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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 Ma'erials Information Center for
the Division in 1962, and he served as its Dizector for 18 years. Through his leadership
and personal efforts, the Center provided many services for Oak Ridge National
Labomatory and the entire scientific community. His skills and his close association
with Division members are greatly missed.
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Introduction

_The reporting period covered by this progress report of the Solid State Division
includes the 17 months from October 1, 1978, through February 29, 1980. This pcriod
has seen a completion of the major transition in research emphasis that was initiated
about five years ago, when thc Atomic Encrgy Commission was replaced by the Encrgy
Research and Development Administration (ERDA), and then was comtinued with the
formation of the Department of Energy (DOE). The broad missions of ERDA and
DOE in the devclopment of new encrgy systems have required a very wide range of
research investigations in the materials sciences; every advanced erergy technoiogy is
faced with severe materials problems, and the solutions to those problems will depend
strongly on irformation obtained through scientific research. During this five-year
period, the: Solid State Division has entered many new rescarch areas, and over half of
the Divisions current programs are closely related to the nonnuclear cnergy
technologics. 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.
Tre transition has been accomplished smoothly, and the new programs are providing
many interesting and productive investigations. .

A major new change that is currently taking place in research activities of the Solid
State 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 established 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 States-Japan Cooperative Program on
Neutron Scattering. This program would involve the construction of one or two new
instruments at the HFIR, which would be fundcd by the government:.§ Japanin retu.n
for modest use of all HFIR neutron scattering facilities by Jaj1nese scientists. Plans
are also in progress to start a more formal users’ program to make the neutron
scattering facilities more accessible to university and industrial scientists within the
United States. 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 i:avolve the neutron scattering facilities, the Solid State Division also has
other unique facilities, such as accelerators for ion implantation, channeling, and
scattering, which are used informally by many scientists outside of ORNL. It is highly
probable that inore formal users’ programs will be developed for these facilities inthe
future; such programs undoubtedly will strengthen interactions between members of
the Solid State Division and a large number of scientists from other organizations.




The arrangement of this progress report has been chosen 10 emphasize the major
areas of solid state science in which the Solid State Divisior conducted research during
the reporting period. The arcas are Theoretical Solid State Physics, Surface and Near-
Surface Properties of Solids, Defects in Solids, Transport Progerties of Solids,
Neutron Scattering, Crystal Growth and Characterization, and Isxope Research
Materials. Each constitutes a major section of the report, and additional subdivisions
arc included within the sections. A short introduction precedes each of the seven
sections to indicate the scope and goals of the research and to give a few highlights of
recent investigations. These introductions reflect many of the changes that have
occurred in progranis 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 Division contribute to various programs of ORNL
and DOE.

There are very close interactions among various programs ok the Division, so that
many rescarch summaries could have been placed very |igically in two or more
subsections. A particularly good example is the ncutron scaticring research on
superconiucting flux-fine lattices; although these summaries are included in the
subsectio 1 on superconductivity, they would have fit equally well under small-angle
ncutron scattering. The Divisior continues to have a major effort in the ion
implantation and laser anncaling of semiconductcrs, with particular emphasis on the
development of better photovoltaic materials for solar energy conversion. Because the
characterization and understanding of unique materials produced by these techniques
have required the skilts and experimental facilities of many Division members, the
resulting research summaries could have been placed in several subsections. Moreover,
there is a very close coupling of almost all of the experimental programs with ongoing
theoretical rescarch and with programs concerned with materials preparation and
characterization. Consequently, 2 number of the research summaries have been placed
somewhat arbitrarily in one of the appropriate subsections; it is hoped that the
arrangement of the repori minimizes difficultics for the reader in finding those
summaries of interest.
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I. Theoretical Solid State Physics

L

The scsearch activitier of the Theory Section cover a wide vane v of disciplines
and interests. This diversity results, to a certain extent, from cloze col aboration with
the various experimental pregrams in the Division. This collaboration has led to state-
of-the-art investigations, with relevant extensions. of cxisting theories as well as the
development of new concepts, theories, and procedures that are applicable to both
current and fature experimental programs. Tae development of efficient numerical
procertures for obtaining realistic predictions from the complex theories of condensed
matter and surfaces has led to impurtant results that have beer: presented in invited
papers at recent international scientific meetings and to considerable collaborative
work with scientists from the United States and Europe. Examples of the use of some
of these technigues are given below. For purposes of clz rity, 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 mad= in the area of surface structure analysis as the
result of close cooperation between theoretical and experimental programs within the
Division. For a number of years there has been disagreement concerning the accuracy
of the surface s:ructures that result from LEED analyses. A detailed analysis of
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E Cu(100) and Agi110) has revealed that LEED structural analysis for clean metallic
4 surfaces can be sensitive 1o changes of the order of 2 pm in atomic arrangements,
v provided care is exercised both ia data collection and in the corresponding dynamical

calculations. Prior to this investigation it was generally thought that J.EED waa
. sensitive to changes in the range of § to 10 pm. An improved description of inelastic
- processes in clectron 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

i (332) surface of Pt have been carried out and compared with inelastic electron loss
Fﬁ measurements. It has been shown that vibrational modes with frequencies above the
E maximum in the bulk can occur provided the largest force constants in a rotationally
G invarant first- and second-neighbor bond-angle model are increased by ~ 30 t0 409 at
': the st :ps. With this adjustment the mode! calculations give excellent agreement with
3 expeiiment.

? Fir-principles ca'culations of the phonon spectra in transition metal

superconductors have been continued. The results for Mo predict the anomalcus
minimum observed by neutron scattering experiments in th, ~coustic 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




features of the band structurc near the Formi surface (: ~out 0.5 V). Significant
progress has also been made on the difficuit problem o1 calculating the dynamical
properties of :andom alloys. A new and completely geicral self-consistent theory for
clementary excitations in random alloys bas been developed. Approximate solutions
using this theory have been shown to produce Gree:'s functions, which are always
analytc and have the proper translationsl symmetry 2 addition, this theory has been
shown to give better numerical agreement with exa:i results for model systems than
The recent obscrvation of enhanced ion backscattering yiclds from disordered.
amorphous, and polycrystalline targetc has stizwiated comsiderable theoretical
interest in the general area of particle-solid inieractions. This effect occurs inthe near-
susface region for angles very near 180° and has heen shown to be 2 manifestation of
the reversibility of ion trajectories in solids. It has also been Jound that this enhanced
backscattering might occur under channelicg crnditions in single crystals. Another
important area of research in particle-solid irteractions is the study of dumage
produced by particles with high recoil enerigks characteiistic of fusion neutron
environments. To investigate fusion newtron Jamage production, models rmust be
developed that are not only applicable at reluiively high primacy recoil energacs but
also at lov recoil energies, which are characteristic of the 100tion of most of the
particles in a displacement cascade. The binary collision approximation code
MARLOWE has oeen used 1o study this problem. Results for Cu indicate that for a
static lattice, the lengths of the (110} lincar collision sequences are reprodeced fairly
accurately, whilc those along (100) and {111) are overestimated. Anomalies found
in the mean number of distant Frenkel pairs calculated as 2 function of primary recoil
energy have been attributed 1o the dynamics of (111) lincar collision sequences. it has
also been established that thermal energy plays a significant role in the development of
displacement cascades in energy ranges below ~1 keV.

The Laboratory has continued t0 maintain an intense interest in the exploration '

of laser processing of semiconductor materials. Theoretical research to date is based on
the concep: that tihe near-surface region of a sample may melt and then regrow
epitaxially as a consejuence of irradiation with intensc pulses of G-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 obtzined 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 noneguiiibrium
interface segregation coefficients. A phenomenological model based on the kinetic
theory of melting hus 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 ma.iner. Because the theovetical 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 ultrarapid 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




ferromagnets. Calculations of the inclastic neutron scattering cross section for Nihave
revealed that ai iemperatures up to one-half of the Curie temperature essentialty all of
the spin-wzve energy renormalization is du= to th= smearing out of the Fermi surface
and not to spin-wave-spin-wave interactions. The results also indicate that the
temperature dependence of spin-splitting of the ferromagx tic ene rgy bands obtained
from angular resolveG photoecmission experiments is not consistent with the spin-wave
energy renormalization determined from the neutron scattering experiments.

SURFACES

HIGH-SENSITIVITY LEED ANALYSIS
OF THE Cu(100) SURFACE
H. L. Davic J. R. Noonan

Since disagreement exists concerning the accuracy
of the surface structures that result from LEED
analyses, an invertigation of Cu(100) was initiated
to address general questions on the accuracy and
sensitivity of LEED for the determination of surface
crystallography. This investigation has 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 d:'a. Some of the results obtained from the
experimental ccnsiderations are given elsewhere,'
and the theoretical and calculational aspects are
described here.

The data used in the theoretical analysis we:se
collected at normal incidence for each of the
individual beams in the symmetrically equivalent
{10}, {11), {20}. and {21} sets. To eliminate some errors
in the raw data,’ the data for the individual beams
were then averaged over ecach symmetrical set to
obtain four experimental I-V profiles that serve to
represent the (10), (11), (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 over reasonable limits. The only
structural parameter varied in our calculations was
the first interlayer spacing d;;, which was allowed
to deviate —6 to +6% from its truncated bulk value.
The experimental and calculated I-V profiles were
compared by the use of three distinct reliatlity
factors (R factors). These were Rz, as defined by
Zanazzi and Jona;’ R;, which is 3 measure of the
mean square difference betweel. the experimental
and calculated profiles;’ and Rs, which indicates the

mean square difference between the slopes of the
profiles.’

The above procedures have led to the striking
agreement between experimental and calculated
profiles shown in Fig_ 1.1. The calculated profiles are
based on a truncated-free-atom poteatial with full
Slater exchange, a surface Debye temperature of
330K (bulk value = 343 K), a value of 12.]1 eV for the
real component of the inner potemiial, and 0.85E"°
¢V for the imaginary component of the inner poten-
tial. The calkculations were also for a deviation in the
first interlayer spacing Ad); of —0.65% from the bulk
value, which implies that the first atomic layer of the
Cu(100) surface is slightly contracted toward the
second layer. The four-beam R value for the
comparison between experimentzl and calculated
profiles of Fig 1.1 is 0.046, whivu is the smallest
multibecam R, value ever obtained in any LEED
analysis. R, 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 Ad,: 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 cakulations in which Adi: and the real
component of the inner potential V., were varied. The
other paraincters were fixed at the same values used
jor the data shown in Fig. 1.1. ltshould be noted from
Fig. 1.2 that the three distinct R factors have thair
respective mituma at values of Adi: in the range
—-0.9 10 —0.5%, which is one indication of the sensi-
tivity of the LEED analysis in establishing the value
of Ad): for the clean Cu(100) surface. Another, and
perhaps more imporntant, indication of the sensitivity
to the structural parameter Ad; is the change inits
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, Rz.

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 regiocn Debye temperature
vzriation 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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Fig. 1.2. Comtour plots of thewe KX suctors for the cleas Cu(100)
surface.

magnitude of the R factors and the values of Ad;; and
¥ giving the minima. For example, the minima of
Rz; varied in the range 0.044 to 0.095, with the
minima for Ad,: always occurring in the range
—1.6 100.9%. However, for those sets with minima of
Rz; < 0.055, the minima for Ady; occurred in the
range —1.010 0.5%. For this (and other) reason(s), we
belicve the analysis has established that Ady: =—0.3%
0.8% for the clean Cu(100) surface.

A variation of 0.8% in d;; for Cu(100) is equal
to 1.44 pm. Therefore, the analysis for this surface has
a sensitivity in the crystallography of approximately
2 pm. Thus, we infer that LEED structural analyses
for ciean 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 ca’zulations. Prios to
our investigation of the Cu(100) surface, it was
generally thought that LEED was sensitive only to
changes in the range of § to 10 pm.

. J.R.Noonanand H. L. Davis, “Effects of Data Averaging on
LEED Analyses: A Case Stody of the Cu(100) Surface.” ths
report.

2 E. Zanani and F. Jona, Swrf. Sci. 62, 61 (1977).

3. M. A_Van Hove.S. Y. Tong. and M. H. Ekconin, Surf. Sci.
o4, 85 (1977).

STRUCTURE OF THE CLEAN
Re(1010) SURFACE'

H. L. Davis D. M. Zehner

LEED has been shov n to be a valuable tool for
the 1nvestigation of surface crysiallography. 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 expgansion
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 bee and fec
crystals, and the limited work done on hcp metals has
dealt only with tne (0001) surface, where contractions
of, at most, 5% have been found. Thus, it is interest-
ing that the fizst attempt at a LEED analysis for the
(1010) surface of an hcp 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.’ The predominant structure in
the (01) profile exists below 40 eV, while structure
exists in the (10) and (11) profiles up to the cutoff




energy of 200 :V. To avoid complications in the
choices of some nonstructural parameters, it was
decided to analyze only the data in the 50- to 200-eV
encrgy range. Thus, the data base for the analysis
consisted only of the (10) and (11) profiles.

As indicated by Fig. 1.3, the hcp structure could
terminate in two different “ideal”™ (1010) surfaces. By
ideal we mean a perfectly planar surface with no
steps. Of course, an actual “clean™ surface from which
data are collected could consist of either termination
ot some mixture of individual domains of both. Cnly
a full theoretical LEED analysis of the experimental
1-V profiles could determine which, or what com-
bination, of the two terminations exists on the clcan
Re(1010) surface. As outlined below, the results of
our analysis indicate that the Re(1010) surface,
within the limits of the analysis, is composed totally
of domains of the termination designated “A."
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Dynamical LEED calkulations were performed
using both of the terminations illustrated in Fig. 1.3.
Since some of .he interlayer distances of either
termination ase quite short (1.5 a.u. = 80 pm), it was
found convenient to treat both the intra- and inter-
layer m ‘ltiple scattering by use of the angular
momentu.s 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

o AP

approximation using full Slater exchange. The
imaginary component of the inner potential was SeV,
and the real comoonent was varied to obtain the best
correspondence with the Aata. This varation
produced a value of 14 cV.

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;: and the second and third layers d»
are specified in a.u. For the truncated bull crystal
(no interlayer relaxaticn), these have values of dy;
(termination A) = &k (termination B) = 1.51 and d»
{termination A) = d;; (termination B) = 3.01. Also
indicated on Fig 1.4 are single-beam reliability
factors R (as defined by Zanazzi and Jona’) which
resulted when the calculated profiles were compared
with the data.

An examination of Fig. 1.4 indicates that the
Re(1010) surface is composed mainly of termina-
tion A, since all the R values for termination B are
rather large compared to the minimum R for termi-
nation A. Decreases inthe R values fortermination B
could only be achieved by increasing the value of d;:
very significantly beyond the truncated bulk value. It
is noted from Fig 1.4 that the minimum R for
termination A occurs when di: isabout 1.25a.u. Itis
important that a minimum R occurs in the analysis of
the (11) profile for termination A when d: also is
equal to about .25 a.u., siace 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 d; value of 1.25 a.u. for termination A
means a 17% contraction in the interlayer spacing,
this rzpresents only a 1.35; decrease in bond length
between nearest neighbors.

This is the first LEED analysis of a (1010) surface
of an hcp metal. Although we have employed a data
base consisting of only two I-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(1070) will motivate future work on this surface
and also on the (10T0) 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 (1010) surfaces of hcp metals.

1. Summary of paper. Journal of Vacuum Science and Tech-
nology (in press).

2. D. M. Zehner and H. E. Farnswonth, Swf. Sri. 30, 335
(1972),

3. E. Zanarzi and F. Jona, Swrf 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 devefopment of extensive computer
codes to perform the necessary multiple scattering
calculations. These codes have been thoroughly
checked for accuracy and then used to analyze data
collected at ORNL. 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 hcp metals, it was
decided to use vhe codes to analyze some existing
data' for the (0001) and (1010) surfaces of Re. The
investigation of the (000!) surface is summarized
here, and the (1010) work is described elsewhere.’

The data base for this investigation consisted of
experimental |-V profiles for the (01), (11), and (02)
diffraction beams with an energy cutoff of 200 eV.’

To determine the crystallography of the Re(0001)
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-frec-atom potential
with full Slater exchange, 5 ¢V for the imaginary
component of the inner potential, 14 ¢V for the real
component of the inner potential, and a Debye
temperature of 350 K.

As has been discuss ; by others,’ 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 tenninations are a con-
sequence of the ... ABABAB ... stacking along
the ¢ axis (i.c., the crystal could terminate with eithzr
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(0001) exhibited a sixfold ;ymmetry. This
implies that the experimentally inves:igated Re(0001)
surface was probably composed of egual mixtures of
domains of the individual tcrminations. A verifica-
tion of this composition is provided by Fig_ 1.5, where
the experimental (01) profiic is plov"=d and compared
with calculations for the (wo possible terminations
and their simple average. The calculated results were
obtained from a inod~l in which the first interlaver
spacing of both terminatioas had a 6% contraction
from the bulk value. (Results below verify that this is
a reasonable choice.) Figure 1.5 clearly demonstrates
that terminations A and B produce differemt I-V
profiles and that reasonable agreement with experi-
ment is obtained by the average of the profiles for
Aand B.
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In order to determine any possible variation in the
value of the first interlayer spacing Ad:: {rom the
brtk value, calculations were performed in which this
structural parameter was vanied. Figure 1.6 compares
the results of such caiculations for the (01) beam with
the experimental profile. The calculated profiles are
the average of those for the two terminations, and
both terminations assumed the same valae of Ad.
Also given with each calculated profile of Fig 1.6 are
values of the single-beam reliability factor R defined
by Zanazzi and Jona.' These R values serve to
compare numerically the cakulated and experi-
mental profiles, with the smallest R giving the best
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agreement. The R values obtained hcre have a
minimum for \d; = —5%.

The experimental profiles for the (I1) and (02)
b.ams have al:o been analyzed, and the results are
consitent with those for the (01) beain. Therefore, we
have concluded that the Re.201) surface is com-
posed of equal mixture: ~f dnains of the two
terminations, where both domaii's have about a 5 +
29% contraction in their first interlayer spacing. The
domains are probably ccanected by monatomic
steps. 1 adcition, the calculations would be expected
to produce reasorzile agreement with the experi-
mental profiles only if the domain d.mensions for
both terminations were larger than the coherence
length ol the incident electrons. Therefore, our results
for Re(0001) imply that the domain dimensions were
at least of the order of 20 nm.

. Zehner, Ph.D. thesis. Brown University, June 1972
. Davis and D. M. Zehner, “Structure of the Clean
Surface.” this report.

. Shih et al., J. Phys. C$, 1405 (1976).

Zanazzi and F. Jona, Surf. Sci. 62, 61 (1977).
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HIGH-FREQUENCY VIBRATIONAL MODES
AT STEPPED Py(111) SURFACES'

Mark Mostoller Uzi Landman’

5ach aad -Bruchmann’ have recently reposted
inelastic ejectron-loss measurements ol locaiized
pronons at ine (332) or 6(111) X (117T) surface of Pt.
The most interesting feature of their results is hat the
observed phonon-loss peak ceerrs at a frequency of
25.4 meV, slightly higher than the maximum fre-
quency of 24.3 meV in bulk Pt and roughly 159
above the highest frequency peak at ~22 meV in the
bulk densitv of states. This is somewhat unexpected,
because plonon frequencies usizily decrease at
surfaces, thereby reflecting the missing bonds. To
explain higher-frequency surface vibrational modes,
the force co1stants in the surface region must increase
over their bulk values by subsiantial amounts.
Arguing by analogy to a linear chain with first-
neighbor inter2::tions, Ibach and Bruchmann esti-
mated that the rorce constants for atoms at the steps
must be incres. -+ "'y a factor of approximately 1.7t0
explain their ucta.

Drawing con.lusions for three dimersions from
one-dimeunsione.l nodels is generally somewhai riskv
On 1he other hand, high Miller index surfaces with
regularly stepped structures are difficult to treat by

conventional methods tkat rely on usc of a two-
dimensional Fourier transform with respect to
surface wave vectors. Anapproach 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.‘ We
have applied this method to large clusters of atoms to
investigate vibrational modes at stepped fcc surtaces.

For the interatomic forces, we use a first and
second-neighbor {!nn + 2nn) bond-angle model like
that described by Keating.’ In the bulk, this is
equivalent to a general 1nn + 2nn Born-von Karman
model, but unlike the latt.r, the bond-angle model is
sutematically rotationally invariant at surfaces. The
first step in the calculations was to fit the five
parameters of the force model to the neutron scat-
tering data ior bul¥ Pt.’ Reasouably 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 fcc
{332) surface. The atoms 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
liow the force constants will change. We, therefore,
adopted a pragmatic viewpoint and focused our
attention con the step edges, allowing changes onl' in
the first-neighbor bond-stretching force constants for
edge and corner atoms.

OANL-DWG 78-20322R

Fig. 1.7, The fec (332) or 6(11T° X (111) surface.
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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 clusters
of 4099, 4313, and 4468 atoms, respectively. The
dashed curves are those obtained with no changes in
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the forces at the surface except for ihe absence of
interactions involving missing neighbors. The solid
curves were calculated by assuming that all tnn bond-
stretching force constants for edge-corner, 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, alihoughthe[111]
densities of states for the three atnms are quite
differcnt from onc another and from **.¢ bulk results.
With Inn forces at the steps increased by ~35%, high-
frrquency 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 cormer atoms
extends from about the top of the bulk spectrum at
24.4 meV tc about 26.1 meV (5.9-6.3 THz; | THz=
4.135 meV), in excellent agreement with the electron-
loss peak observed by Ibach and Bruchmann® 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 drection. 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 (11T), namely the (755) or 6(111) X
(100), and found similar results.

I. Summary of paper. Phys. Rev. B20, 1755 (1979).

2. Consultant from Georgia Institute of Technology, Atlanta.

3. H. Ibach and D. Bruchmana, Phys. Rev. Lets. 41, 958
(1978).

4. R. Haydock, V. Heine, and M. J. Kelly, J. Phys. C 8, 2845
(1972).

5. P. N. Keating. Phys. Rev. 148, 637 (1966).

LATTICE RELAXATION AT METAL
SURFACES: AN ELECTROSTATIC MODEL'

Uzi Landman’  Ross N. Hill?
Mark Mostoller

The termination of a solid by a surface modifies
both the atomic coordination and the conduction
electron distribution. As a result, normal surface




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 fcc. bee, and
hep low-index clear: metal surfaces and is the subject
of the present investigation.

A first-principles determination of atomic posi-
tions at surfaces world require a very difficult, self-
consistent energy minimization for the coupled
system of jons and conu:ction clectrons, 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 cxperimental evidence that con-
traction of the first interlayer spacing occur; in many,
if not most, cases. The inadequacy of suriace relax-
ation mode's based on pair potentials has been
emphasized by Finnis and Heine,' 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 result, the ions in the first layer
experience an electrstatic force that produces an
inward relaxation. Finnis and Heine found results for
the low-index faces of Al that were in qualitative
agrecnent 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 varia.ons 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 inteructions with the other
ionic charges in the planar nets. Three mode!; for the
electron density were studied: (1) a step-function
density profile, (2) an exponential form,” and (3) a
rigid self-consistent distribution derived from the
jellium model.® For the exponential density profile,
pscudopotential 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 wese determined

10

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

To illustrate our results, Table 1.1 shows the
importance of multilayer relaxation mechanisms for
exponential charge density profiles at Al and lia
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 1.] are the fcc (110)
and bee (100) 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 modifics
the displacements of previously considered layers. A
tendency of the displacements to alternate in sign is
noted, although for Na(111), for example, all layers
relax outward. In g=neral, after the first one or two
layers, the magnitude of the relaxation dscreases
exponentially as one goes into the solid from the
surface. '

The possibility that several layers may participat:
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 lavzrs accompanied by
perhaps a slight contraction or expansion between
the second and third layers.” Similarly, for the
Re(1010) 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.

. Summary of paper: Phys. Rev. B 21, 448 (1980).
. Consultant from Georga Institute of Technology. Atianta.
. University of Virginia, Charlotteyville.
M. W. Finnis and V. Heine, J. Phys. F 4, L37 (1974),
. J. R. Smith, Phys. Rev. 181, 522 (1969).
N. D. Lang and W. Kohn, Phys. Rev. B 1, 455¢ /1970),
7. H. L. Davis, J. R. Noonan, and L. H. Jenkins, Surf. Sci. 83,
559 (1979).

8. H. 1. Davisand D. M. Zehner. Journal of Vacuum Science
and Tec'mology (10 be published); “Structure of the Clean
Re(1010) Surface,” this report.
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Table 1.1. Relazagion of the spaciag betwera the firnt and socond layers,
An = [&(}) ~ ACT))/d (~ demetes 8 coRtraction and + an expassion),
and layer by lnyer displacec=xts for the Jow-index fisces of Al and Na wing
oa exponeatinl dhecires dicasy whan frem ref. 5; the integer L denotes
the smmber of plater :Sowed to ralax, and the symbers in the fourth columa

ace the valuss chvined for Aln)/a wheren =@, |, ..., i the Inyer index
Sarface L A Aln)'e
%)
AN 100) ! -1 —0.0054
10 -2 —0.0054, 0.0008, —0.0001
AK110) ] ~-8.7 —0.0309
2 -18.2 —0.0397, 0.0248
5 -21.2 —0.04135, 00316, —0.014%. 0 0080, —0.0035
10 -21.3 —0.0436, 0.03i8, —0.015!. 0.0086. —0.0045
AKIID 1 +0.6 +0.0036
10 +0.6 +0.0036, 0.00001
Na( 100) 1 63 00317
-9.5 -00349. 00127
5 -99 —0.0353, 0.0199, —0.0044. 0.0015, —0.0004
10 -99 —0.0353, 0.0139. —0.0044, 0.0015. —0.0005
Na(110) 1 -0.6 -5.0043
10 -0.7 . —0.00%), 0.0003
Natlil) 1 +3.7 +0.0108
2 +3.6 +0.0108. 0.0003 -
10 +3.6 +0.0108, 0.0003, 0.0001
OPTICAL POTENTIAL IN If we confine our interest to the elastic part of
ELECTRON SPECTROSCOPIES' the clectron wave function &(r). then the full

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 :lectronic structures at solid
surfaces. -, _.1ysis, corrosion, and high-cnergy atom-
surface interactions are just a few examples of the
need for detailed surface studies.

Because of the strong eleciron-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
proting electron imo 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.

theoretical description of the above experiments is
given by the Dyson equation

a2
[—5’;—\7’“«) &, 1)+ f e s, ¥, w) $F, 1)

=l
=i 0, (1)

where v(r) is the ionic potential screened by the
electrostatic potential of the electrons, o = ¢, =
h’p’/ 2m is the energy of the initial wave packet of the
interacting electron, and X is the optical potential.
The deiails that can be obtained about the surface
region are primarily limited, on the theoretical side,
by our knowledge of the extremely complex structure
of 2. The primary purpose of this study is to re-
examine a commonly used model for X.

This model is known from the description of the
interaction of electromagnetic waves with adielectric



media interface in which the detailed interaction
is replaced by a real and imaginary frequency-
dependent diclectric constant, that is,
Ur, T, &) = elw) + ie(w) . 2
However, since the electron wavelength and mean
free path are comparabie to the surface region
dimensions, the nonlocal structure of X(r, ¥, w) is
likely to be much more important. This nonlocal
structure of X can be shown to introduce additional
dependence on the direction of the momentum p.
Because of the broken symmetrv along the direction
normal to the surface, X must depend not cnly on the
magnitude of |p| (or equivalently w). but als0 on the
direction relative to the surface normal. The optical
potential should thus be generalized from that
borrowed from optical studies, Eq. (2), to

3 =~ &(z. ) + €z, w)cos'G,
+ higher order in cos 8, + ie)(z, o)
+ i€(2, w)cos'8, + higher order in cos 6, , (3)
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where 6, is the angle of p relative to the surface
normal.

The magnitudes of €/(z. o) and €/(z, ) have been
previously estimated” and shown to be roughly
—8and —4 eV, respectively, in Al. We have carried out
an equivalent calculation for €z, ws)and haveshown
it to be given by

ATp, P, @, n(z)] 'n(2)
n(0) 27

€(z.w)=+p' Im 4)

where n(z) is the electronic density and A” and =(0)
are the well-known’ vertex and polarization response
furnctions, 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 €X(z. o) is of the
same order of magnitude as the isotropic €/(z, o)
within the region —0.5 < zksj2x < 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 studics of
adsorbates or sv~‘ace reconstructions, both of which
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Fig. 1.9. The anisotropic contribution to the optical potential, Eq. (4), 85 a function of position 2z for two different energies of the
scattering electron. The step jellium background is also shown. ¢, and ks are the Fermi energy and momentum, respectively.
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affect the clectronic density n(:), such terms could
potentially comtain a host of detailed surface
informaion

To measure the effect of these anisotropic terms on
an clectron intensity spectrum, we have carried out a
model photoemission study’ for the (100) surface of
Al. For simplicity, in our initial calculation, we
replaced the z dependence of €(z. o) 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.

I. Summary of paper- Phys. Rev. B 20, S059 (1979).

2. J. B. Pendry. Low Energy Electron Diffraction. Academic
Press, New York, 1979 J. E. Demuth, P. M. Marcus, and D. W.
Jepsen, 7%= Rev. B 11, 1460 (1975).

3. P. Notzicres, Theors of Interacting Fermi Syssems. Benfamin.
New York_ 1964.
4. M. Rasoh and H. L. Davis, Phys. Rev. B 21, 1445 (1980).

WAVE VECTOR ANALYSIS OF
METALLIC SURFACE ENERGY'

Mark Rasoht  G. Malmstrom®
D. J. W. Geldart®

One of the most challenging and difficult problems
in a many-ciectron 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
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Fig 1.10. Results from model photoemission calculstions for an A)(100) surface. The upper and lower curves i each subplot were
oblained using, respectively, an isciropic and anisotropic imaginary part of the optical potential. The azimuthal angle for the calculations
coincided with a (011) direction. In each subpiot, the layer where the emission occurred and the angular momentum (), m) of the emitted

wave are indicated.

o s AREREY T



contributions to the ground state encrgy. However,
when combined, they tead 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 N clectrons in the presence of a
nonuniforn. externzal potential can be written as

5 :’;, viq)

xf dA\[S\(q, @ — D]. (1)

EIA':Nj x )] Edg =

with

S{g. Q= f d’r f &’y e S\, T,
@

where v(q) = 4xe’/q’ and A is the uswal ~oupling
constant.

Equation (2) is exact, but its evaluation for an
arbitrary nonuniform fermion system is presently a
virtually impossible task. An aporoximation for
Eq. (1) has been suggested by Hohenberg and Kohn’
and is referred to as the LDA_ Inthe LDA, Eq.-(1)is
approximated by

E.~E®= f d’rminedn(n)], 3)

where e.{n(r)] is the exchange-correlation energy per
electron of a homogencous electron gas of density
n(r). A connection between Eqs. (1) and (3) can be
made if Eq. (3) is also decomposed in terms of its
wave vector components. Then

w__ 3
E. f(z) f‘“

x f V@) {SHa. ()] - 1}, (4)
[

where S{[q, n1(1)] is the structure factor of the homo-
geneous clectron gas with local density n(r).

In the !imit of large wave vector fluctuations,
Eq. (4) can be shown to give an adequate description
for Eq (1).* We have begun to examine the accuracv
of E.° [in Eq. (4)] for intermediate and small g
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

103 r3 ylq) (o)

mmportance of surface plasmons in metallic surface-
energy calculations, which is a long-standing and
controversial problem.’

We have completed a fidl treatment, via Eq_(1), for
the exchange contribution onfy within the infinite
barrier model of a metallic surface (see Fig. 1.11). A
comparison with the equivalent local density form
using Eq. (4) is given also in Fig. 1.11. The results
clearly suggest that for intermediate and certainly
small g, Eq. (4) is inadequate. We next examined
higher-order corrections to E. via a gradient
expansion:

e f d’r B.{n(1)}Vn(e)® .

The effect of including this contribmtion to the
infinite barrier region is shown in Fig. 1.11. Clearly

5)
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Fig. 1.11. Wawe vector dccomposition of the excheage con-
tribution o the surfacs ensrgy of the infinite barrier region with
bare Coulomb interparticis imteraction. The curve labeled .o is
the LDA, Eq. (4); the curve labeled y.oc is the LDA plus gradient,
Eq. (5); and the curve Iabeled vay is the full exchange results.

3




wrrveavey AR
t
B
P

the intermediate and smalf q regions have improved
significantly. In fact, we argue that for a realistic (and
therefore more smoothly varying) density variation,
the sum of Egs. (4) and (5) should yield a very
adequate description for the exchange contributon
to a metallic surface energy for ki regions of ¢. We
are continujng our investigatiou of these pcinis by
including correlation in E,..

1. Summary of paper: Zhys. Rev. B20, 3012 (19719).

2. Dalhousie University, Halifax, Nova Scotia, Canada

3. P. Hobenberg and W. Kohn, Phys. Rev. 136, BS64 (1964).

4. D. C. Langred: and J. P. Perdew, Phys. Rev. B 15, 2884
(9.

5. J. Schmnit and A. A. Lucas, Solid Siste Commm. 1), 435
(1972). 1. S. Phillips, Commerus Solid Siate Phys. 6, 91 (1975).
W. Kohn and N. D. Lang, Comments Solid Siae Phys. 6, 93
(1973).

MICROSCOPIC THEORY OF THERMAL
DESORPTION AND DISSOCIATION
PROCESSES CATALYZED BY
A SOLID SURFACE'

Gopa Sarkar De’  Uzi Landman’
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 besn developed. The
evaluation of the rates of theic 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 mode] adsorption system
of a positive ion placed at a distance 2, from the
substrate. When the substrate is fixed (i.c., not
allowed to exhibit thermal fluctuations), the
adsorbed atom sits in a potential wetl that binds it to
the substrate. In order for thermal desorption to take
place, the substraze 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 & microscopic model. We then
performed a numerical study of the stochastic
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Fig. 1.12. The model adsorption system. The clectron gas o
bound in 2 slab of lincar dimension [.. The first planc of substrate
sons s located at == L — . with 2. = 0. The adsorbxd ion is located
ancs= Lo+

T2,

climbing of the levels as a function of the charge of the
adsorbate, its distance from the substrate, and the
temperature of the substrate. Transition probabilitics
and rates obtained by using both truncated-
harmonic-potential and Morse-potential descrip-
tions of the chemisorptive bond were calculated and
compared with experimental data’ 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 lincar 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 B (in press).

2. Georgis Institute of Technology, Atlanta.

3. Consultant from Georgia Institute of Technology, Atlanta.

4. L Schmidt and R. Gomer, J. Chem. Phys. 42, 3513
(19683).

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. Sewilogarithmic plots of desorption rates versus
imverse tempeniture for the system K adsorbed on W. The
experimental points (open circles) were taken from ref. 4. Boththe
Morse potential (dashed) and iruncated harmonic potential (solid)
yield lincar relationships in the plot of In R(T) vs inverse
temperature, parsllel to one another (same activation energy for
desorption) but with different intercepts (frequency factors). The
results based on the Morse potential description of the chemisorp-
tive bond arein better agreement with the experimentally deduced
results than those derived from 3 truncated harmonic potential.

spectra and the magnitude of the superconducting
transition temperature. For example, anomalous
dips observed in the phonon spectra of high T
transition metal superconductors are not only unique
to such matenals, but also become more pronounced
with increasing 7.

In order to investigate the source of these
anomalies and their relationship to superconductiv-
ity, first-principles calculations of the phonon spactra
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 diclectric response
forma'sm, which involves a calculation of the
density-density correlation function, or equivalently,
the dielectric screening matrix.

This formalism yields 2 result for the phonon
energies which is exact 1o 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 RPA screening matrix is used, anG
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
gencrating the band structure, relevant matrix
clements, 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 diclectric response formalism. In principle,
only the nuclear charge is needed as input to the
calculation. The electronic system is divided into core
clectrons, which move rigidly with the nucleus to
form aneffective ion_and the remaining (conduction)
electrons, which contribute to an indirect coupling
between the ions. The division considerably simpli-
fies the calculation and 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 goor 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




B T el VAR Y

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
cffects. 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 cffort 10 test further the theory and to investigate
the differences in the calculation between high and
low 7. materials. Two different cakulations were
carred out, one based on a rigid band calculation
using the potential emploved in the Nb calculation'
and the other on a recently published potential based
on the local density approximation to exchange and
correlation.” The energy bands and wave functions
were generated from a KKR band structure formal-
ism

[100] direction. As in the Nb calculation, the square
of he phonon energy naturally breaks up into two
terms: X(lq), which was generated by the direct

The phonon spectra were calculated along the -
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Coulomb interaction, and X Eig). 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. Subscripts [
and T refer to longitudinal and transverse modes.
respectively. The results for the rigid band cases are
similar in form. These results look very similar to
those found for Nb except that the slope in the linear
region of the XEg) curve is different. Notice that
there is no unusual behavior near the zoneboundary.

The square of the phonon frequency (in THz)
for thelocal density case can be determined from Fig.
114 by using einlg) = 10963 [XCunlg) +
XEr.n(4)} The theoretical ard 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 cakufations,
however, did reproduce the anomalous minimum at
the [H00] zone bourdary. It wrs also shown by
removing Fermi surface contributions from the
cakeulation that this anomaly is associated with the
Fermi surface.
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Fig 1.14. Contributioss to the phonon frequency for Mo along [100] from the direct (XC) and indirect ( XE) interaction tenms.
Subscripts /. and 7 refer to longiudinal and transverse modes. respectively.
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Fig 1.15. Compurison between theory and experiment for
longitudinal phowon modes along {100] for Mo.

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
X Eq). Since the anomalies in both of these materials
are not associated with the Fermi surface, it appears
that 7, and the anomalies are not o.rectly related but
instead depend independently on some special
feature of the %and structure that exists within an
clectron volt or so of the Fermi energy. Further

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

1. ). F. Cooke, Solid Sime Div. Prog. Rep. Sepr. 30. 1978.
ORNL-5486. p. 13.

2. Cakculated Elecirvnic Properiies of Metals. ed. by V_ L.
Movruzzi. J. F_ Janak. and A. R. Wilams. Pergamon. New York.
1978

SELF-CONSISTENT CLUSTER THEORY

FOR RANDOM ALLOYS'
Theodore Kaplan L. J. Gray'
P. L. Leath? H. W. Dichl*

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

H=H'+Y H's) . (1

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 i. (Forexample,inan
alloy composed of 4 and Batoms, s = A or B.) Such
simpiificd Hamiltonians neglect the effects of the
neighboring sites (environmental disorder). The
expression for a general Hamiltonian would have
the form

2 H(s, 3)

w/

+ z HGLs,m+.... (2)
o

H=H"+ Y H's) +
§

Environmental effects represented by all additional
terms in the Hamiltonian can be very important. For
example, in a tight-binding representation, the
hopping elem:nts muct depend on the type of atoms
at the two site; connected (off-diagonal disorder), so




that it is necessary to include terms of the form A in
the Hamiltonian.

Attempts .0 extend the CPA to more general
Hamiltonians and to include cluster scattering as well
nmwithlhnhednmmtﬂ?dumuy.lnwn,
Mills and Ratanavararaksa’ developed a self-
consistent theory that properly included cluster
scattering but still was restricted to diagonally
disordered Hamiltonians. :

We have developed a compictely general sclf-
consistent theory for clementary excitations in
random alloys. It includes cluster scattering and is
applicable to general Hamiltonians. Itis based on the
augmented space formalism,"* which is an operator
technique for treating functions of mndom varmbles,
and on the seif-consistemt approximation of Milk
and Ratansvararaksa.’

. 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 calculated the electronic
density of states of a one-dimensional, tight-binding
alloy composed of A and B atoms. The Hamihonian
of this system is

Hy=els)by + Wils. 3)) , 3)

where i and j label the sites, 5= A or B, and Wyis
nonzero only for i and j nearest neighbors. Note that
both the diagonal and ofi-diagonal clements are
functions of the atoms occupying the sites that they
connect (i.c., there is diagonal and off-diagonal
disorder).

Figure 1.16 compares the densitics of states
calculated by use of our szif-consistent approxima-
tion with exact results for lincar chaims with &(A4) =
-(B)=-25, WA, A)=10, (A, B)= MB, A)=
W(B, B) = 0.5, and a concentration of B atoms cs=
0.3. We have plotted the result for the self-consistent
approximation with single-site scattering in Fig.
1.16a and the results for pair scattering in Fig. 1.165.

The singie-site approximation produces a smooth
distribution that predicts the edges of the host band
centered at —2.5 quite accunately. F~r 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 siates generated by the self-
consistent approximation. We find that not only does
the seif-consistent theory give excellent estirates of
the band widths in both host and defect bands, but a
distinctive three-peaked structure has appeared in the
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DENSITY OF STATES
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Fig. 1.16. Demsity cf stases for clectrons in s limear chain with
HAA)=+e(B) =+ 23, A, A= 1.0, A 5= M8 5)=05,and
¢»=0.3. Comparison of the exact results (histogram) with the seif-
consisient (a) single-site and () nearest-neighbor pair approxima-
tions (This is a model system and the units are arbitrary.)

defect band which closely matches the major peaksin
the exact results. The central pezk in the Gefect band
corresponds primarily to states localized on isolated
B atoms, and the two satellite peaks correspond
primarily to bonding and antibonding states local-
ized on B-B pairs. Furthermore, there is some smaller
structure that appears in the host band due fo 4-4
and A-B pairs.

In order to reproduce more of the detailed
structure in the one-dimensional density of states, we
would need to do self-consistent calculations that
include scattering from larger clusters.
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DIFFUSION IN THE PRESENCE OF
RANDOM DEFECTS

Theodore Kaplan L. J. Gray'

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 sysiem
proceeds via transitions between elementary kinetic
steps.? 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 accoun:ed 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 scif-
consistent approximation of Kaplan et al.,” we have
developed an effective-medium approximation for
the particle propagator. Preliminary calculations for
one-dimensional lattices have been carried out.

1. Computer Sciences Division, UCC-ND.

2. Uz Landman and M. F. Shiesinges. Phys. Rev. B 19. 6207
(1979).

3. Theodore Kap'an et al., Physical Review B(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 ar ] amorphous
states in solids has a long and distinguished :radition,
a satisfactory understanding and description of a
glasscous 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-, iwo-, three-dimensional Euclidean
space) and giobally form a section through a fiber
bundle. The fiber over a base point x is generated bya
(local) group of transformations Ge. We are led to
introduce gauge ficlds as connections, allowing us to
determine the vanation in the dynamical variables
due to variation of xcM. The structure group G as-
sociated with the gauge fields need not, in general,
be the same as Go. 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. Nelson and B. 1. Halperin, Phys. Rev. B 19. 2457
(19M).

PARTICLE-SOLID INTERACTIONS

ROLE OF REVERSIBILITY IN ENHANCED
ION BACKSCATTERING NEAR 180°
SCATTERING ANGLE'

J. H. Barrett B. R. Appieton
O. W. Hnolland’

Enhanced ion bachscattering yieuds from the near-
surface region :or scattering angles very near 180°
have been reported recently by Pronko et al.’ The
effect occurs in its simplest form for disordered,
amorphous, or polycrystalline targets, although it
may also occur under channeling conditions insingle
crystals. We have used computer simulation to show
that this enhancement is a manifestation of the
reversibility of ion trajectorics 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 parnt of an ion trajectosy 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 1.17 shows experimental measurements’ of
the peak enhancement made for Pt at a series of
angles together with calculated values. The angle is
the amount by which the scattering angle deviates
from 180°. The yields are normalized 1o the
Rutherford scattering cross section. The error bans
shown for the calculated points are estimated
standard deviations for the statistical uncertainties of
the simulation method. The horizonta! bars asso-
ciated with the experimental points are the $0.04°
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Fig. 1.17. Maximom sormalized yields st variows angles for
I1-MeV He ions backscatiered from disordered Pt.

angular range that the planar detector subtends ata
point on the target. The calculated valuesin Fig. 1 17
illustrate the importance of including the depth
resoluticn. The yield calculated at ¢ = 0.55°,
including 1depth resolution, was .00 +0.01, confirm-
ing the noymalization 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 A) to explore
the charge dependence and the influence of nuclear
recoil effects. Figure 1.18 shows the results for the
depth range thai gave the Jargest enhancement. The
comparison in Fig. 1.18a shows that the effect of
nuclear recoil isquite large. One feature to be noted is
the existence of a region of yield deficit of 1-2% at
angles beyond about 0.25°, To test whether this
deficit region provides zompen..tion for the en-
hancement region 5. one might expect, Fig. !.18b
shows a plot of the yield enhancement (or deficit)
without nu...ar recoil multiplied by sin ¥, the
appropriate weighting factor for solid ~ngle. The
negative area corresponding to the defi-it cannot be
estimated accurately, but it appears very plausible

that the region of yield deficit above 0.25° provides
compensation for the region of yield enhancement
below 0.25°. The area of the enhancement region
may be taken as 2 measure of the strength of the
enhancement. For A1, the area of the enhancement
region, with nuclear recoil taken into account, is40 to
50% less than the area shown in Fig. 1.18b. The
corresponding reduction for 1-MeV He on Ptis 10to
20%.
For the annular detector used in the experiments,’
which covered the range 0.05 t0 0.20°, the maximum
enhancement factor for 1-MeV He on Pt is 1.64 £
0.04, while that for 0.5-MeV Heon Alis 1.20 +0.02.
The difference for these two cases ts duc about
equally to the greater influence of nuclear recoil on
the A1 results and to ashrinkage ofthe angular range
of the effect ‘or Al relative to ’* The different
enhancements seen in the Pt and Al calculations are
in reasonable agreement with the limited experi-
mentz! results® available for dependence on target
atomic number.

Other simulations have been done to assees the
strength of this enhancement under channeling
conditions, in particular for the double alignment
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surface vicld. Results were obtained fur 1-MeV He
iens incident on Auat room temperaturcalong[110].
We computed the single ~lignment surface yield io be
2.176 + 9.003 atoms per row. The uniaxial double
alignment yield was found to be 3.15 = 0.10 for ¢ <
0.02° and 2.79 * 0.02 for an annular detector
covering the range 0.05 to 0.20°. The enhanced
surface yield in uniaxial double alignment is due tn
increased scattering by atom layers ust below the
surface lay:r and hence by atoms that are sensitive to
any atomic rearrangements in the surface region.
These compuier simulations have shown that the
enhanced scatering 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 an the inclusion of nuclear
recoll effects, experimental depth resolution, ion
energy, and ion and target atomic numbers. Our
calculations have been able to reproduce accurately
the observed angularaid Jepthdependenciesand the
variation with targe: atomic nuraber. They also show
that th: effect will be ssen under channeling
conditions and -may provide additional information

"about surface structure,

1. Summary of paper 10 be published.

2. ORAU graduate laboratory participant from North Texas
State University, Denton.

3. P. P. Pronko et al.. Phys, Rev. Lets. 43,779 (1979). B. R.
Appleton et a. . “Enhanced Yield Effect for lons Scattered near
{80, this report.

PCTENTIAL 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 crysialline solid, the ions are steered by a
coll- _tive action of the rows away from the rows or
planes into the 1-gions between them, a behavior
called chzuneli.ig. For alignment of the beam witha
set of pla.es, the ions oscillate back and forth
between «he planes as shown in Fig. 1.19. Inasmuch
as the ions can only br -cattcred to large angles when
they are close to the planes, their oscillatory motion
causes the scattering to occur selectively at certain
depths. At each successive scattering region, the
stoyping pcwer acts along both alonger ingoing and
a longer outcoming path so that the intensity as a
function of energy observedin the detector presents a
series of peaks. The relation between the separation
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Fig. 1.19. Sche™=<’c illustration of oscillations of ions when s
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experimental manifests jon of these oscillations.

of the energy peaks, the balf wavelength of the
oscillation, and the stopping powers is given by

05 % s.m), )

COS Pownt

AE—A (k’s +
2 8

where A is the wavelength, the S’s are stopping
powers, the ¢'s are as defined in Fig. 1.19, the
subscripts “in” and “out” refer to the ingoing and
outcoming paths, and K’ is the standard kinematic
factor, determined by the scattering angle and the ion
and atomic mzsses. The quantities AE, k%, ¢, and
dow are all ¢ :termined by the experiment, and Sox
may be assumed to be the random stopping power
Saa Obtainable from standard tables. This leaves Su
and A/2 as unknown quantities in Eq. (1).

One of the striking features of planarchanneling is
the series of strong peaks, illustrated schematically in
Fig. 1.19, that occurs for exact alignment of the ion
b~am with the planar channels. A second feature is 2
very strong peak in the scattering that occurs at an
angle near _he critical angle for channeling ' etween
the planes and at a depth of ~A/4. BotF of thesc
features have been calculated by compt eer 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
Y. It may be combined with the half wavelength and
the planar spacing d, to give a parameter

q=(A2) buldy . 2

Seveial calculations were doue to see how these
quantities might depend on certain aspects of the
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Fig. 1.20. Contours of backscatiering for [-MeV He incident
near the (200) planes of An at room temperatare. The yickd is
normalized to the scatering for andom incidence, and a depth
resolution of 7-nm FWHM has been included. T contours
between the labeled ones are spaced at equal intervals, and 1he dot
gives the estimated position of the maximum yicld.

simulations. All were found to be very insensitive to
the depth resolution function. For three different
potentials, A/2 and ¢ were fc-ind to vary by 8 to
10%, but g was found to be .46 and independent of
the potential to within the estimated accuracy of
1.4%. Caiculations wec 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 Si(022) and 1.9-
MeV Hein Fe(011). 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 g was
insensitive to the potential. For Be, Si, and Fe, g was
1.38 to within thc estimated accuracy of 1.4%. The
reason why ¢ 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 jons are
close to the planes.

There appear to be two possible anplications of
these results. The first concerns the use of g as a
measure of the strength of the potential. This
quantity can be calculated to an accuracy of 19 but
was found to vary by 8% for Au and 119, for Be for
the different potentials tried. Hence, experimental
values of Yu 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 ca!culeted value of g to obtain a value
of A/2, This value of A/ 2 can then be used with Eq. (1)
and the measured value of AE10 obtaina value of S,.
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Past attempts to obtain Sa by other methods have led
to conflicting results, and it is hoped that the method
proposed here may provide greater accuracy and help
resolve the conflicts. The value of Se 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 §,,
would be somewhat larger .han Sua. This proposed
method of analysis has oeen applied to some of the
past measurements. but the estimated errors are quite
large. It is hoped that future experimentscan be made
that provide greater accuracy.

1. Summary of paper: Phys. Rev. B 20. 3535 (19M9).

ROLE OF CORRCELATIONS OF LATTICE
VIBRATIONS IN CHANNELING'

J.H. Barrett D. P. Jackson®

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, t.ermal vibrations of
the lattice atoms play a significan! role, but past work
has no* included the cffects of correlations between
the vibrations of neighboring atoms. This work
reports the first systematic calculations taking such
~ffects into account.

For studying surface structure, the ion heam will
be directed nearly parallel to a set of rows in tke
crystals. In these circumstances, a single atonic row
adequately -epresents the geor.2try of the backscat-
tering since this portion of .ne backscattsred 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 channeling’
with the addition of a previously developed statistical
continuation procedure’ 10 incorporate the effects of
correlations. Ail atoms in the row were mutuafly
correlated, and the length of the row was varied to
ensure that no numerical artifacts were present inthe
calculations.

Figure 1.2 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 cxpression of ODen,® 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. Surface yicld as a function of temperature of 2-MeV
He directed along Mo (111).

calculations in this casc is that correlations reduce the
surface yield by about 15% over the range of
parameters studicd; 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. Changes in various quantities calculated

for 2-MeV He in Mo (111)

uivalent

Change E:nngc in

Quantity procuced by vibration

rorrelations -

(%) amplitude
%)
Surface peak at y = 0 -15 -13
Surface peak at ¢ = 0.6° -4 ~12
Half angles (¢ ~ 1.0°) +3 -8
Minimum yield =i ~-€

i et e T e A S 18y T ARy A w2

An ac1itional cakulation 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 lines 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 wasthe half angle
¥12, the angle at which the backscattering yield is
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 2 random direction.
The change for this case is shown in the third line of
Table 1.2.

The third quantity we calculated was Xwa, the
minimum value of the backscattering yield occurring
when the beam is directed along an axis. Calculations
between 50 and 500 K indicate that correlations
produce a rather uniform reduction in xma at all
temperatures.

The qualitative nature of the change due to
correlations noied in column 2 of Table 1.2 is the
same as would be produced by a reduction in
vibration amplitude. Hence, itis of interest to explore
what reduction in amplitude would be required to
preduce the same change as calculated in each case.
Estimates of these reductions are given in column 3,
using previous results’ 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 fitsinto 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 trajectones.

I. Summary of papers: Phys. Leus. TIA, 359 (1719); Nuclear
Instrumenis and Methods (in press).

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

3. J. H. Bacrett. Phys. Rev. B S, 1527 (197§).

4. D. P. Jackson und J. H. Barrett, Comput. Phys. Commun.
13, 157 (197D),

5. 0. 8. Oen, Phys. Lein. 19, 358 (1965).
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RADIATION FROM CHANNELED LEPTONS!
M. J. Alguard® S. Dau’

R. L. Swent? J. H. Barrett
R. H. Pantell? B. L. Berman*
S. D. Bloom*

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 Fourer
Transform of the motion of the particle through the
three-dimensional crystal resulting in a classical
calculation of the low-energy (i.c., ho <€ ymc?)
cmission spectrum. The effects of thermal vibrations
and beam divergence were included in the cakula-
tion, and the contributions of ordinary and coherent
bremsstrahlnung were obtained in a natural way
within the context of the classical approximation.
For 56-MeV positrons, the simulations successfully
predicted the energies of the main spectral peaks

2.0

observed for channeling in {100}, {110}, and {111]
planes of Si; these peaks had already been predicted
by quantum and by classical continuum cal>ulations.
However, the simulatiocs showed, in addition, thata
second broad feature observed in the 60- to 90-keV
range for the{111} channelresults 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. 1.22a2 shows the projection in the
x-y plane of a typical {110} trajectory. In Figs. 1.22b
and 1.22c the direction cosines (8./8 and B,/8,
respectively) of the positron motion also are plotted
2 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. 1.22¢, gives CB 21432 k2V. Figure 1.22b contains
frequency components showing strong coupling of
the POR and CB radiations; these give major spectral
peaks at 480 and 384 keV corresponding to hacs +
haror. 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 irtensity exceeds the
intensity of the CB.

The POR frequency does not depend on the angle 6
relative to the crystal axis, but wcy is proportional to
sin 8, and hence the angular divergence of the beam
strongly affects the width of the spectral peak. For
56-MeV ¢’, the CB energy is calculated (at small§) to
be 1.45,0.966,and 1.57 MeV per degree of 8 for {100},
{110}, and {111}, respectively. Thus, for example, a
beam divergence of <0.4 mrad is required to resolve
the CB and CB * POR peaks in the {111} plane.

The experimental (110) ¢" channeling-radiation
spectrum contains indirect evidence for these
phenomena. A computer simulation of the experi-
ment, including beam divergence, yiclded a similar
spectrum. It showed that =409 of the trajectories
were actually planar channeled at small angles with
respect to the axis. The axially channeled component
gave the feature observed at =50 keV (a combination
of POR for all intersecting planes) and an additional
broad feature in the 100-keV region similar to that
secen experimentally; this feature probably arises
from CB for paths 1-2 mrad from the axis.

I. Summary of paper: Nuclear Instruments and Methods (in
press).

2. Stanford University, Stanford Calif.

3. Chemistry Division, ORNL.

4. Lawrence Livermore Laboratory, University of California.
Livermore.

5. M. J. Alguard et al, IEEE Trans. Nucl. Sci. N§26, 3865
(1979). R, I.. Swent et al.. Phys. Rev. Len. 43, 1723 (1979).

REDEFINED SCATTERING CROSS SECTION
IN MONATOMIC SOLIDS'

0. 8. 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
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primary concept is useful in studying radiation
damage and ion penetration phenomena in mon-
atomic solids. Stopping powers and range quantitics
of this redefined primary were calculated for a
structureless solid using inverse power potentials
(r’*) and the Moliére potential. For power law
scattering, the redefined stopping power is s(2"*— 1)
times the conventional nuclearstoppiag. By applying
these results to the case of self-ion irmadiation, 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.

1. Summary of paper: Nuclear Instruments and Methods (ir.
press).

THE TWO-ATOM SCATTERING MODEL IN
ION REVERSIBILITY STUDIES

0. S. Oen

The recent discovery' of enhanced backscattering
yields from the near-surface regions of amorphous
solids for scattering angles near 180° has been
interpreted by Barrett’ througin computer simula-
tions as originating from the reversibility property of
ion trajectories. This interpretation suggms thatthe
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 seconda atom at a distance /
from O, such that the pair of atoms is inclined ata
small angle 8 with respect to tlie surface normal. The
condition that a normally incident ion is focused to O
(and therefore backscattered( by the second atom
is @ = s/1 + ¢{s), where s is the impact parameter
and ¢(s) is the scattering angle (small-angle approxi-
mation) determined by the ion-atom scattering
potential. Because @(s) generally increases with
decreasing s, & has an extreme value 8, for s = s..
Becausz of this extremum, backscattered ions require
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Fig. 1.23. Incidzat ion focused 10 atom O by atom A (leh) and
schematic drawing of ion defloction angle § vs smpact parameter
(right).

their trajectories to lie only in the neighborhood of
the critical impact parameter s, in order to emerge
at angles close to the surface normat. 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

ds

d0

1 s

?e

The two-atom scattering model should be a good
approximation in a solid of N atoms per unit volume
provided there is only onc significant scattering
before the ion strikes the backscattering atom.
Taking the probability fora sin§le scattering with an
impact parameter s to be " 2! the fraction of
incident intensity focused to ? from a layer of
random atoms at distance / and of thickness 7 s
proportional tc

~xNDs? |
ff' N

ds i ,
—| 1’6 do d.
Ll

=f- e 3aNrs ds . 1))

The total focused intensity is found by summing Eq.
(1) over all atomic layers between the surface and O.
Knowing the critical impact parameter s., 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 Dare 60 and 120 A for Ptand
Al, respectively, which agree quitc well with Barrett's
simulation results.

Tie backscaticring inicmsity at an cxit asgle ¢
from O and from a layer of scattering atoms of
thickness r ray be found by convoluting the
incoming and backscattered fluxes to give

j}' '--Nm’ X __z{_
e

where

ds| s | ds
dﬂ!l’B!dﬂ rodods. @

ﬂ’=¢’+o’-2¢ocos¢.p=;—'+¢(s').

The total backscattering yield is found by summing
over / for all contributing atomic layers. An exact
cvaluation of the above integral s difficult because of
the .ingularities in the integrand arising at the critacal
angle in the differential scattering function

s i*.’i

Bldpl’

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

I. P. P. Pronko et al., Phys. Rev. Less. 43,779 (1979). B. R.
Applcion ¢t al., “Enhanced Yield Effect for lons Scatiered near
180°," this report.

2. J. H. Barrent, B. R. Appleton, and O. W. Holland. "Role of
Reversibility in Enhanced lon Backscattering near 180° Scattering
Angle,” this report.

3. 0. S. Ocn, Phys. Len. 19, 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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modeis 2re 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 2
displacement cascade. An importam aspect of
modeling fusion neutron damage roduction is thus
an understanding of the low-energy behavior of the
computer simufation codss 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
kinetic cnergies Es ranging from 1010 500eV. Ateach
energy, a set of 1000 isotropically distributed primary
particles was used. The quasielastic scattermg of
particles in a cascade was governed by the Molire
approximation to the Thomas-Fermi icteratomic
potential with the screening length 212 = 7.38 pm. All
collisions with impact paramcters '2ss than p= were
- considered, with pa a=0.62. wherea =0.3615 nmis
the lattice constant of Cu. Target atoms were added
to the cascade if they received kinetic energy in a
collision exceeding Ea = 5.0 cV. All disptaced atoms
were required to surmount a binding energy £5=0.2
¢V and were followed until their energies fell below E.
=48 eV. The value of E; was chosen by comparing
six LCSs evaluated with MARLOWE with the same
cvents evaluated with the classical dynamical code
COMENT.> 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 8p= 314 K was
used. MARLOWE organizes Frenkel defect pairs
into classes based mainly on the se?aration between
the paired interstitial and vacancy. Pairs remaining
afte; removing all interstitials located in an 18-site
iustability region about each vacancy are termed
~distant.” These, in turn, are organized according to
whether or not their separation exceeds a vacancy
capture radius r,.

Figure 1.24 shows the energy dependence of (»),
the mean nusube: of distant Frenkel pairs, for several
cases. It is convenient to discuss first the results for
the static lattice with 7, = 0. In this case, the curve
shows three inflections, indicated in the figure by the
letters a(~50 eV), b(~125 eV), and ¢(~310 eV).
Below a, the curve shows well-marked threshold
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Fig. 1.24. Mean aumber of distast Freakel pairs produced by
Cu s1oms secoiling ia Cu.

behavior, similar to that expected from a Kinchin-
Pease model® with a threshold energy ofabout 20 eV.
Near a, defect multiplication begins to be important
und the curve rises approximately linearly to point b,
again consistently with the Kinchin-Pease model.
From b to ¢, however, although the curve is still
plausihly linear, its slope is significantly less. Above
c, finally, the slope increases again to something like
its original value. When the value 7,/a =2 is used to
remove the Frenkel pairs of smallest separation, the
energy dependence of (v) 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
infiections b, c, d, and e, without altering much the
threshold region.

Leibfried" 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’/m = [(v") = () (¥)
=4In4/3~-1=0.157... E>4E,.
This quanticy, the scaled variance, is plotted in Fig.

1.25 for the MARLOWE cascades with r, =0. The
hard-core resuit is shown for an assumed E, value.
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Below about 80 eV, the computer simulationsare all
much alike and differ from the hard-core result only
because there is no sharp threshold in the calculation.
The simulations including thermal displacements
show ¢%/ m to be constant aboveabout 80eV at 300K
or about 140 eV at 0 K. In sharp contrast to this
behavior, however, is that of the static lattice
simulations. Here, o’/m continues to rise until a
maximun is reached near 260 ¢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 Eois less than the!111)
focusing energy, about 250 ¢V for the potential used
in the calculations.™' At higher energies, multiple
defects are formed by {111) primaries, but, up to 500
¢V, not as copiously as for primaries starting in other
directions. Approximately 5 percent of the primary
particles can be assigned to the {111) region, thatis,
to a cone about a {111) direction with a half angle of
about 9 degrees.

The static crysial results may be interpreted in
terms of a simple modification of the Kinchin-Pease
model ongmally proposed to describe the effects 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

00 200 300 = 400 500

without producing further displacements. This
feature, though originally assigned a different
physical origin, can clearly be assigned oqually wellto
(111) LCS production. In this model,”

(v) ~ [EI2EL®
and the scaled variance can be written as"
adim~ (»).

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 toabout 350
¢V by the value p =0.05, in complete agreement with
the size of the {111) region. The 300 K restlis, 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. Theintroduction of thermal
displacements into the model removes the anomalies
by interfering with the propagation of these se-
quences. It scems probable, therefore, that thermal
energy plays a significant role in the development of
displacement cascades in the energy range below ~1
keV and must be included in computer simulation
models to obtain correct resuits.

1. 1. B. Gibson et al.. Phys. Rev. 120, 1229 (1960).

2. A. Scholz and C. Lehmann, Phys. Rev. B 6, 813 (1972).

3. 5. 0. Sc'wffgens et al., Radiar. EfJ. 39, 221 {1978).

4. H. L. deinisch, J. O. Schiffgeas, and D. M. Schwanz. J.
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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. Appleton

R. F. Wood P. P. Pronko®

C. W. White < R. Wilson’
W. H. Christic*

The dopant profile changes mduced by pulsed-
laser annealing of B-, P-, As-, Fe-, or Cu-mmplanted
Si, as measured by secondary ion mass spectrometry
and Rutherford ion backscattering, have been
analyzed with thermal- and mass-diffusion cakcula-
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 t =0
and then frozen instantaneously at a later time 1= 1.
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 D is the
diffusion coefTicient in liquid Si. The result is shown
by the dashed lincin 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=0Qto 1= At
The melt-front was then moved in small steps, and at
cach step the dopants we. ¢ 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 /,and A¢,
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=3.09cm’/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 anncaling was explained by a
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Table 1.3. Fitted valwes of melt-front penetration

and diffesion coefficients
Melt-front D D
N csl exp
Dopant tration
P pm( A 10~ em?/s)
B 7120 309 24° 3.3:
P 4460 5.36 5.1° 2.7
As 7920 297 33
®See ref. 6.
BSee 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 theliquid is
sufficiently high.

1. Summary of paper: AIP Conf. Proc. 39, 123 (1978).
2. Guest scientist from Argonne National Labornatory,
Argonne, II), ‘




3. ORAU graduate laboratory participant (rom Nocth Texas
State University. Denton: presert address. Motorola. Inc.
Phoenix. Ariz

4. Anslytical Chemistry Division. ORNL.

5. J.C. Wasg. R_F. Wood.and P. P. Pronko. Appl. Phys. Let:.
33, 455 (1973).

6. H. Kodera, Jpn. J. Appl. Phys. 2, 212 (1965).

7. Yu. M_Shashkov and V. M. Gurevich, Russ. J. Phys. Chem.
42, 1082 (1968).

EFFECTS OF THERMAL PROPERTIES
OF AMORPHOUS LAYERS ON
PULSED-LASER ANNEALING

R.F. Wood G. E. Giles'

The lattice damage created by ion implantation of
semiconductors depends on the dopant, the implan-
tation cnergy, and the dose. In many cases (c.g.,
100 keV implantation of Asinto 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~3 %
10’ cm™) at the fundamental wavelength of a ruby
laser (0.693 um). This enhanced coupling of the laser
radiation to the sample is the most obvious effect of
the amorphous layer on pulsed-laser annealing and is
accounted for in most theoretical calculations.
However, the efiects 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 enoug.. 'oinvalidate the melting
model of iaser annealing. We show here that these
cffects 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 cisewhere.” The thermal conductivity K,
melting temperature T, 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. Anillustration is given in
Fig. 1.27 which shows melt-front position as a func-
tion of time for laser pulses of energy E;= 1.4 J/cm’
and pulse duration r, = 1S nsand for £ = 1.5J/cm’,
7: = 60 ns. The amorphous laver was 0.15 um thick,
and the ratios of amorphous to crystalline latent
heats L,/ L. were chosen as indicated on Fig. 1.27.
The melting temperature and thermal conductivity
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were not changed from their crystalline values. Itcan
be seen that a 40% reduction of the latent heat in the
amorphous region increases the penetration by only
~0.02 pum. Similarly, small changes in annealing
behavior were obtained when T was decreased from
1410 to 1000°C and K was modified to have the low-
temperature behavior of an amorphous material.

Evidently, substantial reductioas in K, Tw,and L
do not cause large changes in the ‘nelt-front histories,
as has been suggested. The reaso s for this somewhat
surprising result are quite simple, as some of the
subsidiary output data of the computer calculations
showed. When K, Ty, 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 1 , the laser pulse.
the total energy absorbed mav not be greatly
different. For a quite similar reason, reducing Ta and
K also have relatively minor effects.

I. Computer Sciences Division, UCC-ND.

2 W. D. Turner. D. C. Eirod, and . 1. Siman-Tov,
HEATINGS - An IBM 360 Hear Conduction Program, ORNL .
CSD:TM-I5 (March 1977).

DOPANT PROFILES
IN LASER-RECRYSTALLIZED
DEPUSITED LAYERS

R. F. Wood R.T. Young

Doped layers of amorphous Sideposited on single-
crystal substrates can be epitaxially recrystallized by
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pulses from a Q-switched ruby or Nd:YAG laser. A
uniformly doped amorphous layer might be expected
to lead 10 abupt p-n junctions such asthose typically
obtained by conventional cpitaxial 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-recrystallized
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 unabic to determine the initial dopant
distnbution because the dopant atoms are not clec-
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 5-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 dopamt 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.’” The liquid-phase
diffusion of As was calculated from ideal (completely
uniform As concentration) as-dcposited 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-impianted, 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 trken to
be 1.0. The equilibrium segrepation coefficieat k' for
As in Si is reported in the literature to be 0.3, but the
experimental data could not be fitted with this value,
primarily because of the concentration spike it
produces at the surface.’ The fact that k, must be
made larger than k! clearly establishes that segrega-
vuon 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 annecaling are considered. The
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Fig. 1.28. Comparison of experimental and calculated dopant
profiles after laser irradiation of 1000- and 2000-A deposited
lnyers. The dashed curves are the assumed, ideal starting profiles
nomalized to the concentration measured after the irradiation.

agreement between the experimental and calculated
profiles is very good. Calculations™ of the liquid-
solid interface motion under the conditions used in
these experiments show that the near-surface region
of the sample melted 10 denths of approximately
3360 and $830 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 samples.

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 and the substrate. With improved
experimental conditions, it should be possible to
reduce the me.lt-front penetration to the point where
the spreading -t the dopant into the substrate region
is virtually eliminated.

1. R.T. Young et al.. “Elecirical and Structural Charactenisiics
of Laser-Induced Epnaxial Layers in Si.” this repont: Appl. Phys.
Letr. 33, 447 (1979).

2 J.C. Wang. R. F. Wood. and P. Pronko. Appl. Phys. Leut.
13, 455 (1978).

3. R. F. Wood et al. p. 37 in Laser and Eleciron Beom
Processing of Materials. ed. by C. W. White, Academic Press. New
York. 1980.

4. V.G.Smith. W_A_Tiller. and J. W. Rutter, Can. J. Phys. 33,
723 (1955).

CARRIER DIFFUSION DURING
PULSED-LASER ANNEALING

R. F. Wood

Recent calculations by Yoffa' would seemto imply
that the diffusion of the hot, dense gas of clectrons
and holes generated during laser annealing 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 carner diffusion rather than
by the absorption cocfficient of the sample. Hereiit 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 anncaling
experiments at ORNL.

The following expression for the electron density in
the near-surface region of a laser-irradiated sample,
derived inref. 1, is

gho 7, $/a
bw |- (6 a)

X' —@ae*®, (D

Nodx) =

where g is the carrier generation rate, 8 is the absorp-
tion length for laser radiation of frequency w,, 7.is
the phonon emission rate due to collisions of the
photoexcited efectrons with the fattice, and hew is the
energy of the emitted phonons. The parameter a, the
characteristic diffusion .length of the carriers, is
discussed at length by Yoffa.

Equation (1) has a form analogous to the familiar
expression for the spatial falloff in intensity /(x) of
radiation incident on an absorbing medium,
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I(x) = (1 = lke™ (9]
where r is the reflectivity, k = 8" is the absorption
coefficient, and J, 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.’ In Eq. (1),
ghw, is the rate at which the incident radiation is
absorbed in the sample by electronic excitations and
is therefore equivalent to (I — Nl in Eq. (2). The
quantity N .{(x)he:7,) from Eq. (1) can be inter-
preted as the rate at which the absr rbed energy is
given up to the lattice through lectron-lattice inter-
actions and is equivalent to f(x) in Eq. (2).
Eqaation (1) can thus be rewritten as

I(X)=(1—lda—8)"(a+8) ' (ae’"~ 5% . (3)

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

In her illustrative calculation, Yoffa chose hw; =
23¢eV,56=10"cm,r=05, and a typical annealing
pulse of 10" W:cm’. This choice corresponds
approximately to a 1.5-J;cm, 15-ns square pulse of a
frequency doubled Nd: YAG laser and leads to an
estimate for a of 2.5 X 10~ cm. Figure 1.29 shows the
ratio Far. = H(x):[(1 — r)Io) as a fvnction of xfor four
different sets of values for @ and 6. The very high
value of k = 1,8 = 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 effective absorption coef-
ficientof k=(1.0+2.5) " X10°cm ™' =2.86 X 10°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
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different models are shown in Fig. 1.30. The c-mudel
assumes that there is no distinct amorphous layer
present and that, as a consequence, the absorption
coeflicient has some average constant value through-
out the sample. The ¢-model, on the other hand,
assumes that there is a 0.15-um-thick amorphous
taver at the surface of the sample. Within this layer,
the value of k (=k,) was varied over the range shown.
while k=eping k in the crystalline region beyc ad the
amorphous layer fixed at its perfect crystal value. The
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Fig. 1.30. Meck-from penctration as a function of sbsorption
coeflicient for the two different modcls described in the text.

latter value of k is that appropriate for single-crystal
Si at the wavelength (A = 0.693 um) of the funda-
mental mode of a ruby laser. It can be seen that the
maxtmum penctration depth of the melt-front in the
c-model is essentially constant for wide ranges of the
cffective 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 morc sensiti-  to values of k. for an
obvious reason. With & norphous layer only
0.15 um thick, much of the absorption of the laser
radiation may occur in thecrystalline region, where k
is assumed to be only X 10’ cm™'. As k,increases, the
percentage of the radiation absorbed in the 0.15-um
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- <ffective absorption
coefficient to the extent that the predictions of the

melting model of pulsed-laser annealing would be
made invalid.

