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Special Dedication 
This issue of the Solid'State Division Annual Report is dedicated to the memories 

of two scientists with long and valued associations with the Division who died during 
the past few months. 

Guenther Leibfried, who died on June 20, 1977, was closely associated with the 
theoretical section of the Division for the past 19 years, first as a member of the 
Division and more recently as an active consultant. He performed outstanding 
theoretical research in the general areas of radiation damage and lattice dynamics, and 
his stimulating scientific interactions provided inspiration and guidance for many 
other research programs. 

Franklin A. Sherrill, who died on August 19, 1977, wasa charter member of the 
Solid State Division when it was formed in 1951. In the x-ray diffraction group he 
played a prominent role in the development and utilization of new techniques for x-ray 
topography and for anomalous x-ray transmission through nearly perfect crystals. He 
also provided valuable services for members of the Division who required x-ray 
diffraction information in the solutions of other problems. 

Both of these men performed many important scientific tasks for the Solid State 
Division, ORNL, and ERDA. Their scientific skills and their close associations with 
Division members are greatly missed. 
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Introduction 

The arrangement of the Annual Report has been chosen to emphasize the major 
areas of solid state scicnce in which the Solid State Division conductcd research during 
the period from January 1, 1976, through April 30, 1977. These areas arc Theoretical 
Solid State Physics, Physical Properties of Solids, Radiation Effccts in Metals. 
Neutron Scattering, Research Materials, and Isotope Research Materials. Each of 
them constitutes a major section of the Report, and additional subdivisions are 
included within the sections. Ofcour.se, there arc very close interactions among many 
programs of the Division, and a number of contributions would have been equally 
appropriate in two or more subsections. 

Each major section of the Report has a brief introduction that indicates the scope 
and goals of the research and gives some highlights of the past year. It is hoped that 
these introductions give a clearer picture of the manner in which individual programs 
arc interrelated and also show how the research activities of the Solid State Division 
contribute to various programs of ORNL and ERDA. 

With the formation of ERDA and its broad mission in the development of new 
types of energy systems, there has been a considerable change in the research emphasis 
of the Solid State Division toward investigations related to nonnuclcar energy 
technologies. This is certainly not surprising, because essentially all of these 
technologies arc limited by materials problems, and solutions of the problems must 
rely heavily on information obtained from scientific research. Every section of this 
Annual Report includes research investigations of that type, and the section on 
Physical Properties of Solids is devoted almost exclusively to them. Most of the new 
programs resulted from the reorientation of previously existing programs, which have 
undergone smooth transitions into new areas of interesting and productive research. 

x v 



1. Theoretical Solid State Physics 

Theoretical research in solid state physics is generally planned to complement the 
experimental programs of the Division. The emphasis of the theoretical work is 
therefore determined in large part by the experimental programs currently underway. 
An example of the close interplay between the theoretical and experimental research 
occurs in the area of surface physics. As the importance of the surface program in the 
Division has grown in the last few years, virtually every member of the Theoretical 
Section has tackled one or more surface-related problems. Of course, theoretical 
research in other areas traditionally of interest to the Division has also continued. The 
overall program of theoretical research can be loosely grouped into the four categories 
of surface studies, particle-solid interactions, electronic and magnetic properties, and 
lattice dynamics. 

Because of its relevance to materials problems of advanced energy systems, 
research in the area of surface physics continues to grow in the Solid State Division. 
During the period covered by this annual report, studies of the reflection of light atoms 
from solid surfaces have continued. This work is particularly important for the plasma-
stability problem in fusion reactordesign because hydrogen recycling between the walls 
and the plasma can lead to important consequences in the particlc and energy balances 
of the system. Work has also continued on the interpretation of surface-relatcd data 
generated by low energy electron diffraction (LEED) and Auger experiments. 
Recently, a model has been developed that provides the first consistent interpretation 
of angular dependent Auger spectroscopy (ADAS) data. Further refinement of the 
model will be pursued in order to determine the applicability of the A D A S technique to 
surface studies. A new study commenced during the past year seeks to determine if 
radiative electron capture (REC) by channeled ions can be used to extract information 
about the surface properties of solids. 

Theoretical studies of particle-solid interactions are concerned with the 
interpretation of phenomena that arc manifest when energetic particles are scattered 
by the atoms of a solid. Some of the problems studied, such as radiation damage in 
metals, are of direct relevance to technical problems in the development of both fission 
and fusion reactors. Others, such as channeling, are primarily of interest either to 
fundamental studies of solids or to detailed studies of the atomic collisions themselves. 
During the past year, work on the use of computer simulation to interpret channeling 
experiments has continued, with particular emphasis on extracting information about 
atomic relaxation in solids and interplanar spacing of atoms at surfaces.This work is a 
good example of how a technique originally applied to the determination of bulk 
properties can be modified to yield information about surface properties as well. 
Another investigation of particular significance is concerned with the determination of 
displacement cascade lifetimes in monatomic solids. The cascade lifetime is important 
in treating such problems as thermal spikes and space-time coincidences of 
displacement cascades. A method has been developed that enables one to calculate the 
displacement cascade lifetime more precisely than in the past. 

I 
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In the urea of electronicand magnetic properties, two studies stand outasbeingof 
particular, interest. One of these is the continued development of large cluster 
calculations to simulate bulk electronic properties of alloys and of crystals containing 
isolated point defects. In cluster calculations, a real solid with an essentially infinite 
number of atoms is replaced by a cluster containing a finite number of atoms. The 
objective of this study is to develop computational techniques that allow the inclusion 
of large numbers of atoms in the cluster in order to simulate the properties of the real 
solid accurately. The other study involves calculating the magnetic exchange 
interaction in the heavy rare earth metals. It has now been demonstrated that the 
measured spin-wave dispersion curves in these metals can be explained without 
invoking the anomalously large two-ion anisotropy previously proposed for these 
systems. The existence of such a large anisotropy has always been difficult to 
understand. Work has continued on the extension of the augmented space formalism 
to disordered systems with short-range order. 

Research on lattice dynamics covers a wide variety of calculations on the 
vibrational properties of perfect crystals, random alloys, crystals containing point 
imperfections, and crystal surfaces. Recently a major thrust of the lattice dynamical 
work has been in the direction of large cluster calculations described in the preceding 
paragraph in connection with electronic properties. Another important focus of the 
research in this area is on the interaction between internal vibrational modes of 
molecular-like impurities and the phonons of the host crystal. Under favorable 
conditions, this interaction can lead to observations by inelastic neutron scattering of 
impurity-induced effccts at very small impurity concentrations. The much-discussed 
recent work in the Division on self-interstitials in fee metals falls into this class of 
problems. Another example is the CN~ impurity in KCI, which was the first molecular 
impurity studied by neutron scattering. This system has the advantage over self-
intcrstitials in metals as a model system, because the CN" molecule can be substituted 
for CI" over a wide range of concentrations. Calculations have also continued on the 
"first-principles" evaluation of phonon dispersion curves in high T, superconductors. 
This very intricate computational problem now appears to be nearly solved. 

