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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. 
Thomas F. Connolly organized the Research Materials Information Center for 

the Division in 1962, and he served as its Diiector for 18 years. Thrombins leadership 
and personal efforts, the Center provided many services for Oak Ridge National 
Laboratory and the entire scientific community. His skilb and bis dose association 
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Introduction 
The reporting period covered by this progress report of the Solid Sute Division 

includes the 17 months from October 1,1978, through February 29,1980. This period 
has seen a completion of the major transition in research emphasis that was initiated 
about five years ago, when the Atomic Energy Commission was replaced by the Energy 
Research and Development Administration(ERDA), and then was continued with the 
formation of the Department of Energy (DOE). The broad missions of ERDA and 
DOE in the development of new energy systems have required a very wide range of 
research investigations in the materials sciences; every advance*! energy technology is 
faced whh severe materials problems, and the solution; to those problems wit] depend 
strongly on information obtained through scientific research. During this five-year 
period, the Solid Sute Division has entered many new research areas, and over half of 
the Division's current programs are clc4e!y related to the nonnuclear energy 
technologies. Some increase in support has accompanied this change in emphasis, but 
much of the new research has resulted from a redirection of previously existing work. 
Tne transition has been accomplished smoothly, and the new programs are providing 
many interesting and productive investigations. 

A major new change that is currently Uking place in research activities of the Solid 
Sute Division concerns the diversity in users and sponsors of the facilities. When the 
Ames Laboratory Research Reactor was shutdown, three Ames Laboratory neutron 
scattering instruments were placed in operation at the ORR; this equipment and the 
ORNL instruments at the HFIR and ORR are available to scientists of both 
laboratories. A sophisticated 30-m small-angle neutron scattering facility, which was 
constructed at the HF'R through funds from the NSF, will soon be placed in routine 
operation. This facility is part of the National Center for Small-Angle Scattering 
Research that has been esublished at ORNL under a joint interagency agreement 
between NSF and DOE, and it will be utilized exclusively in the users' mode of 
operation. Through the efforts of DOE, preliminary negotiations have been made with 
the government of Japan t<: establish a United Sutes-Japan Cooperative Program on 
Neutron Scattering. This program would involve the construction of one or two new 
instruments at the HFIR, which would be funded by the government <.f Japan in return 
for modest use of all HFIR neutron scattering facilities by Japanese scientists. Plans 
are also in progress to suit a more formal users' program to make the neutron 
scattering facilities more accessible to university and industrial scientists within the 
United Sutes. Although informal arrangements for users currently exist and have 
existed for many years, it is believed that a specific program will ensure the most 
effective utilization of these facilities. Although current plans for various users' 
programs bvolve the neutron scattering facilities, the Solid Sute Division also has 
other unique facilities, such as accelerators for ion implanution, channeling, and 
scattering, which are used informally by many scientists outside of ORNL. It is highly 
probable that more formal users'programs will be developed for these facilities in the 
future; such programs undoubtedly will strengthen interactions between members of 
the Solid Sute Division and a large number of scientists from other organizations. 
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The arrangement of this progress report has been chosen to emphasize the major 
areas of solid state science in which the Sohu State Division conducted research during 
the reporting period. The areas are Theoretical SoHd State Physics, Surface and Near-
Surface Properties of Solids, Defects in Solids, Transport Properties of Solids, 
Neutron Scattering, Crystal Growth and Characterization, and Is-xope Research 
Materials. Each constitutes a major section of the report, and additional subdivisions 
are included within the sections. A short introduction precedes each of the seven 
section: to indicate the scope and goals of the research and to give a few nighhglnsof 
recent investigations. These introductions reflect many of the changes that have 
occurred in programs of the Division. It is also their intent to give a clearer picture of 
the manner in which the individual programs are interrelated and to indicate how the 
research activities of the Solid State l>ivision contribute to various pi ogiams of ORNL 
and DOE. 

There are very dose interactions among various programs of the Division, so that 
many research summaries could have been placed very I igkalry in two or more 
subsections. A particularly good example is the neutron scattering research on 
superconducting flux-line lattices; although these summaries are included in the 
subsectkn on superconductivity, they would have fit equally well under small-angle 
neutron scattering. The Division continues to have a major effort in the km 
implantation and laser annealing of semiconductors, with particubr emphasis on the 
development of better photovoltaic materials for sobr energy conversion. Because the 
characterization and understanding of unique materials produced by these tedmiques 
have required the skills and experimental faculties of many Division members, the 
resulting research summaries could have been placed in several subsections. Moreover, 
there is a very dose coupling of almost all of the experimental programs with ongoing 
theoretical research and with programs concerned with materials preparation and 
characterization. Consequently, a number of the research summaries have been placed 
somewhat arbitrarily in one of the appropriate subsections; 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 »csearch activities of the Theory Section cover a wide vane v of disciplines 
and interests. This diversity results, to a certain extent, from dose col adoration with 
the various experimental programs in the Division. This collaboration has led to state-
of-the-art investigations, with relevant extensions, of existing theories as well as the 
development of new concepts, theories, and procedures that are applicable to both 
current and future experimental programs. The development of efficient numerical 
procedures for obtaining realistic predictions front the complex theories of condensed 
matter and surfaces has led to important results that have been presented in invited 
papers at recent international scientific meetings and to considerable collaborative 
work with scientists from the I'nited States and Europe. Examples of the use of some 
of these techniques are given below. For purposes of cUrity, this section is divided into 
five subsections. Surfaces, Lattice Dynamics and Alloys. Particle Solid Interactions, 
Laser Annealing, and Electronic and Magnetic Properties. 

Significant progress has been mads in the area of surface structure analysis as the 
result of dose cooperation between theoretical and experimental programs within the 
Division. For a number of years there has been disagreement concerning the accuracy 
of the surface structures that result from LEED analyses. A detailed analysis of 
Cu(IOO) and Ag( 110) has revealed that LEED structural analysis for clean metallic 
surfaces can be sensitive to changes of the ord>r of 2 pm in atomic arrangements, 
provided care is exercised both :;i data collection and in the corresponding dynamical 
calculations. Prior to this investigation it was generally thought that I.EED was 
sensitive to changes in the range of S to 10 pm. An improved description of inelastic 
processes in electron spectroscopy has been made by taking into account the 
anisotropic terms in the optical potential. This work will have significant bearing on 
the analyses of future photoemission studies that are carried out at high-intensity 
synchrotron light sources. Calculations of localized phonon spectra at steps of the 
(332) surface of Pt have been carried out and compared with inelastic electron loss 
measurements. It has been shown that vibrational modes with frequencies above the 
maximum in the bulk can occur provided the largest force constants in a rotationally 
invarint first- and second-neighbor bond-angle model are increased by ~30 to40% at 
the st ps. With this adjustment the model calculations give excellent agreement with 
expe.iment. 

First-principles calculations of the phonon spectra in transition metal 
superconductors have been continued. The results for Mo predict the anomalous 
minimum observed by neutron scattering experiments in tfk 'coustk branches at the 
[100] zone boundary. As found in previous calculations for Nb, the phonon anomalies 
are not generated by resonant screening or Fermi surface effects but, instead, by 

I 
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features of the band structure near the Fermi surface h -HWI ±0.5 eV). Significant 
progress has also been made on the difficult problem ©i calculating the dynamical 
properties of landom alloys. A new and completely gcbTrai self-consistent theory for 
elementary excitations in random alloys has been devrf-jped. Approximate solutions 
using this theory have been shown to produce Grer >>'s functions, whkfa are always 
analytic and have the proper translatkmal symmetry 'a addition, this theory has been 
shown to give better numerical agreement with exau results for model systems than 
has been obtained previously. 

The recent observation of enhanced ion backscattcring yields from disordered, 
amorphous, and porycrystalhne target* has stimulated considerable theoretical 
interest In the general area of partkfe-solid uMeracunns. This effect occurs in the near-
surface region for angles very near 180° and has been shown to be a manifestation of 
the reversibility of ion trajectories in solids. It hs* also been found that this enhanced 
backscattering blight occur under channeling partitions in single crystals. Another 
important area of research in particle-solid interactions is the study of damage 
produced by particles with high recoil energKS characteristic of fusion neutron 
environments. To investigate fusion neutron -Jamage production, models piust be 
developed that are not only applicable at rebtuvdy high primary recoil energk-s but 
also at to-v recoil energies, which are characteristic of the motion of most of the 
particles in a displacement cascade. The binary collision approximation code 
MARLOWE has been used to study this proMem. Results for Cu indicate that for a 
static lattice, the lengths of the < 110) linear collision sequences are reproduced fairly 
accurately, while those along (100) and (III) are overestimated. Anomalirt found 
in the mean number of distant Frenkd pairs calculated as a function of primary recoil 
energy have been attributed to the dynamics of (111) linear collision sequences. It has 
also been established that thermal energy plays a significant role in the development of 
displacement cascades in energy ranges below ~ l keV. 

The Laboratory has continued to maintain an intense interest in the exploration 
of laser processing of semiconductor materials. Theoretical research to date is based on 
the concept that the near-surface region of a sample may meh and then regrow 
epiuxially as a consequence of irradiation with intense pulses of ^-switched ruby and 
Nd:YAG lasers. The one-dimensional dopant diffusion model used to describe this 
process includes the effects of melt-front motion on dopant profiles. Good agreement 
between calculated and measured profiles has been obtained for a series of dopants in 
Si. One of the most striking implications of the experimental and theoretical work is 
that there must be a very large difference between the equilibrium and nonequuibrium 
interface segregation coefficients. A phenomenotogTcal model based on the kinetic 
theory of melting has been developed which accounts for this effect. One interesting 
prediction of this model is that the nonequilibrium coefficient depends on the melt-
front velocity in a rather simple nuuner. Because the theoretical calculations have 
shown that the melt-front velocity can be changed by substrate heating or cooling, a 
method is available for testing the theory and for studying other aspects of 
nonequilibrium segregation during ultraraptd resolidification. 

Work on the theory of itinerant electron magnetism has continued in an effort to 
explain the unusual temperature behavior of spin-waves in transition metal 
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ferromagneu. Calculations of the inelastic neutron scattering cross section for Ni have 
revealed that at temperatures up to one-half of the Curie temperature essentially all of 
the spin-wave energy renormalization is due to th? smearing out of the Fermi surface 
and not to spin-wave-spin-wave interactions. The results also indicate that the 
tempetature dependence of spin-splitting of the ferromagnetic entrgy bands obtained 
from angular resolved photoemission experiments is not consistent with the spin-wave 
energy renormalization determined from the neutron scattering experiments. 

SURFACES 

WGH-SENSrnVTTY LEED ANALYSIS 
OF THE Ca<IOO) SURFACE 

H. L Davis J. R. Noonan 

Since disagreement exists concerning the accuracy 
of the surface structures that result from LEED 
analyses, an investigation of CuflOO) was initiated 
to address general questions on the accuracy and 
sensitivity of LEED for the ̂ termination of surface 
crystallography. This investigation h?s been con­
cerned with both the procedures used to collect the 
data and the techniques used to extract the desired 
surface structure information by a theoretical analy­
sis of the dc'a. Some of the resulu obtained from the 
experimental considerations are given elsewhere,1 

and the theoretical and cakulational aspects are 
described here. 

The data used in the theoretical analysis were 
collected at normal incidence for each of the 
individual beams in the symmetrically equivalent 
J10). 1111.|20). and |21} sets. To eliminate some errors 
in the raw data,1 the data for the individual beams 
were then averaged over each symmetrical set to 
obtain four experimental I-V profiles that serve to 
represent the (10). (II). (20). and (21) beams. These 
four averaged profiles formed the input data base for 
the theoretical analysis. 

Numerous sets of dynamical LEED calculations 
were performed in which the scattering potential, the 
complex optical potential, and the Debye tempera­
ture were all varied ovtr reasonable limits. The only 
structural parameter varied in our calculations was 
the first interlayer spacing di2, which was allowed 
to deviate - 6 (o +6% from its truncated bulk value. 
The experimental and calculated I-V profiles were 
compared by the use of three distinct reliability 
factors (R factors). These were Ru, as defined by 
Zanazzi and Jona;J R }, which is a measure of the 
mean square difference betweei. the experimental 
and calculated profiles;1 and R }, which indicates the 

mean square difference bttweeu the slopes of the 
profiles.' 

The above procedures have led to the striking 
agreement between experimental and calculated 
profiles shown in Fig. I.I. Toe calculated profiles are 
based on a truncated-free-atom potential with full 
Slater exchange, a surface Debye temperature of 
330 K (bulk value= 343 K).a value of 12.1 eV for the 
real component of the inner potential, and 0.85£'' 
eV for the imaginary component of the inner poten­
tial. The calculations were also for a deviation in the 
first interlayer spacing A<ri} of -0.6% from the bulk 
value, which implies that the first atomic layer of the 
Cu(I00) surface is slightly contracted toward the 
second layer. The four-beam Ri, value for the 
comparison between experimenul and calculated 
profiles of Fig. I.I is 0.046. whktt is the smallest 
multibeam Ru value ever obuined in any LEED 
analysis. RZJ values below 0.20 have been considered 
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good for a LEED analysis, and very few LEED 
analyses have obtained values below 0.10. 

One illustration of the sensitivity of the Analysis to 
changes in A</,: is provided by Fig. 1.2. which 
contains contour plots of the three R factors defined 
above. These plots are based on a complete set of 
LEED calculations in which Adn and the real 
component of the inner potential V„ were varied. The 
other parameters were fixed at the same values used 
tor the data shown in Fig. I. I. It should be noted from 
Fig. 1.2 that the three distinct R factors have their 
respective minima at values of Arfi: in the range 
-0.9 to -0.5*3;, which is one indication of the sensi­
tivity of the LEED analysis in establishing the value 
of \du for the dean Cu(IOO) surface. Another, and 
perhaps more important, indication of the sensitivity 
to the structural parameter Arfn is the change in its 
optimal value as the nonstructural parameters used in 
the calculations are allowed to vary. The optimal 
value for a given set of nonstructural parameters is 
the one providing the minimum of, say, RZJ. 

Sets of calculations have been performed using six 
different scattering potentials, several functional 
forms for the imaginary component of the inner 
potential, and a surface region Debye temperature 
variation from 250 to 350 K. Any one set of calcula­
tions for specific values of these nonstructural 
parameters could be used to produce plots such as 
those of Fig. 1.2, with the major differences being the 
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magnitude of the R factors and the values of Sdn and 
Vc giving the mininia. For example, the minima of 
RZJ varied in the range 0.044 to 0.095. with the 
minima for Arf,: always occurring in the range 
-1.6 to 0.9%. However, for those sets with minima of 
RZJ < 0.055, the minima for Adu occurred in the 
range -1.0 to 0.5%. For this (and other) reasonfs), we 
believe the analysis has established that Ada=-0.3 ± 
0.8% for the dean CuflOO) surface. 

A variation of 0.8% in dv. for CuflOO) is equal 
to 1.44 rmi. Therefore, theanarysis for this surface has 
a sensitivity in the crystallography of approximately 
2 pm. Thus, we infer that LEED structural analyses 
for clean metallic surfaces can be sensitive to changes 
of the order of 2 pm in atomic arrangements, 
provided care is exercised in both data collection and 
the corresponding dynamical cafzulations. Prior to 
our investigation of the CuflOO) surface, it was 
generally thought that LEED was sensitive only to 
changes in the range of 5 to 10 pm. 

1. J. R. NoonanandH. L. Davis.'Effects of Data Averaging on 
LEED Analyses: A Case Study of the CuflOO) Surface." thb 
report. 

2. E. Zanazzi and F. Jona. Surf. Set. 62,61 (1977). 
3. M. A. Van Hove. S. Y. Tnng. and M. H. Elconin. Surf. Sci. 
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STRUCTURE OF THE CLEAN 
Re(J070) SURFACE1 

H. L. Davis D. M. Zehner 

LEED has been shov n to be a valuable tool for 
the investigation of surface crystallography. For 
example, past work has indicated that the distance 
between the first two atomic layers of a metal can 
range, depending on the surface, from an expansion 
of 2.5% to a contraction of 15% of the bulk value. 
However, this previous work has dealt over­
whelmingly with the low-index surfaces of bec and fee 
crystals, and the limited work done on hep metals has 
dealt only with the (0001) surface, where contractions 
of, at most, 5% have been found. Thus, it is interest­
ing that the first attempt at a LEED analysis for the 
(lOlO) surface of an hep metal, discussed here, 
produces the result that the first interlayer spacing is 
contracted by about 17%. 

Data consisting of normal incidence I-V profiles 
for the (01), (10), and (11) beams from Re( 1010) have 
existed for some time.1 The predominant structure in 
the (01) profile exists below 40 eV, while structure 
exists in the (10) and (I I) profiles up to the cutoff 
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energy of 200 eV. To avoid complications in the 
choices of some nonstructural parameters, it was 
decided to analyze only the data in the 50- to 200-eV 
energy range. Thus, the data base for the analysis 
consisted only of the (10) and (II) profiles. 

As indicated by Fig. 1.3, the hep structure could 
terminate in two different "ideal" ( 1010) surfaces. By 
ideal we mean a perfectly planar surface with no 
steps. Of course, an actual "dean" surface from which 
data are collected could consist of either tennination 
or some mixture of individual domains of both. Only 
a full theoretical LEED analysis of the experimental 
I-V profiles could determine which, or what com­
bination, of the two terminations exists on the clean 
Re(10T0) surface. As outlined below, the results of 
our analysts indicate that thr Re(10l0) surface, 
within the limits of the analysis, is composed totally 
of domains of the termination designated "*A." 
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numben indicate the layer* for the rwpectrve terminations. 

Dynamical LEED calculations were performed 
using both of the terminations illustrated in Fig. 1.3. 
Since some of .he interlayer distances of either 
termination are quite short (1.5 a.u. = 80 pm), it was 
found convenient to treat both the intra- and inter-
layer m -Itiple scattering by use of the angular 
momentu.'.! representation. Computer codes were 
written to utilize normal incidence, rotational sym­
metry, and mirror symmetry. The calculations used a 
Debye temperature of 320 K and eight phase shifts, 
which were obtained from a truncated-free-atom 

approximation using full Slater exchange. The 
imaginary component of the inner potential was 5 eV, 
and the real component was varied to obtain the best 
correspondence with the 4ala. This variation 
produced a value of 14 eV. 

The experimental (10) profile is compared with sets 
of calculated profiles for both terminations in 
Fig. 1.4, where distances between the first and second 
atomic layers d,z and the second and third layers da 
are specified in a.u. For the truncated bulV crystal 
(no interiayer relaxation), these have values of dn 
(termination A) = da (termination B) = 1.51 and da 
(termination A) = </•> (termination B) = 3.01. Abo 
indicated on Fig. 1.4 are single-beam reliability 
factors J? (as defined by Zanazri and Jona*) which 
resulted when the calculated profiles were compared 
with the data. 

An examination of Fig. 1.4 indicates that the 
Re(l010) surface is composed mainly of termina­
tion A, since all the /? values for termination B are 
rather large compared to the minimum R for termi­
nation A. Decreases in the R values for termination B 
could only be achieved by increasing the value of dn 
very significantly beyond the truncated bulk value. It 
is noted from Fig. 1.4 that the minimum R for 
termination A occurs when dn is about 1.25 a.u. It is 
important that a minimum R occurs in the analysis of 
the (II) profile for termination A when dr. also is 
equal to about 1.25 a.u., since this provides a con­
vincing consistency to our analysis. Thus, we 
conclude that within the limits of the analysis, 
termination B does not exist on the Re( 1010) surface. 
Although a dn value of 1.25 a.u. for tennination A 
means a 17% contraction in the interlayer spacing, 
this represents only a 1.3% decrease in bond length 
between nearest neighbors. 

This is the first LEED analysis of a (lOTO) surface 
of an hep metal. Although we have employed a data 
base consisting of only two l-V profiles, the analysis 
has produced results that are consistent for both 
beams. Certainly a larger data base would have been 
useful, and it is hoped that our preliminary work on 
Re(l0T0) will motivate future work on this surface 
and also on the (I0T0) surfaces of other hep metals. 
Such work could determine whether the single 
termination and large interlayer contraction indi­
cated by our analysis for Re are common features for 
the (ION)) surfaces of hep metals. 

1. Summary of paper: Journal of Vacuum Science and Tech­
nology (in prns). 

2. D. M. Zehner and H. E. Farmworth. Surf. Set. 30, 335 
11972). 

3. E. Zanawi and F Jona. Surf Sci. 62, 61 (1977). 
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LEED ANALYSIS OF Re(0001) 

H. L. Davis D. M. Zehner 

During the past few years a program has evolved at 
ORNL for the analysis of LEED data. This program 
has required the development of extensive computer 
codes to perfonn the necessary multiple scattering 
calculations. These codes have been thoroughly 
checked for accuracy and then used to analyze data 
collected at ORN L. Several applications of the codes 
have been made, and each new one has provided 
valuable experience and insight which prove useful as 
the LEED analysis program proceeds. To gain ex­
perience in treating the surfaces of hep metals, it was 
decided to use the codes to analyze some existing 
data' for the (0001) and HOTO) surfaces of Re. The 
investigation of the (0001) surface is summarized 
here, and the (lOlO) work is described elsewhere.2 

The data base for this investigation consisted of 
experimental I-V profiles for the (01), (I I), and (02) 
diffraction beams with an energy cutoff of 200 eV.' 

To determine the cry*tallography of the Re(000l) 
surface, these experimental profiles were compared 
with calculated profiles. Several sets of calculations 
were done in which the scattering potential, inner 
potential, and surface region Debye temperature 
were varied. The set that produced the best agreement 
with the data and whose results are presented here 
was performed using a truncated-free-atom potential 
with full Slater exchange, S eV for the imaginary 
component of the inner potential, 14 eV for the real 
component of the inner potential, and a Debye 
temperature of 350 K. 

As has been discusst'. by others,1 the hep structure 
could terminate in two different ideal (0001) surfaces. 
By "ideal" we mean a perfectly planar surface with no 
steps. The two possible terminations are a con­
sequence of the . . . ABABAB . . . stacking along 
the e axis (i.e., the crystal could terminate with either 
an A or a B layer). The LEED pattern observed for 
either of these two terminations would exhibit a 
threefold symmetry at all energies of the incident 
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beam, but the diffraction pattern actually observed 
from Re(000l) exhibited a sixfold .-ymmetry. This 
implies that the experimentally investigated Re(0001) 
surface was probably composed of equal mixtures of 
domains of the individual terminations. A verifica­
tion of this composition is provided by Fig. 1.5, where 
the experimental (01) profUc is plo«.'̂ d and compared 
with calculations for the cwo possible terminations 
and their simple average. The calculated results were 
obtained from a uKHî I in which the first interlaver 
spacing of both terminations bad a 6% contraction 
from the bulk value. (Results below verify that this is 
a reasonable choke.) Figure 1.5 clearly demonstrates 
that terminations A and B produce different I-V 
profiles and that reasonable agreement with experi­
ment is obtained by the average of the profiles for 
A and B. 

ORNL-DWG 79-9t39 

EFFECTS OF TERMINATION ON 
THE (01) BEAM FROM Re (00011 

20 60 100 140 180 220 
ELECTRON ENERGY (eV) 

Fig. 1.5. Effect* of ttnBMMion on the (01) bam from 
IU(00OI>. 

In order to determine any possible variation in the 
value of the first interlayer spacing A</n from the 
bulk value, calculations were performed in which this 
structural parameter was varied. Figure 1.6 compares 
the results of such calculations for the(Ol) beam with 
the experimental profile. The calculated profiles are 
the average of those for the two terminations, and 
both terminations assumed the same val JC of \dv_. 
Also given with each calculated profile of Fig. i .6 are 
values of the single-beam reliability factor R defined 
by Zanazzi and Jona.4 These R values serve to 
compare numerically the calculated and experi­
mental profiles, with the smallest R giving the best 

OWii.-0WG 7 9 - 9 W 

(01) BEAM FROM Re (0001' 

20 60 400 140 180 220 
ELECTRON ENERGY (tV) 

Fig. 1.6. ^AwMorvaftodoaofOMfirMiBMrlaycr̂ aeiafoatlK 
MfcwttioaBl(OI)prafilw. 
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agreement. The R values obtained here have a 
minimum for \d>i s -5%. 

The experimental profiles for the (II) and (02) 
beams have aLo been analyzed, and the results are 
consf jtent with those for the (01) beam. Therefore, we 
have concluded that the Re'* 101) surface is com­
posed of equal mixture *>f J >•> lins of the two 
terminations, where both domairs have about a 5 ± 
2% contraction in their first interlayer spacing. The 
domains are probably connected by monatomic 
steps. la addition, the calculations would be expected 
to produce reasonable agreement with the experi­
mental profiles only if the domain dimensions for 
both terminations were larger than the coherence 
length ot the incident electrons. Therefore, our results 
for Re(0001) imply that the domain dimensions were 
at least of the order of 20 nm. 

1. D M . Zehner. Ph.D. thesis. Brown University. June 1972. 
2. H. L. Davis and D. M. Zehner. "Structure of the Clean 

RedoTO) Surface." this report. 
3 H. D. Shih et al., J. toys. CS, 1405 (1976). 
4. E. Zanazzi and F. Jona. Surf. Sci. 62, 61 (1977). 

HIGH-FREQUENCY VIBRATIONAL MODES 
AT STEPPED PKJ11) SURFACES' 

Mark Most oiler Uzi Landman2 

F'jach a.id BruchmannJ have recently reported 
inelastic <?iettron-loss measurements of localized 
phonons at me (332) or 6(111) X (11 J) surface of Pt. 
The most interesting feature of their results is that the 
observed phonon-Ioss peak occurs at a frequency of 
25.4 meV, slightly higher than the maximum fre­
quency of 24.3 meV in bulk Pt and roughly 15^ 
above the highest frequency peak at ~22 meV in the 
bulk density of states. This is somewhat unexpected, 
because pronon frequencies usizlly decrease at 
surfaces, thereby reflecting the missing bonds. To 
explain higher-frequency surface vibrational modes, 
the force co istants in the surface region must increase 
over their bulk values by substantial amounts. 
Arguing by analogy to a linear chain with first-
neighbor intentions, Ibacli and Bruchmann esti­
mated that the force'constants for atoms at the steps 
must be incre;. •< '. y a factor of approximately 1.7 to 
explain their utta 

Drawing conclusions for three dimension? from 
one-dimeiuionr.l models is generally somewhat riskv 
On the other hand, high Miller index surfaces with 
regularly stepped structures are difficult to treat by 

conventional methods that rely on use of a two-
dimensional Fourier transform with respect to 
surface wave vectors. An approach that does not vary 
in complexity with surface normal, that is, one that 
can be applied to (hkl) surfaces in the same way as to 
(100), (110), or (111), is the recursion method.4 We 
have applied this method to large clusters of atoms to 
investigate vibrational modes at stepped fee surfaces. 

For the interatomic forces, we use a first and 
second-neighbor (Inn + 2nn) bond-angle model like 
that described by Keatin?.5 In the bulk, this is 
equivalent to a general Inn + Tnn Born-von Karmzn 
model, but unlike the latter, the bond-angle model is 
.futcmatically rotationally invariant at surfaces. The 
first step in the calculations was to fit the fivt 
parameters of the force model to the neutron scat­
tering data Tor bulk Pt.5 Reasonably good agreement 
with the measured dispersion curves was obtained, 
although forces of longer range are needed to fit all 
details of the spectrum. 

Figure 1.7 shows the regularly stepped fee 
(332) surface. The atom? at (0,0,0), (0, - 1 , -1), and 
(0, —3, 3) are referred to here as edge, corner, and 
terrace atoms, respectively. Any atom that does not 
occupy a site on a surface step is called a bulk atom. 
For a surface as complex as that shown in Fig, 1.7, it 
is difficult to argue what relaxation will occur and 
I tow the force constants will change. We, therefore, 
adopted a pragmatic viewpoint and focused our 
attention on the step edges, allowing changes onl> in 
the first-neighbor bond-stretching force constants for 
edge and corner atoms. 

0ML-0W6 7S-2M22* 

Fit. 1.7. The fee (332) or 6(11T v (111) lurfice. 
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Figure 1.8 compares densities of states for edge, 
terrace, and corner atoms for vibrations along the 
[111] direction, the normal to the steps. To obtain 
these results, recursion was performed within dusters 
of 4099, 4313, and 4468 atoms, respectively. Tie 
dashed curves are those obtained with no changes in 

0.8 c 
ORNL-DWG 78-20521 

0.6 r 

0.4 r 

0.2 

(o) 

\ jr^. 'Hj. 
- . . ^ ^ : . i r > — . — i i — . — i , , . 1 , . - - ! . ^ - ! - . 

2 3 4 5 
FREQUENCY (THz) 

Fig. I J. Ncratlizad dcMities of state* for [III] vibration', at 
the Pt (332) tuttaet for edge («), icmoe (b),u4 comer (e) atoms. 
Full linet are fir Inn bv.^-stretching force constant increases of 
15,000 dynes/cm at the steps as described in the text, arid dashed 
lines are for no force-constant changes. 

the forces at the surface except for the absence of 
interactions involving missing neighbors. The solid 
curves were calculated by assuming that all Inn bond-
stretching force consunts for edge-comer, edge-bulk, 
and corner-bulk atom pairs were increased by 
about 35%. 

Figure 1.8 shows that no high-frequency modes 
occur for edge, corner, or terrace atoms in the 
absence of force constant changes, although the [ 111 ] 
densities of states for the three atoms are quite 
different from one another and from , l c bulk results. 
With Inn forces at the steps increased by ~35%, high-
frequency peaks appear for both edge and corner 
atoms, while essentially no change is seen in-the 
terrace atom density of states. The pronounced high-
frequency structure for edge and corner atoms 
extends from about the top of the bulk spectrum at 
24.4 meV to about 26.1 meV (5.9-6.3 THz; 1 THz= 
4.135 me V), in excellent agreement with the electron-
loss peak observed by Ibach and Bruchmann3 at 
25.4 meV (6.15 THz). 

Other sets of force constant changes at the steps 
yield high-frequency modes for vibrations along the 
step-normal d:rection. These can be distinguished 
from one another by the structure they give for [ 111] 
vibrations and by their effects for other atoms and 
vibrational directions. All the sets that we have tested 
require substantial (30-40%) increases in the force 
model parameters at the steps but not of the magni­
tude (70%) inferred by Ibach and Bruchmann from 
one-dimensional arguments. We have also performed 
calculations for another stepped surface si; ilar to the 
(332) or 6(111) x (I IT), namely the (755) or 6(111)X 
(100), and found similar results. 

1. Summary of paper Phys. Rev. B30, 1755 (1979). 
2. Consultant from Georgia Institute of Technology, Atlanta. 
3. H. Ibach and D. Bruchman.i, Phys. Rev. Leu. 41, 958 

(1978). 
4. R. Haydock, V. Heine, and M. J. Kelly, J. Phys. CS, 2845 

C972). 
5. P. N. Keating. Phys. Rev. 145,637 (1966). 

LATTICE RELAXATION AT METAL 
SURFACES: AN ELECTROSTATIC MODEL1 

Uzi Landman2 Ross N. 
Mark Mostoller 

HI! J 

The termination of a solid by a surface modifies 
both the atomic coordination and the conduction 
electron distribution. As a result, normal surface 
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relaxation (changes ininterplanar spacings relative to 
their bulk values) and surface reconstruction (lateral 
structural modifications) may occur. Surface relax­
ation has been measured fora number of foe. bcc.and 
hep low-index dean metal surfaces and a the subject 
of the present investigation. 

A first-principles determination of atomic posi­
tions at surfaces would require a very difficult, self-
consistent energy minimization for the coupled 
system of ions and cono action electrons, and no such 
calculation has been done. On the other hand, 
approaches based on pair potentials have usually 
predicted outward relaxations for low-index faces, in 
contradiction with experimental evidence that con­
traction of the first interlayer spacing occur> in many, 
if not most, cases. The inadequacy of surface relax­
ation models based on pair potentials has been 
emphasized by Finnis and Heine,4 who presented a 
heuristic model for sp-bonded metals. In their very 
simple picture, the electron dersity at the cleaved 
surface is smoothed to 1 perfectly flat, step-function 
distribution. As a res'ilt. the ions in the first layer 
experience an electrostatic force that produces an 
inward relaxa'ion. Finnis and Heine found results for 
the low-index faces of Al that were in qualitative 
agreement with experiment, but their model is not 
material dependent; it depends only on the crystal 
structure and the surface normal. 

It is clear that electrostatic forces make significant 
contributions to surface relaxation; these contribu­
tions cannot be neglected in comparison to those of 
short-range forces and broken bonds that generally 
(by themselves) predict outward relaxation. How­
ever, no systematic study of the effects of physically 
reasonable variations within an electrostatic model 
has heretofore been made. We have found that three 
such variations produce quantitatively significant 
effects: (1) multilayer relaxation; (2) charge density 
profiles; and (3) pseudopotential corrections. 

The simple electrostatic model used here combines 
the contributions to the forces on ions in the surface 
layers due to the delocalized electron distribution 
with those arising from interactions with the other 
ionic charges in the planar nets. Three modeli for the 
electron density were studied: (I) a step-function 
density profile, (2) an exponential form, and (3) a 
rigid self-consistent distribution derived from the 
jellium model.6 For the exponential density profile, 
pseudopotential corrections were incorporated in a 
simple way. Under the influence of the forces acting 
on them, ions in an arbitrary number of surface 
planes were allowed to relax from their bulk posi­
tions, and the planar displacements were determined 

by a rapidly convergent iterative technique. Except 
for the step-function density, the method * material 
dependent, in contrast to the original Finnis and 
Heine method. It is easy to apply and it yields correct 
trends when compared with measured relaxation 
values for several simple metals. 

To illustrate our results. Table I.I shows the 
importance of multilayer relaxation mechanisms for 
exponential charge density profiles at Al and I«a 
surfaces, with no pseudopotential corrections. The 
effect of allowing more than just the outermost layer 
to relax is significant for the surfaces that undergo 
large relaxations, which in Table I. I are the fee (110) 
and bcc(IOO) faces (these are the least densely packed 
faces). For these surfaces, allowing more layers to 
relax does not merely give nonzero values for the 
displacements of the deeper planes, but also modifies 
the displacements of previously considered layers. A 
tendency of the displacements to alternate in sign is 
noted, although for Na( III), for example, all layers 
relax outward. In general, after the first one or two 
layers, the magnitude of the relaxation decreases 
exponentially as one goes into the solid from the 
surface. 

The possibility that several layers may participate 
in the relaxation is potentially significant for LEED 
analyses of clean metal surfaces, in most of which 
only the top layer of atoms has been allowed to relax. 
In a recent study of Cu( 110) LEED intensity spectra, 
it was found that the structural model that fits the 
data best was about a 10% contraction of the spacing 
between the first and second layers accompanied by 
perhaps a slight contraction or expansion between 
the second and third layers.7 Similarly, for the 
Re(10T0) surface, about a 17% contraction of the 
first-second layer distance and a modest expansion 
between the second and third layers appear to give the 
best agreement with experiment.' In light of these 
recent studies and our results, it is suggested that 
multilayer relaxation models be considered more 
routinely in LEED analyses and in the interpretation 
of ion scattering and channeling experiments. 

1. Summary of paper: Phyt. Rev. B 21,448 (1910). 
2. Consultant from Georgia Institute of Technology, Athnta. 
3. University of Virginia, Charlottesville. 
4. M. W. Finnis and V. Heine. / Phyt. FA, L37 (1974). 
5. J. R. Smith. Phys. Rev. I l l , 522 (1969). 
6. N. D. Lang and W. Kohn, Phyt. Rev. B 1,4SSS ' " " " ) . 
?. H. L. Davis, i. R. Noonan, and L. H. Jenkins. Surf. Sci. 13, 

559(1979). 
8. H. 1.. Davis and D, M. Zehner. Journal of Vacuum Science 

and TertmoloKV (to be published): "Structure of the Clean 
Re(IOI0) Surface,' this report. 
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OPTICAL POTENTIAL IN 
ELECTRON SPECTROSCOPIES1 

Mark Rasolt H. L. Davis 

Until recently the major effort of solid state physics 
was concerned with the study of bulk properties. In 
the last decade, increasing attention has been given to 
both geometric and slectronic structures at solid 
surfaces. r*u>i>sis, corrosion, and high-energy atom-
surface interactions are just a few examples of the 
need for detailed surface studies. 

Because of the strong electron-surface interaction, 
electron spectroscopy has become a valuable tool in 
such studies. Photoemission, LEED, and AES are 
three examples of such commonly used electron 
spectroscopies in surface studies. They all share the 
same underlying principle, which is to inject a 
probing electron invo the surface region and to 
measure the details of its outgoing intensity. By 
comparing these intensities with theoretical calcula­
tions, the surface geometry and electronic structure 
are then deduced. 

If we confine our interest to the elastic part of 
the electron wave function <A(r,/). then the full 
theoretical description of (he above experiments is 
given by the Dyson equation 

- h 1 ^ : 
1m 

V2 + v(r) <W,')+f df »r , f, u>) <HV, t) 

ih — <Ht,t), (I) 

where v(r) is the ionic potential screened by the 
electrostatic potential of the electrons, w s l p & 
h2p2 / 1m is the energy of the initial wave packet of the 
interacting electron, and X is the optical potential. 
The details that can be obtained about the surface 
region are primarily limited, on the theoretical side, 
by our knowledge of the extremely complex structure 
of I . The primary purpose of this study is to re­
examine a commonly used model for 1. 

This model is known from the description of the 
interaction of electromagnetic waves with a dielectric 
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media interface in which the detailed interaction 
is replaced by a real and imaginary frequency-
dependent dielectric constant, that is. 

Hr, f, u) -»t'Aw) + U'.{w) (2) 

However, since the electron wavelength and mean 
free path are comparable to the surface region 
dimensions, the nonlocal structure of 2(r, r", w) is 
likely to be much more important. This nonlocal 
structure of I can be shown to introduce additional 
dependence on the direction of the momentum p. 
Because of the broken symmetry along the direction 
normal to the surface, £ must depend not only on the 
magnitude of jpj (or equivalently at), but also on the 
direction relative to the surface normal. The optical 
potential should thus be generalized from that 
borrowed from optical studies, Eq. (2), to 

£ * tl(z. o>) + t,2(z, oOcos'ff, 

+ higher order in cos 6P + it){z, at) 

+ it](z, w)cos:6p + higher order in cos 8P , (3) 

where 0, is the angle of p relative to the surface 
normal. 

The magnitudes of e,'(z. o») and t]{z, at) have been 
previously estimated1 and shown to be roughly 
- 8 and -4eV, respectively, in Al. We have carried out 
an equivalent calculation for t](z, or) and have shown 
it to be given by 

-t, \ - i ,,'in. A lp , p. a>, w(2)l tftijz) (4) 

where n(z) is the electronic density and A' and ir(0) 
are the well-known' vertex and polarization response 
functions, respectively, of the uniform electron gas. 
We have successfully carried out an estimate of A" in 
the random phase approximation, and our results are 
presented in Fig. 1.9. We note that t2(z, *) is of the 
same order of magnitude as the isotropic e,'(z, at) 
within the region -0.5 < zkfjlir < 0. Even more 
importan', since these anisotropic terms reflect the 
derivatives of the surface electronic density, Eq. (4), 
they are highly surface sensitive. In future studies of 
adsorbates or su-face reconstructions, both of which 

ORNL-DWG 79-9I22R 

<P = '6 tr - * / \ 
0.3 

* p «io tf ~rm/<>\ \ 

1 i W i*« / / \\ -i*« / / \\ 
-

T / 1 S 0.1 1 \ -
'< II 1 Jl II 1 

• * ^x / 0 v 
-0.9 -0.5 

rtF/2w 

Fig. 1.9. Tbe anisotropic contribution to the optical potential, Eq. (4), at a function of position t for two different energic* of the 
•altering electron. The step jellium background is also shown, tr and kf are the Fermi energy and momentum, respectively. 
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affect the electronic density n{z), such terms could 
potentially contain a host of detailed surface 
information. 

To measure the effect of these anisotropic terms on 
an electron intensity spectrum, we have carried out a 
model photoemission study4 for the (100) surface of 
AI. For simplicity, in oar initial calculation, we 
replaced the z dependence of t?(z, on) in the first layer 
by a constant equal to 2 eV. The effect on the photo-
emission intensity displayed in Fig. 1.10 clearly 
demonstrates the importance of such terms in 
detailed surface studies. 

1. Summary of paper Phyt. Rev. » JO, 5059 < 1979). 
2. J. B. Pendry. Low Energy Electron Diffraction, Academic 

Press. New York. 1979: J. E. Dcmuth, P. M. Marcus, and D. W. 
Jcpscn. Fhyz. Rev. B II, 1469(1975). 

3. P. Noberes. Theory of Interacting Fermi Systems. Benjamin. 
New York, 1964. 

4. M. Rasoh and H. L Davis. ffcrs. Rev. S 2 I . 144$ (1980). 

WAVE VECTOR ANALYSIS OF 
METALLIC SURFACE ENERGY1 

Mark Rasolt G. Malmstrom2 

D. J. W. Geldarr 
One of the most challenging and difficult problems 

in a many-electron system is the treatment of the 
exchange and correlation contribution to its ground 
state energy. This is not just a formal problem but a 
problem of practical importance since the kinetic and 
electrostatic contributions are separately the largest 

ORHL-OWG ND-tOSTO 
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Fig. 1.10. Results from model pfuxocnuajiofl calculation* (or an AKfOO) surface. The upper and lowf- curves .n each subplot were 
obtained using, respectively, an isotropic and anisotropic imaginary part of the optical potential. The anmuthal angle for the calculation* 
coincided with a (011) direction. In each subplot, the layer where the emission occurred and (he angular momenlum (I. m) of the entitled 
wave are indicated. 
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contributions to the ground state energy. However, 
when combined, they tend to largely cancel one 
another and thus leave the exchange and correlation 
contribution to govern such practical aspects as the 
cohesion energy and surface energy of solids. 

The exchange and correlation energy £ » of such an 
arbitrary collection of Af electrons in the presence of a 
nononiforn. external potential can be written as 

X J' <A[S A(q,q)-l)J. (I) 

with 

S4q, <0 = f rfV f rfV e ^ Y " ' S»(r, f) 
(2) 

where v(q) = 4ire 2/q 2 and k is the usual Toupbng 
consum. 

Equation (2) b exact, but its evaluation for an 
arbitrary nonuniform fermion system is presently a 
virtually impossible task. An approximation for 
Eq. (I) has been suggested by Hohenbergand Kohn1 

and is referred to as the LDA. In the LDA, Eq. (I) is 
approximated by 

£ K * £tf = f d%rn{X\tJLn{i)\ , (3) 

where e„{n(r)] is the exchange-correlation energy per 
electron of a homogeneous electron gas of density 
n(r). A connection between Eqs. (I) and (3) can be 
made if Eq. (3) is also decomposed in terms of its 
wave vector components. Then 

x [' </Av(q)/i(r){Sftq,/»(r)]- 1}. (4) 

where 5*[q, n(r)] is the structure factor of the homo­
geneous electron gas with local density n(r). 

In the limit of large wave vector fluctuations, 
Eq, (4) can be shown to give an adequate description 
for Eq. (I). 4 We have begun to examine the atxuracv 
of Elf [in Eq. (4)] for intermediate and small q 
regions. The nonuniform system which we are 
focusing on is that of a metal surface, and our motiva­
tion is to eventually gain a clearer appreciation for the 

importance of surface piasmons in metallic surface-
energy calculations, which is a long-standing and 
controversial problem.5 

We have completed a/iaff treatment, via Eq.(l),for 
the exchange contribution only within the infinite 
barrier model of a metallic surface (see Fig. I.II). A 
comparison with the equivalent local density form 
using Eq. (4) is given also in Fig. I.I I. The results 
dearly s u g g e s t t n a t for intermediate and certainly 
small q, Eq. (4) is inadequate. We next examined 
higher-order corrections to &, via i gradient 
expansion: 

£ £ * Jd*r BJMUWMT '5) 

The effect of including this contribution to the 
infinite barrier region is shown in Fig. I.I I. Clearly 

OftNL-DWC 7S- I3904* 

F * 1.11. Wave vector etroeaaaeitioa of At i 
tfwMioa to taeearfaee energy of ow inflate barrier regioawidi 
hue Coalnaw iawaiflfclf jamacttaa, The curve labeled yu>» 
the LDA, Eq. (4); the curve libeled yum if the LDA plus gradient, 
Eq. (5); and the curve labeled y*r it the full exchange retulu. 
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the intermediate and small q regions have improved 
significantly. In fact, we argue that for a realistic (and 
therefore more smoothly varying) density variation, 
the sum of Eos. (4) and (5) should yield a very 
adequate description for the exchange contribution 
to a metallic surface energy for a!i regions of q. Wo 
are continuing our investigation of these prints by 
including correlation in E*. 

1. Suromar> M piper: fftjn. Rev. BJt. 3012 (1979). 
2. Dalhoosie University, Halifax. Nova Scotia. Canada. 
3. P. Hohcaberg »Td W. Rohn. Phys. Rev. 136, B864 (1964). 
4. O. C. UngrttU and J. P. Penfcw. Phys. Rev. B 15. 2884 

(1977). 
5. i. Scbmit and A. A. Laca*. SoU Stale Commun. II, 4J5 

(1972); J. S. PhiBiBt, Comments SaSdSute Pfcrs.6,9! (1975); 
W. Kofca and N. D. Lang. Comments Solid Stmt Phys. 6, 95 
(1975). 

MICROSCOPIC THEORY OF THERMAL 
DESORPTTON AND DISSOCIATION 

PROCESSES CATALYZED BY 
A SOLID SURFACE1 

Gopa Sarkar De2 Uzi Landman1 

Mark Rasolt 

A microscopic model of thermal desorption and 
dissociation from metallic surfaces which exhibits 
explicit dependencies on characteristic parameters of 
the adsorption system has been developed. The 
evaluation of the rates of tbeie processes involved a 
derivation of the thermal adatom-solid coupling, a 
stochastic incoherent multiphonon mechanism for 
bond rupture, and coupling to final-state reaction 
channels. 

Figure 1.12 illustrates a model adsorption system 
of a positive ion placed at a distance z, from the 
substrate. When the substrate is fixed (i.e., not 
allowed to exhibit thermal fluctuations), the 
adsorbed atom sits in a potential well that binds it to 
the substrate. In order for thermal desorption to take 
place, the substrate is allowed to emit phonons that 
are then coupled to the adsorbate. When enough 
phonons are absorbed, the ion climbs to the top of the 
potential well and then desorption can take place. We 
succeeded in calculating the coupling of the phonons 
to the adsorbate in a microscopic model. We then 
performed a numerical study of the stochastic 
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H$. 1.12. The model adsorption system. The electron ps » 
bound in a slab o>' linear dimension /-. Tht first plane of substrate 
ions is located at J = I. - s . with s, = 0. The adsorbed ion i% located 
at z= I. + :.. 

climbing of the levels asa function of the charge of the 
adsorbate, its distance from the substrate, and the 
temperature of the substrate. Transition probabilities 
and rates obtained by using both truncated-
hannonk-potential and Morse-potential descrip­
tions of the chemisorptive bond were calculated and 
compared with experimental data4 for Xe and K 
desorption from a W substrate. Figure 1.13 presents 
the rate constant as a function of temperature for K 
adsorbed on W. The results show agreement with 
experiment and exhibit a linear relationship of the 
logarithm of the rate versus inverse temperature, thus 
justifying the use of absolute rate theory for these 
processes. 

1. Summary of paper: Physical Review fl(in press). 
2. Georgia Institute of Technology, Atlanta. 
3. Consultant from Georgia Institute of Technology. Atlanta. 
4. L. Schmidt and R. Corner. J. Chem. Phys. 42, 3573 

(1965). 

LATTICE DYNAMICS AND ALLOYS 

FIRST-PRINCIPLES CALCULATIONS OF 
THE PHONON SPECTRA OF Mo 

J. F. Cooke 
The lattice dynamics of transition metal supercon­

ductors is of interest because of the apparent 
correlation between anomalies in their phonon 
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Fig. 1.13. SoriiofuiUMuc plots of dcaorptioa nun verm* 
•nrewe umpemMt for tfce tyMar K adsorbed on W. The 
experimental points (open circles) were taken from ref. 4. Both the 
Morse potential (dashed) and truncated harmonic potential(solid) 
yield linear relationships in the plot of In H(T) vs invene 
temperature, parallel to one another (tune activation energy lot 
desorption) but with different intercept! (frequency factors). The 
results based on the Mone potential description of thcchcniisorp-
live bond are in better agreement with the experimentally deduced 
results than those derived from a truncated harmonic potential. 

spectra and the magnitude of the superconducting 
transition temperature. For example, anomalous 
dips observed in the phonon spectra of high Te 

transition metal superconductors are not only unique 
to such materials, but also become more pronounced 
with increasing Tc. 

In order to investigate the source of these 
anomalies and their relationship to superconductiv­
ity, first-principles calculations of the phonon spectra 
must be carried out. Such calculations are difficult to 
perform in metals because they depend on a detailed 
knowledge of the electronic band structure and 
certain many-body correlation functions. The 
method used here is based on the dielectric response 
foma~!*m, which involves a calculation of the 
density-density correlation function, or equivalently, 
the dielectric screening matrix. 

This formalism yields a result for the phonon 
energies which is exact to second order in lattice 
displacements; however, approximations to both the 
screening matrix and the band structure must be 
made in order to obtain numerical results. In 
particular, the R PA screening matrix is used, and 
explicit corrections to the electronic band structure 
which result from the electron-phonon interaction 
are ignored. Apart from these approximations, there 
are also strictly numerical problems associated with 
generating the band structure, relevant matrix 
elements, and Brillouin zone sums that must be 
solved. 

In recent years, numerical techniques have 
improved to the point where the accurate calcula­
tions of the phonon spectra can be carried out within 
the RPA dielectric response formalism. In principle, 
only the nuclear charge is needed as input to the 
calculation. The electronic system is divided into core 
electrons, which move rigidly with the nucleus to 
form an effective ion. and the remaining (conduction) 
electrons, which contribute to an indirect coupling 
between the ions. The division considerably simpli­
fies the calculation aiid can be shown to be correct 
provided the ionic potentials do not appreciably 
overlap from site to site. Direct numerical calcula­
tion has shown this to be the case for systems that 
have been considered thus far. 

A numerical test of this theory was recently carried 
out for Nb.'The phonon spectra along [100] was 
calculated and found to be in goc* agreement with 
experiment. The anomalous dip in the longitudinal 
acoustic mode was found to result from the difference 
between two smooth functions of wave vector, one 
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generated by the direct (Coulomb) interaction 
between the vibrating ions and the other by the 
indirect interaction through the conduction electron 
system. It was shown that the anomaly could not 
result from resonant screening or from Fermi surface 
effects. Because of the complex nature of the 
calculation, it was not possible to determine the 
microscopic origin of the anomaly. 

The calculations have now been extended to Mo in 
an effort to test further the theory- and to investigate 
the differences in the calculation between high and 
low Tc materials. Two different calculations were 
carried out, one based on a rigid band calculation 
using the potential employed in the Nb calculation1 

and the other on a recently published potential based 
on the local density approximation to exchange and 
correlation.2 The energy bands and wave functions 
were generated from a K.K.R band structure formal­
ism. 

The phonon spectra were calculated along the 
[100] direction. As in the Nb calculation, the square 
oi he phonon energy naturally breaks up into two 
terms: XQq), which was generated by the direct 

Coulomb interaction, and XEiq). which was gener­
ated by the indirect interaction referred to above. 
These two contributions are plotted in Fig. 1.14 for 
the case of the local density potential. SubscripB I. 
and T refer to longitudinal and transverse modes, 
respectively. The results for the rigid band cases arc 
similar in form. These results look very similar to 
those found for Nb except that the slope in the linear 
region of the XE{q) curve is different. Notice that 
there is no unusual behavior near the zone boundary. 

The square of the phonon frequency (in THz) 
for the local density case can be determined from Fig. 
1.14 by wing »Lriq) = 1096.3 [XCuriq) + 
XEL>iA't)\ The theoretical and experimental spectra 
are compared in Fig. 1.15. In contrast to the local 
density case, calculations based on the rigid band 
approximation were found to yield very poor 
agreement with experiment. Both calculations, 
however, did reproduce the anomalous minimum at 
the [100] zone boundary. It w?s also shown by 
removing Fermi surface contributions from the 
calculation that this anomaly is associated with the 
Fermi surface. 
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Fig. i .U. Contribution to the phonon frequency for Mo «k>ng [100] from the direct <XC) tod indirect (XE) inunction terms. 
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These calculations have shown that the RPA 
dielectric response formalism can provide a good 
first-principles quantitative description of the 
phonon spectra in transition metal superconductors. 
The dramatic differences between the [100] phonon 
spectra in Nb and Mo can be accounted for simply on 
the basis of a relatively small change in slope of the 
linear part of the indirect interaction contribution 
XE(q). Since the anomalies in both of these materials 
are not associated with the Fermi surface, it appears 
that T( and the anomalies are not oirectly related but 
instead depend independently on some special 
feature of the band structure that exists within an 
electron volt or so of the Fermi energy. Further 

analysis of the results obtained thus far is needed to 
identify uniquely the relevant behavior. 

1. J. F. Cooke. Sobd Sime Oh-. Prog. Rep. Sept. 30. 1979. 
ORNL-54W. p. i3. 

2. CairuJm/ed Electronic Prvprnirx of Metals, ed. by V. I.. 
Moroni. J. F. Janak. and A. R Williams. Pergamon. New Vort. 
1978. 

SELF-CONSISTENT CLUSTER THEORY 
FOR RANDOM ALLOYS' 

Theodore Kaplan L. J. Gray' 
P. L. Leath2 H. W. DieM* 

The treatment of disordered solids poses a difficult 
problem in solid state physics since, unlike the perfect 
crystal problem, there B no translational symmetry. 
As a result, a proper theory for this class of materials 
has developed quite slowly. The best known 
approximation for random alloys, the coherent 
potential approximation (CPA)," was introduced in 
1967. This is a self-consistent theory Unit includes 
only the scattering from a single site and is applicable 
to Hamiltonians which are a sum of terms that 
depends on, at most, the type of atom at one sue 
(diagonal disorder), that is, 

H = H , + £ H 1 ( J ( ) . (i) 
i 

H° is the contribution that is independent of the 
disorder and s, is the site occupation variable that 
denotes the type of atom at site /'. (For example, in an 
alloy composed of A and B atoms, * = A or B.) Such 
simplified Hamihonians neglect the effecu of the 
neighboring sites (environmental disorder). The 
expression for a general Hamiltonian would have 
the form 

// = H* +£"'(*) + £ / f W / ) 

+ I #'<*.* *) + .... (2) 

Environmenul effects represented by all additional 
terms in the Hamiltonian can be very important. For 
example, in a tight-binding representation, the 
hopping elements mtct depend on the type of atoms 
at the two sitei connected (off-diagonal disorder), so 
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that it b necessary to include terms of the form H1 in 
the Hamihorjan. 

Attempt* to extend the CPA to more general 
HamDtonians and to include duster scattering as well 
met with limited success until quite recently. In 1978, 
Mills and Ratanavararaksa developed a self-
consistent theory that properly included cluster 
scattering but still was restricted to diagonally 
disordered Hatnihonians. 

We have developed a completely general self-
consistent theory for elementary excitations in 
random alloys. It includes cluster scattering and is 
applicable to general Hamittcmans. his based on the 
augmented space formahsm,*'' which b an operator 
technique for treating functions of random variables, 
and on the self-consistent approximation of Milk 
and Ratanavararaksa.7 

Although this theory is valid in all dimensions, we 
have chosen to present one-dimensional model 
calculations because exact results are available for 
comparison. We have calrnlated the electronic 
density of states of a one-dimensional, tight-binding 
aOoy composed of A and 0 atoms. The Hamiltonian 
of this system b 

OfML-DWG 7 9 - 1 5 9 9 3 

H, = H&,+ W4*,$. (3) 

where i and/ label the s i tes ,« - A or B. and Wt is 
nonzero only for i and/ nearest neighbors. Note that 
both the diagonal and off-diagonal elements are 
functions of the atoms occupying the sites that they 
connect (i.e., there b diagonal and off-diagonal 
d border). 

Figure 1.16 compares the densities of states 
calculated by use of our self-consbtent approxima­
tion with exact results for linear chains with e(A) = 
-*B) = -2.5, *\A, A) = 1.0, W[A. B) = WB, A) = 
W(B, B) = 0.5, and a concentration of B atoms e$ = 
0.3. We have plotted the result for the self-consistent 
approximation with single-site scattering in Fig. 
1.160 ami the resulto for pair scattering in Fig. 1.166. 

The single-site approximation produces a smooth 
distribution that predicts the edges of the host band 
centered at -2.5 quite accurately. F " the defect 
band, the approximation results in a distribution that 
underestimates the band width but is centered 
properly about the major defect band peaks. 

As expected, the change from a single-site to a pair 
approximation produces a significant improvement 
in the density of states generated by the self-
consistent approximation. We find that not only does 
the self-consistent theory give excellent estimates of 
the band widths in both host and defect bands, but a 
distinctive three-peaked structure has appeared in the 

fig. 1.16. Density cf stales for electros* • a Isseardsun with 
4A)~+*(B)~ + 2J,B\A,A>~lJ0,WA.rftHB.S>-0.i,»ali 
O " 0 J . Comparison of the exact results (histogram) with the self-
consistent (a) single-site and (A) nearest-neighbor pair approxima­
tions (This is a model system and the units are arbitrary.) 

defect band which closely matches the major peaks in 
the exact results. The central peak in the defect band 
corresponds primarily to sutes localized on bolated 
B atoms, and the two satellite peaks correspond 
primarily to bonding and antibonding sutes local­
ized on B-B pairs. Furthermore, there b some smaller 
structure that appears in the host band due to A-A 
and A-B pairs. 

In order to reproduce more of the deuiled 
structure in the one-dimensional density of sutes, we 
would need to do self-consistent calculations that 
include scattering from larger clusters. 

1. Summary of paper: Phynctl Review B (in press). 
2. Rutgers University. New Brunswick. N J. 
3. Computer Sciences Division, UCC-ND 
4. University of Munich, Munich. West Germany. 
5. P. Soven. Htyt. Rev. I J*. SO* (1967). 
6. D. W. Taylor. Phys. Rev. IS*. 1017 (1967). 
7. R. Milk and P. RaUMvanvakss, fkyi. Rev. B II. 5291 

(I97S). 
I. A. Mookerjec. / Phyi. Ct. L205(I973). 
9. Theodore Kaplan and L. 3. Gray. Hiyt. Rev. B 14. 3462 

(1976). 
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DIFFUSION IN THE PRESENCE OF 
RANDOM DEFECTS 

Theodore Kaplan L. J. Gray1 

A study of the effects of a random distribution of 
defects on diffusion at surfaces and in the bulk has 
been initiated. We use a stochastic theory of 
transport, wherein the evolution of the system 
proceeds via transitions between elementary kinetic 
steps.2 These steps can be mapped onto a lattice, and 
the stochastic time development can be treated as a 
continuous time random walk. The presence of the 
defects in the systems is accounted for by modified 
transition rates in the neighborhood of a defect. All 
experimentally observable quantities can be deter­
mined from the particle propagator. Using the self-
consistent approximation of Kaplan et al.,J we have 
developed an effective-medium approximation for 
the particle propagator. Preliminary calculations for 
one-dimensional lattices have been carried out. 

1. Computer Sciences DTVBMM. UCC-ND. 
2. Uri Landman and M. F. SUeanfeT. Phys. Rev. B » . 6207 

(1979). 
3. Theodore Kar'an el al.. Physical Review A (in press); "Self-

Consistent Cluster Theory for Random Alloys." this report. 

GAUGE FIELDS AND CHARACTER 
OF ORDER IN SOLIDS 

Martin Ulehla 

Although the study of ordered an J amorphous 
states in solids has a long and distinguished ;radition, 
a satisfactory understanding and description of a 
glasseous state are still lacking. In this work, we 
exploit some geometric concepts and reconsider the 
notion of order in solids. The dynamical variables (as 
given by the Hamiltonian) are treated as a field in a 
fiber over point x of the base manifold M (which we 
take as a one-, two-, three-dimensional Euclidean 
space) and globally form a section through a fiber 
bundle. The fiber over a base point x is generated by a 
(local) group of transformations G». We are led to 
introduce gauge fields as connections, allowing us to 
determine the variation in the dynamical variables 
due to variation of xi.M. The structure group G as­
sociated with the gauge fields need not, in general, 
be the same as (h. This leads to the idea of broken (or 
hidden) symmetry, whereby the structure group can 
be used to classify the states of order in a solid. An 
example leading to the dislocation mediated theory 

of melting in two dimensions has been treated in 
some detail. 

I. D. R. Nebon and B. I. Haipcrin. Phys. Rev. B 19. 2457 
0979). 

PARTICLE-SOLID INTERACTIONS 

ROLE OF REVERSIBILITY IN ENHANCED 
ION BACKSCATTERING NEAR 180° 

SCATTERING ANGLE' 
J. H. Barrett B. R. Appkton 

O. W. Holland2 

Enhanced ion backjcattering yiekis from the near-
surface region ."or scattering angles very near 180° 
have been reported recently by Pronko et al. j The 
effect occurs in its simplest form for disordered, 
amorphous, or porycrystallinc targets, although it 
may also occur under channeling conditions in single 
crystals. We have used computer simulation to show 
that this enhancement is a manifestation of the 
reversibility of ion trajectories in solids and to 
explore the dependence of the angular and depth 
variations of this phenomenon on ion charge and 
energy and on target atom charge and mass. 

In addition to the usual features of computer 
simulation, we have included certain extra features. 
The key one is the storage of atomic positions near 
the ingoing part of an ion trajectory for use in 
calculating the outcoming part. Without this feature, 
the reversibility property is lost and the effect 
completely disappears in the simulation. A second 
feature we have included is the effect on the atomic 
positions and ion energy due to collision-induced 
recoils; this results in a noticeable reduction of the 
effect. A third feature, the inclusion of the depth 
resolution of the detector, gives a broadening of the 
depth range showing enhancement and noticeable 
reduction in the maximum enhancement. 

Figure I.I? shows experimental measurements1 of 
the peak enhancement made for Pt at a scries of 
angles together with calculated values. The angle ̂  is 
the amount by which the scattering angle deviates 
from 180°. The yields are normalized to the 
Rutherford scattering cross section. The error bars 
shown for the calculated points are estimated 
standard deviations for the statistical uncertainties of 
the simulation method. The horizontal ban asso­
ciated with the experimental points are the ±0.04° 
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angular range that the planar detector subtends at a 
point on the target. The calculated values in Fig. I 17 
illustrate the importance of including the depth 
resolution. The yield calculated at # = 0.55°, 
including lepth resolution, was 1.00 ±0.01 .confirm­
ing the normalization of the data made in ref. 3. No 
further normalization is required in making the 
comparison of experimental and calculated values. 

We have also done calculations for A1 to explore 
the charge dependence and the influence of nuclear 
recoil effects. Figure 1.18 shows the results for the 
depth range that gave the largest enhancement. The 
comparison in Fig. 1.18a shows that the effect of 
nuclear recoil is quite large. One feature to be noted is 
the existence of a region of yield deficit of 1-2% at 
angles beyond about 0.23°. To test whether this 
deficit region provides -ompen ..tion for the en­
hancement region ?,« one might expect. Fig. 1.186 
shows a plot of the yield enhancement (or deficit) 
without nu~:>.ar recoil multiplied by sin a>, the 
appropriate weighting factor for solid ?.ngle. The 
negative area corresponding to the deficit cannot be 
estimated accurately, but it appears very plausible 

that the region of yield deficit above 025° provides 
compensation for the region of yield enhancement 
below 0.25°. The area of the enhancement region 
may be taken as a measure of the strength of the 
enhancement. For A I, the area of the enhancement 
region, with nuclear recoil taken into account, is 40 to 
50% less than the area shown in Fig. 1.186. The 
corresponding reduction for I-MeV He on Pi is lOto 
20%. 

For the annular detector used in the experiments,1 

which covered the range 0.0S to 0.20°, the maximum 
enhancement factor for 1-MeV He on Pt is 1.64 ± 
0.04, while that for 0.5-MeV He on Al is 1.20 ±0.02. 
The difference for these two cases is due about 
equally to the greater influence of nuclear recoil on 
the A1 results and to a shrinkage of the angular range 
of the effect for AI relative to Pr The different 
enhancements seen in the Pt and Al calculations are 
in reasonable agreement with the limited experi-
menuJ results3 available for dependence on target 
atomic number. 

Other simulations have been done to assets the 
strength of tl.is enhancement under channeling 
conditions, in particular for the double alignment 
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surface yield. Results were obtained tor 1-MeV He 
io*»s incident on Auat room temperature ak>ng[l 10]. 
We computed the singlf -alignment surface yield io be 
2.176 ± 0.003 atoms per row. The uniaxial double 
alignment yield was found to be 3.IS ± 0.10 for 4t % 
0.02° and 2.79 ± 0.02 for an annular detector 
covering the range 0.0S to 0.20°. The enhanced 
surface yield in uniaxial double alignment is due t" 
increased scattering by atom layers just below the 
surface lay-T and hence by atoms that are sensitive to 
any atomic rearrangements in the surface regioi. 

These computer simulations have shown that the 
enhanced scattering yield near 180° is a manifesta­
tion of the reversibility of ion trajectories in solids. 
We have found that the calculated results show 
important dependencies on the inclusion of nuclear 
recoil effects, experimental depth resolution, ion 
energy, and ion and target atomic numbers. Our 
calculations have been able to reproduce accurately 
the observed angular and depth dependencies and the 
variation with target atonvc number. They also show 
that th; effect will be <.ttn under channeling 
conditions and may provide additional information 
about surface structure. 

1. Summary of paper to be published. 
2. ORAU graduate laboratory participant from North Texas 

State University. Demon. 
?. P. P. PfJnkn et al.. Rhys. Rev. leti. 43, 779 (1979). B. R. 

Appletnn el a. . "Enhanced Yield Effect for Ions Scattered near 
180 .~this report. 

POTENTIAL AND STOPPING POWER 
INFORMATION FROM PLANAR 
CHANNELING OSCILLATIONS' 

J. H. Barrett 
When a beam of high-energy ions is directed 

parallel or nearly parallel to rows or planes of atoms 
in a crystalline solid, the ions are steered by a 
coll' -live action of the rows away from the rows or 
planes into the î gions between them, a behavior 
called chaiinel'.ig. For alignment of the beam with a 
set of places, the ions oscillate back and forth 
between Jut planes as shown in Fig. 1.19. Inasmuch 
as the ions can only b" :cattcred to large angles when 
rhey are close to the planes, their oscillatory motion 
causes the scattering to occur selectively at certain 
depths. At each successive scattering region, '.he 
stopping pewer acts along both a longer ingoing and 
a longer outcoming path so that the intensity as a 
function of energy observed i n the detector presents a 
series of peaks. The relation between the separation 
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of the energy peaks, the half wavelength of the 
oscillation, and the stopping powers is given by 

A / - COS 0m \ 
A £ = — * 2 S» + SM), (1) 

2 \ COSipon / 

where A is the wavelength, the S's are stopping 
powers, the <p's are as defined in Fig. 1.19, the 
subscripts "in" and "out" refer to the ingoing and 
outcoming paths, and k1 is the standard kinematic 
fact jr. determined by the scattering angle and the ion 
and atomic monies. The quantities A£, k1, <t>t+, and 
tfw are all determined by the experiment, and Son 
may be assumed to be the random stopping power 
So* obtainable from standard tables. This leaves Sm 

and A/2 as unknown quantities in Eq. (1). 
One of the striking features of planar channeling is 

the series of strong peaks, illustrated schematically in 
Fig. 1.19, that occurs for exact alignment of the ion 
b"tm with the planar channels. A second feature is a 
very strong peak in the scattering that occurs at an 
angle near .he critical angle for channeling 'between 
the planes and at a depth of ~A/4. Botr of these 
features have been calculated by compi ler simula­
tion, and the second one is illustrated by the set of 
backscattering yield contours shown in Fig. 1.20. The 
angular coordinate of the maximum will be called 
4iu. It may be combined with the half wavelength and 
the planar spacing d, to give a parameter 

q = (\\l,^]d9. (2) 

Seveial calculations wee done to see how these 
quantities might depend on certain aspects of the 



23 

ORML-OKG 7a-224»R 

Q68 0.72 0.76 0-80 0.E-. 
ANGLE FROM (200) fafcq) 
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normalized to the scattering for random incidence, and a depth 
resolution or 7-nm FWHM has been included. T contours 
between the labeled ones arc spaced at equal intervals, and the dot 
gives die estimated position of the maximum yield. 

simulations. All were found to be very insensitive to 
the depth resolution function. For three different 
potentials, A./2 and $* were fc-tnd to vary by 8 to 
10%, but q was found to be 1.46 and independent of 
the potential to within the estimated accuracy of 
1.4%. Calculations wee also done for various 
potentials and depth resolutions for 1.9-MeV He in 
Be(0002) and with a single potential and depth 
resolution each for 0.25-MeV H in St(022)and 1.9-
MeV He in Fe(0l I). All of these ion-target combina­
tions were chosen to correspond to existing experi­
ments. In these additional cases, all quantities were 
again insensitive to the depth resolution, and q was 
insensitive to the potential. For Be, Si, and Fe, q was 
1.38 to within the estimated accuracy of 1.4%. The 
reason why q for Au differs from that for the other 
materials is unclear; it may be due to much stronger 
multiple scattering for this material when the ions are 
close to the planes. 

There appear to be two possible applications of 
these results. The first concerns the use of <l»v as a 
measure of the strength of the potential. This 
quantity can be calculated to an accuracy of 1% but 
was found to vary by 8% for Au and 11% for Be for 
the different potentials tried. Hence, experimental 
values of tin can be used to determine which of 
several possible potentials is best for a material. The 
measured value of ^«can also be used together with 
Eq. (2) and the calculated value of q to obtain a value 
of A' 2, This value of A/ 2 can then be used with Eq.(I) 
and the measured value of A£to obtain a value of S*. 

Past attempts to obtain Sa by other methods have ted 
to conflicting results, and it is hoped that the method 
proposed here may provide greater accuracy and help 
resolve the conflicts. The value of S» is of interest 
because of the relatively larger fraction of the time 
that trajectories spend near the atoms in comparison 
to a random trajectory; it would be expected that 5» 
would be somewhat larger .nan 5m. This proposed 
method of analysts has been applied to some of the 
past measurements, but the estimated errors are quite 
large. It is hoped that future experiments can be made 
that provide greater accuracy. 

I. Summary of paper Phys. Rev. B 20. 3535 (1979). 

ROLE OF CORRELATIONS OF LATTICE 
VIBRATIONS IN CHANNELING1 

J. H. Barrett D. P. Jackson2 

Ion backscattering under channeling conditions 
has been used to infer information about various 
properties of crystalline solids, with much recent 
interest in studying surface structure. In interpreting 
almost all such experiments, thermal vibrations of 
the lattice atoms play a significant role, but past work 
has no' included the effects of correlations between 
the vibrations of neighboring atoms. This work 
reports the first systematic calculations taking such 
'fleets into account. 

For studying surface structure, the ion heam will 
be directed nearly parallel to a set of rows in the 
crystals. In these circumstances, a single atomic row 
adequately 'epresents the geor. m / of the backscat­
tering since this portion of *ne backscat!*red ion 
spectrum arises from the uppermost few layers. 
Hence, the surface yield may be expressed as an 
effective number of atoms per row contributing to the 
backscattering. The calculations employed a stan­
dard computer simulation program for channeling1 

with the addition of a previously developed statistical 
continuation procedure4 to incorporate the effects of 
correlations. Ail atoms in the row were mutually 
correlated, and the length of the row was varied to 
ensure that no numerical artifacts were present in the 
calculations. 

Figure 1.21 shows a calculation of the surface yield 
L over a range of temperatures. The contribution 
from the first two atom! in a row was compared with 
the analytic expression of Oen,5 which is exact for 
two atoms; the comparison serves as a check on the 
computer simulations. The major result of the 
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Fig. 1.21. SatfaceyieM a* a taction tf temperature of 2-MeV 
He directed along Mo (111). 

calculations in this case is that correlations reduce the 
surface yield by about 15% over the range of 
parameters studied; this is noted in the first two 
columns of the first line of Table 1.2. There is a clear 
indication that correlations need to be taken into 
account whenever comparisons of the magnitudes of 
measured and calculated yields are used to infer 
information about surfaces. The present calculations 
have used bulk thermal vibrations and correlations 
and neglected any enhancement of vibrations at the 
surface over those in the bulk. Enhanced surface 
vibrations will probably produce an increase in the 
surface yield of comparable magnitude to the 
decrease produced by correlations. Consequently, 
the only truly satisfactory procedure will be one 
which takes account of correlations and surface 
vibrations together. 

Table 1.2. Change* in varioui quantities 
for 2-MeV He in Mo (III) 

Quantity 
Change 

produced by 
correlation* 

(%) 

Equivalent 
change in 
vibration 
amplitude 

(%) 

Surface peak at * = 0° -15 
Surface peak at <li = 0.6° -14 
Half angle* (* ~ l.0») +3 
Minimum yield -11 

13 
-12 
-8 
-f 

An ad-iitional calculation was done to explore the 
dependence of the surface yield on the angle of the 
beam direction from a row direction. The result is 
summarized in the first two tines of Table 1.2. The 
change produced by correlations is seen to be small 
over the limited angular range for which the surface 
yield can be separated from the bulk yield. 

A second quantity we calculated was the half angle 
d>i?, the angle at which the backscattering yield b 
halfway between its minimum value (attained when 
the ion beam is directed along an axis) and the value 
when it is far from any axis in a random direction. 
The change for this case is shown in the third line of 
Table 1.2. 

The third quantity we calculated was x-», the 
minimum value of the backscattering yield occurring 
when the beam is directed along an axis. Calculations 
between SO and 500 K indicate that correlations 
produce a rather uniform reduction in Xmm at all 
temperatures. 

The qualitative nature of the change due to 
correlations noted in column 2 of Table 1.2 is the 
same as would be produced by a reduction in 
vibration amplitude. Hence, it is of interest to explore 
what reduction in amplitude would be required to 
produce the same change as calculated in each case. 
Estimates of these reductions are given in column 3, 
using previous results3 for dependencies on vibration 
amplitude. 

The first three lines in Table 1.2 show an obvious 
trend; the effect of correlations, as measured by the 
change in equivalen' vibration amplitude, decreases 
as the angle of inclination to the row of the relevant 
trajectories increases. Although in a less obvious 
way, the minimum yield also fits into this trend, since 
many of the trajectories contributing to it have been 
scattered to relatively large angles as they impinged 
on the surface of the solid. So, for all the quantities 
calculated, the effect of correlations is largest for a 
quantity that is most sensitive to trajectories aligned 
with a channeling direction and smallest for a 
quantity that is least sensitive to aligned trajectories. 

1. Summary of paper*: Phys. Leu. 71 A. 359 (I"79); Nuclear 
Instruments and Methods (in pre**). 

2. Chalk River Nuclear Laboratories, Atomic Energy of 
Canada Limited. Chalk River, Ontario, Canada. 

3. J. H. Barren. Phys. Rev. B$, 1527(1971). 
4. D. P. Jack ion and J. H. Barrett, Comput. Phys. Commun. 

13, 157 (1977). 
5. O. S. Oen, Phys. Lin. 19, 358 (1965). 
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RADIATION FROM CHANNELED LEPTONS' 

M. J. Alguard2 S. Datz1 

R. L. Swent2 J. H. Barrett 
R. H. Pantell2 B. L. Berman4 

S. D. Bloom4 

This report presents some of the principal results 
obtained from a classical calculation of positron 
channeling by computer simulation.' The simula­
tions were adapted to include a Fast Fourier 
Transform of the motion of the particle through the 
three-dimensional crystal resulting in a classical 
calculation of the low-energy (i.e., ho> < ymc1) 
emission spectrum. The effects of thermal vibratbns 
and beam divergence were included in the calcula­
tion, and the contributions of ordinary and coherent 
bremsstrahlung were obtained in a natural way 
within the context of the classical approximation. 
For 36-MeV positrons, the simulations successfully 
predicted the energies of the main spectral peaks 

observed for channeling in (I00|, {110}, and (HI) 
planes of Si; these peaks had already been predicted 
by quantum and by classical continuum calculations. 
However, the simulations showed, in addition, thata 
second broad feature observed in the 60- to 90-keV 
range for the {111} channel results from channeling in 
the set of narrow {111} channels. The major peak at 
35 keV in this case arises from channeling in the set of 
wide {111} channels. 

At angles close to a (110) direction (which we call 
the z axis), coherent bremsstrahlung (CB) features 
identifiable with the frequency of crossing planes 
parallel to that axis also appear in the low-energy 
spectrum. Fig. 1.22a shows the projection in the 
x-y plane of a typical {110} trajectory. In Figs. 1.72b 
and 1.22c the direction cosines (/?*//} and fi,lfi, 
respectively) of the positron motion also are plotted 
z > a function of x along the channeling plane. 

The planar oscillation frequency is seen clearly in 
Fig. 1.22a and gives rise to planar oscillation 
radiation (POR) at 48 keV. The planar crossing 
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frequency, seen as the high-frequency component in 
Fig. l.22c,givesCBM432k*V. Figure 1.226contains 
frequency components showing strong coupling of 
the POR and CB radiations; these give major spectral 
peaks at 480 and 384 keV corresponding to ham ± 
neuron- The strength of the coupling between POR 
and CB depends, principally, on the planar channel 
and on the amplitude of the channeling oscillation; in 
some cases, the sideband intensity exceeds the 
intensity of the CB. 

The POR frequency does not depend on the angle 0 
relative to the crystal axis, but <uCB is proportional to 
sin 0, and hence the angular divergence of the beam 
strongly affects the width of the spectral peak. For 
36-MeV e\ the CB energy is calculated (at small 0) to 
be 1.45,0.966, and 1.57 MeV per degree of 0 for flOOj, 
{110), and {1111, respectively. Thus, for example, a 
beam divergence of <0.4 mrad is required to resolve 
the CB and CB ± POR peaks in the f i l l} plane. 

The experimental (110) e channeling-radiation 
spectrum contains indirect evidence for these 
phenomena. A computer simulation of the experi­
ment, including beam divergence, yielded a similar 
spectrum. It showed that 3*40% of the trajectories 
were actually planar channeled at small angles with 
-espect to the axis. The axially channeled component 
gave the feature observed at 2*50 keV (a combination 
of POR for all intersecting planes) and an additional 
broad feature in the 100-keV region similar to that 
seen experimentally; this feature probably arises 
from CB for paths 1-2 mrad from the axis. 

1. Summary of paper: Nuclear instruments and Methods (in 
press). 

2. Stanford University. Stanford Calif. 
3. Chemistry Division. OP.NL. 
4. Lawrence Livermore Laboratory. University of California. 

Livermore. 
5. M ]. Alguard et al.. IEEE Tram. Nucl. Sci. NS26. 386$ 

(1979); R. L. Swent et al.. Phys. Rev. Lett. 43, 1723 (1979). 

REDEFINED SCATTERING CROSS SECTION 
IN MONATOMIC SOLIDS1 

O. S. Oen 

The redefined binary elastic scattering cross 
section between like atoms is derived directly from 
the conventional classical elastic cross section by 
defining the primary to be that atom emerging with 
the greater energy following a two-atom collision. 
The new perspective provided by this redefined 

primary concept b useful in studying radiation 
damage and ion penetration phenomena in mon-
atomic solids. Stopping powers and range quantities 
of this redefined primary were calculated for a 
structureless solid using inverse power potentials 
(r~*) and the Moliere potential. For power law 
scattering, the redefined stopping power is J ( 2 I / S - 1 ) 
times the conventional nuclearstoppiag. By applying 
these results to the case of self-ion irradiation, one 
obtains improved simple estimates of the mean 
damage depth, the spatial density of nascent defects, 
and the primary recoil spectrum produced by the 
bombarding ion. Furthermore, although the rede­
fined scattering expression was developed for 
classical collisions between identical atoms, it can 
also be used for unlike atoms whose masses are fairly 
similar, such as the atoms of FeNi alloys. 

I. Summary of paper Nuclear Instrument! and methods (in 
press). 

THE TWO-ATOM SCATTERING MODEL IN 
ION REVERSIBILITY STUDIES 

O. S. Oen 

The recent discovery1 of enhanced back scattering 
yields from the near-surface regions of amorphous 
solids for scattering angles near 180° has been 
interpreted by Barrett2 through computer simula­
tions as originating from the reversibility property of 
ion trajectories. This interpretation suggests that the 
two-atom scattering (blocking) model might shed 
some insight into this phenomenon. Preliminary 
studies show that the model reproduces some of the 
typical features of this enhancement effect. The 
model consists of the following elements (see Fig. 
1.23). 

Let the atom responsible for the near-180° 
backscattering be located at O, a distance D below 
the surface. Consider a second atom at a distance / 
from O, such that the pair of atoms is inclined at a 
small angle 0 with respect to t!ie surface normal. The 
condition that a normally incident ion is focused to O 
(and therefore backscattered( by the second atom 
is 0 - 5/ / + <WJ), where s is the impact parameter 
and <Hs) is the scattering angle (small-angle approxi­
mation) determined by the ion-atom scattering 
potential. Because <H*) generally increases with 
decreasing s, 6 has an extreme value 9, for s = s,, 
Because of this extremum, backscattered ion* require 
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from O and from a layer of scattering atoms of 
thickness r ray be found by convohiting the 
incoming and backscattered fluxes to give 
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their trajectories to lie only in the neighborhood of 
the critical impact parameter 5r in order to emerge 
at angles close to the surface normal. This is believed 
to be the basic reason for the enhancement of the 
backscattering yield. For the two atoms discussed 
above, the differential scattering cross section for a 
normally incident beam to be focused to O is 

I2 6 de 

The two-atom scattering model should be a good 
approximation in a solkl of N atoms per unit volume 
provided there is only one significant scattering 
before the ion strikes the backscattering atom. 
Taking the probability for a single scattering with an 
impact parameter 5 to be e D'\ the fraction of 
incident intensity focused to O from a layer of 
random atoms at distance / and of thickness r is 
proportional to 

ffe'^rN — l^-ll'dded^ 
J J i3e \do\ 

= f"e-""h'2rrSTsds. (I) 
•'o 

The total focused intensity is found by summing Eq. 
(I) over all atomic layers between the surface and O. 
Knowing the critical impact parameters, Eq. (1) can 
be used to calculate the fraction of ions focused to O 
with impact parameters near s,. This fraction will 
maximize for some depth D which is expected to 
correspond to the maximum in the strength of the 
backscattering enhancement. For 1-MeV He ions, 
the calculated values of D are 60 and 120 A for Pt and 
Al, respectively, which agree quite well with Barrett's 
simulation results. 

ft1 = 41 + tf2 - 2*0 cos 4>, p = j+ # 5 ' ) . 

The total backscattering yield is found by summing 
over / for all contributing atomic layers. An exact 
evaluation of the above integral bdiffkultbecauseof 
the singularities in the integrand arising at the critical 
angle in the differential scattering function 

*1 
dP 

To date, the integral has been evaluated by 
approximating the scattering function as a delta 
function plus a step function at the critical angle +t. 
The results give a backscattering enhancement as a 
function of exit angle ^ and for small to moderate 
depths D that are in fair agreement with the computer 
simulations of Barrett.1 For large depths, the 
enhancement predicted by Eq. (2) does not vanish, 
which is believed to be a consequence of th: 
breakdown of the two-particle scattering picture. The 
results show that t .e enhancement region is compen­
sated by a deficit region at larger backscattering 
angles. Studies to evaluate Eq. (2) more precisely are 
continuing. 

1. P. P. Pronko « •!.. Pkys Rev. Un. 43. 779 (1979); B. R. 
Applcion et al.. "Enhanced Yield Effect for Ions Scattered near 
180"," this report. 

2. J. H. Barrett. B. R Appleton. and O. W. Holland."Roleof 
Reversibility in Enhanced Ion Backscattering near 180" Scattering 
Angle," thii report. 

3. O. S. Oen. Phys. Leu. I», 358 (1965). 

STUDIES OF LOW-ENERGY 
DISPLACEMENT CASCADES IN THE 

BINARY COLLISION APPROXIMATION 

M. T. Robinson 

The production of radiation damage in solids has 
been studied by computer simulation models of 
varying degrees of exactness. '"* Only the simplest 
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modes are computationally efficient enough to be 
applied at the relatively high primary recoil energies 
characteristic of fusion neutron environments. 
However, simple models such as the BCA are of 
limited applicability at the low recoil energies which 
characterize the motion of most of the particles in a 
displacement cascade. An important aspect of 
modeling fusion neutron damage production is thus 
an understanding of the low-energy behavior of the 
computer simulation cods which have been devel­
oped for high-energy damage studies. This report 
summarizes some recent work in this area with the 
BCA code MARLOWE.*"* 

A detailed study has been made of collision 
cascades generated in Cu by primary recoils of initial 
kinetk energies £o ranging from lOtoSOOcV. Ateach 
energy, a set of 1000 isotropically distributed primary 
particles was used. The quasielastic scattering of 
particles in a cascade was governed by the Moliere 
approximation to the Thomas-Fermi interatomic 
potential with the screening length an ~ 7.38 pm. All 
collisions with impart parameters *-ss than pm were 
considered, with p . a = 0.62. where a = 0.3615 nm is 
the lattice constant of Cu. Target atoms were added 
to the cascade if they received kinetic energy in a 
collision exceeding £ . = S.0 eV. All displaced atoms 
were required to surmount a binding energy £»=0.2 
eV and were followed until their energies fell below £ 
= 4.8 eV. The value of £* was chosen by comparing 
six LCSs evaluated with MARLOWE with the same 
events evaluated with the classical dynamical code 
COMENT.1 With the parameters chosen, MAR­
LOWE represents the length of (110) LCSs fairly 
accurately but overestimates the length of (100) and 
(111) LC*"s. Inelastic energy losses were included in 
the calculations using a model described previously.* 
When thermal displacements of the lattice atoms 
were wanted, the Debye temperature 6D= 314 K was 
used. MARLOWE organizes Frenkel defect pairs 
into classes based mainly on the separation between 
the paired interstitial and vacancy. Pairs remaining 
aft'-i removing all interstitials located in an 18-she 
instability region about each vacancy are termed 
"distant." These, in turn, are organized according to 
whether or not their separation exceeds a vacancy 
capture radius rv. 

Figure 1.24 shows the energy dependence of (v), 
the mean number of distant Frenkel pairs, for several 
cases. It is convenient to discuss first the results for 
the static lattice with rv = 0. In this case, the curve 
shows three inflections, indicated in the figure hy the 
letters «(~50 eV), b(~ 125 eV). and c("310 eV). 
Below a, the curve shows well-marked threshold 

O f» 2O0 300 40C SCO 
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behavior, similar to that expected from a Kinchin-
Pease model* with a threshold energy of about 20 eV. 
Near a, defect multiplication begins to be important 
and the curve rises approximately linearly to point b, 
again consistently with the Kinchin-Pease model. 
From b to c, however, although the curve is still 
plausibly linear, its slope is significantly less. Above 
c, finally, the slope increases again to something like 
its original value. When the value r,/a = 2 is used to 
remove the Frenkel pairs of smallest separation, the 
energy dependence of (**) is similar, but the threshold 
is less well marked and the inflections are moved to 
different values, marked d and e in the figure. The 
introduction of thermal displacements correspond­
ing to room temperature completely eliminates the 
inflections b, c, d, and e, without altering much the 
threshold region. 

Leibfried1* found that for the Kinchin-Pease 
model, the variance of the number of distant pairs 
was a linear function of the energy, that is, 

o 2/m = fV)-(<'>,J/<«'> 
= 4 In 4 / 3 - 1= 0 .1507. . .E>AEi . 

This quantity, the scaled variance, is plotted in Fig. 
1.25 for the MARLOWE cascades with rv = 0. The 
hard-core result is shown for an assumed £> value. 
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of distant Frenfcel 

Below about 80 eV, the computer simulations are all 
much alike and differ from the hard-core result only 
because there is no sharp threshold in thecalculation. 
The simulations including thermal displacemenu 
show a2!m to be constant above about 80 e Vat 300 K 
or about 140 eV at 0 K. In sharp contrast to this 
behavior, however, is that of the static lattice 
simulations. Here, o*lm continues to rise until a 
maximum is reached near 260 e V and then decreases. 
The behavior above 500 eV has not yet been 
examined. 

Detailed examination of the simulations shows 
that the anomalies in both figures can be associated 
with primary recoils starting near the (111 > direc­
tions. Multiple defects are substantially prevented 
from being formed as long as £b is less than the (111) 
focusing energy, about 250 eV for the potential used 
in the calculations.'" At higher energies, multiple 
defects are formed by {111) primaries, but, up to 500 
eV, not as copiously as for primaries starting in other 
directions. Approximately 5 percent of the primary 
particles can be assigned to the (111) region, that is, 
to a cone about a (111) direction with a half angle of 
about 9 degrees. 

The static crystal results may be interpreted in 
terms of a simple modification of the Kinchin-Pease 
model originally proposed to describe the effect's of 
channeling." In this model, in addition to the usual 
assumptions, it is imagined that each particle in the 
developing collision cascade has an energy-
independent probability p of slowing down to rest 

without producing further displacement;. This 
feature, though originally assigned a different 
physical origin, can clearly be assigned equally well to 
(III) LCS production. In this model,12 

(p) - [EtlZii , i -» 

13 and the scaled variance can be written as 

The latter dependence accounts for the results in Fig. 
1.25. Furthermore, if the data from Fig. 1.24 are 
replotted bilogarithmically, the static crystal results 
are fit very well over the energy range up to about 350 
e V by the value p=0.05, in complete agreement with 
the size of the (111) region. The 300 K results, m 
contrast, require p = 0. 

Thus, a consistent picture emerges in which all of 
the anomalies shown in Figs. 1.24 and 1.25 for the 
static lattice simulations can be attributed to the 
dynamics of (111 )LCSs. The introduction of thermal 
displacements into the model removes the anomalies 
by interfering with the propagation of these se­
quences. It seems probable, therefore, that thermal 
energy plays a significant role in the development of 
displacement cascades in the energy range below ~ I 
keV and must be included in computer simulation 
models to obtain correct results. 
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LASER ANNEALING 

DOPANT PROFILE CHANGES INDUCED 
BY LASER IRRADIATION OF Si; 

COMPARISON OF THEORY 
AND EXPERIMENT' 

J. C. Wang B. R. Appkton 
R. F. Wood P. P. Pnmko* 
C. W. White « R. Wilson' 

W. H. Christie4 

The dopant profile changes induced by pubed-
laser annealing of B-, P-. As-, Fe-, or Cu-implanted 
Si, as measured by secondary ion mass spectrometry 
and Rutherford ion backscattering, have been 
analyzed with thermal- and mass-diffusion calcula­
tions. The results show that these profile changes are 
consistent with near-surface melting and liquid-phase 
recrystallization. Values of diffusion coefficients for 
B, P, and As in liquid Si obtained by fitting the 
dopant profiles agree quite well with those reported 
in the literature. 

To calculate the change of profiles, we first 
assumed that a near-surface layer much thicker than 
the duped region is melted instantaneously at r = 0 
and then frozen instantaneously at a later time / = T. 
The one-dimensional Green's function solution of the 
diffusion equation was used to calculate the final 
profile. A good fit for a sample doped with B was 
obtained when Dr «* (668 A) :, where P is the 
diffusion coefficient in liquid Si. The result is shown 
by the dashed line in Fig. 1.26. The discrepancy near 
the 3000-A region was thought to be due to the 
neglect of the melt-front motion. To include this 
effect in the calculation, we first solved the problem in 
which the dopants were limited to diffusion in a slab 
of thickness x, where 0 ̂  x < /, from t=0 to f= Af. 
The melt-front was then moved in small steps, and at 
each step the dopants wt. e allowed to diffuse only in 
the slab between the surface (at x-0) and the melt-
front (at x = /,) for a short time Ar(. The I, and Ar, 
values were determined from the location of the melt-
front as a function of /, for which we used the melt-
front movement reported previously' but scaled it 
with a factor F. For the B redistribution, a good fit 
with this method was obtained when F = 0.764 and 
D = 3.09 cm2 / s. The fitted dopant distribution shown 
by the solid line in Fig. 1.26 is an improvement over 
that shown by the dashed line. The fitted values of B, 
P, and As diffusion coefficients in liquid Si are 
compared to experimental values in Table 1.3. 

The segregation of implanted Fe and Cu to the 
surface during laser annealing was explained by a 
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Dopant 
Melt-front 
penetration 

(A) 
nt 

(lO^cm'/s) 

B 
P 
As 

7120 
44*0 
7920 

3.09 
5.36 
2.97 

2.4* 
5.1* 
3.3* 

3.3° 
2.7* 

•See ref. 6. 
*See ref. 7. 

model that assumes an accumulation of impurities in 
the liquid in the immediate vicinity of the advancing 
melt-front and the incorporation of impurities into 
the solid phase when the accumulation in the liquid is 
sufficiently high. 

1. Summary of paper: AlP Con/. Prtx. JO, 123 (I97S). 
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EFFECTS OF THERMAL PROPERTIES 
OF AMORPHOUS LAYERS ON 
PULSED-LASER ANNEALING 

R. F. Wood G. E. Cues' 
The lattice damage created by ion implantation of 

semiconductors depends on the dopant, the implan­
tation energy, and the dose. In many cases (e.g.. 
100 keV implantation of As into Si), the near-surface 
region is made almost completely amorphous. The 
optical absorption coefficient of amorphous Si is 
approximately one order of magnitude greater than 
that of crystalline Si (~5X 10* cm"' compared to~3x 
101 cm'1) at the fundamental wavelength of a ruby 
laser (0.693 pm). This enhanced coupling of the laser 
radiation to the sample is the most obvious effect of 
the amorphous layer on pulsed-laserannealingand is 
accounted for in most theoretical calculations. 
However, the effects of the thermal, as well as the 
optical, properties of the amorphous layer have not 
been carefully studied, and it has been suggested that 
they would be large enou*.. 'o invalidate the melting 
model of laser annealing. We show here that these 
effects play a minor role in determining the melt-front 
penetration and velocity during laser annealing. 

The calculations were carried out with the 
computer program HEATINGS, which has been 
described elsewhere.2 The thermal conductivity K. 
melting temperature Tu, and latent heat of fusion L, 
in the amorphous layer were substantially altered 
from their crystalline values; accurate values of these 
quantities in amorphous Si are not known. The 
general result of the calculations was that the gross 
features of the laser annealing were changed very 
little by varing the thermal properties, although there 
were differences in detail. An illustration is given in 
Fig. 1.27 which shows melt-front position as a func­
tion of time for laser pulses of energy Ei - 1.4 J / cm1 

and pulse duration r, = 15 n$and for £ = 1.5 J/cm1, 
r; = 60 ns. The amorphous layer was 0.15 fitn thick, 
and the ratios of amorphous to crystalline latent 
heats L.I L were chosen as indicated on Fig. 1.27. 
The melting temperature and thermal conductivity 

onnL-ows-nnJ 

20C 

F » 1.27. o/tawewiihaBd 
oftfeel 

were not changed from their crystalline values. It can 
be seen that a 40% reduction of the latent heat in the 
amorphous region increases the penetration by only 
~0.02 jim. Similarly, small changes in annealing 
behavior were obtained when Tu was decreased from 
1410 to 1000°C and K was modified to have the low-
temperature behavior of an amorphous material. 

Evidently, substantial reductions in K, Tu, and L 
do not cause large changes in the nek-front histories, 
as has been suggested. The reason for this somewhat 
surprising result are quite simple, as some of the 
subsidiary output data of the computer calculations 
showed. When K, Tu, and L are reduced, it takes less 
time and energy to melt the surface, as expected. 
However, because the reflectivity switches from 
0.35 (solid) to 0.60 (liquid) earlier i • 'he laser pulse, 
the total energy absorbed may not be greatly 
different. For a quite similar reason, reducing Tu and 
K also have relatively minor effects. 

1. Computer Sciences Division. UCC-ND. 
2. W. D. Turner. D. C. Elrod. and f. I. Siman-Tov. 

HEATINGS- An IBM 360 Heat Conduction Program. ORNL 
CSDTM-IS (March 1977). 

DOPANT PROFILES 
IN LASER-RECRYSTALLIZED 

DEPOSITED LAYERS 
R. F. Wood R. T. Young 

Doped layers of amorphous Si deposited on single-
crystal substrates can be epitaxially recrystallized by 
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pulses from a ^-switched ruby or Nd:YAG laser. A 
uniformly doped amorphous layer might be expected 
to lead to abrupt p-n junctions such as those typically 
obtained by conventional epitaxial techniques. 
However, since the molten layer produced by the 
laser irradiation must contact the single-crystal 
substrate before good epitaxial regrowth can occur, 
questions arise concerning the extent of dopant 
profile spreading into the substrate region. Theoret­
ical studies of profile spreadingin laser-recrystailized 
deposited Si layers have been carried out in conjunc­
tion with experimental studies' in the photovoltaic 
program. 

The experimental profiles after laser treatment 
were determined by Hall effect measurements in 
combination with anodic oxidation and stripping. 
This method is unable to determine the initial dopant 
distribution because the dopant atoms are not elec­
trically active in amorphous silicon. Figure 1.28 
shows results for the cases of 1000 and 2000 A As-
doped layers, epitaxially regrown with I S-ns pulses of 
1.55 and 1.78 J/cm\ respectively. The dopants have 
spread deeper into the substrate in a manner very 
similar to dopant redistributions in As-implanted, 
laser-annealed samples. The complete absence of 
concentration spikes at the surface should be noted. 
The solid lines in the figure are profiles calculated by 
techniques described elsewhere.:J The liquid-phase 
diffusion of As was calculated from ideal (completely 
uniform As concentration) as-deposited profiles 
(dotted lines) without considering the possible com­
plications due to interfacial oxygen films between the 
substrate and the deposited layers. The as-deposited 
profiles were adjusted to give the same total dopant 
content as that measured after the laser-induced 
diffusion. This implies that no dopant escaped from 
the front surface, which is consistent with measure­
ments on ion-impiamed, laser-annealed samples. 
Because there is no evidence in the experimental 
profiles of an abrupt buildup in the concentration 
very near the surface due to terminal transients, the 
interface segregation coefficient k, was trisen to 
be 1.0. The equilibrium segregation coefficie.u fc? for 
As in Si is reported in the literature to be 0.3, but the 
experimental data could not be fitted with th's value, 
primarily because of the concentration spike it 
produces at the surface.4 The fact that k, must be 
made larger than k° clearly establishes that segrega­
tion effects during laser annealing depart substan­
tially from those exhibited under near-equilibrium 
conditions of solidification. This is not surprising 
when the high crystal regrowth rates (3 to 4 m/s) 
involved in laser annealing are considered. The 
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agreement between the experimental and calculated 
profiles is very good. Calculations2'1 of the liquid-
solid interface motion under the conditions used in 
these experiments show that the near-surface region 
of the sample melted to denths of approximately 
3360 and 5830 A, respectively. The melted region 
then recrystallized epitaxially from the underlying 
substrate in a defect-free layer, as expected from 
previous experience with laser-annealed sample*. 

It can be seen from Fig. 1.28 that the dopant 
profiles, after the laser irradiation, penetrate into the 
substrate region and are rounded as compared to the 
assumed starting profile (dotted line). The melt-front 
penetrations for both the 1000- and 2000-A layers, as 
determined by the calculations, are substantially 
greater than those needed to epitaxially regrow the 
deposited layers. The laser energies used in the 
experiments were made rather high because of 
concern about the oxide interface layer between the 
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deposited film jnd the substrate. With improved 
experimental conditions, it should be possible to 
reduce the melt-front penetration to the point where 
the spreading ct the dopant into the substrate region 
is virtually eliminated. 

/(x) = (!-r)/Jfc*~ (2) 
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CARRIER DIFFUSION DURING 
PULSED-LASER ANNEALING 

R. F. Wood 

Recent calculations by Yoffa1 would seem to imply 
that the diffusion of the hot, dense gas of electrons 
and holes generated during laserannealing of Si plays 
a dominant role in determining the temperature rise 
of the lattice. The idea is that at the high excitation 
rates used in pulsed laser annealing, the laser energy is 
given to the lattice within a characteristic depth 
determined primarily by carrier diffusion rather than 
by the absorption coefficient of the sample. Here it is 
shown that such carrier diffusion does not alter the 
picture of melting and liquid rpitaxial reg.owth that 
is used to interpret most of the laser annealing 
experiments at ORNL. 

The following expression for the electron density in 
the near-surface region of a laser-irradiated sample, 
derived in ref. I, is 

where r is the reflectivity, k = 6"1 is the absorption 
coefficient, and /„ is the intensity of the incident laser 
beam. Equation (2) is generally the form chosen for 
the source function in calculations of heat generation 
and conduction during laser annealing.2 In Eq. (I). 
giuui is the rate at which the incident radiation is 
absorbed in the sample by electronic excitations and 
is therefore equivalent to (I - r)/Jc in Eq. (2). The 
quantity .\\jAxXbm; r,) from Eq. (1) can be inter­
preted as the rate at which the absr rbed energy is 
given up to the lattice through electron-lattice inter­
actions and is equivalent to l[x) in Eq. (2). 
Equation (I) can thus be rewritten as 

l(x) = (1 - r)Ua -6)1 (a + 6)"'(« * * -6e "") . (3) 

If carrier diffusion is negligible, a = 0 and Eq. (3) 
reduces to Eq. (2) as it should. 

In her illustrative calculation, Yoffa chose haii = 
2.3 eV, 6 = 10*5 cm, r = 0.5, and a typical annealing 
pulse of 10* Wcm : . This choice corresponds 
approximately to a 1 .S-J cm, 1 S-ns square pulse of a 
frequency doubled Nd: YAG laser and leads to an 
estimate for a of 2.5 X 10~5 cm. Figure 1.29 shows the 
ratio Fab, = l(x)[(\ - r)/«] as a function of .tforfour 
different sets of values for a and 6. The very high 
value of k = 1,6 = 10* cm"! assumed by Yoffa does 
indeed make the effects of carrier diffusion appear to 
be significant (compare • with A). However, from 
Fig. 1.29, it is seen that this situation can be approxi­
mated very well by using an effectiveabsorption coef­
ficient of * = (l.0 + 2.5) ! X I05cm ' = 2.86X10*cm ' 
in the simple exponential form of Eq. (2). 

The results of calculations of melt-front penetra­
tion as a function of absorption coefficient for two 

N,Ax) = 
gbwir, 6ia 

ha* I - (6,' o) 
' >\ X(e'a-(6 a)e"), (I) 

where g is the carrier generation rate, 6 is the absorp­
tion length for laser radiation of frequency «£. r,is 
the phonon emission rate due to collisions of the 
photoexcited electrons with the lattice, and h<u is the 
energy of the emitted phonons. The parameter a, the 
characteristic diffusion length of the carriers, is 
discussed at length by Yoffa. 

Equation (I) has a form analogous to the familiar 
expression for the spatial falloff in intensity f(x) of 
radiation incident on an absorbing medium. 

OMH.-(WC J»-IOS«« 

i 1 1 1 I I I I T 
0 8 

• ft M0"'cm , o * 0 
• 8 . 0 v««2.5«<0-*cm -

" » S'lO"*cm,«»2 5 i <0"'em 
f 0.6 — • o 8 . J.5 «K>"'cm;o»0 — 

O 

0.2 
< A 

8 

1. 

• 
* 
0 

1 

1 
1 

i 
I ? § • • • 

1 f T I t .._ o.« 0.2 O S 
0CPTH ( M ml 

0.4 

Fig. I.». The ratio F*. - [/(*)/(! - t)h) M a 
ditttac* from (be front wrtaet of the 

0 5 

Of 

file:////jAxXbm


34 

different models are shown in Fig. I JO. The c-model 
assumes that there is no distinct amorphous layer 
present and that, as a consequence, the absorption 
coefficient has some average constant value through­
out the sample. The <r-model, on the other hand, 
assumes that there is a O.IS-/un-thkk amorphous 
layer at the surface of the sample. Within this layer, 
the value of it (=&.) was varied over the range shown, 
while keeping & in the crystalline region beyc.id the 
amorphous layer fixed at its perfect crystal value. The 
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latter value of k is that appropriate for single-crystal 
Si at the wavelength (\ = 0.693 pm) of the funda­
mental mode of a ruby laser. It can be seen that the 
maximum penetration depth of the melt-front in the 
c-model is essentially constant for wide ranges of the 
effective absorption coefficient. Hence, within 
certain limits, it does not really matter with this 
model whether or not carrier diffusion of the magni­
tude estimated by Yoffa is present. The results for the 
a model are more sensiti' 'o values of k, for an 
obvious reason. With t tiorphous layer only 
0.15 urn thick, much of the absorption of the laser 
radiation may occur in thecrystalline region, where k 
is assumed to be only 5 X 10J cm"'. As He. increases, the 
percentage of the radiation absorbed in the 0. IS-pm 
layer increases rapidly also, leading to the dashed 
curve on Fig. 1.30. Nevertheless, even for this model, 
much larger values of a than those estimated by Yoffa 
would be required to reduce th* effective absorption 
coefficient to the extent that the predictions of the 

1. E. J. Yoffa, Applied Phrncs Letters .u; pros). 
2. J. C. Wang. K. •". Wood, and P. P. Pronko. AppL Pkys. Lett. 

33,455(1978). 

MODEL FOR NONEQU1LIBR1UM 
SEGREGATION DURING PULSED-

LASER ANNEALING 

R. F. Wood 

Values of the equilibrium interface segregation 
coefficient it? for B, P, and As in S i' are 0.80,0.35, and 
0-3, respectively. Standard theories of crystallization 
under equilibrium conditions,2 applied to the laser 
annealing process, show that in As- and P-implanted 
Si these values of it? should produce huge concentra­
tion spikes at the surface. These surface spikes are not 
observed in , As-, and P-tmplanted, laser-aiincated 
Si 3 or in As-doped amorphous Si layers recrystallized 
by a laser.4 Moreover, satisfactory fits to the dopant 
profiles in these cases can only be obtained with 
values of it, nearly equal to unity. 0 Recently White 
et al.' used Rutherford backscattering techniques to 
measure the profiles of As, Sb, Ga. In, and Bi in ion-
implanted, laser-annealed Si. From fits of the mea­
sured profiles, values of it, wereextracted.The results 
in refs. 3-6 provide data on the segregation behavior 
of B, P, As, Sb, Ga, In, and Bi in Si during laser 
annealing. Values of it? and it, are shown in Table 1.4. 
The most striking feature of these data is the very 
large differences between it? and k, when k? is small. 

A phenomenological model based on the kinetic 
theory of melting has been developed to explain these 
nonequilibrium segregation effects. The model takes 
into account the idea that for a recrystallization 
velocity v>0, new layers may be added to the solid so 
quickly that dopant atoms in the interface region 
have a reduced probability of escape from the solid 
being formed. 

Rate equations for the incorporation of host h and 
dopant d atoms into the solid are written as 

Rf = K{C,L - Kj'Cf j = h,d. 0) 

where C/ and Cf are the concentrations of /-type 
atoms in the liquid and solid, respectively, and A/and 
K) ate the forward (liquid — solid) and reverse rate 
constants in m/ s. The rate constants are assumed to 
be of the standard activated form, for example. 

h 
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Table 1.4. Resahs of ofcabcioa of *, 
» d « * to expcriiMBt 

Dopant * ; 
*.-

(exp) 
<»o = constant) (» 0 = D,/x 0) 

At? 
<*V) c$/c*> 

B 0.8 !.00 0 9 8 0.99 -0.032 
P 0.35 1.00 «><»o 0.95 -0.152 1.5 
As 0 J 1.00 0.88 0.97 -0.175 1.4 
Sb 0.023 0.7 0.68 0.88 -0-547 26 
Ga 0.008 0.2 0.61 0.31 -0.700 14 
In 0.0004 0.15 0.45 0.15 -1.134 400 
Bi 0.0007 0.4 0.48 0.39 -1.053 1000 
Al 0.0020 0.53 0.52 -0.901 55 

IC = Ajcxp(-U:,RT), (2) 

where U'j is the barrier height; similar forms hold for 
Kl, Kd, and Ki To account for dopant trapping, Lj 
is written as 

W(v)= UT + M/Hv) (3) 

where V7 is the equilibrium value. The term AUj(\) 
may be a complicated function of v. but is must go to 
zero as v — 0 and to a constant value a> v becomes 
large. After some simplifying assumptions and a 
moo-rate amount of algebra, one obtains 

k, = k?exp[SU'Av)i RT] , (4) 

have contended. The velocity v,. can be related to an 
average diffusion coefficient D, in the interface region 
by D, = v, jr... Of coi rse. D, is not known, but if it is 
assumed that it is proportional to Dt, the dopant dif­
fusion coefficient in the liquid, then v„ = Di x0, and 
with xo = 225 A, the results in column 5 are obtained. 
Values of Z> were taken from the literature and varied 
within the stated error ranges to fit Ac. (exp). Only for 
Sb and Ga are there appreciable differences between 
columns . and 5. Approximately 10 and 40%, 
respectively, of these dopants were lost during 
annealing, and this made a fit to the experimental 
profiles difficult. Figure 1.31 shows the results for A 
as a function of v using Eq. (6). 

where 

*,0 s (Ch Ci) .=» and Jt, = (clj Ci) 

are the equilibrium and nonequilibrium segregation 
coefficients, respectively. 

