnetic Impurities in FCC Metals," R. G. Zeller, Kernforschungsanlage, Julich, 
Federal Republic of Germany 

"Void Growth in ~ e t a l s , " '  J. W. Hutchinson, Harvard University, Cambridge, Massachusetts 

"High Resolution Cathodoluminescence of Zinc Sulfide," S. H. Roberts, Bristol University, Bristol, England 

"Local Environment Effects and Spin Glass States in Disordered Magnetic Alloys," J. S. Kouvel, University 
of Illinois, Chicago Circle, Illinois 

"Correlation Theory of Static and Dynamic Properties of Multilevel Systems: A Generalization of the RPA 
Theory," P.-A. Lindgird, Rispl National Laboratory, Roskilde, Denmark 

"Kinetics of Order-Disorder Transitions in a Frustrated System," J. K. McCoy, Purdue University, Lafa- 
yette, Indiana 

"Chemisorption Theory for Metallic Surfaces: Embedding Theory Based on Orbital ~ocalization,"' J. L. 
Whitten, State University of New York, Stony Brook, New York 

"~lectron Localization: Fact and  heo or^,"' T. V. Ramakrishnan, Bell Laboratories, Murray Hill, New Jer- 
sey 

"Excitation Behavior for ce3+  Systems with Cogblin-Schrieffer Interaction," D. Yang, West Virginia 
University, Morgantown, West Virginia 

"Advanced Nickel and Cobalt-Base Alloys for Gas Turbine ~pplicat ions,"~ N. S. Stoloff, Rensselaer 
Polytechnic Institute, Troy, New York 

"Transport in Transition Metals," W. H. Butler, Metals and Ceramics Division, ORNL 

"Critical Phenomena and Phase Transitions," P.-A. Lindgird, Rispl National Laboratory, Roskilde, Den- 
mark (Series of Lectures)' 

"Discrete Hydrodynamics: Transport Coefficients via ~enormalization,"' P. B. Visscher, University of Ala- 
bama, University, Alabama 

"The Relativistic KKR-CPA Method and Its Application to AuxPtl-, and NixPtl-,,"I P. Weinberger, 
Technical University of Vienna, Vienna, Austria 

"Electroreflectance of Noble Metal Surfaces," S. H. Liu, Ames Laboratory, Iowa State University, Ames, 
Iowa 

"Mechanics and Petrology of Island Arc ~o lcan i sm,"~  B. D. March, Johns Hopkins University, Baltimore, 
Maryland 

"MgO as a Solvent-Conductivity; Diffusion; ~eac t ions , "~  W. D. Kingery, Massachusetts Institute of Tech- 
nology, Cambridge, Massachusetts 

"Research Opportunities in Amorphous Alloys," C. C. Koch, Metals and Ceramics Division, ORNL 

"Soluble Ising Models on Crazy ~attices,"' R. B. Griffiths, Carnegie-Mellon University, Pittsburgh, 
Pennsylvania 

"Surface Analysis by Spin-Polarized LEED," R. Feder, Universitat Duisburg, Duisburg, Federal Republic 
of Germany 

"Particle Size/Molecular Weight Distribution by Photon Correlation Spectroscopy,"s B. Chu, State Univer- 
sity of New York, Stony Brook, New York 

"Application of Diffuse-Elastic Neutron Scattering (DENS) to the Physics of Metallic Alloys," K. Werner, 
Kernforschungsanlage, Julich, Federal Republic of Germany 



"Instantaneous Dislocation' Velocities in Metals," J. M. Galligan, University of Connecticut, Storrs, 
Connecticut 

"The Pseudopotential Panacea," M. L. Cohen, University of California, Berkeley, California 

"Diffusion Mechanisms in Transition Metal  oxide^,"^ N. Peterson, Argonne National Laboratory, Argonne, 
Illinois 

"Computer Models of Crystal Growth,"' G. H. Gilmer, Bell Laboratories, Murray Hill, New Jersey 

"Ab Initio Calculations of Superconducting Transition Temperatures and Some Mechanisms Limiting 
TC's,"' 1-1. Winter, Kernforschungszcntrum, Karlsruhe, Federal Republic of Germany 

"Interface Instability during Rapid Solidification," S. R. Coriell, National Bureau of Standards, Washing- 
ton, D.C. 

"Neutron Scattering Studies of the Ionic Motion in Fluorides," J.  Kjems, R i s ~  National Laboratory, 
Roskilde, Denmark 

"Optical Studies of the Electronic and Dynamical Properties of Graphite Intercalation Compounds," P. 
Eklund, University of Kentucky, Lexington, Kentucky 

"Light Ion-Atom Collision Processes and Uses, at Lucas Heights," D. D. Cohen, AINSE, Lucas Heights, 
Australia 

"Theory of Melting in Two and Three ~imensions,"' D. R. Nelson, Harvard University, Cambridge, Mas- 
sachusetts 

"Superconductivity and Magnetism of Ternary Rare Earth Compounds," B. Maple, University of California, 
La Jolla, California 

"High-Temperature ~ l l o ~ s , " ~  E. R. Thompson, United Technologies Laboratories, Hartford, Connecticut 

"Generalized Pseudo Atom and Its Application to Lattice ~ynamics," '  M. Ball, University of Liverpool, 
Liverpool, England 

"Theory of Photoemission from Random ~ l i o ~ s , " '  D. Velicki, Institute of Physics, Prague, Czechoslovakia 

"Biological Applications of Small-Angle Scattering," V. R. Ramakrishnan, Yale University, New Haven, 
Connecticut 

"Structural Investigations of Conducting Polymers by Neutron Scattering," M. Stamm, Kernforschungsan- 
lage, Jiilich, Federal Republic of Germany 

"A Microscopic Mechanism for the Formation of' Excited Sputtered Molecular ions," K. Snowden, 
Universitat Osnabruck, Osnabruck, Federal Republic of Germany 

"Inelastic Gamma-Ray Scattering from V3Si," Monash University, Clayton, Victoria, Australia 

"Use of High Resolution Electron Microscopy in Materials Science," S. Amelinckx, Studiecentrum voor 
Kernenergie, Mol, Belgium 

"STEM and Microanalysis," A. Howie, Cavendish Laboratory, University of Cambridge, England 

"Description of Reactive and Inelastic Molecular Collisions,"' J .  Linderburg, Aarhus University, Aarhus, 
Denmark 

"Small-Angle Neutron Scattering from High-Impact Polystyrene." 0. A. Pringle, University of Missouri, 
Columbia, Missouri 

"Itinerant Magnetic Systems in the Disordered State,"' S. H. Liu, SolidState Division, ORNL 



"Bonding Geometry of Hydrogen on W(110) Studied by Electron Energy Loss Spectroscopy," N. J. 
DiNardo, University of Pennsylvania, Philadelphia, Pennsylvania 

"Coherent Inelastic Neutron Scattering from Polycrystals," U. Buchenau, Kernforschungsanlage, Jiilich, 
Federal Republic of Germany 