SURFACE STUDIES 
TEMPERATURE EFFECTS IN LEED 

H. L. Davis 

Low energy electron diffraction (LEED) is an 
established technique for the investigation of 
surfaces.1 Information concerning the symmetry of a 
surface is obtained directly from LEED intensity 
patterns. More detailed information about surface 
crystallography can be obtained when LEED beam 
intensities are measured as a function of the incident 
electron energy and compared with calculated 
results.2 These calculations must incorporate the 
multiple scattering of the electrons by the atoms in 
the surface region. We have found an interesting 
illustration of the importance of multiple-scattering 
effects in recent work analyzing temperature effects 
in LEED data for a Cu (100) surface. 

Information concerning the vibrations of surface 
atoms is potentially available from LEED ex-

periments when reflected beam intensity data are 
collected as a function of temperature. For example, 
(00) beam data collected by Reid3 from a Cu (100) 
surface (Fig. 1.1) reveals that an increase in 
temperature produces a dramatic reversal in the 
relative intensities of the two major peaks found in 
the data: at 340 K the peak at 41 eV is more intense 
than the peak at 35 eV, while at 810 K the reverse is 
true. If an analysis like that usually employed for 
temperature-dependent x-ray or neutron scattering 
data from bulk samples were used to interpret the 
da ta of Fig. 1.1, a d ifferent Debye temperatu re would 
be obtained for each peak. The temperature 
dependence of the peak at 35 eV corresponds to a 
surface Debye temperature of approximately 300 K, 
while that of the41-eV peak corresponds to a Debye 
temperature of approximately 200 K. For com-
parison, the Debye temperature for bulk copper is 
about 340 K. As we have shown by using techniques 
and computer codes reported previously, this 
apparent discrepancy in Debye temperatures is just a 
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Fig. 1.1. Data for the (00) beam from the Cu (100) surface 
obtained by Reid (ref. 3). The incident electron beam was aligned 
so that (I - 11'' and <1> = 3". 

consequence of the multiple-scattering process 
suffered by the incident electrons.4 In contrast, a 
single scattering treatment is usually sufficient to 
interpret x-ray or neutron data. 

Using a single surface Debye temperature of 250 K, 
we based our LEED calculations on the theory of 
multiple electron scattering in a vibrating lattice.5"7 

Results are given in Fig. 1.2. The clastic scattering 
processes were accounted for by employing phase 
shifts obtained from the copper potential of Snow 
and Waber;8 the inelastic scattering was mimickcd by 
using an amplitude attenuation mean free path of 13 
A. A comparison of Figs. 1.1 and 1.2 shows that 
quantitative agreement with Reid's data can be 
obtained using a single surface Debye temperature, 
provided that multiple-scattering processes are 
correctly included in the theory. The use of a surface 
Debye temperature of 250 K in the calculations 
rather than the bulk value of 340 K. is physically 
reasonable, because we expect surface atoms to 

ORNL-OWO 76-17621 

ENERGY (EV) 

Fig. 1.2. The results of calculations described in the text for the 
(00) beam from the Cu (100) surface. The calculations employed 
/)- li'' and <S> = 3". 

vibrate with larger amplitudes than do atoms in the 
bulk. 

1. See. lor example. .1. H. I'cndiv. /.ku-l-jicixv /;'/<•(mm 
l)il/r<iciiiui, Academic 1'iess. New York. 1974. 

2. An illustration ol surlace crystallography may be seen in 
.1. I(. Noonan. II. I.. Davis, and I.. !l..lcnkirs."l 1:1:13 Analysisot' 
the C'u (110) Suilace." this report. 

3. K. .1. Kcid. I'hy.s. Status Solidi A 4, K2I I (1971). 
4. II. L. Davis. Solid Stale l)iv. Annu. frog. !<<•/>. Da. .</, 

W5. ORM.-5I35. p. 5. 
5. C. li. Duke atid Ci. E. l.aramore. I'hys. Rev. li2.4765(1970). 
6. (i. I":. Laramoreand C. B. Duke, l'/ty.\. Kev. H2.4783(1970). 
7. B. W. Holland. Surf. Sci. 28, 25K (1971). 
H. E. C. Snow and .1. T. Wabcr. /'Itys. Kev. 157. 570 (1967). 

LATTICE VIBRATIONS AT SURFACES 

Mark Mostoller Theodore Kaplan 

Not only are the vibrational properties of atoms in 
the surface region of a solid of intrinsic interest, but 
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they also enter the detailed interpretation of data 
from such surface probes as low energy electron 
diffraction (LEED) and ion backscattering. It is well 
known, for example, that the /-matrices which 
describe the scattering of electrons from atoms in the 
surface region should incorporate Debyc-Waller 
factors which arise front the surface vibrations.1 In 
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Fig. 1.3. Densities of states for vibrations of an atom in an 
unrelaxed Au (110) surface along the [llO], [110], and [001] 
directions. 
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Fig. 1.4. Effective Debye-Waller temperatures 0dw(7") for the 
three surface vibrational densities of states shown in Fig. 1.3. 

general, these surface vibrations may be expected to 
exhibit considerable anisotropy. 

Computer programs have been developed to 
calculate the densities of states and vibrational 
correlation functions for atoms in the surface region, 
using the recursion method described in another 
contribution to this report.2 Recursion calculations 
can be performed within clusters of thousands of 
atoms, with first-nearest-neighbor or first- and 
second-neighbor interactions included. Figure 1.3 
shows the results of one such calculation of the 
densities of states for vibrations of an atom in a Au 
(110) surface along the [110], [110], and [001] 
directions: the first and last of these directions are in 
the surface; the middle is normal to the surface. These 
results were obtained with first-neighbor force 
constants fitted to the bulk neutron scattering 
measurements of Lynn, Smith, and Nicklow3 with 
recursion applied after level 11 in a 12-level cluster of 
4192 atoms. Figure 1.4 shows the Debye-Waller 
temperatures derived from the mean square 
amplitudes of vibration along the three directions. 
For comparison, the bulk Debye-Waller 
temperatures 0,)W(T) are about 170 K and 165 K. for 
low and high T respectively. Figures 1.3 and 1.4 
illustrate the anisotropy of surface vibrations. 

At present, the computer programs for surface 
vibrations do not include surface relaxation or 
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enharmonic effccts, both of which arc expected to be 
important. Work will be undertaken to include these 
effects in the near future. 

1. J. B. I'cndry. l.<i\\-lMi%rxy Electron Diffraction, Academic 
l'rci»». New York . 1974. 

2. Mark Mostol lcr and T h e o d o r e Kaplan , "Clus te r 
Calculat ions: Simulat ion of Bulk Proper t ies , " this repor t . 

3. J . W. Lynn, H . G . S m i t h . a n d R. M. Nicklow, I'hys. Rev. BS, 
3493 (1973). 

ANALYSIS OF ANGULAR-DEPENDENT 
AUGER SPECTROSCOPY BASED ON 

A QUASIATOMIC MODEL 

H. L. Davis 

Theoretical studies concerning the possible utiliza-
tion of angular-dependent Auger spectroscopy 
(ADAS) as a tool for surface analysis have con-
tinued. By A D A S we denote measurements of the 
angular variations in the current of Auger electrons 
emitted from a surface, with the detector tuned to 
detect only those electrons which correspond to a 
specified Auger transition. Several recent experimen-
tal'"'1 and theoretical"5"7 A D A S studies have been 
made. These investigations, and this work, have been 
motivated by the hope that A D A S might prove to be 
a useful tool for surface crystallography and/or the 
determination of surface electronic structure. 