1. E. 3. Yofla. Applied Physics Letters . press).
2 J.C.Wang P.7 Wood.and P.P.Pronko. Appl. Phy's. Lett.
33, 455 (1978).

MODEL FOR NONEQUILIBRIUM
SEGREGATION DURING PULSED-
LASER ANNEALING

R. F. Wood

Values of the equilibrium interface segregation
coeficient k; for B, P, and As inSi' are 0.80,0.35,and
0.3, respectively. Standard theories of crystallization
under equilibrium conditions,” applied to the laser
annealing process, show that in As- and P-implanted
Si these values of k? should produce large concentra-
tion spikes at the surface. These surface spikes are not
observed in | As-, and P-implanted, laser-arnealed
Si’ or in As-doped amorphous Si layers recrystallized
by a laser.* Moreover, satisfactory fits to the dopant
profiles in these cases can only be obtained with
values of &, nearly equal to unity.** 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 k, were extracted. The results
in refs. 3-6 proviis data on the segregation behavior
of B, P, As, Sb, Ga, In, and Bi in Si during laser
annealing. Values of k! and k, are shown in Table 1.4.
The most striking feature of these data is the very
large differences between k° and k; when &° is small.

A pheriomenological model based on the kinetic
theory of melting has beendeveloped to explain these
nonequilibrium segregation effects. The model takes
into account the idea that for a recrystallization
velocity v 20, new layers may be added to the solid so
quickly that dopant atoms in the int=rface region
have a reduced probability of escape from the solid
being formed.

Rate equations for the incorporation of host 4 and
dopant 4 atoms into the solid are writien as

R/ = KIC/- K¢S j=hd, M

where C and C’ are the concentrations of j-type
atoms inthe liquid and solid, respectively, and K/ and
K; are 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,
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Table 1.4. Results of calcalation of ;

and comperison t0 experiment
° k. k; k, Avg 180

Dopant k; (ex'p) (vg = constant) (vo = b 1xe) «V) Q;' Ca

B 0.8 1.00 098 093 -0.032

P 0.35 1.00 n 99 095 -0.152 1S

As 03 1.00 1%:3Y 097 -0.175 14

Sb 0.023 0.7 0.68 0.88 -0.347 26

Ga 0.008 0.2 061 0.51 -0.700 14

in 0.0004 0.15 045 0.15 ~1134 400

Bi 0.0007 04 048 0.39 -1.0583 1000

Al 0.0020 0.53 0.52 -0.901 55

K= Abexp (_ U RT) ) 2) have contended. The velocity vo can be related 1o an

where Uj is the barrier height; similar forms hold for
Ki, K!, and Ki. To account for dopant trapping, U
is written as

Uiv) = U7 + AlKv), 3)
where U7 is the equilibrium value. The term A Ui(v)
may be a complicated function of v, but is must go to
zero as v —~ 0 and to a constant value as v becomes
large. After some simplifying assumptions and a
moa-+rate amount of aigebra, one obtuins

k = klexplAUi(v): RT] , 4)

where
k* = (€3 CE)oen and k, = ( 1 C3)

are the equilibrium and nonequilib-ium segregation
coefficier:.(s, respectively.
Several simple forms for U/7(v) have been used in
the calculations to date; one of these is
Uiv) = U2 - AUF[1 — exp(—viw)] . (5
With this forr. and the requirement that &, — [ as
v — o Eg. (4) becomes

k, = Kexp{(— RT In kO)[1 — exp(—v, va)}/ RT} .(6)

Column 4 of Table 1.4 shows the results obtained
from Eq. (6) when a single value of va, independent of
dopant species, is used. Clearly, the model can
account for the extraordinarily large differences
between k! and k(exp). This is a major success of the
model and shows that it is not nccessary to abandon
the melting hypothesis of laser annealing, as some

average diffusion cocfficient D, in the interface region
by D, = vuxa. Of cor rse. D, is not known. but if it is
assumed that it is proportional to I}, the dopant dif-
fusion cocfficient in the liquid, then vo = D, xo. and
with xo = 225 A, the results in column 5 are obtained.
Values of D> were taken from the literature and varied
within the stated error ranges to fit k.(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 1.3] shows the results for &,
as a function of v using Eq. (6).
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Coluinn 0 in Tabie 1.7 give: vaiues for AUZ . When
these “trapping energies" arc compared to values of
U?, = activation energy for dopant diffus’ :n in the
solid, it is found that AUY isa rather small fraction of
Ui. Thus, 1or the dopants listed in Table 1.4, the
honding between the dopar.. and host atoms is
adequate to account for the trapping.

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

Ci=k[1 — exp(—v K{)] . 7

With the values of &, in column 5 of Table 1.4, v =
4 ms, and X' =100 m s. C5 was calculated. The
ratios of C7 to the maximum equilibnum solubility
C.” are given in the last column. These ratics are in
satisfactory agrecment with the experimental esti-
mates in ref. 5.

1. F. A. Trumbore, Bell System Tech. J. 39, 20° (1960).

2. V.G.Smith, W. A. Tiller,and J. W . Rutter, Can. J. Phys. 33,
723 (1955).

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. Len..

35, 447 (1979).

5. J.C. Wang R. ¥. Wood.and P. P. Prontko, Apy . Phys. Len.
33, 455 (1978).

6. C. W. White, S. R. Wilson, and B. R. Appleton. J. Appl.
Phys. 81, 738 (1950).

SUBSTRATE HEATING DUR. .«G
LASER ANNEALING

R.F. Wood  G. E. Giles'

For a number of reasons it may e desirable to heat
or cool semiconductor samples during pulsed-laser
annealing. ;f, for example, an available laser cannot
supply the energy reguired to melt the near-surface
region to a particular depth, sample heating may
extend the melting ra.ige to that depth. Ev 1 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
effects of tiie spatial inhomogeneit'ss in the laser
beam ca. 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,’ the interface
segregation coefficient k, for an impurity in the semi-
conductor is  -ectly related to v and to the
equilibrium interiace segregation coefficientk?. 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 ultrarapid resolidification
is available.

Figure 1.32 shows a series of calculated r.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/cm’ pulse from a ruby laser.
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Fig. 1.32. Calculst=d meh-front hist:ies for a Sisample cooled
or heated to the teinperatures indicated.

These calculations model .he laser annealing of a
single-crystal sample of Si implanted with “As
(100 1.¢V", 1.4 X 10" cm™?). The Asimplantation was
assumud to make the nzar-surface region nearly
amorphous to a depth of 0.15 um. The absorption
cocficient of the Jaser radiation was taken to be § X
10* cm™ in this region and 3 X 10’ cm™ at greater
depths. The reticctivities in the solil and liquid states
were 0.35 and 0.60, rcspectively. From a series of
results such as those in Fig. !'."2, the melt-front
penetration as a function o subs.rate temperature
can be obtained; this is shownin Fig. 1.33 for three
different pulse energy densities.

Values of the melt-front velocity can be founa from
curves "~k zsthose shownin Fig. 1.32 by 1aking the
derivative at any time. The recrystallization velocity
s clearly not constant, but a5 « verage velocity is all
that is needed at the present stage of thedevelopment
of !aser annealing. Figure 1.32 shows that variations
of fac:tors of 2 to 3 in the average melt-front velocity
during recrystallization can be produced by substrate
heating in easily accessible temperatur anges.
Although larger variations of v are desirable, it is
appaient that substrate heating can be used to study
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Fig. 1.33. Maximum melt-front penctration as a function of
substrate beating for three different laser energies.

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

). Computer Sciences Division, UCC-ND.

2. R. F. Wood, "Model for Nonequilibrium Segregation
During Pulsed Laser Anncaling.” this report.

3. C. W. White et al.,, "Kinetic Effects in Laser Anncaling of
lon-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, Incontrast to local moment,
or Heisenberg, systems, spin waves were found to
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exist only at wave vectors below a certain cutoffvalue
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 notto 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 abovea
cutoff energy is strong evidence in support of the view
that both Niand Feareitinerant ferromagnets. inthe
itinerant model, strong correlations between clec-
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-pasticle,
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 excellentquantitative, as
well as qualitative, model for the magnetic behavior
of Ni and Fe.! 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
neutr/.n scattering cross section yielded spin-wave
dispersion curves that are also in excellent agreement
with experiment” and predicted an “optical” mode in
Ni that was recently observed.’

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 7. 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
scatteriny results. Recent angular resolved photo-
emission experiments Lave suggested that the split-
ting for Ni docs not Jrop to zero at 7, but only to
one-half its zer« *.mperature value.’ Relatively crude



calculations, however, indicate that this result may
also be inconsistent with the neutron results.

In order to investigate this 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 I~w-temperature theory. The first
approach incorporates the temperature dependence
of the Fermi factors, which account for the unly
explicit temperature dependence in the low-
temperature theory. This simple extrapolation of the
theory gives a Curie temperature T¥which is 1.7 T,
where T is the measured Curie temperature. One
interesting aspect of this result is that the magnetiza-
tion calculated as a function of X = T/T? is in
excellent agreement with experiment. The calculated
spin-wave dispersion curves are shown in Fig. 1.34
for T =0 and T = 0.5T. The agreement with
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experiment indicates that the entire renormalization
for T< T./2 can be attributed to the temperature
dependence of the Fermi factors. Very little change in
the dicpersion curve was found for T./2 < T< T,
which indicates that some additional temperature
dependence must be included in this temperatre
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=0and 7=
0.86T.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 extrapclation method is based on the
concept that, as in the local-moment theory, there
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will be a spin-wave coutribution to the magneti~ation
and, therefore, the spin splitting does not have to
vanish at T = T,.. Unfortunately, the spi-wave
contribution cannot be accurately calculated at
presant, and thus the magnetization curve cannot be
used as a way to determine the relevant splitting asa
function of temperature. Alternatively, it was
determined that a splitting of about eight-tenths of its
zero temperature value gave the correct renormaliza-
tion at 7 = 0867, 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 atiributed to the Fermi factors for T<
T</2 and that an additional, relatively small,
reduction in the spin-splitting can account for the
renormalization for temperatures up to 0.867.. In
additior, the cutoff energy is not affected by this
reduction of the splitting. A splitting of one-half the
zro temperature value gencrates too large a
renormalization and a substantial change in the
cutoff energy. which implies that there is a real
discrepancy between the neutron and photoemission
experimental results regarding the temperature
dependence of the spin-splitting of the electronic
energy bands.

I. J. F. Cooke and H. L. Davis, AIP Conf. Proc. 10, 12I8
(1973), J. F. Cooke, J. W. Lynn, and H. L. Davis, Solid Siate
Commun. 20, 799 (1976).

2. D. Eastman, F. J. Himpsel. and J. A. Knapp. Phys. Rev.
Lets. 40, 1514 (1978); F. J. Himpsel, 3. A, Knapp, and D. E.
Eastman, Phys. Rev. B 19, 2919 (1979).

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

HEAT OF SOLUTION OF H IN Al
L. M. Kahn? Mark Rasolt

The interaction of H withits metallichosthas been
Ziven 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 approach® and applied to
aonsimple metals like Pd which can dissolve large
quantities of H. The region of Jow concentration has
been largely treated froma proton Jellmmmteracuon
and applied to simple metals like AL} which can
dissolve only small quantities of H. It is the second

F. Perrot’
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region that we have treated. The small amount of H
dissolved in most metals does not make this problem
without practical interest. As an iltustration, the
formation of H gas bubbiles upon solidification is just
one cxample of the need (or 2 microscopic treatment
of H metal interaction. From a theoretical point of
view, the simplicity of 2 proton embedded in an
almost uniform clectzon gas makes it potentially
useful for studying electron impurity interactions.

The heat of selution AH of an impurity of nuciear
charge Z;e (at point ry) with its equal number of Z,
clectrons is defined as the difference between the
energy of this configuration and the one where the
neutral impurity is removed to infinity. This energy
can be readily’ written as

AH = AHo + AH, + AH: + AH;
+ AH, + AHs; + AH,, (1)

with
i
AH =) {.: —é’} , (1a)
1
AH; = Zieh, (1)

z

AH; = ZQ . (1o
P
AHs= - gf d’rfd’r'{[m(l”)

= no(r)fn(r) — ndr))
+ [mi(r) — nele) i) ~ nol} - rl. (1d)
AH; = En{(nl(r)] - En{"dr)]

- f d’r{v.{n:(r)] ny(r)

= vi{ne(r)] no(f)} , (e}

»°rno
8H= 2,2¢ Z||'R-I z,e’f‘rl~ T

In Egs. ( Ia-lj ), Ex{n(r)] is the exchange and
correlation functional, v, is the functional derivative
8E,/8n, ¢ is the binding energy of the 7. bound
states (if any), no is the uniform density of (he ZV



electrane in volume ) and 5,(5) s the cicclion
density of the ZN + Z, electronsin the presence of the
impurity and N ions.

If we assume an adequate knowledge of E,.. the
difficulty lies entirely in solving the self-consistent
equations of Hohenberg. Kohn, and Sham® for the
densities ro(r) and ny(r) and cigenvalues ¢/ and ¢/. The
strong proton-clectron 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 r, and
approximated the ionic potential around the proton
by only its spherical component. This was done for
four positions of the proton in an fec Al lattjce: three
interstitial positions at the octahedral site (rs =a 2.
a 2,a 2).thetetrahedralsite (ri=a 4.a 4.a 4), and
the midpoint between them (1, = 3a:8. 3a. 8. 3a 8).
and onc substitutional position (r; = 0, 0. 0).These
positions are specified in terms of the length a of the
foc cube edge. The results are given in Table 1.5, from
which we note (1) a preference for an interstitial site
(@ 2.a 2 a 2)of 0.06] eV overa substitutional one.
(2) an activation energy for diffusion of roughly 0.5
¢V (the difference of lines 3 and 4 of Table 1.5) in
good agreement with most recent experimental
values,” 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
Vo ''(r) of Volr) as a linear order correction to the
above spherical solution. From the Feynman-
Hellman theorem, the correction to AH is given by

1
AR =5 f IV - st @]

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

Our results are listed in Table 1.5, and, surpnis-
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 pscudopoten-
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 {in press).

2. University of Virginia, Charlottesville.

3. Commissariat a 1'Energic Atomique, Saint Georges, France.

4. D.E. Eastman, J. K. Cashion, and A. C. Switendick, Phys.
Rev. Leu. 1, 35 (1971).

5. C. O. Almbladh ci al., Phys. Rev. B 14, 2250 (1976).

6. P. Hohenbergand W. Kohn, Phys. Rev. 136, 3864 (1964). W.
Kohn and L. J. Sham, Phys. Rev. 140, A1133 (1965).

7. Von W. Eichenauer and A. Pebler, 2. Metallkd. 48. 373
(1957); S. Matsuo and T. Hirata. Trans. Nail. Res. Insi1. Me1. (Jpn)
11, 22 (1969).

ON THE CHARGE COMPENSATION
PROBLEM IN S8-ALUMINA

J. C. Wang

Possible charge compensation models for the
excess conducting Na’ ions in Na S-alumina have
been investigated with potential energy calculations,
The cases studied include an artificial transfer of
charge from AI” ions in the spinel block to Na’ ions
in the conducting plane, the replacement of an A1*
jon with three Na® ions, the replacement of an AI*
ion with an Mg* and an Na’ ion, and the defect
model proposed by Roth et al.! In the last model, an
interstitial 0% ion in the conducting plane is assumed
to displace two nearby AI** iors ioward it from the
adjacent spinel blocks to forns two Frenkel pairs. The
calculations show that this formation of the

1 Table 1.5, The different contributions to the hest of solution of s proton in Al host

For a proton at (3a 8, Ja 8, 3a B). the nonspherical contributions wr re neglected and the heat of
solution AH s that of the spherical solid model only: all encrgics arc in electron volts

Position () MH; AH; AH;, AH. AH; MHs RY: ud AH

0,0.0) -3991 7.52 0.000 27.780 2495 48999 -0.017 0.654
(6 8 a04d a4 -11927 7.526 -0.134 ~5265 3361 -8.570 0.024 0875
(Ja 8. 3a K. 3a 8) -10.716 7.526 0004 -6024 336! ~-8912 1.091

(4 2,24 ~9.507 1.52¢ 0.000 -4812 13156 -~11.646 0016 0.593
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Vo-ARR QAP V.. defect whers

ot whers YV, stands for
an AI" vacancy, is the most likely model of charge
compensaiion.

The Coulombic potential in the conducting plane
as a function of distance r from the O ion in the
VarAl”-07-AI*-Vamodel 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 cancon-
tribute to the high conductivity. When the O ion
and the two Na“ ions are removed from the crystal,
the two interstitial A" ions will combine with the
vacancies.

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

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

41

LOCAL FIELDS NEAR A POINT-CHARGE
DEFECT IN CUBIC IONIC CRYSTALS'

J.C. Wa-

Lo.dl fields (Eia) at ions r ear a point-charge defect
in some cubic crystals have been accurately caku-
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 C1" and Na’ ions were zero, the local field atan
ion located at distance r away from the Na” vacancy
would have a magnitude of Eo = D = e/7. But
because of the nonzero polarizabilities and the
mutual interactions amonyg the induced dipoles, the
actual magnitude E.. is differentfrom E,. Theupper
part of Fig. 1.36 shows the calculated ratio C= Eic/ D
as a function of r for ions around the vacancy. Tne
ionic polarizabilities’ used are 2.974 and 0.255 A’,
respectively, for the CI” and Na’ ions, and the lattice
constant’ 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 dast ed line in Fig. 1.36. This constant can
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be determined as follows The dislectsic consiani e of

the medium contributed by the undisplaced ions (in
our polarizable-rigid-ton model) is first evaluated
from the tonic polarizabilities and the Clausius-
Mossotti relation. Then Go can be calculated from
Co=(e+ 2) 3

Close to the vacancy. the value of C oscillates
rapidly about (. 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
ficlds 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. 136
shows these angular deviations (A6).

In most defect formation and diffusion cnergy
calculations, it is not possible to allow ¢// ions in 2
system to move and to find the local ficlds at allions.
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Some approximations must be made. Usually the
system is divided into two regions' and only the
inner-region ions are allowed to move. The local
fields at these ions are calculated self-consistently.
The present results (oscillations and apgular fluctua-
tions) demonstrate that ions within a sphere of radius
of about 20 A mey have to be considered in this self-
consistent calculation, which means that about two
to three thousand ions are involved.

1. Sammary of paper to be published.

2. ) R.Tessman A H_Kahn and W.Shockley. Phys. Rev.92,
890 (1953).

3. RW.G. Wyckofl. Crystal Sirucnures. vol. 1. Wiky, New
York. 1965,

4. N.F. Mot and M_J. Littieton, Trans. Faraday Soc. 34,485
(1933).
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2. Surface and Near-Surface Properties of Solids

Almost all energy technologies encounter maierials 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 reparting period, the techniques of
ion implantation and/ or laser processing to alter the properties of solid surfacesina
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
rescarch 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 of 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 thermalannealing.
High-resolution eclectron 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 1o examine surface erosion
and impurity transport in the plasma edge, as well as the flux and encrgy of deuterium
in the boundary region. Inijtial results were interpreted to suggest that (1) 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 ¢V 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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icchnigic iv a deicronunaiton of inc density and veiocity 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 vicld, observable oaly under stringent alignnrent and beam
collimation conditions, for 180° (+0.5°) scattering was measured. The effect,
associated with the reversibility of the trajectornies of ions scattered near 180°, should
result in enhanced sensitivity of PICS for surface analysis. Two new techniques, ion
beam mixing and pulsed laser mixing, for inducing materials interactions to form
metastable near-surface alloys were examined. and initial results are reported here.
lon-induced damage and [aser-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 probabiy could be restored by
laser annealing. but the latter process initiates long-range Iattice 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 reriod focused
primarily on the annealing behavior of Siimplanted with a varicty of materials. A large
number of samples implanted with other than Group 111 and V materials exhibited
segregation or zone refmning to the surface. However, the behavior of similarly treated
Group I11 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
zuncentrations, permitted an accurate determination of the dopant solubility limit at
the thermal anncaling temperature. Studics 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, pulsc-annealed in UHV, were determined.

Rescarch on the photovoltaic ~cnversion of solar energy has been expanded
substantially during the period covered by this report. Progress on developing high-
cfficiency, single-crystal Si s~ lar cells by the ion-implantati 2, laser-annealing process
has continued, and efficiencies of 15 to 169 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.




SURFACE PHYSICS

EFFECTS OF DATA AVERAGING
ON LEED ANALYSES: A CASE
STUDY OF THE Cu(100) SURFACE

H. L. Davis

In order to obtain informaton concerning the
crystallography of surfaces, LEED J-V profiles have
been collected and analyzed 2t ORNL for the past few
years. Insight gained during this undertaking has led
10 the realization that several experimental hmita-
tions exist in a standard LEED apparatus, and these
problems could affect significantly the accuracy
and sensitivity of the crystallographic 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 1o null completely residuval
clectromagretic fields. Toinvestigate whetherany, or
all, of these limitations could be overcome, it was
decided 10 initiate a case swudy of the clean
Cu(100) 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 refatively simple technique has
appeared 10 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 /-¥ profiles.’
Some aspects of our data collection and averaging
for Cu(100) will be described here, while deails of
the resulting theoretical analysis are presented
clsewhere.’

The data for Cu(100) were collected using some-
what standard procedures.’ Briefly, a Cu single
crystal wascut, lapped, and electropolished to expose
the (100) face. The sample was then mounted in a
UHV chamber for preparation and analysis. It was
cleaned by sputtering with 500-eV Ar” ions followed
by a 700 K anneal to reduce damage disorder. The
sample was considered clean and ordered when o
Auger signals (monitored by a CMA) from coa-
taminants were detectable, and a sharp, well-focusea,
LEED diffraction pattern was observed. This (100)
surface was then aligned perpendicular to the
incident beam by equalizing intensities of prominent
peaks in the 7-V profiles of beams which are
symmetrically equivalent. In addition, diffraction
scattering angles were monitored fo 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. R. Noonan
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rocedure: Y profile
data to be collected that were reproducible such that
prominent features in sets of equivalent diffraction
beams agreed within | eV and had, at most, a 12%
variation in intensity. An illustration of the quality of
the data obtained from Cu(l100) is provided by
Fig. 2.1, which shows plots of the four, symmetry-
related, {10} beams. The fou~ 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 examplz, ine shoulder on
the peak near 140 ¢V has some variation from profike
to profile. These {10} profiles also can be compared
numerically by using a reliability factor, Rz ,defined
by Zanazzi and Jona.’ Rz has been deficvad so that

e of the above procedurs: enabled L.V profile
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Fig 2.1. A comparison X the measured {10} profiles and an

avenage of the top {our profiles.

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 Rz value of 0.061,
(10) with (10) gave 0.027, and (10) with (01) produced
0.044, In ourstudy of Cu(100), data were collected for
cach of the individual profiles in the symmetrically
equivalent {10}, {11}, {20}, and {2{} sets. When the



individual profiles in sach of these (] seis were
compared with each other, Rz valuesinthe range of
0.027 to 0.090 were obtained.

Although the Rz, values found when symmet-
rically related profiles were compared might be
considered small, ine differences between the profiles
can influence the accuracy and sensitivity of the
crystallographic information obtained from a theo-
retical analysis. That is, if only one of the profiles ina
given {ij} set is used in the analysis, some bias would
be introdvced. Also, some scatter would exist in
resultc obtained using different profiles from the
same {ij] set. This poimt is illustrated by Fig 2.2,
which contains contour plots of R2; values obtained
when experime- tal profiles are compared with cal-
culated proff  The LEED calculations were done

using eigt phase shifts from the Chodorow poten-
tial, a Debye temperature of 250 K, and 0.85 E'” eV
for the imaginary component of the imner potential.
Each subplot of Fig. 2.2 represents Rz; as a function
of the change in the first interlayer spacing from its
truncated bulk value, Ad:», and the real component
of the inner potential, V.. The optimal values of Ad;
and V.. for cach subplot are those giving the smallest
Ru. .

As seen, some scatter is present in the optimal
values of Ad\; and V.. when the individual (10}, {02},
and (10) profiles of Fig. 2.1 are compared with the
cakulated profiles. But it is noted that consistently
lower Rz; values are obtained when the average {10}
profile is compared with calculations than when any
of the individual profiles are compared. This means
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Fig 2.2. Plots of the reliability factor Rz, when some of the profiles of Fig 2.1 sre compared with calculated profiles described

in the text.




that the averaging process has served to canceleroms
in the data due to experimental imitations. Thus, the
Adi: and V.. values obtained using the averaged
profile should be more accurate than those obtained
from any one of the individual profiles. Also, use of
the averaged profile provides more sensitivity, since
the relative changes in Rz, with variations ‘a Ad»;
and V.. are larger for the averaged profile then for the
individuat profiles.

From the results obtained in this case study of
Cu(100) and in our other LEED investigations, we
are able to formulate definite experimental proce-
dures to use in futwre LEED analyses. When
cmployed, 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 incidemt
clectron 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
I-V profiles in a given symmetricaly 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 mvestigation 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 Cu(100) Surface,” this repon.

2. H. L. Davis, J. R. Noonan, and L. H. Jenkins, Suwrf. Sci. 83,
559 (1979).

3. E. Zanazzi and F. Jona, Surf. Sci. 82, 61 (1977).

ANALYSIS OF THE LEED SPECULAR
REFLECTION FROM A CLEAN
Cu(110) SURFACE

H. L. Davis

We have previously reported a LEED analvsis for
the Cu(110) surface, which was based on data for six
nonspecular beams collected with the incident beam
1ormal to the surface.! It was inferred from this
previous work that the first interlayer spacing of
Cu(110) was 0.115 = 0,003 nm, which represents a
10.0 + 2.5% contraction from the truncated builk
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

J. R. Noonan
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neceSsity, means ik inckdeni beary s noi normal to
the sample.) The specular beam data were analyzed
by comparison with the results of dynamical LEED
cilculations, where the same nonstructural param-
ciers were employed as used for the nonspeculardata.
Although the analysis of the specular data confirms
our carlier work, during its course some probiems
related to the accuracy of sample alignment and
structural sensitivity became apparent.

Ar. oricnted and polished Cu(110) crystal was
mouuted in a UHV chamber, cleaned in situ by using
standard Ar ion sputtering techniques, and then
annecaled in vacoum. 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 Cu(110)
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 diffractiop grating conditions. It is
believed that these alignment procedures areaccurate
to within 30.5°. Once the sample was aligned, data
were collected in the 20- 10 220-¢V energy range.

Computer codes developed at ORNL' 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 E'’ eV for the imaginary
component of the inner potent.cl.

Calculated and experimental /-¥ profiles for three
specular reflections are illustrated in Fig. 2.3. Each
frame of Fig. 2.3 specifies the alignment used in
obtaining the data, with @ measured from the surface
normal and ¢ measured from a (110) surface
direction. The estinated alignment error in ¢ is the
same as that specified for 6. The calculations used to
prepare Fig. 2.3 were performed at the experi-
mentally designated angles {i.c., those of frame (¢)
were done exactly for 6 = 8.5° and ¢ = 91°]. The
bottom curve of each framz represents the
experimental profile, while the upper curves are for
calculations with the denoted variations [sc: frame
(@] in the first interlayer spacing Ads: from the bulk
value. Also, with cach calculated curve are given
values of r,, which are single beam reliability factors
as defined by Zanazzi and Jona.” Itis noted that 7. for
data shown in frames (a) and () has its minimum for
Ad 2 between —6 and —8%and between —8 and — 10%
for frame (c). Thus, from Fig. 2.3 it would beinferred
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Fig. 2.3. Comparison of cakculated and experimental specular reflections for the Cu(110) susface.

that the Cu(110) surface has about an 8 + 39 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
vonfirmation 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 (b) and (c) show relatively minor changes
as Adh; is varicd; 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,. It is
d-sirable 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 /-¥ 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 for8=9° and Ad\:=—8%. an
r,value of 0.15 is obtainzd. Thus, such variance with §
suggests that greater weight should be given to
analyzing LEED data obtained at normalincidence,
where techniques can be used to align the sample
perpendicular to the incident beam to within 0.1°.°

. H. L. Davis, J. R. Noonan, and L. H. Jenkins, Surf. Sci. 83,
559 (1979).

2. E. Zanazzi and F. Jona, Surf. Sci. 62, 61 (1977).

3. J. R. Noonan and H. L. Davis, "Effecte of Data Averagingon
LEED Analyses: A Case Study of the Cu(100) 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(]10)«(1x2)
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surfacc' and Bave been unabie (0 determine saus-
factorily its atomic structure. We now believe that
some of the difficulties with this analysis are duc to
the behavior of the electron’s inelastic mean-free-
path, since work has been reported’ which indicates
that this mean-free-path increases quite dr asticaily as
the energy is decreased below 80 eV. A similar
behavior was also reported” for Ag at energies below
60 eV. Thus, the Ag(110) 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 tecn-
niques being developed at ORNL.>* Also, since
an independent analysis of Ag(l110) has been
performed,’ an additional study of this surface would
test the reproducibility of LEED analyses between
laboraiories as deemed desirable by a recent DOE
paneireport. For the above reasons we have initiated
work on Ag(110) and report some preliminary results
here.

A (110)-oriented Ag crystal was cut from a rod,
lapped, and electropolished. After this initial prep-
aration, the sample was mounted in 2 UHV chamber
and cyclically sput.cred with 500V Ar" ions and
anncaled at 700 K until no Auger signals other than
those of Ag were detectable by a CMA. 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
I-V profiles for beams of symmetrical equivalence.
Data were collected using a movable Faraday cup
with a retarding field 2nalyzer. The J-V profile data
were coliected forall symmetrically equivalent beams
in the {01}, {10}, {11}, {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 dynamicil LEED calcula-
tions was performed, where the effects of both
structural and nonstructural parameters on the
results were examined. The experimental and cal-
culated -V profiles were compared in the 60- to
280-¢eV range by using three distinct reliability factors
(R factors), which are defined eisewhere. The
comparison for the energy range belov. 60 eV has
becn posty uned for future investigation. It is in this
lower ene gy range where we hope to ohtain informa-
tion that would be useful in understanding the effects
of energy-dependent changes in the inelastic
mean-free-path,
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The set of calculations that has given the best
agreement, to date, with the experimental profiles
employed a Ag band structure potential,” a Debye
temperature of 130 K. and an imaginary component
of the inner potertiai that comesponded to the
clectron having a constant amplitude attenuation.
Ase, of 0.75 nm. Within this set, variations were con-
sidered in both the real component of the inner
potential, V... and the deviation of the first interlayer
spacing from the bulk value, Ad::. 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 givenin Fig. 2.4. For example, frame
(@) indicates that the optimal agreement (smallest
Rz;) is obtained when Ady: = -55% and V, =
10.1 eV. The ranges in the values of Ad\: and V..
which produce the minima of the Rfactors(Fig.2.4),
can be considered as one indication of the sensitivity
of the analysis to these guantities. Thus. the analysis
it.dicates that the first layer in the clean Ag(110)
surface is contracted toward the second by about
6.6 * 1.5%.
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An illustration is provided in Fig. 2.5 of the
agrecment between the experimental and calculated
I-V profiles obtained in our analysis, Only four o7 the
scven profiles considered are plotted in Fig. 2.5 and
are based on the calculated parameters giving the
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minimum Rz of Fig. 2.4. It is noted that the maior
features of the experimr :ntal 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 thc calculationsasin
the empirical profiles [e.g., the structurenear60eV in
the (10) and (11) profiles]. We hope to investigate
«:2se 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 cnusgy is
contained therein.

The result for Ad;: obtained in this investigtion
needs to u~ compared with that obtained hy
Maglietta et a!. (hereafter denoted MZJIM)’
MZJ13' obtained a contraction of 109 (no crrer
quoted), whils we obtained 6.6 * 1.5%. Aithough
both investigations deduced a contraction, the dif-
ference in the results can be important for considera-
tions concerning the sensitivity and accuracy
of LEED analysecs. MZJJM analyzed a total of
15 specular and nonspecular profiles, with 12 of these
being measured with a nonncrmal incident beam.
Also, 10 our knowleage, no data averaging was used.
Thus, errors due to minor sample misalignment and
other possible causes might have influenced their
analysis. Althougn our analysis was based on 7 ex-
perimental profiles, these were obtained by the
averaging of symmetrically enuivalent profiles froma
total of 20 measured at norn:al incidence. Such an
averaging technique is b:lieved to reduce errors
caused by minor misaligament ¢f the sample and

other experimental limitations.’ That experimental
errors are reduced in our analyzed profiles appears to
be indicated by the fact that we have obtained a
multibcam Rz, 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 Ad),, if either, is accurate
for the clean Ag(i10) surface. However, at present,
we feel that the available evidence adds credibility to
the application of data-averaging techniques to
LEED analyses.
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LOW-ENERGY ION SCATTERING
FROM THE REORDERED Au(110) SURFACE

D. M. Zehne: S. Datz'
S. H. Overbury'  W. Heiland®

The clean Au(110) surface that is known to exhibit
a reconstructed (2 X 1) geometric arrangement at
room temperature has been the subject of both
LEEDY and high-energy ion scattering® 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 experimentai results. Because it is well known
in surface studies that it is frequently necessary to
apply several differing spectroscopic techniques in
theinvestigation of a surface property, this past year
a collaborative effort with members of the Chemistry
Division has been initiated in which the techniqu: of
low-energy ion scattering has been used to examine
the Au(]10) surface.




A K’ ion beam and a rotaiabie spherieai detector
have been used to obtain angularly resolved low-
energy ion scattering spectra from the (110) Au
sample subsequent to standard clezning treatments
(sputter-anneal). Specun were obtained for an
incidence angle of ¥ = 30°, with azimuthal orienta-
tions ranging from the [110] 10 [100] directions,
¢ = 0 to 90°, respectively. Several different total
laborutory scattering angles have been used. In addi-
tion to the sharp “quasi-single™ peak (QS) near the
kintmatical single scattering energy Ex, the energy
spectrum exhibits strong plural scattering structures
at cnergics greater than Ex. 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 time=. greater thaa the QS intensity at ¢ =
27°, although it is nearly absent at ¢ = (° and 60°.
The ratio PS, QS exhibits marked temperature
dependence, al hough these variations are smooth, in
agreement with previous LEED observations. Exten-
sive data have been obtained at 7=800 K also, where
LEED observations indicate the surface to have the
ncrmal (1 X 1) 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.

I. Chemistry Division, ORNL.

2. Max-Planck-Institut fir Plasmaphysik. Garching. Germany.

3. J. R.Noonan and H.L. Davis_ J. Vac. Sci. Technol. 16, 587
(1979).

4. B. R. Appleton ¢t al.. Solid Siate Div. Prog. Rep.. Sep1. 30,
1978. ORNL-5486, p. 38.

PREPARATION OF ATOMICALLY CLEAN
SEMICONDUCTOR SURFACES BY
PULSED LASER {RRADIATION'

D. M. Zechner C. W. White G, W. Ownby

The production of atomically clean surfaces in
UHYV is a basic requirement in many areas of
technological importance. Basic studies of surface
chemistry and physics require cican surfaces where
the level of unwanted contaminants in the first few
monolayers is €1 at. %. For many applications in
d.vice technology, surface contaminants will con-
tribute greatly to degradation of device performance.
As device dimensicns become increasingly smaller,
the zar-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.

51

Recentiy, widespread interest has been generated
in the possibility of using a new technique known as
laser annealing to process semiconductor materials.’
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 2 UHV
environmext with the output of a pulsed ruby laser
(15 X 10 s pulse) whose energy density could be
varied betwien ~0.2 and 4.0 J'cm’. The experi-
mental facility contained equipment which could be
used in a variety of surface-sensitive speciroscopic
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 reccived no cleaning treatment prior to insertion
into the UHV chamber.

The Auger electron spectrum obtained froman 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 (272 eV)/Si (91 eV) = 3.8 X 10 *}are readily
detected. Occasionally, 2 small signal fromS was also
detected. The shape of the spectrum in the region of
the Si L1 1V V transition (70-100 eV) 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 (5250 eV), accompanied by an inlense
-..ckground resulting from diffuse scattering. Irra-
tiation with one laser pulse (~2.0 J/cm’) caused a
substantial reduction in the levels of O (0 Si=4.3 X
107%) and C (C/Si = 7.9 X 107°) present in the surface
region as shown in Fig, 2.6. Moreover, observations
with LEED indicated a well-ordered surface layer,
aithough 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 clectron detection system, O and C
intensity ratios were determined as O/Si < 5.5%X 10
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Fig. 2.6. Auger electron spectra obiained from an uncieaned Si
surface and afier pulsed lsser annealing a1 ~2.0 J/cm’.

and C/Si < 7.6 X 10, indicative of surface con-
centrations of €0.1% of a monolayer. In addi-
tion, the Si L; s V'V transition is that expected froma
clean Si surface.

Consequently, by exposing the crystal to several
(~5) laser pulses, the O and C contaminatibn 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 K1 s, are slightly
better thanthose obtained by repeated sputtering and
conventional thermal ahnealing over a time period of
several days. It should be noted that the residual
O and C contamination on this surface may arise due
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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{ata
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® and starting with a
background pressure of 2.5 X 10™* Pa, the first laser
pulse on an as-inserted or freshly sputtered Sisample
caused a transient pressure rise into the 6.5X 10*to
4X 107 Parange. Subsequent pulses on the same area
were accompanied with pressure rises into the 10~ 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 tothe sample location, these - uservationsdid 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
irradiation 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 extencs
to the first monolayer, since well-defined LEED

_patterns arec 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 sugges:s that the contaminants are
desorbed from the surface during irradiation.
Ahernatively, since pulsed laser anncaling 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 coefficients’ in Siare 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 beredistributed over a depth interval equivalent
to the melt depth (~5000 A for laser energy densities
of ~20 J/cm’). 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 electren spec-
wascopy; these values are consistent with our neas-
surements. Whether these impurities are deso.bed
from the surface or redistributed indepth or bothcan
be determined by experiments designed to measure
the total C and O contamination in the near-surface
region. Such experiments are in progress.

l. Summary of paper: Appl. Phys. Len. 36, 56 (1980):
(in press).

2. C. W, White, J. Narayan, acd R. T. Young. Science 204,461
(19]).

3. K. ). Bachmann, Current Topics of Material Science, vol. 3.
North Holland, New York (in press).

Si SURFACE STRUCTURES AFTER PULSED
LASER ANNEALING'

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, i 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 materiwss.’ 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 anncaling.

The light from a pulsed ruby laser was coupled
through 2 glass window into a UHV syster. 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 (TEMa) outpu: of
the laser at energy densities that could be varied
between 0.2 and 4.0J/cm’. A constant pulse duration
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time of 15X 10™ s was used throughous the experi-
ment. Reported energy densities have been « 2rrected
for the reflectivity (~10%) of the glass wi.dow.
Silicon samples cut from wafers suppli~d 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/cm’ are shown in Figs. 2.7
and 2.8. Figure 2.7a and ¢ show LEED patterns
obtained from (100) and (110) Si samples subsequent
to laser annecaling. These diffraction pattems are
indicative of reconstructed surface layers exhibiting
unit cells commonly indexed (2 X 1) and (1 X 2),
respectively. Comparison of these LEED patterns
with those obtained after using conventional sputter-
aancaling techniques, as shown in Figs. 2.7b and d,
indicate that thesame reconstructed surface structure
is present following both types of annealing
treatments.

The LEED pattern obtained from a Si(11 1) crystal
subsequent to laser annealing is shown in Fig. 2.84.
This (1 X 1) pattern is indicative of a filled outermost
(1:1) surface layer and is to be contrasted with the
patten shown in Fig. 2.8b obtained from a
(111) sample following a conventional sputter-
annealing treatment; the observed (7 X 7) pattern
indicates a reconstructed surface laye:. A similar
pattern was obtained from the laser-a~nealed surface
(Fig. 2.84) after subsequent thermal heating to
~700 K.

Similar observations were made on a (111) crystal
whose surface was cut at 4.3° from a (111) plane
toward the [112] direction. After laser annealing, the
pattern observed and shown in Fig. 2.8c indicates the
existence of a surface that can beindexed [14(111) X
(112)). This surface consists of monatomic steps with
average height of one double layer (3.14 A) with
terraces containing (1 X 1) domains.” Thermal
annealing of a crystal inthis state resulted in a surface
from which the diffraction patternshown in Fig. 2.84
was obtained; all indications of the steps are gone,
and the (7 X 7) 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 (2X 1)and (] X2)LEED pattemnsare
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.’ Although quarter-order L EEDbeams
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Fig. 2.7. LEED patierns from clean (100) and (110) Si surfaces at primary beam energies of (a, b) 9 eV and (c, )92¢eV; (g, ¢)

laser annealed; (5, d) thermally annealed.
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Si (1) Si(i)-43°[{i2]

Fig 2.5. LEED patterns from clean (111) and stepped (111) Si surfaces at primary beam energies of (a, c) 40 eV and (b, d)
68 eV, (a, ¢) laser annealed; (b, d) thermally annesled.
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fig 27 L EFT) patterns from clean (100) and (110) S surfaces at primany heam energues ot 2a. b)49 eV and (¢, d)92¢V. (a. ¢}
laser annealed. (b, d) thermally anncaled -
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Fig. 2.8. LEED patterns from clean () 11) and stepped (111) S surfaces at primary heam energies of (a. <y 40 eV and th N
68 ¢V, (g, c) laser annealed; (b [, thermally aunealed.
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Fig. 29. LEED patterns from clean (100) and (111} Gee surfaces at primary besm energier of (0, b) § 12eV, (140 eV, and (d) 12
eV (g c) laser annealed, (b. d) thermalily anncaled



the (2 X 8) LEED patternshown in ig. 2.9d, indica-
tive of a reconstructed surface, was obtained from a
{111) sample after sputtering with the sample held at
~900 K.

Since the initial observations that the {100) and
(111) surfaces of Ge are reconstructed subsequent toa
sputter-anncal treatment, much effort has be:n
expended in determining geometric models appro-
priate for these atomic structures and in obtaining a
variety of experimental data to support these models.
Aithough the exact details of the correct atomi
arrangement for either reconstructed surface are still
lacking. there is a large body of evidence which
suggests that the top layer onthe (100) surface has the
correct monolayer densityin which adjacent atoms in
the (110) directions are displaced to form dimers.’ In
contrast, the reconstructed (111) surface layer
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 (1 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,’ indi-
cate that the laser anncaling process is suitable for
preparing atomically clean, well-ordered surfaces on
Ge in very rapid processing times (seconds).

I. D. M. Zehner, C. W. White, and G. W. Ownby, p. 20! in
Laser and Eleciron Beam Processing of Marerials, ed. by C. W.
White and P. S. Peercy, Academic, New York, 1980; Surf. Sci.
Len. 92, 167 (1980).

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

3. D. 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. Phys.
Letr. 36, 56 (1980),

5. F. Jona et al., J. Phys. C 12, 1455 (1979),

6. 1. C. Phillips, Surf. Sci. 40, 459 (1979).
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ELECTRON SPECTROSCOPIC
INVESTIGATIONS OF THE
OXIDATION OF Be

D. M. Zehner  H. H. Madden'

AES, CLS, and XPS measurements have been
made on clean and oxidized Be surfaces. These
spectroscopics allow investigation of the changesin
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 Ki'V-Auger line and the K-CLS (K core level)
spectra were measured for both clean and oxidized
Be surfaces. The oxygen KVV-Auger 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-clectron 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 g = 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, is-
tegral N(E) Auger spectrum from clean Be and s
interpretation have been reported previously.
Briefly, this signal may be thought of as being made
up of three components which depend on the sym-
meiries (s and/ or p) of the valence electrons that take
part in the KV¥ Auger decay. Using a theoretical
total DOS from Loucks and Cutler, together
with the K soft x-ray emission spectrum of Aita and
Sagawa*’ to simulate the p-partial DOS, the experi-
mental KVV lineshape (dashed line, Fig. 2.10) could
be synthesized by ss-to-pp and sp-to-pp ratios of 1.82
and 0.55, respectively. Theoretical interpretations of
these results” indicate that the values of these ratios
for elemenial Be are determined not only *y the
Anger-transition matrix elements and tr. number
¢ensities of s- and p-valence electrons jut also by
an initial-state screening of the core hole that is
largely s-like.

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 clean and oxidired Be. (a) Be
KVV;(b) O KVV.
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oxidized Be surface are shown in Fig. 2.10. The spec-
trum from oxidized Be is morecomplex in shape than
is the corresponding signal from clean Be (Fig. 2.10),
and its major peak occurssome 10cV lower inenergy.
(A small high-encrgy shoulder on this peak is
probably due to a remnant of clemental Be in the
sample surface.) Tentative interpretation of thesetwo
KVV spectra assumes significant ionic bonding in
BeO leading to interatomic Auger transitions for the (e)
Be-KVV signal (i.c., the valence electrons in this
compound are localized on the O site). The 4, 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 electroas that take
part in the Auger decay coming from the same O site.
Peaks D and E in the BeO spectrum are due to non-
localized interatomic transitions, with the two
valence electrons involved coming from different O
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- ( ‘ {0 KjDGE
localized transitions. The peak/shoulder structure

{ F) on the high-energy side of the O-K V'V spectrum is 0 40 30 20 0 O
also thought to be due to nonlocalized transitions. ENERGY (eV)

The CLS data for clean and oxidized surfaces are Fig 2.11. CLS spectrs from clean snd oxidized Be. (a.5) Be K
shown in raw form in Fig. 2.11. Afte: loss correction, cdge: () O K edge.



the Y (£) spectrum tor the clean surlace has
been found to be in reasonably good agreement with
theoretical {conduction-band) DOS caiculations 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 atthe Fermi level
changes. upon oxidation. from a steplike function to
a more peaklike distribution. The encrgy 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 level) should be the same
at the O sik unless, perhaps. the empty Be states lie
well above the Fermi level and the CLS measure-
ments are sampling only those empty states due tothe
O. The data reduction of the CLS spectra from the
oxidized surface has still to be completed.

I. Sandia Laboratories, Albuguerque. N.M.

2 D. R, Jennison, Ho H. Madden, and ). M. Zehner. Phss.
Rev. B 21, 430 (1S80).

3 F L boucks and 2. H. Cutler. Phis. Rev. 133, ARIY
(1964).

4. 0. Aua and T Sagawa. J. Phvs. Soc Jpn 27, 164 (1969).

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

J. F. Wendelken Martin Ulehla

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 ELLS, We report here the use of this
technique in conjunction with LEED to investigate
the adsorption of O on the Cu(110) surface. This
adsorption system is of intetest because of the role of
O in ¢ variety of catalytic reactions on this surface.
For example. the dissociative chemisorption of
ethanolon Cu(110)and Ag(110)isstrongly pre moted
by preadsorption of oxygen.’

The measurements were made using a high-resolu-
tion electron spectrometer under UHV conditions.”
The spectrometer operates with 20 meV energy
resolution and 1° angular resolution. A movable.

oL}

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

The LEED observations are summarized in
Fig. 2.12. When a clean Cu(l 10) surface (Fig. 2.124)
ata 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 smallincrease 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 2.12b. d show a ¢(6 X 2) pattern in which a
(2 > 1) pattern has begun to develop. When O ex-
posures were made at room temperature, only the
(2 X 1) pattern (Fig. 2.12¢) developed for the
exposures reported here.

The ELS measurements were madeas 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 (2 X 1)
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 specularscattering
angle of 80° from the surface normal, which was used
for these measurements, the elastic intensity was seen
toincrease also with O exposure by nearly a factor of
3 when saturation was reached at 8 L. Most interest-
ing was the fact that noenergy shift wasobservedasa
function of exposure up to 50 L.

A direct comparison of the ELS resnlts with the
LLEED 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 ioss energy was observed
in all three cases. Only changes in tota! and relative
intensities were observed. Upon heating thecrystalto
obtain the (6 X 2) pattern  the elasticintensity nearly
doubled while the intensity of the loss peak dimin-
ished relative to the elastic peak as s 'wn in
Fig. 2.13h. Further heating to obtain the (2 X I)
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. 2.13¢.

As a check on these results, ELS data were also
obtained by using ""0: instead of 0. If the
vibrational energy var.es as the inverse square root of
the mass, thena .. from 4910 46.2 meV is expected.
The measured value for "0, was 46 + 0.5 meV. The
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observed angular distribution of the scattered clec-
trons with the characteristic energy loss of 49 meV
('"C:) showed that theinelastic scattering was peaked
in the elastic beam direction with an angular spread
of 0.8° more than the clastic beam. This 1s char-
actenistic of dipole scattering” in which the inclastic
intensities are proportionalto the elasticintensitics as
a result of a two-step scattering process. Atany rate,

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

Unfortunately, the site location of O on Cu(110)
cannot he determined from the observation of a
single vibration. However, restrictions may be placed
on the site. The obscrved vibrational energy indicates
that the O does dissociate since the molecular vibra-
tional energy is 193 meV." Further, the energy value
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Fig 2.13. Encrgy loss piofiles for an initial O exposurz of 20 L
at 80 K but after different temperature cycles to produce the (1 < 1),
(6 X 2), and (2 X 1) LEcp patterns.

indicates that the O atoms ar: coordinated to more
than one Cu atom since the Cu-Q stretching mode
cncigy i 76 me¥.” In general, a3 decrease in tue
vibrationa} energy can be associated with an increase
in *he band number.’ The fact that the vibrational
erergy 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 th: O may
sit abovc the surface with fourfold coorsination.’
Hence, a reasonable site on Cutl 10) could be in os
beneath :he surface, and a simple consideration of
space indicates that the long Lridge nosition may be
nreferable. This suggestion is in agreement with ion
s¢ sttering results’ whichir.dicate that underdynamic
exposure conditions, the oxygen is iocated at theJong
bridge position, 0.6 A oeneath the surface. Thi.s, the
effect of this work, in part,is to extend the ion scatter-
ing resuits to lower O coverage levels and todifferent
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 ar~ associated with diffzrent
densities of O, but with the O always in the same site.
The ELS intensities are confusing on this point since
the inelastic intensity relative to the elastic intensity
(I Ir) decreases upon formation of the c(6 X 2)
structure and increases upon formation of the (2 X 1)

structure. The :nitiai luss of intensity is probably
associated with O incorporation into the bulk as has
been indicated for O on Cu.” Th: ¢f6 X 2) paitern
may be associated with a one-sixtih monolayer
surface cnverage or with a bigh-coverage coincidence
structure, as suggested in a recent study of adsorplion
above room temperature.'® In the first case, forma-
tion of the (2 X I) structure requires either a threefold
increase ir sorface O or the formation of (2 X I)
islaads. If the (2 X I) structure that is formed vy
heating the ¢(6 X 2) structure is then viewed as a
surface that is two-thirds clean and one-third covered
by (2 X 1) islands ana if the scattering from the islands
is weighted to reflect the increased elastic scattering
from the (2 1) surf:ce, an increase in (I;/ I¢) by a
factor of 1.8 is expected. 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
(/1! Ir) should be a factor of 3. Such a large increase
was not obser—2d for exposures up t0 50 L atroom
temperature and above, which suggests that a com-
pletely saturated (2 X 1) structure may be difficultto
form, possibly as the result of further O incorpora-
tion. In the case of the ¢(6 X 2) coincidence model, a
reduction it (f;) Iz} should have been observed for
the (2 X 1) structure.

Finally, it is noted from a comparison with
published ELS’ and angle-resolved SIMS® results for
O or. Cu(100) that, despite a very different bonding
configuraticn compared to Cu(l10), 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 Cu(110),
the best agreement is found for the long bridge site
with a predicted vibrational energy of 49.9 meV.
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NO AND NO: ADSORPTION AND
DISSOCIATION ON Cu(110) 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(110) is totally different
from that of CO.

The LEED patterns following NO exposuie were
observed and found to have similarities to the
patterns that have been observed following O
exposures.’ An exposure of 20 L of NO at a crystal
temperature of £0 K resulted in no additional diffrac-
tion beams, but the relative intensities of the integral
order beams were altered. Subsequent heating of the
crystal to 400 K resulted in a ¢(6 X 2) pattern. With
further heating, the pattern began to change to a
(2 X 1) 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 pattemn, whereas a similar exposure to O
would produce a sharp (2 X [) structure.

Electron energy loss vibrauonal 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. Foran
exposurs of 0.5 L, the losses are at 106 and 195 meV.
At 1.2 L, thelosses 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 anJ the second loss peak by
4 meV for all exposares. A third Joss peak that
appears in the spectra is the revult of adsorrstion of
CO that is present in the vacuura chamber, Based on
an earlier study of CO on Cu(110),? it is estimated
tuat this represents less than 0.05 monolayer of CO
coverage. Altnough greater amounts of CO have
been observea i1 shift energies and intensities in the
NO vibrational spectrum,’ this is not considered a
seriour prob'.:z. i 1his study. An upwasd shift in the
CO vipratioi.al energy from the 260 meV observed
for ZO alone’ is in fact useful to this study as
disciissed below. w

The behavior of the relative intensities of the Joss
peaks as a function of coverage is of particular
intetest. The Jow-energy peak develops first at low
coverage. Its maximum intensity occurs at avout
0.5 L, and then its intensity decrsases. The higher
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energy NO peak develo} s more slowly, and a maxi-
mum intensity is reacted at 1.2 1.. For greater
exposures, both loss peaks vanish., However, the CO
loss peak does not concurrently vanish > 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 obscived at
about 50 meV, Heating to 500 K to produce the
mixed c(6 X 2) and (2% 1) LEED pattern resuitsina
distinct loss peak at 49 meV, which is the energy
observed for adsorbed atoniic O.'

By obs rving the loss profiles as a function of
temperatLre after an initia} exposure of NO of Jess
than 1.0 L, it was ound that the NO loss peaks
diminished as the remperature was increased and
vanished above a temperature of 113 K. However, the
residual CO loss peak was again unaffected by this



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 L.

A possible explanation for the behavior of the
Cu(110%-NO system was given by results of a recent
XPS study of NO on Cu(100) in which it was con-
cluded that N;O i+ tormed and desorbs at 110 K,
leaving behind only O. However, in the present work
this possibility :nay be ruled out for three reusons.
First, the gas phase NO stretching energy* of 15911eV
would require an increase in energy upor adsorptivn.
Second, the energy shifts in the gas pha. e stretchiig
and bending modes between '*NO and “NO aie
2.5and 2.1 meV, respectively, and we observed shifis
of 4 and 2 meV. Thit *, the inability of the LEED
pattern to shift comp c.cly 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; howeves, 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 a1t 212and 64 meV
shifted down in encrgy by 3.75and 1.3 meV, respec-
tively, when the isotope was changedfrom '‘Nto *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 meV. 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 tne molecule is
strongly bent (i.c., almost parallel to the susface).
Since the energy loss process involves dipole scatter-
ing in this case, the dipole selection rule states that
only vibrational components pcrpendicular to the
surface should be observed with ELS.” Hence, the
stretching mode of a strongly bent NO riolecule
would appear weak and the bending mode would b.
strong in the #nergy loss 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 s
certainly responsible for the observed dissociation at
very low temperatures, and site 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, il;s presence
of O and perhaps N from dissociation of NO posyibly
prevents the adsorption of NO in molecular form.
Such an occurrence would expiain the disappearance
of the NO loss peaks, for preadsorption of O alone
has been shown to prevent molecular NO adsorption.

I. J. F. Wendelken and M.V K. Ulchia, “Adsorption of O on
Cuf 110) Studied with FLS and LEED." this report.
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EFFECT OF CO-ADSORPTION OF CO
WITH O ANDY NO ON Cu(110) ON
OBSERVED VIBRATIONAL SPECTRA

J. F. Wendelken

Carbon monoxide is a principal component of the
background gas in UHV systems. Since CO isreadily
adsorbed on many surfaces, it is a frequent con-
taminant in surface studies. Theadsorption of CO on
Cu(110) has been studied previously by means of
clectron encrgy loss vibrational spectroscopy.' 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 t>mperatures (T > 500 K) and
high CO exposures (10" L) preadsorbed O may be
removed from Cu(110) by oxidation of the CO and
subsequent desorption.! The present measurements
involve adsorption at 80 K, where atomic adsorption
of O and molecular adsorption of CO have been
observed.” Oxygen was adsorbed first (20 L at a
temperature of 80 K). The presence of atomic O was
indicated by a weak vibrational loss at 49 meV.’
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(110).’ This is quite interesting in view of
the previous observations' that the CO vibration




displayed a shift of only 2 meV from 258 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 Cuti {0) sur-
face was first exposed 10 20 L of O; at 7=270K and
then annealed at 500 K 10 produce a sharp (2 X 1)
LEED pattern. The target was then cooled 10 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% 1)
surface structure, appears to be shifted upward by
[ 10 50 meV. although this shift is 100 small to be
measured reliably with present instrumentation. No
shift in vibrational energy has been observed as a
function of O coverage alonc.’ In both cases, the
intensity of the O loss peak is little affected by the CO
adsorption, whereas the CO adsorption is scento be
inhibited by the O preadsorption. Hence, a much
smaller background exposure of CO docs not appear
to presemt difficulties with swdies of O on the
surface.

The interaction of CO with NO on the Cu(}!10)
surfacz produced somewhat stronger effects. For this
experiment, the Cu(}10) surface at 80 K was firss
exposed 100.5 L of CO. This results inapproximately
a 0.25 monolayer coverage.’ Then 0.5 and 1.0 L.
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 3¢ 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 alone* at
195 and 106 meV, respectively, were shifted to
190 and less than 100 meV for the 0.5 1. 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 stretzhing mode. With the CO exposure, the
bending mode almost vanishes from the specurum,
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.

I. F.H.P.M. Habraken et al., Surf. Sci. 88, 285 (1979).

2. 1. F. Wendelken and M.V K. Ulehia, "Adsorption of O o
Cu(110) Studied with ELS and LEED,” this report,

3. J.F. Wendelkenand M.V K. Ulehla. J. Vac. Se. Technol. 16,
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4. 3. F. Wendelken, “NO and NO; Adsosption and Dissociaticn
on Cu(110) Studied with LS and 1.EED.” this report,
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EFFECT OF ORDERED O OVERLAYERS
ON SPIN-POLARIZED LEED FROM W(001)

J. F. Wendelken®  J. Kirschner®

In the study of both clean and adsorbate covered
single-crystal surfaces, LEED has become an
accepted and useful tool. However, additionalinfor-
mation may be gained by examining the spin depen-
dence of the scattered clectrons in such experiments,’
particularly for large-Z maicrials 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-scattenng LLEED spin dstection 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(00I) on the
observed polarization intensities.

The adsorption of O on W(001) is known to
produce a large variety of surface structures’ as a
function of coverage and thermal ircatment. These
structures have been attributed o 2 reconstruction
process at the surface in which the W atoms undergo
large displacements.® Since spin-orbit coupling is
strongest for large-Z atoms, measurements of the
spin polarization of efectrons 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
p(4 X 1) and p(2 X 1) O overlayers as well as for the
clean surface. The measurements of both intensitics
(/) and polarization (P) consist of specula; beam
rotation diagrams [/(4) and P(¢) for ¥ = constant]
and ecnergy profiles [J/iV) and P(V) at ¢ =
constant).

The W sui 2ce was cleaned by standard procedures
that involve first heating the crystal to a temperature
of ~1500 K ina 5 X 10 * Pa O atmosphere to remove
C.Subsequently, the crystal is flashed several times (o
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 to remove CO. The p(4 X 1) surface structure
was formed by an exposure of 0.7 L of O with the
crystal at room temperature. The p(2 X 1) structure
was then formed by hdating the crystal to about
. 100 K. Both structures exist in two domains rotated
by 90° from eaciy other.

The measurements reported here were all made
with the polar angle 8 of 14 * 0.5° from the surface
normal. This anglc was chosen because of the exis-



tence of a strong polarization feature that is not
highly sensitive to the polar angle for the clean
surface at 77 eV for ¢ = 0°_In Fig. 2.15, both P(V)
and I(V) profiles are shown for ¢ =0 and 45°. In the
case of ¢ = 0° (Fig. 2.15a) the strong negative
polarization feature of the clean surface at 77.2¢V is
greatly reduced when the p(2 X 1) 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.” In
the case of ¢ =45° (Fig. 2.15b) strong differences are
seen in the polarization profiles for the clean surface
and the surfaces with p(4 X 1) and p(2 X 1) 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 1) and p(2 X 1) surface
structures, totally new polarization features are
displayed near 102 and 67 eV, respectively.

Intensity rotaiion diagrams have recently been
successfully applied to the clean W(001) surface® and
are seen to haveseveral 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 sfficiency is constant. Since these same
advantages will apply in the case of SPLEED mea-
surements, polarization rotation diagrams were
incorporated in this study. Figure 216 shows several
sets of such P(¢) and I(¢) profiles. In Fig. 2.16a
profiles for the clean and p(2 X 1) surfaces are
compared at an energy of E, = 55 ¢V. Note that
while there is qualitatively little change in the inten-
sity profiles, there is a total loss of clean surface
polarization feature at ¢ = 45°, Figure 2.16b shows
rotation diagrams for energics at which new polariza-
tion features are created by the p(2 X 1) structure.
Note that for the two energics chosen, E, = 66.1 and
67.2 ¢V, 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, 50 only
the profilefor 67.2 ¢V 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 u! O exposur:s
beneath and above the required forthep(2X 1). After
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an exposure of 2 L followed by annealing at 1300 K,
the negative polarization maximum at £, = 67.2¢V
and ¢ = 45° was reversed 10 become the positive
maximum of polarization with no negative polariza-
tion remaining inthis feature. Atverylow 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 ¢ = 0°. These features are greatly
diminished when the exposure is sufficient for the
development of the p(2 X I). Although the LEED
natterns also change as a function of exposure, the
changes 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 semsitive probe of the recenstruction
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
ardered layers of CO on P(V} profiles at §=13°,¢=
0° for W(001). We also looked at the effect of a
disordered layer of Oand found good agreem=nt with
the published results. The surprise comes with the
comparison of our data for ordered overlayers of O to
the published data for ordered overlayers of CO.
While the results loonk quite different in the case of the
saturated p(2 X 1) oxygen and ¢(2 X 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
tollowed by annealing at 1150 K. Perhaps a smali
percentage of the CO is dissociated, and a similar
reconstruction is caused in both cases by the O.

It is not pnssible at this time to make a definitive
statement as to whether polarization measurements
are more sensitive 10 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 are complementary to the intensity
measurements, and a combined analysis of data of
both types should 1:crease the reliability of surface
structure determinations.
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DEVELOPMENT OF RETRACTABLE.
REAR-VIEWING LEED/AES SYSTEMS'

J. F. Wendelken S. P. Withrow
P.S. Herrell’

Display-type LEED systems with AES capabiliiies
have been added recently to two different UHV
expenimental chambers. In both cases, 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 target is mounted in a
fixed position on a large mechanical base that blocks
the view of the front side of a LEED screen. The
sccond experimental apparatus is a positive ion
scattering system in which the target manipulator is
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 (wo
LEED!’AES systems that use phosphor coatings on

SRR TR
6e 00 FLANGE -

€6 TPNA FEED TMACGH
(fyovar s —

CATE Mt - )

£LECTRON Caps —]

F O

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 the high-resoiu-
tion electron spectrometer is shownin Fig. 2.17. The
retracting mechanisin is driven by 2 large threaded
nut and has a total travel of 20 cm. Atmospheric
pressure, which mzkes turning the nut difficult, is
counterbalanced by two air pistons. The second
LEED system, shown in Fig. 2.18, is driven by air
pistons alonc and has a travel of 1S cm. The two
LEED systems are nearly identical otherwise. Both
use commercially available electron guns to which
shields for blocking light from the cathcde 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 pnosphor were added by settling from solution.
The phosphors appear as bright from the back side as
from the front side, and due to the absence of light-
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Fig. 2.17. Rear-viewing LEED system as mounted on high-resolution electron spectrometer system, |he setracting
mechanism is driven with a double threaded screw and assisted by pneumatic pistens,
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Fig. 2.18. Rear-viewing LEED systems as mounted on positive ion scatiering apparatus. The retracting mechanism is driven

totaiy by pnecumanc pistons.

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.

I. Summary of paper: Rev. Sci. Instrurn. 51, 255 (1980).
2. Plant and Equipment Division, ORNL..

PLASMA MATERIALS INTERACTIONS

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

The plasma-wall interaction in tokamaks has been
studied wn ISX using accelerator-based techniques
such a< Rutherford backscattering and nuclear
reaction analysis."’ These techniques rely on the
exposure of deposition probe samplics in the plasma
edge to accumulate both plasma and impurity fluxes
that can later be quantified in the laboratory, To
make such exposurcs. a mechanical system is
required that can ins rt the probe into the vacuum
vessel, position it accurately during the discharge,
and then remove it irom the vesse” without compro-
mising the vacuum integrity nf the machine,

Additional features, such as the ability 10 make
clectrical connections or to rotate the probe for
muitiple sample exposures and time-resolved experi-
ments, are also desirable. In certain cases, it may be
necessary to trznsport 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 buift and is
currently in use on ISX-B.

Tke design of the system was based on the use of
two concentric tubdes, the outer one to hold 2 sample
shield and the inner one to carry the rotating samples.
The tubes shide together into and out of the plasma,
withthe rotating drive motor mounted directly on the
outer end of the tubes to minimize the rotational
inertia presented to it and to eliminate backlash inthe
drive train. The major components of the transfer
system are a modified &) §.:s 1on pump that is
mounted coaxially around the sample support tubes
and can be operated from either ac pawer or
batteries, a long welded bellows that allows samples
to be moved more tharn 75 cm from thi transfer
system into the tokamak, and a stepping motor that
can be programmed to rotate the sampies a specified
amount either during a discharge or between
discharges. Inaccordance with the operation criteria
for ISX, the system is automated so that the probe




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 1s 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 sysiem is 107 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
mnsertion, 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 clectrical measurements. The system has been
used successfully for measuring the saturation
behaviar 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 Zuhretal, J Sucl Mater. 85/8€, 979 (1979).

2. 8. P. Withrow et al., Solid State Div. Prog. Rep.. Sepi. 30.
1978, ORNIL-5486, p. 50

1. B.R. Appleton #t al.. Solid Siate Div. Prog. Rep.. Sepi. 30.
1978, ORNE.-5486, p. Si.

4. R.A. Zuhr, S. P. Withrow, and J. B. Rober:o. “Impurity
Transport in the Plasma Edge of 1SX-B.™ this report.

5. S.P. Withrow, R. A. Zuhr.and J. B. Roterto. "I Profiling in
the Plasma Edge of ISX-B.” this report.

IMPURITY TRANSPORT IN THE PLASMA
EDGE OF ISX-B'

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

The performance of magnetic fusion devices
depends critically on the impurity content of the
plasia. Even small concentrations of h=avy elements
(<0.1% for W) can preclude the achievement of
break-even conditions in tokamaks. 7he impurities
arc introduced as a resuit of interactions of the
plasma with the wals and the limiter. In tnis work, we
have used deposition probr measurements of
retained impurities as a means of studying impurity
transport in the limiter shadow of 1SX-B. Mcasure-
ments have been made of the species and quantities of
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impurities present, their radial distributions behind
the limiter, and their behavior as saturation levelsare
approached. Simultanecous measurements of re-
tained D made under the same conditions are
discussed elsewhere in this report.”

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.’
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 “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 ohmically 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
samples were exposed {saroration nitasuremcais)
Combined saturation and radial profile results for O
are shown in Fig. 2.19. Results for chmically and
beam heated (350 kW) D discharges are given. It is
clearfrom Fig. 2.19 that theaccumulation of O on the
probe is saturating after a few discharges. After four
discharges, 909 of the finalQ concentration has been
reached for both injected and noninjected plasmas.
This is in marked contrast to the behavior of Crand
Fe, which is illustrated in Fig 2.20. Here the Fe
concentration, with and without injection 2t 2.5 cm
behind the limiter, is plotied against the number of
discharges. For both Cr and F= 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 ata rate

Table 2.1. Impurity concentrations
per discharge, cm™

C 3.0 x 10"
N 8.2x 10"
0 4.3 % 10"
S 2.0 x 10
Cr 11 x Jjo"
Fe  1ax 10"
Nio 2.3 10¢

Pb 21> 10"
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of ~4 X 10" cm’discharge after several saots,
indicating that a different mechanismisoperating. In
particular, chemical spuitering of the O by atomic H
may be taking place. An alternative explanation is
that at high O concentrations (~ 1 X i0'*/cm?), there
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are no longer any sites available at which incident O
can be trapped.

If an initial sticking coefficient of unity isass'med,
incident fluxes of Fe and O can be determinea {rom
these data. In turn, if an assumption .. ion
temperature is made, densities of these materals in
the plasma edge can be est'mated. Results for25-eV
ion temperatures are given in Table 2.2 for injected
and ohmically heated discharges. The modest
changes in Fe and O densities for chmicallyand 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 3o0x 10" 3.4 x 10" em’-discharge
o) 43x 10" 24 x 10" cm*-discharge
Density Fe 5.7x10° 6.5x% 10° cm’
o) 44 10" 25% 10" om’

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 10*;cm® without injection and ~1.8 X
10*; cm® with injection inside the limiter radius. The
estimated density of O for an ohmically heated
discharge is ~1 X 10" /cm’. 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, proliles, 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.

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. Roberto, "I, Profiling in
the Plasma Edge of ISX-B." this repornt.



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 tointeractionsthat 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.'

Amorphous and singlecrystal Si samples were
exposed to 1, 4, and 12 tokamak discharges at
locations varying between 10 and 50 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
using the DMz p)*He quctear reaction by detecting
the emitted protons in a surface barrier detector.
Depth profiles of D were also determined from the
energy spectrum of *He produced in tae 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 backscattering of *He was used
to monitor the damage to single-crystal Sias 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 roncentration retained after 12 shotsis 2.3 X
10%'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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The D edyge temperature was estimated using three
methods—comparison of D depth profiles with
theoretical profiles generated using the MARLOWE
binary collision code,’ 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.’ 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 be seen by the agreement in damage and D
depths. 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-, 150-, and 300-¢V D incidenton
Si are given for comparison,

The D and damage depths (Table 2.3) are
consistent with incident D energies on the Sisamples
of 150 to 300 eV. From concentration vs exposure
data, energies between 50 and 150 ¢V are predicted
assuming normal incidence of manoenergetic 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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Table 2.3. Comparison of D end damage depth profiles

to MARLOWE code predictions
Experiment Theory
D profile Damage ) Mean
FWHM  depth E:’:;" F‘:’;;M R(‘A“)“ depth
A (A) _ A)
I Shot 92 95 50 5 23 18
12 Shots 134 130 150 35 60 49
300 135 s 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 {ayer
does not reflect very strongly the increase in central
plasma temperatures.

1. S P Withrow et al. Salid Stare Div Prog Ren | Sent. 36,
1978, ORNL-5486, p. 50.

2. M. T. Robinson and 1. M. Torrens. Phys. Rev. B9, 5008
(1974).

3. S. A. Cohen and G. M. McCra~ken. A Model /~r Hydrogen
Isotope Backscautering, Trapping, and Depth Profife in C and
a-Si. PPL-1529, Princeton {1979).

4. R.A.Zuhret al, 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 lastitute, 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 ¢iements
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 the divertor 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 astrong
positional dependence. Additional work is necessary
to refate this result to tokamak parameters. Because
of difficulties in quantifying the Al inpu¢, the

o

acsojute levels oi Al cannoi be iciated o divertor
efficiency or directly compared as a function of field
configuration.

In addition to Al, significant amounts of O (of the
order ten times the Al 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. Schweer’ W. R. Husinsky’
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
deveiopment of impurity atoms under various



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-
posed* 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 timeresolution. 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 @’ D levels of the ground state of Fe was
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 0.5-ns pulse. The laser
beam entered the tokamak along a major radius 30
cm above the midplane and about 45° toroidally
trom the limiter. The fluorescence radiation was
detected off-resonance through a 10-cm viewing port
vii top of rhe vacuum vosse! using an interference
filter and photomultiplier. The laser could be
operated broadband (~ 10 pm) to excite all particles
for density measurements and narrowband (~0.6
pm) for measurements of Doppler broadening witha
sensitivity of 6 X 10* cm s,

Results of density measurements for neutral Fe at
5.5 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 theend
about 30 ms beyond the initialization of current
rampdown. This latter peak does 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 corre.ponding peak is observed at the
beginning. These results suggest that the initial peak
is associated with proximity to the wall and thatthe
accumulation of Fe in the edge may be dominated by
transient effects.
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Fig. 2.22. Neutral Fe density in ISX-Bat $.5and 10.5 cm from
the wall as a function of discharge time. The temporal behavior of
the optical background, toroidal field. and plasma current is also
shown.