"The Effect of Beam Broadening on X-ray Microchemical Analysis in Scanning Transmission Electron 
Microscopy (STEM)," M. E. Twigg, University of Illinois, Urbana, Illinois 

"Some Recent Neutron Scattering Studies at Risa," H. B. Moller, Risa National Laboratory, Roskilde, 
Denmark 

"Electron Energy Loss Study of Optical Properties," A. B. Ray, Cornell University, Ithaca, New York 

"Lattice Dynamics of Naphthalene and Anthracene and Their Pressure and Temperature Dependence," B. 
Dorner, Institut Laue-Langevin, Grenoble, France 

"Fracture Mechanics for Fracture Tough Materials," S. J. Burns, University of Rochester, Rochester, New 
York 

"Electronic Structure of A1 5 Compounds: The Role of Chains," W. Weber, Kernforschungszentrum, 
Karlsruhe, Federal Republic of Germany 

"Equilibrium, Small-Signal, and Transient Space Charge Effects in Solids and Liquids," J. R. Macdonald, 
University of North Carolina, Chapel Hill, North Carolina 

"Vacuum Physics for the 1980s,"~ P. J. Hobson, National Research Council of Canada, Ottawa, Canada 

"Determination of Residual Stresses in the Interior of Technical Parts by Means of Neutron Diffraction," 
L. A. Pintschovius, Kernforschungszentrum, Karlsruhe, Federal Republic of Germany 

" ~ e t a l s  and Ceramics Division and Solid State Division Joint Theoretical Seminar. 
2 ~ i g h - ~ e m p e r a t u r e  Materials Seminar Series. 
3~ponsored by ORNL-NSF National Center for Small-Angle Scattering Research. 
4~ponsored jointly by Metals and Ceramics Division and Solid State Division. 
5~ponsored jointly by Chemistry Division and Solid State Division. 

LECTURES AND SEMINARS 
f 

Lectures and seminars presented by Division members during the period covered by this report included the 
following: 

M. M. Abraham-National University of Mexico, Galindo, Queretaro, Mexico, "Review of EPR Research 
on Analogs of Monazite for the Isolation of Actinide Waste"; University of South Carolina, Columbia, 
South Carolina, University of Kansas, Lawrence, Kansas, Oklahoma State University, Stillwater, 
Oklahoma, University of Texas, Arlington, Texas, Texas Christian University, Fort Worth, Texas, 
University of Georgia, Athens, Georgia, and College of William and Mary, Williamsburg, Virginia, 
"Application of EPR to the Characterization of Radioactive Waste Forms"; College of William and 
Mary, Williamsburg, Virginia, "Methods of Electron Nuclear Double Resonance" 

B. R. Appleton-Vanderbilt University, Nashville, Tennessee, "Ion Implantation Doping for New Materials 
Modifications"; University of North Carolina, Chapel Hill, North Carolina, "Ion Beam and Laser 
Techniques in  Materials Researchn; Minerals Physics Branch, CSIRO. North Ryde, Australia, "Ion 
Beam Analysis Techniques"; National Measurements Laboratory, CSIRO, North Ryde, Australia, 
"Materials Processing by Ion Implantation and Pulsed-Laser Annealing" 



H. Barrett-Chalk River Nuclear Laboratory, Chalk River, Ontario, Canada, "Role of Reversibility in 
Enhanced Ion Backscattering Near 180" Scattering Angle" 

J. B. Bates-University of Kentucky, Lexington, Kentucky, "Fast Ion Transport in Solid Electrolytes" (ACS 
Lecture) and "Fast Ion Transport in the Alkali Metal Aluminates" 

L. A. Boatner-Lawrence Livermore National Laboratory, Livermore, California, Rice University, Houston, 
Texas, Emory University, Atlanta, Georgia, and McGill University, Montreal, Canada, "Analogs of 
Monazite as an Alternate Nuclear Waste Formn; University of Alabama, Birmingham, Alabama, and 
Virginia Military Institute, Lexington, Virginia, "The Growth of Single Crystals and Their Applications 
in  Solid State Physics" 

Y. Chen-University of North Carolina, Chapel Hill, North Carolina, "Positive and Negative Decoration of 
Strained Regions in  MgO Crystals Using Lithium Impurities"; National Taiwan University, Taipei, 
Taiwan, "Nickel Colloids in Reduced Nickel-Doped Magnesium Oxide" 

J. F. Cooke-University of Cincinnati, Cincinnati, Ohio, "Itinerant Electron Magnetism in Transition Metal 
Systemsn 

R. J. Culbertson-Pennsylvania State University. University Park, Pennsylvania, and Cleveland State 
University, Cleveland, Ohio, "Applications of MeV ~ e +  Scattering to the Study of Silicon Surface 
Structures"; Sandia National Laboratories, Albuquerque, New Mexico, "Atom Displacements at Crys- 
tal Surfaces Using MeV Ion Scattering"; Bell Laboratories, Murray Hill, New Jersey, "Si(ll1): Study 
of the (7X7), Ni-Stabilized (1x1)" and "Au-Ag(ll1) Epitaxy and Au/Ag/Au/Ag . . . , Layered 
Structures" 

H. L. Davis-Louisiana State University, Baton Rouge, Louisiana, "Nonstructural Parameters Used in 
Modeling Electron Diffraction" and "Surface Crystallography via LEED" 

G. R. Gruzalski-Metals and Ceramics Division. ORNL. "Transition-Metal Carbide Research in the Solid 
State Division"; University of Nebraska, Lincoln, Nebraska, "The Optical Properties of the Group IV 
and Group V Transition Metal Carbides"; University of Illinois, Urbana, Illinois, "Transition-Metal 
Carbide Research at ORNL" 

R. B. James-Cornell University, Ithaca, New York, Los Alamos National Laboratory, Los Alamos, New 
Mexico, and Lawrence Livermore National Laboratory, Livermore, California, "Theory of Nonlinear 
Infrared Absorption in p-type Germanium"; Texas Instruments Central Research Laboratory, Dallas, 
Texas, and Research Triangle Institute, Research Triangle Park, North Carolina, "Saturation of 
Intervalence-Band Transitions in p-type Semiconductorsn; IBM Corporation, Yorktown Heights, New 
York, and Rockwell International Sciencc Ccntcr, Thousand Oaks, California, "Nonlinear Optical 
Properties Associated with Free Carriers in  Group IV Semiconductors"; General Motors Research 
Laboratories, Warren, Michigan, and The Aerospace Corporation, El Segundo, California, "Nonlinear 
Optical Properties of Semiconductors Induced by C 0 2  Laser Light" 

G. E. .Iellison, Jr.-Oak .Ridge Associated Universities, Oak Ridge, Tennessee, "Photovoltaics for Energy 
Conversion" 

W. C. Koehler-Institut Laue-Langevin, Grenoble, France, and R i s ~  National Laboratory, Roskilde, Den- 
mark, "Small-Angle Scattering Research at the ORNL-NSF 30-m Facility"; C.E.N., Saclay, France, 
"The Magnetic Structures of Nd-Chapter 11" 