A D A S might be useful for crystallography because 
the Auger electrons (after emission) are scattered by 
the atoms in the surface; this scattering may be 
responsible for some of the large angular variations 
observed in A D A S . It could also be useful for 
electronic structure determination if significant 
angular variations are due to inherently anisotropic 
Auger emission. That is, the electronic structure of 
the surface region could influence transition 
probabilities and be reflected in the anisotropic 
emission. 

For A D A S to evolve further as a tool for surface 
studies, it would be helpful to demonstrate that 
present theoretical treatments are capable of 
reproducing observed A D A S signals. T o provide a 
partial demonstration of this, we have developed a 
model that gives results in good agreement with some 
of the KFdata obtained from a Cu (100) surface. 

In any theoretical A D A S calculations, two 
dominant aspects of the relevant physics must be 
considered and modeled. First, the wavefield emitted 
during the Auger transition process must be either 
calculated or otherwise specified. Second, it is 
essential to consider how this emitted wave escapes 

the sample, that is, how the emitted Auger electron 
scatters from the other atoms in the surface region 
before it reaches a detector. The necessary formalism 
has been developed5 to treat the scattering aspects, 
provided that each Auger emission event is 
represented by a single (or a linear combination of) 
partial vvave(s) of the form 

/,„(r;r„) = K"1 BI,Mu{K\T - r„|) V/m(r - r„) , 

where //,„(r;r„) i> i he amplitude at r of an (/,/??) partial 
wave emitted at the atomic site r„. The wave number 
k = (E - Vu)1'2 is complex: E is the energy of the 
emitted Auger electron outside the sample, and Fii is a 
complcx background potential for the electron inside 
the sample. The probability per unit time of an 
emission with (l,m) character is given by |i5/,„|2. 

Some calculations"'1-7 have been reported in 
which every Auger emission was taken to be a single 
partial wave of fixed (/,»!) character. Although none 
of this work has successfully reproduced an ex-
perimental A D A S signal, it has made it possible to 
reach some conclusions about, say, the M u V V Cu 
A D A S . These conclusions are (1) it is essential that a 
full multiple-scattering treatment of the emitted 
Auger wavefield be employed in A D A S calculations; 
(2) the calculations do predict angular variations of 
the same magnitude as those observed experimen-
tally; (3) inherent anisotropy in the Auger emission 
must be responsible for some of the angular 
variations observed; and (4) no single (l,m) partial 
wave emission will fit the experimental A D A S 
results. 

In the present work, a quasiatomic model has been 
invoked. Basic to the model is the assumption that 
each individual emission event corresponds to a 
single (/,/») wave but that (l,m) may vary from 
emission to emission. The total A D A S signal is then 
the weighted sum of intensities from all possible ( l ,m) 
emissions. Of course, a priori determination of (!,m) 
weights would require that Auger transition matrix 
elements be calculated which, in turn, would require 
that the features of copper's electronic structure in 
the surface region be incorporated into the model. 
Rather than perform such calculations, we decided 
first to try to estimate the (l,m) emission weights by 
fitting calculated A D A S intensity profiles to the 
experimental data. 

Figure 1.5 compares our calculated results to some 
of the iW2,3KK Cu (100) A D A S data of Noonan, 
Zehner, and Jenkins.2 In Fig. 1.5, the angles 8 and <f> 
describe the angular position of the detector, with 9 
being relative to the surface normal and (f> relative to 
the [010] direction. T o obtain this fit, we first 
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Cu (100) SURFACE, 4>*0', £=59 eV, 
(-10-4i) eV, POINTS ARE DATA, AND CURVE 

R M S DEVIATION « 10.5% 

Fig. 1.5. Fit (solid curve) t o t h e M,,,VVCm (100) A D A S d a t a 
(points) f o r <t>=0° w h e n a l l f o u r dist inct / = 3 sources a re used. 
Weights determined were 0.080. 0.246. 0.124. a n d 0.550. respec-
tively, fo r m = 0 . ± I. ± 2. a n d ± 3. 

calculated individual intensity profiles for all (l,m) 
values up to / = 5. For (/,m) fixed, an individual 
intensity profile is the weighted sum of intensities for 
this emission originating in each of the atomic layers 
in the surface region. The intensity for each layer was 
calculated by employing the multiple-scattering 
formalism of Pendry,5 with an extra factor of cos 0 
included in the final result. Since the experimental 
results were obtained by stimulating the emission by 
bombardment with 350-eV electrons, the layer 
intensities were weighted by probability factors for 
layer emission to occur. The final (/,m) intensity 
profiles were then broadened to simulate the 4.3° 
angular resolution of the detector. Weemployed bulk 
copper lattice spacings, £ = 5 9 e V , K0 = ( - I O - - 4 / ) e V , 
3 to 5 passes of renormalized forward-scattering 
perturbation theory, 25 layer reciprocal lattice 
vectors, and 7 phase shifts calculated from the 
Chodorow potential.8 

For / ^ 5 there exist 36 (l,m) combinations, but the 
intensity profiles for ( / ,±m) are identical by 
symmetry, leaving 21 distinct (Jjm) contributions to 
consider. In the least squares procedures used to fit 
various combinations of these 21 profiles to the 
A D A S data, we considered all combinations, n at a 
time, for n = 2-6. It was first determined whether a 

given combination produced a valid fit, with a valid 
fit being one in which all emission weights were found 
to be positive. The root-mean-square (rms) 
deviations of the valid fits were calculated, and those 
fits with the smallci rms deviations were plotted for 
visual insp.:-.«ion. Figure 1.5 gives one of the best fits 
obtained using combinations of the calculated (l,m) 
profiles four at a time. Of the possible 5985 com-
binations, approximately 1400 resulted in valid fits. 
However, almost all the valid fits had rms deviations 
greater than 15% relative to the maximum peak 
intensity of the data. The rms deviation of the fit of 
Fig. 1.5 is 10.5%. 

The procedures we employed contain some 
inadequacies; however, Fig. 1.5 demonstrates that 
the model gives reasonable agreement with the data. 
This good fit probably is more than fortuitous and 
indicates that the model reflects considerable 
physical reality. Moreover, the good fit achieved 
involves only (3,/«) sources, which is consistent with 
the work of Feibelman and McGuire," who con-
sidered only the Auger line shape and n j i the A D A S 
process. Thus a reinforcing self-consistency has 
emerged from the model. 

Both the individual layer contributions and the 
contributions of the separate (3,/?J) sources to the 
total calculated intensity shown in Fig. 1.5 merit 
attention. Figure 1.6 illustrates the contributions of 

.ORML-DWG 7 7 - 1 0 7 9 6 

9 (deg) 

Cu (100). £ = 0°, £ = 59eV, f0 = {-IO-4i)eV. 
SOURCES 

(3, 0) ; (3,±1); 
(3,±21 ; (3,±3) 

Fig. 1.6. Contr ibut ions o f the indiv idual surface layers to the 
total calculated intensity o f Fig. 1.5. 
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Cu ( 1 0 0 ) , < f i ~ 0 ° , £ = 5 9 e V , f 0 = ( - t O - 4 i ) eV. 