Several simple forms for U'j(v) have been used in 
the calculations to date; one of these is 

O*m.-0wG r»- i»»«2» 

l/^v) = V? •:• \ UT[\ - exp(-v, v,,)] . (5) 

With this form and the requirement that k, — I as 
v — oo, Eq. (4) becomes 

*, = *°exp{(- RT In *,°)[l - exp(-v v„)]/ RT) .(6) 

Column 4 of Table 1.4 shows the results obtained 
from Eq. (6) when a single value of vn, independent of 
dopant species, is used. Clearly, the model can 
account for the extraordinarily large differences 
between Ac? and k,(e\p). This is a major success of the 
model and shows that it is not necessary to abandon 
the melting hypothesis of laser ar.nealing, as some 
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Column <j iii Tabic i A give.; vaiues for ai/T- When 
these "trapping energies" arc compared to values of 
U], tii* activation energy for dopant diffus n̂ in th* 
jolid, it is found that AlC is a rather small fraction of 
Uj. Thus, for the dopants listed in Table 1.4, the 
bonding between the dopar. and host atoms is 
adequate to account for the trapping. 

From the expression for Ck in an ideal dilute 
solution, one can obtain 

Cj = k,[\ - exp(-v K{)} . (7) 

With the values of k, in column 5 of Table 1.4, v = 
4 ms, and .V'. = 100 m s. Cj was calculated. The 
ratios of CJ to the maximum equilibrium solubility 
CT are given in the last column. These ratios are in 
satisfactory agreement with the experimental esti­
mates in ref. 5. 

1. F. A. Tnimbore. Bell System Tech. J. 39,205 (I960). 
2. V. G. Smith. W. A. Tiller, and J. W. Rutter, Can. J. Phys. 33, 
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3. C. W. White. J. Narayan.and R.T. Young. Science 204,461 

(1979). 
4. R. T. \ oung, J. Narayan. and R. F. Wood, Appl. Phys. Leu. 

35,447(1979). 
5. J. C. Wang. R. F. Wood.and P. P. Vionko.Apf i. Phys. l*it. 

33,455(1978). 
6. C. W. White. S. R. Wilson, and B. R. Appleton. J. Appl. 

Phys. 31,738(1980). 

SUBSTRATE HEATING DUR. *G 
LASER ANNEALING 

R. F. Wood G. E. Giles1 

For a number of reasons it may be desirable to heat 
or cool semiconductor samples during pulsed-laser 
annealing. if, for example, an available laser cannot 
supply the energy required to melt the near-surface 
region to a particular depth, sample heating may 
extend the melting ra .ige to that depth. Ev n with a 
laser of sufficient power, it may be advantageous to 
heat the substrate so that the lowest possible energy 
density for annealing can be used. In this way, the 
effet's of t'.ic spatial inhomogcneit!:s in the laser 
beam can be better controlled. The most interesting 
use of substrate heating and coc'ing at this time may 
be to control the melt-front velocity v during 
resolidification of the melted near-surface region. In 
a model developed by one of us,2 the interface 
segregation coefficient k, for an impurity in the semi­
conductor is (' ectly related to v and to the 
equilibrium interlace segregation coefficient A:,0. If the 

melt-front velocity can be changed by substrate 
heating, a relatively simple method for testing the 
model and for studying other aspects of nonequi-
librium segregation during ultra rapid resolidification 
is available. 

Figure 1.32 shows a series of calculated n.elt-front 
histories for a Si sample held at various steady-state 
temperatures before and after irradiation with a 
single 15-ns, 0.82-J'cm2 pulse from a ruby la»er. 
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Fig. 1.32. Cakalat^<iDClt-frofUbift<-ne«for«Siiaii>plecookd 
or heated to the tcuperatuict indicated. 

These calculations model ihc laser annealing of a 
single-crystal sample of Si implanted with 75As 
(100 Y«\\ 1.4 X 10'* cm"2). The As implantation was 
assumed to make the iicar-surface region nearly 
amorphous to a depth of 0.15 j*m. The absorption 
cotTicient of the laser radiation was taken to be 5 X 
104 cm"1 in this region and 3 X I05 cm"1 at greater 
depths. The reflectivities in the solid and liquid states 
were 0.35 and 0.60, respectively. From a ser.es of 
results such as those in Fig. \ "2, the melt-front 
penetration as a function of subs, rate temperature 
can be obtained; this is shown in F:q. 1.33 for three 
different pulse energy densities. 

Values of the melt-front velocity can be found from 
curves •"•h ss those shown in Fig. 1.32 by taking the 
derivative at any time. The recrystailization velocity 
is clearly not constant, but an average velocity is all 
that is needed at the present stage of the development 
oi'I?ser annealing. Figure 1.32 shows that variations 
of factors of 2 to 3 in the average melt-front velocity 
during recrystailization can be produced by substrate 
heating in easily accessible temperatur anges. 
Although larger variations of v are desirable, it is 
appaicnt that substrate heating can be used to study 

http://ser.es


37 

ORNL-0W6 79-19299 

1 1 1 1 1 

-200 0 200 400 600 800 
T,, SUBSTRATE TEMPERATURE (*C) 

fit. 1.33. Minimum melt-front penetration M • function of 
nibctfluc beating for three different later energies. 

the effects of melt-front velocity on dopant segrega­
tion during laser annealing. Experiments by White 
et al.3 confirm the utility of the technique. 

1. Computer Sciences Division. UCC-ND. 
2. R. F. Wood, "Model for Noneqtitibrium Segregation 

During Pulsed Laser Annealing." this report. 
3. C. W. White et al.. "Kinetic Effects in t^ser Annealing of 

Ion-Implanted Si." this report. 

ELECTRONIC AND MAGNETIC 
PROPERTIES 

FINITE-TEMPERATURE CALCULATIONS 
FOR ITINERANT ELECTRON 

FERROMAGNETS 
J. F. Cooke 

Inelastic neutron scattering experiments per­
formed at ORNL have revealed a variety of 
interesting and unusual phenomena associated with 
the spin dynamics of the 3-d transition metal 
ferromagnets Niand Fe. In contrast to local moment, 
ot Heisenberg, systems, spin waves were found to 

exist only at wave vectors below a certain cutoff value 
that is characteristic of both the material and the 
temperature. The cutoff energy, on the other hand, 
was observed to be independent of temperature. In 
addition, the spin-wave energy was found to 
renormalize with temperature but not to vanish at the 
Curie temperature. Instead, spin waves were ob­
served at temperatures well above the transition 
temperature with no additional renormalization 
taking place. 

The observed disappearance of spin waves above a 
cutoff energy is strong evidence in support of the view 
that both Ni and Fe are itinerant ferromagnets. In the 
itinerant model, strong correlations between elec­
trons of opposite spin generate a splitting of the 
paramagnetic energy bands and impart a corre­
sponding spin dependence to the electronic energies 
and wave functions. The disappearance phenomenon 
can be understood quite simply in terms of the spin 
wave, which is a bound electron-hole pair, entering a 
region of high density of states for single-pas tide, 
spin-flip excitations across the Fermi energy (Stoner 
excitations) and decaying. 

An extensive series of calculations based on the 
zero-temperature itinerant electron theory has shown 
that this theory provides an excellent quantitative, as 
well as qualitative, model for the magnetic behavior 
of Ni and Fe.1 The ferromagnetic band structure 
derived from these calculations implies a band- and 
wave-vector-dependent spin-splitting of the para­
magnetic bands that is in excellent agreement with 
recent photoemission results. Calculations of the 
neutrn scattering cross section yielded spin-wave 
dispersion curves that are also in excellent agreement 
with experiment2 and predicted an "optical" mode in 
Ni that was recently observed.1 

The extension of the itinerant theory to high 
temperatures is very difficult, and while considerable 
progress has been made recently, realistic numerical 
calculations are not yet possible. An alternate 
approach is simply to extrapolate the successful low-
temperature theory to higher temperatures. The 
traditional method for doing this has been to require 
that the spin-splitting deciease with temperature in 
some prescribed manner and vanish at the Curie 
temperature Tc. Unfortunately, this approach cannot 
be entirely correct, because it leads to a rather strong 
temperature dependence of the spin-wave cutoff 
energy, which is inconsistent with the neutron 
scattering results. Recent angular resolved photo-
emission experiments Lave suggested that the split­
ting for Ni docs not Jrop to zero at T, but only to 
one -half its /en '-mperaturevalue.: Relatively crude 
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calculations, however, indicate that this result may 
also be inconsistent with the neutron results. 

In order to investigatethis point and also the origin 
of the spin-wave renormalization, an extensive series 
of calculations of the inelastic neutron scattering 
cross section has been undertaken for Ni. These 
calculations are based on three different extrapola­
tions of the bw-temperature theory. The first 
approach incorporates the temperature dependence 
of the Fermi factors, which account for the only 
explicit temperature dependence in the low-
temperature theory. This simple extrapolation of the 
theory gives a Curie temperature 7? which is 1.7 Tc, 
where Tc is the measured Curie temperature. One 
interesting aspect of this result is that the magnetiza­
tion calculated as a function of X = 77 7? is in 
excellent agreement with experiment. The calculated 
spin-wave dispersion curves are shown in Fig. 1.34 
for T = 0 and T = 0.5 Tc. The agreement with 

experiment indicates that the entire renonnalization 
for 7"< Tell can be attributed to the temperature 
dependence of the Fermi factors. Very little change in 
the dispersion curve was found for 7*r/2 ^ 7*^ Tt, 
which indicates that some additional temperature 
dependence must be included in this temperature 
range. 

The second method of extrapolation attempted to 
introduce some additional temperature dependence 
by requiring that the spin splitting be adjusted at 
each temperature to give the correct moment. Spin-
wave dispersion curves calculated for T- 0 and T= 
0.86 r c are shown in Fig. 1.35. The latter temperature 
was chosen because it corresponds to a splitting that 
is about one-half its zero temperature value. The 
poor agreement with experiment indicates that this 
extrapolation is too severe. 

The final extrapolation method is based on the 
concept that, as in the local-moment theory, there 
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will be a spin-wave contribution to the magnetization 
and, therefore, the spin splitting does not 'iave to 
vanish at T = Tc. Unfortunately, the spio-wave 
contribution cannot be accurately calculated at 
present, and thus the magnetization curve cannot be 
used as a way to determine the relevant splitting as a 
function of temperature. Alternatively, it was 
determined that a splitting of about eight-tenths of its 
zero temperature value gave thecorrect renormaliza-
tion at r = 0.86 7; and that this relatively small 
reduction produced no change in the spin-wave 
cutoff energy. 

These calculations taken together imply that the 
entire renormalization of the spin-wave dispersion 
curve can be attributed to the Fermi factors for T< 
Te/2 and that an additional, relatively small, 
reduction in the spin-splitting can account for the 
renonnalization for temperatures up to 0.867c In 
addition, the cutoff energy is not affected by this 
reduction of the splitting. A splitting of one-half the 
zero temperature value generates too large a 
renormalization and a substantial change in the 
cutoff energy, which implies that (here is a real 
discrepancy between the neutron and photocmission 
experimental results regarding the temperature 
dependence of the spin-splitting of the electronic 
energy bands. 

1. J. F. Cooke and H. L. Davis. AIP Conf. Proc. 10. 1218 
(1973); J. F. Cooke, J. W. Lynn, and H. L. Davis. Solid Suit 
Commun. 20, 799 (1976). 

2. D. Eastman. F. J. Himpscl. and J. A. Knapp. Phys Rev. 
Lett. 40. 1514 (1978); F. J. Himpscl. J. A. Knapp. and D. E. 
Eastman, Phys. Rev. B 19, 2919 (1979). 

3. H. A. Mook and D. Tocchetti. Phys. Rev. Lett. 43, 2029 
(1979). 

HEAT OF SOLUTION OF H IN Al' 
L. M. Kahn1 F. Perrot' Mark Rasoli 

The interaction of H with its metallic host has been 
given wide attention in many recent publications. 
Primarily two different regions, with distinct theoret­
ical emphasis, have been examined. The region of 
high concentration of H has generally been treated 
via a band structure approach4 and applied to 
.lonumple metals like Pd which can dissolve large 
quantities of H. The region of low concentration has 
been largely treated from a proton jellium interaction 
and applied to simple metals like Al,5 which can 
dissolve only small quantities of H. It is the second 

region that we have treated. The small amount of H 
dissolved in most metals does not make this problem 
without practical interest. As an illustration, the 
formation of H gas bubbles upon solidification is just 
one example of the need for a microscopic treatment 
of H metal interaction. From a theoretical point of 
view, the simplicity of a proton embedded in an 
almost uniform electron gas makes it potentially 
useful for studying electron impurity interactions. 

The beat of solution AH of an impurity of nuclear 
charge Zte (at point n) with its equal number of Z\ 
electrons is defined as the difference between the 
energy of this configuration and the one where the 
neutral impurity b removed to infinity. This energy 
can be readily' written as 

AH = AH0 + AHi + AH2 + AHj 
+ AH4 + AHj + AH« , (1) 

with 

u* 

P I 

(la) 

AHj = Zlt% , Ob) 

AH, = 2 ) , , ( l r ) 

AH« = - ^ J «/VJ«/V|[n,(n 

- no(rOI/ii(r) - no(r)] 

+ [/MO - n*f)lnclT) - «o]i/|r - f\ . (Id) 

AH5 = £„[(ni(r)] - £ „ M 0 ] 

~ r</V|v4nirr)]m(r) 

- vJirxtT)) n<tr)\ , , Oe) 
IN 

(Xf\ 

In Eqs. (Iff-l/), £«(n(r)] is the exchange and 
correlation functional, v„ is the functional derivative 
6E„l&n, t, is the binding energy of the Z, bound 
states (if any), no is the uniform density ot the ZN 
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rlrctr.tn* wr»lti Ho. SRd />•(?} iS ths tl tCilUli 
density of the ZN + Zi electrons in the presence of the 
impurity and A' ions. 

If we assume an adequate knowledge of £«, the 
difficulty lies entirely in solving the self-consistent 
equations of Hohenberg. Kohn, and Sham* for the 
densities nt(r) and #ii(r) and eigenvalues tf and *,'. The 
strong proton-electron interaction makes any low-
order treatment of AH inadequate.' 

We achieved our solution in two stages. We first 
centered our coordinates at the proton site n and 
approximated the ionic potential around the proton 
by only its spherical component. This was done for 
four positions of the proton in an fee Al lattice: three 
interstitial positions at the octahedral site (n - a 2. 
a 2, a 2). the tetrahedral site (ri=o A, a 4. a 4), and 
the midpoint between them (ri = 3a? 8. 3o 8. 3o 8). 
and one substitutional position (ri = 0. 0. 0).These 
positions are specified in terms of the length a of the 
fee cube edge. The results are given in Table 1.5, from 
which we note (I) a preference for an interstitial site 
(a 2. a 2. a 2) of 0.061 eV over a substitutional one. 
(2) an activation energy for diffusion of roughly 0.S 
eV (the difference of lines 3 and 4 of Table i.S) in 
good agreement with most recent experimental 
values,7 and (3) a heat of solution of 0.59 eV 
compared with the experimental value of 0.66 eV. 

We next treated the nonspherical components 
V"\t) of Vttr) as a linear order correction to the 
above spherical solution. From the Feynman-
Hellman theorem, the correction to AH is given by 

A//" -i/* rVr(Tinrir)-n^{T)]. (2) 

We succeeded in carrying out a first estimate of these 
nonspherical corrections by solving for n^it) within 
a statistical approximation for the nonuniform 
many-electron system. 

Our results are listed in Table l.S, and, surpris­
ingly, these contributions to the heat of solution of H 

in Ai arc very smaii. in addition, we can conclude 
with some confidence that these corrections are likely 
to be small in other metal hydrides such as Mg and 
Na. For theoretical studies of impurities in simple 
metals at low concentration, these are important and 
useful conclusions. They imply that further refine­
ments can be achieved without overdue concern for 
these very hard to treat nonspherical terms. For 
example, the replacement of the crystal pseudopoten-
tial by the full ionic potential and the treatment of 
lattice relaxation, all within the spherical solid, are 
presently being investigated. 

1. Summary of paper. Physical Review fin press). 
2. University of Virginia. Charlottesville. 
3. Commissariat a I'Energie Atomiquc. Saint Georges, France. 
4. D. E. Eastman. J . K. fashion, and A. C. Switendkk. Phys. 

Rev. Lett. I. 35(1971). 
5. C. O. Almbladh el al.. Phys. Rev. B 14. 2250 (1976). 
6. P. Hohenberg and W. Kohn. Phys. Rev. 136,3864(1964): W. 

Kofcn and L. J. Sham. Phys. Rev. 140. Al 133 (1965). 
7. Von W. Eichenauer and A. Pebler. Z. Meiallkd. 48. 373 

(1957); S. Matsuo and T. Hirata. Tram. Sail. Res. Insi. Mel. (Jpnl 
11.22(1969). 

ON THE CHARGE COMPENSATION 
PROBLEM IN 0-ALUMINA 

J. C. Wang 

Possible charge compensation models for the 
excess conducting Na* ions in Na /3-alumina have 
been investigated with potential energy calculations. 
The cases studied include an artificial transfer of 
charge from Al 3 ' ions in the spinel block to Na* ions 
in the conducting plane, the replacement of an Al 5 ' 
ion with three Na* ions, the replacement of an Al3* 
ion with an Mg2* and an Na* ion, and the defect 
model proposed by Roth et al.1 In the last model, an 
interstitial O 2 ' ion in the conducting plane is assumed 
to displace two nearby Al3* ic . i toward it from the 
adjacent spinel blocks to form two Frenkel pairs. The 
calculations show that this formation of the 

Tabic 1.5. The different contributions to the heat of solution of a proton in Al host 

l o r a proton at Oa 8. 3<r 8, 3o 8). ihe nonsphcrical contributions w re neglected and the heat of 
solution AH .» that of the spherical solid model only: all energies are in electron v,»lts 

Position ( O AH. AH, AH, AH. AH, AH, AH" AH 

(0. 0.0) -3,991 7.526 0.000 27.780 2.495 -48.999 -0.017 0.654 
(0 4. a A. a 4) -11.927 7.526 -0.134 -5.265 3,361 -8,570 0.024 0.875 
Oa 8. 3o 8. 3a 8) -10.716 7.526 -0.004 -6.024 3.361 -8.912 1.091 
(a 2. a 2. a 2) -9.507 7.52* 0.000 -4.812 3.156 -11.646 0.016 0.593 
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VA.-A13.-Q2-A!J*-YA; defect, where \'M stands for 
an Al3* vacancy, is the most likely model of charge 
compensation. 

The Coulombic potential in the conducting plane 
as a function of distance r from the 0*~ ion in the 
VATAI^-O 2-AI^-VA! model was calculated and found 
be quite flat for 2 A ̂  r ^ 4 A. This may explain 
why the two excess Na* ions associated with the de­
fect are not tightly bound to the O*" ion and can con­
tribute to the high conductivity. When the O2 ion 
and the two Na* ions are removed from the crystal, 
the two interstitial AI3* ions will combine with the 
vacancies. 

The replacement of an AI1* ion with an Mg2* and 
an Na* ion was also found to be energetically 
possible. However, such a replacement may have a 
higher activation energy and therefore occur only 
under special crystal growth conditions. 

I. W. L. Roth. F. Reidinger. and S. LaPlaca. p. 223 in 
Suprrionic Conductors, ed. by G. D. Mahan and W. L. Roth. 
Plenum. New York. 1976. 

LOCAL FIELDS NEAR A PGINT-CKARGE 
DEFECT IN CUBIC IONIC CRYSTALS* 

J. C. W»-
Lowal fields (fiat) at ions rear a point-charge defect 

in some cubic crystals have been accurately calcu­
lated with a polarizable-rigid-ion model. As an 
example, the result for a Na* vacancy in the NaCl 
crystal is shown in Fig. 1.36. If the ionic polarizabili­
ties of CI" and Na* ions were zero, the local field atan 
ion located at distance r away from the Na' vacancy 
would have a magnitude of £o = D = ejr1. But 
because of the nonzero polarizabilities and the 
mutual interactions among the induced dipoles, the 
actual magnitude £«* is different from £>. The upper 
part of Fig. 1.36 shows the calculated ratio C= £W D 
as a function of r for ions around the vacancy. The 
ionic polarizabilities2 used are 2.974 and 0-255 A3, 
respectively, for the CI and Na* ions, and the lattice 
constant3 is taken to be 5.6387 A. 

Far away from the vacancy, the value of C 
approaches the constant Co = 0.624, shown by the 
horizontal das! ed line in Fig. 1.36. This constant can 
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be determined as follow*. The dielectric csssUat t of 
the medium contributed by the undisplaced ions (in 
our polarizablc-rigid-ion model) is first evaluated 
from the ionic polarizabilities and the Claushis-
Mossotti relation. Then C« can be calculated from 
C « s ( c + 2)<-3c 

Close to tbe vacancy, the value of C oscillates 
rapidly about Co. These oscillations near a point-
charge defect are quite general for ionic crystals and 
originate from the discrete nature of the ionic 
arrangements. It is interesting to note that the local 
fields at most ions in this region are not precisely 
along the radial directions (lines connecting the 
defect and the ions). The lower part of Fig. IJ6 
shows these angular deviations (Afl). 

In most defect formation and diffusion energy 
calculations, it is not possible to allow all ions in a 
system to move and to find the local fields at all'tom. 

Some approximations must be made. Usually the 
system is divided into two regions4 and only the 
inner-region ions are allowed to move. The local 
fields at these ions are calculated self-consistenUy. 
Tbe present results (osculations and angular fluctua­
tions) demonstrate that ions within a sphere of radius 
of about 20 A may have to be considered in this self-
consistent calculation, which means that about two 
to three thousand ions are involved. 

1. Summary of paper to be pobiisbed. 
2. J.R.Tessman.A.H.IUhn.andW.Sbockley.Wirj.Rrv.n, 

WO (1953). 
3. R.W.G. Wyckoff. Crystal Structures, vol. I. Wiley. New 

York. I96S. 
4. N.F.MonandM.J.UtUetoa.r/am.foadaF&M-.34,4s3 

CIM8). 



2. Surface and Near-Surface Properties of Solids 

Almost all energy technologies encounter materials problems that are affected by 
the surface and near-surface properties of solids. Within the Division, research in these 
areas is focused primarily on investigations relevant to photovoltaic conversion of 
solar energy, magnetic fusion energy, superconductivity, cata'vsis, and corrosion. 
Continuing a trend established during the previous reporting period, the techniques of 
ion implantation and/or laser processing to alter the properties of solid surfaces in a 
desired manner are frequently employed. Research supportive of the ORNL Magnetic 
Fusion Energy Program continues at a high level, and cooperative efforts with other 
ORNL divisions, as well as with other laboratories (both industrial and academic), are 
increasing. Much of the experimental work summarized in this section of the report 
relies strongly on theoretical support. Therefore, to obtain a more complete view of 
research concerning surface and near-surface properties, the reader is referred to the 
first section of this report, which is devoted to theoretical solid state physics. 

Studies in the Surface Physics Program have continued to emphasize 
examination of the geometry of relaxed and reordered surfaces by the use of the 
combined techniques of LEED, ion scattering, and theoretical modeling studies. A 
new method ot LEED data averaging to produce better agreement between theory and 
experiment was developed. Pulsed laser annealing in UHV was used to demonstrate 
that clean, well-ordered surfaces of either Si or Ge could be produced by this method. 
Moreover, in certain instances laser annealing produced surface geometric ordering 
that cannot be obtained by conventional methods of sputtering and thermal annealing. 
High-resolution electron energy loss studies concentrated on the effects of 
coadsorption on the surface of different species in order to gain insight into the initial 
stages of processes occurring in heterogeneous catalysis. 

Members of the Plasma-Materials Interactions Program have used deposition 
probes to study plasma-wall interactions in the ISX-B tokamak. Probes placed at 
various distances from the wall to the limiter edge were used to examine surface erosion 
and impurity transport in the plasma edge, as well as the flux and energy of deuterium 
in the boundary region. Initial results were interpreted to suggest that (I) sputtering 
was the dominant erosion mechanism at the limiter edge with negligible erosion at the 
wall, (2) metallic impurity deposition was linear to 12 tokamak discharges while O on 
the probes saturated in one to four discharges, and (3) the energy of deuterium in the 
plasma edge decreased with radial distance from the plasma and was estimated to be 
~150 eV at 2 cm behind the limiter edge Reported also is the development of a 
Doppler-shifted laser fluorescence spectrometer system and an application of the 
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technique to « ucicrrninaiiun of the density and velocity distribution of neutral Fe 
atoms in the plasma edge of ISX-B. 

A new and unusual ion-scattering effect was detected during ion-solid interaction 
studies. An enhanced yield, observable only under stringent alignment and beam 
coUimatton conditions, for 180° (±0.5°) scattering was measured. The effect, 
associated with the reversibility of the trajectories of ions scattered near 180°. should 
result in enhanced sensitivity of PICS for surface analyse. Two new techniques, ion 
beam mixing and pulsed laser mixing, for inducing materials interactions to form 
metastabk near-surface alloys were examined, and initial results are reported here. 
Ion-induced damage and laser-induced damage in several compound superconductors 
were studied and found to be complex problems. A tentative explanation of the results 
is that ion damage disrupts the short-range order, which probably could be restored by 
laser annealing, but the latter process initiates long-range lattice disorder. Studies of 
the effects of laser annealing on both pure and ion-implanted Si were continued, and 
the results of research on alloy formation, defect structures, and kinetic effects in rapid 
epitaxial regrowth are reported here. 

Pulsed laser annealing studies conducted during the reporting period focused 
primarily on the annealing behavior of Si implanted with a variety of materials. A large 
number of samples implanted with other than Group III and V materials exhibited 
segregation or zone refining to the surface. However, the behavior of similarly treated 
Group III and V dopants has been demonstrated to be quite different; concentrations 
of these dopants in substitutional lattice sites can far exceed equilibrium solubility 
limits. Furthermore, for these dopants it was shown that subsequent thermal 
annealing, combined with measurements of the maximum substitutional dopant 
concentrations, permitted an accurate determination of the dopant solubility limit at 
the thermal annealing temperature. Studies of the effects of oxide layers on the 
annealing of arsenic-implanted Si were conducted, and the surface structure and 
composition of the Si/ As system, pulse-annealed in UHV, were determined. 

Research on the photovoltaic ccr.wrsion of solar energy has been expanded 
substantially during the period covered by this report. Progress on developing high-
efficiency, single-crystal Si s- lar cells by the ion-implantati .% laser-annealing process 
has continued, and efficiencies of IS to 16% are now routinely obtained. Improvements 
in fabrication techniques are expected soon to increase efficiencies to levels of about 
18%. Solar cells made by the laser-induced diffusion technique had measured 
efficiencies of about 14%, but improved fabrication techniques should also lead to 
substantially higher efficiencies for such cells. Perhaps the most exciting developments 
occurred in the area of polycrystalline solar ceils. The ORNL studies have established 
that the rapid diffusion of impurities along grain boundaries and the segregation of 
dopants at grain boundaries can be controlled by laser techniques. These and other 
studies are being used to obtain insight into fundamental ionic and electronic processes 
at grain boundaries. 
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SURFACE PHYSICS 

EFFECTS OF DATA AVERAGING 
ON LEED ANALYSES: A CASE 

STUDY OF THE Cn(lOO) SURFACE 

J. R. Noonan H. L. Davis 

In order to obtain information concerning the 
crystallography of surfaces, LEED I-V profiles have 
been collected and analyzed at ORNL for the past few 
years. Insight gained during thb undertaking has led 
to the realization that several experimental limita­
tions exist in a standard LEED apparatus, and these 
problems could affect significantly the accuracy 
and sensitivity of the crystaJlographic information 
obtained via a theoretical analysis. Limitations that 
need to be considered are beam incoherence and 
divergence, surface topography, alignment of the 
sample, and the inability to null completely residual 
electromagnetic fields. Toinvestigate whether any, or 
alL of these limitations could be overcome, it was 
decided to initiate a case study of the dean 
CuflOO) surface. During this study a technique of 
data averaging was examined to determine whether 
errors caused by the above limitations could be 
reduced, and this relatively simple technique has 
appeared to be quite successful. Indeed, when such 
averaged data are used as a base for a theoretical 
analysis, a most striking agreement is obtained 
between experimental and calculated I-V profiles.1 

Some aspects of our data collection and averaging 
for Cu(I0O) will be described here, while details of 
the resulting theoretical analysis are presented 
elsewhere.' 

The data for Cu(IOO) were collected using some­
what standard procedures.2 Briefly, a Cu single 
crystal was cut, lapped,and electropolishedtoexpose 
the (100) face. The sample was then mounted in a 
UHV chamber for preparation and analysis. It was 
cleaned by sputtering with 300-eV Ar* ions followed 
by a 700 K anneal to reduce damage disorder. The 
sample was considered clean and ordered when no 
Auger signals (monitored by a CMA) from con­
taminants were detectable, and a sharp, well-focuseo, 
LEED diffraction pattern was observed. This (100) 
surface was then aligned perpendicular to the 
incident beam by equalizing intensities of prominent 
peaks in the I-V profiles of beams which are 
symmetrically equivalent. In addition, diffraction 
scattering angles were monitored to ensure that 
surface grating diffraction conditions were satisfied. 
It is believed that these techniques produced normal 
alignment of the sample to better than 0.1 J . 

Use ef the above precsdsrti enabled / -F profile 
date to be collected that were reproducible such that 
prominent features in sets of equivalent diffraction 
beams agreed within I eV and had, at most, a 12% 
variation in intensity. An illustration oftbequality of 
the data obtained from Cu(l00) is provided by 
Fig. 2.1, which shows plots of the four, symmetry-
related, {10} beams. The four top curves of Fig. 2.1 
are quite similar; however, there are differences that 
undoubtedly are caused by the experimental limita­
tions discussed above. For example, the shoulder on 
the peak near 140eV has some variation from profile 
to profile. These (10) profiles also can be compared 
numerically by using a reliability factor, Rz. .defined 
by Zanazzi and Jona.' Rv has been defined so that 

amn-ows n-nsn 
T , 

50 3 0 0 
ELeCTROW ENCUGY («V> 

R§, 2.1. A tuMHiiw JT tkc flMMand {10} profile* u d «t 
M*n§e of the top four profile*. 

perfect agreement between two curves would produce 
a value of zero, and unity would be obtained as the 
average value of comparing curves with no correla­
tion. Comparison of the (10) profile of Fig. 2.1 with 
that of the (01) produced an Ru value of 0.061, 
(10) with (T6) gave 0.027, and (10) with (01) produced 
0.044. In our study of Cu( 100), data were collected for 
each of the individual profiles in the symmetrically 
equivalent {10|. (Il|, (20|. and {211 sets. When the 
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indmdua! profits in each of these {>>'{ sets wete 
compared with each other, RZJ values in the range of 
0.027 to 0.090 were obtained. 

Although the RZJ values found when symmet­
rically related profiles were compared might be 
considered <nu* U, ihe differences between the profiles 
can influence the accuracy and sensitivity of the 
crysullographic information obtained from a theo­
retical analysis. That is, if only one of the profiles in a 
given \ij\ set is used in the analysis, some bias would 
be introduced. Abo, some scatter would exist in 
result* obtained using different profiles from the 
same {g\ set. This point is illustrated by Fig. 22, 
which contains contour plots of RZJ values obtained 
when experime- 'al profiles are compared with cal­
culated prof The LEED calculations were done 

using eight phase shifts from the Cbodorow poten­
tial, a Debye temperature of 250 K, and 0.85 Elri eV 
for the imaginary component of the inner potential. 
Each subplot of Fig. 22 represents Rv as a function 
of the change in the first interlayer spacing from its 
truncated bulk value, Arfu, and the real component 
of the inner potential, Vm. Theoptiraal values of Arfu 
and Vm for each subplot are those giving the smallest 
RZJ. 

As seen, some scatter is present in the optimal 
values of A</u and V„ when the individual (10). (Ol), 
and (10) profiles of Fig. 2.1 are compared with the 
calculated profiles. But it is noted that consistently 
lower Rv values are obtained when the average {10} 
profile is compared with calculations than when any 
of the individual profiles are compared. This means 

Fif.2.2. Plot*ofUwrrfeMJityfetorAuwfcm 
lathe text. 

oftWprofibtorFic.ZI«j«compw*dwMak«lModproAlwtfMcrib*d 
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that the averaging process has served tc cancel errors 
in the data due to experimental limitations. Thus, the 
A</u and Vm values obtained using the averaged 
profile should be more accurate than those obtained 
from any one of the individual profiles. Abo, use of 
the averaged profile provides more sensitivity, since 
the relative changes in Rv with variations a Arfn 
and K^arelargerfortheaveraged profile then forthe 
individual profiles. 

From the results obtained in this case study of 
Cu(10O) and in our other LEED investigations, we 
are able to formulate definite experimental proce­
dures to use in future LEED analyses. When 
employed, these procedures should improve the 
accuracy and sensitivity of the analysis for the 
determination of a given surface crystallography. 
First, data should be collected with the incident 
electron beam normal to the investigated surface, 
since this angle of incidence can be obtained with 
more accuracy than any other when using presently 
available LEED goniometers. Then all the individual 
l-V profiles in a given symmetrically related set 
should be measured and their average employed in 
the subsequent theoretical analysis. Although these 
simple procedures have been formulated using 
experience gained from the investigation of clean 
surfaces of noble metals, we believe that they should 
be generally applicable to most LEED investigations. 

1. H. L. Davis and j . R. Noonan. "High Sensitivity LEED 
Analysis of the Co(IOO) Surface.** this report. 

1. H. L. Davis. J. R. Noooan. and L. H. Jenkins. Surf. Sri. S3, 
559 (1979). 

3. E. Zanazzi and F. Jona, Surf. Sd. 62,61 (1977). 

ANALYSIS OF THE LEED SPECULAR 
REFLECTION FROM A CLEAN 

Cu( 110) SURFACE 

J. R. Noonan H. L. Davis 

We have previously reported a LEED analysis for 
the Cu( 110) surface, which was based on data for six 
nonspecular beams collected with the incident beam 
normal to the surface.1 It was inferred from this 
previous work that the first interlayer spacing of 
Cu(l 10) was 0.115 ± 0.003 nm, which represents a 
10.0 ± 2.5% contraction from the truncated bulk 
value. In order to test this result and also to study its 
possible sensitivity due to sample alignment, we 
initiated an investigation of the specular reflection 
from this surface. (Such a study, by experimental 

necessity, means the incident beats t» not normal to 
the sample.) The specular beam data were analyzed 
by comparison with the results of dynamical LEED 
calculations, where the same nonstructural param­
eters were employed as used for the nonspecular data. 
Although the analysis of the specular data confirms 
our earlier work, during its course some problems 
related to the accuracy of sample alignment and 
structural sensitivity became apparent. 

Ar. oriented and polished Cu(110) crystal was 
mouuted in a UHV chamber, cleaned in situ by using 
standard Ar ion sputtering techniques, and then 
annealed in vacuum. These procedures produced a 
sample from which no Auger signals from trace 
contaminants were seen, and a sharp, well-defined 
LEED diffraction pattern characteristic of CuOlO) 
was observed. The sample was aligned at the desired 
angles by positioning it until the scattering angles 
for the specular, and several nonspecular, beams 
satisfied surface diffraction grating conditions. It is 
believed that these alignment procedures are accurate 
to within ±0.5°. Once the sample was aligned, data 
were collected in the 20- to 220-eV energy range. 

Computer codes developed at ORNL1 were used to 
perform LEED calculations, the results of which 
were then compared with the specular beam data. 
These calculations were based on the same non­
structural parameters employed in the analysis of 
nonspecular data,' which were eight phase shifts from 
the Chodorow potential, a Debye temperature of 
250 K, a value of 8.5 eV for therealcomponent of the 
inner potential, and 0.85 Exn eV for the imaginary 
component of the inner potenwl. 

Calculated and experimental /-K profiles for three 
specular reflections arc illustrated in Fig. 2.3. Each 
frame of Fig. 2.3 specifies the alignment used in 
obtaining the data, with 0 measured from the surface 
normal and <t> measured from a {110; surface 
direction. The estimated alignment error in d> is the 
same as that specified for 9. The calculations used to 
prepare Fig. 2.3 were performed at the experi­
mentally designated angles [i.e., those of frame (c) 
were done exactly for 6 = 8.5° and d> = °1°]. The 
bottom curve of each frame represents the 
experimental profile, while the upper curves are for 
calculations with the denoted variations [it; frame 
(<r)] in the first interlayer spacing Arfu from the bulk 
value. Also, with each calculated curve are given 
values of r„ which are single beam reliability factors 
as defined by Zanazzi and Jona.2 It is noted that r, for 
data shown in frames (a) and (b) has its minimum for 
A</i: between - 6 and -8% and between - 8 and - (0% 
for frame (c). Thus, from Fig. 2.3 it would be inferred 
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that the Cu( 110) surface has about an 8 ± 3% contrac­
tion in its first interlayer spacing. This result is 
reasonably consistent with that obtained from our 
previous analysis of nonspecular data. 

Although the present study has provided some 
confirmat'on of our previous work, perhaps its most 
interesting aspects are the general questions it has 
raised concerning possible limitations in the analysis 
of specular data. First, it is noted that the r, values of 
both frames (6) and (c) show relatively minor changes 
as A</i2 is varied; that is, the analysis is quite insensi­
tive in the determination of the desired structural 
parameter. Thus, only after the analysis has it been 
found that two-thirds of the calculated data show 
little sensitivity to variation assumed for Ad,2. It is 
drsirable to determine, in future work, whether this 
unsatisfactory aspect will be found generally in the 
analysis of specular data. Another question is more 
serious. As stated before, errors of the order of ±0.5° 
can exist in the experimental specification of the 
polar angle 8; these errors result principally from 
misalignment of the center of rotation of the Faraday 
cup with respect to the axis of the incident electron 
beam. Such errors are unsatisfactory, since both 

experimental and calculated I-V profiles can vary 
significantly over 0.5°. For example, if the empirical 
curve of frame (c) of Fig. 2.3 is compared with 
calculations performed for B=9° and \d\i=-8%, an 
r, value of 0.15 is obtained. Thus, such variance with 0 
suggests that greater weight should be given to 
analyzing LEED data obtained at normal incidence, 
where techniques can be used to align the sample 
perpendicular to the incident beam to within O.I0.3 

1. K. L. Davis, J. R. Noonan. and L. H. Jenkins. Surf. Sci. «3, 
559(1979). 

2. E. Zanazzi and F. Jona. Surf. Sci. 62,61 (1977). 
3. J. R. Noonan and H. L. Davis."EffectiofData Averaging on 

LEED Analyses: A Case Study of the Cu(IOO) Surface." this 
report. 

ANALYSIS OF NONSPECULAR LEED 
FROM A CLEAN Ag(110) SURFACE 

J. R. Noonan H. L. Davis 
In some recent work we have been concerned with 

a LEED analysis of the reconstructed Au(l I0H' X2) 
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sulfate and have been unable to determine satis­
factorily its atomic structure. We now believe that 
some of the difficulties with this analysis are due to 
the behavior of the electron's inelastic ineao-free-
path, since work has been reported2 which indicates 
that this mean-free-path increases quite dr isticaily as 
the energy is decreased below 80 eV. A similar 
behavior was also reported2 for Ag at energies below 
60 eV. Thus, the Ag(ll0) surface could eventually 
provide a means to study the influence of this 
parameter on a LEED analysis, without the 
additional complication of surface reconstruction. 
At the same time, an investigation of Ag( 110) would 
provide another test for the data-averaging tech­
niques being developed at ORNL. M Abo, since 
an independent analysis of AgfllO) has been 
performed,5 an additional study of this surface would 
test the reproducibility of LEED analyses between 
laboratories as deemed desirable by a recent DOE 
panel report.' For the above reasons we have initiated 
work on Ag( 110) and report some preliminary results 
here. 

A (1 !0)-oriented Ag crystal was cut from a rod, 
lapped, and electropoiished. After this initial prep­
aration, the sample was mounted in a U HV chamber 
and cyclically spul.ered with SOO-eV Ar* ions and 
annealed at 700 K until no Auger signals other than 
those of Ag were detectable by a CM A. A well-
ordered LEED pattern with low background inten­
sity was then obtained from the sample. The sample 
was aligned perpendicular to the incident beam by 
equalizing the intensities of prominent peaks in the 
l-V profiles for beams of symmetrical equivalence. 
Data were collected using a movable Faraday cup 
with a retarding field analyzer. The l-V profile data 
were collected for all symmetrically equivalent beams 
in the {01}. {10}, {II}, {02}. {20}, {12}, and {21} sets. 
Then the equivalent beams in these sets were 
averaged to obtain experimental profiles to serve as 
the data base for the theoretical analysis. 

An extensive series of dynamic il LEED calcula­
tions was perform? d, where the effects of both 
structural and nonstructural parameters on the 
results were examined. The experimental and cal­
culated l-V profiles were compared in the 60- to 
280-eV range by using three distinct reliability factors 
(/? factors), which are defined elsewhere.4 The 
comparison for the energy range belov 60 eV has 
been postponed for future investigation. It is in this 
lower energy range where we hope to obtain informa­
tion that would be useful in understanding the effects 
of energy-dependent changes in the inelastic 
mean-frre-path. 

I he set of calculations that has given the best 
agreement, to date, with the experimental profiles 
employed a Ag band structure potential,7 a Debye 
temperature of 190 K. and an imaginary component 
of the inner potential that corresponded to the 
electron having a constant amplitude attenuation. 
A„, of 0.75 nm. Within this set. variations were con­
sidered in both the real component of the inner 
potential, K,. and the deviation of the first interlayer 
spacing from the bulk value. Atfi:. Comparison of 
the results of this set of calculations with the experi­
mental profiles has led to the contour plots of the 
three R factors given in Fig. 2.4. For example, frame 
(a) indicates that the optimal agreement (smallest 
Ru) is obtained when Sdiz = - 5.5% and Vm = 
10.1 eV. The ranges in the values of A</u and V„. 
which produce the minima of the R factors (Fig. 2.4), 
can be considered as one indication of the sensitivity 
of the analysis to these quantities. Thus, the analyse 
indicates that the first layer in the dean AgfllO) 
surface is contracted toward the second by about 
6.6 ± 1.5%. 

o»m.-a«p<; »o-*uz 

Fig. 2.*. Contour plot \A R tecum for the normal incidence 
LEEDfrjmArfllO). 

An illustration is provided in Fig. 2.5 of the 
agreement between the experimental and calculated 
/-F profiles obtained in our analysis. Only four o> the 
seven profiles considered are plotted in Fig. 2.5 and 
are based on the calculated parameters giving the 
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minimum Ru of Fig. 2.4. It is noted that the major 
features of the experinvntal profiles, as well as most 
of the weaker structure, are well reproduced by the 
calculations. However, some of the lower energy 
peaks are not as well resolved in the calculations as in 
the empirical profiles [e.g., the structure near 60 eV in 
the (10) and (11) profiles]. We hope to investigate 
w>;se differences (as well as the energy range below 
60 eV) in future work, since it is anticipated that 
information concerning theelectron's inelastic mean-
free-path behavior as a function of ciu^y is 
contained therein. 

The result for Arf«i obtained in this investigation 
needs to t» compared with that obtained by 
Maglietta et a'., (hereafter denoted MZJJM).5 

MZJJM obtained a contraction of 10% (no error 
quoted), while we obtained 6.6 ± 1.5%. Although 
both investigations deduced a contraction, the dif­
ference in the results can be important for considera­
tions concerning the sensitivity and accuracy 
of LEED analyses. MZJJM analyzed a total of 
15 specular and norr,ptcuiar profiles, with 12 of these 
being measured with a nonncrmal incident beam. 
Also, to our knowledge, no data averaging was used. 
Thus, errors due to minor sample misalignment and 
other possible causes might have influenced their 
analysis. Although our analysis was based on 7 ex­
perimental profiles, these were obtained by the 
averaging cf symmetrically eouivalent profiles from a 
total of 20 measured at norn.al incidence. Such an 
averaging tevnnique i« b;lieved to reduce errors 
caused by minor misaligMmem cf thr sample and 

other experimental limitations.1 That experimental 
errors are reduced in our analyzed profiles appears to 
be indicated by the fact that we have obtained a 
multibeam Ru value of 0.098 (see Fig. 2.4), while 
MZJJM obtained a value of about 0.20. Of course, 
only future work by LEED (or other methods) can 
determine which value of AJ12, if either, is accurate 
for the clean Ag(M0) surface. However, at present, 
we feel that the available evidence adds credibility to 
the application of data-averaging techniques to 
LEED analyses. 

1. J. R. Noonan and H. L. Davis. J. Vac. So. Technol. 16,587 
(1979). 

2. D. Norman and D. P. Woodruff. Surf. Sci. 75, 179 
(1978). 

3. S. R. Noonan and H. L. Davis."Effects of Data Averaging on 
LEED Analyses: A Case Study of the Cu(IOO) Surface." this 
report. 

4. H. L. Davis and J. R. Noonan, "High-Sensitivity LEED 
Analysis of the Cu(IOO) Surface," this report. 

5. M. Magiictu: et al., J. Phys. C10. 3287 (1977). 
6. Panel Report on the Theory of Surfaces. Council on 

Materials Science. Division of Materials Sciences, U.S. DOE. 
January 1979. 

7. H. L. Davis, p. 123 in Proceedings of the International 
Conference on the High Pressure Properties of Soluft. ed. 
by D. Bloch. Grenoble. France. 1969. 

LOW-ENERGY ION SCATTERING 
FROM THE REORDERED Au(l 10) SURFACE 

D. M. Zehne: S. Date1 

S. H. Overbury' W. Heiland2 

The clean Au(l 10) surface that is known to exhibit 
a reconstructed (2X1) geometric arrangement at 
room temperature has been the subject of both 
LEED3 and high-energy ion scattering4 investiga­
tions. Although the results of these investigations 
have provided information which permits the elimi­
nation of some structural models, to date it has not 
been possible to construct a model in which the 
predictions of model calculations are in agreement 
with experimental results. Because it is well known 
in surface studies that it is frequently necessary to 
apply several differing spectroscopic techniques in 
the investigation of a surface property, this past year 
a collaborative effort with members of the Chemistry 
Division has been initiated in which the technique of 
low-energy ion scattering has been used to examine 
the Au( 110) surface. 
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A K* ion beam and a rotatabie spherieai detector 
have been used to obtain angularly resolved low-
energy ion scattering spectra from the (110) Au 
sample subsequent to standard cleaning treatments 
(sputter-anneal). Specir? were obtained for an 
incidence angle of ^ = 30°, with azimuthal orienta­
tions ranging from the [110] to [100] directions, 
$ = 0 to 90°, respectively. Several different tout 
laboratory scattering, an?1-* have been used. In addi­
tion to the sharp "quasi-single" peak (QS) near the 
kuistnatical single scattering energy EK, the energy 
spectrym exhibits strong plural scattering structures 
at energies greater than EK. The intensity of all 
spectral features is dependent upon $. At T= 300 K, 
there is a plural scattering peak (PS) with intensity 
about 2.5 timer greater thai the QS intensity at «£ = 
27°, although it is nearly absent at <f> - 0° and 60°. 
The ratio PS, QS exhibits marked temperature 
dependence, alt hough these variations are smooth, in 
agreement with previous LEED observations. Exten­
sive data have been obtained at T— 800 K also, where 
LEED observations indicate the surface to have the 
ncrmal (1X1) arrangement. These results will be 
compared with predictions of Monte Carlo calcula­
tions and should aid in the determination of the 
correct structural model for this surface. 

1. Chemistry Division. ORNL. 
2. Max-Planck-lnsticut fifr Plasnuphysik. Garctiing. Germany. 
3. J. R. Noonan and H.L. Davis. J. Vac. Sci. Technol. 16,587 

(1979). 
4. B. R. Appleton el al.. Solid Stale Oiv. Prof. Rep.. Sept. 30. 

1978. ORNL-5486. p. 38. 

PREPARATION OF ATOMICALLV CLEAN 
SEMICONDUCTOR SURFACES BY 

PULSED LASER ERADIATION1 

D. M. Zehner C. W. White G. W. Ownby 
The production of atomically clean surfaces in 

UHV is a basic requirement in many areas of 
technological importance. Basic studies of surface 
chemistry and physics require clean surfaces where 
the level of unwanted contaminants in the first few 
monolayers i s O at. %. For many applications in 
device technology, surface contaminants will con­
tribute greatly to degradation of device performance. 
As device dimensions become increasingly smaller, 
the rear-surface region will become even more 
important, and it will be necessary to pay ever 
increasing attention to the production of atomically 
clean surfaces during device processing. 

Recently, widespread interest has been generated 
in the possibility of using a new technique known as 
laser annealing to process semiconductor materials.2 

In order to determine the effects of this process on the 
surface region of these materials and to assess the 
possibility of using this technique to remove im­
purities from this region, a series of experimental 
investigations has been performed. The experimental 
arrangement involved irradiating samples in a UHV 
environmei.t with the output of a pulsed ruby laser 
(IS X 10'' s pulse) whose energy density could be 
varied betw««n ~0.2 and 4.0 J,'cm2. The experi­
mental facility contained equipment which could be 
used in a variety of surface-sensitive spectroscopic 
techniques. 

Several polished single-crystal samples of Si and 
Ge were cut from Czochralski-grown material and 
oriented to have low Miller index surfaces. The as-
prepared crystals were mounted on the manipulator 
and received no cleaning treatment prior to insertion 
into the UHV chamber. 

The Auger electron spectrum obtained from an air-
exposed Si sample after insertion into the UHV 
system and following bakeout is shown at the top of 
Fig. 2.6.Oxygen[O(510eV)/Si(91 eV) = 2.3X 10 '] 
and C[C(272eV)/Si (91 eV) = 3.8X 10 2]arereadily 
detected. Occasionally, a small signal from S was also 
detected. The shape of the spectrum in the region of 
the Si L:.j VV transition (70-100 cV) is that expected 
for an oxide-covered surface. Examination of the as-
inserted samples with LEED showed that diffraction 
•pots could be observed only at relatively high 

•ergies O250 eV), accompanied by an incense 
ckground resulting from diffuse scattering. Irra-

Jiation with one laser pulse (~2.0 J cm') caused a 
substantial reduction in the levels of O (0/ Si = 4.3 X 
10 2) and C (C/Si = 7.9 X 10"') present in the surface 
region as shown in Fig. 2.6. Moreover, observations 
with LEED indicated a well-ordered surface layer, 
although some diffuse scattering producing a weak 
background was still present. After exposing the 
same spot to five laser pulses, the Auger electron 
spectrum (Fig. 2.6) indicated that for the same detec­
tion conditions the O and C signals were now within 
the noise level. The LEED patterns exhibiting sharp 
diffraction spots and very low background intensity 
were observed at this stage. The Auger electron 
spectrum obtained from the same spot after irradia­
tion with 15 laser pulses is shown at the bottom ot 
Fig. 2.6. Although the O and C signals are not 
observable in this trace, by increasing the effective 
sensitivity of the electron detection system, O and C 
intensity ratios were determined as O/Si < 5.5 X 10 4 
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and C/Si < 7.6 X 10"*, indicative of surface con­
centrations of <0.l% of a monolayer. In addi­
tion, the Si Li,i VV transition is that expected from a 
clean Si surface. 

Consequently, by exposing the crystal to several 
(*»5) laser pulses, the O and C contamination has 
been reduced by factors of 500 and 50, respectively, 
accompanied by the development of well-defined 
LEED patterns. These reduced contaminant levels, 
obtained in a processing time of < l s, are slightly 
better than those obtained by repeated sputtering and 
conventional thermal annealing over a time period of 
several days. It should be noted that the residual 
O and C contamination on this surface may arise due 

to adsorption and cracking from the gas phase during 
the time required to make the Auger measurements. 

Resultssimilar to these have been obtained with Ge 
samples also. However, a large number of pulses (at a 
lower energy density) were required to obtain the 
same degree of surface cleanliness. In general, the 
results obtained were found to be independent of the 
crystal orientation for both Si and Ge. 

Removal of surface contaminants by laser irradia­
tion was accompanied by an increase in background 
pressure as measured with a nude ionization gauge. 
Using laser pulses of ~2.0 J/cm 1 and starting with a 
background pressure of 25 X 10'* Pa, the first laser 
pulse on an as-inserted or freshly sputtered Si sample 
caused a transient pressure rise into the 6.5 X 10"* to 
4X lO^ParangcSubsequentpubesonthesamearea 
were accompanied with pressure rises into the I0~7 Pa 
range, and these continued to drop until the pressure 
stayed in the 10~* Pa range by about the tenth pulse. 
Because of the position of the ionization gauge rela­
tive to the sample location, these c jservations d id not 
provide an accurate measure of the pressure increase 
in front of the sample, which was probably much 
higher than measured. 

Previous experiments have shown that pulsed laser 
irrad iation at these energy densities causes the surface 
region of the crystal to be melted to a depth of several 
thousand angstroms. The melted layer then regrows 
from the underlying substrate by means of liquid 
phase epitaxial regrowth, and the regrown region has 
the same crystalline perfection as the substrate. The 
present results show that the crystalline order extends 
to the first monolayer, since well-defined LEED 
patterns are observed after laser irradiation. There 
are two possibilities as to the ultimate fate of the 
original O and C surface contaminants. The fact that 
a pronounced pressure rise is observed during the 
first laser pulse suggests that the contaminants are 
desorbed from the surface during irradiation. 
Alternatively, since pulsed laser annealing causes a 
melted region to be formed to a depth of several 
thousand angstroms, impurities can undergo sub­
stantial redistribution by means of liquid phase dif­
fusion during the time the surface region is molten. 

Redistribution deeper into the sample occurs 
predominantly for those impurities which have a 
relatively high segregation coefficient from the melt. 
Impurities which have a low segregation coefficient 
from the melt have been shown to segregate to the 
surface during annealing. For C and O, the equilib­
rium segregation coefficients1 in Si are 0.07 and 0.5, 
respectively, and considering the high solubility and 
diffusivity of impurities in liquid Si, these impurities 
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may be redistributed overa depth interval equivalent 
to the melt depth (~5000 A for laser energy densities 
of ~2.0 J/ cm2). Complete redistribution over this 
depth interval would give rise to a surface concentra­
tion of ~0.3% for O and 0.1% for C. both of which 
are near the detection limits for Auger electn. n spec-
it iscopy; these values are consistent with our -neas-
surements. Whether these impurities are deso/bed 
from the surface or redistributed in depth or both can 
be determined by experiments designed to measure 
the total C and O contamination in the near-surface 
region. Such experiments are in progress. 

1. Summary of paper AppL Phys. Uu. 36. 56(1980): 
(in press). 

2. C. W. White. J. Narayan.acd R.T. Young.5«iKr2M,46l 
(1979). 

3. K. J. Bactimann. Currmi Topia of Material Science, vol. 3. 
North Holland. New York (in press). 

Si SURFACE STRUCTURES AFTER PULSED 
LASER ANNEALING1 

D. M. Zehner C. W. White G. W. Ownby 
The ability to prepare clean, well-ordered surface 

structures on single crystals is a principal requirement 
for many basic investigations concerned with the 
processes occurring at the surface of a solid. Conven­
tional methods of producing such surfaces include 
sputtering followed by thermal annealing, in situ 
cleavage, and in situ evaporation. These conven­
tional methods are frequently time consuming and in 
some cases restricted to a relatively small surface 
area. 

A new technique known as pulsed laser annealing 
has been applied recently to the processing of semi­
conductor materLis.3 In order to evaluate the appli­
cation of this technique to the investigation of basic 
surface properties, we have determined the surface 
structures on single-crystal Si samples following 
pulsed laser irradiation in UHV. Some of these 
results are reported here and compared with the 
surface structures obtained by conventional sputter­
ing and thermal annealing. 

The light from a pulsed ruby laser was coupled 
through a glass window into a UHV systerr. in which 
were mounted a four-grid LEED optics and a single-
pass CMA used for AES to monitor surface impu­
rities. Samples were irradiated (beam diameter 
~3.5 mm) using the single mode (TEMoo) outpu: of 
the laser at energy densities thai could be veried 
between 0.2 and 4.0 J / cm2. A constant pulse duration 

time of 15 X 10"' s was used throughout the experi­
ment. Reported energy densities have been corrected 
for the reflectivity (~10%) of the glass window. 
Silicon samples cut from wafers suppled by the 
Monsanto Company recr ved no cleaning treatment 
prior to insertion into the UHV chamber. 

The diffraction patterns obtained from several Si 
samples subsequent to laser annealing with 5 to 
15 pulses of 1.0 to 2.0 J/cm2 are shown in Figs. 2.7 
and 2.8. Figure 2.7a and r show LEED patterns 
obtained from (100) and (110) Si samples subsequent 
to laser annealing. These diffraction patterns are 
indicative of reconstructed surface layers exhibiting 
unit cells commonly indexed (2X1) and (1X2). 
respectively. Comparison of these LEED patterns 
with those obtained after using conventional sputter-
annealing techniques, as shown in Figs. 2.76 and d. 
indicate that the same reconstructed surface structure 
is present following both types of annealing 
treatments. 

The LEED pattern obtained from a Si( 111) crystal 
subsequent to laser annealing is shown in Fig. 2%a. 
This (I X 1) pattern is indicative of a filled outermost 
(111) surface layer and is to be contrasted with the 
pattern shown in Fig. 2.86 obtained from a 
(III) sample following a conventional sputter-
annealing treatment; the observed (~> x 7) pattern 
indicates a reconstructed surface laye;\ A similar 
pattern was obtained from the laser-annealed surface 
(Fig. 2.8a) after subsequent thermal heating to 
~700K. 

Similar observations were made on a (111) crystal 
whose surface was cut at 4.3° from a (III) plane 
toward the [If 2] direction. After laser annealing, the 
pattern observed and shown in Fig. 2.6Y indicates the 
existence of a surface that can be indexed [14(111) X 
(112)]. This surface consists of monatomic steps with 
average height of one double layer (3.14 A) with 
terraces containing (I x I) domains.1 Thermal 
annealing of a crystal in this state resulted in a surface 
from which the diffraction pattern shown in Fig. 2.%d 
was obtained; all indications of the steps are gone, 
and the (7X7) pattern was observed over the entire 
area irradiated. 

The results obtained from the (100) and (110) sur­
faces indicate that the atoms in the outermost layers 
have sufficient energy under thes* annealing condi­
tions to reorganize into the reordered arrangements 
from which the (2 X I) and (I X 2) LEED patterns are 
obtained. This is consistent with the small displace­
ments required in the variations of the dimer model 
employed in recent theoretical LEED analyses of the 
(100) surface.4 Although quarter-order L EEDbeams 
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Si (100) Si (110) 
SSON-2376 

49 eV 92 eV 

49 eV 92 eV 
Fig. 2.7. LEED pattern* from clean (100) and (110) Si Mirfacc* at primary beam encrgie* of (a, 6) 49 cV and (c, 4)92 eV; («, c) 

later annealed,' (ft. d) thermally anneakd. 
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^SON-2381 

O I - - -
Si (111) Si(111)-4.3 [TT2] 

40 eV 40 eV 

68 eV 68 eV 
Fit, 2.1. LEED pattern* from clean (111) and stepped (111) Si surfaces at primary beam energies of (a, c) 40 e V and (b, d\ 

M cV; (a, c) later annealed; (b, tt) thermally annealed 
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Si (100) 

49 eV 

49 eV 

Si (110) 
SSON-2376 

92 eV 

92 eV 
y ig 2 ? 1 F H > pattern* from ilean 1100) and (110) Si turfacet al primary beam energies ;>( :a. b) 49 eV and (r. </) 92 e V, fa. r) 

later annealed. (/>, r/i thermall> annealed 



SSON-J381 

Si (111) Si(110-4.3 CT12] 

40 eV 40 eV 

68 eV 68 eV 
Fig. 2.8 J.EF.Dpattern* from clean ( I 11) andiiepped ( I I I ) Si surfacenat primary beam entrgie\ ,>f to. i )4flcV jml i'< ./i 

68 eV, (o, r) later annealed; [h '., thermally annealed 



indicative ot a .(4 • Ti structure have been ob­
served occas'.onallv ir. previous examinations »•: the 
iIOOl surface. :he\ were n.it observed in this investi­
gation subsequent to either laser annealing or 
thermal treatments tn contrast tnc res-.::'.- obtained 
'.torn the oriented i i i ! i suTtacc .ndicaic that the 
s-jriaee terminates with a metastahie idea! bulkiike 
structure and docs not exhibit anv lateral rearrange­
ment. Moreover, the results obtained lor the vicinal 
' ! l i i suriaee indicate that a stepped surtace. 
Ciin .ister.t with the physical orientation ol the cry stai. 
> present alter laser annealing and that '.he detrac­
tion pattern irorn trie terraces is that expected 'or 
unreconstructed 11 i h planes It hjv been suggested 
that the reconstructed surtace exhibiting the i~ ' ~> 
I FFI) pattern is one that contains a large number 
i 25'• i ot vacancies that mav *•: combined with 
some torm ot ripple distortion I ,.e results presented 
here indicate a complete'.', tilled outermost m.mn-
Ia\er on both orieWed and misoncnted 11! I icrvstaK 
alter laser annealing, suggesting that the atomic 
migration necessarv to torm the reconstructed 
surface cannot occur u, the extrrmelv shurt < 10 usl 
time during which the sample cools 

i hese observations show that pulsed laser utu .;!-
ir.g c m he used to provide well-ordered : K C 
structures or. S: single crystals in verv sho- p:..-
c'ess;ng ti:t •> --sc^'''ii!--• v^hicr. uic a s< • .it. •: ...:,.'. 
dean, i !~.c .:hu:tv tn prepare iinrcco:isi.rucie<! s ur-
taces on the (Ml) oriented samples provides an 
opportunity to study the surtace properties ot a 
semiconductor suriace witho.: Having to \'.a'> with 
the problem ol large atomic rearrangement 

• • . • . • ' . ' . . . • - . I W W • ' 1 ' s i • 

\ , • ! ' X . . • . • . . . . ; . • • • - • » ; . ! • " • • • • • 

." I W YV.':.V ! V i - . e . . i " .,'.: H I \ . . ' k V . - : , 204. •«. r 
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Ge SURFACE STRUCTURES AFTER 
PULSED LASER ANNEALING 

I ) M /ehrier ( Vx While ( . vv Owt.hy 

Crevious investigations ,>t 'he MHLUV sw V... \ ,.u -. ot 
clean single crystals ot Ge have piodiued results 

which indicate that the atomic arrangements o! low 
index orientations are reconstructed with respect to 
the terminal.oris ot an idea! bulk crystal. Although 
reconstruction, has been observed torallcrvstai or-en-
tations. the observed structure in somccasesdepends 
nn whether ihi: »ur!ace is prepared by cieav.ng in situ 
or bv s puttering followed b \ thermal annealing. It has 
been demonstrated recent!> that, subsequent to 
pulsed laser annealing, well-ordered surtace struc­
tures exist on Si singi. crystals. Moreover, in the 
case ot a S: (1111 orientation, it was observed that a 
rr.ctastabie unreconstructed surtace structure could 
be prepared bv use ot this annealing process. As a 
consequence o; tlvsc observations, u was decided to 
r.'.estiirate the application ol the puised laser 

annealing technique to single crvstais o! (ie in orde r 

'-- ctcfcrrr'ic its eilcct on surtace structure 

I he expe: mental arrangement, similar to that 
described previi- islv. permitted irradiation ot theCie 
samples with the output ol a pulsed ruby laser f 15 • 
10 s pulse. -0 2 to 4.0 .1 em") in a I HV environ­
ment Observations o! the surtace structure and 
cleanliness were made using I LTD and Af.S tech­
niques, respective!;. I he Ge samples were cut trom 
I /ochralsk.:-g:own material and prepared using 
standard po'.>hing techniques. 

Atter ir.sertior. into the I \i\ svstem and prior to 
a'.', cieari.r.g treatment, dittraction patterns could 
not be obtained trom the samples due to the presence 
. : a native oxide at I he surtace Following irradiation 
with live pulses o! I (I I cm . a wc!I-delined 12 • Il 
I [ F I) p.iiterr. was obtained trom a 1100) oriented 
sample Additional pulses improved thequalitv ot the 
pattern, and ut'er a total ot 15 pulses, the pattern 
shown in \\-g. 2 ̂ a was obtained Auger measure­
ments indicated this surtace to heatomicallv clean 
A comparison o! this pattern with that shown in 
1 ig 2 9/>. w hich was obtained trom a 1100| oriented 
sarnpie .uKsequent to a standard spuiiei theimal 
anneal treatment, siiows that the same surtace struc­
ture was present atter either type ot annealing 
treatment 

I he I F I I) pattern obtained trom a 11 11) oriented 
sample following a laser annealing treatment similar 
to thai specified previously is shown in Fig. 2 9<. I his 
well-detined il » I I I FED pattern with low back­
ground intensity indicates that, as a result ot the laser 
annealing, the normal surtace structure (truncation 
ol the hulk) is obtained and there is no evidence ot 
anv lateral reconstruction I he sample temperature 
range ..er which the (I ' 1)1 FFD pattern was 
observed subsequent to laser irradiation was deter­
mined to be between l'«;.ind 1000 K In contrast. 



Ge (100) Ge (111) 
SSDN-2375 

112 eV 40 eV 

112 eV 32 eV 
Fig 2 9. I.EED patterns from ck«n (100) «nd (111) Ot lurfsce* »i pnm«r> h<»m energiti o((o. r>) I UtV. (c)40eV, »nd [tf) 32 

«V; (a, r) User snnealcd. (b. tt) thermally snneakd 
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the (2 X g) LEED pattern shown in Hg. 2.94. indica­
tive of a reconstructed surface, was obtained from a 
(111) sample after sputtering with the sample held at 
~900K. 

Since the initial observations that the (100) and 
(III) surfaces of Ge are reconstructed subsequent to a 
sputter-anneal treatment, much effort has bexi 
expended in determining geometric models appro­
priate for these atomic structures and in obtaining a 
variety of experimental data to support these models. 
Although the exact details of the correct atomic 
arrangement for either reconstructed surface are still 
lacking, there is a large body of evidence which 
suggests that the top layer onthc(IOO) surface has the 
correct monolayer density in which adjaccntatoms in 
the (110) directions are displaced to form dimcrs.' In 
contrast, the reconstructed (111) surface layer is 
believed to contain a large concentration of vacancies 
(16.7%) which form an ordered array.* 

The conclusions to be drawn from the results 
presented above are similar to those obtained in 
investigations of Si surface structures. Specifically, 
the results obtained on the Ge (100) surface support 
the dimer model in which only small displacements of 
atoms in a complete monolayer are required to form 
the reconstructed surface. Apparently these small 
motions can take place after the laser annealing 
process is complete. The (I X 1) LEED patterns 
obtained from the laser-annealed (111) surface of Ge 
also ,->dicate a completely filled top monolayer and 
thus suggest that the diffusion of atoms which would 
be required to provide the large concentration of 
surface vacancies cannot occur after the rapid 
epitaxial regrowth process is complete. 

These results on surface structure, along with the 
observations concerned with surface cleaning,5 indi­
cate that the laser annealing process is suitable for 
preparing atomically clean, well-ordered surfaces on 
Ge in very rapid processing times (seconds). 

1. D. M. Zehner. C. W. While, and G. W. Ownby. p. 201 in 
iMser and Electron Beam Processing of Materials, ed. by C. W. 
While and P. S. Peercy. Academic, New York, 1980; Surf. Sci. 
/^H.«,L67(I980). 

2. D M . Zehner. C. W. White, and G. W. Ownby. "Si Surface 
Structures After Pulsed Laser Annealing," this report. 

3. P. M. Zehner, C. W. White, and G.W. Ownby. "Preparation 
of Atomically Clean Semiconductor Surfaces by Pulsed Laser 
Irradiation," this report. 

4. D M . Zehner, C. W. White, and G. W. Ownby, Appl. Phvs. 
If it. 36. 56(1980). 

J. V. Jona et al., / Phys. C 12, 1.455 (1979). 
ft. .1 C\ Phillips. Surf. Sci. 40, 459 (1979). 

ELECTRON SPECTROSCOPIC 
INVESTIGATIONS OF THE 

OXIDATION OF Be 
D. M. Zehner H. H Madden1 

AES, CLS, and XPS measurements have been 
made on dean and oxidized Be surfaces. These 
spectroscopies allow investigation of the changes in 
electronic structure of a Be surface on oxidation. 
Core-valence-valence AES lines give information on 
the valence band structure, while the CLS spectra 
give information on the conduction band DOS. The 
Be *IT-Auger line and the K-CLS (K core level) 
spectra were measured for both clean and oxidized 
Be surfaces. The oxygen KVV-Augu and K-CLS 
spectra were also measured for the oxidized surface. 
Because both of these spectroscopies involve the 
production of core-hole states, they are site specific 
and hence sample the electronic DOS in the vicinity 
of the core-hole site. As the valence-electron distribu­
tion is directly related to the chemistry of the system, 
AES measurements probe the chemical environment 
about a specific site (e.g., about the Be ion or about 
the O ion for the oxidized Be surface). CLS mea­
surements gi\ •. complementary specific-site informa­
tion about th* empty DOS distribution. XPS 
measurements serve as an aid in interpreting the AES 
and CLS data and provide information about the 
core level binding energies and the chemical shifts 
associated with oxidation. 

The background-corrected, loss-deconvoluted, in­
tegral N[E) Auger spectrum from clean Be and ;ts 
interpretation have been reported previously/ 
Briefly, this signal may be thought of as being made 
up of three components which depend on the sym­
metries (5and/or/?) of the valence electrons that take 
part in the KVV Auger decay. Using a theoretical 
tout DOS from Loucks and Cutler/ together 
with the K soft x-ray emission spectrum of Aita and 
Sagawa4 to simulate the p-partial DOS, the experi­
mental KVV lineshape (dashed line. Fig. 2.10)could 
be synthesized by ss-lo-pp and sp-lo-pp ratios of 1.82 
and 0.5S, respectively. Theoretical interpretations of 
these results' indicate that the values of these ratios 
for elemental Be are determined not only *"y the 
Ai!«er-transition matrix elements and th- number 
densities of s- and p-valence electrons nit also by 
an initial-state screening of the core hole that is 
largely 5-Iike. 

Exposure of a clean Be surface to 10,000 L of O: 
with the sample held at ~900 K resulted in a heavily 
oxidized surface layer. Both the Be- and O-
KVV [loss-corrected, N{E)] Auger spectra from the 
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Fig. 2.10. Auger spectra from dean and oxidized Be. (a) Be 
KVV; (b) O KVV. 

oxidized Be surface are shown in Fig. 2.10. The spec­
trum from oxidized Be is more complex in shape than 
is the corresponding signal from clean Be (Fig. 2.10), 
and its major peak occurs some 10 eV lower in energy. 
(A small high-energy shoulder on this peak is 
probably due to a remnant of elemental Be in the 
sample surface.)Tentative interpretation of thesetwo 
KVV spectra assumes significant ionic bonding in 
BeO leading to interatomic Auger transitions for the 
%t-KVV signal (i.e., the valence electrons in this 
compound are localized on the O site). The A, B, and 
C peaks in both of these spectra are thought to arise 
from pp, sp, and ss valence-electron transitions, 
respectively, with both valence electrons that take 
part in the Auger decay coming from the same O site. 
Peaks P and £ in the BeO spectrum are due to non-
localized interatomic transitions, with the two 
valence electrons involved coming from different 0 
sites. The difference in energy in these features with 
respect to the localized-site spectra are due to the 
smaller hole-hole repulsion energy for the non-
localized transitions. The peak/shoulder structure 
(F) on the high-energy side of the O-K VV spectrum is 
also thought to be due to nonlocalized transitions. 

The CLS data for clean and oxidized surfaces are 
shown in raw form in Fig. 2.11. After loss correction. 

30 20 10 
ENERGY (eV) 

Fig. 2.11. CLS tpcctrm fromcku M ^ oxidixed B«. (o .b) Be K 
edge: (r) O K edge. 
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the v (E) spectrum tor the clean surtacc has 
been found to be in reasonably good agreement with 
theoretical (conduction-band) DOS calculations and 
with the results of other experimental piobes of the 
empty DOS ot elementa". Be. Comparing the raw 
data, one sees that the empty DOS at th** Fermi level 
changes, upon oxidation, from a steplike function to 
a more peaklike distribution. The energy difference 
between the highest energy minimum, probably due 
to a remnant of elemental Be in the sample surface, 
and the most intense minimum is in good agreement 
with the XPS measurement of the chemical shift of 
the Be K-core level due to oxidation. One also finds 
that the Be K-CLS spectrum from oxidized Be is 
closer in shape to the O K-CLS spectrum than it is to 
K-CLS spectrum from clean Be. These results may be 
consistent with the ionic-bonding picture of Be. 
although it is not clear as to why the empty DOS 
distribution (near the Fermi leveljshould be the same 
at the O siu unless, perhaps, the empty Be states lie 
well above the Fermi level and the CLS measure­
ments are sampling only those empty states due to the 
O. The data reduction of the CI.S spectra from the 
oxidized surface has still to be completed. 

1. Sandia laboratories. Albuquerque. N.M. 
2. D R. JenniMtn. H. H. Madden, and [). Vt. Zehncr. Ph\ . 

Kei 0 21.430(19X0). 
3. I I I nude and i\ H. Culler. Ph\s. Rev. 133. AXI9 

(1964) 
4 O. Ana and X Sagavia. J. Phx\. Si». Jpn 27, 164 (l%t). 

ADSORPTION OF O ON Cu(110) STUDIED 
WITH ELS AND LEED' 

J. F. Wendelken Martin I; lehla 

In the study of adsorbate site locations and 
adsorbate reactions on surfaces, surface vibrational 
spectroscopies have become increasingly important. 
Currently, the most popular of these vibrational 
spectroscopies is ELS. We report here the use of this 
technique in conjunction with LEED to investigate 
the adsorption of O on the Cu(llO) surface. This 
adsorption system is of inteicst because of the role of 
O in a variety of catalytic reactions on this surface. 
For example, the dissociative chemisorption of 
ethanoIonCud 10) and Ag(l 10) is strongly prrmoted 
by prcadsorption of oxygen.' 

The measurements were made using a high-resolu­
tion electron spectrometer under UHV conditions.1 

The spectrometer operates with 20 meV energy 
resolution and V angular resolution. A movable. 

rear-viewing LEED display screen is mounted in the 
same system so that all measurements air made 
without moving the target.4 

The LEED observations are summarized in 
Fig. 2.12. When a clean Cu( 110) surface (Fig. 2.12a) 
at a temperature of 80 K was exposed to 20 L of O;. 
only the relative intensities of the LEED beams were 
observed to change. No additional beams were 
observed and only a small increase in diffuse scatter­
ing was seen. However, when the crystal was 
subsequently heated above 160 K. additional one-
third order beams from a (3 X 1) pattern appeared, 
and finally a < (6 X 2) pattern was observed after a 
temperature of 400 K was reached. Above this tem­
perature the pattern eventually changed completely 
to a (2 X 1) pattern as shown in Fig. 2.12c. 
Figures 2. Mb. d show a r(6 X 2) pattern in which a 
(2X1) pattern has begun to develop. When O ex­
posures were made at room temperature, only the 
(2 X 1) pattern (Fig. 2.12c) developed for the 
exposures reported here. 

The ELS measurements were made as a function of 
O exposure and the various LEED patterns. After a 
series of O; exposures at room temperature followed 
by annealing at 500 K to produce a sharp (2X1) 
LEED pattern, an energy loss at 49 meV was ob­
served. This energy loss was observed to increase in 
intensity relative to the elastic scattering intensity up 
to an exposure of 6 to 8 L. At the specular scattering 
angle of 80° from the surface normal, which was used 
for these measurements, the elastic intensity was seen 
to increase also with O exposure by nearly a factor of 
3 when saturation was reached at 8 L. Most interest­
ing was the fact that no energy shift was observed as a 
function of exposure up to 50 L. 

A direct comparison of the ELS res'ilts with the 
LEED results is shown in Fig. 2.13. In each case the 
O dose was 20 L with a crystal temperature of 80 K. 
Again, the same vibrational loss energy was observed 
in all three cases. Only changes in total and relative 
intensities were observed. Upon heating thecrystal to 
obtain the i(6 X 2) pattern the elastic intensity nearly 
doubled while the intensity of the loss peak dimin­
ished relative to the elastic peak as s >wn in 
Fig. 2.l3/>. Further heating to obtain the ( 2 X 1 ) 
structure again nearly doubled the intensity of the 
elastic peak, and the loss peak was now increased 
relative to the elastic peak as shown in Fig. 2.I.V. 

As a check on these results. ELS data were also 
obtained by using "O; instead of '*0:. If the 
vibrational energy var.es as the inverse square root of 
the mass, then a. ^ ; f i from 49 to 46.2 meV is expected. 
The measured value for "O; was 46 + 0.5 meV. The 
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Fig. 2.12. LEED patterns with E, = 200 eV. la) Ihe clean Cut 110) surtacc at I IhO K. \h\ ...:er exposure to 20 I O: at 
7 - X0 K lolloped b> heating to 400 K lor 10 min and rccooling to 100 k. and i. I the sameO exposure as mih) but after heating 
to Mfc) K lor ID mm ami retooling to 100 K In li/l ihc integral order beams are indicated b> solid circles, the onc-sixih order 
beams ol the rih • 2) pattern ar- indicated b> open circles, and the halt-order beams o! the l2 > 11 pattern arc indicated 
b\ crosses 

observed angular distribution of the scattered elec­
trons with the characteristic energy loss of 49 mcV 
('"O.) showed that the inelastic scattering was peaked 
in the clastic beam direction with an angular spread 
of 0.8 more than the elastic beam. This is char­
acteristic of dipole scattering in which the inelastic 
intensities are proportional to theelastic intensities as 
a result of a two-step scattering process. At any rate. 

we may be confident that the measured vibrational 
energy is associated with O 

Unfortunately, the site location of O on Cu(IIO) 
cannot be determined from the observation of a 
single vibration. However, restrictions may be placed 
on the site. The observed vibrational energy indicates 
that tht O does dissociate since the molecular vibra­
tional energy is 193 me\." Further, the energy value 
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Fig 2.13. Energy low profiles for an initial 0 exposure of 20 L 
at 80 K but after different temperature cycles to produce the (IX I), 
r(6 X 2), and (2 X |) LEtO patterns. 

indicates that the O atoms ar_- coordinated to more 
than one Cu atom since the Cu-O stretching mode 
<:r.ci£y is 78 mcV. in genera;, a decrease in t'ae 
vibrational energy can be associated with an increase 
in 'he bond number.' The fact that the vibrational 
energy does not depend on O coverage argues fo: a 
site in which the O atoms do not interact strongly 
with each other. It is known that the vibration^! 
energy of O on Cu(100) does vary as a function of 
coverage, and there is some evidence that trr. O may 
sit above the surface with fourfold coordination." 
Hence, a reasonable site on Cut 110) could be in or 
beneath ;he surface, and a simple consideration of 
space indicates that the long bridge position may be 
preferable. This suggestion is in agreement with ion 
sr. mehng results' which indicate that under dynamic 
exposure conditions, the oxygen is located at the long 
bridge position, 0.6 A oeneath the surface. THi.s, the 
effect of this v/ork, in part, is to extend the ion scatter­
ing results to lower O coverage levels and to different 
surface structures, and to explore differences between 
dynamic and static sys'ems. 

It could be assumed that the different LEED 
patterns in Fig. 2.12 arc associated with diferent 
densities of O, but with the O always in the same site. 
The tLS intensities are confusing on this point since 
the inelastic intensity relative to the elastic intensity 
ilil It) decreases upon formation of the c(6 X 2) 
structure and increases upon formation of the (2X1) 

structure. The initial loss of intensity is probably 
associated with O incorporation into the bulk as has 
been indicated for O on Cu. 1 0 Th: c*b X 2) peitern 
may be associated with a onc-sixtii monolayer 
surface coverage or with a bigh-coverage coincidence 
structure, as suggested in a recent study of adsorption 
above room temperature.'0 In the first case, forma­
tion of the (2X1) structure requires either a threefold 
increase in Efface O or the formation of (2 X I) 
islands. If the (2 X |) structure that is formed cy 
heating the c(6 X 2) structure is then viewed as a 
surface that is two-thirds clean and one-third covered 
by (2 XI) islands ana if the scattering from the islands 
is weighted to reflect the increased elastic scattering 
from the (2 X 1) surfcee, an increase in (hilt) by a 
factor of 1.8 is expect.-d. The observed increase is a 
factor of 1.6, a value which could be affected by 
further O incorporation. If the surface were com­
pletely covered by a (2 X I) structure, the increase in 
(hi IE) should be a factor of 3. Such a large increase 
was not obser td for exposures up to 50 L at room 
temperature and above, which suggests that a com­
pletely saturated (2 X I) structure may be difficult to 
form, possibly as the result of further O incorpora­
tion. In the case of the c(6 X 2) coincidence model, a 
reduction in {is.: h) should have bren observed for 
the(2X I) structure. 

Finally, it is noted from a comparison with 
published ELS7 and angle-resolved SIMS* results for 
O or. Cu(ICO) that, despite a very different bonding 
configuration compared to Cu(l 10), the Cu-O force 
constant is nearly the same in both cases. If it is 
assumed that the force constant calculated in the 
Cu(100) case is a reasonable value for the Cud 10), 
the best agreement is found for the long bridge site 
with a predicted vibrational energy of 49.9 meV. 

). Summary of paper to be published. 
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8 S. P Holland. B. .1. Garrison, and N. Wmograd. Phys. Rev. 
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NO AND NOi ADSORPTION AND 
DISSOCIATION ON Co(liO) STUDIED 

WITH ELS AND LEED 

J. F. Wendelken 

The study of NO and other oxide forms of N on 
metal surfaces is of interest for the wide variety of 
catalytic reactions that are known to occur with such 
systems. NO is also of interest because of its struc­
tural similarity to CO. However, as is reported here, 
the behavior of NO on Cu(l 10) is totally different 
from that of CO. 

The LEEO patterns following NO exposuie were 
observed and found to have similarities to the 
patterns that haw been observed following O 
exposures.1 An exposure of 20 L of NO at a crystal 
temperature of 80 K resulted in noadditionaldiffrac-
tion beams, but the relative intensities of the integral 
order beams were altered. Subsequent heating of the 
crystal to 400 K resulted in a c(6 X 2) pattern. With 
further heating, the pattern began to change to a 
(2X1) structure, but the change was never complete 
as was the case with O. Exposure of the clean crystal 
to 20 L of NO at 500 K produced no change in the 
LEED pattern, whereas a similar exposure to O 
would produce a sharp (2X1) structure. 

Electron energy loss vibrational spectra were 
obtained for both adsorbed "NO and "NO. Results 
from several exposures of''NO at a crystal tempera­
ture of 80 K. are shown in Fig. 2.14. Two energy loss 
peaks that arc associated with NO can be seen. For an 
exposure of 0.5 L, the losses are at 106 and 195 meV. 
At 1.2 L, the losses shift slightly to 104 and 194 meV. 
Nearly identical results were obtained for adsorption 
of "NO. In this case, the first loss peak was shifted 
downward by 2 meV ar.«J «he second loss peak by 
4 meV for all exposures. A third loss peak that 
appears in the spectra is the reiul* of adsorption of 
CO that is present in the vacuum chamber. Based on 
an earlier study of CO on Cu(110),2 it is estimated 
trial this represents less than 0.05 monolayer of CO 
coverage. Mtnough greater amounts of CO have 
been observed i"> shift energies and intensities in the 
NO vibrational ipectnim,3 this is not considered a 
seriou' prob' •.:. in (hi; study. An upward shift in the 
CO v;oratiot.al energy from the 260 meV observed 
for CO alone3 is in fact useful to this study as 
discussed below. 

Tie behavior of the relative intensities of the loss 
peaks as a function of coverage is of particular 
snteiest. The low-energy peak develops first at low 
coverage. Its maximum intensity occurs at ai-out 
0.5 L, and then its intensity decreases. The higher 

ORNL-0WG >*9-t46<8 
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Fig. 2.14 Electron energy IOM prolix* obtained after several 
exposure* of a 0*110) mrface to "NO. The IOM peak at 264 'o 
265 meV is the CO ». -*<-!-ing vibration which results from back­
ground contamination. 

energy NO peak develop $ more slowly, and a maxi­
mum intensity is reacted at 1.2 L. For greater 
exposures, both loss peaks vanish. However, the CO 
loss peak does not concurrently vanish r,r sh."' down 
in energy, so it must be concluded that the NO ooes 
not simply vanish from the surface. With an exposure 
of 20 L u shoulder in the loss profile is observed at 
-tbout 50 meV. Heating to 500 K to produce the 
mixed r(6 X 2) and (2 X |) LEF.D pattern results in a 
distinct loss peak at 49 meV, which is the energy 
observed tor adsorbed atomic O.' 

By obs rving the loss profiles as a function of 
temperature after an initial exposure of NO of less 
than 1.0 L, it was ound that the NO loss peaks 
diminished as the 'emperature was increased and 
vanished above a temperature of 113 K. However, the 
residual CO loss peak was again unaffected by this 
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disappearance of the NO peaks. Thus, the NO must 
dissociate without desorption when cither heated 
above 113 K or at exposures greater than 1.2 I.. 

A possible explanation for the behavior of the 
Cu( 1I0VNO system was given by results of a recent 
XPS study of NO on Cu(IOO) in which it was con­
cluded that N.'O i* formed and desorbs at 110 K, 
leaving behind only O. However, in the present work 
this possibility may be ruled out for three reasons. 
First, the gas phase NO stretching energy4 of 159 neV 
would require an increase in energy upor adsorption. 
Second, the energy shifts in the gas pha. e stretchii g 
and bending modes between l 4 NO and "NO aie 
2.5 and 2.1 meV, respectively, a.id we observed shifts 
of 4 and 2 meV. Thii '. the inability of the LEED 
pattern to shift comp cidy to the (2 x | ) structure 
indicates the presence of something other than O 
alone after heating. 

Another possible reaction product is NO:. This 
possibility was checked by adsorption of NO: under 
the same conditions as for the NO studies. The same 
loss energies were observed; however, intensities were 
generally weaker. From this it is concluded that NO: 
reacts to form the same species that result from NO 
adsorption but with less efficiency. 

The explanation of the vibrational spectra which 
appears most likely is that the NO is adsorbed in 
a bent configuration. In an IR study concerning 
nitrosylplatinum complexes.' it was found that the 
NO stretching and bending modes at 2l2and64 meV 
shifted down in energy by 3.75 and 1.3 meV, respec­
tively, when the isotope was changed from M N to "N. 
This corre- ponds closely to the presently observed 
shifts of 4 and 2 meV. In the above study, an NO-Pt 
vibration was observed at 36 mcV. A loss in this 
energy range might not be resolved with the spec­
trometer employed in this experiment. If the vibra­
tional mode reported here at 194 meV is assumed to 
be the NO linear stretching mode and the mode at 
106 to 104 meV is assumed to be the bending mode, 
the observed energies and relative intensities at the 
two losses can be understood if Me molecule is 
strongly bent (i.e., almost parallel to the surface). 
Since the energy loss process involves dipolescatter­
ing in this case, the dipole selection rule states that 
only vibrational components perpendicular to the 
surface should be observed with ELS/ Hence, the 
stretching mode of a strongly bent NO molecule 
would appear weak and the bending mode would be 
strong in thr rnergyloss spectrun. The low energy of 
the stretching mode compared to the gas phase value 
of 233 meV is an indication of either a multiply co­
ordinated site, severe distortion of the molecule by 

strong bonding forces, or of both. Distortion is 
certainly responsible for the observed dissociation at 
very low temperatures, and she coordination effects 
are considered likely. The relative intensities of the 
two vibrational modes as a function of coverage 
indicate that, with increasing coverage, the molecules 
stand more upright. At high exposures, ifcr presence 
of O and perhaps N from dissociation of NO possibly 
prevents the adsorption of NO in molecular form. 
Such an occurrence would explain the disappearance 
of the NO loss peaks, for preadsorption of O alone 
has been shown to prevent molecular NO adsorption. 

1. J. F. Wcndelken and M V It Ulehla. "Adsorption of O on 
Cut 110) Studied with FLS and LEED." this report. 

2. J. F. Wcndelken and M V.K. Ukhla.y. Vac Sri Technol. 16, 
441 (1979). 

3. J. F. Wendelken."Effectof0-Adw>rptionofCO»ithOand 
NO on Cu(l 10) on Observed Vibrational Spectra.- this report. 

4. D. W. Johnson. M. H. Matloob. and M. W. Roberts. J. 
them. W 1)40.2 11.11978) 

5. B. Miki et al.. Bull. Chem. Soc. Jpn 47. 656 U974). 
6. M. t-roil/hcim. Electron Spectroscopy for Surface Analysis. 

ed. by H. I bach. Springcr-Verlag. New York. 1977. 

EFFECT OF CO-ADSORPTION OF CO 
WITH O AND NO ON Cu(U0) ON 

OBSERVED VIBRATIONAL SPECTRA 

J. F. Wendelken 

Carbon monoxide is a principal component of the 
background gas in UHV systems. Since CO is readily 
adsorbed on many surfaces, it is a frequent con­
taminant in surface studies. The adsorption of CO on 
Cu(l 10) has been studied previously by means of 
electron energy loss vibrational spectroscopy.1 Here 
the effect of CO co-adsorption with O and NO on 
vibrational spectra is examined. 

In the case of co-adsorption with O, it has been 
reported that at high temperatures (T> 500 K) and 
high CO exposures (10 L) preadsorbed O may be 
removed from Cu(l 10) by oxidation of the CO and 
subsequent desorption.1 The present measurements 
involve adsorption at 80 K, where atomic adsorption 
of O and molecular adsorption of CO have been 
observed.2'1 Oxygen was adsorbed first (20 L at a 
temperature of 80 K). The presence of atomic O was 
indicated by a weak vibrational loss a' 49 meV.2 

Then, an exposure of 20 L of CO was made. The CO 
stretching mode vibration appeared at 264 meV, 
which is 4 meV higher than that observed for CO 
alone on Cu( JI0).1 This is quite interesting in view of 
the previous observations' that the CO vibration 
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displayed a shift of only 2 meV from 25* meV at low 
coverage to 260 meV at high coverage. Hence. CO is 
more strongly affected by O than by neighboring CO 
molecules. In a second experiment, the Cut i SO) sur­
face was first exposed to 20 L of O; at T = 270 K and 
then annealed at 500 K to produce a sharp (2 x I) 
LEED pattern. The target was then cooled to 80 K 
and exposed to 20 L of CO. Again, the CO stretching 
mode was observed at 264 meV. The Cu-O vibra­
tional mode, which is better resolved with the (2 X |) 
surface structure, appears to be shifted upward by 
I to 50 meV. although this shift is too small to be 
measured reliably with present instrumentation. No 
shift in vibrational energy has been observed as a 
function of O coverage alone.' In both cases, the 
intensity of the O loss peak is little affected by the CO 
adsorption, whereas the CO adsorption is seen to be 
inhibited by the O preadsorption. Hence, a much 
smaller background exposure of CO docs not appear 
to present difficulties with studies of O on tht 
surface. 

The interaction of CO with NO on the Cud 10) 
surface produced somewhat stronger effects. For this 
experiment, the Cu(II0) surface at 80 K was first 
exposed to 0.5 L of CO. This results in approximately 
a 0.25 monolayer coverage.' Then 0.5 and 1.0 I. 
exposures of NO were made, also ar 7 = 80 K. The 
CO stretching vibration loss intensity was reduced by 
20% for the first exposure of NO and by Wr for the 
second. The energy of this loss was shifted upward 
again to 263 meV. almost the same value as for O co-
adsorption. The NO stretching and bending modes 
which are observed with NO adsorption alone4 at 
195 and 106 meV, respectively, were shifted to 
190 and less than 100 meV for the0.5 L NO exposure. 
The intensity of the NO bending mode is also seen to 
be suppressed by the presence of CO. At anexposure 
of 1.0 L of NO. the intensity of the bending mode 
without pre-exposure of CO is almost twice that of 
the stretching mode. With the CO exposure, the 
bending mode almost vanishes from the spectrum, 
indicating that the NO molecule is more perpendic­
ular to the surface.' Thus in studies of molecular NO 
adsorption, it is important to reduce CO contamina­
tion as much as possible. 

1. F HP M Habraken el al.. Surf. Sri. I t , 2K5H979) 
2. i. r WenJelken and M.V.K. I'lehla. "Adsorption of Oo 

Cud 10) Studied with F.I.S and I.EF.D." ehi« report. 
3. J. F. Wendelkenand M.V.K. ftlehla./ Vac. Sri. Technol. 16, 

441 (1979). 
4. J. F. Werwfelken. "NOandNO. Adiorprionand DiMocialirn 

on C'u(l 10) Studied with C.I.S and I.F.F.D." thi* report. 

EFFECT OF ORDERED O OVERLAYERS 
ON SPIN-POLARIZED LEED FROM W(001) 

J. F. Wendelken1 J. Kirschner: 

In the study of both clean and adsorbate covered 
single-crystal surfaces. LEED has become an 
accepted and useful tool. However, additional infor­
mation may be gained by examining the spin depen­
dence of the scattered electrons in such experiments.' 
particularly for largc-Z materials where spin-orbit 
coupling leads to strong polarization effects. Such a 
spectroscopy as spin-polarized LEED (SPLEED) 
was recently made more practical by the development 
of a double-scattering LEED spin detection appa­
ratus/ We report here the application of this 
apparatus to a study of the effect of the chemisorp-
tion of ordered overlayers of O on W(00l) on the 
observed polarization intensities. 

The adsorption of O on W(00l) is known to 
produce a large variety of surface structures' as a 
function of coverage and thermal treatment. These 
structures have been attributed *o a reconstruction 
process at the surface in which the W atoms undergo 
large displacements/ Since spin-orbit coupling is 
jtrongest for largc-Z atoms, measurements of the 
spin polarization of electrons scattered from surfaces 
with relatively light adsorbates should be preferen­
tially sensitive to the structure of the substrate surface 
atoms. 

In this study, we have observed the polarization 
dependence of electrons diffracted from W(001) with 
z>(4 X |) and p(2 X I) 0 overlayers as well as for the 
clean surface. The measurements of both intensities 
(/) and polarization (P) consist of specular beam 
rotation diagrams |7(rf>) and P(<t>) for V - constant) 
and energy profiles \J(V) and P{V) at d> = 
constant]. 

The W suiTjce was cleaned by standard procedures 
that involve first heating the crystal to a temperature 
of ~ 1500 K in a 5 X 10 * Pa O atmosphere to remove 
C. Subsequently, the crystal is flashed several times to 
2700 K in high vacuum to remove O. During the 
measurements, the surface is then maintained clean 
by flashing every 15 to 30 min to a temperature of 
2100 K Co remove CO. Thep(4 X J) surface structure 
was formed by an exposure of 0.7 L of O with the 
crystal at room temperature. Thep(2 X I) structure 
was then formed by btating the crystal to about 
• (00 K. Both structures exist in two domains rotated 
by 90° from each other. 

The measurements reported here were all made 
with the polar angle 6 of 14 ± 0.5° from the surface 
normal. This angle was chosen because of the exis-
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tencc of a strong polarization feature that is not 
highly sensitive to the polar angle for the clean 
surface at 77 eV for <f> = 0 ° . In Fig. 2.15, both P(V) 
and / ( V) profiles are shown for <t>=0 and 4 5 ° . In the 
case o f <t> = 0° (Fig. 2.15a) the strong negative 
polarization feature of the clean surface at 77 .2 eV is 
greatly reduced when the p ( 2 X I) O structure is 
formed. At the same time a new positive polarization 
feature develops in the 70- to 75-eV range. Cor­
responding changes are also observed in the intensity 
profiles. In particular, the loss of the distinct 
minimum near 77.2 eV is noted because strong 
polarization features are often, though not always, 
associated with minima in the intensity profiles. 7 In 
the case of <t> = 45° (Fig. 2.15ft) strong differences are 
seen in the polarization profiles for the clean surface 
and the surfaces with p(4 X I) and p(l X I) O 
structures. The intensity profiles also show large 
changes, but these are primarily a shift in relative 
intensities rather than a complete alteration of 
structure. For the p ( 4 X | ) and p ( 2 X | ) surface 
structures, totally new polarization features are 
displayed near 102 and 67 eV, respectively. 

Intensity rotation diagrams have recently been 
successfully applied to the clean W(001) surface* and 
are seen to have several advantages. Data obtained at 
constant energy of primary electrons simplifies the 
theoretical considerations because the inner potential 
is constant. Also, it is helpful that experimental 
results are obtained under conditions such that 
instrumental efficiency is constant. Since these same 
advantages will apply in the case of S P L E E D mea­
surements, polarization rotation diagrams were 
incorporated in this study. Figure 2.16 shows several 
sets of such l»(d>) and / ( $ ) profiles. In Fig. 2.16a 
profiles for the clean and p(2 x | ) surfaces are 
compared at an energy of £ = 55 eV. Note that 
while there is qualitatively little change in the inten­
sity profiles, there is a total loss of clean surface 
polarization feature at 4> = 45° . Figure 2.166 shows 
rotation diagrams for energies at which new polariza­
tion features are created by the p (2 X | ) structure. 
Note that for the two energic* chosen, Ep - 66.1 and 
67.2 eV, which represent the positive and negative 
extremes in polarization, the intensity profiles show 
very little difference. For the clean surface, the 
profiles are nearly the same at both energies, so only 
the profile for 67.2 eV is shown. The asymmetries that 
appear in the rotation diagrams may result from 
small instrument misalignments or may be a result of 
a two-domain structure. 

Measurements were also made &t O exposures 
beneath and above the required for thep(2X I). After 
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an exposure of 2 L followed by annealing at 1300 K, 
the negative polarization maximum at Ep = 67.2 eV 
and <f> = 45° was reversed to become the positive 
maximum of polarization with no negative polariza­
tion remaining inthis feature. Atvery low exposures, 
such as 0.1 L, an increase in positive polarization is 
observed at 72 eV and a negative feature develops at 

67 eV for d> = 0°. These features are greatly 
diminished when the exposure is sufficient for the 
development of the p(2 x f). Although the LEED 
•rattems also change as a function of exposure, the 
rhanges are again primarily a change in relative 
intensities. The sensitivity of the polarization profiles 
as a function of exposure provides hope that they will 
be a very sensitive probe of the reconstruction 
process. 

It is of interest to compare these results with the 
only other published polarization study on adsorbate 
systems by Riddle et al.' In this study they examined 
the effect of disordered layers of O and CO and 
ordered layers of CO on P( V) profiles at 0= 13°, d>= 
0° for W(00l). We also looked at the effect of a 
disordered layer ofOand found good agreement with 
the published results. The surprise comes with the 
comparison of our data for ordered overiayers of O to 
the published data for ordered overiayers of CO. 
While the results look quitedifferent in the case of the 
saturated p(2 X I) oxygen and c(2X 2)CO structures, 
the results obtained for a very low exposure (0.1 L) of 
O followed by annealing at 1300 K look very similar 
to the CO results that required a 20-L exposure 
followed by annealing at I ISO K.. Perhaps a small 
percentage of the CO is dissociated, and a similar 
reconstruction is caused in both cases by the O. 

It is not possible at this time to make a definitive 
statement as to whether polarization measurements 
are more sensitive to reconstructive adsorption than 
intensity measurements. However, in the data 
obtained the changes in the polarization features are 
often more distinct and sensitive than the changes in 
the intensity features. Certainly, the polarization 
measurements arc complementary to the intensity 
measurements, and a combined analysis of data of 
both types should ir.crease the reliability of surface 
structure determinations. 
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DEVELOPMENT OF RETRACTABLE. 
REAR-VIEWING LEED/ AES SYSTEMS1 

J. F. Wendelken S. P. Withrow 
P. S. Herrell2 

Display-type LEED systems with AES capabilities 
have been added recently to two different UHV 
experimental chambers. In both rases, the intrinsic 
design of existing equipment prevented the use of 
conventional, commercially available LEED sys­
tems. In one chamber that houses a high-resolution 
electron spectrometer, the urget is mounted in a 
fixed position on a large mechanical base that blocks 
the view of the front side of a LEED screen. The 
second experimental apparatus is a positive ion 
scattering system in which the target manipulator s 
necessarily large and presents the same viewing 
problem. In both systems a normally located LEED 
screen was also found to interfere with other 
measurements. 

These problems were solved by constructing two 
LEED/AES systems that use phosphor coatings on 

glass for display screens, thus making it possible to 
view- the screens from behind (opposite side of the 
glass from the phosphor). In addition, the systems are 
mounted on large bellows-sealed drive mechanisms 
that allow them to be retracted when not in use. The 
design of the LEED system used with thehigh-resoiu-
tion electron spectrometer is shown in Fig. 2.17. The 
retracting mechanism is driven by a large threaded 
nut and has a total travel of 20 cm. Atmospheric 
pressure, which makes turning the nut difficult, is 
counterbalanced by two air pistons. The second 
LEED system, shown in Fig. 2.18, is driven by air 
pistons alone and has a travel of IS cm. The two 
LEED systems are nearly identical otherwise. Both 
use commercially available electron guns to which 
shields for blocking light from the cathode have been 
added. The glass screens are cut from flasks. They 
were coated first with tin oxide to make them 
conducting, and then thin, nearly transparent layers 
of phosphor were added by settling from sotution. 
The phosphors appear as bright from t he back side as 
from the front side, and due to the absence of light-

s«»-s«;n-'Wi 
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Fig. 2.17. Rear-viewing LEED system M mounted on higicreiolution electron spectrometer system. I be ri'H.i'.tinn 
mechanism is driven with a double ihrcadcd sere* and agisted by pneumatic pi^tonv 
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blocking grids when viewed from the back side, the 
LEED patterns actually appear brighter. The four 
grids in front of the screens were obtained com­
mercially and permit use of the LEED systems for 
AES. 

1. Summary of paper: Rev. Sci. Insirum. 31, 255 (1980). 
2. Plant and Equipment Division, ORN1.. 

PLASMA MATERIALS INTERACTIONS 

UHV SAMPLE TRANSFER SYSTEM 
R. A. Zuhr J. B. Roberto 

The plasma-wall interaction in tokamaks has been 
studied on ISX using accelerator-based techniques 
such a< Rutherford backscattering and nuclear 
reaction analysis.1 * These techniques rely on the 
exposure of deposition probe samples in the plasma 
edge to accumulate both plasma and impurity fluxes 
that can later be quantified in the laboratory. To 
make such exposures, a mechanical system is 
required that can in; rt the probe into the vacuum 
vessel, position it accurately durng the discharge, 
and then remove it from the vexse' without compro­
mising the vacuum integrity of the machine. 

Additional features, such as the ability to make 
electrical connections or to rotate the probe for 
multiple sample exposures and time-resolved experi­
ments, are also desirable. In certain cases, it may be 
necessary to transport the exposed probe from the 
tokamak to the analysis chamber under UHV 
conditions without exposure to the atmosphere. 
Such a system has been designed and built and is 
currently in use on ISX-B. 

The design of the system was based on the use of 
two concentric lubes, the outer one to hold a sample 
shield and the inner one to carry the rotating samples. 
The tubes slide together into and out of the plasma, 
with the rotating drive motor mounted directly on the 
outer end of the tubes to minimize the rotational 
inertia presented to it and to eliminate backlash in the 
drive train. The major components of the transfer 
system arc a modified (it) I s ton pump that is 
mounted coaxially around the sample support tubes 
and can be operated from either ac power or 
batteries, a long welded bellows that allows samples 
to be moved more than 75 cm from the transfer 
system into the tokamak, and a stepping motor that 
can be programmed to rotate the samples a specified 
amount either during a discharge or between 
discharges. In accordance with the operation criteria 
for ISX, the system is automated so that the probe 
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will be withdrawn and the isolating valve will be 
closed in the event of a vacuum failure in the 
tokamak. There are no sliding seals in the system. 
The linear motion is sealed by the long bellows, and 
the rotary motion is transmitted through a bellows-
type UHV rotary feedthrough. Viton sealed gate 
valves are used to close off both the system and the 
tokamak when the unit is not in position. Base 
pressure of the transfer system is 10"7 to 10"* torr 
without baking. 

This transfer system gives the capability of 
exposing samples up to 8 cm in diameter at any 
position between the vacuum wall and the limiter 
radius. The samples may be cleaned prior to 
insertion, exposed in the tokamak. removed, and 
analyzed at a remote facility under continuous high 
vacuum conditions without exposure to the air. 
Provisions are also included for multiple sample 
operation, time-resolved deposition measurements, 
and electrical measurements. The system has been 
used successfully for measuring the saturation 
behavior of impurity depositions* and D trapping' 
and is now being used for time-resolved measure­
ments of both impurity and D fluxes in the plasma 

I R A Zuhr ci a!.. J. Vurf Mater M'W. 979 (1979). 
: S P. Withrou ei al.. Solid Stale f)iv. Prog Rep.. Sept 30. 

I97H. ORNI.-54**. p. 5<V 
-V B R Appleton >-t al.. Solid Stale liiv. Prog. Rep.. Sept 30. 

IV7H. ORM -5486. p. 51 
4. R A. Zuhr, S. P. Withrow. and J. B Rober.o. "Impurity 

Transport in the Plasma Edge of ISX-B." this report. 
5. S.P Wiihrow, R. A Zuhr. and J B. Roberto. T> Profiling in 

Ihe Plasma Edge of ISX-B." this report 

IMPURITY TRANSPORT IN THE PLASMA 
EDGE OF ISX-B1 

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

The performance of magnetic fusion devices 
depends critically on the impurity content of the 
plasma. Even small concentrations of heavy elements 
K0.l% for W) can preclude the achievement of 
break-even conditions in tokamaks. The impurities 
arc introduced as a result of interactions of the 
plasma with the <vai! and the limiter. In mis work, we 
have used deposition prubf measurements of 
retained impurities as a means of studying impurity 
transport in the limitcr shadow of ISX-B. Measure­
ments have been made of the species and quantities of 

impurities present, their radial distributions behind 
the limiter, and their behavior as saturation levels are 
approached. Simultaneous measurements of re­
tained D made under the same conditions are 
discussed elsewhere in this report.2 

Single-crystal Si samples were exposed to varying 
numbers of tokamak discharges in the plasma edge of 
ISX-B by use of a compact sample insertion system.3 

The impurities retained on the samples were 
determined quantitatively at the Solid State Division 
accelerator facility using Rutherford ion backscatter-
ing of 2.5-MeV 4 H ions. The channeling phenom­
enon was used to reduce background from the Si 
substrate. The principal impurities deposited on the 
probes were the components of stainless steel, O, and 
C. In addition, lesser amounts of S (associated with 
arcing) and Pb (from soft solder joints) were 
detected. The amounts retained per discharge of 
these and other impurities at 2 cm behind the limiter 
for a typical ohmicaUy heated D plasma are given in 
Table 2.1. 

Measurements of deposition rates were made as 
functions of radius behind the limiter (impurity 
profiles) and the number of discharges to which the 
samp!e< were t-xposed {saturation r.:~35uren'ic..ii;. 
Combined saturation and radial profile results for O 
are shown in Fig. 2.19. Results for ohmically and 
beam heated (350 kW) D discharges are given. It is 
clear from Fig. 2.19 that the accumulation of O on the 
probe is saturating after a few discharges. After four 
discharges, 90% of the finalO concentration has been 
reached for both injected and noninjected plasmas. 
This is in marked contrast to the behavior of Cr and 
Fe, which is illustrated in Fig 2.20. Here the Fe 
concentration, with and without injection 3t 2.5 cm 
behind the limiter, is plotted against the number of 
discharges. For both Cr arid Er the deposition 
increases linearly with exposure throughout the 
range investigated, indicating that erosion is not an 
important factor for these metals at this radius. 
Oxygen, on the other hand, is being removed at a rate 

per ditcturae, cm' 

C 3.0 x 10" 
N 8.2 X 10" 
O 4.3 x 10" 
S 2.0 X I0' ! 

Cr 1.1 x 10" 
f-'c .1.0 x 10" 
Ni 2.3 x 10" 
Pb 2.1 x 10" 
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are no longer any sites available at which incident O 
can be trapped. 