J. S. Lin-State University of New York, Stony Brook, New York, "Small-Angle X-ray and Neutron. 
Scattering-Techniques and Applications"; University of Delaware, Newark, Delaware, "Small-Angle 
X-ray and Neutron Scattering: Applications in  Chemical and Energy Engineering"; Case Western 
Reserve University, Cleveland, Ohio, "National Facility for Small-Angle Scattering Research" 



S. H. Liu-National Taiwan University, Taipei, Taiwan, "New Developments in the Theory of Transitic 
Metal Magnetism"; National Tsinghwa University, Hsinchu, Taiwan, "Introduction to the Intermedia.- 
Valence Phenomena"; National Central University, Chungli, Taiwan, "The f-Band Problemn; Free 
University, Berlin, Federal Republic of Germany, "Theory of Itinerant Magnetic Systems in the Disor- 
dered State," "Electronic and Magnetic Properties of the Mixed Valent Compound CeSn3," "Spin 
Waves in Modulated and Disordered Spin Systems," "Electroreflectance of Ag(l l0)  Surface," and 
"Lattice Gas Model for the Metal-Electrolyte Interfacen; Technical University, Vienna, Austria, "A 
Unified Theory for Itinerant Magnetic Metals"; Argonne National Laboratory, Argonne, Illinois, 
"Electronic and Magnetic Properties of the Mixed-Valent Compound CeSn," 

D. H. Lowndes-United Technologies Laboratories, East Hartford, Connecticut, "Pulsed-Laser Processing 
and Time-Resolved Behavior of Gallium Arsenide"; McGill University, Montreal, Quebec, Canada, and 
University of Sherbrooke, Sherbrooke, Quebec, Canada, "Pulsed-Laser Processing of Semiconductors" 

J .  Narayan-The National Microelectronics Research Center, Grenoble, France, "Melting Phenomena and 
Laser Annealing in Semiconductors," "Mechanisms of Crystallization and Solubility Limits During 
Solid- and Liquid-Phase-Epitaxial Growth," and "Annealing of Defects in Semiconductors"; Atomic 
Energy Research Establishment, Harwell, England, "Metal Colloids in MgOn 

R. M. Nicklow-Rice University, Houston, Texas, "Neutron Scattering Studies of Phonon-Defect Interac- 
tions" 

J .  R. Noonan-ETH, Zurich, Switzerland, "Investigation of the Laser-Irradiated Si(ll1)- and 
Ge(l 1 l )-(I X I ) Surfaces by LEED Intensity Analysis"; University of Alabama, Tuscaloosa, Alabama, 
"Techniques for Surface Analysis" 

0 .  S. Oen-University of Alabama, Tuscaloosa, Alabama, "Computer Simulation of the Reflection of 
Hydrogen and the Sputtering of Hydrogen from Metal Mydrides"; Max-Planck-Institut fur Plasma- 
physik, Garching bei Munchen, Federal Republic of Germany, "Ion Reversibility Studies in Solids 
Using the Two-Atom Scattering Model" 

S. M. Ohr-Columbia University, New York, New York, "Electron Microscope Studies of Crack Tip j 
Deformation"; University of Connecticut, Storrs, Connecticut, and Massachusetts Institute of Technol- 
ogy, Cambridge, Massachusetts, "Electron Microscope Observation of Crack Propagationn; Georgia 
Institute of Technology, Atlanta, Georgia, "In Situ Electron Microscope Observations of Crack Propa- 
gation in Solids"; Kernforschungsanlage, Julich, Federal Republic of Germany, "Direct Observation of 
Crack Propagation"; Kernforschungszentrum, Karlsruhe, Federal Republic of Germany, and Max- 
Planck-Institut fur Metallforschung, Stuttgart, Federal Republic of Germany, "Electron Microscope 
studies of Fracture" 

D. B. Poker-Clemson University, Clemson, South Carolina, "The High- and Low-Temperature Release of 
Ion-Implanted Helium from Nickel" 

M. Rasolt-Stockholm Institute of Technology, Stockolm, Sweden, "The Optical Potential in Electron Sur- 
face Spectroscopy"; University of Lund, Lund, Sweden, "Exchange and Correlation Contributions in 
Nonuniform Electron Systems"; Chalmers Technical Institute, Gothenburg, Sweden, "Electron Interac- 
tions in  Metallic Surfaces"; Louisiana State University, Baton Rouge, Louisiana, "Ground State Energy 
of Interacting Nonuniform Electronic Systems: I and 11"; Tulane University, New Orleans, Louisiana, 
"The Electron-Hole Droplet in Si and Ge" 

J. B. Roberto-Max-Planck-Institut fur Plasmaphysik, Garching bei Munchen, Federal Republic of Ger- 
many, and UKAEA Culham Laboratory, Abingdon, England, "Surface Erosion, Deuterium Trapping, 
Impurity Deposition, and Laser Fluorescence Measurements in ISX-B"; Kernforschungsanlage, Julich, 
Federal Republic of Germany, "Plasma-Surface Studies in Tokamaks Using Surface Probesn 



C. Sales-University of Oregon, Eugene, Oregon, and Iowa State University, Ames, Iowa, "Oscillatory 
Surface Reactions: The Oxidation of CO lover a Pt Catalystn; Lawrence Livermore National Labora- 
tory, Livermore, California, and E. I. duPont de Nemours. Wilmington, Delaware, "The Oscillatory 
Oxidation of CO over a Pt Catalystn; Xerox Corporation, Palo Alto, California, "The Oscillatory Oxi- 
dation of CO over Pt, Pd, and Ir Catalysts" 

S. T. Sekula-Clemson University, Clemson, South Carolina, "Low-Temperature Ion Implantation and 
Superconductivity" 

J .  R. Thompson-University of Tennessee, Knoxville, Tennessee, "Low-Temperature Research on Supercon- 
ductivity and Magnetism" 

G.-C. Wang-Princeton University, Princeton, New Jersey, "LEED Studies of Surfaces: Defects, Phase 
Transitions, arld Magnetic Properties" 

J .  C. Wang-Wake Forest University, Winston-Salem, North Carolina, "Fast Ion Transport in Beta- 
Alumina" 

R. A. Weeks-Auburn University, Auburn, Alabama, "Electric Field Effects on the Electrical Conductivity 
of Some Insulating Solidsn; Sandia National Laboratories, Albuquerque, New Mexico, "Precipitation of 
Impurities in Insulating Crystals by Electric Fieldsn; Los Alamos National Laboratory, Los Alamos, 
New Mexico, "Electric Field Effects on Some Insulating Solidsn; National Research Center of Egypt, 
Cairo, Egypt, "Role of Materials Science in Future Electricity-Generating Technologiesn; American 
University in Cairo, Cairo, Egypt, "Electron States of Wide-Band-Gap Glass Forming Oxides: I and 
11" and "Effect of Impurities on the Conductivity of MgO Single crystalsn; Ain Shams University, 
Cairo, Egypt, "Effect of Electric Fields on the Conductivity of Some Wide-Band-Gap Oxide Single 
Crystalsn; University of Damascus, Damascus, Syria, "Introduction to Defects in Crystals and Their 
Electron States" and "Role of Materials Science in Future Electricity-Generating Technologiesn (Series 
of Eight Lectures); University of Jordan, Amman, Jordan, "Role of Materials Science in Future 
Electricity-Generating Technologies" and "Thermal Electric Breakdown in Some Wide-Band-Gap 
Oxides"; University of Clausthal-Zellerfeld, Clausthal-Zellerfeld, Federal Republic of Germany, 
"Fusion Processes of Some Natural Glasses"; Ecole Polytechnique Eederale de Lausanne, Lausanne, 
Switzerland, "Some Electrical Properties of Some Wide-Band-Gap Oxide Single Crystalsn 