Fig. 1.7. Contributions. ': , 'nc s e p a r a t e / = 3 sources to the total 
calculated intensity of Fig. The curvcs arc labeled by the 
iespecti\c \ a lues ol ill. 

the layers and indicates that only the first few 
contribute significantly to the total. Figure 1.6 also 
shows that almost all of the peak structure present is 
caused by emission occurring in the first two layers 
of the surface. Figure 1.7 shows the contributions of 
the separate (3,/n) sources to the total, and it is clearly 
seen that more than one (l,m) emission is required to 
explain the structure in the data. Almost all of the 
peak structure is due to only three distinct sources: 
(3,±3), (3,±1), and (3,0). 

When fits were attempted using (/,w) profiles in 
combinations of five or six at a time, the results 
obtained were only slightly better than those shown 
in Fig. 1.5. It should be noted that, regardless of the 
number of (/,»;) combinations used in the fitting, 
valid fits with small rms deviations always had a 
calculated intensity at 0 = 0° of the magnitude shown 
in Fig. 1.5. We do not know the reason for this 
specific discrepancy but believe it merits further 
investigation. To test further the validity of the 
present model, we have undertaken treatments of 
more Cu (100) data2 and of Cu (110) data.3 

1. L. McDonnell. D. P. Woodruff , and B. W. Holland. Surf. 
Sci. 51. 249(1975). 

2. J. R. Noonan. D . M. Zehner ,and L. H. J e n k i n s , / Vac. Sci. 
Teehnol. 13, 183(1976). 

3. D. M. Zcliner, J . R. Noonan. and I,. II. Jenkins, Solid State 
Ctmimun. 18, 483 (1976). 

4. ( i . AIIit. E. Blanc.and D. D u f a y a r d , S u r f . Sci. 57,293(1976). 
5. .1. B. I'cndrv. J. Phys. CS, 24(3 (1975). 
6. H. L. Davis and T. Kaplan, Solid Stale Conmnm. 19, 595 

(1976). 
7. D. Aberdam et al. Surf. Sci. 57, 306 (1976). 
R. M. 1. Cbodorow. Phys. Rev. 55, 675 (1939). 
9. I'. J . Fcibclman and E. J . McGuirc, Phys. Rev. 1) (to be 

published). 

THEORY OF RADIATIVE ELECTRON 
CAPTURE BY CHANNELED IONS 

M.V.K. Ulehla' H. L. Davis 

Recently Koyama and Ohtsuki2 have considered 
the process in which a crystal is bombarded by an ion 
that in turn captures an electron from the crystal. In 
particular, these authors considered in detail one 
spec i f i c mechan i sm for this react ion to 
procccd—-radiative electron capture (REC). In REC, 
the ion interacts- with the crystal and captures one of 
the valence electrons; the excess electronic energy is 
given off as an x ray. Koyama and Ohtsuki proposed 
a model for REC in which a metal's surface electronic 
structure was accounted for in a simple manner. 
Their calculated results for the REC cross section 
appeared to reproduce both the shape and magnitude 
of the experimental cross section obtained by 
Appleton ct al.,3 who bombarded a silver single 
crystal with O8' ions with energies in the 15- to 40-
MeV range (see Fig. 1 of rcf. 2). The experimental 
cross section increases with increasing pnergy, which 
is in sharp contrast to the Bethe-Salpeter formalism4 

of REC, which predicts a decrease with increasing 
energy. Since the model employed by Koyama and 
Ohtsuki contains a critical surface feature and 
appeared to produce results in good agreement with 
experimental data, it could be inferred that REC 
might prove to be a useful tool for investigating the 
electronic structure of surfaces. However, while 
attempting to reproduce their results, we have 
established that the agreement with experiment that 
they obtained is erroneous and accidental. Their 
results do not in fact follow from the model they 
employed, because an error was made in their 
evaluation of the integrals occurring in the expres-
sion for the REC cross section. 

In the model of Koyama and Ohtsuki, the crystal's 
electrons are confined to a semi-infinite square-step 
potential with the step at the surface of the crystal, z = 
0. The step has depth U0, which is the sum of the 
Fermi energy and the work function of the metal. The 
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cross section, CTRBC, for a specific electron capture 
event is found to depend on Uo, on the energy of the 
bombarding ion, and on the electron's wave vector 
components ku an d ki. parallel and perpendicular to 
the surface. Using this model, we have calculated am c 
in the dipole approximation for a case that could 
correspond to 0 8 + ions bombarding a silver crystal. 
The results are compared in Fig. 1.8 with the 
experimental data of Appleton et al.3 Our calculated 
curve in Fig. 1.8 was obtained using U0 = 10.3 eV, 
/en = ks. = /cf/2, and an electron density (i.e., kr) 
corresponding to one-half electron per silver site. 
Also plotted in Fig. 1.8 is the cross section one 
obtains if the Bethe-Salpeter formalism4 is applied to 
ions having Z — 8, 

The theoretical model used here and in ref. 2 for 
REC in metals does provide some improvement over 
the standard Bethe-Salpeter formalism; generally the 
magnitude of the cross section is larger and agrees 
more closely with that obtained experimentally. 
However, we have found no physically reasonable 
choice of the model parameters (Uo, kll,ki) that will 
yield a rise in cross section with ion energy such as 
that found experimentally. 

Because this simple model does provide an 
improvement in cross-section magnitude, it is 

ENERGY (MeV) 

Fig, 1.8. Present calculation for REC cross section is compared 
with experimental data and Bcthe-Salpeter result. 

probably worthwhile to consider other REC models 
in which the metal's surface features are taken into 

' account in various ways. Work along these lines is 
now in progress. At the same time, we expect to 
consider REC models that trei'.: electrons in the bulk 
of the crystal more realistically. 

1. Eugene P. Wigner Fellow. 
2. K. Koyuma and Y. H. Ohtsuki. Phys. Rev. B 15. 61 (1977). 
3. 1). R. Applcton el al., p. 499 in Atomic Collisions in Solids, 

ed. by S. Datz, B. R. Applcton, and C. D. Moak. Plenum Press,. 
New York. 1975. 

4. H. Bethe and E. E. Salpeter, p. 320 in Quantum Meehmtivxof 
One-and Two- Electron Atoms, Academic Press. New York, 1957. 

COMPUTER STUDIES OF THE SCATTERING 
OF LOW-ENERGY HYDROGEN IONS 

FROM POLYCRYSTALLINE 
SOLID SURFACES 

O. S. Oen M. T. Robinson 

Hydrogen recycling between the walls and the 
plasma in a controlled fusion reactor can lead to 
important consequences in the particle and energy 
balances of the system.1 The hydrogen ions, through 
charge exchange, will escape a magnetically confined 
plasma and bombard the first wall of the contain-
ment vessel. A fraction of the hydrogen will be 
reflected (backscattered) from the walls back into the 
plasma with reduced energy while the remainder will 
slow down and come to rest within the walls. For 
reactor design, it is necessary to know the amount 
and the energy distribution of the reflected hydrogen. 
Although the backscattering of hydrogen ions with 
energies above 100 keV has been studied extensively 
for many years, only a limited amount of experimen-
tal and theoretical work has been done for incident 
energies of a few keV or less, which is the region of 
most interest to current fusion research. Experimen-
tally, the problem is greatly complicated by the 
difficulty in detecting the low-energy reflected 
neutral atoms. 