!f an initial sticking coefficient of unity isass"med, 
incident fluxes of Fe and O can be determined irom 
these data. In turn, if an assumption c. ion 
temperature is made, densities of these materials in 
the plasma edge can be est-mated. Results for 25-eV 
ion temperatures are given in Table 2.2 for injected 
and ohmically heated discharges. The modest 
changes in Fe and O densities for ohmically and beam 
heated plasmas indicate that neutral injection is not 
appreciably altering plasma edge conditions or 
carrying large amounts of heavy impurities into the 
plasma. 

Table 2.2. Fe and O fluxes and densities 

Ohmic Neutral beam 
injected 

Flux Fe 3.0 x i o " 3.4 x 10" cm2-discharge 
O 4 3 X 10" 2.4 x 10" cm2-<Jischargc 

Density Fe 5.7 X |0* 6.5 x 10* cm' 
O 4.4 x io'° 2.5 x IO'0 env 
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The estimated impurity densities can also be 
compared with results from optical profiles within 
the plasma. For Fe, optical measurements give values 
of ~6 X IoVcm1 without injection and ~1.8 X 
lO'/cm1 with injection inside the limiter radius. The 
estimated density of O for an ohmically heated 
discharge is ~1 X lO'Vcm1. These rates are 
substantially lower than our deposition probe results 
and indicate that most of the Fe and O in the limiter 
shadow is not reaching the plasma interior. 

Measurements have been made of impurity 
densities, profiles, and saturation behavior in the 
plasma edge of ISX-B for both ohmically heated and 
neutral beam injected discharges. From these 
measurements, we can infer conclusions about 
erosion processes, the effects of neutral beam 
injection, and the coupling of impurities between the 
plasma and the edge region. Time-resolved measure­
ments currently in progress should clarify further the 
conditions prevailing in the limiter shadow. 

of ~4 X ICV'/cm'-discharge after several shots, 
indicating that a different mechanism is operating. In 
particular, chemical sputtering of the O by atomic H 
may be taking place. An alternative explanation is 
that at high O concentrations (~ IX tO'*/cmJ), there 

1. Summary of paper to be published. 
2. R. A. Zuhr and J. B. Roberto. "UHV Sample Transfer 

System," this report. 
3. S. P. Withrow, R. A. Zuhr. and J. B R.>brrto. "\, Profiling >n 

iht Plasma Edge of ISX-B," this report 
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D PROFILING OF SAMPLES EXPOSED IN 
THE PLASMA EDGE OF ISX-B 

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

Plasma particles that strike the limiter and first 
wall of a tokamak can have significant effects on 
plasma performance due to interactionsthat result in 
particle recycling and impurity introduction. In 
order to assess the potential impact of these 
phenomena, it is necessary to know the density and 
velocity distributions of plasma particles in the 
boundary region. This report gives results obtained 
on the ISX-B tokamak from experiments utilizing a 
deposition probe diagnostic for D. This work 
represents a continuation of similar measurements 
on ISX-A.1 

Amorphous and single-crystal Si samples were 
exposed to I, 4, and 12 tokamak discharges at 
locations varying between 10 and SO mm behind the 
limiter radius facing the electron drift direction. The 
exposed samples were then transferred to the Solid 
State Division accelerator facility for analysis. Total 
D retention in the amorphous Si was determined 
•jsing the D{'Hc,p)4Hc nuclear reaction by detecting 
the emitted protons in a surface barrier detector. 
Depth profiles of D were also determined from the 
energy spectrum of 4He produced in the same nuclear 
reaction. Estimates of the incident D energy were 
made by comparisons of the D concentrations and 
depth profiles with theoretical predictions. In 
addition, Rutherford backscatteringof 4He was used 
to monitor the damage to single-crystal Si as a result 
of D bombardment. The depth distribution of the 
damage provides another measure of incident D 
energy. 

Figure 2.21 shows D radial profiles for samples 
exposed to 1, 4, and 12 discharges. The maximum 
absolute concentration retained after 12 shots is 2.3 X 
I0 J 0; m" at 20 mm from the limiter. The concentration 
of D retained is seen to be approximately two-thirds 
saturated after one discharge. The amount retained, 
however, decreases with distance from the plasma. 
Since maximum concentrations obtainable for D 
retention in Si depend on incident energy, this 
decrease in saturation concentration suggests a 
decrease in D energy away from the limiter. For 
discharges with 350-kW neutral beam injection, 
qualitatively similar results were obtained with 
slightly greater saturation levels obtained 20 mm 
behind the limiter and approximately twice the 
saturation values at 50 mm. 
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Fig. 2.21. D radial profile* for 1,4, and 12 discharges 

The D edge temperature was estimated using three 
methods—comparison of D depth profiles with 
theoretical profiles generated using the MARLOWE 
binary collision code,2 comparison of the damage in 
single-crystal Si to the mean D range predicted by the 
MARLOWE code, and comparison of retained D 
concentrations as a function of exposure to trapping 
curves.3 Table 2.3 shows the FWHM of the measured 
D profiles and the damage depth in the single-crystal 
Si. Data are presented for both 1 and 12 shots. The 
damage apparently results from D bombardment, as 
can he seen by the agreement in damage and D 
depths.4 The experimental widths increase with 
exposure, reflecting dose-dependent straggling and 
saturation. Theoretical data for the FWHM, mean 
depth, and mean maximum range obtained using 
MARLOWE for 50-, I50-, and 300-eV D incidenton 
Si are given for comparison. 

The D and damage depths (Table 2.3) are 
consistent with incident D energies on the Si samples 
of 150 to 300 eV. From concentration vs exposure 
data, energies between 50 and 150 eV are predicted 
assuming normal incidence of monoenergetic D, 
whereas for an incident cosine angular distribution 
with a Maxwellian velocity distribution, plasma 
temperatures below 50 eV are obtained. The presence 
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TaMe 2.3. Cocapaiiaon of D tad damage depth profile* 
to MARLOWE code prediction! 

Experiment Theorv 

D profile 
FWHM 

(A) 

Damage 
depth 
(A) 

Energy 
(ev) 

FWHM 
(A) 

Range 
(A) 

Mean 
depth 
(A) 

1 Shot 92 95 SO 15 23 18 
12 Shots 134 130 ISO 35 60 49 

300 135 IIS 95 

of a sheath potential is consistent with the normal 
incidence monoenergetic case, which also gives the 
best agreement with the D energies derived from 
damage and depth profiles. For plasmas heated with 
neutral beam injection (increasing central electron 
temperatures from 1050 to 1450 eV), results similar 
to those without injection are found; this fact 
indicates that the energy of D in the boundary layer 
does not reflect very strongly the increase in central 
plasma temperatures. 

! < ; p Wtthrow f. a!. Xnlid 5<V.? />"•. Prnv. /?w> , Sent. .?0. 
1978. ORNL-5486, p. 50. 

2. M. T. Robinson and I. M. Torrens. Phys. Rev. B9. 5008 
(1974). 

3. S. A. Cohen and G. M. McCra-ken. A Model f'f Hydrogen 
holope Backseattering. Trapping, and Depth Profile in C and 
n-Si. PPL-1529. Princeton (1979). 

4. R.\.Zvhttla\., Solid State Div. Prog. Rep, Sept. 30.1978. 
ORNL-5486. p. 53. 

Al TRANSPORT IN THE T-12 
POLOIDAL DIVERTOR 

S. P. Withrow N. N. Brevnov' 
The removal of impurities (and ashes) from a 

tokamak reactor can be achieved by applying a 
suitable magnetic field arrangement, called a diver-
tor, which guides the outermost layers of the plasma 
out of the main reaction region to where the 
impurities can be collected. Some initial measure­
ments have been made on the transport of particles in 
the poloidal divertors on the T-12 tokamak at 
Kurchatov Institute, Moscow, USSR. 

Aluminum was injected into the edge of the plasma 
during the stable portion of a plasma discharge and 
subsequently collected on Si deposition probes 
positioned at suitable locations in the divertors. 
Quantitative measurements of Al and other elements 
collected on the probes were made at the positive ion 

accelerator facility in the Solid State Division using 
Rutherford backscattering spectroscopy. 

The results show a direct dependence of the 
retained Al on thedivertor configuration. Aluminum 
output into the upper and lower divertors is nearly 
symmetric with a symmetric magnetic field arrange­
ment. A substantial fraction of the Al can be output 
predictably into either divertor by a suitable change 
in the fields. The concentration of Al shows a strong 
positional dependence. Additional work is necessary 
to relate this result to tokamak parameters. Because 
of difficulties in quantifying the Al input, the 
absolute levels oi Ai cannoi be rciatcd to tiivenor 
efficiency or directly compared as a function of field 
configuration. 

In addition to Al. significant amounts of O (of the 
order ten times the AI collected) and Fe were detected 
on the deposition probes. These impurities tended to 
show the same spatial distributions as the Al, 
although in some cases concentrations relative to the 
Al concentration differed substantially. 

I. Kurchatov Institute. Moscow, USSR. 

MEASUREMENT OF THE DENSITY AND 
VELOCITY DISTRIBUTION OF NEUTRAL Fe 
IN THE PLASMA EDGE OF ISX-B BY LASER 

FLUORESCENCE SPECTROSCOPY 
H.-B. Schweer3 W. R. Husinsky1 

J. B. Roberto 
The presence of low concentrations of impurity 

atoms in the hot plasma of controlled fusion devices 
is detrimental to the energy balance of the plasma. In 
tokamaks, the processes responsible for the introduc­
tion of impurities may include evaporation, sputter­
ing, and arcing from both the limiter and the wall. An 
understanding of the origin, time, and spatial 
development of impurity atoms under various 
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plasma conditions and for various wall and limiter 
materials is essential for the operation of present day 
tokamaks and for the planning of future devices. 

Laser fluorescence spectroscopy has been pro­
posed4 as a method for in situ measurement of the 
particle density and velocity distribution of impuri­
ties in the plasma edge of tokamaks with high 
sensitivity and excellent space and time resolution. In 
the present work, we report some of the first laser 
fluorescence measurements of impurities in a 
tokamak. The density and velocity distribution of 
neutral Fe in the plasma edge of ISX-B was 
determined as a function of discharge time for 
various distances from the wall. The population 
density of the a 5/) levels of the ground state of Fewas 
also measured and interpreted in terms of a 
temperature for thermal neutral Fe. 

The laser system consisted of a flashlamp-pumped 
dye laser which produced 700 W of frequency-
doubled output at 300 nm in a O.S-ns pulse. The laser 
beam entered the tokamak along a major radius 30 
cm above the midplane and about 45° toroidally 
tram the limiter. The fluorescence radiation was 
detected off-resonanc» through a 10-cm viewing port 
on top of »he vacuum vcsse- using an intcrfe"Ttce 
filter and photomultiplier. The laser could be 
operated broadband (~I0 pm) to excite all particles 
for density measurements and narrowband (~0.6 
pm) for measurements of Doppler broadening with a 
sensitivity of 6 X 104 cms . 

Results of density measurements for neutral Fe at 
S.S and 10.5 cm from the wall as a function of time 
during the discharge are shown in Fig. 2.22. Also 
shown in the figure is the temporal behavior of the 
plasma current (which was ramped down beginning 
at 160 ms), magnetic field, and optical background to 
the detection system. Two distinct peaks in the Fe 
density at 5.5 cm are obse. ved, a smaller peak at the 
beginning of the discharge and a large peak at the end 
about 30 ms beyond the initialization of current 
rampdown. This latter peak docs not correlate with 
the optical background peak at 160 ms, which 
presumably signals the collapse of the plasma 
outward through the observation volume. Laser 
fluorescence measurements 10.5 cm from the wall 
lead to similar Fe densities at the end of the discharge, 
but no corresponding peak is observed at the 
beginning. These results suggest that the initial peak 
is associated with proximity to the wall and that the 
accumulation of Fe in the edge may be dominated by 
transient effects. 
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Estimates of the temperature of i.outral Fc m 5.5 
cm from the wall were made from Doppler 
broadening measurements and from the ratio of Fe in 
the first excited state to Fe in the ground state (Fig. 
2.22). Both determinations suggest thermal velocities 
(~500 K) for Fe in the plasma edge of ISX-B. A 
substantial sputtering component from the wall 
would be characterized by Fe energies of 1 to 2 eV 
and can be ruled out for the peak at the end of the 
discharge. 

Overall, the results demonstrate the application of 
laser fluorescence spectroscopy for measurements of 
impurity atom densities and velocities in tokamaks 
with sensitivities of 10" atoms/cm' and 0.1 eV for Fe. 
The technique has excellent space and time resolu­
tion and is independent of the plasma. Further 
measurements using a high-resolution cw dye laser 
are under way.5 

1. Summary of paper to be published. 
2. Guest scientist from Intlitut far FcMkorperfOnchung. 

Kcrnforschungsanlage. Jiilich. Germany. 
3. Guest scientist from Technische Universitft Wien, Vienna. 

Austria. 
4. A. Elbern, D. Rusbdldt.and E. Hint/,p.475 in Plaimo-Wall 

Interaction. Pcrgamon, New York, 1977. 
5 W. R. Husinsky and J. B Roberto, "Development of a CW 

Laser Fluorescence System," this report. 
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SURFACE EROSION IN THE PLASMA EDGE 
OF ISX-B1 

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

An understanding of erosion processes in toka-
maks is essential for developing criteria for the 
selection of wall and limiter materials. In this work, 
erosion yields have been determined for Au thin films 
exposed to tokamak discharges in the plasma edge of 
ISX-B. This represents the first systematic study of 
erosion in a tokamak and presents interesting 
possibilities for determining erosion characteristics 
and mechanisms. 

Samples consisting of ~3 nm Au deposited on Si 
substrates were exposed to 20 and 46 D discharges at 
various locations in the limiter shadow of ISX-B. 
Erosion of the Au films, as well as accumulation of D, 
O, Fe, and damage on the samples, was measured 
using ion scattering, channeling, and nuclear reaction 
techniques.2J Erosion rates of ~0.05 to 0.1 nm per 
discharge were observed for samples facing the 
plasma and the torodial field lines at ~2 cm behind 
the limiter. The total erosion increased with the 
number of discharges and decreased to zero as the 
wall was approached. Scanning electron microscopy 
revealed no evidence of arcing on the exposed 
samples. 

The rad ial dependence of the erosion, as well as the 
retained D, O, and Fe for samples facing the Held 
lines, is shown in Fig. 2.23. The erosion correlates 
well with the retained D but not with O or Fe. 
Because the D on the samples saturates in a few 
discharges, the D radial dependence reflects a 
decreasing incident energy as the wall is approached 2 

Sputter yields of 5 X 10 ' are consistent with the 
observed erosion at 2 cm from the limiter for D 
fluences of 10" cm2 per discharge. These yields 
would require average incident D energies (including 
sheath acceleration) of ~250 eV. This fluence-energy 
combination is slightly higher than recent estimates 
of D fluences and energies in ISX-B based on 
saturation measurements. 

The overall interpretation of the results is 
consistent with a dominant role for D sputtering for 
erosion near the limiter radius with negligible erosion 
at the wall. We cannot, however, rule out the possible 
contribution of heavy impurity sputtering (particu­
larly 0) to the erosion yields. We are currently 
repeating the erosion experiment in an H plasma 
where the increased sputtering threshold (H vs D) 
should lead to results that establish more clearly the 
dominant erosion mechanism. 
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1. Summary of paper to be published. 
2. S. P. Withrow. R. A. Zuhr. and J. B. Roberto. "D Profiling i n 

the Plasma Edge of ISX-B." this report. 
3. R. A. Zuhr. S. P. Withrow. and J. B. Roberto. "Impurity 

Transport in the Plasma Edge of ISX-B." this report. 

REVIEW OF LIGHT-ION SPUTTERING' 

J. B. Roberto 

The status of light-ion sputtering in relation to 
plasma-surface interactions is reviewed. The empha­
sis is on total physical sputtering yields for H isotopes 
and He and on those parameters that affect total 
yields, such as angle of incidence, dose, and 
temperature. Two energy regions are distinguished, a 
low-energy near-threshold region characteristic of 
plasma ion temperatures and a higher energy region 
characteristic of neutral beams and energetic alphas. 
In each case, the existing experiment il data are 
reviewed and compared with theoretical predictions 
for total yields and angular, dose, and temperature 
effec's. 

In summary, the available experimental data and 
empirical relationships for low-energy light-ion 
sputtering are adequate for factor-of-2 estimates of 
total yields in all materials and compounds wherethe 
sputtering is dominated by collisional effects. For 
higher energy light ions {E > 10 keV). existing 
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theories predict the correct energy dependence of the 
sputtering but overestimate the yields by factors of as 
much as 10 in some cases. Overall, physical 
sputtering yields b> light ions are understood 
adequately for the present needs of the fusion 
conununity, with the exception of additional experi­
mental measurements for specific materials at low 
doses and in the high-energy region. 

I. Summary of paper Proceedings of the Woikshor on 
Spullermg Caused by Pkuna (Neutral BemmySurface Interne 
lion. DOE report (in prevs). 

LOW-ENERGY IT SPUTTERING OF METALS' 
J. 8. Roberto 
R A. Zuhr 

J. L. Moore 
J. Bohdansky2 

The sputtering of broker and wall materials by low-
energy light ions which escape the plasma may 
contribute significantly to erosion and impurity 
introduction in fusion devices. Recently, extensive 
measurements3 of light-ion sputtering yields using 
the weight-loss method have led to an improved 
understanding of low-energy sputtering processes at 
high ion doses OlO^/cm for rT). In the present 
work, a more sensitive Rutherford backscattering 
technique has been used to determine normal 
incidence sputtering yields for 6.2 to 2.0 keV IT on 
Au, Ni, and type 304 stainless steel at doses as low as 
10 l (/cm2, The results of the backscattering measure­
ments have been compared with the weight-loss 

technique in a sample exchange with Max-Planck-
Institut, Garching, and have been correlated with 
theoretical predictions based on binary collision 
models.4"5 

The sputtering beam was extracted from the Solid 
Stave Division's ion implantation accelerator at 35 
keV and decelerated to its final energy using an 
electrostatic lens system.' The loss of sputtered 
material on the thin film target was monitored by 
changes in the backscattering yield of a 2.5-MeV He* 
beam from a Van de Graaff accelerator. The 
sputtering yields for the present experiment are 
compared with results from the weight-loss method 
and with recent theoretical calculations in Table 2.4. 
The present results are generally in agreement with 
uv, higher dose weight-loss data, as well as with 
predictions of the binary coDbioii calculations. 
Overall, the result; indicate similar sputtering 
behavior for thin films and bulk material and an 
improved theoretical understanding of physical 
sputtering for low-energy light ions. Additional 
weight-loss measurements at GarchingusingGRNL-
prepared Au and Ni thin film samples resulted in 
essentially the same yields as shown in Table 2.4, 
indicating the reliability of the backscattering and 
weight-loss techniques. 

1. Summary of paper /. Unci Mater. 85/16. 1073 (1979). 
2. Max-Pbnck-Institut far Puunuphysik, Garching bei 

MOnchen, Germany. 
3. J. Roth, 1. Bobdamky. and W. Ottenberger, Max-Planck -

Instiuit far Plasmaphysik Report JPP 9/26, Garching (1979). 

T*MtZ4. NofMlimdcm IT iprtMriag yield* for Ao,Ni, 
•ad type 3041 

Sputtering yield 

Target Energy 
(ev) 

(atoms/ion) Energy 
(ev) 

Backscattering Weight km' Theory** 

Au 400 0.9 X 10' O i x 10' 1.4X10' 
750 4.1 X 10' 3.5 x 10'' 5.2X10'* 

1000 7.0X10' 5.8 x 10' 7.2X10'* 
1500 I.I X 10' 0.9X10'' 0.9X10"' 
2000 1.3 X 10"' I.I X 10"' I.I x 10'' 

Ni 200 3.0X10' 4.0 X 10'' 4.0X10"' 
400 7.7 X 10' 9.2 X lO* 1.0X10'' 
750 1.2 X 10"' 1.3 X 10"' I .4XI0' 1 

1000 I.I X 10* M X 10"' 1.6X10' 
1500 I . 0 X I 0 1 1.4 X 10' 1.6X10' 

304 SS 400 0.7 X 10"' 0.6 X lO^ 0.8X10'' 
750 0.7 X 10' 0.8 X 10"' 1.0X10' 

1000 0.9 X 10"' 1.0 X 10' 1.2X10' 
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4. R. Behrisch et «L, i4pp7. P » J J . I I , 991 (1979). 
5. L G. Haggmark and W. D Wilson, J NucL Mater. 76/77. 

I<9 (I97S). 
6. G.D.Aftoaet a t , "Design Featarcsaod Focal Properties of a 

Simple Lens System for Decelerating Intense Ion Beams to Very 
Low Energies," this report. 

TaMe23. 

ai 254 mm *: 15.24 mm 
(i 12.70 mm *i 6.3S mm 
A 953 mm 4 10.05 mm 
« OJkeV 4n -1 .0 keV 

*j 15.24 mm 
ij 6.35 mm 

. Variable 
(34.8-33.0 keV) 

DESIGN FEATURES AND FOCAL 
PROPERTIES OF A SIMPLE LENS SYSTEM 

FOR DECELERATING INTENSE ION BEAMS 
TO VERY LOW ENERGIES1 

G. D. Alton2 

J. B. Roberto 
C. W. White 
R. A. Zuhr 

A simple electrostatic lens system has been 
designed and constructed for decelerating ion beams 
to very low energies. Such a system is useful for a 
variety of atomic and solid state physics applications, 
including ton beam deposition techniques. The 
present development was motivated by the need for 
low-energy, high-density H* ion beams for use in 
determining the sputtering rates of fusion reactor 
components.1 

The design characteristics of the system were 
determined numerically by computing the electro­
static field distributions and particle trajectories for 
various electrode configurations. The influence of 
space charge, angular distribution, and aperture size 
on focal properties was also determined numerically. 
A schematic of the selected lens geometry is shown in 
Fig. 2.24. The associated lens apertures a, electrode 
potentials <t>, electrode spacings d, and thicknesses t 
are given in Table 2.5. 

The lent of Bg. 2.24 was used to decelerate and 
focus a 35-keV H* beam to final energies of 200 to 
2000 eV and current densities > l mA/cm1. The focal 
properties of the fens, resulting in increases of beam 
density by more than a factor of 10, wereessential for 
producing the necessary intensities for low-energy 
sputtering experiments. The measured focal position 
xof the tens asa function of final beam energy was in 
good agreement with the calculated foci. The results 
demonstrate that computer-assisted design and 
analysis methods provide an accurate and inexpen­
sive means for determining properties of electrostatic 
systems. 

1. Summary of paper to be pjbUshed. 
2. Physics Division, ORNL. 
3. J. B. Roberto, R. A. Zuhr, and J. L. Moore, "Low Energy i f 

Sputtering of Metals," this report. 

DEVELOPMENT OF A CW LASER 
FLUORESCENCE SYSTEM 

W. R. Husinsky1 J. B. Roberto 

The method of Doppler-shifted resonance fluores­
cence of neutral atoms excited by intense laser 
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radiation has proven to be an excellent tool for the 
measurement of the density and velocity distribution 
of sputtered particles1"1 and impurities in fusion 
devices.4 Most particle-solid interactions (such as 
sputtering, dcsorption, and reflection) are dominated 
by the emission of neutral species, and the laser 
iiuorescencR technique allows the detection of neutral 
particles with great sensitivity. 

We have rrxntly set up a laser fluorescence system 
in the Solid State Envision based on a tunable, 
actively stabilized cw ring dye laser pumped by an 
argon ion laser. The system produces single-
f -quency laser radiation with an effective linewidth 
of about IM Hz and can also be operated broadband 
(2-20 GHz). Continuous single-frequency outputs of 
more than 2 V' can be achieve*' at 560 to 620 nm using 
R6G laser dye and 50 to 200 mW at 410 to 450 nm 
using Stilbene dyes. The high spectral intensity and 
narrow bandwidth of the system allow measurement 
of ~ 102 atoms/cm1 with thermal velocity resolution. 

At the present time, most of the preparations have 
been completed for installing the system on the Solid 
State Division's ion implantation accelerator for 
sputtering experiments. A thermal atomic beam 
reference source has been constructed using a single 
crucible e-gun evaporator, and preliminary fluores­
cence experiments have been performed on Cr beams 
using the resonance transitions at 423.43,427.48, and 
428.97 nm. The optical arrangement of the experi­
ment will allow measurements of the velocity and 
angular distributions of particles sputtered from 
various targets for various angles of ion beam 
incidence. Preparations are also nearly complete for 
use of the system on the ELMO Bumpy Torus fusion 
device, where measurements of impurity and excited 
atomic hydrogen fluxes are planned. 

1. Guest scientist from Technische UnnersiUlt Wien, Vienna, 
Austria. 

2. W. Husinsky et al., J. Appl. Phys. 41,11 (1977). 
3. A. Elbem, E. Hintz, and B. Schweer, / . Nucl. Mam. 76/77. 

143 (1978). 
4. H.-B. Schweer. W. R. Husinsky, and J. B. Roberto. 

"Measurement of the Density and Velocity Distribution of Neutral 
Fe in the Plasma Edge of ISX-B bv Laser Fluorescence 
Spectroscopy," this report. 

ION-SOLID INTERACTIONS 

ENHANCED YIEU> EFFECT FOR 
IONS SCATTERED NEAR \Wl 

B. R. Appleton S. R. vVilson1 

P. P. Pronko2 O. W. Holland4 

A new and unusual ion scattering effect has been 
observed for energetic ions backscattered fromsobds 
at 180 ± 0.5C. Although the effect was discovered in 
the course of experiments utilizing a uniaxial double-
alignment channeling geometry that requires strin­
gent coilimation near 180° scattering angle,1 it is not 
an ion channeling effect The effect has been observed 
on a wide range of amorphous and poIycrystaUine 
materials and for H* and He* beams with energies 
from 02 to US MeV. It is not seen under small-
lcceptance-angk collimation at 90° scattering or in 
wide-acceptance-angle geometry for 180° scattering 
events. These results lead to the conclusion that the 
effect is uniquely associated with small impact-
parameter scattering within ±0.3° of the ls0° 
direction. 

Helium and proton beams from the Solid State 
Division's Van de Graaff accelerator were coUimated 
to a half-angle beam divergence of 0.008° with a spot 
size ~I mm in diameter and were directed onto a 
variety of targets. Two in-line annular detectors 
(cooled to -22° Q could be positioned such that the 
one farthest from the target had an acceptance half-
angle Bin - 0.1° and the closest one had0i,. = 4.5°. 
Both detectors recorded scattering about the 180° 
direction. Measurements were also made using small, 
movable planar detectors with small acceptance 
angles (^0.1°). These were scanned from ~0.10 to 
1.0° of the 180° direction to determine the angular 
dependence of the effect. 

The depth dependence of this enhanced scattering 
yield is illustrated in Fig. 2.25, which contrasts the 
yields of 0,8-MeV He* ions backscrttered to 180° 
from fine-grained polycrystalline Cr. as measured in 
the wide- and narrow-acceptance-angle annular 
detectors. These spectra have been converted to 
depth in the usual fashion and properly normalized. 
The wide-acceptance-angle data show a typical thick-
target Rutherford backscattering yield distribution. 
The spectrum from the narrow-acceptance-angle 
detector contains a substantial and distinctive 
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enhancement in yield observable as a broad peak in 
the near-surface region. 

The angula; dependence of this effect was 
detet mined by stepping the smaU-acceptance-angle 
planar detector over a range of angles near the 180° 
scattering direction. The rapid decline of the effect 
for scattering angles deviating from 180° and its 
depth dependence can be seen from the series of 
analyzed spectra in Fig. 2.26 for t.O-MeV He* 
scattered from noncrystalline Ft. These results show 
the percent enhancement in scattering yield over the t 
observed in a normal Rutherford scattering distribu­
tion. The results were obtained by normalizing and 
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¥i$.2M. Depth JinwdnieiofdwoefOwMyfeldeBhinMewnt 
for IAM«V H«ioa*taPtstt*1fltawMaagi»a>. Between successive 
corves A«v » 0.054 s; the curve with the largest enhancement 
corresponds to the smallest angle * » 0.082 ± 0J)l°. 

subtracting the spectra at each angle shown from a 
spectrum taken at large angles (~1.0°), where the 
enhancement does not occur. The effect is most 
pronounced (~I40% over Rutherford) at the angle 
nearest 180° (•> - 0.08")and decreases rapidly with 
increasing angle. Furthermore, at increased angles 
the maximum enhancement occurs closer to the 
surface. 

The angular and depth oependendes of this effect 
have been studied for H \ 'He*, and *He* beams with 
energies from 0.2 to 23 MeV, on amorphous and 
polycrystalline targets ranging from 82 < Zi K 13, 
and on single crystalline targets of Au and Ge. We 
have deduced from comparison of our resrtts with 
computer simulation calculations' that the effect 
originates from the reversibility of the incoming and 
outgoing trajectories of ions scattered sufficiently 
close to 180°. The dependence of this phenomenon 
on ion charge and energy and on target atom charge 
and mass is discussed in a separate paper,'as h the 
utilization of this effect for surface studies of single 
crystals.7 

1. Summary of papers: P P. Pronkoetal.. toys. Rev t f f . 4 3 , 
779 (1979); nuclear Instruments and Methods fin press). 

2. Guest scientist from ANL. Argons*. HI 
3. ORAU graduate laboratory participant from North Tciis 

State University. Denum; present address: Motorola. Inc.. 
Phoenix, Ariz. 

4. ORAU graduate laboratory participant from North Texas 
Sta.e University. Denton. 

5. B. R. Appleton and L.C. Fddm*B,p.4\l,AiomicCoBisiora 
Phenomena in Solids, cd. by D. W. Palmer. M. W. Thompson, and 
P. D. Townsend. North-Holland. Amsterdam, 1970. 

6. J. H. Barrett, B. R. Appleton. and O. W. Holland."Role of 
Reversibility in Enhanced Ion Backscaneringnear 1*0° Scattering 
Angle." this report. 

7. B. R. Appleton et al., "Enhanced Sensitivity for PICS 
Analysis of Surfaces." this report. 

ENHANCED SENSITIVITY FOR 
?ICS ANALYSIS OF SURFACES 

B. R, Appleton O. E. Schow HI 
O. W. Holland' J. H. Barrett 

The combined techniques of ion scatteringand ion 
channeling have been utilized previously to investi­
gate the atomic structure of single-crystal surfaces 
(so-called PICS technique).2 These experiments are 
usually performed with a single alignment wide-
acceptance-angle (only the channeling effect is 
utilized) detector geometry.2 It it possible, however, 
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to utilize a uniaxial double-alignment 'both channel­
ing and blocking are utilized)* or a narrow-
acceptance-angle detector geometry such as that 
described previously.4 When this It done, however.as 
the previous paper shows, the enhanced ion scatter­
ing effect will alter the results significantly. This 
report describes work in progress tc assesstheeffects 
of the enhanced km scattering yield on surface psak 
studies performed in a uniaxial doubte-ahgnment 
detector geometry. 

The surface sensitivity in the PICS technique, 
when the single-crystal axesareaugneJ parallel to the 
incident ion beam, originates from the shadowing 
effect by the surface atoms of the aligned atoms 
beneath the surface. Thus, the surface peak yield in a 
PICS analysis results from the number of atoms per 
r'.w that scatter tons from the aligned ion beam. In 
the case of I .O-MeV He' ions incident parallel to the 
(110) axial direction perpendicular to a AufllO) 
surface, the surface peak yield is expected to be 2.17 
atoms per row for a normal unreconstructed Au( 110) 
surface. This value of 2.17 atoms per row is the yield 
calculated from computer simulations which include 
thermal vibrations5 and also, within experimental 
error, b the value measured (2.2 atoms per row) in a 
wide-acceptance-angle detector geometry. A perfect 
surface with no thermal vibrations would have a yield 
of one atom per row (i.e., from the surface atoms 
only), and the additional yield that is observed (1-17 
atoms per row) comes from atoms in layers beyond 
the surface that are exposed to the irxident ion beam 
because of thermal vibrations. In the uniaxial 
double-alignment geometry, the enhanced ion 
scattering effect that was discussed in the previous 
paper4 will cause an increase in the surface peak yield 
for angles near 180°. This increase is due to increased 
scattering from the atoms immediately below the 
surface atoms. Thus, this phenomenon can be 
utilized in PICS investigations of surfaces to achieve 
increased sensitivities to any atomic rearrangement 
of the surface. 

A comparison of the initial measurements and 
calculations of the surface peak enhancement that 
occurs for 1-MeV He* ions incident on AufJIOJat 
room temperature i> shown in Fig. 2.27. The data 
were obtained using an array of small-acceptance-
angle (~l.0°) detectors which could be scanned near 
the 180° direction to mearure the scattered energy 
spectra as a function of angle. The circles 
plotted in Fig. 2.27 represent the enhanced surface 
peak yields computed for 1.0-MeV He scattered from 
Au[l 10] in the uniaxial double-alignment geometry. 
These calculations are normalized so that 0% 
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enhancement corresponds to the calculated surface 
peak yield for Au [110] (2.57 atoms per row)ut large 
•>, where no enhancement occurs. Measurements 
analogous to the calculated yields are plotted as 
triangles, and these are also normalized to 0% 
enhancement at large «V ;> 0.8°. These preliminary 
results show a marked enhancement over the 
calculated values. It is not clear at present whether 
this difference is due to the reconstructed nature of 
the Au (Oil) surface, which is the subject of an 
ongoing investigation by the combined techniques of 
PICS and LEED and is not included in the model 
calculations, or to subtleties of the effect not yet 
determined. Nevertheless, this observed enhance­
ment will surely provide enhanced sensitivity for 
application of the PICS technique to surface studies. 

1. OR All graduate laboratory participant from North Texas 
Slate University. Denton. 

2. B. R. Appielon et al., p. Vd in km Brant Surface Layer 
Analysis, vol, 2, ed. by 0. Meyer, J. Linker, and F. Kapptkr. 
Plenum Prew. New York. 1976. 

3. B. R. Appkton and L. C. Fekfman, p. 417 in Aiomk 
Collismns Phenomena in Solids, ed. by D. W. Palmer. M. W. 
Hiompion. and P. O. Townsend, North-Holland. Amsterdam 
1970. 

4. B. R. Appleton et al.. "Enhanced Yield Effect for tons 
Scattered near ISO"." this report. 

5 J. H. rtarrett. Phys. Rev. Bi, 1527(1971). 
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DEPENDENCE OF SURFACE PEAK YIELD 
IN Ao ON INCIDENT K>N BEAM DOSE 

S. P. Withrow D. M. Zehner 

The backscattered energy distribution of a beam 
of ions incident along an axial channeling direction 
of a single crystal has a pronounced peak at die 
high-energy end of the spectrum. This peak, 
referred to as the surface peak, results from the 
interaction of the incident beam with the atoms in 
the top seveiil layers of the solid. The surface peak 
yield can be explained using classical back-
scattering and channeling theory and can be com­
pared to calculations using models of the crystal 
surface, thus providing a useful technique for 
studying surface crystallography. 

It has been observed recently, for measurements 
on Pt, that the surface peak yield exhibits a signifi­
cant increase with beam dose as a result of radia­
tion damage in the surface region.1 This increase 
was observed for doses up to ~30 pC/mm2. 
Because of the interest within the Solid State Divi­
sion in using the backscattering/channelmg tech­
nique to study surface crystallography, experiments 
have been made to test for beam dose effects. Data 
were obtained for 1-MeV *He incident along the 
[110} axes of an Au(i 10) crystal. 

For normal incidence, the percent change in 
surface yield, normalized to the yield at a 2.5 pC 
dose, is 0.05% pC/mm*. This value represents 
the slope of a line drawn through the oata for doses 
up to 50/xC/mm.2 Typically, measurements on Au 
involve doses of 0.5 pC/mm2 per data point and 
total accumulated doses of <20 /iC/mm2, which 
translate into surface peak yield changes of ^1%. 
This result is less than the statistical error for a 
l-/*C/mm2 dose in the experiment, ~l.5%, and 
compares favorably with uncertainties introduced 
by background subtraction, stopping powers 
(needed to convert yields into atoms per row), etc. 
Under these conditions damage in the surface 
region is not a problem. For incidence along the 
[110] axis at 60° to the normal, the limited data 
obtained suggest that the surface peak yield 
increases with dose at a rate somewhat greater than 
that for normal incidence. Changes in the surface 
peak yield under other incident angle or beam 
energy conditions or at Jower temperatures could 
be more severe. 

ION BEAM ANALYSIS TECHNIQUES AS A 
SUPPLEMENT TO COAL CATALYSIS 

B.R.Appfeton C.W White E L Fuller. Jr.' 

With the increasing interest in various catalytic 
methods for processing coal, it is important to 
develop techniques to evaluate the coal samples 
and thereby assess the effectiveness of the 
processes. These are difficult tasks due to ti : great 
variability among coals and the compkri*-.* of the 
material. Experiments have been sta*:?*! to 
determine the usefulness of ion beam analysis 
techniques for characterization of coals. We report 
here preliminary results using ion scattering to 
determine the elemental compositions vs deptn o' 
several coal samples and km-induced nuclear reso­
nance techniques to dctenniue the H concentra­
tions vs depth in the same samples. 

The results shown in Fig. 2.28 were obtained by 
measuring yields of 2.5-MeV He ions scattered 
from a Texas lignite coal and a bituminous Illinois 
coal. Because the energy of the scattering ions 
depends on the mass of the scattering atom, it is 
possible to identify the scattering species present 
in the coal. The elemental labels above the steps in 
the yield distribution in Fig. 2.28 are the calcu­
lated energies for scattering from these elements 
located on the surface. Because ion scattering is 
quantitative, the heights of these yield steps are 
proportional to the concentrations of the scattering 
atoms. The peaks at a step in Fig. 2.28 signal an 
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excess of that element at the surface compared to 
its concentration in the bulk. tf the density of the 
coal is known, the scattereu energy can be 
converted to depth. Thus, it is possible from such 
measurements to make quantitative determinations 
of the elemental compositions as a function of 
depth. 

Measurements of the H concentrations as a 
function of depth in the Texas tignhe coal before 
and after an 800°C char treatment are shown in 
Fig. 2J9. These results were obtained using the 
I H ( " F ^ > Y ) M O resonant nuclear reaction. The 
measurement method is described in the following 
paper.' The H profiles are shown near the surface 
and at a depth of ~2 pm beneath the solid. 

Quantitative comparisons of these data cannot 
be nude at this stage for several reasons. Some of 
the results observed are due to sample preparation 
and/or handling; for example, all measurements 
were made in vacuums ~ l X I0~T torr, and the 
Illinois No. 6 sample was cut and polished. The 
purpose of these preliminary results is to illustrate 
the capabilities of the ion beam techniques as 
supplemental analysis tools for evaluation of coal 
catalysis methods. One possible example is the use 
of such measurements to determine H/C ratios. 
Because this is an important parameter for many 
gasification or hquification processes, such results 
could be used to identify the most efficient pro­
cess for a given coal. Quantitative, elemental 
characterization of coal samples used in laboratory 
experiments is another possible use. On the more 
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practical side, ion-induced nudear reactions, x 
rays, and gamma rays could be utinxed for bust 
coal analysis in a processing line once die 
techniques were calibrated in the laboratory. 

1. Chcmiffiy DmnoR. ORNL. 
2. C. W. While et aL. "QauMiiauVe H Depth Pro f i t in 

i Si,* t&B itpoft. 

QUANTITATIVE H DEPTH PROFILING IN 
FLUORINATED AMORPHOUS Si («Si:F:H) 

C W. White 
B. R. Appfcton 

R.Tsu' 
D. D. Alfred2 

The ability to determine quantitatively the H 
content and concentration profiles in solids is 
becoming increasingly important in materials 
science. One area where this is of paramount 
importance is amorphous Si, a material that has 
shown great promise for the production of huge-
area, low-cost photovoltaic devices. Conventional 
amorphous Si is prepared by the decomposition of 
SiH«, and our previous measurements1'4 have shown 
this material to contain very high concentrations of H 
OIO at. %). Recently, researchers at ECD have 
shown that the addition of F to amorphous Si leads 
to amorphous Si (aSi:F:H) with superior characteris­
tics compared to conventional hydrogenated amor­
phous Si (&Si:H) in at least four important areas: (I) 
the electronic density of states in the gap is reduced by 
10 to 2096, (2) the density of states at the Fermi level is 
reduced by a factor of ~2 , (3) the electrical 
conductivity is better for all doping levels, and (4) 
the aSi:F:H exhibits much better mechanical sta­
bility than does aSi:H. Each of these characteristics 
suggests that fluorinated amorphous Si will be 
superior to hydrogenated amorphous Si for the 
fabrication of low-cost, large-area photovoltaic 
devices. Due to the potential importance of fluori­
nated amorphous Si to photovoltaic devices, it is 
necessary to determine the complete physical and 
cbennc characteristics of this material. We report 
here quantitative measurements of the K profiles in 
this material. 

A fluorinated amorphous Si film (approximately 
5400 A thick) on a Si single-crystal substrate was 
prepared by ECD. The amorphous Si film was 
deposited using a typical rf glow discharge process to 
decompose SiF« gas with a gas mixture of SiF« to Hi 
ratio of 9:1. The pressure duringdepositionwM~0.5 
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torr. The substrate temperatdre *as ~300-K. In the 
glow discharge deposition process. As doping can be 
accomplished by simultaneous introduction of AsH }. 
For the present measurements, however, die films 
were As free. 

The H profile was determined quantttatn r*y by use 
of the' H("F^ry)"0 nuclear reaction, which exhibits 
a strong resonance ata nFraergy of 16.44 MeV in the 
laboratory system. To determmethe H concentra Jon 
as a function of depth, one measures the gannia-iay 
yield a? a function of '*F beun energy as the 
resonance b stepped through the sa.npK.' Conver­
sion of energy to depth is accomplished using stan­
dard stopping power tables.5 Conversion of gamma-
ray yield to H concentration is accomplished using 
suitable calibration standards. Details ot the decon-
vohition of the gamma-ray yield dafc*. are included 
in our previous publications. Calibration standards 
used in this work include three Si crystals implanted 
with H at ORNL (11.7 keV, doses of 10", I0 M . and 
IOIT,'cmz) as well as one crystal implanted with H by 
RCA (40 keV, I X IO"/cm2). The calibration 
constants determined from these four standards 
differed by less than 10%. Msasurcments were 
performed using a "F** beam from the ORNL 
Tandem Van de Graaff Accelerator. 

Figure 2.30 shows the gamma-ray yield data and 
the H concentration vs depth in the aSi:F:H film. The 
gamma-ray yield data are normalized to a l*F4* dose 
of 1.56 X 10" particles with the beam spot size being 
~4 X 10'2 cm2. In determining the H concentration 
profile, the gamma-ray yield data have been 
corrected for the effects of a nonzero off resonance 
cross section and for *...: effects of lower energy 
resonances.M Beam energy was converted to depth in 
the sample using information in ref. 5. In Fig. % JO, 
the H peak at the surface is believed to be due to sur­
face contamination (water vapor or hydrocarbons). 
The absolute H concentration in the film is ~7.5 
X lO'Vcm* (~I5 at. %), and the profile suggests a 
deficiency of H in the near-surface region of the film. 
The film thickness is too great to allow a clear 
determination of the amorphous-to-crystalline inter­
face, but subsequent Rutherford backscattering 
measurements with 2.5-MeV He* ions show the film 
thickness to be ~S400 A. 

The H concentration and profile in this film are not 
radically different from those in conventional aSi:H 
films. At present, measurements are be big carried out 
to determine the F profile in this film and the As 
concentration and profile of films that are doped with 
"As and to determine the Si density in these films. 
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Fig. 2 JD . Hydrogen profiles am gamma ray yield* from 
l i p i i w Si (aSfcF:H). The gamma-ray yield and H concentra­
tion art plotted independently as a function of beam energy (or 
depth). Absolute concentrations are determined from H'-
impbnted calibration standards. 

Measurements of the stoichiometry of these films and 
changes in stoichiometry with deposition parame­
ters, combined with electrical measurements, should 
provide insight into the mechanisms responsible for 
the superior properties of these films. Such measure­
ments are in progress. 

1. ECD. Troy. Mien. 
2. University of Arizona. Tucson. 
3. G. J. Clark et al.. Nuel. htunm. Methods 149.9 (I97*>. 
4. C. J. Chvk ef al.. Ar-pl. fh>.< Lett. 31,582 (1977). 
'. L. C. Nonhcliffc and R. F. Schilling. Nucl. Data Tahiti. 

VSAEChl. 233(1970). 
6 C. J. Cmrk el at.. Phys. Chrm. Mater. 3, 199 (I97t). 

THERMAL ANNEALING OF 
''Aa-IMPLANTED (111) Si 

S. R. Wilson* C. W. White B. R. Appleton 

Solid phase regrowth of (111) Si implanted to high 
doses with "As is used in the fabrication of bipolar 
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transistors. Others have studied the solid phase 
regrowth process of (100) and ,111) Si crystals 
rendered amorphous by Si* ion beams,2'4 and small 
concentrations of impurities are k«*?«n to affect the 
regrowth rate for (100) crystal-.' However, no data 
are available on solid phase regrowth of (11 l)ciystals 
implanted with "As under the imniant conditions 
used by industry in the fabrication of bipolar 
transistors. Consequently, we have begun systematic 
investigations of the solid phase regrowth process 
under conditions of direct impcrtance 'to. device 
fabrication. 

Rutherford backscaitering and ion channeling 
techniques were usee' to investigate the effects of 
implant >* and substrate temperature during 
implamatio.. on the regrowth of amorphous layers 
un (111) Si. Crystals were implanted with 7>As at 60 
keV to doses ranging from I X IO ,4/cm2 to 15 X 
IOM;'cm2. These implant conditions create an 
amorphous layer extending to a depth of ~1100 A. 
Samples w.. .• implanted at room tnnperatu-T and 
with the substrate cc jled to LN2 temperatures and 
were then annealed at SSCC for 18 h. These 
annealing conditions are sufficient to rtgrow ~35O0 
A using reported values of regrowth rates of 
impurity-free (I f 1) Si.4 

Figure 2.31 shows the high-resolution channeling 
spectra obtained with the beam aligned along a (110) 
axis for crystals implanted tr different doses at roon* 
temperature. The As-implanted spectrum shows that 

I 1 1 1 1 1 1 

Si OCt-'H (pm) 

Fig. 2JI. Tb> (IW» aftjjal chamiaj ipactn for (III) « 
crjMM ianaawal ay m-UV nAt U 4mm of 1.5 X W. 7 X If*', 
miUxtftltm,mlMmmBHmt*k«H9tC. 

the crystal has been made amorphous to a depth of 
~l 100 A. For doses of 1.5 x IO,5/cm2 and below, 
the 18-h, 550°C annealing caused the entire amor­
phous region to be regrown by solid phase epitaxial 
regrowth, but residual defects remained in the 
regrown layer. Channeling rnrasurements showed As 
to be ~80% substitutional in the regrown layer, with 
no spreading of the profile. At the dose of 7 x 
I0 l 5/cm\ the amorphous layer regrows only to a 
depth of ~450 A as measured from the surface, and 
significant disorder remains in the vicinity of the 
original amorphous-crystalline interface (~ 1100 A). 
In this crystal. As is 70-80% substitutional in the 
icgiowu layer and randomly placed in the amor­
phous region. At a dose of 15 X IO"/cm2, the 
amorphous region after annealing extends toa depth 
of ~600 A as measured from the surface, and 
considerably more disorder remains at the original 
amorphous-to-crystalline interface. These results 
demonstrate that solid phase regrowth rates in(l 11) 
Si will be considerably reduced by MAs, because the 
time and temperature used for annealing are 
sufficient to regrow ~3500 A of impurity-free 
amorphous Si.4 Wafers implanted at LNj tempera­
tures showed a similar phenomenon, but the residual 
disorder at the original amorphous-crystalline 
interface is greatly reduced in comparison to room-
temperature implants, suggesting that room-
temperature implantation or the early stages of 
thermal annealing create stable defects at the 
interface which will be difficult to anneal by solid 
phase rrgrowth. 

Expert menu are in progress to determine solid 
phase regrowth rates as a function of" As concentra­
tion and to determine the nature of the defects 
remaining in the regrown layers. 
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2. S. S. Uu. J. W. Mayer, and W. Tieng. AlPConf. Prof. SO, 
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3. I- Ctcpreg.. J. W. Mayer, and T. W. Sifmon. Appl. Phy. 

Lett.9,92(1976). 
4. I.. Ctenrcgi et il.. / Appl. toys. «S, 4234 (1977). 
5. t. F. Kennedy et at. / Appl. Phys. 41,4241 (1977). 

ION SEAM MIXING AND 
PULSED LASER MIXING 

B. R. Appkton S. S. Uu 2 

B Stritzker' C. W. White 
Two new processing techniques have emerged that 

are proving quite useful for forming near-surface 
••Hoys with metasuble properties and for studying 
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the materials interactions leading to these properties. 
The techniques are illustrated by the ion scattering 
analyses shown in Figs. 2J2 and 2.33. Figure 2.32 
(IBM) typifies the materials interactions that can be 
initiated in evaporated thin films of Au (400 A) on Ge 
(3000 A) on sapphire by bombardment with only 5 X 
10" 450-keV Xe ions/cm2. The initial thin ft'm 
composite (solid curve) is uniformly transformed 
into an amorphous mixture of AUOJSGCMS over a 
depth of several hundred angstroms. Moderate 
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temperature (~I00°C) thermal processing of this 
metastable amorphous mixture leads to the forma­
tion of n- v metastable Au-Ge phases. If the IBM 
technique is applied to the Al/ Ge system, which has a 
binary phase diagram nearly identical to that of 
Au/ Ge, negligible mixing occurs even when the films 
are bombarded with ion doses an order of magnitude 
greater. The second technique, PLM, is illustrated in 
Fig. 2.33. When the Al/Ge system (solid curve) is 
annealed with a single laser pulse, the near-surface 
region melts and forms a metastable amorphous 
mixture similar in character to the IBM Au/Ge 
system just discussed but at the eutectic compositicn 
(AkwGeojo). 

These two techniques have been utilized to study a 
variety of binary systems with systematic variations 
of the bombarding ion species, energy and dose, laser 
energy density, and substrate temperature (4 to 400 
K). In many cases the mechanisms for the induced 
materials interactions are not yet known. Both 
cascade mixing and radiation-enhanced diffusion 
appear to be important factors in understanding the 
IBM results, and rapid quenching and phase growth 
from amorphous mixtures are probably important 
elements of both IBM and PLM. Results from some 
of the systems investigated are summarized below. 

1. AulSi. AulGe. Al/Ge. andAg/Si.Tht PLM of 
all these systems tends toward metastable amorphous 
mixtures of the eutectic composition. The materials 
interactions that dictate this pellicular composition 
in these rapidly quenched systems are not under­
stood. The IBM is quite successful in the Au Si and 
Au Ge sys-ems, leading to uniformly mixed layers 
of well-defined compositions (AuoTiSio.2* and 
Auo JsGeo.45). In contrast. IBM is much less efficient 
in the Al Ge and Ag Si systems, and uniform 
compositions do not result. Low- and high-
temperature measurements indicated thai the ease of 
mixing is probably related to the higher diffusivitics 
of Au in Si and Ge compared to those of Al and Ag. 

2. tow-temperature IBM. The Au Ge system has 
been studied at 4, 150. and 300 K. The results 
discussed above are applicable to the room-
temperature measurements. At low temperatures, 
two distinct differences were observed. First, larger 
ion doses were required to induce mixing of any kind. 
Second, once mixing occurred, the elements did not 
mix uniformly but showed continuously varying 
compositions throughout the mixed region. In some 
cases these composition profiles are consistent with 
those expected from extrapolations of equilibrium 
phase diagrams under rapid quenching conditions. 
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3. VISi. Both IBM and PLM of evaporated 
V/ Si/ sapphire samples lead to amorphous VjSi 
n»:xtures that are not superco-ducting. Thermal 
annealing of the IBM mixtures leads to A\S phase 
VjSi with superconducting transition temperatures 
Tt ~ 16 K. Thermal annealing to 500°C of VjSi 
mixed with a single laser puise leads to a T< ~ 10 K, 
and PLM with ~10 laser pulses of a V/ Si thin film 
composite leads to VjSi vith Tc ~ 9 K. This system is 
quite complicated, and one must include considera­
tions of ion- and laser-induced defects on the 
superconducting properties of the A15 structure1'5 as 
well as IBM and PLM effects in deducing the 
interaction mechanisms involved. 

These techniques show great promise for materials 
fabrication and as fundamental research tools, 
particularly when used in conjunction with ion 
implantation and laser annealing. In particular, near-
surface alloys such us PtjSi, which could not be ina Je 
by ion implanting Pt into Si because of the 
limitations imposed by sputtering, can be easily made 
by IBM of evaporated films. Also, tne fact that these 
two techniques often lead to new metastable 
materials properties when phase growth starts from 
in amorphous mixture makes them particularly 
valuable for fundamental materials studies. 

1. OJC.; scientist fro.n Insiilut fur Festkorj^rforschung. 
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Superconducting Single Crystal-." this report. 
4. B. R. Appleton. O. Meyer, and Y. K. Chang. "Ion 

Channeling Analysis of Defect Structures in A IS Superconducting 
Single Crystals.* this report. 

5. J. R. Thompson et al.. "Recovery of Superconductivity by 
I.aser Amtrating of lon-Damageti VjSi." this -eport. 

ION CHANNELING ANALYSIS OF 
DEFECT STRUCTURES IN ,415 

SUPERCONDUCTING SINGLE CRYSTALS 

B. R. Appleton B. Stritzker" 
O. Meyer' Y. K. Chang 

Superconducting compounds that have the A15 
crystal structure have exhibited the highest supercon -
ducting transition temperature, Tt, measured in any 
material. The origin of the high 7V is believed to be 
related to the linear chains of transition metal atoms 
in the A15 structure. It has been found that defects 
produced by ion irradiation of the A\S crystals 
decrease T, drastically,'"4 and ion channeling studies 
have shown that in VjSi these defects take the form of 

small displacements (0.05-0.1 A) of the V atoms from 
their linear chain structure.*'7 The nature oi" this 
defect was determined for measurements of the 
detailed angular scans of He* ions scattered from V 
atoms in the V]Si single-crystal lattice. The channel­
ing critical angle, aVi,-2, showed a pronounced 
narrowing which, when compared to model calcula­
tions or computer simulations, specified the defect as 
a small displacement of the V atoms. 

In the present work, a similar study was performed 
to determine the nature of the defect structures of the 
nontransition metal constituents in the 415 struc­
ture. This study wus lone by using 2.0-MeV He* ion 
scattering combined with channeling to make 
detailed angular scans of the (110) and (100) critical 
angles of Nfelr and VjGe single crystals. In these 
crystals, because Ir and Ge atoms are the constituents 
that are easilv detected by Rutherford backscatter-
ing, it was possible to determine their behavior under 
ion damage. In both cases it was found the He* ion 
damage caused a narrowing of the critical angles for 
Ir and Ge in a manner analogous to that observed for 
V in VjSi. These results suggest that ion damage to 
the A\S structure causes slight displacements 
(~0.05-0.1 A) of both elements from their equilib­
rium positions. This "kinking" of the linear chain 
structure is probably the cause of the decrease in Tc. 
The relationship of this damage to antisite defects is 
not clear. In future studies ion channeling results will 
be correlated with TEM and x-ray scattering 
investigations to clarify these defects. 
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LASER- AND ION-INDUCED DAMAGE IN 
SUPERCONDUCTING SINGLE CRYSTALS 

B. R. Appleton B. Stritzker1 

C. W. White O. Meyer1 

Y. K. Chang 

Because of the important role of defects in 
understanding the behav^r of superconducting 
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materials,1'4 we have initiated a program to investi­
gate ion-and laser-induced defect structures in Nbjlr. 
VjSi, VjGe, and NbN single crystals." Ion channel­
ing techniques have been used to measure lattice 
disorder, and superconductivity measurements made 
on thin film samples subjected to the same ion (iaser) 
p.ocessing have been used to gain some insight as to 
how this disorder correlates with the superconduct­
ing properties oi the materials. To detect surface 
damage SEM was used, and TEM will be used at a 
later stage of the research to determine defect 
structures. 

In general, ion bombardment of the superconduct­
ing materials being investigated here induces short-
range disorder in the form of defect clusters, and an 
overall decrease in 7V is observed. Similarly, thermal 
annealing can be used to restore order -•nf increase 
Tt. Contrary to expectations, pulsed laser annealing 
was found to rnduce disorder in the undamaged 
crystals studied &nd tc have little beneficial annealing 
effects on previously ion-damaged samples. The first 
of these effects is exemplified by the results shown in 
Fig. 2.34. Figure 2.3*a shows energy spectra for 2.5-
MeV He* backscattered from a random orientation 
and the (111) axial direction of a NbN single crystal 
before (curve labeled (III)) and after laser annealing 
with single, 15 X 10 ' s pulses at energy densities 
ranging from 0.7 to 1.0 J cm2. As the laser energy 
density increased, the backscattering yields for the 
(III) channeling spectra approached tha: of the 
random value, signifying an increasing amount of 
lattice disorder. At 1.5 J cm2 the surt.ee became 
heavily damaged, as can be seen from the SEM 
pictures in Fig. 2.356 of the laser-annealed spot. This 
laser energy density where visible damage occurred 
was a factor of 5 less than that used to anneal the NbN 
and Nb-N-C films discussed in the previous sections. 
Furthermore, laser annealing of these films resulted 
in either little change in 7". in initially high Tf films or 
an increase in T{ for initially low T, films.5-* 

Results from ion channeling studies of NbjIrsingle 
crystals that were subjected to ion damage prior to 
laser annealing are shown in rig. 2.35. After 
bombardment with6X 10" Krions/cm'at 300keV, 
channeling analysis showed pronounced damage 
distributions at the range of the Kr ions. (Although 
the channeling spectrum for undamaged Nbjlr is not 
shown, it would appear as a curve with much lower 
yield than any of the spectra in Fig. 2.35.) Laser 
annealing at 1.0 J/cm 1 caused only slight recovery of 
this disorder, and annealing to higher energy densi­
ties showed an increasing amount of disorder simi­
lar to that seen for NbN. At ~2.0 J/cmJ the Nbjlr 

W e,(-*i 

Fig. 2.34. (a) Ion channeling analysis of laser-induced ooottkr 
in NbN single crystal; (ft) SEM analysis (2500X and I2.WQX) of 
NbN single crystal after single I.S-J/cm5 laser poise. 

single-crystal surface showed disruption in the fonr. 
of irregular flakes. A similar experiment was 
performed on a (100) VjSi single crystal, and the 
results were correlated with superconducting mea­
surements of V1Si films. The *.ngle crystal was 
predamaged with 4 X I01* He* cm3 at 300 keV. 
resulting in a measurable damage distribution which 
was detected by ion channeling. Pulsed laser 
annealing did not repair this damage but instead 
increased the oisorder until at 1.5 J cm2 surface 
flaking occurred. The energy dependence of the de-
channeling in the laser-annealed V,Si was found to 
behave similar to that for edge dislocations in Si. 
Correlated measurements' on predamaged VjSi films 
showed that the ion predamage decreased 7V and 
laser annealing caused T, to increase, but never to its 
original value (~I6 K). 
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The exact nature of these ion- and laser-induced 
defects must await further analysis, butthe combined 
results do suggest some explanations. Ion damage 
codkJ disrupt the short-ixnge order (and Tc), and 
Uuer annealing could restore the short-range order 
(and Te) but introduce defects :hat disrupt the long-
range order of the lattice. This would explain both 
the channeling results and thin film measurements. 
The nature of the laser-induced disorder and eventual 
surface disruption probably results from straws 
caused by the extreme temperature gradients in the 
near-surface region. Although not conclusive, these 
preliminary results suggest several experiments that 
could be used to identify the defects involved and to 
understand their effects on 7V. Furthermore, the 
surface strain phenomenon may occur fo- a wide 
range of metals and may complicate laser a ng 
studies of metals. 
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SUPERSATURATED ALLOY; IN Si FORMED 
BY ION IMPLANTATION AND PULSED 

LASER ANNEALING1 

C. W. White B. R. Appieton 
S. R. Wilson2 J. Narayan 

F.W.Young, Jr. 
The formation of supersaturated substitutional 

alloys by ion implantation and pulsed laser annealing 
have been studied systematically for a wide range of 
group III and V dopants in Si . M The fau'r-anneating-
induced, liquid-phase epitaxial regrowth process has 
been found to take place under highly noncquilib-
rium conditions, and values have been determined 
for the (nonequilibrium) interfacial distribution 
coefficients during regrowth.w These are the first 
determinations of interfacial distribution coefficients 
under nonequilibrium growth conditions for any 
system. In addition, maximum substitutional solubil­
ities (C,m") for group III and V dopants in Si have 
been measured tor present laser annealing condi­
tions.3,4 The maximum substitutional .solubilities 
exceed equilibrium solubility .mits by factors of up 
to 500 (in the case of Bi). The achieved substitutional 
solubilities are approaching the absolute maximum 
substitutional solubilities predicted from thermody­
namic considerations.' When the total do: .at 
concentration greatly exceeds CT", a cell structu.^ 
develops in the near-surface rcp:"n due to interfacial 
stability and constitutional & nercooling at the 
interface during solidification.3 

Silicon single crystals, (001) orientation, were 
implanted by group HI and V dopants (Ga, In, As, 
Sb, and Bi) to doses in the range 10" to I0 n/cm j at 
energies in the range 100 to 2S0 keV. Annealing was 
carried out using single pulses from a ^-switched 
ruby laser (~l.5 J/cm1, 15 ̂  iC* s pulse duration 
time). Crystals were examined beu re and after 
ann^ling using 2.5-MeV He* Rutherford backscat-
tering and ion channeling techniques to determine 
the dopant concentration profiles and the substitu­
tional concentration as a function of depth. Selected 
crystals were also examined by TEM. Dopant pro­
files after laser annealing were compared to model 
calculations using a model that incorporates both 
dopant diffusion in the liquid during regrowth and 
an interfacial distribution coefficient k' from the 
melt, (k' is defined as the ratio of dopant concentra­
tions in solution m the solid and liquid phases at the 
interface.) Comparing calculations to experimental 
results allows k' values to be determined for these 
very rapid regrowth conditions (velocity ~4.5 m/s). 
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Details of these calculations have been published 
elsewhere.' 

Figure 2.36 shows results obtained for the case of 
""Bi (1.2X 1 0 ' 5 / c m \ 250 keV) in Si. Laser annealing 
causes ~ 12% of the implanted Bi to be segregated to 
the surface. The Bi that is trapped in the lattice after 
annealing is highly substitutional (~%%) even 
though the concentration exceeds tiie equilibrium 
solubility limit by almost two orders of magnitude. 
The solid line in Fig. 2.36 is a profile calculated 
assuming k' = 0.4. The dotted line is a profile 
calculated assuming k' is the equilibrium value, ko. 
Clearly, if regrowth occurred under condi'ions of 
local equilibrium at the interface, very little u i would 
have remained in the solid. A reasonable fit to the 
experimental results requires that k' > k9. 

Table 2.6 summarizes values for it'detennined for 
each of the dopants we have studied and compares 
them to corresponding equilibrium values. In each 
case k' > ko, and this provides a measure o f the 
departure from local equilibrium at the interface. 
This departure is brought about by the rapid 
regrowth velocity (~4 .5 m/s ) . 
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Dopant k. km * ' * » 

As 0.3 1.0 3.3 
Sb 0.023 0.7 30 
Bi 0.0007 0.4 571 
Ga 0.008 0.2 25 
In O.C004 0 15 375 
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A s the implanted dose is increased, ultimately a 
limiting concentration (CT*X) is reached above which 
dopants do not occupy substitutional lattice sites. 
The limiting substitutional solubility is detennined 
by using Rutherford backscattering and ion channel­
ing techniques to compare the total dopant concen­
tration with the substitutional dopant concentration 
as a function of depth. Figure 2.37 shows results fora 

OVWL-OWS T*-«9W 

0.1 
DEPTH (Mm) 

F«. 2.37. ComparifM of total coaontnMkw and Mbatitutional 
concentration for '"in (125 kaV, I.25X IO"/ctt')inStanfrla«r 



90 

high dose implant of '"in in Si. In Fig. 2.37, the total 
and substitutional dopant concentrations are very 
nearly the same up to a limiting value of ~l .5 x 
10*/cm', whereas, in the near-surface region, the 
total dopant concentration considerably exceeds this 
value. 

Table 2.7 summarizes results for CT" for ea>:h of 
the dopants and compares them to equilibrium 
solubility limits (Cf). As shown, by u-jing ion 
implantation and laser annealing, we hav, exceeded 
C? in each case (by factors that range from 4 to 500). 
Each of these dopants exhibit retrograde solubility 
in Si. and. as others have shown,7 for retrograde 
alloys the equilibrium solubility limit can be exceeded 
only by a nonequiltbrium solidification process. Our 
results, therefore, conclusively demonstrate the 
nonequilibrium nature of the laser-annealing-
induced, liquid-phase epitaxial regrowth. Dopant 
incorporation under nonequiHb'"um conditions 
presumably taLes place by so'.ute trapping at the 
interface.7* 

Table 2.7. Comparison of equKbrium solubility limit (Cj), 
laser annealing sombility (CT"), aad predicted 

tbennodynamic sotobuiry Bait 

Dopant Cl(cm') <?' (cm*) Thermodynamic" 
limit (cm1) 

As 1.5 x ic'1 6X 10" 5 X I 0 2 ' 
Sh 7 X 10" 1.3 X 10" 3X10" 
B. 8 x 10" 4X J0» I X 10" 
Ga 4.5 x 10" 4.5 X 10" 6X10" 
In 8 x 10" 1 x 10* 2X 10" 

*Ref. 6. 

Table 2.7 also compares our observed values for 
CT" with the absolute maximum solubilities (abso­
lute limits to solute trapping at infinite growth 
velocity) predicted by theoretical thermodynamics.' 
One can expect to approach these limits as k' — 1.0. 
In only two cases (Ga and In) do our results differ 
significantly from the predicted absolute maximums. 
These two dopants have the lowest values for k' under 
present laser annealing conditions. The trapping 
probability during regrowth is expected to be a 
strong function of velocity,' and experiments are in 
progress to increase the growth velocity and to trap 
higher concentrations of Ga and In into the lattice.' 

When the total dopant concentration considerably 
exceeds CT", the nonsubstitutional dopant is found 
to be highly concentrated in the walls of a cell 
structure that develops in the near-surface region 

during laser annealing.1 The interior of each cell is an 
epitaxial column of Si extending to the surface, but 
the cell walls contain very high concentrations of 
segregated dopant The cell structure is believed to 
result from lateral segregation of rejected dopant due 
to an interfacial instability developed during re-
growth (i.e., constitutional supercooling at the 
interface). The condition for the n*»«w of constitu­
tional supercooling can be qualitatively expressed as 

where G is the thermal gradient in the liquid at the 
interface, A7> is the tnterfacial undercooling due to 
the rejected dopant, D is the liquid-phase diffusivity, 
and v is growth velocity. Estimates of A 7) can be 
made using the liquidus line of the equilibrium phase 
diagram and our derived values of *'. With these 
estimates and using Eq. (1) to predict the presence or 
absence of a cell structure, we can determine bounds 
for the thermal gradient in the liquid at the interface. 
The result5 is4X ,0*<C<2X 10'°C/cm. This result 
is in good agreement with detailed predictions of the 
thermal model of laser annealing.1 For high dose 
implants, in order tc avoid constitutional supercool­
ing, the thermal gradient in the liquid must be 
increased. This, in turn, implies that a higher 
regrowth velocity must be achieved, which should be 
accompanied by an increased trapping probability. 

1. Summary of papers: C. W. While etal.,/. Appl. Pkys.Sl.7W 
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ION IMPLANTATION DOPING AND PULSED 
LASER PROCESSING OF HIGH T< 

SUPERCONDUCTING MATERIALS1 

B. R. Appleton O. Meyer3 

C. W. White J. R. Gavaler* 
B. Sttitzker2 A. I. Braginski4 

M. Ashkin4 

Most superconducting materials that exhibit high 
Tc behavior are fabricated by evaporation, sputter 
deposition, or CVD. Much of the success of these 
techniques has been attributed to their ability to (I) 
form metastable phases by rapid quenching, (2) form 
phases at low temperatures, or (3) introduce 
stabilizing impurities during growth. It is well 
established that ion implantation dc ping and pulsed 
laser annealing are capable of (I) extremely rapid 
heating and cooling rates, (2) introducing impurities 
in a controlled manner, (3) forming low temperature 
phases, (4) forming amorphous mixtures, and (5) 
crating new materials properties. The rationale for 
the present work was to utilize these combined 
processing techniques to test >ome of the materials 
preparation concepts associated with high Tc 

behavior. The materials investigated consisted of thin 
films of Nb-Ge, V-Si, Nb-N, Nb-C-N, ?-u Nb-Ir 
prepared by evaporation, sputtering, or CVD onto 
substrates of alumina, sapphire, or polycrystalline 
Hastelloy B. Laser annealing was performed in air 
using a ^-switched (IS X 10"* s duration) ruby laser 
with energy densities ranging from 0.1 to 10 J/cm2. 
Single, sometimes overlapping, pulses were used. The 
texture, microstructure, and phase composition of 
the films were examined by x-ray diffraction. Ion 
scattering and nuclear reaction analysis were used to 
determine stoichiometrics vs depth in the films. Near-
surface melting was monitored from ion scattering 
measurements of the depth p-ofiles of an ion-
implanted marker species before and after laser 
annealing. Surface topography was monitored with 
optical microscopy and SEM. These various analyses 
were correlated to measurements of superconducting 
transition temperatures, Te, before and after laser 
annealing. The Tt measurements were made by a 
standard four-point resistive technique. Some typical 
results follow. 

NbiGe. Surface melting occurred in the Nb-Ge 
films for laser pulse energy densities >l.5 J/cm1. 
Evidence to support (his is illustrated in Fig. 2.38, 
which shows the depth (scattered ion energy) 
distribution of 400-keV Bi implanted into a NbiGe 
film before and after laser annealing. The Bi 
distribution following laser annealing is typical of 

<.»*.-ox* rt-zoxn 

200 i 

«TJ 

Fia. 23*. Ion teaming uaiyta of tie fcdiMribntioa of Bi 
•npkated in NkjGe M * fMk of IMI 

that expected from diffusion in the liquid upon 
surface melting and segregation to the surface as the 
melt front advances toward the surface. In general, 
the combined analyses suggest that the sample 
surfaces me. cd and resolidified into a finer-grained 
microstructure with a deterioration of the A15 phase 
in favor of the more stable tetragonal or hexagonal 
phases. This interpretation is consistent with Nb-Ge 
phase diagrams, which show that the high 7V 
stoichiometric A1S phase is not stable. The observed 
decreases in 7V may be related to heating to greater 
depths in the samples than just the melted surface. It 
has been shown that when annealed above I000°C, 
the metastable stoichiometric phase, prepared by thin 
film methods, decomposes into the Nb-rich -415 
phase and the tetragonal Nb<Ge phase. Incontiast to 
the above results, laser annealing of a low-7", sample. 
one-NbsGei-rich (30 vol %) irradiated to 3 J'cnV, 
had the opposite effect: the A 15 (200) texture was 
significantly enhanced and the concentration of 
NbiGei decreased. No change in T, occurred. 

NbN and Nb-C-N. These films were annealed with 
laser pulses from 0.5 to 7.5 J/cm 2, and little or no 
surface melting occurred even at the highest laser 
powers. Nevertheless, ion scattering analysis with H 
and He ions showed significant redistribution of the 
near-surface stoichiometry and indicated that the 
light elements in the films (C, O, N) were also 
redistributed or possibly lost. 

The film, with the highest critical temperatures (Tc 

~ 15 to 17 K) and the smallest transition widths (A 7"c 

~ I K) showed the smallest changes in Tc after 
annealing. X-ray analysis of annealed and unan-
nealed films showed that in each case they were of 
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single-phase Bl structure with lattice parameters of 
~4.40 A. The second group of samples consisted of 
NbN films that initially had Tc of ~ 11 K and &T< of 
~3 K. After annealing the critical temperature 
increased to between IS and 16 K; &TC remained 
approximately the same. X-ray analysis of these films 
again showed no significant differences between the 
annealed and ..ie unanneakd films. In both cases the 
films were found to be multiphase; and although 
enhancement of the Bl phase could not be shown 
from the x-ray data, the increase in 71 to >I5 K 
strongly suggests that such an enhancement had 
occurred. One possible explanation for the enhance­
ments of Tc is that some O was incorporated into, or 
redistributed in, the films during the laser annealing 
process. Since O is known to stabilize the Bl phase, 
some growth of the cubic phase could occur near the 
surface of ll«e films. The slight decrease in 7*f that was 
observed in a few of the high-7*, films after laser 
annealing is not understood. 

Phase growth from amorphous films. Increasing 
evidence from several recent results reveals that new 
metastable phases can be produced from thermal and 
laser annealing of an.orphous mixtures or from 
annealing of alloys made amorphous by ion 
bombardment mixing. We investigated this possibil­
ity by laser annealing amorphous Nb-C-N films 
prepared by sputtering at low substrate temperatures 
(<300°C). These films were all nonsuperconducting 
prior to annealing. After pulsed laser annealing, 
several of these amorphous films became supercon­
ducting with Tf ="= 12 K. The A7V values were very 
broad {\.t., ~7 to 8 K). As with the previous results, 
so little of the film was altered that x-ray data from 
the annealed and unannealed films were similar. 
These results can be understood if it is assumed that 
laser-induced heating leads to some 6 phase, because 
'* has been shown recently that heating amorphous 
.b-C-N deposits to temperatures as low as 600°C 

can form the superconducting 6 phase with T< in 
excess of I6 K. Both these results are significant 
because they show that the 6 phase can be achieved 
quite easily when starting from amorphous films. 
These results do not directly indicate whether the 
superconducting phase in this case is metastable or 
impurity stabilized, but they do suggest that phase 
formation from amorphous structures, utilizing ion 
implantation and ion beam mixing as well as laser 
processing, is a promising approach for future study. 

I. Summary of paper: B. R. Applelonetal.. p, 1 \4 in Ijiser and 
Electron Beam Processing of Materials, ed. by C. W. While and P. 
S. Peercy, Academic Press. New York, 1980. 
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Kcmforschunpanlage. Jtllich. Germany. 

3. Guest scientist from Sudor Rescarrii Center. Karlsruhe. 
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4. Weslinghouse Research and Development, Pittsburgh. Pa. 

LATTICE STRAIN DISTRIBUTION IN 
IMPLANTED, LASER-ANNEALED Si1 

B. C. Larson J. F. Barhorst 
Substitutional B atoms in Si contract the St lattice 

as a result of the smaller relative size of the B atoms. 
In B-implanted, laser-annealed Si, this lattice strain 
has been shown1 to be one-dimensional along the 
surface normal, using Bragg reflection profiles and 
ion channeling. The present study extends the Bragg 
profile analysis to a quantitative determination of the 
depth distribution of the strain through the use of 
Taupin's dynamical diffraction theory for deformed 
crystals. 

According to Taupin's theory,' the scattering 
amplitude 

X = X, + iXj (I) 

as a function of the reduced spatial (depth) parameter 
A(l) is given in terms of the differential equation 

-2X{y + / * ) + ( ! + « : ) , (2) 

where ><A0, e) is a reduced quantity specifying the 
crystal orientation A0 with respect to the uncon-
tracted substrate lattice, the local strain is introduced 
through c(/)tan 0B, where 6% is the uncontracted 
Bragg angle, and jf and k are constants related to the 
ratio of the imaginary and real parts of the scattering 
factors. After specifying <(() and applying boundary 
conditions, Eq. (2) can be evaluated numerically to 
obtain the reflectivity J?(A0) of the crystal as 

« = l*(0)| 2 . (3) 

An incident x-ray beam power of A> then leads to a 
measured scattering power of 

/(A0) = hR{l$) . (4) 

Through the use of a trial t(t) and a cyclic procedure 
of calculations using Eqs. (2, 3,4) and appropriate 
adjustments of t(i), a simulation of the measur;d 
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reflection profiles can be ach-vcd in which the 
resulting e(f) represents the strain distribution in the 
crystal. 

For the case of a (100) Si crystal implanted with I x 
10" B/cm 2 and pulse laser annealed with 1.6 J/cm 1 

from a Q-switched ruby \ ^er, the measured 400 
Bragg reflection profile using Cu Ka % rays is shown 
in Fig. 2.39a. The solid line shows a calculated 
reflection profile using the above procedure. AH the 
features in the measured data are represented in the 
calculated profile, and the overall correspondence is 
quite good. The strain distribution associated with 
Fig. 2.39a is shown in Fig. 2.40. The strain has a 
maximum value near the surface of-5.8 X J0"} and 
falls off rapidly with increasing depth. It can also be 
seen that the strain distribution is quite similar to 
published4 SIMS measured profiles of B in similarly 
processed Si. 

Making use of lattice parameter change measure­
ments1 in homogeneously B-doped Si and taking the 
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one-dimensionality of the ..train in the present case 
into account, the relationship 

C(t) - I 13 X 10" B/cm1 e(i) (5) 

gives the B concentration C{i) as a function of t(f). 
Using Eq. (5), the B concentration corresponding to 
the x-ray measurement in Fig. 2.40 corresponds to 
1.5 X 10" B/ cm2 compared to the implant dosimetry 
value of I X 10" B/cm2. The SIMS B concentration 
profile in Fig. 2.40 (when multiplied by this factor of 
~l.5) corresponds rather well with the x-ray-
determined profile. As shown in Fig. 2.39b, though, 
the small differences in the B profile shapes do lead to 
appreciable scattering profile changes, indicating the 
sensitivity of the scattering method 
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Although the factor of 1.5 has not been explained, 
it should be pointed out that the proportionality 
factor relating the B concentration to the strain in Eq. 
(5) is based on the use of c'tctrical resistivity 
measurements to determine the I' concentration in 
the crystals. This may be important in view of thefr ~. 
that electrical measurements* on B-implanted. laser-
annealed specimens similar to those studied here also 
indicate "="1.5 times more electrically active carriers 
per square centimeter than specified by the implant 
dosimetry. No evidence has been found for lattice 
defects in the B-implanted region (after laser 
annealing) that might have spuriously enhanced the 
lattice strain measured b> the x-ray technique. A 
reconsideration of the pai ameter in Eq. (5) specifying 
the lattice strain, an examination of the B-implant 
dosimetry, and a review of the correspondence of the 
electrical properties of doped Si with dopant 
concentration would all seem to be useful in resolving 
this apparent discrepancy. 
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GROWTH OF DISLOCATIONS DURING 
LASER MELTING AND SOLIDIFICATION1 

J. iarayan F. W. Young, Jr. 

Since Frank2 proposed the concept of screw 
dislocations providing perpetual steps for crystal 
growth, the role of dislocations in crystal growth has 
been of great interest. The observation of growth 
spirals in many cases of growth from solution and 
from vapor provide evidence for the Frank mecha­
nism. However, during crystal growth from the melt, 
interfacial thermal stresses and high concentrations 
of defects generally lead to glide and climb of 
dislocations. As a result, the observed directions of 
dislocations in crystal growth from the melt do not 
usually represent the true crystal growth directions, 
thus obscuring the determination of the role of 
dislocations in crystal growth. During laser irradia­
tion, a typical ruby laser pulse (energy density £ = 1.5 
."cm 1, r - SO ns) melts the Si surface after 10 to 20 ns 
of the laser puUe, and then the melt front penetrates 
to abo.it 300 nm. The melt front then sweeps back to 

the surface with crystal growth rates of a few meters 
per second, compared to the 10"5 m/s thatistypicalof 
normal melt growth. The time intervals involved in 
laser melting and solidifications are of the order of 
100 ns, during which calculated cumb distances are 
less than 0.1 run; therefore, it is believed that the 
observed directions of dislocations after laser melting 
and 5 jlidifkatioc represent the true crystal growth 
directions. 

The rowth of perfect W10) and partial 'Mill) 
dislocations was investigated in B-doped (100) Si 
specimens. These dislocations, shown in Fig. 2.4J« 
were generated by thermal annealing (at II00°C for 
30 nun) the B-imphmted (35-keV, n B \ 3.0 X 10" 
cm"2) specimens. The Burgers vectors of 
dislocations tying in [110] and [IT0] directions were 
determined to be 741 TO] and 7JI101 respectively. 
Dislocations along the [iTO] directions with 7<l10] 
Burgers vector are shown in contrast in Fig. 2.41a. 
The dislocations are pure edge type with extra 
half-planes between the dislocations lines and the 
free surface; the deviations from these directions 
are the measure of the screw component. Faulted 
dislocations (containing fringes) were of extrinsic 
type with 'h(l 11) Burgers vectors. 

Or*, iaser pulse melted the top approximately 
0.4-/im-thick layer, and the growth of perfect and 
partial dislocations is shown in Fig. 2.416. One end 
of the 7i[> 10] dislocation [labeled 1 in Fig. 2.41a] 
grew along 25 ± 2° from the surface normal 
(approximately in [113] direction), while the other 
end split according to the following dislocation 
reaction: 

7aIHO)-7<IOI] + 74PlT]. CD 

These 74101] and 740IT] dislocations were of near 
screw type (29° from the pure screw orientation). 
These growth directions are described in a stereo­
gram shown in Fig. 2.42. The splitting of a partial 
7J[I IT] dislocation associated with the fault (shown 
at 2 in Fig. 2.416) occurs as follows: 

7 < l l T ) - 7 * H l ] + 'A(2Tl]. (2) 

The growth of the 7rf0lT] dislocation at 2 was 
similar to that of the 7J(01T] dislocation at 1, which 
resulted from splitting according to Eq. (I). It was 
fount* that dislocations of a given Burgers vector 
always grew in the same direction regardless of their 
origin. These growth directions were also found to be 
unaffected by impurity content of the crysta's. On 
increasing the pulse energy density, the thickness of 
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Faj.141. Growthof JMoclio— i a • dopediflwoa.(a) Perfect 
'MHO) and faulted 7i(IU) dislocations in a B-impbuited, 
thermany annealed Si. (*) The growth of a perfect 74110] 
dislocation at the point labeled I. and the splitting of perfect 
74110] and partial *jf I iT] dislocations at I and 2. respectively, 
(r) A complete removal on increasing the pulse energy density. 

the melted regions increased; and whenever the mek 
front penetrated beyond the outer boundaries of the 
dislocations, a complete removal of the dislocations 
occurred, as shown in Fig. 2,41 c. 
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CELL FORMATION IN ION-IMPLANTED. 
LASER-ANNEALED St 

J. Narayan C. W. White B. R Appleton 

When Ga-, In-, Fe-, and Sb-implanted Si speci­
mens are laser annealed, pronounced solute segrega­
tion is observed near the surface. This segregation is 
related to the small distribution coefficients (fo) of 
these impurities in Si, where ko = Ctl Ci and Cs and 
CL are the equilibrium impurity concentrations in the 
solid and liquid phase, respectively, as determined 
from phase diagrams. It was determined from ion-
channeling measurements that, in each of these 
retrograde systems, the solute concentration in 
substitutional lattice sites exceeded the equilibrium 
limit of solid solubility. There appeared to be a 
maximum solute concentration that could be 
incorporated into substitutional lattice sites, and 
these limiting concentrations exceeded the equilib­
rium (retrograde maximum) solubility limiu by 
factors as high as 500. These observations provided 
evidence for solute trapping and metastable alloying. 
At still higher solute concentrations, TEM analysis 
revealed a cell «tructure arising from the instability of 
the planar liquid-solid interface during regrowth. 

Mullins and Sekerka1 have shown that during 
constant-velocity, undirectional solidification of a 
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dilute binary alloy, a planar solid-liquid interface is 
unstable when 

I 
Ht GsKs + GJCO + mGc > h . (1) 

where K$ and KL are thermal conductivities of the 
solid and liquid, (7* and <7i are average temperature 
gradients in the solid and liquid, respectively, K=(Kj 
+ Kt) 12, and m b the slope of the liquid us bne on the 
phase diagram. The term Gc corresponds to the 
average solute gradient in the liquid and is equal to 

Gc= VC.{k- l)iDk. (2) 

where Vis tbe average velocity of solidification, D is 
the diffusion coefficient in the liquid, A is the 
distribution coefficient, and C. is the average 
concentration in the solid. The value of n in Eq. (1) is 
given by 

h = \maxA»)\ , 

where 

fl<u) = - 7*r<o 

(3) 

IkmG, 
[I + (2a./)/ Vf\,2 + Ik - I 

(4) 

The term Tn is the melting joint of pure solute, f* is 
the capillarity constant defined as the ratio of tbe 
solid-liquid surface energy to the latent heat of 
fusion, and w = 2*7 A, with A being the wavelength of 
interface instability. 

Equations (3) and (4) were solved numerically to 
find the value of h. The wavelength corresponding to 
the value of A gives the cell size. Once h is known, one 
can test tbe absolute stability criterion given by Eq. 
(I). In the calculation, the following values for the 
constants were used: 

K=}iBj», D-LOXlO'm 2 s , 

7 i , r = J.3 X 10 '' K m , 

AT, = 22 J m ' » ' K ' , 

KL=10iml%1 K \ 

G*~2XI0*K/m, Ct-IO'K/m 

For a particular case of In in Si, it = i.0x HT\m= 
300 K (atom fraction)'1,and C- wasdeterarined to be 
3 X 10' (atom fraction). 

Using these values in Eq. (4)and tbemaximizatton 
in Eq. (3) ted to h = 3.813 X 10* Km and the 
corresponding vafneof •*.= I.2X 10* nf\ From this, 
tbe value of A., the cell size, was calculated to be 52 
nm. The values of Km were calculated as a function of 
V and k, and the results, plotted in Fig. 2.43, indicate 
that the ceil size is relatively insensitive to k. 
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The electron micrographs in Fig. 2.44 show a cell 
structure in In-implanted (dose = 1.0 X I0 U cm'1), 
lasei-annealed Si. The average cell size was deter­
mined to be 50 nm. which is in good agreement with 
the calculated value of 52 nm. However, the 
agreement between the experimental and calculated 
cell sizes should be considered tentative because of 
the uncertainties in the values of D, k, and V. The 
interior of each cell in Fig. 2.44a is a defect-f, ee 
column of epitaxial Si where the In concentration 
trapped in substitutional sites was determined to be 3 
x 10"' atom fraction, which is about 200 times the 
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Hphatri S i (0) cell with average size 52 nm. (A) selected area 
diffraction pattern, and (r) dark-field microgfaph using In 
diffraction spots. 

maximum equilibrium retrograde solubility. Thecell 
walls (width - 5 nm) contain massive concentrations 
of segregated In and extend down to a depth of (00 
nm. The diffraction pattern in Fig. 2.446 shows In 
diffraction spots near the position where the 
forbidden 200 Si diffraction spots would have 

appeared. A dark-field micrograph, obtained esing 
In diffraction spots, dearly defalcates the ccB waBs. 

». W. W. Mottns and R. F. Sekerka, J. AppL Iwjrx 35,444 
(1964). 

IJNETIC EFFECTS IN LASER ANNEALING 
OF ION-IMPLANTED Si 

C. W. White D. M. Zehner 
B. R. Appteton B. Stritzker' 

S. R. Wilson1 

Systematic studies of kinetic effects in laser 
annealing of ion-implanted Si have been initiated. 
Our previous results' snowed that implanted group 
HI and V dopants in Si can be incorporated very 
effectively into substitutional iatticesites by the bser-
anneaJing-induced liquid-phase epitaxial regrowth 
process. At the growth velocities which can be 
achieved by pulsed laser annealing in the nanosecond 
time regime (several m s), dopant incorporation into 
substitutional lattice sites occurs by solute trap­
ping.4* and the trapping probability and interfacial 
distribution coefficient k' are predicted to depend 
strongly on velocity.* Measurements of the kinetic 
effects of dopant incorporation, consequently, 
should provide information that is essential to model 
Jie trapping process. 

Two methods exist to change systematically the 
growth velocity during liquid phase epitaxial 
regrowth. In one method, the temperature of the 
substrate during annealing is maintained above or 
below room temperature. Increasing the substtate 
temperature leads to a slower growth velocity, while 
higher growth velocities can be achieved by holding 
the substrate at liquid nitrogen or liquid helium 
temperatures. The other method for achieving faster 
growth velocity involves using faster pulses. In the 
present experiments, the former method was used 
because of the lack of ready access to a mode-locked 
laser. 

To study kinetic effects. Si single crystals, (001) 
orientation, were implanted by m B i (250 keV. 1.1 X 
10" cm2). Annealing was accomplished using single 
pulses of radiation from a Q-switched ruby laser (15 
X 10 * s pulse duration time). Annealing was carried 
out while maintaining the substrate at temperatures 
of 650. 300. and 100 K and using energy densities of 
1.2. 1.4. and 1.7 J cm7, respectively. A different 
energy density was used at each temperature in an 
effon to maintain the same melt depth (380 nm). 
Estimates of regrowth velocity achieved at the three 
substrate temperatures are 2.6, 4.5. and 6.0 m/s. 
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Crystab were examined before and after annealing 
by using 2.5-MeV He* Rutherford backscattering 
and ion channeling techniques to determine the 
damage distribution, dopant profile distribution, and 
substitutional dopant concentration as a function of 
depth. 

Figure 2.45 shows experimental Bi concentration 
profile results obtained after annealing at the three 
different substrate temperatures. At each tempera­
ture, Bi is segregated to the surface, but ion 
channeling measurements show that in each case the 
Bi in the lattice is highly substitutional f> 96%) even 
though the concentration significantly exceeds die 
equilibrium solubility hunt (~8 X lO'^cm1). Figure 
2.45 demonstrates significant kinetic effects on the 
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Fig. 2.45. &Mtk«n«HMtteMf>eg*tM«ofajl»UKi 
it w i t laser MMtiac. Temperature* indicate the substrate 
temperature during annealing. Growth velocities are estimated to 
be ~2.6. 4.5. and 6.0 m t for temperatures of 650. 300. and 
100 K. respectively. 

shape of the dopant profile and the interfacial 
distribution coefficient (if) during regrowth. At low 
substrate temperature (i.e., high growth velocity), 
the profile does not redistribute i s much and a 
relatively small amount of Bi is segregated to the 
surface. At high substrate temperature (Le., slow 
growth velocity), the profile spreads deeper into the 
crystal and substantially more segregation to the 
surface occurs. The fraction of Bi segregated to the 
surface is S4.9, 11.2, and 4.6% for annealing 
temperatures of 650, 300, and 100 K. This striking 
difference in the fraction segregated b due to the 
change in the interfacial distribution coefficient 
caused by the velocity dependence of the trapping 
probability. Model calculations will be used to 
extract values for ¥ from the dopant profile 
measurements, but it b dear that we have been able 
to change the distribution coefficient by almost an 
order of magnitude. These results are in qualitative 
agreement with calculations,* and a detailed compar­
ison with theoretical predictions' wiO be possible 
when values for k" are determined. Thb comparison 
should provide information necessary to model the 
solute trapping process. 

It will be necessary- to use picosecond pulses from a 
mode-locked laser as well as nanosecond pubes from 
a 0-switched laser at higher substrate temperatures 
in order to determine the velocity dependence of k" 
over a wider velocity range. Such experiments are in 
progress. Experiments are also in progress to 
determine the velocity dependence of the interfacial 
distribution coefficients for the other dopants and to 
determine the velocity dependence of the limiting 
substitutional solubilities (CT"1). 

1. Guest scientist from Insthut fflr Fettkorpcrforscming. 
Keraforschnngsanlagr. Jtflich, Germany. 

2. ORAO graduate laboratory participant from North Texas 
State University. Denton; present address: Motorola. Inc.. 
Phoenix, Ariz. 

X C. W. White et al., J. Appl. PHys. SI, 7M <I9»). 
4. J. C. Baker and J. W. Cahx. Acta MetaU. 17, S7S (1969). 
5. K. A. Jackson. G. H. Gilmer, and H. J. Leamy. p. 104 in 

Laser and Electron Beam Processing of Materials, to. by C. W 
White and P. S. Peercy. Academic Picas. New York. I960 

6. R. F. Wood et al.. p. 37 in Laser and Electron Beam 
Processing of Materials, ed. by C. W. White and P. S. Peercy. 
Academic Press. New York, 19*0. 
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PULSED LASER ANNEALING 

HIGH-SPEED ZONE REFINING IN 
PULSED LASER ANNEALING OF 

ION-IMPLANTED Si' 

C.W. White 
S. R. Wilson* 

B. R. Appleton 
J. Narayan 

Systematic studies have been initiated to study the 
effects of pulsed laser annealing on Si crystals that 
have been implanted with a wide range of nongroup 
III and V impurities.1 Implanted impurities that have 
been investigated include Cu, Fe, Zn, Mn, W. and 
Mg. These specks were implanted into single-crystal 
Si, (001) and (HI) orientations, at doses in the range 
10" to 5 x 10" cm2 and at energies in the range 100 to 
250 keV. Annealing was carried out using single 
pulses from a Q-switcbed ruby laser (~1.5 J cm2, IS 
X 10^ s pulse duration). Crystals were examined 
before and after annealing using 2.5-MeV He* 
Rutherford backscattering and ion channeling 
techniques to determine the damage distribution, 
dopant profile distribution, and the substitutionality 
of the dopant. Transmission electron microscopy was 
used to study the mkrostructure in the near-surface 
region after laser annealing. 

The impurities listed above exhibit segregation or 
zone refining to the surface which is a function of the 
implantation dose and number of pulses used for 
annealing. Results for the case of Fe in Si are 
summarized in Fig. 2.46. At low doses I.I x 

10"/ cm2), one pulse of laser radiation is sufficient to 
cause complete zone refining of the impurity to the 
surface. At intermediate doses (S.S x 10 "cm 2 ) , a 
substantial segregation toward the surface occurs 
during the first pulse, but two pulses are required to 
cause complete surface segregation. At high doses 
(1.8 X 10" cm2), significant quantities of Fe are left 
in the bulk of the crystal, even after ten pulses. 
Channeling studies show that the Fe left in die bulk of 
the crystal does not occupy a regular lattice site and, 
therefore, has not been incorporated into solution by 
solute trapping during liquid-phase epitaxial re-
growth. Qualitatively similar results have been ob­
tained for the other impurities listed above. 

The TEM studies show that at high doses a cell 
structure develops in the near-surface region duriftg 
laser annealing.' The interior of each cell is an 
epitaxial column of Si extruding to the surface, but 
the cell watts contain very high concentrations of 
segregated impurity. In the high-dose Fecase of Fig. 
2.46. the Fe that appears to be distributed in the bulk 
of the crystal is highly concentrated in the cell walls, 
which extend to z depth of ~ 1000 A in the crystal. By 
contrast, for low doses, a well-defined cell structure 
does not develop, and the Fe is localized to the first 
few monolayers of the crystal. 

The development of a well-defined cell structu re in 
crystals implanted to high doses is believed to be 
related to lateral segregation of rejected dopant 
caused by an interfacial instability that develops 
during regrowth (i.e., constitutional supercooling at 
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the interface). For low doses, the interface is stable 
during regrowth, and a regular cell structuredoes not 
develop. 

These results show that the trapping probability at 
the interface for the impurities listed above b 
significantly less than that for group III and V 
impurities, which are trapped with high probability 
into substitutional lattice sites during the laser-
anncaling-induced liquid-phase epitaxial regrowth 
Each of Che impurities in this investigation is an 
interstitial diffuser in the solid, and presumably the 
bonding properties of these impurities in the solid are 
such that the required trapping energies cannot be 
supplied.1 Efficient trapping of these impurities may 
be possible, however, at significantly higher growth 
velocities. Experiments to test these ideas are in 
progress. These muhs also demonstrate that very 
effective high-speed zone refining of undesirable 
impurities in Si can be accomplished by using a series 
of high-powered laser pulses. 

1. Summary of paper p. 124 in Laser and Electron Beam 
Processing of Materials, ed. by C. W. White and P. S. Peercy. 
Academic Press. New York. 1980. 

2. ORAU graduate laboratory participant from North Texas 
State University. Denton: present address: Motorola. Inc.. 
Phoenix. Ark. 

3. R. F. Wood et al.. p. 37 in Laser and Electron Beam 
Processing of Materials, v*. by C. W. White and P. S. Peercy 
Academic Press. New York. 1980. 

MEASUREMENTS OF EQUIUBRIUM 
SOLUBILITY LIMITS FOR GROUP III AND V 

DOPANTS IN Si 
C. W. White B. R. Appleton 

S. R. Wilson' 
Previous determinations of equilibrium solubili­

ties for group III and V dopants in Si employed 
electrical measurements or radiotracer techniques. 
These results are summarized in ref. 2. Recently, it 
has been demonstrated that supersaturated alloys of 
group III and V dopants in Si can be fabricated using 
ion implantation doping and pubed-Iaser-annealing 
techniques.M These alloys can ha*-; dopant concen­
trations in substitutional lattice sites that are far 
above the reported equilibrium solubility limit. 
However, upon subsequent thermal annealing, the 
dopant concentration in excesr of the equilibrium 
solubility limit at the annealing temperature will 
form precipitates, and a measurement of the 
maximum substitutional dopant concentration as a 
function of depth after thermal annealing then allows 
the equilibrium solubility limit at the annealing 

temperature to be determined.1 We report here 
measurements of tbs equilibrium solubility limit for 
As and Sb in Si at a temperature of II00°C. a 
temperature, dose to that corresponding to the 
retrograde maximum solubility. 

Silicon single crystals, (001) orientation, were 
implanted with "As (100 keV, 6 X 10M/cm2) and 
m S b (100 keV, 2X !0 , 5/cm2). After implantation, the 
crystals were laser annealed using single pulses of 
radiation from a (̂ -switched ruby laser (~ 1.5 J/cm2, 
IS X 10~* s pulse duration), rhe crystals were then 
examined using 2.3-MeV He* Rutherford backscat-
tering and ion channeling techniques to determine 
the dopant concentration and substitutionality as a 
function of depth. After laser annealing, these 
measurements snowed that the dopants were >96% 
substitutional in the lattice even though the dopant 
concentration in the nea -surface region was ~6 x 
ir/Vcm* for As and ~1.8 X lO^/cm1 foi Sb. These 
concentrations significantly exceed previously re­
ported2 equilibrium solubility limits for As (1.5 X 
Mr^/cm1) and Sb (7 X lO'Vcm1). The crystals were 
then thermally annealed at 1100°C in an N 2 

atmosphere (8 min for the As-implanted crystal and 
30 min for the Sb-implanted sample}. Rutherford 
backscattering and ion channeling measurements 
were used to compare the total dopant concentration 
with the substitutional oopant concentration as a 
function of depth. 

Figures 2.47 and 2.48 show thi experimental 
71 results for As and Sb in Si after thermal 
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annealing at IIOO°C. For 7 ,As. the maximum 
substitutional concentration after thermal annealing 
ISZ.V X 102' • cm , whereas the total dopant concen­
tration reaches as high as 4.2 X IO11 cm'. Therefore, 
the equilibrium solubility limit for 7 ,As in Si is 2.9 X 
102' cmJ at a temperature of I IOO°C. This value is 
almost a factor of 2 higher than that reported in ref. 2 
(~l.5 X JO21 cmJ). In Fig. 2.48, the maximum 
substitutional concentration after thermal annealing 
is 8.2 X IO"/cm\ which is, therefore, the equilibrium 
solubility limit for Sb in Si at I IOO°C. in good 
agreement with the value of 7 x iO" cm3 reported in 
ref. 2. This technique provides an accurate and 
versatile experimental method for determining 
equilibrium and metastable phase relationship.:. 
Such measurements could, in principle, be extended 
to determine t he solidus line on the equilibrium phase 
diagram4 over a much wider temperature range than 
that covered by previous measurements. 

1. OPAU graduate laboratory participant from North Texas 
State University. Denton; present address: Motorola. Inc.. 
Phoenix. Ariz. 

2. F. Trumbore. Bell System Tech. J. J». 205 (I WO). 
3. C. W. White et al., / Appl. fhys. 51. 738 (1980). 
4. C. W. White ft al.. / Appl. Phyi. 50. 3261 (1979). 
i. C. W. sVhite et al.. p. Il l in iMser and hleciron Beam 

Processing of Materials, ed. by C. W. White and P. S. Peercy. 
Academic Press. New Yjrk. 1980. 

INFRARED REFLECTIVITY AND 
TRANSMISSrvrTY OF B4MPLANTED, 

LASER-ANNEALED Si1 

Herbert Engstrom 

The development of laser annealing of ion-
implanted semiconductors has allowed the fabrica­
tion of surface layers of heavier doping than has 
heretofore been possible.2 Because this technique has 
been applied successfully to produce solar cells of 
increased efficiency,3 it is of interest to examine the 
optical properties of these ton-implanted materials. 
In the present work the midinfrarrd reflectance and 
transmittance spectra of B-impIanted. laser-annealed 
samples have been measured and analyzed on the 
basis of the Drude theory to obtain approximate 
values of the relaxation time for bole scattering. 

Reflectance and transmittance spectra in the 
wavelength range of 2.5 to 20 pm were measured 
using a Digilab model FTS-20 Fourier transform 
spectrometer. AH measurements were made for 
approximately normal incidence. The measured 
reflectance and transmittance are shown in Fig. 2.49. 
The dip visible at approximately, IS pm is from 
second-order absorption in the underlying pure Si 
bulk due to the Si optic mode. The nearby structure is 
due to other Si phonons. (First-order lattice 
absorption is forbidden in Si.) 

The presence of the B ions substituting for Si leaves 
holes in the valence bands. In the Drude theory* of 
electrical conductivity, these holes give rise to a 
complex dielectric constant of the f»: n 

4 T T . \ > 2 

t = e* - m* (1+tuV) + / 
4 J T \ > 2 

m* (l + a.V) 

(I) 

where t* = dielectric constant due to the core 
electrons, N = ho e concentration, m* - effective 
hole mass, e - electronic charge, w - angular 
frequency of light, ind r - relaxation time. 

The complex rcfiactive index is 

h = n + in = «' J (2) 

and from Maxwell's equations, the propagation of 
light in the dielectric rr.eilium is given by 

E - En exp i (mr - tot) (3) 
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Given the lefractive index, the reflection and 
transmission coefficients may be calculated accord­
ing to well-known procedures for thin films.1 

In B-impIanted Si, the boron concentration in the 
implanted layer is not constant with depth. To apply 
the expressions for thin films, the implanted layer 
was approximated bya series of 10 laminas, each 0.05 
pm thick. The B concentration in each lamina was 
estimated from SIMS measurements on a similarly 
prepared sample. Using r and V 0/p* as adjustable 
parameters, where V0 is the B concentration at the 
sample surface and p* is the ratio of the effective hole 
mass to electron mass, it was possible to fit the 
measuied reflectance and transmittance for all 
implant doses over the entire spectral range. The 
calculated values are shown as solid lines in Fig. 2.49. 

The parameters so determined are shown in Fig. 
2.50; the scale on the left shows the relaxation time r, 
and that on the righ: shows the peak concentration to 
effective hole mass ratio W0/p*. As is seen, the 
relaxation time is essentially independent of implant 
dose, and the straight line is the best-fit graph to 
Vo/p* vs implant dose. The slope of the line was 
found to be 0.981 ± 0.023. That the slope is very 
nearly unity indicates that essentially all of the 
implanted B contributes to the optical properties, 
even at very high doping lc^L 

These results indicate that the Drude theory 
provides a good accounting for the changes in the 
opf'cal properties of Si with doping level. Thus, the 

ORNL - OWG 7»-2HT4R 

pi—i i 11mil—i i nun 

1 I M i l l 

-!«' 

to' 

I 

to" 
10" 10 ' e 

IMPLANT DOSE (ions/cm 2) 

Fig. ISO. Relaxation time r (left-hand icak) and peak 
concentration/effective ma** ratio AT«/p* (right-hand atala) va % 
implant dot*. The tolid line it the belt straight line through the 
values of Ntlp". 



103 

simple theory may be used with reasonable success to 
describe the optical interactions, even in very heavily 
implanted samples. 

I. Summary of paper t» be published. 
Z R. T. Young el aL, Appl. Phys. Lett. 32.139 (1978). 
i. C. W. White. J. Narayan. and R. T. Young. Science 204.461 

11979). 
4. See. for example. F. Woolen, p. 52 in Optical Properties of 

Solids. Academic Pies . New York. 1972. 
5. A. Vaskek, p. 90 in Optics of Thin Films. North-Holland 

Amsterdam. I960. 

SURFACE STRUCTURE OF 
ION-IMPLANTED, 

LASER-ANNEALED Si 
C. W. White G. W. Ownby 
D. M. Zehner W. H. Christie' 

The basic surface properties have been determined 
for the first time for ion-implanted Si crystals laser 
annealed in a UHV environment. Previously, we 
reported the surface properties (structure and 
impurities) of unimplanted Si crystals subsequent to 
laser annealing in UHV,2"5 but for many applica­
tions. Si must be implanted with group III or V 
dopants in order to form a junction. The surface 
structure and impurities after annealing play a major 
role in determining the surface electronic properties, 
and such determinations have not been made, to our 
knowledge, using ion-implanted Si. 

Silicon single crystals, (001) orientation, were 
implanted with either "As (100 keV, 8 X10'* cm2) or 
"B (35 keV, 1 X 10u/cm2). The implanted crystals 
wete then inserted into a UHV system (pressure 
~10"10 torr) which contained a four-grid LEED 
system and a single-pass CMA used for AES to 
monitor surface impurities. The light from a pulsed 
ruby laser was coupled through a glass window into 
the UHV syste.n. Samples were irradiated by using 
the single mode output (TEMw) of the pulsed ruby 
laser at an energy density of ~2.0 Hem1. A constant 
pulse duration time of ~15 X 10'* s was used 
throughout the experiments. Previous work2'' has 
shown that atomically clean, well-ordered surfaces 
can be produced on unimplanted crystals by using 
these laser conditions. After removing these crystals 
from the UHV environment, the dopant profiles were 
determined using2.5-MeV He' Rutherford backscat-
tering and SIMS techniques. 

Figure 2.51 shows the LEED patterns obtained 
from the crystal implanted with "As after 2,5, and 10 

SSDN-2272 

49 eV 
Fig. 2.51. LEED pattern* Mbtcquent to later annealing "As 

(100 keV. 8.3 x IO"/cm') impuuned (100) Si. 

pulses. No discernible LEED pattern could be 
observed after one pulse, indicating considerable 
disorder in the first few monolayers of the crystal. 
After 2 or 5 laser shots, a basic I X I LEED pattrrr is 
observed with weak half-order spots. The quality of 
the LEED pattern continues to improve until a well-
defined 2 X f pattern is observed after lOshots. There 
is little, if any, change in the quality of the LEED 
pjttern after 10 shots (up to a total ff. !5 shots). 

AES measurements show that af'er one«'iot, only 
trace amounts of C and O contaminants remain. 
These contaminants are reduced .'o the detectior 
limit after ~5 shots, in agreement with previous 
results.1 Substantial quantities of As arc detected by 
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AES after laser irradiation. The signal strength of the 
As Auger transition was found todecrease monoton-
ically as a function of the number of pulses. 

Figure 2.52 shows thcAsdopantprofues measured 
by RBS after removing the crystal from the UHV 
environment. Extrapolation of these profiles to the 
surface suggests that the As concentration at the 
surface after the first puke is ~ 5 J X I0"/cm\ 
Subsequent pulses give rise to additional redistribu­
tion and, consequently, a lower concentration at the 
surface. These results are in qualitative agreement 
with the AES measurements. 

The gradual improvement of the clarity of the 
LEED pattern with additional pulses and the 
reduction in the As concentration at thesurface from 
the RBS and AES measurements suggest that very 
large concentrations of As at the surface will stabilize 
the I X I LEED pattern. As the concentration at the 
surface is reduced by repeated pulses, a well-defined 
(2X1) LEED pattern develops when the dopant 
concentration at the surface isveduced to ~l .5 X 
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I0Z I / cm\ Qualitatively similar results were obtained 
for the case of "B-implanted Si. 

The development of well-defined LEED patterns 
after only a few pulses indicates that the annealing 
resulting from the rapid liquid-phase epitaxial 
regrowth process extends to the outermost monolay­
ers of the crystal. At very high dopant concentra­
tions, however, residual disorder remains in the first 
few monolayers. As the dopant concentration is 
reduced, the dopants stabilize the I x | pattern, and a 
further reduction in the concentration leads to the 
development of a well-defined 2 X I LEED pattern. 
These experiments are being extended to other 
crystal surfaces and to other implanted impurities, 
particularly those that are strongly zone refined at 
these fast growth rates. 