Estirates of the temperature of utezl Feat 5.5
cm from the wall were made from Doppler
broadening measurements and from the ratio of Fein
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 f~r 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.}

1. Summary of paper to be published.

2. Guest scientist from Institut fiir Festkorpesforschung.
Kemnforschungsanlage, Julich, Germany.

3. Guest scientist from Technische Universitft Wien, Vienna,
Austria,

4. A Elbern, D. Rusbildt, and E. Hintz, p. 475 in Plasmo-Wall
Interaction, Pergamon, New York, 1977.

5. W.R. Husinsky and J. B. Roberto, "Development of 3 CW
Laser Fluorescence System,™ this report.



SURFACE EROSION IN THE P1ASMA EDGE
OF ISX-R'

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 1ilms
exposed to tokamak dischargss 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 dischargesat
various locations in the limiter shadow of ISX-B.
Erosion of the Au films, as well as accumulationof D,
O, Fe, and damage on the samples, was measured
usingion scattering, channeling, and nuclear reaction
techniques.”” 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 nf discharees and decreased to zers 2s the
wall was approached. Scanning electron microscopy
revealed no evidence of arcing on the exposed
samples.

The radial dependence of the erosion, as well as the
retaine¢ D, O, and Fe for samples facing the field
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 isapproached.’
Sputter yields of 5 X 10 are consistent with the
observed erosion at 2 cm from the himiter for D
fluences of 10" cm’ per discharge. These yields
would require average incident D energies (including
sheath acceleration) of ~250 e V. This fluence-energy
combination is slightly higher than recent estimates
of D fluences and cnergies 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 O) to the erosion yields. We are currently
repeating the erosion experiment in an H plasma
where the increased sputtering threshola (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 in
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. Raberto

The status of light-ion sputtering in relatior to
plasma-surface interactions is reviewed. The empha-
sis is on total physical sputteriag yields for H isotopes
and He and on those parameters that affect total
yields, such as angle of incidence. dose, and
temperature. Two energy regionsare distinguished: 2
low-energy near-threshold region characteristic of
plasma ion temperatures and a higher energy region
characteristic of neutra! beams and cnergetic alphas.
In each case, the existing cxperimentil 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
tota! yields in all materials and compourn.is wherethe
sputtering is dominated by collisional effects. For
higher encrgy light ions (£ > 10 keV). existing
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theories predict the correct energy dependence of the

sputtering but overestimate the yields by factorsof as
i much as 10 in some cases. Overall, physical
‘ sputtering yizlds by light ions are wunderstood

adequately for the present needs of the fusion

community, with the exception of additional experi-
| mental measurements for specific materials at low
| doses and in the high-energy region.

1. Summary of paper: Proceedings of the Worksho- on
Spustering Caused by Pla.ma (Neutral Beam)-Surface Interac -
tion. DOE report (in press).

LOW-ENERGY H' SPUTTERING OF METALS'

J. 8. Roberto J. L. Moore
R. A. Zubr J. Bohdansky®

Thesputtering of limiter and wall materials by low-
energy light ions which escape the plasma may
contribute significantlv to erosion and impurity
introduction in fusion devices. Recently, extensive
measurements’ of light-ion sputtering yiclds using
the weight-loss method have led to an improved
undcrstanding of low-en sputtering processes at
high ion doses 10""/cm’ for H'). In the present
work, a more sensitive Rutherford backscattering
technique has been used to determine normal
incidence sputtering yields for 0.2 to 2.0 keV H’ on
Au, Ni, and type 304 stainless steel at doses as low as

| 10'*/em®. The results of the backscattering measure-
| ments have been compared with the weight-loss
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technique in a sample exchange with Max-Planck-
Institut, Garching, and have been correlated with
theoretical predictiors based on binary collision
models.**

The sputtering beam was extracted from the Solid
St Division's ion implantation accelerator at 35
keV and decelerated to its final energy using an
clectrostatic lens system.* The loss of sputtered
material on the thin film target was monitored by
changes in the backscattering yield of a2.5-MeV He*
beam from a Van de Graaff accelerator. The
sputtering yiclds for the present experiment are
compared with results from the weight-loss method
and with recent theoretical calculations in Table2.4.
The present results are generally in agreement with
th. higher dose weight-luss data, as well as with
predictions of the binary collision calculations.

Overall, the result: indicate similar sputtering

behavior for thin films and bulk material and an
improved theoretical understanding of physical
sputtering for low-encrgy light ions. Additional
weight-loss mcasurements 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: J. Nucl. Mater. 85/86, 1073 (1979).

2. Max-Planck-Institut fur Plasmaphysik, Garching bei
Minchen, Germany.

3. J. Roth, J. Bohdansky, and W. Ottenberger, Max-Planck-
Institut far Plasmaphysik Report IPP 9/26, Garching (1979),

Table 24. Normal incidence H* sputoering yields for Au, Ni,

| and typs 304 stainlers stee)
» Sputtering yeld
Energy (atoms/ion)
Target (ev)
Backscattering ~ Weight loss’  Theory™
Au 400 0.9 X 10" 08x 10? 1.4x 107
7% 4.1x 107 35x 107 52x10”
1000 7.0x 107 58x 10” 7.2x10"
1500 1.1x10? 09 x10? 09x10?
2000 1.3x 107 LIx 107 1.1x107?
Ni 200 3.0x10° 40x 10? 40%10°
400 1.7 10° 9.2x 107 1.0 307
750 1.2x 107 1.3 107 14X 107
1000 11X 10? 14% 107 1.6X 107
1500 1.0 % 10 1.4x 10" 1.6X107
304 SS 400 0.7 x 107 0.6% 107 08x10?
750 0.7x 10 08x 10° 10X 107
1000 0.9 x 10? 1.0x 107 1.2%x 107
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4. R. Behrisch et al.,, Appl. Phys. 18, 391 (1979).

5. L G. Haggmark and W. D. Wilson, J. Nucl. Mater. %6{77.
149 (1978).

6. G.D. Alton etal., “Design Featuresand Focal Propertiesof a
Simpile Lens System for Decelerating Iatense lon Beams to Very
Low Energics,” this report.

DESIGN FEATURES AND FOCAL
PROPERTIES OF A SIMPLE LENS SYSTEM
FOR DECELERATING INTENSE ION BEAMS

TO VERY LOW ENERGIES'
G. D. Alton® C. W. White
J. B. Roberto R. A. Zuhr

A simple clectrostatic lens system has been
designed and constructed for decelerating ion beams
to very low energics. Such a system is useful for a
variety of atomic and solid state physics apphcations,
including ion 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.’

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 isshown in
Fig. 2.24. The associated iens apertures g, electrode
potentials ¢, clectrode spacings d, and thicknesses ¢
are given in Table 2.5.
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Tabie 2.5. Selected leas data

a  2.54 mm c: 1524 mm a 1524 om
n 1270 am n 635mm s 635 mm
di 953 mm d 1005mm y  Variable
& 03 keV ¢ 1.0 keV

(34.8-33.0 keV)

The lens of Fig. 2.24 was used to cecelerate and
focus a 35-keV H' beam to final energies of 200 to
2000 ¢V and current deasities >1 mA/cm’. Thefocal
properties of the lens, resulting in increases of beam
density by inore than a fastor of 10, wereessential for
producing the necessary intensities for low-energy
sputtering experiments. The measured focal position
xof the lens as a function of final beam energy wasin
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 pubiished.

2. Physics Division, ORNL.

3. J.B. Roberto, R. A. Zuhr, and J. L. Moore, "Low Energy H
Sputtering of Metals,” this report.

DEVELOPMENT OF A CW LASER
FLUORESCENCE SYSTEM

W. R. Husinsky'  J. B. Roberto

The method of Dopnler-shifted resonance fluores-
cence of neutral atoms excited by intense laser

ORNL - DWG §0-8224

BN

DEFINING
APERTURE (¢ =1 mm)

Fig. 224. Schematic of the lens system.



radiation has proven to be an excellent tool for the
measurement of the density and velocity distribution
of sputtered particles’™ and impurities in fusion
devices.* Most particle-solid interactions (such as
spittering, desorption, and reflection) are dominated
by the emission of neutral species, and the laser
iivorescence: technique allows the detection of neutral
particies with great sensitivity.

We have r=ently set up a laser fluorescence system
in the Solid State Dévision based on a tunable,
actively slabilized cw ring Jdye laser pumped by an
argon ijon laser. The sysicm produces single-
f ~quency laser radiation. with an effective linewidth
of about | MHz and can also be operated broadbend
(2-20 GHz). Continuous single-frequency outputs of
more than 2 W can be achiever’ at 560 to 620 nm using
R6G laser dye and 50 to 200 mW at 410 to 450 nm
using Stilber,e dyes. The high spectral intensity and
narrow bandwidth of the system allow measurement
of ~10? atoms/cm’ 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 iriplantation 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 Crbeams
using the resonance transitions at 425.43,427.48, 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 Torusfusion
device, where measurements of impurity and excited
atomic hydrogen fluxes are planned.

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

2. W, Husinsky et al., J. Appl. Phys. 48, 11 (1977).

3. A.Elbem, E. Hintz, and B. Schweer, J. Nucl. Mater. 76|71,
143 (1978).

4. H.-B. Schweer, W. R. Husirsky, and J. B. Roberto,
“Measurement of the Density and Velocity Distribution of Neutral
Fe in the Plasma Edge of ISX-B by Laser Fluorescence
Spectroscopy,” this report,
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ION-SOLID INTERAZTIONS

ENHANCED YIELD EFFECT FOR
IONS SCATTERED NEAR 180°!

B.R. Appleton  S. R. Wilson®
P. P. Fronko® 0. W. Holland*

A new and unusual ion scauering effect has been
observed for energetic ions backscattered from solids
at 180 + 0.5°. Although the effect was discovered in
the course of expcriments utilizing a uniaxial double-
alignment channeling geometry that requires strin-
gent collimation near 180° scattering angle,? itis not
an ion channeling effect. The effect has been observed
on a wide range of amurphous and polycrystalline
materiais and for H' and He' beams with energics
from 0.2 to 2.5 MeV. It is not seen under small-
acceptance-angle collimation at 90° scattering or in
widz-acceptance-angle geometry for 180° scattering
events. These results lead to the conclusion thzt the
effect is uniquely associated with small impact-
parameter scattering within 30.5° of the 180°
direction.

Helium and proton beams from the Solid State
Division’s Van de Graaff accelerator were collimated
to a half-angle beam divergence of 0.008° witha spot
size ~1 mm in diameter and were directed onto a
variety of targets. Two in-line annular detectors
(cooled to —22°C) could be positioned such that the
one farthest from the target had an acceptance half-
angle 0;2 = 0.1° and the closest one had#,,, = 4.5°.
Both detectors recorded scatiering about the 180°
direction. Measurements were also made using small,
movalle 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 backscettered to 180°
from fine-grained polycrystalline Cv. 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 backscatiering yicld distribution.
The spectrum from the narrow-scceptance-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
determined by stepping the smali-acceptance-angie
planar detecior over a range of angles near the 180°
scattering direction. The rapid decline of the effect
for scattering angles deviating from [80° and its
depth dependence can be seen from the series oi
analyzed spectra in Fig. 2.26 for i.0-MeV He’
scattered from polycrystalline Pt. These results show
the percent enhancement in scattering yield overthat
observed in a normal Rutherford scattering distribu-
tion. The results were obtained by normalizing and
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Fig. 2.26. Depth dependence of the percent yisld enhancement
for 1.0-MeV He ions in Pt st different angles ¢. Between successive
curves O¢ = 0.054°; the curve with the largest enhancement
corresponds to the smallest angle & = 0.082 + 0.01°,
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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 (~140% 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 aependencies of this cffect
have been studied for H', *He', and “He” heams with
energies from 0.2 to 2.5 Me?, on amorphous and
polycrystalline targets ranging from 82 < Z; < 13,
and on single crystalline targets of Au and Ge. We
have deduced from comparison of our resr*lts with
computer simulation calculations® that the effect
originates from the reversibility of the incoming and
outgoing trajectories of ions scattered sufficieatly
close to 180°. The dependence of this ghenomenon
on ion charge and energy and on target atom charge
and mass is discussed in a scparate paper,® as is the
utilization of this effect for surface studies of single
crystals.’

1, Suramary of papers: P P. Pronko etal., Phys. Kev. Letr. 43,
779 (1979);, Nuclear Instrionents and Methods (ia press). -

2. Guest scientist from ANL., Argonne 12,

3. ORAU graduate laboratory participant from North Texas
Stae  University, Denton; present wddress: Motorola, Inc..
Phoenix, Ariz.

4. ORAU graduate laboratory participsnt from North Texas
Sta.¢ University, Denton.

5. B.R. Appicton and L. C. Feldman, p. 417, Asomic Collisions
Phenomena in Solids. ed. by D. W. Palmer, M. W_ Thompson, and
P. D. Townsend. North-Holland, Amsterdam, 1970.

6. J. H. Barrett, B. R. Appicton, and 0. W. Holland. “Role of
Reversibility in Enhanced lon Backscattering near 180° Scattering
Angle.” this report,

7. B. R. Appleton et al., “Enhanced Sensitivity lor PICS
Analysis of Surfaces,” shis report.

ENHANCED SENSITIVITY FOR
PICS ANALYSIS OF SURFACES

B.R. Appleton  O. E. Schow III
O. W. Holland'  J. H. Parrett

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 techrique).’ These experiments are
usually performed with a single alignment wide-
acceptance-angle (only the channeling effect is
utilized) detector geometry.’ It is possible, however,



to utilize a uniaxial double-alignment ‘both channel-
ing and blocking are utilized)’ ¢r a2 narrow-
acceptance-angic detector geometry such as that
described previously.® When thisis done, however, as
the previous paper shows, the enhanced ion scatter-
ing effect will alter the results significanuy. This
rcport describes work in progresstc assesstheeffects
of the enhanced ion scattering yield on surface pzak
studies performed in a2 uniaxial double-alignment
detector geometry.

The surface sensitivity in the TICS technique,
when the single-crystal axesarcaligne: rarallel tothe
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 resulrs from the number of atoms per
+~.w that scatter ions from the aligned ion beame. In
the case of 1.0-MeV He’ ions incident parallel to the
(110) axial direction perpendicular to a Au(110)
surface, the surfice peak yield is expected to be2.17
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 inctude
thermal vibrations® and also, within experimental
error, is 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.c., 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 ircident ion beam
because of thermal vibrations. In the uniaxial
double-alignment geometry, the cnhanced ion
scattering effect that was discussed in the previous
paper” will cause an increase in the surface peak yicld
forangles 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 measirements and
cakulations of the surface peak enha..cement that
occurs for 1-MeV He’ ions incident on Au{110] at
room temperature 1» shown in Fig. 2.27. The data
were obtained using an array of small-acceptance-
angle (~1.0°) detectors which could be scanned near
the 180° direction t0 mearure the scattered energy
spectra as a function of angle. The circles
plotted in Fig. 2.27 represent the enhanced surface
peak yiclds computed for | 0-MeV He scattered from
Au[110] in the uniaxial doubic-alignment geometry.
These calculations are normalized so that 0%
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enhancement corresponds to the Jalculated surface
peak yield for Au[110](2.17 atoms per row):.t large
¢. where no enhancement occurs. Measurements
analogous to the calculated yields are plotied as
triangles, and these are also nommalized to 0%
enhancement at large & > 0.8°. These preliminary
results thow a marked enhancement over the
calkculated values. It is not clear ac present whether
this difference is due 1o the reconstructvd nature of
the Au (011) surface, which is the subject of an
ongoing investigation by the combined techniques of
PICS and LEED and is not included in the model
cakulations, 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 studics.

I. ORAU graduatc Iaboratory participant from North Texas
State University, Denton.

2. B. R. Appicton et al., p. 7 in Jon Beam Surfoce Layer
Analysis, vol. 2, ed. by 0. Meyer, .. Linker, and F. Kippeler.
Plenum Press, New York, 1976,

3. B. R. Appleton and L. C. Feidman, p. 417 in Aromic
Collissons Phenomena in Solids, ed. by D. W. Palmer, M. W.
Thompson, and P. D. Townsend, North-Holland, Amsterdam
1970.

4. B. R. Appleton et al., “Enhanced Yield Effect for lons
Scaitered near 180°," this report,

5. J. H. sarrett, Phys. Rev. B3, 1527 (1971).
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DEPENDENCE OF SURFACE PEAK YIELD
IN As ON INCIDENT ION 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 the
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 severul 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 ohserved recently, for measurements
on Pt, that the surface peak yield exhibits a signifi-
cant increase with beam dosc as a result of radia-
tion damage in the surface region.' This increase
was observed for doses up to ~30 uC/mm’.
Because of the interest within the Solid State Divi-
sion in using the backscattering/channeling 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(110) crystal.

For normal incidence, the percent change in
surface yield, normalized to the yield at a 2.5 uC
dose, is 0.05% uC/mm’. This value represents
the slope of a line drawn through the cata for doses
up to S0uCimm.’ Typically, measurements on Au
involve doses of 0.5 uC/ mm’ per data point and
total accumulated doses of <20 uC/ mm’, which
translate into surface peak yield changes of <1%.
This result is less than the statistical error for a
1-uC/mm’ dose in the experiment, ~1.5%, 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 ‘ower temperatures could
be more severe.

“ 1. J. A. Davies et al., Swurf. Sci. T8, 274 (1978).

JON BEAM ANALYSIS TECHNIQUES AS A
SUPPLEMENT TO COAL CATALYSIS
B.R.Appleton C.W.White E.L Fauller, 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 ecffectiveness of the
processes. These zre difficult tasks due to tl = great
variability among coals and the compi~ir: of the
material. Experiments have been sta':sd to
determine the usefulness of ion beam analysis
techniques for characterization of coals. We report
here preliminary results using ion scattering to
determine the clemental compositions vs deptn o!
several coal samples and ion-induced nucicar reso-
nance techniques to determiue the H concentra-
tions vs depth in the same samples.

The results shown in Fig. 2.28 were obtained by
measuring vields of 2.5-McV He ions scattered
from a Texas lignite coal and a bituminous Illinois
coal. Because the energy of the scatiering ions
depends on the mass of the scattering atom, it is
possible to identify the scattering species prescnt
in the coal. The clemental labels above the steps in
the yield distribution in Fig. 2.28 are the caku-
lated energics for scattering from these elements
located on the surface. Because ion scattering s
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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Fig 2.28. 2.5-MeV He ion scattering analysis of coal.
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excess of that element at the surface compared to
its concentration ia the bulk. .f the density of the
coal is known, the scattereu cnergy can be
converted to depth. Thus, it is possible from such
measurements to make quantitative determinations
of the clemental compositions as a function of
depth.

Measurements of the H concentrations as a
functicn of depth in the Texas lignite coal before
and after an 200°C char treatment arc shown in
Fig. 2.29. These results were obtained using the
'H("F,av)'*O resonant nuclear reaction. The
measurement method is described in the following
paper.’ The H profiles arc shown near the surface
and at a depth of ~2 pm beneath the solid.

Quanutative comparisons of these data cannot
be made at this stage for several reasons. Some of
the results observed are due to sample preparation
and;or handling; for cxample, all measurements
wer: made in vacuums ~1 X 107 tosr, and the
Illinois No. 6 sample was cut and polished. The
purpose of these preliminary results is to illustrate
the capabilitics 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 liquification 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

12 H

HYDROGEN CONCENTRATION (al. R}
L J
1 1

S
- .-1~-‘~ —
§ { gty St S

k& \um m;t-*. - -A

800°C CHAR
4 — -
o -
o 3 K\ i —iA 1]
o ) 020 a0 040 20

DEPTH (micrans)
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practical side, ion-induced nuclear reactions, x
rays, and gamma rays could be utilized for buk
coal analysis In a processing line once the
techniques were calibrated in the laboratory.

1. Chemistry Division, ORNL.
2 C. W. White et al, "Quantitative H Depth Profiling in
Fleorinated Amorphous Si,” this report.

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

C. W. White R. Tw'
B. R. Appkton  D. D. Alired®

The ability to determine quantitatively the H
content and coucentration profiles in solids &
becoming increasingly important in  materials
science. One arca where this is of paramount
importance is amorphous Si, 8 mat=rial that has
shown great promise for the production of large-
area, low-cost photovoltaic devices. Conventional
amorphous Si is prepared by the decomposition of
SiH., and our previous measurements™ have shown
this material to contain very high concentraticns of H
10 at. %). Recently, researchers at ECD have
shown that the addition of F 10 amorphous Si leads
to amorphous Si (aSi:F:H) with superior characteris-
tics compared to conventional hydrogenated amor-
phous Si (sSi:H) in at least four important areas: (1)
the clectronic density of states in the gap is reduced by
10 to 20%, (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
necessary to determine the complete physical and
chemic: characteristics of this material. We report
here quantitative measurements of the H profiles in
this material.

A fluorinated amorphous Si film (approxiraately
5400 A thick) on a Si single-crysial 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 H:
atio of 9:1. The pressure during deposition was ~0.5
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torr. The substrate temperature was ~300-K. In the
glow discharge deposition process, As doping can be
accomplished by simultancous introduction of AsH,.
For the present measurements, however, the films
were As free.

The H profile was determined quantitatively by use
of the'H("’F,a)"*O nuclear reaction, which ¢ xhibits
a strong resonance at a °F coergy of 16.44 MeV nthe
laboratory system. To determinzthe H concentra.ion
as a function of depth, one measires the ganwna-ray
yield 2+ a fonction of ™F beam energy as the
resonance is stepped through the sa:apl .’ Conver-
sion of energy to depth is accomplished using stan-
dard stopping power tabies.’ Conversiop of gamma-
ray yield to H concentration is accomplished using
suitable calibration standards. Details of the decon-
volution of the gamma-ray yield dat» are included
in our previous publications.* Calibration standards
used in this work include three Si crystals mplanted
with H at ORNL (11.7 keV, doses of 10", 10*, and

10" 1cm?) as well as one crystalimplanted with H by

RCA (40 keV, | X 10"/am’). The calibration
constants determined from these four standards
differed by less than 0%. M:zasurements were
performed using a "F* beam from the ORNL
Tandem Van de Graaff Accelerator.

Figure 2.30 shows the gamma-ray yicld data and
the H concentration vsdepth in the aSi:F:H film. The
gamma-ray yield data are normalized toa *F*" dose
of 1.56 % 10" pamcleswuh(hcbeamspotsucbemg
~4 X 10" cm’. 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 \..; eflects of lower energy
resonances.’® Beam energy was converted to deptt in
the sample using information in ref. 5. In Fig. 2.30.
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 10*'/cm® (~15 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 amosphous-to-crystalline inter-
face, but subsequent Rutherford backscatiering
measurements with 2.5-MeV He’ ions show the {ilm
thickness to be ~5400 A.

The H concentrationand profile in this film are not
radically different from those in conventional aSi:H
films. At present, measurements are being carried out
to determine the F profile in this film and the As
cmcemmlon and profile of films that are doped with

"As and to determine the Si density in these films.
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amorpaocws Si (sSi:F:H). The gamma-ray yicld and H concentra-
tion are plotied independently as a function of beam energy (or
depth). Absolute concentrations are determined from H'-
implanted calibration standards.

Mecasurements of the stoichiometry of these filmsand
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.
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THERMAL ANNEALING OF
“As-IMPLANTED (111) Si

S.R. Wilso' C.W.White B. R, Appleton

Solid phue re;rowth of (111) Si implanted to high
doses with "’As is used in the fabrication of bipolar



transistors. Others hawe studied *ne solid phase
regrowth process of (100) and .1{1) Si crystals
repdered amorphous by Si” ion beams,”™ and small
concentrations of impurities are kn~wm to affectthe
regrowth rate for {(100) crystal: .* However, no data
arc ava:lable on solid phase regrowth of (111) crystals
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 procesc
under conditions of direct impcriance ‘i duvice
fabrication.

Rutherford backscaitering and ion channeling
techniques were user’ to investigate the cffects of
implant s+ and substrate temperature during
implaatatiu.. on the regrowth of amorphous layers
vn {111) S.. Crystals were implanted with ’As a1 60
keV to doses ranging from 1 X 10"/cm’ to 15 X
10"/cm’. These implant conditions create an
amorphous layer extending to a depth of ~1100 A.
Samples w... implanted at room temperatu:e and
with the substrate cculed to LN; temperatures and
were then anncaled at 550°C for 18 h. These
annealing conditions are sufficient to regrow ~3500
A using reported values of regrowth rates of
impurity-free (111) Si.*

Figure 2.31 shows the kigh-resolution channeling
spectra obtained with the beam aligned along a (110)
axis for crystals implanted tc different doses at room
temperature. The As-implanted spectrum shows that
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the crystal has been made amorphous to a depth of
~1100 A. For doses of 1.5 X 10"/cm’ 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 m-asurements showed As
to be ~80% substitutional in the regrown layer, with
no spreading of the profilc. At the dose of 7 X
10"/cm?, the amorphous layer regrows only to a
depth of -~450 A as measured from the surface, and
significant disorler remains in the vicinity of the
original amorphous-crystalline interface (~1100 A).
In this crystal, As is 70-80% substitutional in the
regrown layer and randomly placed in the amor-
phous region. At a dose of 1.5 X 10"/cm’, 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 ratesin{111)
Si will be considerably reduced by "’As, because the
time and temperature used for annealing arc
sufficient to regrow ~3500 A of impurity-free
amorphous Si.* Wafers implanted at LN, 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 carly stages of
ther::.al annealing create stable defects at the
intertace which will be difficult to anneal by solid
phase regrowth.

Experiments are in progress to determine solid
phase regrowth raies as a function of “As concentra-
tion and to determine the nature of the defects
remaining in the regrown layers.
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ION BEAM MIXINCG AND
PULSED LASER MIXING

B. R. Appleton  S. S. Lav’
B. Stritzker' C. W. White

Two new processing techniques have emerged that
are proving quite useful for forming near-surface
«lloys with metastable 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. 2.32 and 2.33. Figure 2.32
(IBM) typifies the materials interactions that can be
initiated in cvaporated thin films of Au (400 A)onGe
(3000 A) on sapphire by bombardment with only 5 X
10" 450-keV Xe ions/cm’. The initial thin fi'm
composite (solid curve) is uniformly transformxd
into an amorphous mixture of AuassGeoss over a
depth of several hundred angstroms. Moderate
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temperature (~100°C) theymal processing of this
metastable amorphous mixture leads to the forma-
tion of m v metastable Au-Ge phases. If the IBM
technique is applied to the Al/ Gesystem, which hasa
binary phasc diagram nearly identical 10 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
annecaled with a single laser pulse, the near-surface
region mehs and forms a metastable amorphous
mixture similar in character to the IBM Au/Ge
system just discussed but at the eutectic compositicn
(Al 70Geo.x)-

These two techniques have been utilized to study a
varicty 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 importart factors in understanding the
IBM results, and rapid quenching and phase growth
from amorphous mixtures are probably important
clements of both IBM and PLM. Results from some
of the systems investigated are summarized below.

I. Au/Si, Au/Ge. Al{Ge.and Ag/Si. The PLM of
all these systems tends toward metastable amorphous
mixtures of the eutectic composition. The matenals
interactions that dictate this paiucular composition
in these rzpidly quenched systems are not under-
stood. The IBM is quite successful in the Au Siand
Au; Ge sysiems, leading to uniformly mixed layers
of well-defined compositions (AuenSioy» and
Ao ssGeoas). 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 that the ease of
mixing is probably related to the higher diffusivities
of Au in Si and Ge compared tu those of Al and Ag.

2. Low-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.




3. V/Si. Both IBM and PLM of evaporated
V! Siisapphirc samples lcad to amorphous V3Si
mixtures that are not superco~ducting. Therma:
annealing of the IBM mixtures leads to A15 phase
V;Si with superconducting transition temperatures
T. ~ 16 K. Thermal annealing to 500°C of V)Si
mixed with a single laser puiscleadstoa 7.~ 10K,
and PLM with ~10 laser pulses of a V/Si thin film
composite leads to V3Siwvith T.~ 9 K. Thkissystem is
quite ccmplicated, and onc must include considera-
tions of ion- and laser-induced defects on the
superconducting pro--ertics of the 415 structure’?as
well as IBM and PLM ecffects in deducing the
interaction mechanisms invoived.

These techniques show great promise for materials
fabrication and as fundamental research tools,
particularly when used in conjuncuion with iop
implantation and laser annealing. In particular, near-
surface alloys such Ls P1,;Si, which could not beinade
hy 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
matenals properties when phase growth starts from
1n amorphous mixture makes them particularly
valuable for fundamer.tal materials studies.
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ION CHANNELING ANALYSIS OF
DEFECT STRUCTURES IN A1S
SUPERCONDUCTINC SINGLE CRYSTALS

B. R. Appleton B. Stritzker’
0. Meyer' Y. K. Chang

Superconducting compounds that have the A]5
crystal structure have exhibited the highestsupercon -
ducting transition temperature, 7., measured in any
material. The origin of the high T 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 415 crystals
decrease T drastically,>* and ion channeling studies
have shown that in V,Si these defects take the form of

small displacements (0.05-0.1 A)efthe V atoms from
their linear chain structure.”” The nature oi this
defect was determined for measurements of the
detailed angular scans of He' ions scattered from V
atom:s in the V,Si single-crystal lattice. The channel-
ing critical angle, ¢)2, showed a pronounced
narrowing which, when compared to model calcula-
tions Y1 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 metai constituents in the A15 struc-
ture. This study wes  ione by using 2.0-MeV He' ion
scattering combined with channeling to make
detailed angular scans of the (110) and {100) crtical
angles of Nbslr and V;Ge single crystals. In these
crystals, because Irand 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 V;Si. These results suggest that ion damage to
the AlS structure causes slight displacements
(~0.05-0.1 A) of both elements from their equilb-
rium positions. This “kinking” of the linear cham
structure is probably the cause of the decreasein 7.
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
SUPERCONDPUCTING SINGLE CRYSTALS

B. R. Appleton  B. Stritzker'
C. W. White O. Meyer’
Y. K. Chang

Because of the important role of defects in
understanding the behavinr of superconducting




materials,>* we have initiated 2 program to investi-
gate ion-and laser-indnc=d defect structures in NbslIr.
V3Si, ViGe, and NbN single crystals.** lon channel-
ing techniques have been used to measure lattice
disorder, and superconductivity measurements made
on thin film samples subjected 1o the sames ion (iaser)
p.ocessing hawe been used to gain some insight as to
how this d.xorder correlates with the superconduct-
ing properties o the matenials. To detect surface
damage SEM wa: used, and TEM will be used ata
later stage of the rescarch to der.rmine defect
structures.

In general, ion bombardment of the superconduct-
ing materials being invesiigated here induces short-
range disorder in the form of defect clusters, and an
overall decrease m T is observed. Similarly, thermal
annealing can be used to restore order .nd increase
T.. Contrary to expectations, pulsed laser annealing
was found to ‘nduce disorder in the uadamaged
crystals studied and te 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 2 544 shows energy spectra for2.5-
MecV He™ backscattered from a random erientation
and the (111) axial direction of 2 NbN singic crystal
before (curve labeled {111)) and after laser annealing
with single, 15 X 10” s pulses at energy densities
ranging from 0.7 to 1.0 J/cm’. As the laser energy
density increased, the backscattering yields for the
(111) channeling spectra approached tha: of the
random value, signifying an increasing amount of
lattice disorder. At 1.5 Jicm’ the surf:e became
heavily damaged, as can be seen from the SEM
pictures in Fig. 2.35b of thc 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 T in initially high 7, filmsor
an increase in T, for initially low T, films.>*

Pesults from ion channeling studics of NbsIrsingle
crystals that were subjected to ion damage prior to
laser annealing are shown in rig. 2.35. After
bombardment with 6 X 10" Kr ions;cm*at 300 keV,
channeling znalysis showed pronounced damage
distributions at the range of the Kr ions. (Although
the channeling spectrum for undamaged NbslIr 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’ caused only slight recovery of
this disorder, and annealing to higher energy densi-
ties showed an in~reasins, amount of disorder simi-
lar to that seen for NoN. At ~2.0 J/cm’ the NbsIr
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Fig 2.34. (o) lon channeling analysis of lascr-induced gisorder
in NBN single crystal; (5) SEM analysis (2500X and 12,%00%) of
NDON singk crysial afier single 1.5-Jcm’ laser pulse.

single-crystal surface showed disruption in the form
of irregular flakes, A similar experiment was
performed on a (100) V,Si single crystal, and the
results were correlated with superconducting mea-
surements of V;Si films. The <ngle crystal was
predamaged with 4 X 10'* He  cm?® at 300 keV.
resulting in a measurable damage distribution which
was detected oy ion channeling. Pulsed laser
annealing did not repair this damage but instead
increased the cisorder until at 1.5 J cra’ surface
flaking occurred. The energy dependence of the de-
channeling in the laser-annealed V:Si was found to
bzhave similar to that for edge dislocations in Si.
Correlated measurements’ on predamaged V;Si films
showe that the ion predamage decreased 7. and
laser annealing caused T, to increase, but never to its
original value (~16 K).
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Fig.2.35. lon chnuﬁn'udﬁh of ion-bombarded and leser-
annealed Nbsir single crystak.

The exact nature of these ion- and- laser-induced
defects must await further analysis, but the combined
resuits do suggest some explanations. lon damage

-culd disrupt the short-ringe order (and To), and

laser annealing could restore the short-range order
(and T:) but iniroduce defects that disrupt the Jong-
range order of the lattice. This would explain both
the channeling results and thin film measurcments.
The nature of the laser-induced disorderand evantual
surface disruption probably results from strains
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 7. 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 FORMKD
BY ION IMPLANTATIOKN AND PULSED

LASER ANNEALING'
C. W. White B. R. Applkton
S.R. Wilson’  J. Narayan

F. W. Yonng, Jr.

The formation of supersaturated substitutional
alloys by ionimplantation and pulsed faser annealing
have been studisd systematically for a wide range of
group Il and V dopantsinSi.”* The la.~r-annealing-
induced, liquid-phase epitaxial regrowth p.2cess has
been found to take place under highly noncguilib-
rium conditions, and values have been determined
for the (nonequilibrium) interfacial distribution
coefficients during regrowth.* These are the first
determinations of interfacial distribution coefficients
under noncquilibrium growth conditions for any
system. In addition, maximum substitutional solubi}-
ities (C;™") for group I and V dopants in Si have
been measured for present laser annealing condi-
tions.”* The maximum substitutional solubilities
exceed equilibrium solubility ".mits by factors of up
to 500 (in the case of Bi). The achieved <ubstitutional
solubilities are approaching the absolute maximum
substitutional solubiities predicted from thermody-
namic considerations.® When the total do: .at
concentration greatly exceeds C;°, a cell structu..
develops in the near-snrface r<p'~n due to interfacial
stability and constitutiunai s wercooling at the
interface during solidification.’

Silicon single crystals, (001) orientation, were
implanted by group 11I and V dopants (Ga, In, As,
Sb, and Bi) to doses in the range 10" to 10'"/cm? at
energies in the range 100 to 250 keV. Annealing was
carried out using single pulses from a Q-switched
ruby laser (~1.5 J/cm?, 15 A 13 s pulse duration
time). Crystals were examined bei. -¢ and after
annraling using 2.5-MeV He” Rutherford backscat-
tering and ion channeling techniques to determine
the dopant concentration profiles and th¢ 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
calcrlations using a mode! that incorporates both
dopant diifusion in the liquid during regrowth and
an interfacial distribution coefficient kX’ from the
melt. (k’ is defined as the ratio of dopant concentra-
tions in solution in 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 10**/cm’, 250 ke V) in Si. Laser annealing
causes ~12% of the implanted Bi to be segregated to
the surface. The Bi that is trapped in the lattice afier
annealing is highly substitutional (~96%) even
though the con.c.uration exceeds tie equilibrium
solubility limit by almost two orders of magritude.
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 eouilibrium value, ko.
Clearly, if regrowth occurred under conditions of
local equilibrium at the interface, very littic i would
have remained in the solid. A reasonable fit to the
experimental results requires that &’ 3> k.

Table 2.6 summarizes values for k’ determined for
cach of the dopants we have studied and compares
them to corresponding equilibrium valves. In each
case kK’ > ko, and this provides a measure of the
departure from local equilibrium at the interface.
This departure is brorght about by the rapid
regrowth velocity (~4.5 m/s).
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Fig. 2.36. Dopant profiles for *Bi (290 keV, 1.2X 10'*/em’) in
Si compared 10 calculations.

Table 2.6. Distridution cocfficicnts in
Si for equilibrinms (k)" and laser
annealing (1) growth conditions

Dopant ke k k' ke
As 0.3 10 33
Sb 00213 6.7 30
Bi 0.0007 04 571
Ga 0.008 0.2 25
In 0.0004 Q.15 375

e, _ G G
ke C w-l-hn—' cll merime ’

As the implanted dose is increased, ultimately a
limiting concentration (C; ) is reached above which
dopants do not occupy substitutional lattice sites.
The limiting substitutional solubility is determined
by using Rutherford backscattering and ion channel-
ing techniques to compare the total dopant concen-
tration with the substitutional dopant concentration
asa function of depth. Figure 2.37 shows results fora
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Fig. 2.37. Comparison of total concentration snd substitutions!
concentration for '*In (125 keV, 1.25 X 10"/ cm’) in Si after laser
annealing.



high dose implant of '**In in Si. In Fig.2.37, the total
and substitutional dopant concentrations are very
necarly the same up to a limiting value of ~1.5 X
10®/cm’, whereas, in the near-surface region, the
total dopant concentration considerably exceeds this
value.

Table 2.7 summarizes results for C;™* for each of
the dopants and compares them to equiliorium
solubility limits (C?). As shown, by using ion
implantation and laser annealing, we haw: exceeded
C? in cach case (by ractors that range from 4 to 500).
Each of these dopants exhibit retrograde solubility
in Si. and. as others have shown,” for retrograde
alloys the equilibrium solubility limit can be exceeded
only by a nonequilibriuin solidification process. Qur
results, therefore, conclusively demonstrate the
nonequilibrium nature of the laser-annealing-
induced, liquid-phase epitaxial regrowth. Dopant
incorporation under nonequilib-.um conditions
presumably takes nlace by so'ute trapping at the
interface.”

Tabile 2.7. Comparison of equilibrium solubility limit (C?),
laser annealing solubility (C;™), snd predicted

thermod: namic solubility limit

) . -3, Thermodynamic®
Dopant Ciem’) > (em’™) timit fem)
As 1.5% 107! 6 x 10% s x 10*
Sh 7% 10" 1.3% 10" 3 x10%
Bi 8 x 10" 4% 10" 1% 10*
Ga 45x 10" 4.5 10™ 6 x 10*
In 8 x 10" 1% 107 2x 10
‘Ref. 6.

Table 2.7 also compares our observed values for
C™" 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.
Thesetwo 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,® ard experiments are in
progress to increasc the growth velocity and to trap
higher concentrations of Ga and In into the lattice.’

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

during laser anncaling.’ The interior of cach cell is an
epitaxial column of Si extending to the surface, but
the cell walls contain very high concentrations of
segregated dapant. 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
interfacz). The condition for the nnset of constitu-
tional supercooling can be qualiatively expressed as

AT,
G<p ()

where G is the thezmal gradient in the liqxid at the
interface, ATy is the wterfacial undercooling due to
the rejected dopant, D is the liquid-phase diffusivity,
and v is growth wvelocity. Estimates of ATy can be
made using the liquidus line of the equilibrium phase
diagram and our derived values of k’. 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 result’is4 X {0°< G<2X 10" °C/cm. Thisresult
is in good agreement with detailed predictions of the
thermal model of laser annealing.’ For high dose
implants, in order te 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.

|. Summary of papers: C. W. Whiteetal., J. Appl. Phys. 51,738
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Maierials, ed. by C. W. White and P. S. Peercy, Academic Press,
New York, 1980.
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Processing of Materials, ed. by C. W. White and P. S. Peercy,
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6. J.W.Cahn, S.R. Coriell,and W. J. Boettinger, p. 89 in Laser
and Electron Beam Processing of Materials, ed. by C. W, White
and P. S. Peercy, Academic Press, New York, 1980.

1. J. C. Bakcr and J. W. Cabn, Acta Merall. 17, 515 (1969).

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

9. J. Nasayan et al., “Cell Formation in Jon-implanied, Laser-
Annesled Si,” this report,



http://Pkys.Sl.7W

ION IMPLANTATION DOPING AND PULSED
LASER PROCESSING OF HIGH T.
SUPERCONDUCTING MATERIALS'

B. R. Appleton  O. Meyer’
C. W. White J. R. Gavaler*
B. Stritzker’ A. 1. Braginski®

M. Ashkin®

Most superconducting matcerials thai exhibit high
T. behavior are fabricated by evaporation, sputter
deposition, or CVD. Much of the success of these
techniques has been attributed to their ability to (1)
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 doping and pulsed
laser annealing are capable of (1) extremely rapid
heating and cooling rates, (2) introducing impurities
in a controlled manper, (3) forming low temperature
phases, (4) forming amorphous mixtures, and (5)
cr.ating 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 T
behavior. The materials investigated consisted of thin
films of Nb-Ge, V-Si, Nb-N, Nb-C-N, 2~y Nb-Ir
prepared by evaporation, sputtering, or CVD onto
substrates of alumina, sapphire, or polycrystalline
Hastelloy B. Laser annealing was performed in air
using 2 Q-switched (15 X 10 s duration) ruby laser
with energy densities ranging from 0.1 to 10 J;cm’.
Single, sometimes overlapping, pulses were used. The
texture, microstructure, and phase composition of
the films were examined by x-ray diffraction. lon
scattering and nuclear reaction analysis were used 10
determine stoichiometries vs depth inthe 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 ¢nrrelated to measurements of superconducting
transition temperatures, 7., before and after laser
annealing. The T, measurements were made by a
standard four-point resistive technique. Some typical
results follow.

NbjGe. Surface melting occurred in the Nb-Ge
films for laser pulse energy densities >1.5 J/em?,
Evidenze 1o support (his is illustrated in Fig. 2.38,
which shows the depth (scattered ion energy)
distribution of 400-keV Bi implanted into a Nb;Ge
film before and after laser annealing. The Bi
distribution following laser annealing is typical of
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Fig. 138. lon scatie.ing analysis of the redistribution of Bi
implanted in Nb;Ge as a ressk of lnser annealing.

that expected from diffusion in the liquid upon
surfacc 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 T.
stoichiometric 415 phase is not stable. The observed
decreases in 7. may be related to heating to greater
depths in the samples than just the melted surface. It
has been shown that when annealed above 1000°C,
the metastable stoichiometric phase, prepared by thin
film methods, decomposes into the Nb-rich 415
phase and the tetragonal NbsGe phase. Incontiast to
the above results, laser annealing of a low-7, sample.
one-Nb.Ge-rich (30 vol 9) irradiated to 3 J/em’,
had the opposite effect: the 415 (200) texture was
significantly enhanced and the concentration of
NbsGe; decreased. No change in 7. occurred.

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

The film. with the highest critical temperatures (7T
~ 15 10 17 K) and the smallest transition widths (AT
~ | K) showed the smallest changes in T after
annealing. X-ray analysis of anncaled and unan-
nealed films showed that in each case they were of




single-phase Bl structure with lattice parameters of
~4.40 A. The second group of samples consisted of
NbN films that initially had T. of ~11 K and AT, of
~3 K. After annealing the critical temperature
increased to between 15 and 16 K; A7, remained
approximately the same. X-ray analysis of these films
again showed no significant differences between the
annealed and ..ic unannealed 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. thc increase in 7, to >I5 K
strongly suggests that such an enhancement had
occurred. One possible explanation for the enhance-
ments of T 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 ti.e films. The slightdecrease in 7. that was
observed in a few of the high-T. flms after laser
annealing is not understood.

Phase growth from amorphous films. Increasing
evidence from several recent results revealstnat new
metastable phases can be produced from thermaland
laser anncaling of ar.orphous mixtures or from
anncaling 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 subsirate temperatures
(<300°C). These films were all nonsuperconducting
prior to annealing. After pulsed laser annealing,
several of these amorphous films became supercon-
ducting with T, == 12 K. The AT, values were very
broad (i.=., ~7 to 8 K). As with the previous results,
s0 little of the film was altered that x-ray data from
the annealed and unannealed fiims were similar.
These results can be understood if it is assumed that
laser-induced heating leads to some 8 phase, because
't 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 16 K. Both these results are significant
because they show that the 8 phase can be achieved
quite casily 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.

1. Summary of paper: B. R. Appleton etal., p. 714in Laserand
Eleciron Beam Processing of Marerials, ed. by C. W. White and P.
S. Peercy. Academic Press, New York, 1980,
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LATTICE STRAIN DISTRIBUTION IN
IMPLANTED, LASER-ANNEALED Si'

B. C. Larson J. F. Barhorst

Substitutional B atoms in Si contract the Si lattice
as a result of the smaller relative size of the B atoms.
In B-implanted, laser-annealed Si, this lattice strain
has been shown® to be one-dimens.onal along the
surface normal, using Bragg reflection profiles and
ion channeling. The present study extends the Bragg
profile analysis to a quactitative 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=XitiX; (§)]

as a function of the reduced spatial (depth) parameter
A(1) is given in terms of the differential equation

dX ., )
'—~=n’ 4 )
i (1 + ik

-2Xpy+tigy+ (1 +ik), (2)

where (A0, ¢) is a reduced quantity specifying the
crystal orientation A8 with respect to the uncon-
tracted substrate lattice, the Jocal strain is introduced
through e(f)tan 6s, where O3 is the uncontracted
Bragg angle, and g and k are constants related to the
ratio of the imaginary and real parts of the scattering
factors. After specifying «(f) and applying boundary
conditions, Eq. (2) can be evaluated numerically to
obtain the reflectivity R(A6) of the crystal as

R =|X(0)*. )

An incident x-ray beain power of /; then leads to a
measured scattering power of

1(A0) = [oR(A0) . 4)
Through the use of a trial ¢(/) and a cyclic procedure

of calculations using Egs. (2, 3, 4) and appropriate
adjustments of (1), a simulation of the measur:d
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reflection profiles can be ach..ved in which the
resulting (1) represents the strain disiribution in the
crystal.

Forthemseofa(l(l)) Sicrystal implanted with | X

10" B/cm? and pulse laser anncaled with 1.6 J/cm?

from a Q-switched ruby '...er, the measured 400
Bragg reflection profile using Cu Ka x rays is shown
in Fig. 2.39a. The solid line shows a calculated
reflection profile us.ng the above procedure. All the
features in the measured data are represented in the
calculated profile, and the overall conespondence 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 10 and
falls off rapidly with increasing depth. It can also be
seen that the strain distribution is quite similar to
published* SIMS measured profiles of B in similarly
processed Si.

Making use of lattice para:neter change measure-
ments’® in homogeneously B-doped Siand taking the
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one-dimensionality of the strain in the present case
inte account, the relationship

C(e) = 113 X 10" B/em® «1) )

gives the B concentration C(r) as a function of «(r).
Using Eq. (5), the B concentration corresponding to
the x-ray measuren-.em in Fig. 2.40 corresponds to
1.5X% 10" B/ cm? compared to the implant dosimetry
value of 1 X 10" B/cm’. The SIMS B concentration
profile in Fig. 2.40 (when mulitiplied by this factor of
~1.5) corresponds rather well with the x-ray-
determined profile. As shown in Fig. 2.39b, though,
the small differences inthe B profile shapesdo lead to
appreciable scattering profile changes, indicating the
sensitivity of the scattering method

3
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Ahthough the factor of 1.5 has not been explained,
it should be pointed out that the proportionality
factor relating the B concentration to the sirain in Eq.
(5) is based on the use of cectrical resistivity
measurements to determine the |} concentration in
the crystals. This may be importantin view of thefz -.
that electrical measurements® on B-implanted, laser-
annealed specimens similar to those studied herealso
mdicate =15 times more electrically active carriers
per square centimeter than specified by the implant
dosimetry. No evidence has been found for lattice
Jdefects in the B-implanted region (after haser
anncaling) that might have spuriously enhanced the
lattice strain measured by Jhe x-ray technique. A
reconsideration of the pasameter in Eq. (5) specifying
the lattice strain, an examinai;on of the B-implant
dosimetry, and a review of the correspondence of the
clectrical properties of doped Si with dopant
concentration would all seem to be usefulin resolving
this apparent discrepancy.
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4. C. W. White ct al.. Apol. Phys. Lets. 33, 662 (1968).

5. A. Fukuhara and Y. Takano. Acta Crystallogr. Sect A 13,
137(1977).

6. R. T. Young ct al.. Apn/. Phys. Lent. 32, 199 (1978).

GROWTH OF DISLOCATIONS DURING
LASER MELTING AND SOLIDIFICATION'

J. -iarayan  F. W. Young, Jr.

Since Frank® 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 genenally lead to glide and climb of
dislocations. As 3 result, the observed directions of
dislocations in crysial growth from the meit 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 E=1.5
Yem?, - = 50 ns) melts thee Si surface after 10t0 20ns
of the laser pulie, and then the melt front penetrates
to abo.1?. 550 nm. The melt front then sweeps back to

the surface with crystal grow:h rates of a few meters
per second, compared tothe 107 m/s that istypical of
normal melt growth. The time intervals invoived in
laser melting and solidifications are of the order of
100 ns, during which calculated climb distances are
less than 0.1 nm; therefore, it is believed that the
observed directions 5! dislocations after lases meRting
and solidificatior. represent the true crystal growth
direx tions.

The 3swth of perfect 7{110) and partial T{I111)
dislocations was investigated in B-doped (100) Si
specimens. These dislocations, shown in Fig. 2.41a
were generated by thermal annealing (at 1100°C for
30 min) the B-implanted (35-keV, ''B’, 3.0 X 10"
cm?’) specimens. The Burgers vectors of
dislocations lying in [110] and [1T0] directions were
determined to be /{170] and %/{110), respectively.
Dislocations along the [170] directions with %,{110]
Burgers vector are shown in contrast in Fig. 2.4la.
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 75(111) Burgers vectors.

Ouic iaser puise melted the top approximateiy
0.4-um-thick layer, and the growth of perfcet and
partial dislocations is shown in Fig. 2.415. One end
of the “2[110] dislocation [labeled 1 in Fig. 2.414)
grew along 25+ 2° from the surface normal
(approximately in [113] direction), while the other
end split according to the following dislocation
reactien:

“1110) ~ “1{101) + *01T) . {))

These %/4101] and %{017) 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 2 partial
“s{117] dislocation associated with the fauit (shown
at 2 in Fig. 2.41b) occurs as fnllows:

“of11T) ~ *4011) + 9211} . 2)

The growth of the %{01T] dislocation at 2 was
similar to that of the /{01T] dislocation at 1, which
resulted from splitting according to Eq. (1). It was
found that dislocations of a given Burgers vector
always grew in the sar.¢ direction regardiess 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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Fig. 241. Growth of dislocations i B-doped silicon. (a) Perfect
%{110) and fauited %s(I§1) dislocations in a B-implanted,
thermally anncaled Si. (5) The growth of a perfect “/110])
dislacation at the point labeled I, and the splitting of perfect
“i4110] and paniial %{117] dislocations at § and 2, respectively.
(¢} A complete removal on increasing the puise energy density.

the melted regions increased; and whenever the melt
front penetrated beyond the outer boundaries of the
dislocations, a complete removal of the dislocations
occurred, as shown in Fig. 2.41c.

). Summasy of paper: Appl. ihys. Lerr, 38, 330 (1979).
2. W.K. Burton, N. Cabrers.ano r. C. Frank, Philos. Trans. R.
Soc. London A243, 29 (1951).
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Fig. 242. Secreogram showing the growth directions of perfect
‘H110] and H{110] edges, and H{101] and T011] ncar screw
finlocats

CELL FORMATION IN ION-IMPLANTED,
LASER-ANNEALED Si

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

When Ga-, In-, Fe-, and Sb-implanted Si speci-
mens are laser annealed, pronounced solute seprega-
tion s observed near the susface. This segregation is
related to the small distribution coefficients (ko) of
these impurities in Si, where ko = Cs/ C and Csand
Care the equilibrium impurity concentrations inthe
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 te a
maximum solute concentration that could be
incorporated into substitutional lattice sites, and
these limiting concentrations exceeded the equilib-
rium (retrograde maximum) solubility limits 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 structure arising from the instability of
the planar liquid-solid interface during regrowth,

Mullins and Sekerka’' have shown that during
comstant-velocity, undirectional solidificatioss of a



dilute bina:y alloy, a planar solid-liquid interface is
unstable when

—"2I—E‘63K3+ GLKL)“’MG(:)’I. “)

where K5 and K are thermal conductivities of the
solid and liquid, Gsand G are average temperature
gradients in the solid and liquid, respectively, K= (K5
+ Kt)/ 2, and m is the slope of the liquidus linc o the
phase diagram. The term Gc corresponds (o the
average soiute gradient in the liquid and is equal to

Ge= VCa (k- 1): Dk, i2)
where V is the average velocity of solidification, Dis
the diffusion coefficient in the liquid, k is the
distribution coefficient, and C. s the average
concentration in the solid. The value of hin Eq. (1)is
given by

h =|max o)l . (k)]
where
flw) =~ Tyl

_ 2kac
1+ QD VI +2k—- 1"

4)

The term Ty is the melting j-oint of pure solute, I'is -

the capillarity constant defined as the ratio of the
solid-liquid surfacc energy to the latent heat of
fusion, and @ = 2/ A, with A being the wavelength of
interface instability.

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

V=3mjs, D=10X10°mls,

Tul=13%X10"K'm,
Ks=22)m's'K",
Ki=70Jm's'K',

Gs~2xX10°K/m, G,~10°K'm.

For a particular case of Inin Si, k= 1.0 X 10, m=
300 K (atom fraction) ', and C. was determined to be
3 X 10~ (atom fraction).

Using these values in Eq. (4) and the maximization
in Eq. (3) Jed to A = 3813 X 10°K/m and the
corresponding valve of awm=1.2X 10" m™. From this,
the value of A, the cell size, was cafculated to be 52
nw. The values of A, were calculated as a function of
V and k, and the results, plotted in Fig. 243, indicate
that the ceil size is relatively insensitive to £.
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The electron micrographs in Fig. 2.44 show a cell
structure in In-implanted (dose = 1.0 X 10" cm™),
lase1-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 uncertaintics in the values of D, k, and V. The
interior of each cell in Fig. 2.44g is a defect-{i cc
rolumn of epitaxial Si where the In concentration
trapped in substitutional sites was determined tobe 3
X 107 atom fraction, which is about 200 times the
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Fg 2.44. WMWM“ min-
implanted Si. (a) cell with average size 52 nm, () selected area
diffraction pasiern, and (¢) dark-ficld mirograph using In
diffraction spots.

maximum cquilibrium retrograde solubility. Thecell
walls (width = S nm) contain massive corcentrations
of segregated In and extend down to a depth of (00
nm. The diffraction pattern in Fig. 2.445 shows In
diffraction spots near the position where the
forbidden 200 Si diffraction spots would have
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appeared. A dark-field micrograph, obtained using
In diffraction spots, clearly delineates the cell walis.

', W. W. Mullins and R. F. Sekerka, J. Appl Phys 33, 444
(1964).

KINETIC EFFECTS IN LASER ANNEALING
OF ION-IMPLANTED Si

C. W. White D. M. Zehuer
B.R. Appleton  B. Stritzker'
S. R. Wilson®

Systematic studies of kinetic effects in laser
anncaling of on-implanmied Si have been initiated.
Our previous results’ showed that implanted group
IIl and V dopants in Si can be incorporatec very
effectively into substitutional fattice sites by the laser-
anncaling-induced liquid-phase epitaxial regrowth
process. At the growth velocities which can be
achicved by puised laser annealing in the nanosecond
time regime (several m: s), dopant incorporation into
substitutional lattice sites occurs by solute trap-
ping.'* and the trapping probability and interfacial
distribution coefficient k” are predicted to depend
strongly on velocity.* Measurements of the kinetic
cffects of dopant incorporation, consequently,
should provide information that is essential to model
‘he trapping process.

Two methods exist to change systematicafly the
growth velocity during liquid phase epitaxial
regrowth. In one method, the temperatur: of the
substrate during annealing is mainiamed above or
below room temperature. Increasing the substiate
temperature leads to a slower growth velocity, while
higher growth velocities can be achieved by holding
the substrate at liquid nitrogen or hiquid heiium
temperatures. The other method for achieving faster
growth velocity involves using faster pulses. In the
presen: experiments, the former method was used
becaus~ of the lack of ready access to a mode-locked
laser,

To study kinetic cffects, Si single crystals, (001)
oncmauon were implanted by "™ Bi (250 keV, 1.1 X
10"* cm’). Annealing was accomplished using single
pulses of radiation from a Q-switched ruby lases (15
X 10 s pulse duration time). Annecaling 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-cm’, respectively. A different
encrgy density was used at cach temperature in an
effort 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.



Crystals were examined before and afier annealing
by using 2.5-MeV He' Rutherford beckscattering
and ion channeling techniques to determine the
damage distribution, dopant profilc distribution, and
substitutional dopant concentration as a function of

Figure 2.45 shows experimental Bi concentration
profile results obtained after annealing at the three
different substrate temperatures. At each tempera-
ture, Bi is scgregated to the surface, but ion
channeling measurements show thatin each case the
Bi in the lattice is highly substitutional (= 965) even
though the concentration significantly exceeds the
equilibrium solubility limit (~8 X 10""/cm”). Figure
2.45 demonstrates significant kinetic effects on the
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shape of the dopant profile and the interfacial
distribution coefficient (k') during regrowth. At low
substrate temperature (i.c., high growth velocity),
the profilc does not redistribute as much and a
relatively small amount of Bi is segregated to the
surface. At high substrate temperature (ic., slow
growth velocity), the profike spreads deeper into the
crystal and substantially more scgregation to the
surface occurs. The fraction of Bi scgregated to the
surface is 549, 112, and 4.6% for anncaling
temperatures of 650, 300, and 100 K. This striking
difference m the fraction segregated is 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 kX’ from the dopant profile
measurements, but it is clear 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® will be possible
when values for k" are determined. This comparison
should provide information necessary to model the
solute trepping process.

It will be necesszry (o use picosecond pulses froma
mode-locked laser as well as nanosecond pulses from
a O-switched laser at higher substrate temperatures
in order to determine the velocity dependence of &’
over a wider velocity range. Such experiments are m
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 (C;™*).

I. Guest scientist from Institot fdr FestkorperfSrschung,
Kemnforschungsaniage, Jalich, Germany.

2. ORAU graduate laboratory participant from North Texas
State University, Denton; present address: Motorols, Inc.,
Phoenix, Ariz.
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Laser and Electron Beam Processing of Maievials, ed. by C. W.
White and P. S. Peercy, Academic Press, New York, 1980.

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.
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PULSED LASER ANNEALING

HIGH-SPEED ZONE REFINING IN
HJLSEDLASERANNEALIINGOF
ION-IMPLANTED Si

C. W. White B. R. Appleton
S.R. Wilson’  J. Narayan

Systematic studies have been initia*2 20 study the
cffects of pulsed laser anncaling on Si crystals that
have been implanted with a wide range of nongroup
111 and V impurities.’ Implanted impuritics that have
been investigated include Cu, Fe, Zn, Mn, W, and
Mg. These species were implanted into single-crystal
Si, (001) and (111) orientations, at doses in the range
10" 05X 10'*; cm’ and at energics in the range 100to
250 keV. Anncaling was carried out using single
pulses from a Q-switched ruby laser (~1.5Jicm?, 15
X 10™ s pulse duration). Crystals were examined
before and after anncaling using 2.5-MeV He’
Rutherford backscattering and ion changeling
techniques to determine the damage distribution,
dog-at profile distribution, and the substitutionality
of the dopant. Transmission electron microscopy was
used to study the microstructure in the near-surface
region after laser annealing.

The impurities listed above exhibit scgregation or
zone refining to the surface which is a function of the
implantation dose and number of pulses used for
anncaling. Results for the case of Fe in Si are
summarized in Fig. 2.46. At low doses 1.1 X

10"/ cm®), one pulse of laser radiation is sufficient to
cause complete zone refining of the impurity to the
surface. At intermediate doses (5.5 X {0"/cm?), a
substantial segregation toward the surface occurs
during the first pulse, but two pulses are required to
cause compliete surface segregation. At high doses
(1.8 % 10'*; cm’), significant quantities of Fe are left
in the bulk of the crystal, even afier ten pulses.
Channeling studies show that the Fe keftin the 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 impuritics listed above.

The TEM studies show that at high doses a cell
structure develops in the near-surface region during
laser anncaling.' The interior of each cell is an
epitaxial column of Si extzuding to the surface, but
the cell walls contain very high concentrations of
segregated impurity. In the high-dose Fe case 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 crysial. 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 cellstructure 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.c.. constitutional supercooling at
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the interface). For low doses, the interface is stable
during regrowth, and a regular cell structure does not
develop.

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

I. Summary of paper: p. 124 in Laser and Fheciron 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. Ariz. ’

3. R. F. Wood et al.. p. 37 in Laser and Eleciron Beem
Processing of Materials, e'. by C. W. White and P. S. Peercy
Academic Press, New York. 1980.

MEASUREMENTS OF EQUI.IBRIUM
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
clectrical measurements or radiotracer techniques.
These results are summarized in ref. 2. Recently, it
has been demonstrated that supersaturated alloys of
group {ll and V dopants in Sican be fabricated using
ion implantation doping and pulsed-laser-annealing
techniques.’ These alloys can ha': dopant concen-
trations in substitutional lattice sites that are far
above the reported equilibrivm solubility limit.
However, upon subsequent thermal annealing, the
dopant concentration in excess of the equilibrium
solubility limit at the anneali,g temperature will
form precipitates, and a measurement of the
maximum substitutional dopant concentration as a
function of depth aftes thernial annealing then allows
the equilibrium solubility limit at the annealing
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temperature to be determined.’ We report here
measurements of the equilibrium solubility limit for
As and Sb in Si at a wemperature of 1100°C, a
temperature close to that corresponding to the
retrograde maximum solubility.

Silicon single crystals, (001) onentation, were
implanted with As (100 keV, 6 X 10"/cm?) and
1Sb (100 keV, 2X 10"’/ cm?). After implantation, the
crystals were laser annealed using single pulses of
radiation from a Q-switched ruby laser (~1.5 J/cm’,
15 X 107 s pulse duration). Ihe crystals were then
examined using 2.5-MeV He' Rutherford backscat-
tering and ion channeling techniques 1o Jdetermine
thc dopant concentration and substitutionality as a
function of depth. After laser annealing, these
measurements showed that the dopants were >96%
substitutional in the lattice even though the dopant
concentration in the nea.-surface region was ~6 X
10”'/cm’ for As and ~1.8 X 10®/cm’ for Sb. These
concentrations significantly exceed previously re-
ported’ equilibrium solubility limits for As (1.5 X
10" /cm®) and Sb (7 X 10”/cm’). The crystals were
then thermally annealed at 1100°C in an N;
atmosphere (8 min for the As-implanted crystal and
30 min for the Sb-implaated sample}). Rutherford
backscattering and ion channeling measurements
were used to compare the total dopant concentration
with the substitutional aopant concentratior: as a
function of depth.

Figures 2.47 and 2.48 show th: experimental

results for As and '*'Sb in Si after thermal
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annealing at 1100°C. For “As, the maximum
substitutional concentration after thermal annealing
is 2.9 X 10" cm’, whereas the 1otal dopant concen-
tration reaches as high as 4.2 X 10*' cm’. Therefore,
the equilibrium solubility limit for *As in Siis 2.9 X
10”'; cm® at a temperature of 1100°C. This value is
almost a factor of 2 higher than that reported in ref. 2
(~1.5 X 10*;cm’). In Fig. 2.48, the maximum
substitutional concentratio 1 after thermal annealing
is 8.2 X 10"/ cm’, which is, therefore, the equilibrium
solubility limit for Sb in Si at 1100°C, in good
agreement with the value of 7X 10'® cm’ 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 extendeo
to determinethe solidus line on the equilibrium phase
diagram® over a much wider temperature range than
that covered by previous measurements.

1. ORAU graduate laboratory participans from North Texas
State University. Denton; present address: Mutorola, Inc.,
Phoenix, Anz.

2. F. Trumbnre, Bell System Tech. J. 39, 205 (1960).

3. C. W. Whueetal, J Appl i'hys. 81, 738 (1980),

4. C. W, White et al.. J. Appl. Phys. 50, 3261 (1979).

4. C. W. White et al., p. 111 in Laser and Eleciron Bean
Brocessing uf Materials, ed. by C. W. White and P. S. Peercy.
Academic Press, New Y ark, 1980,

INFRARED REFLECTIVITY AND
TRANSMISSIVITY OF B-IMPLANTED,
LASER-ANNEALED Si'

Herbert Engstrom

The deveiopment of laser annealing of ion-
implanted semiconductors has allowed the fabrixa-
tion of surface lavers of heavier doping than has
heretofore been possible.” Because thistechnique has
been applied successfully to pruduce solar cells of
increased efficiency,’ it is of intercst to examine the
optical properties of these ion-implanted materials.
In the p:esent work the midinfrared reflectance and
transmittance spectra of B-implanted, laser-annealed
samples bave been measured and analyzed on the
basis of the Drude theory to obtain approximate
values of the relaxation time for Lole scattering.

Reflectance and transmittance spectra m the
wavelength range of 2.5 to 20 um were measured
using a Digilab model FTS-20 Fournier transform
spectrometer. All measurements were made for
approximately normal incidencc. The measured
reflectance and transmittance are shownin Fig. 2.49.
The dip visible at approximately 15 um 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 Ilattice
absorption is forbidden in Si.)

The presence of the B ions substituting for Sileaves
holes in the valence bands. In the Drude theory* of
clectrizal conductivity, these holes give rise to a
complex dielectric constant of the fu. n

4rNe 7 _4xNé T
- 1 .
m* (1 + ') m* (1 + &’7’)

é=(z

n

where ¢~ = dielectric constant due to the core
electrons, N = ho'e concentration. m* = efyective
hole mass. ¢ = ciectronic charge. w = angular
{requency of light. ind r - relaxation time.

The complex rcfiactive index is

n=n+ix=¢€?, (2)

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

E= Eyexp i (Rkr — wt) . (3)
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ORNL-OWG P3-11342 Given the 1efractive index, the reflecion and
transmission coefficients may be calculated accord-
ing to well-known procedures for thin films.

In B-implanted 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 by a 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 Nof p* as adjustable
paramcters, where N, is the B concentration at the
sample surface and p* is the ratio of the effective hole
mass to clectron mass, it was possible to fit the
measwmed 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 relaxationtime 7,
and that on the righ: shows the peak concentration to
cifective hole mass ratio No/p*. As is seen, the
relaxation time is essentially independent of implant
dose, and the straight line is the best-fit graph to
No/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 cssentially all of the
implanted B contributes to the optical properties,
even at very high doping lev.i;

These results indicate that the Drude theory
provides a good accounting for the changes in the
optical properties of Si with doping level. Thus, the
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simple theory may be used with reasonable success to
describe the optical interactions, even in very heavily
implanted samples.

1. Surpmary of paper te be published.
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4. See. for example. F. Wooten. p. 52 in Optical Properiies of
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5. A. Vasicek, p. 90 m Optics of Thin Films. Nocth-Holland.
Amsterdam, 1960.

SURFACE STRUCTURE OF
ION-IMPLANTFD,
LASER-ANNEALED Si

C. W. White G. W. Ownby
D. M. Zehner  W. H. Christie'

The basic suriace properties have been determined
for the first time for ion-implanted Si crystals laser
anncaled in a UHV environment. Previously, we
reported the surface properties (structure and
impurities) of unimplanted Si crystals subsequent to
laser anncaling in UHV,” but for many applica-
tions, Si must be implanted with group 111 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 cither *As (100 keV,8X% 10" cm’) or
YB (35 keV, | X 10"*/cm?). The implanted crystals
were then inserted into a UHV system (pressure
~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 UHYV syste:n. Samples were irradiated by using
the single mode output (TEMaoo) of the pulsed ruby
Jaser at an energy density of ~2.0 J/cm’. A constant
pulse duration time of ~15 X 10° s was used
throughout the experiments. Previous work®” 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 UHYV environment, the dopant profiles were
determained using 2.5-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
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Fig. 2.51. LEED patterns subsequent to laser annealing "’As
(100 keV, 8.3 X 10"/cn’) implanted (100} Si.

pulses. No discernible 1.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 | X 1 LEED patterr is
obscrved with weak half-order spots. The quality of
the LEED pattern continues to improve until 3 well-
defined 2 X | pattern is observed after 10shots. There
is little, if any, change in the quality of the LEED
pattern after 10 shots (up to a total ~¢ |5 shots),
AES measurements show that af’er one <hot, only
trace amounts of C and O contiminants remain.
These contaminants are reduced 'o the detetior
limit after ~5 shots, in agreement with previous
results.” Subs:antial quantities of As are detected by
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AES after laser irradiation. The signal strength of the
As Auger transition was found to decmease monoton-
ically as a function of the number of pulses.

Figure 2.52 shows the A s dopant profiles 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 pulse is ~5.3 X 10"/ 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 pattemn with additional pulses and the
reduction in the As concentration at the surface from
the RBS and AES measurements suggest that very
large concentrations of As at the surface will stabilize
the | X | LEED pattern. As the concentration at the

surface is reduced by repeated pulses, a well-defined -

(2X 1) LEED pattern develops when the dopant
concentration at the surface is seduced to ~1.5 X
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10*'/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 cpitaxial
regrowth process extends to the outermost monolay-
ers of the crysial. At very high dopant concentra-
tions, however, residual disorder remains in the first
few :nonolayers. As the dopant concentration is
reduced, the dopants stabilizz the | X | pattern,and 2
further reduction in the concentration leads to the
development of a well-defined 2 X | LEED pattern.
These cxperiments are being cxtended to other
crystal surfaces and to other implanted impuritics,
particularly those that are strongly zone refined at
these fast growth rates.

1. Analytical Chemistry Division, ORNL.
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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.” 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-
anncaled specimens have been demonstrated.’ The
purpose of this investigation was to provide clear
cvidence of melting under oxide layers. The melting
can be used to remove/anneal defects present in the
Si sulsirate.

Arsenic-doped (1.0 X 10" cm™ implanted and
thermally annealed at 1100° C for 30 min) Si crystals
wit}; theriaally grown SiO;, 25 nm thick, were used in
this invest.gation. These specimens were treated with
ruby laser pulses (wavelergth A = 0.694 um, pulse
duration v = 20 X 107 s, energy density £ = 1-2
J/em®). The effect of ~25-nm-thick SiO; on the
transmissivity (T) of laser energy is negligible.
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An clectron microscope investigation of the (111)
cxide-coated specimens, which had been ion im-
planted and thermaily annealed, showed that
beneath the oxide layer, the dislocations lay
approximately in (112) directions with “>(110)
Burgers vectors that are parallel to the specimen
surface. These dislocations were pure edge disloca-
tions, the amount of deviation from (112) directions
being 2 measure of the screw character. The
dislocations were in the form of arcs exicoding fron.
the surface to a depth of about 0.6 um. Ti:
dislocation segments near the surface lay approxi-
mately in the [I11] direction (i.c., normal to the
specimen surface). Fig. 2.53a is an optical micro-
graoh of the specimen after one laser pulse (E= 1.2
J/cm®) showing a ripple pattern on the surface. The

Fig. 2.53. Optical micrographs of a (111) Si specimen with an
~25-am-thick $i0, layer after laser annenling: (4) rippls patiern
sppearing after a lnser pulss of energy E= 1.3 3 jcat’, v= 151020
mib)mmmunhumdmt-m
J/em’. The oxide melied in the area indicated by A, and the lines of
the ripple pattern are normal to the melted boundary. The area
encircled was thinned for electron microscopy [see (5)).
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waveleng: h of the ripple pattern was determined to be
~1.6 um. An clectron microscope examination of
this specimen (Fig. 2.54a) showed that the disioca-
ticns reariented in a 0.25-um-thick Si layer beneath
the oxide. These segments remained in edge orienta-
tion with unchanged Burgers vectors but lay at 21 *
2° from the [111] surface normal. Because the
reoriented segments of dislocations lic 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 pm
in order to be consistent with the observations,
whereas calculated climb distances, even close to the
melting point of Si, are only the order of ! A. It has
been proposed’ 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 and 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 complete removal of the dislocations occurred,
which indicated that the depth of meiting had
exceeded the boundaries of the dislocations at 0.6
pm. Some specimens were irradiated with spatially
nonuniform laser pulses such that some area of the
specimens received more energy than 2.0 J /cm® and
probably caused melting of the oxide layer. An
optical micrographn from such a specimen isshown in
Fig. 2.53b, which shows an area without an oxide
layer (A) and an area containing a rippled oxide layer
(B). A part of this specimen (encircied in Fig. 2.53b),
which contained both areas A and B, was thinned for
electron microscopy; and the results are shown in
Figs. 2.54b-d. Area B in Fig. 2.54b is frce of the
dislocation network but has an oxide layerintacton
the surface, as indicated by the selected area
diffraction pattern in Fig. 2.54d, The removal of the
dislocation network in Fig. 2.54b shows that the
melit front penetrated to at least 0.6 ym sn that the
underlying defect-frec substrate could act as a seed
for crystal growth. Area A in Fig. 2.54b 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 SiOzin

e 8
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Fig. 2.54. Eleciron micrographs from the specimen shown in Fig. 2.53: (0) micrograph from the specimen of Fig. 2.53a, where
the depth of melting was determined 1o be 0.25 um; (5) micrograph from the specimen of Fig. 2.53b showing the oxide meited area A
and the oxide containing arca B; (c) sclected area diffraction corresponding to ares A; and (d) selected ares diffraction corresponding

to ares B.

the regrown layers. A “dektak” trace of the specimen
in Fig. 2.53b showed that the average elevations of
areas A and B were equal, within experimental error
(~5 nm), indicating that most of the oxide¢ inarea A
had meited 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-
wure of the crystal exceeds the melting point of Si0s.
The melting point of pure Si is 1410° C; that of SiO; is
~1720°C and depends slightly on the stoichiometry
of the oxide layer. It is speculated that the oxide
mixes . i 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
SiO; rather than single O atom: areinvolved 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 irclusions

produce steps equal to the Burgers vector of the fault.
The faults nucleate at the edge of the oxide layer and
grow in the [1]1] planes.