A comprehensive calculational program2 was 
initiated some time ago to study the interaction of 
low-energy light ions with solid surfaces using the 
binary collision cascade program MARLOWE. 
Results have been reported previously for 
amorphous solid targets.3 

Those studies have been extended to 
polycrystalline targets.4 This extension is necessary 
because most experimental targets possess sufficient 
crystalline texture to affect the motion of the ions 
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through channeling. We have calculated the reflec-
tion of 50-eV to 10-keV hydrogen atoms from 
polycrystalline copper, niobium, and gold. It was 
found that the effects of polycrystallinity are modest, 
reducing the amorphous reflection coefficients by 
about 25%. No specific differences were found 
between the bee (niobium) and the fee (copper and 
gold) polycrystalline calculations. Our results for the 
fraction of particles reflected agree quite well with 
experimental data for copper and gold5 but are about 
a factor of 2 larger for niobium. For the fraction of 
energy reflected, the results of our calculations are 
somewhat higher than observed, especially at the 
higher energies. Again, poorest agreement was found 
for niobium targets, where the calculated values are 
about a factor of 2 greater than observed. There are at 
least three possible reasons for this: the electronic 
stoppi ng assumed in the calculations may be too low; 
oxide layers, which were not included in the 
calculation, may be present in the experimental 
targets; or there may be more crystalline texture in 
the targets than assumed in the calculation. 

The experimental work to date has been carried 
out at a relatively high energy (>5 keV) with respect 
to current fusion needs. Until experimental informa-
tion at low energy becomes available, the present 
calculations can serve as a guide for the design of 
controlled fusion reactors. 

1. J . T. Hogan and J . F. Clarke, J. Nucl. Miner. 53, I (1974). 
2. M. T. Robinson and O. S. Ocn. Solid Slate Div. Amui. Pros. 

Rep. Dei-. 31. 1974. ORNL-5028, p. 16. 
3. O. S. Oen and M . T . Robinson. Nucl. lustrum. Methods 132, 

647 (1976). 
4. O. S. Ocn and M. T. Robinson, J. Nucl. Mater. 63, 210 

(1976). 
5. Sec rcf. 3 for references to experimental data. 

ANALYTICAL SOLUTIONS TO THE 
TWO-PARTICLE BLOCKING MODEL 

O. S. Oen 

A renewed interest in the two-particle blocking 
(shadowing) model1 has been sparked by recent ion-
scattering experiments from crystalline surfaces in 
which only one or at most a few atoms contribute to 
the blocking pattern. For many surface cases, for 
instance, the two-particle model gives close agree-
ment with Monte Carlo simulations2 that include all 
the row atoms. The model, therefore, has been 
reinvestigated, and an analytical solution has been 

found. From ref. 1, the expression for the emission 
pattern at angle 0 is 

m = f 
o 

2s ds (2/00 + /4>(s)] ] 
• /o 

X e x p 

f 
I [,v + /0(.s)]2 + [lOf 

f (1.) 

where I is the distance between emitting and 
scattering centers, p2 is the mean square thermal 
displacement amplitude, and Io{x) is the modified 
Bessel furction of the first kind. Here, <f>(s) is the 
scattering function for impact parameter s. In our 
previous work, Eq. (1) was evaluated numerically. 
However, for a Coulomb potential an exact 
analytical solution has been found to be 

F(0) = j exp - o" + " 

I a fit 1 

2 

(2 k)>. 
2 / (A!): ,=o (2k - r)!r! 

K,., (2 ) 

where A'r(.v)is the modified Bessel function of the third 
kind, a = 101 p. and fi = 16C/p. The quantity dc = 
2\JZ\Zie1 / IE, with Ethe projectile kinetic energy, is 
the critical blocking angle for the static case. 
Equation (2) gives the very important result that F(0) 
is a function of only two parameters, a and p. Thus a 
complete solution can be displayed by a single 
contour plot. For scattering from a screened 
Coulomb potential, such as the Molierepotential,an 
analytical solution to Eq. (1) appears difficult. 
However, the Coulomb results suggest that a similar 
parameterization in which the Coulomb critical 
angle is replaced by the Moliere critical angle may 
work. This was done and a nearly universal set of 
curves over a wide range of parameter values was 
found. 

). O. S. Ocn. Phys. Leu. 19, 358 (1965). 
2. J . H. Barrett, "Use of Computer Simulation to Interpret 

Channeling Experiments," p. 571 in Proceedings, Fourth 
Conference on Scientific and Industrial Applications of Small 
Accelerators, ed. J . L. Duggan and I. L. Morgan, IEEE 
76CH1175-9 NTS, Piscaiaway, N.J.. 1977: .1. H. Barrett, same 
title, this repoit . 
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PARTICLE-SOLID INTERACTIONS 

USE OF COMPUTER SIMULATION TO 
INTERPRET CHANNELING EXPERIMENTS1 

John H. Barrett 

Computer simulations2 have been used to extract 
information from channeling experiments designed 
to determine atomic positions in solids and in-
terplanar spacings of atoms at surfaces. In such cases, 
simulation gives more accurate results than any other 
method. The calculations on atom location have been 
applied to the experimental results of Swanson and 
Maury5 who have shown that, in an Al-0.09 at. % Mn 
alloy, manganese atoms trap dumbbell interstitials 
when irradiated at 40 K. Their experiments showed 
that when an ion beam is scanned through a (Oil) 
direction, the dip in scattering from the manganese 
atoms is much less deep than that for the aluminum > 
atoms and a peak occurs at the center of the dip for 
the manganese scattering. Computer simulation has 
been used to study how certain features of the peak 
and dip depend on the fraction, / , of manganese 
atoms that have trapped interstitials and on the 
displacement, D, of a trapping atom from its normal 
lattice site. Two ratios turn out to be of particular 
interest; these are the ratio (P/ V) of the peak at the 
center of the manganese scan to the valley on either 
side of it and the ratio ( V / S ) of the valley to the 
shoulder region of the scan, which is the region 
several degrees from the axis where the scattering 
yield is constant. Table 1.1 shows the dependence of 
the two ratios on / and D. In the table, it can be seen 
that PjV is a function of D only with no dependence 
on ft while V/S is primarily a function of//with only a 
weak dependence on D. Hence, it is possible to 
measure / and D independently of each other. In 
addition to the values shown in the table, P/ F values 
of 1.43 at D = 1.45 A and 1.51 at D= 1.50 A were 
calculated for / = 0.6. From the calculated values 
together with the experimental value of 1.38, a value 
of D= 1.43 ± 0.05 A may be inferred; no result of 
comparable accuracy is obtainable from any other 
available theory3 of channeling. From the results in 
the lower part of Table 1.1, one could try to estimate 
the value o f / . However, the calculated and measured 
values in the shoulder region differ considerably, so 
the accuracy of such an estimate would be uncertain. 
Consequently, no effort has been made to estimate//, 
but the calculations are in reasonable agreement with 

Table 1.1. Compu te r simulation results f o r the 
backscattcring of 1 -MeV helium ions f rom the manganese 

a toms in AI-Mn interstitials a t 35 K 

Interstitial 
fract ion 

Displacement (A) Interstitial 
fract ion 1.2 1.4 1.6 1.8 

Peak t o valley rat io (P / V) 

0.4 0.98 1,34 1.50 1.94 
0.6 0.98 1.34 1.50 1.95 
0.8 0.98 1.34 1.50 1.96 

Valley to shoulder ratio ( V / S ) 

0.4 0.38 0.38 0.40 0.40 
0.6 0.60 0.61 0.64 0.65 
0.8 0.86 0.87 0.92 0.97 

the value of 0.6 estimated by Swanson and Maury.3 

Absolute values of / are probably not of as much 
interest as absolute values of £>, but the changes i n / 
during annealing, which are of great interest, can be 
determined quite accurately. 