Pig. 2.52. "A» profiht is (100) Si thn pvlMd-kMr annealtA* 

1. Analytical Chemistry Division. ORN'L. 
2. D. M. Zehner ct al.. p. 201 in Laser and Electron Bean 

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

3. D. M. Zehner. C. W. White.andG. W. Ownby. Appl. Phis. 
Lett. 36.56(1980). 

4. D. M. Zehner. C. W. While, and G. W. Ownby. Surf. Sci. 
IJII. 91, L67 (1980). 

5. D. M. Zehnei C. W. White, and G. W. Ownby. Applied 
Physics letters (to be published). 

LASER ANNEALING UNDER OXIDE 
LAYERS IN Si' 

J. Narayan 

High-power laser pulses have been successfully 
used to remove displacement damage and other 
defects in bare Si.3 However, for device manufactur­
ers, laser annealing of Si with SiO: layers on the 
surface is of particular interest. The feasibility of this 
process and electrical characteristics of laser-
annealed specimens have been demonstrated.1 The 
purpose of this investigation was to provide clear 
evidence of melting under oxide layers. The melting 
can be used to remove/anneal defects present in the 
Si suLiirate. 

Arsenic-doped (1.0 x 10" cm'2 implanted and 
thermally annealed at 1100° C for 30 min) Si crystals 
with thermally grown SiOj, 25 nm thick, were used in 
»bi« invest gation. These specimens were treated with 
ruby laser pulses (wavelength A = 0.694 pm, pulse 
duration r - 20 X 10"' s, energy density E = 1-2 
J/ cm2). The effect of ~25-nm-thick SiOj on the 
transmissivity (T) of laser energy is negligible.4 
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An electron microscope investigation of the (111) 
rxide-coated specimens, which had been ion im­
planted and thermally annealed, showed that 
beneath the oxide layer, the dislocations lay 
approximately in (112) directions with *:(II0) 
Burgers vectors that are parallel to the specimen 
surface. These dislocations were pure edge disloca­
tions, the amount of deviation from (112} directions 
being a measure of the screw character. The 
dislocations were in the form of arcs extending frer.. 
the surface to a depth of about 0.6 Mm. The 
dislocation segments near the surface lay appro*i 
mately in the [111} direction (i.e.. normal to the 
specimen surface). Fig. 2.53a is an optical mkro-
graoh of the specimen after one laser pulse (E = 1.2 
J/cm 2) showing a ripple pattern on the surface. The 

Fia.2.S3. Optic«da>icrc«rt^of a(l)l)Sis««ciatta witaan 
~2$f>flHhiek SiOi law* after km inawlinf («) ripple pattern 
appnriaf tftar • mm palm eltwrfv £ » 1J J/car\ r • IS to 20 
mj (t) cowpwioB iBifimw after a mm pake of eaerty Em24) 
J/cm. The oxide melted in the area indicated by A, and the linet of 
the ripple pattern are normal to the melted boundary. The area 
encircled wai thinned for electron microscopy (see {b)\ 

waveleng h of the ripple pattern was determined to be 
~1.6 jim. An electron microscope examination of 
this specimen (Fig. 2.54a) showed that the disloca­
tions reoriented in a 0.25-j*m-thick Si layer beneath 
the oxide. These segments remained in edge orienta­
tion with unchanged Burgers vectors but lay at 21 ± 
2° from the [III] surface normal. Because the 
reoriented segments of dislocations lie precisely in the 
same crystallographic direction, these observations 
are consistent with melting and subsequent recrystal-
lization, with the underlying dislocations providing 
nuclei for grown-in dislocations. It should be 
mentioned that reorientation of dislocations in the 
solid state would require climb distances of ~0.2 um 
in order to be consistent with the observations, 
whereas calculated climb distances, even dose to the 
melting point of Si, are only the order of 1 A. It has 
been proposed1 that the ripple pattern observed in 
Fig. 2.53 is due to thermal expansion of the oxide 
layer during laser melting of the underlying Si ant* to 
subsequent stress relief, which results in a buckling of 
the thin oxide layer. 

When the pulse energy was increased to 2.0 J / cm 2, 
a complete removal of the dislocations occurred, 
which indicated that the depth of melting had 
exceeded the boundaries of the dislocations at 0.6 
nm. Some specimens were irradiated with spatially 
nonuniform laser pulses such that some area of the 
specimens received more energy than 2.0 J cm 1 and 
probably caused melting of the oxide layer. An 
optical micrograph from such a specimen is shown in 
Fig. 2.S36, which shows an area without an oxide 
layer (A) and an area containing a rippled oxide layer 
(B). A part of this specimen (encircled in Fig. 2.53b), 
which contained both areas A and B, was thinned for 
electron microscopy; and the results are shown in 
Figs. 2Mb-d. Area B in Fig. 2.546 is free of the 
dislocation network but has an oxide layer intact on 
the surface, as indicated by the selected area 
diffraction pattern in Fig. 2.54/. The removal of the 
dislocation network in Fig. 2.546 shows that the 
melt front penetrated to at least 0.6 pm s*> that the 
underlying defect-free substrate could act as a seed 
for crystal growth. Area A in Fig. 2.546 indicates the 
absence of an oxide layer on the top, as indicated by 
the selected area diffraction pattern in Fig. 2.54c. 
However, a careful examination of electron micro­
graphs showed the presence of stacking fault 
tetrahedra in area A, whereas no defects were 
observed in area B. These faults were found to exist 
throughout the melted layer. 

The formation of stacking faults in area A (Fig. 
2.53) is presumably related to the presence of SiOj in 
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Fig. 2.34. Eiectrcn micrographs from the specimen shown in Fig. 1)3: («) micrograph from the specimen of Fig. ISic, where 
the depth of melting was determined to be 0.25 urn; (6) micrograph from the specimen of Fig. 2.53* showing the oside melted area A 
and the oxide containing area B; (r) selected area diffraction corresponding to area A; and (<f) selected area diffraction corresponding 
to area B. 

the regrown layers. A "dektak" trace of the specimen 
in Fig. 2.536 showed that the average elevations of 
areas A and B were equal, within experimental error 
(~5 nm), indicating that most of the oxide in area A 
had melted and mixed with the Si. These results 
suggest that the energy density of the laser pulse in 
area A is sufficiently high that the surface tempera­
ture of the crystal exceeds the melting point of SiOj. 
The melting point of pureSi is l4IO°C;thatof SiO:is 
~I720°C and depends slightly on the stoichiometry 
of the oxide layer. It is speculated that the oxide 
mixes . \ Si and disturbs the stacking of atoms 
during the crystal growth, which leads to the 
formation of the faults. Since O is almost always 
present as a contaminant in Si while faults are not 
usually observed, it seems reasonable that clusters of 
SiOi rather than single O atoms are involved in the 
nucleation of faults. We have proposed a model in 
which, if Si is forced to grow around an oxide 
inclusion, stacking faults would be introduced to 
accommodate misfit strains. The oxide inclusions 

produce steps equal to the Burgers vector of the fault. 
The faults nucleate at the edge of the oxide layer and 
grow in the [111] planes. 

1. Summary of paper: Applied Physics Letters (in press). 
2. J. Narayan. R T. Young, and C. W. White. / . Appl. Phys. 49. 

3912(1978). 
3. C. Hill. / Elearixhem. Soc. SO (I). 1315 (1980). 
4. H. Tamura. M. Miyao. and T. Tokuyama. J. Appl. Phys. 50. 

3783(1979). 

EFFECT OF THERMAL ANNEALING ON 
B-IMPLANTED, LASER-ANNEALED Si 

J. Narayan B. C. Larson 
J. F. Barhorst 

Transmission electron microscopy studies have 
shown that no detectable damage (dislocations, 
sucking fault loops, or precipitates down to a 
resolution of 1.0 nm) remained in B-implanted Si 
after ~ 1.5 J/cm2 pulsed laser annealing,1 and x-ray 
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studies showed this treatment to produce a one-
dimensional contraction of the ion doped layer.: 

With implanted ion doses ranging from 3 X 10" to 2.5 
X 10:* B/cm 2 and distributed in depth to about 0.3 
urn, B-doped layers with concentrations extending 
from below to well above the solubility limits in Si 
were produced with large one-dimensional strains. 
Whereas these nonequilibrium conditions were 
observed to be stable at room temperature, the 
question of 'he stability of the supersaturated B 
concentration and the unrelaxed interfacial strains at 
elevated temperatures is of particular interest. 

In this work (100) Si crystals were implanted (35 
keV) with 0.3, 1.0, and 2.5 X 10" B/cm 1 and 
subsequently laser annealed (ruby laser, 50 ns, 1.5 
J /cm 2). These samples were then isochronally 
annealed in the temperature range of 600 to !000°C 
under a flowing Ar atmosphere. For the 3 X 10" 
B/cm 2 implanted Si, which had doping concentra­
tions below the equiliorium solid solubility limit, 
isochronal annealing up to 900° C for 30 min showed 
no obacvable clustering of defects, and electrical 
measurements on parallel samples indicated no 
decrease in the carrier concentration. Furthermore, 
the absence of dislocations at the interface, as 
determined by electron microscopy and x-ray 
topography, showed that the strains at the interface 
were not relaxed during the heat treatment. On the 
other hand, for the 2.5 X 10" cm'2 sample, where the 
B concentration was ~3 times the equilibrium 
solubility limit, it was found that B precipitation 
started at 600° C and continued through 900° C. 
Concomitant decreases in the carrier concentrations 
were measured; these correspond approximately to 
the number of B atoms observed in the precipitates, 
assuming the precipitates are spherical. 

A very small amount of precipitation was observed 
in electron n:icroscope observations of the I X I 0 U 

B/cm2 implant*.' Si after annealing to IOOO°C. This 
amount is consistent with the fact that the B doping 
level for this implant was close to the solubility limit 
at these temperatures. Although x-ray Bragg profile 
measurements on this sample showed the strain 
decreased by more than a factor of 2 following a 
I000°C anneal, the measurements also showed the 
strain remained essentially one dimensional. Both 
electron microscope id x-ray topography observa­
tions indicated the presence of some interfacial 
dislocations in this sample as shown in Fig. 2.55. The 
microscope study of these dislocations was done on 
samples thinned before the thermal annealing, wnile 
the x-ray observations were made on bulk crystals. 
The density of these dislocations, as indicated by the 

Fig. 2.55 i«)BriglK-ficld electro* •ucragiaphilMmiagdMoa-
tk<»» •** I0WC UKHMI MMtav of • nptaawd (I x 10" 
cm ') later-annealed Si; (b) %-ny inumnMkw topograph of a 
nmiUnty treated crystal. 

electron micrograph in Fig. 2.55, is relatively low and 
could account for, at most, only ~5% of the 
unrelaxed strain. The density of dislocations indi­
cated by the x-ray topograph is even lower; therefore, 
the presence of these dislocations is not inconsistent 
with the retention of the one dimensionality of the 
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lattice contraction. X-ray studies of the depth profiles 
of the strain and SIMS measurements1 of the B 
concentration profiles in these specimens have 
indicated the formation of bimodal depth distribu­
tions as a result of the thermal annealing. These 
effects are presently under investigation. 

1. J. Naiayaa. R. T. Yogag.aiid C. W. Whke.y. Appl. Ftiyi.m. 
» I 2 (W7»). 

2. B.C. Unoo.C.W_W1nlc.aw]B.R-A|>|>letoa./l0p4l/ftn. 
t *n 32, SOI (I97S). 

3. W. H. Christie, private comnmnicauoo. 

IMPROVEMENT Df CORROSION 
RESISTANCE OF INCOLOY MO ACHIEVED 

BY PULSED-LASER ANNEALING 
C. W. Wt»u H. F. Binner1 

B. R. Appfcton J. T. Bell2 

W. H. Christie1 

Incoloy 800 is a corrosion-resistant alloy that, due 
to its strength and heat resistant qualities, is well 
suited for application to heat exchangers. Although 
this alloy is considered to be corrosion resistant, h 
requires pretreatment to affect the formation of a 
corrosion-resistant surface oxide layer. Currently 
employed pretreatnents includeelectropolishingand 
various types of abrasion that result in the formation 
of predominantly FejOj surface layers. These oxides 
have poor mechanical integrity, tend to spall off, and 
offer little resistance to subsequent oxidation. An 
oxide layer rich in Cr (CnOi) has been found to be 
more effective in preventing further oxidation. Using 
laser annealing, we have found that the corrosion 
resistance of Incoloy 800 can be significantly im­
proved. Laser irradiation at ~3.0 JI cm1, IS X 10** s 
pulse duration gives rise to a thin surface layer 
enriched in all components except Ni and Fe that has 
favorable corrosion-resistant properties under harsh 
steam exposure conditions. 

Tab samples, approximately 2 x I cm, were cut 
from an Incoloy 800 sheet and subsequently lapped, 
buffed, and electropolished using a procedure 
standardized for 300 series stainless steel. These 
samples were then irradiated in air with ^-switched 
ruby laser (X = 0.694 pm) pulses of energy density 3 
J/cm1 and pulse duration times of approximately 15 
X lO^ s. A re^on approximately 0.5 cm1 was 
irradiated, which allowed direct comparison of the 
annealed region with unannealed regions on the same 

sample. Samples were then oxidized at 660°C in 0.94 
atm steam carried by an Ar-H mixture that yielded au 
H to HzO ratio of 2.2 X 10 s . Oxidation was carried 
out for 48, 144, and 528 h. These samples and a 
sample that had been laser annealed but not oxidized 
were analyzed by optical microscopy and a SIMS 
depth profiling technique with a resolution of about 
0.0S Mm. The SIMS analysis showed a slight 
enrichment of all components except Fe and Ni in the 
near-surface region, presumably as a result of zone 
refining during regrowth of the melted region. 

For all three exposure times employed, optical 
microscopy in the unannealed regions showed the 
p tsence of thick, scaly oxides after steam oxidation. 
Optical microscopy and SIMS analysis snowed that 
the oxides formed in the annealed region after steam 
exposure were significantly thinner and richer in 
chromium than those formed in the unannealed 
region. Presumably, the surface enrichment of 
chromium gives riseto the formation of CnOj, which 
protects the surface against Fe oxidation. 

The technique employed in this development may 
be useful for a variety of alloys. Because it affects only 
the surface of the alloy and not the bulk properties, 
pretreatments (such as cold working) that produce 
desirable structural properties in the bulk material 
but undesirable surface corrosion properties could be 
followed by laser annealing. This development could 
find application for heat exchangers in energy sys­
tems such as fossil fuel, fission, and fusion. Laser 
annealing could also be used as a surface pretreat­
ment where an oxide coating is needed for a gsueous 
permeation barrier such as for hydrogen isotope 
containment. 

Further improvements in corrosion resistance of a 
variety of alloys may be achieved by using the 
combined techniques of ion implantation and pulsed 
laser annealing. Using ion implantation, selected 
impuritits can be introduced into the near-surface 
region, laser annealing can then be used to zone 
refine these impurities to the first few monolayers to 
form thin protective barriers on the surface. 
Experiment to test these ideas are in progress. 

1. Chemistry Division, ORNL; present address: Aerospace 
Corporation. El Scfiin&>, Calif. 

2. Chemistry Division, ORNL 
3. Analytical Chemistry Division, ORNL. 
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FORMATION OF OHMIC CONTACTS IN 
SEMICONDUCTING OXIDES' 

J. Narayan V. N. Shukla2 

For wide-band-gap oxide semiconductors, con­
ventional electrode contacts such as evaporated Au 
or Ag, fircd-on Au, Ag, Pt or Pd paste, and coated 
graphite have high resistance and are nonohmic. In 
these electrode systems, contact materials cover the 
semiconductor surfaces without disrupting the space 
charge layer that leads to high resistance.3 The rugh 
contact resistance on /Hype oxide semiconductors 
has been attributed to the presence of absorbed O 
acceptor states at the oxide surface and results in a 
depletion layer at the metal-oxide interface, thereby 
creating a current barrier.4,3 In the present investiga­
tion, Ni or Al was evaporated on donor-doped 
BaTiOj, and these specimens were irradiated with Q-
switched ruby laser pulses. By a proper choice of the 
laser pulse energy density and pulse duration, it was 
found that the deposited layer could be melted, 
thereby removing the space charge layer and forming 
good ohmic contacts. 

Polycrystalline, Y-doped BaTiOj disks (n type, 35 
ft-cm) I.S cm diameter and 0.1 cm thick were used in 
this investigation. These specimens were mechani­
cally polished using alumina powder of up to 0.1 *un 
particle size, followed by chemical etching in a 5% 
HF + 10% HNOj + 85% HjO solution. The 
specimens were rinsed with deionized water and 
oven-dried at 200°C for 30 min. Then, In-Sn solder 
contacts were applied ultrasonically to determine the 
apparent resistivity of the disk specimens. Hereto­
fore, the ultrasonic soldering technique produced the 
lowest resistance contacts.1 The ultrasonic contacts 
were removed by mechanical grinding, and the 
sample was again subjected to the above polishing 
and cleaning procedures. Thin films of Al or Ni were 
then deposited on both sides of these specimens by 
using electron-beam evaporation in a vacuum of 
<I0~* torr. These specimens were treated with single 
pulses of (^switched ruby laser light (A = 0.694 /im) 
with a pulse duration r between 15 and 25 X 10"* s. 
The energy density of the laser pulse (in the range of 
1.0 to 1.2 JI cm2) was controlled such that melting of 
the whole deposited layer occurred without evapora­
tion. 

The apparent resistivity as a function of electric 
field for various Ni-deposited and In-Sn ultrasoni­
cally soldered contacts is plotted in Fig. 2.56. The 
apparent resistivity in as-deposited specimens was 
considerably higher and exhibited a nonohmic 
behavior that indicated the presence of a space charge 
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region between the metal and semiconductor layers. 
After treating the as-deposited layers with one laser 
pulse ( £ - 1,2 J /cm 2, T = 20 ns), the resistivity 
dropped considerably, as shown in Fig. 2.56. The 
resistivity remained constant with applied electric 
field, indicating completely ohmic behavior. These 
resistivity values were slightly lower than those 
obtained by the In-Sn soldering technique which is 
known1 to produce contacts with resistances of about 
0.1 ft cm'2. Therefore, contacts produced by the laser 
treatment are as good as or better than those 
produced by the In-Sn ultrasonic soldering tech­
nique. The effect of aging on contact resistance at 
room temperature and at high temperatures up to 
700° C was studied. Contact resistances were found to 
be unchanged after heating to 450°C for 20 min. 
After heating to 700°C for 30 min, the contact 
resistance increased, but contacts exhibited ohmic 
behavior. In the perovskite class of transition metal 
oxides, such as BaTiOj, it has been shown4 that 
absorbed O at the surface provides acceptor states 
md acts as a barrier for contact formation. The 
increased n-type conductivity at the interface is 
derived primarily from O vacancies. Therefore, those 
electrode materials that have a strong affinity for O 
should lead to low-resistance ohmic contacts in n-
type material. 

It is believed that laser melting of Ni and Al layers 
on BaTiOj leads to reaction between metal and O 
atoms, which either completely disrupts the high-
resistance space charge layer or creates a high 
concentration of vacancies in the BaTiOj substrate 
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just beneath the deposited layers. The enhanced O 
vacancy concentration or n-type conductivity lead* 
to a reduced current-barrier-thickness and hence 
provides low-resistance obmic contacts. 

1. Summary of paper. Jownml nf Applied Phrsta (in pros). 
2. Texas Instruments Inc.. AtUeboro. Mass. 
3. J. W. Fleming. Jr.. and H. M 0"Bryan.Jr.. Am. Crrmm. Sac 

Bull S3. 715 (1976). 
4. M. Avcn and R. K. Swank, p. W in fjhnur CaMmm IO 

Semiean&ftan. ed. by B. Schwartz. The Electrochemical 
Society. New York. I9M. 

5. S. H. Wcrople. p. 128 in Ohmr Cantoris to SemUanducton. 
cd. by B. Schwartz. The Electrochemical Socieu. New York. WW. 
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RECOVERY OF SUPERCONDUCTIVITY Di 
ION-DAMAGED VjSi BY 

LASER ANNEALING 

J. R. Thompson1 B. R. Appleton 
O. Meyer2 S. T. Sckuht 

C. W. White 

A study of the effect of pulsed laser annealing of 
superconductors has been initiated. The materials 
investigated in this work were single-crystal thin films 
of VjSi of thickness 300 to 610 nm prepared by 
sputtering epitaxially onto sapphire substrates.' The 
virgin films had transition temperatures 7". in the 
range 14.5 to IS.S K, where T, is defined to be the 
midpoint of the transition (i.e.. where the electrical 
resistance of the Him is one-half of the low-
temperature, normal-state value). Irradiation of 
these films with 300-keV B ions (0.25-1.0 X 10* 
ions/m2) depressed 7Vto~2.4Kbyradiatk>ndamagt 
with minimal implantation of B in the sample. This 
procedure ensured that the films had the optimal V-
Si stoichiometry and were capable of displaying high 
T. that might result through pulsed laser annealing. 

The damaged films were then irradiated by a Q-
switched ruby laser (X = 694 nm. r = IS ns) at ene>gy 
densities in the range 0.4 to I.I X 10* J/m 2. Using a 
continuous-flow, variable-temperature He cryostat, 
TV and the superconducting transition width AT,of 
the irradiated Alms were measured by standard four-
wire dc methods. A calibrated Si diode was used for 
thermometry. Some films were subjected to addi­
tional laser pulses to observe further changes in TV. 
This is shown in Fig. 2.57, where T, is plotted vs the 
cumulative deposition of laser energy density, E, for 
several V,Si samples of varying thickness. A recovery 
of 7V from low initial values of ~2.5 K is observed but 
only up to 10 K. The dau can be fit to a saturating 
function T,-A- Be\p(-CE), where C"'=» 1.2X I04 

J/m 2 , with an nns deviation in 7V of I K. 
Qualitatively, there also appears to be a reduction in 
A7V, shown in Fig. 2.57 by the vertical bars at larger 
energy depositions. This redaction suggests that the 
annealing pulses promote metallurgical uniformity 
as well as removal of radiation defects. 

It is not yet understood why the limit of the 
recovery of 7V b only 10 K. However, h is observed 
that, at the higher energy depositions, the single-
crystal thin-film samples exhibit cracking and peeling 
from the sapphire substrates perhaps because of 
differential thermal stresses within the film and at the 
substrate interface. Further study of the role of the 
substrate on the recovery of 7V appears to be 
necessary. 

1. Adjunct research and development participant from the 
University of Tennessee. KnoxviDe. 

2. Guest scientist from Nuclear Research Center, Karlsruhe. 
Germany. 

3. O. Meyer and R. Smithey. Kernforschunpzentram Report 
KFK 2670. p. 94 <I978). 

PHOTOVOLTAIC CONVERSION 
OF SOLAR ENERGY 

LASER PROCESSING FOR 
HIGH-EFFICIENCY 

SOLAR CELLS 

R. T. Young R. F. Wood 
P. H. Fleming 

Ion implantation and thin-film deposition, fol­
lowed by pulsed laser irradiation of the samples, have 
been demonstrated to be excellent techniques for 
junction formation in Si solar cells.1 ,2 During the past 
year, our efforts to fabricate higher efficiency solar 
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ceDs by laser processing have been concentrated in 
the areas of laser beam hornogenization. optimiza­
tion of implantation, thin-film deposition, and laser 
anneahng parameters, and in the hnprovcincnt of our 
metallization techniques for shallow junction cells. 
By using shallow nAs implanution (5 keV). laser 
anrealing with the snatialry homogenized output of a 
Q-switched ruby laser, and 15 fl-cm polished Cz Si 
wafers with areas of 2 to 4cm\ solar crib with AM I 
conversion efficiencies of 14 to 15% can be readily 
obtained. 

Figure 2.58 shows the current-voltage characteris­
tics of a cell approximately 2 cm 1 in area with 64 nm 
of TajOs for an antireflection coating and with no 
BSF. Using thinner cells, with the thickness less than 
the MCDL, the opm-circuh voltage F K and the fBl 
factor FF can be improved to 585 mV and 78 to 79%, 
respectively, by creating a BSF by laser-induced 
diffusion of B or Al into the back surface of the ceD. 
As a result, the back surface recombination is greatly 
reduced and the lark current lowered; these, in turn, 
combine to raise the V„ and improve the FF. The 
best cell parameters obtained thus far by laser 
techniques are generally comparable with or supe­
rior to those of cells fabricated by the most advanced 
conventional techniques. However, quantum re­
sponse curves for the laser-annealed ceils often 
decrease more strongly at short wavelengths than one 
might expect they should. This behavior indicates 
that the laser-induced surface melting may cause 
rather high values of the surface recombination 

ORNL-PHOTO 2006*0 
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velocity. The flat-topped dopant profiles in the near-
surface region, which are characteristic of ion-
implanted, laser-annealed samples,1 may make 
surface recombination even more significant. Surface 
passivation studies now under way should help to 
clarify the role played by surface recombination in 
laser-annealed samples. 

1. R. T. Yomg ct »L. p. IV .a Duritrnth IEEE Photowhaic 
SperitSsa C<mfrrrncr-t97S. IEEE. New York. I97S. 

2. J. Karayan. R T. Yoong. and R F. Wood. Appt. Phn. Ua. 
33.338 097S). 

3. Sec. for example. J. S. Wang. R.F.Wood.and P. P. Pronto. 
AppL Hip. Utt. 33,455 (1971). 

ELECTRICAL AND STRUCTURAL 
CHARACTERISTICS OF LASER-INDUCED 

EPITAXIAL LAYERS IN Si 1 

R. T. Young J. Narayan 
R. F. Wood 

For many Si devices, especially microwavediodes, 
transistors, and photovoltaic cells, the growth of 
thin, uniform epitaxial layers with abrupt doping 
profiles is desired. It was demonstrated recently" 
that epitaxial regrowth of undoped amorphous Si on 
(100) Si substrates can be achieved with conventional 
vacuum deposition techniques followed by short 
pulses of laser radiation. However, the effects of 
dopants on the laser-induced crystallization of the 
amorphous layer and on the electrical properties of 
the resulting material have not been reported until 
now. 

In our experiments, I0ft-cmp-type( 100) and (111) 
single-crystal polished Si wafers were used as 
substrates. The evaporant source material was Si 
doped with As to a concentration of ~5 X I0"cm'\ 
The Si substrates, whose surfaces "ere first made 
completely hydrophobic, were quickly leaded into an 
r-beam evaporator, and amorphous Si layers of 50 to 
300 nm were deposited. After exposure to 15-ns ruby 
laser pulses of various energy densities, the films were 
xarmned by TEM, their electrical properties were 

jermined by Hall effect measurements, and anodic 
stripping techniques were used to determine the 
carrier concentration profile in the crystallized layer. 
Junction characteristics were studied by /-Kand C-V 
measurements on mesa diode structures. 

Figure 2*9a is a bright-field micrograph of a 100-
nm amorpi.tu* film on a (100) substrate after laser 
annealing win. one pulse of 1.5 J/cm 2. Nodefecis in 
any form were observed in the crystallized layer down 
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•aotphOM GhM acamM ea Si. The micrographs are explained 
in the text. 

to the microscope resolution of I nm. A micrograph 
of a JOO-nm film on the same substrate with the same 
laser annealing parameters is shown in Fig. 2.596. 
These specimens contained mostly defect-free re­
gions, but some regions contained polycrystalline 
structures, twins, and dislocations. We believe these 
defective regions are due to the inhomogeneity of the 
laser beam, which resulted in the energy density in 
those regions being insufficient to provide melt-front 
penetration through the native oxide and or other 
contaminants near the original amorphous/crystal­
line interface, thus preventing epitaxial regrowth. As 
shown in Fig. 2.59c, a 100-nm amorphous film on a 
(III) substrate after the same laser treatment 
contained a high density of stacking faults. However, 
the regrown layer had the same orientation as the 
(III) substrate. We speculate that the formation of 
stacking faults and microtwins results from a single 
mistake in stacking of atoms during crystal growth, 
which could be caused by even a very small amount of 
impurities. For a (111) orientation, a single mistake 
in stacking would lead to the formatiun of a twin or a 
stacking fault. For the (111) sample, a second laser 
pulse of 2.0 J/cm J greatly reduced the density of 
stacking faults (Fig. 2.59d). 

The l-V\ ot ofatypicalmesadiode isiUustrated in 
Fig. 2.60a. Toe forward current showed satisfactory 
characteristics over a reasonable voltage range. At 
higher currents, the diodes were series-resistance 
limited. The leakage current in the diode was low, as 
indicated from the low reverse-bias current. The 
measurements of barrier capacitance on reverse-bias 
voltage with the same mesa diode is shown in Fig. 
2.606. The straight line indkatestriat the capacitance 
varied with voltage as (V + F*,)"**, which shows 
that the dopant distribution changed abruptly in 
going from the n to the p region. The measured 
junction potential (KM) was 0.82 V, which agrees very 
well with the expected junction potential at a doping 
level of ~ I x 10" cm"1 and suggests that a defect-free 
junction was obtained. The resulting dopant profiles 
of the regrown layers are presented elsewhere in this 
report.4 

In conclusion, we have demonstrated that doped 
epitaxial layers of controlled thicknesses and with 
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good electrical characteristics can be grown on Si 
(100) and (III) substrates by pulsed laser radiation. 
With an appropriate deposition technique (chemical 
vapor deposition, a dual-crucible electron beam 
coevaporation system, or an ion beam coating 
system) for precise control of the alloy composition 
in the deposited layer, this technique can potentially 
be competitive with or replace ion implantation for 
many semiconductor device applications. 

1. Summary of paper. Appi. Phys. Lett. 34.447 (1979). 
2. D. Hooobout. C. B. Kerkdijk. and F. W. Saris. Pha l*tt. 66 

A. 145 (1978) 
3. S. S. Lao el aL. AppL Phyt. Lea. 33. 130 (1978). 
4. R. F. Wood and R. T. Young. "Dopant Profiles in Laser 

RecrysuObed Deposited Layers." this report. 

SOLAR CELLS FROM CAST 
POLYCRYSTALUNE Si' 

R. T. Young 
R. D. Westbrook 

R. F. Wood 
P. H. Fleming 

Solar cells have btm fabricated from cast 
polycrystalline Si bv ion implantation followed by 
pulsed laser annealing and by conventional thermal 
diffusion. The most significant characteristics of the 
Wacker cast polycrystalline Si used in these studies 
are its relatively large grain size (mm) and its 
columnar grain structure. The material is doped with 
B to a concentration of 3 X I0 , s cm 5 . Examination by 
TEM of the defect microstructuixs in the as-received 
material indicated that dislocations, stacking faults, 
and twins are normally present inside the grains. The 
individual grains are rather randomly oriented as 
revealed by x-ray Laue spot examination. Junctions 

were formed by implanting As at S keV to a dose of 2 
x 10" c m ' and by diffusing P at 900° C for 60 min. 
Parameters of cells made from different ion-
implanted samples annealed by laser pulses of energy 
densities from 1.2 to 1.6 J cm2 are given in Table 2.8. 
For comparison, data on a diffused cell (DI) and a 
single-crystai As-implanted control celI(S!)annealed 
with a laser energy density of 1.2 J cm2 are also 
included. The open circuit voltage \ x and the Till 
factor FF decreased slightly with increasing laser 
energy density. The best cell efficiency » ^ obtained 
by laser annealing at 1.2 J cm2. The values of V„ and 
FF in cells AI and A2 are comparable to the 
corresponding values in the single-crystal cell SI. In 
comparison to the cell fabricated by conventional 
diffusion techniques (DI). the laser-annealed cells 
give better »•'„. and short-circuit cui rent lx. The laser-
induced reduction of defects in the emitter and space 
charge regions and the preservation of the MCDL are 
believed to be the reasons for the good values of VK 

and /„. 
The quantum efficiencies as a function of wave­

length of cells AI and SI are shown in Fig. 2.61. The 
almost identical efficiencies of the two cells in the 
short-wavelength region (0.4 to 0.6 /itn) indicate that 
emitter regions of comparable quality to single-
crystal cells can be obtained in large-grained 
polycrystalline cells by ion implantation and laser 
annealing. The loss of long-wavelength response of 
sample AI compared to that of sample DI is most 
likely a consequence of the differena. in the MCDL 
in these two samples. Values of the MCDL in various 
samples obtained by surface phoiovoltage measure­
ments are also given in Table 2.8. Postannealing of 
the laser-annealed cells at 4S0CC from I to 17 h in Hj 
gas did not improve the short-wavelength response 

Tabkll . Solar cafl of AiMptolad (5 keV. 2 x 10" cm'1). 
CM polycryMauiae Si 

Cell 
number 

Laser energy 
density 
(J cm') 

M C D L 
(mV> (mA cm 1) 

FF V 
(Cr) 

Al 1.2 73 566 28.6 0.75 12.14 
A2 1.2 75 561 28.2 0.76 12.02 
31 1.4 71 557 27.7 0 76 11.73 
B2 1.4 75 562 28.7 0.72 I I 61 
C! 1.6 76 539 2»6 072 I I 10 
C2 1.6 50 536 27.4 0.71 10.43 
DI Diffused 43 540 25.2 0.76 10.30 
SI 12 250 560 33.7 076 1440 

'Under A M I illumination and ai 22°C. 
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Fig. 2.61. Comparison of quantum efficiency spectre of km-
implanted. laser-annealed single and potycrvstalline Si solar cells. 

?ut decreased the long-wavelength response, as can 
•K seen in Fig. 2.62. These results indicate that 
annealing in hi gas cannot serve as a means either to 
anneal the residual defects or to compensate grain-
boundary effects. Because of the grain boundaries, 
contamination effects that degrade the MCDL in the 
substrate may occur, even with low-temperature 
annealing, and lower the long-wavelength response. 

The good Fill factors and high open-circuit voltages 
shown in Table 2.8 result, for the most part, from the 
nearly ideal l-V characteristics of the laser-annealed 
p-n junctions. In the diffusion-dominated portion of 
the l-V characteristics (X).4 V), the diode factor of 
cell AI was found to be 1.28 and the saturation 
current density was 1.0 X 10 * A/cm1, which indicate 
that a good junction was formed. 

In conclusion, we have demonstrated that 12% 
efftcient, large-grained polycrystalline Si solar cells 
with nearly ideal l-V characteristics, high open-
circuit voltages, and good fill factors can be obtained 
by ion implantation and laser annealing. To our 

OMNL-Oae TS-20447 

WSVELENGTH (pm) 

Fig. 2.62. En>cUonibeo^MametTKiency(wiiboMamireflec' 
tion coaling) of beatia|t later-annealed' cast polycrysiaOine SOUJ-
cells in an Hi atmosphere. 

knowledge, these are the highest efficiencies reported 
to date for cells made from the Wacker material. 

I. Summary of paper: p 214 in tuuntrmh If.F.E Phohnnlniit 
Sperialnn Cnnferrme. IEEE. New Vo'-k. 1980. 

STUDY AND CONTROL OF 
GRAIN-BOUNDARY EFFECTS BY 

LASER TECHNIQUES1 

R.F.Wood W.H.Christie2 

R. T. Young J. Narayan 
C W. White 

One of the major problems in the use of small-
grained polycrystalline Si for soLr cells arises from 
the difficulty in control of dopant diffusion along 
grain boundaries. This problem can now be circum­
vented during p-n junction formation by the recently 
developed technique of pulsed laser annealing.1 We 
demonstrate here that, in addition to the control of 
grain-boundary diffusion, the use of short pulses of 
laser radiation in processing polycrystalline materials 
can provide other advantages such as elimination of 
sample contamination by undesired impurities, grain 
growth in fine-grained polycrystalline matei il, and 
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removal of inherent defects (dislocations, stacking 
faults, and twins, etc.) in the junction depletion 
region of large-grained polycrystalline Si cells. 

In this work, three kinds, of polycrystalline 
material were used: CVD thin-film Si grown on SiO: 
layers (grain size —0.02 $im), Texas Instruments (Tl> 
bulk Si (grain sire of 25 pm). and Monsanto (MS) 
single-pass float-zoned material (grain size of mil­
limeters). 

Figure 2.63 shows the dopant profiles of B diffused 
(890° C 1S min) into the various samples: the profiles 
were obtained by SIMS. The effects of enhanced 
grain-boundary diffusion are clearly seen in the 
profiles of the CVD and TI samples, where two 
components of diffusion are obvious. The effects in 
the large-grained MS material are much less obvious, 
as expected. In solar cell applications, this long-rai. ;x 
diffusion, which can significantly affect the shunt 
resistance of the cell, must be prevented. Figure 2.64 
shows SIMS profiles for B-implanted CVD thin-film 
samples after thermal annealing and after laser 
annealing at two different energy densities. The data 
from the thermally anneal.*d (10 min at 900° C) 
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Fig. 2.64. Comparison of dopant profiles of thermally and 
laser-annealed C V D potycrystaffine Si. 

samples can be fit reasonably well by a simple model 
we have developed. In this irode!, it is assumed that 
two components of dopant diffusion are present, one 
appropriate to grain-boundary diffusion and one 
approf iate to diffusion in the bulk of the grains. The 
diffusion coefficient for the former component is of 
the order of 10 I J cm2 s at 9O0°C. and for the latter it 
is of the order of 10 " cm2 s. 

The profiles for the laser-annealed samples are in 
strong contrast to that for the thermally annealed 
sample. In the laser-annealed material, diffusion 
characteristic of two species with widely different 
diffusion coefficients is never seen. Instead, the 
profile spi jading, when laser pulses of 0.88 J cm" 
energy density are used, is completely consistent with 
the laser-induced melting and diffusion in the liquid 
state associateo with laser annealing of single-crystal 
Si. This observation is strong confirmation of our 
hypothesis that grair boundaries simply do not exist 
in the near-surface rtgion that is melted during laser 
annealing. The samples annealed with 0.45 J cm1 

pulses - howed some diffusion on the edge of the 
implaned profile nearest the surface but none at 
greater depths. Calculations of the melt-front 
penetration, modified to take into account the SiO: 
layer, indicated that the melt front penetrated to u 



1.6 

depth of approximately 120 run for 0.45 J/cm 2 

pulses. However, the electrical measurements indi­
cated tltat there was almost full recovery of electrical 
activity of the sample annealed with 0.45 J/cm 2. This 
suggests that complete melting may not be necessary 
for the electrical activation of the implanted dopants 
in the fine-grained material. Higher laser energy is 
required for complete electrical activatic n of the 
implanted dopants in the larger grained T. material, 
indicating that the annealing threshold is a function 
of a number of materials parameters, such as grain 
size, substrate, and film thickness. TheTEM studies 
on these samples show that substantial grain growth 
occurs in the fine-grained CVD polysil during the 
laser annealing process. The aver, ge grain size in­
creased from 0.02 to 0.5 pm in the top 0.2- to 0.3-pm 
thick layer when the film was irradiated with a laser 
pulse of 0.45 J/cm2. When the laser energy density 
was increased to 0.88 J /cm 2, the average grain size 
increased to 1.5 ^m. These large grains were 
relatively defect-fr;e, containing only a small density 
of stacking faults or twins. Surface damage and/or 
peeling were observed with laser energy densities 
greater than I J/cm2. The mechanism for the 
recrystallization phenomena in these samples, which 
were f.r.r.caled with energy densities apparently too 
low to nHt the entire implanted region, requires 
further sti 

1. Summary of papers: Solar Cell, (in pros): IEEE Tram. 
Jieciron Devices (in press). 

2. Analytical Chemistry Division. OR NX. 
3. R. f! Young « al.. Appl. Phys. Leii. 32. 139 (1978). 

STUDIES OF POLYCRYSTALLINE Si 
SOLAR CELLS BY EBIC 

R. T. Young R. D. Westbrook 
R. D. Taylor 

The understanding of the basic mechanisms that 
affect carrier transport at or near grain boundaries is 
the most critical problem in the development of solar 
cells made from small-grained polycrystalline mate­
rial. A variety of measurement techniques that can be 
used for studying grain-boundary effects are needed. 
In the past year, the photovoltaic group has 
implemented two recently developed experimental 
techniques that have proved useful in &rain-
boundary studies. One of these is discussed here, and 
the other is discussed in the following contribution.1 

SEM techniques, especially those utilizing the 
EBIC mode of operation, have been used for studies 
of grain-boundary effects in polycrystalline Si solar 
cells. In the EBIC mode, carriers generated in the 
vicinity of an electrical junction by the electron beam 
of an SEM induce a current in an external circuit. 
This current, which can be fed into the video system 
of the microscope, shows directly the efficiency with 
which electrical carriers are collected in various parts 
of the cell. In contrast to the image from secondary 
electron emission, which gives information about 
surface features, the EBIC image gives information 
about the electrical activity of imperfections and 
defects lying in the near-surface region. Furthermore, 
by varying the energy of the electron beam, depth 
resolution can be obtained. Figures 2.65a and b 
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Fig, 2.65. (a) Image of a portion of a later-annealed r oheryital-
line Mlar cell taken with an electron microwope operating in the 
standard (secondary electron etniwion) operating niode, (b) image 
of the Mine area on the ample taken with the rmcrofcope 
operating in the EBIC mode, and (e) high-retoloiion EBIC image 
of a crater prodve^d by lajer annealing. 
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provide a comparison of images from the secondary 
electron emission and EBIC modes of an electron 
microscope on a laser-annealed potycrystaUine Si 
solar cell. The dark regions in Fig. 2.65b represent a 
reduction in current and. hence, in the efficiency with 
which carriers are collected. Some of the features 

jwn in Fig. 2.65a are much less pronounced in Fig. 
z.656 and show that not all grain boundaries and 
twins are equally important in degrading the carrier 
collection efficiency. A high-resolution EBIC image 
of a surface crater produced by laser annealing is 
shown in Fig. 2.63c. The current response during a 
line scan aero** the center portion of the crater is 
shown in Fl^. 2.65c. The dark ring around the crater 
suggests that the crystal structure in this area was 
poor, and TEM measurements showed that this was 
indeed the case. 

T' jures 2.66a-r demonstrate the type of depth 
resolution that can be obtained with EBIC measure­
ments. Figure 2.66a shows that when the electron 
beam had an energy of 30 keV (maximum penetra­
tion depth of ="6.5 pm), certain grain boundaries 
were clearly visible. It can be seen from Fig. 2.666 
that, when the electron energy was reduced to IS keV 
(maximum penetration depth°*2 «m), there was little 
or no change in the grain-boundary features. When 
the electron energy was further reduced to 10 keV 
(maximum penetration ="1 urn). Fig. 2.66c shows 
that the grai.i boundaries were no longer visible and, 
hence, not electrically active, ft is believed that the 
lack of electrical activity of the grain boundaries 
within I pm of the surface is caused by the heavy 
doping in this region (the emitter region), which 
results in an effective passivation of the grain 
boundaries. 
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I. R. D. Wcsit.ook and R. T. Young,"Studiesof Polycryslal-
IIA; Si Solar Cells by the SLS Technique," this report. 

Fig. 2.66. (a) Resute when Che e^beamhttM energy of JO keV 
(penetration °" 6.5 urn); (rain boundaries are dearly visible. (A) 
Results with an «"-bear> energy of 15 keV (penetration =" 2 ;.-m); 
grain boundaries are still visible. <<) Results with an r-bcam energy 
of 10 keV (penetration =* I pm): grain boundaries have virtually 
disappeared. 

STUDIES OF POLYCRYSTALLINE Si SOLAR 
CELLS BY THE SLS TECHNIQUE 

R. D. Westbrook R. T. Young 

A technique that complements the EBIC type of 
measurements described in the previous contribu­
tion1 is the SLS method. In this method, a laser beam 
instead of an electron beam is used to create the 
electron-hole pairs; otherwise, the techniques are 
very similar. Because of relative beam diameters, 
EBIC has butter resolution than the SLS method, but 

it is not yet clear how significant the differences are. 
The SLS technique is very simple, requires no 
vacuum, and can be used for a preliminary screening 
of samples to be examined by EBIC. With this 
technique, the wavelength of the exciting light can be 
chosen to achieve absorption at a suitable depth. An 
He-Ne laser (A = 0.633 fim) that gives an absorption 
depth of 2.8 fim in Si is currently used in our system. 
The spot size can be varied from ""JO to 100/im by 
using different lenses. The scan is accomplished by 

f. 
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deflecting the beam v ;th rotating galvanometer 
mirrors. During the scan, the signal can be modu­
lated in intensity and/or amplitude. Single line scans 
or quasi-three-dimensional scan maps can be 
obtained on the oscilloscope screen. As with EBIC, 
the signal may be influenced by many factors, such as 
grain boundaries, crystal imperfections, and any 
other variations in resistivity, diffusion length, or 
surface recombination effects. 

Figure 2.67a shows examples of single line scans of 
a solar cell made from ribbon Si. The large dips in the 
curve spaced 2 mm apart are due to the light spot 
passing over the metal fingers on the top surface of 
the cell. All the other dips occur where either grain 
boundaries or regions of poor response caused by 

ORNL-PHOTO 2011 -80 

other factors are crossed. Figure 2.676 shows the SLS 
map of the region between two fingers obtained by 
using both intensity and amplitude modulation. To 
obtain a map such as this, compromises must be 
made between the amplitudes of the low-response 
dips, trie resolution of the dips, and the time required 
to obtain the map. Therefore, the maps do not give 
the accuracy that can be obtained with a single 
optimized line scan; nevertheless, they are sufficient 
to show areas of low response that can subsequently 
be studied by individual line scans. 

Both EBIC and SLS techniques can provide 
valuable information about grain-boundary effects, 
crystal imperfections, and other variations in the 
solar cell that may influence cell efficiency. However, 
complete interpretation of the data requires correla­
tions with the results of other measurement tech­
niques and a quantitative analysis of the photocur-
rent response. 

Pig. 2,67.(«) Single later CTnphotoiwpont curve of ttotor cell 
from ribbon Si. The large dips in the curve spaced 2 mm apart are 
due (o metal fingeri. (ft) Laser scar, -nap between the two metal 
fingers. 

I. R.T.Young,R.D.Westbrook.andR.D.Taylor,"Studiesof 
Polycrystalline Si Solar Cells by EBIC." this report. 

GASEOUS DISCHARGE ION IMPLANTATION 

R. D. Westbrook R. T. Young 

It has been shown u that shallow layers of doping 
elements can be introduced into Si by bombarding an 
Si cathode with dopant atoms in a gaseous discharge 
chamber. The amount of dopant implanted b 
proportional to the coulombic transfer and, there­
fore, depends on the current and the time. Satisfac­
tory deposition conditions for solar cell applications 
are obtained with the voltage between 3 and 10 keV, 
the current between I and 5 mA/cm2,and discharge 
times from 5 to 15 min. These conditions result in 
sheet resistivities from 150 ft/ n to 30 ft/ n • Because 
the apparatus is simple and more economical than 
standard ion implantation equipment, great poten­
tial exists for the technique as a method for low-cost 
solar cell fabrication. 

As with any ion-implantation process, damage is 
created in the near-surface region. In the case of 
gaseous discharge of BFj, not only B* but also 
multiply ionized gaseous species, such as BFj*, B' , 
and B 3 \ are generated, and these impinge on the 
surface, producing a thin, heavily damaged surface 
layer. Appropriate annealing is needed to removethe 
damage and electrically activate the implanted ions. 
Our initial results obtained with n-type base material, 
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BFi as the B source, and laser annealing for damage 
removal have shown that satisfactory sheet resis­
tances can be obtained. The MCDL in the base region 
remains high, as is expected with ion-impianta:.'on 
laser-annealing processing. Solar cells have not yet 
been made by this method. 

1. R. Wichner. p. 243 in Eleventh IEEE Photovoltaic 
Specialists Conference-1975. IEEE. New York. 1975. 

2. J. P. Ponpon and P. Stiffen, p. 342 in Eleventh IEEE 
Photovoltck Specialists Cot^itrmce—1975. IEEE. New York. 
1975. 

DLTS STUDIES OF 
ELECTRON-IRRADIATED P- AND 

O-DOPED Si 
G. E. Jellison, Jr. J. W. Clelarrl 

Deep level transient spectroscopy is an extremely 
sensitive technique for the detection and study of 
deep-lying defect states or carrier traps in semicon­
ductors.' From DLTS measurements, it is possible to 
measure the activation energy A£, the trap concen­
tration profile in the depletion region, and the 
majority and minority carrier capture cross sections. 
Measurements of the minority carrier capture cross 
sections require detailed characterization of the 
diodes, and such measurements were not made in this 
work. 

DLTS studies of deep levels, introduced by 1.5-
MeV electron irradiation of float-zone-refined (Fz). 
P-doped, and CzochralyVi-grown (Cz) O-cluster 
doped (Of) Si, indicate the presence of six electron 
(majority carrier) traps and three hole (minority 
carrier) traps. Typical DLTS spectra are shown in 
Fig. 2.68, and Table 2.9 summarizes the parameters 
and lists possible trap identifications. A blank in 
Table 2.9 means that the designated trap was not 
observed in the indicated sample; it does not mean 
that the trap was absent (for example, E-S was 
probably present in P-doped samples but not 
observed because of E-6). 

Trap E-l was observed only in the O-doped 
samples and was found to be present in the same 
concentrations in both unirradiated and irradiated 
samples. Therefore, it is reasonable to assign this trap 
to an Oe donor state. The trap E-2 was found only in 
P-doped samples and only when trap E-3 was in a 
zero charge state; therefore, this trap must be related 
to E-3. Traps E-3, E-4, E-5, and E-6 have all been 
observed previously by Kimeriing.1 Trap E-3 is the O-
vacancy trap, E-4 and E-S are different charge states 
of the uivacancy, and E-6 is the P-vacancy pair. The 
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R*. 2M. The DLTS ipectm of f- and O-dopcd Si imdated 
with 4A X 10" electron*/cm1 at I.S MeV. Peak identification and 
characterization are given in Table 2.9; AC = Qii) - C(it). where 
CO i* the capacitance measured at time / after the pulse. 

presence of trap E-3 indicates that O has diffused into 
the depletion region of the Fz P-doped diodes during 
fabrication. 

The hole traps H-I, H-2, and H-3 are not as well 
characterized as the electron traps, because they are 
minority carrier traps. Trap H-I had a nonexponen-
tial decay, which indicates that it is really produced 
by a distribution of traps; trap H-2 occurred only in 
the 5 O-cm P-doped sample, which means it cannot 
be solely O related. The work of Kimeriing1 and 
Mooney et al.' indicates that there is a hole trap 
related to C at this energy. Trap H-3 occurred in large 
concentrations in three of the samples, but in a small 
concentration in the 15 fl-cm P-doped sample. 
Therefore, this trap cannot be associated with the O-
vacancy pair, as was previously stated by Kimeriing;1 

however, it could be C related 
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Table 2.9. Trap parameters obtained from DLTS measurements after irradiation 
with 4.5 X 10" dectrom/cm 1 at 1.5 MeV (see Fig. 2.68) 

A£ is the activation energy, a. a the electron capture cross section, 
and V, is the trap concentration 

n, (X 10" c m 1 ) 

Trap v fin"* h O-doped P-doped Identification 

5 fl-cm 15 fl-cm 5 fl-cm 15 n-cm 

E-l <0.I0 1.0 40* 23* O donor 
E-2 0.10 1.0 !0* 9* Related to O-V 
E-3 0.17 1.0 10 2* 10.8' 10.6 8.8 O-vacancy* 
E-4 0.23 0.016 0.6 0.6 0.8 0.5 Divacancy* 
E-5 0.42 0.4 0.5 0.5 Divacancy* 
E-6 0.44 0.015 9.7 2.9 P-vacancy* 
H-l 0.09 0.6 0.7 0.7 0.3 ? 
H-2 0.26 4.1 C related (7) 
H-3 0.42 9.4 10.5 10.0 0.5 C related (?) 

'Maximum value: decreases closer to the junction. 
*See ref. 2. 

The results of these DLTS studies can be 
correlated with the observation that solar cells 
fabricated from Oc-doped material are more tolerant 
to radiation than cells fabricated from Fz P-doped 
material.4 The major difference between the two 
types of materials is that the P-doped material 
contains a large concentration of trap E-6, while the 
Or-doped material does not have a large concentra­
tion of any deep-lying majority carrier trap. The 
a eat ion of the E-6 traps in P-doped material lowers 
the Fermi level and, hence, the open circuit voltage. 
The E-6 traps also act as recombination centers deep 
in the gap and thus decrease the minority carrier 
diffusion length and the short-circuit current. All 
these effects will result, after electron irradiation, in 
lower efficiencies of cells fabricated from P-doped 
material than cells fabricated from O-dopcd mate­
rial. 

1. D. V. Lang. / Appl. Phyi. 45, 3023 (1974). 
2. L. L. Kimcrling, p. 221 in Radiation Effects in Semiconduc­

tors, 1976, ed. by N. B. Urliand J. W. Corbett, Institute of Physics, 
London and Bristol, 1977. 

3. P. Mooney et al., Phys. Rev. B 15. 3836(1977). 
4. G. E. Jellison, Jr., J. W Cleland. and N. Fukuoka. "A 

Radiation-Resistant Substrate for a p'-n-ri Solar Cell," this 
report. 

A RADIATION-RESISTANT SUBSTRATE 
FOR A p*-thn* SOLAR CELL1 

G. E. Jellison, Jr., J. W. Cleland 
N. Fukuoka1 

It is well known that the annealing of Cz Si that 
conuins 5 X 10" to 5 X 101' interstitial O cm"' at 350 
to 500° C increases the donor concentration. The 
number of donors created is a complex function of 
the O content and duration of the heat treatment. The 
results of this report show that solar cells made from 
Si doped with O donors are more tolerant of 
radiation damage due to 1,5-MeV electrons than are 
cells made from conventionally doped Fz n-type Si. 

Solar cells were fabricated from both 15- and 5-fl-
cm Si containing donors introduced by P- (Fz 
material) or O- (Cz material) doping. The cells were 
then irradiated at 300 K with 1.5-MeV electrons at 
several different fluences up to 8 X 1015 e" cm'2. The 
resulting solar cell parameters determined for AMI 
conditions are sh<*wn in Fig. 2.69 as a function of 
total electron fluence. It is clear that the O-doped 
cells are less susceptible to radiation damage than the 
P-doped cells. 

Differences between the solar cell parameters for 
the O- and P-doped cells have been correlated with 
electrical van der Pauw (vdP) and DLTS measure­
ments. The vdP results show that there is a dramatic 
decrease in majority carrier concentration with 
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increased electron fluence for the P-doped samples, 
while the O-doped samples show very little decrease. 
DLTS results in P-doped Si after electron irradiation 
-how a large concentration of an electron trap 0.44 
eV below the conduction band (this trap is associated 
with the P-vacancy defect), while O-doped Si does 
not show a large concentration of any deep-lying 
majority carrier trap after irradiation. Creation of the 
P-vacancy defect in the P-doped Si results in the 
destruction of P as an effective donor, lowers the 
Fermi level, and creates recombination centers. This 
makes the efficiency, open circuit voltage, and the 
short-circuit current of the P-doped cells lower than 
the corresponding quantities of the O-doped cells 
after electron irradiation. 

ANNEALING STUDIES OF 
Cz-GROWN, NTD Si 

J. W. Cleland N. Fukuoka1 

It is well known that the initial n- orp-type carrier 
concentration in Cz-grown Si is altered if electrically 
active donors are formed by O. clustered O. or O-
vacancy (OV) type defects. Commercially available 
Cz Si ingots are usually annealed aftergrowth for I to 
3 h at 650 to 750°C and cooled under natural or 
forced convection to minimize any O-related donor 
concentration. However. Capper et al.' have stated 
that additional annealing of ingot slices is required 
for close tolerance specifications. 

We have now determined the initial rates of O-
related donor formation and the maximum donor 
concentrations as functions of isochronal and 
isothei ial annealing conditions in pure and conven­
tionally doped Cz Si samples of different O 
concentrations. Figure 2.70 shows the carrier 
concentrations >s time of annealing at five different 
temperatures for representative samples of Cz Si. 
Note that the maximum O-related donor concentra­
tion decreased with annealing temperature but that 
some donors are formed by extended annealing at 
750° C. 

1. Summary of paper: Proceedings of the Fourteenth IEEE 
Photovoltaic* Specialists Conference. IEEE. New York, in pre**. 

2. Gueti scientist from Osaka University, Osaka, Japan. 

200 0 20O O 
ANNEALING TIME (hi 

200 200 

Fig. 2.70. Carrier concentration vs lime of annealing at 
different temperatures for Cz Si (O-doped) samples. 
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In order to explore the reversibility of O-related 
donor formation, samples similar to those shown in 
Fig. 2.70 were Tint annealed for 200 h at 4S0°C to 
introduce a large initial O-donor concentration and 
were then reanneakd at 550,650,750, or 850°. The 
donor concentration decreased to almost the initial 
value in every sample in less than I h on reannealing, 
but then increased, in every sample at each tempera­
ture, in a manner almost identical to that shown in 
Fig. 2.70. These data indicate that one can use short-
term (^1 h) annealing at 550°C or higher to remove 
most of the O-related donors initially formed at lower 
temperatures but that other O-related donors are 
then formed by extended annealing at higher tem­
peratures. 

To explore the possible connection between lattice 
damage and O-related defect formation, other 
samples of Cz Si and of Fz-refined Si of low O 
content were neutron irradiated at a series of doses, 
and the concentration of P and of fast-neutron-
induced lattice defects (£>/) was estimated as 
previously described.1 Some of the NTD Cz Si 
samples were then annealed for^lOO h at450°C. For 
those irradiated samples that contained up to I 0 M D/ 
cm \ the initia! rate of O-donor formation and the 
final concentration were found to be almost identical 
to the values obtained with unirradiated samples. 
Both the initial rate of donor formation and the final 
donor conceuration after extended annealing at 
450°C were reduced in the more heavily irradiated 
samples, but a considerable O10 1 5 an'1) concentra­
tion of O-related donors was still formed in NTD Cz 
Si samples that contained up to 10 u D/ cm'1. 

These results suggest that O-related donor forma­
tion in NTD Cz Si at temperatures below 750°C may 
serve to mask any isothermal or isochronal annealing 
study of removal of £>/. We have determined that 
annealing for 30 min at 750° C is sufficient to observe 
the anticipated concentration of P in NTD Fz Si, up 
to a total concentration of >10" cm ', and that an 
equivalent annealing is probably sufficient for NTD 
Cz Si when the separate effect of O-donor formation 
is taken into account. 

SUBSTITUTION OF IMPURITY ATOMS BY 
SELF-INTERSTTTTALS IN THERMAL-

NEUTRON-IRRADIATED Ge1 

N. Fukuoka* H. Saito* 
J. W Cleland 

We have used the recoil energy associated with 
gamma-ray emission following thermal-neutron 
absorption to introduce a predetermined concentra­
tion of activated T IGe self-interstitial atoms in 
selected samples of Ge. The samples were supplied by 
ORNL and irradiated in the Kyoto University 
Research Reactor in Japan. 

Initiai carrier concentrations and conductivities 
were determined by conventional Hall coefficient 
and resistivity measurements at 77 K before irra­
diation. Following an initial radioactive decay 
period of about 50 bat 300 K, the samples were then 
kept at 77 K. both during and between all subsequent 
measurements. 

A small fraction of the activated "Ge may have 
recombined with vacant lattice sites during irradia­
tion or initial storage at 300 K. However, it was 
established that most of the "Ge atoms were mobile 
and able to replace substitutional n-orp-type dopant 
atoms, making the dopant atoms interstitial, so long 
as a sufficient concentration of dopant atoms was 
available. This model of replacement is consistent 
with that proposed by others for experiments that 
involved low-temperature irradiation of Si and Ge. 
Irradiation in another reactor locale, with a much 
lower thermal to fast neutron ratio, was found to 
introduce complex lattice defect structures. These are 
believed to be due to fast-neutron collisions with Ge 
atoms, which result in trapping a significant fraction 
ot the "Ge atoms in interstitial positions. 

1. Guest scientist from Osaka University. Osaka. Japan. 
2. P. Capper t l ai.. Appl. Phys. Un. 32. I I ' (1978); J. Appl. 

Phys. 41. 1846(1977). 
3. J. W. C'leland el al.. Solid Stair Piv. Prog. Rtp.. Sept. }0, 

1978. ORNI.-S4S6. p. 83. 

1. Summary of paper. Jap. J. Appl Phys. 19. It 0980). 
2. Guest scientist 'rom Osaka University, Osaka. Japan. 
3. Osaka University, c<aka, Japan. 

OPTICAL STUDIES OF RADIATION 
DAMAGE IN NTD Si' 

N. Fukuoka2 J. W. Cleland 

A study with iR spectroscopy techniques was 
made of the near-edge absorption and distinct 
absorption bands introduced by intersitital oxygen 
(0<) in two different types of single-crystal Si. The 

a 
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samples used were high-purity Fz Si containing 
<I0 :*' cm3 O. and high-purity Cz Si containing 2.4 X 
10" cm3 O,. Absorption spectra were taken in the I -
to 30-pm wavelength region following reactor 
neutron irradiation at temperatures not exceeding 
100°C and during 20-min isochronal annealing at 
50°C steps from 150 to 900°C. 

The relationship between absorption due to near-
edge, divacancy, single-phonon, and higher-order 
band formation was investigated as a function of 
Oi content and fast-neutron fluence. Six distinct new 
absorption bands were observed in the 9.9- to 12.1-
pm region after irradiation and partial annealing of 
the Cz Si samples. These bands may correspond to 
various vacancy-O defect structures that were 

previously identified by EPR techniques,3 but further 
study is needed to establish the correspondences. 

Almost complete removal of all IR-active defect 
centers was observed in all Fz and Cz Si samples after 
annealing for 20 min at 750°C; electrical property 
measurements on companion samples indicated the 
anticipated carrier concentration and mobility for the 
"P introduced by transmutation. 

i. Summary of paper. Radiation Effects (in press). 
2. Guest scientist from Osaka University. Osaka. Japan. 
3. J. W. Corbet! et ai.. p. I in Radiation Effects in Semiconduc­

tors. 1976. ed. by N. B. Urli and J. W. Corbetl. Institute of Physics. 
London and Bristol. 1977. 



3. Defects in Solids 
A mechanistic undersunding of defects and defect interactions in solids is 

important and sometimes crucial to the development of special-purpose materiab 
utilized in the various energy technologies. It has been recognized for many years that a 
thorough undersunding of radiation effects on materials that are used in the nuclear 
energy technologies Is essential. Superconducting materials important to a broad 
range of technologies can have their properties altered or even dictated by defects. 
Similarly, in semiconductor devices and solar cells, defer d defect interactions are 
the dominant effects. In recent years, as this report illustrHo, research in the Division 
has expanded into several new areas where defects continue to play an important role. 
This is not only reflected by the work reported in this section but by much of the work 
reported in Sect. 2 on Surface and Near-Surface Properties of Solids and in Sect. 4 on 
Transport Properties of Solids. 

The research efforts for nuclear-related energy technologies are reflected both 
in the introduction of a new program on the behavior of gases in metals and in 
continued work on radiation effects in materials of interest for magnetic fusion 
energy development. The scope of electron microscopy and x-ray diffraction 
research on crystal defects and defect structures has been increasingly directed 
toward a broader range of research programs vithin the laser-annealing, 
ion-implantation, ion-solid interactions, photovoltaic, and super onic conductivity 
programs within the Division. 

Basic studies of radiation damage in meUls have focused on accurate 
determinations of defect produaion rates in pure fission neutron irradiations. These 
measurements have application in conneaion with the program on normalization of 
ion-irradiation-damage and fast-neutron-irradiation-damage produaion rates, which 
has now addressed itself to the study of damage produaion in alloys. A significant 
advancement has been made in the study of radiation-induced vacancy and interstitial 
loops by x-ray diffuse scattering, where an analysis procedure has made it possible to 
obtain separate size distributions for the vacancy and interstitial loop components. 
This capability will complement the tedious elearon microscopy procedure for 
obtaining such information and should prove to be especially useful for the smaller size 
loops. The role of detailed analyses in obtaining these results underscores the need for 
ongoing suppor. of defea measurements through the determination of accurate defect 
models and accurate scattering cross sectionj for both x-ray and electron microscopy 
investigations. 

Direct observation of crack propagation and the dislocation behavior at the crack 
tip during in situ tensile deformation in the elearon microscope has been extended to 
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various materials including Ni and amorphous niobium oxide. The results show that 
the physical processes occurring at the crack tip are sensitive to materials properties 
such as slip geometry, stacking fault energy, and lattice friction stress. These 
experiments probe the fundamental aspects of fracture phenomena and provide the 
first experimental verification of the well-known Bilby. O.ttrell, Swinden theory of 
fracture. Theoretically, the energy release rate associated with crack propagation has 
been shown to be equivalent to the total force on the dislocations in the plastic zone. 
This result serves as a direct link between the microscopic dislocation theory of fracture 
and the macroscopic fracture mechanics. 

The stringent demands placed on insulating materials in many energy 
technologies, such as the requirement to function at extreme temperatures in hostile 
environments, have underscored the need to understand the roles of defects and 
impurities in insulating crystals. Bask studies have focused on impurity-defect 
interactions, thermally generated defect complexes, aggregation of impurities, and the 
effect on mechanically deformed and strained insulators. 

RADIATION EFFECTS 

RATES OF DEFECT PRODUCTION 
BY FISSION NEUTRONS 

IN METALS AT 4.7 K' 
R. R. Coltman, Jr. C. E. Klabunde 

J. M. Williams 
As part of an inter laboratory program, we have 

measured the resistivity-damage rates at 4.7 K for the 
dilute alloys V 300 ppm Zr, Nb-300 ppm Zr, and 
Mo-300 ppm Zr irradiated by virtually unmoderated 
fission neutrons.2 In addition, AI, Ni, Cu, and 
stainless steel have also been measured to provide a 
broader data base for comparison with other experi­
mental work and with defect-production theory. 

Figure 3.1 shows the results for Cu as an exan pic 
of the data obtained in the present fission-neu r >n 
damage-rate studies. Analysis of this type of data has 
been made in terms of the electrical size effect or 
deviations from Matthiessen's Rule as needed to 
detei mine the best initial damage rate. The values for 
the initial damage rates are listed in Table 3.1. By 
dividing the Frenkel-pair resistivity values" listed in 
Table 3.1 into the damage-rate values, we obtain the 
initial defect production rates rfc/d*)o, where c is the 
atomic fraction of Frenkel pairs and * is the fission-
neutron fluence in neutrons/m\ 

Corresponding theoretical values listed in 
Table 3.1 are obtained from the commonly used 
"modified Kinchen-Pease relation," 

T 1 r— 

O 0.03 0.06 009 
/ „ , DAMAGE (BULK) RESISTIVITY (nfl m) 

R*. 3.1. Fwiop-aewron tfaaagc rate in C* • • otaerwd 
rewtiviry d<MM|t nun; A - me-effect-conccttd nun. Both are 
plotted a/ainst size-corrected (bulk) damaje resistivity. Line i» 
linear-teast-squam fit to corrected rates. Curve is the line-
transformed back to uncorrected rates. A small contribution due 
to thermal neutrons has not been deducted from the rates. 

where £* is the displacement threshold energy3,5 and 
(o T) are the dotage-energy cross sections taken from 
computer-code calculations by Kirk and Greenwood* 
for the fission-neutron spectrum. Damage effi­
ciencies, which are the ratios of experimental f o 
theoretical initial defect production rates, are shown 
in column 3 of Table 3.2. In addition, Table 3.2 
also shows for various other neutron-energy-spectra 
damage-efficiency values calculated by Kirk and 
Greenwood, who used the same computer code, 
and the experimental data obtained by other 
investigators. 



126 

Experiment Tlieon 

f-mkel-deleci l-rcn»e(-dc(«l 

damafe rate. 
COfRCKd 

110 ' 11 m ncuuonl 

r-re»kel-p«ir 
m n m i t ? . 

/» 
(10 ' Clm al Uf 

production 
« c . 

110' m » (r neutron) 

Threshold 
<fap4*LTmci>t 

caert>. 
£ . 

leV| 

Danaac 
energy 
crou 

lecuon* ( n f ) 
(kcVb) 

(10 

production 
rale. 
<*\ 

* m - ». U neutron) 

Al : i » 3.9 5 6 27 944 140 
V 1.71 6 0 2 9 34 771 9 2 
t u 0 723 2 0 J.6 29 77 3 107 
V "17 l« 4 0 26 107* 165 
\ b 343 16 2 1 79 749 311 
Mo 33» 1) 2 6 77 1 0 0 4 2 
SS 637 

-a l . (r = atomic fraction. 

« Ref. 7. 
R e f . 4 . 

Table JJ. for 

Moderated 
fission r-ouon. Bet din). ftd.nl 

O R N I f ' " \ L 11 1 
A M . 1.1.1. 

O R N I 

Al 0 34 0 4 0 
N i 0 2 7 0 31 
Cu 0.27 0 34 027 
V 0.64" 0.53 0 57" 
Nb 0 4 9 0.69 0 5 6 0 5 0 0 5 4 
Mn 0 4 5 0.66 0 6 2 0 57 
Pi 0 3 2 0 3 0 

As a continuation of the work described above, the 
displacement production rats for unmoderated 
fission neutrons on Mg, Ti, Zr, Pd. Ta, W, and Pt 
have recently been measured at 4.8 K, and similar 
measurements are being rnade on Fe and Co. 
Analysis of the results for damage efficiency is under 
way using the code RECOIL to calculate damage 
energies.7 The results for all metals will be analyzed in 
terms of systematic correlations of damage efficiency 
with respect to crystal structure and atomic 
weight. 

-Rcf. 4. 

A broad view of the results shown in Table 3.2 
suggests f!iat present theory overestimates initial 
defect production rates for various fast-neutron 
spectra by a factor of about 2 to 4 compared with the 
experimental results. While uncertainties in ,vand £ , 
values are large for some elements and may con­
tribute to the variations in the damage efficiencies, 
the uncertainties are not the basic cause for the effi­
ciencies being less than unity. A test of the response of 
the theory to target mass for a fixed spectrum (see 
vertical comparisons in Table 3.2) is limited by the 
uncertainties in the pr and Ed values. On the 
other hand, the response of the theory to variations in 
a neutron-energy spectrum for a given element 
(horizontal comparisons in Table 3.2) does not 
depend on pf or Ed. In this latter case, the theory 
performs quite well, giving variations in efficiency 
values of only 7-30% for neutron-energy spectra 
ptaked from 1 to 15 MeV. 

1. Summary of paper to be published. 
2. C. E. Klabunde, J. M. Williams, and R. R. Coltman. Jr. (to 

be published). 
3. P. Lucasson. p. 42 in Fundamental Aspects of Radiation 

Damage in Metals, vol. I.ed. by M.T. Robintonand F. W. Young. 
Jr.. ERDA CONF-75I006-PI. Oak Ridge. Term.. |Q76. 

4. M. W. Guinan and C. E. Violet, private communication. To 
make a comittem comparison between the present ORNL result 
for V and the LLL experimental data, we use their value for pr and 
the RECOIL code (tee ttf. 7) to obtain these damage-efficiency 
values. 

5. M. G. Miller and R. L. Chaplin. Radial. Qf. 23, 107 
(1974). 

6. M. A. Kirk and L. R. Greenwood, Journal of Nuclear 
Materials (to be published). 

7. The damage-energy cross section for V was calculated wing 
the code RECOIL by T. A. Gabriel, J. D. Amburgey, and N. M. 
Greene. Radiation-Damage Calculations, Primary RECOIL 
Spectra Displacement Rates, and Gas-Production Rates, 
ORNL/TM-5I60CI976). 

http://ftd.nl
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THE EFFECTS OF IRRADIATION ON THE 
NORMAL METAL OF A COMPOSITE 

SUPERCONDUCTOR: A COMPARISON 
OF Co AND Al' 

C. E. Klabunde R. R. (Tollman, Jr. 
J. M. Williams 

The most economical design of a composite super­
conducting magnet for a fusion reactor will depend 
sensitively on the irradiation-induced changes in the 
magnetoresistance of the normal metal. In an earlier 
report2 we calculated the effects to be expected for Cu 
normal metal in service on the composite super­
conducting toroidal field coils of a tokamak fusion 
reactor.3 The calculation was accomplished by first 
establishing from available data and theory 0 the 
production of damage resistivity in zero field: 

poCO) = j[l - exp(-iD/i)] + prfO), (I) 

where D is the neutron dose in dpa, 5 is the saturation 
value of the damage resistivity, and 1 is the initial rate 
of resistivity inciease vs D. The values for Cu were s — 
4.0 nfl-m and i=649 nfl-m/ dpa. A large body of data 
on the magnetoresistivity of irradiated Cu was shown 
to lie within a suitably broad envelope of Kohler plot 
curves expected to encompass the present applica­
tion. The envelope was described by two lines of 
the form 

P*H) = P o (0 ) + lOTH'prtO)1 -" , (2) 

where a and B are intercepts and slopes of the two 
straight lines on the Kohler plot, with H. the field in 
tesla, and p, the resistivity in nfl-m. The values were 
as follows: a, «= -1.25 and B, = 0.95; a 2 = -1.77 and 
ft « 1.23. 

Substituting the zero-field resistivity given by 
Eq. (I) into Eq. (2) gives a family of curves of total 
resistivity vs dose, initial resistivity, and magnetic 
field. 

The same data sources on damage production were 
used for AI as for Cu. For the saturation resistivity, 
we used a value 1 « 9.0 nft-m; and for the initial 
damage rate, we used i = 1520 nfl-m/dpa. 

For the magnetoresistivity of damaged Al, we used 
data of Bdning et al.' As with Cu, we took 
an empirical approach to describe the range of 
magnetoresistivity values to be found in the damaged 
material. The values were contained within two 
curves, A and B, of the form 

PD(ff) = po(0) + po(0)10ll - 1/(1 + z)]* , 
(3) 

r = lO\H!PdO)Y . 

with the following parameter values: 

a b e d 

A 017 1.73 I.I -0.7 
B 0.34 1.77 I.I -0.9 

By combining Eqs. (I) and (2) for Cu and Eqs. (I) and 
(3) for Al, we generated the families of curves seen in 
Fig. 3.2. Instead of dpa, we use neutron fluence in 
order to compare directly Cu and Al for the same 
service time in a given neutron flux. For this example, 
fission-spectrum neutrons were used.7 We see that, 
because of the larger initial magnetoresistivity in Cu, 
Al is, in fact, better up to a fluence of about IX 1021 

neutrons/ m\ provided Al has an initial resistivity less 
than ~0.1 nfl-m. This fluence translates to dpa values 
of 1.2 and 1.5 X I0~* for Cu and Al, respectively. 

ORNL-DWG 7B-22103 

ALUMINUM 

FUUENCE CO* n/""2^ COPPER 

Fig. 3.2. TUm imumaml plot of •ifHMH*Mri for Co 
•ad Al at • (vacuo* of aaawtk fUU, MHIH ftaeace, aad initial 
NMthity. 

These dpa values are found to occur in one year about 
halfway through the toroidal field coils, according to 
ref. 3. However, in considering positions other than 
the innermost winding, we must also take in.o 
account the decrease in magnetic field (approxi­
mately linearly) with radial position. (H — 0 at some 
point near the outer winding.) As a result, we find 
that nowhere is Al better than Cu in this design. Only 



128 

at ir.uch lower doses than those projected in the high-
field region would there be any location where Al 
would be better, assuming, that is, that the use ot such 
high-purity material is feasible. 

Santoro et al.' have calculated the annual fluence 
at certain magnet locatio.is n.r a reference tokamak 
design having a neutron wall loading of 1.0 MW m\ 
When our analysis is applied to one of their highest 
fluence values found adjacent to a penetration into 
the first wall, we find that the field-on (10 T) 
resistivity for Cu increases about 600% in one year. 
This result indicates the need for additional shielding 
at some locations. 

From the foregoing analysis it appears that Cu is 
the stabilizer material of choice, and because of its 
high initial magnetoresistivity, ultra-high purity is 
not important. Nevertheless, as our earlier report 
cites,2 Cu is not so superior as to preclude the need for 
design compromises that take radiation damage to 
the stabilizer into account. Such compromises may 
entail trade-offs betwer'* additional shielding and 
additional stabilizer nu.^.ial. especially in hot-spot 
regions that result from penetrations. 

1. Summary of paper / Sucl. Mater. 15/16, 385 (1979). 
2. J. M. Williams et al.. IEEE Trans. Magn. MAG-IS, 731 

(1979). 
3. R. T. Santoro et al., Sucl. Trchnol. 37, 65 (1978). 
4. M. Nakagawa et al.. Phys. Rev. B 16, 5285 (1977). 
5. C. E. Klabundc et al. (to be published). 
6. K. Boning et al.. Phys. Status Solid, 34, 395 (1969). 
7. With fission-spectrum neutron*. D fluence for Cu is 1.176 x 

10 : ' dpanv neutron and for Al is 1.465 x 10 : \ 

EFFECTS OF RADIATION AT 5 K 
ON ORGANIC INSULATORS 

FOR SUPERCONDUCTING MAGNETS1 

R. R. Coltman, Jr. R. H. Kcrnohan 
C. E. Klabunde C. J. Long2 

A program in progress at ORNL aims to under­
stand the effects of irradiation at liquid-He tempera­
ture on insu' nor materials that may be used in the 
construction of large superconducting coils that 
provide magnetic containment for the plasma in a 
fusion reactor. In our previous studies, the principal 
damaging radiation was an energetic spectrum of 
gamma rays arising largely from thermal-neutron 
capture in a Cd shield surrounding the specimens. In 
the tokamak application, however, in addition to 
gamma rays, neutrons with a variety of energies will 
be present at many insulator locations. Few studies 
exist on the irradiation of insulators near 4 K by fast 

neutrons. To examine their po>sibie influence, the 
ratio of fast-neutron flux to the gamma-ray dose rate 
in the present experiment was i Kreased by a faacr of 
17 over that in previous irradiations. Also, the 
gamma-ray dose was extended from 2 X i0* to 1 X 
10" rads. 

The following materials chosen for study were 
those presently in use for magnet construction ar.d 
already known to have good radiation resistance at 
room temperature: 
1. Stycast 2850 FT (Blue): Epoxy, with 7% 24-LV 

hardener, an inorganically filled epoxy-. Emerson 
and Cuming, Inc. 

2. EPON *28: Epoxy, with 20-pph-Z curing agent, 
0.5% Z6020 Silane couplant; filled with 40 wt % 
400-mesh SiO:; Shell Chemical Company. 

3. G-10 CR: National Electrical Manufacturers 
Association, a heat-activated amine-catalyzed 
bisphenol solid-type epoxy resin laminate 
reinforced with continuous filament E Glass 
fabric, silane finished; designated for cryogenic 
use; Spaulding Fibre Company. 

4. G-10 CR (BF): Same as No. 3, except made with 
boron-free E Glass. 

5. G-l I CR: Same as No. 3, except that an aromatic 
amine-hardened bisphenol liquid-type epoxy resin 
is used in its fabrication. 

6. Nomex 410: Paper, type 410; aromatic polyamidc 
(aramid) sheet; E. I. du Pont de Netnours & 
Company. 

7. Kapton H: Polyimide film; E. 1. du Pont de 
Nemours & Company. 

8. Aluminized Kapton: Type NRC-2; used for 
multilayer >>uperinsulation; King-Seeley Thermos 
Company. 
Irradiations were made in the Low-Temperature 

Irradiation Facility located at the ORNL Bulk 
Shielding Reactor.' The specifications for two 
irradiations made on identical sets of specimens are 
given in Table 3.3. 

The postirradiation testing of electrical properties 
was done at room temperature, and mechanical 
properties at liquid nitrogen temperature. The 
electrical results are given in Table 3.4, and results for 
flexure and compressive strength are given in 
Figs. 3.3 and 3.4. 

Pieces of aluminized Kapton 37.5 X 25 mm were 
each folded in a Z shape, heavily creased, and then 
wrapped in Al foil to give a flat packet ~ 13 X 25 mm. 
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Table 3.3. Specificatiocj of imdiatiooi at AM t. 

Ciamma-ra\ dose 
I rads) 

Fast-neutron fluence 
(neutrons m" >0 . I MeV) 

Irradiation time 
In) 

Low 
High 

2.4 x 10* 
1.0 x 10' 

2.2* 10 
8.7 x |0 : 

48 
193 

Table 3.4. Electrical meararemeati at room temperature after irradiarioa at S.O I 

Each result the average of three measurements 

Re ttlivity 110 
: i n«) 

Dose Dose 
(10'" rads) Stvcast EPON G-10 G-ll Nome.t Kapton 

2850 FT 828 CR CR 4!0 H 

Control 0.24 20.0 8.2 4.4 3.3 20 
0.24 0.25 5.5 8 5 2.8 1 •> 29 
10 0.27 8.1 0.64 0 14 2.0 22 

Electrical breakdown (kV mm) 

Control 28 33 23 24 36 Mi 

0.24 31 34 23 23 38 66 
1.0 8 31 8 10 3ft 68 

L-0a« * * - « » • 

I MO'T 
C - U M M M T C & CCATRCt. % 
i. - 0 J# I 

[MMourm *r« *« - re -r «T m* *# rn 
• — » • • : ; : • « * • - ' * • • • 

Fig. 3.3. Flexure •trenath at a function of irradiation. 

After irradiation, no failure of any type was obsei ved 
in any of the specimens after repeated flexing of the 
creases. This lack of fai'ure is in sharp contrast to 

coumrssivc STIKMCTM 

• 
ti 

IfcJ 
*T»CASTa»50rTl f * 0 f t « » I 6-<OC« I C M C * 

. - O 7* I _ « _ ^ , i l i _ie i t „ , 

. . . 0 i ' , - , , > " - , , , • « ' * • < * ' • < " • » » 
:»•«<*'<-- a 4«« ~ Tfsf »T *•• i r e * «MMU» »o »r« 

Fig. 3.4. Competitive strength at a function of irradiation. 

alumini7:d Mylar, which broke apart upon handling 
after ? dose of 2.0 X 10* rads.* It appears that the 
K'./ion could serve as superinsulation for cryogenic 
systems exposed at least up to a dose of I x I0 > 0 rads. 

Although the resistivity decreased substantially at 
the high dose, it probably still remained "\ a usable 
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range for all materials tested. The loss in voltage-
breakdown strength was minimal, except for 
Stycast 2850 FT and the glass-cloth-filled epoxies, 
which might require design adjustments for use at 
I X 10'° rads. 

In the case of mechanical properties, the 
dependence of strength upon dose was different for 
flexure and compression strengths. The results 
suggest that the choice of a material may depend 
upon the stress conditions in service. In he case cf 
flexure, while the strength ot glass-cloth-filled 
epoxies was greatly reduced at 2.4 X 10* rads over 
initial values, these epoxies remain competitive with 
the particle-filled epoxies for that dose. At 1 X 1010 

rads, the flexure strength of the particle-filled epoxies 
is at end of life, while the glass-cloth-filled epoxies 
retain usable strength. In compression, however, at 
I X ii'° rads, the strength of all materials is reduced 
to barely useful levels; however, EPON 828 retains 
the greatest strength. 

A comparison of the present results with previous 
ones suggests that an increase by a factor of 17 in the 
fast-neutron dose rate had little, if any, effect upon 
the results at the doses studied. While ratios of 
neutron flux to gamma-ray dose rates, n/y, com­
parable to that in our work are found in many magnet 
locations, others have higher ratios. We believe that 
studies to check the influence of fast neutrons should 
be carried out using sources having higher n/y values 
than for i'..t work reported here. 

Design calculations of Santoro et ai.5 show that 
various magnet lot ations encompass a wide range of 
gamma-ray d •*•;« rt es, the highest being adjacent to 
penetrations through the shield and blanket to the 
First wall. From their results, we calculate that for 
some magnet locations our high dose of I X 1010rads, 
at which some material reached end of life, cor­
responds to a service time of only 0 2 years for a first-
wall loading of only 1.0 MW/m2. Thus, it '.; clea r that 
in those locations additional shielding «ill be 
necessary if some of these materials are to be used. 

1. Summary of papers: ORNL/TM-7077 (Nuve.ntxf 1979); 
lEEE-Suclea.- and Plasma Sciences Society (Co be published). 

2. Metals and Ceramics Division, ORNL. 
3. R. R. Coltman Jr., et al.. Radiation Effects on Organic 

Insulators for Superconducting Magnets. ORNL/TM-7077 
(November 1979). 

4. R. R. Coltman, Jr., et al., IEEE-Nuclear and Plasma 
Sciences Society (to be published). 

J. R. T. Santoro e* al., Nucl, Technol. 37, 65 0978). 

He DIFFUSION IN Ni 
AT HIGH TEMPERATURES' 

J. M. Williams2 V. Philipps3 K. Sonnenberg1 

The developing nuclear technologies present a 
need to understand better the mechanisms and 
parameters of long-range migration of He in metals. 
The extremely low solubility of He in metals 
has made experimentation difficult. Experiments 
designed to overcome the solubility problem by 
implanting He and studying its release upon raising 
the temperature4 have yielded information about the 
dissociation of He from radiation-produced defects 
but little information about the mechanisms of 
diffusion. To study diffusion we made use of deep 
implantations at high temperatures and studied the 
simultaneous release of He. The depth of implanta­
tion guaranteed that the released He had traveled a 
large distance, and the high temperature ensured that 
involvement with radiation-produced defects was 
minimal. 

One procedure was to implant He to depths of up 
to 85 pen in iO-mm-thick samples of Ni at tempera­
tures between) 900° and 1250°C. The samples were 
heated from the back side by means of an electron 
gun. At the start of an implantation, the He diffused 
immediately, some diffusing to internal sinks 
(bubbles) and some to the surface, whrre it was 
detected by a mass spectrometer as emitted gas. A 
steady-st&te gradient was soon established between 
the implantation zone and the surface, at which time 
the emission rate was constant. The diffusivity was 
determined by analyzing the transient to this 
steady state. 

The diffusivity results can oe summarized in an 
equation of the usual Arrhenius form, 

n « , J . . ^ . « - i /-0.8I ±0.05eV\ cm2 

D = (2.7±.)X,0'ex^ - J — . 

In our polycrystalline material (of approximately 
I-mm grain diameter), some of the He was appor­
tioned to a coarse distribution of bubbles that grew 
internally because of preexisting nuclei that probably 
had their origin in the metallurgical history of the 
material. In single crystals all of the He was 
released. 

In seeking a mechanistic interpretation of the 
activation energy, 0.8 eV, we ruled out simple 
interstitial diffusion because, at these temperatures, 
itentitial He will encounter many thermal vacancies 

on its way to the surface and because it is generally 
accepted that He has a high binding energy with 
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vacancies. Two other models, the substitutional 
impurity (SI) model and the hindered-diffusion 
model, were considered. In the SI model, the He in its 
first vacancy is joined by a second vacancy that 
renders the complex mobile. The compk x migrates 
until the second vacancy is thermally dissociated, 
leaving the He again immobilized as a substitutional 
atom. In the hindered diffusion model, the He 
diffuses interstitially until it falls into a vacancy where 
it resides as a substitutional awm. Later it thermally 
dissociates and again wanders interstitially until it 
encounters another vacancy. The effective activation 
energy related to each of these models can be derived 
in terms of the activation energies for the component 
processes, but some of the component activation 
energies are not well known. Perhaps the most crucial 
of these is the binding energy of the second vacancy in 
the SI model. A theoretical value of 0.47 eV has been 
derived for this energy;9 if the true value is no more 
than 1.2 eV, the Si model can be ruled out. The 
effective activation energy for the hindered-diffusion 
model is approximately 

where E%IS is the energy for dissociation of the He + 
IV complex (substitutional He) and £f is the 
vacancy-formation energy. Existing experimental 
values of the quantities on the right-hand side are 
2.1 eV fo. the dissociation energy4 and 1.4 to 1.6 eV 
for the vacancy-formation energy; thus the difference 
ranges from 0.S to 0.7 eV, which is to be compared 
with the experimental value of 0.8 eV. Considering 
the approximates involved and the uncertainties in 
the experimental data, the hindered-diffusion model 
is a probable mechanism, though it is not established 
with accuracy. 

1. Summary of paper: Proceedings of Consultant Symposium 
on Rare Gases in Metals and Ionic Solids. Harwell. England. 
Sept. 10 14. 1979 (to be published). 

2. This ai"hor carried out this research while on foreign 
atsignmer.. at the Institut fur Festkorperforschung. Kern-
forschungsanlage. Jiilich. Germany. 

3. Imtitut fur Festkorperforschung. Kcrnforschungsanlagc. 
Jiilich, Germany. 

4. E. V. Kornelten and D. E. Edwards, Jr.. p. 321 in Application 
of Ion Beams to Metals, ed. by S. T. picraux, E. P. EerNissc. and 
F. I. Vook. Plenum Press. New York. 1974. 

5. W, D. Wilton and C, F. Melius. Pro eedings of Consultant 
Symposium on Rare Gases in Metal) ard Ionic Solids, Harwell. 
England, Sept 10 14, 1979 (to be r Wished). 

He-R£L£ASE EXPERIMENTS 
IN NEUTRON-IRRADIATED Ni 

D. B. Poker J. M. Williams 
Another approach to determining the diffusivity of 

He in Ni involves degassing of reactor-irradiated bulk 
samples. The samples were opei:-ended cylinders of 
commercial "A" Ni 100 mm in length, 19 mm in 
diameter, and I.S mm in wall thickness, with an 
average grain diameter approximately equal to the 
wail thickness. Neutron doses were chosen such that 
He concentrations of approximately I ppb were 
produced by the series reactions. 

"Ni(n.7)"Ni. 5,Ni(/i,a)5*Fe . 

Two methods of heating, a hot-wall furnace and 
induction heating, have been used in the release 
studies. In the furnace technique, the sample was 
contained in a degassed Ni tube, which was, in turn, 
contained in a vacuum-pumped annulus to shield it 
from the atmosphere. The released He was detected 
by a Veeco MS-I2 leak detector. 

Preliminary indications are that all of the He was 
released at temperatures above 900°C. with activa­
tion energies of 0.6 to 1.5 eV, but accurate values and 
error limits cannot yet be quoted. It is not clear 
that the release occurs with a single activation 
energy. Grain boundaries or clustering may be 
playing a role. The experiments are beingextended to 
single crystals, wire samples with a bamboo type of 
grain structure, and stainless steels. 

Ni-ION DAMAGE PRODUCTION 
RATES IN Fe-17% Cr 

T. S. Noggle D. B. Poker B. R. Appleton 
The study of damage production rates in Al' and 

Ni: has indicated generally excellent agreement 
between the damage rates measured as a function of 
ion penetration depth and the damage energy cal­
culated by the computer code E-DEP-1.' Extension 
of these studies to alloys has been made on Fe-17% 
Cr alloy thin film specimens prepared by vacuum 
evaporation. The damage rate measurements on the 
alloy were made for the same conditions previously 
employed for the Ni damage-rate studies, that is, 
17.4-MeV Ni ions and Ni absorber foils.2 

Figure 3.5 shows the comparison of the experi­
mentally measured damage rates of 17.4-MeV Ni ions 
in Fe-17% Cr with the damage energy calculated by 
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Fit. 3.5. Relative damage m a of 17.4-MeV Ni km in an 
Fe-17% O alloy w Ni absorber foil thkknew. The smooth curve 
was calculated using E-DEP-I computer code (ref. 3). 

the E-DEP-l code. The excellent agreement to be 
noted here in part represents adjustment of both the 
calculations and experimental measurements. The 
E-DEP code does not provide for the case where 
the ab-oroer foil and specimen are different materials 
as employed in the experiment. However, by suitable 
adjustment of the electronic stopping parameter used 
in the calculations, the program will calculate 
damage energies in a uniform alloy medium for which 
the ion energies incident on the alloy specimen are 
approximately the same (within 1-2%) as the ion 
energies emerging from Ni foils of the same thickness. 
This procedure was employed to obtain the cal­
culated curve in Fig. 3.5. The damage rates measured 
for the open beam condition (no absorber foil) 
decreased rapidly with the accumulated damage, 
while the damage-rate measurements with absorber 
foils did not show this strong dependence on the 
accumulated damage. This type of behavior is 
essentially the same as previously reported for Ni;2 it 
has subsequently been studied further in Ni without 
identifying the physical basis of this phenomenon. 
This behavior raises questions as to the proper value 
for the open beam that should be employed for 
normalizing the data for comparison with the cal­
culations. In the present case, the normalizing value 
was chosen to give the best fit of the experimental 
points to the leading edge of the calculated curve. The 
value used is about 10% larger than, bi t within the 
uncertainty limit of, the open beam value extrap­
olated to zero dose. 

of an alloy, the E-DEP-I code does a good job of 
scaling the damaging production rate as a function of 
ion penetration depth. These results further indicate 
that the experimental procedures developed for pure 
metals extend readily to alloy systems; thus they will 
be employed in the measurements of damage rates in 
Fe-Ni-Cr ternary alloys that approximate the 
composition of commercial grades of stainless 
steel. 

1. T. S. Noggie et al.. Solid Stale Div. Prog. Rep.. Sept. 30. 
1978. ORNL-5486. p. 98. 

2. T. S. Noggie et al.. Solid Slate Div. Atom. Prog. 
Apr. 30. 1977. ORNL-5328. p. 103. 

3. I. Manning and C. P. Mueller, Comput. Phys. Commun. 7, 
85 (1974); Suet. Engr. Design 33. 78 (!975). 
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LOW-TEMPERATuRE ION DAMAGE 
IN METALS 

B. C. Larson J. F. Barhorst T. S. Noggie 
X-ray diffuse scattering studies have been initiated 

o.i the fundamental aspects of high-energy displace­
ment cascades and lattice defect evolution in metals 
at low temperatures. Copper and Ni single crystals 
have been irradiated at 4 K with 17.4-MeV Ni ions 
with the use of the ORNL Tandem Van de Graaff. A 
technique developed1 for the program on the 
Normalization of Ion and Neutron Damage, in­
volving the use of absorber foils, was used to produce 
a 2.4-/jm irradiated layer that was homogeneously 
damaged from the s'andpoint of damage-energy 
deposition. 

Diffuse scattering measurements have been made 
on Cu and Ni single crystals after irradiation with 2 x 
10' ions/cm2 at 4 K using a linear position-sensitive 
detector a.'d a 12-kW rotating anode x-ray generator. 
Similar to csults found for 300-K ion-irradi?.icii Ni 
and Cu, a significantly larger number ol lattice 
defects were found to be retained in Cu after warming 
from 4 K to 300 K than were found in Ni. Size 
distributions of vacancy and interstitial loops in the 
Cu sample have been determined after 30-min 
thermal anneals to 548 and 573 K as well as at 300 K. 
These results indicate a considerable coarsening of 
the interstitial loop size distribution over this 
temperature range, while smaller size increases were 
observed in the vacancy loop component. An overall 
decrease of ~60% in the total number of point defects 
contained in the loop distributions was found for the 
anneal from 300 to 573 K; however, at each tempera-
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turc, the relative numbers of vacancies and inter-
st.tials were found to be equal within the measuring 
uncertainties (~±7%). 

I. T. S. Noggk et al.. p. 225 in Proceedings. Fourth Conference 
on the Scientific and Industrial Applications ofSmai. Accelera­
tors, cd. by J. L. Duggan and I. L. Morgan. IEEE 76CH1175-9. 
NTS. Piscataway. N J.. 1976. 

VACANCY AND INTERSTITIAL LOOPS 
IN IRRADIATED Cu 

B. C. Larson J. F. Barhorst 

The extent of vacancy clustering following high-
energy displacement cascades in irradiated metals is 
of considerable importance as a parameter in the 
development of void structures during prolonged 
irradiation. Although electron necroscopy has the 
capability of investigating the aggregation of 
vacancies into loops, because of the small size of 
vacancy loops in irradiated metals and the tedious 
nature of the measurements, detailed results on 
vacancy clustering under the«c conditions have been 
inconclusive, i.t this study, an x-ray diffuse scat­
tering method for determining the size distribution 
of both vacancy and interstitial loops has been 
developed and applied to the case of high-energy 
Ni-ion-irradialed Cu. 

Diffuse x-ray scattering calculations for disloca­
tion loops have shown that the diffuse intensity in the 
asymptotic scattering region ( l < qR < 6, where R is 
the loop radius and q is the distance from a reciprocal 
lattice point) falls off as ~ I / q. However, calcula­
tions along the ±f 111] direction near the 222 reflec­
tion have shown this intensity to be modulated by 
Bragg-like scattering from the compressed (inter­
stitial) or expanded (vacancy) region in the immedi­
ate vicinity of dislocation loops. Because the sense of 
the strain is opposite for the two kinds of loops, 
interstitial loops scatter more heavily for q along 
the [III] direction while the vacancy loop scat­
tering is more concentrated along the [TIT] direction 
near the 222 reciprocal lattice point. In nlots 
of intensity X q*, these calculations indicate 
a maximum at q ~ ±3/ R for interstitial (+) a no 
vacancy (-) loops, respectively. 

X-ray diffuse scattering measurements made along 
the ±(111] directions near the 222 reflection of Cu 
that had been irradiated with 60-MeV Ni ions (1.2 X 
10" cm 2 at 300 K) are shown in Fig. 3.6. The 
measured intensity (multiplied by q*) is shown as the 

Fig. 3.6. Measured diflwintttriiig from Ni-ion-irnufoicdCn 
at the 222 reflection. 

solid points (Fig. 3.6), and it can be inferred from the 
sizable scattering on both the plus and minus sides 
that both vacancy and interstitial loops are present. 
The fact that the maximum on the plus side occurs at 
a q value that is lower than that on the minus side is 
qualitative evidence that the average size of the 
interstitial loops is larger than the average size of 
vacancy loops. The solid lines in Fig. 3.6 represent a 
least squares fit of calculated diffuse scattering data 
for I.0-, 2.0-, 3.0-. 4.0-, and 6.0-nm loops of vacancy 
and interstitial nature to the measured scattering, 
with the concentration of each of the sizes of both 
vacancy and interstitial loops as fitting parameters. 

The results of the fitting in Fig. 3.6 are shown in 
Fig. 3.7, where the results are scaled to represent the 
concentrations for the peak damage region.' The 
concentrations of each of the sizes are represented by 
histograms 1.0 nm wide and reduced to units of loops 
cm ' nm' so that the total area under the graph is 
a measure of the total loop density. The 6.0-nm 
concentration is represented by a 3.0-nm histogram. 
As suggested above, the vacancy loops are found to 
be smaller than the interstitial loops, and ii can be 
seen that there are fewer interstitial loops present 
than vacancy loops. Calculating the total number of 
point defects in each kind of loop, we find 53.6% of 
the point defects in loops to be vacancies and 46.4% 
to be interstitials. These values can be taken as 
evidence that equal numbers of vacancies and 
interstitials are present in clusters (considering an 
estimated uncertainty of ±7%) and that all of the 
vacancies are clustered into loops. The equal 
numbers of vacancies and interstitials found here are 
to be compared with reported values ranging from a 
factor of twice as many vacancies as interstitials to 
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Fig. 3.7. Size dotribotion for vacancy and interstitial loopi in 
NMon~irradiated Cu as obtained from x-ray diffuse scattering. 

less than half as many vacancies as intcrstitials in 
loops in microscopy investigations" of irradiated 
Cu. The possible role of undetected vacancy stacking 
fault tetrahedra in both the x-ray and microscopy 
results is being considered. 

Diffuse scattering calculations made in this study 
for the region near Bragg reflections, for both faulted 
and perfect loops of 2.0-nm radius on {111} planes, 
reproduced the characteristic features that had been 
found previously using continuum calculations. 
However, for larger q values the atomistic calcula­
tions were important, where the sucking fault 
scattering from faulted interstitial (extrinsic) loops 
was found to contain nodal points at characteristic 
reciprocal lattice positions, but the scattering streaks 
from faulted vacancy (intrinsic) loops contained no 
nodal points. This stacking-fault scattering was 
found along all (III) directions except those radial 
from the origin in reciprocal space; and, as expected, 
perfect (unfaulted) loops produced no such streaking 
in the calculated diffuse scattering. Analytical 
schemes for predicting the general features of the 
diffuse scattering received special attention as a 
means for providing a physical interpretation of the 
scattering and as an aid in detecting spurious effects. 
The analytic methods predicted the fine structure in 
the extrinsic stacking fault scattering, and the use of 
caustics and the method of stationary phase were 
found to be useful in interpreting the scattering 
nearer to the reciprocal lattice points. 

1. J. B. Roberto and J. Narayan. p. 120 in Fundamental 
Aspects of Radiation Damage in Metals, ed. by M. T. Robinson 
and F. W. Young. Jr.. ERDA CONF-75-I006-PI. Oak Ridge. 
Tenn.. 1976. 

2. M. Ruhle. F. Hauscrman. and M. Rapp. Phys. Status Solidi 
39.609(1970). 

3. J. Narayan and S. M. Ohr. / . \ucl. .Mater. 85/86. 515 
(1979). 

CALCULATION OF DIFFUSE SCATTERING 
FROM DISLOCATION LOOPS' 

P. Ehrharr B. C. Larson H. Trinkaus2 

Numerical calculations of the diffuse scattering 
from perfect and faulted dislocation loops in an 
isotropic fee lattice have been carried out for q values 
out to the zone boundaries. Previously available 
continuum calculations,1 which were restricted to q's 
near Bragg reflections, were extended to take the 
atomistic nature of the crystal lattice into account so 
that stacking faults and the lattice symmetry would 
be properly represented at all scattering vectors. The 
lattice sums were made tractable by the use of 
structure factors for "super-cells*' varying from 12 to 
6144 atoms and by the use of damping functions to 
limit integration volumes. 

1. Summary of paper to be published. 
2. Instilut fur Feslkorperforschung. Kernforschungsanlage. 

Jiilich. Germany. 
3. B. C. l^rson and W. Schmat*. Physica Status Solidi 

(in press). 

BLACK-WHITE CONTRAST 
OF DISLOCATION LOOPS 

IN ANISOTROPIC CUBIC CRYSTALS1 

S. M. Ohr 
A computer program to generate simulated elec­

tron micrographs has been used to calculate the 
image contrast of dislocation loops in cubic crystals 
by taking into account the effect of elastic anisotropy. 
The displacement field was numerically calculated 
for a circular dislocation loop of finite size from the 
Fourier transform of the elastic Green's function. The 
image contrast was calculated under two-beam 
dynamical diffraction conditions using the Howie-
Whelan equations. In an isotropic medium, the 
black-white contrast direction of a Frank loop 
imaged under the exact (002) Bragg reflection makes 
an angle of approximately 15° from the direction of 
the Burgers vector. In Cu and Ni, the anisotropic 
calculations show that the black-white contrast is 
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parallel to and is elongated considerably along the 
direction of the Burgers vector. In Nb. the black-
white contrast direction of a perfect loop of 
o/2(1 II] type lies about halfway betwe n the direc­
tions of the Burgui s vector and the diffre ction vector. 
It is concluded that the image contrast of dislocation 
loops in cubic crystals is highly sensitive to the elastic 
anisotropy, and it is necessary to take the effect of 
anisotropy into account in order to perform an 
accurate analysis of the loop image. 

I. Summary of paper. toys. Status Solidi .4 56, 527 (1979). 

CALCULATION OF DIFFUSE SCATTERING 
FROM SPHERICAL PRECIPITATES 

B. C Larson J. F. Barhorst 

X-ray studies of the structure and evolution of 
energetic particle-induced displacement cascades in 
materials require the interpretation of scattering 
from three-dimensional def :ct clusters as well as from 
planar loop structures. Whereas numerical diffuse 
scattering calculations have been made for disloca­
tion loops,' detailed scattering calculations for three-
dimensional clusters are not yet availab.e As part of 
a study directed toward the calculation of diffuse 
scattering from three-dimensional aggregates in 
anisotropic materials, we report on some charac­
teristic features of the scattering from spherical 
inclusions in an isotropic material. 

Analytic scattering models are available2 for the 
calculation of diffuse scattering from strain centers 
with large distortion fields, but these models do not 
consider strain centers with finite sizes such as 
required to simulate properly the scattering from 
solute precipitate particles in alloys. Quite analogous 
to the case for scattering from dislocation loops, if we 
consider a scattering vector given by K- h+q, where 
A is a reciprocal lattice vector and q the scattering 
vector relative to h, the region qR, < 1 defines the 
Huang scattering domain; and the region for qR, > 2 
can be defined as the asymptotic region. Here, Rc is 
loosely referred to as the defect radius but is more 
precisely defined by K-S(Rt) •» I where S{r) specifies 
the lattice distortion surrounding the strain center. 
The scattering for qR< < I tends toward a q1 falloff 
because of the well-known Huang scattering; 
however, for the asymptotic region, the scattering is 
characterized in the analytic model by local Bragg 
reflections from the highly strained material within a 
radius of Rr. According to the model, an oscillating 

ql fallout is predict td for the asymptotic scattering 
region as a result of interference effects; and for the 
particular direction of q\\h in the case of negative 
lattice strain surrounding the defect site (~q\\h for 
positive lattice strain), a smooth q"3 falloff is 
expected. 

For a coherent solute precipitate in an alloy lattice, 
the diffuse scattering is complicated by the finite size 
of the precipitate. A negative (compressive) lattice 
strain is generated in the region surrounding a 
precipitate with a positive misfit strain relative to the 
host lattice. This aspect of the defect character is not 
incorporated in the above analytical predictions; 
however, through numerical calculations this prop­
erty was found to lead to an important feature in the 
asymptotic scattering profile. The scattering at small 
q for a precipitate with negative misfit strain followed 
the usual Huang q~~ form, and for the case of q < 0 
the oscillating q* behavior was present as expected 
from the analytic model. On the other hand, the q l 0 ' 
form expected for q> 0 was interrupted by a shoulder 
at the position corresponding to Bragg scattering 
from the inclusion. This aspect of diffuse scattering 
profiles from precipitates can. therefore, be used to 
determine independently the misfit strain inside 
precipitate particles. This work is being extended to 
include eiastically anisotropic lattices as well. 

1. B. C. I j n o n and W. Schmau. Physica Statu* S0I1J1 
(in press). 

2. H. Trinkaus. Z. Angew. Phys. Jl, 229(1970. 

FRACTURE 

IN SITU ELECTRON MICROSCOPE 
FRACTURE STUDIES IN Ni 

S. Kobayashi S M. Ohr 

We have shown that in situ electron microscope 
fracture experiments can provide useful information 
regarding the structure of the plastic zone ahead of a 
crack tip. In stainless steel, the plastic zone was in the 
form of an inverse pileup of screw dislocations, and 
the dislocations were split into partials with stacking 
faults between the partials. Because the detailed 
structure of the plastic zone was expected to be 
sensitive -o the stacking fault energy of the material, 
the studies were extended to Ni, which has a relatively 
high stacking fault energy. Contrary to our expecta­
tion, the structure of the plastic zone in Ni, as shown 
in Fig. 3.8, was very similar to that found in stainless 
steel. However, further studies showed that the 
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I W M . 1 M I » l t l * V l U l t . the pUaik. zunc depended on the 
orientation of the tensile axis. The pileup structure of 
the type shown in Fig. 3.8 was formed only for the 
tensile axes near the (111) orientation. The plastic 
zone for the tensile axes near the (100) orientation has 
a quite different structure (Fig. 3.9); that is, the 
dislocations observed were perfect and many of them 
cross-slipped from the original pileup plane to form 
a broad plastic zone. This broad plastic zone is very 
similar to that found in bec metals, which are known 
to be the metals of high stacking fault energy. 
Detailed analyses indicated that the planar fault 
shown in Fig. 3.8 consisted of overlapping stacking 
faults on parallel planes and, hence, may have 
represented thin twin lamellae. Similar studies in Cu 
confirmed this conclusion. Because the twin forma­
tion is easier for the tensile axis near the (111) 
orientation compz ~d to the (100) orientation, the 
effect of tensile axis orientation on the structure of 
the plastic zone can be directly related to the 
orientation dependence of twin formation. Because 
Ni has a high stacking fault energy, twinning is not a 
common mode of deformation at room temperature. 
The possible causes for this anomaly are (I) the high 
stress concentration at the crack tip and (2) a 
reduction of the stacking fault energy because of H 
absorption during electropolishing. 

Fig. JJ. Etetrar micrograph shown* (he dittribwtioa of 
dWocMio« M the pluck w w of • crack obfftvfd in Ni. The 
teniile axis is clone lo the (111) orientation, and (he dislocation* are 
split and are in the form cf an inverse pileup 

STUDIES OF CRACK PROPAGATION IN 
AMORPHOUS NIOBIUM OXIDE 

S. Kobayashi S. M. Ohr 
The propagation of cracks and the structure of 

plastic zones ahead of crack tips in amorphous NfeOj 
have been studied using the technique of in situ TEM. 
When the specimen was deformed in tension, the 
crack was initiated at the edge of a polishing hole and 
gradually propagated into the specimen. The plastic 
zone was in the form of a shear band, which appeared 
as a narrow ribbon of white contrast (Fig. 3.10). The 
detailed shape of the plastic zone depended on the 
specimen thickness. In a thin area, the plastic zone 
was in the form of a straight ribbon. As the specimen 
thickness was increased, the plastic zone started to 
show a periodic pattern of the type shown in Fig. 
3.10. The contrast of the plastic zone could be 
interpreted in terms of the thickness change caused 
by the shear deformation of thin foils. The plane of 
the shear was determined from the change in the 
width of the plastic zone during tilting experiments 
and was found to deviate from the plane of maximum 



137 

*rfi»*: 
I5SUN-Z228 

Fig. 3.9. Ebctron micrograph •bowing • crack and iu ptutic 
XOM ODMTVld ia Ni. For this, ipecimen, the tensile axis is close to 
the (100) orientation. The plastic /one is broadened by the cross-
slipping of perfect dislocations from their original slip plane. 