J. F. Wendelken-Chalmers University of Technology, Gothenborg, Sweden, Kernforschungsanlage, Julich, 
Federal Republic of Germany, Max-Planck-Institut fur Plasmaphysik, Garching bei Munchen, Federal 
Republic of Germany, University of York, Heslington, England, and Daresbury Laboratory, Daresbury, 
England, "The Adsorption of Oxygen and Nitric Oxide on Copper(ll0) Studied with Electron Energy 
Loss Spectroscopy and Low-Energy Electron Diffractionn; University of Cambridge,, Cambridge, Eng- 
land. "Current Topics in Electron Scattering from Surfacesn 

C. W. White-Motorola, Inc., Phoenix, Arizona, Rice University, Houston, Texas, Kernforschungsanlage, 
Julich, Federal Republic of Germany, "Laser Annealing of Ion-Implanted Siliconn; IBM Thomas J.  
Watson Research Center, Yorktown Heights, New York, "Pulsed-Laser Annealing of Ion-Implanted 
Silicon"; Massachusetts Institute of Technology, Cambridge, Massachusetts, "Laser Annealing.of Ion- 
Ikplanted Silicon; Studies of Nonequilibrium Crystal Growthn; FOM Institute, Amsterdam, the Neth- 
erlands, "Recent Laser Annealing Results: Semiconductor Surface Structures and Time-Resolved X-ray 
Diffraction" 

G. D, Wignall-National Bureau of Standards, Washington, D.C., "Some Artifacts and Experimental Con- 
straints in SANS Studies of Polymersn; Exxon Corporate Research Laboratories, Linden, New Jersey, 
"Small-Angle Scattering Studies of Polymers, Blends, and Oilshalesn; Tennessee Eastman Company, 
Kingsport, Tennessee, "Current Polymer Research at Oak Ridge by Small-Angle Neutron Scatteringn; 
Bell Laboratories, Murray Hill, New Jersey, "Recent Studies of Chain Configuration in Polymers by 
Small-Angle Neutron Scattering" 



R. F. Wood-Eastman Kodak Research Laboratories, Rochester, New York, Washington University, F' 
Louis, Missouri, and Arizona State University, Tempe, Arizona, "Laser Processing of semi conduct^ 
Devices" (IEEE Electron Devices Society Lectures) 

R. T. Young-University of Rome, Rome, Italy, and Catholic University, Leuven, Belgium, "Laser Anneal- 
ing of Ion-Implanted Si and Its Application to Photovoltaic Researchn 

R. A. Zuhr-Fusion Energy Division, ORNL, "Accelerator-Based Techniques for Plasma Studiesn 



Scientific Professional Activities 

W. S. Aaron Member, Program Committee, Conference on the Leachability of Radioactive Solids, 
Gatlinburg, Tennessee, 1980 

M. M. Abraham Member, Editorial Board, KINAM Revista de  Fisica 
Member, Organizing Committee and Session Chairman, Workshop on Alternate 

Nuclear Waste Forms and Interactions in Geologic Media, Gatlinburg, Tennessee, 
1980 

Lecturer, ORAU Traveling Lecture Program, 1980-198 1 

B. R. Appleton Member, Editorial Board, Nuclear Science Appliccltiorrs 
Co-Chairman, Materials Research Society Symposium on Laser and Electron Beam 

Interactions with Solids (to be held in 1981) 
Member, Fusion Program Committee, ORNL 
Chairman, Committee on Near-Surface Modifications, ORNL 
Member, ASTM Subcommittee on Energetic Ion Analysis 
Chairman, Particle-Solid Interactions Gordon Research Conference, Andover, New 

Hampshire, 1980 
Participant, BESIDMS Workshop on Coal Structure and Properties, Gatlinburg, 

Tennessee, 1980 
I Participant, International Workshop on Accelerator Related Atomic and Molecular Sci- 
i ence, New London, New Hampshire, 1980 

Participant, Industrial Research Institute Management Study Group 
Adjunct Professor, Department of Physics, North Texas State University, Denton, Texas 
Guest Scientist, Australian Atomic Energy Commission, Lucas Heights, Australia, 

January-May, 198 1 
Guest Lecturer, International Seminar on Current and Future Developments in 

Microelectronics, RMIT, Melbourne, Australia, 198 1 
Guest Lecturer, International Seminar on New Methods of Surface Processing of 

Materials, RMIT, Melhnurnc, Australia, 1981 
Participant, International Workshop on Nonequilibrium Beam-Solid Interaction 

Processes, Philip Island, Australia, 198 1 

J. H Barrett Adjunct Professor, Department of Physics, North Texas State University, Denton, Texas 
Member, Ph.D. Thesis Committee, Department of Physics, North Texas State Univer- 

sity, Denton, Texas 

J. B. Bates Co-Chairman, International Conference on Fast Ionic Transport in Solids, Gatlinburg, 
Tennessee, 198 1 

Associate Editnr, Solid Slate Ionic, 
Lecturer, ORAU Traveling Lecture Program, 1980-1981 
Member, Ad Hoc Committee on Energy Storage, ORNL 
Member, High Temperature Materials Laboratory Committee, ORNL 



L. A. Boatner Member, Seed Money Proposal Review Committee, ORNL 
Member, World's Fair Committee, ORNL 
Lecturer, ORAU Traveling Lecture Program, 1979-1980 
Member, High Temperature Materials Laboratory Committee, ORNL 
General Chairman and Editor of Proceedings, Workshop on Alternate Nuclear Waste 

Forms and Interactions in Geologic Media, Gatlinburg, Tennessee, 1980 
Participant, Workshop on Irradiation Effects in Nuclear Waste Forms, Seattle, Wash- 

ington, 1980 
Panel Member, DOE/Argonne Workshop on Comparative Leaching of Radioactive 

Waste Forms, Argonne, Illinois, 1980 
Member, Program Committee, Materials Research Society Symposium on the Scientific 

Basis for Nuclear Waste Management, Boston, Massachusetts, 1980 
General Co-Chairman, Materials Research Society Annual Meeting (to be held in 1982) 
Member, Program Committee, Materials Research Society Symposium on the Scientific 

Basis for Nuclear Waste Management (to be held in 1982) 