The calculations on surfaces have been applied to 
the measurements of Davics et al.4 on the (111) 
surface of platinum at 40 K. The experimental 
technique measures the backscattering of incident 
ions from the surface region of the crystal. At a 
sufficiently low incident ion energy,'the backscatter-
ing corresponds to one atom per row. As the incident 
energy is increased, the scattering rises to a value 
corresponding to two atoms per row or more. 
Measurements in the energy range where the 
scattering is changing rapidly with energy afford a 
sensitive means of measuring the spacing of the 
surface layers. Figure 1.9 shows the results of some 
computer simulations along with the experimental 
results of Davies et al.; Ad is the deviation of the last 
interplanar spacing from the value of d= 2.27 A 
characteristic of the bulk. By comparing the 
calculated and experimental results, it was estimated 
that A d = 0.22 ± 0.03 A . Figure 1.9 also shows some 
results of a two-atom calculation by Oen.5 These 
results diverge from the simulation values in the 
region of Fig. 1.9 in which more than two atoms 
make a contribution. However, there is also a large 
region of the Figure in which the two calculations 
agree, and this region contains two of the three 
experimental data points. If the two-atom calcula-
tion is used with only the two lower energy 
experimental points, the value of Ad inferred is 
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Fig. 1.9. Effective number of a toms per row contributing to backscatteringof helium ions incident along [01 l ] on to the Pt f 11 l)surfacc 
a t 40 K; experimental values are from ref. 4. 

virtually the same as given above. Hence both 
methods arc useful. 

1. Summary ol paper: p. 571 in Proceedings,, /'oiirth Con-
ference on Scientific and Industrial Applications of Small 
Accelerators, ed. by J . 1.. Dugjsin anil I. I - Morgan. I[.I:.I:.-
76CH 1175-9 NTS. I'iscatawav. N.J.. 1977. 

2. The methods arc summarized in.lolin II. Barrett. Phys. Rev, 
li 3, 1527 (1971). 

3. M. 1.. Swanson and I'. Maury. Can.I. Phys. 53. 1117 (1975). 
4. J . A. Davics et al.. / ' / in . Lett. 54A. 239 (1975): Siul. 

Instrum. Methods 132. 609 (1976). 
5. O. S. Oen. "Analytical Solutions to the Two-Particle 

Blocking Model ." this report. 

ESTIMATIONS OF MINIMUM YIELD 
FOR CHANNELING 

John H. Barrett 

The minimum yield forchanneling isdefined as the 
ratio of theyield foran ion beamaligned with a major 
crystallographic direction in a solid to the yield for 

the beam in a random direction; the ion scattering 
may,be due to large-angle Coulomb scattering or 
other close encounter processes. There exists a 
reasonably complete understanding of the axial 
minimum yield x"1"' for elemental crystals with clean 
surfaces.1'2 However, there are no generally accepted 
methods for estimating the minimum yield for 
chemical compounds or for estimating the effect of 
an amorphous surface layer on the minimum yield. 
An attempt has been made to develop methods for 
making these estimates. The attempt has been to 
generali/e the results for elemental solids2 to give a 
result in compounds for channeling directions in 
which all of the atoms in each row arc alike. The 
index 1 will be used to denote the atomic species 
whose minimum yield is of interest, and / = 2 , . . . , / ? to 
denote the other spccics. The generalized result is 

n 
mm ^ 2 _i_ V 2 X| - Cv\irp\ + C rr U i>,p, , 

i-2 
where v, and p, are the number of rows per unit area 
and rms thermal vibration amplitude, respectively, 
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for spccics/. Values ol '3 .0± 0.3 for C'and 1 .7±0 .2 for 
C" have been inferred for elements,2 but the values for 
compounds may be different. A first test of this result 
will be made by applying it to the high-TV supercon-
ducting compound VjSi. 

A method to estimate the effect of an amorphous 
surface layer on the minimum yield was developed on 
the basis of some computer simulation calculations. 
Since the available computer program1 only docs 
simulations for elements, calculations on vanadium 
were done with and without an amorphous surface 
layer of specified composition. Because calculations 
at each temperature used well over an hour of IBM 
360/91 time, calculations were done only at 20 Kand 
298 K, and an attempt was made to generalize the 
results so as to be usable at other temperatures. The 
first step in the generalization was to associate the 
extra yield due to the amorphous layer with the 
fraction of ions that had been scattered by the 
amorphous layer at angles greater than.some critical 
value. This critical angle was then associated, by 
means of the continuum potential of a row of latticc 
atoms, with a critical distance of approach to the row, 
Finally, the critical distance of approach was 
expressed as a multiple of the rms thermal vibration 
amplitude 

P = <v2 + r ) 1 2 . 

This is an oversimplified approach, but it is of a type 
that has often worked well for channeling. The 
resulting coefficients o f p were 2.11 ± 0 . 0 9 at 20 Kand 
2.18 ± 0.08 at 298 K, with a resulting average of 
2.14 ± 0.06. This appears to be a very promising 
method for making such estimates, and further 
calculations will be done to test its generality. 

1. .1. II. Barrett. I'hys. liev. 113. 1527 (1971). 
2. .1, II. Barrett ct al.. Ka,licit. /;//. 28. 119 (1976). 

EFFECT OF THERMAL VIBRATION AND 
NUCLEAR RECOIL ON MINIMUM YIELD 

IN CHANNELING PHENOMENA1 

J. H. Barrett K. Komaki2 

F. Fujimoto2 Y. Hashimoto2 

From analysis of measurements and computer 
simulation of channeling, two contributions from 
thermal vibrations and nuclear lifetime to the axial 
minimum yield can be distinguished. The first of 
these is associated with the production of 

dechannelcd trajectories and comes solely from 
thermal vibrations. It is of the form CNihpi. where 
C" is a proportionality constant, N is the number 
density of crystal atoms, d is the spacing of atoms 
along the axis, and p is the rm.s amplitude of the 
components of thermal vi brat ions normal to the axis. 
The second contribution is associated with the 
sampling by lattice atoms of the flux of channeled 
ions near latticc sites and comes from both thermal 
vibrations and nuclear lifetime. The form of this 
contribution is C"/Vdrr{r2), where C" is a second 
constant, <r2) is p for thermal vibrations and 2(v, t)2 

for nuclear recoil, v, is the component of recoil 
velocity perpendicular to the axis, and r is the nuclear 
lifetime. The combined dependence of the minimum 
yield x""" 0 " thermal vibrations and nuclear recoil is 
given by the relation 

Xma = Nd[Cp2 + 2C"(v, 7)2] , 

where C = C' + C". From the analysis of 
measurements and computer simulations, a value of 
2 ± 0.3 was inferred for C and a value of 1.3 ± 0.2 
for C". 