Fig. 3.10. Electron micrograph •bowing • shew crack and iu 
pitcic zone in amorphout NbiOs. The white contrast, arising from 
the change in specimen thickness, represents the /one of shear 
deformation. 
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shear stress, which nukes an angle of 45° with the 
tensile axis. Slip-on planes other than the plane of 
maximum shear stress have been reported previously 
in bulk specimens of amorphous metals and 
polymers. The observed relationship between the 
plastic zone size and the crack tip displacement was 
analyzed in terms of the Dugdale model of fracture.1 

The results showed that the value of E a, was 
approximately equal to 60. where £ is Young's 
modulus and o, is the yield stress. Although the value 
of E a, for amorphous NbjOs is not available in the 
iiterature. the reported values for amorphous metals 
range from SO to 80. This range is taken as evidence 
that our experimental results in amorphous NbjOs 
are in good agreement with the Dugdale model. 

I. D. S. Dugdale. J. Mech. rtivi. SoBdt t , 100 11960). 

ELECTRON MICROSCOPE OBSERVATION 
OF SHEAR CRACKS IN STAINLESS STEEL 

SINGLE CRYSTALS1 

S. M. Ohr J. Narayan 

Direct observations by TEM have been made of 
the propagation of shear cracks and the distribution 
of dislocations in the plastic zone of stainless steel 
single crystals during in situ tensile deformation. In 
thin foil specimens under plane stress conditions, the 
plastic zone was coplanar with the crack, and it 
represented the slip system of maximum resolved 
shear stress. The dislocations in the plastic zone were 
in the form of an inverse pileup. Contrast analysis has 
shown that these dislocations were of pure-screw 
type. The plastic zone, therefore, represented pure-
shear deformation, and the crack was an antiplane 
strain shear crack of Mode II! type. The crack 
opening displacement was measured directly by 
counting the number of dislocations in the plastic 
zone, and it was found to be approximately equal to 
the foil thickness. These observations are in good 
agreement with the model of shear cracks proposed 
by Bilby, Cottrcll, and Swinden2 and represent the 
first experimental confirmation of the theory. 

1. Summary of paper: Phihi. Mag. A 41. 81 (1980). 
2. B. A. Bilby. A. H. Cottrell. and K. H. Swmder.. hoc ft. S<*. 

/-om/on AOT, 304 (1963). 

THICKNESS DEPENDENCE OF THE 
PLASTIC ZONE SIZE IN 

THE BCS THEORY OF FRACTURE 

S.-J. Chang1 S. M. Ohr 

In the fracture theory of BCS,2 the plastic zone 
was represented by a distribution of dislocations in 
an infinitely thick specimen. In a specimen of finite 
thickness. Esnelby and Stroh1 have shown that the 
interaction force between two screw dislocations 
can be expressed in terms cf a modified Bessel 
function, which decays much faster than the inverse 
first power law. By assuming a continuous 
distribution of dislocations, an integral equation is 
formulated based on the Eshelby-Stroh interaction 
force to examine the effect of specimen thickness 
on the size of the plastic zone as well as the 
distribution function for the dislocations. 

Figure 3.11 shows the numerical results for the 
distribution function plotted as a function of 
distance along the crack for various ratios of the 
crack length and the specimen thickness. It is found 
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that, for a fixed value of crack opening 
displacement, the length of the plastic zone 
decreases with decreasing specimen thickness. This 
result is in agreement with the size of the plastic 
zone observed in thin foil specimens by electron 
microscopy. 

I. Computer Sciences Division. UCC-ND. 
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2. S. A. SuSn. A. n . Cuiircti. ami K. K. Swinat a. froc. R. 
Soc. London AZ72. 304 (1963). 

3. J. D. Eshdbv and A. N. Stroh. Philos Stag. 42. 140! 
(I95II. 

A MODEL OF BCS CRACKS WITH 
A DISLOCATION-FREE ZONE 

S.-J. Chang' S. M. Ohr 
In their dislocation theory of fracture. BCS2 

considered a plastic zone consisting of an invert-
pileup of dislocations that was coplanar with the 
crack. The crack opening displacement was defined 
by the sum of the Burgers vectors of the dislocations 
that were introduced into the plastic zone at the crack 
tip. The theory has since been elaborated in various 
ways and has been widely applied to various aspect' 
of fracture. Recently, direct observations have been 
made of the distribution of dislocations in the plastic 
zone of cracks during in situ deformation in the 
electron microscope.5'4 The plastic zone was coplanar 
with the crack, the dislocations were in the form of an 
inverse pileup, and the number of dislocations 
observed in the plastic zone was consistent with the 
crack opening displacement required to propagate 
the crack. These observations were generally in good 
agreement with the predictions of the BCS theory. 
The only exception was that in many instances there 
was a zone near the crack tip which was devoid of 
dislocations. 

We have, therefore, examined the equilibrium 
between the crack and the linear array of dislocations 
in the presence of a dislocation-free zone near the 
crack tip. A governing singular integral equation was 
formulated to de« be the regions of the crark. the 
dislocation-free zone, and the plastic zone. i'.:~ 
integral equation was inverted by the method of 
Muskhelishviii to obtain the distribution function for 
the dislocations. This distribution function was 
expressed in a closed form in terms of complete and 
incomplete elliptic integrals of the first and third 
kinds. The condition of compatibility between the 
sizes >f the crack, the dislocation-free zone, and the 
plastic zone was obtained as a function of the applied 
stress, similar to the relationship derived in the BCS 
theory. As the size of the dislocation-free zone 
approached zero, our results approached those of the 
BCS theory, if the dislocation-free zone exists, the 
dislocation density in the plastic zone is required to 
vanish at the beginning and the end of this zone. This 
is shown in Fig. 3.12, where the distribution function 
is shown as a function of the distance along the crack 
for a small dislocation-free zone. Because the crack 

OH*.-OK » - * » « » 

Fig. 3.12. Diatriboaoa taction for dalocauooj aloof • BCS 
crack of length c aridi a dkkxaooB-fifee zone. The curves are for 
different |c\eb of applied stress. 

itself is modeled in terms of a dislocation array, this 
dislocation density diverges at the crack tip. leading 
to a finite stress intensity factor at the crack tip. 
Within the dislocation-free zone, a stress gradient 
exists which would tend to force freshly generated 
dislocations to move away from the crack tip toward 
the plastic zone. The energy release rate associated 
with the crack has been calculated by applying the 
result of a recently developed theory5 relating the 
complex ./-integral to the total force on the 
dislocations in the plastic zone given by the Peach-
Koehler formula.* These results indicate that, in the 
presence of the dislocation-free zone, an additional 
term appears in the expression for the energy release 
rate due to the finite stress intensity factor. 

1. Computer Sciences Division. t.'C'C'-NI). 
2. B. A. Bilby. A. H. Collrell. and K H Svunden. Pro,. H. 

S,H.lj>nJon A272, 304 (1963) 
3. S. M. Ohr and J. Sarayan. Phihs Mag. A4I, HI (J9X0) 
4. S. Kohayashi and S. M. Ohr. Philosophical Vagazinc (to he 

published). 
5. S.-J. Chang. Initrnaiiona' Journal of Fracture (to he 

published). 
6. S.-J. Chang. "Complex ./-Integral and I'each-Koehlcr 

Equation." this report. 

COMPLEX ./-INTEGRAL AND 
PEACH-KOEHLER EQUATION1 

S.-J. Chang2 

Budiansky and Rice1 derived an expression for 
the ./-integral in terms of complex stress functions. 
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The expression is useful in calculating the force 
on an elastic singularity or the energy release rate 
for a crack if the corresponding elasticity problems 
can be solved by the method of complex variables. 
In the present study, it is shown that the complex 
./-integral can be reduced to the Peach-Koehler 
equation4 for the force acting on a dislocation. 
Both edge and screw dislocations are treated. The 
method is then applied to a linear array of 
dislocations in the plastic zone of a shear crack 
treated in the elastoplastic model of fracture by 
BCS.' It is shown that, for the linear array of 
dislocations, the /-integral is equal to the total 
force on the dislocations in the plastic zone. 
Physically the present interpretation of the 
/-integral as applied to the BCS model is that the 
crack will propagate if the force acting on each 
dislocation in the plastic zone surpasses the lattice 
friction and if the total force exceeds a critical 
value dictated by the rate of surface energy release. 

1. Summa > of paper: International Journal of Fracturr (to 
be publisheoV 

2. Compute Sciences Division. t'CC-ND. 
3. B. Bud.ansky and J. R. Rice. / . Appl. Mrch. 40, 201 

(1973). 
4. M. O. Peach and J. S. Kochler. Rhys. Rex. N . 436(1950). 
5. B. A. Bilby. A. H. Cornell, and K. H. Swinden. Proc. R. 

SIK. London A272. 304 (1963). 

DEFECTS AND IMPURITIES IN 
INSULATING CRYSTALS 

INFRARED SPECTRA OF H ISOTOPES 
IN o-AljO,' 

Herbert Engstrom 
J. B. Bates 

J. C. Wang 
M. M. Abraham 

Possible technological applications of refractory 
oxides in the development of new energy sources 
have led to much interest in and research on these 
materials. Because of its strength and high melting 
temperature, aluminum oxide is particularly interest­
ing as a potential wall material in thermonuclear 
reactors and for H containment applications. In 
regard to the latter, the characterization of hydro-
genic species in or-AhOi is important in order to 
determine the solubility and diffusivity of H. We 
report here our observations of the absorption of 
infrared light due to H, D, and T in a-AljOj. 

Measurements of the intensity of the OH band as 
a function of polarization of the light were made 
using a Perkin-Elmer 621 double beam spectropho­

tometer. All other infrared measurements were made 
on a Digilab FTS-20 Fourier transform spectrome­
ter. The resolution of this instrument was about 
3 cm 1 . In these experiments, between 500 and 1000 
spectral scans were made and averaged. Figure 3.13 
shows the spectra of OH\ OD". and OT" ions. The 
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respective values ot eacn peat wave number and its 
uncertainty as determined by fitting a Gaussian 
function to the absorption band are given in the 
column headed vnv in Table 3.5. 

As in the case of rutile,2 the model of an 
anharmonk diatomic oscillator, which consists of the 
H isotope bound to an O ion, yielded a very good fit 
of the isotopic frequencies. Herzberg1 gives the 
energy levels for such an oscillator as 

£. = ( « + Jfhto* 

- ( n + ' 7 ) V « ^ , + . . . . (1) 

where £, is the energy of a level of vibrational 
quantum number n, where to, and x, are constants, 
and when p, is given by 

pi s 0d/**«)' 
12 (2) 

where m is the reduced mass, m/n,l (mt + m j , of the 
oscillator of the H isotope i of atomic mass m,( where 
mo is the atomic mass of O). Using the atomic masses 
of H, D, T, and O (1.007825. 2.0140, 3.0J605, and 
15.99491 amu, respectively), we find pi = 1.0000, pi = 
0.7280, and pj = 0.6112. Using only the first- and 
second-order terms of Eq. (I), we find that the wave 
number for the ground to the First excited state 
transition is given by 

«', = (>AU, — 2p,"U>,.V, (3) 

We made a least squares fit of this equation to the 
observed wave numbers and determined the values of 
p,tur and p,:<o,jr, shown in Table 3.5. The wave 
numbers calculated from these best fit parameters are 
given in the column labeled em. As noted in most 
cases, these calculated wave numbers are within 
I cm' of those observed experimentally. 

The quantity £>, = {ptto, - piwtx,)'; 4piai«jc*, aiso 
shown in Table 3.5, represents the dissociation 
energy of the ion. w The slight variations in D, with 
isotopic mass are due to differences in the zero-point 
energies of OH". OD\ and OT. 

To learn something about the orientation of the 
OH" ion within the crystal, we measured the 
polarization of the absorbed light. For these 
measurements the crystal was mounted with its c 
axis perpendicular to the beam direction. The OH' 
band shape was recorded for 10° ncrements of the 
angle, 8, between the polarization of the light and 
the r axis. The intensity of the transmitted light was 
found to be zero for light polarized along the c 
axis. Because the dipole moment of the ion lies 
along th<; OH" band, we conclude that the OH ion 
lies in the basal plane. 

We have made an approximate calculation of the 
potential of the OH' ion in the crystal by using a 
procedure similar to that described by Bates et al.5 

Three possible orientations of the OH" were found by 
the calculation. In the aluminum oxide molecular 
unit, the three O atoms form an equilateral triangle, 
the plane of which is the crystal basal plane, with the 
two Al atoms directly above and below the center of 
the triangle.* One orientation of the OH" ion, labeled 
H*( 1) in Fig. 3.14, has the proton lying in the basal 
plane in a direction directly away from the center of 
the O triangle. The other two orientations, labeled 
H*(2) and H'(3). are such that the O-H bonds make 
angles of +13° and -13°, respectively, to the basal 
plane. The prqjeaions of the bonds onto the basal 
plane are at 30° from the nearby O-O bonds. 

The parameters used in the above calculation are 
not well enough known to be able to trust the 
calculated values of the minimum potential energy. 
However, if the OH" ions lie in the ±13° orientations, 
it would be possible to observe the OH" band for any 

OH 

OD 

OT 

TaWe 3.5. Wave ouaben (r), tawhhdtkt (*), and ipcwotcopic constant* for 
OH', OD", aod Or baada in a a-AlA' 

TiK") f.., (cm 1) An, (cm 1 ) p*,, (cm 1 ) f>]m,x, (cm ') n, (cm ') 

300 
77 

300 
77 

300 
77 

3279.1 : 
3282.4: 

0.4 
0.3 

2436.9+ 1.4 
2438.9 + 0.9 

9.3 + 0.6 
5.6 + 0.4 

6.8 + 2.8 
5.3 + 1.6 

2065.7 : 
2068.7: 

!.( 
0.6 

5.6: 
4.0: 

2.4 
1.0 

3535.7 t 3.9 
3542.2 + 2.3 
2574.0 + 2.9 
2578.7 + 1.7 

2161.0 + 2.4 
2165.0+ 14 

128.3 + 2.0 
129.9+ 1.2 

68.0 ± I.I 
68.9 + 0.6 

'•7.9 
48.5: 

0.8 
0.4 

3279.1 
3282.4 

2438.0 
2441.0 

2065.2 
2067.9 

D. (eV) 

2.80: 
2.78: 

.05 

.03 

2.86 + .05 
2.83 i .03 
2.89 + .05 
2.86 t .02 

'ft,,,'» the full width at half-hand maximum. The hand energy calculated fiom the best fit parameters pm, and 
p,f ,x, i* cr,i. 



(42 

OBNL-D*G 7 9 - t « 3 9 

r\ 

H + ( ! | 

R> 3.14. The ah—mam aside mnkmlf OML Tie dashed 
cir.lcs sho i possible orientations of the proton of the OH ion 
based on calculation! of the potential energy. 

polarization. Because the curve of the intensity-vs-
polarization angle clearly passed through zero, we 
are led to conclude that the OH ion lies in the basal 
plane according to orientation (I). 

I Summary of paper. Phys. Re\. 3 21, 1520(1980). 
2. J B. Bates and R. A. Perkins. Phis. Rev. B 16. 3713 

(1977). 
3. G. Her/berg, Chap. 3 in Molecular Spectra and Molecular 

Structure: I, Spectra of Diatomic Molecules. Van Nostrand. 
New York. 1950. 

4. 0. W. King. Chap. 5 in Spectroscope and Molecular 
Structure. Holt. Rinehan. and Winston. New York. 1964. 

5 J. B. Bates. J. C Wang, and R A. Perkins. Phys. Rev. B 
19.4130(1979). 

6. R.W.G. Wyckoff. p. 6 in Crystal Structures, vol. 2. Wiley 
Imerscience. N;w York. 1964. 

AGGREGATION OF Fe" IN MfO 

E. Sondcr J. Gastineau1 R. A. Weeks 

In a number of studies of equilibrium valence 
states and solubilities of Fe in MgO. it was assumed 
that the high-temperature equilibrium state of the Fe 
would be retained upon rapid cooling to room 
temperature. We have used quantitative electron-
resonance (ER) measurements to investigate the 
distribution of Fe" in dissolved and aggregated states 
in MgO:Fe samples cooled from high temperatures. 
The experiments have been performed with the 
samples treated in ambient air(0> partial pressure of 
0.2 atm). for which condition 80% of the Fe is in the 
trivalent state and 20% is in the divalent state. When 

samples conta rung uuicrcni amounts 01 re from 100 
to 8000 ppm are examined after cooling to room 
temperature, evidently at the lowest concentrations 
(~ 100 ppn*> essentially all the Fe'* remains dissolved 
upon cooling and substitutes for Mg :* on octahedral 
sites. However, in MgO containing higher concentra­
tions of Fe. a maximum of 300 ppm Fe'* in 
octahedral sites is ob- *^ved in MgO crystals cooled as 
rapidly as is possible in air. The i^.-nainder of the Fe 3 ' 
is in the form o." aggregates and. at the highest 
concentrations, of precipitates large enough to 
exhibit ferromagnetic characteristics. 

In order to ascertain whether the aggregates exist 
at high temperatures or are produced during the 
cooling process, the distribution of Fe1* was 
measured as a function of heating temperature 
before cooling and as a function of the cooling rate. 
We found that for a series of samples, all 
containing 1000 ppm Fe, the distribution measured 
at room temperature was not a function of the 
heat-treatment temperature but did depend on the 
quench rate. Figure 3.IS shows that quenching a 
sample from 1200°C into liquid N 2 produces much 
faster cooling than quenching the sample in 
ambient air. A water quench is even faster but 
causes fracturing of samples. Our results show that 
a significantly larger fraction of Fe3* ions remained 
in solution, substituting for Mg :* ions, in samples 
quenched in liquid Nj than in those cooled in air. 
This difference was similar for a number of 
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treatment tcfiiperaicics between 800 and "600CC. A 
water quench from !200°C produced an even larger 
fraction of dissolved Fe ' \ 

Isochronal anneals performed with a sample 
quenched in liquid nitrogen indicated that Fe3" is 
mobile at temperatures below 400°C. Figure 3.16 
depicts room-temperature spectral intensities of EPR 
components, measured after annealing I h at the 
indicated temperatures. Th; octahedral spectrum is 
due to substitutional Fe J \ and the orthorhombic 
spectrum is presumed to be due to substitutional Fe3" 
ions that are perturbed by cation vacancies in 
nearest-neighbor {{110)) lattice sites. When all the 
Fe3* ions aggregate, these two spectra are not 
observed. It is noteworthy that the decrease in 
intensity of these Fe3* spectra is not accompanied JV 
observation of any new spectral components that 
might be attributed to Fe pairs, triplets, and so forth. 
The spectra that appear above 650° C are of an 
intensity and exhibit a temperature dependence (of 
intensity) that indicate that they are due to 
ferromagnetic particles that must be made up of 1000 
or more Fe'~ ions. Such ferromagnetic particles have 
been observed previously1 by other techniques in 
highly doped (>l%) MgO.Fe that had been annealed 
for lengthy periods at 800° C. 
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An attempt has been made to account tor the 
observed aggregation by extrapolating diffusion 
coefficients3 measured at high temperature to 
temperatures relevant to these studies. However, the 
reported diffusion activation energy of 3.2 e V wculd 
allow only one jump in approximately 1000 h at the 
temperatures at which aggregation takes place. 
Therefore, a mechanism for decreasing the barrier for 
Fe1" motion at these temperatures must exist. 

1. Great Lake* College Association Science Semester student 
from Lawrence College. Appleton. Wis. 

2. G. »'. Groves and M. E. Fine. J. Appl. Phys. 35, 358? 
(1964): G. P. Wirt7 and M E Fine. J. Appl. Phys. 3t. 3729 
(1967) and J. Am. Ceram. Stf. SI, 401 (1968): K N. Woods and 
M. E. Fine. J. Am. Ceram. Soc. 52, 186 (1969). 

3. S. L. Blank and J. A. Pask. J. Am. Ceram. So,. 52. 669 
(1969). 

CHARACTERIZATION OF DEFECTS IN 
Ni-DOPED MgO CRYSTALS' 

J. Narayan Y. Chen 

A recent demonstration that Ni-doped magnesium 
oxide (MgO:Ni, crystals can be used as versatile and 
commercially viable laser materials for infrared 
tuning2 has provided the impetus for characterizing 
these crystals. These lasers can operate continuously 
or can be pulsed with either excitation by a lamp or a 
1,06-^m Nd laser and are capable of being tuned in 
the 1.3-I.5-/irr. wavelength region. During pulsed 
operation at very high power levels, imperfections 
such as dislocations, grain boundaries, impurity 
precipitates, voids, and cracks in the b.scr host 
crystals can lead to local enhancement of the electric 
field strength, which in turn often causes a reduction 
in the damage-breakdown threshold. The present 
investigation was undertaken to characterize Ni-
doped crystals in terms of the above imperfections 
using TEM and optical microscopy. A'.»o. yield stress 
measurements were made to determine how the Ni 
impurities affect the mecujnical properties of the 
crystals. 

Crystals of MgO.Ni were grown by an arc-fusion 
technique that utilizes MgO powder from the Kanto 
Chemical Company mixed with NiO powder to 
about 5% in weight. The resulfng single crystals were 
found by spectrographs analysis to contain about 
0.4 at. % Ni impurity, representing an unusually high 
level of impurity concentration. Because of the low 
oscillator strength of the Ni3* ions, a high doping level 
was necessary to maximize the absorption of the 
exciting photons. 
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figure 3.17 shows a typical optical micrograph 
revealing etch pits corresponding to dislocations and 
subgrain boundaries. The average iubgrain size was 
determined to be 0.1 cm. From the number of etch 
pits inside the grains, the average dislocation density 
in these regions was estimated to be approximately 
I05 cm"2. Figure 3.18a is a tiunsmission electron 
micrograph from the area inside the subgrains, 
showing dislocations which run from one surface to 
the other in a thin TEM specimen. The number 
density of dislocations was found to be in reasonable 
agreement with that found from the etch-pit 
technique. No precipitates were observed inside the 
subgriins down to the microscope resolution limit of 
about !0 A. 

Fig-ire 3.18b shows typical dislocation structure 
and impurity precipitates associated with a tilt 
subboundary. These subboundaries consist of 
parallel edge dislocations, which have '/{lOl] 
Burgers vector, lie in (10T) (.lanes, and have axes of 
rotation [101]. The tilt subboundaries were often 
decorated with impurity precipitates (seen as dark 
spots in the micrograph) with an average size of 
about 500 A and number density of 3 X 10* cm'1 of the 
boundary area. From these results, we deduced that 
only a very small fraction of the Ni impurity was in 
precipitate form. The impurity precipitates were 
not found near twist subboundaries (Fig. 3.18c), 
which co; sist of sets of °/:[10l] and "/2[01Tj screw 
dislocations, and at the intersection (denoted as / ) 
these di'io.ations react to produce a "J 110] 

dislocation. Neither optical nor electron-microscopy 
studies revealed the presence of voids or cracks in this 
material. 

Yield stress measurements were made to assess 
how the large Ni concentration affected the mechani­
cal properties of the crystals. The average yield stress 
values, i\, were S.O kg-mm'2 for MgO:Ni and 1.8 kg-
m m ! for the undoped MgO. The differer'ial Aro = 
3.2 kg-mm"2 between the doped and undcocd crystals 
is attributed to the influence of the ~0.4 at. % Ni 
dopant. 

The r jle of absorbing inclusions, cracks, and pores 
in laser materials has been discussed by Bioem-
bergen,3 who concluded that these iinpeifections, 
with characteristic dimensions less than I CO A, would 
not appreciably affect the breakdown threshold, 
whereas absorbing imperfections with dimensions 
exceeding 103 A can be expected to have adverse 
effects in high-power pulsed laser operation;. For 
doping levels of nearly 1%, the imperfections in these 
crystals were moderate in dimension and concentra­
tion. It would appear that this material could very 
well withstand very high-power beams without 
appreciable degradation. 

1. Summary of paper: Journal of Applied Physics (i.i press). 
2. P. Moullon el al.. (o be publi.hed. 
3. N. Plocmbergen. Appl. Opt. 12, 661 (1973). 
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MiMwundarin. Magnification: - 1 2 5 / 
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Fig. 3.18. Bright-field eiectron micrograph uken under kin-
ematical diffraction conditions (using Hitachi HU-200E micro­
scope operated at 200 kcV). (</) Micrograph from the region 
enclosed by subboundaries showing dislocations. No precipitates, 
voids, and cracks are present, (o) Till subboundary consisting ol 
parallel 'jf'OI/ edge dislocations is decorated with precipitates 
(seen as black spots). (<) Twist subbnundary consists of two sets of 
*:{I0I) screw dislocations. 
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VALENCE COMPENSATION OF 
THERMALLY GENERATED [Lif 

DEFECTS IN MflO1 

J. L. Boldii2 M. M. Abraham Y. Chen 

The creation of thermally generated [Lif defects 
(configuration: 0*~-Lf-O") and other Li-associated 
centers in MgO is attended by valence changes of 
transition-metal impurities, such as Fe and Cr. The 
EPR technique was used to monitor the concentra­
tion of these impurities and the [Lif defects as a 
function of the treatment temperature in static air. 

Figure 3.19 shows a plot of the absolu*: concentra­
tions, as determined by EPR, of all the dominant 
paramagnetic impurities vs the treatment tempera­
ture. It can be seen that no drastic concentration 
change occurs below T ~ 1200 K. This value 
approximated the threshold temperature for the 
thermal generation of stable [Lif defects in static air, 
as previously determined by optical-absorption 
measurements.3 A sizable concentration of [Lif 
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defects (2 X 10" cm'3) was generated at 1300 K and 
continued to increase at feast up to 7"~ 1600 K. With 
the emergence of the [Lif signaL an isotropic signal 
ig — 2.014 ± 0.001) appeared and also grew in 
intensity with increasing temperature. Because this 
signal has been observed in Li-doped crystals, it is 
attributed to a Li-associated defect. The trivaknt 
impurities Fe3* and Cr1*, on the other hand, 
diminished in intensity with increasing temperature, 
suggesting that they contribute to the charge 
compensation of the [Lif and the isotropic defects. 
Both the axial and cubic Mn4* concentrations do not 
appear to be strongly affected by the [Lif formation. 

Because Fe and Li represent the most abundant 
impurities identified in the crystal, we can compare 
the increase of the [Lif concentration to the decrease 
of Fe1*. A plot of the concentration ratio of the 
thermally generated . f to the loss of Fe1* vs 
temperature is shown in Fig. 3.20. In effect, this 
figure describes the fractional contribution of holes 
from the Fe1* to the [Lif defects. The ratio increased 
with temperature and was >60 at r ~ 1600 K. This 
increase indicates that impurities are not sufficient 
for charge compensation of the thermally generated 
[Lif defects, especially at very high temperatures. 
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Therefore, the total amount of all the para­
magnetic impurities cannot be equated with the 
number of stable [Lif defects formed. The 
predominant paramagnetic impurity in our crystals is 
Fe* (Fig. 3.19). Figure 3.20 shows tP*jt, at 1300 K, 
'he Fe can contribute a significant fraction of the 
h iles for the valence compensation of stable f Lif 
detects. However, at 1600 K, Ft** b dearly inade­
quate because it can supply only 1-2% of the holes 
required. 

Our present understanding is that, at elevated 
temperatures, the monovalent Li ions abandon the 
LijO precipitates and occupy Mg sites around the 
precipitates, provided the sample is immersed in an 
atmosphere containing Oj. Each of these sub­
stitutional Lf ions serves to capture a hole and can be 
identified as a neutral [Li]° defect. The dissociation 
of O2 at the surface into O tons provides the required 
source of positive holes. The process is represented 
by 

Oj - 2 0 2 + 4 holes. (I) 

The presence of O2 also serves to satisfy ionic 
requirements foi the formation of [Li]0 defects. The 
net reaction is 2LijO + Oj — 4(Lf O"). 

1. Summary of paper Phys. Rev. B If, 4421 (1979). 
2. Guest scientist from Institute dc Fisica. U.N.A.M.. Mexico. 

D.F. 
3. Y. Chen a A. Phys. Rev. B It, 553 J (1977). 

NEGATIVE IMPRINTING OF CUP BANDS 
IN MECHANICALLY DEFORMED 

MgO CRYSTALS USING Li IMPURITIES' 

V. M. Orera1 Y. Chen M. M. Abraham 

Lithium impurities in MgO can be used to imprint 
slip bands produced by plastic deformation. The 
principal defect involved is the [Lif defect, a (100) 
substitutional Li'-O complex that absorbs light at 
680 nm (1.8 e V). Slip bands are observed as decolored 
regions against the background of dark blue 
coloration due to these defects; the imprinting, in the 
photographic sense, is negative. The decoloration 
can be achieved by two different processes: eith- by 
oxidation at 1275 K of a deformed crystal or by 
deformation of a previously oxidized crystal. 

Figure 3.21 is a photograph of a crystal that was 
deformed 3% and subsequently heated at 1275 K in 
O3 for S min. Two broad dislocation bands parallel to 
the [011] and [OlT] directions crisscross at the center 

Fjg. Ml. T R H M M N •fcougna* of • U4ope4 MgO 
crjml. wMdi wm Monaco1 m aad hand «1275 K iaO, for 5 
warn. The clear streak parallel to the crystal edge is due to a crack 
propagated during the heat treatment. 

of the crystal. The optical-absorption spectrum 
following the deformation is illustrated by curve (a) 
in Fig. 3.22 and that following the heat treatment 
by curve (b). The thermal treatment destroyed the 
5.7-eV band produced by the deformation. Instead, 
two bands emerged at 1.8 and 5.3 cV. The l.8-eV[Lif 
band was expected to result from oxidation at 
T> 1100 K. The appearance of the 5.3-eV band was 
unexpected because it could only be obtained in 
nondeformed crystals at T> 1400 K.. For compar­
ison, the spearum of an undeformed sample, after 
the same thermal treatment, is shown in curve (c) 
where the 5.3-eV band is conspicuously absent and 
the [Lif concentration is measurably larger. If a 
deformed crystal was heated at 1275 K in an inert 
atmosphere to destroy the 5.7-eV band, the 5.3-eV 
band did not appear. Clearly the interaction between 
the defecu causing the 5.7-eV band and the [Lif 
defects results in the emergence of the 5.3-eV band 
and the loss of [Lif coloration. 

Dt formation of a crystal containing [Lif defects 
produced by heating at 1275 K for 5 min in Oj also 
results in loss of [Lif coloration along slip planes. 
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Ra. 3.22. O*ticat-«»»orptioa l o n m of the crystal show* • 
fig. 3.21. (a) After the deformation: (/>) following the beat 
treatment; (r) the spectrum of an undeformed crystal after a similar 
heal treatment. 

SUBTHRESHOLD [Lif COLORATION AND 
DECORATION OF STRAINED REGIONS 

IN CRYSTALLINE MgO 

Y.Chen 
N. J. Dudney' 

J.Narayan 
V.M.Orera2 

The effect of surface and bulk deformation on [Li]* 
coloration in Li-doped MgO crystals is being 
investigated. This study focuses on the observation 
that below the observed threshold temperature for 
[Uf formation in etched specimens a temperature 
range exists (referred to as the subthreshold) in which 
[Li]° defects can also be formed if the sample surfaces 
were previously deformed. Such strained surfaces are 
found to induce propagation of dislocations into the 
specimen at elevated temperatures. 

Figure 3.23 illustrates the absorption coefficient of 
the [Uf band produced by heat treatments in Oz at 
different temperatures. The lower curve corresponds 
to samples etched in hot phosphoric acid to remove a 
thin layer of the sample surfaces. The threshold 
temperature was determined to be ~ 1160 K. The 
upper curve represents crystals whose surfaces were 
deformed by abrasion with SiC-240 paper prior to 
heat treatment in Oj. The temperature for [Lif 
formation for these samples extended down to 7"~ 
1050 K. We refer to the temperatures between 1050 
and 1160 K as the subthreshold range. 

Strained surfaces in abraded, cut, and cleaved 
crystals were found to induce propagation of 
dislocations into the specimens at elevatec' tempera­
tures. A slab of crystal, initially etched, was abraded 

The decoloration is explained in terms of loss of holes 
from [Lif defects. These holes are loosely bound at 
[Lif sites, which are concentrated along dislocations 
in the crystals, and hop from site to site. If new 
defects, which have a stronger affinity for the holes 
than do the substitutional Li' ions, are introduced 
by the defornu tion, correspondingly fewer holes will 
be shared among the Li' ions, the result being a loss 
of [Lif coloration. 

1. Summary of paper: Philosophical Magazine (in preu). 
2. Guett scientist from University of Zaragoza, Zaragoza, 

Spain. 
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on SiC-240 paper on one end. Following heating a* 
1130 K for 5 min in Oi, the ground end conspicuously 
exhibited [Lif coloration (Fig. 3.24a). The depth or 
coloration appeared to be *»1 nun. Figure 3.246 is an 
optical micrograph of the specimen etched with a 
solution (5:1:1 proportions of NrUCl, K1SO4. and 
HjO). Deformation bands revealed by etch pits were 
observed to start from the abraded end and extend 
into the interior of the specimen. The propagation at 
high temperatures presumably occurs by multiplica­
tion of dislocations from stress concentrators 
associated with the surface microcodes. Figure 
3.24c, a bright-field transmission electron micro­
graph from the deformed region (Fig. 3.246), shows 
the dislocation network associated with the deforma­
tion bands. 

It is not uncommon for high-temperature measure­
ments such as diffusion and conductivity to be made 
on specimens that were either cleaved, mechanically 
polished, or abraded. The present investigation 
provides evidence that sample preparation without a 
final chemical etch involves possible risk of having 
undesirable dislocations at high temperature. 

1. Eugene P. Wigner Fellow. 
2. Guest scientist from the University of Zaragoza. Zaragoza. 

Spain. 

CORRELATION OF THE DIELECTRIC 
PROPERTIES WITH [Lif 

FORMATION IN MgO 
N. J. Dudney' E. Sondcr R. A. Weeks 
Centers of [Li]°, which absorb light at 1.8 eV, are 

rapidly formed in single crystals of Li-doped MgO by 
a 10-min preparatory heat treatment in Oj at 
temperatures above ~ 1200 K followed by a quench to 
room temperature. At lower temperatures, these [Lif 
centers disappear by a thermally activated process.2 

An enhanced electrical conductivity in MgO at 
temperatures below 450 K has been associated with 
the presence of the [Lif defects.''4 

AC-impedance (100 Hz to 10 kHz) and optical-
absorption (2500 to 190 nm) measurements were 
made to study the changes brought on by preparatory 
and by annealing heat treatments. Preparatory heat 
treatments were performed at 1475 K for extended 
times, and the changes were measured under 
conditions where the defect structure was allowed to 
approach equilibrium. This required periodic inter­
ruptions of the heat treatments and rapid cooling of 

Fig. 3.24. nMWgnykiofaery«MJdWfraf<iefetrf,a*rad«4«i 
oacmd.MdfctttOTMadiaOiM 1150 K for Sam. (a)The optical 
photograph of a crystal showing the optically colored region at one 
end. The crystal underwent the following treatment: it was etched, 
abraded at one end. and brat treated in Oj at 1150 K for 5 min. The 
abraded end is on the left side of the figure. lh) The optical 
micrograph of the abraded end of the crystal showing slip bands 
and mkrocracks. The length of the micrograph corresponds 10 
1.0 mm. The abraded end is on the ../( side of the figure, (r) The 
electron micrograph (bright field) revealing dW.w.«tions. their 
debris, t\,6 ItjO precipitates. The length of the arrow is 0.5 pm. 
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the sample 10 make the measurements. Annealing 
heat treatments at 1000 K were performed to 
determine the rate of disappearance of the [Uf 
centers and accompanying iliangcs in impedance. 
Because the annealing of the f L i f centers was very 
slow below 325 K, electrical measurements cotdd be 
made as a function of temperature as weD as 
frequency. The electrical properties were found to be 
characteristic of thermally activated polarization and 
conduction processes with activation energies of 0.86 
and 2.9 eV. respectively. In Figs. 3.25 and 3.26, the 
real and imaginary components of the dielectric 
permitthritv (V and *") have been combined to display 
an extended frequency dependence. To accomp&h 
this dKpfay. the inverse rebtioa between the log of 
the frequency and the temperature defined for a 
thermally activated process was used. The curves 
drawn through the data emphasize the complex, but 
reproducible, frequency dependence observed lor 
each set of measurements. The step m the capachive 
component of the permittivity and the corresponding 
high-frequeacy peak in the imaginary component ore 
the prominent features in the spectra and are 
characteristic of a polarization process. Other low-
frequency fluctuations observed in the imaginary 
component of the permittivity are not understood. 
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Electrical and optical data (Fig. 3.25) were 
measured for the as-received sample and after 
periodic interruptions in the preparatory heat 
treatment. After only S min at 1475 K. the [L i f 
centers were formed, and the most prominent 
features in the spectra of the real and imaginary 
components of the dielectric permittivity shifted to a 
much higher frequency. This shift means that the 
relaxation time for the polarization process has 
become shorter. The low-frequency capacitive 
component of the permittivity continued to decrease 
as the heat treatment was e; tended to a total of 86 h. 
/ fter the initial heat treatment of 5 min, there was a 
large gradient of [L i f centers in the plane of the 
sample. The absorption coefficient at 1.8 eV varied 
from 15 to 57 cm ' (Fig. 3.25). Longer thermal 
treatments diminished the gradient significantly. 

The [L i f centers that are produced at 1475 K can 
be annealed at temperatures near 1000 K. This 
removal of [L i f centers was accompanied by a 
progressive shift of the step and peak in the 
capacitive <ind resistive components of the permit­
tivity to lower frequencies (Fig. 3.26). This shift 
approaches but does not reestablish the electrical 
properties of the untreated sample. The relaxation 
times for the polarization process in the as-received 
condition and after !58 h at 1000 K are identical, if a 



local field correction b applied so that the ratio of toe 
real and measured relaxation times b inversely 
proportional to the capacitive component of the 
permittivity at low frequencies. The rate at which the 
[Lif centers anneal depends on the length of the 
preparatory heat treatment. For the conditions 
shown in Fig. 3.26, the rate was much slower than 
after a preparatory heat treatment of only 5 min at 
1200 K. 

From these results, the [Lff coloration b directly 
related to a decrease of five orders of magnitude in 
the relaxation time for the polarization process. This 

large change most likely results from a change in the 
state of aggregation of the defects in the crystal rather 
than from the behavior of isolated dipoles. The 
nonreversible decrease in the capacitive component 
of the permittivity b believed to be due to a second 
process, which may be indirectly related to the 
stability of the [Lff centers. 

I. Eugene P. Wigner Fdlow. 
Z S. B. Lacy el al.. toys. Rev. B It. 4136 {1978) 
3. D. J. Ebcnbetg et ai.. Appt. toys. Lett. 33,479 (I978L 
4. Y. Chen et al.. Solid State Commun 33.441 < 1980). 



4. Transport Properties of Solids 
Investigations of transport properties are emphasized within the Division in 

research program that study fast-ion conductors, superconductors, and the behavior 
of ceramic insulating materials in harsh environments. The fast-ion conduction 
program combines physical properties measurements with model calculations in 
attempts to establish the mechanisms of ionic conductivity and to determine the effects 
of intercalated water, impurity ions, and crystal composition on ion transport in the fi-
and /T-aluminas. Research in superconductivity is directed toward gaining an 
understanding of fluxoids, their interaction with crystalline defects, and the 
production of new mctastabie superconducting materials by the combined techniques 
of ion implantation and pulsed laser annealing. The high-temperature ceramics 
program seeks to understand mass and charge transport processes at elevated 
temperatures and the mechanisms by which defects, impurities, valence changes, and 
aggregation alter these properties. 

Fast-ion conduction research during this reporting period emphasized 
examination of conductivity anomalies observed in mixed-ion (Li. Na) 0-aIuminas and 
the effects of water intercalation in the conducting plane of these systems. The 
conductivity anomalies can be understood on the basis of different site occupancy of 
mobile cations as a function of ionic radii, the formations of ion pairs, and a higher 
activation energy for escape of the larger ion from mixed-ion pairs. Also during this 
period, the research effort in /T-alumina systems was increased, and initial 
determinations of some of the properties of these materials are reported here. 

Studies of FIX by SANS have continued to be emphasized in investigations of 
superconducting materials. An intrinsic hysteresis with applied magnetic field was 
measured in the FIX of superconducting Nb. and a plausible explanation of its origin 
was constructed. Related investigations of both metastable and equilibrium 
configurations of FIX in other materials were carried out, and the first direct 
observation of a FLL in a high-Field material, VtSi. was made. The variation in the 
superconducting transition temperature in alloys of AI and H, produced by low-
(emperature H ion implantation, was aiso investigated. 

Studies of electrical conductivities at elevated temperatures of MgO single crystals 
doped with transition metal impurities have shown that the effect of doping is small 
compared with the variation in conductivity of nominally pure crystals. Moreover, 
these studies demonstrated that vacancies compensating for trivalent impurities were 
not the major current carrier at T< 1850 K. However, in Fe-doped MgAljO* it was 
determined that conductivity is enhanced when Fe is in the irivalent, rather than 
divalent, .state; this result is consistent with ionic conduction due to cation vacancy 
motion. 
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FAST-ION CONDUCTORS 

PROPERTIES OF SINGLE 
CRYSTAL ^--ALUMINAS' 

J. B. Bates W. E Brundage 
G. M. Brown* J. C. Wang 
T. Kaneda' Herbert Engstrom 

Sodium bcta'-alumina (Na/T) is an important 
soKd electrolyte material because of its high ionic 
conductivity. It is known that the conductivity of 
Na/T is several times greater than that of tiafi over 
a large temperature range. However, in contrast with 
the case of the 0-aImninas, many physical properties 
of the jr-ahmrinas remain unknown because 
of the lack of single crystals of sufficient size 
and quality required by various experimental 
techniques. Recently, we have been able to grow 
relatively large single crystals of Na/T. Studies of thb 
material and of the Li, K, Rb, and Ag analogues using 
Raman scattering, ionic conductivity, neutron dif­
fraction, and theoretical model calculations have 
been initiated. 

Large single crystals of Na/T were grown4 by slow 
evaporation of Na^> from a mixture of Na :CO.. 
MgO, and Al.-O, at temperatures from 1923 to 
1973 K. Single crystals of Li, K, Rb, and Ag0" were 
prepared by ion exchange in the appropriate molten 
nitrate. 

The specimen of Ag/T-alumina used in our diffrac­
tion experiments was approximately a rectangular 
parallelepiped with I.I x 6.0 x 4.7 mm dimensions 
and a 114-mg weight. It was found by preliminary 
x-ray precession photography to be a single crystal of 
good quality having the symmetry of space group 
Rim. The unit cell dimensions for the triply primitive 
hexagonal cell, determined by the method of least 
squares from the second moments of 20 scans of 
106 reflections in the 20 ranjse from 23° to 98" arc 
given in Table 4.1. Standard procedures were used to 
collect and make a preliminary reduction of intensity 
data for 664 independent neutron reflections. The 
preliminary processing included the application of 
absorption corrections. In the refinement process it 
was found that the distribution of Ag* ions could be 
described using the \%h sites with 0.269 fractional 
occupancy just as in the Reidinger description of the 
Na/T structure.' However, much less smearing out of 
the Ag' density in Ag/T relative to that of Na* in Na/J" 
is implied by the detailed parameters of the Ag/T 
model. The contrast between the two distributions is 
clearly shown by the comparison of the anisotropic 
thermal parameters Uu, Un. and U» for Na' and Ag' 

TaUe4.i. SttacSsa: JaaferAx£"-*!ssa3 

U«tedf«nwMen* 
* = 5.626*6) A 
r. = 33.4403(4) A 

0.8IAg.OO.MMgO-SAI:0> 

0.27Ag" on ISb and 0J4M*-" on A 1(2) sites 

&'n t/r. V» 

Ag 0.0359 0.0692 0.0106 
Na" 0.1243 0JS7I 0.3042 

"Parameter* for triply primitive hexagonal 
anitociL 

*From the temperature factor expression. 
expf^jr'tVV'C/n + *-> ;t/« + l>-tf.. + 
2«3*6*f/.; + 2*faV»l',. + 2**V»t/;,». 

'Sodium parameter* from ref. 5. 

given in Table 4.1. These differences imply a much 
tighter binding of Ag* compared with Na* in fT-
aiumina, which is consistent with the result that Na/T 
is a much better conductor than Ag/T. 

Raman scattering from ^"-aluminas was investi­
gated for the primary purpose of identifying the 
attempt frequency for ion transport.* The wave 
numbers of the Raman bands which can be ascribed 
to vibrations of the mobile cations are listed in 
Table 4.2. The assignment of the peaks to A' or A " 
symmetry species of the C, point group is based on 
the analysis of the normal modes of a defect cluster 
consisting of a vacant site surrounded by three 
cations (see below). 

Tabic 4.2 Wave number* (cm'*) of the Raman baodt a**igned 
to vibration* of mobile cation* in /P-aluminaa" 

*l.i Li Na K Ag 

44S(A) 437(A) 220(A') 
409(A) 397(A) I70(A-) 

I42(A'J 90(A') 90(A') 
93(A') 78(A') 50(A') 
85(A*) 78(A-) JI(A') 
3J(A-) 22(A') 

'Value* Tor Na/r. K0T. and Ag0* were ob»erved at 15 K. 
Value* for "U0" and 'l-i/T were observed at 300 K. Peak* are 
ai*igncd to the A' or A " tpecie* of the C, point group. 
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Wc have made modcJ cafcukiions simiiar to those 
for the /{-aluminas to understand the Raman 
scattering from the mobile cations and to study 
the conduction mechanism of the ^"-aluminas. The 
potential energy model included Coulomb, short-
range repulsive, and polarization energy terms. 
Starting from the ideal structure of Na/T with all 
6c Na* sites occupied.a Na* ion was removed from the 
crystal and 13 Na* ions near the vacant site were 
allowed to relax so as to minimize the total potential 
energy of the system. The calculated minimum energy 
configuration of the ions is illustrated in Fig. 4.1. This 
Figure shows the €)~~ ions *n the conducting layer; the 
calculated positions of the Na* ions, which are 
displaced alternately above and below the plane of 
the 0~~ ions; and the vacant Na site. The three Na* 
ions surrounding a vacancy relax inward toward the 
vacancy, and the surrounding cations relax away 
from their ideal positions as shown in Fig. 4.1. This 
result explains why, from the neutron diffraction 
data,' all of the Na* ions were found to be located on 
the 18 A positions near the 6csites. The Cj,symmetry 
at a vacant site may or may not be preserved, 
depending on the vacancy-ion distance. Our calcula­
tions showed that the most stable configuration 
above 0 K has one vacancy-cation distance slightly 
larger than the other two. The symmetry about the 
vacancy in this case is C, rather than Cjv. 

ORNL-DWG 804675 

Ion transport in /T-alumina occurs by means of a 
vacancy mechanism, and we have made some 
preliminary model calculations of the details of this 
mechanism. Starting with the minimum energy con­
figuration shown in Fig-4.1, one of the three Na* tons 
neighboring a vacancy was moved in small steps 
toward the vacant site. To minimize the potential 
energy, nearby Na* ions were allowed to relax after 
each step. This process was continued until the ion 
and vacancy exchanged sites. The activation energy, 
taken to be the difference between the potential 
energy at the equilibrium configuration, was cal­
culated to be about 0.02 e V. Although the calculated 
activation energy is much smaller than the experi­
mental value of 0.18 eV, it is consistent with the low 
attempt frequency observed at 33 cm"1. Not only is 
the calculated activation energy (0.02 eV) an order of 
magnitude smaller than the measured value, but the 
calculated pre-exponential factor is Ukewise nearly 
an order of magnitude smaller than the experimental 
result. The disagreement between experiment and 
theory can be resolved by assuming a temperature-
dependent activation energy. 

I. Summary of paper p. 261 in Fast Ion Transport in Solids. 
Electrodes and Electrolytes, ed. by P. Vashishta, J. N. M undy. and 
G. K Sbenoy. North Holland. New York. 1979. 

Z Chemistry Division. ORNL. 
3. Guest scientist from Fuji Photo Film Company. Tokyo. 

Japan. 
4. W. E. Brundage and i. B. Bates. Solid State Div. Prog. Hep. 
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ON THE NON-ARRHENIAN BEHAVIOR 
OF /T-ALUMINAS 

J. C. Wang J. B. Bates 

Conductivity measurements of /T-aluminasu 

show an interesting non-Arrhenian behavior that was 
not observed for the ^-aluminas. The apparent 
activation energies defined by 

d[WoT)} 
£ w "* dWT) (I) 

are temperature dependent and show high values that 
are not consistent with the high ionic conductivities 
observed. 

We have made potential energy calculations for 
Na0"-alumina and obtained the activation energy 
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and anempi frequency for a vacancy conduction 
mechanism. The activation energy is much smaller 
than E^t from Eq. (I), and the calculated attempt 
frequency is quite low but seems to be consistent with 
an observed Raman band from the Na* ions in 
Na/r-alumina.J 

These discrepancies can be resolved by assuming 
that the true activation energy E is temperature 
dependent and is of the form 

E = a + bTa + cT, (2) 

where a. b, and c are constants. This expression, 
combined with the Arrhenius equation 

aT =<**-*", (3) 

can fit the conductivity results quite well. From 
Eqs. (1-3) it can be shown easily that 

£~'E-T(§) < 4 ) 

Therefore, the apparent activation energies may be 
much higher than the true activation energies. 

A possible justification of the term T* ~ in Eq. (2) is 
that the vacancies in /T-aluminas (about I 6 of the 
number of conducting-ion sites) may have some long-
range order at low temperatures, resulting in high 
activation energies for diffusion. As the temperature 
increases, thermal motion destroys the long-range 
order, causing the activation energy for vacancy 
diffusion to decrease. The oscillation amplitude of an 
ion at 7" is proportional to (kT)1 \ If we treat an 
oscillating ion about its equilibrium position as a 
dipoie, its interaction with a charged particle will be 
proportional to T4 2. 

The long-range order of vacancies may depend on 
cation concentration and the charge-compensating 
impurities. This may be the reason why the con­
ductivities and Raman band intensities depend on 
sample preparation conditions and why the diffuse 
x-ray bandwtdths change rapidly in some tempera­
ture range. 

1. J. T. Kummcr, Progress in Solid Stale Chemistry; vol. 7, 
p. 141, ed. by H. Rein and J. O. Molaldin. Pergamon. New York. 
1972. 

2. C. C. Farrington and J. L Brianl. p. 39$ in Fast Ion 
Transport in Solids, Electrodes and Electrolytes, ed. by 
P. Vathishu, 1. N. Mundy, and O. K. Shenoy. North Holland. 
New York, 1979. 

i. J. B. Bates el al„ p. 261 in Fast Ion Transport in Solids, 
Electrodes and Electrolytes, ed. by P. Vashiihta, J. N. Mundy. and 
C. K. Shenoy. North Holland. New York. 1979. 

RAMAN SPECTROSCOPY OF /T-ALUMINA 
AND/r-GALLIA 

N. J. Dudney' Roger Frech: 

J. B. Bates W. E. Brundage 
The ^"-alumina structure consists of spinel-like 

Savers separated by relatively open planes containing 
mobile alkali cations. Different cations can be 
substituted into the spinel layers during the crystal 
growth. A comparison of the Raman spectra for such 
substitutional compositions aids in identifying the 
vibrational modes within the spinel layer. 

Polarized Raman spectra were measured for three 
compositions with the /{"-alumina structure. Single 
crystals were grown from a mixture of Na>COj and 
the appropriate oxides.3 The sample compositions 
and crystal growth temperatures were 

0.8Na O 0.6MgO 5AW)j (I725°C), 

0.8Na;O • 0.6ZnO - 5AI20, (I640°Q , 

Na;0-6Ga:0 3(l375 0C). 

The divalent cations are required to stabilize the (T-
alumina structure but are not necessary for the 
gallate. 

The tabulated phonon modes and examples of the 
spectra for the three crystals are shown in Table 4.3 
and Fig. 4.2. The scattering geometry was defined by 
orthogonal axes where c is perpendicular to the 
conducting plane; /T-alumina belongs to the space 
group R3m. For the ideal composition, Na:0-
5AI:Oi, the selection rules for the £>« point group 
predict the irreducible representations for the k = 0 
optic modes of the atoms in the spinel block:4 T = 
IO/II, + 3/4:, + I3£, + 3Aiu + lOA2u + I3£,. The 
Raman active modes and the polarizations in which 
they occur are At, (da', cc) and E, (a'a', a'a, ca). The 
number of phonon peaks observed for each material 
agrees reasonably well with the predicted number of 
normal modes. Frequently the relative intensities for 
different polarizations did not clearly distinguish 
whether the mode had an A \, or E, symmetry. This 
unclarity may result from some disorder in the 
structure caused by the presence of the stabilizing 
divalent cations. 

As shown in Table 4.3, several corresponding 
phonon modes were identified in both the aluminates 
and the gallate. At higher energies (>500 cm 1) the 
vibrational modes must involve primarily the motion 
of the oxygen ions because the peak wave numbers 
are nearly equal. The wave-number ratios for the 



136 

Tabic 4J. Fanaou wave M B R O I aari iyiMi l i j Btagataeats bom the Raman 
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Wave numbers are measured in cm'1 

Na/T-alumma. Na/T-alumina. 
Mg stabilized Zn stabilized Ni/r-galbte 

£i modes At, modes E, modes Ait codes 

III III 68 
251 
280 
309 

285 
305 

256 167 

342 325 
329 

348 
333 183 

3S8 362 208 
384 

422 
387 

415 
426 

247 

461 461 
544 543 
573 

585 
571 

S8I 
509 

603 603 551 
651 
678 

647 
680 

582 

690 
746 

686 

777 778 683 
790 

895 
793 

894 
727 

OR* -0WC 80-10019 

ofo'o'lc 
17 K 

600 

„ Nar-*,o, 
VI Mq STABILIZED 

No/9"-AI2Os 

Zn STABILIZED 

600 400 
At- (cm-1) 

200 

Fig.4.2. R*manipcctreofN*^'-«lumiM,tUbilizcdwithM|or 
Zn, and Nal'-fallaic measured at 17 K for *<rV> scattering. 

aluminate and gailate modes at lower energies are 
comparable to the square root of the cation mass 
ratio, sfm^lmZ = 1.6. Therefore, these nrxles 
involve motion of AI(Ga) ions. The two ir.:cnse 
phonon peaks at II! and 2S1 cm'1 in the aluminates 
are believed to be associated with the motion of the 
AI ions on either side of the O' ions that form the 
spacer columns between the spinel blocks. Possible 
normal modes consistent with the symmetry assign­
ments of these iwo peaks are a shearing motion of the 
AI ions parallel to the conduction plane and a 
symmetric b-eathing motion perpendicular to the 
conduction plane. 

The spectra for the Mg- and Zn-stabilized 
aluminas display a number of differences. Phonon 
modes that are strongly associated with the motion of 
these stabilizing cations are expected to have a peak 
wave-number ratio near 1.6 because of the difference 
in the atomic masses. Modes of this type have not 
been identified unambiguously. 

1. Eugene P. Wigncr Fellow. 
2. Oak Ridge Associated Universities research participant from 

(he University of Oklahoma, Norman. 
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CONDUCTING-ION CORRELATIONS 
IN p- AND /T-ALUMINA 

B. C. Larson J. F. Barhorst 
The ionic conductivity of J3- and /T-alurnina varies 

significantly with conducting-ion species (i.e., Na, K, 
Ag, Li) and with crystal growth parameters.1 The 
identification of the microscopic phenomena affect­
ing the ionic conductivity is important in determining 
the ion-ion and the ion-lattice interactions con­
trolling ionic transport and, hence, in understanding 
the detail? of the conduction mechanism in these 
materials. In this work, x-ray diffuse scattering has 
been used to investigate conducting-ion correlations 
in 0- and /T-aluminas through the study of the diffuse 
superlattice streaks resulting from diffraction from 
the ions in the conducting planes. 

As revieved by Allen et al., : the width and 
structure of the superlattice streaks contain informa­
tion on in-plane and inter-plane conducting-ion 
correlations. The rather weak inter-plane interac­
tions lead to quasi-two-dimensional scattering char­
acteristics in the form of modulated streaks normal to 
the conducting planes, and these modulations have 
been used in an attempt to establish short-range-
order models.' The widths of these scattering 
intensity streaks give information on the coherence 
length (size, of two-dimensional ion clusters in the 
conducting planes from which the Scherrer formula 
can be used to estimate coherent cluster size. 

In the present work, carried out in cooperation 
with the superionic conductivity program in the Solid 
State Division, we have used monochron itic CuKa 
x rays and a linear position-sensitive detector system 
to measure the widths of the (4/3, 13,/) streaks in 
Na0-, K0-, and AftS-aluminas and Na0"- and K0"-
aluminas. We have found cluster dimensions o\ 1.8, 
2.0, and 2,5 nm for Na/3-, Ag0-, and K0-aIuminas, 
respectively, and 8.3- and 5.6-nm sizes for Na/T- and 
K/T-aluminas, respectively. As has been observed in 
other studies,' the conductivity varies qualitatively as 
the inverse of these cluster sizes within the j3- and 
/T-alumina systems. In a comparison of the scatter­
ing from high-iemperature-grown (I700°C) Na/T-
alumina with low-temperature-grown (I650°C) 
Na/T-alumina, it was found that the low-temperature 
material had ~I5% smaller cluster sizes than 
those in the high-temperaturr-grown material. This 
observation can be correlated with a hic.icr 

conductivity observed1 for low-temperature-grown 
Na/T-alumina. Although a quantitative correlation 
of cluster sizes with tonic conductivity has not been 
attempted, there seems to be good evidence in both 0-
and /T-alumina that the formation of targe ordered 
clusters is associated with lower conductivity 
material. 

1. G. C. Farrington and J. L. Briant. p. 395 in Fast Ion 
Transport in Solids. Electrodes and Electrolytes, ed. ' y 
P. Vashishta. J. N. Mundy. and G K. Sbenoy. North Holland. 
New York. 1979. 

2. S. J. Alien. Jr.. et al.. p. 279 in Superionic Conductors, ed. by 
G. D. Mahan and W. L Roth. Plenum Press. New York. 1976. 

3. D. B. McWhan et al.. toys. Bev. B 17,4043 (1978). 

INFRARED ABSORPTION AND RAMAN 
SCATTERING FROM HjO 
IN Na,-*Li,0-ALUMINAS' 

J. B. Bates Hubert Engstrom 
Roger Frech: J. C. Wang 

T. kaneda3 

The presence of water in /^-alumina «md its effect 
on the diffusion of mob;le cations in this material 
have been noted in several studies. Klein, Story, and 
Roth4 obtained evidence from NMR measurements 
that H:0 diffuses into the conducting plane of Na/J 
by observing a marked change in the 'JNa* 
quadrupole coupling constant when finely divided 
powdered samples were exposed to air. We have 
observed3 that small amounts of H;0 in Na/J-
alumina cause a marked decrease in the ionic con­
ductivity of single crystals, whereas after heating the 
crystals in vacuum at 400° C, the conductivity 
increases to its nominal dry-state value as the 
intensity of infrared absorption at 3200 cm'1 

decreases to zero. Understanding the nature of these 
hydration states in Li/3 and in (he mixed-ion systems. 
Nat , Li,/?, is important in understanding the effect of 
H:0 on the conductivity and long-term behavior of 
these materials. 

Samples of Nai .Li,/3-alumina with x ^ 0.7 were 
prepared by ion exchange of Naj8 single crystals in 
molten LiNOj it 350° C. and those with higher L1* 
concentrations were prepared by ion exchange in 
molten AgNOi to form Ag/? followed by treatment in 
molten LiNO! saturated with LiCI (30 mole %) at 
350° C. The Li and Na compositions were determined 
from atomic absorption and emission measurements 
of dissolved samples and are believed to be accurate 
to 10%. Infrared transmission spectra were measured 
at 25°C using :> Fourier transform spectrometer 
equipped with a 4X beam condenser. The infrared 
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light was incident along the [051] direction ot tf?? 
crystals. Raman scattering measurements were madr. 
at 25°C in the region of the HzO stretching moon, 
using the 488.0-nm line of an Ar laser operating at 
9S0 mW as the exr.tation source. 

1 lie infrared spectra of samples of different Na-Li 
compositions are shown in Fig. 4.3. The three major 
peaks observed for crystals containing high concen­
trations of Li* are labnc 1 as A, B, and C. The pure 
Na£ sample was heated in H2O vapor at 200°C for 
several days before the measurements were per­
formed. The remaining samples of Nai-*Li,0 were 
measured as prepared, without Additional treatment 
in water vapor. The infrared bands in Fig 4.3 result 
fronr. the symmetric (u,) and mtisymmetric (vi) 
stretching modes of H2O molecules in the crystals. 

ORNI.-DWG 7 9 - I I 4 C 4 

These spectra show that the extent of hydration, as 
indicated by the decrease in transmission of these 
bands, increases with increasing Li* concentration. 

The peak energies and values of (l/</)Iog(/o//), 
where d = sample thickness, for the bands near 
3IS0 cm'1 and labeled A in Fig. 4.3 are listed in 
Table 4.4. Because (I/</)Iog(/o//) = tc, where e is the 
extinction coef icient and c is the concentration, the 
resulu in Table 4.4 show that the concentration of 
H2O molecules giving rise to the A band increases by 
more than a factor of 30 as the Li* content increases 
to x ^ 0.6, assuming that c does not change 
significantly with composition. We have found that 
the relative intensities of the A, B and C bands are 
quite sensitive to the Lf concentration. 

4000 2500 
ENERGY (cm-

Fit 4.3. Infrared irtffWMMOn (pacta at 25"C of ^»AAS-
AIIOJ lingk crystal*. The pure N*0 crystal *as treated .,. HiO 
vapor a( 200°C for teveral days prior to mcasuremcfU. The 
remafning sample* were measured after ion exchange. 

Table 4.4. Peak wane uawiam ami ncipfoca] wrriwrtion 
lengths for the major infrared hand centers of H jO 

in Nat-Jjj^^iaBuaaf 

Wave No. (cm ' > ("</)logt/.//). 
Band A 
(cm') A B C 

("</)logt/.//). 
Band A 
(cm') 

0 3150 0.34 
0.3 3180 3460* 3.49 
0.6 3165 3350 3520 12.20 
0.9 3175 3400 3520 9.67 

The band at 3460 cm" I appears as a shoulder in some 
samples but as the major peak in others. 

From the integrated intensities of the three peaks in 
the lower curve of F'g. 4.3 (x=0.9), we estimate that 
the sample of Nan.iLio.*/? contained on the order of 
I0 1 0 water molecules per cubic centimeter, or about 
0.1 molecules per unit cell. Recent studies4 have 
shown, however, that Na-Li 0-alumina samples are 
far from completely hydrated after ion exchange. 

The results shown in Fig. 4.3 support the idea that 
hydration occurs during ion exchange from H2O 
dissolved in the molten salt. This theory was verified 
in the following experiment: A Na/S crystal was 
exchanged in LiNOj that had been recrystallized 
several times in D2O. In addition to the O-H 
stretching bands in the 3500 cm'1 region, the infrared 
spectrum of the exchanged crystal showed cor­
responding O-D peaks in the region near 2500 cm'' 
caused by vibrations of HDO species. 

Samples of hydrated Nao.iLio.»/9 were heated in 
vacuum at temperature* between 50 and 900°C for 
period* ranging from 30 min to 10 h. Some of the 
infrared spectra recorded after such treatment are 
sh^wn in Fig 4.4. No significant change in peak 
intensity was observed for temperatures below 400°C 
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Fig. 4.4. Iofnnd tpectrm at 25*C of r W i U ^ A l i O i . (a) As 
prepared. (6) after heating in vacui-n for I b at SOO°C. (<) after 
heating in vacuum for I h at 600°C. » . 4 (it) after heating in 
vacuum for 9 h at 600°C. 

and for treatment times of 30 to 20 min. After 
heating at 400°C for 30 min, however, the value of 
log(/o//) at 3175 cm'1 decreased from 0.63 to 0JC, 
and it decreased further to 0.10 after an additional 
60-min nesting at 400°C. On heating a sample at 
600° C or at we, a new peak at 3750 cm"1 appeared 
and continued to grow in intensity with prolonged 
heat treatment. 

The results in Fig. 4.3 and Table 4.4 show that the 
amount of HjO which enters into S-alumina 
increase* as the Li cot centration increases. Only one 
absorption band of roO in Na0 can be identified in 
the spectrum measured at 25°C As Li is introduced 
into the sample, more distinct p;aks can be observed, 
ano we believe that several Jistinct types of H 2 0 

species may exist in crystals containing high con­
centrations of Li*. The stability of the hydrates 
formed in Nai-xLW? also depends on the Li composi­
tion. The water in pure Na£ is completely removed by 
heating a sample in vacuum at 300-400°C. In 
Naai Lio.*/5, however, no significant changes were 
observed to occur in the spectra until the crystal was 
heated to 400°C for 2 h or more. The new peak at 
3750 cm"', which appears after heating at 600°C, is 
assigned to OH'. Reaction of H2O remaining in the 
sample could provide the protons for formation of 
OH", and the spectra could support a model in which 
these protons are bound to the columnar oxygen 
ions, with the O-H bond parallel to the conducting 
plane. 

All of the experimental results, support a mech­
anism in which water molecules diffuse into the 
conducting planes of 0-alumina and become 
associated with the mobile cations. The two 02~-ion 
layers above and below the conducting plane in 0-
alumina are closely packed (slightly distorted). The 
columnar O1' ions may also be considered as forming 
a closely packed layer with three-fourths of the ions 
missing. The missing ions are those that would 
occupy the mO positions. Therefore, it is reasonable 
to place i':e O atom of HjO molecules on those 
mO sites that are not occupied by mobile cations. If 
we assume that the 15% excess cations share BR sites 
in pairs such that each member of the pair occupies a 
mO position, then the maximum number of H 2 0 
molecules per unit cell is S *. 

The maximum hydration number requires most of 
the cations on a BR site to be surrounded by three 
HjO molecules. However, the ionic radii of Na* and 
k.' are sufficiently la $e that they cannot remain on a 
BR site if an HjO molecule occupies a neighboring 
mO position. To accommodate a neighboring water 
molecule, the cation may move away from the center 
of the BR site toward an empty mO position, causing 
--' increase in the total potential energy of the system. 
The larger the ionic radius, the greater the displace­
ment required to accommodate an HjO molecule and 
the larger the increase in potential energy. Therefore, 
we can expect that the number of HjO molecules 
which can be placed around a BR site will decrease 
with increasing ionic radius. This is consistent with 
the trend we observed in which Li/9 was found to 
contain much more water than Nafl, and no water has 
been detected from infrared measurement of K/J-
alumina single crystals. Because the ionic radius of 
Li' is sufficiently small and because the Li' ions can 
deviate away from the BR site along the c-direction, it 
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"s possible in Li/J to place three HjO molecules on 
neighboring mO positions and thereby achieve the 
maximum predicted degree of hydration. 

I. Summary of paper to be published. 
1 Oak Ridge Allocated Universities research participant from 

the ;inivenrty of Oklahoma. Norman. 
3. I'ltiest scientist from Fuji Photo Film Comoany. Tokyo. 
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Cemmur.. 2*, 469 (I97S). 
6. J. B. Bates et al.. "Reaction oi '. jO with Nai.Li.0-

Aluminas," if'» report. 

REACTION OF HiO 
WITH Na,-Ai,/J-ALUMINAS 

J. B. Bates Herbert Engstrom 
N. J. Dudney' B. C. Larson 

J. C. Wang 
Recently we reported1 that during ion exchange of 

Na0-alumina single crystals in molten LiNOj or 
LiCl-LiNOj, HiO molecules dissolved in the melt 
diffuse into the conducting plane and become 
associated with the mobile cations. The concentra­
tion of H 2 0 and the stability of the hydrate formed 
during ion exchange were found to increase with 
increasing Li* ion concentration. Several experi­
ments have been initiated to study the kinetics and 
mechanism, as well as to determine the equilibrium 
constants, for the reaction of H 2 0 with /^alumina. 

Single crystals of Li/3- and Nai-*Li,/9-alumina were 
prepared by ion exchange of Na/J-alumina as de­
scribed elsewhere,2 Crystals of Li/3, Nao.jLio.70, and 
Na0 were treated in HiO vapor at 235° C for various 
lengths of time. Preliminary measurements of in­
frared absorption, weight loss as a functioi. of time 
and temperature, ionic conductivity, c-lattice param­
eter change, and Raman scattering were made before 
and after treatment of these specimens. 

Graphs of peak infrared absorbance (A) at 
3173 cm'1 of Nafl.jLio.70 measured at intervals from 
0 to 24 h and of Na/9 at 3160 cm'1 at intervals from 
0 to 500 h are shown in Figs. 4.5a and 4.5b, 
respectively. The solid line in Fig. 4.5a is a fit of the 
data points to an exponential function, A = aexp(ki). 
where a and k are constants and / is the accumulated 
treatment time in H 20, These results show that, up to 
24 h, the rate of reaction of H 20 with Nao.jLio,70 
accelerates with time. Measurements of peak absor­
bance at 3175 cm'1 beyond 24 h of treatment could 
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Fig. 4.5. Infrared absorption measured after heating m HK>at 
235*C for I hoars, la) Absorption at 3175 cm ' in Na>.l.i.,-0-
alumina. (o) absorption at 3160 cm ' in Na/7-alumina. 

not be made because the sample became nearly 
totally absorbing. Similar studies with Li/3 show that 
the rate of reaction is even faster than the rate 
observed with the Nan.JLJA.7/3 crystal. The solid line in 
Fig. 4.5b is a fit of the absorbance at 3100 cm'1 to a 
linear function, A - a + kt. Comparison of 
Figs. 4.5a and 4.5b shows that the rate of reaction 
of HjO with Na/? is much slower than the reaction 
rate with Nao.jLioj/3. Tentatively we conclude that 
not only does the concentration of HiO in Nai-,Li,0-
alumina increase with increasing Li* concentration, 
but the rate of reaction increases as well. Weight loss 
measurements of a Li£ crystal treated for 16 h gave 
the composition l.24LijO- HAIjOr l.22H;0. When 
this sample was heated slowly in vacuum from 25° C, 
weight change occurred at I75°C. The graph of 
weight loss vs time at 175°C followed closely an 
exponential curve from the onset of weight loss to the 
point of essentially complete dehydration. 

http://Nao.jLio.70
http://Nafl.jLio.70
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X-ray measurements showed tliat the r-lattice 
consunt of Na0 increased by about 0.06% after 
treatment for 480 h in HiO, whereas the r-laitkr 
consunt of Li/I increased by about 0.5% after 64 h of 
treatment. From the latter result, we propose a pos­
sible mechanism accounting fcr the kinetic dau in 
Fig. 4.5a: The diffusion of HzO into the conducting 
plane of Li/3 causes an expansion of the lattice along 
the c direction, lowering the activation energy for 
diffusion. The net result is that the rate of water 
diffusion into the couducting planes increases with 
increasing amounts of HjO in the planes. 

The ionic conductivities of the Na t .Li,/? crystals 
showed marked decreases with increasing HiO con­
centration. This further substantiates the claim'"' that 
H2O molecules diffuse into the conducting planes and 
become coordinated to the mobile cations. 

I. Eugene P. Wigner Fellow. 
U . I Bates el »l.. Solid Stair Ionics (in press); "Infrared 

Absorpti' .1 and Raman Scattering from H<0 in Na. .Li./J-
Aiuminas." this rtpon. 

J. T. Kaneda et al.. Stater. Res. Bull 14, 1053 (1979). 

CHARACTERIZATION OF 
HEAT-TREATMENT-INDUCED CHANGES 
IN U-Na0-ALUMINA SINGLE CRYSTALS' 

R. R. Dubin2 J. B. Bates 
J. S. (Casper2 T. Kaneda' 

Single crystals of Li-Na0-alumina with 40 to 95% 
substitution of Li* for Na* were annealed in air and in 
vacuum at temperatures up to IO0O°C. The 
specimens were examined before and after each heat 
treatment by pulsed NMR, Raman scattering, in­
frared absorption, and x-ray diffraction. After 
annealing at 600°C or ac">ve, the two original Raman 
bands caused by Li* vibrations merged into a single 
peak accompanied by a narrowing of spinel block 
phonon bands. The IOOO°C annealing introduced a 
broad 'Li NMR response and substantially reduced 
narrow-line 7Li intensity. X-ray diffraction patterns 
showed that a second phase grows epitaxially with 
the /3-alumina structure as a result of high-
temperature heat treatment. The results of our 
experiments show that changes in the behavior of Li' 
ions occur when Li-Na/S-alumina is heated at 
temper"' - - of 60Q°C or above. These changes are 
not ca..„• . by the loss of HjO, nor are they reversible 
by rehydration. The NMR data show that the 
mobility of the Li' ions and hence (heir contribution 
to the ionic conductivity are greatly reduced as a 

result of annealing above 700° C. Based on evidence 
from the x-ray diffraction studies, we suggest that the 
changes observed in the magnetic resonance and 
Raman spectra are caused by the growth of a new 
phase having a sp. el-like structure. The extra reflec­
tions observed after heat treatment are consistent 
with the epiuxial formation of LiAlsOi in the 
0-alumina structure. 

We believe that this work provides the first 
experimenui evidence that Li ion diffusion in fi-
alumina is not confined to the conducting plane. Our 
experimenui results can be explained with the 
following model. The Li-Na/J-alumina structure 
formed by ion exchange at moderate temperatures is 
inherently unstable at elevated temperatures. Subi-
lization occurs by diffusion of Li* out of the con­
ducting plane and into the interstices between the 
closely packed O layers of the spinel block. When 
complete, this Li* diffusion results in the formation of 
a spinel-like Li compound such as LiAlsOt. This 
formation of a second phase necessitates decomposi­
tion of the conducting plane, which must occur by Li* 
diffusion between neighboring unit cells. 

The results discussed here help explain the obser­
vation4 that high-temperature annealing decreases 
Li* conductivity in Li'-substituted Na/3-alumina. Our 
present interpretation suggests that the high Li' 
conductivity reported' for Li-Na/3-alumina may be 
degraded at elevated temperature by eventual Li* 
trapping in the spinel block. 

1. Summary of paper: p. 361 in Fast Ion Transport in Solids. 
Electrodes and Electrolytes, ed. by P. Vashishta, J. N. Mundy, and 
O. K. Sbenoy. North Holland. New Vork, 1979. 

2. General Fiectric Corporate Research and Development 
Center. Scherectady. N.V. 

J. Guest ••ctetuist (ram Fuji Photo Film Company, Tokyo. 
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4. M.S. Wiuingham and R. A. Huggins, Solid Slate Chemistry. 
Proceedings of 5th Materials Research Symposium. NBS Special 
Publication 364 (July 1972). 

5. W. I.. Roth and G. C. Farrington. Electroehim. Acta 22,767 
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MODEL STUDIES OF 
MIXED-ION ^-ALUMINAS' 

J. C. Wang Herbert Engstrom 
J. B. Bates D. F. Pickett, Jr.1 

T. Kaneda2 Sang-il Choi4 

Conductivity anomalies observed in mixed-ion /3-
aluminas have been investigated by model calcula­
tions similar to the one used previously.' These 
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calculations include Coulombk, short-range repul­
sive, and polarization energy terms and show that 

1. when large mobile cations are introduced into /J-
aluminas containing smaller cations, the large 
cations tend to occupy positions near BR sites 
alone; 

2. small mobile cations introduced into a 0-alumina 
containing larger mobile cations tend to form 
pairs either with themselves or with the larger 
cations; and 

3. for a mixed-ion pair, the activation energy for 
escape of the larger ion from the shared potential 
well is much higher than that for the smaller io.i. 

When a K* ion is introduced into the ideal structure 
of Na0-alumina, it may either occupy a position near 
a BR site alone or share a potential well to form a pair 
with a Na* ion, as is shown in Fig. 4.6. The calculated 
potential energy difference between the two situa­
tions is given by 

H N a - K , Na) - K(Na—Na, K) = 0.11 eV , 

where V{X— Y. Z) represents the potential energy of 
the system when X and Y form a pair and Z occupies a 
neighboring BR site alone. The first term of the 
equation corresponds to the potential energy of the 
configuration shown in Fig. 4.6. Because K(Na—Na, 
K) < P(Na—K, Na), a K* ion in Na/S-alumina tends 
to occupy a position near a BR site alone. 

On the other hand, when a Na* ion is introduced 
into the ideal structure of K/3-alumina, it tends to 
form a pair with a K* ion: 

K(K-K, Na) - ^(K-Na, K) = 0.14 eV . 

These and similar results calculated for other mixed 
crystals are summarized in Table 4.5. It is generally 
true that when larger mobile cations are introduced 
into a 0-alumina containing smaller mobile cations, 
they tend to occupy positions near BR sites alone. In 
contrast, smaller mobile cations introduced into a /J-
alumina containing larger mobile cations tend to 
form pairs either among themselves or with the large 
cations. 

Our calculations also show that when a doubly 
charged cation is introduced into the ideal structure 
of 0-alumina, it will not form an ion pair with a singly 
charged cation. Rather, from charge neutrality 
considerations, the doubly charged cation will 
replacv a mobile-ion pair. 

ORNL-DWG 79-11983 

Z®Z®Z 

Hg.4-6. MtMmpottatittf energy coofigmtion of «Na*-K.* 
pair in Na£*hnaiM. The open circles are Na* ions, the huge solid 
circle is the K* ion. and the smrllcr solid circles are O2' ions. The 
dotted lines indicate the shared potential well. 

Table 4.5 Calculated potential < wrgietof 
various ioa configurations ia LLNa. 

•ad IF^-aJaaiaM 

Host Ion Potential 
» material configuration* energy 

(eV) 

Li0 { L i - L i . Na) VI 
(L i -Na. Li) VI+0.20 

Na0 ( L i - L i . Na) V2 
(L i -Na , Li) V2 + 0.29 
(Na-L i . Na) V3 
(Na-Na. Li) V3 + 0.65 
(Na- Na. K) V4 
(Na -K.Na) V4 + 0.II 
(K Na, K) vs 
(K K.Na) V5 + O.I5 

K0 ( L i - L i , K) V6 
(Li - K . Li) V6 + 0.39 
(K -L i . K) V7 
( K - K . Li) V7 + 0.« 
(Na-Na, K) Vg 
(Na-K, Na) Vg + 0.12 
<K~Na, K) V9 
( K - K . Na) V9 + 0.I4 

*ln the notation ( * - r", / ) . X- Y denotes the 
paired ions and Z denotes the ion occupying a 
neighboring BR site alone. 

'Vl, V2, . . . . V9 represent arbitrary reference 
potential energies. 
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The activation energy for the escape of one type of 
ion out of the potential well of a mixed-ion pair, as 
illustrated in Fig. 4.6, may be quite different from 
that of the other ion type. Because of the difference in 
ionic radii and polarizabilities, the two ions experi­
ence different potentials in the same potential well. 
As the ions attempt to escape from the region through 
correlative motion, the smaller ion receives more help 
from the larger ion than the larger ion can receive 
from the smaller one. The calculated activation 
energies for the escape of a cation from a mixed-
cation pair in L40-, Na/K and K./J-aluminas are given 
in Table 4.6. For example, the calculated activation 
energy for the escape of the K* ion in Fig. 4.6 out of 
the potential well that it shares with a Na* ion to form 
a new K*-Na* pair in a neighboring potential 
well is 

The results listed in Tables 4.S and 4.6 can be 
applied to explain, at least qualitatively, the mixed-
cation effects on conductivity observed in 0-aluminas 
and to interpret the changes in relative intensities of 
the Raman or infrared bands from mixed conducting 
cations when the composition ratio varies. 

1. Summary of paper: p. 379 in Fast Ion Transpof M Solids. 
Electrodes and Electrolytes, ed. by P.Vashishta. J. N. Mundy.and 
G. K. Shenoy. North HoUand. New York. 1979. 
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3. Hughes Aircraft Company. Los Angeles. Cali*. 
4. University of North Carolina. Chapel Hill. 
5. J. C. Wang. M. Gaffari. and S. I. Choi. J. < hem. Phis. 63. 

772(1975). 
6. Y. F. Y. Yao and J. T. Kummer. J. Inort Sucl. Chem. 29. 

2453(1967). 

£(Na—K*. Na) = 0.30 eV . 

The activation energy for the Na* ion to escape from 
the shared potential well is much smaller: 

£(K-Na*. Na)=0.l5cV. 

In general, for a mixed-ion pair, the activation energy 
for escape of the larger ion from the shared potential 
well is higher than that of the smaller ion. 

Tabic 4.6. Activation energies of diffusion 
in Li, Na, tod K -̂alumimu 

Activation energy 
H o t Inn (eV) 

material configuration 
Calculated Observed 

l.tf ( I . l.i*. l.i)' O.W 0.17K 
(Nil I..*. I D 0 24 
I I I Na*. I i ) 0.M 

S»fi (Nil Nil*. Nil) 0 2 0 0 lf>5 
(Na l.i*. Nil) 0 24 
H i Na*. N j ) 065 
(l.i L i * . Na) 04.1 
(K N a ' . Na) " 1 5 
(Na K*. Na) 0.J0 
(Na Na*. K) 0 24 

M (K K*. K) 027 0.2.1.1 
(l.i l.i*. K) 0 54 
I I I x*. K> 0X4 
(K !.••. K) 0 2H 
iNa K: K> 0.17 
IK Na*. K) 0 In 

"from ref ft. 
"Inlhenotalionl*- ¥*. /.). K* denotes Ihc ion Heaping Irom the 

X- Y pair ind / denotei (he ion wilh which Y form* a new fun in a 
neighboring potential well. 

NON-DEBYE CAPACITANCE 
IN 0-ALUMINA 

Herbert Engstrom J. B. Bates J. C. Wang 
The development of new solid electrolytes for use 

in batteries of high power densities requires 
a fundamental understanding of the mechanisms 
of ionic conduction in these materials. Accurate 
measurements of the electrical properties, particu­
larly the conductivity, are very important in 
achieving such an understanding. We have employed 
a fully automated, computer-controlled network 
analyzer to obtain such data on the ̂ -aluminas over a 
wide range of frequencies and temperatures. 

Implicit in several recent conductivity studies' ' of 
the ^-aluminas is the assumption that the impedance 
of these crystals may be represented by a capacitor C. 
which corresponds to the interfacial capacitance of 
the electrodes, in series with a resistor R, which 
corresponds to the bulk resistivity. The impedance of 
this circuit is given by 

Z = R - UuC . (I) 

Such a material resembles a Debye solid, because its 
equivalent dielectric constant may be expressed in the 
form of the usual Debyc permittivity: 

<M 
C I 

Ito I + iiur A (2) 

where a is the complex conductivity, r = RC, and /is 
the length and A the surface area of the crystal. 
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A. JC. Jpnscher* has pointed out that the accepted 
model5 of ionic conductivity in the /9-aluminas 
implies that many-body effects may be important. 
According to Jonsche?*s analysis, rapid hopping of 
the conduction ions, together with a much slower 
motion of the screening ions, may lead to non-bebyc 
behavior in which the permittivity is given by 

e(o,) = Ml + ai) - i cot(im/2)>»"'1), (3) 

where n < I and a, is a real constant. For the 
0-aIuminas at audio frequencies and above, «*)"' is 
much greater than I, in whkn^easc it is possible to 
show that the functional dependence of the 
impedance may be expressed as 

Z= R + D iD 
co"tan(irn/2) (4) 

where D is related to the permittivity. 
Figure 4.7 shows the measured values (points) of 

the impedance 2 of a Na/3-alumina crystal at room 
temperature. It is clearly evident that the real part of 
7. has a frequency dependence. The solid lines of 
Fig. 4.7 are graphs of Re(Z) and -Im(Z) from Eq. (4), 
using the best Tit parameters. This equation was Tit to 
data taken over the temperature range of 20° to 

0«M.-6WG «0-«0*ST 
(—! ! : i : i i i !—I \\\\\\\\—•" I i n i ! i | — n ~ 

»o» 
I I lilllil 1 J I illili L.l UlUll LJ-LI 

.o« (0» 
fMQuCWCv (MI) 

I0» 

Fig.4.7. *M*taiim»pmtypvuo(tt*mptdM*xZo(»Nifi-
•Imniw crystal « room ttmpmtutv. Points show exptrinvvglly 
measured valuei; line* >how best fit parameter* u*inp fcq. (4). 

500°C In agreement with the results of other 
workers,1 ~' the static conductivity was found to 
follow an Arrherrius dependence on temperature, as 
is illustrated in Fig. 4.8. Measurements on four 
Na9-alumina samples cut from the same bouk gave 
a mean activation energy of 0.1455 ± 0.0018 eV. The 
parameter a. in Eq. (3) was also found to be strongly 
temperature dependent: its value increases from 3 X 
10* at T = 2SaC to ~ I 0 ' at T = 500°C, where the 
values are given in the appropriate MKS units. At 
room temperature, ir^0.80 and remains at about this 
value until 7" reaches ~200°. At that temperature, n 
begins to decrease, reaching ~0.65 at T- 500°C. For 
a Debye crystal, n = 0; the departure from Debye 
behavior is quite large, even at ambient temperatures. 

4 0 0 

ORNL-OMG eo-iossa 
TEMPERATURE CCI 

ZOG 100 50 

2.0 2.J 
, 0 0 0 / T ( K , 

3.0 

Fig. 4.1. ArrteaiwdepcmknccoftneclcctrKalconductivity.o, 
for tlafi- ami Lia-ahmiM. 

Also illustrated in Fig. 4.8 is the temperature 
dependence of the conductivity of a LijS-alumina 
crystal. We found that its impedance was even less 
Pebye-like than that of Na0-alumina, having an n of 
about 0.67 for those temperatures shown. The data 
for this crystal gave an activation energy of 0.31777 ± 
0.00014 eV. 

Accurate measurements of the three parameters of 
Eq. (4) promise to provide much more information 
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about the microscopic pre ssses that take place in 
fast-ion conduaors than has previously been 
possible. 

1. W. I . Fielder et al_, J. Ekctrochem. Sac. 122, 528 (1975). 
2. S. J. Allen. Jr.. et ml, Phys. R . B 17,4031 < 1978). 
3. T. Kaneda et ai. p. 371 in Fast Ion Transport in Solids, 

Electrodes and Electrolytes, ed. by P. Vashishta. J.N. Mundy. and 
G. K. Sbenoy. North Holland. New York. 1979. 

4. A. K. Jonicher. J. Mater. Set 13, 553 (1978). 
5. J. C. Wing. M. Gaflari, and S. I. Choi. J. Chem. Phys. 63. 

772(1975). 

RAMAN SCATTERING FROM NH/ AND ND«* 
IN 0-ALUMINA' 

J. B. Bates 
T. Kaneda2 

J. C. Wang 
Herbert Engstrom 

The /3-aluminas are a class of nonstoichiometric 
aluminates with the composition (I + JC)M 20-
11 AW] (x as 0.15 to 0.30), where M is a monovalent 
cation. The alkali-metal and Ag/9-aIuminas are 
known for their high ionic conductivities. The 
structure of these materials consists of closely packed 
spinel blocks separated by loosely packed planes 
containing the mobile M* ions and bridging O 2 ' ions. 
Rapid diffusion of the M* cations is two-dimensional 
within the loosely packed planes. Because of the 
nonstoichiometry, the M* cation subiattice in 0-
alumina is disordered. This disorder and the resulting 
high mobility of the M* ions make j3-alumina an 
interesting host material in which to study complex 
ions such as NH«\ Our primary aim in this study was 
to examine the effect of local symmetry and disorder 
on the internal modes of NH/ and ND/. 

Single-crystal samples of ammonium-substituted 
0-alumina were prepared by heating single crystals of 
Na0 in molten NH4NO3 or ND4NO, (98% D) at 
453 K for times from a few hours to 400 h. For ND4* 
substitut;on, the powdered nit;ate and Na/3 single 
crystals were sealed under vacuum in Pyrex tubes to 
prevent exchange of D with H in atmospheric water 
vapor. Depending on the ion exchange times, the 
crystals studied contained from 10 to 100% of Na* 
replaced by NH/(ND/). 

The crystal structures of all the /3-aluminas are 
isomorphic and belong to the space group D«*. 
Analysis of x-ray diffraction data shows that most of 
the mobile cations occupy bh (C2,) sites very close to 
the Ib(Dih) BR site,1 In Na/3, the remaining Na' ions 
occupy 6/1 positions midway between the bridging 
O2 ions. Because /8-alumina contains from 2.3 to 

2.6 mobile cations per unit cell (the exact number 
depends on the method of crystal growth and 
quantity of impurities present), the 6A sites are not 
filled, and the cation subiattice is therefore 
disordered. 

The Raman spectra show that the internal modes 
of NH/ and ND/ are split into several components. 
In ordered structures, splittings of the internal modes 
of complex ions are caused by removal of degeneracy 
by the static field at a particular site (site-group 
splitting) and / or by coupling of the internal modes as 
a result of correlated motion of the ions on equivalent 
sites (factor-group splitting). Factor-group analysis 
requires the lattice to be ordered and furthermore 
assumes that there are long-range interactions of 
sufficient strength to cause interionic coupling of 
internal vibrations. Because the cation subiattice is 
disordered, neither a simple site-group nor factor-
group analysis can be applied to the modes of N H/ in 
NH4J8. 

The Raman scattering from the internal modes of 
NHV ions in /3-alumina can be understood, however, 
if the ions on nonequivalent sites are treated as 
independent scattering centers and if the disordered 
distribution of the ions on these sites is taken into 
account in calculating the forms of the scattering 
tensors. The analysis of the Raman data suggests that 
the ammonium ions occupy three sets of non-
equivalent sites. Because some of the same com­
ponents of the internal modes evidently appear in 
all polarizations, the effective local Held symmetry of 
one set of ions must be either Ck{a perpendicular to 
the conducting plane) or C\. The other two sets of 
sites could have either C;. or C? symmetry (o parallel 
to the conducting plane). From potential energy 
calculations based on ether an electrostatic model or 
a hydrogen-bonding model, the preferred orientation 
at the BR and mO sites has the G axes of the ions 
parallel to the conducting plane, with two protons 
located in the plane and bound to the 0(5) ions and 
two protons bound to 0 : ions in the layers above 
and below the conducting plane. These results are in 
agreement with the choice of either Civ or C'i site 
symmetry. The calculations rule out Ct as a pos­
sibility, but they provide nc '.lues as to the possible 
origin of a local field of G symmetry. 

The internal and external mode spectra of 
ammonium ions in /3-alumina are sensitive to changes 
in ion concentration and sample temperature. The 
pronounced line broadening of the internal modes 
with increasing temperature above about 75 K can be 
attributed to coupling with rapid reorientation of the 
ions. Librational modes of ND/ and NH/ evidently 
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occur in the region between 200 and 350 cm'1, 
whereas the translational modes occur between 
100 and 190 cm '. 

1. Summary of paper to be published. 
2. Guest scientist from Fuji Photo Film Company. Tokyo. 

Japan. 
3. C. R. Peters et aJ.. Acta CryaaUogr. Sen. A- 27, 1826 

(1971). 

INTRINSIC HYSTERESIS IN THE FIX 
OF SUPERCONDUCTING Nb 

D. K. Christen H. R. Kerchner 
S. T. Sekula 

The high-resolution double-crystal neutron dif-
fractometer has enabled measurements of a previ­
ously unrecognized property of the FLL in a type il 
superconductor possessing an attractive flux-line 
interaction. The phenomenon was observed in a 
nearly perfect, 13-mm-diam, single-crystal Nb 
sphere. The effect is described here briefly, along with 
a plausible explanation of its origin. 

As the applied magnetic field is quasi-statically 
reduced from mixed-state values to IMS values, the 
microscopic field-dependent separation between the 
flux lines is observed to "overshoot" and then 
reattain that fixed separation that is characteristic of 
the flux-Hne density within the FLL domains of the 
IMS. From an experimental viewpoint, this effect is 
manifested as a dip in the highly resolved scattering 
apgle 20 from a giverr set of FLL planes ard, 
correspondingly, in the average flux density per unit 
cell of the FLL, 6 = dV»M„ where 46 is the flux 
quantum and Ae is the aiea of the FLL unit cell. The 
phenomenon is repeatable, static, and absent when 
the field is increased. 

Figure 4.9 illustrates this effect, where the FLL was 
formed cither by reducing the applied field H, from a 
value above the upper critical field W,j or by 
increasing it from below the lower critical field H,\ (in 
the flux-free Meissner state). Here, b and H, are 
plotted as (small) parameters reduced by the 
equilibrium flux density lfc, caused by the attractive 
flux-line interaction; H, is referenced with respect to 
the theoretical macroscopic field boundary between 
the mixed state and the IMS. For a spherical sample, 
the IMS occupies the applied-field interval 2ftHtt < 
Ha < %H(, + f/j Ba (i.e., on the scale of Fig. 4.9, -1 < 

- I S -SO - « - 2 J 0 -IS -M» -OS • O a s 
SOX./*,, MO'S 

Fig. 4-9- Thciiitiuiibiiry inlhe flux tlwwrypcx FLL unit eel. 
b, tot various Mteiiri of the apaSsd fiett Hm. The points 
detennining H. are relative to the theoretical, macroscopic field 
boundary between the mixed state and IMS; those determining b 
are idati.. u.- the macroscopic flux density lb determined by the 
attractive flux-lire interaction. The points labeled by 7" indicate 
that the history was such that the temperature of the sample was 
lowered from above T, in tbr fixed applied field. The position on 
the abscissa designated by an asterisk is the observed applied field 
below which a subsequent increased field path would produce a 
hvsttre*'-. loop. 

3 AW./ B* < 0) and is characterized by domains of 
FLL in equilibrium with flux-free regions. 

The existence of these domains provides motiva­
tion for attempting to understand the observed 
irreversibility in terms of an equilibrium or quasi-
equilibrium thermodynamic analysis, especially in 
view of the essentially reversible bulk magnetic 
behavior of this sample in the mixed state, where 
there are no domain effects.' In fact, there are small 
energy com -'buttons caused by the domains which 
can contriw . - nonnegligibly in a specimen of finite 
i.i£. They aris* Necause 

1. the negative flux-in^ interaction energy results in 
flux lines on the surface of a (cylindrical) FLL 
don»iin being at a relatively higher energy than 
those in the bulk (surface tension) and 

2. the magnetic-fitid energy external to the sample is 
higher than that of a material possessing the same 
macroscopic, but microscopically uniform, inter­
nal flux density. 

In analogy to a type I superconductor in the 
intermediate state, it is the small energy trade-off 
between these two contributions that produces the 

SUPERCONDUCTIVITY 
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equilibrium domain structure in the IMS. There is yet 
another parameter to consider in the type II case, 
however—the energy variation associated with in-
terfiux-iine spacings that differ from that given by Bo. 
It is possible to show by minimization of the free 
energy that, for an arbitrary domain structure, the 
mixed state is "super cooled" to an applied field and 
flux density given by 

AH.* = - 3C tF 

duid (!£•) + (i + 8irCi/&2) aii/ae 

and 

Ab{AHS) = 3A//.*/(l + %irCtJ Bo1) 

at the point where the full FLL begins to break up. 
Here, u a the small energy resulting from the domain 
effects (I) and (2) above, J is the volume fraction of 
the sample devoid of FLL, and Ct is the elastic 
compressibility modulus of the FLL. That is, upon 
decreasing the applied field into the IMS, it is at first 
energetically more favorable to expand the FLL 
(lower A6/ Bo) than to open holes In it, down to the 
fields A//.* and A6(A//.*). 

Thus, the inclusion of domain-energy effects in the 
thermodynamic free energy can predict an apparent 
supercooling of the mixed s'ate without resorting to 
nonequilibrium phenomena (in fact, consideration of 
nonequilibrium effects such as surface or bulk flux 
pinning leads to results that are contradictory to 
observation). However, other features of Fig. 4.9, 
such as the magnitude of supercooling, the recovery 
from the dip as the field is decreased further, and the 
observed irreversibility once 3&/Y./ Bo is below the 
dtp, can only be explained semiquantitative^ by 
consideration of particular models for domain 
structures. Two such structures that are reasonable 
for {<tj 1 are (1) flux-free tube-like voids in the FLL 
and (2) FLL vacancies. A series of straightforward 
arguments leads to the followint results for the 
domain energies: 

Voids: u * CVOID { (l + ~ - ^ {) . 

Vacancies: u » CVAC ft I + Afc/flb). 

The constants CVO'D and CVAC depend on FLL 
parameters such as the binding energy between two 

flux lines {Bo and fo) and geometric factors. An 
estimate of their magnitude yields CVOIO/CVAC S 

0.03. Then, flux-free voids are the more stable 
domain structure for the small-{ IMS region. 
However, voids cannot be formed spontaneously 
upon coming from a history of a full FLL. Indeed, on 
decreasing-field history, individual flux-line vacan­
cies must first nucleate at the sample surface, the' 
quasi-statically cluster in order to achieve a void 
structure. On increasing-field history, this require­
ment is absent because the FLl is formed from the 
flux-free Meissner state, and the • oids may be formed 
by the gradual coalescing ^i isolated FLL islands. 

Within this picture, most of the features of Fig. 4.9 
are explicable, and the relative sizes of the effects are 
in semiquantitative accord with those given by the 
estimated magnitudes of CVOID and CVAC. However, 
we have made no attempt to characterize the detailed 
mechanism by which the void structure evolves from 
flux-line vacancy clustering. We note in passing that 
an FLL history that involves application of a fixed 
field and subsequent lowering of the sample 
temperature from above the transition temperature 
T( yields results (Fig. 4.9) similar to the decreased-
tield history. This observation is consistent with the 
formation of the IMS, its having arisen from a 
mixed-state history in both cases. 

Thus, the history effect described above, present 
on the microscopic level of the interfluxoid spacing, 
is seen to be predicted by the net attractive flux-line 
interaction and its resultant influence on small 
energies associated with the domains in the IMS. 
Semiquantitative agreement with a thermodynamic 
description indicates that the phenomenon is a 
heretofore unrecognized, intrinsic irreversibility. 

I. H. R. Kerchner, D. K. ChrUwn. and S. T. Stkula. Phvs. 
Rrv 021,86(1980). 

CORRELATIONS BETWEEN MULTIPLY 
ORIENTED FLUX-LIME DOMAINS 

AND ANISOTROPY EFFECTS 
D. K. Christen S. T. Sekula 

Additional information regarding correlations 
between the FLL and the crystal lattice has been 
obtained for pure Nb. Analysis of small-angle 
neutron-scattering data reveals that the tendency for 
a well-defined FLL orientation (e.g., nearest-
neighbor direction) with respect to certain real crystal 
axes is significantly degraded when the applied 
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magnetic field is parallel to particular lattice 
directions. These directions correspond to those 
crystal axes where multiply oriented coexisting FLL 
domains were previously observed to form.1 This 
phenomenon is shown in Fig. 4.10, manifested as the 
relative width of rocking-curve peaks of FLL 
diffracted neutrons, for the applied fields parallel to 
various crystal-lattice directions in the (100) and 
(110) planes. For sample orientations lying between 
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Fig.4.10. fUktrverockiot<»rve widths of the FLL in the IMS 
for • scattering geometry where A* measures the "mom*" sprawl 
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to the [001 Jaxis. Thed.<iia are normalized tothe width A*< ill), the 
case where H. lies parallel to a (111) crystalline axis. 

the two peaks in rocking-curve width, two coexisting 
FLL domains of different orientation (but the same 
symmetry) were observed to occupy the sample, 
whereas outside that orientation range, a single FLL 
existed. From a theoretical viewpoint, these widths 
are most likely related to the relative restoring force 
at the free-energy minimum with respect to 
FLL-crystal-lattice orientation shifts. Current the­
ories of the FLL-crystal-lattice correlations fail to 
predict multiply oriented domains at all, so that a 
rigorous comparison must await improvements in 
the theory. 

I. P. Thorel and D. K. Christen. J. Appl. Crymlloxr. I. 654 
(1978). 

THE CRITICAL FIELDS B, AND Ha 
OF SUPERCONDUCTING Nb1 

H. R. Kerchner D. K. Christen 
S. T. Sekula 

Our measurements of the thermodynamic critical 
field He and the upper critical field Ha of a Nb crystal 
have been compared with realistic microscopic 
theory. This comparison tests the current theoretical 
picture of the electronic properties of Nb. Specifi­
cally, Hc is sensitive to the strength of the electron-
phonon interaction and to the density of electron 
states at the Fermi surface. Near the critical 
temperature 7*c, Ha is sensitive to the mean square 
Fermi velocity and to the electron-phonon interac­
tion. At lower temperatures, Hal TJidHai dT\T,\& 
enhanced oy the variation of the Fermi velocity over 
the Fermi surface and its relative anisotropy depends 
on Fermi surface averages of the Fermi velocity. 
Qualitatively, these effects have been well known for 
some time, and several quantitative comparisons 
have appeared in the literature. However, recent 
theoretical results and our recent improvement in 
the precision of Hr measurements make a new com­
parison worthwhile. 

The experimental technique2 and a summary of the 
Ha measurements1 were described previously. Our 
results for Ha are in excellent agreement with earlier 
measurements and with calculations based mainly on 
band theory.4 We just note here that recent 
theoretical progress enables us to deduce a reliable 
value for the mean square (renormalized) Fermi 
velocity. Our value, 2.68 X 105 m/s, is in excellent 
agreement with the value deduced from de Haas-van 
Alphen and cyclotron resonance measurements.5 

By using some thermodynamic relations, Hc was 
deduced from double integrals of the measured field 
derivative of the mixed-state magnetization.2 The 
sample showed excellent magnetic reversibility in the 
mixed state, and the data obtained in the less 
reversible IMS were not used to determine//,. In this 
way, the uncertainty in Ht caused by magnetic 
hysteresis was significantly reduced over previous 
measurements. 

New theoretical calculations of H< for Nb have 
recently become available,*"7 in which several models 
cf the phonon spectr lm and the electron phonon 
interaction were used. In Fig. 4.11, our data are 
compared with calculations based on a theoretical 
model interaction7 and models deduced from 
tunneling measurements by groups at Stanford and 
MIT. The shape of the deviation function plot 



169 

OlOlO 

0005 

OM«.-t«C TT-»TT«7Wt 

-0.005 

-OLO'O 

-aois 

» H II [»«] 
• H II [llO] 
• H II [OOl] 

Fg.4.11. The devialkn function pkM for / k o f N b . Dataare 
presented for three different orientations of the same sample in the 
applied field. As required thermodyiisaitcally, no orientation 
dependence is evident in the data. 

(shown in the figure) depends primarily on the value 
of the electron-phonon coupling parameter A. Curves 
corresponding to a low value of A, such as the MIT 
model (A = 0.3), lie below the data; curves 
corresponding to a high value, such as the Stanford 
model (A = 1.0), lie above the data. Comparison of 
our data with such curves indicates that A=0.9 ± 0.1. 

Careful analysis of the Hc and HA measurements 
points up a curious discrepancy in the theory. The 
electron-phonon interaction is expected to reduce the 
band theory Fermi velocity by the factor I + A = 1.9. 
The corresponding ratio of the band velocity to the 
experimental Fermi velocity is 2.3. The same 
comment applies also to the density of electron states 
deduced either from the Ht measurements or from 
the low-temperature specific heat. (The two experi­
ments give identical values.) Because an error of some 
20% in the magnitude of the band theory velocity and 
density of states is difficult to reconcile with the 
impressive success of band theory in describing both 
the de Haas-van Alphen orbits and the anisotropy of 
H(j, it appears likely that the difficulty is associated 
with the many-body renormalization factor I 4 A. 

1. Summary of paper lo be published. 
2. H. R. Kerchner.O. K. Christen, and S.T.Sekula,.Solid Stair 

Orv. Amu. Prog. Rep., April JO, 1977. O R N L - 5 3 2 8 . p. 125. 
J. H. R. Kerchner. D. K. Christen,andS.T.Sekula. Phys. Rev. 

8 21,86(1980). 

4. W. H. Butler, to be pulbished. 
5. C. W. Crablree et aL. Phys. Rev. Lett. 42,390 (1979). 
6. J. M. Dumsartd J. P. Carbotte. p.715 in Transition Metals. 

1977. ed. by M. i . G. Lee and J. M. Pen. Institute of Physics 
Conference Series No. 39. London. 1978. 

7. W. H. Butler. Proceeding* Third Conference on Supercon­
ductivity in d- and f-Band Mends. Academic Press. New York, in 
press. 

OBSERVATION OF AN FLL IN V,Si BY 
SMALL-ANGLE NEUTRON DIFFRACTION 

D. K. Christen F. M. Mueller1 

The high-resolution, double-perfect-crystal, small-
angle neutron diffractometer was used to obtain the 
first direct observations of an FLL in the high-field, 
type II, superconducting material V3Si. The FLL was 
found to be essentially polycrystalline, although the 
sample was a large (1 cm5) single crystal, having the 
415 structure. There was high correlation in the 
interfluxoid spacing, as deduced by the diffraction 
peak widths. Arguments are presented below which 
describe the distinction of the observed polycrystal­
line flux-line structure from that of an amorphous, 
iiiaineniary array. 

The FLLs were grown by applying a fixed 
magnetic field parallel to the axis of the cylindrical 
crystal and subsequently lowering the sample 
temperature from above the transition temperature 
Tc— 16.8 K down to 4.2 K, where the experiments 
were performed. In this way the resulting flux density 
within the sample can never be larger than the applied 
Held. Figure 4.12 shows the observed scattered 
intensities for two different applied fields and for 
different azimuthal orientations of the sample. The 
first-order (10) diffraction peaks are 15-18 arc-s in 
width, about four times that of the instrument 
resolution, and have a relative dispersion -i20 2$ 2 
6%. The nearly azimuthally independent scattering 
pattern is shown in Fig. 4.13, where there is some 
indication that the FLL may be comprised of mosaic 
blocks distributed with a large, ~47° spread in 
relative orientation. 

The observed diffraction-peak widths and rocking-
curve intensities can be interpreted by one or a 
combination of the following phenomena: 
1. The structure is comprised of large, perfect mosaic 

blocks of FLL having a nearly random relative 
orientation. The broadened diffraction peaks 
result from an instrumental property whereby 
beam defocusing arises from the large mosaic 
distribution. 
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each with the fiekS applied and with it removed in order to subtract 
the background (dashed line). Total count rates per 30 min were 
about 1000. The inset shows the experimental geometry used, 
where * is the azimuthal rotation angle of the sample about a 
vertical axis. 

2. The structure is made up of very small, perfect 
mosaic FLL domains, and the observed peak 
widths are caused by block-size effects. 

3. There is a ̂ -spacing distribution within the mosaic 
blocks that, in possible combination with I and 2, 
gives rise to the observed broadening. 

Fig. 4.13. Scattered acotroa intensity a* a faactioa of the 
arimuthalc«iBaaatioBoftt»eaa«aple.fo 
a diffraction peak. The solid curve is the best fit of expected 
intensity from a Gaussian distribution of mosaic FLL blocks. The 
Oa*bed curve represents that distribution function (in arbitrary 
units). 

4. The FLL symmetry within the blocks is such that 
two separate Btagg rcfiecuyns arc ^upciposed to 
broaden the diffraction peak of the "powder" 
pattern. 

5. The structure is an amorphous array of flux lines. 

Although it is difficult to separate out any 
combined effects of the above phenomena 1-4, it is 
reasonable to preclude the fifth possibility by argu­
ing that 1 or 2 alone could reasonably explain the 
observed data. By assuming perfect, delta-function 
diffraction response at the double-perfect crystals (as 
an approximation to the observed intrinsic ~4 arc-s 
resolution), one can obtain a simple expression for 
the expected additional 20-peak broadening due to 
effect 1. In the limit of very large mosaic spread, the 
relative 20-peak width is given by 

420/20 = A0*cot0,, (1) 

where 0* is the Bragg angle at the silicon crystals and 
40* is the horizontal angular collimatton of the 
incident beam. Equation (I) yields the result 420/ 20 
a 5%, very close to the observed dispersion, 6%. 

Likewise, the second (block-size-broadening) ef­
fect alone could explain the observations, provided 
that the imagined cylindrical FLL mosaic blocks 
possess a mean diameter of ~3000 nm, resulting in a 
density of ~ 1.5 X 10* mm'1, This density is not 
unreasonable, because one expects the material to be 

L 
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composed of about 2% second-phase precipitates 
that can act as pinning centers for the FLL domains. 

Thus, phenomenon J, along with possible small 
effects arising from 2,3, and 4, leads one to conclude 
that the flux-line structure in the present V3Si sample 
is one of a highly mosaic lattice. 

Some limits may be assigned to the allowed 
symmetry of the FLL within the mosaic domains by 
considering the flux density implied by the observed 
scattering angles. Because of flux quantization, the 
mean flux density in an FLL is given by 

/20,oY 
« = * > ( — ) / ( a , B, y). (2) 

Here, <fo is the flux quantum, K, the neutron 
wavelength, and j\a, B, y) is a function of the three 
angles a, B, and y, which determine the symmetry of 
the FLL triangular half-cell. For a hexagonal FLL,/ 
= VI/2; for a square it is unity. 