Y. K. Chang Guest Scientist, Kernforschungsanlage, Jiilich, Federal Republic of Germany, 1981-1982 

Y. Chen Member, Program Committee, Symposium on Coal, American Physical Society 
Member, Graduate School Doctoral Committee, Department of Physics, University of 

Alabama, Birmingham, Alabama 
Member, Program Committee, and Session Chairman, Conference on the Chemistry and 

Physics of ~oal 'ut i l izat ion,  Morgantown, West Virginia, 1980 

H. R. Child Lecturer, ORAU Traveling Lecture Program, 1980-198 1 

J. W. Cleland Session Co-Chairman, 158th Meeting of the Electrochemical Society, Hollywood, 
Florida, 1980 

Member, Advisory Committee, ~ b u r t h  International Conference on Neutron Doping (to 
be held in 1982) 

R. R. Coltman Adjunct Professor, Department of Physics and Astronomy, Clemson University, Clem- 
son, South Carolina 

J. F. Cooke Lecturer, ORAU Traveling Lecture Program, 1980-1 98 1 

H. L. Davis Member, Organizing and Program Committee, and Session Chairman, Conference on 
Determination of Surface Structure by LEED, Yorktown Heights, New York, 1980 

Co-Chairman, First Annual Symposium and Equipment Exhibit of the Tennessee Valley 
Chapter of the American Vacuum Society, Knoxville, Tennessee, 1980 

Member, Local Committee, Physical Electronics Conference (to be held in 1982) 

N. J. Dudney Member, Local Committee, lnternational Conference on Fast Ionic Transport in Solids, 
Gatlinburg, Tennessee, 198 1 

R. B. James Recipient, Eugene P. Wigner Fellowship, 198 1 

G. E.   ell is on, Jr. Referee, Polycrystalline Contractors' Review Meeting, Washington, D.C., 1980 

L. H. Jenkins Member, General Committee, Physical Electronics Conference 
Session Chairman, Physical Electronics Conference, Ithaca, New York, 1980 
Session Chairman, Physical Electronics Conference, Bozeman, Montana, 198 1 . 

Participant, NSLS Users' Meeting, Brookhaven National Laboratory, Upton, New York, 
1981 

Member, Wigner Fellowship Committee, ORNL 
Member, Ph.D. Recruiting Steering committee, ORNL 



- H. Kobisk 

W. C. Koehler 

J. S. Lin 

S. H. Liu 

D. H. Lowndes 

F. A. Modine 

H. A. Mook 

R. M. Moon 

J. Narayan 

President, International Nuclear Target Development Society, 1981-1982 
Chairman of the Board, International Nuclear Target Development Society 
Chairman, World Conference of the International Nuclear Target Development Society, 

Gatlinburg, Tennessee, 1980 

Director, ORNL-NSF National Center for Small-Angle Scattering Research 
Member, Editorial Advisory Board, Journal of Magnetism and Magnetic Materials 
Member, Editorial Advisory Board, Magnetism Letters 

Faculty Member, Department of Chemical, Metallurgical, and Polymer Engineering, 
The University of Tennessee, Knoxville, Tennessee 

Participant, BESIDMS Workshop on Coal Structure and Related Properties, Gatlin- 
burg, Tennessee, 1980 

Session Chairman, International Symposium on the Physics of Solids under High Pres- 
sure, Bad Honnef, Federal Republic of Germany, 1981 

Member, Program Review Committee, Lawrence Berkeley Laboratory, 1980-1982 
Participant, Actinide Workshop, Los Alamos, New Mexico, 1981 

Member, Users' Advisory Committee, Francis Bitter National Magnet Laboratory, Mas- 
sachusetts Institute of Technology, Cambridge, Massachusetts 

Member, Ph.D. Dissertation Committee, University of Oregon, Eugene, Oregon 
ORNL On-Site Senior Thesis Research Advisor, Kalamazoo College, Kalamazoo, 

Michigan 
Member, National Science Foundation Review Committee for Scientific Proposals 
Participant, SERI Program Review Meetings on Si and GaAs Solar Cell Technology, 

1980-1981 

Memher, ORNL Evaluation Team, Proposal for Advanced Metal Oxide Varistor Con- 
cepts 

Coordinator, ORNL Seed Money Program, 1979--.I980 
Member, ORNL Exploratory Studies Review Committee, 1979- 1980 
Secretary, ORNL Research Committee, 1979-1980 

Member, Program Advisory Committee, International Conference on Ternary Supercon- 
ductors, Lake Geneva, Wisconsin, 1980 

Secretary, ORNL Neutron Scattering Users' Group 

Member, Commission on Electron Charge, Spin, and Momentum Densities, Interna- 
tional Union of Crystallography 

Member, Evaluation Panel for the Center for Materials Research, National Bureau of 
Standards 

Member, Organizing Committee, U.S.-Japan Cooperative Program on Neutron 
Sca t.t.ering 

Co-Editor, liefects in Semiconductors, North Holland, New York, 1981 
Chairman, Program Committee, Conference on Lasers and Electro-Optics Symposium 

on Laser Annealing and Materials Processing, Washington, D.C., 1981 
Chairman, Materials Research Society Symposium on Laser and Electron-Beam Interac- 

tions wit,h Solids: Fuadamentals and Applications (to be held in 1982) 
Chairman and Organizer, Materials Research Society Symposium on Defects in Semi- 

conductors, Boston, ~assachusetts,  1980 



R. M. Nicklow 

J. R. Noonan 

0. S. Oen 

S. M. Ohr 

M. Rasolt 

J.  B. Roberto 

M. T. Robinson 

J. A. Setaro- 

H. G. Smith 

E. Sonder 

G.-C. Wang 

Member, Organizing Committee, U.S.-Japan Cooperative Program on Neu 
Scattering 

Chairman, Tennessee Valley Chapter, American Vacuum Society, 198 1 

Lecturer, ORAU Traveling Lecture Program, 1979-1980 
Session Chairman, International Symposium on Recent Theoretical (Computational) 

Developments on Atomic Collisions in Solids, Strasbourg, France, 198 1 

Member, Chemistry and Physics of Metals Committee, the Metallurgical Society of 
AIME 

Member, Nuclear Metallurgy Committee, the Metallurgical Society of AIME 
Member, Nuclear Metallurgy Committee, Materials Science Division, American Society 

for Metals 
Lecturer, ORAU Traveling Lecture Program, 1980-1981 
Symposium Chairman, the Metallurgical Society of AIME Symposium on Physical and 

Chemical Properties of Coal (to be held in 1982) 
Participant, BESIDMS Coal Structure and Properties Meeting, Gatlinburg, Tennessee, 

1980 

Session Chairman, American Physical Society Meeting, Phoenix, Arizona, 1981 
Guest Scientist, University of Paris XI, Orsay, France, April-May, 1980 

Technical Secretary, DOE Basic Energy Sciences Assessment 
Co-Chairman, International Program Committee, Fifth International Conference on 