I. Summary of paper. Applied Physics Letters (in press).
2. J. Narayan,R.T. Young,and C. W. White, J. Appl. Phys. 89,
3912 (1978).

3. C. Hill. J. Electrochem. Soc. 80 (1). 1315 (1980).

4. H. Tamura. M. Miyao, and T. Tokuyama, J. App/. Phys. 50,
3783 (1979).

EFFECT OF THERMAL ANNEALING ON
B-IMPLANTED, LASER-ANNEALED Si

J. Narayan B. C. Larson
J. F. Barhorst

Transmission clectron microscopy studies have
shown that no detectable damage (dislocations,
stacking fault loops, or precipitates down to a
resolution of 1.0 nm) remained in B-implanted Si
after ~1.5 J/cm’ pulsed laser annealing,’ and x-ray




studies showed this treatment to produce a one-
dimensional contrzction of the ion doped layer.
With implanted ion doses ranging from 3X 10'* 10 2.5
X 10°* B/cm® and distributed in depth to about 0.3
pm, 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 20 be stable at room temperature, the
question of the stability of the supersaturated B
concentration and the unrelaxed interfacial strains at
clevated temperatures is of particular interest.

In this work {100} Si crystals were implanted (35
keV) with 0.3, 10, and 2.5 X 10" Bjcm’ and
subsequently laser annealed (ruby laser, 50 ns, 1.5
Jjcm®). These samples were then isochronally
annealed in the temperature range of 600 to 1000°C
under a flowing Ar atmosphere. For the 3 X 10"
B/cm’ implanted Si, which had doping concentra-
tions below the equiliorium solid solubility limit,
isochronal annealing up to 900°C for 30 min showed
no otse'vable clustering of defects, and clectrical
measurcments on paraliel 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" em™ 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 smallamount of precipitation was observed
in electron n:icroscope observations of the 1 X 10"
B/ cm’ implante:! Si after annealing to 1000°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
1000°C anneal, the measurements also showed the
strain remained essentially one dimensional. Both
electron microscope 1d x-ray topography observa-
tions indicated the ,resence of some interfacial
dislocatious 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
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Fig. 2.5 (e) Bright-field electron micrograph showing disloca-
tione ofcr 1000°C thermal anacaling of B implansed (1 X 10
cm™) laser-annealed Si; () x-ray tranemission topograph of &

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 dresence of these dislocations is not inconsistent
with the retention of the one dimensionality of the




lattice contraction. X-ray studies of the depth profiles
of the strain and SIMS measurements’ of the B
conceniration 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.Narayan R. T_. Young.and C.W_Whie J. Appl. Phys. .

12 (1978).

2. B.C.Larson, C. W. White. and B. R. Appleton, Appl. Phys.
Lest. 32, 801 (1978).

). W. H. Christic, private communication.

IMPROVEMENT IN CORROSION
RESISTANCE OF INCOLOY 800 ACHIEVED
BY PULSED-LASER ANNEALING

C. W. Wiize H. F. Bittner'
B.R. Appkton  J. T. Bel
W. H. Christie’

Incoloy 800 is a corsosion-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, it
requires pretreatment to affect the formation of a
corrosion-resistant surface oxide layer. Currently
employed pretreatraents includeelectropolishing and
various types of abrasion that result in the formation
of predominantly Fe:O; 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 (Crs0s) has been found to be
more effective in preveniing 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 J/em?, 15X 107 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 cenditions.

Tab samples, approximately 2 X | 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 Q-switched
ruby laser (A = 0.694 um) pulses of energy density 3
J/em’ and pulse duration times of approximately 15
X 107 s. A region approximately 0.5 cm’® was
irradiated, which allowed direct comparison of the
annealed region with unannealed re gions on the same

sample. Samples were then oxidized at 660°C in0.94
atm steam carried by an Ar-H mixture that yielded au
H to H;O ratio of 2.2 X 107*. Oxidation was catried
out for 48, 144, and 528 h. These samples and a
sample that had been laser annealed but not oxidired
were analyzed by optical microscopy and a SIMS
depth profiling technique with 2 resolution of about
005 pm. The SIMS analysis showed a slight
enrichment of all components except Feand Niinthe
near-surface region, presumably as a result of zone
refining during regrowth of the melted region.

For all three expesure times employed, opticai
microscopy in the unannealed regions showed the
F =sence of thick, scaly oxides after steam oxidation.
Optical microscopy and SIMS analysis showed 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 Cr:0;, 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 gaseous
permeation barrier such as for hydrogen isotope
containment.

Further improvements in corrosion resistance of a
varicty of alloys may be ackieved by using the
combined techniques of ion implantation and pulsed
laser annealing. Using ion implantation, sclected
impuritics can be introduced into the near-surface
region. }.aser annealing can then be used to 20ne
refine these impurities to the first few monolayers (o
form thin protective barriers on the surface.
Experimer.:s to test these ideas are in progress.

i. Chemistry Division, ORNL; present address: Aerospace
Corporation, El Segunco, Calif.

2. Chemistry Division, ORNL

3. Analytical Chemistry Division, ORNL.
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FORMATION OF OHMIC CONTACTS IN
SEMICONDUCTING OXIDES'

V. N. Shukia?

For wide-band-gap oxide semiconductors, con-
ventiona! electrode contacts such as evaporated Au
or Az, fired-on Au, Ag, Pt or Pd paste, and coated
graphite have high resistance and are nonohmic. In
these electrode systems, co~tact materials cover the
semiconductor surfaces without disrupting the space
charge layer that leads to high resistance.’ The high
contact resistance on n-type 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.*” In the present investiga-
tion, Ni or Al was evaporated on donor-doped
BaTi0;, and these specimens were irradiated with Q-
switched ruby laser pulses. By a proper choice of the
laser pulse cnergy density and pulse durztion, it was
found that the deposited fayer could be melted,
thereby removing the space charge layer and forming
good ohmic contacts.

Polycrystalline, Y-doped BaTiOs disks (n type, 35
f1-an) 1.5 cm diameter and 0.1 cm thick were used in
this investigation. These specimens were mechani-
cally polished using alumina powder of up t0 0.1 um
particle size, followed by chemical etching in a 5%
HF + 10% HNO; + 85% H;O 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 solden'\g technique produced the
lowest resistance contacts.’ The ultrasonic contacts
were removed by mechanical grinding, and the
sample was again subjected to the above polishing
and cleaning procedu: es. Thin films of Al or Ni were
then deposited on both sides of these specimens by
using clectron-beam evazoration in a vacuum of
<210 torr. These specimens were treated with single
pulses of Q-switched ruby laser light (A = 0.694 um)
with 2 pulse duration 7 between 15and 25 X 107s.
The energy denslty of the laser pulse (in the range of
1.0 to 1.2 J/cm®) 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

J. Narayan
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region between the metal and semiconductor layers.
After treating the as-deposited layers with one laser
pulse (E = 1.2 Jicm’, v+ = 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
known’ to produce contacts with resistances of about
0.1 2 cm™. 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 BaTiO;, it has been shown® that
absorbed O at the surface provides acceptor states
nd 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 BaTiO; 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 BaTiO; substrate



Just beneath the deposited layers. The enhanced O
vacancy concentration or n-type conductivity keads
to a reduced current-barricr-thickness and hence
provides low-resistance ohmic contacts.

1. Summary of paper: Jownel nf Applied Physics (in press).
2 Texas Instruments Inc., Atticboro, Mass,

3 J.W.Fleming. Jr_and H. M_OBryan. Jr.. Am_Ceram:. Soc.
Bull 33, 715 (1976).

4 M. Aven and R. K. Swank. p. 69 in Ohmic Conracts 10
Semiconduciors, ed. by B. Schwanz, The Elecurochemcal
Socicty. New York. 1969.

5. S. H. Wempic. p. 128 in Ohwnic Conlaxis 1o Sem.condssctors.
ed. by B. Schwartz. The Electrochemical Socicty . New York. 1969.

RECOVERY OF SUPERCONDUCTIVITY IN
ION-DAMAGED V,Si BY
LASER ANNEALING

J. R. Thompson'  B. R. Appleton
O. Meyer S.T. Sckuls
C. W. Whie

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 VsSi of thickness 300 to 610 nm preparsd by
sputtering epitaxially onto sapphire substrates.’ The
virgin films had transition temperatures 7. in the
range 14.5 to 15.5 K, where 7. is defined to be the
midpoint of the transition (i.e., where the electrical
resistance of the film 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/m’) depressed T.10~2.4 K by radiationdamage
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 (A = 694 nm, r = IS ns) at ene, 2y
densities in the range 0.4 to 1.1 X 10° J/m’®. Using a
continuous-flow, variable-temperature He cryosiat,
T. and the superconducting transition width AT, of
the irradiated films 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 1o observe further changes in 7.
This is shown in Fig. 2.57, where T, is plotted vs the
cumulative deposition of laser energy density, E, for
scveral V»Si samples of varying thickness. A recovery
of T from low initial values of ~2.5 K is observed but
only up to 10 K. The data can be fit to a saturating
function T.= A4 ~ Bexp(—CE), where C"* = 1.2 % 10
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J/m?, with an rms devistion in Tc of | K.
Qualitatively, there also appears to be areduction in
AT, shown in Fig. 2.57 by the vertical bars at larger
energy depositions. This reduction suggests that the
anncaling pulses promote metallurgical uniformity
as well as removal of radition defects.

It is not yet understood why the limit of the
recovery of 7. is only 10 K. However, it is observed
that, at the higher encrgy 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 7. appears o be
necessary.

. Adjunct rescarch and development participent from the
University of Tennessee, Knoxville.

2. Guest scientist from Nucleas Research Center, Karlstuhe,
Germany.

3. O. Meyer and R. Smithey, Kemnforschungszentrom Repon
KFK 2670, p. 94 (1978).

PHOTOVOLTAIC CONVERSION
OF SOLAR ENERGY

LASER PROCESSING FOR
HIGH-EFFICIENCY
SOLAR CELLS

R.T.Young R.F. Wood
P. H. Fleming

lon implantation and thin-film d=position, fol-
lowed by pulsed laser irradiation of the samples, have
been demonstrated 1o be excellent techniques for
junction formation in Si solar cells." During the past
year, our efforts 1o fabricate higher efficiency solar




cells by lxser processing have been concentrated in
the areas of laser beam homogenization. optimiza-
tion of implantation. thin-film deposition, and haser
annealing parameters, and in the improvement of our
metallization techniques for shallow junction cells.
By using shallow "*As implantation (5 keV), laser
anrealing with the snatially homogenized outputof a
Q-switched ruby laser, and IS 2-cm polished Cz Si
wafers with areas of 2 to 4cm”, solar cells with AM|
conversion cfficiencies of 14 to 15% can be readily
obtained.

Figure 2.58 shows the current-voltage characteris-
vics of a cell approximately 2 cm’ in area with 64 nm
of T2;0s for an antireflection coating and with no
BSF. Using thinner cells, with the thickness less than
the MCDL, the open-circuit voltage ¥, and the fill
factor FF can be improved to 585 mV and 78 to 7%,
respectively, by creating a BSF by laser-induced
diffusion of B or Al into the back surface of ihe cell.
As a resalt, the back surface recombination is greatly
reduced and the 4ark current lowered; these, in turn,
combine to raise the ¥, and improve the FF. The
best cell parameters obrained thus far by laser
techniques arc 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 cells often
decrease more strongly at short waveiengths 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 2008-80

Fig. 2.50. Curvent-voltags mistionship for s seles coll made
from As-implansed (5 keV, 2 X 10’ cmn™) $i snnesied with one
puiss of & Q-owitched ruby laser.
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velocity. The flat-topped dopant profiles in the near-
surface region, which are characteristic of ion-
implanted. laser-anncaled samples,” 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-anncaled samples.

1. R.T. Young et al.. p. 717 ia Thuricentk [EEE Photovoliaic
Specialisss Conference—1978. IEEE. New York, 1978.

2. J.Narayan.R. T. Young. and R. F. Wood. Appl. Phys. Len.
33. 338 (1978). ’

3. Sex.forexample, J.S. Wang. R_F_Wood.and P.P. Pronko,
Appl. Phys. Lent. 33, 455 (1978).

ELECTRICAL AND STRUCTURAL
CHARACTERISTICS OF LASER-INDUCED
EPITAXIAL LAYERS IN Si'

R.T.Young J. Narmayan
R. F. Wood

For many Si devices, especially microwave diodes,
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 shon
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 maierial have not been reported until
now.

In our experiments, 10 {)-cm p-type(100)and(111)
single-crystal polished Si wafcrs were used as
substrates. The evaporant source material was Si
doped with As to a concentration of ~5 X 10 cm ™.
The Si substrates, whose surfaces ‘vere first made
completely hydrophobic, were quickly ioaded intoan
e-beam evaporutor, and amorphous Si layers of 50 to
300 nm were deposited. After exposureto 15-ns ruby
laser pulses of various energy densities, the films were

xamined by TEM, their clectrical properties were
ermined 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 /-Vand C-V
measurements on mesa diode structures,

Figure 2.%9a 13 a bright-field micrograph of a 100-
nm amorpt.»vs film on a (100) substrate after laser
annealing wits, one pulse of 1.5 J/cm?. Nodefects in
any form were observed in the crystallized layer down
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Fig. 299. TEM micrographs of lnser-anacaled, As-doped
smorphous films deposited om Si. The micrographs are explained
in the wext.

to the microscope resolution of | nm. A micrograph
of 2 300-nm film on the same substrate with the same
laser annealing parameters is shown in Fig 2.59b.
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 meh-front
penetration through the native oxide and/or other
contaminants near the origina! amorphous; crystal-
line interface, thus preventing epitaxial regrowth. As
shown in Fig. 2.59¢, a 100-nm amorphous film on a
(111) substrate after the same laser treatment
contained 2 high density of stacking faults. However,
the regrown layer had the same orientation as the
(111) substrate. We speculate that the formation of
stacking faults anC 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 twinor a
stacking fault. For the (111) sample, a second laser
pulse of 2.0 J/cm’ greatly reduced the density of
stacking faults (Fig. 2.594).

12

The /-¥ ¢ ot of a typical mesa diode is illustrated in
Fig. 2.60a. Tue 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.
2.60b. The straight line indix atesthat the capacitance
varied with voltage as (V + V)%, which shows
that the dopant distribution changed abruptly m
going from the n to the p region. The measured
junction potential (V) was0.82 V, which agrees very
well with the expected junction potential at a doping
level of ~1 X 10" cm™ and suggests that a defect-free
junction was obtained. The resulting dopant profiles
of the regrown layers are presented elsewhere inths
report.*

In conclusion, we have demonstrated that doped
epitaxial layers of controlled thicknesses and with
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good clectrical charactenistics can be grown on Si
(100) and (111) substrates by pulsed laser radiation.
With an appropriate deposition technique (chemical
vapor depasition. a dualcrucible clectron beam
cocvaporation 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: Appl. Phys. Lets. 34, 447 (19719).

2. D. Hoonhout. C. B. Kerkdijk. and F. W_Saris, Phy's. Letr. 66
A. 145 [1978).

3. S.S. Lauetal. Appl Phys. Lerr. 33, 130 (1978).

4. R.F. Wood and R. T. Young. “Dopant Profiles in Laser
Recrystallized Deposited Layers.” this report.

SOLAR CELLS FROM CAST
POLYCRYSTALLINE Si'

R.T. Young R. F. Wood
R. D. Westbrook P. H. Fleming

Solar cells have be:n fabricated from cast
polycrystalline Si oy icn 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 matenal isdoped with
B to aconcentration of 3% 10" cm*. Examination by
TEM of the defect microstructuses 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

3

were formed by implanting As at 5 keV 1o a dose of 2
X 10" cm * 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 1.2t0 1.6 J cm’ are given in Table 2.8.
For comparison. data on a diffused cell (DI) and a
single-cryvstai As-implanted control cell (S1)anncaled
with a laser energy density of 1.2 J cm’ are also
included. The open circuit voliage §. and the fill
factor FF decreased slightly with increasing laser
energy density. The best cell efficiency waus obtained
by laser annealing at 1.2 J cm®. The values of V. and
FF in cells Al and A2 arc comparable to the
corresponding values in the single-crystal cell S1. In
comparison to the cell fabricated by conventional
diffusion techniques (D]). the laser-anncaled cells
give better V- and short-circuit ctirent /.. 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 Va
and /..

Thc quantum efficiencies as a function of wave-
length of cells Al and S| are shown in Fig. 2.61. The
almost identical efficiercies of the two cells in the
short-wavelength region (0.4 to 0.6 um) indicate that
emitter regions of comparable quality to single-
crystal cells can be obtained in large-grained
polyvcrystalline cells by ion implantation and laser
annealing. The loss of long-wavelength response of
sample Al compared to that of sample DI is most
likely a consequence of the difference. 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 450°C from 1 to 17 hin H;
gas did not improve the short-wavelength response

Table 1.8. Soler cell parameters” of As-implanted (§ keV, 2 X 10 em™),

loser-annealed cant polycrystalline Si

Cell L‘;‘:ﬂ‘;"y’” MCDL  F. o g "

<

number o cm) (um) (mV) (mA cm’) (€r)
Al 1.2 73 566 28.6 0.75 12.14
A2 1.2 75 56} 3.2 0.76 12.02
31 1.4 n 557 217 0.76 11.73
B2 1.4 78 562 8.7 0.7 11.61
C1 1.6 76 539 B.6 0.12 i1.10
C2 1.6 %0 536 274 0.7l 10.43
DI Diffused 43 540 25.2 0.76 10.30
St 1.2 250 S60 337 0.76 14.40

‘Under AMI illumination and at 22°C.
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Fig 2.6]. Comperison of quantum efficiency spectra of ion-
implanted, laser-snnealed single and polycrysulline Si solar ceils.

»ut decreased the jJong-wavelength response, as can
7¢e seen in Fig. 2.62. These results indicate that
annealing in K, gas cannot serve as a means either to
anncal the residual defects or to compensate grain-
boundary effects. Because of the grain boundaries.
contamination effects that degrade the MCDL inthe
substrate may occur, even with low-temperature
anncaling, and lowe: 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 /-V characteristics of the laser-annealed
p-n junctions. In the diffusion-dominated portion of
the [-V characteristics (0.4 V), the diode factor of
cell Al was found to be 1.28 and the saturation
current density was 1.0X 10”° A/cm?, which indicate
that a good junction was formed.

In conclusion, we have demonstrated that 129
efficient, large-graind polycrystalline Si solar cells
with nearly ideal /-V characteristics, high open-
circuit voltages, and good fill factors can be obtained
by ion implantation and laser annealing. To our
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Fig 2.62. Effects on the qusntum efficiency (without antirefiec-
tion coating) of heating laser-anncaled cast polycrystafline sowr
cells in an H; atmosphere.

knowledge. these are the highest efficiencies reported
to date for cells made from the Wacker material.

1. Summary of paper: p 214 m Fourteenth IEEE Photovolian
Specialnvis Conference, IEFE, New York, 1980.

STUDY AND CONTROL OF
GRAIN-BOUNDARY EFFECTS BY
LASER TECHNIQUES'

R. F. Wood W. H. Christi¢?
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.’ 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 climination of
sample contamination by undesired impurities, grain
growth in fine-grained polycrystalline mate. al, and




removal of inherent defects (dislocations. stacking
faults. 31d twins. ctc.) tn 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 S10;
layers (grain size ~0.02 ym). Texas Instruments (Tl
bulk Si {grain size of 25 um), and Monsanto (MS)
single-nass iloat-zoned matenal (grain size of mil-
limete.rs).

Figure 2.63 shows the dopant profiles of B diffused
(890° C: 15 min) into the various samples; the profiles
were abtained by SIMS. The effects of enhanced
grain-boundary diffusion are clearly seen in the
profiles of the CVD and Tl samples. where two
components of diffusion are obvious. The effccts in
the large-grained MS material are much less obvious,
as expected. Insolar cell applicasions, thislong-rai. 7e
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 annealsd (10 min at 900°C)
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Fig. 2.64. Comparison of dopant profiles of thermaily and
laser-anncaled CVD polycrystailine Si.

samples can be fit reasonably well by asimple model
we have developed. In this madel, itis assumed that
two components of dopant diffusion are present. one
appropriate to grain-boundary diffusion and one
approy- iate to diffusion in the bulk of the grains. The
diffusion coefficient for the former component is of
the order of 10"} cm’ 5at1900°C. and for the latter it
is of the order of 10"’ cm’ s.

The profiles for the laser-annealed sampies are in
strong contrast to that for the thermally anneaied
sample. In the laser-annealed material, diffusion
characteristic of two species with widely different
diffusion coefficients is never seen. Instead, the
profile spi.ading. 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 Jaser annealing of single~crystal
Si. This observation is strong coafirmation of our
hypothesis that grair boundaries simply do not exist
in the near-surface region that 1s melted during laser
annealing. The samples annealed with 0.45 J. cm’
pulses ‘howed some diffusion on the edge of the
implanied profile nearest the surface but none at
greater depths. Calculations of the meli-front
penetration, modified to take into account the S10;
layer, indicated that the melt front penetrated to o



depth of approximately 120 nm for 0.45 J/cm?
pulses. However, the clectrical measurements indi-
cated that there was almost full recovery of electrical
activity of the sample annealed with 0.45 J/ cm?®. 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 activaticn of the
implanted dopants in the larger grained T. materiai,
indicating that the annealing threshold is a function
of a nuixber of materials parameters, such as grain
size, substrcte, and film (hickness. The TEM studies
on these samples show that substantial grain growth
occurs in the fine-grained CVD polysil during the
laser annealing process. The aver..ge graip size in-
creased from 0.02 t0 0.5 um in the top 0.2- 10 0.3-um
thick layer when the film was irradiated with a laser
pulse of 0.45 J/cm’. When the laser energy density
was increased to 0.88 J;cm’, the average grain size
increased to L5 usm. These large grains were
relatively defect-frze, containing only a small density
of stacking faults or twins. Surtace damage and/or
peeling were observed with laser energy densities
greater than 1 J/cm’. The mechamism for the
recrystallizauion phenomena in these samples, which
were ~iiicaled with energy densities appareatly too
low tv melt the entire implanted region, requires
further stv ..

. Summary of pagpers: Solar Cell. (in press). JEEE Trans.
~iectron Devices (in press).

2. Analytical Chemistry Division, ORNL.

3. R.T. Young et al.. Appl. Phys. Lent. 32, 139 (1978).

STUDIEE OF POLYCRYSTALLINE Si
SOLAR CELLS BY EBIC

R. T Young R. D. Westbrook
R. D. Taylor

The understanding of the basic mechanisins that
affect carrier transport at or near grain boundaries is
the most critical problem in the development of solar
cells made frcm small-grained polycrystalline mate-
riai. A variety of measurement techniques that can be
used for studying grain-boundary effects are needed.
In the past year, the pho.,voltaic group has
implemented two recently developed experimental
techniques that have proved useful in grain-
boundary studies. One of these is discussed here, and
the other is discussed in the following contributicn.'

1.6

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
clectron emission, which gives information about
surface features, the EBIC image gives information
about the electrical activity of imperfections and
defects lyingin the near-surface region. Furthermore,
by varying the energy of the electron beam, depth
resolution can be obtained. Figures 2.65¢ and b

ORNL-PHOTO 200980

Fig. 2.65. (a) Image of 8 portion of a laser-annesled yolycrystal-
line solar cell taken with an electron microscope operating in the
standard (secondary electvun emission) operating mode, (b) image
of the same area on the sample taken with the microscope
openating in the EBIC mode, and (c) high-resolution EBIC image
of a crater prodv-=d by laser annealing.
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provide a comparison of images from the secondary
clectron emission and EBIC modes of an electron
microscope on a laser-annealed polycrystalline 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

>wn in Fig. 2.654 are much less pronounced in Fig.
2.65b 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. 2.65¢. The current response during a
line scan acrass ihe center portion of the crater is
shown in F. .. 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
indced the case.

T 1ures 2.66a-c 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 um), certain grain boundaries
were clearly visible. It can be seen from Fig. 2.66b
that, when the electron energy was reduced to IS keV
{maximum penctration depth=-2 um), there was little
or no change in the grain-boundary features. When
the electron cnergy was further reduced to 10 keV
(maximum peneiration =1 um), Fig. 2.66c shows
that the gra:a boundaries were no longer visible and,
hence, not electrically active. I't is believed that the
fack of elecirical activity of the grain boundaries
within | um 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.

1. R. D. Wesit. o0k and R. T. Young, "Studies of Polycrystal-
linz Si Solar Cells by the SLS Tecknigue,” this report.

STUDIES OF POLYCRYSTALLINE Si SOLAR
CELLS BY THE SLS TECHNIQUE

R. D. Westbrook R. T. Young

A izchnique that complements the EBIC type of
measurements described in the previous contribu-
tion' 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, Becausz of relative beam diameters,
EBIC has butter resolution than the SLS method, but

7
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Fig. 2.66. () Results when the e-beam has an energy of 30 keV
(penetration = 6.5 um); grain boundsries are clearly visible. (h)
Results with an e-bear energy of 15 keV (penctration = 2 ;m);
grain boundarics are still visible. (¢) Results with an e-beam energy
of 10 keV (penetration = | um): grain boundarics have virtually
disappearcd.

it is not yet clear how significant the differencesare.
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 lightcan be
chosen to achieve absorption at a suitable depth. An
He-Ne faser (A = 0.633 um) that gives an absorption
depth of 2.8 um in Siis currently used in our system,
The spot size can be varied from =<0 10 100 um by
using different lenses. The scan is accomplished by

Tz O AT TR



deflecting the beam with 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 vanations 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 largedipsin the
curve spaced 2 mm apart are due to the light spet
passing over the metal fingers on the top surface of
the cell. All the other dips occur where either grain
boiadaries or regions of poor response caused by

ORNL-PHOTO 201180

other factors are crossed. Figure 2.67b 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, the 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.

I. R.T. Young, R. D). Westbrook,and R. D. Taylor, "Studies of
Polycrystalline Si Solar Cells by EBIC,” this report.

GASEOUS DISCHARGE ION IMPLANTAT:)N
R. D. Westbrook R. T. Young

It has been shown'” that shallow fayers 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 is

~ proportional to the coulombic transfer and, there-

Fig. 2.67.(a) Single laser-scan photoresponee curve of a solar cell
from ribbon 8i. The large dips in the curve spaced 2 mm apart are
due to metal fingers. (b) L.aser scar map between the iwo metal
fingers.

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 1 and S mA/cm’, and discharge
times from 5 1o 15 min. These conditions result in
sheet resistivities from 150 {1/ to 30(}/ (7. 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-tnst
solar cell fabrication.

As with any ion-implantation process, damage is
created in the near-surface region. In the case of
gascous discharge of BF,, not only B’ but also
multiply ionized gaseos species, such as BFy’, B”,
and B”, 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,

ol




BF; as the B source, and laser annealing for damage
removal have shown that satisfactory sheet resis-
tances can be obtained. The MCDL in the hose region
remains high, as is expected with ion-implantaiion
laser-annealing processing. Solar cells have not yet
been made bv this method.

I. R. Wichner. p. 243 in Eleventh IEEE Photovoliaic
Specialists Conference—1975, IEEE. New York. 1975.

2. J. P. Ponpon and P. Stiffert, p. 342 in Eleventh [EEE
Photovolicic Specialists Conference—1975. 1EEE., New York,
1975.

DLTS STUDIES OF
ELECTRON-IRRADIATED P- AND
O-DOPED Si

G. E. Jellison, Ir.  J. W. ClelanAd

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 E, 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 Czochralski-grown (Cz) O-cluster
doped (O,) 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 possibie trap identifications. A blank i
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-5 was
probably present in P-doped samples but not
observed because of E-6).

Trap E-i was observed only in the O-doped
samples and was found to be present in the same
concentrations in both unirradiated and irradiaed
samples. Therefore, it is reasonable to assign this trap
to an O, donor state. The trap E-2 was found only in
P-doped sampies and only when trap E-3 was in 2
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 Kimerling.? Trap E-3 is the O-
vacancy trap, E-4 and E-5 are different charge states
of the uivacancy, and E-6 is the P-vacancy pair. The
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Fig. 2.68. The DLTS spectrs of P- and O-doped Si irradiated
with 4.6 X [0** cloctrons/cm’ at .5 MeV. Peak identification and
characterization are given in Table 2.9; AC = C(13) — Cl1y), where
Cl1) is the capacitance measured at time 7 after the pulse.

presence of trap E-3indicates that O has diffused into
the depletion region of the Fz P-doped diodes during
fabrication.

The hole traps H-1, H-2, and H-3 are not as well
characterized as the electron traps, because they are
minority carrier traps. Trap H-1 had a nonexponen-
tial decay, which indicates that it is really produced
by 2 distribution of traps; trap H-2 occurred only in
the 5 f1-cm P-doped sampic, which means it cannot
be solely O related. The work of Kimerling’ and
Mooney et al.’ indicates that there is a hole trap
related to C at thisenergy. Trap H-3 occurred in large
concentrations in three of the samples, but in a small
concentration in the 15 {l-cm P-doped sample.
Therefore, this trap cannot be associated with the O-
vacancy pair, as was previously stated by Kimerling;’
however, it could be C related
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Tabic 2.9. Trap perameters obtained from DLTS measurements after irmadiation
with 4.5 X 10" electrons/cm’ at 1.5 MeV (see Fig. 2.68)

AE is the activation energy. o. is the electron capture cross section.
and N, is the trap concentration

n (X 10" em™)y

Trap ‘;‘5, (o 0,?'cm 2 O-doped P-doped 1dentification
5 lcm IS Qcm 5 NI<m s Q<m

E-l <0.10 1.0 @° 23 O donor

E-2 0.10 10 0 9 Related to O-V

E3 0.17 1.0 1 10.8° 106 88 O-vacancy’

E4 0.23 0016 0.6 0.6 08 05 Divacancy’

ES 0.42 04 0s 0.5 Divacancy’

Eb 0.4 0.015 9.7 29 P-vacancy’

H-1 0.09 0.6 0.7 0.7 0.3 7

H-2 0.26 4.1 C related (7)

H3 0.42 94 10.5 100 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 O doped material are more tolerant
to radiation than cells fabricated from Fz P-doped
material.* 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
O.-doped matenial does not have a large concentra-
tion of any deep-lying majority carrier trap. The
cieation 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-doped mate-
rial.

1. D. V. Lang, J. Appl. Phys. 43, 3023 (1974).

2. L. L. Kimerling, p. 221 in Radiation Effecis in Semiconduc-
tors, 1976, ed. by N. B. Urliand J. W. Corbeu, Institute of Physics,
London and Bristol, 1977,

3. P. Mooney et al., Phys. Rev. B 18, 3836 (1977).

4. G. E. Jellison, Jr,, J. W. Cleland, and N. Fukuoka, “A
Radiation-Resistant Substrate for a p’-n-n’ Solar Cell,” this
report.

A RADIATION-RESISTANT SUBSTRATE
FOR A p*n-n" SOLAR CELL'

G. E. Jellison, Jr., J. W, Cleland
N. Fukuoka?

It is well known that the annealing of Cz Si that
contains 5 10" to 5 X 10" 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 I 5- and 5-(1-
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 10" ¢ cm™. 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 con.ontration with
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Fig 2.69. Comperison of O- and P-doped solar cells (AM]
conditions) showing (s) efficiency, (b) short-circuit current, (¢)
open circuit voltage, aad (d) fill factor v the total electron fluence
for 1.5-MeV electrons.

increased electron fluence for the P-doped samples,
while the O-doped samples show very little decrease.
DLTS results in P-doped Siafter 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), whilke 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.

I. Summary of paper: Proceedings of the Fourteenith IEEE
Photovoliaics Specialists Conference, 1EEE, New York, in press.
2. Guest scientist from Osaka University, Osaka, Japan.
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ANNEALING STUDIES OF
Cz-GROWN, NTD Si

J.W.Cleland  N. Fukuoka'

It is well known that the initial n- or p-type carrier
concentration in Cz-grown Si is altered if electncally
active donors are formed by O, clustered Q, or O-
vacancy (OV) type defects. Commercially available
Cz Si ingots are usually annealed after growth for | 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 anncaling 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
isothe: : 1al 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 annealng at
750°C.
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Fig. 2.70. Carrier concentration vs time of annesling 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 first annealed for 200 h at 450°C to
introduce a large initial O-donor concentration and
were then reannealed at 550, 650, 750, or 850°. The
donor concentration decreased to almost the initial
valuc in every sample inless than | h onreannealing,
but then increased, in every sample at each (empera-
ture, in 2 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-
peratares.

To explore the possible connection between lattice
damage and O-related dcfect 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 (D)) was estimated as
previously described.” Some of the NTD Cz Si
samples were then annealed for 2100 hat450°C. For
those irradiated samples that contained up to 10" Dy
cm’, the initia! rate of O-donor formation and the
final concentration were found to be almostidentical
to the values obtained with unirradiated samples.
Both the initial rate of donor formation and the final
donor concertration after extended annealing at
450° C were reduced in the more heavily irradiated
samples, but a considerable (10" cm™) concentra-
tion of O-related donors was still formed in NTD Cz
Si samples that contained up to 10" Dyem™.

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 rcmoval of D, We have determined that
annealing for 30 min at 750°C is sufficient to observe
the anticipated concentra‘ion of P in NTD Fz Si, up
to a total concentration of >10'"" cm™, and that an
cquivalent annealing is probably sufficient for NTD
Cz Si when the separate effect of O-donor formation
is taken into account.

I. Guest scientist from Osaka University, Osaka, Japan.

2, P. Capper et ai., Appl. Phys. Len. 32, i1 (1978); J. Appl.
Phys. 48, 1846 (1977).

3. J. W. Cleland ct al., Solid State Div. Prog. Rep., Sept. 30,
1978. ORNL.-5486, p. B3,
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SUBSTITUTION OF IMPURITY ATOMS BY
SELFINTERSTITIALS IN THERMAL-
NEUTRON-IRRADIATED Ge'

N. Fukuoka® H. Saito’
J. W. Cleland

We have used the recoil encrgy associated with
gamma-ray cmission following thermal-neutron
absorption to introduce a predetermined concentra-
tion of activated "'Ge self-interstitial atoms in
selected sumples of Ge. The samples were supplied by
JRNL and irradiated in the Kyoto University
Research Reactor in Japan.

Initiai carrier concentrations and conductivitics
were determined by conventional Hall coefficient
and resistivity measurements at 77 K before irra-
diation. Following an initial radioactive decay
period of about 50 h at 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- or p-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. Theseare
believed to be due to fast-neutron collisions with Ge
atoms, which result in trapping a significant fraction
of the "Ge atoms in interstitial positions.

L. Summary of paper. Jap. J. Appl. Phys. 19, 11 (1980).
2. Guest scientist ‘rom Osaka University, Osaka, Japan.
3. Osaka University, («aka, Japan.

OPTICAL STUDIES OF RADIATION
DAMAGE IN NTD Si'

N. Fukuoka’ J. W. Cleland

A study with )R spectroscopy techniques was
made of the near-edge absorption and distinct
absorption bands introduced by intersitital oxygen
(O)) in two different types of single-crystal Si. The
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samples used were high-purity Fz Si containing
<10**/cm’ O; and high-purity Cz Si containing 2.4 X
10"*;cm’ O:. Absorption spectra were taken in the I-
to 5C-um 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 inveltigated as a function of
O: content and fast-neutron fluence. Six distinct new
absorption bands were observed in tke 9.9-to 12.1-
um region after irradiation and partial annealing of
the Cz Si samples. These bands may correspond o
various vacancy-O defect structures that were

T ST T TR

nreviously identified by EPR techniques,’ but further
study is nceded to establish the correspondences.

Almost complete removal of all IR-active defect
centers was observed in all Fzand Cz Sisamples 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.

1. Summary of paper: Radiation Effecis (in press).

2. Guest scientist from Osaka University. Osaka. Japan.

3. J. W.Corbett et al.. p. | in Radiation Effects in Semiconduc-
sors. 1976, ed. by N. B. Urliand J. W_Corbett. Institute of Physics,
London and Bristol. 1977.



3. Defects in Solids

A mechanistic understanding of defects and defect interactions in solids is
important and sometimes crucial to the development of special-purpose materials
utilized in the various energy technologics. It has been recognized for many yearsthata
thorough understanding of radiation cffects on materials that are used in the nuclear
energy technologies s essential. Superconducting materials importaat 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 illus.rates, 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 o 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 mterest for magnetic fusion
energy development. The scope of electron microscopy and x-ray diffraction
rescarch on crystal defects and defect structures has been increasingly directed
toward a broader range of research programs within the laser-annealing,
ion-implantation, ion-solid interactions, photovoltaic, and super onic conductivity
programs within the Division.

Basic studies of radiation damage in metals have focused on accurate
determinations of defect production rates in pure fission neutron irradiations. These
measurements have application in connection with the program on normalization of
ion-irradiation-damage and fast-neutron-irradiation-damage production rates, which
has now addressed itself to the study of damage production 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 electron microscopy procedure for
obtaining such information and should proveto be especially useful for the smaller size
loops. The role of detailed analyses in obtaining these results underscores the need for
ongoing suppor: of defect measurements through the determination of accurate defect
models and accurate scattering cross sections for both x-ray and electron microscopy
investigations.

Direct observation of crack propagationand the dislocation behavior at the crack
tip during in situ tensile deformation in the electron microscope has been extended to
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various matenais inciuding N1 and amorphous niobium oxide. The results show that
the physical processes occurring at the crack tip are sensitive to matenials properties
such as slip geometry, stacking fault energy, and lattice friction stress. These
experiments probe the fundamental aspects of fracture ph:nomena and provide the
first experimental verification of the well-known Bilby, Cctirelt, 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. Basic 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 47 K'

R. R. Coltman, Jr. C. E. Klabunde
J. M. Williams

As pan of an interlaboraiory 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.” In addition, Al, 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 ple
of the data obtained in the present fission-neu r.,n
damage-rate studies. Analysis of this type of daia has
been made in terms of the electrical size effect or
deviations from Matthiessen’s Rule as needed to
deteimine 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 dec/d®), where cisthe
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,”
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Fig 3.). Fision-ucutron damage rstc in Cu: ® = observed
resistivity d2.aage rates; A = size-effect-corrected rates. Both are
plotted 2 gainst size-corrected (bulk) damage resistivity. Line
linear—least-squares fit (o corrected rates. Curve is the line-
transformed back (o uncorrected rates. A small contribution dac
to thermal ncutrons has not been deducted from the rates.

where E,is the displacement threshold energy™ and
{oT)are the d=mage-energy cross sections taken from
computer-cude calculations by Kirk and Greenwood*
for the fission-neutron spectrum. Damage effi-
ciencies, which are the ratios of experimental to
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-specira
damage-efficiency values calculated by Kirk and
Greenwood, who used the same computer code,
and the experimental data obtained by other
investigators.
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Tabie 3.). Compurisen of ¢xperinncnt and theory

Expenment Theon
F renkel-detect Frenkcl-defect
— Frenket-pase production Theeshold Damage praduction
damage rate. ressany, e, duplaccment energy atc,
corrected o w i crom “\
(10 {m’ ncutton) (10" (Lm at fr) —) L wcwon (a7} oy
/. (V) (heV by /.
(10 " m at fr newtron) E o “m’- .ty mewtron)
Al 29 19 6 7 “4 140
~ 1.7 60 29 34 178 92
Cu o 20 316 » 73 07
v - I8 40 » w7 16.5
Nb la i6 24 ” 749 Ix
Mo 3% 13 26 'y 00 42

S 637

“at. fr = atomic fraction.
"Ref. 7.
‘Ref. 4.

Tabie 3.2 Damage efficicacics for variovs acwtron spectra

Moderated
fission Fission. Betd.m). Hd.m).

- e ORNI. OONL LLL

ANL Lt
Al 0.34 040
N 0.27 031
Cu 0.27 0.} 027
A 0.64 053 05T
Nb 0.49 0.8 0.56 0.50 054
Mo 0.45 0.66 0.62 057
] 032 0.30

“Ref. 4.

A broad view of the results shown in Table 3.2
suggests that present theory overcstimates initial
defect production rates for various fast-neutron
spectra by a factor of about 2 to 4 compared with the
experimental results. While uncertaintiesin prand Ey
values are large for some clements and may con-
t2ibute 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 E, values. On the
other hand, the response of the theory to variations in
a neutron-encrgy spectrum for a given clement
(horizontal comparisons in Table 3.2) does not
depend on pr or E.. In this latter case, the theory
performs quite well, giving variations in efficiency
values of only 7-309% for neutron-energy spectra
praked from | to 15 MeV.

As a continuation of the work described above, the
displacement production rat.s 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 made on Fe and Co.
Analysis of the results for damage efficiency is under
way using the code RECOIL to calculate damzge
encrgics.” The results for all metals will be analyzed in
terms of systematic correlations of damage efficiency
with respect to crystal structure and atomic
weight.

I. Summary of paper to be published.

2. C.E. Klabunde, J. M. Williams, and R. R. Coitman, Jr. (to
be published).

3. P. Lucasson, p. 42 in Fundamental Aspecis of Radiation
Damage in Meials, vol.1,ed. by M. T. Robinsonand F. W. Young.
Jr., ERDA CONF-751006-P1, Oak Ridge, Tenn., 1976.

4. M. W. Guinan and C. E. Violet, private communication. To
make a consistent comparison between the present ORNL result
for V and the LLL experimental data, we use their value for psand
the RECOIL code (see ref. 7) to obtain these damage-efficiency
values.

5. M. G. Miller and R. L. Chaglin, Radiar. Eff. 22, 107
11974).

6. M. A, Kirk snd L. R. Greenwood, Journal of Nuclear
Materials (10 be published).

7. The damage-energy cross section for V was calculated using
the code RECOIL by T. A. Gabriel, J. D. Amburgey, and N. M.
Greene, Radiation-Damage Calculasions, Primary RECOIL
Specira Displacemers Rates, and Gas-Production Rates,
ORNL/TM-5160 (1976).
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THE EFFECTS OF IRRADIATION ON THE
NORMAL METAL OF A COMPOSITE
SUPERCONDUCTOR: A COMPARISON
OF Cu AND A

C. E. Klabunde R. R. Coltman, Jr.
J. M. Williams

The most economical design of a2 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
report” we calculated the effects to be expected for Cu
normal metal in service on the composite super-
conducting toroidal ficld coils of a tokamak fusion
reactor.’ The calculation was accomplished by first
establishing from available data and theory™ the
production of damage resistivity in zero field:

po(0) = o1 — exp(—iD/s5)] + pol0) , )]

where D is the ncutron dose indpa, s is the saturation
value of the damage resistivity, and i is the initial rate
of resistivity increase vs D. The values for Cuwere s =
4.0 n{)-m and i =649 nf)-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 cxpected to encompass the present applica-
tion. The envelope was described by two lines of
the form

polH) = po(0) + 10°H?po(0)' ° , 2

where a and B are intercepts and slcpes of the two
straight lines on the Kohler plot, with #, the field in
tesla, and p, the resistivity in nf)-m. The values were
as follows: a; = —1.25 and 8; = 0.95; a; =—1.77 and
ﬂz = ].23.

Substituting the zero-field resistivity given by
Eq. (1) into Eq. (2) gives a family of curves of total
resistivity vs dose, initial res’stivity, and magnetic
field.

The same data sources on damage production were
used for Al as for Cu. For the saturation resistivity,
we used a value s = 9.0 nf}-m; and for the initial
damage rate, we used i/ = 1520 n()-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

pok H) = pol0) + pofO)F10T) — 1/(1 + 2, ,
3)
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z=10{H/ plO) .

with the following parameter values:

a b c d
A 0.17 1.73 1 -0.7
B 034 .77 [N ] -09

By combining Egs. (1) and (2) for Cuand Eqs. (1) and
(3) for Al, we generated the families of curves seen in
Fig 3.2, Instead of dpa, we use ncutron fluence in
order to compare directly Cu and Al for the same
service timein a given neutron flux. For thisexample,
fission-spectrum neutrons were used.” We see that,
because of the larger initial magnetoresistivity in Cu,
Al is, in fact, better up to a fluence of about | X 10
neutrons; m’, provided Al has an :nitial resistivity less
than ~0.1 n{):m. This fluence translates to dpa values
of 1.2 and 1.5 X 10™ for Cu and Al, respectively.

ORNL -OWG 78 - 22903
—— ALUMINUM
------ COPPER

~nN

pofH) (nfl-m)

H={0T

Fig. 3.2. Three-dimensional plot of magnetoresistance for Cu
um.--md-mﬁu.mmuw

resistivity.

These dpa values ar= 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



at much lower doses than those projected inthe high-
field region would there be any location where Al
would be better, assuming, that is, that the use of such
high-purity material is feasible.

Santoro et al.’ have calculated the annual fluence
at certain magnet locatious 1ur a reference tokamak
design having a neutron wall loa<ing of 1.0 MW m.
When our anatysis is applicd to one of their highest
fluence values found adjacent to a penetration into
the first wall, we find that the ficld-on (10 T)
resistivity for Cu increases about 600% in onc year.
This result indicates the need for additional shielding
at some locations.

From the foregoing analysis it appears that Cuis
the stabilizer material of choice, and because i its
high initial magnetoresistivity, ultra-high purity is
not important. Nevertheless, as our earlier report
cites,’ 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
email trade-offs betweer additional shielding and
additional stabilizer mc...al, especially in hot-spot
regions that result from penetrations.

I. Summary of paper: J. Nucl. Mater. 85/88, 385 (1979).

2. J. M. Williams ¢t al.. JEEE Trans. Magn. MAG-18, 731
{1979).

3. R. T. Santoro et al., Nucl. Technol. 37, 65 (1978).

4. M. Nakagawa et al., Phys. Rev. B 16, 5285 (1977).

5. C. E. Klabundec et al. (to be published).

6. K. Boning et al.. Phys. Starus Solidi 34, 395 (1969).

7. With fission-spectrum neutrons, D fluence for Cuis 1.176 X
10"’ dpa-m’ neutron and for Al is 1.465 % 10 .

EFFECTS OF RADIATION AT 5K
ON ORGANIC INSULATORS
FOR SUPERCONDUCTING MAGNETS'

R. R. Coltman, Jr. R. H. Kernohan
C. E. Klabunde C. J. Long’

A program in progress at ORNL aims to under-
stand the effects of irradiation at liquid-He tempera-
ture on insu’itor 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 largel, 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 studivs
exist on the irradiation of insulators near 4 K by fast
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neutrons. To examine their possibie influence, the
ratio of fast-neutron flux to the gamma-ray dose rate
in the present experiment was i.acreased by a facter 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 maierials chosen for study were
those presently in use for magnet construction ard
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: Epuxy, 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-cutalyzed
bisphenol solid-type epoxy resin laminate
reinforced with continuous filament E Glass
fabric, silane finished; designated for cryogenic
usc; Spaulding Fibre Company.

4. G-10 CR (BF): Same as No. 3, except made with
boron-free E Glass.

5. G-11 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 polyamide
(aramid) sheet; E. I. du Pont de Nesnours &
Company.

7. Kapton H: Polyimide film; E. 1. du Pont de
Nemours & Company.

8. Aluminized Kapton: Type NRC-2; used for
multilayer superinsulation; 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 Tabie 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
cach folded in a Z shape, heavily creased, and then
wrapped in Al foil to give a flat packet ~ 13 X 25mm.
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Table 3.3. Specificatiors of irradiaticns at 4.98 K

Gamma-ray dowe

Fast-meutron fluence

frradiation tume

trads) {neutrons m° > 0.1 MeV) h
Low 24x10° 22707 38
High 10> 10" 8.7%X 107 193

Tabie 3.4. Electsical measurements st room temperature after irradiation at 5.0 K

Each result the average of three measurcments

Re wstivity £10°° Q-m)

Dose
(10” rads) Stycast EPON G-10 G-11 Nomex Kapton
850 FT 828 CR CR 410 H
Control 0.24 00 8.2 44 k} i ]
0.24 0.25 55 8.5 28 22 29
i0 0.27 8.1 0.64 013 2 2
Electrical breakdown (kv mm)
Comrol 28 33 23 28 36 A
0.24 3 ) 23 3 3% 66
[ K] 8 3 8 10 36 68
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Fig .3. Flexure strength as a fuaction of irradiation.
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After irradiation, no failure of any type was abse: ved
in any of the specimens after repeated flexing of the
creases. This lack of failure is in sharp contrast to

Fig 3.4. Compressive sirength as s function of irradstion.

aluminizzd Mylar, which broke apart upon handling
after 2 doze of 2.0 X 10° rads.® It appears that the
K2;10n could serve as superinsulation for cryogenic
systems exposed at least up to a dose of | X 10" rads.

Although the resistivity decreased substantially at
the high dose, it probably still remained in a usable



range {or ail materiais tested. The ioss in voitage-
breakdown strength was minimal, 2xcept for
Stycast 2850 FT and the glass—cloth-filled epoxies,
which might require design adjustments for use at
1 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 choire of a material may depend
upon the stress conditions in service. In :he case of
flexure, while the strength of glass-cioth-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 10
rads, the flexure strength of the particle-filled epoxies
is at end of life, while ihe glass—cloth-filled epoxies
retain usable strength. In compression, however, at
I X i" 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-neuiron 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/7y, 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 casried nut using sources having higher n/ -y values
than for \..2 work reported here.

Design calculations of Santoro et z1.* show that
various magnet lou ations encompass a wide range of
gamma-ray d~:¢ r. 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 1 X 10'° rads,
at which some materiais 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/m’. Thus, it iz clear that
in those locations additional shicidine will be
necessary if some of these materials are to be used.

§. Summary of papers: ORNL/TM-/077 (Nuvesnbes 1979),
IEEE-Nuclea: and Plasma Sciences Society (10 be published).

2. Metals and "eramics Division, ORNL,

3. R. R. Coltman Jr., et al., Radiation Effects on Organic
Insulators for Superconduciing Magneis, ORNL/TM-7077
(November 1979),

4. R. R. Coltman, Jr., et al., JEEE-Nuclear and Plasma
Sciences Sociery (10 be published).

5. R. T. Santoro ¢’ al., Nucl, Technol. 31, 65 (i578).

130

He DIFFUSION IN Ni
AT HIGH TEMPERATURES'

J. M. Williams® V. Philipps’

The developing nuclear technologies present a
need to understand better the mechanisms and
parameters of long-range migration of He in metals.
The exwremely low solubility of He in metals
has made experimentation difficul:. Experiments
designed to overcome the solubility problem by
implanting He and studying its release upon raising
the temperature* 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
simultancous 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 tc depths of up
to 85 um in 10-mm-thick samples of Nj at tempera-
tures betweem 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) ard some to the surface, where it was
detected by a mass spectrometer as emitted gas, A
steady-state gradient was soon established between
the implantation zone and the surface, at which time
the emission rate was constant. The diffusivity was
deteninined by analyzing the transient to this
steady state,

The diffusivity results can ve summarized in an
equation of the usual Arriienius form,

In our polycrystalline material (of approximately
I-mm grain diameter), some of the He was appor-
t.oned to a coarse distribution of bubbies 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 secking a mechanistic interpretation of the
activation energy, 0.8 eV, we ruled out simple
interstitial diffusion because, at these temperatures,
" nerstitial 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

K.Sonnenberg’

cm’
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vacancics. 1wo olircr modeis, the substitutionai
impurity (SI) model and the hindered-diffusion
model, were considered. In the Sl model, the Heiniits
first vacancy is joined by a second vacancy that
renders the complex mobile. The comple . 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 aiom. Later it thermally
dissociates and again wanders interstitially until it
encounters another vacancy. The effective activation
encrgy related to cach of these models can be derived
in terms of the activation energies for the component
nrocesses, but some of the component activation
energies are not well known. Perhaps the most crucial
of these is the binding energy nf the second vacancy in
the SI model. A theoretical value of 0.47 ¢V has been
derived for this energy;’ 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

ES" = ERiJ - El,

where Ehes is the energy for dissociation of the He +
1V complex (substitutional He) and El is the
vacancy-formation energy. Existing experimental
values of the quantities on the right-hand side are
2.1 eV fo. the dissociation energy and 1.4 10 1.6 eV
for the vacancy-formation energy; thus the difference
ranges from 0.5 t0 0.7 eV, which is to be compared
with the experim=ntal value of 0.8 eV. Considering
the approximat’ ons 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 Consultanr Symposium
on Rare Gases in Metals and Ionic Solids, Harwell, England.
Sept. 10-14, 1979 (10 be publiched).

2. This avthor carried out this research while on foreign
assignmer.. at the Institut fiir Festkorperforschung, Kern-
forschungsanlage, Julich, Germany.

3. Institmt fiir Festkorperforschung, Kernforschungsanlage,
Jiilich, Germany.

4. E. V. Kornelsenand D. E. Edwards, Jr..p. 521 in Application
of Ion Beams 10 Meials, ed. by S. T, Picraux, E. P. EerNisse, and
F. L. Vook, Plenum Prcss, New York, 1974,

5. W, D. Wilsan and C. F. Melius, Pro eedings of Consulians
Symposiurm on Rare Gases in Metals ard Ionic Solids, Harwell,
England, Sept 10 14, 1979 (10 be r Atished).
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He-RELEASE EXPERIMENTS
IN NEUTRON-IRRADIATED Ni

D. B. Poker J. M. Wilklams

Another approach to determining the diffusivity of
Hein Niinvolves degassing of reactor-irradiated bulk
samples. The samples were opeu-ended cylinders of
commercial “A™ Ni 100 mm in length, 19 mm in
diameter, and 1.5 mm in wall thickness, with an
average grain diameter approximately equa! to the
wall thickness. Neutron doses were chosen such that
He concentrations of approximately 1 ppb were
praduced by the series reactions.

*Ni(n,y)*Ni,  *Ni(na)*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 relcased He was detected
by a Veeco MS-12 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 arc being extended to
singlc 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

The study of damage production rates in Al' and
Ni* has indicated generally excelleri 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.”

Figure 3.5 shows the comparison of the experi-
mentally measured damage rates of 17.4-MeV Niions
in Fe- 179 Cr with the damage energy calculated by

B. R. Appleton
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Fig. 3.3. Relative damage mates of 17.4-MeV Ni ioms in an
Fe-179% Cr alloy vs Ni absorber foil thickness. The smooth curve
was calculated using E-DEP-1 computer code (ref. 3).

the E-DEP-{ code. The excellent agreement to be
noted here in part represents adjus.ment of both the
calculations and experimental measurements. The
E-DEP :ode 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;? 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, b1t within the
uncertainty limit of, the open beam -.alue extrap-
olated to zero dose.
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Theze results have demonsirated that, for the case
of an alloy, the E-DEP-1 cade does a good job of
scaling the damaging production rate as a function of
ion penctration 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. Noggle et al.. Solid State Div. Prog. Rep., Sept. 30,
1978, ORNL-5486. p. 98.

2 T. S. Noggle et al., Solid State Div. Annu. Prog. Rep.
Apr. 30, 1977. ORNL-5328, p. 103.

3. 1. Manning and G. P. Mucller, Comput. Phys. Commun. 7,
85 (1974); Nucl. Engr. Design 33, 78 (1975).

LOW-TEMPERATURE ION DAMAGE
IN METALS

B. C. Larson J. F. Barhorst T. S. Noggle

X-ray diffuse scattering studics have been initiated
o. the fundamental aspects of high-energy displace-
mem cascades and lattice defect evolution in metals
at low temperatures. Copper and Ni single crystals
have been irradiated at 4 K with [7.4-MeV Ni ions
with the use of the ORNL Tandem Van de Graaff. A
technique developed' for the program on the
Normalization of fon and Neutron Damage, in-
volving the use of absorber foils, was used to produce
a 2.4-um irradiated layer that was homogeneously
damaged from the srandpoint of damage-energy
deposition.

Diffuse scattering measurements have been made
on Cu and Ni single crystals after irradiation with 2 X
10" ions/cm’ at 4 K using a linear position-sensitive
detectora."d a 12-kW rotating anode x-ray generator.
Similar to -csults found for 300-K ion-irradizicd i
and Cu, a significantly larger number of 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-




tur:, the relative numbers of vacancies and inter-
stitials were found to be equal within the measuring
uncertainties (~17%).

I. T.S. Noggie etal.. p. 225 in Proceedings, Fourth Conference
on the Scientific and Industrial Applications of Smai, Accelero-
tors, ed. by J. L. Duggan and I. L. Morgan. 1EEE 76CH11759,
NTS, Piscataway. NJ., 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 m™:croscopy 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 clus’ering under thesc conditions have been
inconclusive. i this study, an x-ray diffuse scat-
tering method for determining the size dis:ribution
of both vacancy and interstitial loops has been
developed and applied to the case of high-energy
Ni-ion-irradiated Cu.

Diffuse x-ray scattering calculatic~s for disloca-
tion loops have shown that the diffuse intensity in the
asymptotic scattering region (| < gR < 6, where Ris
the loop radius and gis the distance from a reciprocal
lattice point) falis off as ~1/4". However, calcula-
tions along the H{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 ¢ along
the (111] direction while the vacancy loop scat-
tering is more concentrated along the {111} direction
near the 222 reciprocal lattice point. In olots
of intensity X g°, these calculations indicate
a maximum at ¢ = %3, R for interstitial (+) anc
vacancy (—) loops, respectively.

X-ray diffuse scattering measurements made along
the H{111] directions near the 222 reflection of Cu
that had been irradiated with 60-MeV Niions (]2 X
10" cm? at 300 K) are shown in Fig. 3.6. The
measured intensity (multiplied by ¢') is shown as the
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Fig. 3.6. Measured diffuse scattering from Ni-ion-irradiated Cu
at the 222 reflection.

solid points (Fig. 5.6), 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 1.0-, 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 tc represent the
concentrations for the peak damage region.' The
concentrations of cach of the sizes are represented by
histograms 1.0 nm wide and reduced to units of loops
em’ 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 i« 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 53.67 of
the point defects in loops to be vacancics and 46.49%
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
10 be compared with reporied values ranging from a
factor of twice as many vacancies as interstitials to
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Fig. 3.7. Size distribution for vacancy and interstitial loops in
Ni-ion-irradiated Cu as obtained from x-ray diffuse scastering.

less than half as many vacancies as interstitials 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.

[. §. B. Roberto and J. Narayan, p. 120 in Fundamental
Aspects of Radiation DDamage in Meials, ¢d. by M. T. Robinson
and F. W. Young, Jr.. ERDA CONF-75-1006-P1, Oak Ridge.
Tenn., 1976,

2. M. Ruhle. F. Hauserman. and M. Rapp. Phys. Status Solidi
39. 609 (1970).

3. 1. Narayan and S. M. Ohr, J. Nucl Maser. 85/86, 515
(1979).

CALCULATION OF DIFFUSE SCATTERING
FROM DISLOCATION LOOPS'

P. Ehrhart’ B. C. Larson H. Trinkaus’

Numerical calculations of the diffuse scattering
from perfect and faulted dislocation loops in an
isotropic fcc lattice have been carried out for g values
out to the zone boundaries. Previously available
continuum calculations,’ which were restricted to ¢'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,
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Diffuse scattering calculaticns made in this study
for the region near Bragg reflections, for both faulted
and peifect 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 stacking 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 (111) directions except those radial
from the onigin in recipro.2! space; and, as expected,
perfect (unfaulted) loops prodiced 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. Summary of paper to be published.
2. Institut fiir Festkorperforschung, Kernforschungsanlage,
Jiilich, Germany.

3. B. C. larson and W. Schmatz, Physica Status Solidi
(in press).

BLACK-WHITE CONTRAST
OF DISLOCATION LOOPS
IN ANISOTROPIC CUBIC CRYSTALS'

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 takingintoaccount 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




parallel to and is clongated considerably along the
direction of the Burgers vector. In Nb, the black-
white contrast direction of a perfect loop of
a!2q111] type lies about halfway betwe n the direc-
tions of the Burg..:s vector and the diffrz 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.

. Summary of paper: Phys. Status Solidi A 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.c. 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 available’ 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 + g, where
h is a reciprocal lattice vector and g the scattering
vector relative to A, the region gR, < 1 defines the
Huang scattering domain; and the region for gR.>2
can be defined as the asymptotic region. Here, R, is
loosely referred to as the defect radius but is more
precisely defined by K-S(R.) ~ | where 8{r) specifies
the lattice distortion surrounding the strain center.
The scattering for gR, < I tends toward a ¢ 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 R.. According to the model, an oscillating
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q * fallout is predicted for the asymptotic scattering
region as a result of interference effects; and for the
particular direction of gllk in the case of negative
lattice strain surrounding the defect site (—qllh for
positive lattice strain), a smooth ¢ '’ falloff is
expected.

For a coherent solute precipitate inan alloy lattice,
the diffuse scattering is complicated by the finite size
of the precipitate. A negative (compressive) lattice
strain is gencrated in the region surrounding a
precipitate with a positive misfit strain relative to the
host Jattice. This aspect of the defect characzer 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
g for a precipitate with negative misfit strain followed
the usual Huang ¢~ form, and for the casc of ¢ <0
the oscillating ¢ * behavior was present as expected
from the analytic model. On the other hand, theg ™ *
form expected for g > O was interrupted by a shoulder
at the position corresponding to Bragg scattering
from the inclusion. This aspect of diffuse scatiering
profiles from precipitates can, therefore. be used to
determine independently the misfit strain inside
precipitate particles. This work is being extended to
include elastically anisotropic lattices as well.

1. B. C. Larson and W. Schmau. Physica Status Solidi
(in press).
2. H. Trinkaus, Z. Angew. Phys. 31, 229 (1971).

*RACTURE

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 7one 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 zonc was expected 1o 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



Fig 1). Elxciron micrograph showing the distribution of
dislocations in the plastic zons of & crack observed in Ni. The
tensile axis is closwe tathe (11 ) orentation, and the dislocations are
split and are in the form cf an inverse pilcup.
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structuic of the plasic cunc decpended 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
stmilar to that found in bee 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 parailel planes and, hence, may have
represented thin twin lamellac. Similar studies in Cu
confirmed this conclusion. Because the twin forma-
tion is casier 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, twinningis nota
common mode of deformation at room temperature.
The possible causes for this anomaly are (1) the high
stress concentration at the crack tip and (2) a
reduction of the stacking fault energy because of H
absorption during clectropolishing.

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 Nb;Os
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 determines from the change in the
width of the plastic zone during tilting experiments
and was found to deviate from the plane of maximum




Fig. 1.9. Electron micrograph showing a crack and its plastic Fig. 3.19. Electron micrograph showing s shear crack and its
2ome obssrved in Ni. For this specimen, the tensile axis is close to plagtic zone in amorphous NbzOs. The white contrast, arising from
the (100) orientation. The plastic 7onc is broadened by the cross- the change in specimen thickness, represents the sone of shear
slipping of perfect dislocations from their original slip planc. deformation.
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shear stress, which makes 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.'
The results showed that the value of E'o, was
approximately equal to 60, where E is Young's
modulus and g, is the yield stress. Although the value
of E o, for amorphous NbzOs is not available in the
iiterature. the reported values for amorphous metals
range from 50 to 80. This range is taken as evidence
that our ¢xperimental results in amorphous Nb;Os
are in good agreement with the Dugdale modei.

i. D.S. Dugdale. J. Mech. Phys. Solids 8, 100 (1960).

ELECTRON MICROSCOPE OBSERVATION
OF SHEAR CRACKS IN STAINLESS STEEL
SINGLE CRYSTALS'

S. M. Obr

Direct observations by TEM have been made of
the propagation of shear cracks and the distribution
of dislocations in the plastic zone of stzinless steel
single crystals during in situ tensile deformation. In
thin foil specimens under nlane 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 dislciations were of pure-screw
type. The plastic zone, therefore, represented pure-
shear deformation, and the crack was an antiplane
strain shear crack of Mode 111 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, Cottrell, and Swinden® and represent the
first experimental confirmation of the theory.

J. Narayan

I. Summary of paper: Philos. Mag. A 41, 81 (1980),
2. B. A. Bilby, A. H. Cottrell, and K. H. Swinder, Proc. R. Sor.
London AZT2, 304 (1963).

THICKNESS DEPENDENCE OF THE
PLASTIC ZONE SIZE IN
THE BCS THEORY OF FRACTURE

S.-J. Chang' S. M. Ohr

In the fracture theory of BCS.? the plastic zone
was represented by a distribution of dislocations in
an infinitely thick specimen. In a specimen of finite
thickness. Eshelby and Stroh® have shown that the
interaction force between two screw dislocations
can be expressed in terms of a modifieu Bessel
function, which decays much faster than the inverse
first power law. By assuming a continuous
distributior of dislocations, an integral equation is
formulated based on the Eshelby-Stroh interaction
force 10 cxamine the effect of specimen thickness
on the size of the plastic zonc 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

Fig. 3.11. Distribution function for dislocstions along & crack
of leagth ¢ for various specimen thickness, o.

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 clectron
microscopy.

1. Computer Sciences Division, UCC-ND.




2 8. A Bl A A Coiucii, and K. H. Swindon. fAroc. K.
Soc. London AZ32, 304 (1963).

3. J. D. Eshelby and A. N. Stroh. Philos. Max. 42, 140}
(1951).

A MODEL OF BCS CRACKS WITH
A DISLOCATION-FREE ZONE

S.-J. Chang' S. M. Ohr

In their dislocation theory of fracture. BCS®
considered a plastic zone consisting of an invers~
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 claborated in various
ways and has been widely apphed to various aspects
of fracture. Recently, direct observations have been
made of the distribution of dislocations in the plastc
zone of cracks during in situ deformation in the
clectron microscope.™ 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-frec zone near the
crack tip. A governing singular integral equation was
formulated to det ‘be the regions of the crack. the
dislocation-frc: zone, and the plastic zonc. 1.~
integral equation was inverted by the method of
Muskhelishvili 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 tte first and third
kinds. The condition of compatibility between the
sizes ¥ the crack, the dislocation-free zone, and the
plastic zone was obtained as a function of the applied
stress, similar to the relationship derived ir the BCS
theory. As the size of the dislocation-free zone
approached zero, our results approached those of the
BCS theory. If the dislocation-frec zone exists, the
dislocation density in the plastic zone is required to
vanish at the beginning and the end of this zone. This
isshown in Fig. 3.12, where the distribution function
is shown as a function of the distance alongthe crack
for a small dislocation-free zone. Because the crack
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Fig. 3.12. Distribution function for dislocations along a BCS

crack of keagth ¢ with & dislocation-free zose. The curves are for
diffevent levels of applicd 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 cnergy release rate associated
with the crack has been calculated by applying the
result of a recently developed theory’ selating the
complex J-integral to the total force on the
disiocations in the plastic zone given by the Peach-
Kaochler formula.® These results indicate that, in the
presence of the dislocation-free zone, an additional
term appears in the expression for the energy relcase
rate due to the finite stress intensity factor.

I. Computer Sciences Division, UCC-ND.

2. B. A. Bilby, A, H. Courell. and K. H. Swinden. Proc. R.
Soc. London A2T2, 304 (196)).

3. S. M. Ohr and J. Narayan, Philos. Mag. A4l, BRI (1980).

4. S. Kobayashiand S. M. Ohr, Philosophical Maga:zine (10 be
published).

5. S.-). Chang. /Inrernaiiona’ Journal of Fracrure (1o be
published).

6. S.-J. Chang. “Compiex J-Integral and Peach-Kochler
Equation,” this report.

COMPLEX JIINTEGRAL AND
PEACH-KOEHLER EQUATION'

S.-J. Chang’

Budiansky and Rice’ derived an expression for
the J-integral in terms of complex stress functions.



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
J-integral can be reduced to the Peach-Kochler
equation’ 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 J-integral is equal to the total
force on the dislocations in the plastic zone.
Physically the present interpretation of the
J-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 dictaied by the rate of surface energy release.

1. Summay of paper: International Journal of Fracture (l0
be publishea®.

2. Comput:r Sciences Division, UCC-ND.

3. B. Bud.ansky and J. R. Rice. J. Appl. Mech. 40, 201
(1973).

4. M. O. Peach and J. S. Kochler. Phys. Rev. 80, 436 (1950).

5. B. A. Bilby. A. H. Cottrell. and K. H. Swinden. Proc. R.
Soc. London AZT2, 304 (1963).

DEFECTS AND IMPURITIES IN
INSULATING CRYSTALS

INFRARED SPECTRA OF H ISOTOPES
IN a-ALOY

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 a-Al;O, 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 o-A,O;.

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-

Herbert Engstrom
J. B. Bates
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tometer. All other infrared measurements were made
on a Digilab FTS-20 Fourter transform spectrome-
ter. The resolation of this instrument was about
3 cm’. 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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Fig 3.13. Ths OH" (109), OD" (comter) and OT (botrom)
infrared absorption bands in a-AlO & 77 K.




respective vaiues of each peak wave number and its
uncertainty as determined by fitting a Gaussian
function to the absorption band are given in the
column headed ve, in Table 3.5.

As in the case of rutile,’ the mocGel of an
anharmonic diatomic oscillator, which consists of the
H isotope bound to an O ion, yielded a very good fit
of the isotopic frequencies. Herzberg’ gives the
energy levels for such an oscillator as

E.= (n+ ')pae

~(n+'"Voax.t.... (D
where E, is the energy of a level of vibrational
quantum number n, where ., and x, are constants,
and when p: is given by
p=(mipd'?, @
where y; is the reduced mass, mam,/ (m; + m.), of the
oscillator of the H isotope i of atomic mass m;{where
m, is the atomic mass of O). Using the atomic masses
of H, D, T, and O (1.007825, 2.0140, 3.0'605, and
15.99491 amu, respectively). we find p( = 1.0000, p; =
0.7280, and py = 0.6112. Using only the first- and
second-order terms of Eq. (1), we find that the wave
number for the ground to the first excited state
transition is given by
(3)

= paw, 20 w.x. .

We made a least squares fit of this equation to the
observed wave numbers and determined the vaiues of
p.w, and p’w.x, shown in Table 3.5. The wave
numbers calculated from these best fit parameters are
given in the column labeled vse. As noted in most
cases, these calculated wave numbers are within
I cm™ of those observed experimentaily.
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The quantity &, = (e — PrareXe) ; 4piasXe, ais0
shown in Table 3.5, represents the dissociation
energy of the ion.** 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 mounated with its ¢
axis perpendicular te the beam direction. The OH”
band shape was recorded for 10° ncrements of the
angle, 8, between the polarization of the light and
the c axis. The intensity of the transmitted light was
found to be zero for light polarized along the ¢
axis. Because the dipole moment of the ion lies
along th.c OH™ band, we conclude that the OH ion
lies in the basal plane.