For both the applied-field intensities of Fig. 4.12, 
the square FLL symmetry can be eliminated, because 
it would result in a flux density greater than the 
applied field. As mentioned above, this result is 
impossible because of (he technique used tc grow the 
FLL. On the other hand, a hexagonal FLL symmetry 
yields B = 46.8 mT and B= 56.1 mT for H. = 5o mT 
and H, = 60 mT, respectively, values that are 
understandable in terms of the tendency for flux to be 
expelled from the specimen during cooldown. 

It is possible to compare the observed diffracted 
intensity in the (10) peak to that calculated from 
fundamental superconducting parameters for VjSi. 
The expected integrated intensity, Ao, normalized to 
the incident neutron flux, Io, is given by 

i l l = (I]1 *•.*(*/»)"<y5/2)'' 
lo \ 4 / (I + 8ir*VS/\/3*,) 2 ' 

Here, y is the gyromagnetic ratio for the neutron, and 
A is the penetration depth for VjSi at 4.2 K. From 
literature values" of critical-field measurements, we 
estimate A ss 90 nm. Equation (3) then yields thr 
results /io/Io a 1.4 X IO"4 cm2, which compares very 
well with the observed normalized intensity 1.35 x 
10'4 cm1 obtained from the 20 peaks of Fig. 4.12 and 
the observed direct-beam flux behind the sample. 

These preliminary studies reveal that the FL1. 
conformation is not well correlated with the real CI. 
We believe that this is caused by a lack of sufficient 
homogeneity in the VjSi single cry si*' used here and 
the attendant effects of flux pinning by second-phase 

precipitates. In cooperation with the Crystal Growth 
and Characterization Group, efforts are being made 
to obtain well-characterized, homogeneous samples 
in order to answer the fundamentally important 
questions regarding FLL r-al crystal anisotropic 
interactions. 

1. Orc^iUnt from Physics Laboratory and Research Institute 
for Materials. Nijmegen. The Netherlands. 

2. S. Foner and E. S. McNif.. Jr.. Appt. Phys. Lett. 32, 122 
(1978). 

3. Y. Muto et al.. J. Low Temp. Ptiys. 34, 617 (1979). 

SINGLE-CRYSTAL FLL IN T«N 

D. K. Christen H. W. Weber1 

Y. K. Chang 

The TaN system is an interesting one from the 
standpoint of superconductivity. By addition of X 
into interstitial solution, Ta can be made to 
transform from an intrinsic type I superconductor to 
one of type II behavior below a certain temperature 
7* (less than the transition temperature TA. which 
depends on the particular N concentration. More­
over, in single-crystal materials for 7" near to 7"*. it is 
possible to observe an anisotropy-induced conver­
sion from type I to type II magnetic behavior as a 
function of the crystalline axis along which the 
applied field is directed.2 

Preliminary studies have been conducted to 
observe FLLs in the type II regime of these materials 
by means of small-angle rvutron diffraction. An 8.5-
mm-diam, single-crystal sphere of Ta was loaded 
with N totwodifferentconcentrations{C.v=0.115at. 
% and Cs = n.19 at. %) by heat treatment in a low-
pressure N atmosphere. 

At the larger concentration, the sample was type II 
at all temperatures up to T(\ at the lower concentra­
tion, the sample was transforming. u 'e were able to 
observe a well-defined single-crystal FLL in the type 
II regime for both concentrations. The FLL 
perfection, defined in terms of the rocking-curve 
widths, was found to be systematically better by a few 
percent for the sample having the lower N content. 
For the case where the field was applied parallel to a 
(110) crystal axis, the observed isosceles triangular 
half-cells of the FLL possessed symmetries bracket­
ing that which we had previously observed in pure Nb 
under comparable conditions.1 These f.-aturcs may 
provide a test for the current theories of anisotropy 
and its relation to the FLL symmetry. 
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Attempts were made to observe the FLL at 7* for 
H II OH), an orientation of type II behavior. The 
preliminary rrsults. however, were unsuccessful, 
most likely becaife? of the very small FLL scattering-
form factor and limitations posed by the instrument 
signal-to-noise. 

1. 1979 summer research participant from Atominsthot der 
dsicneixnen Univcniriten, Vienna, Austria. 

2. H.W.Weber,J.F.Nponr,andHSeidl./*ri/frv/>" 41, 
1502 (I97S). 

3. D. K. Christen et aL. Phyi. Rev. B 21,102 (1910). 

FLUX-LINE PINNING BY SMALL 
NITRIDE PRECfPITATES DC Nb 1 

H. R. Kerchner D. K.. Christen 
J. Narayan S. T. Sekula 

The magnetic hysteresis of superconducting Nb 
single crystals containing £IOO-A-diam nitride 
precipitates was investigated by ac- and de­
magnetization measurements. Introducing the pre­
cipitates into the samples produced only an insignifi­
cant change in the critical-current density / „ except 
near the critical fields Ht\ and Ha. The samples 
trapped flux when the applied field was reduced to 
zero from above HA, and they exhibited dramatic 
peaks in Jt for applied fields within 3% of the upper 
critical field Ha. Neither effect was present before.the 
introduction of the precipitates. 

The experimental method and preliminary results 
have been described previously.2 During the present 
reporting period, the temperature dependencr of the 
peak width was measured and a detailed compa* on 
was made between the critical-state observations and 
theory. The comparison indicates that the conven­
tional theory describes this system quite well. In 
particular, the appearance of the peaks near Ha in 
the absence oi significant change in J, at slightly 
lower fields is clear evidence of a threshold effect. 

From the images obtained byTEM under different 
diffraction conditions, the strain distribution was 
found to have the symmetry properties correspond­
ing to those of a platelet, coherent precipitate. From 
the comparison of observed black-white images with 
the calculated contrast, the cumulative displacement 
of the crystal planes across the precipitate-matrix 
interface was estimated to be 7 A. The size distribu­
tion was narrowly peaked at about 80 A diam, with 
no precipitates observed having larger than 130 A 
diam. 

Of the elementary interactions that can be 
estimated between a flux line and a precipitate, the 
dominant one in our cases the second-order elastic 
interaction,1 which arises from the spatial variation 
of the eias;ic moduli Q of the superconducting 
material in the mixed state. Because the strains 
associated with each precipitate fall off more rapidly 
than does the spatial variation of the moduli (Le., the 
flux-line spacing), A Q may be removed from the 
integral expression for the interaction energy/ Then 

c 
/ = £ A Q 3 B 7 3 Q , 

« = » 

where W is the elastic energy associated with the 
precipitate. The TEM results indicated that the 
strains and hence IF could be wefl approximated by 
those associated with a prismatic dislocation kop 
with a Burgers vector of 7 A. For a dislocation loop, 
W is given by a closed expression,* which can easily 
be differentiated with respect to each modulus. The 
interaction energy /for either a small loop or a small 
coherent precipitate arises mainly from the spatial 
variation of the shear modulus CM, and it is 
substantially larger than previous estimates of the 
first-order elastic intera' tion and of the second-order 
interaction, considering only the variation of the bulk 
modulus.1 

In the conventional statistical summation theory, 
weakly interacting defects can contribute to J, only in 
the field ranges near Ht\ and Ha, where they can 
produce an elastic instability in the FLL. Using our 
estimate of the elementary interaction / and 
Schmucker and Brandt's theoretical results* for the 
FLL deformation caused by a point force, we can 
estimate the field range AW near Ha, where the 
precipitates should contribute to / , . The observed 
peak width near Ha is compared directly with this 
calculated field range AH in Fig. 4.14. There, 
measurements of AH/Ha for one sample obtained at 
various temperatures are plotted as a function of Ha. 
The data agree with the theory as accurately as can be 
expected from the quality of the theoretical esti­
mates. 

The statistical summation theory described else­
where in this report7 also predicts a peak near Ha. 
However, the predicted peak width is less than that 
predicted by the conventional theory and has the 
opposite temperature dependence. At fields below 
the peak, the new theory predicts a lower /< than the 
background J( we observe in these samples with or 
without precipitates. The observations on this system 
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do not contradict the new theory. Rather, this system 
provides a good example of a dilute array of point­
like defects, to which the conventional theory applies. 

1. Summary of paper Phys. Rev. Leu. 44,1146 (1980). 
2. H. R. Kerchner et al.. Solid State Div. Prog. Rtp.. Sept. 30. 

1978. ORNL-J486, p. 141. 
3. R. Labusdi. Phys. Rev. 170,470 (1968). 
4. F. Kroupa, Czech. J. Phys. B10,284 (I960). 
5. E. J. Kramer. Philos. Mag. 33.331 (1976). 
6. R. Schmucker and E. H. Brandt. Phys. Status Solid: B 79, 

479 (1977). 
7. H. R. Kerchner, "Theory of the Statistical Summation of 

Weak FL-Pmninf Forces," this report. 

THEORY OF THE STATISTICAL 
SUMMATION OF WEAK 

FLUX-LINE-PINNING FORCES 

H. R. Kerchner 

The universality of lossless current-carrying ca­
pacity of type II superconductors in the mixed state 
has remained a profound mystery because the 
conventional theory of the statistical summation of 
pinning forces predicts a threshold effect,1 Many 
defects that interact only weakly with the FLL are not 
expected to contribute to the critical-current density. 
Although the threshold effect has recently been 
observed in a system of small nitride precipitates in 
Nb, 1 the existence of sizable critical-current densities 
in many other samples containing only weakly 
interacting defects remains unexplained. In an 
attempt to understand the universal observation of 

critical currents in type II superconductors, a. 
theoretical investigation of the statistical summation 
of pinning forces has been initiated. 

The threshold criterion in the conventional 
statistical summation theory requires the interaction 
between an individual defect and a flux line to be 
sufficiently strong to create an clastic instability in 
the FLL. When the interaction is cot strong enough, 
the pinning forces caused by randomly arranged 
defects are of random directions and they are 
expected to cancel. However, the present investiga­
tion shows that a group of defects of sufficient 
number always produces an elastic instability in the 
FLL, even for vanishingly smaO individual flux-line-
defect interactions. To see this result, one must 
observe that the force exerted by a group of random 
defects increases in proportion to the square root of 
their nrmbtr and therefore in proportion to the 
square root of the volume containing them. In 
contrast, the effective spring constant describing the 
restoring force on the same FLL volume increases 
only in proportion to the cube root of the volume. 
The elastic instability occurs when the derivative of 
the total pinning force with lespect to FLL 
displacement becomes larger than the spring con­
stant. 

Because any coherent FLL volume larger than 
some critical volume V is unstable, the b'.tice must 
break up into small volumes V (of coherent lattice) 
that are not coherent with each other. The magnitude 
of the pinning force on each coherent volume V is 
(n I If1))1*2 for a system of defects of number density n 
and mean square pinning force (/*). In the critical 
state, the volume pinning-force density F becomes F 
= («</>/F)"*. 

Calculations of the expected field dependence of F 
have been completed for a simple model interaction. 
The interaction energy between a single point-like 
defect and the FLL is assumed to be given by the 
perturbation theory expression 

where Hf is the thermodynamic critical fiekl of the 
material, # is the (unpenurbed) superconducting 
order parameter, and a is a measure of the interaction 
strength with the dimensions of volume.1 The elastic 
response of the FLL is characterized by wave-vector-
dependent elastic moduli in the isotropicapproxima-
tion.4 Figure 4.15 illustrates the predicted depen­
dence of F on the reduced flux density b * Bl Ba for 
two values of the Ginzburg-Landau parameter K and 
for several values of f'.ie dimensionless ratio nd'lf. 
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(reduced 5jr in maxanmn vatoe) on the reduced flax density b « 
0/At CM scrotal values of Ac parameter onVf'. (0) Remits for 
a superconductor with a small Ginzburg-Landau parameter ». 
(A) Results for a superconductor with a large <r. 

where f is the Ginrburg-Landau coherence length. 
When na1!? is small, F is small and nearly 
independent of b except near 6 = 1 , where the volume 
K shrinks rapidly (creating 3 pronounced peak in Fin 
high-pc materials) until the distortion is limited by the 
shear strength of the FLL. When na11?ii sufficiently 
large, the peak occupies the whole range of b. In that 
case, F{h) is given by a dome-shaped curve whose 
shape is independent of na1!?. 

For many types of defects, na1!? >* temperature 
dependent. The present theory predicts that the shape 
of the F\b) curve should be temperature dependent 
when na1!? (and therefore F) is snt3ll but tempera­
ture independent when na1!? is large and Fib) is 
large and dome shaped. Such a correlation between 
scaling-law behavior [i.e.. temperature-independent 

Fib)! Fmu] and a large, dome-shaped F\b) is a feature 
of much of the experimental literature. 

Ic principle, a number of other predictions of this 
theory can be compared with experimental observa­
tions. The lack of coherence between different FLL 
regions leads to line broadening of a diffracted 
neutron beam. The critical volume V may be 
identified with the activation volume in the theory of 
thermally activated flux creep.' The calculated 
distortion of th coherent FLL regions gives the 
"pinning penetration depth**' and the "depinning 
frequency."7 Finally, if the theory is generalized to 
describe dynamic as well as static situations, one 
should be able to predict flux-flow noise spectra. A 
correct theory of the critical state should be capable _ 
of describing all of the above effects in a consistent 
way. At present, no other theoretical approach shows 
much promise of such a capability. 

1. R. Ubusch. Cm/. Lattice Defects I. I (1969). 
2. H. R. Kerchncr et aL, "Flux-Line Pinning by Small Nitride 

Precipitates in No," this report. 
3. E. H. Brandt. J. Low Temp. Pkys. » , 263. (1977). 
4. E. M. Brandt. J. Low 'nthp. Phys. 26, 709 (1977). 
5. P. W. Anderson and Y. B. Kim, Rev. Mod. Phys. 36, 39 

(1964). 
6. A. M. Campbell. J. Phys. CXim (1969). 
7. J. I. Gittleman and B. RosenUum. Phys. Rev. Lett. 16,734 

(1966). 

LOW-TEMPERATURE H-ION 
IMPLANTATION IN Al 

S. T. Sekula J. R. Thompson1 

The occurrence of superconductivity in metastable 
alloys of Al and H produced by low-temperature Jon 
implantation has been investigated. Films of Al were 
electron-beam evaporated onto room-temperature 
sapphire substrates at rates of 5-15 nm/s in bell jar 
pressures of 0.5-1.5 X 10'4 Pa, using 5N source 
material. The films as prepared had residual 
resistance ratios, corrected for thickness effects, of 
-30 . 

The films were mounted in a variable-temperature 
He cryostar* equipped for four-probe, electrical-
resistivity measurements. By implanting H into the 
Al target at T< 10 K, AlH, alloys could be prepared 
with the concentration x many orders of magnitude 
above the equilibrium solubility. In situ electrical 
measurements were used to follow the progression of 
sample resistance and superconducting transition 
temperature T(. In work on a 300-nm film, H ions at 
27 keV/amu were implanted in a layer of thickness 
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2A#fr ~ 120 nm near the rear of the film (R^ the 
projected range, was 240 nm). Superconducting 
transition temperatures were observed for ion 
fluences * greater than 2 X 1021 ions/m*. With 
increasing fluence, redisplayed a saturating behavior 
that extrapolated to I,""=S.9 K, as seen in Fig. 4.16. 
Values within 0.2 K of this were observed for a 
fmence of 6 X10" ions/m2, corresponding to AlHti. 
During this seiies of implantations, the composite 
sample resistivity p monotonkally increased to ~6 X 
10"* fl-m from an initial value of 0.2 X 10"* fl-m. It 
varied as a weak power of fluence (p - d.*31) and 
showed no evidence of saturation. 

ion irradiation in low-oxygen Al films.1 It can be 
accounted for by the high concentration of H ions in 
the alloy, which provides a high density of scattering 
centers and may help to stabilize severe disorder in 
the lattice as well. 

Isochronal annealing studies were performed on 
this as well as on a 160-nm film, for which the overall 
behavior was qualitatively similar. With increasing 
annealing temperature, both the residual resistivity 
and Te decreased in a correlated manner. At first 
these properties were little changed, but subsequent 
annealing of the 300-nm film to 100 K. reduced 7*cto 
4.4 K, wheras p decreased by 9%. 
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To improve the homogeneity of this 300-nm 
sample, a second, more shallow series of H 
implantations was made at 10 keV/amu. After an 
additional fluence of 4.0 x JO21 ions/m\ p increased 
to 13 X 10'' Ann; there was little or no change in 7V. 
This latter feature suggests that the superconducting 
coherence length in AIHOT is considerably less than 
120 nm. the width of the initial implantation, A final 
series of implantations at 10 and 27 keV/amu raited 
the average composition in much of the sample to 
AIHj, The maximum transition temperature was 
unchanged, whereaspincreased to 10,3X 10 ' ftm. 
This resistivity is much greater than that obtained by 
neutron radiation damage in bulk samples or by Al 

1. Adji.net research and development participant from the 
Unftcnitjr of TCMKSKC KnoxviDe, 

2. S. T. Sefcub and J. R. Thompson. 'Loar-Tcmperaturc lon-
Imptanutioa Cryostai." ins report. 

3. P. Ziemana et a l . 2. Htyvk 8 35. 14111919). 

LOW-TEMPERATURE ION IMPLANTATION 
CRYOSTAT 

S. T. Sekula J. R. Thompson1 

A versatile apparatus for studying materials 
prepared at low temperatures using ion beam 
techniques has been successfully interfaced with the 
Solid State Division ion accelerator. Features 
include (1) provision for variable-temperature 
operation from 3-300 K; (2) long, economical 
holding time for liquid He, with substantial refrigera­
tion power; (3) ion beam accessibility to the material 
under study, with beam-defining apertures and 
electrodes; (4) electrical resistivity measurements; 
and (S) accurate positioning of the target with respect 
to implantation and analyzing ion beam directions. 

Two major design considerations for the appara­
tus, reliability and cleanliness, were constraints 
arising from usage with the accelerator. Both 
requirements have been met. In operation the system 
has proved to be quite reliable, with six to ten 
experimental runs successfully completed. Also, 
considerable care in selecting construction materials 
and in assembly resulted in desired compatibility 
with the vacuum requirements of the accelerator 
system. This feature was important, because there is a 
single, common vacuum for the entire integrated 
system. With the ayostat at room temperature, 
overnight pumping of the substantial volume gave P 
~ 2,5 x 10 Pa; cooling the cryostat to He 
temperature reduced the pressure by about one order 

http://Adji.net
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of magnitude, near or below the base pressure of the 
empty chamber. 

The versatility of the apparatus is illustrated by the 
variety of studies for which it has been used. 
Experiments have included low-temperature ion 
implantations for production of metastabie super­
conducting alloys/ thermal-anneaHDg studies of the 
alloys produced, ami ion-mixing investigations.' The 
provisions for sample elevation and rotation about 
the vertical axis, essential in tins work, have 
functioned satisfactiirity. 

Several refinements have been incorporated into 
the cryostat design. One is a variable thermal 
coupling between the He bath and target block. This 
facilitates the variable-temperature operation as 
required in low-temperature annealing studies. A 
second improvement is a redesigned thermal radia­
tion shield that also carries beam-defming electrodes 
and a solenoid-operated shutter. The latter device b 
to reduce further thermal radiation incident upon the 
sample and to allow Ingn-precbion measurements. 

Overall, the ion implantation cryostat has proven 
to be a versatile and reliable apparatus for studies 
using ion beams at low temperatures and b 

C considered fully operational. 

1. Adjunct research and development participant front lac 
University at Tennessee. Knoxviuc. 

2. S.T.SekobandJ.R.TIiaaipsao."Lo«-TemptTatareH-lon 
Impbatttion in AU" this report. 

i. B. R. Appkton et al . 'Ion Beam Mixing and Poised Laser 
Annealing.'* this report. 

HIGH TEMPERATURE CONDUCTIVITY 
OF INSULATING MATERIALS 

the temperature range 700-2000 K. The results for 
pure svnclnometric spinel can be fitted by exponen­
tial expressions with different activation-energy 
parameters in three temperature ranges. The conduc-
trvityofasampfeamtainmgO.I%Rbihesameas 
that of pure samples when the Fe b in the Fe2* form; 
the conductivity increases by approximately a factor 
of 2 when the He b m the Fe** form. The results are 
uwnbtem with ionk conduction caused by motion of 
cation vacancies. 

Pbotoelectrkt&emml^IjO.Spiacr' 

The electronic and transport properties of 
MgAlz04spindliavebecniir«esu^tedpliotoelectii-
catty. Photofmbaon of boles and electrons into 
spinel from metal contacts (Pt, Au, Ta, Mo, and Cu) 
has been used to dctei inme barrier henjnts. From thb 
information as well as from vacuum UV pbotocon-
ductivity^ata,wehaveobaunedihefoDowinge 
band parameters: the Fermi level lies ""3 eV below the 
bottom of the conduction band, which in turn b 
located ~2eV bdow the vacuum level; the band gap 
b ~9 "V. Phoioemission was not observed from 
graphite electrodes, which form ohmic contacts. 
Electron, matron, or y irradiation produced three 
photoconductivity bands of half widths of ~0.5 eV 
with peaks at 4.5,5.0, and 55 eV. The three bands, 
equally spaced in energy, may be associated with the' 
same center. In Fig. 4.17 the photoconductivity 
spectrum of one such sample b compared with the 
absorption spectrum of neutron- and electron-
irradiated spinel samples. It b clear that the shape of 
the photoconductivity spectrum has no correspon­
dence with the absorption at 5.4 eV, indicating that 

ELECTRICAL PROPERTIES OF SPINEL 

R. A. Weeks J. Woosley1 

E. Soidcr C Wood' 
Spineb have been suggested as liner materials for 

MHD channels because of the compatibility of 
MgAI]04 spinel, which is a good insulator, with Fe-
containing spineb, which can be tailored by varying 
the Fe content to have desirable electrical conductivi­
ties.1 We have measured electrical properties of pure 
MgAljO« and material containing small amounts of 
Fe, Results include the following. 

Electrical Conductivity of Pure and 
Fe-Dopad MgAI JO« Spinel' 

The electrical conductivity of nominally pure and 
Fe-doped MgAIrO« spinel has been measured over 

I. 
f 

4 1 
mom m w w»t 

fig, 4.17, rhocoeoadaniriiT of 
(•Wat M • (vacuo*, of the energy <f 

MgAljO. 
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radiarion-produced t~ centen are not an important 
source of current carriers. 

A light-poke technique has been developed for the 
measurement of Seebeck coefficients of high-
resistivity materials. Measurements can be made on 
materials with resistivities up to 10IZ fl-cm and, with 
the present apparatus, at temperatures up to 1200° C. 
A primary advantage of this technique is in the 
elimination of spurious voltages. It has «.-=en applied 
to the measurement of the thermoelectric properties 
of single-crystal spinel, MgAbO*. Between 500 and 
I200°C the charge carriers are positive; the magni­
tude of the Seebeck coefficient ranges from 1.2 
mV/°C at 500°C to 0.1 mV/°C at 120C°C. 

1. Northers Iftnob Uorvcnity. DeKalb. 
2. T. O. Mason ct aL, p. 77 in PrtHtedings of Sunk 

kwnarioml Conftnmr on Magneto-hjdrfxljnamic Electrical 
famer Gtnermiion. voL II. CONF-7506I-P2. U.S. Department of 
Commerce. Washington. D.C.. 1975. 

3. R. A. Weeks and E. Sonder. J. Am. Ceram. Soc. 63, 75 
iwam. 

4. J. D. Woosfcy ei at. Pftyi. Rev. 0(in press). 

ELECTRICAL BREAKDOWN AT 
HIGH TEMPERATURE 

E. Sonder R. A. Weeks 
As has been demonstrated, some insulating oxides 

such as MgO break down when subjected to 
moderate electric fields for lengthy periods of time at 
high temperature.' A calculation performed for MgO 
(ref. 2) predicts that thermal runaway will occur for 
normal values of thermal conductivity and electrical 
properties of MgO, if the temperature is raised to 
approximately 2000°C. The fact that we are able to 
observe instabilities at temperatures as low as I200°C 
indicates that either a process other than thermal 
runaway produces breakdown or that large changes 
in the electrical and/or thermal properties of MgO 
are produced b> moderate electric fields, so that 
thermal runaway can proceed. 

ft is conceivable that at I200°C a sample might be 
heated far above the furnace temperature by the 
electric current flowing through it. The thermal 
conductivity of MgO is sufficiently high to prevent 
large gradients of temperature to be supported within 
the sample. To determine whether the whole sample 
could rise much above 'he furnace temperature, a 

thermocouple was embedded in a sampir to measure 
the temperature difference buwuui the sample and 
the furnace. It was found that the temperature rise of 
the sample was approximately 3 K/W, which 
corresponds to a rise of at most 50°C at currents at 
which thermal instabilities arise. 

It is rather difficult to obtain information 
concerning the temperature or efcetric-fieid depen­
dence of breakdown, because incubation times of 
100 hare typical and samples can only be used once. 
Wc have found that at applied voltages too small for 
breakdown to occur, the initial current flow 
decreases monotonkally, presumably because of 
polarization. At higher voltages the initial (polariza­
tion) decrease changes to an increase after approxi­
mately I min. On the assumption that this increase in 
current is a necessary condition for incubating and 
eventually producing breakdown, we have measured 
the temperature dependence of the voltage" necessary 
to overcome this initial polarization. The upper 
curves of Fig. 4.18 indicate the temperature depeu-
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deuce of the electric field necessary to cause the 
current in an MgO sample to increase after I nun. 
The data show that there is a targe lemp.?ntturc 
dependence between 900 and 1300°C Abo. the data 
indicate that the sample is not symmetric for a 
reversal of the electric-field polarity. The openiciicfcs 
and squares indicate opposite polarities of applied 
field. Moreover, the filled squares and curies 
illustrate that, after many cycles of increasing the 
voltage in alternating polarities, the increase in 
current after 1 min occurs at lower values ct the 
electric field. If the temperature dependence of the 
initial polarization reflects that of the actual 
breakdown, then it becomes apparent that a field an 
order of magnitude greater than that used at 120CC 
is necessary to cause breakdown at temperatures 
below 90C°C 

Figure 4.18 also includes suitor data for 
MgA I rf>4, which has been observed to break down at 
I20VC with much Power electric fields and in a 
shorter time than MgO. As one might expect, the 
electric fkld necessary to overcome the initial 
polarization is less than that for MgO by more then 
an order of magnitude. The temperature dependence 
is similar, as is the behavior caused by changes in 
polarity, as indicated by the open circles and squares 
in Pi*. 4. IS pertaining to MgAlz0 4. 

Nominally pure crystals of MgO and MgAlj04 
subjected to electric-field treatments at temperatures 
5*I050°C develop dark suedes extending from the 
negative electrode toward the positive electrode. 
Etectron-magrnic-resonance spectra of MgO with 
such dark streak: exhibit components produced by 
ferrimagnetic resonance. In MgO crystals that 
contained as little as ISO ppm Fe, the magnetic field 
at which these components are found is a function of 
the orientation of the crystal with respect to the 
applied laboratory field. This orientation depen­
dence is shown in Fig. 4.19. 

If it is assumed that these ferrimagnetic compo­
nent* are caused by magnetic particles in the form of 
platelets, then the direction of the magnetization of 
the platelets, H****, will lie in the plane of the 
platelets. When the applied laboratory field is 
parallel to the surface of the platelets, the field, ft*, 
required for resonance is 

Hn M0 

90 109 

Re. 4.». OtiH daaonfe 

where we assume that g - 2, ant* v and fi are the 
spectrometer frequency (35 GHz) JIK) the Bohr 
magneton, respectively. The internal field of the 

•• ^awnp4Hw^nnsM, aanaaan/ sum nun# 
, The laboratory magnetic field wat muted abom a(IOO) 

crystal direction. Two priacjpul cryMaltograpMc dWcctiom arc 
hwhcaied by arrows at ike bottom of OK figarc. The fields and 
awjla M which tptanA tempo* ;m wvn obatnmf are denote, ay 
dot». The cam it fitted lo b*c of the spectral coatpoweau at UK 
winiawnw field at which it wat obamed. 

particle H**** "• 4*-AT* where Af, is the saturation 
magnetization of t be particle. As the applied field is 
rotated out of the plane of a parfide, the condition 
for resonance w»ll still be the sum of the component 
of the applied field in the plane of the platelet 
and its internal field. This is illustrated in the Fig. 
4.19 inset. The curve shown in Fig, 4.19 is calculated 



OB ibis oasis. The fit between the observed, fields for 
resonance and the carve is quite good, giving support 
to the assumption that ferrinngnetk particles are in 
the form of platelets. Because the field was rotated 
about a (100) crystal direction, the platelets that 
produce the spectrum from which these data are 
obtained are congruent with the crystal[IQ0] planes. 
The spectral components of dark-streak material 
ftomcrvstabcoataauBg~2000ppmofFearenotas 
wcH resolved « the components in the spectra of 
nouiiaaBy pare crystals. There a> * relatively intense 
component in the region of I.Z7 T which exhibits 
only a slight orientation dependence. 11K compo­
nent ttatlwve die orientation dependeiax shown in 
fig. 4.19 are relatively much weaker and decrease in 
arnphrwdr as they move to higher fields. 

Electron nucroscopy of the dark-streak material 
from crystals contabing ~2Q00 ppm Fe has shown 
the presence of parades of Fie metal, Fe6, and 
MgFeiO«.> These particles have not been detected in 
the dark-streak material of the nominally pure 
crystals. On the basis of s&auar spectral components 
in the two types of dark-streak material, we assume 
that the components in the nominally pure material 
are caused by one of the precipitate types observed 
in the more heavily doped samples. From the 
difference between the field //• = hwigfi and the 
minimum field at which resonance is observed, H" 
0J T, we estimate that #,•**"' 0,4 T. For Fe-«* 
4*Af-,=2.18 T; for MgF*i04;4ir.lv',=O.I4T.4Thus, 
it is not possible to determine whether spectral 
components of tteparticksare caused by Fe metal or 
MgFejO* or by some othei kind of magnetic 
compounds. 

Spectral components of dark-stuak material from 
a MgAliO« crystal containing 800 ppm Fe were abo 
ferrnnagnetic. However, the orientation dependence 
of these components was negligible as compared with 
those in the MgO material These components were 
centered at a field of 1.27 T (g=2) for w - 35 GHz. 
Because of this negligible orientation dependence, we 
tentatively attribute these components to panicles 
with approximately spherical shapes. 

1. E So«fer «f af., / . Appt Pkys. 49, 5171 (I9TI). 
2. F. Modmc SoM Suu Dtv. frog. Rtp~ Sift. JO. 197$. 

ORNL44US, p.12S. 
I. J. NarajM ct si, SoMStm Dtv. Prog. top.. Sept. JO. 1978. 

4. Air Hmdbook. pp. MM utf 5-211. MeOnw^HiU. New 
York, 1*57. 

ELfXTRtCALCOfTOUCTIVniESAT .. 
ELEVATED TEMPERATURES OF MgO 

SINGLE CRYSTALS DOPED WITH 
F e ,a ,N i .ANDU > 

R. A. Weeks E. Sonder 
Electrical conductivities of MgO single crystah. 

doped with Fe,N^.Cr,andU uptocoocentratiorisof 
*3500 M&' g have b*n measured tver a 900-1850 K 
temperature range. The conductivities of the tran­
sition meul-doped samples fcfi shghtty outside the 
range of values reported for noroinaBy pure crystals 
(total mwurity conceutiations ^500 ng/g); the 
conductivity of Li-doped MgO was apwrojansatety 
two orders of magnitude higher. Treatment of Fe-
and Cr-doped samples at 1500-1850 K in CO gas 
caused the ratio of divalent to trivalent impurity to 
increase greatly for MgftFe and very fittk for 
MgOtCr. The conductivity, on the otif . and, 
changed little for MgOrFe and increased by approxi­
mately a factor of 3 for MgOCr. It is concluded that 
the vacancies that charge compensate for the 
trivalent transition metal ions are not the pre­
dominant carriers of electric current in MgO below 
1850 K 

I. Smmary of pmper. Rr*ue tmeimukmale des Hmon 
Temptrmtra tt 4ts Ktfractmres (m pro*). 

EFFECTS OF ELECTRIC FIELDS ON THE 
CONDUCnVTTY OF Y*h SINGLE CRYSTALS 

R. A. Weeks L A. Boatner 
E. Sonder M. M. Abraham 

Moderate electric fields applied to single crystals of 
MfO and MgXiiO* at temperatures S*I0Q0°C 
produce large increases in electrical conductivities, h 
has been suggested1 that a fraction of the charge 
carriers in these materials *% ionic and that the 
increases in conductivity may be related to ionic 
charge transport. If this suggestion has validity, then 
in an oxide in which the charge canirre arc ckctroruc, 
moderate electric fields would not induce changes in 
conductivity. One such oxide is YjOs, TaBan and 
Vest1 have found that at temperatures >I200°C the 
conductivity of YiOj is "pure electronic." We have 
measured the condoctrrity of a single crystal of YJOI 
»safuiKtionofeiectric-iNMfreaunenuat^l200<>C 
to determine if the temperature dependence of the 
condivtivity is altered by such treatments. 
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The crystals were grown by the are-fusion 
Rectangular I X 1 x 03 cm paiaflel-

cat from a bouse and prepared for 
as described elsewhere.1 Measure­

ments of dc conductivity were made with a three-
dectrode system. The results of the measurements are 
shown in Fig. 4J0. The conductivity of the as-
received sample showed only a slight temperature 
dependence between 500 and I000°C Above 
I000°C, the rate of increase of conductivity with 

i greater. After this initial measure-
, a field of 4S0 Van"1 was applied. After 40 h,« 

fourfold dtcicase in conductivity wa» measured and 
the tow-temperature (<300°C) conductivity de­
creased by more than two orders of i 
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A* shown in fig. 4J0, the cuoductivity data after 
the treatments agree with the function In o = « + 
bfkT over the range of temperature in which 
measurements were made. The slope of the curve is 
i M eV, a value in reasonable agicemrnt with that 
reported by TaBan and Vest1 fO. the I200-I600°C 

The single crystals, as received, had a black 
coloration and *ere opaque at a thickness SO. I cm. 
After the field treatment described above, the treated 
crystal was white, but soil opaque. 

The initial decrease m the conductivity of YJOJ 
crystals with electric-fieUtreB 
observed in jfgO crystals. However, fi 

MgO. Up to at least the total time of dectric-fidd 
(76 hL there was no indication of the 

breakdown Oat has been observed 
m MgO and M»U iO«.Tbx deceleration of the Y^O, 
crystal also indicates that the changes produced by 
electric-field treatmenu differ from those observed in 
MgO and MgAljOb. In those matrriak, theelectric-
fiekf ticatmcm produced a darkening of treated 

One of the significant effects of the electric-field 
treatment on the conductivity was the extension of 
the Ugh-temperature (I200-IGOO°C) conductivity 
processes observed by Tsllan and Vest2 to lower 
temperatures. The treatment apparently removed 
from the sample charge carrier* that provide a lame 
low-temperature conductivity. These carriers maybe 
responsible for the black coiontion. 

1.1.Sumatra*.J. AppLrhr*.m,imuim. 
2. N. It. Ta in and R. W. VcH. / . Am. Ctrmn. Soc. 49,491 

(1966). 

CURRENT VOLTAGE CHARACTERISTICS 
OF LUMPED MgO OXIDIZED AT 

ELEVATED TEMPERATURES' 
Y.Chen 
M. M. Abraham 

J. LBOMD 2 

V, M. Orera1 

During growth of Li-doped MgO crystals by the 
arc-fusion technique, the crystals are generally 
•objected toaredochifatmc«pliere under the electric 
arc of graphite rods. At a result, most of the Li 
coagulates into UjOprecipiuu^/UpM oxidation of 
these crystals at elevated temperatures, [Lif centers 
(substitutional LTO" complexes) are produced. The 
stability of these thermocbemkally generated [Lif 
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centers, as opposed to unstable ones induced by 
ionizing radiation at low temperatures, is attributed 
to hopping of hobs in a region of high [Lif 
concenfeation(called a uucrogalaxy), which is caused 
by the dissolution of Li from a LuO precipitate. 
Therefore, these regions should be p-type semi­
conducting; the greater the [Lif concentration, the 
hjgher the conductivity.* 

A characteristic feature exhibited by crystals 
contruning[Ijf centers is that the current denskyasa 
function of electric field (A£) is nonlinear but b 
symmetric for positive and negative bias. There are 
two regimes to a plot of the relationship. At small 
electric fields, the effecwve conductivity is small and 
die current density is caused pr^iarih/by polariza­
tion effiects. At h^her fields tlie curves be come more 
linear, and the current isattiibuted tofhld nintrd 
i nn ping (tuttnehng) of holes between neighbormg 
nuarogahuries. If these larrogalaiies occur in the 
vicinity of dislocations, as polarization studies and 
[Lif decoration along slip planes seem to suggest, 
then the internal electric fields can reach ~ 10* V cm"* 
for external fields of lOM©1 V cm 1 . 

The measured A£ characteristics are different for 
different oxidation leuipriatuwes. Typical current-
field dependence for three different temperatures is 
shown in Fig. 4.21. To elucidate the contrasting 
shape of the curves rather than the magnitude of the 
current density, the normalized current // Itm, where 
hm is the current at 2500 V/cm, is plotted. As the 
oxidation temperature increases, the slope begins to 
rise at lower fields. The linear portion of the I250-, 
1450-.and 1550^curvcsextrepobnestozerocurrem 

O 900 WOO «00 2DOO 2500 

at ~800, 400, and 300 V/cm, lespectivety. These 
observations suggest that for higher oxidation 
tcuipeiatuics, hole tunnehng proceeds at lower fields. 
We conclude that the effective dimensions of the 
dielectric medium between the semiconducting 
inclusions diminish with increasing temperatures. 

I. Swnottry of paper ANrmfrfr /ftympir (in prcs*). 
Z Gcctt sdnKiR from IMUMO dc Fwa. U.N.A.M.. Mexico. 

D.F. 
3. Goetc meat* from Vunraitj of Zaiafon, Zaragoza. 

Spain. 
4. J. Nanyaa a ai. fhUo*. Mf- Jt. 747 (WW). 
5. Y.Ckema A, SaU Stme Commm. n.UI (KVt-



5. Neutron Scattering 

The objective of the Neutron Scattering Ptogiam continues to be the stody of the 
stractnre and dynamics of condensed matter on a microscopic level. Much of the 
infonnation obtained through neutron scattering is miiuut, m that it cannot be 
olwaiiicd through other eipcrim^ 
fundamental details of stmctufts and of atomic interactions. Such infonnation is 
essential for increasing our knowledge of tiie solid state and in providniguanghtto,and 
guidance for, the solution of osr long-range energy-fdated nuneriab problcms. 

We are in a period of expansion in terms of the total neatronscatteringcapabDity 
at ORNL and of diversity in termsof sponsors and users of the faculties. A major new 
facility is nearing completion at the HFIR. This Btl»e3(Km SANS instnnnent, funded 
by NSF as part of the National Center for Smau-Angie Scattering Research 
established at ORNl.tmderajoitf agreement between NSF and DOE. The three Ames 
Laboratory rnstnmv,-nts are now in routine operation at theORR. Through the efforts 
of DOE, we are engaged in preliminary negotiations with the government of Japan to 
establish a United States-Japan Cooperative Program on N' .iron Scattering; this 
program would involve the construction of one or two new instruments at the HFIR, 
to be funded by the Japanese. Plans have been initiated to start a more formal users" 
program that will make our facilities morje accessible to university and industrial 
scientists within the United States. Of course", untO this program has been estabhsbed, 
our informal programs for visitors will continue to be active. During the period of this 
report, the ORNL neutron scattering facilities have been used by about 35 scientists 
from other organizations, mary of whom have paid several visits to the Laboratory. 

in the SANS research, several very promising investigations have been initiated at 
the S-m instrument at the ORR. A combined neutron and x-ray study is aimed at 
characterizing the pore size distribution in oil shales, both the total distribution of 
pores and the distribution of oil-bearing pores, in collaboration with members of the 
Chemistry Division, the small-angle scattering technique has been wed to measure 
molecular weights of coal dissolved in pyridine The SANS technique has also been 
used in such diverse studies as compatibility of polymer blends, irradiation-produced 
voids in metals, decomposition of metal alloys and magnetic clusters in spin glass 
materials. We anticipate that all these areas of research will flourish when the 30-m 
instrument at the HFIR is in operation. 

Our traditional activity in the field of lattice dynamics continues, but perhaps the 
emphasis has shifted toward studies of anomalous behavior. An excellent example is 
the case of a-\). An earlier study of the phonon dispersion curves showed a pronounced 
dip in one of the branches. Studies of the temperature dependence of this branch have 
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demonstrated tint a periodic lattice distortion results from the condensation of this 
soft phonon. Other examples of anomalous behavior that have been studied during 
this reporting period are soft phonons in T c , the origin of the Verwey transition in 
magnetite, invar alloys of the 3d series, and the mixed-valence material CeSn>. 

In the area of magnetic scattering, there has been a resurgence of activity cm 
magnetic structures, prompted by the desire to understand reentrant superconductors 
and by recent theoretical w k -TO the complex magnetic structure of Nd. Initial work 
on the magnetic excitation spectra of Er in the sinusoidaUy modulated phase has been 
performed. Conventional spiu-wave theory does not apply in this case, so there is a 
challenging task in understanding the unusual features of the observed spectra. The 
fXTtfrnrr of spin waves above the Curie temperature and the nature of the 
paramagnetic state are questions that have been addressed by experiments on the 
magnetic excitations in Gd above TVand by polarized beam experiments on magnons 
inNL 

These neutron scattering efforts have been enhanced considerably by beneficial 
interactions with members of the Solid State Theory Program and the Crystal Growth 
and Characterization Program. 

SMALL-ANGLE NEUTRON SCATTERING 

THE NATIONAL CENTER FOR 
SMALL-ANGLE SCATTERING 

RESEARCH 

W. C. Koehkr S. P. King 
R.W. Hendricks1 J.S.Lin 
H. R. Child G. D. Wignall 

Early in 1977, a research proposal entitled 
"Construction and Operatio.i of a National User-
Oriented Small-Angle Scattering Facility at the Oak 
Ridge National Laboratory** was prepared by 
Wallace C. Koehler and Robert W. Hendricks for 
submission to the NSF. With approval from ORNL 
and DOE, this proposal was amended and expanded 
to include part-time use of existing ORNL SAXS 
and SANS facilities, therebycreatingan NCSASR at 
ORNL. After the necessary reviews and site visits, the 
expanded proposal was accepted by the NSF; and a 
grant of SM million was made to ORNL fora three-
year period beginning January 1,1978. 

The previous progress report1 outlined plans for 
the construction of the NSF-funded 30-m SANS 
facility and for the operation of the center. This 
report reviews progress made toward the implemen­
tation of those plans. 

The most visible sign of progress is the partial 
construction of the 30-m, SANS facility at the H FIR. 

AH major pieces of hardware, with one exception to 
be mentioned hter, have been built or purchased; and 
the assembly of the system is in its final stages. 

Extensive testing and tuning of the monochmma-
tor systems have been done. Among the six pairs of 
graphite monochromators, some crystals exhibit 
higher mosaic spread (0.6-0.7° FWHM) than that 
desired and specified. However, these were kept 
because they were the best available at the time of 
purchase. As a result of the high mosaicity. the 
overall efficiency of the monochranator systems is 
reduced; nevertheless, a very usable beam has been 
produced. With a 1.9- by l.9-cmz slit at the 
monochromator end of the presample flight path and 
a 1.2- by 1.2-cm2 slit at a counter 10 m away, a 
counting rate of 3.4 X 10* neutrons/s of Be-filtered 
neutrons (3*4.75 A) is obtained. Although this rate 
is about a factor of 2 (esv than the value originally 
calculated, we believe that we can approach a flux of 
10* neutrons/cm**-* on the sample under the 
standard-resolution conditions by replacing the 
poorer crystals with better-grade material. Final 
testing and tuning will be deferred until the position-
sensitive detector has been calibrated. 

The construction of the detector, a 64- by 64-cm1, 
'He-filled, position-sensitive proportional counter of 
the Kopp-Borkowski type, has now been completed 
in the Instrumentation and Controls Division and 
has been installed at the HFIR, where it is under­
going final testing. 
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A data acquisition system, based on the Mod-
Comp II minicomputer, is nearly operative. This 
system has been adapted from that developed several 
years ago for use with the IO-ut SAXS cam<ra. 
Considerable thought and effort have gone into 
modifying the original software package in order to 
accommodate the anticipated large numbers of Users 
ofthefacilitv 'meexperimeatercannowcollectdata 
and a second process data simultaneous.!". It is 
expected that the instrument will be available for 
routine user operation on July 1,1980. 

An unfinished component of the 30-m machine is 
flight path shielding, which was deferred until 
measurements could be made to determine how 
much shielding was really required. It has been found 
experimentally that 2 in. of wood shielding rather 
than the originally estimated 10 in. will suffice. This 
shielding is essential t J provide the low background 
and good signal-to-noise ratio necessary for a 

^lccessful SANS facility. It will also provide a "neans 
of eliminating thermal gradients from the top to the 
bottom of the tank and the concomitant flexing ofit. 
Plans are to install this shield in May 1980. A 
schematic diagram of the instrument as it will appear 
in early 1980 is shown in Fig. 5.1. 

1. Metab and Ceramics Dmsioa, ORNL. 
2. W. C. Kachkr and R. W. Hendricks. Solid State Div. Prog. 

Rep.. Sept. 30, 1978. ORNL-5486. p. 149. 

CHARACTERIZATION OF OIL-BEARING 
SHALES FY SAS TECHWQUES 

a . D. Wignall 
H. R. Child 

W.CKoehler 
R. W. Hendricks1 

Oil sh&Ic* represent a large untapped petroleum 
reserve. The hydrocarbon material is, however, 
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Fif. 5.1. Thirty-art' SANS bcittfy. 
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extremely difficult to recover because the dense, 
compact nature of the shale restricts the microporous 
pathways needed for migration of the organic 
material. In situ shale-oil recovery techniques center 
on a variety <-f methods for increasing the porosity 
and permeability of the shale formation. A detailed 
knowledge of the pore-size distribution is, therefore, 
fundamental to understanding and controlling the 
permeability of oil in these systems. 

Very little information iscurrentlyavailablcon the 
size of grains and pores ir compact shales, which are 
believed to be in the range S to 2000 A. As SAS 
techniques are well established for the characteriza­
tion of porous materials in this size range,2-4 a series I 
of experiments aimed at developing these techniques 
tor the study of oil-bearing shales has been under­
taken on samples provided by a leading oil company. 

In principle, SANS experiments can give the total 
pore distribution in a material, includingempty pores 
and those filled with hydrocarbons (oil, kerogen, 
etc.). If the ratio of H to C is approximately 2:1, the 
coherent scattering from a filled pore is virtually zero 
due ti the cancellation between the coherent 
scattering lengths of C (be = 0.66 X 10~" cm) and 
hydrogen (bn = -0.37 X Iu~" cm). Hence, hydrocar­
bon-filled pores scatter neutrons similarly to empty 
pores; therefore, SANS measurements should give 
information on the total pore distribution. 

On the other hand, for x-ray scattering measure­
ments, the increased electron density of hydrocar­
bon-filled pores can be expected to reduce their 
scattering, and one might expect to measure a pore 
distribution dominated by the empty pores. Subtrac­
tion of the distributions taken from SANS and 
SAXS measurements should, in principle, give 
information on the oil-bearing pores in the shale. 

Initial experiments have demonstrated that shales 
formed in low-pressure geological formations have 
isotropic scattering patterns, indicating a random 
orientation of the (.ores. Shales formed in super-
pressure formations have anisotropic scattering 
patterns with an axis of cylindrical symmetry 
perpendicular to the bedding planes, indicating that 
the pores are anisotropic with the long axis 
preferentially oriented in these planes. Debye, 
Anderson, and Bruiiiberger1 developed a model for 
the scattered intensity I{K) from a system of holes 
(pores) randomly dispersed in ?. matrix of uniform 
electron density, which predict* a linear variation of 
rin(K) with K1. Figure 5.2 shows that this 
prediction fits the measured scattering to a good 
approximation. The pore dimensions calculated 
using the Debye formulation are shown in Table 5.1. 

The dimensions rr ealed by SANS and SAXS are 
clearly different, and the initial indications are that 
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the hydrocarbons in these samples are contained 
predominantly in the larger pores (>I50 A), thereby 
reducing their contribution to the SAXS patterns. 

Further experiments are in progress to establish 
the relative contribution of voids and grains to the 
scattering and to assess the validity of the SAS 
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methods for examining samples from other impor­
tant oil-bearing geological formations (e.g., diatom-
ites, chalks, etc.). 

1. Metals and Ceramics Drrisiou. ORNL. 
2. G. W. Longman et a l , CoOoU Polym. Set 252.298 (1974). 
3. R. W. Hendricks. Phbt. Mag. 30. (19 (1974). 
4. J. S. Lm ct al.. J. Appl. CrfuaUogr. II. 621 (I97S). 
5. P. Debye. H. R. Anderson, and H. Brumberger. J. AppL 

Fhfs. 2». 679'1957). 

SANS FROM COAL SOLUTIONS 

B. E. Maxwell' H. R. Child 
A. H. Narten1 

Coal chemists have used several methods to 
determine molecular weights of coal and coal 
derivative*; which were originally developed forother 
systems. These methods include vapor pressure 
osmometry2-4 and gel permeation chromatogra­
phy.4'5 However, the method believed to be the most 
reliable, although tocvexpensiveand time-consuming 
for routine work, is the measurement of the density 
gradient by optical means during ultracentrifuga-
tion.4 This method has been :oupled with ultrafiltra­
tion to separate the coal solutions by particle size. It is 
known that SAS of either x rays or neutrons can 
provide weight-averaged molecular weights A/».*'7 

We have conducted preliminary neutron scattering 
experiments on coal powders and solutions to 
investigate this method of determining Mm. The 
powder samples, although yielding a large signal, 
were subject to uncertainties because of voids and 
pores that may be present in the sample.7 To 
eliminate this complication and to study the possible 
presence of "molecules" of coal, we have examined 
solutions of Illinois No. 6 vitrinite in deuterated 
pyridine. The coal samples were treated by one of 
three methods: (I) toluene pyrolysisin 1:1 at 400°C 
for 4 min (designated run No. 596); (2) Na/K 
reduction in glyme/triglyme quenched with H A 
after which the base soluble portion is collected 
following centrifugation, acidified, and dried (603); 
and (3) Na/K reduction in glyme/triglyme, HjO-
quenched, base-insoluble material collected after 
centrifugation and dried (602). A fourth sample was 
left untreated (No. 598). Each sample was continu­
ously extracted with Ds-pyridir.e and ultracentri-
fuged at 20,000 rpm for I h. 

We have used the word "molecules" in the previous 
description, but this concept is not proven and, in 

fact, a long-term purpose of these experiments is to 
determine if such a concept is valid. A terminology of 
mkropartide or macromoiecale might be applied 
with equal validity. 

Neutron SAS data were collected at the ORR, 
using the new 5-m SANS faculty at an undent 
wavelength of 4.82 A The£=4jrsin0/Arangewas6 
X l (r '<Jf<5X I0"J A ^ The dau were corrected for 
'he sample tranrjussion, background, and sol­
vent/sample eel', scattering and were converted to 
absolute macrjscopic cross sections by measuring 
the incident beam intensity. 

Our analysis of the data is based on the observation 
that the scattered intensity can be represented by the 
square of a Lorentzian function plus a constant. The 
solid lines in Fig. 5 3 are least squares fits to this 
functional form. Such a dependence has been 
predicted* for particles having an autocorrelation 
function Yr) expressed by 

/lr) = e*', (I) 

ORNL-MrGSO-9995 

0 0.04 0.02 0.03 0.04 

Fif. 5.3. SANS intrmjtiaf from coal M M I O M VI K. The solid 
curves are least squares fits to the data of Eq. (2). 
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where a is correlation distance and is a measure of 
the size of the fluctuation. For thb 7O) the intensity 
is given by 

Kk) = HCtl+k1a*T2 (2) 

which is the observed functional form. We obtain 
4 0 ) , a, and a constant background by least squa.-es 
fits to the data. Particle size is often expressed in 
terms of the radius of gyration' R,, which can be 
evaluated from y(r) analytically in this case, 
R,1 = 6a7. This U* concept is well defined only for a 
tow-density system of randomly oriented identical 
particles; and. if these conditions are not valid. Rt 

must be considered as an .average over the size 
distribution. It can be shown that Rt is weighted 
more heavily toward »he larger particles. 

The weight-averaged molecular weights Mw are 
related to H/Gf) by5 

KO) = Kte" —^O), (3) 

with 

dl 
da 

*..— O) = N»pc(\ - CMFA ~ FtY/H (4) 

where Afo is Avogadro's number, w is average atomic 
weight per atom, p is density of solution, c is 
concentration of coal "molecules," n is number of 
average atoms per coal molecule, and FA and F»arc 
the average scattering amplitudes per atom of the 
coal and the pyridine, respectively. For devterated 
pyridine, F, = 0.691 x I0"12 cm and FA can be 
calculated from the elemental analysis of each coal 

dl 
sample. The observed value of ~~iO) i« divided 

all 
by the known values in Eq. (4) to yield the number 
of average atoms per coal molecule n and then, 
Xfw - nw. 

Our results Corn, showninTable5.2,aresubjectto 
rather large uncertainties, which are estimated to 
total about ±25% from the calibrations and the 
background correction procedure. It should be 
emphasized that because these data represent very 
small signals on a rather large background when 
compared to previous measurements at this facility, 
we are pushing the capabilities of the machine close 
to the limit. In addition, the interpretation of n is 
open to question on fundamental grounds because 
the coal solution might be expected to contain a 
range of sizes of molecules. A much wider range of AT 
is beyond the capacity of this machine at present. 
Future experiments are planned on various solutions 
as a function of concentration to attempt to utilize 
and refine the experimental technique to its fullest 
extent. i 

I Chcmituy Division. ORNL. 
2. B.S.l(nasiak.S.K.(^kabanty.andN.Bcrkowiu.ft*/57. 
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6. J. S. Higgi . and R. S. Stein. J. Appl. CrystaUogr. 11.349 

0978). 
7. J. S. Lin et at.. J. Appl. Crystellogr. II. 621 (1978). 
8. P. Debye and A. M. Bueche. J. Appl. Phys. 20 SI8 (1949). 
9. A. Guinier and G. Fournet, Small-Angk Scattering of X-
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SANS STUDIES OF A COMPATIBLE 
POLYMER BLEND, ATACTIC 

POLYSTYRENE-POLY(2£ DIMETHYL 
PHENYLENE OXIDE)' 

G. D. Wignall H. R. Child 
F. Li-AravenaJ 

In recent ye?rs the SANS technique has been 
increasingly used for the study of chain configuration 

Tat* SX Cowpariaon of coal fofcrtions in deuttratcd pyridine 

Sample 
run 

Analy>is per 
100 C atom* 

Concentration 

(cm"') 
(A) ID 

Illinois No. 6 vitrinise CMCHI i I N I «SI«OIO • 
596 (PCS-ll-4) CieoHw«N<iS«TO)« 4.2 16.3 144 2.1 x 10* 1.5 X 10' 
598 (CS-IV-6) CIWHM I NnS« «Oj» 4.85 9.93 8'..3 I.I x 10* 8.1 X 10* 
602(NCS-I-B) CMHI*MN:.TSMO>. i 0 
603 (NCS-I-A) CrnHMiNirSffOrj 1.69 25.4 226 6.5 x 10* 4.6 X 10' 
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in bulk amorphous' and crystalline polymers4,5 in the 
melt and solid state. Samples analyzed by this 
technique arc made up of a host polymer matrix in 
which a small number (~4%) of isotopkaOy 
substituted (tagged) polymer molecules are dis­
persed. The difference in coherent scattering length b 
between D and H results in a marked contrast 
between hydrogenated and deuterated rrjlecules. 

The SANS methods were first used to investigate 
polymer compatibility by Ktrste, Kruse,and Ibdr for 
both incompatible and compatible blends. The 
majority of chemically dissimilar polymer pairs are 
incompatible, and techniques (differential calorime-
try, optical microscopy, etc., hitherto used to probe 
this phenomenon are sensitive to macroscopic 
fluctuations in composition, from which compatibil­
ity at the segmental level must be inferred. Further­
more, the techniques do not provide information on 
chain configuration in blends or whether the 
molecules are perturbed from their configuration in 
the homopolymer. The SANS technique is an 
extremely sensitive test of compatibility at the 
segmental level, and Ballard, Rayner, and Schelten7 

used this technique to demonstrate that polystyrene 
and poly-a-methyl styrene formed a truly compatible 
mixture. This communication reports the results of 
an investigation on a polymer blend, polystyrene-
PPO (commercially marketed as Noryl), which 
demonstrates that this system is compatible on a 
segmental level and that the chain dimensions are 
similar to those in the homopolymer. 

The neutron scattering samples were fabricated 
with a (hydrogenous) PPO matrix in which concen­
trations of 1.3, 4.2, and 6.1 wt % of DPS were 
dissolved, A PPO matrix was chosen to minimize the 
contrast due to any residual voids in the system by 
means of partial canr 'lation between the scattering 
lengths ofC (6C=0.(H, '0""cm)and H(* M =-0.37 
X 10'" cm). For each sa.. ; the background matrix 
scattering was subtracted by performing measure­
ments on a blank sample containing no tagged 
molecules. 

The SANS experiments were performed on the 
S-m instrument in operation at the ORR.' The 
scattering patterns from the tagged blends and the 
blank were each measured over a 32 X 32 array for a 

~ period of ~ 16 h; after correction for background and 
sample thickness and transmission, the correspond­
ing scattering from the polymer blank was sub­
tracted. The resulting two-dimensional array of 
corrected data points was averaged over a ring of 
constant width as a function of radius from the center 
of the beam to obtain the intensity over a range of 

scattering vectors, 7 X 10"1 A"' ̂  K=(4ir/A) sin 0 ^ 
0.03S A' 1. These intensities were calibrated by 
comparison with scattering from water and by direct 
measurements of the incident beam and hence placed 
on an absolute scale. 

Values of the radius of gyration R, and molecular 
weight Zo of the tagged molecules were obtained, 
tsspectively, from the slope and intercept of Guinier 
plots ( r ' vs K1) of the scattering data (see Fig^5.4 
and Table 5 J) . It is dear that the molecular weights 
measured by SANS and osmometry are equal within 
the experimental error (~20%). Schelten et aLJ 

showed that deviations from a statisticaldistributkm 
involving less than one monomer unit in 1000 would 
cause Lo to exceed M» by a factor of ~ 100. Thus the 
dose agreement recorded above confirms that a 
statistical distribution of DPS in PPO has been 
achieved. This condusion is similar to that resulting 
from extensive studies of compatibility made on this 
system by conventional techniques^1* and confirms 
that information on the compatibility of polymer 
blends on a segmental level tan successfully be 
inferred from these techniques. 

The dimensions of DPS in PPO are close to the 
dimensions of DPS in PSH,' although a small 
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TaHeSi. •fXti 
forDPSaiFPO* 

l ^ - ^ l . " 

Simple 
(wtftDPS) (A) 

2. 

6.1 
42 
23 

98+20 
100120 
100 ±20 

(70 ± 15) X 10* 
«2±20)XI0* 
(90 ± 20) X lO* 

Tegpd molecules (DPS). */. = 97 X I^.M.. M.= 1.1 .matrix 
(PPO) AT. = 46.4 X 10\ M. M. = 2.7: and /J. of DPS in PSH is 
85-90 A. 

expansion of the chain cannot beruied out within the 
experimental error. The variation of £o with 
concentration indicates a positive second virial 
coefficient in the range I X 10 ' ^ 2Ai «£ 1.5 X 
HT4/mole g ' W . 
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SANS INVESTIGATIONS OF 
IRRADIATION-PRODUCED VOIDS USING 

THE ORR SANS MACHINE' 
S. Spooner2 W. E. Reitz' 

H. R. Child 
The SANS technique can be used to advantage in 

the investigation of void structure produced by 
reactor irradiation because the method is essentially 
nondestructive and the interfering effects of gamma 
radioactivity can be distinguished from neutron 
scattering in measurements of hot samples. Two void 
structure investigations were undertaken on the 
ORR SANS machine under less than ideal condi­
tions. First, the incident neutron flux in this 
prototype machine is low by comparison with other 

SANS machines in the United States or Europe. 
Second, jnpk dimensions vere not optimized. 
Nevertheless, jome useful results were gained from 
analysis of scattering. 

Niobium and Nb-Zr alloys doped with He became 
available from the Metals and Ceramics Division in 
the ' :m of microtensue specimens that had been 
irradiated at several temperatures and fluences in the 
HFIR. A shoulder section from each specimen (4 mm 
in diameter, 4 mm long) was used for scattering 
experiments. The scattering from voids could be 
measured in these specimens after correction for a 
gamma background scattering. This background was 
distinguished from neutron scattering by putting a 
Cd sheet in the incident beam, thus Mocking neutron 
scattering from the voids. The void scattering was 
easily separated front gamma and instrumenta. 
background only at small angles. The apparent size 
of voids in these samples was such that it was not 
po»sib'.e to establish clearly the Gaussian form of 
scattering in the small-angle range of data measured. 
It was found instead that the scattering curves 
conformed closely toa K~* dependence. The data are 
plotted in Fig. 5.5 in which the straight lines show the 
K* behavior. Under these circumstances the struc­
tural information that wuld be obtained from these 
data was limited. An estimate of the Porod radius 
(square root of the second r.;oment) was calculated 
from the ratio of the invariant Q»[- JJ»" K^K) dK\ 
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to the Porod constrot ? {- K*KK)\. The void 
fractions were calculated from Q» after absolute 
calibration of tbe scattering intensity with the 
incident beam intensity. However, the values 
obtained are subject to large errors. It nay be 
recorded that tbe trends of tbe void fraction follow 
fairly weB the densometric determinations made 
elsewhere. At this point in the analysis, it can be said 
that trends and magnitudes of tbe void structure 
parameters have been established and that continua­
tion of (lie work on tlie HHK SANS niadime is both 
feasible and promising of detailed results. 

A 304 stainless sted specimen taken from an EBR-
II control-rod thimble presented another kind of 
problem which may represent an important limita­
tion in tbe study of irradiated stainless sted. The 
SANS study of this specimen has shown a huge 
scattering and possible interference peak in the 
scattering distribution. It is known that various 
intermeialuc phases including carbides appear in 
neutron-irradiated stabile* steels and that there are 
several possible sources of scattering:(I) voids, (2) 
nonmagnetic precipitates, (3) magnetic carbides, and 
(4) muitiplr scattering. 

In recent experimentsonthbspecimen,amagnetic 
field was employed to determine the possibility of 
scattering from ferromagnetic phases. The principle 
of this experiment is that magnetic scattering 
vanishes for scattering vectors parallel to tie 
magnetization so that the difference in scattering 
with and without field yields an estimate of the 
amount of ferromagnetic phages present. However, 
no response with applied fitld could be measured at a 
statistically significant lew' -

The scattering data were t»ien examined in terms of 
void scattering. A most unlikely result was derived 
from the calculated scattering invariant (V After 
calibration of the scattering, it was found that the 
apparent void fraction was many times higher than a 
physically reasonable vwlue. 

Our conclusion is that the observed intensity is not 
single scattering from voids nor is it from ferromag­
netic precipitates. Nonmagnetic precipitates remain a 
possibility as the source of scattering, and the 
multiple scat fring possibilities need (o be evaluated. 
Multiple scattering from voids in stainless steel may 
be a particularly serious problem because of the high 
scattering amplitudes of the principal components of 
this alloy. The experimental approach to this 
problem calls for varying the sample dimensions, 
which would be expensive when dealing with 
irradiated specimens. A general computer program is 
needed to calculate the effects o% r.u'.'.iple SAS. 

A&hough multiple scattering may have important 
effects on Q*. it cannot explain the observed 
interference peak. 

2. CoasakaatfaNaGc jm tatiuae ofTcdMotagy. AOMOL 
3. Georgia tatiiMe oTTcdMalagr.-AOMBU 

SANS ANALYSIS OF THE DftXJMFOSlTKW 
OF Ma-40*Cu ALLOY 

S. Spooner' E. R. Vance2 

H. R. Child 

The foe soBd sofatioostrurture of Ma-rich Mn-Cu 
alloys can be retained from the high-temperature, 
single-phase region into the low-temperature two-
phase region by quenching. Upon annealing, 
eventual decomposition into a Co-rich gamma phase 
and virtually pure Mn can be preceded by what 
appears to be a precipitation or clustering of Mn 
zones. These enriched zones have been shown to 
undergo a low-temperature transformation from 
cubic to tetragonal structure which is accompanied 
by a paramagnetic to antiferromajoietic transforma­
tion. To date, the precise form of the clustering or 
precipitation reactions in the solid solutions has not 
been elucidated. However, SANS experiments are 
particularly well suited to this study because of the 
strong scattering contrast between Cu and Mn. Some 
low-angle scattering investigations have been done 
but without sufficient angular lesohrtion to give 
detailed structural informatior.. In the present study 
samples of polycrvstalline Mn-40% Cu alloys were 
annealed at 350,430, and SS0°C for 2 h for study on 
the ORR SANS machine. Data were collected with 
both short- and long-path configurations so that 
scattering over a wide range of scattering angle could 
be examined. The neutron counts were converted 
into absolute cross sections by use of the measured 
incident beam intensity and the instrumental geome­
try. The data are shown in Fig. 5.6. 

A strong scattering appears at the smallest angles 
for the three samples. Alloys annealed at 450 and 
550°C exhibit a peak or shoulder in the scattering 
which resembles scattering commonly seen in alloys 
undergoing precipitation. For 550°C annealing, the 
scattering at the smallest angles is strongly enhanced. 

The scattering seen for 450 and 550*C annealing w 
interpreted qualitatively on a model of competing 
decomposition processes: (I) precipitation <jf a large 
zone (possibly pure Mn) and (2) precipitation of 
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small Mrs-rich zones in response to a metastabk 
miscibility gap. The first process yielding large 
precipitates would only give rise to scattering seen at 
the smallest angles, and the scattering might take the 
form of K~* dependence appropriate to the Porod 
limit of scattering. The scattering from precipitates 
coming from the second process would be seen at 
larger angles. The appearance of an intensity 
maximum is most likely due to a solute-depleted 
region surrounding the precipitate, and a size 
estimate could be made from the determination of the 
Porod radius. 

A rough calculation of the integrated scattering Q» 
attributable to the small precipitates was made on the 
scattered intensity with corrections for the K* 
scattering appearing at small angles. The integrated 
scattering so obtained for the sample annealed at 
450*0 was much larger than the same quantity at 
S50°C. The Porod radius calculated for small 
precipitates is approximately 30 A at450°Cand 60 A 
at 550°C The Porod radius is defimd as fib/ P, where 
P ~ K*HK), in the region where P it constant. Since 
in. AT4 intensity is much larger at 550°C, the 
fokowing interpretation is made. Alloy decomposi­
tion at 550°C proceeds primarily by the precipitation 
of large (probably pure Mn) precipitates, but 
precipitations of small metastable zones can occur 
to a lesser extent. At 450°C the principal mode of 
decomposition is precipitation of the small meta­

stable zones. It appears that study of the decomposi­
tion process at 450°C and below in these alloys wiB 
yield information on the metastable miscibility gap 
with relatively little interference from the second 
precipitation process. 

1. Consonant from Georgia Insulate of Technology. Atlanta 
2. Penasytvaoa) State University. University Park. 

MAGNETIC SANS FROM FctiAfe 

H. R. Child W. C. Koehler 
r 

The complex magnetic behavior of Fe-AI sGghdy 
off stoichiometry from the FejAl phase has recently 
been investigated by neutron scattering.' An irregu­
lar piece of the sample was used for preuminaiy 
SANS experiments, which showed anomalous 
results. However, they could not be quantitatively 
analyzed because of the irregular shape. We have 
repeated the SANS experiments on a polycrystalline 
sample of similar but not quite identical beat 
treatment. The sample had the nominal composition 
of Fco.7AIo.j and was in the form of a flat disk. The 
intensity from this sample showed similar behavior 
and allowed quantitative cross-section measure­
ments. 

Figure 5.7 shows the intensity at constant K = 
(4n- sin 0)1 K values vs temperature. The Fe&7AI»j has 
been found to be ferromagnetic below ~400 K, 
paramagnetic below ~170 K, and mic? jmagnetic 
below ~90 K. It appears that this sample has its 
transition at 200 K instead of 170 K but otherwise 
seems to behave the same as the previous spevtoten. 
(We plan to characterize the sample more completely 
by wide-angle scattering and magnetization measure­
ments.) We believe that the large symmetric peak at 
200 K is associated with the "inverse Curie tempera­
ture" proposed1' for this material, at which tempera­
ture the ferromagnetic phase becomes paramagnetic. 
The sizes of the ferromagnetic dusters found by 
neutron scattering1 apparently are altered dramati­
cally at this temperature. The clusters seen in the 
SANS measurement* are much larger than the ones 
seen in the previous wide-angle neutron study. The 
present data yield clusters of about 500-A diameter 
containing ~5 X 10* atoms at 9 K and even larger 
ones near the peak at 200 K. 

Another interesting point is that the temperatureat 
which a maximum is observed is different for each 
value of AT. This has also been observed for spin glass 
materials4 and, in fact, appears uncharacteristic of 
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them. These maxima in the spin glasses are 
interpreted as the freezing temperature.' which have 
the property of a ^dependent ordering temperature. 
The intensity near the peak at 200 ffdoes not seem to 
follow the Lorentzan form one expects for ferromag­
netic disorder scattering,1 and this behavior has also 
been seen for spin glass alloys. It probably indicates 
the presence of a distribution of sizes of the magnetic 
dusters. The application of a magnetic field of OAT 
was sufficient to eliminate almost all small-angle 
scattering in the observed region of AT from 7 X I0~*to 
30 X 10 A"'. The sample was apparently converted 
to a simple-ordered ferromagnet in the presence of 
this field, and the cluster scattering went into the 
Bragg peaks. However, more field was required for 
the conversion at 9 AT than at 200 K at above. 

We conclude that there are probably two phenom­
ena occurring in this material: M) the inverse Curie 
temperature at which the ferromagnetic to paramag­
netic phase change occurs and (2) the simultaneous 
presence of large clusters that freeze out at lower 
temperatures. Further study will be necessary to 
understand this complex magnetic material. 

2. A .AntBa i lLSWiHpL *t». I K MOMMSSV 
3. R. D. SWK. H. Ol !•••[). mdr.K. Beck. Sol 

4. H. P. M m J. AffLfk/s. A9. M9f 11911). 
5. SF.E*—rtumdr.Vf.Amlcn»*.J.Hv*.F-ym6imSt. 

INVESTIGATION OF THE EFFECTS OF 
APPLIED MAGNETIC FIELD ON SAMS 
mOftJ DEFORMED STAINLESS STEEL 

H.R.Chfld 

!. J. W. Cable. L. D»vid, and R. fun. Hiyi. Rev. Bl«. 1132 
(19m 

shear. The SANS has tieeafoswd1 to to very intense, 
with the scattering at a fixed angle proportional to 
theunrd power of fJ> dcfonsnrtiow strain. To leans 
more about the origin of this scattering and the 
behavior of the mark mac ffrw.SANS studies were 

stainkat steel sheets. 
The roDed sheetswerc stacked together and placed 

in the neutron beam, with the roQmg direction 

beam. The magnetic field was applied in the 
horizontal direction wtA was also perpendicular to 

tion is directional and depends on the angle between 
die diffraction vector and the magnetization vector. 
The scattering intensity at a fixed scattering angle is 
expected to exhibit a m*a dependence, with a being 
the azunuthal angle measured on the two-
dimensional area detector. 

In Fig. 5.8a the radial scattering mtensity averaged 
over the azimuths! angle at a fixed K shows a 
reduction in scattering upon application of the 
magnetic field. This observation is expected from die 
effect of the alignment of the sample magnetization. 
Figure 5.8ft shows the variation of scattering 
intensity at a fixed K with azanuthal angle for zero 
field and H* UOT.A sin 1* dependence is shown in 
the field-on curve although the intensity does not go 
to zero at 0 and 180°.This rnaybecausedbyaspread 
in the direction of the diffraction vector due to finite 
resolution at small scattering angles or by nonmag­
netic scattering sources. At zero applied field the 
scattering intensity is increased, but there remains a 
sinV dependence «f the same magnitude seen with 
the applied field. 



193 
r 

flaSjB^MBZBVBBMQSWCrCWV^IBMWiMSVaCBII^pcrCOTl^L 

We believe that tbe angular variation beamed by 
scattering from ferromagnetic preciphatesthat retain 
their magnetization when the field is reduced to zero. 
We phm to repeat the experiment with the sample 
rotated 90° about the incident beam axis. We expect 
that the aznnutnal variation will stayfixed relative to 
tbe applied field direction. If it routes with «he 
sample, the conclusion would be that tbe particles 
have very high magnetic anisotropy or that the 
scattering is coming from nonmagnetic precipitates 
with nonspherical shapes. 

Tbe strong increase in the angular independent 
scattering when tbe field is reduced to zero is thought 
to be caused by magnetic domains that are swept out 
at high fields. Tbe probable source of tbe scattering is 
the domain waPs. Multiple refraction of the incident 
beam in traversing many domains may abo be 
responsible for this effect. 

1. CoMuMaM from Georgia IMMIMC of Technology. Atlanta. 
2. S. Spooacr and H. R. CMM. Solid Sim* Div. Frog. Hep.. 

Stpi.». 1979. 0Rft-L44M. [>. 154. 

LATTICE DYNAMICS 

OBSERVATION OF A CDW Df w-U 
AT LOW TEMPERATURE* 

K. G. Smith R. M. Nkldow 
N. Wakabayashi G. H. Lander' 
W. P. Chmunettz E. S. Fisher' 

Almost 20 years a ranomafies were first reported 
in the elastic constants of er-U metal at low 
temperature. Since then, a great variety of cxpen-
raents have been undertaken to elucidate the nature 
of tow-tcmpeiatuie ph»*c transition at ~43 K, but 
with hole success, except to present a wealth of 
seemingly contradictory evidence.*'7 We have per-
formed neutron tfiwr r1 w f upri JurnifT that show 
that a wipci lattice resufts from a condensation of a 
soft LO phonou near q = (1/2, 0, 0) at low 
temperature. We have, tentatively associated this 
PLD as evidence of a CDW state, although we do not 
know tbe electronic origin of this distortion. 

Interestingly, the wave vector of the CDW appears 
conunensurate whha lattice sfighUy (0.4%) expanded 
with respect to the fundamental <*-U lattice but 
coexisting with the a phase. We do not have a 
complete explanation of tbe nature of this coexis­
tence; however, the problem is reminiscent of that 
found in the «-phase precipitation in the Zr-Nb 
alloys,* and we have made some progress in 
understanding the position of the CDW peaks in a-U 
by using concepts recently advanced to understand 
the cv-phase alloys.*'1" 

Because the most dramatic anomalies occur in the 
elastic constants, specifically f n. the present experi­
mental program started with a neutron inelastic 
scattering investigation at ORNL of the phonon 
dispersion curves along the principal symmetry 
directions at room temperature." Tbe most interest­
ing curves are those in the [100] direction reproduced 
in Fig. 5.9a. Here we see that the freqnency of one of 
the £4 branches is very low near q - [1/2,0,0). The 
eigenvector of this mode is (u, v, 0; u, v, 0), that is, 
out-of-phase (optic) displacements in the x direction 
and in-phase (acoustic) displacements in the y 
direction. Tbe observed neutron intensities near 
q = [1/2, 0, 0] indicate that, for this wave vector, 
the mode predominantly consists of optic-like x-
direction displacements. Its temperature dependence 
is also shown." A central peak begins to appear 
around 60 K and grows very rapidly below 40 K (see 
Fig. 5.9b). Under these conditions, it becomes very 
difficult to separate the elastic from the inelastic 
scattering without employing very good resolution. 
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which, in turn, reduces the intensity. Nevertheless, 
indications are that the dip in the S« LO branch does 
not collapse to zero energy but has a nun mum at 0.4 
THz (1,6 MeV). Measurements of other phonon 
modes, such as £• and Xj, revealed no anomalies near 
the zone center at low temperatures. Figure 5.9c 
shows high-resolution elastic scans near the (1.5,0,1) 
position as a function of temperature. AH the 
superlaitice reflections occur dose to the positions 
(h+ I / 2, A:./) corresponding (o the condensation of a 
phonon mode near q = [1 / 2.0,0J. This corresponds 
to a simple sinusoidal modulation of the displace­
ments in the x direction and requires a doubling of 
the unit cell in the same direction. The small 
deviations from a commensurate lattice are signifi­
cant and are discussed below. 

The appropriate crystallographic description in 
terms of the new unit cell is space group 0 » ~ Pmnm 
(origin at center of symmetry), Z = 8, with atoms in 
Mflr. ±it,yu l,'4X±CI/2-t,jn. 1/4);2(«):±(1/4,W. 
I /4); 2(6): ±( I / 4, >•,. 3/4). The term < * 0.00! and, at 
this stage of the investigation, yi and y> are taken to 
be 1/2 + y\, and 1 2 - y,, respectively. 

We now turn to the wave vector of the CDW. In 
Fig. 5.9c the peak position at low temperature is 
slightly less than (1.5,0,1), that is. at (1.5 - 7i*.0,1). 
If the reflection corresponded to an incommensurate 
CDW, we should expect a peak at (2.5 + %«, 0,1) so 

that the two peaks are equidistant from the point 
(2,0, I). However, this n not found experimentally. 
Rather, we find the peak on the high side of (2,0,1)to 
be closer to (2.5 - %*. 0, I). A detailed analysis, 
which has considered resolution effects, of the 
positions of a large number of superlattice reflections 
((h+ 1/2) (I - * ) , k, I) in both zones seems to show 
that the wave vector is commensurate, q=[l!2,0,0J, 
with a lattice whose lattice constant a, is slightly 
larger than twice the original lattice constant o». We 
find that 

a,! 2a. = 1+6= 1.0037 ± 0.0004 . 

The exact positions of the above reflections are then 
(1.4945,0,1) and (2.4908,0.1) with respect to the a 
lattice at tl K, a most unusual situation. 

The shifts in the weak reflections may be due to 
discommemurations."'" One such model was used 
by Horovitz, Murray, and Krumhansl* to explain the 
rather unusual diffuse scattering observed in some 
Zr-Nb alloys, in which a diffuse » phase coexists with 
the bec ft phase, in terms of narrow "stacking 
solitons." The » phase is thought to "feel" the 
perturbating potential of the 0 phase. We have 
applied these ideas to the problem of the wave vector 
in o-U with some success. Consequently, from our 
experimental data, it appears that the atoms want to 
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be displaced siigbtiy from thecrystailographicouiTor 
pbuies at x - 0, causing a lattice expansion 
incommensurate with the a lattice. The results of our 
model calculations, based on the one-dirnensumaJ 
foraialian of Horowitz, Murray, aad Knimhaml,* 
are in scnaqaantkative agreement with the observed 
data. The weak superlattice reflections are shifted to 
lower q values, in quantitative agm incut with the 
shift 6, and the fundamental peaks are shifted to 
Higher q values, which are s t3 below the o-pbase 
peaks (Aft = 0.005 for the (2 ,0 ,0) reflection) The 
value of the parameter X we and (X —0.98) n very 
different from that used in the as-phzse problem 
(X — 0.2) and produces quae different effects. Tins 
large value of X corresponds to wide "stacking 
sotitons," aad the phase shift varies slowly over many 
unit eefls ratLct than over a narrow region as in the 
Zr-Nb sytfem. The cak'Hlatiom omit any coherent 
relations between the a and o£ regions and. therefore, 
predict two(2,0,0) peaks shghtly separated, contrary 
to observation. Thai prediction may merely reflect 
the limitations of the one-dimensional model. An 
alternative explanation (uuproven here) is that 
coherent relations exist between the a and a'regions 
such that they contribute coherently to the funda­
mental peaks. Such a model would probably involve 
a more complex arrangement of thediscomrriensura-
tions than has been proposed here. Additional diffuse 
scattering12 at low temperatures abo indicates that 
the structural distortion may be somewhat more 
complex than has been described above. 

In conclusion, we believe that the present results 
represent a major step forward in understanding the 
properties of a-V at low temperature. This material is 
also a superconductor with Tt ~ 0.1 K, but Tt can be 
raised to ~ 2 K with modest pressure/ an elevation 
that also inhibits the a-a' transition at 43 K. We plan 
iostudy the soft mode and superlattice formation as a 
function of pressure in the near future. Although the 
formation of a superlattice in a-V is well established 
and is discussed in terms of g CDW, the exact 
relationship of the wave vector u the fundamental 
lattice is an intriguing, new problem. 

1. Summary of paper to be published. 
2. Baptist Colk^ of Charleston. Charleston. S.C. 
3. Argonne National Laboratory. Argonne. III. 
4. ES. Fisher and HO. MtSkimn. Pfiyt. Rev. 134.67(I96I>: 
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NEUTRON DIFFUSE SCATTERING 
MkiAGNFTTTEDUETO 

MOLECULAR POLARONS1 

Y. Yamada1 N. Wakabayasbi 
R. M. Nicklow 

A detailed study on neutron diffuse scattering has 
been carried out to verify a model that describes the 
property of valence fluctuations in magnetite above 
the Verwey transition T». This model assumes the 
existence of a molecular potaron complex composed 
of two excess electrons and a local displacement 
mode of oxygens within the fee primitive cell. It is 
assumed that at sufficiently high temperatures 
randomly distributed molecular polarons fluctuate 
independently by making hopping motions through 
the crystal or by dissociating into smaller polarons. 
The lifetime of each molecular pohron is assumed to 
be long enough to induce an instantaneous strain 
field around it. Based on this model, the neutron 
diffuse scattering cross section due to randomly 
distributed, dressed molecular polarons has been 
calculated. A precise measurement of the quasi-
elastic scattering of neutrons has been carried out at 
ISO K. The observed results definitely show the 
characteristics predicted by the model calculation, 
thus providing evidence for the existence of the 
proposed molecular polarons. From this standpoint, 
the Verwey transition of magnetite may be viewed as 
the cooperative ordering process of dressed molecu­
lar polarons. Possible extensions of the model may 
describe the ordering and the dynamical behavior of 
the molecular polarons. 

1. Summary of paper Phytktf Review (in press). 
2. Otten scientist from Osaka University. Osaka, Japan. 
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FHONONS Of TRANSITION METAL ALLOYS 

N. Wafaumyashi F. BrotW Y. Nod. 4 

H. G. Smith B. Higuera2 Y. Eadoh' 
Y. Wakai* 

Phonon dbpenion corves of various transition 
metal aHoys have been measured by neutron 
scatteiingtrrhmnues, and the results are siimnarped 
here. 

RfcsiVua 
The phonon dispersion carves of Fe have been 

stodied quae extensively in the past,* while those for 
V could not be measured by neutron scattering 
techniques doe to its extremely low coherent 
scattering cross section for neutrons. Therefore, the 
dispersion curves of V were v'etenwned mdhrecUy by 
measming the thennal di&nse scattering of x rays,7 

and they seem to show rather anomalous fieatures not 
unlike those for Nb and Ta, in particular, rather low 
frequencies for the LA(HO) mode. Because the 
atomic masses for V and Fe are similar, the 
differences in the pnonon dispersion carves in these 
metals are doe to the difference in the number of the 
valence electrons. In order to obtain more informa­
tion about the role of the valence electrons in 
determining the phonon dispersion carves of these 
transition metals, tbe phonon dispersion curves of 
bccFeMjVo.it were measured, and some of tbe results 
are shown in Fig. 5. 10. The changes in tbe dispersion 
carves from those for Fe are rather small in view of 

ORNL-0M tO-10994 

REDUCED W*VEVECTOR 

Pfc&lOv F l w — shjnni is ttrm tor F W k n . Solid and 
tfMhctf Hon indicate ditpemon curat for Fe and V. respectively. 
rne a m i tor (be T, mode in ihae mcub an nearly mdittin-

tbe fact that the addition of V reduces the number of 
the valence electrons per atom by nearly one. A 
similar change in electron number results in stgnjfi-
cant differences in the phonon spectra of V and Ci. 
This result may indicate mat the electron-ion 
interactions are much weaker in Fe than in V and is 
also consistent with the shorter range of inteiatomic 
interaction mFecompaied with tliat in V, as dedLced 
from the interatomic twice constant analysis of the 
disutiswn curves of these mrtah, 

FeusNi»j5 
ThisinvaraDoyisbiowntoexiiibaaiofteinngof 

tbe F| (110) mode as the temperature is lowered.* In 
addition, indications of a simultaneous iisrieatr in 
phonon widths were observed earner. High-
resolution experiments performed using the triple-
axis spectrometer at the HFIR confumed these 
interesting phenomena, winch may be related dosery 
to the invar properties, in particular, to tbe negative 
thermal expansion coeflicienf at low temperatures. 

Fe^lta*, 

Although the thermal expansion coefficient of this 
aOoy does not become negative, it has an unusual 
temperature dependence below the Neei tempera­
ture. The dispersion curves do not exhibit very 
anomalous features, and a modified shell model 
involving interactions oat to the second neighbor 
seems to reproduce tbe data satisfactorily. 

Tni^W, 

Significant advances made recently in constructing 
microscopic pictures of lattice dynamics for tran­
sition metals may soon make possible tbe calculation 
of phonon dispersion curves from tbe knowledge of 
the electronic structures of various transition metals 
and alloys. In fact, a recent attempt by Varma and 
Weber* has been rather successful in reproducing 
anomalous features of dispersion corves10 for the 
system Nbi-,Mo* (x - 0-1). In order to gain more 
confidence in this nearly first-principles calculation, 
one would like to perform a similar calculation on a 
slightly different system and compare the result with 
experhnental data. As an example of such a system, a 
5-d transition metal alloy system, Tai-«W,, was 
chosen, and the phonon dispersion curvet have been 
measured for JT* 0.23,0.30,0,67. Some of the results 
are i immarized in Fig. 5,11. As the W concentration 
is increased, the anomalous features in the Ta 
dispersion curves gradually disappear, and the 
frequencies of all the modes increase constantly. 
These results arc very similar to those obtained for 
the Nb-Mo system and should shed further light on 

http://bccFeMjVo.it
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the microscopic origin of the phonon anomalies in 
transition metals. 

1. Rice University. Houston, Tex. 
2. 1979 summer research participant from Rice University, 

Houston, Tex. 
3. Guest scientist from Osaka University. Osaka, J»f»n. 
4. Guest scientist from Sendai Radio Technxal College. 
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5. Toht.u University. Sendai. Japan. 
6. B. N. Brockhouse. H. E. Abou-Helal. and F. D. Hallman. 
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8- For a review of the lattice dynamics in invar alloys, see Y. 

Endoh, J. Magn. Magn. Mater. HA 177(1979). 
9. C. M. Vanna and W. Wc Jer. Phrs. Rev. B19.6142 (1979). 
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SOFT PHONONS IN hep Tc 

H. G. Smith N. Wakabayashi 

Earlier measurements of the phonon dispersion 
curves of hep Tc (a superconductor with Tt — 7 K) 
revealed the existence of anomalously low frequency 
optic modes having polarization vectors parallel to 
the c-axis. To obtain further information about the 
nature of these soft modes, the temperature depend­
encies of the dispersion crrves have been investi­
gated. The results for the phonons in the (001) 
direction ore summarized in Fig, 5.12. The LO mode 
frequency at the T-point is nearly degenerate with the 
TO mode at room temperature. As the temperature is 
lowered, the LO mode softens dramatically while the 
TO mode remains virtually unaffected. Although no 
phase transition is known to occur below room 
temperature, this soft mode may be an indication of 
an incipient lattice instability associated wi:h the 
superconductivity of this metal. This dispersion 
curve of this longitudinal mode has been interpreted 
on the basis of a dipolar fluctuation model involving 
only nearest-neighbor couplings. The frequency can 
be written within this phenomenological model as 

4rr :ArV : = A( I - cos TTQ -
fl*(l - c o s TTQ2 

1 + Cf J - cos TTQ 

where M is atomic mass and A, B, and Crepresent the 
nearest-neighbor ion-ion interaction, ion-dipolar 
modulation coupling, and the dipolar-dipolar cou­
pling, respectively. As one can see from the solid fine s 
in the figure, the temperature dependence can b: 
reproduced very well by varying the C parameter ;i 
few percent. Thus, the soft mode may be a 
manifestation of the lattice instability caused by the 
coupling between dipolar modulations. Interestingly, 
the anomalous longitudinal dispersion curve for Ku 
can be reproduced satisfactorily only by a model that 
includes the degree of freedom associated with the 
monopolar fluctuation, if the range of coupling is 
limited to the nearest-neighbor only (dashed line in 
Fig. 5.12). 
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LATTICE DYNAMICS OF THE 
MIXED-VAL ENT CeSnj 

C. Stassis1 

C. -K. Loong1 

C D. McMasters1 

R M. Nr *!ow 

In recent years considerable theoretical and 
experimental interest has focused on the unstable 
valence behavioi observed in rare earth and actinide 
alloys and intermetallic compounds. A consistent 
theoretical explanation of the fascinating properties 
of these systems will substantially further our 
unde. standing on a fundamental level of the 
electronic properties and the clectron-phonon 
interactions in solids. Also, from a practical point of 
view, it is hoped that the study of these systems can 
contribute to our understanding of catalysis (which 
involves a valence change of one of the components 
involved in the process) as well as of high Tc 

superconductivity. 
Although neutron scattering is an ideal experimen­

tal tool for the investigation of mixed'valence 
behavior in solids, few experiments have been 

performed because of the difficulty of growing single 
crystals of these systems. Two years ago single 
crystals of CeSnj of sufficient size for neutron 
experiments were grown at the Ames Laboratory, 
and we started a systematic neutron scattering 
investigation of the magnetic and lattice dynamical 
properties of this compound. 

Because polarized neutron experiments2 provided 
direct evidence for the mixed-valent character of 

. CcSns, a systematic study of the dispersion curves of 
this compound along the [100], [HO], and [111] 
symmetry directions was initiated. Iht most spectac­
ular feature of the dispersion curve.; of CeSnj is the 
anomalous behavior observed alom; the [111] 
symmetry direction (Fig. 5. 13). The longitudinal-like 

ORNL-DWG 80-10853 

Fig,5.13. Thtp i ioa4«pmionrelMiMforite[lll]dirwtion 
of CeSnj at room Kmpenrturr. 
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optical branches are unusually soft and actually lie 
below the corresponding transverse branches;1 also 
noticeable is the very low frequency (~2 MeV) of the 
TATIII] zone boundary mode. Thus, the phonon 
coupling to the valence fluctuation is significant even 
at room temperature. Although the detailed experi­
mental results cannot be explained quantitatively in 
simple terms, the effect of the electron-phonon 
coupling on the frequencies can be easily visualized, 
because only phonon modes that involve a volume 
change are expected to be strongly affected by the 
valence fluctuations, in fact, an examination of the 
phonon modes of CeSnj shows that the valence 
fluctuation effects should be more pronounced in the 
[111] direction, a Finding which is in agreement with 
the experimental results * quantitative analysis of 
the experimental results in terms of present-day 
theories4 of mixed-valence systems is presently in 
progress. 

1. Ames Laboratory and Iowa State University. Ames. 
2. C. Stasis et al„ J. Appl. Phys. 50, 7567 (1979). 
3. Similar results were obtained in the study of the mixed-valent 

Sm »jY »S: H. A. Mook and R. M. Nicklow. Phys. Rev. B 20.1656 
(1979). 

4. P.Enteletal . , /%s. Rev. />H.43.2002(l979):H.B;i/etal.. 
Phy*. Rev. Leu. 43. 1998 (1979). 

LATTICE DYNAMICS OF NijAl 
C. Stassis1 C.-K. Loong1 

F. K.ayser1 R. M. Nicklow 
The properties of NijAl are of considerable 

technological importance because the high-
temperature strength of many Ni-base superalloys is 
due to the temperature deoendencc of the yield-stress 
behavior of NiiAI. In facv the yield stress of NijAl 
increases2 dramatically upon raising the temperature 
from 77 to 900 K, and this effect was found to depend 
strongly on the orientation of the single crystal 
specimens. Because it has been suggested1 that these 
properties are related to lattice effects, we initiated a 
study of the lattice dynamics of NijAJ on stoichiomet­
ric single-crystal specimens. 

The dispersion curves of NiiAI were measured at 
room temperature along the f 100]. f 110], and [III] 
symmetry directions. We observed no unusual 
features in the room-temperature dispersion curves 
of this compound. In fact, a two-nearest-neighbor 
Born-von-Karman model (10 independent force 
constants) provides a satisfactory fit to the experi­
mental results, and the lattice specific heat added to 

the calculated electron!'* contribution is in quite good 
agreement with the measured total specific heat of 
NijAl. Thus, the room-temperature results indicate 
that the temperature and orientation dependence of 
the yield strength of NijAl is not directly related to 
the lattice dynamical properties of the compound. 
Therefore, it seems more likely that the temperature 
and orientation dependence of the yield stress is due* 
to thermally activated cross slip of dislocations from 
the [111] onto [100] planes. 

1. Ames Laboratory and Iowa State University. Ames. 
2. C. Lall. S. Chin and D. P. Pope. Meiall. Trims. I0A. 1323 

(1979). 
3. R. G. Oavies and N S. Stotoff. Tram. Meiall Sac. AlME 

233.714(1965). 

NEUTRON SCATTERING STUDY OF H 
DIFFUSION IN Th 

W. A. Kamitakahara' D. T. Peterson1 

D. Khatamian1 H. A. Mook 
The temperature dependence of the quasi-elastic 

scattering from a single crystal of ThHo.12 has been 
measured to determine the geometry of the diffusion 
paths for H in Th metal. The measurements require 
high-resolution neutron scattering techniques and 
were made on the magnetically pulsed time-of-flight 
spectrometer using the correlation technique to 
obtain as high a signal-to-noise ratio as possible. The 
data have been compared with several models, and 
the most obvious mot* '.. in which protons diffuse by-
jumps from tetraheoral sites to nearest-neighbor 
tetrahedral sites, is in clear disagreement with the 
data. Other models in better accord with experiment 
are being considered. 

I. Ames laboratory and Iowa State University. Ames. 

MAGNETIC PROPERTIES 

MAGNETIC PROPERTIES OF Nd1 

R. M. Moon C. Sta»is' 
W C. Koehier G. R. Kline' 
B. Ubtch1 S. K Sinha4 

In the first neutron diffraction study of Nd, Moon, 
Cable, and Koehler5 discovered a complex diffrac­
tion patrern indicating modulated moment behavior 



200 

and at least two magnetic phases. They proposed 
approximate models to account for the major 
features of the diffraction patterns but acknowledged 
that the models were inadequate to explain all the 
features. In particular, small satellites found at the 
reciprocal lattice positions (h ± q, 0, 0) in the high-
temperature phase (7.5-19.9 K) were not explained 
by their model. Recently, Bak and Lebech* have 
proposed a much more complicated model for the 
high-temperature phase based on Landau symmetry 
arguments and renormalization-group theory. By 
combining the experimental observation that the 
high-temperature transition is of second order with 
their theoretical con iterations, they reached the 
interesting conclusion that Die stable phase must ha ve 
a triple-q structure. 

However, the more complex magnetic model of 
Bak and Lebech still does not account for the trouble­
some peaks at {h ± q, 0.0). They proposed a strong 
spin-lattice coupling that would produce a periodic 
modulation of tae nuclear positions and result in 
nuclear satellites at {h ± q, 0,0). This proposition has 
now l>.en shown to be false, both by neutron polar­
ization analysis experiments' and by x-ray diffrac­
tion.7 The polarization analysis experiments clearly 
showed that the (1 - q, 0,0) satellite is caused by a 
modulated magnetic moment component in the basal 
plane and perpendicular to bi- None of the proposed 
magnetic models contained such a feature. Further­
more, the satellites have been shown to be slightly 
split in a direction parallel to this new magnetic 
component. That is, if a, is a unit vector in the basal 
plane perpendicular to one of the six equivalent 
reciprocal lattice basis vectors b„ the propagation 
vectors of the modulated moment are 

q, = g | 1 b,±g J . |o , |o . . 

We find that ?„ varies from 0.125 at 7.5 K to 0.145 at 
19.9 K, whiles is0.003at 7.5 K, reaches a maximum 
of 0.006 at 15 K, and then falls to zero at 18.5 K. 
Polarization analysis experiments also show that the 
direction of the modulated moment is continuously 
variable in this temperature tange. It is clear that the 
magnetic structure is more complex than hitherto 
imagined. The question of single*? or triple-? is 
still open. 

We have now collected a fairly complete set of 
polarization analysis data on (h ± q, 0,1) peaks at 
10 K. When combined with existing unpolarized 
beam data obtained by B. Lebech at Ris^, these data 
will allow separate determinations of the structures 
associated with moment components parallel and 

perpendicular to the a. directions. Preliminary results 
indicate that a good fit will be obtained with an 
extension of the Bak-Lebtch model which includes 
moment components parallel to a,. 

In another series of experiments using the con­
ventional polarized beam technique, we have mea­
sured the temperature dependence of the magnetic 
susceptibility at the two crystallographic sites over 
the range 1.7 to 100 K. This measurement was done 
by inducing a ferromagnetic component through 
application of a magnetic field, measuring polariza­
tion ratios on several Bragg peaks, and then deducing 
the moment on the cubic and hexagonal sites. A 
calculated atomic 4 / form factor in the dipole 
approximation was used in obtaining the atomic 
moments. Our results are displayed in Fig. S. 14. The 
applied field was 0.243 T for temperatures up to 
31 6 K and then was increased to 0.486 T. Note that 
above 40 K, the twosites have thesamesus^eptibility, 
indicating that crystal field and exchange effects are 

• cuec wc 

•O 20 yi « 50 

Fig. 5,14. Atomic tMceptiMGiy of Nd for both crytul ska at 
determined by peSatioad neauon diffraction. 

small compared to this temperature. There is a slight 
cusp in both curves near the Ncel point of 19.9 K 
Indicating that both sites are partially ordered below 
the Neel point as in the Bak-Lebech model. It is 
probable that these cusps occur at a slightly higher 
temperature because of the applied field. In the 
temperature range 7.5 to 19.5 K, the largest ordered 
component is on the hexagonal site, so it is reason­
able that the cubic site would have the larger sus­
ceptibility. Below 7.5 K the magnetic structure 
changn, with the major quantitative change being a 
much larger ordered component on the cubic sites, 
which is consistent with the rapid ilrcrcase in the 
cubic site susceptibility. 

The crystal used in these experiments was grown by 
O. D. McMasters of the Ames Laboratory. 

I. Summary of papen: R. M. Moon el al„ Phys. Rev. Uu. 43, 
62(1979); R. M. Moon and W.C. KotMer. Journal of Magnetism 
and Magnetic Materials (in preu). 
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MAGNETIC FIELD DEPENDENCE 
OF THE NEUTRON SCATTERING 

FROM THE REENTRANT 
SUPERCONDUCTOR EriUuR. 

ORNL-CWG 79-nuBR 
3600 

H. A. Mook 
M. B Mapk 

Z. Fisk' 
D. C. Johnston1 

Because of its unusual magnetic and supercon­
ducting properties, the ternary compound ErRluB* 
has stimulated considerable interest. We have made 
powder diffraction measurements on ErRluB* placed 
in a magnetic field. The sample was held a', a constant 
temperature of 1.79 K, and measurements of the 
long-range magnetic order were made by examining 
the strength of the (101) magnetic diffraction peak. 
At magnetic fields higher than 80 mT, the super­
conductivity is destroyed and long-range magnetic 
order is observed. The (101) peak intensity increases 
with increasing field, the ordered moment values 
corresponding to 5.06 ± 0 . 5 ^ at IT and 6.9 ± 0.5/1* 
at 2 T. The ordering is found to be ferromagnetic, 
with the moment oriented in the tetragonal basal 
plane. The peaks are resolution limited, showing 
long-range magnetic order of at least 150 A. 

Figure 5.15 shows the field dependence of the 
(101) intensity for low field values. We see that there 
is no magnetic intensity until the applied field is 
greater than 80 mT, at which point long-range 
magnetic order develops suddenly. The ordered 
moment increases with increasing fields up to 
140 mT, at which point the field was lowered in value. 
The ordered moment gets smaller with reduced fields 
but follows a line back toward the origin giving a 
large hysteresis. At small fields the ordered moment 
departs from this line and there is a small ordered 
moment even at zero field. This behavior is consistent 
with a suggestion by Freeman and Jarlburg3 that, in 
lowering an external field from a value higher than 
the critical field, it may be possible to form a mixed 
state in which normal and ferromagnetic regions of 
the compound coexist with superconductivity. 

-400 
20 '-0 60 80 100 120 140 160 

FIELD (mT) 

1. University of California, San Diego. 
2. A. J. Freeman and T. J. Jarlburg, / Appl. Phys. 50,1876 

(1979). 

Fig. S.I5. Magnetic intensity of the (101) reflection from 
EfffJbB* at a fnnctioo of as applied magnrtir field. Arrows 
indicate the direction of change of magnetic field. 

NEUTRON SCATTERING STUDY 
OF REENTRANT SUPERCONDUCTIVITY 

IN HoiuFrcuRhjB* 

H. A. Mook M. B. Maple1 

W. C. Koehler Z. Fisk' 
D. C. Johnston1 

Since the discovery of reentrant superconductivity 
in ErRh<B«2 and HouMotSi,' thr t has been a great 
deal of interest in the nature of the superconducting-
magnetic transition at the lower critical temperature 
Td. The pseudoternary system (Eri-,Hox)Rh.iB4 is a 
particularly good testing ground for theexperimental 
and theoretical studies of reentrant superconducting 
behavior. HoRluB* becomes a ferromagnet at low 
temperatures, ordering directly from the paramag­
netic normal state. The material orders along the c 
axis with nearly the full free ion Ho moment. The 
transition is found to be second order, with con­
siderable magnetic precursor or critical scattering 
observed above the ordering temperature.4 ErRh4B4 
is a reentrant superconductor with an upper and 
lower transition temperature of about 8.7 and 1.0 K. 
It orders ferromagnetically at the lower transition 
temperature in the basal plane with a moment of 
5.6 Hf, and considerable precursor scattering is again 
found above the ordering temperature.5 
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Our measurements on the superconducting-mag­
netic transition in Hoo*Er<i.«RruB« show that the 
material orders in a very different manner from either 
ErRruHc or HoRrutk. Figure S.I6 shows the mag­
netization as measured from the strength of the 
(101) magnetic peak plotted vs temperature. We see 
little, if any, critical or precursor scattering above the 
ordering temperature of 3.60 K. Instead, there is a 
sudden jump in the magnetization at 3.60 K; and 
since the magnetic scattering intensity is proportional 
to the square of the magnetic moment, we find that 
the system develops almost one-half of its saturated 
moment in a temperature interval of 0.05 K. Little 
hysteresis was found in the transition temperature, 
but hysteresis was founj in the magnetization 
developed at a given temperature The transition 
appears to be first order, which is ihe expected 
behavior when superconductivity is destroyed by s 
macroscopic magnetic field. The magnetic ordering 
was found to be ferromagnetic with the moment 
along the c axis. The moment value is about 5.0 ± 
O.5/Z0 at 1.6 K, a value considerably below the free 

0RM.-0W6 79-40394 

(XIO 3) 

15 

z 
3 o o 

3 
111 

10 

o COOLING 
a. WARMING 

5 4 3 2 
TOO 

Fig. 5.16. Tfnpmtar* tteptntkncc of magnetization at tnt 
Mpcreoaductin»wnaaM<Jc traiMition in HoMEr̂ JthA at dcutr-
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ion moment for Ho or Er, but is consistent with 
a model in which only the Ho atoms order with their 
full moment value. Additional measurements are 
planned for the (Eri-,Hox)RlnB« system to further 
elucidate the nature of the superconducting to 
magnetic transition. 

1. University of California. San Diego. 
2. W. A. Fertig el al.. Fkyi. Rev. Lm. 3», 987 (1977). 
3. M. bhikawa and O. Fisher. Solid Stair Common. 23, 37 

(1977,. 
4. G. H. Under. S. K. Sinha and F. Y Fradin, J. AppL Phrs. SO. 

1990(1979). 
5. D. E. Moncton. et al., Phys. Rev. Le.i. 99,1164 (1979). 

MAGNETIC STRUCTURES OF HoB. 

W. C. Koehler 
H. A. Mook 

Z. Fisk1 

M. B. Maple1 

The rare earth tetraborides, except for PrB«, have, 
macroscopic magnetic properties characteristic of 
antifeiTomagnets. The Neel temperatures of the 
heavy rare earth tetraborides fall off monotonically 
from 42 K for GdB4 to 10 K at YbB< for that 
of HoB4, which is anomalously low at 7 K. : These 
compounds are interesting in themselves, they are, 
furthermore, starting materials in the preparation of 
the reentrant superconductors ARiuB*, where R is a 
rare earth atom. 

Neutron diffraction measurements have been 
made on polycrystallme specimens of ErB4 and 
DyB 4 ' From the data a simple colinear anti-
ferromagnetic structure has been proposed. The 
moments, which are parallel to the c axis of the 
crystallographic tetragonal unit cell, are arranged in 
sheets of parallel spins that alternate in sign along a 
direction in the plane normal to the c axis. The 
intensity-vs-temperature variation of the magnetic 
peak intensities is typical of a second-order phase 
transition. 

Recently, we have initiated a study of the magnetic 
properties of H0B4. The sample, originally in the 
form of tiny crystals, was crushed to a fine powder 
and loaded into a thin-walled Al capsule. A portion 
of the sample was checked by x-ray diffraction by 
Burl Cavin, Metals and Ceramics Division, who 
reported lattice constants a=7.087 A and c=4.007 A 
at room temperature. No lines other than those 
expected for the tetragonal H0B4 structure were 
observed. 

Neutron diffraction patterns were taken at room 
temperature and at various lower temperaturesdown 
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to 1.8 K. From these data, in agreement with recent 
measurements of the specific heat,4 we conclude that 
u.?re are two magnetic phases in H0B4. The phase at 
higher temperatures, which has T< at about 7.5 K. is 
characterized by a series of magnetic reflections that 
cannot be indexed on any simple multiple of the 
chemical cell lattice parameters. At about 5.7 K. these 
reflections abruptly disappear and magnetic intensity 
appears at the positions characteristic of the ErB4 

magnetic structure. Several additional weak mag­
netic reflections exist as well. The transition to the 
lower temperature structure appears to be a first-
order transition, while a second-order transition 
occurs at the higher temperature. The lower phase 
transition is illustrated by the data of Fig. 5.17. 
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Fig. S.I7. Temperature dependence of the intensity of two 
magnetic reflections in Hoi*. Circlet: <100) at a scattering angle 
* = 10.1°. Squares: unindcxed reflection at * = 7.7"'. The 
intensities shown are uncorrected for background and reflect the 
changes in paramagnetic scattering with temperature. 

As yet, the magnetic structure of the high-tempera­
ture phase is unknown. The low-temperature phase 
has a uniaxial component with moments along the 
c axis. In addition, there is most probably a 
component normal to the c axis that is oscillatory or 

helical. Single-crystal structure studies are in 
progress. 

1. Cnheruty of California. San Diego. 
2. K H. J. Bu*chow and J. H. N. Crcyghlon. J. Chtm. Phis. 

57. 3910 (19721. 
3. W. Schafcr. G. Will, and K. H. J. Buvho.*. J Chem- /•»«. 

64. 1994 11976) 
<. M. B. Maple, private communication. 

MAGNETIC MOMENT DISTRIBUTION 
IN Ni-Pt ALLOYS' 

R. E. Parnr J. W. Cable 
The magnetic behavior of disordered Ni-Pt alloys 

near the critical concentration (r«) for the onset of 
ferromagnetism has been interpreted in terms of the 
Stoner-Edwards-Wohlfarth model of weak itinerant 
ferromagnetism. This interpretation implies a spa­
tially homogeneous moment distribution in sharp 
contrast to the behavior of other Ni-base systems 
such as Ni-Cu and Ni-Rh, which exhibit distinctly 
inhomogeneous moment distributions in the form of 
ferromagnetic clusters near fo. The neutron results on 
Ni-Cu and Ni-Rh have been interpreted in terms of a 
local environment model that leads to ferromagnetic 
clusters near cn and that should probably also apply 
to Ni-Pt. To help resolve this question, we decided to 
determine the moment distribution in Ni-Pt alloys by 
neutron diffuse scattering methods. 

The neutron cross sections give directly the 
nuclear, 5(K), and the nuclear-magnetic. M<K). 
correlations. In the absence of lattice distortions, 
these are given by 

S(K) = £ <-'*'" ((/>.* - <•)(/>. - c)) c( 1 - r) f I ) 
a. 

and 

M(K) = Z ' * ' * «P-» " c)ti.) r(I - r ) , (2) 
it 

where {) denotes a configurational average,p» is the 
number of impurity atoms at lattice site n, 5(K) 
describes the positional SRO. and A/(K) describes 
the moment response to a site occupation fluctuation. 