Plasma Surface Interactions in Controlled Fusion Devices (to be held in 1982) 
Member, Editorial Advisory Board, Journal of Nuclear Materials 
Member, Plasma-Materials Interactions Task Group, DOE 
Coordinator, U.S. Participation in the TEXTOR (FRG) Tokamak program, Edge Flux 

and Recycling Measurements, DOE 
Key Person, U.S.-Japan Fusion Cooperative Program, Exchange BL-15, DOE 
Participant, Sixth TEXTOR Executive Committee Meeting, Jiilich, Federal Republic of 

Germany, 1981 
Participant, T I  S -Japan Workshop on Impurity Control, Divcrtors, and l'l~siiia=Wall 

Interactions, Princeton, Ncw Jersey, 1981 
Experimental Working Group Chairman, Workshop on Plasma Edgc Experiments and 

Modeling, Los Angeles, California, 1980 

Western Hemisphere Editor, Radiation Effects 
Participant, DOE Workshop on plasma Edge Experiments and Modeling, Los Angeles, 

California, 1980 
Participant, DOE Workshop on Irradiation Effects in Nuclear Waste Forms, Seattle, 

Washington, 198 1 
Member, Future Technology Subcommittee, ORNL Computer Steering Committee, 

1980-198 1 

Member, Organizing Committee, World Conference of the International Nuclear Target 
Development Society, Gatlinburg, Tennessee, 1980 

Member, International Advisory Board, Fourth Conference on the Superconductivity in 
the d- and f-Band Metals, Karlsruhe, Federal Republic of Germany (to be held in 
1982) 

Member, Advisory Board, Diffusion and Defects Data (Nonmetals) 

Secretary, Tennessee Valley Chapter, American Vacuum Society, 198 1 



C. Wang Member, Local Committee, International Conference on Fast Ionic Transport in Solids, 
Gatlinburg, Tennessee, 198 1 

R. A. Weeks Adjunct Professor, Department of Materials Science and Mechanical Engineering, Van- 
derbilt University, Nashville, Tennessee 

Adjunct Professor, Department of Geology, University of Pennsylvania, Philadelphia, 
Pennsylvania 

'Member, Editorial Committee, Journal of the American Ceramic Society 
Member, Editorial Board, Egyptian Journal of Solid State Science 
Session Chairman, Frontiers of Glass Science Conference, Los Angeles, California, 1980 
Recipient, Fulbright Short-Term Lectureship in Middle East, 1980 
Professor Invitk, Ecole Polytechnique Federale, Lausanne, Switzerland, January-July, 

1981 
Lecturer, ORAU Traveling Lecture Program, 1979-1980 

J. F. Wendelken Guest Scientist, Kernforschungsanlage, Jiilich, Federal Republic of Germany, 1979-1980 

R. D. West.hrook Member, ASTM Committee F-1 on Electronics 
Member, Semiconductor Equipment and Materials Institute Solar GaAs and Substrate 

Committee 

C. W. White Member, Organizing Committee, Materials Research Society symposium on Laser and 
Electron-Beam Solid Interactions and Materials Processing, Boston, Massachusetts, 
1980 

Co-Editor, Laser and Electron Beam Processing of Materials, Academic Press, New 
York, 1980 

Chairman, Program Committee, Materials Research Society Annual Meeting (to be held 
in 1981) 

Participant, DOE Research Task Force Meeting on Molten Carbonate Fuel Cell Materi- 
als, Argonne, Illinois, 198 1 

, Chairman and Organizer, Conference on Lasers and Electro-Optics Symposium on Laser 
Annealing and Materials Processing, Washington, D.C., 198 1 

Participant, NATO Research Institute on Surface Modification and Alloying, Trevi, 
Italy, 1981 

Member, 198 1 Von Hipple Award Committee, Materials Research Society 

G. D. Wignall ~ec turer ,  ORAU Traveling Lecture Program, 1980-1981 
Adjunct Professor, Department of Polymer and Chemical Engineering, The University of 

Tennessee, Knoxville, Tennessee 

M. K. Wilkinson Member, Solid State Sciences Committee of the National Research Council 
Member, Executive Committee, Division of Condensed Matter Physics, American Physi- 

cal Society 
Member, Advisory Committee, Division of Materials Research, National Science Foun- 

dation 
Member, Evaluation Panel for NSF Materials Research Laboratory Site Visits 
Member, Advisory Panel for the Solid State Sciences Committee of the National 

Research Council 
Adjunct Professor, School of Physics, Georgia Institute of Technology, Atlanta, Georgia 
Meinber, Program Advisory Comrilitlee, Natiorlal Synchrotron Light Source, 

Brookhnven National Laboratory 
Secretary;Organizing Committee, International Conference 0n.Magnetis.m (to be held in 

1985) 
Member, Advisory Committee, Department of Physics, University of Georgia 
Consultnnt, DOE Neutron Scattering Review Panel 



Member, ORNL Committee on Quality in Research 
Member, International Advisory Panel, Conference on the Neutron and Its Applicat: 

(to be held in  1982) 
Member, Organizing Committee, U.S.-Japan Cooperative Program on Neutron Scatter- 

ing 

S. P. Withrow Member, Ph.D. Recruiting Committee, ORNL 

R. F. Wood National Lecturer, IEEE Electron Devices Society, 1980-1981 
Vice-Chairman, International Organizing Committee, and Session Chairman, Interna- 

tional Conference on Defects in Insulating Crystals, Riga, Salaspils, U.S.S.R., 1981 
Editor, Solid State Physics, Computer Physics Communications, North Holland, New 

York 
Symposium Co-Chairman, Electrochemical Society Symposium on Annealing of Semi- 

conductors, Hollywood, Florida, 1980 
Member, Professional Education Resource Committee, ORNL 
Member, Polycrystalline Silicon Program Review Panel, Solar Energy Research Institute 
Participant, DOE Workshop on Basic Research Needs and Opportunities on Interfaces 

in Solar Materials, Denver, Colorado, 1980 
Participant, SERI Program Review Meetings on Si and GaAs Solar Cell Technology, 

1980-1981 - 
F. W. Young, Jr. Member, Exccutivc Committee, American Association of Crystal Growth 

Member, Editorial Board, Topics in Crystal Growth 
Member, Program Committee, Intense Pulsed Neutron Source-I, Argonne National 

Laboratory 
Member, Visiting Committee, Materials Science Center, Cornell University 
Participant, DOE/DMS Workshop on the Effects of Irradiation on the Structure and 

Properties of Materials, Aspen, Colorado, 1981 
Participant, COMAT Workshop on Rapid Solidification Technology, Washington, D.C., , 

1981 
Member, Advisory Committee, International Conference on Neutron Irradiation Effects 

(to he held in 1981) 

I 
K. '1". Young Lecturer, ORAU Traveling Lecture Program, 1979-1980 

Participant, SERI Program Review Meetings on Si and GaAs Solar Cell Technology, 
1980-1981 

Symposium Co-Chairman, Electrochemical Society Symposium on Annealing of Semi- 
conductors, Hollywood, Florida, 1980 

Member, Polycrystalline Silicon Program Review Panel, Solar Energy Research Institute 