We have made an approximate calculaticn of the
potential of the OH" ion in the crystal by using a
procedure similar to that described by Bates et al’
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, labelsd
H'(2) and H’(3), are such that the N-H bonds make
angles of +13° and —13°, resper.vely, to the basal
plane. The projections 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 ™ i1ons liein the £13° orientations,
it would be possible to observe the OH™ band for any

Table 1.5. Wave aumbers (»), bandwidths (5), and spectroscopic constants for
OH", OD’, and OT bands in s o-AlD)’

T(K") vesp (cm ') Besy (cm ') pactem’)y  ploexfem’') v (em ) D.(eV)
OH 00 32719.1 + 04 9306 35357+ 319 [28.3+ 20 3279.4 2.80 + .05
17 32824 + 0.3 56+04 315422+ 23 1299+12 312824 2,718+ 03
oD 300 24369 + 14 68+ 28 257140+ 29 680+ 1.1 24380 2.86 + .05
77 24389 + 09 51+ 16 25187 x 1.7 689 06 2441.0 283+ .03
oT 300 20657 £ 1.4 S56*x24 21610+ 24 A79+08 2065.2 289 + 05
17 2068.7 £ 0.6 40+ 10 21650+ 1 4 485+ 04 20679 286+ .02

“8eup is the full width at haif-band maximum. The band cnergy calculated fiom the best fit parameters pav, and

Pl oo i8 Vo
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F, 3.14. The aluminum oxide moleculer umit. The dashed
circles shoz possible oriertations of the proton of the JH ion
bascd on calculations of the potential energy.

polarization. Becduse 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 crientation (1).

1. Summary of paper: Phys. Rev. 8 21, 1520 (1980).

2. J. B. Bates and R. A. Perkins. Phvs. Rev. B 16, 3713
(1977).

3. G. Herzberg. Chap. 3 in Molecvlar Specira and Molecular
Structure: I, Spectra of Digromic Molecules. Van Nostrand.
New York, 1950,

4. G. W. King. Chap. § in  Specirascopr and Molecular
Struciure. Holt, Rinchart. and Winston. New York, 1964,

5. J. B. Bates. J. C. Wang. and R. A. Perkins, Phys. Rev. B
19, 4130 (1979).

6. RW.G. Wyckoffl. p. 6 in Crysial Structures, vol. 2, Wiley
Interscience, New York, 1964.

AGGREGATION OF Fe”” IN MgO

E. Sonder J. Gastineau' 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 guantitative 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 (O partial pressure of
0.2 atm), for which condition 809 of the Fe is in the
trivalent state and 207 is in the divalent state. When

sampics conta mng dilfercni amounts of Fe irom 100
to 8000 ppm are examined after cooling to room
temperature, evidently at the lowest concentrations
(~100 ppm =ssentially all the Fe’” remains dissolved
upon cooling and substitutes for Mg™~ on octahedral
sites. However, in MgO containing higher concentra-
tions of Fe, 2 maximum of 300 ppm Fe' in
octahedral sites is ot ~rved in MgO crystals cooled as
rapidly as is possible in air. The 1. nainder of the Fe’*
is in the form o. aggregates and, at the highest
concentrations. of precipitates large enough to
exhibit ferromagnetic churacteristics.

In order to ascertain whethr the aggregates exist
at high temperctures or are produced during the
cooling process, ihe distribution of Fe* 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 3.15 shows that quenching a
sample from 1200°C into liquid N; 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 Fe’ ions remained
in solution, substituting for Mg** ions, in samples
quenched in liquid N; than in those cooled in air.
This difference was similar for a number of
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micnt icmpeiaiciey beiween 800 and (H05°C. A
water quench from 1200°C produced an even larger
fraction of dissolved Fe'".

Isochronal anneals performed with a sample
quenched in liquid nitrogen indicated that Fe’™ is
mobilc at temperatures below 400°C. Figure 3.16
depicts room-temperature spectral intensities of EPR
components, measured after annealing | h at the
indicated temperatures. Th: octahedral spectrum is
due to substitutional Fe>*. and the orthorhombic
spectrum is presumed to be due to substitutional Fe’”
ions that are perturbed by cation vacancies in
nearest-neighbor ({110)) lattice sites. When all the
Fe'' ions aggregate, these two spectra are not
observed. It is noteworthy that the decrease in
intensity of these Fe** spectra is not accompanied oy
observaiion of any new spectral components that
might be attributed to Fe pairs, triplets, and soforth.
The specira 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
becn observed previously’ by other techniques in
highly doped (>19%) MgO:Fe that had been annealed
for lengthy periods at 800°C.
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An atiempt has been made to acccunt for the
observed aggregation by extrapolating diffusion
coefficients’ measured at high temperature to
temperatures relevant to these studies. However, the
reported diffusion activation energy of 3.2 eV would
allow only one jump in approximately 1000 h at the
temperatures at which aggregation takes place.
Therefore. a mechanism for decreasing the barrier for
Fe' motion at these temperatures must eXist.

1. Great Lakey College Association Scienwe Semester student
from Lawrence College. Appleton. Wis.

2. G. W. Groves and M. E. Finc. /. Appl Phss. 38, 3587
(i964). G. P. Wirtz and M. E. Fine, 7. Appl Phys. 38, 3729
(1967) and J. Am. Ceram. Sce. 81, 401 (1968); K. N. Woods and
M. E. Finc, J. Am. Ceram. Soc. 52, 186 (1969).

3.S. L. Blank and J. A. Pask, J. 4m. Ceram. Soc. 52, 665
(1969).

CHARACTERIZATION OF DEFECTS IN
Ni-DOPED MgO CRYSTALS'

J. Narayan Y. Chen

A recent demonstration that Ni-doped magnesium
oxide (MgO:Ni, -rystals can be used as versatile and
commercially viable laser materials for infrared
tuning’ has provided the impetus for characterizing
these crystals. These iasers can operate continuously
or can be pulsed with either excitation by alampora
1.96-um Nd laser and are capable of being tuned in
the 1.3~1.5-um wavelength region. During pulsed
operation at very high power levels, imperfections
such as dislocations, grain boundaries. imrurity
precipitates, voids, and cracks in the Izser host
crystais can lead to local enhancement «f the electric
field strength, which in turn often causes a reduction
in the damage-breakdown thrzshold. The present
investigation was undertaken to characterize Ni-
doped crystals in terms of the above imperfections
using TEM and optical micro.copy. A0, yield stress
measurements were made to determine how the Ni
impurities aftect the mec® inical propertics 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 NiQO powder to
about 5% in weight. The resuiting single crystals were
found by spectrographic analysis to contain about
0.4 at. 9 Niimpurity, representing an unusually high
level of impurity co:ucentration. Because of the low
oscil'ator strength of the Ni*“ ions, a high doping level
was necessary to maximize the absorption of the
exciting photons.



Tigure 3.i7 shows a typical optical micrograph
revealing etch pits corresponding to dislocations and
subgrain boundaries. The average ,ubgrain 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
10’ cm™. Figure 3.18a is a tiansmission 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
subgrains down to the microscope resolution limit of
about 20 A.

Fignre 3.18b shows typical dislocation structure
and impurity precipitates associated with a tilt
subboundary. These subboundaries consist of
parallel edge dislocations, which have %{101]
Burgers vector, lie in (101) 1 lanes, and have axes of
rotation [101]. The tilt subboundarics 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 3X 10* cm™ of the
boundary area. From these results, we deduced that
only 2 very small fraction of the Ni impurity was in
precipitate form. The impurity precipitates were
not found ncar twist subboundaries (Fig. 3.18c),
which co: sist of sets of *:{101] and %;[011] screw
dislocatios, and at the intersection (denoted as /)
these disiv:ations react to produce a “110]
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dislocation. Neither optical nor electron-microscopy
studies revealed the pre<ence 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, 5., were 5.0 kg-mm'z for MgO:Niand 1.8 kg-
mm’ for the undoped MgO. The differer*ial Aro =
3.2 kg-mm? between the doped and undcm:d crystals
is attributed to the influence of the ~0.4 at. % Ni
dopant.

The role of absorbing inclusions, cracks, and pores
in laser materials has been discussed by Bloem-
bergen,’ who concluded that these upeifections,
with characteristic dimensions less than 1Gv A, would
not appreciably affect the breakdown threshold,
whereas absorbing imperfections with dimensions
exceeding 10’ A can be expected to have alverse
effects in high-power pulsed laser operations. For
doping levels of nearly 19, the imperfections inthese
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.

Summary of paper: Journal of Applied Physics (i press).
P. Moulton et al.. 1o be publi hed.

l.
2.
3. N. Ploembergen, Appl. Op1. 12, 661 (1973).
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Fig. 3.17. Optical micrograph showing diz!~cations in the form of etch pits at the subboundaries (B) and in the regions enclosed by

subboundaries. Magnification; ~ 25,
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Fig. 3.18. Bright-field clectron micrograph taken under kin-
ematical diffraction conditions (using Hitachi HU-200E micro-
scope operated at 200 kcV). (a) Micrograph from the region
enclosed by subboundaries showing disincations. N o psecipilates.
voids, and cracks are present. (H) Tilt subboundary consisting of
parallel “101| edge dislocations is decorated with precipitates
(scen as black spots). () Twist subboundary consists of tw o sets of
*{101) screw dislocations.
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VALENCE COMPENSATION OF
THERMALLY GENERATED ([Lif’
DEFECTS IN MgO'

J. L. Boldd? M. M. Abraham Y. Chen

The creation of thermally generated [Li]° defects
(configuration: O*"-Li*-0") and other Li-associated
centers in MgO is attended by valence changes of
transition-metal impuritics, such as Fe and Cr. The
EPR technique was used to mobitor the concentra-
tion of these impurities and the {LiP® 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 [Li]’ defects in static air,
as previously determined by optical-absorption
measurements.” A sizable concentratior. of [Lif
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defects (2 X 10'” cm™) was gencrated at 1300 K and
continued to increase at least up to 7~ 1600 K. With
the emergence of the [Li}’ signal, an isotropic signal
(g = 2.0l14 * 0.001) appearcd 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 trivalent
impurities Fe* and Cr*, on the other hand,
diminished in intensity with increasing temperature,
suggesting that “they contribute td the charge
compensation of the [Lif and the isotropic defects.
Both the axial and cubic Mn*’ concentrations do not
appear to be strongly affected by the (Li]’ formation.
Because Fe and Li represent the most abundant
impurities identified in the crystal, we can compare
the increase of the [Li]® concentration to the decrease
of Fe”. A plot of the concentration ratio of the
thermally generated T to the loss of Fe* vs
temperature is shown in Fig. 3.20. In effect, this
figure describes the fractional contribution of holes
from the Fe*" 10 the [Lif defects. The ratio increased
with temperature and was >60 at 7~ 1600 K. This
increase indicates that impurities are not sufficient
for charge compensation of the thermally generated
[Li]’ 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 [Li]° defects formed. The
predominant paramagnetic impurity in our crystais is
Fe* (Fig. 3.19). Figure 3.20 shows that, at 1300 K,
the Fe can contribute a significant fraction of the
hles for the valence compensation of stable [LiJ®
dercts. However, at 1600 K, Fe* is clearly inade-
quawe 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
Li;O precipitates and occupy Mg sites around the
precipitates, provided the sample is immersed in an

atmosphere containing O;. Each of these sub-

stitutional Li’ ionsserves tocapture a hole and canbe
identified as a neutral [Li]° defect. The dissociation
of 0: at the surface into O ions provides the required
source of positive holes. The process is represented
by

O; — 20" + 4 holes. {})
The presence of O also serves to satisfy ionic

requirements foi the formation of [LiJ® defects. The
net reaction is 2Li;0 + O; — 4Li'O").

1. Summary of paper: Phys. Rev. Bl9, 4421 (1979).

2. Guest scientist from Instituto de Fisica. U.N.A. M., Mexico,
D.F.

3. Y.Chen et al., Phys. Rev. B 16, 5535 (1977).

NEGATIVE IMPRINTING OF ZLIP BANDS
IN MECHANICALLY DEFORMED
MgO CRYSTALS USING Li IMPURITIES'

V.M.Orera’ 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 [Li]® defect, a (100)
substitutional Li"-O" complex that absorbs light at
680 nm (1.8¢V). Slip bands are observed as decolored
regions against the bachground 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: cith~- by
oxidation at 1273 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
0, for S min. Two broad dislocation bands parallel to
the [11] and [01T) directions crisscross at the center
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Fig. 321. Tmasmixcion photograph of s Lidoped MgO
crystal, which was deformed 3% and beated ot 1275 K in O, for §
min. The clear streak parallel to the crystal edge is due (0 a crack
propagated during the heat treatment.

of the crysial. 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-¢V band produced by the deformation. Instead,
two bands emerged at 1.8 and 5.3eV.The |.8-eV[LiP
band was expected to result from oxidation at
T> 1100 K. The appearance of the 5.3-¢V band was
unexpected because it could only be obtained in
nondeformed ¢rystals at 7> 1400 K. For compar-
ison, the spectrum of an undeformed sample, after
the same thermal treatment, is shown in curve (¢)
where the 5.3-eV band is conspicuously absent and
the [Li’ concentration is measurably larger. If 2
deformed crystal was heated at §275 K in an inert
atmosphere to destroy the §,7-¢V band, the 5.3-¢V
band did not appear. Clearly the interaction between
the defects causing the 5.7-eV band and the [Li}’
defects results in the emergence of the 5.3-eV band
and the loss of [Li]’ coloration.

Deformation of a crystal containing [Lil° defects
produced by heating at 1275 K for § min in O; also
results in loss of [Li]° coloration along slip planes.
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Fig. 1.22. Optical-absorption spectrs of the crystal showa in
Fig. 3.21. (a) After the deformation; (b) following the heat
treatment; () the spectrum of an undeformed crystal after a similar
heat treaiment.

The decoloration is explained in terms of loss of holes
from [Li]’ defects. These holes are loosely bound at

(LiY 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 ubstitutional Li" ions, are introduced

by the defoimc tion, correspondingly fewer holes will

be shared among the Li’ ions, the result being a foss

of [Li]’ coloration.

I. Summary of paper: Philosophical Magazine (in press).
2. Guest scientist from University of Zaragoza, Zaragoza,
Spain.
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SUBTHRESHOLD [Li]' COLORATION AND
DECORATION OF STRAINED REGIONS

IN CRYSTALLINE MgO
Y. Chen J.Narayan
N. J. Dudney' V. M. Orera’

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
[Lif 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 clevated temperatures.

Figure 3.23 illustrates the absorption coefficient of
the [LiJ* band produced by heat treatments in O; at
differcnt temperatures. The lower curve corresponds
to samples ctched in hot phosphoric acid toremove 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 O;. 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 elevated tempera-
tures. A slab of crystal, initially eiched, was abraded
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on SiC-240 paper on one end. Following heating a¢
1150 K for Sminin O, the ground end conspicuously
exhibited [Li]® coloration (Fig. 3.24a). The depth of
coloration appeared to be =1 mm. Figure 3.24bisan
optical micrograph of the specimen etched with a
solution (5:1:1 proportions of NH.Cl, HiSO4. and
H;0). Deformation bands revealed by etch pits were
ubserved to start from the abraded end and extend
into the interior of tke specimen. The propagation at
high temperatures presumably occurs by multiplica-
tion of dislocations from stress concentrators
associated with the surface wmicrocracks. Figure
3.24c, a bright-field transmission clectron micro-
graph from the deformed region (Fig. 3.245), shows
the disiocation 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 enther 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. Dudrey’ E. Sonder R. A. Weeks

Centers of [Li]’, which absorb light at 1.8 eV, are
rapidly formed in single crystais of Li-doped MgO by
a 10-min preparatory heat treatment in O; at
temperatures above ~ 1200 K foliowed by a quenchto
room temperature. At lower temperatures, these [Li)°
centers disappear by a thermally activated process.?
An enhanced electrical conductivity in MgO at
temperatures below 450 K has been associated with
the presence of the [LiJ defects.™*

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 1.24. Photographes of & crystal that was esched, abraded at
one end, and heat tyensed ia O; m 1130 K for S min. () The optical
phocograph of a crystal showing the optically colored region at onc
end. The crystal underwent the following treatment: it was etched.
abraded at anc end. and heat treated in Oy a1 1150 K for 5 min. The
abraded end is on the left side of 1the figure. (h) The oprical
micrograph of the abraded end of the crystal showing slip bands
and microcracks. The length of the micrograph corresponds to
1.0 mm. The abraded end is on the .. side of 1he figure. (c) The
cleciron micrograph (bright field) revealing dis....«tions, their
debris, atd Li;O precipitates. The length of the arrow is 0.5 um.
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Uc sampic 10 make the measurements. Anncaling
bheat treatments at 1000 K were performed to
determine the rate of disappearance of the [Lif
centers and accompanying changes in impedance.
Because the anncaling of ihc [Li]° centers was very
slow below 825 K, eictrical measurements could be
made as 3 function of temperature as well as
frequency. The electrical properties were found to be
characteristic of thermally activated polarization and
conduction processes with activation encrgies of 0.86
and 2.9 eV, respectively. In Figs. 3.25 and 3.26, the
real and imaginary components of the diclectric
permittivity (¢” and ¢”) have been combined to display
an extended frequency dependence. To accomplish
this display. the insTrse relation 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, bt
repraucible, frequency dependence observed ior
each set of measurements. The step in the capacitive
component of the permittivity and the corresponding
high-frequency peak in the imaginaTy component are
the prominent features in the spectra and arc
characteristic of a polarization process. Other low-
frequency fluctuations observed in the imaginary
component of the permittivity arec not understood.
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Fig 3.25. The compiex dislectric permsttivity plotsed as »
fuaction of frequency for » Li-doped MgO crynal before and after
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Electrical and optical data (Fig. 3.25) were
measured for the as-received sample and after
periodic inderruptions in the preparatory heat

treatment. After only S min at 1475 K, the [Lif
centers were formed, and the most prominent
features in the spectra of the real and imaginary
components of the dielectric permittivity shifted toa

much higher frequency. This shift means that the
relaxation time for the polarization process has
become shorter. The low-frequency czpacitive

component of the permittivity continued to decrease
as the heat wreatment was ¢ tended (o 2 total of 86 h.

¢ fter the initial heat treatment of 5 min, there was a
lasge gradient of [Li]° centers in the plane of the
sample. The absorption coefficient at 1.8 eV varied
from 15 to 57 em’ (Fig. 3.25). Longer thermal
treatments diminished the gradient significantly.
The [Li[° centers that are produced at 1475 K can
be anncaled at temperatures near [000 K. This
removal of [Lif° centers was accompanied by a
progressive shift of the step and peak in the

capacitive and resistive components of the permil-

tivity to lower (requencies (Fig. 3.26). This shift

approaches but does not reestablish the electrical

propertics of the untreated sample. The relaxation
times for the polarization process in the as-seceived
condition and after 158 hat 1000 K are identical, iV a
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local field correction is applied so that the ratio of the
real and measured rclaxation times is inversely
proportional to the capacitive component of the
permittivity at low frequencies. The rate at which the
[Li] centers anncal depends on the length of the
preparatory heat treatment. For the conditions
shown in Fig 3.26, the ratc was much slower than
after a preparatory heat treatment of only S min at
1200 K.

From these results, the [Li]° coloration is 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 isolatsd dipoles. The
nonreversible decrease in the capacitive component
of the permittivity is believed to be due to a second
process, which may be indirectly related to the
stability of the [Li]° centers.

J. B. Lacy et al., Phys. Rev. B I8, 4136 (1978).
. D. J. Eisenberg et al.. Appl. Phys. Lett. 33, 479 (1978).
4. Y. Chen et al.. Solid State Commun. 33, 441 (1980).
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4. Transport Properties of Solids

Investigations of transport propertics are emphasized within the Division in
research prograr:: that study fast-ion conductors, superconductors, and the behavior
of ceramic insulating matenals in harsh environments. The fast-ion conduction
program combines physical propertics measurements with model calculations in
attempts to establish the mechanisms of ionic conductivity and to determinc the effects
of intercalated water, impurity ions, and crystal composition on ion transport in the -
and B -aluminas. Rescarch in superconductivity is directed toward gaining an
understanding of fluxoids, their interaction with crystalline defects, and the
production of new mxtastable superconducting materials by the combined techniques
of ion implantation and pulsed laser annealing. The high-temperature ceramics
program sceks to understand mass and charge transport processes at elevated
temperatures and the mechanisms by which defects, impurities, valence changes, and
aggregation alter these propertics.

Fast-ion conduction resesrch during this reporting period emphasized
examination of conductivity anomahes observed in mixed-ion(Li. Na) B-aluminas 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 radit, 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 B-alumina systems was increased, and initial
determinations of some of the properties of these materials are reported here.

Studies of FLL by SANS have continued 10 be emphasized in investigations of
superconducting materials. An intrinsic hysteresis with applied magnetic field was
measured in the FLL of superconducting Nb, and a plausible explanation of its origin
was constructed. Related investigations of both metastable and equilibrium
configurations of FLLL in other marerials were carried out, and the first direct
observation of a FLL in a high-field material, V,Si, was made. The variation in the
superconducting transition temperature in alloys of Al and H, produced by low-
temperature H ion implantation, was aiso investigated.

Studies of electrical conductivities at elevated temperatures of MgO single crysials
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 7< 1850 K. However, in Fe-doped MgALLO, it was
determined that conductivity is enhanced when Fe is in the rivalent, 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 g--ALUMINAS'

J. B. Bates W. E. Brundage
G. M. Brown®  J.C. Wang
T. Kaneda' Herbent Engstrom

Sodium beta”-alumina (Naf”) is an imponant
solid electrolyte material because of its high ionic
conductivity. It is known that the conductivity of
Nag” is several times greater than that of Nag over
a large temperature range. However, in contrast with
the case of the S-aluminas, many physical properties
of the p-aluminas remain unknown because
of the lack of single crystals of sufficiem size
and quality renuired by various cxperimental
tecnoiques. Recently, we have been able to grow
relatively large single crystals of Naf”. Studies of this
materialand 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 Nag~ were grown” by slow
evaporation of Na:0 from a mixture of Na.CO,,
MgO, and Al:O; at temperatures from 1923 to
1973 K. Single crysials of Li, K, Rb, and Ag8™ were
prepared by ion exchange in the appropnate molten
nitrate.

The specimen of Agf~-alumina used in our diffrac-
tion experiments was approximately a rectangular
paralielepiped with 1.1 X 6.0 X 4.7 mm dimensions
and a 114-mg weight. It wzs found by preliminary
x-ray precession photography to be a single crystal of
good quality having the symmetry of space group
R3m. The unit cell dimensions for the triply primitive
hexagonal cefl, determined by the method of least
squares from the second moments of 28 scans of
106 reflections in the 28 range from 23° to 98° are
given in Table 4.]. Standard procedures were used to
collect and make a preliminary reduction of intensity
data for 664 independent neutron reflections. The
preliminary processing included she application of
absorption corrections. In the refinement process it
was found that the distribution of Ag’ ions could be
described using the 184 sites with 0.269 fractional
occupancy just as in the Reidinger description of the
Nag” structure.” However, much less smearing out of
the Ag’ density in Ag8” refative tothat of Na“ in Nag~
is implied by the detailed parameters of the Ags”
model. The contrast between the two distributions is
clearly shown by the comparison of the anisotropic
thermal parameters U, Us.and Uss for Na“and Ag’
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Tabied.i. Sirectaal &2 v Aglalomine

Usit cell paramncters’
- = 5.6266) A
&= 33.4400X4) A
C ..
0.81Ag-0-0.68MgO-5AL-0.
0.27TAg" on 1Bh and 0.34Mg"" on Al(2) sites
Anisotropic thenmal parassesers™ (A?)
L Us: Us

Ag 00559
N2'  0.1245

0.0692
0.3871

0.0106
0.3042

“Parameters for triply primitive hexagonal
unit cell.

*From the temperature factor expression,
exp[ =25 2 Uy + KUz + Fe* U +
kU : + 2N Uy + 2kBc* U-)))

‘Sodiom paramcters from ref. 5.

given in Table 4.1. These differences imply a much
tighter binding of Ag" compared with Na“ in g~
alumina, which is consistent with the result that Nag~
is a much better conductor than Ag8”.

Raman scattening 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 4" or A7
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 (sec below).

Table 4.2 Wave numbers (cm ™) of the Raman bands assigned
1o vibrations of mobile cations in f”-aluminas’

"Li Li Na K Ag
443A") $IT(A") 220(A")
40%A") IBUA) 1TH(A")
14AA") HA") 90(A’)
9XA") TR(A") SO(A")
85(A") TRAT) AT
INAT) 2%A")

“Values for Naﬁ'.' KB°. and AgB” were observed at 15 K.
Values for *Lig”" and 'LiS" were observed at 300 K. Peaks are
assigned 10 the A’ or A” species of the C. point group,
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We Liave made model calculaiions simiiar (o those
for the f-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 encrgy terms.
Starting from the ideal structure of Nag” with all
6¢ 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 O°” ions 'n the conducting layer; the
calkculated positions of the Na“ ions. which are
displaced alternately above and below the plane of
the O° 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 ncutron diffraction
data,’ all of the Na’ jons were found to be located on
the 18h positions near the 6¢ sites. The C;, symmetry
at a vacamt sitc may or may not be preserved,
depending on the vacancy-ion distance. Qur 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 C;..

ORNL-DWG 80-9875

0" Ilons

Fig 4.1. Calkulated positions of Na' ions near the plane defined
by the 0% ions in Nag*-alumins. Open box denotes vacant cation
site,

Na“ lons
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lon transport in §™-alumina occurs by means of a
vacancy mechanism, and we have made some
prehiminary model calculations of the details of this
mechanism. Starting with the miniinum energy con-
figuration shown in Fig_ 4.1, one of the three Na’ ions
ncighboring 2 vacancy was moved in small steps
toward the vacant site. To minimize the potential
coergy, nearby Na' jons were allowed to relax after
cach step. This process was continued until the jon
and vacancy exchanged sites. The activation energy,
taken to be the difference between the potential
encrgy at the equilibrium configuration, was cal-
culated to be about 0.02 eV. 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™. Not only is
the calculated activation energy (0.02 ¢V) an order of
magnitude smaller than the measured value, but the
calculated pre-exponential factor is likewise 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.

1. Summary of paper: p. 261 in Fast Jon Transpori in Solids,
Elecirodes and Elecirolytes, ed. by P. Vashishta, ). N. Mundy, and
G. K. Shenoy, North Holland. New York, 1979.

2. Chemistsy Division, ORNL.

3. Guest scientist from Fuji Photo Film Company. Tokyo,
Japan.

4, W_E. Brundage and J. B. Bates, Solid State Div. Prog. Rep.
Seps. 30, 1778, ORNL-5486. p. 194.

5. F. Feidinger, S. LaPlaca, and W. L. Roth, private com-
munication vn work in progress.

6. J. B. Bates e1 al., Solid Siate Commun. 32, 261 (1979).

ON THE NON-ARRHENIAN BEHAVIOR
OF g°-ALUMINAS

J.C. Wang J. B. Bates

Conductivity measurements of B”-aluminas'”
show an interesting non-Arrhenian behavior that was
not observed for the B-aluminas. The apparent
activation energies defined by

__, din(eT))
Em ="k ~a0im M
are temperature dependent and show high values that
are not consistent with the high ionic conductivities
observed.

We have made potential energy calculations for
Nap“-alumina and obtained the activation energy
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. and auempt irequency for a vacancy conduction
mechanism. The activation energy is much smaller
than E,, from Eq. (1), and the calculated attempt
frequency is quite low but seems to be consistent with
an observed Raman band from the Na' ions in
Nafg -alumina.’

These discrepancies can be resolved by assuming
that the true activation energy E is temperature
dependent and is of the form

E=a+bT?+ T, 2)
where a. b, and ¢ are constants. This expression,
combined with the Arrhenius equation

oT = goe &7, 3)
can fit the conduclivify results quite well. From
Eqgs. (1-3) it can be shown casily that

= - r[9E
Epp=E T(dr).

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 f”-aluminas (about 1/6 of the
number of conducting-ion sites) may have some jong-
range order at low temperatures, resuiting 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 T is proportional 1o (k7). If we treat an
oscillating ion about its equilibrium position as a
dipole, its interaction with a charged particle wil] be
proportional to T*7,

The long-range order of vacancies may depend on
cation concentration and the charge-compensating
impurities. This may be the reason why the con-
ductivitics and Raman band intensities depend on
sample preparation conditions and why the diffuse
x-ray bandwidths change rapidly in some tempera-
ture range.

4)

1. 5. T. Kummer, Progress in Solid State Chemisiry, vol. 7,
p- 141, ed. by H. Reiss and J. O. Molaldin, Pergamon, New York,
1972,

2. G. C. Farrington and J. L. Briant, p. 395 in Fast Jon
Transport in  Solids, Elecirodes and Elecirolyies. ed. by
P. Vashishta, J. N. Mundy, and G. K. Shenoy. North Holland.
New York, 1979,

3. J. B. Bates et al,, p. 261 in Fast lon Traaspori in Solids,
Llecirodes and Elecirolyies, ed. by P, Vashishta, J. N. Mundy, and
G. K. Shenoy, North Holland, New York, 1979.
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RAMAN SPECTROSCOPY OF 8°-ALUMINA

AND B"-GALLIA
N. J. Dudney’  Roger Frech’
J. B. Bates W. E. Brundage

The B”-alumina structure consists of spinel-like
lavers 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 g -alumina structure. Single
crystals were grown from a mixture of Na:CO; and
the appropriate oxides.” The sample compositions
and crystal growth temperatures were

0.8Na.0-0.6MgO-5ALO; (1725°C) ,
0.8Na.0-0.6Zn0-5ALLL; (1640°C) ,
Na;O - 603303 ( 13750(:) .

The divalent cations are required to stabilize the 8-
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 ¢ is perpendicular to the
conducting plane; 87-alumina belongs to the space
group R3m. For the ideal composition, Na.O-
5A1:04, the selection rules for the D;; point group
predict the irreducible representations for the k =0
optic modes of the atoms in the spinel block:* I' =
1041, + 34 + 13E, + 341, + 1042 + 13E.. The
Raman active modes and the polarizations in which
they occur are Ay, (a'a’, 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 ') 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
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Tabic 45. Fhowon wave numbers and symen-try assignments from the Raman
spectra of Mg- and Zn-stabilized Naf™-alurnine and selected phonon wave
oaumbers from the Naf”-galiate spectrusn whicy help idestify the vibrational modes

Wave numbers are measured in cm™
Nag -alumina. Naf -alumina.
Mg stabilized Zn suabilized Nag--gallate
E, modes A, modes E, modes A, modes
"t It 63
251 256 167
280 285
kL k U]
342 325
39 313 183
348
358 362 208
384 387 247
422 415
25
461 a61
544 543
573 ) 571 509
585 581
603 603 551
651 647 582
678 680
686
746
177 778 683
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Fig 4.2. Ramanspectra of Nag”-slumina, stabilized with Mg or
Zn, snd Naf"-gallate messured at 17 K for a'ad'a’)c scattering,

aluminate and gallate modes at lower energies are
comparable to the square root of the cation mass
ratio, \/mc./ma = 1.6. Tnerefore, these mndes
involve motion of Al(Ga) ions. The two in.cnse
phonon peaks at 11! and 25t cm™’ in the aluminates
are belicved to be associated with the motion of the
Al 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
Al 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 typc have not
been identified unambiguously.

Eugenc P. Wigner Fellow,
Oak Ridge Associated Universities reseazch participant from
the University of Oklahoma, Norman,
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Sodium Gallate Single Crystals.™ this report.

4. 1. B Bates and Roger Frech, Chem. Phys. Lent. 60, 95
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CONDUCTING-ION CORRELATIONS
IN 8- AND B°-ALUMINA

B. C. Larson J. F. Barhors:

The ionic conductivity of 8- and 8”-alumina varies
significantly with conducting-ion species (i.e., Na, K,
Ag, Li) and with crystal growth parameters.! The
identification of the microscopic phenomena affect-
ing the ionic conduciivity is important in determining
the ion-ion and the ion-lattice interactions con-
trolling ionic transport and, hence, in understanding
the details of the conduction mechanism in these
materials. In this work, x-ray diffuse scattering has
been used to investigate conducting-ion cosrelations
in B- and f”-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 normali to
the conducting planes, and these modulations have
been used in an attempt to establish short-range-
vrder models.’ The widths of these scattering
intensity s:reaks give information on the coherence
length (size, of two-dimensional ion clusters in the
conducting glanes 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 monochror. atic CuKa
x rays and a lincar position-sensitive detector system
to measure the widths of the (4/3, 1/3, /) strcaks in
Napg-, KB-, and AgB-aluminas and NaB”- and KB"-
aluminas. We have found cluster dimensions o1 1.8,
2.0, and 2.5 nm for NaB-, AgB-~, and K B-aluminas,
respectively, and 8.3- and 5.6-nm sizes for Nag”™- and
K 8”-aluminas, respectively. As has been observed in
other studies,’ the conductivity varies qualitatively as
the inverse of these cluster sizes within the 8- and

"-alumina systems. In a comparison of the scatter-
ing from high-temperature-grown (1700°C) Nag"-
alumina with low-temperaturc-grown (1650°C)
Nap"-alumina, it was found that the low-temperature
material had ~159 smaller cluster sizes than
those in the high-temperature-grown material. This
observation can be correlated with a hieaer
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conductivity observed' for low-temperature-grown
Napf-alumina. Although a quantitative correfation
of cluster sizes with ionic conductivity has not been
attempted, there seems to be good evidence in both 8-
and fB"-alumina that the formation of large ordered
clusters is associated with lower conductivity
material.

I. G. C. Farrington and J. L. Brant. p. 395 in Fasr fon
Transport in Solids, Electrodes and Electrolvies, d. 'y
P. Vashishta. J. N. Mundy. and G K. Shenov. North Holland.
New York, 1979,

2 S.J. Allen_Jr..etal.. p. 219 in Superionic Conductors, ed_by
G. D. Mahan and W. L. Roth, Plerum Press. New York. 1976

3. D. B. McWhan ct al.. Phys. Rev. B 17, 4043 (1978).

INFRARED ABSORPTION AND RAMAN
SCATTERING FROM HO
IN Na,.Li,g-ALUMINAS’

J. B. Bates He.pert Engstrom
Roger Frech” J.C. Wang
T. haneda’

The presence of wate: in S-alumina and its effect
on the diffusion of mob‘le cations in this material
have been noted in several studies. Klein, Story. and
Roth’ obtained evidence from NMR measurements
that H.O diffuses into the conducting plane of NaB
by observing a marked rchange in the “Na’
guadrupole coupling constant when finely divided
powdered samples weare exposed to air. We have
observed’ that small amounts of H:0 in Nag-
alumina cause a marked decrease in the ionic con-
ductivity of single crystals, whereas after heating the
cryst2ls in vacuum at 400°C, the conductivity
increases to its nominal dry-state value as the
intensity of infrared absorption at 3290 cm
decreases to zerc. Understanding the nature of these
hydration states in Lig and in the raixed-ion systems,
Na;-.Li,B, is impor'ant in understanding the effect of
H:O on the conductivity and long-term behavior of
these materials.

Samples of Na;-.Li,S-alumina with x < 0.7 were
prepared by ion exchange of NagB single crystals in
molten LiNO; 1t 350°C, and those with higher Li’
concentrations were prepared by ion exchange in
molten AgNO, to form AggB followed by treatment in
molten LiINO; saturated with LiCl (30 mole S¢) at
350°C. The Li and Na compositions were determined
from atomic absorption and emission measuremenits
of dissolved samples and are believed to be accurate
to 10%. Infrared transmission spectra were measured
at 25°C using o Fourier transform spectrometer
equipped with a 4X beam conuenser. The infrared



158

light was incident along the [(0!] direction of th=
crystals. Raman scattering measurements were made.
at 25°C in the regior of the H:0 stretching mnass,
using the 488.0-nm line of an Ar laser operating at
950 mW as the exc'tation source.

The infrared spectra of sampies of different Na-Li
compositions are shown ;n Fig. 4.3. The three major
peaks observed for crystals containing high concen-
trations of Li" are labxcd as A, B, and C. The pure
Napf sample was heated in H>O vapor at 200°C for
several days before the measurements were per-
formed. The remaining samples of Na;-.Li.S were
measured as prepared, without additional treatment
in water vapor. The infrared bards in Fig. 4.3 result
fronr. the symmetric (v) and antisymmetric (v)
stretching modes of H,0 molecu'es in the crystals.
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Fig. 4.3. Infrared transmission spectra at 25°C of Ns,.,Li.5-
ALO, single crymals. The pure Naf crystal was treated v HA
vapor at 200°C for several days prioy (o measusemeni. The
remaining samples were measured after ion exchange,

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 encrgies and values of (1/d)log(h/]),
where d = sample thickness, for the bands near
3150 cm™ and labeled A in Fig. 4.3 are listed in
Table 4.4. Because (1/d)log(lo/ ) = ec, where e is the
extinction coef icient and c is the concentration, the
results in Table 4.4 show that the concentration of
H:0 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 ¢ 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 Li" concentration.

Table 4.4. Pesk wave sumbers and reciprocal extinction
lengths for the major infrared band centers of H;O

in Nai-.Li.p-aluminas
Wave No. (cm™) (' 'd)logt lo} N,

x Band A
A B C (em™)
0 3150 034
0.3 3180 M6 3.49
06 3165 3350 3520 12.20
0.9 3175 3400 3520 9.67

“The band at 3460 cm’| appears as 2 shoulder in some
samples but as the major peak in others.

From the integrzated intensities of the three peaks in
the lower cusve of Fig 4.3 (x=0.9), we estimate that
the sample of NagLireB contained on the order of
10 water molecules per cubic centimeter, or about
0.1 molecules per unit cell. Recent studies® have
shown, however, that Na-Li g-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 H:0
dissolved in the molten salt. This theory was verified
in the following experiment: A Naf ~rystal was
exchanged in LiNO; that had been recrystallized
several times in D,O. In addition to the O-H
stretching bands in the 3500 cm™' 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 NaoiLiosf were heated in
vacuum at temperatures between 50 and 900°C for
neriodr ranging from 30 min to 10 h. Some of the
inirared spectra recorded after such treatment are
skown in Fig. 4.4. No significant change in peak
intensity was observed for temperatures below 400°C
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Fig 4.4. Infrared spectra 8t 25°C of Mg iLinsfB-ALO;. (a) As
prepared, (b) after heating in vacuwm for { b at 500°C. (c) after
heating in vacuum for | h at 600°C. a. * (d) after heating in
vacuum for 9 h at 600°C.

and for treatment times of 30 t0o .20 min. After
heating at 400°C for 30 min, however, the value of
log(/o/ 1) at 3175 cm™' decreased from 0.63 to 0.35,
and it decreased further to 0.10 after an additional
60-min heating at 400°C. On heating a sample at
600°C or at ove, a new peak at 3750 cm™' appeared
and continv.ed to grow in intensity with prolonged
heat treatrient.

The results in Fig. 4.3 and Table 4.4 show that the
amourt of H,O which enters into B-alumina
increases as the Li cor centration increases. Only one
absorption band of F.;0 in Nag 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 distinet types of H;O

species may exist in crystals containing high con-
centrations of Li'. The stability of the hydrates
formed in Na,_.Li,B also depends on the Li composi-
tion. The water in pure Nagis completely removed by
heating a sample in vacuum at 300-400°C. In
Nao;Liosf, 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 st
3750 cm™', which appears after heating at 600°C, is
assigned to OH". Reaction of H,O remaining in the
sample could provide the protons for formation of
OH", and the spextra could support a model in which
these protons are bound to the columnar oxygen
ions, with the O-H bond paraliel to the conducting
plane.

All of the experimental result. support a mech-
anism in which water molecules diffuse into the
conducting planes of p-alumina and become
associated with the mobile cations. The two O*-ion
layers above and below the condueting plane in 8-
alumina are closely packed (slightly distorted). The
columnar O*" jons 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 (e O atom of H;O 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 ecach member of the pair occupies a
mO position, then the maximum number of H.O
molecules per it cell is § -,

The maximum hydration number requires most of
the cations on a BR site to be surrounded by three
H:0 molecules. However, the ionic radii of Na’ and
K’ are sufficiently [a- ge that they cannot remain on a
BR site if an H,O 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 thetotal potential energy of the system.
The larger the ionic radius, the greater the displace-
ment required to accommodate an H,O molecule and
1re larger the increase in poteniial energy. Therefore,
we can expect that the number of H;O 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 Lif was found to
contain much more water than Nag, and no water has
been detected from infrared measuremen.. of Kg-
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 ti.c c-direction, it



“s possible in Lif to place three H:O molecules on
neighboring mO positions and thereby achieve the
maximum predicted degree of hydration.

I. Summary of paper to be published.
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REACTION OF H;0
WITH Na,-Li,8-ALUMINAS

J. B. Bates Herbert Engstrom
N. J. Dudney’ B. C. Larson
J. C. Wang

Recently we reported’ that during ion exchange of
Nap-alumina single crystals in molten LiNO, or
LiCI-LiNO;s, H;O molecules dissolved in the melt
diffuse into the conducting plane and become
assaciated with the mobile cations. The concentra-
tion of H;O 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;O with L-alumina.

Single crystals of LiB-and Na,-.Li,f-alumina were
prepared by ion exchange of Naf-alumina as de-
scribed elsewhere.’ Crystals of LiB, NaoLios8, and
Nap were treated in H,O vapor at 235°C for various
lengths of time. Preliminary measurements of in-
frared absorption, weight loss as a functior, of time
and temperature, ionic conductivit;, c-lattice param-
cter change, and Raman scattering were made before
and after treatment of these specimens.

Graphs of peak infrared absorbance (4) at
3175 cm™ of Naa,Lio.s8 measured at intervals from
0 to 24 h and of NaB at 3160 cm™' at intervals from
0 to 500 h are shown in Figs. 4.5¢ and 4.5b,
respectively. The solid line in Fig. 4.5a is a fit of the
data points to an exponential function, 4 = aexp(k/),
where a and k are constants and ¢ is the accumulated
treatment time in H;O. These results show that, upto
24 h, the rate of reaction of HO with NaosLios8
accelerates with time. Measurements of peak absor-
bance at 3175 cm™' beyond 24 h of treatment could
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Fig 4.5. Infrared absorption messured sfier heating in H;0 at
235°C for s hours. (a) Absorption at 1175 cm”* in NaaLi.-8-
alumina, () absorption at 3160 cm™' in NaB-alumina.

not be made because the sample became nearly
totally absorbing. Similar studies with Li8 show that
the rate of reaction is even faster than the rate
observed with the Nao;Lins8 crystal. Thesolid linein
Fig. 4.5b is a fit of the absorbance at 3160 cm™ to a
linear funciion, 4 = a + k1. Comparison of
Figs. 4.5 and 4.5b shows that the rate of reaction
of H,O with Nag is much slower than the reaction
rate with NaojLiosB8. Tentatively we concluse that
not only does the concentration of H;Oin Na,-,Li,S8-
alumina increase with increasing Li’ covcentration,
but the rate of reaction inc-cases as well. Weight loss
measurements of a Li8 crystal treated for 16 h gave
the composition 1.24Li;0 - 11A1;05- 1.22H,0. When
this sample was heated slowly in vacuum from 25°C,
weight change occurred at 175°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.
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X-ray measurements showed that the c-lattice
constant of Naf increased by about 0.065¢ after
treatment for 480 h in HO, whereas the c-lattice
constant of Lif increased by about 0.5% after 64 hof
treatment. From the latter result, we propose a pos-
sible mechanism accounting fcr the kinetic data in
Fig. 4.5a: The diffusion of H;O into the conducting
plane of Lig causes an expansion of the lattice along
the ¢ direction, lowering the activation encrgy for
diffusion. The net result is that the rate of water
diffusion into the cuuducting planes increases with
increasing amounts of H;O in the planes.

The ionic conductivities of the Na;_,Li,B crystals
showed marked decreases with increasing H:O con-
centration. This further substantiates the claim™ that
H:0 molecules diffuse into the conducting planes and
become coordinated to the mobile cations.

1. Eugene P. Wigner Fellow.

2 J. L. Bates et al., Solid State Jonics (in press); “Infrarcd
Absorptir 3 and Raman Scatiening from H:O in Na, .Li.g-
Aluminas,” this report.
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CHARACTERIZATION OF
HEAT-TREATMENT-INDUCED CHANGES
IN Li-Nag-ALUMINA SINGLE CRYSTALS'

R. R. Dubin’  J. B. Bates
J.S.Kasper’ 7. Kaneda’

Single crystals of Li-Nag-alumina with 40 to 95%
substitution of Li’ for Na’ were annealed inair and in
vacuum at temperatures up to 10060°C. The
specimens were examined before and after each heat
treatment by puised NMR, Raman scattering, in-
frared absorption, and x-ray diffraction. After
annealing at 600°C or avnve, the two original Raman
bands caused by "Li’ vibrat.ons merged into a single
peak accompanied by a narrowing of spinel block
phonon bands. The 1000°C annealing introduced a
broad 'Li NMR response and substantially reduced
narrow-line "Li intensity. X-ray diffraction patteras
showed that a second phase grows epitaxially with
the f-alumina structure as a result of high-
temperatuse heat treatment. The results of our
experiments show that changes in the behavior of Li’
ions occur when Li-Nap-alumina is heated at
temper=* - - of 600°C or above. These changes are
notca. ... by the loss of H.O, nor are they reversible
by rehydration. The NMR data show that the
mobility of the Li’ ions and hence their contribution
to the ionic conductivity are greatly reduced as a
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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. elike structure. The extra reflec-
tions observed after heat treatment are consistent
with ths epitaxial formation of LiAlOs in the
p-alumina structure.

We believe that this work provides the first
expenimental evidence that Li jon diffusion in 8-
alumina is not confined to the conducting plane. Our
experimental results can be explained with the
following model. The Li-NaB-alumina structure
formed by ion exchange at moderate temperatures is
inherently unstable at clevaled temperatures. Stabi-
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 spincl-like Li compound such as LiAlOs. 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-
vation' that high-temperature annealing decreases
Li’ conductivity in Li"-substituted Nag-alumina. Our
present interpretation suggests that the high Li’
conductivity reported’ for Li-Nag-alumina may be
degraded at elevated temperature by eventual Li’
trapping in the spinel block.
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MODEL STUDIES OF
MIXED-ION S-ALUMINAS'

J.C.Wang  Herbert Engstrom
J. B, Bates  D.F. Pickett, Jr.}
T. Kaneda®  Sang-il Choi

Conductivity anomalies observed in mixed-ion 8-
aluminas have been investigated by model calcula-
tions similar to the one used previously.' These



calculations include Coulombic, short-range repul-
sive, and polarization energy terms and show that

1. when large mobile cations are introduced into -
aluminas containing smaller cations, the large
cations tend to occupy positions near BR sites
alone;

2. small mobile cations introduced into a f-alumina
containing larger mobile cations tend to form
pairs cither 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.).

When a K’ jon is introduced into the ideal siructure
of Nap-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

¥(Na—K, Na) — ¥(Na—Na, K) =0.11 eV,

where V(X —Y, Z) represents the potential energy of
the sysiem when X and Y form a pairand Z occupiesa
neighboring BR site alone. The first term of the
cquation corresponds to the potential energy of the
configuration shown in Fig. 4.6. Because ¥(Na—Na,
K) < V(Na—K, Na), 2 K* ion in Nag-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 KB-alumina, it tends to
form a pair with a K’ jon:

V(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 S-alumina containing smaller mobile cations,
they tend to occupy positions near BR sites alone. In
contrast, smaller mobile cations introduced into a g-
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 B-alumina, it will not form an ion pair with asingly
charged cation. Rather, from charge neutrality
considerations, the doubly charzed cation will
replac.. a mobile-ion pair.
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Fig 4.6. Minimum potestial energy configuration of a Na'-K™
pair in NaS-alumina. The open circles are Na” ions, the farge solid
circle is the K jon, and the smeller solid circles are O’ ions. The
dotted lines indicate the shared potential well.

Table 4.5. Calculated potential encrgies of

various ion configurations in Li, Na,
and K g-ahumi
Host lon ?:::::‘
material configuration (V)

Lig (Li—Li, Na) vl
(Li—Na, Lj) Vi+0.2

Na g (Li—Li, Na) v2
(Li—Na, Li) V2+029
(Na—Li, Na) V3
(Na—Na, Li) V3 + 0.65
(Na—Na, K) V4
(Na K, Na) V4 +0.11
(K -Na, K) vs§
(K--A, Na) VS +0.15

1 4] (Li—-Li,K) veé
(Li—K, Li) V6 +0.39
(K--Li, K) v?
(K—-K, L) V7 +0.84
(Na--Na, K) Vs
(Na—K., Na) V8 +0.12
(K -~Na, K) Vo
(K--K, Na) V9 + 0.14

“In the notation (X — Y, Z), X — Y denoies the
paired ions and Z denoles the ion occupying a
neighboring BR site alone.

"I, V2, ..., V9 represent arbitrary reference
potential energies.




The activation energy for the escape of one type of
ion out of the potential well of a mixed-ion pair, as
illustrated in Sig. 4.6, may be quite different from
that of the other ion type. Because of the difference in
ionic radii and polarizabilitics, 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 cakulated activation
encrgies for the escape of a cation from a mixed-
cation pair in LiB-, Nag-, and K B-aluminas are given
in Table 4.6. For example, the calculated activation
encrgy for the escape of the K” ion in Fig. 4.6 out of
the potential well that it shares witha Na®ionto form
a new K'-Na' pair in a neighboring potential
well is

E(Na—K*, Na) =030eV .

The activation energy for the Na' ion to escape from
the shared potential well is much smaller:

E(K—Na®*, Na)=0.15¢cV .

In general, for a mixed-ion pair, the activation energy
for escape of the larger ion from the shared p rtential
well is higher than that of the smaller ion.

Table 4.6. Activation energies of diffusion
in Ll,N..lad K}-dnmnu

Activation encrgy

How lon (eV)
material configuration . T
[§ akul‘lcd Observed”
18 e L Ly [IR}] 03I7R
Na L L) 024
(kv Na® 1y 0.65
Nap (Na  Na®. Nay [1.1] 0165
(Na Le*, Nay 024
thy Na®, Na) 0.65
thh 1a° Na) 0.4}
(K Na® Na) vis
(Na K* Na) 0%
(Na Na*. K) 0.24
KB (K K° K) 027 .20
(i i*. K) 054
(h Ke. K) 0.44
(K 1K) (14
(Na K°. K) 037
(K Na*, M 0.16
“From ref. 6.

"In the notation (X~ ¥*, /), ¥* denotes The 10n escaping from the
X- Y pair and 7 denotes the ion with which ¥ forms a new pair ina
neighboring potential well,
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The results listed in Tables 4.5 and 4.6 can be
applied to explain, at least qualitatively, the mixed-
cation effects on conductivity observed in S-aluminas
and to interpret the changes in relative intensities of
the Raman or infrared bands from mixed conducting
cations when the compeosition ratio varies.

1. Summary of paper: p. 379 in Fast fon Trarspor: '« Solids,
Electrodes and Elecirolytes, ed. by P_Vashishia, J_N_!dundy. and
G. K. Shenoy, North Holland. New York, 1979.

2. Guest scientist from Fuji Photo Film Compeny. Tokyo ‘

Japan.

3. Hughes Aircraft Company. Los Angeles. Cali.

4. University of North Carolina, Chapel Hill.

5. 1. C. Wang. M. Gaffari_ and S_ 1. Choi. J.  hem. Phys. 63,
772 (1975).

6. Y.F. Y. Yao and J. T. Kummer, J. Inorg. Nucl. Chem. 29,
2453 (1967).

NON-DEBYE CAPACITANCE
IN B-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 imporiant in
achieving such an understanding. We have employed
a fully automated, computer-controlled network
analyzer to obtain such data on the g-aluminas over a
wide range of frequencies and temperatures.

Implicit in several recent conductivity studies'’ of
the S-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 clectrodes, in series with a resistor R, which
corresponds to the bulk resistivity. The impedance of
this circuit is given by

Z=R-ilwC. (n
Such a mcerial resembles a Debye solid, because its
cquivalent dielectric constant may be expressed in the
Torm of the usual Debye permittivity:

l +iwr A° @

where o is the complex conductivity, r = RC, and / is
the length and A4 the surface area of the crystal.

A, st 2

sepB




A. K. Jouscher” has pointed out that the accepted
model’ of ionic conductivity in the S-aluminas
implics that many-body effects may be important.
Accerding to Jonscher's analysis, rapid hopping of
the conduction ions, together with a_much slower
m<tion of the screening ions, may lead to non-Debye
behaviot in which the permiiitivity is given by

dw) = efl +afl — i colzn/p™),  (3)

where n < | and a4, is a real constant. For the

B-aluminas at audio frequencics and above, 20" ' is

much greater than |, in which-¢ase it is possibie to

show that the functional dependence of the
impedance may be expressed as
D iD

Z=R+ witaanf2) o'’ “@

where D is related to the permittivity.

Figurc 4.7 shows the measured values (points) of
the impedance Z of a NaB-alumina crystal at room
temperatuie. 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 fit parameters. This equation was fitto
data taken over the temperature range of 20° tc
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500°C. In agreement with the results of other
workers,'” the static conductivity was found to
follow an Arrhenius dependence on temperature, as
is illustrated in Fig 4.8. Mcasurements on four
Na#4-aslumina sampies cut from the same boule gave
a mean activation energy of 0.1453 + 0.0018 ¢V. The
parameter a. in Eq. (3) was also found to be strongly
temperature dependent: its value increases from 3 X
10" at T=25C to ~10° at T = 500°C, where the
values are given in the appropriate MKS units. At
room temperature, n=<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 wrystal. n = 0; the departure from Debye
behavior is quite large. evenat ambdient temperatures.
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Fig 43. Arrhenius dependence of the electrical conductivity, o,
for Nap- and Lig-alumine,

Also illustrated in Fig. 4.8 is the temperature
dependence of the conductivity of a2 Li-alumina
crystal. We found that its impedance was even less
Debye-like than that of Nap-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 threec purameters of
Eq. (4) promise 1o provide much more information
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about the microscopic pre- 2sses that take place in
fast-ion conductors than has previously been
possible. '
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G. K. Shenoy. North Holland. New York, 1979.

4. A. K. Jonscher, J. Mater. Scii 13, 553 (1978).

5. J. C. Wang. M. Gaffari, and S. 1. Choi, J. Chem. Phys. 63,
T2 ¢ 1975).

RAMAN SCATTERING FROM NH," AND ND.

IN B-ALUMINA'
J. B. Bates J. C. Wang
T. Kaneda’  Herbert Engstrom

The B-aluminas are a class of nonstoichiometric
aluminates with the composition (I + x)MO-
11ALO; (x = 0.15 10 0.30), where M is a monovalent
cation. The alkali-metal and Agg-aluminas are
known for their high ionic conductivities. The
structure of tnese materials consists of closely packed
spinel blocks separated by loosely packed planes
containing the mobile M ions and bridging O™ ions.
Rapid diffusion of the M’ cations is two-dimensional
within the loosely packed planes. Because of the
nonstoichiometry, the M’ cation sublattice in 8-
alumina is disordered. Tkis disorder and the resulting
high mobility of the M’ ions make S-alumina an
interesting host material in which to study complex
ions such as NH,". Our primary aim in this siudy was
to examine the effect of local symmetry and disorder
on the internal modes of NH,' and ND,".

Single-crystal samples of ammonium-substituted
B-alumina were prepared by heating single crystals of
Nag in molten NHiNO; or ND(NO; (98% D) at
453 K for times from a few hours to 400 h. For ND,’
substitution, the powdered nitiate and Nag 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,'(NDJ').

The crystal structures of all the B-aluminas are
isomorphic and belong to the space group Di».
Analysis of x-ray diffraction data shows that most of
the mobile cations occupy 64 (C:,) sites verycloseto
the 2b (D) BR site.' In NaB, the remaining Na' ions
occupy 6h positions midway between the bridging
O’ ions. Because B-alumina contains from 2.3 to

165

e e Lt L T SS ENE UATR

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 sublattice 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 moticn 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 sublattice is

" disordered, neither a simple site-group nor factor-

group analysis can be applied to the modes of NH.' in
NH.8.

The Raman scattering from the internal modes of
NH.’ ions in B-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 irto
accouat in calculating the forms of the scattering
tensors. The analysis of the Raman data suggests that
the ammonium ions occupy tnree sets of non-
equivalent sites. Because some of the same com-
ponents of the internal modes evidently appear in
all polarizations, the effzctive local field symmetry of
one set of ions must be either C; (o perpendicular to
the conducting plane) or C,. The other two sets of
sites could have either C. or C! symmetry (o parallei
to the conducting plane). From potential energy
calculations based on e’ther an electrostatic modeior -
a hydrogen-bonding model, the preferred orientation
at the BR and mO sites has the C: axes of the ions
parallel to the conducting plane, with two proto~s
located in the plane and bound to the O(S5) ions ang
two protons bound to O ions in the layers above
and below the conducting planc. These results are in
agreement with the choice of either ' or C! site
symmetry. The calculations rule out Ci as a pos-
sibility, but they provide nc v.lues as to the possiblc
origin of a local field of C; symmetry.

The internal and external mode spectra of
ammonium ions in S-alumina are sensitive tochanges
in ion concentration and sample temperature. The
pronounced line broadening of the internal modes
with increasing temperature abcve about 75K canbe
attributed to coupling with rapid reorientation of the
ions. Librational modes of ND,' and NH," evidently
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cocur in the region between 200 and 350 cm™,
whereas the translational modes occur between
100 and 190 cm™’.

1. Summary of paper to be published.

2. Guest scentist from Fuji Photo Film Company. Tokyo.
Japen. '

3. C. R. Peters &t a)., Acta Crysiallogr. Secs. B: 77, 1826
(1971).

SUPERCONDUCTIVITY

INTRINSIC HYSTERESIS IN THE FLL
OF SUPERCONDUCTING Nb

D. K. Christen H. R. Kerchner
S. T. Sekula

The high-resolution double-crystai neutron dif-
fractometer has enabled measurements of a previ-
ously unrecognized property of the FLL in a type I1
superconductor possessing an attractive flux-line
interaction, The phenomenon was observed in a
aearty  perfect,  13-mm-diam, singlecrystal Nb
sphere. Theeffect 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 scparation between the
flux lines is observed to “overshoot” and then
reattain that fixed separation that is characteristic of
the flux-fine density within the FLL domains of the
IMS. From an experimental viewpoin:, this effect is
manifested as a dip in the highly resolved scattering
argle 26 from a given set of FLL planes-ard,
correspondingly, in the average flux density per unit
cell of the FLL, b = &/ A., where ¢ is the flux -
quantum and 4, is che a1ca of the FLL unit cell. The
phenomenon is repeatable, static, and absent when
the ficld is increased.

Figure 4.9 illustrates this effect, where the FLL was
formed cither by reducing the applied field Hcfroma
value above the upper critical field Mg or by
increasing it from below the lower critical ficld H,y (in
the flux-free Meissner statc). Here, b and H, are
plotted as (small) parameters reduced by the
equilibrium flux density B, caused by the attraciive
flux-tine interaction; H, is referenced with respect 1o
the theoretical macroscopic field boundary between
the mixed state and the IMS, For a spherical sample,
the IMS occupies the applied-field interval ¥, Ha &
H,% s Ha + /s Boli.e., on the scale of Fig. 4.9, -1 €
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Fig. 49. The irreversibility in the flux demoity per FLL wnitcell,
b, for various histories of the applied field H. The poimts
determining H. are r21tive to the theoretical, macroscopic field
boundzry between the mited state and IMS: those determining b
are celati. .t the macroxcopic flux density By detcrmined by the
attrzctive flux-lire interaction. The points labeled by 7 indicate
that the history was such that the temperature of the sample was
lowered from above 7, in the fixed applied field. The position on
the abscissa designated by an asterisk is the observed applied fieid
below which a subseguent increased field path would produce a
hysteresis loop.

1AH,/ B < 0) and is characterized by domains of
FLL in =quilibrium 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-
cquilibrium 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 «nnt-ibutions caused by tkhe domains which
can contriy, ,. - nonnegligibly in a specimen of finite
s.ze. They ariss_Secause

I. the negative flux-lins interaction energy results in
flux lines on the surface of a (cylinuricaly FLL
don.ain being at a relatively higher energy than
those in the bulk (surface tension) and

2. the magnetic-ficid energy external to the sampleis
higher than that of a material possessing the same
macroscopic, but microscopically uniform, inter-
nai flux density.

In analogy 1o a type ! superconductor in the
intermediate state, it is the small energy trade-off
between these two contributions that produces the
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equilibrium domain structure in the IMS. There is yet
another parameter to consider in the type I case,
however—the energy variation associated with in-
terflux-line 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

__ B
AHS =~ 36w
X au/a(%)ﬂusncu&‘) Ouj A
and

AKAH,®) = 3AH,*/(1 + 8xCy/ B

at the point where the full FLL begins to break up.
Here, u is the small energy resulting from the domain
effects (1) and (2) above, [ is the volume fraction of
the sample devoid of FLL, and C¢ is the elastic
compressibility modulus of the FLL. That is, upon
decrcasing i applied fteld ina the IMS, it is at first
energetically more favorable to expand the FLL
(lower Ab/ By) than to open holes init, down to the
fields AH,* and AB(AH,*).

Thus, the inclusion of domain-energy effectsin the
thermodynamic free energy can predict an apparent
supercooling of the mixed s*ate without resorting to
nonequilibrium phenomena (infact, 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 344,/ & is below the
dip, can only be explained semiquantitatively by
consideration of particular models for domain
structurcs. Two such structures that are reasonable
for { € 1 are (1) flux-free tube-like voids in the FLL
and (2) FLL vacancics. A series of straightforward
arguments leads to the followin, results for the
domain energies:

Voids: w2 Cvorp { (l + %f’ - ;—;' () .

Vacancies: u® Cvac {1 + &b/ By) .

The constants Cvosp and Cvac depend on FLL
parameters such as the binding energy between two
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flux fines (Bo and ¢v) and geometric factors. An
estimate of their magnitude yields Cvow/ Cvac =
0.03. Then, flux-free voids arc the more stable
domain structure for the small-l IMS region.
However, voids cannot be ‘formed spontaneously
upon coming from a history of a full FLL. Indecd, on
decreasing-field history, individual flux-line vacan-
cies must first nucleate at the sample surface, the~
quasi-statically cluster in order io achieve a void
structure. On increasing-field Listory, this require-
ment is absent because the FLL is formed from the
flux-frec Meissner state, and the * oids may be formed
by the gradual coalescing o1 isolated FLL islands.

Within this picture, most of the features of Fig. 4.9
are explicable, and the relative sizes of the efects are
in semiquantitative accord with those given by the
estimated magnitudes of Cvom 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. yiclds results (Fig. 4.9) similar to the decreased-
field history. This obseirvation is consistent with the
formation of the IMS, its having arisen from a
mixed-state history in botk 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. Keschner, D. K. Christen, and S. T. Sckula, Phys.
Rev. B 21, 86 (1980).

CORRELATIONS BETWEFN MULTIPLY
ORIENTED FLUX-LINE 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 10 those
crystal axes where multiply oriented coexisting FLL
domains were previously observed to form.' 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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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,

1. P. Thorel and D, K. Christen, J. Appl. Cryviallogr. 1, 654
(1978).

THE CRITICAL FIELDS H. AND H.
OF SUPERCONDUCTING Nb'

H. R. Kerchner D. K. Christen
S. T. Sekula

Our measurements of the thermodynamic critical
field H. and the upper critical field H.; of a Nbcrystal
have been compared with realistic microscopic
theory. This comparison tests the current theoretical
picture of the electronic properties of Nb. Specifi-
cally, H, 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., H.: is sensitive to the mean square
Fermi velocity and to the electron-phonon interac-
tion. At lower temperatures, Ha/ T{dH/dT ]y, is
enhanced Yy the variation of the Fermi velocity over
the Fermi surface and its relative anisotropy depends
on Fermi susface 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 H, measurements mzke a new com-
parison worthwhile.

The experimental technique’ and a summary of the
H measurements® were described previously. Our
results for H are in excellent agreement with earlier
measurements and with calculations based mainly on
band theory.® 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 10° m/s, is in excellent
agreement with the value deduced from de Haas-van
Alphen and cyclotron resonance measurements.®

By using some thermodynamic relations, H. was
deduced from double integrals of the measured field
derivative of the mixed-state magnetization.’ The
sample showed excellent magnetic reversibility in the
mixed state, and the data obtained in the less
reversible IMS were not used to determine H.. In this
way, the uncertainty in K. caused by magnei.c
hysteresis was significantly reduced over previous
measurements.

New theoretical calculations of H. for Nb have
recently become available,*” in which several models
of the phonon spectrum and the electron phonon
interaction were used. In Fig. 4.11, our data are
compared with calculations based on a theoretical
model interaction’ and models deduced from
tunneling measurements by groups at Stanford and
MIT. The shape of the deviation function plot
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Fig. 4.11. The deviation function plot for H. of Nb. Data are
presented for three different orientations of the samesample inthe
applied field. As required thermodyrzmically, no oOrientation
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), lic above the data. Comparison of
our data with such curves indicates that A=0.9+0.1.
Careful analysis of the H, and H. measurements
points up a curious discrepancy in the theory. The
electron-phonon interactionis expected to reduce the
band theory Fermi velocity by the factor 1 + A= [.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 cither from the H, 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., it appears likely that the difficulty is associated
with the many-body renormalization factor 1 4 A,

I. Summary of paper 1o be published.

2. H.R.Kerchner,D. K. Christen.and S. T. Sekula, Solid Srate
Div. Annu. Prog. Rep., April 30, 1977, ORNL-3328, p. 125.
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B 21, 86 (1980).
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OBSERVATION OF AN FLL IN V,Si BY
SMALL-ANGLE NEUTRON DIFFRACTION

D. K. Christen F. M. Mueller'

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 11, superconducting material V;Si. The FLL was
found to be essentially polycrystalline, although the
sample was a large (1 cm’) single crystal, having the
AlS 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-Jine structure from that of an amorphous,
hiamentary array.

The FLLs were grown by applying a fixed
magne.ic field parallel to the axis of the cylindrical
crystal and subsequently lowering the sample
temperature from abave the transition temperature
T: = 16.8 K down 10 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
field. 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 A26; 20 =
6%. The nearly azimuthally independent scaitering
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
cormbination 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 pruperty whereby
beam defocusing arises from the large mosaic
distribution.
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Fig. 4.12. Scattered neutron intensity as a function of the
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cach with the field applied and with it removed inorder 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 azimutha! 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 d-spacing distribution within the mosaic
blocks that, in possible combination with 1 and 2,
gives rise 10 the observed broadening.
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Fig. 4.13. Scaticred ncutrom intensity as a function of the
azimuthal oricatation of the ssmple, for 28 fixed at the position of
a diffraction peak. The solid curve is the best fit of expected
intensity from a Gaussian distribution of mosaic FLL blocks. The
dashed curve represents that distribution function (in arbitrary
units).

4. The FLL symmetry within the blocks is such that
two scparate Bragg icilections arc cupeiposed 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 14, it is
reasonable to preclude the fifth possibility by argu-
ing that ! or 2 alone could reasonably explain the
observed data. By assuming perfect, deha-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 26-peak broadening due to
effect 1. In the limit of very large mosaic spread, the
relative 26-peak width is given by

A20/20 = Afxcot 85 , )

where 0, is the Bragg angle at the silicon crystals and
A6y is the horizontal angular collimation of the
incident beam. Equation (1) yields the result A26/20
= 503, 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™ This density is not
unreasonable, because one expects the material tobe
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composed of about 2% second-phase precipitates
that can act as pinning centers for the FLL domains.

Thus, phenomenon !, along with possible small
effects arising from 2, 3, and 4, leads one to conclugds
that the flux-line structure in the present V>Sisample
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

610

B-«uz'—z 2
= ~ Ma, B, y). (2)

Here, ¢y is the flux quantum, A, the neutron
wavelength, and f(a, B, ¥) is a function of the three
angles o, B, and v, which determine the symmetry of
the FLL triangular half-cel). For a hexagonal FLL, f
= \/3 1 2; for a square it is unity.

For both the applied-field intensities of Fig. 4.12,
the square FLL symmetry can beeliminated, because
it would result in a flux density greater than the
applied field. As mentioned above. this result is
impossible becausc of the icchnique vsed tc grow the
FLL. On the other hand, a hexagonal FLL symmetry
yields B=46.8 mT and B=56.1 mT for H.=SumT
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 V,Si.
The expected integrated intensity, /1o, normalized to
the incident neutron flux, lo, is given by

ho _ (y )’ A(B) ¢y (V32" 3
I \4/ (1+82°\ B/ \3d) )
Here, v is the gyromagnetic ratio for the neutron, and
A is the penetration depth for V;Si at 4.2 K. From
literature values®” of critical-ficld measurements, we
estimate A = 90 nm. Equation (3) then yields the
results Zi0/lo 2 1.4 X 10™ cm?, which compares very
well with the observed normalized intensity 1.35 X
10" cm’ obtained from the 20 peaks of Fig. 4.12 and
the observed direct-beam flux behind the sample.
These preliminary studies reveal that the FLL
conformation is not well correlated with the real Ci..
We believe that this is caused by a lack of sufficient
homogeneity in the V,Si single crysta' ased here and
the attendant effects of flux pinning by second-phase
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precipitates. In cooperation with the Crystal Growth
and Characterization Group, efforts are being made
to obtain well-characterized, homogencous samples
in order to answer the fundamentally important
questions regarding FLL r-al crystal anisotropic
interaciions.

L. Coriitant from Physics Laboratory and Rescarch fnstiute
for Materials, Nijmegen. The Netherlands.

2. S. Foner and E. S. McNif', Ir.. Appl. Phys. Lens. 32, 122
(1978).

3. Y. Muo et al., J. Low Temp. Phys. 34, 617 (1979).

SINGLE-CRYSTAL FLL IN TaN

D. K. Christen  H. W. Weber'
Y. K. Chang

The TaN system is an interesting one from the
standpoint of superconductivity. By addition of N
into interstitial solution, Ta can be made to
transform from an intrinsic type I supcrconductor to
one of type 1] behavior below a certain temperature
T* (less than the trarsition tempurature T.). which
depends on the particular N concentration. More-
over, in single-crystal materials for Tnearto T it is
possible to observe an anisotropy-induced conver-
sion from type I to type Il magnetic behavior as a
function of the crystalline axis along which the
applied field is directed.?

Preliminary studies have been conducted to
observe FLLs in the type I regime of these matenials
by means of smail-angle r.utron diffraction. An 8.5-
mm-diam, single-crystal sphere of Ta was loaded
with N totwodifferent concentrations(Cx=0.115at.
% and Cy = .19 at. ) by heat treatment in a low-
pressure N atmosphere.

At the larger concentration, the sample was type {i
at all temperatures up to 7; at the lower concentra-
tion, the sample was transforming. We were able to
observe a well-defined single-crystal FLL in the type
Il 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 ficld was applieg paraliel toa
(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.” These f:atures may
provide a test for the current theories of anisotropy
and its relation to the FLL symmetry.



Attempts were made to observe the FLL at 7 for
H ]] {111), an orientation of type 11 behavior. The
preliminary results, however, were unsuccessful,
most likely becaus: of the very small FLL scattering-

. form factor and limitations posed by the instrument

signal-to-noise.

L Im;ummmrchwtiﬁpmmeomimi!mdu
Osterveischen Universititen, Vienns, Austris.
2. H.W_Weber, ). F. Sporne, and E. Seidl, Phys. Rev. Leti. 41,

1302 (1978).

3. D.K. Christen et al, Phys. Rev. B 21, 102 (1980).

FLUX-LINE PINNING BYSMALL
Nl'l'luDE PRECIPIT ATES IN Nb'

H. R Kcrchncr D. K. Christen
J. Narayan S.T. Sekula

The magnetic' hysteresis of sugp:rconducting Nb

- single crystals containing <100-A-diam nitride

precipitates  was investigated by ac- and dc-
magnetization measurements. Introducing the pre-

~ cipitates into the samples produced only an insignifi-
_ cant change in the critical-current density J, except

o

_near the critical fields H., and H,. The samples
“trapped flux when the applied field was reduced to

zero from above H., and they exhibited dramatic
peaks in J. for applied fields within 3% of the upper
critical field H,z. Neither effect was present before the
introduction of the precipitates.

The experimental method and preliminary results
have been described previously.? During the present
reporting period, the temperature dependence 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
particuiar, the appearance of the peaks near H.: in
the absence of significant change in J. at slightly
lower fields is clear evidence of a threshold effect.
From the images obtained by TEM 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,
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. Of the clementary interactions that can be

estimated between a flux linc and a precipitate, the

dominant one in our case is the second-order elastic
interaction,’ which arises from the spatial variation
of the elasiic moduli G 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{i.c., the
flux-line spacing), ACy may be removed from the
integnlexptesionfenheinmacﬁonenergyl Ihen

\
N.

ACy; OW/9GC ,

¥=13
where Wlstheehmcencrgyamqatedmm:hc
mplmc The TEM resulis indicated that the
strains and hence Wcould bewcllappmxmnmdby
those amled with a- prmauc dislocation leop
witha Bur;ers vectorof 7 A. Fondlshcatnn loop,
Wisgiven bya closed expression,’ which can casily
be differentiated with respect to each modulus. The
interaction energy / for cither a small loop or a small
coherent precipitate arises mainly -fiom the spatial
variation of the shear modulus Cyu, 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
mecdulus.’