1. Summary of paper: Itatlial. E f f . 28. 119 (1976). 
2. University ol Tokyo, Tokyo, Japan . 

COMPUTER SIMULATION OF ATOMIC 
COLLISION CASCADES IN CRYSTALS 

M. T. Robinson 

The computer simulation program MARLOWE,1 

developed at ORNL over the past several years, is in 
use here and elsewhere for a variety of calculations of 
particlc ranges, hydrogen reflection, sputtering, and 
the like.2-3 It seems appropriate to summarize the 
many improvements made in the model and in the 
program recently and to describe the results of some 
displacement cascade calculations made in coppcr 
using the improved model. 

The trajectories of particles involved in a displace-
ment cascade are developed in MARLOWE in the 
binary collision approximation (BCA). The in-
dividual scattering events are treated as if they took 
place between pairs of isolated atoms interacting 
classically through a conservative central potential. 
These events are otherwise treated exactly, using 
numerical quadratures of the classical equations of 
motion. The program recognizes the occurrence of 
groups of nearly simultaneous collisions and treats 
these in a special way: the laboratory momentum of 
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each target atom is evaluated in the BCA, and the 
momentum of the projcctilc is found by applying 
linear momentum conservation; then, without 
altering the directions of motion of the particles, their 
energies arc scaled to ensure energy conservation. 
This procedure gives a much better picture of 
"simultaneous" collisions than did the original 
scheme,' especially for cases where the particle 
masses are very different.'' In addition to these clastic 
collisions, the program allows for inelastic (electron 
excitation) energy losses. These losses may be cither 
local (impact parameter dependent), nonlocal, or 
both. The nonlocal losses were added recently and 
should allow more realistic calculations of range 
profiles, especially under channeling conditions. 

Several improvements have been made in the 
model to reduce computing time. The most signifi-
cant of these was the introduction of a so-called "hash 
storage" scheme5 for the lattice sites vacated during 
cascade development. These sites must be examined 
at every collision to ensure that vacancies are 
correctly treated. "Hashing" (in this context) is an 
associative storing scheme, which assigns a vacated 
lattice site, not to the next available location, but to a 
location dependent upon the coordinates of thesite in 
question. It allows the determination of whether or 
not a site is already in the list of vacant sites in a very 
rapid manner. A further reduction in time was 
achieved by an alternative scheme for ordering the 
collisions. The original method' (still an available 
option) was to follow next the fastest particle 
currently in the cascade. The new method avoids the 
list searching implicit in this method by assigning a 
new priority to a particle whenever its velocity 
changes. This priority decreases as its velocity 
decreases. Other improvements involve technical 
programming details and the pair classification 
scheme discussed below. The overall result is that the 
computing time for cascades generated in copper has 
been reduced by a factor of 2 for 500-eV primaries 
and by a factor of 12 at 20 keV. The saving is roughly 
quadratic in energy at higher energies. To reduce 
storage requirements, the previous a posteriori 
analysis of replacement sequences has been replaced 
by one which detects such sequences as they develop. 
This permits suppression of most replacement events 
without loss of information and roughly doubles the 
primary energy which can be reached with a given 
program size. Furthermore, the program now 
incorporates a model of the change from mass-
transporting replacement sequences to non-mass-
transporting focusons. Whenever an apparent 
replacement event occurs, note is taken of whether 
the stopped projectile is closer to its own original 

lattice site or to the replacement site. In the latter 
case, mass is transported, but in the former, the 
projectile returns to its own site (if unoccupied). 

The atom-site pairs occurring at the end of a 
cascade can be classified into five groups: 

1. Nondisplaccmcnts: an atom receives only sub-
threshold amounts of energy and remains at its 
own original site. Such atoms are always sup-
pressed. 

2. Replacements: a projectile atom occupies (is 
closely associated with) a lattice site originally 
occupied by another atom. These atoms may be 
either preserved or suppressed, as desired. 

3. Close pairs: the lattice site nearest to an atom is 
vacant, but a replacement event did not occur. 
These pairs arc morphologically equivalent to 
replacements, although they arise by a different 
scries of events. 

4. Near pairs: the nearest lattice site is occupied or 
already paired, but one of its neighboring sites is 
vacant. Inthe fee calculations discussed here, both 
first- and second-neighbor sites are involved in 
near pairing. 

5. Distant pairs: all other cases. 

In the crystalline copper calculations reported below, 
of all the atoms which enter a cascade, about half 
terminate their trajectories by replacements, about a 
third are members of close or near pairs, and the 
remaining one-sixth are in more distant pairs. The 
number of atoms receiving subthreshold amounts of 
energy is much larger than the number of those that 
enter the cascade. The close and near pairs are 
regarded as essentially certain to be mechanically 
unstable and to annihilate athcrmally. 

Cascades have been generated in crystalline copper 
and in amorphous copper for primary recoil energies 
ranging up to 22.5 and 25 keV respectively. At the 
highest energies, sets of 100 cascades were run; more 
were studied at lower energies. In each case, the 
Molierc potential was used with the screening length 
deduccd before.1 At each displacement, a binding 
energy of 0.5 cV had to be overcome. Particles were 
added to the cascade if they received 5.0 eV in a 
collision and were considered stopped when their 
energies fell below 4.5 eV. The purpose of the 
amorphous calculations was to assess the role of 
replacement sequences in cascade development. A 
preliminary analysis of these cascades follows. 

In the crystalline calculations, replacement se-
quences are frequently found. The most important 
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arc (101) sequences which often extend t o 2 5 o r m o r c 
replacements and terminate in focusons when the 
particle energy falls below about 13 cV. The binding 
energy employed is sufficient to give approximately 
the same energy loss rate in these sequences that is 
found in molecular dynamics calculations.6 In 
addition to these sequences, there are appreciable 
numbers of (001) sequences up to about 13 steps long, 
somewhat more frequent (111) sequences of up to 
about 15 steps long, and rare occurrences of (112) 
sequences of up to five steps. The latter are associated 
cither with primaries moving initially in {111} planes 
or with the energy losses from (111) sequences. 