D. M. Zehner Member, ORNL Graduate Fellow Selection Panel 
Member, ASTM E-42 Committee on Surface Analysis 

R. A. Zuhr Participant, DOE Workshop on Nonmagnetic Divertors, Boston, Massachusetts, 1980 
Member, Plasma Materials Interaction Task Group, DOE 



Personnel Changes 

N o v  Staff Mcmbcrs 

A.  Scientific Staff 
J. A. Blackman, University of Reading, Reading, England 
T. B. Cook 111, Portland State University, Portland, Oregon 
R. J. Culbertson, Bell Laboratories, Murray Hill, New Jersey 
L. S. Darken, EGGrG ORTEC, Oak Ridge, Tennessee 
J.  Fletcher, Oxford University, Oxford, England 
G. R. Gruzalski, Harvard University, Cambridge, Massachusetts 
0 .  W. Holland, North Texas State University, Denton, Texas 
J. A. Horton, Development Division, Y-12 Plant, Oak Ridge, Tennessee 
R. B. James, California Institute of Technology, Pasadena, California 
S. H. Liu, Ames Laboratory/Iowa State University, Ames, Iowa 
F. A. Modine, transferred from Program Planning and Analysis Office, 

Central Management Offices (completion of temporary assignment) 
M.  Rappaz, Ecole Polytechnique Institut, Lausanne, Switzerland 
B. C. Sales, University of Ca!ifornia a t  San Diego, La Jolla, 

California 
G. A. van der Leeden, Poly Solar, Inc., Garland, Texas 
'G.-C. Wang, National Buieali of Standards, Washington, D.C. 

B. Administrative and Technical Staff 
T.  L. Collins, Senior Laboratory Technician (transferred from 

Industrial Safety and Applied Health Physics Division) 
D. L. Cordts, Secretary 
L. C. Cunningham, Secretary 
D. L. Slagle, Senior Secretary (transferred from Central Management 

Offices) 

Staff Transfers and Terminations 

A. Scientific Staff 
J. A. Blackman (completion of temporary assignment) 
H. L. Engstrom (voluntary resignation) 
J .  Fletcher (deceased) 
W. R. Husinsky (completion of temporary assignment) 
S.  Kobayashi (voluntary resignation) 
P. R. Kuehn (retirement) 
M.  Rappaz (completion of temporary assignment) 
M. V. K. ~ l e h l a  (voluntary resignation) 
N. Wakabayashi (voluntary resignation) 



B. Administrative and Technical Staff 
G. C .  Battle, Information Center Analyst (transfer to Information 

Division) 
W. E. Busby, Senior Engineering Draftsman (retirement) 
D. L. Cordts, Secretary (voluntary resignation) 
F. A. Kocur, Administrative Assistant (retirement) 

Guest Assignments 

A. Scientific Staff 
G. M. Beardsley, Millsaps College, Jackson, Mississippi 
N. Bjerre, Aarhus University, Aarhus, Denmark 
P. Burlet, Centre National de la Recherche Scientifique, Grenoble, 

France 
G. Dolling, Atomic Energy of Canada Limited, Chalk River, Ontario, 

Canada 
E. R. Dullni, University of Bochum, Bochum, Federal Republic of Germany 
D. Frischke, University of Munich, Munich, Federal Republic of Germany 
R. R. Gonzalez, Universidad Complutense, Madrid, Spain 
P. A. Lindgard, Risa National Laboratory, Roskilde, Denmark 
C.-K. Loong, Ames Laboratory/Iowa State University, Ames, Iowa 
H. Naramoto, Japan Atomic Energy Research Institute, Tokai-mura, Japan 
L. A. R. Pintschovius, Kernforschungszentrum, Karlsruhe, Federal 

Republic of Germany 
A. K. Rai, Universal Energy Systems, Kettering, Ohio 
C. K. Saw, Ames Laboratory/lowa State University, Ames, Iowa 
H. B. Schweer, Kernforschungsanlage, Julich, Federal Republic of 

Germany 
G. S. Smith, Ames Laboratory/Iowa State University, Ames, Iowa 
B. W. Stritzker, Kernforschungsanlage, Julich, Federal Republic of 

Germany 
K. Werner, Kernforschungsanlage, Julich, Federal Republic of Germany 
C. E. Young, Argonne National Laboratory, Argonne, Illinois 
J. Zarestky, Ames Laboratory/Iowa State University, Ames, Iowa 

B. Graduate Students 
0 .  W: Holland, North Texas State University, Denton, Texas 
J. R. Martinelli, Vanderbilt University, Nashville, Tennessee 
K.-L. Tsang, University of Alabama, Birmingham, Alabama 

C. Great Lakes College Association Science Program 
S. M. Casey, Knox College, Galesburg, Illinois 
D. J .  Crary, Earlham College, Richmond, Indiana 
R.  D. Esman,.Kalamazoo College, Kalamazoo, Michigan 
M. R. Holland, Kalamazoo College, Kalamazoo, Michigan 

Summer Assignments 

A. Scientific Staff 
S. J. Burns, University of Rochester, Rochester, New York 
A. M. Castets, Centre National de  la Recherche Scientifiqua, Grcnoblc, 

France 
J. R. Clem, Ames Laboratory/lowa State University, Ames, Iowa 



K. E. Clements, Auburn University, Auburn, Alabama 
W. L. Clinton, Georgetown University, Washington, D.C. 
P. Coleman, Princeton University, Princeton, New Jersey 
T. W. Haywood, University of North Carolina, Wilmington, North Carolina 
B. Hennion, Centre National de la Recherche Scientifique, Grenoble, 

France 
R. W. Johnson, University of Southwestern Louisiana, Lafayette, 

Louisiana 
F. Jona, State University of New York, Stony Brook, New York 
R. M. Jones, Tuskegee Institute, Tuskegee, Alabama 
P. L. Leath, Rutgers University, New Brunswick, New Jersey 
R. W. Major, Univcrsity of Richmond, Richmond, Virginia 
R. L. Mills, Ohio State University, Columbus, Ohio 
A. K. Rajagopal, Louisiana State University, Baton Rouge, Louisiana 
H. Sato, Purdue University, West Lafayette, Indiana 
S. Suehiro, Kyoto University, Kyoto, Japan 
N. C .  Thompson, Vandcrbilt University, Nashville, Tennessee 
S. Y. Tong, University of Wisconsin, Milwaukee, Wisconsin 
G. T. Trammell, Rice University, Houston, Texas 
S. A. Werner, University of Missouri, Columbia, Missouri 
G. Zaccai, Centre National de la Recherche Scientifique, Grenoble, 

France 

B. Administrative and Technical Staff 
M. E. Guthrie, Tennessee Wesleyan College, Athens, Tennessee 
R. S. Speas, Oak Ridge High School Faculty, Oak Ridge, Tennessee 
S. E. Wright, The University of Tennessee, Knoxville, Tennessee 

C .  ORAU-1.lniversity Faculty 
H. C. Eaton, Tennessee Technological University, Cookeville, Tennessee 
J. Kasichainula, Tennessee Technological University, Cookeville, 