In the conventional statistical summation theory.
weakly interacting defects can contribute to J.only in
the field ranges near H,, and H,, where they can
produce an clastic instability in the FLL. Using our
estimate of the clementary interaction / and
Schmucker and Brandt’s theoretical results® fo- the
FLL deformation caused by a point force, we can
estimate the field range AH near H., where the
precipitates should contribute to J,. The observed
peak width near H.; is compared directly with this
calculated field range AH in Fig. 4.14. There,
m-easurements of AH/ H; for one sample obtained at
various temperatures are plotied asa 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 report’ also predicts a peak near H.
However, the predicted peak width is less than that
predicted by the convent.onal theory and has the
opposite temperature depsndence. At fields below
the peak, the new theory predicts a lower J than the
background J. we observe in these samples with or
without precipitates. The observations on this system
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do not eont;adia 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 Sumtnuryorpaper Phys. Rev. Lei. 44, 1146 (1980).

2. H.R. Kerchner et al., Solid State Div. Prog. Rep.. Sept. 30.
1978, ORNL-5486, p. 14].

3. R. Labusch, Phys. Rev. 170, 470 (1968).

4. F. Kroupa, Czech. J. Phys. B 10, 284 (1S60).

5. E. J. Kamer, Philos. Mag. 33, 331 (1976).

6. R. Schmucker and E. H. Brandt, Phys. Status Solid: B,
479 (1977).

7. H. R. Kerchner, “Theory of the Statistical Summation of
Weak FL-Pinning 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.’ Many
defectsthat 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,? 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 Il superconductors, a -

theoretical investigation of the statistical summation
of pinning forces has been injtinted.

The threshold criterion in the conventional
statistical summation theory requires the interaction
between an individual defect and a flux line 1o be
sufficiently strong to create an clastic instability in
the FLL. When the interaction is ot strong enough,
the pinning forozs caused by randomly arranged
defectsmofmndomduecuomandtlnym
expected to cancel. However, the present investiga-
tion shows that a grovp of defects of sufficent
number always produces an clastic instability in the
FLL, even for vanishingly small individual flux-line-
defect interactiors. To see this result, one must
observe that the force exerted by a group of random

dcfectsmcmmpropomoﬂtothesqmmo:of A

their ntmbcrand 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 totzl pinning force with 1espect to FLL
displacement becomes larger than the spring con-
siant.

Because any coherent FLL volume larger than
some critical volume V is unstable, the i»‘tice must
break up into small volumes ¥ (of coherent lattice)

" that are not coherent with each other. The magnitude

of the pinning force on each coherent volume V is
(AN for asystem of defects of number density n
and mean square pinning force (/?). In the critical
state, the volume pinning-force density F becomes F
= (/) "

Calculations of the expected field depcndcnce of F
have been completed for a simple model interaction.
The interaction envrgy between a single point-jike
defect and the FLL is assumed to be given by the
perturhation theory e cpression

AE= poHld ¥’ .

where H. is the thermodynamic criticai ficid of the
material, ¥ is the ( unpenurbed) superconducting
order parameter, and a is a measure of theinteraction
strength with the dimensions of volume.” The elastic
response of the FLL is characterized by wave-vector-
dependent elastic moduli in the isotropicapproxima-
tion.* Figure 4.15 illustrates the predicted depen-
dence of F on the reduced flux density b = B/ Bafor
two values of the Ginzburg-Landau parameter « and
for several values of the dimensionless rutio na?/ £,
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Fig. 4.15. The dependence of the pinning-foroe density F=J.B

(reduced Jy its maximum value) on the reduced flux density b =
B B for several values of the parameter na’/ £, (a) Resuits fos
a superconductor with 2 small Ginzburg-Landau prrameter a.
(b) Results for a superconductor with a large «.

where £ i |s tbc Gmrburg-l.andau coherence length.

When na?/€ is small, F is small and nearly
independent of b excopt near b= |, wherethevolume
V shrinks rapidly (creating 2 pronounced peak in Fin
high-x materials) until the distortion is limited by the

shear strength of the FLL. When na®/ £ is sufficiently
" large, the peak occupies the whole sange of b. In that

case, F(b) is given by a dome-shaped curve whose
shape is independent of na’/ £.

For many types of defects, na’/§ is temperature
dependent. The present theory predicts that the shape
of the ﬂb) curve should be temperature dependent
when na’/ £’ (and thereforc F) is small but tempera-
ture independent when na lf is large and F(b) is
large and dome shaped. Such a correlation between
scaling-law behavior [i.c., temperature-independent
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F15)] Fue:) and a large, dome-shaped FA(b) is a feature
of much of the experimental literature.

Ir 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 linc 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 tk: coherent FLL regions gives the
“pinning penetratlon depth™® and the “depinning
frequency.™ Finally, if the theory is generalized to

-deseribe dynamic as well as static situations, one

should be able to predict flux-flow noise spectra. A
correct theory of the critical state should beapablc
of describing all of the above effects in a consistent
way. At present, no other theoretical approach shows
much promise of such a cayability.
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LOW-TEMPERATURE H-ION
IMPLANTATION IN Al

S. T. Sckufa

The occurrence of superconductivity in metastable
alloys of Al and H produced by low-temperature ion
implan:ation has been investigated. Films of Al were
clectron-beam evaporated onto room-tempesature
sapphire substrates at sates of 5 15 nm/s in bell jar
pressures of 0.5-1.5 X 10 Pa, using SN 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 cryostat® equipped for four-probe, clectrical-
resistivity measurements. By implanting H into the
Altasget at 7'< 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

J. R. Thompson'
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2ARp ~ 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 10" jons/m’. With
increasing fluence, 7. displayed a saturating behavior
thatextrapolated to T.™ =5.9 K, asseenin Fig. 4.16.
Values within 0.2 K of this were observed for a
fluence of 6 X 10" ions/m’, corresponding to AlHa..
During this series of implantations, the composite

" sample resistivity p monotonically increased to ~6 X

10 0-m from an initial value of 0.2 X 10°* N-m_It
varied as a weak power nf fluence (p ~ ¢™) and
showed no evidence of saturation.
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Fig. 4.16. Superconducting transition tewperatuse T, of Al vy
H-ion fluence ¢.

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 10*' jons/m’, pincreased
to 13 X 10" Qin; there was little or no change in T
This latter feature suggests that the superconducting
coherence length in AlHo is considerably less than
120 nm, the width of the initial implantation. A final
series of implantations at 10 and 27 keV/amu raised
the average composition in much of the sample to0
AlH;. The maximum transition temperature was
unchanged, whereas p increased 10 16.3 X 10 Qi'm.
This resistivity is much greater than that obtained by
neutron radiation damage in bulk samples or by Al

g o s ot ek e T T R T e R P T T

ion irradiation in low-oxygen Al films.’ 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 anncaling studies were performed on
this as well as on a 160-nm film, for which the overali
behavior was qualitatively similar. With increasing
annealing temperature, both the residual resistivity
and T, decreased in a corrclated manner. At first
these properties were little changed, but subsequent
annealing of the 300-nm film 10 100 K reduced T, to
44 K, whereas p decreased by 9%.

I Ad]t.na rescarch and development pasticipant from the
University of Tennessce, Knoxville.
2 S. T. Sckuls and J. R. Thompson. “Low-Temperature lon-

Implantation Cryostat.” this report
3. P. Ziemann et al.. 2. Physik B33, 141 (19M9).

LOW-TEMPERATURE JON IMPLANTATION
~ CRYOSTAT .

S. T. Sekula

A versatile apparatus for studying materials
prepared at low temperatures using ion beam
techniques has been successfully interfaced with the
Solid Siate Division ion accelerator. Features
include (1) provision for variable-temperature
operation from 3-300 K; (2) long, economical
Kolding time for liquid He, with substantial refrigera-
tion power; (3) ion beam accessibility to the material
under study, with beam-defining apertures and
clectrodes; (4) electrical resistivity measurements;
and (5) 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 bec 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, becausc thereisa
single, common vacuum for the entire integrated
system. With the oryostat at room temperature,
overnight pumfina of the substantial volume gave P
~ 25 X 107 Pa; cooling the cryostat 10 He
temperature reduced the pressure by about one order

J. R. Thompson'
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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.
Exptriments have incloded low-temperature ion
implantations for pmducnon of metastable super-
condnamgalloys, tl:umal-anmhngsmdnsoﬁhe
alioys produced, and ion-mixing investigations.” The
momfwmpkekmmnndmamabom
the vertical axis, essemtial in this work, have
functioned satisfactorily.

Semalrd'mlnwbeenmrmedmo '

the cyosiat 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 shicld that also carries beam-defining electrodes
and a solenoid-operated shutter. The latter device is
to reduce further thermal radmtion incident upon the
sample and to allow high-precision measurements.
Overall, the ion implantation cryostat has proven
to be a versitile and reliable apparatus for studics

" using fon beams at low temperatures and is

C

considered fully operational.

1. Adjunct research and development participunt from the
University of Tennessee, Knoxville.

2. S.T.Sckoka and J. R. Thompson, ™
Implantation in AL this report.

3. B. R. Appicton et al.. “lon Beam Mixing and Pulsed Laser
Aancaling.” this report.
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HIGH TEMPERATURE CONDUCTIVITY
. OF INSULATING MATERIALS

ELECTRICAL PROPERTIES OF SPINEL

R.A. Weeks  J. Woosley'
E. Sonder C. Wood'

Spinels have been suggested as liner materials for
MHD channels because of the compatibility of
MgA 1,0, spinel, which is a good insulator, with Fe-
containing spinels, which can be tailored by varying
the Fe content to have desirable electrica) vonductivi-
ties.’ We have measured clectrical propesties of pure
MgA ;04 and material containing small amounts of
Fe. Results include the following.

Electrical Conductivity of Pure and
Fe-Doped MgA1:0, Spinel’

The electrical conductivity of nominally pure and
Fe-doped MgA 1:0, spinel has been measured over
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the temperatore range 2002000 K. The resuits for
pmcwmhmspndmbeﬁtubyexpm
tial expressions with different activation-cnergy
parameters in three temperature ranges. The conduc-
tivity of a sample containing 0.1% Fe is the same as
that of pure samples ishean the F2 is in the Fe** form;
the conductivity increases by approximately a factor
of 2 when the Fe is in the Fe** form. The results are

mwuhmemﬂmnmedhymof :

cation vacancies.
Photoelectric Effects in MgA1;0; Spinel®

The clectronic and transport propesties of
MgA 10, spinel have been investigated photoelectri-
cally. Photoemission of holes and electrons into
spinel from metal contacts (Pt, Au, Ta, Mo, and Cu)
has been used 1o determine barrier heights. From this
mformation as well as from vacuum UV photocon-
ductivity data, we have obmained the following energy
band parameters: the Fermi level lies ~3 ¢V below the
botiom of the conduction band, which in turn is
located ~2 ¢V befow the vacuum level; the band gap
is ~9 ~V. Pholoemission was not observed from
graphite clec'rodes, which form ohmic contacts.
Electron, n_utron, or vy irradiation produced three
photoconductivity bands of half widths of ~0.5 eV
with peaks at 4.5, 5.0, and 5.5 ¢V. The three bands.
equally spaced in energy, may be associated with the
same center. In Fig. 4.17 the photoconductivity
spectrum of onc such sample is compared with the
absorptiva spectrum of neutron- and electron-
irradiated spincl samples. It is clear that the shape of
the photoconductivity spectrum has no correspon-
dence with the absorption at 5.4 eV, indicating that

« ABORPVION COLPICEAY (gm't
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Fig i.l7, Photoconductivity of sominally pare MgAlL,0,
spinel ot & function of the snergy of incident Sgint.
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radiation-produced } centers are not an important
source of current carriers.

Thermoelectric Power Measurements

A light-pulse technique has been developed for the
measuremnent of Seebeck coefficients of high-
resistvity materials. Measurements can be made on
materials with resistivities up to 10”2 -cm and, with
the present apparatus, at temperatures up to 1200°C.
A primary advantage of this technigue is in the
elimination of spurious voltages. It has v~en applied
to the measurement of the thermoelectric properties
of single-crystal spinel, MgAI:O;. Between 500 and
1200°C the charge carriers are positive; the magni-
tude of the Secbeck coefficient ranges from 1.2
mV:/°C at 500°C 10 0.1 mV/°C at 120°C.

1. Nortker Iilinois University, DeKalb. ,

2T O. Mason et al, p. 77 in Proceedings of Sixth
Internationsl Conference on Magneto-hydro-dynamic Electrical
Power Genevation. vol. 11, CONF-75061-P2, U.S. Depaniment of
Commerce, Washingion, D.C., 1975.

3. R. A. Wexks and E. Sonder, J. Am. Ceram. Soc. 63, 75

. (1980).

4. J. D. Wooslkey et al.. Phys. Rev. B (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 ficlds 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 1200°C
indicates that either & process other than thermal
runaway produces breakdown or that large changes
in the electrical and, or thermal properties of MgO
are produced by moderate electric ficlds, so that
thermal runaway can procced.

It is conceivable that at 1200°C a sample might be
heated far above the furnace temperature by the
electric curremt 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 (urnace temperature, a
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thermocouple was embedded in a sample to measure
the temperature difference between the sample and

the furnace. It was found that the temperature riseof

the sample was approximately 3 K/W, which
conespondstoanseol’:tmostSO“Catcwmll
which thermal instabilities arise.

It is rather difficult to obtain information
concerning the temperature or electric-field depen-
dence of breakdown, because incubation-times of
100 h are typical and samples can only be used dice_ -
We have found that at applicd voltages too small for
breakdown to occur, the initial current flow
decreases monotonically, presumably because of
polanzzuon.Alhlghervoltaystheinﬁnl(pohnu
uon)deamechanploanmmafwrawron-
matdylmm.Ontheassumpﬂontllatﬂmmwem
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

ELECTRIC FIELD (hv/cm)

curves of Fig. 4.18 indicate the temperature depen-
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dence of the clectric ficld necessary 10 cause the
current in an MgO sample to increase after | min.
mdnashwthtthucsahrgmm
dependence between 900 and 1300°C. Also, the dats
indicate -that the sample is not symmetric for a
reversal of the electric-field polarity. The open circles
and squares indicate opposite polarities of applied
ficld. Moreover, the filled squares and circles
illustrate that, afier many cycles of increasing the
voltage in alternating polaritics, the increase. in

curnmaftetlmomsulmuluu!he,

clectric ficld. If the temperature dependence of the
initial polarization reflects that™ of the actua!
_breakdown, then it becomes apparent that a field an
order of magnitude greater than that used at 1200°C
is necessary to nnsebtukdmulemperum
- below 906°C.

Figure 4.18 also inclodes - sicilar data for

MgA 10, which has been observed tobtukdovnu'

1200°C with much 'ower clectric ticlds and in 2
shorter time than MgO. As one might cxpect, the
clectric ficld necessary lo overcome the initial
polarization is less than that for MgO by more thin
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 Fiv. 4.18 pertaining 1o MgA 1,04 ’

Nominally pure crystals of MgO and MgA1,0,
subjected to electric-field treatments at temperatures
21050°C develop dark strecks extending from the
negative clectrode toward the positive electrode.
Electron-magr =tic-resonance spectra of MgO with
such dark sireak; exhibit components produced by
fermimagnetic resonance. In MgO crystals that
contained as little as 150 ppm Fe, the magnetic field
at which these components are found is a function of
the orientation of the crystal with respect to the
applicd laboratory ficld. This orientation depen-
dence is shown in Fig. 4.19.

If it is assumed that these ferrimagnetic compo-
nents are caused by magnetic particies in the form of
platelets, then the direction of the magnetization of
the platelets, Hpnxse, will lie in the plane of the
platelets. When the applied laboratory field is
panalie! to the surface of the platelets, the ficld, H...
required for resonance is

”m=ﬂ"”pn-«'

8B

where we assume that g = 2, and v and B are the
spectrometer frequency (35 GHz) 4nd the Bohr
magneton, respectively. The internal ficld of the
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Fig 4.19. Ovieatation dependoncy of the forvimagnetic mvo-
neace spectrn of clocwsicfickd-tomand. nominelly puse MgO
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erystal direction. Two principl divections are
indwcated by arvows st the bottom of the figere. The ficlds and
angks a1 which speciral comporzats were observed are denoter. by
dots, Thmsfndwmdhmmum
minimom ficld as which & was observed.

magnetization of the particle. As the applied ficld s
rotated out of the plane of a particle, the condition
for resonance will still be the sum of the com

of the applied ficld in the plane of the phatelet
and its internal ficld. This is illustrated in the Fig.
4.19 inset. The curve shown in Fig. 4.19 is calculated
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on this basis. The fit between the observed fields for

resonance and the curve isquite good, giving support
to the assumption that ferrimagnetic particiés are in
the form of platelets. Because the field was rotated
about 3 (100) crystal direction, the platelets that
produce the spectrum from which these data are
obtained are congruent with the crystal {100] plancs.
The spectral components of dark-streak magerial
from crystals containing ~2000 ppm of Fe are not as
well resolved < the components in the spectra of
nominaily pure crystaks. There is s relatively intense
comporent in the region of 1.27 T which exhibits
only a slight oricntation dependence. The compo-
‘ncnts that have the orientation dependence shown in
Fig. 4.19 arc reistively much weaker and decresse in

. amplitude as they moye 0 higher fields.
) Electmnmnwopyofthdukmkmnl -

from crystals costair.ing ~2000 ppm Fe bas shown
the presence of perccles of Fe metal, FeO, and
MgFe:0y.’ These puiticles bave not been detected in
the dark-streak matarral of the nominally pure
crystals. On the basis of shailar spectral components
in the two types of dark-streak material, we assume
that the components in the nominally pure material
mumedbyonc of the precipitate types observed
in the more hLeavily doped samples. From the
difference between the fiedd He = hvigB and the
mininum field at which resonance is observed, H =~
08 T, we estimate that Heuuse™ 04 T. For Fem,
IxM,=2.18 T: for MgFe 0, 4x3,=0.14 T. Thus,
it is not possible to determine whether spectral
components of the particies are caused by Fe metalor
MgFeO; or by some otha kind of magnetic
compounds.

Spectral components of dark-sts2ak material from »

a MgA1;0, crystal containing 800 ppm Fe were also
ferrimagnetic. However, the osientation dependence
of these components was negligible as compared with
those in the MgO material. These components were
cemtered at a field of 1.27 T (g = 2) for »~ 35 GHz
Because of this negligible orientation dependence, we
tentatively sttribute these components to particles
with approximately spherical shapes.

I. E. Sonder et al., J. Appl. Phys. &9, 971 (1978).

2. F. Modine, Solid Sime Div. Prog. Rep.. Sepr. 30, 1978,
ORNL 56, p. 125,

3. J. Nayaynn a1 ol., Solid Siee Div. Prog. Rep.. Sepr. 30, 1978,
ORNL-5486. p. I28.

4, AIP Handbook, pp. 5-208 s.ud 5-211, McGraw-Hill, New
York, 1957,

ELECTRICAL CONDUCTIVITIES AT
ELEVATED TEMPERATURES OF M§O
SINGLE CRYSTALS DOPED WITH
Fe, Cr, Ni, AND Li' s

R. A. Weeks E. Sonder
Electnical cunductivities of MgO single crystal

doped with Fe, Ni. Cr, and Li up to concentrations of --
22500 ug/ g liave been measured aver 2 900-18350 K

temperature range. The conductivities of the tran-
nnpo{nluamuformnymmlk
(total impurity concentrations <3500 pg/g); the

cenductivity of Li-doped MgO was approximately

two orders of magnitwde bigher. Treatment of Fe-
and Cr-doped samples at 1500-1850 K in CO gas
caused the ratio of divalent to trivalent impurity to
wymlyforuﬂl’endmyw!:fw
MgO:Cr. The conductivity, on the oth . ".and,
changed little for MgO:Fe and increased by approxi-
mastely a factor of 3 for MgO:Cr. It is concluded that
the vacancies that charge compensate for the
dominam carriers of clectric current in MgO below
1850 K.

I. Semmary of paper. Reviw Fmernationale des Heues
Tempevanwes et des Refractaives {in press).

EFFECTS OF ELECTRIC FIELDS ON THE
CONDUCTIVITY OF Y,0, SINGLE CRYSTALS

R. A. Weeks L. A. Boatner
E. Sonder M. M. Abraham

Moderate electric ficlds applied 1o single crystals of
MeO and MgAI0s at temperatures =>1000°C
produce large increases in electrical conductivities. i
has been suggested' that a fraction of the charge
carriers in these materials s jonic 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 carriers are electronic,
moderate electric fields would notmdwuhmm
condwumy One such oxide is Y:Ou. Tallan and
Vest’ bave found that st temperatures 51200°C the
conductivity of Y205 & “pure electronic.” We have
measured the conductivity of a sirgle crystal of Y;0,
as a function of eiectric-freld trestments at ~1200°C
to determine if the temperature dependence of the
condnclivity is altered by such treatments.
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ments ofdc_condncu'vity were made with a three-
electrode system. The results of the measurements are

dependence between 500 and 1000°C. Above
1000°C, the rate of increase of conductivity with
ment, a field of 450 V cm™ was applied. Afeer 40 b, a
_fourfold decrease in conductivity was measured and
the low-temperature (<900°C) conductivity de-
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Fig. 4.20. Tomporutuss dopvadonss of slssiriont condustiviey of
an wotrented Y505 erystal and ens subjevsed 10 an dlestric fisld of
459 V/em for 4 b & 1209°C.

As shown in Fig 4.20, the cunductivity data after
the treatments agree with the function Inoc =a +
O/kT over the range of temperature in which
messurements were made. The stope of the carve is
1.8 eV, a value in reasonabie agreement with that
reported by Tallan and Vest’ foC the 1200-1600°C
range.

The single crystals, as rcceived, had a biack
coloration and were opaque at a thickness 2>0.1 cm.
crystal was white, but still opaque. :

The initial decrease in the conductivity of Y;0,
crystals with electric-field treatment is sitilar to that
observed in_ Mg crystals. However, the subscquent
changrs in conductivity differ from those observed in
MgO. Up to at least the total time of clectric-field
treatment (76 h), there was no indication of the
in MgO and MgA 1,0, The decoloration of the Y0,
crystal also indicates that the changes produced by
clectric-ficld treatments differ from those observed in
MgO and MgA1:04. In those materials, the electric-
ficld treatment produced a darkening of treated
samplies.

One of the significant effects of the electric-field
treatment on the conductivity was the extension of
the high-temperature (1200-1600°C) conductivity
processes observed by Tallan and Vest® to lower
temperatures. The treatment apparently removed
from the sample charge carniers the provide 2 large
low-temperature conductivity. These carriers may be
responsible for the black colorion.

i. E. Sonder et al, J. Appl. Phys. 89, 373 (19T8).
2. N. M. Tallen and R. W. Vewt, J. Am. Ceram. Soc. 89, 401
(1966).

CURRENT VOLTAGE CHARACTERISTICS
OF Li-DOPED MgO OXIDIZED AT
ELEVATED TEMPERATURES'

Y. Chen J. L. Boldé®
M.M. Abraham V. M. Orera’

During growth of Li-doped MgO crystals by the
arc-fusion technique, the crystals are generally
subjected to a reducing atmosphere under the electric
arc of graphite rods. As a result, most of the Lj
coagulstes into LiyO precipitates.’ Upon oxidation of
these crystals at clevated temperatures, [Li)® centers
(substitutional Li'O” complexes) are produced. The
stability of these thermochemically generated [Lif




centers, as opposed to unstable omes induced by
jonizing radiation at low temperatures, is attributed
to hopping of holes in a region of high [Lif’
concentration(called a microgalaxy), which is caused
bythedmolmonofhfmmal.uommc.
Therefore, these regions should be p-type semi-
eondncung;themd:e[lj]'mmthe
higher the conductivity.’

A characteristic feature exhibited by crystals
contnining [LiJ® centeys is that the current density asa
function of electric field (FE) is nonlincar but is

; Mfwmwnpmhs.‘rhuem

two regimes to a plot of the relationship. At small

. electric fields, the effecy.ve conductivity is swall and
‘tllemmlduluysamdp:milybypohnn- °

mMAthgherﬁe&themhmm
linear, and the cirrent is attributed to ficld-assisted

'm(undq)dhbmm

mophmﬂtbuzwuﬂlmmmtk

' vicimity of dislocations, as polarization studics and

[Lil® decoration along skp plancs scem to suggest,
ththlmdeWxMunm'-lo’Vm

for external ficlds of 10°-10° V cm
mmwedl-lz'chmmmdﬂmfor
different oxidation temperatuses. Typical curremt-
ficld dependence for three different temperatures is
shown in Fig 4.2). To clucidatc the contrasting
shape of the curves rather than the magnitude of the
cmrent deasity, the normalized corrent /) Jrses, where
b s the current at 2500 V/cm, is plotied. As the
oxidation temperature increases, the slope begins to
e at lower ficlds. The hinear portion of vhe 1250,
1450-, and 1550-K curves extrapolaics to zevo current

-
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uMM.MMV[m,mwuivdy These
obscrvations suggest that for higher oxidation
temperatures, hole ttmneling proceeds at lower fields.
We conclude that the effective dimensions of the
diclectric medium between the semiconducting
inclusions diminish with increasing temperatures.

). Soamnary of paper: Jowrnal de Physique (i press).

2. Geest sciewtist from Imstituto de Freica, UN.A.M_, Mexico,
D.F.

3. Guest scientist from University of Zaragoza, Zaragoza,
Spain.

4. J. Narayan &1 al, Philos. Meg. 38, 747 (1978).

S. Y. Chen &1 al, Solid State Commnnm. 33, 441 (1590).
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5. Neutron Scattering

mmdmm&mmmmkhudydme
m;nddymol’eondmdmueronamm Mmhofthe:

mfmomww“umsmmmnmu

MW«MMMMKBMnM;M'
fundamz,dmkdm-ﬁ ofuommSwhnfm:,

- my

emmlformngowhowbdpoﬂhemldmﬂn roviding illighto and
guidance for, tkwmdwmwmy-mhwdmm
WemmapmodofwmmmoﬂhemdmonMcapﬁlny
atOMaﬂdﬁmmmdmwmdmmAmm
fncﬂxtysmnngcompkuonatheﬂﬁk,ﬁumhen-mSANSmmm,fmded
by NSF as part of the National Center for Small-Angic Scattering Research
established at ORNL under a joint agreement between NSF and DOE. The three Ames
Laboratory instrum.nts are now in routine operation at the ORR. Through the efforts
of DOE, we are engaged in preliminary negotiations with the government of Japan to
establish 2 United States-Japan Cooperative Program on N- .tron 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 facilitics more accessible to university and industrial
scientists within the United States. Of course, until this program has been established,
our informal programs for visitors will continue to be active. During the period of this

report, the ORNL neutron scattering facilitics have been used by about 35 scientists -

from other organizations, mary of whom have paid several visits to the Laboratory.

In the SANS rescarch, several very promising investigations have been initiated at
the 5-m instrument at the ORR. A combined sicutson 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 used to measure
molecular weights of coal dissofved 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 “FIR is in operation.

Our traditional activity in the field of lattice dynamics continues, but perhaps the
emphasis has shifted towasd studies of anomalous behavior, An excellent example is
the case of a-U. 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 that a periodic lattice distortion results from the condensation of this
soft phonon. Other examples of anomalous tehavior that have been studied during
this reporting period are soft phonons in Tc, the origin of the Verwey transition in
magnetite, invar alloys of the 3d series, and the mixed-valence material CeSa-.
In the area of magnetic scattering, there has been 2 resurgence of activity on
| magnetic structures, wompted Uy the desire (o understand reentrant superconductors
and by recent theoretical wo k on the complex magnetic structure of Nd. Initial work
onthemagnememmwnspeﬂaafﬁrmlheaummdaﬂymoduhwdphasehabgm
performed. Conventional spii-wave theory does not apply in this case, so thereis a
challenging task in understanding the unusual features of the observed spectra. The
A existence of spin waves above the Curie temperature and the nature of the
- paramagnetic state are questions that have been addressed by experiments on the
B . mmnawmmﬁdabonTandbypol:mznd beam experiments on magnons
in Ni.
o " These neutron scattering cfforts have been enhanced considerably by beneficial
/ - interactions with members of the Solid State Theory Program and the Crystal Growth
I R o and Characterization Program.

o

SMALL-ANGLE NEUTRON SCATTERING

THE NATIONAL CENTER FOR
SMALL-ANGLE SCATTERING
RESEARCH

W. C. Kochler S. P. King
R. W. Hendricks' J.S.Lin
H. R. Child G. D. Wignall

Early in 1977, a research proposal entitied

. “Construction and Operatio.: of a National User-
Oriented Small-Angle Scattering Facility at the Oak

Ridge National Laboratory™ was prepared by
Wallace C. Kochler and Robert W. Hendricks for
subniission 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, thereby creatingan NCSASR at
ORNL. Afier the necessary reviews and sitevisits, the
expanded proposal was accepted by the NSF; and a

grant of $1.4 million was made to ORNL for a three- -

year period beginning January l 1978.

The previous progress report’ 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 HFIR.

All major pieces of hardware, with one exception to
be mentioned l2ter, have been built or purchased: and
the assembly of 1nc system is in its final stages.
Extensive testing and tuning of the monochroma-
tor systzms have been done. Among the six pairs of
graphite monochromators, some crrstals exhibit
higher mosaic spread (0.60.7° 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
ovenall efficiency of the monochromator systems is

- reduced; nevertiheless, a very usable beam has been

produced. With 2 19- by 1.9-om’ slit at the
monochromator end of the presample flight path and
a 1.2- by 1.2-em’ slit at a counter 10 m away, a
counting rate of 3.4 X 10° neutrons/s of Be-filtered
neutrons (24.75 A) is obtained. Although this rate
is about a factor of 2 lesy than the value originally
calculated, we believe that we can approach a flux of
10° neutrons/cm’™s on the sample under the
standa: d-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-cm’,

He-filled, position-sensitive propostional counter of

the Kopp-Borkowski type, has now been completed
in the Insirumentation and Controls Division and
has been installed at the HFIR, where it is under-
going final testing.




"A data acquisition system, based on the Mod-
Comp -l mizicomputer, s nearly operative. This

Lo systein has been adapied fror: that developed severai
= " years ago for usc with the 10-m SAXS camera.
) Considerable thought and effort have gone into
- modifying the original software package in order to

~~ accommodate the anticipated large numbers of users

DR and a second process data simultaneoust. It is
- -7 expected that the instrument will be available for
=7 routise user operation-on July 1, 1980. '

- An unfinshed co-.;ponent of the 30-m machine is
flight path shielding, which was deferred until
measurements could be made to Cetermine how
much shielding was really required. It hasbecn found
experimentally that 2 .a. of wood shielding rather

. shielding is essential t>-previde the low background
: ‘and good signal-to-noise ratio necessary for a
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dccessful SANS facility. It will also provide a means
of eliminating thermal gradients from the top to the

“bottom of the tank ard the concomitant flexing of it.

Plans are to install this shield in May 1980. A
schematic diagram of the instrument as it will appear
in carly 1980 is shown in Fig. 5.1.

 of the facilitv / Jneexperimeater cannow collect data -

than the originally estimated 10:in. will suffice. This-

1. Metals and Ceramics Division, ORNL.
2. W.C. Kochler and R. W. Hendricks, Sofid State Div. Prog.
Rep., Sept. 30, 1978, ORNL-5486, p. 149.

CHARACTERIZATION OF OIL-BEARING
SHALES P SAS TECENIQUES

. D. Wignall ~ W. C. Koehler
H. R. Child R. W. Hendricks'

Oil shalce represent a large untapped petroleum

reserve. The hydrocarbon material is, however,

ORNL DWG 78-18119R
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extremely difficult to recover because the dense,
com; act ncture of the shale restricts the microporous
pathways needed for migmation 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 cil in these systems.

- Very little mformation iscurrently availabk: on the
size of grains am porss ir compact shales, which are
believed to be in the mnge 5 to 2000 A. As SAS
techniques are well established for the characteriza-
tion of porous materials in this sizc range,”™ a series
of experiments aimed at developing these techniques

101 the study of oil-bearing shales has been under-

taken on samples provided by a Ieadmgonlcompany.
~In principle, SANS experiments can give the total

- poredistribution ina material, includingempty pores
.and those filled with hydrocarbons (oil, kerogen,

etc.). I the ratio of H to C is approximately 2:1, the
coherent scattering from a filled pore is virtually zero

‘due t« the cancellation between the coherent

scattering lengths of C (bc = 0.66 X 107 cm) and
hydrogen (by = —0.37 X 1v™*2 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 disuibutions 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 scatteriug patterns, indicating a random
orientation of the pozes. Shales formed in super-
pressure formations have anisotropic scattering
patterns with an axis of cylindrical symmetry
perpendicular to the bedJing pianes, \adicating that
the pores are anisotropic with the long axis
preferentially orient=d in these planes, Debye,
Anderson, and Bruisberger’ developed a model for
the scattered intensity /(K) from a system of holes
(pores) randomly dispersed in 2 matrix of uniform
electron density, whlch predicts a linear variation of

I""%(K) with K®. Figure 5.2 shows that this
r-ediction fits the measured scattering to a good
approximation. The pore dimensions calculated
using the Debye formulation are shown in Table 5.1,

The dimensions re--ealed by SANS and SAXS are
clearly different, and the initial indications are that

+=%k) (arbitrary units)
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Fig. 5.2. Typical Debye plot [/ K) vs K] for superpressure
oil shale. Average pore diameter equals

3 siope
2(1 — ¢) Vintercept

wheie ¢ = volume fraction of pores.

Tabie 5.1. Aversge pore diamesess or axes obtnined vis SAXS sad SANS

for o series of oil-slmlc samples
Average pore diameter or anis
Shale Scattering 1A)
Sample formation pattern
SAXS SANS
I Low-pr.ssure Isotropic 144 2600
2 High-pressure  Anisotropic |18 (long axis) 403 (average
65 (shors axis) over both axes)
3 High-prevsure  Anisotropic 135 (long axis) 248 (sverage
86 {short asis) over both exes)

the hydrocarbons in these samples are contained
predominantly in the larger pores (>150 A), thereby
reducing their contribution to the SAXS patterns.
Further experiments are in progress to establish
the relative contribuion of voids and grain: (o the
scattering and to assess the validity of the SAS




methods for examining samples from other impor-
tant oil-bearing geological formations (c.g., diatom-
ites, chalks, etc.).

and Ccnuacs Division, ORNL.

. Longman et al., Colloid Polym. Sa.BZ.M(IWd)
. Hendricks, Philos. Mag. 30, 819 (1974).

S Lin et al.. J. Appl. Cryuallogr. 11, 621 (1978).
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SANS FROM COAL SOLUTIONS

B. E. Maxwell’ H. R. Child
.A. H. Narten'

Coalz chemists have used several methods o
determine molecular weights of coal and coal
derivatives which were originally developed for other

 systems. These methods include vapor pressure

osmometry’ * and gel permeation chromatogra-
phy.** However, the method believed to be the most
reliable, although too expensive and time-consuming
for routine work, is the measurement of the density
gradient by optical means during ultracentrifuga-
tion.* This method has been :oupled with ultrafiltra-
tion to separate the coal solutions by particlesize. Itis
known that SAS of cither x rays or neutrons can
provide weight-averaged mclecular weights ..
We have conducted preliminary neutron sczttering

experiments on coal powders and solutions to

investigate this method of determining M,. The
powder samples, although yielding a large signal,
were subject to uncertainties because of voids and
pores that may be present in the sample.” To
climinate 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; (1) toluene pyrolysis in 1:1 at 400°C
for 4 min (designated run No. 596); (2) Na/K
reduction in glyme/triglyme quenched with H0,
after which the base soluble portion is collected
following centrifugation, acidified, and dried (003);
and (3) Na/K reduction in glyme/trigiyme, H,O-
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-pyridire and ultracentri-
fuged at 20,000 rpm for 1 h.

We have used the word “molecules” in the previous
description, but this concept is not proven and, in

-

. Debye, H. R. Anderson, and H. Brumberger, J. Appl

a0 B\ * 603

[\‘ o 596

E o\ ° 598

A : 602
Exf
T »
-]
oy 3
° s p
5 e ]
520 | >
% o p
¥ 3 E
2 o ]
> ]
X 4 3
:CO:— 3

fact, a long-term purpose of these experiments is to
determine if such a concept is valid. A terminology of

microparticle or macromolecule might be applied -

with equal validity.

Neutron SAS data were collected 2t the ORR,

using the new 5-m SANS facility at an incident
wavclength of 482 A The K=4xsin8/A rangewas6
X 10° < K<5%10” A" The data werecorrected for
the sample tranvnission, background, and sol-
vent/sample cel! sealtering and were converted to
sbsolute macruscopic cross sections by munmng
the incident beam intensity.

Ourunalyﬂsoflhedauubuedonlheobsermm
that the scattered intensity can be represented by the
square of a Lorentzian function plus a constant. The
solid lines in Fig. 5.3 arc least squares fits 10 this
functional form. Such a dependence has been
predicted” for particles having an autocorrelation
function v'r) expressed by

HAry=e™, g )
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Fig. 5.3. SANS intensities from coal solutions vs K. The solid
curves are least squares fits (o the data of Eq. (2).
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where a is correlation distance and is 2 measure of
the size of the fluctuation. For this -y(r)themlmsuy

is given by
Rk) = ROY} + Ka]? , @

which is the observed functional formm. We obtain
KO), a, and a constart background by least squares
fits to the data. Pmiclcsizcisoﬂmexptenedili
terms ‘of the radius of gyration® R,, which can be
cvnluated from 7{r) amalytically in this case,
= 6a”. This R, conccpt is well defined only for a
low-dcnsn) system of randomly oriented identical
panticles; and. if these conditions are not valid, R,
must be considered as an average over the size
distribution. It can be shown that R, is weighted
more heavily toward the larger particles.
The weight-averaged molecular weights M, arc
related to KO) by’ -

SR T I A T ST ko e
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Our results for n, showninTable 5.2, 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 measurcments at this facility,
we are pushing the capabilities of the machine close
to lhe limit. In addition, the interpretation of n is
open to question on fundamental grounds because
the coal solution might be expecied to contain a
range of sizes of molecules. A much wider rangeof K
is beyond the capacity of this machine at present.
Future experiments are planned on various solutioas
as a function of concentration to attempt-to utilize
and refine the cxpemnénul techmque to its fullest
extent.

1. Chemistry Division, ORNL.
2. B.S. Ignasiak,S. K. Chhbnmy and N, Berkowitz, FuelS7.
507 (1978).

X0) = Kie™ %10) ‘ SO 3 KW-Chung L L Andenon.ana W . Wiscr, Fiuel $8.847
(
4. H. P. Hombach, Ph.D. disseration, Westfalischen Wil-
with hefms-Universitat 20 Munster.
5. J. W. Larsen and P. Chondhurg, J. Org. Chem. 44, 2856
(1979).
%o)z Nepc(l - Wn(Fs — Ealiv. @) ":ﬁ;. S. Higgi . and R. S. Stcin, J. Appl. Crystaliogr. 11, 49

where N, is Avogadro's number, W is average atomic
weight per atom, p is density of solution, ¢ is
concentration of coal “molecules,” n is number of
average atoms per coal molecule, and Fu and Faare
the average scattering amplitudes per atom of the

7. J.S. Lin et al.. J. Appl. Cryualiogr. 11. 621 (1978).

8. P. Debyec and A. M. Bueche, J. Appl. Phys. 20. 518 (1949).

9. A. Guinier and G. Fournet, Small-Anglc Scatrering of X-
rays, John Wilkcy, New York, 1955.

SANS STUDIES OF A COMPATIBLE

coal and the pyridine, respectively. For devterated POLYMER BLEND, ATACTIC
pyridine, F3 = 0.691 X 10”*? cm and Fa can be POLYSTYRENE-POLY(2,6 DIMETHYL
calculated from the clemental analysis of each coal _ PHENYLENE OXIDE)'
G. D. Wignall  H. R. Child

sample. The observed value of %-(0) is divided

by the known values in Eq. (4) to yield the number
of average atoms per coal molecule n» and then,

i nwz nw.

F. Li-Aravena’

In recent yecrs the SANS technique has been
increasingly used for the study of chain configuration

Tabie 5.2. Comperison of cos! solutions in devterated pyridine

Sample Analysis per Concentration Z’l— ] Ry n My
run 100 C atoms (%) A (4]
(em’)

ilinois No. 6 vitriniie Cic B sN1.4S160100
596 (PCS-114) CraoHe9Ne.18010s ¢ 42 16.3 144 2Ix100  1.5x10°
598 (CS-1V-6) CiooHse.1N14S040s 0 485 9.93 £2.3  1gxi10' sixto
602 (NCS-1-B) CinH101.4N1.180403.4 0
603 (NCS-1-A) CioM90.1N1.180901.3 1.69 254 226 65X 10 4.6x10
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in bulk amorphous’ and crystalline polymers*'in the:
melt and solid swate. Samples analyzed by ths
technigue are made up of a host polymer matrix in
which a2 small number (~4%) of isotopically
substituted (tagged) polymer molecules are dis-
persed. The difference in coherent scattering length b
between D and H results in 2 marked contrast
between hydrogenated and devterated 1 )lecules.
TthANSmhodsmﬁmuudto igate
polymet compatibility by Kirste, Kruse, and for
both incompatible and compatibic blends. The
majority of chemically dissimiler polymer pairs are
incompatible, and techniques (differential calorime-
try, optical microscopy, etc., hitherto used to probe
this phenompn arc semsitive (0 MacrosCopic

fluctuations in composition, from which compatibil-

ity at the scgmental level must be inferred. Further-

more, the technigues do not provide informationon

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 Schelten’
used this technique to demonstrate that polysiyrene
and poly-a-methyl styrene formed a truly compatible
mixsure. This communication reports the results of
an investigation on a pciymer 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 minimizethe
contrast due to any residual voids in the system by
means of partial canc "ation between the scattering
lengths of C (bc=0.60.  '0"'?cm)and H (by=-0.37
X 102 cm). Foreachsa.. :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 blencs and the
blank were each measured over a 32X 32 arrayfora

- period of ~ 16 h; after cosrection 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 102 A < K= (4n/A)sin0<
0.035 A™'. These intensitics 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 3, of the tagged molecules were obiined,
swspectively, from the slope and intercept of Guinjer
plots (/' vs K?) of the scattering data (see Fig. 5.4
and Tavle 5.3). It is clear that the molecular weights
measured by SANS and osmometry are equal within
the experimental error (~20%). Schelten et al’®
showed rhat deviations from a statistical distribution
involving less than one monomer unit in 1000 would
cause Ip to exceed M, by afactor of ~100. Thus the
close agreement recorded above confirms that a
statistical distribution of DPS in PPO bas been
achieved. This conclusion is similar to that resulting
from extensive studies of compatibility made on this
system by conventional techniques” ' and confirms
that information on the compatibility of polymer
blends on a segmental level can successfully be
inferred from thesc techniques.

The dimensions of DPS in PPO are close 10 the
dimensions of DPS in PSH,’ although a small

ORNL-DWG 79-14932
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6.1% DEUTERATED POLYSTYRENE |
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Toble 5.3. Measured values of Xo and R, = (')}

for DPS i PPO’
Sample R =N bR
(wt & DPS) A ®
6.1 98+ 20 M 15x%10°
42 100 £ 20 @2+ 22)x 10’
23 100 + 20 (90 + 20) x 10’

*Tagged molecules (DPS), M. =97 10°. M. M, = 1.}, matrix
(PPO) M. =464 10°. M.: M.=2.7:and R, of DPS in PSH is
8590 A.

expansion of the chain cannot beruled out within the
experimental crror. The variation of X, with
concentration indicates a posmve second virial
coefﬁcnntmlhemngelx 10° < 24, < L5 X
107/ mole g ’cm™

1. Summary of paper 10 be published.
2. Guest scientist from Comision de Energia Nuciear, Santiazo,
Chik.
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SANS INVESTIGATIONS OF
IRRADIATION-PRODUCED VOIDS USING
THE ORR SANS MACHINE'

S. Spooner’  W. E. Reitz’
H. R. Child

The SANS technique can be used to advantagein
the investigation of void structure produced by
reactor irradiation because the method is essentiafly
nondestructive and the interfering effects of gamma
radloacuvuy 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 Jow by comparison with other

RS SO
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SANS machines in the United States or Europe.
Second, .mple dimensions \.ere not optismized.
Nevertheless, .ome 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 7 -:m of microtensile specimens that had been
irradiated at several temperatures and fluences inthe
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 be~kground was
distinguished from neutron scattering by putting a
Cd sheet in the incident beam, thus blocking ncutron
scattering from the voids. The void scattering was
casily scparated from gamma and instrumenta:
background only at small angles. The apparent size
of voids in these samples was such that it was not
possible to establish clearly the Gaussian form of
scattering in the small-angle range of data measured.
It was found instead that the ccattering curves
conformed closely to a K™ dependence. Thedataare
plotted in Fig. 5.5 in which the straight lines show the
K™ behavior. Under these circumstances the struc-
tural information that . suld be obtained from these
data was limited. An estimate of the Porod radius

(square root of the second r..oment) was calculated

INTENSITY (orbitrory units)

from the ratio of the invariant Qo[= £~ K*A K) dK]
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Fig. 5.5. Neutron scatiering from voide in Nb~19; Zr srnples
that have been doped with 134 ppm He. The radiation dose of each
sample is measured by the displacements per atora (dps).
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to the Porod comstamt P [= K*AK)]. The void
fractions were calculated from O» afier absolute
calibration of the scattering intensity with the
incident beam intensity. However, the valves
obtained are subject to lxcge errors. It may be
recorded that the trends of the void fraction follow
fairly weil the densometric determinations made
cisewhere. At this point in the analysis, it can be said
that wrends and magnitudes of the void structure
parameters have been established and that continua-
tion of the work on the HFIK SANS machine is both
feasible and promising of detaifed resuits.

A 304 stainless steel specimen taken froman EBR-
Il control-rod thimbie presented another kind of
problem which may represent an important limita-
tion in the study of urradiated stainless steel. The
SANS study of this specimen has shown 2 large
scattering and possible interference peak in the
scattering distsibution. It is known that various
mtermetallic phases including carbides appear in
neutron-irradiated stainless steels and that there are
several possible sources of scattering: (1) voids, (2)
nonmagnetic precipitates, (3) magnetic carbides, and
(4) muitipl~ scattering.

In recent experiments on this specimen, a magnetic
field was employed to determinc the possibility of
scattering from ferromagnetic phases. The principle
of this experiment is that magnetic scatering
vanishes for scattering vectors parallel to the
magnetization so that the difference in scattering

with and without field yiclds an cstimate of the

- amount of ferromagnetic phases present. However,
no response with applied field could be measured ata
statistically sugmﬁcant lewe’ -

The scattering data were tien examined in terms ol’
void scattering. A most unlikely result was derived
from the calculated scattering invarant Q. After
calibration of the scattering, it was found that the
apparent void fraction was many times higher thana
physically reasorable vilue.

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 scatiering, and the
multiple scatr~ring possibilitics need to be evaluated.
Multiple scattering from voids in stainless steel may
b 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
iradiated specimens. A general cumputer program is
needed to calculate the effects oo muliiple SAS.

1. *.eummary of paper to be publiched.
2. Conssltant from Ge gia Institwse of Technology. Alh-n.
3. Georgm lustitwee of Techaology- Atlanta_

SANS ANALYSIS OF THE DECOMPOSITION
OF Ma—40% Cu ALLOY

S. Spoonu' E. R. Vance’
H. R. Child :

Tbefccsolil m:mtueoiun-mhun-(:n

cventual decomposition into s Cu-rich gamma phase
and virtually pure. Mn can be preceded by what
appears to be a precipitation or clusiering of Mn

‘zones. These ensiched zones have been shown to

undergo a low-temperature transformation from
cubic to tetragonal structure which is accompanied
by a paramagnetic to antiferromagnetic transforma-
tion. To date, the precise form ol the clustering or
precipitation reactions in the solid solutions has not
been clucidated. 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 molx,uon 1o give
detailed structural informatior. Ixfvise present sindy
samples of polycrystalline Mn—40% Cu alloys were
annealed at 350, 450, and 550°C for 2 h for study on
the ORR SANS machine. Data were collected with
both short- and long-path configurztions so that
scatiering 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 scatiering 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 stronglyenhanced.
The scattering seen for 450 and 550°C annealing is _
interpreted qualitatively on a model of competing
decomposition processes: (1) precipitation of a large
zone (possibly pure Mn) and (2) precipitation of




¢ s s e s e sesreamert Vvl T

Seend

o,

S

!

40 /40 DFFEMEINTIAL CROSS SECTION | .ume/sterodions)
%

%

g

)

%

. ik
Fg. 56 Mﬂ“uﬂ*km
Cu alloys quenched and thes sanvaled for 2 b at 350, 459, and
s C.

small Mr-rich zones in response 10 a metastable
miscibility gap. The first process yielding large
_precipitates would only give rise 10 scattering scen at
the smnllest angles, and the scattering might take the
form of K™ dependence appropriate 1o the Porod
limit of scastering. The scattering from precipitates

. coming from the second process would be seen at

larger angles. The appearance of an intensiy
maximom is most likely due to a solute-depleted
region surrounding the precipitate, and 3 size
estimate could be made from the determination of the

- Porod radius.

A rough calculation of the integrated scattering Oy
attsibutable to the small precipitates was made on the
scattered intensity with cosrections for the K™
scattering appearing at small angles. The integrated
scattering o obtained for the sample annealed at
450°C was much larger than the same quantity at
550°C. The Porod radius calculated for small

. precipitates is approximately 30 A at450°Cand 60 A
at 550°C. The Porod radius is define d as 0w/ P, where
P= K'KK), in the region where P is constant. Since
th K™ intensity is much larger at 550°C, the
fokowing interpretation is made. Alloy decomposi-
tion at $50°C proceeds primarily by the precipitation
of large (probably pure Mn) precipitates, but
precipitations of small metastable zones can occur
10 a lesser extent. At 450°C the principal mode of
decomj.osition is precipitation of the small meta-

]
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stable zones. [t appears that study of the decomposi-
tion process at 450°C and below in these alloys will
yield information on the metastable miscibility gap
with relatively little interference from the second
precipitation process.

1. Consultant from Georgia Institute of Technology. Agiuu.
2. Pennsylvania Stare University. University Pask.

MAGNETIC SANS FROM Feu Ak
H. R. Child W. C. Kochler

The complex magnetic behavior of Fe-Al shightly
off stoichiomeiry from the FeyAl phase bas recently
been investigated by neutron scattering.’ An irregu-
lar piece of the sample was used for preliminary
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 polycrysialline
sample of similar but not quite identical heat
treatment. The sample had the nominal composition
of FeosAk3 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 =
(4w sin 8)/ A values vs temperature. The FearAls has
been found to be ferromagnetic below ~400 K,
paramagnetic below ~170 K, and mic? magnetic
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 spevinen.
{We plan to characterize the sample more completely
by wide-angle scattering and magnetization measure-
ments.) We believe that the large _symmetric peak al
200 K is associated with the “inverse Curic tempera-
ture” proposed™’ for this material, at which tempera-
ture the ferromagnetic phase becomes paramagnetic.
The sizes of the ferromagnetic clusters found by
neutron scattering’ apparently are altered dramati-
cally at this temperature. The clusters seen in the
SANS measurements are much larger than the ones
seen in the previous wide-angle neutror 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 temperature at
which a maximum is observed is different for each
value of X. This has also been observed for spin glass
mater:als’ and, in fact, appears to becharacteristic of
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them. These maxima in the spin ghsa are
interpreted as the freczing wmpenuuc. which have
the property of a K-dependent ordering temperature.
The intensity near the peak at 200 K does not seem to
follow the Lorentzian form onc expects for fe:-Tomag-
netic disorder scattering,’ and this behavior has also
been scen for spin glass alloys. It probably indicates
the presence of a distribution of sizes of the magnetic

clusters. The application of 2 magnetic field of 0.4T
was sufficient to climinate almost all smalle
samenn,g in the observed region of K from7X 107 10
0x07A Thesamplemappamuymvmd
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 K than at 200 X or zbove.

We conclude that there are probably two phenom-
ena occurring in this matesial: /1) the inverse Curie
temperature at which the ferromagnetic to paramag-
netic phase change occurs and (2) the simultaneous
presence of lasge clustiers that freeze out at lower
temperatures. Further study will be necessary to
understand this complex magnetic material.

1. J.W.Cabic, L. David, and R. Parra, Phys. Rev. B 16, 1132
(19,
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2 A Aot smé H. Seta. Phys. Rev. 134, 1428 (1959). -

3. R D. Shull. H. Okamots, and P. A Beck, Solid Sase
Commun. 20863 (19%).

4. R P. Mucass., J. Appl Phys. 8. 1604 (1978).

5. S_F. Edwards and P.W_Asdcrson. J. Poys. F. 5. 965 (1975).

INVESTIGATION OF THE EFFECTS OF
- APPLIED MAGNETIC FIELD ON SANS
FROM DEFORMED STAINLESS STEEL

S.Spoomer’ H_R.Child -

MMMBMM
but can be remdered pastinlly ferromagmetic by
mechanical defonmation. Deformation in excess of
Mmmdmbmthm~
maricasite-Nke phase, the amownt of which increases
mua«mmmm;mm
formed s plaselike, with the plate oricatatios.
dm“&emmdﬁ:dm
shear. The SANS has been fosad” 1o be veryintense,
with the scatiering at s fixed angle proportional o
the third power of 1% deformation strain. To learn
mose sbout the origin of this scatiering and the
behavior of the manensite phase, SANS studies were
made with 2 magnetic ficld applied to stacks of rofled
stamiess steel sheets.

mwmwwmm
in the ncutron beam, with the rolfling direction
vertical and the sheet normal peraliel to the incident
beam. The magnetic ficld was applied n the
horizontal divection ax/! was also perpendicular o
tion is directional and depends on the angle between
the diffraction vertor and the magnetization vector.
Thesatlermgmyuafmdm;ugkn
expected 1o exhibit a sin’a dependence, with a being
the azimuthal angle measured on the two-
dimensional area detector.

In Fig. 5.8a the radial scattering imtensity averaged
over the azimuthal angle at a fixed K shows a
reduction in scatiering upon application of the
magnetic field. This observation is expected from the
eflect of the alignment of the sample magnetization.
Figure 5.8b shows the variation of scatiering
intensity at a fixed K with azimuthal angle for zero
field and H = 2.0 T. A sin’a dependence & shownin
the field-on curve although the intensity does not go
to zero at 0 and 180°. This may be caused by a spread
in the divection of the difiraction vector due tofinite
resolution at small scattering angles or by nonmag-
netic scattering sources. At zero applied field the
muenngmnyumcmud but there remains 2
sin’a dependence of the same magnitude seen with
the applied field.
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We believe that the angular variation is caused by
scattering from ferromagnetic precipitatesthat retain
their magnetization when the field is reduced to zero.
We plan to repeat the experiment with the sample
sotated 90° about the incident beam axis. We expect
that the azimuthal variation will stayfixedrelative 1o
the applicd ficld direction. If it rotates with he
sampie, the conclusion would be that the particles
have very high magnetic anisotropy or that the

~ scattering is coming from nonmagnetic precipitates

The strong increase in the angular mdependent
scattering when the field is reduced to zerois thought
to be caused by magnetic domains that are swept out
at high ficlds. The probable source of the scattering is
the domain walls. Multiple refraction of the incident
beam in traversing many domains may also be
responsible for this effect.

I. Conevltsnt from Georgia Institute of Technology. Atlanta.
1. S. Spooner and H. R. Child. Solid Srave Div. Prog. Rep.,
Sep1. 30, 1978, ORN L5486, p. 154.
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LATTICE DYNAMICS

OBSERVATION OF A CDW IN o-U
AT LOW TEMPERATURE'

K. G. Smith R. M. Nickiow
N. Wakabayashi  G. H. Lander’
W.P.Crummett’  E. S. Fisher’

Almost 20 years:  ~.anomalies were first reported
in the clastic consiants of a-U metal at low
temperature.* Since then, a great varicty of experi-
ments have been yndertaken to ejucidate the nature
of low-temperature pha<> transition at ~43 K, but
with little sucress, except to present a wealth of -
scemingly contradictory evidence.”” We have per-
formed ncutron scattcring experiments that show
that a superiattice results from a condensation of a
soft LO phonon ncar q = (172, 0, 0) at low
temperature. We have. tetatively associated this
PLD as evidence of a CDW state, akhough we do not
know the clectronic origin of this distortion.

Inerestingly, the wave vector of the CDW appears
commensurate with a lattice sfightly (0.49%) expanded
with respect to the fundamental o-U lattice but
coexisting with the .a phase. We do not have a
complete cxplanation of the nature of this crexis-
tence; however, the problem s reminiscent of that
found in the w-phasc precipitation in the Zr-Nb
alloys.” andwehavcmadesomeprogtmm
understanding the position of the CDW peaksina-U
by using concepts recently advanced to understand
.the w-phase alloys.”™

Because the most dramatic anomalies occur in the
elastic constants, sp.cifically ¢y;. the present experi-
ental program started with a neutron inclastic
scattering investigation at ORNL of the phonon
dispersion curves along the principal symmetry
directions at room temperature.’’ The most interest-
ing curves are those in the[ 100] direction reproduced
in Fig. 5.94. Here we sce that the freqmency of one of
the 24 branches is very low near g =[1/2, 0, 0]. The
cigenvector of this mode is (i, 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. The observed neutron intensitics near
q = [1/2, 0. 0] indicate that, for this wave vector,
the mode predominantly consists of optic-like x-
direction duplacemcnu Its temperature dependence
is also showr.'” A central yeak begins to appear
around 60 K and grows very rapidly below 40 K (see
Fig. 5.98). Under these conditions, it becomes very
difficult to separate the elastic from the inclastic
scattering without employing very good resolution,
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which, in turn, reduces the intensity. Nevertheless,
indications arc that the dip m the X4 LO branch does
not collapse to zevo energy but has a minimum at 0.4
THz (1.6 McV). Measurements of other phonon
modes, such as X, and X;, revealed no anomalics near
the zone center at low temprratures. Figure 5.9¢
shows high-resolution elastic scans near the(1.5,0, 1)
position as a function of temperature. All the
superlattice reflections occur close to the positions
(h+ 1,2, k.I)corresponding to the condensation of 2
phonon mode near g =[1/2, 0, 0]. 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 dumpuon in
terms of the new unit cell is space group Dl — Pmnm
(origin at center of symmetry), Z = 8, with atoms in
&Y. e, 30 18, X1 2—¢, 33, 1/ 8), Na): (1 /4, y3.
1:8); Ub). H(1/4, y5, 3/4). The term ¢« 2 0.001 and, at
this stage of the investigation, y; and y; are taken to
be 1/2 + y;, and 1:2 — yy, respectively,

We now turn (o the wave vector of the CDW. In
Fig. 5.9c the peak position at low tempemme is
slightly less than([.5,0, 1), that is, at (1.5 — 78,0, 1).
If the reflection corresponded to an momunmumc
CDW, we should expect a peak at (2.5 + %38,0, 1) so

that the two peaks are equidistant from the point
(2, 0, 1). However, this is not found experimentally.
Rather, we find the peak on the high side of (2,0, IXto
be closer to (2.5 — %8, 0, 1). A detailed analysis,
which has considered resolution cffects, of the
positions of a large number of superiattice reflections
((h+ 1/2) () — 8), k, ) in both zones seems to show
that the wave vector is commensurate, g=[1'2,0,0],
with a lattice whosc lattice constant 4, s slightly
larger than twice the original lattice constant g,. We
find that

/26, = | + 8= 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 31 K, a most unusual situation.

The shifts in the weak reflections may be due to
discommensurations.’”** One such model was vsed
by Horovitz, Murray, and K rumhansi’ to explain the
rather unusual diffuse scattering observed in some
Zr-Nb alloys, in which a diffuse o phase coexists with
the bec 8 phase, in terms of narrow “stacking
solitons.” The o phase is thought to “feel” the
perturbating potential of the § phase. We have
applied these ideas 10 the problem of the wave vector
in a-U with some success. Consequently, from our
experimental duta, it sppears thst the atoms want to
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hdﬁphcedsﬁghlyfmmthecrymnognplicmirm
plancs at x = 0, causing a lattice expansion
incommensurate with the « kattice. The results of our
mode! calculations, based on the one-dimensional
formalism of Horovitz, Murray, and Krumbansl,’
are in semiquantitative agreement with the observed
data. The weak superiattice reflections are shifted to
lower q values, in quantitative agreement with the

-shift &, and the fundamental peaks are shifted to

higher q values, which are still below the a-phase
peaks (Ah = 0.005 for the (2. 0, 0) reflection). The

~ valoe of the parameter A we axed (A = 0.98) is very
" differcnt from that used in the o-phase problem

= oz)mmmdwmdmm

. Jarge valoe of A corresponds to wide “stacking

solitons, ™ and the phase shift varies siowly over many
unit cells rat’.c1 than over & parrow region as in the
Z5-Nb system. The calculations omit any coberens

“relations between the o and o’ regions and, therefore,

-+ predict two(2,0, U)vuhmlymmed contrary

to observation. This prediction may merely reflect
the limitations of the one-dimensional model. An
altermative explanation (unproven here) s that
coherent relations exist between the o« and o regions
such that they contribute coberently to the funda-
mental peaks. Such a model would probably involve
a more complex arrangement of the discommensura-
tions than has been proposed here. Additional diffuse
scattering'’ at low temperatures also indicates that
the structural distortion may be somewhat more
complex than kas been described above.

In conclusion, we belicve that the present results
represent a major step forward in understanding the
properties of a-U at low temperature. This material is
also a supesconductor with 7.~ 0.1 K, but 7.can be
rzised to ~2 K with modest pressure,’ an clevation
that aiso inhibits the a-a’ transition at 43 K. We plan
io study the soft mode and superlattice formationasa
function of pressure in the near future. Although the
formation of a superlatiice in a-U is well established
and is discussed in terms of z CDW, the exact
relationship of the wave vector t. the fundamental
lattice is an intriguing, new problem.

1. Summary of paper (o be published.

2 Baptist College of Charleston. Chariesion. S.C.

3. Argonne Nations! Laboratory, Argonne, Jil.

4. E.S. Fsher and H. G. McSkimin, Phys. Rev. 124, 67(1961).
E. S. Fisher snd D. Dever, Phys. Rev. 179, 607 (1968).

3. For genernl reviews, see 3 number of chapters in Thw
Actinides: Electronic Siructure and Related Proprriies. ¢d. by A.
J. Freeman and J. B. Darby. Academic. New York, 1974. T. F.
Smith and E. 8. Fisher, J. Low Temp. Phys. 12, 63) (197)).

6 C. S Bervet, M. H. Mudlicr_ and R. L Hicrerman, Pors
Rev. 129, 625 (1963).

7. G. R. Landexand M_H_ Muclles. Acse Crysaaliogr. B 2%, 129
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Supercondictivity in d and { Band Metals (a 12ble of obsesved aod
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mdmauwm ~ 197 (im press): AIP
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Nmonmmnnm
IN MAGNEITTEDUETO
MOLECULAR POLARONS'

Y. Yamada® N. Wakabayashi
R. M. Nicklow

A detailed study on neutron diffus- scattering has
been carried out to verify a model that describes the
property of valence fluctuations in magnetite above
the Verwey tramsition 7,. This model assumes the
existence of 2 molecular polaron complex composed
of two excess clectrons and a local displacement
mode of oxygens within the foc primitive cell. It is
assumed that at -sufiiciently 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 polaron is assumed to
be long znough to induce an instantancous strain
ficld 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
150 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: Physical Review (in press).
2. Guest scientist from Osaks University, Osaka, Japan.
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PHONONS IN TRANSITION METAL ALLOYS

N. Wakabayashi F. Brotzen' Y. Noda'
: H. G. Smith B. Higuera® Y. Endob’
- Y. Vakai’

metal alloys have been measured by neutron

“scattering techniques, and the resuits are summarized

FanVen

mphnmdispuﬁonwvaaf&hwbeen'

_‘studiedqmencmwlymthcm while those for
-V could not be measured by meutron scatiering
“techniques due to its extremely low coherent
‘*'sauermgmmfotm'lhd’on.thc

Sl dsmmd\'wuu'ﬂummdmﬁmtyby
‘ ~'atmmgthet!ﬂmn!dﬂmmofxuys,

- and they scem toshow rather anomalous features not
unlike those for Nb and Ta, in particular, rather low

‘;fmqm!orth:LMIIO)mode.mthe

- atomic masses for V and Fe arc similar, the
differences in the phonon dispersion curves in these
. metals are dee to the difference in the number of the
_valence electrons. In order to obtain more informa-
tion about the role of the valence clectrons in
determining the phonon dispersion curves of these
transition metals, the phonon dispersion curves of
bee Feasz Vais were measured, and some of the results
are shown in Fig 5.10. The changes in the dispersion
curves from those for Fe are rather small in view of

FREQUENCY (THa)

o
0 02 04 06 08
REDUCED WWE VECTOR

10 0 0.2 0.4

us:lo. Phonon dupersion curves for FeepaVa.is. Solid and
devhed lines indicate dispersion curves for Feand V. respectively.
The curves for the 7 mode in these metals are nearly indistin-
guishable.

9

the fact that the addition of V reduces the number of
the valence clectrons per atom by nearly ome. A
similar change in electron number results in signifi-
cant differences in the phonon spectra of V and (..
This result may indicate that the clectron-ion
interactions are much weakerin FethaninVand is
ahomnhd:sluxmmofmﬂm '
interaction in Fe comparcd with that in V, as deduced
from the interatomic f.ice constant analysis of the
dispersion curves of these metals.
FesaNiess
This invar alloy is known to cxhibit a softening of
the 7; (110) mode as the temperature is lowered.” In -
mmaammm
phonon wldul; were  observed - eashier.. High-
mdmmwfumdmgthrtrmb-
axs sper.tmm at the HFIR confi.med these -
pl:nanﬂu,whchmybelehwddocely
wthemrpropmu,mpanmnhr to the negative

1thermalexpansmcodfm'atluwmmatm

Feulhu

Althouzh the thermal expansion cocfficient of this
alloydouuotbewmenepﬂvc,lthzsanunmnal
temperature dependence below the Neel tempera-
ture. The dispersion curves do not exhibit very
anomalous features, and a modified shell model
involving interactions out to the second neighbor
seents to reproduce the data satisfact.rily.

T.I; =z

Significant advances made recently in constructing
microscopic pictures of lattice dynamics for tran-
sition metals may soon make possibie the calculation
of phonon dispersion curves from the knowledge of
the clectronic structures of various trarsition metals
and alloys. In fact, a recent attempt by Varma and
Weber’ has been rather successful in reproducing
anomalous features of dispersion corves'® for the
system Nb;-.Mox (x = 0-1). In order to gain more
confidence in this nearly first-principles calculation,
one would like to perform a similar calculation ona
slightly different system and compare the result with
experinental data. As an example of such asystem, a
5-d transition me:al alloy system, Ta;-,W,, was
chosen, and the phonon dispersion curves have been
measured for x = 0,23, 0.50, 0.67. Some of the results
are s :mmarized in Fig 5.11. As the W concentration
is incrcased, the anomalous features in the Ta
dispersion curves graduslly 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
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Fig 5.11. Phonon dispersion curves for Te-W alloys. The lincs
represent results of seven-neighbor Born-von-Kirmén model fits.

the microscopic origin of the phonon anomalies in
transition metals.

I. Rice University, Houston, Tex.

2. 1979 summes seseasch pasticipant from Rice Ugiversity,
Houston, Tex.

3. Guest scientist from Osaka Univenity, Osaka, Japan.

4 Guest scientist from Sendai Radio Techncal Colleg.
Sendai, Japan,

5. Tohc.au Univenity, Sendai, Japan.

6. B. N. Brockhouse, H. E. Abou-Helal, and E. D. Hallman.
Solid State Commun. 8, 211 (1967); V. J. Minkiewiez. G. Shirane.
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and R. Nathans, Phirs. Rev. 162. 528 (1967). C. van Dijk and J.
Bergsma, p. 223 in Newtron Inefastic Scattering, IAEA, Vieuna,
1968.
7. R. Colella and B. W_ Batterman, Phys. Rev. B1. 13 (1970).
8. For a review of the lattice dynamics in invar alloys. see Y.
Endoh, J. Magn. Magn. Mater. 10. 177 (1979).
9. C. M. Varma and W. Weoer. Phys. Rev. B19. 6142 (1919).
10. B. M_ Powell, P. Martel. and A. D. B. Woods. Phrs. Rev.
ITI. 727 (1968).

SOFT PHONONS IN hep Tc
H. G. Smith  N. Wakabayashi

Earlier measurements of the phonon dispersion
curves of hep Te (a superconductor with 7, = 7 K)
revealed the existence of anomalously low Jrequency
optic modes having polarization vectors paraliel to
the c-axis. To obtain further information about the
nature of these soft modes, the temperature depend-
encies of the dispersion ctrves have been investi-
gated. The results for the phonons in the (001)
direction are summarized in Fig. 5.12. The LO mode
frequency at the I'-point is nearly degenerate with the
TO mode at room temperature. As the temperature is
lowered, the LO mode softens dramatical.y while the
TO mode remains virtually unaffected. Although no
phase tranmsition is known to occur below room
temperature, this soft mode may be an indication of
an incipient lattice instability associated with 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

B(1 - cos )’
1+ C(J ~cos nl)

4" My = Al — cos wl) —

where Misatomicmassand 4, B,and Crepresent the
nearest-neighbor ion-ion interaction, ion-dipolar
modulation coupling, and the dipolar-dipolar cou-
pling, respectively. As one canseefrom the solid lin s
in the figure, the temperature dependence can b:
reproduced very well by varying the C parameter
few percent. Thus, the soft mode may be a
manifestation of the laltice instability caused by the
coupling between dipolar modulations. Interestingly,
the anomalous longitudinal dispersion curve for Xu
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 CeSns

C. Stassis’ . D. McMasters'
C.-K. Loong' R.M.Ni .low

In recent years considerable theoretical aad
experimental interest has focused on the unstable
valence behavio: observed in rare earth and actinide
alloys and intermetallic compounds. A consistent
theoretical explanation of the fascinating properties
of these systems will substantially furthes our
unde.standing on a fundamental level of the
electronic properties and ths <clectron-phonon
interactions in solids. Also, from a practical point of
view, it is hoped that the study of these systems can
vontribute to our understanding of catalysis (which
involves a valence change of one of the components
involved in the process) as well as of high T
superconductivity.

Although neutron scattering is an ideal experimen-
tal tool for the investigation of mixed valence
behavior in solids, few experiments have been

198

performed because of tke difficulty of growing single
crystals of these systems. Two years ago single
crysials of CeSn; 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
propertics of this compound.

Because polarized neutron experiments® provided
direct evidence for the mixed-valent character of

. CeSn;, a systematic study of the dispersion curves of

this compound along the [100], {110], and [I11]
symmetry directior.s was initiated. The most spectac-
ular feat—re of the dispersion curve: ol CeSn; is the
anomalous behavior observed alons the [111]
symmetry direction (Fig. 5.13). The longitudinal-like
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Fig. 5.13. Thep . on dispersion relation for the[) 11] direction
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optical branches are unusually soft and actually lie
below the corresponding transverse branches;’ also
noticeable is the very low frequency (~2 MeV) of the
TA[!111] zone boundary mode. Thus, the phonon
coupling to the valence fluttuation is sign.ficant even
at room temperature. Although the detailed experi-
mental results cannot be explained guantitatively in
simple terms, the effect of the clectron-phonon
coupling on the frequencies can be casily visualized,
Lecause 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 CeSny shows that the valence
fluctuation effects should be more pronounced in the
{111} direction, a finding which is in agreement with
the experimental results. 4 -uantitative analysis of
the experimental results in terms of present-day
theories* of mixed-valence systems is presently in
progress.

I. Ames Laboratory and lowa State University, Ames.

2 C. Stassis et al., J. Appl. Phys. 50, 7567 (1979).

3. Similar results were obtained in the study of the mixed-valent
Sm Y 3sS: H. A. Mook and R. M. Nicklow, Phys. Rev. B 20, 1656
(1979).

4. P.Enteletal., Phys. Rev. Letr. 43, 2002(1979). H. Bilzetal.,
Phys. Rev. Lett. 43, 1998 (1979).

LATTICE DYNAMICS OF Ni;Al

C.-K. Loong'
R. M. Nicklow

The properties of NiyAl are of considerable
technological importance because the high-
temperature strength of many Ni-base superalloys is
due 1o the temperature denendence of the yield-stress
behavior of Ni;Al In facy the yield stress of NisAl
increases® dramatizally upon raising the temperature

7om 77 to 900 K, and this effect was found to depend
strongly on the orientation of the single crystal
specimens. Because it has been suggested’ that these
properties are related 1o lattice effects, we initiated a
study of the lattice dynamics of Ni;Al on stoichiomet-
ric single-crystal specimens.