Nuclear scattering functions were obtained from 
both the polarized and unpolarized neutron data. 
These functions show very pronounced structure 
corresponding to a large amount p.' SRO and were 
least squares fitted to the function 
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SIK) = £ 3«/ 
sin KR, 

KR, 

• E W -
sin KR, 

KR, 
~ cos KR, (3) 

where Z, is the coor Jination number of the shell of 
radius R, and a, and ft, are SRO and lattice distortion 
parameters. Fitted parameters for all the alloys are 
given in Table 5.4. 

The observed M{K) functions, shown in Fig. 5.18, 
exhibit less pronounced structure. The solid curves 
were fitted to the expression 

MiK) = MM*) ~ fi*fsAK) 

+ l^-^R-{A) 

to obtain the average moments. Here we neglect the 
small lattice distortion terms and use f\, = 
exp(-0.044 K1) and f„ = exp(-O.I05 K\ which 
closely approximate the experimental form factors 
over this limited K region. The difference between the 
Ni and Pt form factors allows a direct determination 
of |IN, and /ip, as Titling parameters. The moments 
obtained are given in Table 5 J , where the quoted 
errors are the statistical errors from the fitting. The 
i.verage moment per alloy atom as calculated from 
these fitted values is compared with our bulk 
magnetization data in the last two columns of 
Table 5.5. The agreement is quite satisfactory. 

The effects of SRO on the moment distribution can 
be removed by simply dividing M(K) by S(K). The 
moment disturbance functions M(K) obtained in this 
way are shown in Fig. 5.19. These show the same 
general behavior as the M(K) functions for Ni-Cu 
and Ni-Rh alloys, that is, there are peaks in the 
forward direction which become sharper with in­
creasing impurity content. This behavior cor­
responds to moment disturbance effects that become 
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increasingly longer ranged with increasing Pt 
content. The solid curves here were fitted to the 
expression 

M{K) = AM(AT) + Z z * 
sin KR, 

KR, 

L zJ* sin KR, 
\ KR -coiKR. jiS(K), (5) 
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where <*>, and y, are the moment disturbance and 
lattice distortion parameters. We assume a Yukawa 
form for <t>„ that is, 

* = ~R7 *l e x r f ~ * ( * ~ *'>J • (6) 

http://on4k.lt
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and fit to the parameters d*i, k. and >.. The magnetic 
parameters are given in Table 5.5. 

The M{K) functions displayed in Fig. S.19 cor­
respond to inhomogeneous moment distributions 
that may be described as ferromsgnetic clusters in the 
critical concentration region. Nevertheless, the bulk 
measurements give evidence of clusters for Ni-Cu and 
Ni-Rh but not for Ni-Pt in this region. We believe the 
reason for this is the difference in SRO of these 
systems and not in the underlying mechanism for the 
onset of ferromagnetism. Ni-Rh forms truly random 
alloy*, Ni-Cu exhibits clustering, and Ni-Pt shows a 
strong preference for unlike nearest neighbors. Note 
that M(K) describes the moment response to a site 

2.0 

1.5 

i.o -

0.5 -

0 
2.0 

• I r-

Ni 

• T - 1 I ' I 

-20oi% Pt 

A 
" * *»«*» r u f * 

> 1 1 r 

Ni-30ot.%Pt 

% 
< m X 
5 
2 

1.5 

0.5 

0 
2.0 

0.5 

[ —I 1 1 1 1 n | 1 1 1 r-

Ni-40ot.%Pt 
f . 

_ i i 1 1 1 L. 

Ni-50or.%Pt 

- i — i 1 i ' 

- | r 1 1 1 r 

Ni-55ot%PI 

V, 
• • • • I 1 

Ni 

< . I . | 

-57ot%Pt 

1 

i 
1 

- 1 

:"!*t""".H.'""'[ i 

0 0.5 t.0 1.5 2.0 2.5 3.0 0 0.5 1.0 *.5 2.0 2.5 3.0 

Fij. 5.19. Moment ditturbwtce function* of Ni-Pt. 

occupation fluctuation in the actual SRO state. This 
response is unaffected by SRO in Ni-Rh, enhanced by 
SRO in Ni-Cu, zad damped out by SRO in Ni-Pt. 

1. Summary of paper J. Appl. Phys. 50. 7322 (1979). 
2. IVIC graduate bboratnr) participant Irom (lotriua InstnuH 

of Technology. Atlanta, procnl addrcvv InMiiulo Vcnc/»bm>dc 
Invcstigacioncs Cientificas. Caracas. Venezuela. 

DETERMINATION OF THE Pd-Gd 
EXCHANGE CONSTANT BY NEUTRON 
DIFFUSE SCATTERING AND THE Pd 

POLARIZATION IN PdGd ALLOYS' 

J. W. Cable R. E. Pana J 

Magnetization data3 for ferromagnetic Pd-Gd 
alloys in low magnetic fields give saturation moments 
smaller than the expected 7 jiB/Gd. This finding has 
been interpreted as evidence for a negative Pd </-band 
polarization. However, from a semiempirical fit of 
high-field magnetization data for more dilute para­
magnetic alloys, Guertin et al.4 conclude that theGd 
moment does not saturate, even at 4.2 K and 20 T, 
and that no evidence exists for a negative Pd polariza­
tion. We have determined th - field and temperature 
dependence of the Gd moment in the ternary alloy 
Pdn.98FeooiGdo.oi from neutron diffuse scattering 
measurements. An effective Pd-Gd exchange con­
stant is derived and used in a simple molecular field 
model to reexamine the magnetization data for the 
binary Pd-Gd alloys. 

Polarized-neutron diffuse-scattering measure­
ments were made on polycrystalline samples 
of Pdo.wFco.oi. Pdo.wGdo.ni, and Pdo.nFeo.oiGdo.oi 
prepared with the low-absorbing isotope > MGd. At 
these concentrations, the ternary alloy cross section is 
just the sum of the binary alloy cross sections. 
Furthermore, since the Pd-Fe subsystem is much 
more strongly coupled (7V ss 50 K) than the Pd-Gd 
subsystem (7V a* 2 K\ the dramatic H and T 
dependencies of the ternary cross sections shown in 
Fig. 5.20 may be attributed to reorientation of theGd 
moment relative to the Pd-Fe moments. Thus, in 
Fig. 5.20, the 4.2 K, 0.2 T data correspond to Pd-Fe 
moments aligned parallel to the applied field, while 
the Gd moments are aligned antiparallel. This is 
illustrated by the solid curve, which represents 
the difference between the two binary alloy cross 
sections. This opposite Gd moment alignment can be 
destroyed by increasing the field to 4 T, where the 
ternary cross section becomes nearly the sameai that 
of Pd-Fe. 

http://Pdn.98FeooiGdo.oi
http://Pdo.wFco.oi
http://Pdo.wGdo.ni
http://Pdo.nFeo.oiGdo.oi
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These results suggest a molecular field model in 
which the applied field just cancels the effective field 
at the Gd sites near 4 T, and, indeed, the observed 
behavior is consistent with a spin 7/2 Brillouin 
function and an effective field of -3.9 T. The alloy 
PdowFeoni has a giant moment of 8 /i» with 3 p» 
localized on the Fe atom so that the average Pd 
moment is 0.05 n». We assume that this also occurs in 
the ternary alloy, if so, the effective field of -3.9 T 
corresponds to a Pd-Cd exchange constant of / = 
-0.018 ± 0.001 eV. Within experimental error, this is 
the same as was determined5'* from g-shift data for 
paramagnetic alloys in the 500-ppm concentration 
region. A constant J over such a large concentration 
range implies that the effective field at a Gd site arises 
from a linear superposition of long-range interac­
tions. In that event, a mean field treatment of the 
effective fields ai fc^th the Gd and the Pd sites should 
be a good approximation. We now examine the 
magnetization of the binary Pd-Gd alloys in terms of 
such a model. 

Within a simple molecular field model, the mag­
netization of dilute Pd-Gd alloys is 

o = «ta* + o>«=7*a c&jrfx) + xHrt, (I) 

where 

x = giimSHc4jkT. 

and with 

H « = W. + y o w / g 2 | i i : 

H*, = H* + Joc*lgZMB2 . 

(2) 

(3) 

Here, « u saturates for IT* > 15 Taad am can then be 
extracted from the parameterized data of ref. 4. 
Extrapolation of the high-field OM-VS-/7S data to 
0M=Ogives the effective field at the Pd sites whuethe 
siorMgivesxTheyvaluesobtamedDyUiBprocedDre 
are in reasonable agreement with the neutron and g-
sfaift results, and the x values show the same kind of 
concentration dependence as was observed4 for Pd Y 
and EdJ-u alloys. This agreement supports the model, 
which we, therefore, extend into the low-field 
region. 

The calculated magnetizations are compared with 
experiment in Fig. 5.21. Here, the solid curves 
represent the data, and the dashed curves are 
calculated by iteration using Eqs, (I),(2).and (3). In 
this calculation / is taken from the neutron data and 
X from the high-field slope of a N vs Ho. The overall 

0.15 

a» -

b 

aos -

r » 5.11. Cnf iruis of 0» nUnriwil mi chums' MOd 
MgMtartoM. Solid curves are the parameterized data of ref. 4. 
and the dashed curvet are calculated from the molecular field 
model. Concentrations are in at. % Gd. 

http://Na.Ftte.rGtW
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agreement b very good, especially in view of the fact 
that no fitting is involved. 

The calculated Pd magnetizations are negative at 
low fields. We suggest that this situation carries over 
into the ferromagnetic region, where the spontaneous 
Pd polarization per Gd km is 7xJ/g2 M»- At 2% Gd. 
where x = 5.1 X 10"* emu/mole, this gives or*!c = 
- 0 5 MB to becompared with Crangle's results.5 which 
vary from about -1.0 n» at 2% Gd down to -OS n% at 
10% Gd. We conclude that the spontaneous Pd 
polarization is opposheto die Gd moment but that it 
can be reversed in high magnetic fields. 

1. Summary of paper, ftn Rer. B 20.2765 (!979). 
2. IVKT graduate laboratory participant from the Georgia 

tastitvte of Tccaaotogy. AUaala: preseat address: Instituto 
VcnoEDhao de lavcsticaaofi s Ciewifcas. Caracas. VcnemtU-

3. J. Craade. Pkyj. Rev. Lett. 13. 569 (1964). 
4. R. P.GacrtuctaL,rfrjrx.ftrir. 07.Z74(i973). 
5. R. A. Dcrmett aL^SoSdSime Cctmmm. 11,525 09121. 
6. R. H. Taylor and B. R. Coin. J. Hir- F*. 303 (1974). 

MAGNETIC EXCITATIONS IN Er 

R. M. Nkklow N. Wakabayashi 

While all the heavy rare earth metals (Tb-Tm) 
possess quite unusual and complex long-range 
magnetic ordering, the phase diagram of Er is 
perhaps the most unusual. Below about IS K, the 
magnetic structure of Er (which has the hep crystal 
structure) is the so-called ferromagnetic spiral or 
conical structure. In this structure, the direction of 
the atomic moments is a superposition of a fer­
romagnetic component parallel to the r axis and a 
basal plane component that rotates from plane to 
plane, forming a spiral with a wave vector that is 
incommensurate with the lattice. Between 84 K (the 
Neel temperature) and 52 K, the basal plane moment 
is not ordered and the c-axis moment is modulated 
nearly sinusoidally. again with a period that is not 
commensurate with the lattice. As the temperature is 
lowered, the basal plane component begins to order 
at 52 K, and between 52 K and 18 K. the magnetic 
order gradually changes from the longitudinally 
modulated structure to the conical structure. 

In the conical structure, because the total moment 
on each atom participates in the long-range order, a 
theoretical description of the magnetic excitations in 
terms of spin waves is possible. Previous neutron 
scattering measurements at ORNL of the spin-wave 
dispersion relation shed considerable light both on 
the form of the dispersion relation and on the 
magnetic exchange and anisotropy interactions.1 

In the longitudinally modulated structure, only a 
portion (which varies from atom to atom) of the total 
atomic moment participates in the long-range order. 
The types of magnetic exciutions to be expected in 
such a structure and their relationship to the inter­
atomic magnetic interactions are not yet clear from a 
theoretical point of view. However, the possible 
existence of new types of excitations related to ttmc-
deptndent changes in the phase and amplitude of an 
incommensurate structure have been proposed for 
charge density waves. Consequently, we have under­
taken a program to characterize experimentally the 
magnetic excitation spectrum for Er, which possesses 
one of the few longitudinally modulated spin-density 
wave structures in nature. 

The major portion of the recent experimental work 
has been carried ou: at 60 K. At this temperature the 
modulation wave vector q» for the magnetic structure 
is approximately qo = (0, 0,0.29)2*->r. Preliminary 
results obtained in exploratory measurements can be 
broadly categorized into two groups. In one group 
energy scans for constant Q with Q between (002) and 
(003) and between (100) and (101). in reduced 
reciprocal lattice units, show rather broad energy 
distributions having some structure that depends on 
Q. Some typical results are shown in Fig. 5.22. 
Significant intensity extends to energies above that 
(0.95 THz) corresponding to the maximum spin-
wave energy observed previously' in the conical 
phase at 5 K or in this experiment at 10 K (see 
Fig. 5.22). 

The second group of results was obtained in Q-
scans with the energy transfer held constant at 
various values between 0.1 and 0.5 THz. In these 
measurements Q was scanned through values that 
included the positions of satellites, r ± qo, where r is a 
reciprocal lattice vector that corresponds to the 
Bragg diffraction peaks of the incommensurate 
structure. Results obtained for O near (0.0, 2 - qn) 
are shown in Fig. 5.23. In this figure Q is plotted 
reUtive to the satellite position so that data for 
d liferent temperatures can be compared, because qo is 
temperature-dependent. At 10 K two peaks that cor­
respond to the spin wa- -u ±q as measured 
previously' are observed. , . . this temperature the 
conical structure produces intense satellite diffrac­
tion peaks due to the ordering of the basal plane 
moment. Consequently, the peaks observed in 
Fig. 5.23 at 10 K correspond to acoustic spin waves. 
As the temperature is raised above 50 v, the basal 
plane moment is no longer ordered and i - satellite 
intensity at (0, 0, 2 - qo) essentially vanishes. 
Nevertheless, strong inelastic scattering remains. 
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although it is not possible with the q- resolution used 
for the measuremenu shown in Fig. 5.23 to resolve 
any structure that might indicate the existence 
of well-defined spin waves at this temperature. 

However, a small increase in the o-wk 'h of the 
scattering with increasing energy b observed which 
may be indicative of a very steep dispersion relation. 
Inelastic scattering with similar intensity is also 
observed in the vicinity of(0,0.2+qo),(l,0,q<>) and 
(1,0,1+oj>) even though the elastic intensities at these 
various satellite positions differ by several orders of 
magnitude. 

I- R M. Nicfclow « ai.. Mrs. ftrv. Lett. 27. 334 (I97l> 

TEMPERATURE DEPENDENCE OF THE 
MAGNETIC EXCITATIONS IN Gd 

J. W. Cable N. Wakabayashi R. M. Nicklow 

We have measured the magnetic excitations above 
and below the Curie temperature in Gd by inelastic 
neutron scattering. Gadolinium is particularly 
appealing for this type of study for several reasons. It 
has the least complicated magnetic ordering of all the 
rare earth metals, being a simple ferromagnet below 
Tc = 293 K. Furthermore, the 4/shell of the Gd ion is 
half filled, so that there are no complications 
associated with orbital moments or crystal field 
effects. Therefore, the spin dynamics are determined 
only by isotropic Heisenberg exchange interactions. 
Experimentally, the system is favorable because of 
readily accessible energy transfers and because of the 
large moment per atom, which gives high neutron 
scattering intensities. 

The constant-Q neutron measuremenu were made 
out to the Brillouin zone boundaries in the [001] and 
[100] directions and covered the temperature range 
0.3 ̂  T/Tr<: 2.0. The observed magnetic excitation 
spectra are illustrated in Fig. 5.24, which shows the 
thermal evolution of spin waves propagating along 
the [001] direction. The left panel shows the typical 
behavior of small q spin waves. Here, the spin-wave 
peak observed at low temperature shifts rapidly down 
in energy with increasing temperature and near T, 
collapses into a Lorentzian-rfhapcd line centered at 
7cto energy transfer. There is little, if any, broadening 
of the peak width. The typical large q behavior is 
shown in the right panel, where, there is a relatively 
slow decrease in the peak position with increasing 
temperature. In contrast to the small q behavior, 
there k appreciable line broadening due to lifetime 
effects caused by magnon-magnon interactions. The 
spin-wave peak is no longer observed at 295 K, which 
is just above T,, but a shoulder remains on the excita­
tion spectrum and persists up to about 1.2 T„ 
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Most theoretical treatments of magnetic excita­
tions deal with the T-Oand T> 7V limits at general q 
values or with the small q limit at general tempera­
tures. Very little work has been done in the large q-
intermediate temperature regions covered by these 
measurements. There is a recent numerical calcula­
tion by Hubbard1 wh.. » qualitatively reproduces 
some of the observed features. However, these 
calculations were for a simple cubic structure with 
nearest-neighbor interactions, and it is not clear how 
these would be altered for the present case of an hep 
structure with long-range interactions. At this stage 
we can only conclude that the observed shoulder in 
the magnetic excitation spectrum shows that there 
are characteristic frequencies uuociated with the spin 

I. J. Hubbard. J. I*rj. C4. 53 I Wl). 

FORBIDDEN MAGNON SCATTERING 
INNiu.MoM. 

C. H. Perry1 R. M Moon 
R. D. Lowde2 J. B. Sokoloff* 

B. Pagonis' 
The observation of neutron scattering from 

magnons in Ni above T< by Mook, Lynn, and 
Nicklow4 has prompted a number of theoretical 
papers. The bask physical concept in thesetheories is 
that there must exist strong short-range magnetic 
order above T<. That is, the local magnetization 
varies slowly throughout space so that its average 
value is zero but there exist regions sufficiently large 
to sustain spin-wave excitations in which the local 
magnetization is nearly constant and nonzero. 
Sokoloff5 ha* pointed out an interesting consequence 
of this behavior on the polarization dependence of 
the neutron cross section, and this polarization effect 
has been demonstrated experimentally by SokolofT 
etal.* 

Consider first the polarization dependence of the 
magnon cross section in a saturated ferromagnet, 
first derived by Saenz, 

do 
dCUE 

~ [ l + f0 Mf + KQ AtXQ P)]. 

where Q is the unit scattering vector, lif is the unit 
magnetization vector, and P is the unit neutron 
polarization vector. This factor enters the cross 
section for magnon creation (neutron energy loss); 
for magnon annihilation, the sign of the third term is 
reversed. For the case when Q. M, and P are all 
parallel, this factor goes from 4 toO when the neutron 
polarization is reversed; that is, the cross section for 
one of the incident neutron spin states is forbidden. 

Now imagine that the sample is made up of small 
regions, or droplets, in which the magnetization is 
constant but the direction of the magnetization 
changes from one droplet to another. We apply a 
weak field along Q to control the direction of the 
average magnetization and assume that the neutron 
polarization is aligned along the field direction. There 
may be a distribution of droplet sizes, but at least 
some of them should be large enough to sustain 
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magnon excitations. Under these conditions the 
magnon cross section becomes 

ditiF' ~[l + { c o s 2*> ± 2 < c o s ^ -
where ± refers to the initial neutron polarization, 0 is 
the angle between the local magnetization and the 
scattering vector, and the averages go over those 
droplets large enough to sustain magnons. The 
appearance of the forbidden (—) magnon scattering is 
thus associated with droplets of nonzero 8, that is, 
with regions in which the local magnetization 
deviates in direction from the average magnetization. 

We have begun a systematic study of this effect by 
measuring the (±) magnon intensities from a single 
crystal of ™Ni with I at. % Mo as an impurity. We 
expect that the droplet distribution will be a function 
of temperature and applied field and that thefraction 
of droplets in which magnons can be excited will 
depend on the magnon wavelength. Accordingly, 
parameters in our experiments have been tempera­
ture (322 K < T< 637 K), applied field (0.34,054, 
0.84 T). and energy transfer (8,12,16.20 MeV). The 
basic experiment consisted of a constant A £ scan 
from Q = (1.5, 0, 0) to (2.5,0,0) on the triple-axis 
polarized-beam spectrometer at the HFIR. The( 110) 
reflection from a "Fe(Si) crystal was used as a 
polarizing monochromator. *nd the (002) reflection 
from pyrolytic graphite was used as an analyzer. We 
believe that the primary effect of the Mo impurity is 
to lower the Curie point from 631 K for pure Ni to 
584 K for our sample as determined by observing the 
critical scattering. 

The analysis of these data is incomplete, but some 
of the results for an energy transfer of 8 MeV and an 
applied field of 0.84 Tare shown in Fig. 5.25. Here we 
show the ratio of the forbidden (-) magnon intensity 

0 6 

OS 

0 4 

» 0 5 h 

onm-tme to -io*4« 

N , 0 . » M o O . O t 
AE*8«wV 
H>0.84 T 

<; 02 

01 

0 

300 400 .300 600 
TV*K**T\J*t (K) 

700 800 

to the total of allowed (4-1 plus forbidden intensities. 
As expected, this plot starts at zero at low tempera­
ture when (cos 8) — 1 and approaches % in the 
paramagnetic region where (cos 0} = 0. This plot 
suggests that droplet formation begins between 
500 and 550 K. The compter analysis will produce 
such plots as a function of applied field and energy 
transfer. In addition, we will iso ate the {cos 8) term 
jy calculating (V - Hand test its relationship to the 
bulk magnetization, which is proportional to (cos 0) 
averaged over the entire sample. 

Ft* 3.25. Growth rfforMdn M l 
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INDUCED MAGNETIC FORM FACTOR 
OF So»«.wY«j4S 

R. M. Moon 
Earlier work' had shown that the induced magnetic 

form factor of 'MSmo.7»Yo.24S, a mixed-valence 
material, is approximately equal to that expected for 
the Sm~' ion. The crystal used in this earlier study was 
large enough (52 mm') so that extinction was a 
definite problem. To minimize the extinction correc­
tion, only the weak peaks {hklodd) were measured. 
To produce a more complete set of data and to make 
our earlier conclusion more quantitative, we have 
remeasured this material using a smaller crystal 
(13 mm1). Both the strong and weak peaks were 
measured at 78 K in a Field of -1.25 T, using the 
standard polarized-neutron technique. To eliminate 
extinction effects, measurements were performed at 
three different neutron wavelengths arid the results 
were extrapolated to zero wavelength. 

The observed polarization ratios wereconverted to 
susceptibilities and are displayed in Fig. 5.26. The 
solid curve is the calculated Sm1' form factor 
normalized to the bulk susceptibility measured on the 
same sample. To an excellent approximation, the 
neutron results are given by the calculated curve 
minus a small constant, a most peculiar result. While 
many experimental factors could lead to uncertain­
ties i n the vertical scale factor, I can think of nothing 
that could lead to an apparent shift of the zero posi­
tion on the vertical scale. The tentative conclusion is 
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that these data show that the 4/electron distribution 
is slightly different than it is in S m : \ 

From lattice constant measurements the apparent 
valence at 78 K is +2.3. We plan to repeat these 
measurements at about 300 K. where the apparent 
valence is about +2.6. In addition, we hope to acquire 
a suitable crystal of ,J*SmS, which should show pure 
Snr * behavior at atmospheric pressure. The goal is to 
obtain a quantitative measure of the apparently small 
changes in the 4/electron distribution in going to the 
mixed-valence state. 

I. R M. Moon it aL. J. Appl. Phrt. 43,2107 (1978). 



6. Crystal Growth and Characterization 
Improvements in eiT>ciencies of present-day energy technologies and the 

development of advanced eneigy systems will require solutions toa variety of materials 
problems. The primary purposes of the Crystal Growth and Characterization Program 
are to identify materials problems that relate to IX) E research objectives; to prepare 
and to characterize research specimens of high quality for use in research programs in 
the Solid State Division, in other ORNL divisions, and in other laboratories: and to 
perform collaborative work with various groups engaged in energy-related research. 
During the period covered by this report, the growth and characterization of 
supeioonducting materials with the -115 structure were continued; growth of lar^c, 
optical-quality single crystals of Na/T AhOi was achieved; refractory metals and alloys 
were prepared for investigations of fluxoid pinning in superconductors, phonon 
spectra, rracture, H absorption, and many other phenomena; also, the preparation and 
characterisation of ferroelectric materials were continued. Table 6.1 in this section of 
the report shows representative examples of research specimens prepared during this 
period, their utilization, a the various organizations benefiting from this activity. 

A new program investigating thesuitabilityof the lanthanideorthophosphatesfor 
primary containment of alpha-active nuclear waste was initiated as a joint effort v/ith 
ORNL research staff members in the Chemist;; and the Metals and Ceramics 
divisions. Single crystals of the lanthanide orthophosphates with both the monazite 
and zirc on structures were successfully grown, and it was demonstrated that monazite 
powders, produced by precipitation from molten urea, could be hot pressed and 
compacted to 97% of theoretical density. 

The maintenance of a current data base on crystal growth, purification, 
characterization, and availability of research specimens by RM1C continued to 
provide valuable service to the res jrch community. In cooperation with Plenum 
Press, a two-volume directory on crys al growth methods was published. A 
compilation of refractive index data for solids was initiated, and it is anticipate J that 
this bibliography will be published during 1980. 
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elude a wide variety of standard and some newly 
developed methods. 

To realize the maximum utilization of these often 
unique specimens, a continuing policy of loaning 
samples to cooperating research groups for supple­
mentary physical property measurements is main­
tained. Measurements made on these samples often 
complement the research efforts of Solid State 
Division members and, in particular, investigations 
made by workers in foreign research institutions 
serve as a means of enhancing exchanges of technical 
information. Representative examples of some of the 
research specimens and their utilization are provided 
in Table 6.1. 

I. Swiss National Fund for Scientific Research Fallow from 
Ecole Polytechnique Institut. Lausanne. Switzerland. 

Table 6.1. Loan of samples for research outside the Research Materials Program 

Material Type of study To whom sent Organization 

Nb Thermal conductivity K Krasst Cornell University -

Ni He implantation K Farrcll ORNL 
Ni Fracture S. Ohr ORNL 
Ni Evaporation S. Sekula ORNI . 
Ta Oxygen diffusion R. Carpenter ORNL 
Ta Pholoemission T. Sham B M . 
T i Inn borriDardmcnt K. 1 arrcii O R M . 
V 0 if fusion R. Carpenter ORNL 
V Electron microscopy E. Kenik ORNL 
W Positron annihilation L. Hulett ORNL 
Nb-Ta Superconductivity H. Kerchner ORNL 
W-Rc Neutron scattering V Wakahavashi ORNI . 
Nb + 18 at. % Ge Superconductivity S. Sekula ORNI . 
Nb + 18 at. % Ge Neutron scattering H. Smith ORNI . 
V,Ge Inn channeling O. Meyer ORNI 
V,Ge Ion channeling B. Strilzkcr O R M . 
V,Ge Neutron scattering H. Snith ORNL 
V,Si Ion channeling O. Mcyei ORNI . 
V,Si Ion channeling B. Appietnn ORNL 
V,Si Ion channeling B. Stritzkcr ORNL 
V,Si Ultrasonic attenuation K. Kojima Yokohama City University. 

Japan 
MgO Optical spectroscopy V. Orera University of Zaragoza. Spain 
MgO Optical spectroscopy R. Williams Naval Research Laboratory 
MgO Photoconductivity G. Summers Oklahama Slate University 
MgO Characterization D. Readey Ohio State University 
MgO Laser fabrication A. Mooradian Lincoln Laboratory. M IT 
MgO Radiation damage J. Alvarrv-Rivas Junta de Encrgia Nuclear. 

Madrid. Spain 
MgO Radiation damage F-. Pells AFRE. Harwell. England 
MgO Raman F. Lilly University of Utah 
CaO Cirain boundary and 

bulk transport 
L. DeJnnghe I.BI. 

CaO Characterization I). Rcadcy Ohio State University 
MgO: Li EPR J. Bnldii National University of Mexico 

Mexico. O.F. 

CRYSTAL GROWTH AND 
CHARACTERIZATION PROGRAM 

L. A. Boatner Y. K. Chang 
M. M. Abraham H. E. Harmon 
W. E. Brundage J. O. Ramey 

M. Rappaz1 

The various activitie .he crystal growth and 
characterization group usult in the production of a 
wide variety of research-quality samples whose 
properties are of interest not only to researchers 
within the Solid State Division but to scientists in 
other ORNL divisions, other DOE-s-pported labo­
ratories, and other research organizations ingecral. 
Extensive sample characterization is required 
throughout the preparation of these materials, and 
the corresponding characterization techniques in-
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Tab'; 6.1 (continued) 

Material Type of study To whom sent Organization 

MgOLi Thermal conductivity H. Weinslocfc Illinois Institute of Technology 
MgO.U Optical spectroscopy V.Orera University of Zaragoza, Spain 
MgOLi Thermal conductivity D. Hasselman Virginia Polytechnic Institute 

and State University 
MgOrl.i Effect of O partial 

pressure 
W. Gourdtn I.LL 

MgO. l i Electrical conductivity- D. Eiscnbcrg University of Nonh Carolina 
MgOLi Internal friction A. Nowick Columbia University 
MgO:Li Light scattering W. Unruh University of Kansas 
MgOLi Raman F. Luly University of Utah 
MgOl. i Radiation damage J. Alvarez-Rivas Junta de Energia Nuclear. 

Madrid. Spain 
MgO:Li Positron annihilation P.Cheng Nations' University of Taiwan. 

Taiwan 
MgO:Li Conductivity W. Kingcry M I T 
MgOLi Optical studies N. Edelsrein LBL 
MgO.K Light scattering W. Unruh University of Kansas 
MgOMg EPK H. Stapleton University of Illinois 
MgO:Fe EPR W. Kingery Massachusetts Institute of 

Technology 
MgO:Ft Radiation damage J. Alvarez-Rtvas Junta de Energia Nuclear. 

Madrid. Spain 
MgOXi Luminescence W. Sibley Oklahoma State University 
MgO:Ni Laser fabrication A. Mooradian Lincoln laboratory. M I T 
MgO:.\i Light scattering W. Unruh University of Kansas 
MgU-.N'i Radiation damage J. Alvarez-Rivas Junta de Encrgia Nuclear. 

Madrid. Spain 
MgONi Luminescence N. EdeLstein LBL 
MgOCo Luminescence W Sibley Oklahoma State University 
MgO.Cu Light scattering W. I'nruh University of Kansas 
CaOi.i Relaxation times H. Stapleton University of Illinois 
CaO.Na Relaxation times H. Staplcton University of Illinois 
CaO.Ca on MR J. Spaeth Gesamthochschule. Padcrborn. 

CierTia r.y 
CaO:Ca Relaxation tinKs ILSlaplctoi University of Illinois 
CaOCa Optical studies N. Edclstein Lawrence Berkeley laboratory 
SrO:Sr ENDOR J. Spaeth Gesamthochschulc. Paderborn. 

Germany 
C'cOj Diffusion A. Franklin NBS 
HfSiO«:F.r Optical studies N. Edelstein LBL 
IhSiO.:F.r Optical studies N. Edclstcin LBI. 

THE CRYSTAL STRUCTURE OF CePO«' 
G W. Beali2 

L. A. Boatner 
D. F. Mullica5 

W. O. Milligan' 
Cerium onliophosphate is a synthetic analog of the 

naturally occurring mineral monazite. The lack of 
precise current structural data for materials of this 
type has prompted the study ol pure CePO«. 
Knowledge of the structural base of this material is 
critical to future studies of radiation-damage effects 
in the actinide-doped ianthanide orthophosphate 
single crystals that have been grown in the Solid State 

Division at ORNL. Single crystals of CeP04 were 
grown in covered Pt crucibles from a PbiPiO? melt 
by gradual cooling from I360°C at a rate of l°C/ h. 
The surrounding lead pyrophosphate matrix was 
then leached from the crystals with hot nitric acid. 

A single crystal of CePO* ground to a sphere (450 
nm diam) was selected for three-dimensional data 
collection on an Enraf-NoniusCAD-4 automated x-
ray diffractometer using Mo K„ radiation (A = 
0.71073 A). The position of the Ceatom wasobtained 
from a Patterson map. This metal position was used 
to phase a difference Fourier map in order to obtain 
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the positions of the P and O atoms. These positions 
were refined using a full-matrix least squares 
program, and convergence was obtained after several 
cycles. The unit cell is monoclinic (space group 
P2,/ n) with a = 6.777(3), b=6.993(3),r=6.445(3) A, 
and P = 103.54(4)°. The structure was found to be 
made up of Ce atoms irregularly coordinated with 
nine oxygens and linked together by distorted 
tetrahedral phosphate groups. The local coordina­
tion of the trivalent Ce ion in CePO* is illustrated in 
Fig. 6.1. The accurate bond distances and angles 
determined in this investigation are expected to be 

ORNL-DWG8O-10587 
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Fig.6.1. Sta»viewoftlwlocaJcoodiMtioaofCc,*inCePC><. 

very valuable in future studies of radiation damage in 
analogs of monazite synthesized with significant 
amounts of actinide impurities from nuclear -vaste 
material. 

1. Summary of paper to be published. 
2. Chemistry Division. ORNI.; present address: Radian 

Corporation. Austin. Texas. 
3. Baylor University. Waco. Texas. 

MONAZrTE AND OTHER LANTHANIDE 
ORTHOPHOSPHATES AS ALTERNATE 

ACTINIDE WASTE FORMS' 
L. A. Boatner C. B. Pinch'' 
M. M. Abraham G. W. Beall' 
J. O. Ramey P. Huray4 

M. Rappaz5 

The selection of a suitable material for the primary 
containment of radioactive nuclear wastes is cur­
rently a significant unresolved problem. Because of 

the long half-lives (~ I031 o 10* years) of some actinide 
isotopes formed during reactor operation, the 
requirements for safe isolation of such primary waste 
form* are v r̂y restrictive. In particular, the isolation 
material must be chemically and physically stable 
during long periods of exposure to the various 
conditions in a given geological repository. For 
storage in deep geological formations, hydrothermal 
conditions can be encountered, and this eventually 
presents an unusually hostile set of environmental 
conditions. Additional criteria that must be satisfied 
by a primary waste form include chemical and 
physical stability in the presence of high levels of o-
partkle radiation and the ability to retain actinide 
ions at the elevated temperatures appropriate to 
practical concentrations of nuclear waste. 

Because borosilkate (and other) glasses are 
relatively inexpensive and can be produced on a large 
industrial scale, they have received considerable 
attention as possible nuclear waste containment 
media. As shown by several authors, however, many 
glasses readily devitrify and are unstable when 
exposed to hydrothermal conditions or a-particle 
radiation damage. For these reasons their suitability 
as a stable nuclear waste form has recently been 
called into question, and crystalline materials are 
now being considered as an alternate approach to the 
radioactive waste isolation problem. 

Mineralogical studies have shown that a few 
minerals are capable of preserving their structure 
during long-term exposure to relatively high a-
particle fluxes. One such mineral is a mixed 
orthophosphate, (La. Ce, Nd, Y ... )PO«, known as 
monazite. Monazite ores are the principal source of 
the world's supply of Th, and some monazites also 
contain up to 16 wt % UOj. Investigations of both 
Th- and U-bearing monazites have shown that these 
minerals are not characterized by extensive metamic-
tization. Additionally, the overall long-term chemi­
cal and physical stability of monazite has been 
established from the dating of 2 X lO'-year-old 
deposits found in Brazil. The diffusion rates of U in 
monazite have been found to be low as compared 
with those in other minerals; and, finally, acid 
solubility studies have shown that the lanthanide 
orthophosphate:: zre characterized by a negative 
temperature coefficient of solubility (i.e., these 
substances exhibit the relatively unusual property of 
becoming less soluble as the solvent temperature 
increases). This almost unique set of chemical and 
physical properties led to the idea that synthetically 
produced analogs of monazite could represent an 
optimum primary actinide waste form. 
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Single crystals of the lanthanide orthophosphates 
were grown in order to perform x-ray, EPR. 
Mdssbauer. radiation-damage, and chemical-sta­
bility studies. Orthophosphate crystals of every 
member of the lanthanide transition series (except 
PmPO«) were grown using flux techniques. Crystals 
of YPO*, ScPO*. and LuPO« (zircon structure) were 
also grown. 

Figure 6.2 shows several crystals of l-aPCh doped 
with 0.5 »t',( "''Am oxide. These crystals are shown 
inside the growth crucible and are still entrained by 
the solidified PD2P2O7 flux, which is removed by 
boiling in nitric acid. Natural monazite ores are 
known to contain relatively high concentrations of U 
(i.e., up to 15 wt % UO2). and it was possible to grow 
single crystals with similar U concentrations. 
Additionally, Pu-doped LaPO« crystals were grown 
from a starting composition of 90 wt % LajOa and 10 
wt % 2*2PvOi. 

ORNL-PHOTO 3596-79 

Tne visible spectra for LaPO< single crystals doped 
with various actinides are shown in Fig. 6.3. Because 
it is totally transparent in the region studied, LaP0 4 

was selected as the host orthophosphate. The Z M U-
doped crystals, whose absorption spectrum is shown 
at the top of Fig. 6.3, contain 10 wt % UO2 and have a 
deep green color indicative of tetravalent U. When 
the spectrum was examined in detail, the 4+ state was 
confirmed. Crystals of CeP04 and (45 at. % Sm, 45 
at. % Ce) (PO4) have also been grown with a 10 at. % 
U dopant. In both of these crystals the 2 , ( U 
tetravalent state was also confirmed. (The Ce in these 
crystals appears to be a mixture of Ce4* and Ce*\ with 
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CeJ" the predominant species.) These results are in 
agreement with observations of tetravalent U in 
natural monazite. The middle spectrum in Fig. 6.3 
was obtained for LaPO« containing 0.5 wt ^ 
"*' Am.-O-.. This spectrum shows that the Am is in the 
trivaient state, an observation that is consistent with 
the known redox chemistry of Am. These crystals 
have a pronounced amber color after cooling from 
the growth process and darken to a deep brown after 
several days at room temperature. This deepening 
color appears to be associated with radiation damage 
due to alpha decay and atom recoil from the 2 4 >Am. 
The color can be annealed out at approximately 
500° C to produce perfectly clear material, but the 
color returns in less than 24 h at room temperature. 
The spectrum shown at the bottom of Fig. 6.3 was 
obtained for LaPO« containing 10 wt % w 2Pu02. 

Mdssbauer-effect studies were performed using 
La( Am)P04 as a source and NpOz as an absorber at 
4.2 K. The observed Mossbauer spectrum showed 
that an absorption with a small splitting occurred 
with an isomer shift in the neighborhood of +17 
mm s and that a second absorption with a larger 
splitting occurred with an isomer shift in '.he 
neighborhood of-35 mm, s. The observed splitting is 
believed to result from a small electric field gradient 
for the absorption of 17 mm- s (consistent with Np5") 
and a larger electric field gradient for the absorption 
at -35 mm s (consistent with Np1*). The absorption 
at -35 mm s is probably a result of the recoiling 
2".\'p having found a normal NpPO« site prior to its 
recoilless deexcitation. The large 5+ Mossbauer 
absorption is somewhat surprising because the 
parent Am is trr. Sent. 

The teachability of a waste form is one of the most 
important factors in determining its suitability for 
use in a nuclear waste reps.sitory. Leach tests of 
orthophosphate crysts><« resulted in IAEA leach 
indices that were smaller than those reported for 
grouts or borosilicate glasses by a factor of 16 for 
CePO, in 4 M NaCI at 200°C and 1724 kPa(250 psi) 
and a factor of 295 for La( Am)P04 in distilled water 
at 200°C and 1724 kPa (250 psi). These results are 
even more striking since the leaching studies on the 
glasses and grouts were conducted at room tempera­
ture and atmospheric pressure. 

1. Summary of paper: Scientific Rati* for Suclear Waue 
Management, vol. JJ, ed. by C. ) . Northrup. Plenum Prcs». New 
York (in press). 

2. Melals and Ceramics Division. ORM.. 
3. Chemistry Division. OR.NI.: prcscnl address: R;ulian 

Corporation. Austin. Texas. 

4. The L'ni\ersuv of Tennessee. Knoxvitie. 
5. Sniv. National l-und lor ScicniifH.- Rcvc:>rth hcllxu lr«m 

f'cwlc l\»l>t<.vhnii|uc lrv>tnut. I auvinnc. Swir/trrfc«n«l 

PREPARATION AND COMPACTION OF 
SYNTHETIC MONAZITE POWDERS' 

M. M. Abraham T. C. Qutnby 
L. A. Boatner D. K. Thomas 

M. Rappaz2 

Analogs of the mineral monazite, a -nixed 
lanthanide orthophosphate (LnPO<). are potentially 
important primary containment forms for the 
isolztion of actinide nuclear wastes. 

The viability of a radioactive-waste isolation 
system utilizing lanthanide orthophosphates as the 
primary containment mechanism is, of course, 
dependent on the ease with which sue -' wastes can be 
converted into the phosphate form and processed to 
produce dense bodies presenting relatively small 
surface areas to attack by ieachants. A molten urea 
precipitation process, similar to that employed by 
Aaron et a!.' in producing their "cermet" waste form, 
was used to convert lanthanide oxides into the 
orthophosphate form. The size of the resulting 
particulates could be controlled to the point where 
high-density bodies (~97^ of theoretical density) 
were produced by hot-pressing at 28,000 kPa (4000 
psi) and at temperatures significantly below those 
required to form the multiphase "Synroc" crystalline 
waste form. Variations in the orthophosphate 
particle size and shape caused by the use of varying 
am unts of urea are illustrated in Fig. 6.4. The urea 
precipitation process was applied to every naturally 
occurring lanthanide element in the transition 
element series from La to Gd. A systematic study of 
precipitation conditions vs particle size and hot-
pressing conditions vs solid-body density was carried 
out for CePO* and LaP0 4. These particular 
compounds were selected because they can be 
considered as structural prototypes of the mineral 
monazite. Examples of the high-density pellets 
produced by hot-pressing CeP04 powders are shown 
in Fig. 6.5. 

The EPR technique was employed in comparing 
the properties of urea-precipitated CePO« powders 
and flux-grown single crystals. Powders and single 
crystals of CePO« (and the other lanthanide ortho-
phosphates in the first half of the transition series) 
were prepared with a trace impunty of Gd1'. The 
electronic properties of the *Si/i ground state of 
trivaient Gd are extremely sensitive to the local 
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Fig. 6.4. Trarwuiiion electron micrographs comparing CePO, 
obtained from mechanically grading single crystal*. The effect o 
mechanically ground single crystals: (h) precipitated powder without 
precipitated powder with a urca:CePO< mole ratio of 720:1. 

0RM.-0WG 79-19391 

i panicles in powder* precipitated with and without area and particles 
n panicle site of varying urea concentrations is clearly evident: (a) 
urea:(r) precipitated powder wrthaurea:C'cPO»nw>lc ratio of <HV.l;(<J) 
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ORNL-PHOTO 3458-79 

Fig. &5. Hoc-preucd pcflets of CePO. formed from precipitated powders. 

EPR INVESTIGATIONS OF Gd* IN 
SINGLE CRYSTALS AND POWDERS 

OF THE ZIRCON-STRUCTURE 
ORTHOPHOSPHATES YPO* ScPO«, 

AND LuP0 4 ' 
M. Rappaz2 J. O. Ramey 
M. M. Abraham L. A. Boatner 

The tetragonal xenotime (YP04) and monoclinic 
monazite (CeP04) orthophosphates are known to be 
chemically and physically stable in geological 
environments and are also radiation resistant. For 
these reasons, materials of this type are current 
candidates for the primary containment of radioac­
tive actinide solid wastes. 

The lanthanide (and related) orthophosphates may 
be divided into two classes: those of the first half of 
the series (LaP0 4 through GdPO«) that have the 
monoclinic "monazite" structure and those of the 
second half of the lanthanide series (TbP04 through 
LuPO«) plus ScPO< and YP0 4 that have the 
tetragonal zircon structure. The EPR spectra of 
paramagnetic impurities in diamagnctic hosts such as 
the ianthanide orthophosphates provide information 
regarding the valence states and crystalline site 
symmetries occupied by these impurities. This type of 
information is relevant to investigations of the solid 
state electronic properties of mixed lanthanide-
actinide orthophosphates on a microscopic basis and 
of the effects of such properties on the characteristics 
of a related primary waste form. An obvious para­
magnetic ion-probe for the lanthanide orthophos­
phates is Gd'' because its electronic configuration 
(fXe]4f7-'Sr J, which is chemically similar to the 
[Rn]5i7-'S i configuration of the actinide ion Cm'*) 
and relaxation behavior permit its magnetic reso­
nance to be observed at room temperature, and its 

environment of the surrounding crystalline electric 
field, and the associated EPR spectra can be used to 
detect small variations in the local crystal structure. 
A comparison of the "powder" spectrum of Gd3* in 
CeP0 4 powder precipitated in molten urea with the 
spectra obtained from doped single crystals showed 
that the Gd3* impurity occupies the identical type 
of substitutional she in both the precipitated pow­
ders and the flux-grown single crystals. Trivalent Cm 
is tne actinide analog of Gd v and is expected to 
occupy the same type of substitutional site in an 
orthophosphatc waste form. 

These studies show that both Ianthanide oxides 
and ianthanide nitrates can be readily converted into 
an orthophosphate form whose particle size may be 
controlled to a sustantial degree and that the 
location, within the host crystal structure, of other 
lanthanid; impurities is not affected by the process­
ing sequence. The ability to synthesize bodies by hot-
pressing of urea-precipitated powders with an 
appropriate grain size was demonstrated, and these 
findings have an important bearing on the ability to 
utilize highly stable lanthanidc orthophosphates as a 
primary containment form for the hazardous o-
active wastes generated by nuclear reactors. 

1. Summary of paper to be published. 
2. Swiss National Fund for Scientific Research Fellow from 

Fcole Polyiechnique Insfilul. Lausanne. Switzerland. 
J. W. S. Aaron, T. C. Quinby. and F.. H. Kobisk. Crrmn High 

Uvtl Woxtr form*. ORNI. TM-W04 (June I97»). 
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spectrum gives a dear indication of the local 
symmetry at an impurity site. 

In obtaining EPR results for Gd'" in the tetrag­
onal-symmetry orthophosphates ScPOi. YPGV and 
LuPGv both single-crystal samples and precipitated 
powders of all three hosu were investigated, and a 
full determination of the spin-Hamihonian parame­
ters was made. 

Single crystals of YPO«, ScPO*, and LuPO, doped 
with Gd}" we -z grown by means of a flux technique. 
A mixture consisting of 3.5 g of ih* corresponding 
lanthanide oxide, 0.1 mo I % GdiOj and 60 g of 
PbHPOu was placed in a 50-cra3 Pt crucible, which 
was covered with a tight-fitting Pt lid to reduce flux 
evaporation. (Decomposition of PbHP0 4 at high 
temperature results in the formation of PbzPzOr, 
which serves as the flux.) The Pt crucible was placed 
in a furnace; the temperature was raised to I360°C, 
held at this level for 16 h, and then slowly lowered to 
900°C at a rate of l°C/h. At this point the furnace 
was allowed to cool to room temperature, and the 
orthophosphate crystals were removed by dissolving 
the flux in boiling nitric acid. A large crystal of 
LuPO« grown by this technique is shown in Fig. 6.6. 

OBN L-PHOT01181-80 

Although all three crystals have the same type of 
tetragonal structure, the crystal habit of ScPO« 
(platelet-like shape) is different from that of L11PO4 
and YPO4, both of which grow in the form of long, 
thin bars. 

Because single crystals are both difficult and 
expensive to produce, they should not be considered 
as a practical means of containing radioactive 
nuclear wastes on a large industrial scale. A realistic 
process will entail the conversion of waste material 

into the form of orthophosphate powders, which 
would then be compacted into as dense a body as 
possible. For this reason the investigation was 
extended to include EPR studies of Gd-doped YPO*, 
SCPOJ. and LuPO* powders produced by a precipi­
tation-calcination technique. Briefly, this technique 
consisted of dissolving the tanthanide oxide-GdzOj 
mixture in a nitric acid solution and then adding a 
stoichiometric amount of (NH«hH PO« to produce a 
phosphate-nitrate metathesis. Variable amounts of 
(NHihCO added during the ensuing precipitation 
controlled the size of the orthophosphatc particles 
that ultimately formed the powder. Calcination at 
800° C removed the urea, and very fine powders 
(grain size smaller than 0.1 fin) were obtained. 

The EPR powder spectrum obtained for Gd** in 
YPO4 is shown in Fig. 6.7, together with the 
corresponding EPR spectra observed for the ringfe-
crystal host. These measurements were- vmedat 
K*-band (Le., ~35 GHz) and room texu. iture. As 
shown in Fig. 6.7, the EPR transitions in the single-
crystal spectra for the orientations H \\c and H \\a are 
at exactly the same magnetic-field positions as the 
shoulders and divergences, respectively, in the 
corresponding EPR powder spectra. Therefore, the 
form of the spin-Hamiltonian and the associated b~ 
parameters are the same for the flux-grown YPO4 
single crystals and the analogous precipitated 
powders. This indicates that in the three tetragonal-
symmetry orthophosphate hosts ScPO«, YPO4. and 
LuPGV the Gd'* impurities occupy the same type of 
site in the single crystal and in the powder, even 
though the preparation techniques were very diff r-
ent. Moreover, because this site is unique, it is % 
lanthanide substitutional site. The ability to vei.fy 
that lanthanide or actinide impurities will still occupy 
a given crystallographic site following a multistep 
chemical- (or physical-) processing sequence and that 
they have not become complexed with possible point 
defects or converted to the occupation of some 
interstitial position during such a sequence represents 
an important capability for assuring predictable solid 
state chemical properties. 

Crystalline systems other than the lanthanide 
orthophosphates are currently being considered as 
primary radioactive waste forms, and this technique 
can also be applied to single crystals or powders of 
such multiphase systems to compare the local 
environments of pertinent impurities and to study the 
effects resulting from the process used to form a given 
waste-host complex. 

I. Summary of paper 10 be published. 
_ 2. Swiss National Fund for Scientific Research Fellow from 
Fxok Polytechniquc Institut. Lausanne. Switzerland. 
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CRYSTAL GROWTH OF 415 
INTERMETALUC COMPOUNDS 

Y. K. Chang H. E. Harmon 

Superconducting materials with high-super­
conducting to normal-state transition tempera­
tures (7~t) have potentially important applications 
in the areas of electric power generation and 
transmission. More than half of the approximately 
80 intermetallic compounds now known to form in 
the so-called A15 (or (t-W) phase are superconduc­
tors, and. most significantly, some of the materials 
characterized by the highest known superconducting 
transition temperatures are found within this family 
of substances. Accordingly, high-quality single 
crystals of A15 compounds are of interest for use in 
numerous experimental programs, including studies 
of phonon spectra by inelastic neutron scattering or 
by ultrasonic attenuation, general superconducting 
properties (such as fluxoid pinning or the anisotropy 
of Tc), lattice disorder (because of ion damage) by 
ion-channeling studies, and the Fermi surface by the 
dc Haas van Alphen effect. These studies depend on 
the availability of large high-quality single crystals. 

Stoichiometric mixtures of either TijAu. TijPt, 
\jSi, or ViGe and nonstoichiometric mixtures of 
NbjGei , were prepared by casting in a high-purity 
He arc melter. Each mixture was then crushed and 
remelted four to Ave times by induction heating in a 
water-cooled gold-plated boat to achieve a high 
degree of homogeneity and to form rods for the 
subsequent crystal growth. Crystals of all the 
indicated materials were grown from the melt. Three 
different methods were employed in the growth 
processes. Single crystals of the A\5 compound 
TijAu can be successfully prepared by means of the 

LBFZ method. The EBFZ system operates only 
under vacuum, however, and its application to the 
growth of other A15 compounds is restricted because 
of the high vapor pressures of many of these 
compounds at their melting temperatures. Therefore, 
two new crysul-ejrowth systems were placed in 
operation to produce single crystals of the A\5 
compounds by means of alternate techniques. First, a 
medium-pressure IFZ system, which can be operated 
up to a pressure of 2 M Pa. was installed; second, a tri-
arc furnace, in which the crysul is pulled fronr a 
water-cooled hearth, was placed in operation, The 
tri-arc commercial unit was modified so that the arcs 
generated from the three electrodes were stabilized 
for slow crystal pulling. Growth rates for these 
methods were varied from 5 to 10 mm/ h. The results 
for single crystals prepared by these methods are 
outlined in Table 6.2. together with some of the 
growth parameters and the range of crystal diameters 
produced by each method. Four single cryslak of 
VjSi and one single crystal of VjGe produced in the 
IFZ system arc shown in Figs. 6.8 and 6.9. Annealing 
of the VjGe crystals at about 1400°C for 4 h following 
the growth process was found to improve the overall 
crysul quality. 

CHARACTERIZATION OF A\5 
INTERMETALLIC COMPOUNDS 

Y. K. Chang H. R. Kerchner 
A number of the more important physical 

properties, such as superconducting transition 
temperature (7*f). resistivity, and martensitic trans­
formation temperature (Tm), have been measured for 
some of the ,415 single crystals prepared in this 

Table 6.2. Summary of crystal growth of A\$ compounds 

Tri-arc EBPZ H Z 

Atmosphere. P\ 2.7 x 10* Ar I 0 * - I 0 T 7 x |0*-2 x 10' Ar 

Growth spec J. mm h 4 12 5 1 0 5-10 

Rod diam. mm 2-5 5-4 6-9 

Overall success of 
crystal growth' 

V,Si Good Fair High 
V,Oe High 
NbiGci . Good Pair 
Ti.Pt Fair Pair Pair 
TnAu High 

'Success includes length of crystal: fair = a few mm; good = 10-15 mm; high • 
>I5 mm. 
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Fig. tM. Four ViSi crytulf prepared in Ike medium premire 
IFZqntm. 

OBKintOTO 336&7S 

Fie. 6.9. One of the V,Ge cry»ttl» prepared in the mtdium-
prewure IFZ tytfem. 

laboratory. These measurements were performed 
using a four-probe resistance technique on rectangu­
lar prisms (about 7 mm long and I mmJ in cross 
section) that had been cut from AIS single-crystal 
rods and then chemically etched. The current leads 
were In-soldered to the ends of each specimen, and 
voltages were measured between two spring-loaded 

contacts. The specimens were cooled by a com in 
uous-flow liquid-He cryostat. and temperature* were 
measured using a calibrated Si diode. A direct 
current of SO mA Mas employed to obtain accurate 
values of the specimen resistance just above T_ and at 
room temperature. Observations of the discontinue 
in the resistance at 7~ and in the tenspj ./L^.C 
dependence of the resistance near TM •**.-.-» made by 
using a much smaller ac cx^:._;iou current to 
eliminate possibleerrois associated with self-heating. 

The experimental results obtained forfivediffercnt 
V'jSi crystals are given in Table 6.3. Here A denocesa 
sample cut from thai portion of the crystal that grew 
first and B from that portion of the crystal formed at 
the termination of the growth process. Crystal Tl was 
prepared in the tri-arc furnace, and crystals MPI to 
MP4 were prepared in the IFZ system. Crystal MP4 
had been contaminated during preparation, and it is 
not surprising that the lowest resistivity ratios were 
found for this crystal. The uniformity of the 
resistivity ratio from one end to the other of each 
crystal (MPI to MP4) indicated the absence of gro_̂  
variation of composition in spite of the tendency of Si 
to evaporate from the melt during the /one pass. On 
the other hand, the small differences in T, observed 
and the presence of broad and multiple transitions in 
many samples indicated some degree of inhomoge-
neity. The highest temperatures at which there was 
evidence of superconductivity (T, onset) were nearly 
identical in all samples cut from crystals Tl. MPI. 
and MP3. indicating the presence of it least somc 
accurately stoichiometric V3Si in each sair.ole. As 
expected, high transition temperature corrected 
well with high resistivity ratios. We found evidence of 
a martensitic transformation near 21 K in both the 
lowest-resistivity and highest-resistivity samples. The 
reasons for the occurrence of this low-temperature 
structural transformation remain unclear at the 
present time: although some researchers have found 
its occurrence to be correlated with high resistivity 
ratios, we have not. 

Table 6.4 summarizes the results obtained for 
single crystals of ViGe. Crystals MPI and MP3 were 
produced in the IFZ system. Crystal MP3 was 
annealed for 4 h at I400°C in 0.13 MPa Ar gas. 
however. This annealing treatment resulted in a 
higher 7", and a higher resistivity ratio, most likely 
because of an improvement in the long-range order. 
The relatively large -UVs indicate that this material 
can be improved further, possibly by optimising the 
annealing treatment. 
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Specimen p«M5> pHT<) T, onset .IT; 
(K) 

Tl 16.93' 16 *C* 0.17* M 

MP3-A 30 16.88 16.85 0.03 
-Bl 30 16.84 16.79 0.05 
-B2 16.88* 16.70* 0.04* 21 + 0.5* 

MPI-A 15 16.92 16.85 
16.55 

om 
OJM 

-B 14 16.75 16.70 0.11 

MP2-A 12 16.75 16.72 
16.26 

0.11 
0.11 

-B 12 16.29 0.02 

MP4-A 10 16.20 0.57 
16.02 OJM 21.8 

-B 10 16.70 16.57 0.14 
16.13 0.08 21.9 

*From inductive mtaswcmeni. 
*Fiam \-n\ diffntclion. 

OBNL*HOTO2tZ1.7B 
Table 6.4. Ktmrttt of ramMtf ratio* tad luouiinMhwiing 

i (7V) of V.Cc takjie ccyiMb 

Specimen p«»5> ptr.l 

MPI 
MP3-A 

-B 
34 
7.1 

T. omei T. ±T. 
(K) (K, (Kl 

630 6.16 009 
6.57 6.44 OKI 
7 10 690 on 

GROWTH OF JT-ALUMINA AND 
SODIUM GALLATE SINGLE CRYSTALS 

W. E. Brundage J. B. Bates 
The properties of /3-aIumina and the /T-alumina 

family of materials arc currently being studied by ;* 
variety of techniques. These materials are a poten­
tially important class of solid electrolytes, and single 
crystals with varying compositions are required in the 
current sen- f investigations. 

Crystals v. -alumina were grown at a constant 
temperature in covered cylindrical Pt crucibles from 
melts containing an Na 20 excess. These melts were 
held at temperatures ranging from 1640 to I700°C 
for times in excess of 200 h. The upper surface of the 
original melt is usually converted into a clear 
crystalline layer, which may be one single crystal. 
This situation is illustrated in Fig. 6..0. A void is 
found below this ayer, and additional crystals and 
solidified feed material are found at the bottom of the 

Fig.6.10. Tapviewaf«/**^.<w»filMcracibkaft0*Mhat 
1700-C. 

crucible. Crystals with good optical quality can be 
recovered, and one such specimen is shown in Fig. 
6.11. 

Bettman and Peters' have stated that the £"• 
alumina phase can be stabilized when either MgO or 
Li]0 is present. The crystals grown from the liquid 
phase in the present experiments had the fT form 
when MgO was present, but only the 0 form was 
found when Li20 was used. Lithium was present in 
the 0-alumina only as a substitute for a portion of the 
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Ha. 6.11. Crjntak ef /T-aloBiat ranofcd from tncMe 

Na. Good quality /T crystals were also grown when 
ZnO was added for stabilization. The characteriza­
tion of these Zn-stabilized crystals using a variety of 
techniques is currently in progress. 

Sodium gallate crystals can be grown thai are 
isomorphous with /^-alumina, and such crystals are 
of interest for comparison purposes. Although /T-
alumina must also have Mg. Li. or Zn incorporated 
into (he spinel block in order to stabilize the ff-
phase, in the galiate this phase is stable at room 
temperature with nc additional stabilizer. Gallate 
crystals several millimeters in diameter were grown 
by isothermal evaporation of a Na :0 flux. The fT-
phase crystals were produced by placing a mixture of 
either Na:COj:3Gaj03 or N'aiCOj:2GajOj powders 
in a Pt tray and maintaining the temperature at 
l375°Cior about 250 h. 

I. M. Bettmana~dC. R. Peters../. Phy.t. Chem.Ti. I774(l%9|. 

PREPARATION OF REFRACTORY-METAL 
AND ALLOY SINGLE CRYSTALS 

Y. K. Chang H. E. Harmon 
W. E. Brundage 

The EBFZ technique has been used to prepare 
single-crystal research specimens of a number of 
refractory meals and alloys including: Mo. Nb. Pd. 
Ta, Ti. V, W. Nb-Ta. and W-Re. Additional 
treatments such as vacuum annealing, gas doping, 
quenching, orienting, cutting, etching, and polishing 
were frequently given to these specimens, which were 
employed in investigations involving fluxoid pinning 

in superconductors, phonon spectra, photoemission. 
fracture, positron annihilation, and H absorption. 

A spherical Ta specimen was cut from a single 
crystal and treated at 2200° C under O2 p* ial 
pressure of 6.5 X 10 ' torr for 5 h. The samp' was 
then outgassed under a vacuum of I x 10 ' to. rat the 
same temperature to reduce the C content. Precipi­
tates were introduced in the crystal by treating the 
specimen under a N partial pressure of 3.85 X 10 
torr at 2130° C for 20 h. A treatment of this duration 
allowed the N to reach its equilibrium concentration. 
A He gas quench ensured the trapping of X in the 
bulk of the sample. 

Because of its large positive work function. W is 
believed to be an excellent candidate material for 
application as a positron-beam modulator. To 
evaluate a modulator of this type, four (110) slices 
with 7X15 mm surfaces were wire-cut from a [100] 
cyl.ndrical W single crystal. A square beam channel 
w ŝ then formed by holding the slices on a 6 X 6 mm 
mandrel and fixing them in place with a W wire. This 
assembly was suspended in an induction furnace and 
annealed at about 2400° C under a vacuum of I x 10 ' 
torr for 3 d to anneal out the strain damage produced 
by cutting and to sinter the W slices together. The 
assembly was then cooled to room te.nperature over 
a 2-d period to avoid vacancy trapping. The resulting 
N beam modulator resulted in an increase in the 
positron intensity by a factor of 2. 

An alloy crystal formed from a mixture of 5c'c Fe in 
Pd was prepared for use in neutron diffraction 
experiments. Several attempts were made to grow the 
crystal by the seeded Czochralski method, but each 
resulted in a multigrain sample. A satisfactory crystal 
was grown, however, by employing the Bridgman 
technique with a conical alumina crucible. 

A Ni- 189? Pt crystal was grown by the Czochralski 
method using self-nucleation on a Pi wire, and this 
specimen was also the subject of a study using 
neutron diffraction techniques. 

GROWTH HABIT OF Ni SINGLE CRYSTALS 
Y. K. Chang H. E. Har...on 

A series of experiments was performed using the 
EBFZ technique to study the influence of impurities, 
strain, and temperature fluctuation on tne growth 
direction of singlc-c.-}.-,ia'i Ni. the most favorable 
growth orientation was determined to be the [111] 
direction when very pure (5.V) Ni was usrd as the 
starting material. The [100] direction was most 
favorabie, however, when less pure (3.V) Ni was 
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employed. Crystals produced from starting rods (3A1) 
that had been strained by swaging had a strong 
tendency to grow along the TIII] direction. Crystals 
produced from four quadrant sectors cut from a 1.3-
cm-diam rod did not exhibit a preferential growth 
direction, howr'er. A simulated temperature fluctua­
tion was applied to the crystal during the growth 
process by superimposing a square wave whose 
amplitude was as large as 5% of the total power and 
whose period was 10 s. No correlation was found 
between the growth direction and these temperature 
fluctuations. 

CRYSTAL GROWTH OF LaNis 

Y. K. Chang H. E. Harmon 

Hydrogen is a potentially important fuel whose 
proper tise could contribute signilicantiy to the 
solution of existing energy problems; accordingly, a 
number of materials for 'he efficient storage and 
release of H are currently being investigated. The 
present experimental evidence indicates thai the 
substance LaNis is characterized by excellent H 
absorption and desorption properties, and studies of 
well-characterized single crystals of this material are. 
therefore, of considerable practical interest. Starting 
stoichiometric mixtures of LaNis were prepared by 
melting in an arc melter filled with purified Ar gas. 
The mixtures were then crushed and remelted four to 
five times in a Ag boat' Auction heating to ensure 
homogeneity. The fina. •. was used to shape 'he 
mixture into the form of ^ rod for crystal grout! .. 
the EBFZ system. Two float-zone passes were -v.aoe 
c» the specimen under <t vacuum of at least I x 10 6 

torr at a zone sp-ed of 2.9 cm; h. Grains of about I cm 
in size were identified by the x-ray Laue back-
reflection method. A LaNij crystal grown by this 
technique is shown in Fig. 6.12. 

QUANTUM FERROELECTRICITY IN 
K,-,Na,TaO} AND KTa,-,Nb,03' 
U. T. Hflchli2 L. A. Boatner 

The effect known as ferro?lcctricity arises when 
forces between polarizabie ions in a r.olid produce a 
spontaneous displacement of these ions which rrsults 
in a lattice polarization below some characteristic 
(Curie) temperature. Fluctuations in this polariza­
tion mav be thermally induced, as in the case of 
c' ssical ferroelectrics, or, if Jhe Curie temperature is 

Kg. 6.12. A UNi,cnrMalp°*B by the EBFZ method. 

near 0 K, the fluctuations can be due to quantum-
mechanical zero-point motion. The term "quantum 
ferroelectric" is applied to those systems where 
fluctuations in the polarization result from the zero-
point motion. Quantum-mechanical effects in 
ferroeiectricity have been observed previously by 
Sawtguchi et al.,3 who found that at low 
temperature the dielectric constant of SrTiOj did 
not obey the Curie-Weiss law but rather that it 
could be described by the following expression: 

t - er.. * C[/ Jr,coth(7V/2D - To) ' , (I) 

whea T\ represents the dividing temperature 
between the quantum-mechanical and classical 
regions. This equation had been derived earlier by 
Barrett,4 using a model based on a quantum-
: .«i»'«tical ensemble of oscillators. More recently, Eq. 
(I) ha« been used to fit measurements of the dielectric 
constants of K i «.Oj under atmospheric, as well as 
applied, isotropic pressure. In spite of its apparent 
ability to provide a reasonable fit to this dielectric-
constant data, Eq. (I) \z in contradiction with the 
limiting behavior of t(T — 0) MS predicted by the 
rr.orc recent quantum theoretical treatments of 
incipient fcrroelect. ics with T, = 0, as well as with thj 
behavior predicted by the acoustic-optic mode-
coupling model that is applicable for low, but 
nonzero, critical temperatures. The variation of t 
with temperature predicted in the more recent 
theoretical works is given by 

« - e r « * B(T-Te)y , (2) 
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where 7 = 2 (quantum theory) for T< = 0 and y **» 
1.4 ± 0.2 (mode-coupling model) for temperatures to 
-100 K. 

Experimental determinations of variations in the 
dielectric constant, spontaneous polarization, and 
elastic compliance as a function of temperature and 
impurity concentration were made for K t lNaiTaOj 
and KTai-rNbyOj, and these results show that the 
physical properties of quantum ferroelectrics differ 
from those of classical ferroelectrics in the following 
ways: First, for a quantum ferroelectric, transition 
temperature depends on impurity concentration (i.e., 
on an effective order parameter) as Tc «(jr—jfe),/Z,as 
opposed to 7*f«(x — xc) for the classical case. Here 
the critical impurity concentration is denoted by xc. 
Second, the inverse dielectric constant varies with 
temperature as t l « J 2 for the quantum-mechanical 
case, instead of tx « T. Finally, the distribution of 
transition temperatures in a given macroscopic 
sample with a Gaussian impurity concentration 
distribution \sp(Tc) « TcCxp(-aTe) for the quantum 
ferroelectric, as opposed to a Gaussian for the 
classical situation. The term p(Tc) represents the 
probability of finding a region with a transition 
temperature Tc. These results are in agreement with 
previous theoretical predictions of some of the 
distinguishing characteristics of quantum ferroelec-
tricity. 

1. Summary of paper: Phys. Rev. BIO. 266 (1979). 
2. IBM Zurich Research Laboratory. Switzerland. 
3. P.. Sawaguchi. A. Kikuchi. and Y. Kodera. J. Phys. Sin. 

Jpn. 17, 1666 (1962). 
4. J. H. Barrett. Phys. Rev. 86. 118 (195?). 

KTN AS A HOLOGRAPHIC 
STORAGE MATERIAL1 

L. A. Boatner E. Kratz>g 
R. Orlowski2 

Because the Cmw Hoint of KTa( ,Nb,Oj (or KTN) 
can be controlled by varying the Nb content, it is 
possible to tailor or optimize the electro-optic 
properties for a given application. Accordingly, 
solid-solution KTN crystals are of particular interest 
for the holographic storage of information via the 
photorefractive effect. It is possible to use the linear 
electro-optic effect for the storage of volume phase 
holograms when the material is in the ferroelectric 
phase, and quadratic electro-optic effects can be used 
for the nonferroelectric cubic phase. KTN single 

crystals exhibit the best storage sensitivities mea­
sured for electro-optic crystals thus far, but the 
storage times reported previously for this material 
have been limited to only 10 h. 

Electrical-transport investigations employing in­
coherent light have been carried out for KTN crystals 
of varying composition. The mean displacement of 
the optically excited charge carriers was determined 
for various transport mechanisms in the cubic and 
k. roeiectric phases, and measurements of the dark 
conductivity and electro-optic coefficients were 
made. The results of these measurements were used 
to determine the associated holographic storage 
properties (i.e., the photorefractive sensitivity and 
the storage time). 

The KTN single crystals used in this work were 
grown by a variation of the flux technique, and the 
Curie temperature (7i) of each sample was deter­
mined from measurements of the temperature 
dependence of the static dielectric constant. The 
composition of the KTai-jNbjOj crystals could be 
determined by using the results of Triebwasser1 and 
the measured values of Tc. Values of Tc were found in 
the range from -273 to +75° C, corresponding to 
values cf x (i.e., Nb content) between 0 and O.S. 
Poling of the ferroelectric samples was accomplished 
by heating the crystals above the Curie point, 
applying an electric field of about 3 kV cm, and then 
cooling down to room temperature. After several 
poling cycles, no deviation from single-domain 
behavior could be detected. 

Electrical-transport measurements employing 
incoherent light were performed in the spectral 
region between 1.5 and 4.0 eV The crystals were 
uniformly illuminated, and the electric fields were 
applied to the samples by means of edge electrodes 
fabricated with a Ag paste. The photoconductivity 
arising from the drift of optically excited charge 
carriers in an external electric field was found to 
depend linearly on both the field strength and the 
light intensity up to the highest intensities used in the 
present measurements (several mW/cm2). The elec­
tro-optic coefficients were determined from ac-field-
induced refractive index changes, and the results of 
these measurements are in good agreement with 
those of -:lier investigations. The light-energy 
density necessary to record an elementary volume 
phase grating with a 1% read-out efficiency was 
found to be of the order of 100 pj/cm1 for KTN in 
either the ferroelectric or the nonferroelectric phase. 
These results compare favorably with those reported 
for other electro-optic materials. Dark storage times 
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of up to one year were found for the most sensitive 
KTN crystals. 

1. Summary of paper Frrroekttrics 27/28. 247 (1980). 
2. Philips GmbH Fonchungslaboraloriiim. Hamburg. Ger­

many. 
3. S. Tnebwasser. toys. Rev. 101, 993 (1956). 

EXTRINSIC PEAK IN THE SUSCEPTIBILITY 
OF INCIPIENT FERROELECTRIC KTaO,:Li' 

U. T. Hochli2 H. E. Weibel2 

L. A. Boatner 
Displacive-type ferroelectrics are particularly 

simple systems whose response function, as repre­
sented by the dielectric constant, allows a peak 
centered at ai = 0 to be resolved with an accuracy of 
So> = I Hz. From numerous possible examples of 
such systems, KTaOjiLi was selected because Li was 
previously identified in this host and its position in 
the lattice was determined as being "off center." The 
Li impurity is in a substitutional site for K. and 
couples linearly to the order parameter, which, in this 
case, is represented by the polarization. Since the Li 
ion is off center, it may occupy anv >e of several 
equivalent positions and can hop between these 
positions with an Arrhenius frequency of v = vox 
•exp(-A/Ar7"), where A represents the potential 
barrier height separating equivalent positions. 
Depending on whether the hopping frequency v is 
above or below the frequency of observation, the Li 
would represent a "relaxing" or "frozen" defect. 
These conditions are exactly those required by the 
current theoretical explanation of the dynamic 
susceptibility of impurities near a phase transition. 

To investigate the dynamics of the Li impurity, its 
complex dielectric response was measured as a 
function of observation frequency, sample tempera­
ture, and Li concentration. From determinations of 
the dielectric response for samples with varying 
concentrations of Li, it was possible to show that the 
dielectric dispersion is proportional to the Li 
concentration below 1.2%. Additionally, a polariza­
tion can be frozen in by cooling the sample from 
above 30 K to 4 K with a dc bias of about 2 XI05 V/ m. 
The polarization is a continuous function of the 
Li concentration and is about twice as large for 
E||(100) as for E||(l 11). The cumulative results show 
that the Li impurity is responsible for the observed 
dielectric dispersion and is consistent with a (100) off-
center direction. Additionally, these results show that 
Li is an impurity that, when incorporated in the 

KTaO] host at concentrations below ~I%, is 
responsible for an extremely narrow (I kHz) central 
peak. Its dynamic properties are correctly described 
by the mean-field dynamics of a static impurity in a 
ferroelectric host. At higher concentrations the 
central peak is broadened, and above ~25 K. the 
transition between static and dynamic behavior 
occurs. As long as the Li concentration is less than 
24%, KTaOj:Li does not become ferroelectric at any 
temperature, and the observed dielectric dispersion 
cannot be identified with a ferroelectric soft mode. 

1. Summary of paper. toys. Rev. Lett. 41, 1410(1978). 
2. IBM Zurich Research Laboratory, Switzerland. 

STABILIZATION OF POLARIZED CLUSTERS 
IN KTaO, BY Li DEFECTS: FORMATION 

OF A POLAR CLASS1 

U. T. H6chli2 H. E. Weibel2 

L. A. Boatner 
Ferroelectric order may be present in a paraeiectric 

lattice over a limited distance, termed the "coherence 
length." In these reasonably well defined regions of 
coherent polarization (or "clusters"), the polarization 
may be switched with a time delay that increases with 
increasing "cluster" size. This time delay leads to 
well-known dielectric dispersion and nuclear mag­
netic relaxation effects. Such clusters have been 
found to be mobile and to exhibit characteristics in 
agreement with those of some general models that 
predict the local behavior of the order parameter near 
the instability of the generating (here, paraeiectric) 
phase. 

If the polarization couples to a dipolar defect (for 
example, an impurity), then the region of coherent 
polarization or "cluster" tends to form * round the 
defect and become localized. Additionally, if the 
intrinsic lifetime of the defect is large, then it 
determines the lifetime of the cluster. The size of the 
clusters formed in this way represents a measure of 
the coherence length. Dielectric relaxation and 
electret polarization effects in KTaO j : Li were 
investigated as a function of Li concentration. The 
results have shown that doping an incipient ferroelec­
tric such as KTaOj with dipolar impurities gives rise 
to a remanent polarization similar to that found in an 
electret and that this effect can be controlled by 
varying the amount of doping. Valuable information 
concerning 'ne ferroelectric coherence length (about 
three to four lattice spaces in Li-doped KTaOj) was 
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obtained from both static ami dynamic measure­
ments. When the Li concentration is Iow(i.e., below 
about 2%) and the dusters co not interact, the net 
polarization in regions that conUinonly afew tens of 
Li ions is believed to be zero, and the system 
represents a state that may be termed a "polar glass" 
by analogy with the magnetic system corresponding 
to a "spin glass." 

1. Summary of paper: J. Phys. C. Lrn. 12.1363 (1979). 
2. IBM Zurich Research Laboratory, Switzerland. 

LOW-TEMPERATURE THERMAL 
CONDUCTIVITY OP KTaO, AND KTN 

SINGLE CRYSTALS' 
A. M. de Goer2 B. Saice 

L. A. Boatner 
Mixed crystals of the type KTai-<Nb<0)(KTN)are 

ferroekctrics with a transition temperature (7^) that 
depends on the Nb content, or. The phase diagram for 
small x, established by dielectric and elastic measure­
ments, shows that crystals with x < 0.8% remain 
paraelectric at all temperatures. The then ial conduc­
tivity (K) of several crystals with x varying from 0 to 
3% was measured from 1.3 to 200 K; two samples 
were measured down to 7*= 80 imK. A standard 
stationary-heat-flow method was used, and the error 
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in K is less than 7%. The single crystals were grown by 
means of a flux technique, using a high-temperature 
(1700 K.) reaction of TajOs, NbjOs, and an excess of 
KiCOj. The material, which was contained in a Pt 
crucible, was held at the maximum temperature for 
approximately 12 h and then slowly cooled (I to 3 
K/h) from 1700 to 1230 K. Self-nucfeation usually 
resulted in the production of I to 4 large grams. 
Cooling from 1220 K. to room temperature was 
accomplished in 8 to 10 h, and hot HzO was then used 
to remove the flux and free the crystals. The samples 
were cut, using a wire saw, as parallelepipeds with 
cross sections of about 2X2 mm7 and length 8 to 16 
mm along the (100) axis. Typical compositional 
inhomogeneities can be estimated to be about 0.3%. 

Three KTaOj crystals [x — 0) containing different 
impurities have been measured, and the results are 
shown in Fig. 6.13a. The "pure" sample contains 
some T i as residual impurity. The introduction of Cu 
or Ag does not noticeably affect the thermal conduc­
tivity, and the existence of a minimum near 6 K ap­
pears to be an inHnsic feature. A Cu-doped sample 
was measured down 'o 80 mK (insert of Fig. 6.13a). 
and it is seen that K T* reaches the Casimir limit 
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at the lowest temperatures. Several KTN crys­
tals were investigated, and the results are shown 
in Fig. 6.136. The thermal conductivity decreases 
with increasing JT, even for the nonferroelectric 
crystals with x < 0.8%. There is no specific anomaly 
in K at Tc in the ferroelectric crystals (TV=23 K f or x 
= 1.6% and 37 K for x = 3%). One sample with x = 
1.6% was measured down to 80 mK, and K is less 
than the Casimir limit by a factor ^50 at the lowest 
temperature. A feature observed in all KTN samples 
is that the temperature dependence of AT is stronger 
tlnn 7"' in the range 8-17 K. 

I. Summary of paper. Proceedings of the Third International 
Conference on Phonon Scattering in Condensed Matter, ed. bv 
H. J. Marts. I'knum l'rcs>. Nci» Yiirli lin prcv\). 
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RESEARCH MATERIALS 
INFORMATION CENTER 

T. F. Connolly G. C. Battle, Jr. 

The RMIC has continued to collect, organize, and 
index the literature and to answer inquiries regard­
ing the properties, characterization, preparation, 
and availability of ultrapure solid state research 
materials. 

Mutual efforts with editors of Plenum Press and 
the Landolt-Bornstein data compilations are con­
tinuing. The main body of the material for a com­
puter-indexed bibliography on Groups IV-V-VI 
transition-metal binary carbides, borides, nitrides, 
and oxides has been mailed to Plenum Press, where 
the keypunching for indexing and phototypesetting is 
being done. This bibliography will be a basic 
reference collection for research on high-temperature 
materials, which are becoming an important part of 
the coverage of RMIC. 

An SDI system has been set up within the Solid 
State Division to provide literatu.e searches and 
periodic updating of information for a variety of 
research projects and individuals. Search patterns, or 
"profiles," are designed after detailed discussions 
with Division members and stored on-line in a 
commercial computer to be activated automatically 
at each updating of the data base. Copies of the new 
references and abstracts are mailed to RMIC and 
distributed after being checked. 

Possibly because of the introduction of the SDI 
service, there has been a noticeable increase in the 
number of requests for information, on a wide variety 
of subjects, from Division members. 

The publications listed below and illustrated in 
Fig. 6.14 have, since Vol. I of the series Solid State 
Physics Literature Guides in 1970, reflected, in part, 
the subject areas covered by the Center. Each was 
produced when an increase in numbers of inquiries or 
the number of papers appearing in the literature 
indicated the need. There were two exceptions: Vols. 7 
and 8 (on neutron scattering and microwave optics) 
were included in the series at the request of the 
compilers and as ready-made collections useful to the 
RMIC. The bibliographies also served the purpose 
of reducing the number of microfilm searches 
required to answer inquiries: callers could be referred 
to organized collections of references that answered 
the specific questions and often also supplied useful 
peripheral information. 

Fig. 6.14. Solid State PkyMCt Utcntare Guide* prepared by 
RMIC. 

Volume I, Ferroelectric Materials and Ferroelec--
tricity (1970), was compiled with the assistance of 
Bell Telephone Laboratories computer processing 
and indexing after several individuals and groups had 
pointed out the need for a master reference covering 
the rapidly burgeoning literature in the field. The fact 
that the most interesting of the electro-optical 
materials were also ferroelectric added to the de­
mand. 

Volume 2, Semiconductors— Preparation, Crystal 
Growth, and Selected Properties (1972), was pub­
lished largely in direct response to the numerous 
inquiries on preparation methods. The "properties" 
references pertain to the then newer compound 
semiconductors. 

Volume 3. Groups IV-V-VI Transition Metals and 
Compounds (1972), represents the continuous 
interest in these materials but does not reflect the now 



increased interest in their high-temperature proper­
ties, which appear in Volume 11 (in press). 

Volume 4. Electrical Properties of Solids—Surface 
Preparation and Methods of Measurement (1972). 
represenu an attempt to collect under one covei 'he 
details of measurements scattered throughout the 
literature. Dealing mainly with semiconductors but 
including other solids, the bibliography is arranged 
according to the property studied and materials 
examined. 

Volume 5, Bibliography of Magnetic Materials 
and Tabulation of Magnetic Transition Tempera­
tures (1972), is an example of a compilation created 
in response to many inquiries for specific data or for 
materials with specified magnetic properties. It is still 
widely used, but it needs updating. 

Volume 6, Ferroelectrics Literature Index (1974), 
is an updating of Volume I. 

Volumes 7 and 8. Scattering of Thermal Neutrons 
(1974). and Bibliography of Microwave Optical 
Technology (1976). are dealt with above. 

Volume 9, Laser Window and Mirror Materials 
(1977), deals with the physical and optical properties 
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of laser auxiliary materials. Although most of the 
referenced work was sponsored by the Department of 
Defense and reflects a special interest in the highest-
energy laser ef r_.s on these substances, it is of value 
to those using lasers for a wide variety of purposes. 
The theoretical references are of interest to those 
concerned with laser-irradiation damage. 

Volume 10. Crystal Growth Bibliography (1977). 
the largest single collection of crystal-growth 
references, is actually two volumes—one the refer­
ences and the other the author and permuted-title 
indexes. The permuted-title indexes permit searches 
not only by material but also by growth method. 
They ako make possible the selection of references to 
either reviews or theory papers. 

The new Directory of Crystal Growth and Solid 
State Materials Production and Research has been 
published, and a list of books that will be the core of 
the proposed ORNL High-Temperature Materials 
Laboratory library has been prepared. 



7. Isotope Research Materials 

The preparation of special chemical and physical forms of separated, high-purity 
isotopes is the task of the IR ML Research samples using nearly all stable isotopes and 
many radioisotopes (especially the actinide elements) are made to customer 
specifications in support of research programs throughout the United States and in 
foreign countries. In addition to satisfying isotope research material requirements for 
DOE programs. IRML provides an international service of sample preparation 
supplying samples unavailable from commercial sources to over 100 universities and 
commercial firms in more than 30 countries. During the reporting period 
approximately 4000 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 IRM L are funded by DOE through 
the Office of Basic Energy Sciences and Office of Nuclear Waste Management. 

Technical functions of IR M L can be categorized generally into materials research 
and development, separation systems for tritium, inorganic chemical conversions, 
preparation of special physical material forms, fixation of high-level radioactive 
wastes in cermet form, 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 deposition, 
mechanical rolling of metals, distillation of metals, metal reductions, arc melting, 
levitation melting, sintering, and other metallurgical and chemical processes were 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 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. Adaption of preparative 
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. 
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As a result of the technical capabilities developed for isotope sample preparations, 
a research and development program on ceramic and cermet waste forms is being 
carried out in IRML. Considerable progress has been made in translation of the 
laboratory-scale batch processing to continuous processing of simulated high-level 
reprocessing wastes into cermet solid storage forms. In addition, Thorex waste from 
NFS, New York, and sludge waste and untreated acid waste from the Savannah River 
Plant have been processed into cermet waste forms. 

ELECTROCHEMICAL SEPARATION 
OF T FROM AQUEOUS 
EFFLUENT SYSTEMS 

D. W. Ramey R. Taylor 
M. Petek J. Ramey 

As reported earlier,1 bipolar electrolytic separation 
of H isotopes can offer significant advantages in 
power conservation, ease of operation, and cost of 
containment (when T is involved). In addition, large 
electrolytic isotope separation factors are achievable 
so that relatively few stages are required to achieve 
desired separation. The separation cell consists of 
bipolar electrodes placed between two terminal 
electrodes. Each bipolar electrode is permeable to 
elemental H and represents a separation stage, 
because the lighter isotope reacts and is transmitted 
through the electrode more rapidly than is the heavier 
isotope. Oxygen and hydrogen are evolved only at the 
terminal electrodes. For continuous separation, 
electrolyte solution is fed to the system continuously 
and is circulated countercurrent to the H miss flow. 
This scheme results in a cascaded system from which 
effluent streams enriched and depleted in the heavier 
isotope are withdrawn from opposite ends of 
the cell. 

Some important features of the bipolar electrode, 
which are essential for the T separation process, have 
been studied using a single bipolar cell with a bipolar 
electrode of Pd-25% Ag alloy (2.5-7.6 X 10 2 mm 
thick). Values for am and am were measured at 
various temperatures at 0,15-, 0.21-, and 0.5-A/cm2 

current densities in 3-6 /V NaOH [NaOD] electrolyte. 
Within these experimental conditions the separation 
factors at a single bipolar electrode are large 
(see Table 7.1) and practically unaffected by current 
density and NaOH concentration. A slight decline in 
the D-T separation factor was observed with 
increasing temperature; experimental data for the 
H-T separation factor as a function of temperature 
was not sufficiently accurate to detect any 
dependence. 

Table 7.1. Hydrogen isotope separation factors 
on a single bipolar cteiiioile 

Temperature 
<°C) Hot on 

30 ll.7± 1.0 
35 113 ± 0.05 
55 2.09 ± 0.03 10.8 ± 0.7 
90 2.02 ± 0.03 11.4 ±05 

Maximum current densities, which can be applied 
to Pd-25% Ag bipolar electrodes without formation 
of gaseous H, were calculated using data from the 
literature (solubilities and diffusion coefficients for 
H and D in Pd -25% Ag at various temperatures). T> » 
agreement realized between calculated values and 
experimental results indicates that high H through­
put can be achieved in the process. The voltage drop 
across the bipolar electrodes was measured as a 
function of current density, temperature, and the 
electrode thickness in the H20-NaOH and the D : 0-
NaOD system. Typical data are shown in Fig. 7.1. 
H igher voltages at low temperatures and with thicker 
electrodes are associated with H and O gas formation 
at the bipolar electrode, that is, less than 100% H 
permeability. 

A multibipolar cell is inherently a square cascade; 
that is, the mass flow (as defined by the constant 
current flow) is the same throughout the whole 
system. A mathematical model was derived 
specifically to describe multibipolar electrolysis.2 

Several laboratory experiments were performed 
using small multibipolar cells, and data from these 
experiments were used to verify the mathematical 
model. Figure 7.2 illustrates the agreement between 
the experimentally obtained T concentrations for the 
individual stages and those predicted by the 
mathematical model. In two protium-T experiments, 
the separation factors per stage were found to be 
6.3 and 6.8. respectively. This protium-T separation 
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factor was considerably smaller than that determined 
using a single bipolar cell (6.3 and 6.8 as compared to 
I I ) . Such a decrease in the interstage separation 
factor is believed not to be an intrinsic characteristic 
of the multibipolar cell concept but rather to be 
caused by intermixing of the electrolyte from 
adjacent cell compartments in these experiments. 

Calculated mass transfer, as determined with a 
squared-off cascade model, as a function of electrical 
power consumption suggests that about 21% less 
power will be required for bipolar electrolytic separa­
tion as compared with normal electrolysis. This 
estimate represents only the present level of develop­
ment; the savings could be as much as 30%. An even 
greater reduction in the voltage drop through the 
bipolar electrode may be possible with porous 
electrodes. The simplicity and efficiency of a multi-
bipolar ceil has great potential for use in designing a 
very compact separation facility. 

1. D. W. Ramcy et al.. Solid State D»v. Frog. Rep. Sept. JO, 
im. ORNI.-M86. p. 199. 

2. O. W. Ratney. TVilium Separatist from hght and Heavy 
Water by Bipolar FJrnmlym, ORNI.-S58I fOetober 1979). 

L 
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CERMETS FOR HIGH-LEVEL 
RADIOACTIVE WASTE CONTAINMENT 

W. S. Aaron T. C. Qtrinby 
D. W. Ramey D. K. Thomas 

Continuing research and development efforts to 
form high-kvel reprocessing wastes into an inert 
cermet body have resulted in a totally modified flow 
sheet amenable to engineering scale-up. Schematic 
representation of the envisioned continuous process 
b shown in Fig. 7.3. Waste material, nitric acid, urea, 
and other metal and ceramic phase-forming materials 
are intimately mixed by dissolution at the head end of 
the process. Subsequent heating results in evapora­
tion of water, and the resultant concentrated urea 
solution is sprayed into the vertical calcining furnace. 
A special ultrasonic spray nozzle was developed to be 
compatible with the viscous urea solution and to be 
capable of handling slurried materials of small 
particle size as wdL 

Use of spray calcination not only makes the 
process continuous but also permits decreased 
concentrations of urea to be used: 1:1 mole ratio of 
urea-to-nitrate ion vs 5:1 ratios (or more) used in 
bench-scale experiments. The cost is decreased, and 

rlw fTn»h>"»^- react!: j u g ••« tasfe vttawiiaki «H 

lower urea concentrations permits centerline temper­
atures of > 1000 K to be maintained while the furnace 
wall temperature is approximately at the same level. 
Cyclone collection of calcined powder is used. 
Because of the Fe-Ni base-alloy composition of the 
cermet, the calcined material is magnetic. At present, 
magnetic collection of fine-particie-sizr calcine is 
being investigated. This process would significantly 
reduce the metal-titter dogging experienced in other 
spray calcination processes. 

As seen in Fig. 7.3, cakiaed powder is subsequently 
extruded continuously inn rods and then sintered to 
a high-density, low-porositv form. Sintering experi­
ments have yielded significant results in that simple 
sintering of reduced cakuK powder has been found to 
be of insufficient density, approximately 85% of that 
achieved by hot-pressirg. However, by modifying the 
time-temperature kine.ic scheme used in the reduc­
tion-sintering process, brar theoretical density has 
been achieved on a laboratory scale. Figure 7.4 
illustrates differences in the processes. Basically, 
liquid-phase sintering results in the mixed-oxrde 
reduction process, which mostly eliminates void 
structure and enhances ceramic-phase compound 
formation and growth of particle size. 

JH« 

I K I E -

Rg. 7.3. Schematic repraeaution of flow sheet for cermet preparation of reprocessing wastes illustrates engineering 
irofniffrMfT 
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Leach testing at PNL of cermets of simulated 
wastes containing radiotracers of Cs, Sr, and Ru 
prepared by hot-pressing has shown these materials 
to be comparable or superior to the best vitreous 
waste forms, depending on the leach conditions. One 
sample, subjected to a temperature of 630 K and a 
10.7-MPa saturated brine solution for 7 d, lost rela­
tively few contained fission products as compared to 
other waste forms and completely maintained its 
physical integrity. 

Continuing research and development efforts have 
also resulted in improvements in the cermet product. 
The cermet waste form consists of particles of a 
variety of inert ceramic phases uniformly dispersed in 
and microencapsulated by a tailored metal matrix. 
While most of the fission and activation waste 
products are isolated in the ceramic phases, reducible 
radioactive species are incorporated in the alloy 
matrix. The cermet approach to waste management 
has been applied to both commercial and defense 
radioactive wastes, including SRP sludge and acid 
wastes, NFS acid Thorex waste, Idaho zirconia 
and alumina waste calcines, and one of the 
proposed commercial reprocessing waste formula­
tions, PW-4b. Samples of actual SRP dried sludge 
and fresh acid wastes and NFS acid Thorex waste 
have been converted successfully to the cermet form 
in hot cells and subsequently characterized. In 

addition to the application of the cermet waste form 
to a variety of wastes, various disposal options are 
also bring considered. Geological isolation of the 
solid waste form is the reference disposal option; 
however, currently, the cermet waste form is also 
being considered as an option for the outer space 
disposal of high-level radioactive wastes. Physical 
and chemical properties of synthetic and real waste 
cermets are summarized in Tables 7.2 and 7.3. 

T«Mt7.2. ftuffirttiiuiri 

Waste loading 
Waste-volume reduction 
Ceramic-phase loading 
Metal-phase loading 
Meal-phase composition 

2-73 wt % 
1:1-100:1 
20-50 wt% 
30-80 wt% 
70% Fe. 20% Ni, 5% Cu. 

5% miscellaneous 

TahfcTJ. Typical ( 

Density 
Thermal conductivity 
Decay-heat loading 
Oxidation 

» h SOff-C air 
2 h KOtrCair 

Thermal shock (2-cm-diam cylinders) 
Three cycles: 900TC 10 water quench 

Ijach rate 
Soxhlet test (72 h) 

6.0 8.2 f cm' 
3 20 W m-°C 
0.02 0.2 W cm' 

~2-f>nwhick oxide layer 
"5 7-|im-thick oxide layer 

No damage detected 
mclallographically 

7.1 X 10* g env'd. 
0.02*7 Cs loss 

CERAMIC TARGETS AND SOURCES 

T. C. Quinby D. K. Thomas 

Compatibility of materials used experimentally in 
reactors becomes problematic at high temperatures. 
Generally, even metal-encapsulated, high-melting-
point metals are unusable because of diffusive 
interactions with adjacent cladding material. In 
reactor temperature regimes of 1000 to 1400 K, only 
ceramic materials are useful because of their 
relatively inert properties. Because a wide variety of 
actiride nuclides are used to determine nuclear cross 
sections, it is desirable to prepare high-purity, well-
characterized samples of these materials in a small 
encapsulated form. 

With the technology developed to produce 
dosimeter "wires" of pure and diluted oxides.1 easily 
sinterable oxide powders have been prepared by 
precipitation from molten urea. Cold compaction 
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and subsequent sintering produced high-density 
cylindrical pellets of the processed oxide. Alterna­
tively, high-density, hot-pressed rods of oxide 
powder were also formed. In both cases, suosequent 
slicing of wafers by abrasive sawing provided thin, 
durable samples suitable for encapsulation. In most 
cases, 10- to 15-mm-diam wafers 0.4-0.6 mm thick 
were required; minimum thickness achieved by this 
technique was 0.2 mm. 

When only small quantities of material were 
available, because of rarity or cost, individual 
ceramic disks were formed by hot-pressing. Un­
fortunately, minimum thickness achievable by this 
technique was 0.S mm because of the difficulty in 
achieving uniformity with less material. All hot-
pressing operations were performed using ATJ 
graphite dies at approximately 35 MPa and 
temperatures up to 1800 K. 

All samples inserted into reactor cores must be 
encapsulated. Heat-pressure bonding of Cu or Al 
shells around the ceramic wafers was performed, as 
shown in Fig. 7.5. Using a tungsten carbide die set, 
dimensional tolerances could be maintained even 

after pressing many hundreds of such sampies. 
Double encapsulation is achieved by pressure 
bonding a primary capsule around the first (see 
Fig. 7.5). In the case shown, the total outside diam of 
the second capsule was 19.1 mm ± 0.1 mm. In this 
manner samples of M 5 U , mV, 2 , T Np, and "*Pu as 
oxides have been prepared for FFTF, HFIR, and 
ORR reactor experiments. 

I. H. U Adair et aU SoBJ Stale Di*. f*og. Rep. Sept. JO. 1979. 
ORNL-54W, p. 202. 

STABLE ISOTOPE TARGET PREPARATION 

W B. Grisham fc. B. Campbell 
L. Zevenbergen 

Preparation of accelerator targets and nuclear 
chemistry samples was a continuing effort in this 
reporting period. In most cases, the metallic form of 
the specific isotopes was required, and to this end 

ORNL-PHOTO 2406-79 

l CCIVTIMBTC** Y 

l f » i . ? . i . ? . i . T . i . V I 

Fig.7.5. rmt,eovpuavnketmpoimM,tnkaie6t^oiu^4Mi,%tiacompl«^d<wbty«t»«»lt«d»iiipte(N©.4l) 
iUmtnu praran>bM4iAf mahodoJogy. 



238 

39 metal preparation! by simultaneous reriuction-
distillation using La or Th as the reducuuit were 
performed. Many of these metal preparations 
..lvolved rather large quantities of material: 70 g of 
u 5 Nd (91% conversion yield). 20g of *7Sr (87%), and 
55g of " 4Sm (84%). Improved metal-fluoride reduc­
tion methods applicable to Gd. Nd. and Lu isotopes 
provided conversion yields greater than 90% in all 
cases. Considerable effort was expended to achieve 
high-efficiency reduction of <200-mg quantities of 
IT*Lu for LLL; this reduction could only be per­
formed using Th as the reductant on lutetium oxide, 
with subsequent distillation of Lu metal at about 
2500 K. Multiple distillations of t'.ie product were 
required to remove cocvaporated i"h metal. A sample 
of about 50 mg of 99.9% >7fcLu will K prepared by this 
technique; this enrichment is being achieved by 
electromagnetic separation at LLL, and the product 
material will have a value of about $150,000. 

Thin film targets of many elements (isotopes) were 
prepared for accelerator experiments for interna­
tional and domestic uses. Generally, samples of the 
more refractory elements offer the greatest difficulty 
and consume the greatest development effort. 
Especially in the thickness range of 200-1000 ug/ cm", 
such films are difficult to prepare and maintain. 
Accelerator-source-material forms and ion filters 
were prepared in support of research at UNISOK. 
About 1300 cm" of I mg cm"' Ta foil were produced in 
pinhole-free condition for this purpose. Special high-
temperature purification of starting materials and 
intermediate annealing treatments were developed to 
produce this ultrathin, leak-tight material. Similarly, 
for the first time. W foil of 800 to 1000 ug/cnV 
thickness and in a maximum size of 6 cm2 was 
prepared by mechanical rolling. Again complex heat-
treatment and rolling schedules were developed to 
achieve this ultrathin sample. 

RADIOISOTOPE TARGET PREPARATION 

H. L. Adair B. I. Byrum J. M. Dailey 

Hundreds of radioisotope-containing target sam­
ples have been prepared for accelerator applications 
or for use as radiation sources for instrument calibra­
tion and other purposes. Vapor deposition of most 
radionuclide species remains the most effective 
preparative method, especially for actinide oxide thin 
films. Mirror-like deposits of 38-mm-diam 2 , , UO:. 
•'"UO:, and n *Pu0 2 on 0.013-mm-lhick stainless 
steel, Ti, and Ni substrates were prepared by vapor 

deposition; these targets were used for total neutron 
cross-section experiments. 

Continued experimentation with high-tempera­
ture fractionation of Am, Pu, and Cm h»s produced 
small samples of adequate chemical and nuc!k*jc 
purity. Decontamination factors of 1-6 X 10* have 
been achieved between these nuclides in one or two 
distillations. Yttria crucibles must be used as t*w 
container material for mixtures of molten actinides 
during vaporization (and subsequent collection of 
distilled products in quartz receivers) so that 
intergranular attack of the container material can be 
avoided at temperatures of 1600 to 2000 K. In 
cooperation with LASL, slip casting and sintering 
of reaction-distillation crucibles of yttria were 
developed; although still being perfected, very satis­
factory crucibles have been prepared. Currently 
being investigated are -nethods of preparing smaller 
particle size slips by use of the urea precipitation 
process to achieve "green" material suitable for 
forming very thin-wall, high-density sintered forms 
from yttria, zirconia, and thoria. Commercially 
available materials of this type generally have too low 
a density and too great a wall thickness; destructive 
cracking induced by thermal shock during heating or 
cooling can be reduced with thinner-wall bodies. 

M , P a FISSION-CHAMBER TARGETS 

P. R. Kuehn H. L. Adair 

During the past several years, IRML has prepared 
hundreds of fission-chamber deposits of actinide 
oxide for accurate neutron cross-section determina­
tions. Most of these deposits were prepared in a 
vacuum environment by vapor deposition using 
electron bombardment heating. Normally, this 
technique requires gram quantities of actinide 
materials. When such large quantities of actinide 
materials are not available, alternative preparative 
methods, such as electroplating, spraying, or paint­
ing, must be considered. 

During this review period a request was received 
from the Engineering Physics Division for six fission-
chamber plates coated with "'PaiOs. The target 
samples were 'o be used for the measurement of the 
fission cross section of :"Pa for neutron energies 
from 0.4 to 12 MeV. Because less than I g of purified 
: M Pa was available, the vacuum evaporation process 
was precluded. 

An adaptation of a previously developed 
procedure1 was used to prepare the required "' PajO* 
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deposits. Aftc dissolution of the PajOj in S /V nitric 
acid and subsequent evaporation to dryness, the 
residue was dissolved in methyl alcohol to achieve a 
concentration of 2.68 mg/ml. A "lacquer" was 
prepared by adding 10 ml of the methanol solution to 
10 ml of 3 wt % cellulose nitrate in amy! acetate. A 
total of six 88.36-cm2 11 substrates were painted on 
both sides with the : " Pa-containing lacquer. The 
areal density of 2 3 ,Pa on each coated surface was 
300 iig/cm2. After the Ti substrates were painted, 
each substrate was heated for 3 h at approximately 
450° C to vaporize or thermally decompose the 
organic material. The resulting deposits were found 
to be very adherent, and the experiments performed 
with these samples were notably successful. 

I. J. W. Bcturns. Preparation of Fission Foils for fission 
Ionization Chambers Using a Panning Technique. UCRL-SI476 
(1973). 

REACTOR DOSIMETRY MATERIALS 
J. A. Setaro J. M. Dailey J. Lovegrove 
In this reporting period, 2082 neutron dosimeters 

were prepared for domestic users and 380 samples for 
West Germany and Belgium reactors. This effort 
represents revenues totaling $228,000. As in past 
years, the majority of IRML-prepared dosimetry 
specimens are used in fast reactors, for example, the 
FFTF at Hanford, Washington. However, interest 
has grown recently in monitoring neutron spectral 
characteristics in commercial reactors and in sources 
for fusion energy experimental purposes: for these 
purposes neutron dosimeters similar to these useo in 
FFTF will be used. If this application continue,»j 
grow, doubling of specimen preparation within 
1RML can be anticipated in the next period. New 
"wire" materials we.e prepared for use in neutron 
dosimeters (V encapsulated). About 10 m of pure 
mV- and 240PuG2-extruded ceramic wire were 
produced and characterized; 10 m of 5 wt % Au V 
and 5 wt % "*U-V alloy wires were also prepared. 
The ceram.c wire material was formed by the urea 
precipitation-extrusion-sintering method developed 
earlier. Metal-alloy wire was prepared by arc melting 
and drop casting with $»Ssequent rotary swaging of 
the cast material to 0.5 mm diam. Alloy composi­
tional uniformity was maintained at 99.7% over the 
entire length of the samples. 

U.S./UJL HIGHER ACTZNIDE 
IRRADIATION TEST 

H. L. Adair S. Raman1 J. M. Dailey 
A cooperative program between the United States 

and the United Kingdom was designed to verify the 
neutronic and irradiation performance of americium 
and curium oxides in a fast reactor, that is, the U.K. 
Prototype Fast Reactor at Dounreay, Scotland. The 
IRML has been charged with preparing both the sets 
of "fuel" specimens of Am.Oi and Cm.-Oj and sets of 
dosimetry materials for monitoring neutron flux and 
energy spectra at the points of actinide irradiations. 
In three fuel pins, samples of hot-pressed ^'AmiOj, 
^Cm^Oj, and (24,Am*J**CmU7)20j will be loaded: 
the latter compour 1 contains a mixture (La) of La, 
Ce, Nd, Sm in the mass ratio 1:2:3:1. All three 
materials will be prepared by precipitation of the 
dissolved cationic nuclides from molten urea-—a 
process which most likely will form the required 
compound(s) and provide uniform particle size for 
subsequent compaction. Considerable care will be 
taken to ensure that the americium and curium 
sesquioxides are maintained in this easily oxidizable 
state, because high reactor temperatures would cause 
loss of O to occur if the dioxides were present. Each 
fuel sample will be 2S.4 mm long and consist of 
stacked pellets having a length-to-diameter ratio of 
one or less. Loading of I to 20 mg of actinide 
oxides in V capsules will begin next month. 
Considerable quality asserance on all samples 
is required, especially with respect to void volume, 
phase identification, and verification of compound 
compositions. 

t. Engineering Physics Division. ORNl.. 

CHEMICAL COMPATIBILITY OF THORIUM 
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. 

Thermodynamic calculations have been made at 
temperatures of 973 K and 12/3 K for reactions at the 
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fuel-clad interface of uranium carbides with seven 
Cr-Fe-N: alloys: type 31o stainless steel, type 
330 stainless steel. A286. M813, PE-16, Inconel 706. 
and Incone! 718. The following species were con­
sidered to be possible reaction products (brackets 
denote solid solution): [Cr, Fe, NiJ: [VNiCi, UFeC;]; 
[UFe:, LNi :, UCr.]; [Cr2,C6, Fe2,C*];[Cr7C}, FeCj]; 
UNU; UC; UCrC> Cr,C ;; UNi,.*7; UNij.„; U :C,; 
U:NiCu U; and C. This list includes all known 
binary and ternary equilibrium compounds in the 
U-C-Cr-Fe-N: system. 

Type 316 stainless steel was significantly less 
reactive than any of the other alloys being considered. 
At temperatures where the complex carbides do not 
form, there is very little reaction between uranium 
monocarbide and the Cr-Fe-Ni content of type 
316 stainless steel. This is because of its relatively high 
Fe content as compared to that in the other alloys. 
Nickel forms complex carbides and intenretallic 
compounds with large, negative free energies of 
formation, and Cr forms carbides with large, negative 
Irec energies of formation. Iron can take part in the 
formation of these compounds, but the contribution 
f> the fre^ energy of formation by Ni and by Cr is 
much more significant. Inconel 718, which contains 
the largest proportion of Ni of any of these potential 
cladding alloys, also produced the greatest amount of 
reaction product in the interface. 

Liquid us temperatures for carbide fuel- :Iad com­
positions are being determined by use of ad fferential 
thermal analyzer. In these studies thceffxf of<Hoy 
Ni content on the temperature for liquid foi .T"»!.on is 
being evaluated. This information is potentially of 
great importance in the safety of an operating carbide 
fuel reactor. 

Fxperimcntal-phase diagram studies are being 
carried out on the U-Pu-Ni system ir. the range 2 ^ 

Ni' U + Pu *S 5. Annealed specimens are examined by 
use of x-ra>-diffraction and SEM techniques. Phase 
information generated in these studies is needed for 
evaluating U. Pu carbide fuel-clad interactions. 

I. Chemical Technology Division. ORN'L. 

CHEMICAL THERMODYNAMICS AND 
PHASE EQUILIBRIA IN ACTINIDE-CARBON-

OXYGEN-CONTAINING SYST£MS 
T. M. Besmann1 C. A. Culpepper 

High-temoerature chemical studies of actinide-
carbide-oxide systems associated with the prepara­
tion and use of advanced fast breeder reactor fuels 
are being conducted in a cooperative effort with 
personnel of the Chemical Technology Division. 
Thermodynamic calculations and experimental 
measurements are used to determine phase equilibria 
and chemical thermodynamic properties of actinide 
carbides and oxycarbides. 

Measurements have been made of the equilibrium 
CO pressure as a function of temperature for the 
ThO:-ThC2-C and PuOi.s-PuCi s-C systems; this 
information, together with earlier experimental data, 
has allowed determinations of the heats of formation 
and entropies of the respective carbides. These data 
are some of the most accurate available. Such 
thermodynamic information is valuable in predicting 
optimum fuel-preparation conditions and in predict­
ing and understanding in-reactor chemical 
behavior. 