Tennessee 
M. C. Lu, Walters State Community College, Morristown, Tennessee 

D. ORAU-Undergraduate Research Trair~eeb 
K. Brister, Sonoma State University, Rohnert Park, California 
S. C. Corbato, Rice University, Houston, Texas 
S. S. Goldenberg, University of North Carolina, Chapel Hill, 

North Carolina 
J. V. Spadaro, Stockton State College, Union, New Jersey 



SOLID STATE DIVISION 
PROGRAMMATIC MANPOWER DISTRIBUTION 

FY 1981 

Programs 
Staff Guests Total 

(person-years) (person-years) (person-years) 
-- - 

KC 02 02 DOE Basic Energy Sciences 
(Materials Sciences) 

AT 15 30 DOE Fusion 
(Magnetic Fusion) 

Work for others 
Solar Energy Research Institute 2.0 0 2.0 
National Science Foundation 4.0 1.5 5.5 
Sales (Isotope Research Materials Laboratory) 12.0 0 12.0 - - - 

Total 96.0 11.5 107.5 



SOLID =ATE DIVISION 
SEPTEMBER 30. 1981 

M. K. WILKINSON. DIRECTOR 
D. L. SLAGLE. SECRETARY 

F. W. YOUNG. JR.. ASSOC. DIRECTOR' 
S L. EVANS. SECRETARY' 

J. F. COOKE' 
V. G. HENORIX. SECRETARY 

SPECIAL STAFF ASSIGNMENTS 

P. H. GREEN. AFFIRMATIVE ACTION WORDINATOR' 

W. S. AARON. QUALITY ASSURANCE mOROINATOR'  
J. A. SETARO. RADIATION SAFETY OFFICER' 
0. L. SMALLEY. FINANCE  OFFICER^ 

I 

MYSTAI PnYslcs 

R. M. MOON' 1 

ADMINISTRATION, ENGINEERING. 
MAINTENANCE 

P. H. OREEN' 
W. E. BUS8Y 
B J. COPELANO 

J. R. GIBSON' 
J. E. WEIOLEY' 

I 

CERAMICS AND SURFACES PARTICLE.Y)LID INTERACTIONS 

8. R. APPLETON' 
S. E. HIMES. SECRETARY 
S. L. EVANS. SECRETARY' 

RESEARCH MATERIALS 

F. W. YOUNG. JR.' 
1.1. LUCK. SECRETARY 
I. M. BARKER. SECRETARY' 

L. H. JENKINS' 
A M .  KEESEE. SECRETARY 
L. S. TYLER. SECRETARY 

R L BURRELL. SECRETARY 
M A GILLESPIE SECRETARY 
I M BARKER SECRETARY' I 

R. F. WOOD' 
T. KAPLAN 
M. E. MOSTOLLER 

I I SURFACE PHYSICS I I I NEUTRON DIFFRACTION I I I ION.SOLID INTERACTIONS I u J. W. CABLE 
H. R. CHILO 
W. C. KOEHLER' U 0. M. ZEHNER 

L. H. JENKINS' 
J. R. NOONAN I B. R. APPLETON' 

G. M. BEAROSLEY' 
n. J. CULBER~WN I J. W. CLEI  A N n  

L. S. DARKEN 
. P. H. FLEMING I R. M. MOON' I I ;,:;;:;;!s 

G. W. OWNBY 

J. F. WENOELKEN 

0. W. HOLLANO H  TO' RA?lATlON EFFECTS 

M. T. ROBINSON 
J. H. BARREm 
0. S. OEN I I T. S. NOGGLE' 

0. E. SCHOW Ill 
C. W. WHITE 
J. M. WILLIAMS 
S. P. WITHROW' 

I I 
- -. 

G. E. JELLISON. JR. 
0. H. LOWNOES 
G. VAN OER LEEOEN 
R. 0. WESTBROOK 1 1 [ NEUTRON SPECTROMETRY I Hl0H  TEMYbWATURE 

CERAMICS 

F. A. MODINE 
Y. CHEN 
R. R. GONZALEZ' 
J. R. MARTINELLI~ 
E. SONDER 
K. L. TSANG~ 
R. A. WEEKS 

H R. M. NICKLOW 
1. L. COLLINS 
S. P. KING' 
H. A. M W K  I MAGNETISM AN0  SURFACES 

H. L. DAVIS 
J. F. CDOKE' 
S. H. L IU 

RADIATION EFFECTS 
I N  METALS 

R. R. COLTMAN. JR. 
C. E. KLABUNOE 
0. 8. POKER H PLASMA MATERIALS I I INTERACTIONS I H. G. SMITH 1 u J. B. ROBERTO 

1. 8. COOK 
E. R. OULLNI' I 0RNL.NSF.DOE SAS CENTER 

W. C. KOEHLER' 
P. BURLET' 
1. S. L IN 
o n. WIGNALL H S. P. WITHROW' 

C. E. YOUNG' I 1 R. A. ZUHR 1 ISOTOPE RESEARCH 
MATERIALS LABORATORY 

E. H. KOBISK' 
0. A. CAYLOR. SECRETARY 

ISOTOPF RESEARCH 
MATERIALS 

11. L. AOAIR' 

H 
OPTICAL AND MAGNETIC 
S E C T  ROSCOPY 

J. B. BATES 
s M. CASEY' 
N. J. OUONEY 

SUPERCONDUCTIVITY 

S. T. SEKULA 
0. K. CHRISTEN 
H. R. KERCllNER 
J. R. THOMP!~~N' 

X.RAV DIFFRACTION AND I I ELECTRON MICROSCOPY I 
I I J. C. WANO I 0. C. LARSON 

J. F. BARHORST 
G. W. 0 0 0 0 3  
J. NARAYAN 
T. S. NOGGLE' 
A K. RAI' 

ISOTOPE MATERIALS R&C 

W. S. AARON' 
C. A. CULPEPPER' 
P. R. KUEHN 
M. PETEK 

CRYSTAL GROWTH AND I I CHARACTERIZATION 

I I AMES LABORATORY 
NEUTRON SCATTERING I 

L. A. BOATNER 
M M. ABRAHAM 
W. E. BRUNOAGE 
Y. K. CHANG 
G. A. GRUZALSYI 
H. E. HARMON 

ULTIPLE CAPACITY 
.ANT AN0  EOUIPMENT OlVlSlON 
NANCE AN0  MATERIALS OlVlStON 
UEST SCIENTIST 

I FRACTURE I SAMPLt YREPARATION 

H. L. ADAIR' 
8. L. BYRUM. 
K. B. CAMPBELL 
W. B. GRISHAh4 
L. A ZEVENBERGEN 

REACTOR DOSIMETRY , 

J. A. SETARO' 
J. M. DAILEY 
J. M. LOVEGROVF 

SPECIAL PROJECTS 

E. H. KOBISK' 
W S. AARON' 
C. A. CULPEPPER' 
T. C. OUINBY 
0. W. RAMEY 
R. 0. TAYLOR 
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