The dispersion curves of NiiAl were measured at
room temperature along the [100]. [110]. and [I11]
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 indepecndent force
constants) provides a satisfactory fit to the experi-
mental results, and the lattice specific heat added to

C. Stassis'
F. Kayser'
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the calculated electronic contribution is in quite good
agreement with the measured total specific heat of
Ni;Al. Thus, the room-temperature results indicate
that the temperature and orientation dependence of
the yield strength of Ni;Al is not directly related to
the lattice dynamical properties of the compound.
Therefore, it seems more likely that the temperature
and oricntation dependence of the vicld stress is du.
to thermally activated cross slip of dislocations from
the [111] onto [100] planes.

1. Ames Laboratory and lowa State University. Ames.

2 C.Lal. S. Chin and D. P. Pope. Merall. Trans. 10A. 1323
(1979).

3. R. G. Davics and N. S. Stoloff. Trans. Merall. Soc. AIME
3, 714 (1965).

NEUTRON SCATTERING STUDY OF H
DIFFUSION IN Th

W. A. Kamitakahara'
D. K hatamian'

D. T. Peterson'
H. A. Mook

The temperature dependence of the quasi-elastic
scattering from a single crystal of ThHo.i; 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 technigque to
obtain as high a signal-to-nuise ratio as possible. The
data have been compared with several models, and
the most obvious mod . in which protons diffuse by
jumps from tetrahegral 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 fowa State University. Ames.

MAGNETIC PROPERTIES

MAGNETIC PROPERTIES OF Nd'

R. M. Moon C. Stassis’
W C.Koehler  G. R. Kline’
B. Lebech? S. K. Sinha*

In the first neutron diffraction study of Nd, Moon,
Cable, and Koehler® discovered a complex diffrac-
tion pattern indicating modulated moment behavior
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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 (A * g. 0, 0) m 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 consderations, they reached the
interesting conclusion that the stable phase must have
a triple-q structure.

However, the more complex magnetic model of
Bak and Lebech still does not account for the trouble-
some peaks at (kX g, 0, 0). They proposed a strong
spin-lattice coupliag that would produce a periodic
modulation of tae nuclear positions and result in
nuclear satellites at (2 £ g, 0, 0). This proposition has
now b_en shown to be false, both by neutron polar-
izai;.on analysis experiments’ and by x-ray diffrac-
tion.” The polarization analysis experiments clearly
showed that the (1 — g, 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 paraliel to this new magnetic
component. That is, if 4 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' = q" b' p qL‘bl|é' .

Wefind that g varies from0.125at 7.5 K to 0.145 at
19.9 K, whileg, is0.003at 7.5K, 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
variablein this temperature 1ange. It is clear that the
magnetic structure is more complex than hitherto
imagined. The question of single-g or triple-g is
still open.

We have now ccllected a fairly complete set of
polarization analysis dawa on (h £ q, 0, ]) 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
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perpendicular to the g, directions. Preliminary results
indicate that a good fit will be obtained with an
extension of the Bak-Lebech 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 mearurement was done
by inducing a ferromagnetic component through
application of a magnetic field, measuring polaniza-
tion ratios on scveral Bragg peaks, and thendeducing
the moment on the cubic and hexagonal sites. A
calculated atomic 4f form factor in the dipole
approximation was used in obtaming the atomic
moments. Our results are displayed in Fig. 5.14. 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 two sites have the same sus~eptibility,
indicating that crystal field and exchange effects are
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Fig. 5.14. Atomic susceptibility of Nd for both crystal sites as
determined by polasized nemtron diffraction.

small compared to this temperature. Thereis a slight
cusp in both curves near the Néel point of 199 K
indicating that both sites are partially ordered below
the Néel point as in the Bak-Lebech model. It is
probable that these cusps occur at a slightly higher
temperature because of the applied ficld. 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 large: sus-
ceptibility. Below 7.5 K the magnetic structure
changes, with the major quantiiative change being a
much larger ordered component cn the cubic sites,
which is consistent with the rapid dscrease in the
cubic site susceptibility.

The crystalused in these experiments wiis grown by
O. D. McMasters of the Ames Laboratory.

I. Summary of papers: R. M. Moon et al., Phys. Rev. Leir. 43,
62(1979); R. M. Moon and W. C. Koehler, Journal of Magnetism
and Mngnetic Materials (in press).
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MAGNETIC FIELD DEPENDENCE
OF THE NEUTRON SCATTERING
FROM THE REENTRANT
SUPERCONDUCTOR ErRh.B,

H.A. Mook Z Fisk'
M. B Maple D.C. Johnston'

Because of its unusual magnetic and supercon-
ducting properties, the ternary compound ErRh.B.
has stimulated considerable interest. We have made
powder diffraction measurements on ErRh.P. placed
in a magneftic ficld. The sample was-held at a constant
temperature of 1.79 K, and measurements of the
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long-range magnetic order were made by examining

the strength of the (101) magnetic diffraction peak.
At magnetic ficlds 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 t0 506 £ 0.5usat 1 Tand 6.9+ 0.5,
at 2 T. The ordering is found to be fcrromagnetic,
with the moment oriented in the tetragonal basal
plane. The peaks are resolution limited, showing
long-range magnetic order of at [east 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 Jarlburg’ that, in
Jowering an extcmal 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.

1. University of California, San Diego.
2. A. J. Freeman and T. J, Jariburg, J. Appl. Phys. 50, 1876
(1979).
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Fig. 5.15. Magnetic intensity of the (101) reflection from
ErRRB, as a function of an applied magnetic field. Arrows
indicate the direction of change of magnetic field.
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NEUTRON SCATTERING STUDY
OF REENTRANT SUPERCONDUCTIVITY
IN HoosFro.RhB,

H. A. Mook M. B. Maple'
W. C. Koehler  Z. Fisk'
D. C. Johnston'

Since the discovery of reentrant superconductivity
in ErRh.B.* and Ho:2M0sSs.’ the ¢ has been a great
deal of interest in the nature of the superconducting-
magnetic transition at the lower critical temperature
T.2. The pseudoternary system (Er;-,Ho)RhiB, is a
particularly good testing ground for theexperimental
and theoretical studies of reentrant superconducting
behavior. HoRh«B. becomes a ferromagnet at low
temperatures, ordering directly from the paramag-
netic normal state. The material orders along the ¢
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.’ ErRh.Bs
is a reentrant superconductor with an upper and
lower transition temiperature of about 8.7 and 1.0K.
It orders ferromagnetically at the Jower transition
temperature in the basal plane with a moment of
5.6 us, and considerable precursor scattering is again
found above the ordering temperature.’
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Our measurements on the superconducting-mag-
netic transition in HoosEro.RhiB: show that the
material ordersin a very different mani.2r fromeither
ErRh.B: or HoRh.B.. Figure 5.16 shows the mag-
netization as measured from the strength of the
(101) magnetic peak plotted vs temperature. We sce
little, if any, critical or precursor scatteringabove 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 found in the magnetization
developed at a given temperature The transition
appears 10 be first order, which is ihe expected

. behavior when superconductivity is destroyed by z

macroscopic magnetic field. The magnetic ordering
was found to be ferromagnetic with the moment
along the ¢ axis. The moment value is about 5.0
0.5u5 2t 1.6 K, a value considerably below the free
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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 (Er,-,Ho.:)Rh.B. system to further
clucidate the nature of the superconducting to
magnetic transition.

1. University of Califorr.ia. San Dicgo.

2 W. A_Fentig ¢t al., Phys. Rev. Lent. 38, 987 (1977).

3. M. Ishikawa and O. Fisher, Solid State Commun. 23, 37
(1977).

4. G. H.Lander. S_ K. Smhaand F. Y Fradin, J. Appl. Phys. 30,
1990 (1979).

5. D. E. Moncton, et al_, Phys. Rev. Le.r. 39, 1164 (1979),

MAGNETIC STRUCTURES OF HoB.

W.C. Koehler  Z. Fisk'
H. A. Mook - M. B. Maplk'

The rare earth tetraborides, cxcept for PrB,, have.
macroscopic magnetic propertics characteristic of
antiferromagnets. The Néel temperatures of the
heavy rare earth tetraborides fall off monotonically
from 42 K for GdB; 1o 10 K at YbB: for that
of HoB., 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 RRhBi, where Risa
rarc carth atom.

Neutron diffraction measurements have been
made on polycrystalline specimens of ErB, and
DyB.’ From the data a simple colinear anti-
ferromagnetic structure has been proposed. The
moments, which are parallel to the ¢ axis of the
crysiallographic tetragonal unit cell, are arranged in
sheets of parallel spins that alternate in sign along a
direction in the plane normal to the ¢ axis. The
intensity-vs-temperature variation of the magnetic
peak intensitics is typical of a second-order phase
transition.

Recently, we have initiated a study of the magnetic
properties of HoB,. 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 Aand c=4.007 A
at room temperature. No lines other than those
expected for the tetragonal HoB, 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,” we conclude that
x=re are two magnetic phases in HoB.. The phase at
higher temperatures, which has 7. 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. Atabout 5.7 K. these
reflections abruptly disappear and magneticintensity
appears at the positions characteristic of the ErB.
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. 5.17. Temperature dependence of the intensity of two
magnetic reflections in Hol. Circles: ( 100) a1 a scattering angle
¢ = 10.1°. Squares: unindexed reflection at ¢ = 1.7°. The
intensities shown are uncorrected for background and reflect the
changes in paramagnetic scattering with temperatuse.

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
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helical. Single-crystal structure studws are in
progress.

1. Universaty of California. San Dxcgo.

2. K. H. ). Buschow and J. H. N. Crevghion, J. Chem. Phys.
57, 3910 (1972).

3. W. Schafer. G. Will. and K. H. J_ Buschos_ J Chem. Phys.
64, 1994 (1976).

4. M. B. Mapic. private communication.

MAGNETIC MOMENT DISTRIBUTION
IN Ni-Pt ALLOYS'

R.E. Parra® J. W.Cablk

The magnetic behavior of disordered Ni-Pt alloys
near the critical concentration (co) for the onset of
ferromagnetism has been interpreted in terms of the
Stoner-Edwards-Wohifarth model of weak itinerant
ferromagnetism. This iraerpretation implies a spa-
tially homogeneous moment distribution in sharp
contrast to the behavior of otner Ni-base systems
such as Ni-Cu and Ni-Rh, which exhibnt distinctly
inhomogeneous moment distributions in the form of
ferromagnetic clusters near co. 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 co and that should probably also apply
to Ni-P1. To help resolve this question, we decided to
determine the moment distribution in Ni-Ptalloys by
neutron diffuse scattering methods.

The neutron cross sections give directly the
nuclear, S(K), and the nuclear-magnetic. M(K).
correlations. In the absence of lattice distortions.
these are given by

SK)= Y e* * ((pen = Wpa— ) c(1 — ) (1)

and

MK)= Y, e* " {(peen — Jun) c(1 — 0) (2)

where { ) denotes a configurational average, pais the
number of impurity atoms at lattice site n, S(K)
describes the positional SRO. and M(K) describes
the moment response to a site occupation fluctuation.

Nuclear scaftering functions were obtained from
both the polarized and unpolarized neutron data.
These functions show very pronounced structure
corresponding to a large amount o7 SRO and were
least squares fitted to the function
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where Z, is the coordination number of the shell of
radius R, and a; and §; are SRO and lattice distortion
parameters. Fitted parameturs for all the alloys are
given in Table 54.

The observed M(K) functions. shown in Fig_5.18,
exhibit less pronounced structure. The solid curves
were fitted to the expression

M(K) = infrlK) — pxfx4K)

- sin KR,
*Lam T,

7

“)

to obtain the average moments. Here we neglect the
small lattice distortion terms and use A, =
exp(—0.044 K°) and fr. = exp(~0.105 K’), which
closely approximate the experimental form factors
over this limited K region. The difference between the
Niand Pt form factors allows a direct determination
of ux. and gn as fitting parameters. The moments
obtained are given in Table 5.5, where the quoted
errors are the statistical errors from the fituing. The
wverage 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 onthe moment distributioncan
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 %ere were fitted to the
expression

sin KR,

M(K) = An(K)+ZZ.¢. <R

+ Z Zy ( 20 "R‘ - cos xn.) 1 S(K), (5)

where ¢, and vy, are the moment dsturbance and
lattice distortion parameters. We assume a2 Yukawa
form for ¢,, that is,

& = i;'— & expl~k(R - R)] , ()
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and fit to the parameters ¢, k. and v.. The magnetic
parametcers are given in Table §5.5.

The M(K) functions displayed in Fig. 5.19 cor-
respond to inhomogeneous moment distributions
that may be described as ferromzgnetic clusters in the
critical concentrativn region. Nevertheless, the bulk
measurements give evidence of clustersfor Ni-Cuand
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
stroag preference for unlike nearest neighbors. Note
that M(K') describes the moment response to a site
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occupation fluctuation in the actual SRO state. This
rvesponse is unaffected by SRO in Ni-Rh, enhanced by
SRO in Ni-Cu, znd damped out by SRO in Ni-Pt.

1. Summary of paper: J. Appl. Phys. 80, 7522 (1979).

2. IVIC graduate hboratory participant from Georgia Imtitate
of Technology. Atlanta: present address: Inntituto Venczolano de
Investigaciones 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. Parrd’

Magnetization data’ for ferromagnetic Pd-Gd
alloys in low magnetic fields give saturation moments
smaller than the expected 7 us/Gd. This finding has
been interpreted as evidence for a negative Pd d-band
polarizaxion. However, from a semiempirical fit of
high-field mags.ctization data for more dilute para-
magnetic alloys, Guertin et al.* conclude that the Gd
moment does not saturate, even at4.2K 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
PdnssFeoniGdony from neutron diffuse scattering
measurements. An cffective 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 PdossFeonr, PdoswGdoo, and PdasFeonGdoo
prepared with the low-absorbing isotope '“Gd. 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 (7. == 50 K) than the Pd-Gd
subsystem (7. = 2 K), the dramatic H and T
dependencies of the ternary cross sections shown in
Fig. 5.20 may be attributed to reorientation of the Gd
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 same as that
of Pd-Fe.
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PdenFeas:, Pdesvlides:, and PdesFenerGdes:.

These results suggest a molecular field model in
which the applied ficld just cancels the effective ficld
at the Gd sites necar 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
PdosFeoo has 2 giant moment of 8 up with 3 ua
localized on the Fe atom so that the average Pd
moment is 0.0% ux. We assume that this also occurs in
the ternary alloy; if so, the effective field of —39 T
corresponds to a Pd-Gd exchange constant of J =
—0.018 £ 0.001 eV. Within experimental crror, this is
the same as was determined** 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 effectivefield at a Gd site arises
from a linear superposition of long-range interac-
tions. In that event, a mean field treatment of the
effective ficlds at buth 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 ficld model, the mag-
netization of dilute Pd-Gd alloys is

c=ca+‘cn=7nclm(x)+xﬂn, )]
where

x =g un SHc kT ,

and with

Hoe=Ho+ Jomig py . Q)
and

Hre = Hy + J 0cul g pa® . 3)

Here, oc. satwiates for He=> 15 T and ore can then be
extracted from the parameterized data of ref. 4.
Extrapolation of the high-field oprvs-H, data to
ora=0 gives the effective ficld at the Pd sites whilethe
slope gives x. The J values obtained by this procedure
are in reasonable agreement with the peutron and g-
shift results, and the x values show the same kind of
concentration dependence as was observed® for PdY
and Pdl.ualloys. This agreement supports the model,
which we, therefore, extend mto the low-field
region.

The calkculated magnetizations are compared with
experiment in Fig 5.2]. Here, the solid cusves
represent the data, and the dashed curves are
calculated by iteration using Eqs. (1), (2), and (3). In
this calculation J is taken from the neutron data and
X from the high-ficld slope of osy vs Ho. The overall
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Fig. 5.21. Comparison of the calculand and cbserved PYGd
magnetizations. Solid curves are the parameterized data of ref. 4,
and the dashed curves are calculated from the moleculsr field
model. Concentrations are in at. % Gd.
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agreement is very good, especially in view of the fact
that no fitting is involved.

The calculated Pd magncetizations are negative at
low ficlds. We suggest that this situation carries over
mto the ferromagnetic region, where the spontancous
Pd polarization per Gd ion is 7xJ/g’ us. At 2% Gd.
where x = 5.1 X 10™ emu/mole, this gives ore/c =
—0.5 p» to be compared with Crangie’s results,’ which
vary from about —1.0 pp at 2%, Gd downto—0.5 ps at
105 Gd. We conclude that the spontancous Pd
polarization is opposite to the Gd moment but that &t
can be reversed in high magnetic fields.

I. Sumwmary of paper. Phys. Rev. B 20, 2765 (1979).
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Institwte of Techmology. Atlamta; presemt address: lnstituto
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MAGNETIC EXCITATIONS IN Er
R. M. Nicklow  N. Wakabayashi

While all the heavy rare carth metals (Tb-Tm)
possess quitc unusual and complex long-range
magaetic ordering, the phase diagram of Er is

~perhaps the most unusual. Below about 18 K, the

magnetic structure of Er (which has the hcp 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 ¢ axis and a
basal plane component that rotates {rom plane to
plane, forming a spiral with a wave vector that s
incommensurate with the lattice. Betwesn 84 K (the
Néel 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 o 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 hoth on
the form of the dispersion relation and on the
magnetic exchange and anisotropy interactions.’

e . e e e e i e e e T o eSS ‘

p. i)

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 excitations to be expected in
such a structure and their relationship to the inter-
atomic magnetic interzctions are not yet clear from 2
theoretical pomnt of view. However, the possible
existence of new types of excitations refated to time-
depundent changes in the phase and amphitude of an
incommensurate structure have been proposed for
charge density waves. Consequently, we have under-
taken a program to characterize experimentalily the
magnetic excitation spectrum for Er, which possesses
one of the f~w longitudinally moduiated 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 Qe for the magnetic structure
is approxmatcly go = (0, 0, 0.29)2=: c. Preliminary
results obtained in exploratory measurements can be
broadly catcgorized into two groups. In one group
energy scans for constant Q with Q between (002) and
{003) and bztween (100) and (101), in reduced
reciprocal lattice units, show rather broad energy
distributions having some structure that depends oa
Q. Some typical results are shown in Fig. 5.2
Significant intensity extends to energics abov< that
(0.95 TH2) 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 risa
reciprocal lattice vector that corresponds to the
Bragg diffraction peaks of the incommensurate
structure. Results obtained for O near (0,0.2 — gv)
are shown in Fig. 5.23. In this figure Q is plotied
relative to the satejlite position so that data for
diiferenttemperatures can be compared, because gois
temperature-dependent. At 10 K two peaks that cor-
respond to the spin wa. 2t tq as measured
previously' are observed. ... (his temperature the
vonical 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 ¥, the basal
plane moment is no longer ordered and 1~ satellite
intensity at (0, 0, 2 — qn) essentially vanishes.
Nevertheless, strong inelastic scattering remains,
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However, a small increase in the g-wi th of the
scattering with increasing energy is 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). (1,0, go) and
(1,0, 1 + go) even though the clastic intensities at these
various satellite positions differ by several orders of
magnitude.
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Fig. 5.23. Constant-E messurements of the sewtron scatiering
neas Q = (0, 0, 2-qo) st two iemperstures.

although it is not possible with the g- resolution used
for the measurements shown in Fig. 5.23 to resolve
any structure that might indicate the existence
of well-defined spin waves at this temperature.

1. R. M_Nicklow et al.. Phys. Rev. Letr. 27, 334 (1971),

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 inefastic
neutron scattering. Gadolinium is particularly
appealing for this type of study for several reasons. It
has the least complicated magnetic ordering of allthe
rarc carth metals, being a simple ferromagnet below
T. = 293 K. Furthermore, the 4f shell of the Gdion s
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 measurements were made
out to the Brillouin zone boundaries in the [001] and
[160] directions and covered the temperature range
0.3< T/ T. < 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 g spin waves. Here, the spin-wave
peak observed at low temperature shifts rapidly down
in energy with increasing temperature and near 7,
collapses into a Lorentzian-shaped line centered at
7evo energytransfer. Thereis little, if any, broadening
of the peak width. The typical large g 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 g behavior,
there is appreciable line broadening due to lifetime
cffects caused by magnon-magnon interactions. The
spin-wave peak is no longer observed at 295 K, which
is just above T, but ashoulder 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 withthe 7=0and T3 7. limits atgeneral g
values or with the small ¢ limit at general tempera-
tures. Very little work has been done in the large g-
intermediate temperature regions covered by these
measurements. There is a recent numerical calcula-
tion by Hubbard' 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 ;.ssociated with the spin

correlations in Gd above 7.. Further measurements
and analyses are in progress.

. J. Hubbard. J. Phys. C 4, S3 (197}).

FORBIDDEN MAGNON SCATTERING
IN NisosMOgs:

C. H. Perry' R. M. Moon
R. D. Lowde’  J. B. Sokoloff’

B. Pagonis’

The observation of neutron scattermg from
magnons in Ni above 7. by Mook, Lynn, and
Nicklow*' has prompted a number of theoretical
papers. The basic physical conceptinthesetheories is
that there must exist strong short-range magnetic
order above 7T.. That is, the local magnetization
varics 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.
Sokoloff® has nointed out an interesting consequence
of this behavior on the polarization dependence of
the neutron cross section, and this polarization effect
has l:ecn demonstrated experimentally by Sokoloff
et al.

Consider first the polarization dependence of the
magnon cross section in a saturated ferromagnet,
first derived by Sdenz,”

d'o
dOdE’

~[1L+(Q-MY +2A0-MNQ-P)).

where Q is the unit scattering vector, A 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 to 0 when the neutron
polarization is reversed; that is, the cross secvion 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 aeutron
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

R St citatt i ‘




magnon exciations. Under these conditions the
magnon cross section becomes
o ,
—_—~ + +
ZigE ~ 1+ (cos'®) £ 2 (cos ).

where + refers to the initial neutron polarization, @ 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 .he local magnetization
deviates m 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 | 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), applicd ield (0.34, 0.54,
0.84 T). and energy transfer (8, 12, 16, 20 MeV). The
basic experiment consisted of a constant A E scan
~ from Q = (1.5, 0, 0) to (2.5, 0, 0) on the triplc-axis
polarized-beam sp=ctrometer at the HFIR. The (110)
reflection from a ‘'Fe(Si) crystal was used as a
polarizing monochromator. and the (002) reflection
from pyrolytic graphite was uscd as an analyzer. We
believe that the primary effect of the Mo impurity is
to lower the Curie point from 5631 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 T are shown in Fig. 5.25. Here we
show the ratio of the forbidden (—) magnon intensity
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10 the total of allowed (+) plus forbidden intensities.
As expected, this plot starts at zero at low tempera-
ture when (cos 0) = | and approaches ; in the
paramagnetic region where (cos 6) = 0. This plot
sugpests that droplet formation begins between
500 and 550 K. The comple: « analysis will produce
such plots as a function of apylied ficld and energy
wransfer. In addition, we will iso.ate the {cos §) term
Jy calculating (I' — I') and test its relationship to the
bulk magnetization, which is proportional to {cos 8)
averaged over the entire sample.

1. Consulant {rom Northeastern University, Boston, Mass.,
with partial support by the NSF.

2. Consuhax: from AERE, Harwell, England.

3. Northeastem University. Boston, Mass., with partial support
by the NSF.

4. H_ A. Mook, J. W. Lyon. and R. M. Nickiow, Ph:s. Rev.
Lewe. 3, 556 (1973).

5. J. B. SokoldT, J. Phys. FS, 1946 (1975).

6. ). B. Sokoloff c1 al_, J. Appl. Phys. 58, 1961 (1979).

7. A. W. Saenz, Phys. Rev. 119, 1542 (1960).

INDUCED MAGNETIC FORM FACTOR
OF Smo1YouS

R. M. Moon

Earlier work' had shown that the induced magnetic
form factor of '**Smo1Ye2S, a mixed-valence
material, is approximately equal to that expected for
the Sm™" ion. The crystal used in this carlier study was
large enough (52 mm’) so that extinction was a
definite problem. To minimize the extinction correc-
tion, only the weak peaks (hk/ 0odd) were measured.
To produce a more complete set of data and to make
our carlier conclusion more quantitative, we have
remeasured this material using a smaller crystal
(13 mm’). Both the strong and weak peaks were
measured at 78 K in a field of .25 T, using the
standard polarized-neutron technique. To climinate
extinction effects, measurements were performed at
three different neutron wavelengihs and 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 Sm”* 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 in 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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®02) ORI -OWG 79-44504R that these data show that the 4/ clectron distribution

Ll 1 ! is slightly different than it is in Sm™".
SmoreYo24S From lattice constant measurements the apparent
8K vaience at 78 K is +2.3. We plan to repeat these
8 - 425 T — measurements at about 300 K. where the apparent
valence is about +2.6. In addition, we hope to acquire
: a suitable crystal of "*‘SmS, which should show pure
: :‘ :3:" Sm™" behavior at atmospheric pressure. The goal is to
T e} — obtain a quantitative measure of the apparently small
" changes in the 4f clectron distribution in going to the
3 mixed-valence state.
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Fig 5.26. Comparsiton of observed and calculated suscep-
tibilities. The calculated curve is normalized 1o the measured bulk

susceptibility. Except for the second reflection. experimental
errors are abcut the size of the data points.
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6. Crystal Growth and Characteiization

Improvements in eiliciencies of present-day energy technologies and the
development of advanced enei gy systems will require solutions to a variety of materials
problems. The primary purpases of the Crystal Growth and Characterization Program
are to identily materials problems that relate to SGE research objectives: to prepare
and to characterize research specimens of high quality for use in research programs in
the SoliJd 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 pertod covered by this report, the growth and characterization of
superconducting materials with the 115 structure were continued; growth of lar.¢,
optical-«juality single crystals of Nag” Al:O: was achieved; refractory metals and alloys
were fprepared for investigations of fluxoid pinning in superconductors, phonon
spectra, fracture, H absorption, and many other phenomena; also, the preparation and
characteri.otion of ferroelectric materials were continued. Table 6.1 in this section of
the report shows representative examples of research specimens prepared durirg this
period, their utilization, a  the various organizations benefiting from this activity.

A new prcgram investig»ting thesuitability of the lanthanide orthophosphates for
primary containment of alpha-active nuclear waste was init.ated as a joint effort with
ORNL research staff members in the Chemistiy and the Metals and Ceramics
divisions. Single crystals of the lanthanide orth.phosphates with both the monazite
and zircon structures were successfully grown, and it was demonstrated that monazite
powders, picduced 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 RMIC continued to
provide valuable service to the res arch 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 anticipatr J that
this bibliography will be published during 1980.
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CRYSTAL GROWTH AND
CHARACTERIZATION PROGRAM

L. A. Boatner Y. K. Chang

M. M. Abraham H. E. Harmon

W. E. Brundage J. O. Ramey
M. Rappaz'

The various activitie .he crystal growth and
characterization group 1.sult 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
Jther ORNL divisions, other DOE-s"pported labo-
ratories, and other research organizations ingeeral.
Extensive sample characterization is required
throughout the preparation of these matenials, and
the corresponding characterization techniques in-
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clude 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 tre 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 previded
in Table 6.1.

_ L. Swiss National Fund for Scientific Rescarch Felow from
Ecole Polytechnique Institut. Laus:ane, Switzerland.

Table 6.1. Loan of samples for research outside the Rescarch Materials Program

Material Type of study To whom sent Organization
Nb Thermal conductivity K. Krasst Cornell University
Ni He implantation K. Farreil ORNL
Ni Fracture S. Ohr ORNL
Ni Evaporation S. Sekula ORNL
Ta Oxygen diffusion R. Carpenter ORNL.
Ta Photocmission T. Sham BNI.
Ti Inn bomoardment K. Farreii ORNL
v O iffusion R. Carpenter ORNL
v Electron microscopy E. Kenik ORNL
w Positron annihilation L. Hulett ORNL.
Nb-Ta Superconductivity H. Kerchner ORNL
W-Re Nentron scattering N. Wakabayashi ORNI.
Nb + 18 at. & Ge Superconductivity S. Sekula ORNL
Nb + I8 at. & Ge Neutron scattering H. Smith ORNIL.
ViGe lon channeling ¢). Meyer ORNI
ViGe fon channeling B. Stritzker OR’".4.
ViGe Neutron scattering H. Smith ORNL
V;3Si lon channcling 0. Mcyes ORNIL.
V,Si fon channelinz B. Appleton ORNL.
V,Si fon channeling B. Stritzker ORNI.
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 {aboratory
MgO Photoconductivity G. Summers Oklahama State University
MgO Characterization D. Readey Ohio State University
MgO Laser fabrication A. Mooradian [.incoln Laboratory, MIT
MgO Radiation damage J. Alvarez-Rivas Junta de Energia Nuclear,
) Madrid. Spain
MgO Radiation damage E. Pelis AERE., Harwell, England
MgO Raman F. Ly University of Utah
Ca0 Girain boundary and I.. DeJonghe I.BI.
bulk transport
Ca0 Characterization D. Readey Ohio State University
MgO:Li EPR J. Boldd National University of Mexico,
Mexico, DF,
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Tab'= 6.1 (continued)
Matcrial Type of study To whom semt Organization

MgO:Li Thermal conductivity H. Weinstock Hlinois [nstitute of Technology

MgO:Lt Op:.xal spectroscopy V.Orera University of Zaragoza, Spain

MeO:Li Thermal conductivity D. Hasselman Virginia Polytechqic Institute
and State University

MgO:Li Effect of O partial W. Gourdin LLL

pressure

MeO:Li Electrical conductivity D. Eiscnberg University of North Carolina

MgO:Li Internal friction A. Nowick Columbia University

MgO:Li Light scattering W. Unruh University of Kansas

MgO:Li Raman F. Laty University of Utah

MgO:Li Radiation damage J. Alvarez-Rivas Junta de Encrgia Nuclear,
Madrid. Spain

MgO:1s Positron annihilation P. Cheng Nation2' University of Taiwan,
Taiwan

MgO:Li Conductivity W. Kingery MIT

MgO:L: Optical studics N. Edelstein LBL

MgOK Light scattering - W. Unruh University of Kansas

MgO:Mg EPK H. Stapleton University of IHinois

MgO:Fe EPR W. Kingery Massachusetis Institute of
Technology

MeO:Fc Radiation damage J. Alvarez-Rivas Junta de Encrgia Nuclear.
Madrid. Spain

AMgO:Ni l_uminescence W. Sibley Oklahoma State University

MgO:Ni L.aser fabnication A. Mooradian Lincoin Laboratory, MIT

MgO:Ni Light scattering W. Unruh University of Kansas

MgO:Ni Radiation damage 3. Alvarez-Rivas Juna de Encrgia Nuclear,
Madrid. Spain

MgO:N; l.uminescence N. Edelstein 1.BL.

MgO.Co L.uminescence W. Sibley Oklahoma State University

MgO:Cu Light scattering W. Unruh University of Kansas

Calria Relaxation times H. Swapleton Usniversity of iinois

Cat):Na Relaxation times H. Stapleton University of IHlinois

Ca0.Ca ODMR J. Spacth Gesamthochschule, Paderborn.
Germany

Ca0:Ca Relaxation times H. Saplcto Unniversity of Iflinois

Ca0):Ca Optical studies N. Edelstein Lawrence Berkeley {.aboratory

Se():Sr ENDOR J. Spacth Gesamthochschule, Paderborn,
Germany

CeO; Diffusion A. Franklin NBS

HIS10Er Optical studics N. Edelstein 1.BL.

ThSiO.Es Optical studies N. Edelstein I.BI.

THE CRYSTAL STRUCTURE OF CePO.'

G. W. Beali’ D. F. Mullica’
L. A. Boatner  W. O. Milligan’

Cerium ortiiophosphate isasynthetic analog of the
naturally occurring mineral monazite. The lack of
precise current structural data for materials of this
type has prompted the study of pure CePO,.
Knowledge of the structural base of this material is
critical to future studies of radiation-damage effects
in the actinide-doped lanthanide orthophosphate
single crystals that have been grown in the Solid State

Division at ORNL., Single crystals of CePO, were
grown in covered Pt crucibles from a Pb.P:07 melt
by gradual cooling from 1360°C at a rate of 1°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
um diam) was selected for three-dimensional data
collection on an Enraf-Nonius CAD-4 automated x-
ray diffractometer using Mo K, radiation (A =
0.71073 A). The position of the Ce atom was obtained
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
P2i/n) witha = 6.777(3), b=6.993(3),c = 6.445(3) A,
and 8 = 103.54(4)°. The structure was found to be
made up of Ce atoms irregularly coordmated with
nine oxygens and linked together by distorted
tetrahedral phosphate groups. The local coordina-
tion of the tnvalent Ce ion in CePQyisillustrated in
Fig. 6.1. The accurate bond distances and angles
determined in this investigation are expected to be

ORNL-DWG 80-10587

CERIUM (1) PHOSPHATE CERIUM (1\1) PHOSPHATE
Fig.6.1. Stereo view of the local coodination of Ce** in CePO..

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 (o be published.

2, Chemistry Division. ORNL. present address: Radian
Corporation. Austin. Texas.

3. Baylor University, Waco. Texas,

MONAZITE AND OTHER LANTHANIDE
ORTHOPHOSPHATES AS ALTERNATE
ACTINIDE WASTE FORMS'

L. A. Boatner C. B. Findh'
M. M. Abraham (. W. Beall'
J. 0. Ramey P. Huray’

M. Rappar’

The selection of a suitable material for the primary
coniainment of radioactive nuclear wastes is cur-
rently a significant unresolved problem. Because of
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the long half-lives (~ 10" 10 10° years) of some actinide
isotopes formed during reactor operation, the
requirements for safe isolation of such primary waste
forms are very restrictive. In particular., the isolation
material must be chemically and physically statle
during long periods of exposure to the various
conditions in a given geological repository. For
sterage in deep geological formations, hydrothermal
conditions can be encountered. and this eventually
presents an unusually hostile set of environmental
conditions. Additicnal criteria that must be satisfied
by a primary waste form include chemical and
physical stability in the presence of high levels of a-
particle radiation and the ability to retain actinide
ions at the elevated temperatures-appropriate to
practical concentrations of nuclear waste.

Because borosilicate {and other) glasses are
relatively inexpensive and can be produced ona 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 ...)PQOq, 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 % UO:. 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 [0%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 showu that the lanthanide
orthophosphatcs 2re 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 orthophosphatcs
were grown in order to perform x-ray, EPR,
Maéssbauver. radiation-damage, and chemical-sta-
bility studies. Orthophosphate crystals of every
member of the lanthanide transition series (except
PmPQO.) were grown using flux techniques. Crystals
of YPO,, ScPO,, and LuPQ, (zirconstructure) were
also grown.

Figure 6.2 shows several crystals of LaPO. doped
with 0.5 wt & “*'Am oxide. These crystals are shown
inside the growth crucible and are still entrained by
the solidified Pb;P;0O; 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 4 UOy), 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 wit & La;0and 10
wt G *py0,.

ORNL-PHOTO 3596-79

Fig.6.2. Flux-grown single crystals of LaPO,doped with 0.5 wt
% *' Ams0,. The crystals are still in the flux, which has solidified
and has not yet been removed by boiling in nitric acid.
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The 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, LaPO,
was selected as the host orthophosphate. The 2*U-
doped crystals, whose absorption spectrum is shown
at the top of Fig. 6.3, contain 10 wt 53 UO; and havea
deep green color indicative of tetravalent U. When
the spectrum was examined in detail, the 4+ state was
confirmed. Crystals of CePQ. and (45 at. & Sm, 45
at. % Ce) (PO.) have also been growa with a 10 at. %
U dopant. In both of these crystals the 'V
tetravalent state was also confirmed. (The Ce in these
crystals appears to be a mixture of Ce*” and Ce*", with
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Ce’" the predominant species.) These results are in
agreement with observations of tetravalent U in
natural monazite. The middle spectrum wn Fig. 6.3
was obtained for LaPQO. containing 0.5 wt ¢
“*'Am.O:. This spectrum shows that the Am s in the
trivalent 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 *'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 % **Pu0;.

Mdssbauer-effect studies were performed using
La(Am)PO, as a source and NpO; as an absorber at
4.2 K. The observed Mdéssbauer spectrum showed
that an absorption with a small splitting occurred
with ar. isomer shift in the neighborhood of +17
mm.'s and that a second absorption with a larger
splitting occurred with an isomer shift in the
neighborhood of —35 mm; s. The observed splitting is
believed to result from a smaii electric field gradicnt
for the absorption of 17 mm: s (consistent with Np")
and a farger electric ficld gradient for the absorption
at ~35 mm_ s {consistem with Np**). The absorgtion
at —35 mm:s is probably a result of the recoiling
*Np having found a normal NpPOj site prior to its
recoilless deexcitation. The large 5+ Mdéssbauver
absorption is somewhat susprising because the
parent Am-is triv. lent.

The leachability of a waste form is one of the most
important factors in determining its suitability for
use in a nuclear waste repc.sitory. Leach tests of
orthophosphate cryst>!s resulted in TAEA leach
indices that were smaller than those reported for
grouts or borosilicate glasses by a factor of 16 for
CePOsin 4 M NaCl at 200°C and 1724 ka (250 psi)
and a factor of 295 for La(Am)POy in gistilicc water
at 200°C and 1724 kPa (250 psi). These results are
even more striking since the leaching studics on the
glasses and grouts were conducted at room tempera-
ture and atmospheric pressure.

. Summary of paper: Scieniific Basis for Nuclear Waste
Managemeni, vol. ), ed. by C. J. Northrup. Plenum Press, New
York (in press).

2. Metals and Ceramics Division, ORNI..

3. Chemistry Division. ORN; present address: Rudian
Corporation, Austin, Texas,
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4. The University of Tennessee, Knoxville.
S Swim Nanonat Fund for Scentifae Rescarch Fellown trom
Feole Polyvtechnigue Institue, Dausanoe, Switzerland.

PREPARATION AND COMPACTION OF
SYNTHETIC MONAZITE POWDERS'

M. M. Abraham T. C. Quinby
L. A. Boatner D. K. Thomas
M. Rappaz’

Analogs of the mineral monazite, a mixed
lanthanide orthophosphate (LrPO:). are potentially
important primary containment forms for the
solztion 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 s - wastes can be
converted into the phosphate form and processed to
produce dense bodies presenting relativelv small
surface areas to attack by leachants. A molien urea
precipitation process, similar to that employed by
Aaron ex al.’ 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 1o form the muftiphase “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
occusring lanthanide eiement in the transition
element series from La 1o Gd. A systematic study of
precipitation conditions vs particle size and hot-
pressing conditions vs solid-body density was carried
out for CePQs and 1aPO. These particular
compounds were selected because they can be
considered as structural prototypes of the mineral
monazite. Examples of the high-density pelfets
produced by hot-pressing Ce PO, powders are shown
in Fig. 6.5,

The EPR technique was employed in comparing
the properties of urea-precipitated CePQ, powders
and flux-grown single crystals. Powders and single
crystals of CePQq (and the other lanthanide ortho-
phosphates in the first half of the transition series)
were prepared with a trace impurity of Gd*". The
clectronic pioperties of the 'S12 ground state of
trivalent (Gd are extremely sensitive to the flocal

e e PTITER
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Fig 6.4. Tanemission electron micrographe comparing CePO, particies in powders precipitated with and without ures and particles
obtained from mechanically grinding single crystale. The effect on particle size of varying urca concentrations is clearly evident: (a)
mechanically ground single crysials: (b) precipitated powder without urea: (c) precipitated powder with a urea:CePO, molc ratio of 90:1; ()
precipitated powder with a urca:CePO, mole ratio of 720:§,
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ORNL-PHOTO 3458-79

Fig 6.5. Hot-pressed peliets of CePO. formed from precipitated powders.

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 Gd* in
CePO, powder precipitated in molten urea with the
spectra obtained from doped single crystals showed
that the Gd** impurity occupies the identical type
of substitutional site in both the precipitated pow-
ders and the flux-grown single crystals. TrivalentCm
is tne actinide analog of GG** and is expected to
occupy the same type of substitutional site in an
orthophosphatc waste form.

These studies show that both lanthanide oxides
and lanthanide 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 z impurities is not affected by the process-
ing sequence. The ability to synthesize bodies by hot-
pressing of urca-precipitated powders with an
approgriate 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 a-
active wastes generated by nuclear reactors.

I. Summary of paper to be published.
. 2. Swiss National Fund for Scientific Research Fellow from
Fcole Polytechnique Institut, J.ausanne, Switszerland.

1. W.S. Aaron, T. C. Quinby. and E. H. Kobisk, Cermer Fligh
Level Waste Forms, ORNL. TM-6404 ( June 1978),

EPR INVESTIGATIONS OF Gd™ IN
SINGLE CRYSTALS AND POWDERS
OF THE ZIRCON-STRUCTURE
ORTHOPHOSPHATES YPO,, ScPO,,
AND LuPO.'

J. O. Ramey
L. A. Boatner

M. Rappaz’
M. M. Abraham

The tetragonal xenotime (YPQ.) and monoclinic
monazite (CePQO,) orthophosphates are known to be
chemically and physically stable in geological
envircnments 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 (LaPOs through GdPO,) that have the
monoclinic “monazite™ structure and those of the
second half of the lanthanide series (TbPO, through
LuPO,) plus ScPOs and YPO, that have the
tetragonal zircon structure, The EPR spectra of
paramagnetic impurities in diamagnetic hosts such as
the lanthanide 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 clectronic 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
([XeJ41'-*S; ;, which is chemically similar to the
[Rn}Sf-'s configuration of the actinide ion Cm*)
and relaxation behavior permit its magnetic reso-
nance to be observed at room temperature, and its



spectrum gives a clear indication of the local
symmetry at an impurity site.

In obtaining EPR results for Gd*™ in the tetrag-
onal-symmetry orthophosphates ScPO.. YPO.. and
LuPO., both single-crystal sampies and precipitated
powders of all three hosts were investigated, and a
full determination of the spin-Hamihonian parame-
ters was made.

Single crystals of YPO,, ScPO,, and LuPQ,doped
with Gd** wx -2 grown by means of a flux technique.
A mixture consisting of 3.5.¢ of tb» corresponding
lanthanide oxide, 0.! mol % Gd/0, and 60 g of
PbHPO, was placed in a 50-cm’ Pt crucible, which
was covered with a tight-fitting Pt lid to reduce flux
evaporation. (Decomposition of PbHPO, at high
temperature results in the formation of Pb;,P70.,
which serves as the flux.) The Pt crucible was placed
in a furnace; the temperature was raised to 1360°C,
held at this level for 16 h, and then slowly lowered to
900°C at a rate of 1°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, zrown by this technique is shown in Fig. 6.6.

ORNL-PHOTO 118180

rz.. 6.6. A large flux-grown single crystal of LuPO, doped with
Gd .

Although all three crystals have the same type of
tetragonal structure, the crystal habit of ScPO,
(platelet-like shape) is different from that of LuPQ,
and YPOj, 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

bJ. 1)

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 stadies of Gd-doped YPO,,
ScPO.. and LuPQ, powders p-oduced by a precipi-
tation-calcination technique. Briefly. this technique
consisted of dissolving the lanthanide oxide-Gd:0;
mixture in a nitric acid solution and then adding a
stoichiometric amount of (NH,);HPO; to produce a
phosphate-nitrate metathesis. Variable amounts of
(NH1);CO added during the cnsuing precipitation
controlled the size of the orthophosphate particles
that ultimately formed the powder. Cakcination at
800°C removed the urea, and very fine powders
(grain size smaller than 0.1 um) were obtained.

The EPR powder spectrum obtained for Gd* in
YPO, is shown in Fig. 6.7, together with the
corresponding EPR spectra observed for the single-
crystal host. These measurements were - wmed at
K.band (i.c,, ~35 GHz) and room texin iture. As
shown in Fig. 6.7, the EPR transitions in the single-
crystal spectra for the orientations Hijc and Hjja are
at exactly the same magnetic-ficld positions as the
shoulders and divergences, respectively, in the
corresponding EPR powder spectra. Therefore, the
form of the spin-Hamiltonian and the associated by
parameters are the same for the flux-grown YPO,
single crystals and the analogous precipitated
powders. This indicates that in the three tetragonal-
symmetry orthophosphate hosts ScPO,, YPO,, and
LuPO, 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. Morcover, because this site is unique, it is e
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 predictablc 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
cnvironments of pertinent impurities and to study the
cffects resulting from the process used toform a given
waste-host complex.

1. Summary of paper to be published.
. 2. Swiss National Fund for Scientific Research Fellow from
Fcole Polytechnique Institut, Lausanne, Switzerland.
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CRYSTAL GROWTH OF 4i5
INTERMETALLIC COMPOUNDS

Y. K. Chang H. E. Harmon

Superconducting materials  with  high-super-
conducting to normal-state transition tempera-
tures (7,) have potentially important applications
in the arcas of eclectric power generation and
transmisston. More than half of the approximately
80 intermetallic compounds now known to form in
the so-called 415 (or 8-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 415 compounds are of interest for use in
numerous cxperimental programs, including studies
of phonon spectra by inelastic neutron scattering or
by ultrasonic attenuation, gencral superconducting
properties (such as fluxoid pinning or the anisotropy
of T.), lattice disorder (because of ion damage) by
ion-channeling studies, and the Fermi surface by the
de Haas van Alphen effect. These studies depend on
the availabiliiy of large high-quality single crystals.

Stoichiometric mixtures of cither Ti;Au, Ti;Pt,
\;Si; or V3Ge and nonstoichiometric mixtures of
NbyGe, , were prepared by casting in a high-purity
He arc melter. Each mixture was then crushed and
remelted four to five times by irduction heatingin 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 415 compound
TisAu can be successfully prepared by means of the

EBFZ method. The EBFZ system operates only
under vacuum, however, and its application to the
growth of other 415 compounds is restricted because
of the high vapor pressures of many of these
compounds at their melting temperatures. Therefore,
two new crysta!-@rowth systems were placed in
operation to producc single crystals of the A15
compounds by means of alternate techniques. First, a
medium-pressure [FZ system, which can be operated
up to a pressurc of 2 MPa_ was installed; second, a tri-
arc furnace, in which the crystal is pulled from a
water-cooled hearth, was placed in operation. The
tri-arc commercial uit was modified so that the arcs
generated from the three clectrodes were stabilized
for slow crystal pulling. Growth rates for these
methods were varied from 5 to 10 mm/ h. The results
for single crysta’s 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 cach method. Four single crystak of
V;Si and one single crystal of V;Ge produced in the
{FZ system are shown in Figs. 6.8 and 6.9. Anncaling
of the V,Ge crystals at about 1400°C for 4 hfollowing
the growth process was found to improve the overall
crystal qualty.

CHARACTERIZATION OF Ai5
INTERMETALLIC COMPOUNDS

Y. K. Chang H. R. Kerchner

A number of the more important physical
properties, such as superconducting transition
temperature (T;). resistivity, and martensitic trans-
formation temperature ( 7). have been measured for
some of the A5 single crystals prepared in this

Table 6.2. Summary of crysial growth of A15 compounds

EBFZ 4

Tri-arc
Atmasphere, P 2.7 % 10° Ar 1010’ 7% 102 10’ Ar
Growth spec S, mm h 4-12 5-10 5-10
Rod diam, mm 2-5 5-9 69
Ovcerall surcess of
crystal growth®
ViSi Good Fair High
Viie High
NbGie: . Good Fair
TPt Fair Fair Fair
TuAu High

*Success includes length of crystal: fair = a few mm; good = 10-15 mm; high =

=15 mm.
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Fig. 68. Four V\Si crystals prepared in the medium-pressure
IFZ system.
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Fig. 6.9. Onc of the V,Ge crystals prepared in the medium-
pressure IFZ sysiem.

laboratory. These measurements were performed
using a four-probe resistance technigue on rectangu-
lar prisms (about 7 mm long and | mm’ in cross
section) that had been cut from A1S single-crystal
rods and then chemically etched. The current leads
were In-soldered to the ends of cach specimen, and
voltages were measured between two spring-loaded
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contacts. The specimens were cooled by a connn-
uous-flow liquid-He cryostat. and temperatures were
measured using a calibrated Si diode. A direct
current of 50 mA was employed to obtain accurate
values of the specimen resbhiance just abose T, and at
room temperature. Observations of the discontiau's
in the resistance at 7, and in the tcnipouice
dependence of the resistance near T, wers made by
using a much smaller ac excii_ilon curient Lo
climinate possible errors asseciated with seli-heatng.

The experimental resuits obtawned forlive different
V,Si crystals are given in Table 6.3. Here A denotesa
sample cut from that 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 MP1 to
MP4 were prepared in the 1FZ 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 tv the other of each
crystal (MP1 to MP4) indicated the absence of gro.«
variation of composition in spite of the tendency of Si
to evapurate from the melt during the zone pass. On
the other hand, the small differences in T, obsened
and the presence of broad and muitiple transitions in
many samples indicated some degree of inhomoge-
neity. The highcst temperatures at which there was
evidence of superconductivity { T, onset) were ncarly
identical in all samples cut from crystals T1, MPI,
and MP3J, indicating the presence cf at least some
accurately stoichiometric V;Si in each saninle. As
expected, high transition temperature correizted
well with high resistivity ratios. We found evidence oi
a martensitic transformation necar 21 K in both the
lowest-resistivity and highest-resistvity samples. The
rcasons 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 VaGe. Crystals MP1 and MP3 were
produced in the IFZ system. Crystal MP3 was
anncaled for 4 h at 1400°C in 0.12 MPa Ar gas,
however, This annealing treatment resuited in a
higher T. and a higher resistivity ratio, most likely
because of an improvement in the long-range order.
The relatively large A7.'s indicate that this matenal
can be improved further, possibly by optimizing the
annealing treatment,
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Table 5.3. Results of resistivity ratios, supercondecting treasition
temperatures (7). and martensitic transformation temperature

(7.) measured on V,Si singie crystals
. T, onset T, AT T
Specimen P95 1 To) (K) (K) X) )
Tt 16.93° 1622 07" q
MP3-A 30 16.88 16.85 003
-BI 30 16 84 16.79 005
B2 16.88° 16.70° 004’ 21 + 05°
MPI-A 15 16.92 1685 008
16.55 004
-B 14 16.75 16.70 0.1
MP2-A 12 16.75 16.72 0.l
16.26 o1l
-B 12 16.9 002
MP4-A 10 1620 0.57
16.02 004 218
-B 10 16.70 16.57 0.14
16.13 0.08 219

“From inductive mcasurement.
‘From x-ray diffraction.

Tabic 6.4. Resuilts of resistivity ratios end supervonducting

transition (T.) of V,Ge single crysials
. T. onsct T. AT
Specimen AT AT X) K )
MPI 6.30 6.16 (1 X1
MP3.A 34 6.57 644 0.0
-B 71 710 6.90 013
GROWTH OF 8°-ALUMINA AND

SODIUM GALLATE SINGLE CRYSTALS
W_E. Brundage J. B. Bates

The propertics of fB-alumina and the 8 -alumina
family of materials are curremily being studied by 4
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 seri-  f investigations,

Crystals «  -alumina were grown at a constant
temperature in covered cylindrical Pt crucibles from
melts containing an Na;0 excess. These melts were
held at temperatures ranging from 1640 to 1700°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

ORNLPHOTO 21378

Fig. 6.10. Top view of s §”-alu ina-filled crucible afier 250 h at
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 8-
alumina phase can be stabilized when either MgO or
Li;O is prese.nt. The crystals grown from the liquid
phase in the present experiments had the 87 form
when MgO was present, but only the 8 form was
found when LiyO was used. Lithium was present in
the B-alumina only as a substitute for a portion of the
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Fig. 611. Crystals of $"-alupiaa removed from crucible
(centimeter scale).

Na. Good quality B~ crystals were also grown when
ZnO was added for stabilization. The characteriza-
tion of these Zn-stabilized crysials using a variety of
techniques is currently in progress.

Sodium gallate crystals can be grown tha: are
isomorphous with 8 -alumina, and such crystals are
of interest for comparison purposes. Although 8-
alumina must also have Mg, Li. or Zn incorporatec
into the spinel block in order to stabilize the g7-
phase, in the gallate this phase is stable at room
temperature with nc additional stabilizer. Gallate
crystals several millimeters in diameter were grown
by isothermal evaporation oi a Na:0O flux. The g°-
phase crystals were produced by placing a mixture of
either Na:C0y:3Ga;05 or Na;{05:2Ga;04 powuers
in a Pt uay and maintaining the temperature at
1375°C 10r about 250 h.

I. M. Beumana~d C.R. Pcicrs. J. Phys. Chem. 73,1774 (1969).

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 metals 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, efching, and polishing
were frequently given to these specimens, which were
employed in investigations involving fluxoid pinning
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in superconductors. phonon spectra. photoemission.
fracture, positron annihilation, and H absorption.

A spherical Ta specimen was cut from a single
cnystal and treated at 2200°C under O; ps ial
pressure of 6.5 X 10 ° torr for S h. The samp’ was
then outgassed under a vacuumof |~ 10 " to.rat the
same temperature (o 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 N 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 2 modulator of this type. four (110) shces
with 7 X 15 mm surfaces were wire-cut from x [100]
cyl.ndrical W single crystal. A square beam channel
was then formed by holding the slices on a6 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 undera vacuumof 1 X 10”°
torr for 3d 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 5¢¢ Fein
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 2 multigrain sample. A satisfactory crystal
was grown, however, by employing the Bridgman
technique with a conical alumina crucible.

A Ni- 1867 Pt crystal was grown by the Czochralski
method using self-nucleation on a Pt wire. and this
specimen was also the subject of a study using
seutron 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 fluctuatiors on tne growth
direction of single-crysuai Joi. 1 hz most favorable
growih orientation was determined to be the [111]
direction when very pure (SN) Ni was used as the
starting material. The [100] direction was most
favorabie, however, when less pure (3¥) Ni was




employed. Crystals produced from starting rods (3N)
that had been strained by swaging had a strong
tendency o grow along the [111] direction. Crystals
produced from four auadrant sectors cut froma 1.3-
cm-diam rod did no! exhibit a preferential growth
direction, howeer. A simulated temperature fluctua-
tion was applied to the crystal during the growth
process by superimposing a square wave whose
ampiitude was as large as 5% of the total power and
whose period was 10 s. No correlation was found
between the growth direc.ion and these temperature
fluctuations.

CRYSTAL GROWTH OF LaNi;
Y. K. Chang H. E. Harmon

Hydrogen is a potentially impurtant fuel whose
proper bse could contribute signiticantiy to the
solution of existing energy problems; accordingly, a
number of materials for the efficient storage and
release of H are currently being investigated. The
present expenimental evidence indicates that 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 fractica! interest. Starting
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stoichiometric saixtures of LaNis were preparsd by

melting in an arc melter filled with purified Ar gas.
The mixtures were then crushed and remelted four to
fivetimesina Agboar'  Huction heatingtoensure
homogeneity. The fina. . was used to shape rhe
mixture into the form of . rod for crystal grov-~t.
the EBFZ system. Two float-zone passes were ~:ave
¢ the specimen under 2 vacuum of at least | X 10
torrat azonesp~ed of 2.9 cm/ h. Grains of about | cm
in size were identified by the x-ray Laue back-
reflection method. A 1.aNis crystal grown by this
technique is shown in Fig. 6.12.

QUANTUM FERROELECTRICITY IN
K1-:Na,TaO; AND KTa,.,Nb,O'

U.T. Hachli? L. A. Boatner

The effect known as ferroslectricity arises when
forces between polarizabie ions in a colid producc a
spontancous displacemen: of these ions which ;=sults
in a lattice polarization velow some characteristic
(Curie) temperature. Flucivations in this polariza-
tion mav be thesmally induced, as in the case of
c! ssical ferroelectrics, or, if the Curie temperature is

Fig 6.12. A LaNi, crystal grown 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
Sawaguchi et al..’ who found that at low
temperature the dielectric constant of SrTiO; did
not obey the Curie-Weiss law but rather that it
could be described by the following expression:

¢~ er= = C[2Ticoth(T,/27) — 7o) l . 1))

where T, represents the dividing temperaturc
between the quantum-mechanical and classical
regions. This equation had been derived earlier by
Barrett,’ using a model based on a gquantum-
« atistical ensemble of oscillators. More recently, Eq.
(1) has voon used to fit measurements of the dielectric
constants of K 1'x0); under atmospheric, as well as
applied, isotropic prissure. In spite of its apparent
ability to provide a rcasonable fit to this dielectric-
constant data, Eq. (1) iz in contradiction with the
limiting behavior of (T — 0) us predicted by the
more recent quantum thearetical treatments of
incipient ferroclectyics with T, =0, as well as with the
behavior predicted by the acoustic-optic mode-
coupling model that is applicable for low, but
nonzero, critical temperatures. The variation of e
with temperature predicted in the more recent
theoretical works is given by

[l ¥ 2 ET” 7})—7 ’ (2)
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where y = 2 (quantum theory) for 7. =0 and y=
1.4 + 0.2 (mode-coupling model) for temperaturesto
~~100 K.

Experimental determinations of variations in the
diclectric constant, spontaneous polarization, and
elastic compliance as a function of temperature and
impurity concentration were made for K- ;Na,Ta0,
and KTa;-,Nb,Os, and these results show that the
physical properties of quantum ferroclectrics differ
from those of classical ferroclectrics in the following
ways: First, for a quantum ferroelectric, transition
temperature depends on impurity concentration(i.c.,
on an effective order parameter) as T, o< (x— x.)"'%, as
opposed to T. < (x — x) for the classical case. Here
the critical impurity concentration is denoted by x..
Second, the inverse dielectric constant varies with
temperature as ¢ ' « T for the quantum-mechanical
case, instead of ¢ « 7. Finally, the distribution of
transition temperatures in a given mMacroscopic
sample with a Gaussian impurity concentration
distribution is p(T;) « T.exp(—aT;) for the quantum
ferroelectric, as opposed to a Gaussian for the
classical situation. The term p(T.) represents the
probability of finding a region with a transition
temperature 7. These results are in agreement with
previous theoretical predictions of some of the
distinguishing characteristics of quantum ferroelec-
tricity.

I. Summary of paper: Phys. Rev. B 20. 266 (1979).

2. IBM Zurich Research Laboratory. Switzeriand.

3. E. Sawaguchi. A. Kikuchi. and Y. Kodera. J. Phys. Sor.
Jpn. 17, 1666 (1962).

4. J. H. Barrett, Phys. Rev. 86, 118 (195,

KTN AS A HOLOGRAPHIC
STORAGE MATERIAL'

L. A. Boatner E. Kritzig
R. Orlowski’

Because the Curiv point of KTa;-,Nb,Os(or KTN)
can be controlled by varying the Nb content. it is
possible to tailor or optimize the clectro-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 nonferroclectric cubic phase. KTN single
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crystals exhibit the best storage sensitivities mea-
sured for clectro-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
fz. coelectric 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.c., 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 (T;) of cach sample was deter-
mined from measurements of the temperature
dependence of the static diclectric constant. The
composition of the KTa-.Nb,O; crystals could be
determined by using the results of Tricbwasser’ and
the measured values of 7. Values of T, werefound in
the range from —273 1o +75°C, corresponding to
values of x (i.e., Nb content) between O and 0.5.
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, cm?). 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 19 read-out efficiency was
found to be of the order of 100 uJ/cm? for KTN in
either the ferroclectric or the nonferroelectric phase,
These results compare favorably with those reported
for other electro-optic materials. Dark storage times




228

of up to one year were found for the most sensitive

KTN crystals.

I. Summary of paper: Ferroelectrics 27/ 28, 247 (1980).

2. Philips GmbH Forschungslaboratorium, Hamburg, Ger-
many.

3. S. Trcbwasser, Phys. Rev. 101, 993 (1956).

EXTRINSIC PEAK IN THE SUSCEPTIBILITY
OF INCIPIENT FERROELECTRIC KTaOy:Li'

U.T. Hochli¥  H. E. Weibel?
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 & = 0 10 be resolved with an accuracy of
Aw =1 Hz. From numerous possible examples of
such systems, KTaO;:Li 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 lincarly to the order parameter, which, in this
case, is represented by the polarization. Since the Li
ion is off center, it may occupy anv  ie of several
~ equivalent positions and can hol. between these
" “positions with an Arrhenius frequency of v = wx
-exp(—A/kT), where A represents the potential
barrier height scparating 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 30K to4 K witha dc bias of about 2% 10° V/m.
The polarization is a continuous function of the
Li concentration and is about twice as large for
E|{100) as for E||{(111). 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 ~19, is
responsible for an extremely narrow (1 kHz) central
peak. Its dynamic propertics are correctly described
by the mean-field dynamics of a static impurity in a
ferroelectric host. At higher concentrations the
central peak is broadencd, and above ~25 K the
transition between static and dynamic behavior
occurs. As long as the Li concentration is less than
24%, KTaO;y:Li does not become ferroelectric at any
temperature, and the observed diclectric dispersion
cannot be identified with a ferroelectric soft mode.

1. Summary of paper: Phys. Rev. Letr_ 41, 1410 (1978).
2. 1BM Zurich Rescarch Laboratory. Switzerland.

STABILIZATION OF POLARIZED CLUSTERS
IN KTaO; BY Li DEFECTS: FORMATION
OF A POLAR GLASS '

U.T. Hochli®  H. E. Weibel
L. A. Boatner

Ferroclectric order may be present in a paraelectric
lattice over a limited distancc, tesmed 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, paraelectric)
phase.

If the polanzation 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 loculized. Addition:ily, 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 KTaOs:Li were
investigated as a function of Li concentration. The
results have shown that doping an incipient ferroelec-
tric such as KTa0, with dipolar impurities gives rise
to a remanent polarization similar tothat found inan
clectret and that this effect can be controlled by
varying the araount of doping. Valuableinformation
concerning *ne ferroelectric coherence length (about
three to four lattice spaces in Li-doped KTa0s) was
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obtained from both static anG dynamic measure-
ments. When the Li concentrztion is low (i.e., below
about 299) and the clusters c o not interact, the net
polarization in regions that coniain only a few 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.”

I. Summary of paper: J. Phys. C. Lent. 12, 1.563 (199).
2. I1BM Zurich Research Laboratory, Switzerland.

LOW-TEMPERATURE THERMAL
CONDUCTIVITY OF KTa0O; AND KTN
SINGLE CRYSTALS'

A. M. de Goé®  B. Sake
L. A. Boatner

Mixed crystals of the type K Ta;-:Nb,O3 (K TN) are
ferroelectrics with a transition temperature (T7) that
depends on the Nb content, x. The phase diagram for
small x, established by dielectricand elastic measure-
ments, shows that crystals with x < 9.8% remain
paraelectric at all teiaperatures. The theninal conduc-
tivity (K) of several crystals with x varying rom 0 to
3% was measured from 1.3 to 200 K; two samples
were measured down to T = 80 mK. A standard
stationary-heat-flow method was used, and the error

in Kis lessthan 7%. The single crystals were grown by
means of a flux techniyue, using a high-temperature
(1700 K) reaction of Ta0s, Nb;Os, and an excess of
K2C0,. The material, which was contained in a Pt
crucible, was held at the maximum temperature for
approximately 12 h and then slowly cooled (1 t0 3
K/h) from 1700 to 1220 K. Self-nucleation usually
resulted in the production of | to 4 large grains.
Cooling from 220 K to room temperature was
accomplished in 8 to 10 h, and hot H,O was then used
to remove the flux and free the crystals. The samples
were cut, using a wire saw, as panalickepipeds with
cross sections of about 2 X 2 mm’ and length8 to 16
mm along the (100} axis. Typical compositional
inhomogeneitics can be estimated to be about 0.3¢;.

Three KTaO; crystals (x = 0) containing different
impurities have been measured, and the results are
shown in Fig. 6.13¢. The “purc” sample contains
some Ti as residual impurity. The introduction of Cu
or Az does not noticeably affect the thermal conduc-
tivity, and the existence of a minimum near 6 K ap-
pears 10 be an int-insic feature. A Cu-doped sample
was mcasured down 'o 80 mK (insert of Fig. 6.13a).
and it is seen that K 7" 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. 6.13b. The thermal conductivity decreases
with increasing x, even for the nonferroclectric
crystals with x < 0.8%. There is no specificanomaly
in K at T, in the ferroelectric crystals (7. =23 K forx
= 1.6% and 37 K for x = 3%). One sample with x =
1.6% was measured down to 80 mK, and X 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 K is stronger
thon T in the range 8-17 K.

1. Summary of paper: Proceedings of the Third International
Conference vn Phonon Scatterivg in Condensed Matier, ¢d. by
H. J. Maris, Penum Press, New York (in pross).

2 Centre d Frudes Nuclcaires, Grenobke, France

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 inguirics regard-
ing the properties. characterization. preparation.
and availahility of ultrapure solid state rescarch
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 1V-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 cach 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,
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The publications listed below and illustraied in
Fig. 6.14 have, since Vol. 1 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 oplics)
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.

ORNL-PHOTO 2048-80
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Fig. 6.14. Solid Stste Physics Literature Guides prepared by
RMIC.

Volume |, Ferroelectric Materials and Ferroelec-
tricity (1970), was compiled with the assistance of
Bell Telephone Laboratories computer processing
and indexir.g 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
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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).
represents an attempt to collect under one cover “ae
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 matenials
examined.

Volume 5, Bibliography of Magnetic Materials
and Tabulation of Magneitic Transition Tempera-
tures (1972), is an example of a compilation created
in responsc 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. Scartering of Thermal Neutrons
(1974). and Bibliography of Microwave Oprical
Techrology (1976). are dealt with above.

Volume 9, Laser Window and Mirror Malierials
(1977), deals with the physical and optical properties

I~
‘v

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 eff _..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 Growith Bibliography (i977).
the largest single collection of crystal-growth
references. is actually two volumes—one the refer-
ences and the other the autkor and permuted-titie
indexes. The permuted-title indexes permit searches
not only by matenal but also by growth method.
They also 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 Matenals
Laboratory library has been prepared.

Y



7. Isotope Research Materials

The preparation of special chemical and physical forms of separated, high-purity
isotopes is the task of the IRML. Rescarch samples using nearly all stable isotopes and
many radioisotopes (especially the actinide clements) are made to customer
specifications in support of research programs throughout the United States and in
forcign countrics. 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.
Suppon for this work comes directly from sales of materials and services; therefore,
IRML has an integral sales function withassociated inventory and revenue-accounting
operations. Researchand development activities in [RM L are funded by DOE through
the Office of Basic Energy Sciences and Office of Nuclear Wastie Management.

Technical functions of IRML can be categorized generally into materials research
and development, scparation 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 product 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 maupower and ancillary expense.

Procedurss developed for handliag 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 abnve noted operations have been adapted for
radioisotope processing.
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As a result of the technical capabiliiies deveivped for isulope sampie preparations.
a research and development program on ccramic and cermet waste forms is being
carried out in IRML. Considerable progress has been made in transiation 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.
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ELECTROCHEMICAL SEPARATION

Tabie 7.1. Hydrogen isotope separation fectors

OF T FROM AQUEOUS on & single bipolar clectrode
EFFLUENT SYSTEMS Temperat
?ﬂ ure aor our
D. W. Ramey R. Taylor O
M. Petek J. Ramcy 30 1.7+10
As reported earlier,’ bipolar electrolytic separation g: i"; * :':i 108 %07
of H isotopes can offer significant advantages in % 202 + 0,03 14205

power conservation, casc of operation, and cost of
containment (when T is involved). In addition, large
clectrolytic isotope scparation factors are achicvable

so that relatively few stages are required to achieve .

desired separation. The separation cell consists of
bipolar clectrodes placed between two terminal
clectrodes. Each bipolar electrode is permeable to
clemental 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 mass 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 electrodc,
which are essential for the T separation process, have
been studied using a single bipolar cell witha bizpolar
electrode of Pd-259; Ag alloy (2.5-7.6 X 10" mm
thick). Values for anr and awr were measured at
various temperatures at 0.15-, 0.21-, and 0.5-A/cm’
current densities in 3-6 N NaOH [NaOD] electrolyte.
Within these experimental conditions the separation
factors at a single bipolar clectrode 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.

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% Agat various temperatures). Tt~
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 clectrodes was measured as a
function of current density, temperature, and the
electrode thickness in the H;0-NaOH and the D.O-
NaOD system. Typical data are shown in Fig. 7.1.
Higher voltages at low temperatures and with thicker
electrodes are associated with H and O gas formation
at the bipolar electrode, that is, less than 1009% 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.’
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 agrcement between
the experimentally obtained T concentrations for the
individual stages and thosc 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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Fig 7.2. Measured interstage compositions in the mukibipoiar
experiments show excellent agreement with the calculated
concemtration profile.

factor was considerably smaller than that determined
using a single bipofar cell (6.3 and 6.8 as compared to
11). Such a decrease in the interstage separation
factor is believed not 1o be an intrinsic characteristic
of the multibipolar cell concept but rather to be
caused by intermixing of the clectrolyte from
adjacent cell compartments in these cxperiments.

Calculated mass transfer, as determined with a
squared-off cascade model, as a function of electrical
power consumption suggesis that about 215 less
power will be required for bipolar electrolytic separa-
tion as compared with normal clectrolysis. This
cstimate represents only the present level of develop-
ment; the savings could be as much as 30%. Aneven
greater reduction in the voltage drop through the
bipolar clectrode may be possible with porous
clectrodes. The simplicity and efficiency of a multi-
bipolar ceil has great potential for use in designing a
very compact separation facility.

. D. W. Ramey et al., Solid Siote Div. Prog. Rep. Sepi. 30,
1978, ORN{.-5486, p. 199,

2. D. W. Ramey. Tritium Separation from Light and Heavy
Warer by Bipolor Elertrolysis, OR'¥1.-5581 {October 1979).
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CERMETS FOR HIGH-J EVEL
RADIOACTIVE WASTE CONTAINMENT

W. S. Aaron T. C. Quinby
D. W. Ramey D. K. Thomas

Continuing research and development cfforts to
form high-ievel 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
is shown in Fig. 7.3. Waste material, nitric acid, urea,
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 developedtobe

compatible with the viscous urea solution and to be
capable of handling slurried materials of small
particle size as well.

Use of spray calcination not only makes the
process continuous but also permits decreased
concentrations of urea to be used: -1 mole ratio of
urea-to-nitrate ion vs 5:1 ratios (or more) used in
bench-scale experiments. The cost is decreased, and

mmls'smu
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the exntherms - reaction resulting in the clciadr at
lower urea concentrations permits centerline temper-
atures of > 1000 K to be maintaincd while the furnace
wall temperature is approximately at the same level.
Cyclone collection of cakined 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-particle-size calcine is
being investygated. This process would significantly
reduce the metal-iilter dogging experienced in other
spray calcination processes.

Asseenin Fig 7.3, cakiaed powder is subsequently
extruded continuously ini 2 rods and then sintered to
a high-density, low-porosity form. Sintering experi-
ments have yielded significant results in that simple
sintering of reduced calcine. powder has beenfoundto
be of insufficient density, approximately 85% of that
achicved by hot-pressirg. However. by modifying the
time-temperature kineiic scheme used in the reduc-
tion-sintering process, n=ar theoretical density has
been achieved on a laboratory scale. Figure 7.4
illustrates differences in the processes. Basically,
liquid-phase sintering resalts in the mixed-oxide
reduction process, which mostly eliminates void
structure and enhances ceramic-phase compound
formation and growth of particle size.

LG BN
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Fig 7.3, Schematic representation of flow sheet for cermet preparation of reprocessing wastes illustrates engineering

amenabilny.
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Leach testing at PNL of cermets of simulated
wasles containing radiotracers of Cs, Sr, and Ru
prepared by hot-pressing has shown these materials
1o 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 cfforts 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 appiied 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 siudge
and fresh acid wastes and NFS acid Thorex waste
have been converted successfully to the cermet form
in hot cells and subsequently characterized. In
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addition to the application of the cermet waste form
to a variety of wastes, various disposal options are
also being 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 radicactive wastcs. Physical
and chemical properties of synthetic and real waste
cermets are summarized in Tables 7.2 and 7.3.

Table 7.2. Processing-related cermet characieriatics

Waste loading 2-i5w%

Waste-volume reduction 1:8-100:1

Ceramic-phase loading 20-50 wt %

Metal-phase loading 50-80 wt %

Metal-phase composition 70% Fe, 20% Ni, 5% Cu,
$% miscellancous

Tabie 7.3. Typical cermet propesty ranges

Density 60382g cm’
Thermal conductivity J2WW m°C
Decay-heat loading 002 02W ¢m'
Oxidation
3h SOFC air ~2-pm-thick oxide layer
2 h B00°C air ~$ T-pm-thick oxide layer

Thermal shock (2-cm-diam cylinders)
Three cycles: 900°C to water guench No damage detected
metallographically

f.each rate
Soxhlet test (72 b) 71X 10" g cm’-d.