I. Chemical Tcchnlogy Division. ORM.. 
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U. T. Hochli, H. E. Weibel, and L. A. Boatner, "Dielectric Susceptibility and Local Frecc-Out of Li in 
KTaOj" 

Midwest Solid State Conference. Argonne, Illinois. October 6-7, 1978: 
J. D. Woosfey, C. Wood, R. A. Weeks, and E. Sonder. "Photoelectric Effect in Spinel" 

Twenty-second Conference on Analytical Chemistry in Energy Technology. Gatlinburg, Tennessee. October 
10-12. 1978: 

C. W. White, "Characterization of Ion-Implanted, Laser-Annealed Silicon for Solar Cell Applications" 
(invited paper) 

Nuclear Radiation Effects Meeting. Fort Monmouth. New Jersey, October 16-17. 1978: 
R. A. Weeks, "Irradiation Effects on Color Centers in Glass" (invited paper) 

Conference on SIMS-Fundamemals and Applications. Takarazuka, Japan, October 23-27, 1978: 
W. H. Christie, C. W. White, and J. C. Wang, "The Effect of Laser Annealing on the Redistribution of 

Boron in Ion-Implanted Silicon" 

Southeastern Section Meeting, American Physical Society, Blacksburg, Virginia, October 26-28. 1978: 
R. H. Kernohan, R. R. Coltman, Jr., and C. J. Long, "Low-Temperature Irradiation Effects on Organic 

Insulators" [Bull. Am. Phys. Soc. 24, 99 (1979)] 
V. M. Orera, Y. Chen, and M. M. Abraham, "Influence of Lithium Impurities on the Hardening of 

Crystalline MgO" [Bull. Am. Phys. Soc. 24, 99 (1979)) 
J. C. Wang, "A Conduction Mechanism for the 0-Alumina Family of Fast Ion Conductors" [Bull. Am. 

Phys. Soc. 24, 106 (1979)} (invited papo> 

C. W. White, "Properties of Ion-Implanted, Laser-Annealed Semiconductors" [Bull. Am. Phys. Soc. 24, 
106 (1979)1 (invited paper) 

Fall Meeting of the Society of Industrial and Applied Mathematics, Knoxville, Tennessee, 
October 30-November 3. 1978: 

L. J. Gray and Theodore Kaplan, "Spectral Functions of Disordered Alloys" 

American Physical Society Meeting, Colorado Springs, Colorado, October 30-November 3, 1978: 
R. A. Langley, R. E. Clausing, R. J. Colchin, L. C. Emerson, L. Heatherly, J. E. Simpkins, R. A. Zuhr. 

and Y. Gomay, "Summary of Surface Studies in 1SX-A" [Bull. Am. Phys. Soc. 23, 855 (1978)] 
R. A. Zuhr, B. R. Appleton, J. L. Moore. O. E. Schow HI, J. B. Roberto, C. W. White, and S. P. 

Withrow, "Plasma Edge Particle Transport in lSX"[flw//, Am. Phys. Soc. 23. 791 (1978)] 
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FACSS Meeting, Boston, Massachusetts, October 3u-November 3. 1978: 

C. W. White, "The Use of Ion Beams for Surface and Depth Profile Analysis" (invited paper) 

Workshop on Solute Segregation and Phase Stabiiitv During Irradiation. Gatlinburg, Tennessee, November 
1-3, 1978: 

J. Narayan, B. C. Larson, and O. S- Oea. "Depth Distribution of Damage in Copper Irradiated with 
MeV Cu and Ni Ions" 

Fifth Conference on the Use of Small Accelerators for Research and Industry, Denton. Texas, November 
6-8. 1978: 

B. R. Appteton, C. W. White, B. C. Larson, S. R. Wilson, and J. Na-iyan, "Laser Processing of 
Ion-Implanted Silicon" [Bull. Am. Phys. Soc. 23,1032 (1978)] (invited paper) 

S. R. Wilson, B. R. Appleton, C. W. White, J. Narayan, and A. C. Greenwald, "Comparison of Pulsed 
Electron Beam Annealed with Pulsed Ruby Laser Annealed Ion-Implanted Silicon" 

American Nuclear Society Winter Meeting, Washington, D.C.. November 12-17, 1978: 

W. S. Aaron, E. H. Kobisk, and T. C. Quinby, "Formation of Cermet High Level Waste Forms for 
Repository Storage" [Irons. Am. Nucl. Soc. 30, 284 (1978)] 

U.S. Departmen; of Energy Program Review Meeting on Hydrogen in Metals, Germantown. Maryland. 
November 13. 197H: 

S. M. Ohr, "Electron Microscope Studies of Fracture in Solids" (invited paper) 

Twenty-fourth Annual Conference on Magnetism and Magnetic Materials, Cleveland. Ohio, November 14-17, 
1978: 

J. F. Cooke, "Role o: Electron-Electron Interactions in the RICKY Theory of Magnetism" 

W. C. Koehler and fc. W, Hendricks, "The United States National Small-Angle Neutron Scattering 
Facility" (invited paper) 

W. C. Kochler, R. M. Moon, ano F. Holtzberg, "Magnetic Ordering Phenomena in TmS" 

R. M. Moon and W. C. Koehler, "induced Magnetic Form Factor of Ceo.73*Tho.:*«" 

C. Stassis, C.-K. Loong, and R. M. Moon, "Temperature Dependence of the Field-Induced Magnetic 
Form Factor of CeSn." 

Workshop on Ion-Induced Displacement Cascades in Metals, Bau Honnef. Germany, November 22-24, 
1978: 

M. T. Robinson. "Computer Simulation of Displacement Cascades in Metals" (invited paper) 

Twenty-fifth National Symposium of the American Vacuum Society, San Francisco, California, November 
28-December I, 1978: 

J R. Noonan and H. L. Davis, "A LEED Analysis of the Reconstructed Au(HO) Surface" 

J. F. Wendelken and M. V. K. Ulehla, "An ELS Vibrational Study of Carbon Monoxide Adsorbed on 
the Cu( 110) Surface" 

D. M. Zehner and H. H. Madden, "High Resolution LMM Auger Spectra from Argon Implanted in Be 
and Si" 
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Materials Research Society Symposium on Laser-Solid 'nieractions and Laser Processing, Boston, 
Massachusetts. November 26-December I, 1978: 

B. R. Appleton. B C. Larson. C. W. White. J. Narayan. S. R. V ilsoi. and P. P. Pronko, "NVw 
Materials P-.pcrtics Achievable by Ion Implantation Doping and Laser Processing" 

H. Engstrom. J. B. Bates. R. T. Young. J. R. Noonan. and C. W. White, 'infrared and Raman Spectra 
of Boron-Implanted, Laser-Annealed Silicon" 

J. Nurayan. B. C. Larson, and W. H. Christie. "Effect of Thermal Annealing in Boron-Imp anted. 
1 j-cf .annealed Silicon" 

J. s'aravan and C. W. White. "Extent of Annealed or Melted Regions as a Function of Energy of 
Pulsed-l aser Irradiation" 

J. C. Wan- R F. Wood, C. W. White, B. R. Aopleton, P. P. Pronko, S. R. Wilson, and W. H. 
Chrisile. "IVpiiiit Profile Changes Induced by Laser Irradiat on of Silicon: Comparison of Theory and 
Experiment" 

C VV. Whiic. J. Narayan, and R. T. Young. "Laser Annealing of Ion-Implanted Silicon" (invited paper) 

S. R. \v;:.-,on, B. R. Appleton, C. W. White, and J. Narayan, "Comparison of Effects of Pulsed Ruby 
i.u.v.-r and Pulsed Electron Beam Annealing of 75As*-Implanted Silicon" 

S. R. Wilson. C. W. Whitf. P. P. Pronko. P.. T. Young, and B. R. Appleton, "La:t:ce Location of As 
and Sb Implanted in Silicon After Annealing with a Pulsed Ruby L?ser" 

R T. Young. J. Nanv.an, R. D. Westbrook. and R. F. Wood, "Transmission Electron Microscopy and 
Electrical Proper tie* Measurements of Laser-Dcped Silicon and GaAs" 

MuUiij'.\ litsi'wi'h Society Simposium an Scientific Bash for Nuclear rVuste Management, bos;on, 
Mtii\d:hitscn.>. November 29-December I, 1978: 

W. S. Aaron. E. H. Kobisk. and T. C. Quinby. "Cermets for High-Level Waste Containment" 

Work'hop on Penetration oj Low-Energy Particles, New York, New York, January 4-5, 1979: 

0. S. Oen. "Penetration ana Reflection of Low-keV Light Ions (H, D, He) Incident Upon Solid 
Surfaces" 

Cordon Research Conference on Crystal Growth, Santa Barbara, California, January 15-19, 1979: 

1. W. Young. Jr.. "Crystal Growth Aspects of Laser Annealing" (invited paper) 

DHLS, DOE Workshop on Analysis of Hydmgen in Solids, Albuquerque, New Mexico, January 23-25, 
W9: 

b. R. Apptcton. "Use of Nuclear Reactions and Ion-Channeling Techniques for Depth Profiling 
Hydrogen Isotope., in Solids' nvited paper) 

J. B Bates. "Structural, Dynamical, and Transport Properties of Hydrogen in Insulating Materials" 
(invited paper) 

first Topical Meeting on Fusion Rer.-tor Materials, Miami Beach, Florida, Jan/are 29-31, 1979: 

'I. .1. Hoffman, H. L. Uoddr,. Jr.. and M. T. Robinson. 'Range Calculations Using Multigroup 
Trar.pori Methods" 

R. H. Kernohan, C. J. Long, and k. R. Coltman. Jr., "Cryogenic Radiation Effects on Electric 
Insulators" 

C. E. Klabundf. R. R. Coltrrun. U . and ( M Williams, "The Effects of Irradiation on the Normal 
.Meli'.l of a Composite Sup'.-noindut-n A ( umparison of Copper and Aluminum" 
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J. Narayan and S. M. Ohr, "The Nature of High-Energy Neutron Damage in Copper and Cold" 

T. S. Noggle. J. M. Williams. B. R. Appleton. and T. Iwata. "Damage Production Rates of N'i Ions ir> 
Ni" 

J. B. Roberto. R. A. Zuhr, J. L. M jorc. and G. D. Alton. "Low-Energy Hydrogen Sputtering of Au. 
Ni, and Stainless Steel" 

R. A. Zuhr, R. E. Clausing, and L. C. Emerson, "1 ime-ResoIved Measurements of Impuritv Deposition, 
in ISX" 

Annual AIME Meeting, New Orleans, Louisiana, February 18-20, 1979: 

S. M. Ohr and S. Kobayashi, "Distribution of Dislocations in the Plastic Zone of Shear Cracks" 

Fruhjahrstagung der Deutschen Physikalischen Gesellschafi, Miinster. Germany, March 12-16, 1979: 

W. Husinsky, R. Bruckmuller, and P. Blum, "Thermische Effekte beim Sputtern von Na-Targets" 

American Physical Society Meeting, Chicago, Illinois, March 19-23. 1979: 

M. M. Abraham. L. A. Boatner, and F. A. Modine, "Paramagnetic Resonance Spectra Associated with 
Electrolytically Colored MgO"(fti//. Am. Phys. Soc. 24, 413 (1979)] 

D. Arch, B. N. Harmon, C. Stassis, and N. Wakabayashi. "Lattice Dynamics of hep Ti" [Bull. Am, 
Phys. Soc. 24, 487 (1979)] 

J. B. Bates, T. Kaneda, W. E. Brundage, J. C. Wang. G. M. Brown, and H. Engstrom. "Properties of 
Beta'-Alumina" [Bull. Am. Phys. Soc. U. 398 ( 1979)] 

L. A. Boatner, M. Linvill, and F. A. Modine, "KTaOj Photoelectrochcmical Cells" {Bull. Am. Phis. 
Soc. 24, 274 (1979)] 

L. A. Boatner, F. A. Modine, M. M. Abraham. W. H. Christie, and T. Negas. "Electrolytic Coloration 
of MgO at High Temperatures" [Bull. Am. Phys. Soc. 24. 413 (1979)] 

J. L. Boldu. E. F. Montesa. Y. Chen, and M. M. Abraham. "Neutron Irradiations in Li-Dopcd MgO 
Oxidized at Elevated Temperatures" [Bull Am. Phys. Soc. 24.414(1979)1 

Y. Chen, R. H. Kernohan, J. L. Boldu, and M. M. Abraham, "Electrical Conductivity of MgO due to 
Lithium Impurity" [Bull. Am. Phys. Soc. 24. 412 (1979)] 

D. K. Christen, S. T. Sekula. and P. Thorel. "History Doendence of the Flux-Line Lattice in . 
Defect-Free Niobium Sphere" [Bull. Am. Phys. Soc. 24. 484 (1979) 

J. F. Cooke "First-Principles Phonon Calculations in MolybJenum and Niobium" [Bull. Am. Phvs 
Soc. 24,457(19-9)] 

H. L. Davis and D. M. Zehner. "Preliminary LEED Analysis of the Clean Rc(OOOI) >„rface" [ Bull. Am 
Phys. Soc. 24. 468 (1979)] 

H. W. Diehl, P. L. l-eath. and T. KapLn. "Spectra Density o( Binary Mixed Crystal.- with Off-Diagonal 
Pi,order"[Bull. Am. Phyt. Soc. 24, 394(1979)] 

O. E. Jeilison. Jr., J . L. Petersen, and P. C. Taylor. "Pulsed Nuclear Quadrupolc Resonance (NOR) in 
Amorphous and Orthorhombic Arsenic" [Bull. Am. Phys. Soc. 24. 307 (1979)] 

W. A. Kamitakahara and N. Wakab.iyashi, "Latf ce Dynamics of Cadmium" [Bull. Am. Phvs Soc. 24,486 
(1979)1 

T. Kaneda, J. B. Bates, J. C. Wang, and H. Engstrrm, "Raman and Infrared Spectra, and Ionic 
Conductivity of Mixed Na-Li Beta-Alumina"[Bull. Am. Pf.ys. Soc. 24. 398 (1979)} 
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H. R. Kcrchner. Y. K. Cha~>g. D. K. Christen, and J. Narayan. "Fluxoid Pinning by Small Nitride 
Precipitates in Niobium" [Bull. Ai.u Phys. Soc. 24. 485 (1979)] 

S. Kobayashi and S. VI. Ohr. "Electron Microscope Observation of Crack Propagation in bcc Metals" 
[Bull. Am. Phys. Soc. 24. 253 (1979)] 

W. C. Koehler and R. W. Hendricks. "The U.S. National Small-Angle Neutron Scattering Facility—A 
Progress WtQori" [Bull. Am. Phys. Snc. 24. 256 (1979)] (invited paper) 

B. C. Larson and J. F. Barhorst. "X-ray Scattering from Loops in Neutron-Irradiated Copper" [Bull. 
Am. Phys. Soc. 24. 241 (1979)1 

F. A. Modinc. L. A. Boatner, M. M. Abraham. W. P. Unruh. and R. Bunch. "Optical Studies of 
Electrolytically Colored MgO"[Bult. Am Phys. Soc. 24. 413 (1979)] 

H. A. Mook, n . C. Larson, and B. Van Bodegom. "Neutron and X-ray Scattering Study of the 18 K 
Transition in MEM(TCNQ)r [Bull. Am. Phys. Soc. 24, 355(1979)] 

J. Nar ./an. R. A. Weeks, and E. Sonder, "Electron Microscope Study of Defect Substructures 
Resulting fi >m Thermal-Electric Breakdown" [Bull. Am. Phys. Soc. 24. 413 (1979)] 

J. Narayan and R. F. Wood, "Melt-Front Penetration Produced by Pulsed-Laser Irradiation" [Bull. 
Am. Phys. Soc. 24, 401 (1979)] 

R. M. Nicklow, W. P. Crummett, R. F. Wood, and M. Mostoller. "Phonon-Defect Mode Hybridization 
in KCIi .(KCN), Studies by Neutron Scattering" [Bull. Am. Phys. Soc. 24. 487 (1979)] 

R. M. Nicklow, M. Pomerantz, and A. Segmuller. "Neutron Scattering from Mn-Stearate Films of Few 
Molecular Layers" f Bull. Am. Phys. Soc. 24. 488 (1979)] 

S. M. Ohr and S. Kobayashi. "Dislocation Model of Shear Crack Propagation" [Bull. Am. Phys. Soc. 
24,252(1979)] 

D. N. Olson. M. M. Abraham, Y. Chen. V. M. Orera. R. F. Wood, and T. M. Wilson. "Electron 
Defects in Non-Stoichiometric CaO:Li"[ft///. Am. Phys. Soc. 24. 412 (1979)] 

V. M. Orera, Y. Chen, and M. M. Abraham, "Imprinting of Dislocation Bands in Mechanically 
Deformed MgO Using [Li]° Defects" [Bull. Am. Phys. Soc. 24, 412(1979)] 

D. B. Poker. G. G. Setser. A. V. Granato, and H. K. Birnbaum. "Evidence for Tunneling of Hydrogen 
in Niobium from Ultrasonic Measurements" [Bull. Am. Phys. Soc. 24, 491 (1979)] 

R. L. Prater, L. L. Chase, and L. A. Boatner. "Raman Studies of Impurity-Induced Ferroelectricity in 
KJaOi"[Bull. Am. Phys. Soc. 24, 508 (1979)] 

Mark Rasolt, G. Malmslrom, and D. J. W. Geldart. "Wave Vector Analysis of Metallic Surface 
Energy"[Bull. Am. Phys. Soc. 24, 438 (1979)] 

C. S:assis, J. Zaretsky, and N. Wakabayashi, "Lattice Dynamic* of bcc Zr" [Bull. Am. Phvs. Soc. 24. 
487(1979)] 

Martin Ulehla, "Systematic Approach to the Problem of Disordered Systems'^Bull. Am. Phvs. Soc. 24, 
394(1979)] 

N. Wakabayashi. "Phonons in Transition Metals: Neutron Scattering and Model Studies" [Bull. Am. 
Phys. Soc. 24. 421 (1979)1 (invited paper) 

J. C. Wang, J. B. Bates, 7. Kaneda. and H. Engstrom, "On the Ionic Conduction Mechanisms of 
/r-Aluminas"[0w//. Am. Phys. Soc. 24, 433 (1979)] 

R. F. Wood, J. C. Wang, G. E. Giles, and J. R. Kirkpatrick, "Calculations of Dopant Redistribution in 
Arsenic-Implanted Laser-Annealed Silicon" [Bull. Am. Phys. Soc. 24, 314(1979)] 
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J. D. Woosley. C. Wood. E. Sondcr. and R. A. Weeks. "Photoelectric Effects in Spinel** [Bull. Am. 
Phys.Soc. 24. 449(1979)] 

R. T. Young. J. N'arayan. R. D. Westbrook. and R. F. Wood. "Formation of Epitaxial p-n Junctions by 
Pulsed-Laser Radiation** [Bull. Am. Phys. Soc. 24. 314(1979)] 

International Conference on Modulated Structures. Kailua-Kona. Hawaii. March 22-25. 1979: 

H. G. Smith, W. P. Crummett. R. M. Nicklow. N. Wakabayashi. G. H. Under, and E. S. Fisher. 
"Observation of Superstructure in Alpha-U near 43 K~ 

AVH- Mexico Chapter of the American Vacuun Society Meeting. Albuquerque. Sew Mexico. April 24-26. 
1979: 

C. W. White. "Laser Annealing of Semiconductor Materials" (invited paper) 

American Ceramic Society Meeting. Cincinnati. Ohio. April 29-May 2. 1979: 

W. S. Aaron. E. H. Kobisk. and T. C. Quinby. "Development of Cermets for High-Level Radioactive 
Waste Fixation" [Am. Ceram. Soc. Bull. 58. 322(1979)] 

Y. Chen, R. H. Kernohan, M. M. Abraham, and J. L. Boldu. "Enhanced Electrical Conductivity in 
MgO due to Lithium Impurity" [Am. Ceram. Soc. Bull. 58. 368 (1979)] 

Y. Chen, V. fvf. Orera. and M. M. Abraham. "Lithium Decoration of Slip Planes in MgO by Oxidation 
and Reduction at High Temperatures" [Am. Ceram. Soc. Bull. 58. 349 (I -79)] 

E. J. Friebelc. C L. Griscom, M. Staplebroek. and R. A. Weeks. "The Peroxy Radical: A Fundamental 
Defect Center in Fused SiOj." [Am. Ceiam. Soc. Bull. 58. 381 (1979)] 

E. Sonder. T. G. Stratton. and R. A. Weeks. "Kinetics of Fe2* Oxidation and Fe'* Reduction in MgO 
Single Crystals" [/1m. Ceram. Soc. Bull. 58. 350 (1979)] 

H. T. Tohver. M. M. Abraham. Y. Chen, R. F. Wood. W. A. Sibley, and T. M. Wilson."Luminescence in 
Nonstoichiometric MgO" [Am. Ceram. Soc. Bull. 58. 370 (1979)] 

Information Meeting on Sputtering. San Diego, California. April JO-May I. 1979: 

J. B. Roberto, "Status of Light-Ion Sputtering" (invited paper) 

ORNL Bimonthly Colloquium, Oak Ridge. Tennessee. May J, 1979: 

W. S. Aaron, "A Novel High-Level Waste Form" (invited paper) 

International Conference on Fast-Ion Transport in Solids, luihe Geneva, Wisconsin. May 2I~25, 1979: 

J. B. Bates, G. M. Brown, T. Kaneda, W. E. Brundage. J. C Wang, and H. Engstrom, "Properties of 
Single-Crystal Beta"-Aluminas" (invited paper) 

R. R. Dubin, J. S. Kasper, J. B. Bates, and T. Kaneda. "Characterization of Heat-Treatment-fnduced 
Changes in Li-Na Beta-Alumina Single Crystals" 

T. Kaneda, J. B. Bates, J. C. Wang, and H. Engstrom, "Ionic Conductivity and Raman Spectra of 
Na-Li. K-Li, and K-Sn B-AljOt" 

J. C. Wang, J. B. Bales. T. Kaneda, H. Engstrom. I). F. Pckett. Jr., and Sang-il Choi, "Model Studies 
of Vfixed-fon Beta-Aluminas" 
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Workshop on Sen- Diagnostic Techniques Relating to Impurity Release. Germanlown, Maryland. May 
31-June I. 1979: 

J. B. Roberto and C. W. White. "Laser Fluorescence Techniques for In Situ Impurity Studies" 
R. A. Zuhr. B. R. Appleton. J. B. Roberto, and S. P. Withrow, "Ion Backscattering'Channeling and 

Nuclear Reaction Analysis cf Tokamak-Exposed Samples" 

Photovoltaic Materials and Device Measurements Workshop. Arlington. Virginia. June 11-13. 1979: 

R. F. Wood. R. T. Young. R. D. Westbrook, J. Narayan, W. H. Christie, and J. W. Cleland. "New 
Techniques for the Study and Control of Grain Boundary Effects" 

R. T. Young. C. W. White, J. Narayan. znd W. H. Christie, "Characterization of Laser-Annealed. 
Ion-Implanted Polycrystallinc Si" 

Third High Efficiency and Radiation Damage Solar Cell Meeting, Cleveland. Ohio. June 13-14. 1979: 

R. T. Young, R. F. Wood, R. D. Westbrook, J. Narayan. and C. W. White, "Laser Techniques in 
Photovoltaic Research" 

IEEE International Symposium on Applications of Ferroelectrics (ISAF), Minneapolis, Minnesota, June 
13-15. 1979: 

L. A. Boatncr. E. Kra't/ig, and R. Orlowski. "KTN as a Holographic Storage Material" 

SATO Advanced Study Institute on Physics and Chemistry of Refractory Oxides, Aleria. Corsica. June 
17-July I. 1979: 

E. Sondcr and 1. F. Connolly, "Characterization and Bulk Properties of Oxides" 

E. Sonder and R. A. Weeks, "Ion Motion in Refractory Oxides" 

Thirty-ninth Annual Conference on Physical Electronics, College Park. Maryland. June 18-20, 1979: 

M. Ra-solt and H. L. Davis. "Anisotropic Contributions to the Optical Potential Employed in 
Theoretical Treatments of Electron Spectroscopies" 

Third Conference on Superconductivity in d- and f-Band Metals. San Diego, California, June 21-23. 1979: 

H. R. Kerchner, D. K. Christen, S. T. Sekula, and P. Thorel. "Equilibrium Properties of the Fluxoid 
lattice in Single-Crystal Niobium" 

H. A. Mook, W. C. Koehlcr, M. B. Maple, Z. Fisk, and I). C. Johnston, "Neutron-Scattering Study of 
the Superconducting-Magnetic Transition in Hoo^ErmRruB*" 

H. G. Smith. W. P. Crummctt, N. Wakabayashi, R. M. Nicklow, G. H. Lander, and E. S. Fisher. "Soft 
Phonons and Lattice Instabilities in Alpha-Uranium" 

H. G. Smith. N. Wakabayashi, G. W. Webb. Z. Fisk, F. M. Mueller, A. Arko. and P. Lowndes, 
"Phonon Spectra in ,4-15 Superconducting Compounds" 

Ninth Conference on Surface Studies and Fourth SVBWOG-I2B Technical Exchange. Golden, Colorado, 
June 26-29. 1979: 

H. H. Madden and D. M. Zchner, "Electron Spectroscopic Investigations of the Oxidation of 
Beryllium" 

Workshop on Spwiering Caused hv Plasma (Neutral Beam /-Surface Interaction, Argonne, Illinois, July 
8-10, 1979: 

J. B. Roberto, "Light-Ion Sputtering Yields" 
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Materials Research Council Review Meeting on Rapidly Solidified Materials. La Jolla. California. Juli 
16-17. 1979: 

C. W. White. "Solubility Enhancement in Silicon by Ion Implantation and Pulsed-I.aser Annealing" 
(invited paper) 

International Colloquium on Materials for High-Temperature Energy Sources. Toronto. Canada. July 
16-19. 1979: 

R. A. Weeks and E. Sonder. "Charge and Mass Transport in MgO" 

Second Joint ISTFJIMAG-Magnetism and Magnetic Materials Conference. Sew York. July I'20. 197V. 

J. F. Cooke,-"Itinerant Electron Magnetism in 3d-Transition Metals'" (invited paper) 

R. E. Parrs and J..W. Cable. "Magnetic Moment Distribution in NiPt Alloys** 

Symposium on the Phyxics of Surfaces and Optical Properties of Solids. Mexico Cite. Mexico. July 17-20. 
1979: ':-:\- .-., 

Y. Chen. "Semiconducting Properties of Li-Doped MgO" (invited paper) 

International Symposium ITtyji Solar Energy Fundamentals and Applications. Izmir. Turkey. August 6-S. 
1979: 

E. Benes, M. Bruck. F. P. VichbOck. P. Blum. L. Wimmer. W. Husinsky. and K. C. Harms. 
"Standardized Data Acquisition Package for the Analysis of Vlullicomponent Heating Systems" 

American Crystallographic Association Meeting. Boston. Massachusetts. August I2I~. l**79: 

J. E. Epperson, J. Faber. R. W. Hendricks, and J. S. l.in. "Small Angle Scattering Ob\erv.:rioii\ o! u 
Decomposing Ni-AI Alloy" 

J. M. Schullz, J. S. Lin. R. W. Hendricks, and R. G. Kepler. "Temperature-Dependent Small-Angle 
X-ray Scattering from Poly(vinylidene Fluoride)" 

J. M. Schultz, J. S. Lin. R. W. Hendricks, J. Pciermann. and R. M. (iohil. "Annealing Behavior ot 
Polypropylene Films Crystallized from a Highly Extended Melt" 

G. D. Wignall. "Small-Angle Neutron Scattering Studies of Scmicrystalline Polymers" 

Eighth International Confer* nee on Atomic Collisions in Solids. Hamilton. Ontario. Canada, Augu*.' /'-/"*. 
1979: 

M. i. Alguard. R. L. Swent. R. h. Pantelt. S. Datz. J. H. Barrett. B I Herman, and S I). Bloom. 
"Fadiation from Channeled Leptons" 

J. H. Barrett and D. P. Jackson. "Role of Correlations of lattice Vibrations in Channeling" 

W. Husinsky. "Velocity Measurements of Sputtered Atoms by the Lascr-Dopplcr Method" (invited 
paper) 

W. Husinsky, R. Bruckmuller, and P. Blum. "Investigation of T*,ei;rial and Collisional Contributions to 
ihe Sputtering r>( Sodium, Sodium Halides. and Samarium Targets" 

O. S. Ocii, "Redefined Scattering Cross Section in Monatnmic Solids" 

P. P. Pronko, B. R. Applcton, 0. W. Holland, and S. R. Wilson, "Near-Surface Yield Enhancement in 
Narrow Acceptance 180° Elastic Scatteiing for He Ion and Non-Crystalline and Poly-Crystalline Solids" 
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Thirty-seventh Annual Meeting of the Electron Microscope Society of America. San Antonio. Texas. August 
13-17. 1979: 

S. Kobayashi and S. M. Ohr. "In Situ Studies of Crack Propagation in bcc Metals" 

Annual Meeting of the Society of Photo-Optical Instrumentation Engineers. Symposium on Laser Applications 
in Materials Processing. San Diego, California, August 27-30. 1979: 

R. F. Wood, G. E. Giles, and J. R. Kirkpatrick, "Theoretical Analysis of Thermal and Mass Transport 
During Laser Annealing" (invited paper) 

R. T. Young. R. F. Wood, J. Narayan, and W. H. Christie, "Laser Techniques in Photovoltaic 
Applications" (invited paper) 

Conference on Phonon Scattering in Condensed Matter. Providence. Rhode bland, August 28~3l. 1979: 
A. M. de Goer, B. Sake, and L. A. Boatner, "Low-Temperature Thermal Conductivity of KTaOj and 

KTN" 

International Conference on Neutron Scattering and Magnetism, Julich. Germany. August 29-31. 1979: 

J. F. Cooke, "Band Theoretic Interpretation or Neutron-Scattering Experiments in Metallic 
Ferromagnets" (invited paper) 

R. M. Moon and W. C. Koehler, "Magnetic Properties of SmN" 

Eleventh International Conference on Physics of Electronic and Atomic Physics. Kvoto. Japan. August 
29-September 4. 1979: 

S. Daw, J. H. Barrett, M. J. Alguard, R. L. Swem, R. H. Pantell. B. L. Berman. and S. D. Bloom. 
"Coherent Radiation from Correlated Collisions of Positrons with Si" 

International Conference on Magnetism. Munich. Germany, September 3-7. 1979: 

J. W. Cable and R. E. Parra, "Determination of the Pd-Gd Exchange Constant by Neutron Diffuse 
Scattering and the Pd Polarization in PdGd Alloys" 

R. M. Moon, W. C. Koehlcr, C. Stassis, and G. R. Kline, "New Evidence on the Magnetic Structure of 
Nd" 

International Conference on Polarized Neutrons in Condensed Matter Research, Zaborow, Poland, 
September 10-12. 1979: 

R. M. Moon, "Polarized Neutron Studies of Mixed-Valence Materials" (invited paper) 

Consultant Symposium on Rare Gases in Metals and Ionic Solids, Harwell, England, September 10-14, 
1979: 

V. Philipps, K. Sor.ncnbcrg, and J. M. Williams, "Helium Diffusion in Nickel at High Temperatures" 

Fifth International Symposium of Nuclear Quadrupole Resonance Spectroscopy, Toulouse, France, 
September 10-15, 1979: 

Gary L. Petersen, G. E Jellison, Jr., and P. C. Taylor. "Pulsed NQR in Amorphous. Orthorhombic. and 
Rhombohedral Arsenic" 

TMS-AIME Conference, Milwaukee. Wisconsin, September 16-20, 1979: 

Y. K. Chang and H. E. Harmon, "Crystal Growth of/t-15 Compounds" 

S. Kobayashi and S. M, Ohr, "Dislocation Model of In Situ Fracture Experiments" 
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Third Europhvsics Conference on Lattice Defects in Ionic Cn-stals, Canterbury. England. September 17-21. 
1979: 

Y. Chen. M. M. Abraham. J. L. Boldu. and V. M. Orcra. "Current-Voltage Characteristics of Li-Doped 
MgO Oxidized at Elevated Temperatures" 

V. M. Orera and F. A. Modine, "Magneto-Optical Properties of Metallic Colloids in Insulators" 

J. Narayan. "Properties of a (100) Dislocations in Magnesium Oxide" 

R. M. Nicklow, W. P. Crummett, R. F. Wood, and Mark Mostoller. "Neutron-Scattering Study of 
Coupled Defect-Phonon Modes in KCli-^KCN)," 

Spanish Royal Society of Physics and Chemistry, Jaca, Spain, September 24~27, 1979: 

Y. Chen, "Semiconducting Properties of Li-Doped MgO" (invited paper) 

International Symposium of funic Crystals, Russe, Bulgaria, September 25-30, 1979: 

J. L. Boldu, V. M. Orera, Y. Chen, and M. M. Abraham, "Semiconducting Properties of 
Lithium-Doped MgO" 

Third ASTM-EURA TOM Symposium on Reactor Dosimetry, Ispra, Italy. October 1-5, 1979: 

H. L. Adair. E. H. Kobisk, J. A. Setaro, T. C. Quinby, J. A. Carter, J. F. Emery, R. Walker, and J. 
Cooper, "Neutron Dosimeter Materials Development and Characterization" 

Twenty-sixth National American Vacuum Society Symposium, Sew York, Ne* York, October 2~5, 19/9: 

H. L. Davis and D. M. Zehner. "Structure of the Clean Re(10T0) Surface" 

J R. Noonan and H. L. Davis, "A 1979 LEED Analysis of Cu( 1001" 

D. M. Zehner, C. W. White, and G. W. Ownby. "A LEED. AES. and RBS Investigation of Si(IOO) 
Implanted with As" 

Conference on Laser-Induced Crystallization in Solids, Mons, Belgium, October 4-6, 1979: 

C. W. White, S. R. Wilson. F. W. Young, Jr., B. R. Appleton, and J. Narayan, "Nonequilibrium 
Solubility and Segregation in Ion-Implanted, Laser-Annealed Silicon" (invited paper) 

Symposium on Northeastern Accelerator Personnel, Philadelphia, Pennsylvania, October 8-9. 1979: 

0 . E. Schow III. "SNEAP 1979 Laboratory Reports" 

Electrochemical Society Symposium on Ixtscr and Electron Beam Processing of Electronic Materials, Los 
Angeles, California, October 14-19. 1979: 

1. Narayan, "A Comparative Study of Laser and Electron Beam Processing of Semiconductors" (invited 
paper) 

J. Narayan, "Generation of Self-Interstitials During Thermal Treatments of Silicon" 

J. Narayan, "Formation of Dislocation Networks in Arsenic-Implanted and Thermally Annealed 
Silicon" 

U.S. Department of Energy Workshop on Hydrogen Recycling, Dublin, California, October 16 22, 1979: 

M. T. Robinson, "Hydrogen Reflection Calculations" (invited paper) 

R. A. Zuhr, S. P. Withrow, J. B. Roberto, and B. R. Applcton, "In Situ Measurements of the Plasma 
Boundary Region in ISX" (invited paper) 
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Symposium on Microcomputers and Microcomputer Application. Budapest. Hungary. October 17-19. 
1979: 

E- Bene, M. Brack, F. P. Vkfabock, P. Blum, L. Wimmer, W. Husinsky, and K. C. Harms. 
"Microprocessor-Controlled Data Acquisition System for Solar Heating Systems" 

Symposium on Separation Science and Technology for Energy Applications. Gatlinburg. Tennessee. October 
30-November 2. 1979: 

D. W. Ramey, M. Petek. R. D. Taylor, P. W. Fischer, E. H. Kobisk, J. O. Ramey, and C. A. Sampson. 
"Hydrogen Isotope Separation by Bipolar Electrolysis with Countercurrent Electrolyte Row" 

Sixteenth International Thermal Conductivity Conference. Chicago. Illinois. November 7-9. 1979: 

C. L. Tsai, A. R. Moodenbaugh, H. Weinstock, and Y. Chen, "Thermal Conductivity of Damaged 
MgCT 

Southeastern Section Meeting. American Physical Society. Chattanooga. Tennessee. November 8~10. 1979: 

M. D. Kellam. D. J. Eisenberg, J. H. Crawford. Jr.. and Y. Chen, "The Effects of Annealing Parameters 
on MgO:Li Containing [Li] 0 Centers" [Bull. Am. Phys. Soc. 25. 129 (1980)] 

M. Rappaz, L. A. Boatner, and M. M. Abraham. "Characterization of Tetragonal Phosphate Crystals 
and Powders Doped with Rare-Earth Impurities" [Bull. Am. Phys. Soc. 25, 127 (1980)] 

American Nuclear Society Winter Meeting. San Francisco. California. November 11-16. 1979: 

W. S. Aaron. L. ti. Kobisk, T. C. Quinby. and D. k. Thomas. "Progress on ine Ccii.iei Approach to 
Nuclear Waste Management" [ Trans. Am Nucl. Soc. 33.412(1979)] 

C. W. White, "Characterization of Ion-Implanted. Laser-Annealed Silicon for Solar Cell Applications" 
[Trans. Am. Nucl. Soc. 33, 246 (1979)] (invited paper) 

American Physical Society Meeting. Boston. Massachusetts. November 12-16. 1979: 

i. B. Roberto, R. E Clausing, L. C. Emerson, L. Heatherly, R. A. Langley, J. E. Simpkins, S. P. Withrow, 
and R. A. Zuhr. "Summary of Surface Studies in ISX-B" [Bull. Am. Phys. Soc. 24, 1035 (1979)] 

S. P. Withrow. R. A. Zuhr, and J. B. Roberto. "Deuterium Profiling in the Plasma Edge of ISX-B" 
[Bull. Am. Phys. Soc. 2*. 938 (1979)] -

R. A. Zuhr, S. P. Withrow, and J. B. Roberto, "Heavy Impurity Transport in the Plasma Edge of 
ISX-B" I Bull. Am. Phys. Soc. 24.938(1979)] " "~ — 

First Users' Group Workshop for National Center for Small-Angle Scattering Research. Oak Ridge. 
Tennessee, November 13-14, 1979: 

D. K Christen, "Very High Resolution Studies (500-6000 A) on the Double Crystal Diffractometcr" 
(invited paper) 

J. S. Lin, "Chemical Applications of Small-Angle Scattering" (invited paper) 

G. D. Wignalt, "Small-Angle Scattering from Polymers" (invited paper) 

Eighth Symposiun; on Engineering Problems of Fusion Research, San Francisco, California, November 
13-16. 1977: 

R. R. Coltman, Jr.. C. E. Klabunde. and R. H. Kernohan, "Effects of Radiation at 5 K on Organic 
Insulators for Superconducting Magnets" 
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Materials Research Society Symposium on Scientific Basis for Nuclear Waste Management, Cambridge. 
Massachusetts. November 26-30, 1979: 

W. S. Aaron, T. C. Quinby, and E. H. Kobisk. "Development and Characterization of Cermet Forms 
for Radioactive Waste" 

L A. Boatner, G. W. Beatl, M. M. Abraham, C. B. Finch, P. G. Huray, and M. Rappaz. "Monazite 
and Other Lanthanide Orthophosphates as Alternate Actinide Waste Forms" 

Materials Research Society Symposium on Laser and Electron Beam Processing of Materials. Cambridge. 
Massachusetts. November 27-30. 1979: 

B. R. Appleton, C. W. White, B. Stritzker, O. Meyer, J. R. Gavaler, A. I. Braginski. and M. Ashkin, 
"Ion Implantation and Laser Annealing of High TV Superconducting Materials" 

H. Engstrom, "Infrared Reflectivity and Transmissivity of Boron-implanted, Laser-Annealed Silicon" 

F. H. Hsu and C. W. White, "Positron Annihilation in Ion-Implanted; Laser-Annealed Silicon" 

J. Narayan, "Structural Defects in Laser- and Electron-Beam-Annealed Silicon" (invited paper) 

J. Narayan and C. W. White, "Melting by Pulsed-Laser Irradiation" 

C. W. White, S. R. Wilson, B. R. Appleton, and J. Narayan, "Surface Segregation in Laser Annealing 
of Ion-Implanted Silicon" 

C. W. White, S. R. Wilson, B. R. Appleton, F. W. Young, Jr., and J. Narayan. "Supersaturated 
Substitutional Alloys in Si'rcon Formed by Ion Implantation and Laser Annealing" 

R. F. Wood, J. C. Wang, G. E. Giles, and J. R. Kirkpatrick, "Macroscopic Theory of Pulsed-Laser 
Annealing" (invited paper) 

R. T. Young, R. F. Wood, J. Narayan, and C. W. White, "Laser Processing of Polycrystaliine Silicon 
Solar Cells" 

D. M. Zehner. C. W. White, G. W. Ownby, and W. H Christie, "Silicon Surface Structure and Surface 
Impurities after Pulsed-Laser Annealing" 

Materials Research Society Symposium on Surface Modification of Materials by Ion Implantation. 
Cambridge. Massachusetts, November 27-30. 1979: 

N. G. Thompson, B. D. Lichter, B. R. Appleton, E. J. Kelly, and C. W. White, "Electrochemical 
Behavior of Titanium Implanted with Platinum" 

Solar Energy Research Institute, Photovoltaic Program Office's Semiannual Polycrystalline Silicon Program 
Review Meeting. Pasadena, California, December 3S, 1979: 

R. F. Wood, "Laser Annealing in Photovoltaic Research" (invited paper) 

Forty-second Statistical Mechanics Meeting, New Brunswick. New Jersey, December 13-14, 1979: 

Martin Ulehla, "Gauge Fields and Order in Crystals and Glasses" 

Fourteenth IEEE Photovoltaic Specialists Conference. San Diego, California, January 7-10, 1980: 

G. E. Jellison, Jr.,J. W. Cleland. and N. Fukuoka, "A Radiation-Resistant Substrate for a p'-n-n Solar 
Cell" 

R^F. Wood, R. T. Young. J. Narayan, R, D. Westbrook. C. W. White, and W. H. Christie, "laser 
Processing for High-Efficiency Solar Cells" (invited paper) 

R. T. Young, Rv.F. Wood, J. Narayan, R. D. Westbrook. and W. H. Christie. "Laser Techniques for the 
Fabrication and Study of Polycrystalline Solar Cells" 
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Gordon Conference on Orientational Disorder in Crystals. Santa Barbara, California, January 14-18. 1980: 

R. M. NickJow, "Neutron Scattering from Coupled Phonon-Impurity Modes in KCli-j^KCN)*" 
At ME Annual Meeting, Las Vegas. Nevada. February 24-28. 1980: 

S.-J. Chang and S. M. Ohr, "Thickness Dependence of the BCS Solution for Elastoplastic Cracks" [/. 
Met. 31, 142(1979)] 

Y. K. Chang and H. R. Kerchner, "Growth and Characterization of A-15 Intermetallic Compounds"[7. 
Me:. 31, 123(1979)] 

S. Kobayashi and S. M. Ohr, "In Situ Electron Microscope Fracture Studies in Nickel" [X Met. 31, 142 
(1979)] 

S. Kobayashi and S. M. Ohr, "Studies of Crack Propagation in Amorphous Niobium Oxide" [/. Met. 
31, 141 (1979)] 

B. C. Larson, "Crystal Defect Studies Using X-ray Diffuse Scattering" [J. Met. 31, 82 (1979)] (invited 
paper) 

J. S. Lin, R. W. Hendricks, J. Bentley, and F. W. Wiffen, "Small-Angle X-ray Scattering Study on 
Neutron-Irradiation Effects in Molybdenum and Molybdenum Alloys" [J. Met. 31, 82 (1979)] 

J. Narayan and S. M. Ohr, "Electron Microscope Study of Fracture in Doped-Silicon"[/. Met. 31, 141 
(1979)] 

S. M. Ohr, "Contrast Analysis or Dislocation Loops" [J. Met. 31, 119 (1979)] (invited paper) 

S. M. Ohr and S. Knbayashi. "In Situ Studies of Cradc Propagation in Solids" [./ \{et ?!, (!979)] 



Seminars 

SOLID STATE DIVISION SEMINARS AT ORNL 

D. M. Zehner served as Seminar Chairman during the period covered by this report. The following seminars 
were held: 

"Application of Hohenberg-Kohn-Sham Theory to Chemical Bonding: 3</-Dimers,'*i J. Harris, Kern-
forschungsanlage, Juliet), Germany 

"Surface States on Metals,"' P. Sover University of Pennsylvania, Philadelphia, Pennsylvania 

"Non-Local Effects on the Fermi Surface of Metals,"1 M. Rasolt, Solid State Division, ORNL 

"Electron Lifetime Effects on Properties of A15 Compounds,"1 L. Mattheiss, Bell Laboratories, Murray Hill, 
New Jersey 

"Investigation of Atomic and Molecular Binding by Nuciear Resonance Scattering,"'1 O. Shahal, Nuclear 
Research Centre. Negev, Israel 

"Excitons in the Sphalerite Structure," H. C. Schweinler, Health and Safety Research Division, ORNL 

"Proton Conduction ir the Solid Electrolytes (i- and /T- Alumina,"G. C. Farrington, General Electric Research 
and Development Corporation, Schenectady, New York 

"High Resolution Neutron Spectrometry," F. Mezei, Institut Laue-Langevin, Grenoble, France 

"CuCl—A High Temperature Superconductor?" C. W. Chu, University of Houston, Houston, Texas 

"NSLS—The Synchrotron in our Future,"5 B. C. Larson, Solid State Division, ORNL 

"ORNL-NSF National Center for Small-Angle Scattering Research," W. C. Koehler, Solid State Division. 
ORNL 

"New Stories About Mixed Dumbbell fnterstitials," K. H. Robrock, Kemforschungsanlage. Jiilich. 
Germany 

"Cluster Nucleation at Undersized and Oversized Solutes in Copper." H. Wollenberger, Hahn-Meitner-Institut. 
Berlin, Germany 

"Status of Neutron Scatteringat WNR—Application to Materials Science," P. A. Seeger, Los Alamos Scientific 
Laboratory, Los Alamos, New Mexico 

"Electron Scattering from Simple Adsorbed Molecules," M.V.K. Ulehla, Solid State Division, ORNL 

"Small-Angle Neutron Scattering of Polymers—Methods and Results," R. Ullman, Ford Motor Company, 
Detroit, Michigan 

"Magnetic Properties of CeAlj," B. Barbara, C.E.N., Grenoble, France 

"Electron Microscope Studies of Fracture in Solids,"1 S. M. Ohr, Solid State Division. ORNL 

"Plasma-Wall Interaction Studies on ISX,"3 R. A. Zuhr, Solid State Division, ORNL 

265 
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"Electron Microscope Studies of Clustering of Atomic Defects in Ion and Electron Irradiated FCC Metals," 
W. Jager, Max-Planck-Institut fur Metallforschung, Stuttgart, Germany 

"Electron Spin Polarization in Double Scattering LEED," J. Kirschner, Kernforschungsanlage, Juhch, 
Germany 

"Melting and Solidification of the Surface Layer," S.-C. Hsu, University of Illinois, Urbana, Illinois 

"The Recursion Method,"3 M. Mostoller, Solid State Division, ORNL 

"Electron Energy Loss Spectroscopy Vibrational Study of CO and O Adsorbed on Cu( 110),"' J. F. Wendelken, 
Solid State Division, ORNL 

"Metal Cluster Models: Applications to Chemisorption, Interstitial Hydrogen, and Magnetic Impurities,"1 

D. E. Ellis, Northwestern University, Evanston, Illinois 

"Transport Phenomena in Magnetic Semiconductors,"' V. A. Kapustin, A. F. Ioffe Institute, Leningrad, 
USSR 

"Local Density Approach to Bulk and Surface States,"1 A. J. Freeman, Northwestern University, 
Evanston, Illinois 

"Why Do Metals Form Alloys?"1 C. H, Hodges, Daresbury Laboratory, Warrington, England 

"Simple Theory of Transition Metals,"1 W. A. Harrison, Stanford University, Palo Alto, California 

"Phase Transitions and Symmetry," P. Bak, IBM Corporation, Yorktown Heights, New York 

"Localization, Diffusion, and Trapping of Positive Muons in Copper, Niobium, and Aluminum," D. Richter, 
Kernforschungsan'age. Ju'Itch, Germany 

"Transient Capacitance Spectroscopy: A Study of Deep Levels, in Semiconductors," P. M. Mooney, Vassar 
College, Poughkeepsie, New York 

"Composition Modulated Alloys," J. B. Ketterson, Northwestern University, Evanston, Illinois 

"A LEED/ Auger /Loss Study of Oxygen Chemisorption on Bi(OOOI)," T. N. Taylor. Los Alamos 
Scientific Laboratory, Los Alamos, New Mexico 

"Diffuse Scattering from Dislocation Loops—Comparison Between Analytical Approximations and Numerical 
Calculations," H. Trinkaus, Kernforschungssnlage, Jiilich, Germany 

"Raman Studies of Impurity Induced Ferroelectrtcity in Potassium Tantalate," L. L. Chase, Indiana University, 
Bloomington, Indiana 

"Cermet Waste Forms,"' E. H. Kobisk, Solid State Division, ORNL 

"Research Materials Information Center,"1 T. F. Connolly, Solid State Division, ORNL 

"Synchrotron Radiation: Instrumentation and Applications to X-ray Spectroscopy of La Edges in the 4 A 
Region,"4 V. O. Kostroun, Cornell University, Ithaca, New York 

"Conceptual Foundations of Flux Pinningin Type-II Superconductors,"1 H. R. Kerchner, Solid State Division, 
ORNL 

"Soft Modes and Lattice Instabilities in Alpha-Uranium,"' H. G. Smith, Solid State Division, ORNL 

"Cancer, Energy, and the Environment," J. R. Totter, institute for Energy Analysis, Oak Ridge, Tennessee 

"Observation of Field-Dependent Impurity Scattering of Both Electrons and Holes in Magnetic Fields Near the 
Quantum Limit," D. H. Lowndes, University of Oregon, Eugene, Oregon 

"Plans for a Spallation Source in West Germany," G. Bauer, Kcrnfor«chungsanlage, Jiilich, Germany 

"Oxidation Behavior of Thorium and Uranium Studied by Gravimetric and Surface Analysis Techniques." 
C. Colmenares. Lawrence Livermore Laboratory, Livermore. California 
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"Electrical and Optical Properties of Heavily Irradiated Gallium Arsenide," E.WJ. Mitchell. The Clarendon 
Laboratory, Oxford, England 

"Electron Microscope Study of Defects in Silicon and Gallium Arsenide." D K. Sadana, Lawrence Berkeley 
Laboratory, Berkeley, California 

"Critical Fields in Multi-Layered Films," T. W. Haywood, University of North Carolina, Wilmington. 
North Carolina 

"Stopping Power and Range Distribution of Light Ions in Solids," J. Biersack, Hahn-Meitner-lnstitut. 
Berlin, Germany 

"Calculation of Transport Properties of Transition Metals,"1 F. Pinski. State University of New York. 
Stony Brook, New York 

"Monte-Carlo Renormalization Group,"1 R. Swendsen, Brookhaven National Laboratory, Upton. 
New York 

"Recent Developments in Strong-Coupling Superconductors,"1 J. Carbotte, McMaster University. Hamilton. 
Ontario, Canada 

"X-ray Spectra of Metals,"' G. D. Mahan, Indiana University, Bloomington. Indiana 

"Recent Progress in Calculating 7", and ft: for Transition Metal Superconductors,"1 W. H. Butler, Metals 
and Ceramics Division, ORNL 

"Formation of Metastable Alloys by Ion Implantation and Laser Annealing," J. Poate, Bell Laboratories. 
Murray Hill, New Jersey 

"Formation of Non-L:qui!ibrium Aiioys by ion implantation and Raised La»cr Annealing."' S. R. Wiison. 
Solid State Division, ORNL 

"Particle Recycling Calculations for Toicamak First Wall Applications."3 O. S. Oen. Solid State Division. 
ORNL 

"Anomalous Enhancement of Neutron Diffraction Intensities of Alpha-LilO) Single Crystals with the 
Application of a DC Field,"Z. Yang, Institute of Atomic Energy, Academy of Sciences. Peking. China, and 
Y. Li, Institute of Physics, Academy of Sciences, Peking, China 

"Transport Mechanisms in Several Superionic Conductors as Determined by Neutron Diffraction and 
Temperature, Composition and Pressure Dependent Conductivity Measurements." R. J. Cava. National 
Bureau of Standards, Washington, D.C. 

"Kinetics of Motion of Crystal-Melt Interface." D. Turnbrh. Harvard University. Cambridge. 
Massachusetts 

"Defect Production Processes in Irradiated Metals," W. F. Schilling. Kcrnforschungsanlagc. lulich. 
Germany 

"New Evidence on the Magnetic Structure of Nd,"' R. M. Moon. Solid State Division. ORNT. 

"X-ray Study of Lattice Strain in Ion-Implanted Laser-Annealed Silicon."' B. C. Larson, Solid State Division. 
ORNL 

"Properties of Mixed-Ion Beta-Aluminas," T. Kaneda. Fuji Photo Film Company. Tokyo. Japan 

"Photoemission in the Alkali Halides," G. D. Mahan, Indiana University. Bloomington. Indiana 

"Atomic Geometry of Semiconductor Surfaces," C. B. Duke, Xerox Corporation, Webster New York 

"Charge Transfer and Photorefractive Effects," E. Kratzig, Philips Research Laboratory, Hamburg. 
Germany 
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Scattering in Polymer Science,1* (six lectures), W. C KoeMer and G. D Wignall, Softs' State 
Dmsioti, CkNL ' _ - " ' . ' "*"*'-. 

Reactions Between Metal * ^ Surcon," K. N. Tn, IBM Corporation, Yotctowh Heights, 
New York 

^Onset of >3tf Maitnetisin in Rare Earth Transition Metal Alloys/ P Grvord, CN.R.S., Grenobk, France 

Dynajnics of Magnetic Moments in Metals,*' M. Lbewenhaupt, KtM&aOaa^i^ J^B^ 
Germany, 

* - J S S ^ C J - "*•* *Jw*3fiiiJfif Evolving Microstnicturc in Irradiated Materials,"4 R. BuDough, Atomicfentrgy Research 

^ ^ ^ l i ; ^ > ^ ^ ArmeaKng of Magnetic Bubble Materials,* L. Schuhz, Uiuversrty of Opttingen, Oottmgen, 

^ i t i n n ^ ^ ^ s i ^ ^ l a i a l Pi A B ^ « ^ ^ ^ ^ ' T t e K ^ ^ i n ^ 

;Riste,lnstHutDfAi ĵ XjeUer, 
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A \ $ v £ - V ; ^ ® N r " ' ;^ . '•..-- .• ...... .-
p . « - * . *.«_. ' -QJJ^^rMMfjenshic Transforjnation in Manganese Alloys," R. D. Lowde, Atomic Energy Research 

~| Estabiisnment, Harwell, England 

- "Energy, Angular, and Charge State Distributions of Hydrogen and Helium Baekscattered from Metab with 
c Energies Below 29 keV,* H. Verbeek, Max-Planck-Institut fur Plasmapbysik, Garching, Germany 

r'l. 
T h e Possibility of Superconductivity in Palladium Silver Alloys,*1 B. Gyorffy' University of Bristol, Bristol, 

England " •„ 

- "Orbital Magnetization and Covalency in ^Transition Metal Salts; Some Problems in the Interpretation 
of Polarizr.-; Neutron Data," P. J. Brown, Insthut Laue-Langevin, Greiu&c, France 

"Diffusion in Classes and Glass Melts," G. Frischat, Technische Unrversitat Clausthal, ClausthaL Germany 

•X-ray Standing v/aves at Crystal Surfaces- -A New Surface Structure Probe,"' P. L Cowan, Ben Laboratories, 
Murray Kill, New Jersey 

"Small-Angle Neutron Scattering Studies of Amorphous Polymers and Blends," G. D Wignall, Solid State 
Division, ORNL 

"Surface Structure ^termination by Medium Energy Ion Scattering," M. F. van der Veen, Physical Sciences 
. Laboratory, Stoughton, Wisconsin 

"Low-Energy Light-Ion Sputtering," J Bofedansky, Max-Ptanck-Institut fur Plasmaphysik, Garching, 
Germaby 

"The Electron-Phonon Interaction and Electromagnetic Absorption in MjtakV1 J. C, Swihart, Indian 
University, Bloomingron, Indiana 

"Thennoebstic Effect, Grflneisen Parameter, and Thermal Conductivity/ G. Cagliotti, CESNEF, Milano, 
Italy 

"Silicon Surface Structure and Surface Impurities After Pulsed Laser Annealing,*' D. M. Zehnct, Solid State 
Division, ORNL 

"Monorite and Other Lanthankte Orthophosphates a» Alternative Actinide Waste Forms,"1 L. A. Boatner, 
Solid State Division, ORNL 

1 
? 
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•Theory of Magnetism for Rare Earths and Rare EarUHTnuisitktn Metal Compounds,''P. A. Lindgaid,Ris# 
National Laboratory, RoskOde, Denmark 

"Densr Plasm? Dynamics During Pulsed Laser Annealing," E. YofTa, IBMcCorporation, Yorklown Heights, 
New York 

"Kinetics of Phase Separations,"1 J. S. Langer, Carnegie-Mellon University, Pittsburgh, Pennsylvania 

c "Is Pulsed Laser Annealed Silicon Hot?" J. A. Van Vechten, IBM Corporation, Yorktown Heights, 
New York 

"Instabilities and Defects in High Tf Superconductors," L. R. Testardi, BeD Laboratories, Murray Hill, 
New Jersey 

"Neutron Inelastic Scattering from Isolated Clusters of Magnetic Ions," A. Furrer.InstitiitfarReaktortecbnik, 
Wurenlingen, Switzerland 

"Organization and Activity of the Institute of Low Temperature and Structure Research, Polish Academy 
of Sciences, at Wroclaw," W. Suski, Polish Academy of Sciences, Wroclaw, Poland 

"Fabrication of Solar Cells from Ion-Implanted, Pulsed Aiueakd Silicon," R. Galloni, Laboratorio LAMEL, 
Bologna, Italy 

"Investigations of TiOi for Electrochemical Cell Application*," F. Viehbock, Institute for AUgemeine Physik, 
Technical University, Vienna, Austria 

"A Universal Model for the Surface Energy of Solids,"1 W. Kohn, Institute for Theoretical PhjrUs, 
Santa Barbara, California 

"Radiation Damage vaAM Superconductors," O. Meyer, Nuclear Research Center, Karlsruhe, Germany 

"Critical and Multicritical Phenomena in Adsorbed Monolayers,"' D. P, Landau, University of / 
Georgia, Athens, Georgia ; 
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-Density Functional ITjory Applied to Calculation* of Pbooon Spettra of SoBds,*1 S. K. SmfaM, 
Argonne National Laboratory, Argonne, lOinois 

"ReJativistic Density Functional Theory and Some Apportions,*' A. K Rajagopal, Lomnana StMte 
University, Baton Rouge, Louisiana 

"Effect of Paramagnetic Impurities in Itinerant FttiomagafcbV? M. A)itoBoffpUBivei»a^^i>ia^uufe^ 
•- Boston, Massachusetts • -. \ :-".; . - - - - ' 

Tuneable Near-Infrared Lasers and Otter Optical Deyfcs,* W. A. Sibley, Oklahoma State Unmrriry, J 
_-'.. Stfflwalr^Otiahpina --."..:.- _rf<..^l .•:*.- . b ^_y*-.*•---" j 
"HVEM SANS Examination or Grain Boono^ CivMidn,*' >2." ^ I ^ ' ^ p r l i B ^ f e r V i ^ i ^ ^ ' 

Evanstoa/luntois 'i'.'s - -''-•• ••'• :'•'•''/•'i-, ':' •' '"•; V.- • v-'-̂ vV"' 
Chemical Bonding at Senjkswidnctor Suhacifcs Ibf Fa^KoenunronSpticirpico j y ; ^ iton^^U^PBitptiel; 

Murray-Hill, "New Jersey • 1 • c-' ;., - 'J:- - '••'•- '.,.-- '^^S-v^^y-^fyV-^,; r 
"The Deterroraati^ ot the P l ^ 

- j > 
Fluorescence," HlJESejiw^^fcOTrd^^ -,_; -. V ; . - S ; J V.-̂ :-^^r^m^m^m^mB^^^^^^- < 
Washington, DC. 

"SWaceMagnetizatirooflWiOT 
G.-C Wang, National Bureau of Standards, Washington, D.C. 

"Cyclic Deformation of a Spiriodal Copper Nickel Pin Alloy," M. Quin, Nortlmestern University, 
Evanston, Illinois 

"Pencil Slip in Beta-Pin Single Crystal," S.N.G. Chu, University of Rochester, Rochester, New York 
"The Magnetic Structure of Neodymium—A Hard Case to Solve," B. Lebech, Rise* National Laboratory, 

Roskilde, Denmark 
"An Astrophysical Model of Double Radio Sources,"4 M. Burns, Cornell University, Ithaca, New York 
"Electrochemical Behavior of Titanium Implanted with Platinum,"' N. G. Thompson, Vanderbilt University, 

Na«hviue, Tennessee 
"State Dependence of the Chemical Bond in Nitrogen by Diffraction Methods," P. A. Egebtaff, University 

of Guelph, Guefph, Ontario, Canada 
"Atomic Hydrogen in Ionic Crystals," J. Mr Spaeth, Gesamthochschule Paderborn, P&derborn, Germany 
"Melting by Pulsed Laser Annealing,"' J. Narayan, Solid State Division, ORNL 
"Transient Capacitance Spectroscopy: A Brief Overview,"1 G, E. Jellison, Jr., Solid State Division, ORNL 

'Metal* and Crami* DivHon and Solid $iaic Divition joint theoretical aeminar. 
'Spomorcd jointly by Phytic* Division and Solid Stale Diviwon. 
'Mid State Division Re*eurcn in Progrtw Seminar Series. 
'Sponsored jointly by Mctab and Ceramic* Dfvi*ion and Solid State Divwion. 
'Srvies of mx ( m u m sponsored by National Center for Smell-Ancle Scattering Research. 
*Spontored jointly by Fotion Energy Divition and Solid State Divition, 
'Sponsored jointly by Chemistry Division and SoSd State Division. 
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LECTURES AND SEMINARS 

Lectures and seminars presented by Division members during the period covered by this report included 
the following: : 

M. M. Abraham—Massachusetts Institute of Technology, Cambridge, Massachusetts, "Introduction to 
Magnetic Resonance" and "Trapped Hole Centers in the Alkaline Earm Oxides^ Transuranium Research 
Laboratory, ORNL, "Synthetic Monazhe (Orthophosphates as Alternate Waste Forms)" and 
"Introductieii to Magnetic Resonance—Part I" 

J. B. Bates—College of William and Mary, Williamsburg. Virginia, "Fast Ionic Transport in the Beta- and 
BeU"-AluminasM 

L A . Boatner—IBM Zurich Research Laboratory, Zurich, Switzerland, Ecole Porytechnkrae Federate, 
Lausanne, Switzerland, and Centre d'Etude Nudeaires, Grenoble, France, "Examples of Energy-Related 
Materials Problems*. Sam Houston State University, HuntsvQIe, Texas, and OUanoma Sute University, 
Stillwater, Oklahoma. "The Growth of Single Crystals and their ^ppficatioo* in Solid State Physics"; 
Indiana University, Bloomington, Indiana, "Lanthanidf Orthophosphates as Alternate Actinide Waste 
Forms*, McGiD University, Montreal, Canada, "Energy-Related Mateiiab Problems" 

J. W. Cable—Laboratoirr Leon Brillotiin, Saclay, France, "Neutron Diffuse Scattering Studies of 
NiPt Alloys" 

Y. Chen—National Taiwan University, Taipei, Taiwan, "Electrical Conductivity of Lithium-Doped MgO"; 
University of Zaragoza, Zaragoza, Spain, "Electrical and Mechanical Properties of MgO:Li Crystals 
Oxidized at High Temperatures* Northern Illinois University, Dekalb, Illinois, "The Effects of Oxidation 
and Reduction of Lithium-Doped MgO"; University of Alabama, Birmingham, Alabama, and Alabama 
A and M University, Huntsvilk, Alabama, "Semiconducting Properties of Lithium-Doped MgO" 

J, F. Cooke—Kcrnforschungzentrum, Karlsruhe, Gennany, "Lattice Dynamics of Transition Metal 
Superconductors"; Kernforschungsankge, Julich, Gennany, "First Principles Phonon Calculations in 
Transition Metal Superconductors"; University of Maryland, College Park, Maryland. "First Principles 
Susceptibility Calculations in Itinerant Electron Ferromagnets" 

H. L. Davis—Daresbury Laboratory, Warrington. England, "Some Current Surface Research at Gak Ridge 
National Laboratory"; University of Warwick, Coventry, England, "Aspects of Angular Resolved Auger 
Spectroscopy" 

W. R. Husinrky—University of Salford, Salford, England, "Investigation of Thermal and Collisional 
Tontributions to the Sputtering of Sodium, Sodium Halides, and Samarium Targets" 

G. E. Jeilison, Jr.—University of Maine, Orono, Maine, "NMR and NOR Studies of Amorphous 
Semiconductors" 

W. C. Koehler—Chalk River Nuclear Laboratories, Ontario, Canada, and Laboratory Louis Neel, C.N.R.S., 
Grenoble, France, "Magnetic Scattering Studies at ORNL"; Centre d'Etudes Nucleaires, Saclay, France, 
"Les Structures Magnetiques du Neodyrn"; Institut Laue-Langevin, Grenoble, France, "The Magnetic 
Structures of Neodymium"; Laboratory of Crystallography, C.N.R.S., Grenoble, France, "The United 
States National Small-Angle Scattering Facility" 

H. A. Mock—Rice University, Houston, Texas, "Magnetic Excitations in Itinerant Electron Transition 
Metals"; University of Illinois at Chicago Circle, Chicago, Illinois, "Magnetic Excitations in Crystalline 
and Amorphous Transition Metals" 

R. M. Moon—Institut Laue-Langevin, Grenoble, France, "The Magnetic Structure of Neodymium—A 
Progress Report"; Institute for Atomenergi, Kjel'er, Norway, "Recent Polarized Neutron Research at 
ORNL" 
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J. Narayan—IBM Corporation, Yorktovra Hctghtt, New York, "Meking Pfaeaoncaoti and Propertie* of 
Dislocations Associated with Laser Irradiation*' 

R. M. NicUow—Naval Research Laboratory, Washington, D.C, "Hybridization of Pbooonsaod the Internal 
Modes of Complex Itnpurities" 

J. R. Noonan—University of Arkansas, FayettcviBe, Arkansas, "Low Energy Electron Diffraction Analysis 
of Relaxed and Reconstructed Surfaces: TTK Copper and Gold (110) Sortees** •' 

O. S. Gen—University of Cincinnati, Cincinnati. Ohio, "The First Wafl and Particle Recycling in Magnetic 
Fusion Reactors" 

S. M. Ohr—National Bnrcan of Standards; Wastnngton, D.C, "In Sita Electron Microscope Stndies 
of Fmctnre in Solids" 

M. Rasoh—University of Virginia, ChariottesvtBe, Virginia, "Heat of Solution of Hydrogen in Ahnqinam"; 
Georgia Institute ofTechiiol^.AtlaasXGc^ Zhrtron 
Gas" and "Svriace Energy Contn^ntion in Simpk Metals" 

J. B. Roberto—Fusion Energy Division, ORNL, "Pltsuis^Surtace Interaction Research a the Sold State 
Division" 

M. T. Robinson—Max-PfanC*-Institnt for Plasnstphysik, Garcbing, Germany, "XZompnter SiniuUiion 
of Displacement Cascades and Sputtering" 

S. T. Sefcnb—University of Wwcomin, Madison, Wisconsin, "Ftex-Line Lattices in Supcrcondnctisg 
Niobium" 

H, G. Smith -University of Texas. Arlington, Texas, and Texas Christian University, Fort Worth, Texas, 
"Applications of Neutron Scattering to Problems in Solid State and Cbenaca! Physics"; CJemson 
University, Ckmson, South Carolina, Rice University, Hot SUM, Texas, University of Houston, Houston, 
Texas, and University of Cincinnati, Cincinnati, Ohio, "Phonon Spectra, Lattice Instabilities, and 
Superconductivity" 

E. Sonder—Washington University, St. Lotus, Missouri, "Reactions in Ceramics Used at High Temperature"; 
Michigan State University, East Lansing, Michigan, "Defects in Alkali Handes'*; Umversidad Autoooma 
de Madrid, Madrid, Spain, and Junta de Energia Nuclear, Madrid. Spain, "Transport Properties in 
RefractoryOxides: Work at ORNL"i Chemical Physics Seminar, ORNL, "Kinetics of Fe Redox Reactions 
in MgO"; Clemson University, Cfcmson, Sooth Carolina, "Ion Transport in Refractory Oxides" 

M.V.K. Utehla—University of Houston, Houston, Texas, and Health and Safety Research Division, 
ORNL, "Gauge Fields and Character of Order in Solids" 

J, C. Wang—Chemical Physics Seminar, ORNL, "A Conduction Kschanism for the Beta-Alumina Family 
of Fast Ion Conductors" 

R. \ . Weeks—Case Western Reserve University, Cleveland, Ohio, and Wake Forest University, 
Winston-Salem, North Carolina, "Effect of Electric Fields on the Conductivity of MgO, MgAhOw. 
and AhOi Crystals" 

C. W. White—National Bureau of Standards, Washmcton, D.C, "Laser Annealing of Ion Implanted 
Materials"; Phillips Research Laboratories, Amsterdam, the Netherlands, "Laser Annealing of Ion 
Implanted Silicon" 

G. D. Wignall—Florida State University, Tallahassee, Florida, "SmaO-Angfe Scattering Stndies of 
Semicrystalline Polyethylene and Polypropylene"; E, 1. <?u Pont de Nemours and Company, Wilmington, 
Delaware, and General Ekctt- Company, Schenectady, New York, "Chain Configoration in Amorphous 
and Crystalline Polymers by Small-Angle Scattering Techniques", University of Msasaehasetts, Amherst. 
Massachusetts, "Recent Small-Angle Neutron Scattering Studies of Amorphous Polymers and Blends"; 
Sandia Laboratories, Alb* ..uerque, New Mexico, "Small-Angle Scattering from Polymers" 
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J. M. Wflfams—Kei afocschongsanlagr, Jtficfa, Germany, Centre a"6tTde NocJeaires, Fontenay-aiix-Roses, 
France, Miu-PIancklnstrtiit far MctaOforscmmg, Statfgart, Germany, and EURATOM, Ispra, Italy, 
* Ida Radiation Damage versos Depth in Al Using Thin FBm Tccbniqoes*' 

R. F. V iod—demon University, Chanson, Sooth Caro&ia- '^i-ersity of Alabama, Toscaloosa, 
/..abama and Anburn University, Auburn, Alabama, "Laser Annealing, and Photovoltaic Program at 
O^NL"; Aarbss University, Aarhns, Denmark and Kanfoisrhnngsanlage, Jnach, Germany, "Laser 
Annealing of Scmicowdncton^ Oak Ridge Associated Universities,, Oak Ridge, Tennessee, 
"Photovoltaic Conversion of Solar energy** 

F. W. Young, Jr.—John; Hopkins University, Bsf&unore, Maryland, "Processing of Materials by Ion 
Implantation and Laser Antteahng**; Harvard University, Cambridge, Massachusetts, "Crystal Growth 
Stodies Utilizing Laser Anneating" 

R. T. Yoong—Sootheni Illinois University, EdwardsviOe, Illinois, "Laser Annealing of Ion-Implanted 
SenuroHri actors** 



Scientific Professional Activities 

M. M. Abraham 

B. R. Applcton 

J. H. Barrett 

J. B. Bates 

L. A. Boatner 

J. W. a b l e 

Y.Chen 

Member, Editorial Board, KTNAM, Revista de Fiska 
Member, Thews Examining Comnuttcc, MasssfsmsettJ 

Member, Thesis Examining Committee, Natio&al University of 
Australia c 

of- Technology; 

Member, Editorial Board, Nuclear fxiaxe AppBcmkms 
Chainnan, Particle Solid Interactions Gorton Conference (to be held in 19W) 
Adjunct Professor, Drpartuiem of Physics, NorthTexasState University. Denton, Texas 
Member, Gmduatt School Doctoral Committee, Department of Materials Sciences, 

VanderbOt University, Nashville. Tennessee 
Member. Organizing Committee, Sixth Conference on Use of Small Accelerators (to be 

held in 1980) 
Member, Fusion Program Committee, ORNL 
Chairman, Study Committee on Surface Modification, ORNL 
Participant, OBES/DOE Workshop on Analysis of Hydrogen in Solids, Albuquerque, 

New Mexico, 1979 
Recipient, American Physical Society Fellowship. 1979 

Adjunct Professor, Department of Physics, North Texas State University. 
Denton, Texas 

Member, Pr.D. Thesis Committee, Department of Physics, North Texas State 
University, Denton, Texas 

Member, Program Advisory Committee, International Conference on Fast Ion 
Transport in Solids, Electrolytes and Electrodes, Lake Geneva, Wisconsin, 1979 

Member, Working Group, OBES/DOE Research Assistance Task Force Meeting on 
Materials Aspects of Solid Electrolyte Batteries, Gcrmantown, Maryland, 1979 

Co-Chairman, International Conference on Fast Ionic Transport in Solid Electrolytes 
(to be held in 1981) 

Associate Editor, SoHJ Slate Ionia 

Lecturer. ORAU Traveling Lecture Program, 1979-1980 
Member, High Temperature Materials Laboratory Committee, ORNL 
Chairman, Workshop on Alternate Nuclear Waste Forms and Interactions in Geologic 

Media (to be held in 1910) 

Member, Ph.D. Thesis Committee. School of Physics, Georgia Institute of Technology, 
Atlanta, Georgia 

Member, Program Committee, Conference on the Chemistry and Physics of Coal 
Utilization (to be held in 1900) 

Member, Program Committee, Symposium on Coal. American Physical Society Meeting 
(to be hdd in I9S0) 
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H R. Child 

J.W.Ckbud 

J. F. Cooke 

C A. Culpepper 

H. L. Davis 

N. J. Dudocy 

W. R. Husinsky 

L. H. Jenkins 

H. R. Kerchnei 

E. H. Kobisk 

W C. Koehier 

F. A. Modinc 

H. A. Mook 

Lecturer, ORAU Traveling Lecture Program, 1979-1980 

Rectpieat, American Nuclear Society 1979 Radiation Industry Award. 1979 

Guest Scientist, Kernforschungsanlage. Julich, Germany. June-September 1979 

Recipient, American Nuclear Society Award, 1979 

Member, Organizing and Program Committee, Conference on Determination of Surface 
' Structure by LEED, Yorktown Heights, New York (to be held in !9£0) 

Member, Executive Committee. Tennessee Valley Chapter, American Vacuum Society 
Co-Chainnan, !«• Annual Symposium. Tennessee Valley Chapter. American Vacuum 

Society (to be netd in 1980) 
Session Chairman. 7th Midwest Solid State Theory Symposium (in ho:tor of 

J. Korringa). Columbus. Ohio. 1979 

Recipient, Eugene P. Wigner Fellowship. 1979 

Organizing Committee, Symposium on Sputtering (to be held in 1980) 

Member, General Committee, Physical Electronics Conferences 
Member, Wigner i eBowship Committee, ORNL 
Member, Exploratory Studies Review Committee, ORNL 
Member. Ph.D. Recnriting Steering Committee. ORNL 
Member, ORNL-ORAC Graduate Selection Panel 

Lecturer, ORAU Traveling Lecture Program. 1978-1979 

President, International Nuclear Target Development Society 
Chairman. World Conference of the International Nuclear Target Development Society 

Director, National Center for Small-Angle Scattering Research 
Member, Editorial Advisory Board. Journal of Magnetism and Magnetic Material? 
Membrr, Editorial Advisory Board, Magnetism Inters 
Editor, Magnetic Form Factor Data Sheets, International Union of Crystallography 
Member, Ph.D Thesis Committee. School of Physics. Georgia Institute of Technology. 

Atlanta, Georgia 
Member, International Advisory Committee. O >ference on Neutron Scattering and 

Magnetism, Julich. Germany. 1979 
Participant, Ad Hoc Committee for Regional Instrumentation Facilities. National 

Science Foundation 
Recipient, Docteur Honoris Causa. University of Grenoble. GrenobK France. 1979 
Recipient, Union Carbide Corporation Fellowship. 1979 

Coordinator. ORNL Seed Money Program 
Member. Exploratory Studies Review Committee. ORNL 
Secretary, Research Committee. ORNL 

Member, Program Committee. Joint Intetmag-Magnetism and Magnetic Materials 
Conference. New York. New York, 1979 

Member, Program Advisory Committee, International Conference on Ternary 
Superconductors (to be held in 1980) 

Member. Review Committee. Intense Pulsed Neutron Source-!. Argonne National 
Laboratory 

Member, ZING Prototype Advisory Committee, Argonne National Laboratory 
Recipient. American Physical Society Fellowship. 1979 
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R. M. Moon 

J. Narayan 

T. S. Noggle 

J. R. Noonan 

O. S. Oen 

S. M. Ohr 

J. B. Roberto 

M. T. Robinson 

H. G. Smith 

E. Sonder 

R. A Weeks 

J. F. Wendelken 

R. D. Wcstbrook 

Member, Conunission on Electron Charge, Spin, and Momentum Densities, 
International Union of Crystallography 

Member, Evaluation Panel for the Center for Materials Scienrr National Bureau of 
Standards 

Recipient,- IR-IOO Award for the Development of Low-Cost Laser-Diffused Solar Cells, 
1979 

Symposium Chairman, Materiab Research Society Symposium on Defects in 
Semiconductors (to be held in 1980) 

Lecturer, ORAU Traveling Lecture Program, I97&-I979 

Vice Chairman and Piogram Chairman, Tennessee Valley Chapter. American Vacuum 
Society 

Lecturer, ORAU Traveling Lecture Program, 19^-1980 
Session Chairman, Workshop on Pr- nration of Low-Energy Particles, New York, 

New York, 1978 

Member, Cbemistr and Physics of Metals Committee, the Metallurgical Society 
ofAIME 

Member. Nuclear Metallurgy Committee, the Metallurgical Society of AIME 
Member, Nuclear Metallurgy Committee, Materials Science Division, American Society 

for Metals 
Paiticipant, DOE Program Review Meeting on Hydrogen in Metals, Washington. D.C.. 

1978 

Member, OFE/DOE Subtask Croup on Sputtering and Wall Effects 
Coordinator, OFE/DOE Information Meeting on Sputtering, San Diego, California. 

1979 
Coordinator, OFE/DOE Workshop on Sputtering Caused by Plasma (Neutral 

Beam) -Surface Interaction, Argonne, Illinois. 1979 
Participant, OFE/DOE Workshop on New Diagnostics Related to Impurity Release. 

Gtrrnantown, Maryland. 1979 
Member, Seed Money Proposal Review Committee, ORNL 
Member, Ph.D. Recruiting Program, ORNL 
Member, Editorial Advisory Board, Journal of Nuclear Materials 
Member. OFE/DOE Subtasfc Group A: Dosimetry and Damage Parameters 

Lecturer. ORAU Traveling Lecture Program, 1978-1979 

Member, Advisory Board, Diffusion and Defect Data (Nonmetals) 

Member, Editorial Board, Egyptian Journal of Solid State fhysks 
Member, Editorial Committee, Journal of the American Ceramic Society 
Consultant, Department of the Army, Research and Development Command, 

Fort Monmouth, New Jersey 
Adjunct Professor, Department of Mechanical Engineering and Materiab Science, 

Vandcrbih University, Nashville, Tennessee 
Adjunct Professor, Department of Geology. University of Pennsylvania, Philadelphia, 

Pennsylvania 
Lecturer, ORAU Traveling Lecture Program. 1979-1980 
Member, Ph.D. Recruiting Program, ORNL 
Guest Scientist, Kernfonchungsanlage. Jfllich, Germany. 1979-1980 

Member, ASTM Committee F-l 
Chairman, ASTM Symposium on Lifetime in Silicon, San Diego. California. 1979 
Member, Technical Evaluation Committee, Solar Energy Research Institute 
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White 

Wignall 

Wiiknson 

Williams 
Withrow 

Wcod 

Member, Program Committee, Materials Research Society Symposium on 
Laser-Solid Interactions and Laser Processing, Boston, Massachusetts, 1978 

Co-Chairman, Matenab Research Society Symposium on Laser and Electron Beam 
Processing of Materials, Cambridge, Massachusetts, 1979 

Co-editor, Laser and Electron Beam Processing of Materials, Academic Press, 
New York, 1980 

Member, Program Committee, Materials Research Society Meeting (to be held h i98l) 
Lecturer. ORAU Traveling Lecture Program. 1978-1979 

Program Chairman and Organizer, Users* Group Workshop for National Center for 
Small-Angle Scattering Research, Oak Ridge, Tennessee, 1979 

Member, Advisory Panel for the Solid State Sciences Committee of the National 
Research Council 

Member, Executive Committee, Division of Condensed Matter Physics, American 
Physical Society 

Member, Advisory Committee. Divsion of Materials Research, National Science 
Foundation 

Member, Instrumentation Panel, Condensed Matter Sciences Advisory Sub­
committee, National Science Foundation 

Member, Committee on Quality in Research, ORNL 
Member, Executive Committee. Southeastern Section of American Physical Society 
Adjunct Professor, School of Physics. Georgia Institute of Technology. Atlanta. 

Georgia 
Member, Organizing Committee, international Conference on Magnetism (to be 

held in 1985) 
Member, Program Advisory Committee. National Synchrotron Light Source. 

Brookhaven National Laboratory 
Member. Evaluation Panel for the Center for Materials Science, National Bureau 

of Standards 
Member, International Advisory Panel, Conference on the Neutron and its Application 

(to be held in 1982) 

Guest Scientist, Kernforschungsanlage, Julich, Germany 1978-1979 

Member. Ph.D. Recruiting Committee. ORNL 
Recipient, American Vacuum Society Shop Note Award, 1978 

Chairman, Interim Steering Committee, International Conference on Defects 
in Insulating Crystals (to be held in 1981) 

Vice-Chairman, International Organizing Committee. International Conference on 
Defects in Insulating Crystals (to be held in 1981) 

Member, International Advisory Committee, Third Europhysics Topical Conference 
on Lattice Defects in Ionic Crystals, Canterbury. England, 1979 

Editor, Solid State Physics, Computer Physics Communications, North-Holland 
Publishing Company 

Technical Consultant, National Research Council Ad Hoc Committee on 
Microstructure Fabrication 

Member, Professional Education Resource Committee. ORNL 
Symposium Co-Chairman, Electrochemical Society Symposium on Annealing 

of Semiconductors (to be held in 1980) 
Lecturer. ORAU Traveling Lecture Program. 1978 1979 
Member, Program Review Panel, Solar Energy Research Institute Photovoltaic 

Program Office 
Participant. Photovoltaic* Advanced Materials Review Meeting. Vail, Colorado, 

1978 
Recipient, IR-100 Award for the Development -«f Low-Cost Laser-Diffused Solar 

Cells. 1979 
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F. W. Young, Jr. Member, Executive Committee, American Association of Crystal G.owth 
Member, Editorial Board, Topics in Crystal Growth 
Member, Editorial Board, Journal of Applied Physics 
Member, Editorial B e id, Applied Physics Letters 
Member. Review Committee, 'ntense Pulsed Neutron Source-I, Argonne National 

Laboratory 
Member, Visiting Committee, Materials Science Center, Cornell University 

K. T. Young Recipient, IR-IOO Award for the Development of Low-Cost Laser-Diffused Solar 
Cells, 1979 

D. M. Zehner Member. ASTM E-42 Committee on Surface Analysts 

R. A. Zuhr Participant, OFE/DOE Workshop on New Diagnostics Related to Impurity 
Release, Germantown, Maryland, 1979 

Participant, DOE Workshop on Hydrogen Recycling, Dublin, California, 1979 



Personnel Changt? 
New Stiff Members (Sdennjfc Staff) 

N. J. Dudney, Massachusetts Institute of Technology, Cambridge, Massachusetts 
W. R. Husinsky, Technical University of Vienna, Vienna, Austria 
J. S. Lin, transfer from Metals and Ceramics Division, ORNL 
M. L LinviU, University of California, Berkeley, California 
D. H. Lowndes, University of Oregon, Eugene, Oregon 
D. B. Poker, University of Illinois, Urbana, Illinois 
T. C. Quinby, promotion from Solid State Division technical staff 
J. R. Thompson, University of Tennessee Adjunct R&D Participant 
G. D. Wignall, Imperial Chemical Industries Europa Ltd., Everberg, Belgium 

Staff Transfers and Terminations 

B. F. Early, Research Staff Member (retirement) 
L. W. Hinton, Secretary (voluntary resignation) 
O. W. Holland, Research Staff Member (completion of temporary assignment) 
M. L. Linvill, Research Staff Member (completion of temporary assignment) 
F. A. Modine, Research Staff Member (transfer to Program Planning and Analysis. Central 

Management Offices; temporary assignment) 
J. K. Redman, Research Staff Member (retirement) 
C. A. Sampson, Jr., Laboratory Technician (voluntary resignation) 
A. F. Zulliger, Laboratory Technician (voluntary resignation) 

Guest Assignments 

A. Scientific Staff 
F. L. Aravena, Comision Chilena de Energia Nuclear, Santiago. Chile 
D. K. Arch, Iowa State University/Ames Laboratory, Ames, Iowa 
N. Fukuoka, Osaka University, Osaka, Japan 
T. Kaneda, Fuji Photo Film Company, Tokyo, Japan 
D. Khatamian, Iowa State University/Ames Laboratory, Ames. Iowa 
D. L. Kinser, Vanderbilt University, Nashville, Tennessee 
B. Lebech, Ris? National Laboratory, Roskilde, Denmark 
C.-K. Loong, Iowa State University/Ames Laboratory, Ames, low?. 
O A. Meyer, Nuclear Research Center, Karlsruhe. Germany 
M.-K. Nacke, Kernfonchungsanlage, Julicti, Germany 
Y. Noda, Sendai Radio Technical College, Sendai, Japan 
V. M. Orera, University of Zaragoza, Zaragoza, Spain 
M. Rappaz, Ecole Polytechnique Federate, Lausanne, Switzerland 
H.-B. Schweer, Kernforschungsanlag'% Julicti, Germany 
J. L. Staudenmann, Iowa State University/Ames Laboratory, Ames. Iowa 
B. W. Stritzker, Kemforschungsanlage, JCJlich, Germany 
Y. Yamada, Osaka University, Osaka, Japan 
J. L. Zaretsky, Iowa State University/ Ames Laboratory, Ames. Iowa 
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B. Graduate Students 
O. W. Holland. North Texas State Unrxrsity, Denton, Texas 
R. E. Parra, Georgia Institute of Technology, Atlanta, Georgia 
S. R. Wilson, North Texas State University, Denton, Texas 

C. Great Lakes Co!kge Association Science Program 
J. E. Gastineau, Lawrence University, Appletcn, Wisconsin 
D. N. Olson, St. Olaf College, Northfield, Minnesota 

Summer Assignments 

A. Scientific Staff 
R. L. Bullcugh, Atomic Energy Research Establishment, Harwell, England 
B. J. Higucra, Rice University, Houston, Texas 
R. D. Lowde, Atomic Energy Research Establishment, Harwell, England 
C. H. Perry, Northeastern University, Boston, Massachusetts 
H. W. Wrtcr, Atominstitut dcr Osterreichischen, Universitaten, Vienna, Austria 

B. Clerical Staff 
D. L. Cordis, Roane State Community College, Roclrwood, Tennessee 
L. M. Smalley, University of Tennessee, Knoxville, Tennessee 

C. ORAU—University Faculty 
M. D Sherrill, Clemson University 

D. ORAU—Undergraduate Research Trainees 
C. R. Allen, Jarvis Christian College, Hawkins, Texas 
R. W. Johnson, University of Southwestern Louisiana, Lafayette, Louisiana 
C. T. Parks, Jr., Stetson University, Deland, Florida 



SOLID STATE DIVISION 
PROGRAMMATIC MANPOWER DISTRIBUTION 

FY 1979 

Programs Staff Guests Total 
(person-years) (person-years) (pv.son-years) 

AK 01 02 Basic Energy Sciences 
(Materials Science) 

68.0 5.0 73.0 

AF 02 30 Fusion 
(Magnetic Fusion) 

5.0 0 5.0 

AG 30 20 Commercial Waste Management 
(Soiid Waste RftD) 

1.0 0.5 1.5 

JM 05 02 Defense Waste Management 
(Airborne Waste R&D) 

3.5 0 3.5 

Work for others 12.5 :.o 15.5 

Total 90.0 8.5 98.5 
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ORNL-5S40 
SpwWDMributlon 

INTERNAL DISTRIBUTION 

1. W.S.Aaron 
2. M. M. Abraham 
3. H. L. Adair 
4. E. D. AebBcber 
5. B. R. Appleton 
6. J. C. Ashley 
7. S. I. Auerbach 
8. J. A, Auxier 
9. J. F. Barhorst 

10. 1. M. Barker 
11. J. M.Barrett 
12. J. B. Bates 
!3. G. C. Battle 
14. L. A. Berry 
15. J. A. Blackman 
16. E. E. Bloom 
17. L. A. Boatner 
18. C. W. Boggs 
19. W. E. Brundage 
20. R. L. Burrcll 
21. W E. Busby 
22. W. H. Butler 
23. B. K.. Byrum 
24. J. W. Cable 
25. K. B. Campbell 
26. B. A. Caylor 
27. Y. K. Chang 
28. Y. Chen 
29. H. R Child 
30. D. K. Christen 
31. G. W. Clark 
32. J. W. Cleland 
33. R. R. Coltman. Jr. 
34. J. F. Cooke 
35. B. J. Copeland 
36. K. E. Cowser 
37. J. A. Cox 
38. C. A. Culpepper 
39. J. M. Dailey 
40. L. S. Darken 
41. S. Datz 
42. H. L. Davis 
43. N. J. Dudney 
44. S. L. Evans 
45. H. L. Engstrom 
46. T. C. Estes 
47. D. E. Ferguson 
48. P. H. Fleming 

49. J. Fletcher 
50. W. E. Fulkerson 
51. M. A. Gillespie 
52. P. H. Green 
53. W. R. Grimes 
54. W. B. Grisham 
55. G. R. Gruzablci 
56. H. E. Harmon 
57. V. G. Hendrix 
58. R. F. Hibls 
59. H. N. Hill 
60. S. E. Himcs 
61. O. W. Holland 
62. C. C. Hopkins 
63. J. A. Horton 
64. W. R. Husinsky 
65. D. W. Jared 
66. G. E. Jettison. Jr. 
67. L. H. Jcikins 
68. T. Kaplan 
69. P. R. Kasten 
70. S. V. Kaye 
71. A. M. Keesee 
72. O. L. Keller 
73. H. R. Kerchner 
74. S. P. King 
75. C. E. Klabunde 
76. E. H. Kobisk 
77. F. A. Kocur 
78. W. C. Koehler 
79. P. R. Kuehn 
80. B. C. Larson 
81. J.S.Lin 
82. R. S. Livingston 
P>. A L. Lotto 
84. J. M. Lovegrove 
85. D. H. Lowndes 
86. J. T. Luck 
87. B. K. Lyon 
88. F. C. Maienschein 
89. L. K. Mansur 
90. C. J. McHargue 
91. L. E. McNeese 
92. C. D. Moak 
93. F. A. Modine 
94. H. A. Mook 
95. R. M. Moon 
96. J. L. Moore 
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97. O. B. Morgan, Jr. 
98. M. E. Mostoller 
99. J. Narayan 

100. R. M. Nkklow 
101. T. S. Noggk 
102. J. R. Noonan 
103. F. E. Obensbain, Jr. 
104. O. S. Oen 
105. S. M. Ohr 
106. G. W. Oliphant 
107. G. W. Ownby 
108. M. Petek 
109. J. J. Pinajian 
110. D. B. Poker 
HI. H. Postma 
112. T.CQuinby 
113. D.W. Ramey 
114. J. O. Ramcy 
I IS. M. E. Ramsey 
116. M. Rappaz 
117. M. Rasolt 
118. C. R. Richmond 
119. J. B. Roberto 
120. M. T. Robinson 
121. M. W. Rosenthal 
122. O. E. Schow III 
123. S. T. Sekula 
124. J. L. Sellers 
125. J. A. Setaro 
126. W. D. Shults 
127. M. J. Skinner 
128. G. P. Smith 
129. H. G. Smith 
130. E. Sonder 

EXTERNAL DISTRIBUTION 

239. Dr. S. Amelinckx, S C K / C L H240D, Mol, Belgium 
240. Dr. M. Antonini, Physics Divu Building44, Joint Research Centre. EURATOM, 21020 

Ispra (Varese), Italy 
241. Dr. R. T. Arnold, Department of Physics, University of Mississippi, University, MS 38677 
242. Dr. K. J. Bachmann, Bell Laboratories, 600 Mountain Avenue. Murray Hill, NJ 07974 
243. Dr. T. Baldwin, Department of Physics, Southern Illinois University, Edwardsville, IL62026 
244. Dr. R. W. Baltuffi, Department of Materials Science and Engineering, Massachusetts 

Institute of Technology, 77 Massachusetts Avenue, Cambridge, MA 02139 
245. Dr. G. W. Bead, Radian Corporation, 8500 Shoal Creek Boulevard, Austin, TX 78766 
246. Dr. H. Behrens, Zentralstelle (Or Atomkemergie-Dokumentation, 7514 Eggnestein-

Leopoldshafen, Kemforschungszentrum, Germany 
247. Dr. Rainer Behrisch, Max-Planck-Institut Mr Plasmaphysik, 8046 Garching/Munchen, 

Germany 
248. Bibliotheque, Institute Max von Laue-Paul Langevin, I56X Centre deTri, 38042 Grenoble, 

Cedex, France 
249. Dr. D. S. Billington, 35 Outer Drive, Oak Ridge, TN 37830 

131. P. H. Stetson 
132. J. O. Stiegler 
133. R. D. Taylor 
134. D. K. Thomas 
135. J. R. Thompson 
136. D. B. Trauger 
137. L. S. Tyler 
138. M. V. It. Ufehh 
<39. N Wskabayashi 
140. G.-C. Wang 
141. J. C. Wang 
142. R. A. Weeks 
143. J. R. Weir 
144. J. F. Wcnddken 
145. R. D. Westbrook 
146. C. W. White 
147. G. D. Wignall 

148-222. M. K. Wilkinson 
223. J. M. Williams 
224. S. P. Withrow 
225. R. F. Wood 
226. F. W. Young, Jr. 
227. R. T. Young 
228. D. M. Zehner 
229. L. A. Zevenbergen 
230. A. Zuckcr 
231. R. A.Zuhr 
232. Biology Library 

233-234. Central Research Library 
235. ORNL-Y-12 Technical Library 

Document Reference Section 
236-237. Laboratory Records Department 

238. laboratory Records, ORNL R.C. 
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250. Dr. T. H. Bfewht, Materials Science Division, Argonne National Lab- -cory, 9700 South 
Cass Avenue. Argonne, IL 60439 

251. Dr. J. L. BoMu. Instituto de Fisica. Universidad Nacional Autonoma de Mexico. Apartado 
Postal 20-364. Mexico 20. D.F. 

252. Dr. William F. Brinkman, Bell Laboratories, 600 Mountain Avenue, Murray HilL NJ 07974 
253. Dr. F. Brown, Solid State Science Branch, Chemistry and Materials Division, Chalk River 

Nuclear Laboratories, Chalk River, Ontario, Canada 
254. Dr. F. C. Brown, Department of Physics, University of Illinois, Urbana, IL 61801 
255. Dr. Walter Brown, Room IE452, Bell Laboratories, 600 Mountain Avenue, Murray Hill, NJ 

07974 
256. Dr. John Burnett, Division of Chemical Sciences, Office o» Bask Energy Sciences, Office of 

Energy Research, U.S. Department of Energy, Washington, DC 20545 
257. Dr. W. J. L. Buyers, Atomic Energy of Canada, Ltd., Chalk River, Ontario, Canada 
258. Dr. N. Cabrera, Departmento de Fisica Fundamental. Facultad de Ciencias. Untversidad 

Aut6noma de Madrid, Canto Blanco. Madrid. Spain 
259. Prof. Giuseppe CagUotti, Instituto di Ingegneria Nuclear, Centro Studi NucJeari Enrico 

Fcrmt-CESNEF, Via Ponzio 34/3,20133, MOano, Italy 
260. Dr. R. L. Chapon, Department of Physics, Clemson University, Oemson, SC 29631 
261. Dr. L. L. Chase, Physics Department, 112 Swain Hall-West, Indiana University, 

Bloomington, IN 47401 
262. Dr. Andre Chatelain, Lab. Phys. Exp., Federal Institute of Technology, 33 A v. Cour, 1007 

Lausanne, Switzerland 
263. Dr. Mut Fart Chung, Physics Department, University of Singapore, Bukit Timah Road, 

Singapore 10 
264. Dr. C. B. Clark, Department of Physics, University of North Carolina, Greensboro NC 

27412 
265. Dr. G. J. Clark, Mineral Physics Division, Commonwealth Scientific and Industrial Researt 'i 

Organization, P.O. Box 136, North Ryde, N.S.W. 2113, Australia 
266. Dr. W. Dale Compton, Vice-President Research, Ford Motor Company, P.O. Box 1603, 

Dearborn, MI 48121 
267. Dr. J. H. Crawford, Jr., Department of Physics and Astronomy, University of North 

Carolina, Chapel Hill, NC 27514 
268. Dr. W. L. Crummett, Department of Physics, Montana State University, Bozeman, MT 

59715 
269. Dr. J. C. Crump III, ^ 6 Essex Road, Richmond, VA 23228 
270. Mr. Floyd L. Culler, J r., Electric Power Research Institute. 3412 Hill view Avenue, Palo Alto, 

CA 94303 
271. Dr. G. Czjztk, Kemforschungszentrum Karlsruhe, Institut fiir Angewandte Kernphysik, 

Pustfach 3640, D-7500 Karlsruhe. Germany 
272. Dr. Lubomir David, Director, Centre de Fisica, Instituto Venezolano de Investigaciones 

Cientifkas-Apartado 1827, Caracas 101, Venezuela 
273. Prof. Dr. P. H, Dederkhs, Institut far Festkorperfdrschung der Kernfcrschungsanlage J Alien 

GmbH, 5170 Julich, Postfach 1913, Germany 
274. Dr. J. Dkhl, Max-Planck-Institut fur Metallforschung, Institut fur Werkstoffwisscnschaften, 

D-7000 Stuttgart I, Sestrasse 92BRD, Germany 
275. Dr. J. Dienes, Department of Physics, Brookhaven National Laboratory, Upton, L.I.. NY 

11973 
276. Prof. H.-D. Dietze, Institut frfrTheoretischr Physik C, RWTH Aachen,51 Aachen,Germany 
277. Dr. G. Dolling, Atomic Energy of Canada, Ltd., Chalk River, Ontario, Canada 
278. Dr. D. G. Doran, Hanford Engineering Development Laboratory, P.O. Box 1970, Richland, 

WA 99352 
279. Dr. B. Dreyfus, Chef du DRF-G, Centre d"Etude* Nucleases de Grenoble, 85X, 38041 

Grenoble, Cedex, France 
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280. Dr. Norman Edebtein. Building 70-A. Room 1149.1 awience BerUky Laboratory. Berkeley. 
CA 94720 

:M. Dr. H. Ebrenrckh, Division of Engineering and Applied Physics, Harvard University. 
Cambridge, MA 02138 

282. Dr. P. Ehrbart, Instiut f ir Festkorperfdrscfaung der Kenrfbrscbungsarlagc JObch GmbH. 
5170 Jfihch, Postfach 1913, Germany 

283. Prof. T. L. Estle, Physics Department. Rice University, Houston. TX 77001 
284. Prof. H. Y. Fan, Departmeiit of Physics, Purdue University, West Lafayette, IN 47507 
285. Prof. Dr. W. Frank. Max-Pknck-lnstitut fSr MctauToischong, Imtfcut « r Physft. 7 

Stuttgart 80. Bnsnacer Strasse 171. Germany 
286. Prof. Arthur Freeman, Physics Department, Northwestern University, Evanston, IL 60201 
287. Dr. J. Friedd, Physique dcs Solides, Univcrsne Paris Sod. 91405 Orsay. France 
288. Dr. A. T. FromhoU, Department of Physics, Auburn University, Auburn, AL 36830 
289. Dr. C. Peter F.yni^ Director, Materiak Research I^tKHatorv, Un^ 

Champaign, IL 61801 
290. Dr. N. Fukuoka, Department of Physics, Colege of General Eu«caiiim, Osaka University, 

Toyonaka, Osaka 560, Japan 
291. Dr. B. N. Ganjury. Systems Analysis Area/ W-147, Xerox Corporation, Webster, NY 14580 
292. Dr. G. F. Garlt±. 267 S. Benoh Avenue, Los Angeles, CA 90049 
293. Dr. W. B. Gawter, Physical Research Division 8347, Sandia Laboratories. Lrvermore, CA 

94550 
294. Dr. H. A. Gersch, School of Physics, Georgia Institute of Technology. Atlanta, GA 30332 
295. Dr. A.-M. de Goer, Centre d'Etudcs Nucleases de Grenoble, Service des Basses 

Temperatures, 85X, 38041 Grenoble, Cedex, France 
296. Dr. A. N. Goland. Physics Department, 510-B, Brookhaven National Laboratory, Upton. 

L.I.. NY 11973 
297. Dr. M. Guinan, Lawrence Livermore Laboratory, P.O. Box 808, Lrvermore, CA 94550 
298. Dr. B. Henderson. Department of Pure and Applied Physics, Physical Laboratory, Trinity 

College. Dublin 2, Ireland 
299. Dr. T. J. Hicks, Department of Physics. Monash University. Clayton, Victoria, Australia 

3168 
300. Dr. J. W. Hodby. University of Oxford, Clarendon Laboratory. Oxford OX13PU. England 
301. Dr. David K, Holmes. Physics Discipline. College of Ails, Sciences, and Letters, Univenity of 

Michigan, 4901 Evergreen Road, Dearborn, MI 4! 228 
307. Dr. H. H. Hopkins, Jr.. Rockwell International, Atomics International Division, Rockwell-

Hanford Operations, P.O. Box 800, Richland WA 99352 
303. Dr. J. C. G. Houmann. Ris* National Laboratory. DK4000. Roskilde, Denmark 
304. Dr. Marc Hou, Physique des Surfaces, Facuhe des Sciences, Univershe Libre de Bruxelles. 

Campus de la Plainr (C.P. 234), Boulevard de Triomphe, B-1050 Bruxelles. Belgium 
305. Mr. J. T. Howe, 106 Columbia Drive. Oak Ridge. TN 37830 
306. Dr. A. E. Hughes. Materials Development Division B552, Atomic Energy Research 

Establishment, Harwell, Didcoi, Oxon. OX 11 OR A. England 
307. Dr. Tadao Iwata. Division of Physics, Japan Atomic Energy Research Institute, Tokai-mura, 

fbaraki-Ken 319-11, Japan 
308. Dr. P. K. Iyengar, Di. zctot. Physics and Metallurgy Groups, Bhabha Atomic Research 

Centre, Trombay, Bombay 400 085. India 
309. Dr. W. A. Kamitakahara. Department of Physics, Iowa State University, Ames, IA 50010 
3i0. Dr. D. W. Kammer, Department of Physics, Albion College, Albion, MI 49224 
311. Dr. J. S. Kane, Associate Director for Basic Energy Sciences, Office of Energy Research, U.S. 

Department of Energy, Washington. DC 20545 
312. Dr. T. Kanela, Research Laboratories Tokyo, Fuji Photo Film Company, Ltd., Asakashi, 

Saitamaken, 351 Japan 
313. Dr. Fred Keller, Department of Physics, CleTiton University, Clemson, SC 29631 
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314. Dr. R. H. Kcmonan, IOL, Euclid Place, Oak Rtfge. TN 3783C 
315. Dr. Q. H Khan, N.P.D., PINSTECH, P.O NOore. Rawalpindi. Pakistan 
316. Dr. D. L Kinser, Department of Materials Science. Vanderbth University, Nashville. TN 

37235 
317. Dr. J. S. Koehbr, Physics Department, University of Illinois, Urbana, I t 61801 
318. Dr. Eckhard K rftzjg. Physics Department, University of Osnabruck, 45 Osnabruck. Postfach 

4469, Germany 
319. Dr. R. Kropscbot, Deputy Director, Office of Basic Energy Sciences, Office of Energy 

Research, VS. Department of Energy, Washington, DC 20545 
320. Dr. Ad Lagendijk, Universitaire lnstetling Antwerpen, Deparunent Natuurkunde. 

Univershcrtspfcin 1,2610 WOrqk, Belgium 
321. Dr. C. Lehmann, Institut fur Festkorperffirschung der Kernforschungssnlage Julich GmbH. 

5170 Jfllich, Postl'ach 1913. Germany 
322. Dr. H. P. Leightv, Department of Metallurgical and Nuckar Engineering, University of 

Missoari-RoOa, RoDa, MO 65401 
323. Dr. F. Li Aravena, Comiskm Chikna de Energia Nuclear, Los Jesuitas 645, Casilla I88D. 

Santiago. ChJe 
324. Librrjian, Building 465, Atomic Energy Research Establishment, Harwell. Didcot, Oxon., 

OXII OR A, England 
325. The Librarian, Department of Physics, University of Islamabad, P.O. Box 1090, Islamabad. 

Pakistan 
326. Dr. A. B. Lidiard, Theoretical Physics Division, Building 8.9, Atomic Energy Research 

Establishment, Harwell, Didcot. Oxon., OXII OR A. England 
327. Dr. W. M. Lomcr, Research Director (Environment. Atomic Energy Research 

Establishment. Harwell, Didcot. Oxon.. OXII OR A. Engla id 
328. Dr. Stephen Lovesey. Rutherford Laboratory, Chilton. Didcot, Oxon.. OX 11OQX, England 
329. Prof. Dr. H.-O. Lute, Fakultat far Physik, University Bielefeld. P.O. Box 8640, D-4800 

Bielefeld I, Gc-many 
330. Dr. J. W. Lynn, Department of Physics, University of Maryland. College Park, MD 20742 
331. Dr. R. W. Major, Department of Physics, University of Richmond, Richmond, VA 23173 
332. Dr. W. C. Mallard. Physics Department. Georgia State University. Atlanta, GA 30303 
333. Dr. R. Medina, Centra de Fisica, Institute Venezolano dc Investigaciones Cientificas. 

Apartado 1827, Caracas 10), Venezuela 
334. Dr. A. Mcriini, Physics Division, C.C.R. ELtlATOM. 21020 lspra (Varese), Italy 
335. Dr. J. W, Mitchell, Department of Physics, University of Virginia, Charlottesville. V A 22901 
336. Dr. E. Munoz P, Instituto de Fisica, Universidad N'acional Autonoma de Mexico. Apartado 

Postal 20-364. Mexico 20, D. F. 
337. Dr. R. B. Murray, Physics Department, University of Delaware. Newark, DE 19711 
338. Dr. Taki Negas, Solid State Chemistry, Ceramic, Glass, and Solid State Science Division. 

Building 223, Room B-220, National Bureau of Standards. Washington, DC 20234 
339. Dr. L. H. Nosanow, Head, Condensed Matter Materials Section. Division of Materials 

Research, National Science Foundation. Washington, DC 20550 
340. Dr. A, S. Nowick. Columbia University. 1146 S. W. Mudd Building. New York, NY 10027 
341. Oak Ridge Associated Universities, MERT Division Library. P.O. Box 117, Oak Ridge. TN 

37830 
342. Office of Assistant Manager for Enerjy Research and Development, U.S. Department of 

Energy, C »k Ridge Operations Off.*, Oak Ridge. TN 37830 
343. Dr. D. N. Olson. Department of Physics. St. Otof College. Northfield. MN 55057 
344. Dr. V. M. Orera, Departamento de Fisica Fundamental, Facultad de Ciencias, Universidad 

de Zaragoza, Za-agoza-6, Spain 
345. Dr. A. W. Overhauser, Department of Physics. Purdue University. West Ufayette. IN 47907 
346. Dr. Arthur P*pe, Centre de Recherche* Nucleaire. 67037 Strasbourg Crdex, France 
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347. Dr. Robert L. Park, Direcwr.Centerof Materials Research, UniversityofMaryland, Colegc 
Park. MD 20742 

348. Dr. R. E. Parra, Centro de Fkka, Imtitnto Veaaobao de Invyitjgarione* Ckntifkas 
Apartado 1827, Caracas 101, Venezuela 

349. Dr. Hans Pad, Sektkm Physft, Univmittt Moacnea, Geschwister-Sdiol-PlMz 1,8000 
Mnnchen, 22/Germany 

350- Physks/Opucs/Astronomy Library, 374 Baasch and Loaib Balding, University of 
Rochester, Rochester, NY 14677 

351. Dr. Elliott Pierce, Director, Division of CbeoiicalSrieiMxs,Offke of Bask Energy Sciences, 
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