0.0245; 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,' casily
sinterable oxide powders have been prepared by
precipitation from molten urea. Cold compaction
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and subscquimi sintering pioduced high-densily
cylindrical peliets 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 achicvable by this
technique was 0.5 mm because of the difficulty in
achicving uniformity with less material. All hot-
pressing operations were performed using ATJ
graphite dies at approximatcly 35 MPa and
temperatures up to 1300 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
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afier pressing many nundreds 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 **U, 2*U, *'Np, and *’Pu as
oxides have been prepared for FFTF, HFIR, and
ORR reactor experiments.

I. M. L. Adairet al.. Sofid State Div. Prog. Rep. Seps. 30. 1978.
ORNL-5486. p. 202.

STABLE ISOTOPE TARGET PREPARATION

W. B. Grisham K. B. Campbell
L. Zevenbergen

Preparation of accelerator targets and nuclear
chemistry samples was a continuing effort in this
reporting period. In most cases, tkc metallic form of
the specific isotopes was required, and to this end
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39 mcial picpaiaiions by simuitancous reduction-
distillation using La or Th as the reduciznt were
performed. Many of these metal preparations
.avolved rather large quantities of material: 70 g of
"*Nd (91% conversion yield), 20 g of *'Sr (87%), and
55g of '**Sm (84%,). Improved metal-fluoride reduc-
tion methods applicable to Gd. Nd, and Luisotopes
provided conversion yields greater than 90% in all
cases. Considerable effort was expended to achieve
high-efficiency reduction of <200-mg quantities of
Y*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 the product were
required to remove coevaporate< th metal. A sample
of about 50 mg of 99.9% '"*Lu will - prepared by this
technique; this enrichment is being achicved 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 pg; cm’,
such films are difficult to prepare and maintain.
Accelerator-source-material forms and ion filters
were prepared in support of research at UNISOR.
About 1300 cm” of | mg' cm’ Ta foil were produced in
pinhole-free condition for this purpose. Special high-
temperature purification of starting materials and
intermediate annealing trcatments were developed to
producc this ultrathin, leak-tight material. Similarly,
for the first time. W foil of 800 to 1000 ug/cm’
thickness and in a maximum size of 6 cm’ 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. L. Byrum  J. M. Dailey

Hundreds of radioisotope-containing target sam-
nles 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 *''UO..
*“U0;, and **Pud; on 0.013-mm-thick 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 nuclidic
purity. Decontamination factors of 1-6 X 10° have

"been achieved between these nuclides in one or two

distiilations. Yttria crucibles must be used as th»
container material for mixtures of molten actinides
during vaporization (and subsequent collection of
distilled products in quartz receivers) so that
intergranular attacl of the container matcnal can be
avoided at temperatures of 1600 to 2000 K. In
cooperation with LASL, slip casting and sintering
of reaction-distillation crucibles of yitria were
developed; although still being perfected, very satis-
factory crucibles have been prepared. Currently
being investigated are methods 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, zircomia, 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 heatingor
cooling can be reduced with thinner-wall bodies.

3'py 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
clectron 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 **'Pa;0s. The target
samples were 10 be used for the measurement of the
fission cross section of **'Pa for neutron energies
from 0.4 to 12 MeV, Because less than | g of purified
*Y'Pa was available, the vacuum evaporation process
was precluded.

An adaptation of a previously developed
procedure’' was used to prepare the required **' Pa;0s
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deposits. Afte  dissoiuiion of the PaxJs in § & 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 amyl acetate. A
total of six 88.36-cm’ Ti subsirates were painted on
both sides with the “'Pa-containing lacquer. The
areal density of 2'Pa on each coated surface was
300 pz/cm’. 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.

1. J. W. Behrens, Preparation of Fission Foils for Fission
Jonization Chambers Using a Painting Techniquee. UCRL-51476
(1973).

REACTOR DOSIMETRY MATERIALS
J. A. Setaro ). M. Dailey J. Lovegrove

Ir. this reporting period, 2082 neutron dosiineters
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, intcrest
has grown recently in monitoring neutron spectral
characteristics in commercial reactors and in sources
for fusion energy experimental purposes: for thesc
purposes neutron dosimeters similar to titose usea 11
FFTF will be used. If this application continue, 1o
grow, doubling of specimen preparation within
IRML can be anticipated in vhe next period. New
“wire” materials we.¢ prepared for use in neutron
dosimcters (V encapsulated). About i0 m of pure
My. and PuCirextruded ceramic wire were
prouuced and characterized; 10 m of S wt % Au-V
and § wt % *"U-V alloy wires were also preparcd.
The ceram.c wire material was formed by the uiea
precipitation-extrusion-sintering method developed
carlier. Metal-alloy wire was prepared by arc melting
and drop casting with s"hsequent 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./ UK. HIGHER ACTINIDE
IRRADIATION TEST
H.L. Adair S.Raman' J. M. Dailey

A coopcrative 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 UK.
Prototype Fast Reactor at Dounreay, Scotland. The
IRML has been charged with preparing both the sets
of “fuel” specimens of Am-0; and Cm:O; and sets of
dosimetry materials for monitoring neutron flux and
encrgy spectra at the points of actinide irradiations.
In three fuel pins, samples of hot-pressed **'Am:0;,
**Cm:0s, and (**' Am¢**CmLa-);0; 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 preszr-d by precipitation of the
dissolved cationic auclides 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 254 mm long and consist of
stacked pellets having a length-to-diameter ratio of
onc or less. Loading of { to 20 mg of actinide
oxides in V capsules will begin next month.
Considerable quality assvrance on all samples
is required, especially with respeci to void volume.
phase identification, and verification of compound
compositions.

i. 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 fuef and the cladding alloy.

Thermodynamic calculaticns have been made at
temperatures of 973 K and 1273 K for reactions at the



fuel-clad interface of uranium carbides with seven
Cr-Fe-N: alloys: type 3lo 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: [UNiC:, UFeC:};
[ UFe.. UNi;, UCI':]; [Cl’z 3Ce, Fe;;C«.]; [CI’7C). FC7C)];
UNis; UC; UCHCx: CriyCy UNiser, UNissy; U.Cs;
U:>NiCy: U; and C. This list includes all known
binary and ternary equilibium compounds in the
U-C-Cr-Fe-N: system.

Type 316 stainless steel was significantly less
reactive than any of the other alloys b=ing considered.
At temperatures wher« the complex carbides do not
form, there is very little resiction hetween 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 intermetallic
compounds with large, negative free .nergies of
formation, and Crforms carbides with large, negative
irec energies of formation. Iron can take part in the
fcrmation of these compounds, but the contribution
to 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,

Liquidus temperatures for carbide fuel- :lad com-
positions are being determined by use of a d fferential
thermal analyzer. [n these studies the eff ¢t of zlloy
Ni content on the temperature for liquid for mat.onis
being evaluated. This inforniaiion is potentially of
great importance in the safety of an operating carbide
fuel reactor.

Experimental-phase diagram studies are being
carried out on the U-Pu-Ni system ir. the range 2 <
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Ni/U + Pu<5. Annealed specimens are examined by
use of x-ray-diffraction and SEM techniques. Phase
informaticn generated in these studies is needed for
evaluating U. Pu carbide fuel-clad interactions.

I. Chemica! Technology Division. ORNL.

CHEMICAL THERMODYNAMICS AND
PHASE EQUILIBRIA IN ACTINIDE-CARBON-
OXYGEN-CONTAINING SYSTEMS

T. M. Besmann'

High-temnerature chemical studies of actinide-
carhide-oxide systems associated with the prepara-
tion and use of advanced fast breeder reactor fuels
are being conducted in a cuoperative effort with
personnel of the Chemical Technology Division.
The.modynamic 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:-ThC:»-C and PuO,s-PuC,-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.

C. A. Culpepper

1. Chemical Techealogy Division, ORNL..
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J. C. Wang, J. B. Bates, 7. Kaneda, and H. Engstrom, “On the lonic Conduction Mechanisms of
"-Aluminas™ [ Bull. 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-lmplanted l.aser-Annealed Silicon” [Bull. Am. Phys. Soc. 24, 314 (1979)]
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J. D. Woosley. C. Wood. E. Sonder, and R. A. Weeks. “Photoelectric Effects in Spinel™ [Bull. Am.
Phys. Soc. 24, 449 (1979))

R. T. Young, J. Narayan, R. D. Westbrook. and R. F. Wood. “Formation of Epitaxial p-a Junctions by
Pulsed-L.aser Radiation™ [Bull. Am. Phys. Soc. 4. 314 (1979)]
International Conference on Modulated Structures, Kailua-Kona. Hawaii, March 22-25, 1979:

H. G. Smith, W. P. Crummeti. R. M. Nicklow. N. Wakabavashi. G. H. Lander. and E. S. Fisher.
“Observation of Superstructure in Alpha-U near 43 K~
New Mexico Chapter of the American Vacuun Sociesy Meeting. Albuguerque, New Mexico, April 24-26,
1979:

C. W. White. “Laser Anncaling of Semiconductor Matcrials”™ (invited paper)

American Ceramic Society Meeting. Cincinnatri, 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 (1919)]

Y. Chen, R. H. Kermohan, M. M. Abraham, and J. L. Boldu. “Enhanced Electrical Conductivity in
MgO due to Lithium Impurity” [4m. Ceram. Soc. Bull. 58. 368 (1979)]

Y. Chen, V. M. 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 (1 -79)]

E. J. Fricbele, & L. Griscom, M. Staplebroek, and R. A. Weeks. “The Peroxy Radical: A Fundamental
Defect Center 1n Fused SiO;,” [Am. Ceram. Soc. Bull. 58, 381 (1979))

E. Sonder. T. G. Stratton. and R. A. Weeks. “Kinetics of Fe’” Oxidation and Fe'" Reduction in MgO
Single Crystals” [Am. 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™ [4m. Ceram. Suc. Bull. 58. 370 (1979)}
Information Meeting on Sputtering, San Diego, California. April 30-May 1, 1979:

J. B. Roberto, "Status of Light-lon Sputtering™ (invited paper)

ORNI. Bimonthly Colloquivum, €)ak Ridge. Tennessee, May 3, 1979:
W. S. Aaron, “A Novel High-Level Waste Form™ (invited paper)

International Conference on Fasi-lon Transport in Solids, Lake Geneva, Wisconsin, May 21-25, 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-Induced
Changes in Li-Na Beta-Alumina Single Crystals”

T. Kaneda, J. B. Bates, J. C. Wang, and H. Engstrom, “lonic Conductivity and Raman Spectra of
Na-Li, K-Li, and K-Sn 8-A1,0,"

J. C. Wang, J. B. Bates, T. Kaneda, H. Engstrom, 1). F. P'ckett, Jr., and Sang-il Choi, “Model Studies
of Mixed-lon Beta-Aluminas”
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Workshop on New Diagnostic Techniques Relating to Impurity Release, Germantown, Maryland, May
31-June 1, 1979:

J. B. Roberto and C. W. White, “Laser Fluorescesice Techniques for In Situ Impurity Studies™

R. A. Zuhr, B. R. Applcton, J. B. Roberto, and S. P. Withrow, “lon Backscattering/ Channeling and
Nuclear Reaction Analysis cf Tokamak-Exposed Samples™
Photovoliaic Materials and Device Measuremenis Workshop, Arlington, Virginia, June 1i-13, 1979:

R. F. Wood, R. T. Young, R. D. Westbrook, J. Narayan, W. H. Chnstie, and J. W. Cleland, “New
Techniques for the Study and Control of Grain Boundary Effects™

K. T. Young, C. W. White, J. Narayan, znd W. H. Christie, “Characterization of Laser-Annealed,
lon-Implanted Polycrystalline 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:

I.. A. Boatner, E. Kritzig, and R. Orlowski, “KTN as a Holographic Storage Material™
NATO Advanced Siudy Insiitute on Physics and Chemistry of Refractory Oxides, Aleria, Corsica, June
17-Juiv 1, 1979:

E. Sonder and 1. ¥. Connolly, “Characterization and Bulk Properties of Oxides”™

E. Sonder and R. A. Weeks, “lon Motion in Refractory Oxides™

Thirty-ninth Annual Conference on Physical Elecironics, College Park, Maryland, June 18-20, 1979:

M. Rasolt 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 Mezials, San Diezo, 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 Niobjum”

H. A. Mook, W, C. Koehler, M. B. Maple, Z. Fisk, and D. C, Johnston, “Neutron-Scattering Study of
the Superconducting-Magnetic Transition in HopsErosRhiBs™

H. G. Smith, W, P. Crummett, N, Wakabayashi, R. M. Nicklow, G. H. Lander, and E. S. Fisher, *Soft
Phonons and Lattize Instabilities in Alpha-Uranium”

H. G. Smith, N. Wakabayashi, G. W. Webb, Z. Fisk, ¥. M. Mueller, A. Arko, and D. Lowndes,
“Phonon Spectra in A-15 Superconducting Compounds™

Ninth Conference on Surface Studies and Fourth SUBWOG-12B Technical Exchange, Golden, Colorade,
June 26-29, 1979:

H. H. Madden and D. M. Zchner, “Electron Spectroscopic Investigations of the Oxidation of
Beryllium™

Workshop on Spuriering Caused by Plasma (Neutral Beam)-Surface Interaction, Argonne, Minois, July
8-10, 1979:

J. B. Roberio, “f.ight-lon Sputtering Yields"
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Materials Research Council Review Meeting on Rupidiy Solidified Materials. La Jolla. Cafitorma, fuiv
16-17, 1979:

C. W. White. “Solubtlity Enhancement in Siliconr by lon Implantation and Pulsed-laser Anncaling™
(invited paper)
International Collogquium on Materials for High-Temperature Energy Sources. Toronto. Canada. Julv

16-19, 1979:
R. A. Weeks and E. Sonder, “Charge and Mass Transport in MgO™

Seconi’ifj;{m INTERMAG-Magnetism and Magnetic Maierials Conference. New York. Jufv 1720, 1979:
J. F. Caok<; “ltinerant Electron Magnetism in 3d-Transition Metals™ (invited paper)

R. E. Parrz -and'.!;,;\}’.f(' able. “Magnetic Moment Distribution in NiP1 Allovs”

Symposium on the I’h_t_'x::c.,s fof Surfaces and Opiical Properiies of Solids. Mexico City. Mexico, Julyv 17-20,

1979: SR e

Y. Chen. “Semicenducting Properties of Li-Doped MgO" (invited paper)
International S_rmposiw;; II i_;n Solar Energy Fundamenicls and Applications, Iznrir, Turkev, Augtesr 68,
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 Multicomponent Heating Systema™
American Crystallographic Association Meeting, Boston, Massachusetrs, August [2-]7, 1979:

J. E. Epperson, J. Faber. R. W. Headricks. and J. S. Lin. "Small Angle Scattering Observiniaas of o
Decompaosing Ni-Al Alloy™

J. M. Schultz, J. S. Lin, R. W. Hendricks. and R. G. Kepler. “Temperature-Dependent Small-Angle
X-ray Scattering from Poly(vinyhdene Fluoride)™

J. M. Schultz, J. S. Lin, R. W. Hendricks, J. Petermann, and R. M. Gohil. "Anncahing Behavior of
Polypropylene Films Crystallized from a Highly Extended Mclt™

G. D. Wignall, “"Smali-Angle Neutron Scatiering Studies of Semicrystatline Polvmers”
Eighth Imernational Confere ace on Atomic Collisions in Solids, ifamilion, Ontario. Canada, Augusr 13-17,
1979:

M. J. Alguard. R. L. Swent, R, h. Pantell, S. Datz, J. H. Barrett, B. 1. Berman. and S, D. Bloom,
“F adiation from Channeled leptons”

J. H. Barrett and D. P. Jackson, "Role of Corrclations of Lattice Vibrations in Channchng™

W. Husinsky, "Velocity Measurements of Sputtercd Atoms by the Laser-Doppler Method ™ finvised
raper)

W. Husinsky, R. Bruckmitiller, and P. Blum, "Investigation of The mal and Collisional Contributions to
ihe Sprtering of Sodium, Sodium Hahlides, and Samarium Targets”

0. S. Nza, “Redefined Scattering Cross Section in Monatomic Sohds™

P. P. Pronko, B. R. Appleton, Q. W. Holland, and S. R. Wilson, “Near-Surface Yield Enhancement 1n
Narrow Acceptance 180° Elastic Scattering for He fon and Non-Crystalline and Poly-Crystalline Solids”
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Thirty-seventh Annual Meeting of the Eleciron Microscope Sociely of America. San Antonio. Texas, August
13-17, 1979:

S. Kobayashi and S. M. Ohr. “In Situ Studies of Crack Propagation in bec Metals™
Annual Meeting of the Society of Photo-Opiical Instrumeniation 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. Ckristie, “Laser Techniques in Photovoltaic
Applications” (invited paper)

Conference on Phonon Scaitering in Condensed Matuter, Providence, Rhode Island, August 28-31, 1979:
A. M. de Goer, B. Salce, and L. A. Boatner, “Low-Temperature Thermal Conductivity of KTaO; and

KTN™
International Conference on Neutron Scattering and Magnetism, Jiilich, Germany. August 29-31, 1979:

J. F. Cooke, “Band Theoretic Interpretation of Neutron-Scattering Experiments in  Metallic
Ferromagnets™ (invited paper)

R. M. Moon and W. C. Kochler, “"Maguetic Properties of SmN”
Eleventh International Conference on Physics of Elearbnic and Atomic Physics, Kvoto, Japan. August
29—September 4, 1979:

S. Datz, J. H. Barrett, M. J. Alguard, R, L. Swent, 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. Koehler, C. Stassis, and G. R. Kline, “New Evidence on the Magnetic Structure of
Nd~ ~
International Conference on Polarized Neutrons in Condensed Matier 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 lonic Solids, Harwell, England, September 10~13,
1979:

V. Philipps. K. Sornenberg, and J. M. Williams, “Helium Diffusion in Nickel at High Ten.peratures™

Fifth International Symposium of Nuclear Quadrupole Kesonance Spectroscopy, Toulouse, France,
Sepiember 10-15, [979:

Gary L. Petersea, G. E lellison, Jr., and P. C. Taylor, “Pulsed NQR in Amorphaous, Orthorhombic. and .

Rhombohedral Arsenic”

TMS-AIME Conference, Milwaukee, Wisconsin, September 16-20, 1979:
Y. K. Chang and H. E. Harmon, *Crystal Growth of 4-15 Compounds”
S. Kobayashi and 5. M. Onr, “Dislocation Madel of in Situ Fracture Experiments™
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Third Europhysics Conference on Lattice Defects in lonic Crysials, Canterbury, England. September 17-21,
1979: .

Y. Chen. M. M. Abraham_ J. L. Boldu. and V. M. Orera, “Current-Voltage Characteristics of Li-Doped
MgO Oxidized at Elevated Temperatures™

V. M. Orera and F. A. Madine, “Magneto-Optical Properties of Metallic Colloids in lnsulators™

J. Narayan, “Properties of a {100) Dislocations in Magnesium Oxide™

R. M. Nicklow, W. P. Crummett, R. F. Wood, and Mark Maostoller. “Neutron-Scattering Study of
Coupled Defect-Phonon Modes in KCl-,(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 lvnic Crysials, 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-EURATOM Symposium on Reactor Dosimeiry, Ispra, lialy. 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™
Tweniy-sixth National American Vacuum Society Symposium, New York, New Yurk, October 2-3, 1979:

H. L. Davis and D. M. Zehner. “Structure of the Clean Re(1010) Surface”

J R.Noonan and H. L. Davis, “A 1979 LEED Analysis of Cu(100)™

D. M. Z¢hner, C. W. White, and G. W. Ownby. “A LEED. AES. and RBS Investigation of Si(100)
Implanted with As”™
Conference on Laser-Induced Crystallization in Solids, Mons, Belgium, Ociober 46, 1979:

C. W. White, S. R. Wilson, F. W. Young, Jr., B. R. Appleton, and J. Narayan, “Nonequilibrium
Solubiiity and Segregation in fon-Implanted, Laser-Annealed Silicon™ (invited paper;
Symposium on Northeastern Accelerator Personnel, Philadelphia, Pennsyivania, October 89, 1979:

O. E. Schow [, “SNEAP 1979 Laboratery Reports™
Electrochemical Society Symposium on Laser and Eleciron Beam Processing of Electronic Maicerials, Los
Angeles, California, Ociober 14-19, 1979:

J. 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. Depariment of Energy Workshop on Hydrogen Recycling, Dublin, California, October 16 22, {979:

M. T. Robinsnn, “Hydrogen Reflection Calculations™ (invited paper)

R. A. Zuhr, S. P. Withrow, J. B. Roberto, and B. R. Appleton, “In Situ Measuremcrnts 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. Benes, M. Bruck, F. P. Vichbock, P. Blum, L. Wimmer, W. Husinsky, and K. C. Hamms,
“Microprocessor-Controlled Data Acquisition System for Solar Heating Systems™
Symposium on Separation Science and Tecknology 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 Flow™
Sixteenth International Thermal Conductiviiy Conjerence. Chicago. Hllinois, November 7-9. 1979:

C. L. Tsai, A. R. Moodenbaugh, H. Weinstock, and Y. Chen, “Thermal Conductivity of Damaged
MgO™
Southeastern Section Meeting, American Physical Society, Chatianooga, 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]° Centers™[Bull. Am. Phys. Soc. 25. 129 (1980)]

M. Rappaz, L. A. Boatner, and M. M. Abraham, “Characterization of Tetragonzl Phosphate Crystals
and Powders Doped with Rare-Earth Impurities™ [ Bull. Am. Phys. Soc. 25, 127 (19%0)]
American Nuclear Society Winter Meeting, San Francisco, California, November 11-16, 1979:

W. 5. Aaron, L. H. Kobisk, T. C. Quinby, aid D. K. Thomas, “Progress on e Ceinict Approach (o
Nuclear Waste Management™ [Trans. Am Nucl. Soc. 33, 412 (1979)]

C. W. White, “Characterization of lon-Implanied. Laser-Annealed Siitcon for Solar Cell Applications™
[Trans. Am. Nucl. Soc. 33, 246 (1979)] (invited paper)
American Physical Society Meeting. Boston, Massachusetts, November 12-16, 1979:

1. 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 Pn.ﬁlmg in the Plasma Edge of ISX-B”
[Bull. Am. Phys. Soc. 24, 938 (1979)]

R. A. Zuhr, S. P, Withrow, and J. B. Roberto, “Heavy Impumy Transport in the Plasma Edge of
ISX-B" [ Bull. Am. Phys. Soc. 24, 938 (1979)) —

First Users’ Group Workshop for Naitional Center for Small-Angle Scattering Rese&ici;, ak Ridge,
Tennessee, November 13-14, 1979: ™~

D. K. Chricren, “Very High Resolution Studies (500-6000 A) on the Double Crystal lefracmmcur
(invited paper) )

J. S. Lin, *Chemical Applications of Small-Angle Scattering” (invited paper)
G. D. Wignall, “Small-Angle Scattering from Polymers” (invited paper)

Eighth Symposiur. 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 Managemeni, Cambridge,

Massachusetts, November 2630, 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. Beall, 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. 1. Braginski. and M. Ashkin,
“Ion Implantation and Laser Anncaling of High T. Superconducting Materials™

H. Engstrom, “Infrared Reflectivity and Transmissivity of Boron-Implanted. Laser-Annealed Silicon™
F. H. Hsu and C. W. White, “Positron Annihilation in [on-Implanted; Laser-Anncaled Silicon™

J. Narayan, “Structural Defects in Laser- and Electron—Bcam-Anneiled Siiicon™ (invited paper)

3. 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 Annealmg
_of lon-Implanted Silicon™

C. W. White, S. R. Wilson, B. R. Appleton, F. W. Young, Jr., and J. Narayan. “Supersaturated
Substitutional Alloys in Si'icon 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 Polycrystalline 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 Jon Implaniation,
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 3-5, 1979:

R. F. Wood, “Laser Annealing:in Photovoltaic Research™ (invited paper)

Forty-second Statistical Mechanics Meeting, New Brunswick, New Jersey, December 13-14, [979:

Martin Ulehia, “Gauge Fields and Order in Crystals and Glasses”

Fourteenth JEEE Photovoliaic 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 Solat Cells” (invited paper)

R. T. Young, R. 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 1418, 1980:

R. M. Nicklow, “Neutron Scattering from Coupled Phonon-Impurity Modes in KC1;-{(KCN),”
AIME Annual Meeting, Las Vegas. Nevada, February 24-28, [980:

S.-J. Chang and S. M. Ohr, “Thickness Dependence of the BCS Solution for Elastoplastic Cracks™ [J.
Me:. 31, 142 (1979))

g

Y. K. Chang and H. R. Kerchner, “Growth and Characterization of A-15 Intermetallic Compounds™[J.
Me:. 31, 123 (1979)]

S. Kobayashi and S. M. Ohr, “In Sifu Electron Microscope Fracture Studies in Nickel™ [J. Mes. 31, 142
(1979)] '

S. Kobayashi and S. M. Ohr, “Studies of Crack Propagation in Amorphous Niobium Oxide™ [J. Me:.
31, 141 (1979))

B. C. Larson, “Crystal Defect Studies Using X-ray Diffuse Scattering™ [J. Mer. 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. Me:. 31, 82 (1979))

J. Narayan and S. M. Ohr, “Electron Microscope Study of Fracture in Doped-Silicon™ {J. Mer. 31, 141
(1979)]

S. M. Ohr, “Contrast Analysis of Dislocation Loops™[J. Met. 31, 119 (1979)] (invited paper)

S. M. Ohr and S. Kobayashi. “In Situ Studies of Crack Propagation in Solids™ [/ Mer 2V, {!97‘5)}




RN ERLNE SE 1 3 Jala

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: 3d-Dimers,”’ J. Harris, Kern-
forschungsanlage, Julich, Germany

“Surface States on Mztals,” P. Sover University of Pennsylvania, Philadelphia, Pennsylvania
“Non-Local Effects on the Fermi Surface of Metals,” M. Rasolt, Solid State Division, ORNL

“Electron Lifetime Effects on Properties of 415 Compounds,™ L. Mattheiss, Beil Laboratories, Murray Hill,
New Jersey

“Investigation of Atoinic and Molecular Binding by Nuciear Resonance Scattering,™ O. Shahal, Nuclear
Research Centre. Negev, Isracl

“Excitons in the Sphalerite Structure,” H, C. Schweinler, Health and Safety Research Division, ORNL

“Proton Conduction ir the Solid Electrolytes 8- and 8”-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,” B. C. Larson, Solid State Division, ORNL

“ORNL-NSF National Center for Small-Angle Scattering Research,” W. C, Kochler, Solid State Division.
ORNL

“New Stories About Mixed Dumbbell Interstitials,” K. H. Robrock, Kernforschungsanlage, Jiilich,
Germany

“Cluster Nucleation at Undersized and Oversized Solutes in Copper,™ H. Wollenberger, Hahn-Meitner-Institut,
Berlin, Germany

“Status of Neutron Scattering at 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 CeAl;,” B. Barbara, C.E.N., Grenoble, France
“Electron Microscope Studies of Fracture in Solids,™ S. M. Ohr, Solid State Division, ORNL
“Plasma-Wall Interaction Studies on ISX,™ R. A. Zuhr, Solid State Division, ORNL
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“Electron Microscope Studies of Clustering of Atomic Defects in lon and Electron Irradiated FCC Metals,”
W. Jager, Max-Planck-Institut fir Metallforschung, Stuttgart, Germany

“Electron Spin Polarization in Double Scattering LEED,” J. Kirschner, Kernforschungsaniage, Julich,
Germany

“Melting and Solidification of the Surface Layer,” S.-C. Hsu, University of Illinois, Urbana, Hlinois
“The Recursion Method,™ M. Mostoller, Solid State Divi;ion, ORNL

“Electron Energy Loss Spectroscopy Vibrational Study of CO and O Adsorbed on Cu(l 10),”’ J. F. Wendelken,
Solid State Division, ORNL

“Metal Cluster Models: Applications to Chemisorption, Interstitial Hydrogen, and Magnetic Impurities,™
D. E. Ellis, Northwestern University, Evanston, lllinois

“Transport Phenomena in Magnetic Semiconductors,” V. A. Kapustin, A. F. loffe Institute, Leningrad,
USSR

“Local Density Approach to Bulk and Surface States,” A. J. Freeman, Northwestern University,
Evanston, Illinois

“Why Do Metals Form Alloys”™' C. H. Hodges, Daresbury Laboratory, Warrington, England
“Simple Theory of Transition Metals,” 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 Copj<r, Niobium, and Aluminum,” D. Richter,
Kernforschungeaniage, Jilich, 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, Northwesterr: University, Evanston, Illinois

“A LEED/Auger/Loss Study of Oxygen Chemisorption on Bi(0001),” T. N. Taylor, Los Alamos
Scientific Laboratory, Los Alamos, New Mexico

“Diffuse Scattering from Dislocation L oops—Comparison Between Analytical Approximations and Numerical
Calculations,” H. Trinkaus, Kernforschungsznlage, Jiilich, Germany

*Raman Studies of Impurity Induced Ferroelectricity in Potassium Tantalate,” L. L. Chase, Indiana University,
Bloomington, Indiana

“Cermet Waste Forms,™ E. H. Kobisk, Solid State Division, ORNL
“Research Materials Information Center,” T. F. Connolly, Solid State Division, ORNL

“Synchrotron Radiation: Instrumentation and Applications to X-ray Spectroscopy of La Edges in the 4 A
Region,”* V. O. Kostroun, Cornell University, Ithaca, New York

“Conceptual Foundations of Flux Pinningin Type-II Superconductors,” 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, Kernfor<chungsanlage, Jilich, Germany

“Oxidation Behavior of Thorium and Uranium Studied by Gravimetric and Surface Analysis Techniques,”
C. Colmenares, Lawrence Livermore Laboratery, Livermore, Celifornia
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“Electrical and Optical Properties of Heavily rradiated Gallium Arsenide.” E.W_J. Mitchell. The Clarendon
Laboratery, Oxford, England

“Electron Microscope Study of Defects in Silicon and Gallium Arscnide.” D K. Sadana, Lawrence Berkeley
Laboratory, Berkeley, California

“Critical Fields in Mult-Layered Films,” T. W. Haywood, University of North Carolina, Wilmington.
North Carolina

“Stopping Power and Range Instribution of Light lons in Solids,” J. Biersack, Hahn-Mcitner-Institut.
Berlin, Germany

““Calculation of Transport Properties of Transition Metals,™ F. Pinski, State University of New York.
Stony Brook, New York

“Monte-Carlo Renormalization Group,” R. Swendsen, Brookhaven National Laboratory, Upton.
New York -

“Recent Developments in Strong-Coupling Superconductors,™ 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 /. for Transition Metal Superconductors,"' W. H. Butler, Metals
and Ceramics Division, ORNL

“Formation of Metastable Alloys by lon Implantation and Laser Annealing,” J. Poate, Bell Laboratories.
Murray Hill, New Jersey

Solid State Division, ORNL

“Particle Recycling Calculations for Toxamak First Wall Applications.™ O. S. Oen, Solid State Division.
ORNL

“Anomalous Enhancement of Neutron Diffraction Intensities of Alpha-LilO; Single Crystals vith the
Application of a DC Field,”Z. Yang, Institute nf Atomic Energy, Academy of Sciences, Peking. China. and
V. Li, Institute of Physics, Academy of Sciences, Peking, China

“Transport Mechanisms ia Several Supericnic 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. Turnbrhi, Harvard University, C.mbridge.
Massachusetts

“Defect Production Processes in Irradiated Metals,” W. F. Schiliing. Kernforschungsanlage. Jiilich.
Germany

“New Evidence on the Magnetic Structure of Nd.™ R. M. Moon. Solid State Division, ORNI.

“X-ray Study of Lattice Strain in lon-Implanted Laser-Annealed Silicon.™ B. C. I.arson, Solid State Division.
ORNL

“Properties of Mixed-lon 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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Enér'gies Bcl ow-20 keV,” H. Verbeek. Max-Plam L
“‘The Pomblhty of Supercondummy in Palladium Silver- Alloys, B. Gyorﬂ'vnl!nmrsny of Brmol. antol,
England
bital-Magnetization and Covalcucy in 34-Transition' Metal Salts: Some Ptoblems in the lmerpmauon
- of: ‘olanzr ‘Neutron Da'n," P.J Btown, Institut hue-l.angevm, Grenw-c. .ranee RER

; ! ; (.ryna! Surfam— A Ne\v Surface Stmctm Ptobe, P L. Cowan, Bell Labonuonu,
: Mumy Fill, New Jersey

_“Small-Angle Neutron Seattenn; Studies of Amorphous Polymers and Blends, G. D ngnall Solid State
" Division, ORNL

"Sulface Structure Determination by Medium Energy Ion Suuenng, M. F van der Veen, Physml Sciences
. Laboratory, Stoughton, Wiscomsin

"Low-l-:nergy Light-Ton s;muenug, J. Bol:damky. Max-Planck-Institut fdr Plasmaphysik, Gmhm;.
 Germany i

“'l'lle Electron-Phonon luteracuon and Electromagnetic Absorption in V:uls bl J C. Swihart, India.ia
- University, Bloomington, Indiana

 “Thermoelastc Effesr, Groneisen an and Thermal Conductivity,” G. Cagliotti, CESNEF, Milano,
= Italy

"Silicon Surfm Structure and Surface Impurities After Pulsed Laser Annulmg."’ D. M. Zehner, Solid State
Division, ORNL -

: “Mmm and Other Lanthanide Orthophosphates as Alternative Actinide Waste Forms,” L. A, Boumcr,
Solid State Division, ORNL
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"‘Kmeuu of Phase Sepnnuom."' J. S Langer Cnmegue-Mellon Unlvemty, Pmsburgh, Penn.sylvama

-lmhhm‘and Defects in High T, Superconducton L. R. Testardi, Bell Laboratories, Mumy i,
" New Jersey

“Neutron Inelastic Scattering from Isolated Clusters of Magnetic Ions,” A. Furrer, Institut fdr Reaktortechnik,
Wurenlingen, Switzerland

“Organization and Activity of the Institute of Low Temperature and Structure Research, Polish Academy

of Sciences, at Wrocluw.” W, Suski, Polish Academy of Sciences, Wroclaw, Poland

"Flbnauon of Solar Cells l'rom Jon-Implanted, Pulsed Annealed Silicon, R. Galloni, l.abontono LAMEL.

Bologna, Italy : .

“Investigations of TiO: for Electrochemical Cell Applmuons. F. Viehbock, Institute fir Aligemeine Pl:ynk,
Techiical University, Vienna, Austria

“A Universal Model for the Surface Energy of Solids,™ W. Kohn, Institute for Theoretical Phr=:s,
Santa Barbafa, California
“Radiation Damage in 415 Superconductors,” O, Meyer, Nuclear Research Center, Karisruhe, Germany

“Critical and Multicritical Phenomena in Adsorbed Mono!aycn "' D, P. Landau, Univemsity of
Georgia, Athens, Georgia
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- Evanston, llllnols
"Pennl Slip in Beta-Pin Smgle (‘rystal S N.G. Chu, Umvem!y of Rocluter Rocheuer New York

“T he Magnetic Structure of Neodynunm—A Hard Cue to Solve," B. Lebech, Ruﬂ Nnuonal l..abontory
- Roskilde, Denmark

"An Astrophysical Model of Double Radio Sources,™ M. Burns, Comcll Unmmty, lthaca, New York

"Electro”hcvmcal Behavior of Ti'amum Implanted with I’launum."7 N.G. Thompson Vanderlnlt Umvmuy.

Na'hv:lle. Tenncssee

"State Dependence of the Chemical Bond in Nitrogen by an Methods,” P, A. gpkmr Umvemeyf

of Guelph, Guelph, Ontario, Canada

“Atomic Hydxogen m lonic Crystals,” J. M. Spacth, Gesamthochschule Paderbom Paderbom, Gennany
“Melting by Pulsed Laser Anncaling,”’ J. Narayan, Solid State Division, ORNL

“Transient Capacitance Specttouopy' A Brief Overview,™ G E. Jellison, Js., Solid State Dwmon. ORNL

"Metals and C.mermndSoM!mchhoulimnlmm
*Spomsored jointly by Physics Division and Sofid Siate Division.

’Solid State Division Reseurch in Progress Seminas Series.
'mmmwmmmmwwmm

*Se.ies of six lecture, sponsored by National Center for Small-Angle Scatiering Rmull.
‘sm;«mlybyFmvabmwmmm

' meuwamuqm-nwmm

o




n

LECTURES AND SEMINARS

Leﬂnmaﬁdnmimpmtedbybivisionmunbmdnﬁngthepuiodmedbythisrepouincluded
the following: -
‘M. M. Abrahsm—Massachusetts Institute of Technology, Cambridge, Massachusetts, “Introduction to

Magnetic Resonance™ and "Trapped Hole Centers in the Alksline Earth Oxides™ Transuranium Research

Laboratory, ORNL, “Synthetic Monazite (Onhophosp!uta as Alternate Waste Forme)” and
*“Introduction to Magnetic Resopance—Parst I”

J. B Bates—College of William and Mary, Willnmsbntg. Vlrgmu, “Fast lonic Tnnspon in the Beta- and
Beta"-Aluminas”™"

"L. A. Boatner—IBM Zurich Research lem'ltory, ?Amch, Switzerland, Ecole Polytechnique Féde'rale,
Lausanne, Switzerland, and Centre d'Etude Nuckaires, Grenoble, France, “Examples of Encrgy-Relaied
Materials Problems™, Sam Houston Stawe Usiversity, Huntsville, Texas, and Oklahoma State Udiversity,
Stillwater, Okhhom.'l'beGrowtbomegkCrymkandtharﬂpphaumdedSuuPhym“

" Ind@na University, Bloomington, Indiana, l.anthmdeOnhophosp.‘nmuAumthmdeWm
Forms"‘ McGill University, Montreal, Canada, “Enesgy-Related Matevials Problems™
J. W, Cable—-l.abomour Leon Brillouin, Saclay, ancﬁ “ “Neutron Diffuse Scattering Studns 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, Hllinois, “The Effects of Oxidation
and Reduction of Lithium-Doped MgO~; Univensity of Alabama, Birmingham, Alabama, and Alabama
A and M University, Huntsville, Alabama, “Semiconducting Properties of Lithium-Doped MgO™

J. F.. Cooke—Kemforschungzentrum, Karlsruhe, Germany, “Lattice Dynamics of Transition Metal
Superconductors”™, Kernforschungsanlage, Jalich, Germany, “First Principles Phonon Calculations in
Transition Metal Superconductors™; University of ‘Maryland, College Parl: Maryland “First Pnnclpla
Smptxbdny Calculations in Jtinerant Electron Ferromagnets”

H. L. Davis—Daresbury Laboratory, Warringion, England, “Some Current Surface Research at Gak Ridge
National Laboratory™; University of Warwick, Lavcntry. England, “Aspects of Angular Resolved Auger

Spectroscopy”
W. R. Husintky—University of Salford, Salford, England, “Investigation of Thermal and Collisional
“ontributions to the Sputtering of Sodium, Sodium Halides, and Samarium Targets™

G. E. Jellison, Jr.—University of Maine, Orono, Maine, “NMR and NQR Studies of Amorphous
Semiconductors”™
W. C. Koehler—Chalk River Nuclear Laboratories, Ontario, Canada, and Laboratory Louis Néel, C.N.R.S.,
Grenoble, France, “Magnetic Scattering Studies at ORNL™; Centre dEtudes Nucléaires, Saclay, France,
“Les Structures Magnetiques du Neodym™; Insiitut Lave-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 Iilinois at Chicago Circle, Chlcago. Minois, “Magnetic Excitations in Crystalline
and Amorphous Transition Metals™

R. M. Moon—Imtitut Laue-Langevin, Grenoble, France, “The Magnetic Structure of Ne&lymium-—A
Progress Report™ Institutt for Atomenergi, Kjel'er, Norway, “Recent Polarized Neutron Rescarch at

ORNL”
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J. Narayan—IBM Corporation, Yotktown Heights, New York, mwmmd
Dislocations Associated with Laser Irradiation™

R. M. NM—N.NMMW.WMDQ'HM-mﬂMMmm
Modes of Complex Impuritics™

J.R. Nm—UmdAMEMAM‘WMWMWAm
dnmmwsmmcmmcouumm .

0.8S. m—umdmummwmwnwmkm-m
Fusion Reactors™ .

S.M-W—NMW“SMWWDQ%%WMM
of Fracture in Solids™

M. M—Umd?:mm Vi:pn-,"llut of Solwtion o(ﬂydtmmhl-m"
Georpalmueoﬂ'm MWWﬂm-aﬂmm
‘Gas™ and "Surfsce Energy Contribution in Simple Metals™

3. B llobeﬂo—Fuon—Eny Dmuo-. ORNL, l'h-n-‘S-ﬁe: lm Mn'lhe'SoHSme

Dmuon

M T llobluon—Max—l’hltt-lm far Plasmaphysik, Garching, Germany, ‘Oow Simulation

of Displacement Cascades and Sputtering™

S T. Sckula—University ofWiwoum, Madison, Wisconsin, "Fi=x-Line Lattices in Swperconducting

Niobiom™

H. G.slmtllUmrvemty of Texas. Arlington, Texas, and Texas Christian University, Fort Worth, Texas,
“Applications of Neutron Scattering to Problems in Solid State and Chemica! Physics™ Clemson
University, Clemson, South Carolina, Rice University, Hoiston, Texas, University of Houston, Houston,
Texas, and University of Cincinpati, Cincinnati, Ohio, PbononSpeun.bmulmbilma,:nd
Superconductivity” :

E. Sonder—Washington. University, St. Louis, Missouri, “Reactions in Cesamics Used at High Temperature™
Michigan State University, East Lansing, Mnclnpn, “Defects in Alkali Halides™ Universidad Autdnoma
de Madrid, Madrid, Spain, and Jumta de Encrgia Nuclear, Madrid, Spain, “Transpost Propestics in
Refractory Oxides: Work at ORNL™, Chemical Physics Seminar, ORNL, “Kinetics of Fe Redox Reactions
in MgO™, Clemson University, Clemson, South Carolina, "lon Transport in Refractory Oxides™

M.VK. Ulchla—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 Mschansm fot the Beta-Alumina Family
of Fast Ion Conductors”

R. A. Weeks—Case Western Ruerve University, Cleveland, Ohio, and Wake Forest Unjversity,
Winston-Salem, North Carolina, "Effect of Eleciric Fields on the Conductivity d MgO, MgALO,,
and ALO; Crystals”

| C. W. White--National Bureau of Standards, Washineton, D.C., “Laser Annealing of fon Impianted

Materials™; Plulllpl Research Laboratories, Amsterdam, the Netherlands, “Laser Anncaling of lon
Implanted Sllwon

G. D. Wignli—Florida State University, Tallahassee, Florida, "Small-Angie Scattering Studies of

. Semicrystalline Polyethylene and Polypropylene™ E. 1. ¢u Pont Je Nemours and Company, Wilmington,
Delaware, and General Elects. - Company, Schenectady, New York,*Chain Configuration in Amorphous
and Crystalline Polymers by Small-Angle Scattering Techniques”, University of Massachusetts, Amberst,
Massachusetts, “Receit Small-Angle Neutron Scattering Studies of Amorphous Polymers and Blends™
Sandia Laboratories, Albr ,uerque, New Mexico, “Small-Angle Scattering from Polymers”
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J. M. Williams—Ke oforschungsaniage, Jilich, Germany, CemdeulcNudmru. Fonmrnu-llm'
France, Max-Planck-imstitut fér Metalforschung, Stwpn, Germaay, and EURATOM, lsm Iealy,
‘ImethMmhlummmTwhm

R. F. Wnaod--Clemson University, Clemson, South Caroiina. ''riersity of Alsbama, Tuscaloosa,
#.abama aud Auburn Usiversity, Auburn, Alabama, “Laser Annealing and Photovoltaic Program st
OFNL"™, Aarhus University, Aarhus, Denmark. and Kemforschungsanlage, Jilich, Germany, “Laser
Anncaling of Seimiconductors™, Qak Ridge Associzted Universities, Oak Ridge, Tennessee,
“Photovoltaic Conversion of Solar £nesgy™

F. W. Young, Jr.—Johs:. Hopkins University, Da:hmore,Maryhnd “Processing of Materiak by lon
Implantation and Laser Auncaling™ Hasvard University. Camhﬂg.\lmchm“&ysul(}mmhf
SudetMnglmAnmﬁng

R. T. Young—Southern Hlinois University, Edwardsville, Minois, “Laser Anncaling of lom[@plauted
s:“’tnd.:lnl" i ’ )




M. M. Abraham

~ B. R. Appieton

J. H. Barrett

J. B. Bates

L. A. Boatner

J. W. Cable

Y. Chen

Scientific Profwsiongl Acm

C

" Member, Editorial Board, KTNAM, Revista de Fisica ~

Member, Msmmwmdrm
Cambridge, Massachusetis

Member, MWWWUM«(MW |

Australia

Member, Editorial Board, Nuclear ,camdm

Chairman, Particle Soli¢ Interactions Gordon Conference (to be beld in lm

Adjunct Professor, D-partment of Physics, North Texas Stale University, Denton, Texas

Member, Craduate School Doctoral Commiitee, Department of Materials Sciences,
Vanderbilt University, Nashville, Tennessee

Member, Organizing Committee, Sixth Conference on Use omellAccehuou(lobe
held in 1980)

Member, Fusion Program Commitice, ORNL

Chairman, Study Committee on Surface Modification, ORNL i

Participant, OBES/DOE Workshop on Analysis of Hydrogen in Solids, Albuguerque,
New Mexico, 1979

Recipient, American Physical Society Fellowship, 1979

Adjunct Professor, Department of Physics, North Texas State University,
Denton, Texas

Member, Pt .D. Thesis Committee, Department of Physics, North Texas State
Uriversity, Denton, Texas

Member, Program Advisory Committee, International Conference on Fast lon
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, Germantown, Maryland, 1979

Co-Chairman, Internaticnal Conferznce on Fast lonic Transport in Solid Electrolytes
(to be held in 1981)

Associate Editor, Solid Siate lonics

Lecturer, ORAU Traveling Lectore Program, 1979-1980

Member, High Tempersture Materials Laboratory Committee, ORNL

Chairman, Worbhop on Alternare Nuclear Waste Forms and lm in Geologic
Media (to be held in 1980)

Mémber, Ph.D. Thesis Commitice, School of Physics, Georgia Institute of Technology,
Atlanta, Georgia

Member, Program Commitiee, Conference on the Chemistcy and Physics of Coal
Utilization (10 be held in 1980) ]
Member, Program Committee, Symposium on Coal, American Physical Society Meeting

(to be held in 1980)

274




B TR TR T P g L T T e T T N e L L A T T A LA e R T T S ST S o I T T T TR RS Oy AR SR ST T

H. R. Child
J. W, Clelaud
J. F. Cooke

C. A. Calpepper
H. L. Davis

N. J. Dudney
W. R. Husinsky
L. H. Jenkins

H. R. Kerchner
E. H. Kobisk

W. C. Koehler

F. A. Modinc

H. A. Mook
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Lecturer, ORAU Traveling Lecture Program, 1979-1980

Recipient, American Nuclear Society 1979 Radiation Industry Award. 1979

Guest Scientist, Kernforschungsanlage. Jilich, Germany, Junc-Scptember 1979
Recipient, American Nuclear Society Award, 1979

Mermber, Organizing and Program Commitice, Conference on Determination of Surface
' Structure by LEED, Yorktown Ileights, New York (to be held in 1909)

Member, Executive Commiittee, Tennessee Valley Chapter, American Vacunm Society

Co-Chairman; !< ,snnual Symposium, Tennessee Valley Chapter, American Vacuum

Society (to be beld in 1980)

Session Chairman, 7th Midwest Solid State Theory Syrupo-ium (in hoior of
J. Korringa), Columbus, Ohio. 1979

Recipient, Eugene P. Wigner Fellowship, 1979
Orpaniring Committee, Symposium on Sputtering (10 be held in 1980)

Member, General _ommittee, Physical Electronics Conferences
Member, Wigner i ellowship Committee, ORNL

Member, Exploratory Studies Review Committee, ORNL
Member, Ph.D. Recititing Steering Committee, ORNL
Member, ORNL-ORAL Graduate Sclection Panel

Lecturer, ORAU Traveling Lecture Program, 1978-1979

President, International Nuclear Target Development Socicty
Chairman, Wourld 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 Materials

Memb :r, Editorial Advisory Board, Magnetism Letters

Editor, Magnetic Form Facior Data Sheets, Imernational Union of Crystallography

Member, Ph.D Thesis Committee, School of Physics. Georgia Institute of Technology.
Atlanta, Georgia

Member, International Advisory Committee, Cr ference on Neutron Scattering and
Magnetism, Jalich, Germany. 1979 '

Participant, Ad Hoc Committee for Regional Instrumentation Facilities, National
Science Foundation

Recipient, Docteur Honoris Causa. University of Grenoble, Grenobl~. France, 1979

Recipient, Union Carbide Corporation Feliowship, 1979

Coordinator, ORNL Seed Money Program
Member, Exploratory Studics Review Committer, ORNL
Secretary, Research Committee, ORNL

Member, Program Commitice, Joint Intesmag-Magnetism and Magnetic Materials
Conference, New York, New York, 1979

Member, Program Advisory Committee, International Conference on Verpwry
Sugerconductors (10 be held in 1980)

Member, Review Commitiee. Intense Pulsed Neutron Source-§. Argonne National
Laboratory

Member, ZING Prototype Advisory Commitice, Argonne National [.aboratory

Recipient. American Physical Society Fellowship, 1979

. A




J. Narayan

T. S. Noggie

J. R. Noonan

0. S. Oen

S. M. Olr

J. B. Roberto

M. T. Robinson

H. G. Smith
E. Sonder
R. A Weeks

J. F. Wendelken

R. D. Westbrook
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Member, Commission on Electron Charge, Spin, and Momentum Densitics,
International Union of Crystallography

Member, Evaluation Panel for the Center for Materials Scienre National Bureau of
Standards

Recipient; IR-100 Award for the Development of Low-Cost Laser-Diffused Solar Cells,
197

Symposium Chairman, Materials Rescarch Society Symposium on Defects in
Semiconductors (1o be held in 1980)

Lecturer, ORAU Traveling Lecture Program, 1976-1979

Vice Chairman and Program Chairman, Tennessee Valley Chapter. American Vacuum
Society

Lecturer, ORAU Traveling Lecture Program, 19701980
Session Chairman, Workshop on P- “tration of Low-Encrgy Particles, New York,
New York, 1978

Mcmber, Chemistrr and  Physics of Metals Committce, the Metallorgical Society
‘of AIME

Member, Nucicar Metallurgy Commiittee. the Metallurgical Society of AIME

Member, Nuclear Metallurgy Committee, Materialks Science Division, American Society
for Metals -

Participant, DOE Program Review Mecting on Hydrogen in Metals, Washington, D.C..
197

M:=mber, OFE/ DOE Subtask Group on Sputtering and Wall Effects

Coordinator, OFE/DOE Information Meeting on Sputtering, San Diego, California,
1979

Coordinatos, OFE/DOE Workshop on Sputtering Caused by Plasma (Neutral
Beam) -Surface Interaction, Argonne, llinois, 1979

Participant, OFE/DOE Workshop on New Diagnostics Related to Impurity Release,
Germantown, Maryland, 1979

Member, Seed Money Proposal Review Committee, ORNL

Member, Ph.D. Recruiting Program, ORNL

Member, Editorial Advisory Board, Journal of Nuclear Maierials
Member, OFE/DOE Suhtask 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 Siate Physics

Member, Editorial Committee, Journal of the American Ceramic Society

Consultant, Department of the Army, Rescarch and Development Command,
Fort Monmouth, New Jersey

Adjunct Professor, Department of Mechaanical Engintering and Materials Science,
Vanderbilt 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, Kernforschungsaniage, Jdlich, Germany. 1979-1980

Member, ASTM Committee F-|
Chairman, ASTM Symposium on Lifetime in Silicon, San Diego. California, 1979
Member, Technical Evaluation Committee, Solar Energy Research Institute
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C. W. White

G. D. Wignall

M. K. Wiik nson

R T o T L

J. M. Williams
S.P. Withto‘(

R. F. Weod

RSt g man

R o

Member, Program Committee, Materials Research Society Symposium  on
Laser-Solid Interactions and Laser Processing, Boston, Ma ssuchusetts, 1978

Co-Chairmian, Materials Research Society Symposium on Laser and Electron Beam
Processing of Materials, Cambridge, Massachusetts, 1979

Co-editor, Laver and Electron Beam Processing of Materials, Academic Press,
New York, (980

Member, Program Comnaittee, Materials Research Society Meeting (to be held i+ i981)

Lecturer, ORAU Traveling Lecture Program, 1978-1979

Program Chairman and Organizer, Users’ Group Workshop for National Center for
3mall-Angle Scattering Research, Oak Ridge, Tennessee, 1979

Membzr, Advisory Panel for the Solid State Sciences Committer of the National
Research Council

Member, Executive Committee, Division of Condensed Matter Physics, American
Physical Society

Member, Advisory Committee, Division of Materials Reszarch, 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, Schno! of Physics, Georgia Institute of Technology., Atianta,
Georgia

Member, Organizing Committee. international Conference on Magnetism (10 be
held in 1985)

Member, Program Advisory Commitiee, National Synchrotron Light Source,
Brookhaven National Laboratory

Member. Evaluation Panel for the Center for Marerials Science, National Bureau
of Stzndards

Member, International Advisory Panel, Conference on the Neutron and its Application
(1o be held in 1982)

Guest Scientist, Kernforschungsanlage, Julich, Germany 1978-1979

Member, Ph.D. Recruiting Commitiee, ORNL
Recipient, American Vacuum Society Shop Note Award, 1978

Chairman, Interim Steering Committee, International Conference on  Defects
in fnsulating Crystals (to be held in 1981)

Vice-Chairman, International Organizing Commitice, International Coonference on
Defects in Insulating Crystals (10 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, Compwier Physics Commumicarions, North-Holland
Publishing Company

Technical Consultant, National Research Council Ad Hoc Commitiee 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, 19781979

Member, Program Review Panel, Solar Energy Resecarch Institute Photovoltaic
Program Office

Participant, Photovoltaics Advanced Materials Review Meeting. Vail, Colorado,
1978

Recipient, IR-100 Award for the Development ~f iow-Cost Laser-Diffused Solar
Cells, 1979
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<. T. Young

D. M. Zehner
R. A. Zuhr
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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 Bo- rd, Applied Physics Letters

Member. Review Committee, 'ntense Pulsed Neutron Source-1, Argonne National
Laboratory )

Member, Visiting Committee, Materials Science Center, Cornell Uaiversity

Recipient, IR-100 Award for the Development of Low-Cost Laser-Diffused Solar
Cells, 1979

Member, ASTM E-42 Committee on Surface Analysis

Participant, OFE/DOE Workshop on New Diagnostics Related to Impurity
Release, Germantown, Maryland, 1979

Participant, DOE Workshop on Hydrogen Recycling, Dublin, California, 1979




Personnel Change:

New Staff Members (Scientific Staf})

N. J. Dudney, Massachusetts Instituiz of Technology, Cambridge, Massachusetts
W. R. Husiusky, Techeical University o7 Vienna, Vienna, Austria

J. S. Lin, transfer from Metals and Ceramics Division, ORNL

M. L. Linvill, University of California, Berkelcy, California

D. H. Lowndes, University of Oregon, Eugene, Oregon

D. B. Poker, University of lllisiois, Urbana, llimois

T. C. Quinby, promotion from Solid State Division technical staff

J. R. Thompson, University of Tennessee Adjunct R&D Participant

6. D. Wignall, imperial Chemical Industries Europa Lid., 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 tempsrary 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. Zuiliger, Laboratory Technician (voluntary resignation)

Guest Assignments

A. Scientific Swaff
F. L. Aravena, Comision Chilena de Energia Nuclear, Santiago. Chile
D. K. Arch, lowa State University/ Ames Laboratory, Ames, lowa
N. Fukuoka, Osaka University, Osaka, Japan
T. Kaneda, Fuji Photo Film Company, Tokyo, Japan
D. Khatamian, Jowa State University/ Ames Laboratory, Ames, lowa
D. L. Kinser, Vanderbilt University, Nashville, Tennessee
B. Lebech, Risg National Laboratory, Roskilde, Denmark
C.-K. Loong, fowa State University/ Ames Laboratory, Ames, lowz.
O A. Meyer, Nuclear Research Center, Karisruhe, Germany
M.-K. Nacke, Kernforschungzanlage, Jilich, Germany
Y. Noda, Sendai Radio Technical College, Sendai, Japan
V. M. Orera, University of Zaragoza, Zaragoza, Spain
M. Rappaz, Ecole Polytechnique Fédérale, Lausanne, Switzeiland
H.-B. Schweer, Kemnforschungsanlag=, Julich, Germany
J. L. Staudenmann, lowa State University/ Ames Laboratory, Ames, lowa
B. W. Stritzker, Kernforschungsanlage, Jalich, Germany
Y. Yamada, Osaka University, Osaka, Japan
J. L. Zaretsky, lowa State University/ Ames Laboratory, Ames, fowa
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B. Graduate otuden.s
0. W. Holland. North Texas State Uni-ersity, Dento1, Texas
R. E. Parra, Georgia Institute of Technology, Atlanta, Georgia
S. R. Wilson, North Texas State University, Denton, Texas

C. Great Lakes Callege Association Science Program
J. E. Gastineau, Lawrence Unive-sity, Appleten, Wisconsin
D. N. Olson, St. Olaf College, Northfield, Minnesota

Summer Assignmens

A. Scientific Stzff
R. L. Bullcugh, Atomic Energy Rescarch Establishment, Harwell, England
B. J. Higuera, Rice University, Houston, Texas
R. D. Lowde, Atomic Energy Research Establishment, Harwell, England
C. H. Perry, Northeastern University, Boston, Massachusetts )
H. W. Weter, Atominstitut dor Osterreichischen, Universitaten, Vienna, Austria

B. Clerical Staff -
D. L. Cordts, Roane State Commumty College, Rockwood, Tcnnessee
i.. 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
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SOLID STATE DIVISION
PROGPAMMATIC MANPOWER DISTRIBUTION
FY 199

Programs

Staff

(person-years)

Guests
(person-years)

Total
(pr.sOn-years)

AK 01 12 Basic Energy Sciences
(Materials Science)

AF 02 30 Fusion
{Magnetic Fusion)

AG 30 20 Commercial Waste Management
(Soiid Waste R&D)

JM 05 02 Defense Waste Management
_ {Airborne Waste R&D)

Work for others

Total

68.0
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35
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Speciel Distribution

INTERNAL DISTRIBUTION
49_ ). Fletcher
50. W. E. Fulkerson
51. M. A. Gillespie
52. P. H. Green |
53. W. R. Grimes
54. W. B. Grisham
55. G. R. Gruzalski
56. H. E. Harmon
57. V.G. Hendrix
58. R.F. Hibks
59. H. N. Hill
60. S. E. Himes
61. O. W. Holland
62. C. C. Hopkins
63. J. A. Horton
64. W. R. Husinsky
65. D. W. Jared
66. G. E. Jellison, Jr.
67. L. H. Jekins
68. T. Kaplan
69. P. R. Kasten
20. 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. 5.S. Lin
82. R. S. Livingston
£2. A L. Lots
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. Modinc
94. H. A. Mook
95. R. M. Moon
96. J. L. Moore
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91. O. B. Morgan, Jr. 131. P. H. Stelson
98. M. E. Mostoller ] 132. 3. O. Sticgler
99. J. Narayan 133. R. D. Taylor
100. R. M. Nicklow 134. D. K. Thomas
101. T. S. Noggle 135. J. R. Thompson
102. J. R. Noonan 136. D. B. Trauger
103. F. E. Obenshain, Jr. 137. L.S. T
104. 0. S. Oen 138. M. V. K. Ulchla
105. S. M. Ohr 139. N Wekabayashi
106. G. W. Olipbant 140. G.-C. Wang
107. G. W. Ownby 141. J. C. Wang
108. M. Petek 142. R. A. Weeks
109. J. J. Pinajian 143. J. R. Weir '
110. D. B. Poker 144. ). F. Wendelken
111. H. Postma 145. R. D. Westbrook
112. T. C. Quinby 146. C. W. White
113. D. W. Ramey 147. G. D. Wignall
114. J. O. Ramey 148-222. M. K. Wilinson
115. M. E. Ramsey 223. J. M. Williams
116. M. Rappaz 224. S. P. Withrow
117. M. Rasolt 225. R. F. Wood
118. C. R. Richmond 226. F. W. Young, Jr.
119. J. B. Roberto 227. R. T. Young
120. M. T. Robinson 228. D. M. Zehner
121. M. W. Rosenthal 229. L. A. Zevenbergen
122. O. E. Schow 11 230. A. Zucker
123. S. T. Sekula 231. R. A. Zubr
124. J. L. Sellers 232. Biology Litrary
125. J. A. Setaro 233-234. Central Research Library
126. W. D. Shults 235. ORNL-Y-12 Technicat Libzary
127. M. J. Skinner Document Reference Section
128. G. P. Smith 236-237. Laboratory Records Department
129. H. G. Smith 238. 1.aboratory Records, ORNL R.C.
130. E. Sonder
EXTERNAL DISTRIBUTION
239. Dr. S. Amelinckx, SCK/CL. 82469, Mol, Belgium
240. Dr. M. Antonini, Physics Divi. . Building 44, Joint Research Centre, EURATOM, 21020
Ispra (Varese), italy
24}. Dr. R. T. Amold, Department of Physics, University of Mississippi, University, MS 38677
242. Dr. K. J. Bachmann, Bell Laboratorics, 600 Mountain Avenue. Murray Hill, NJ 07974
243. Dr.T. Baldwin, Department of Physics, Southers Illinois University, Edwardsville, IL 62026
244. Dr. R. W. Balluffi, Department of Materials Science and Engineering, Massachusetts
Institute of Technology, 77 Massachusetts Averue, Cambridge, MA 02139
245. Dr. G. W. Beall, Radian Corporation, 8500 Shoal Creek Boulevard, Austin, TX 78766
246. Dr. H. Behrens, Zentralstelle flir Atomkemergie-Dokumentation, 7514 Eggnestein-
Leopoldshafen, Kernforschungszentrum, Germany -
247. Dr. Rainer Behrisch, Max-Planck-Institut fdr Plasmaphysik, 8046 Garching/Miinchen,
Germany
248. Bibliotheque, Institute Max von Laue-Paul Langevin, 156X Centre de Tri, 38042 Grenoble,
Cedex, France
249. Dr. D. S. Billington, 35 Outer Drive, Oak Ridge, TN 37830
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250.

251.
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Dr. T. H. Blewitt, Materials Science Division, Argonne National Lab- _cory, 9700 South
Cass Avenue, Argonne, IL 60439

Dr. J. L. Boldd, Instituio de Fisica, Universidad Nacional Auténoma de Mexico, Apartado
Postal 20-364, Mexico 2. D.F.

252. Dr. William F. Brinkman, Bell Laboratories, 600 Mountain Avenue, Murray Hill, N3 07974

253.

254,
255.

256.

257.
258.

259.

260.
261.

262.
263.
264.
265.
266.
267.
268.

269.
270.

271
272.
273.
274,
275.
276.
277.
278.

279.

Dr. F. Brown, Solid State Science Branch, Chemistry and Maw'nls Division, Chalk River
Nuclear Laboratories, Chalk River, Ontario, Canada

Dr. F. C. Brown, Department of Physics, University of illinois, Urbana, IL 6180}

Dr. Watier Brown, Room 1E452, Beil Laboratories, 600 Mountain Avenue, Murray Hill, NJ
07974

Dr. John Burnett, Division of Chemical Sciences, Office 0i Basic Energy Sciences, Office of
Energy Research, U.S. Depantment of Energy, Washington, DC 20545

Dr. W._ ). L. Buyers, Atomic Energy of Canada, Ltd., Chalk River, Ontario, Canada -
Dr. N. Cabrera, Departmento de Fisica Fundamental, Facultad de Ciencias, Universidad
Auwténoma de Madrid, Canto Blanco, Madrid, Spain

Prof. Guiseppe Cagliotti, Instituto di Ingegneria Nuclear, Centro Studi Nucleari Enrico
Fermi-CESNEF, Via Ponzio 34/3, 20133, Milano, Italy

Dr. R. L. Chaplin, Department of Physics, Clemson University, Clemson, SC 29631

Dr. L. L. Chase, Physics Department, 112 Swain Hall-West, Indiana University,

Bloomington, IN 47401

Dr. Andre Chételain, Lab. Phys. Exp., Federal Institu:c of Technology, 33 Av. Cour, 1007
Lausanne, Switzerland

Dr. Mui Fatt Chung, Physics Department, University of Singapore, Bukit Timah Road,
Singapore 10

Dr. C. B. Clark, Department of Physics, University of North Carolina, Greensbore NC
27412

Dr. G. J. Clark, Mineral Physics Division, Commonwealth Scienufic and Industrial Researc 2
Organization, P.O. Box 136, North Ryde, N.S.W. 2113, Australia

Dr. W. Dale Compton, Vice-President Research, Ford Motor Company, P.O. Box 1603,
Dearborn, MI 48121

Dr. J. H. Crawford, Jr., Department of Physics and Astronomy, University of North
Carolina, Chapel Hill, NC 27514

Dr. W. L. Crummett, Depariment of Physics, Montana State University, Bozeman, MT
59715

Dr. J. C. Crump 111, 2. 6 Essex Road, Richmond, VA 23228

Mr. Floyd L. Culler, Jr., Electric Power Research Institute, 3412 Hillview Avenue, Palo Alto,
CA 94303

Dr. G. Czjzk, Kemnforschungszentrum Karlsruhe, Institut fiir Angewandte Kernphysik,
Postfach 3640, D-7500 Karlsruhe, Germany

Dr. Lubomir David, Director, Centre de Fisica, Instituto Venezolano de I[nvestigaciones
Cientificas-Apartado 1827, Caracas 101, Venezuela

Prof. Dr. P. H. Dederichs, Institut fiir Festkorperforschung der K ernfsrschungsanlage Julich
GmbH, 5170 Jilich, Postfach 1913, Germany

Dr. J. Dichl, Max-Planck-Institut fiir Mewallforschung, Institut fiir Werkstoffwisscnschafien,
D-7000 Stuttgart 1, Sestrasse 92BRD, Germany

Dr. J. Dienes, Department of Physics, Brookhaven National Laboratory, Upton, L.1., NY
11973

Prof. H.-D. Dietze, Institut fiir Theoretische Physik C, RWTH Aachen, 51 Aachen, Germany
Dr. G. Dolling, Atomic Energy of Canada, Ltd., Chalk River, Ontario, Canada

Dr. D. G. Doran, Hanford Engineering Development Laboratory, ¥.0. Box 1970, Richland,
WA 99352

Dr. B. Dreyfus, Chef du DRF-G, Centre dEtudes Nucléaires de Grenobie, 85X, 3804
Grenoble, Cedex, France




280.

1 0
282
283.
284.
285.
286.
287.
288.
289.
290.
291.

292.
293.

294.
295.

296.

7.
298.

299.

300.
301.

302.

303.
304.

305.
306.

307.
308.
369.
3i0.
3.
3n.

313,

Dr. Norman Edelstein. Building 70-A. Room 1149, | awrence Berkeley Laboratory. Berkeley.

CA M720

Dr. H. Ehrearcich, Division of Engincering and Applied Physics, Harvard University,
Cambridge, MA 02138

Dr. P. Ehrhart, Institut fir Festkorperforschung der Kernforschungsariage Jilich GmbH,
5170 Jilich, Postfach 1913, Germany

Prof. T. L. Estle, Physics Departmest, Rice University, Houston, TX 77001

Prof. H. Y. Fan, Department of Physics, Purdue University, West Lafayette, IN 47907
Prof. Dr. W. Frank, Max-Planck-Institut fiir Metaliforschung, Institet for Physk. 7
Stuttgart 80, Bisnacer Strasse 171, Germany

Prof. Arthur Freeman, Physics Department, Northwestern University, Evanston, IL 60201
Dr. J. Friedel, Physique des Solides, Université Paris Sud, 91405 Orsay. France

Dr. A. T. Fromhold, Department of Physics, Aubumm University, Aubumn, AL 36830

Dr. C. Peter F.ynn, Director, Materials Research Laboratory, Un®crsity of Illinois, Urbana-

Champaign, IL 61801

Dr. N. Fukuoka, Department of Physics, College of General Evacaiien, Osaka Umvemty
Toyonaka, Osaka 560, Japan

Dr. B. N. Ganzuly. Systems AnalymAmlW—M‘l.XcmeorpomWebstﬂ.NY 14580
Dr. G. F. Garl'ck. 267 S. Benoit Avenne, Los Angeles, CA 90049

Dr. W. B. Gau:ter, Physical Research Division 8347, Sandia Laboratories, Livermore, CA
94550

Dr. H. A. Gersch, School of Physics, Georgia Institute of Technology, Atlanta, GA 30332
Dr. A-M. de Goer, Centre dEtudes Nuckaires de Grenoble, Service des Basses
Témperatures, 85X, 38041 Grenchle, Cedex, France

Dr. A. N. Goland, Phys.cs Depantment, 510-B, Brookhaven National Laboratory, Upton,
L.I, NY 11973

Dr. M. Guinan, Lawrence Livermore Laboratory, P.O. Box 808, Livermore, CA 94550
Dr. B. Henderson, Department of Pure and Applied Physics, Physical Laboratory, Trinity
College, Dublin 2, Ireland

Dr. T. J. Hicks, Department of Physics., Monash University. Clayton, Victoria, Ausiralia
3168

Dr. J. W. Hodby, University of Oxford, Clarendon Laboratory. Oxford OXI 3PU, England
Dr. David K. Holmes, Physics Discipline, College of Asts, Sciences, and Letters, University of
Michigar, 4901 Evergreen Road, Deicborn, M1 4(- {28

Dr. H. H. Hopkins, Jr., Rockwell Intemnational, Atomics International Division, Rockwell-
Hanford Operations, P.O. Box 800, Richland. WA 99352

Dr. J. C. G. Houmann, Rise Naiional Laboratory, DK4000, Roskilde, Denmark

Dr. Marc Hou, Physique des Surfaces, Faculté des Sciences, Université Libre de Bruxelles,
Campus de la Plaine (C.P. 234), Boulevasd de Triomphe, B-1050 Bruxelies, Belgium

Mr. J. T. Howe, 106 Cclumbia Drrive, Oak Ridge, TN 37830

Dr. A. E. Hughes, Materials Development Division B552, Atomic Energy Research
Establishment, Harwell, Didcot, Oxon. OX11 ORA, England

Dr. Tadao Iwata, Division of ¥hysics, Japan Atomic Energy Research Institute, Tokai-mura,
fbaraki-Ken 319-11, Japan

Dr. P. K. lyengar, Di. :ctor, Physics and Metallurgy Groups., Bhabha Atomic Research
Centre, Trombay, Bombay 400 085, India

Dr. W. A. Kemitakahara, Department of Physics, Jowa State University, Ames, 1A 50010
Dr. D. W, Kammer, Department of Physics, Albion College, Albion, M1 49224

Dr. J. 8. Kane, Associate Director for Basic Energy Sciences, Office of Energy Research, U.S.
Department of Energy, Washington, DC 20845

Dr. T. Kaneca, Research Laboratories Tnkyo, Fuji Photo Film Company, Ltd., Asakashi,
Saitamaken, 351 Japan

Dr. Fred Keller, Department of Physics, Cler:ison University, Clemson, SC 29631
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314. Dr. R. H. Kermohan, 100 Euclid Place, Osk Ridge, TN 378X

E 31S. Dr. Q. H. Khan, N.P.D.,, PINSTECH, P.O Nilore. Rawalpindi. Pakistan

E 316. Dr. D. L. Kinser, Department of Materials Science, Vanderbilt University, Nashville, TN
kyyil] .

317. Dr. J. S. Kochhx, Physics Department, Univessity of Hlinojs, Urbana, 1L 61801

318. Dr. Eckhard K riitzig, Physics D=partment, Uniwssity of Osnabriick, 45 Osnabnick. Postfach
4469, Germany

319. Dr. R. Kropschot, Deputy Director, Office of Basic Energy Sciences, Office of Energy
Rescarch, US. Department of Energy, Washington, DC 20545
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