A significant property of a displacement cascade is 
the density of defects within it. The cascade volume 
can be defined7 as the number of lattice sitcsat which 
collisions occur. The fraction of these sites vacated is 
then a measure of the dcfcct density. Figure 1.10 
shows this quantity as a function of primary recoil 
energy for cascades in copper. The crystalline results 
refer to all distant pairs; the amorphous to all pairs 
with separations greater than ao= 3.615 A , the cubic 
cell edge in copper, a value chosen togive roughly the 

same dcfcct densities as in the crystal case. The 
density of defects in the amorphous case drops 
sharply over the energy range up to 70 eV and more 
slowly thereafter. The initial behavior reflects the 
increasing cascade volume under circumstances 
where little multiplication of defects takes place. The 
behavior o f the crystalline calculations is quite 
different, giving evidence of crystal effects in two 
different energy regions. These two regions are both 
connected with replacement collision sequences. As 
has been described before,8 collision sequences 
occurring at low primary recoil energies arc mostly 
initiated directly by the primary particlc. At higher 
energies, they are generated mainly by the much more 
numerous cascade particles. The two regions are 
separated by an energy region in which the primary 
sequences arc strongly defocussing, but in which 
cascade sequences cannot be formed. These two 
regions are reflected in Fig. 1.10. At recoil energies 
above about 0.5 keV, the cascade density changes 
only slowly, in either crystalline or amorphous 
targets, and becomes sensibly constant above about 
12 keV. The persistence of this constancy to even 
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Fig. 1.10. The defect density calculated for cascades in both crystalline and amorphous copper, using the binary collision program 
MARLOWE. 
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higher energies will be interestingtoexplore. Further 
analyses of these cascades in copper arc currently 
being made. 

1. M. T. Robinson and i. M. Torrens. Phys. Rev. tf9. 5110X 
(1974). 

2. O. S. Oen and M. T. Robinson, "Computer Studies ol the 
Scattering of l.ow-l;nergy Hydrogen Ions from I'olycrystallinc 
Solid Sur/iices." this report. 

3. J. H. Roberto and M, T. Robinson, "A Measurement of the 
Transverse Range of (;i.2>i) Recoils in Gold ." this report. 

4. M, llou and M. T. Robinson. A'ticl. In.smim. Methods 132, 
641 (1976). 

5. W. U. Maurer and I . Ci. Lewis. Coinput. Stirv. 7, 5 (1975): 
n . I-:. Knuth, Sti. Am. 236. 63 (1977); 1 a m indebted to C'. A. 
Coulter of the University of Alabama for lirst acquaint tog mc with 
these techniques. 

6. I). K. Holmes and M. T. Robinson, Solid Statu Piv. Aiittti. 
I'rofi. Hep. Oee. it, 1975, ORNI.-5I35. p. 16. 

7. .1. R. Heeler. Jr. . Phys. Rev. 150. 470 (1977). 
K. I). K. Holmes and M. T. Robinson, p. 225 in Atomic 

Collisions, in Solids, vol. I. ed. by S. Da l / . I). R. Appletoi). and 
C. I). Moak, Plenum Press. New York. 1975. 

DISPLACEMENT CASCADE LIFETIME 
IN MONATOMIC SOLIDS 

O. S. Oen 

In a reccnt publication, the average time required 
lor an energetic ion or primary knock-on atom 
(I'KA) to slow down to rest in a structureless solid 
was discussed.' This slowing-down time was used to 

estimate the displacement cascade lifetime, that is, 
the time elapsed from the moment the PKA receives 
its initial kinetic energy until the last displaced atom 
in the cascade comes to rest. A displacement cascade 
consists of the interstitial atoms and associated 
vacancies produced when the kinetic energy of a 
PKA is shared with the lattice atoms. The cascade 
lifetime is important in treating such problems as 
thermal spikes2 and space-time coincidences of 
displacement cascades.3 

In this report, a method is presented that enables 
one to calculatc more precisely the displacement 
cascade lifetime. The basic idea is reminiscent of the 
solution proposed for the inherent ambiguity in the 
scattering of indistinguishable particles discussed 
long ago for the case of a particles in helium.4 The 
view is taken that, in clastic collisions in which the 
striking atom transfers more than one-half of its 
energy to the struck atom, the identities of the 
collision partners are interchanged. In other words, 
the particle emerging with the greater energy 
following any collision is defined as the "primary" 
particle. The slowing-down time of this "primary" 
should be a good measure of the cascade lifetime. 

The above physical idea can be formulated 
mathematically in a straightforward manner. Con-
sider a primary atom of energy E making an elastic 
collision with a lattice atom. After the collision the 
primary atom has an energy h" and the lattice atom 
an energy 7". where E - E' + T. The differential 
scattering cross scction may be written as 

da{E, T) , 0 T ^ Ell , 

ME. E- E') , 0 E 4 Ej 2 . 
( I ) 

If we define the "primary" to be that particlc 
emerging with the greater energy following a two-
particle collision and replace E' by 7', theabovecross 
scction becomes 

ME, E) f do(E. E- T) , 0 < /"< E/2 . (2) 

With this redefined cross scction, energy transfers 
greater than El2 arc forbidden. However, the cross 
section for such events is not simply discarded but 
rather contributes to an enhancement of the cross 
section for energy transfers of less than E( 2. 

Given a specific interaction potential and using 
conventional techniques, one can use Eq. (2) to 
calculate the slowing-down time and other range 
quantities of this "primary" as it interacts with the 
lattice atoms. In the continuous slowing approxima-
tion, the mean cascade time is precisely the same as 
the slowing-down time of the "primary." Figure I.I 1 
shows the ratio of the mean cascade lifetime to the 
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mean PKA slowing-down time, for several different 
interaction potentials, as a function of initial PKA 
energy. The ratio is greater than unity for all 
potentials except the.Coulomb where it is unity. For 

. Thomas-Fermi scattering as approximated by 
Winterbon, Sigmund, and Sanders (WSS),5 the 
mean cascade lifetime at low energies is about 28% 
larger than the mean PKA slowing-down time, 
whereas it is just a few percent largerat high energies. 
The results shown in Fig. 1.11 were obtained 
assuming no electronic stopping. When electronic 
stopping is included, the ratio tends to be closer to 
unity, especially at the larger energies. 

In addition to enabling one to calculate mean 
cascade lifetime and variance, this method of viewing 
collisions has other interesting applications in 
radiation damage analysis, such as the interpretation 
of collision spectra, which arc currently being 
explored. 

1. O. S. Ocn and M, T. Robinson, J. Appl Phys. 46, 5069 
(1975). .. 

2. P. Sigmund, Appl. Phys. Lell. 25. 169 (1974). 
3. M. T. Robinson, J. JVm /. Miner. 53, 201 (1974). 
4. P.. Rutherford and J. Chadwick. Philos. Mug. 4,605(1927). 
5. K. Wintcrbon, I'. Sigmund, and J . H. Sanders, K. Pun. 

Viilen.sk. Selsk.. Mat.-iys. Medd. 37. No. 14 (1970). 

CALCULATED ENERGY AND ANGULAR 
DISTRIBUTIONS FOR (n,2n) 

RECOILS IN GOLD 

J. B. Roberto M. T. Robinson C. Y. Fu1 

Primary recoil spectra and angular distributions 
have been computed for {n,2n) recoils in gold for 
neutron energies from 10-30 MeV. The kinematics of 
the (n,2n) scattering were followed explicitly in a 
Monte Carlo simulation using theoretical energy 
distributions for the two emitted neutrons. The 
calculated recoil energies and angular distributions 
were used to interpret experimental range 
measurements2 for (n,2n) recoils in gold and to 
evaluate the effect of multiple particle emissions on 
recoil energy calculations. 

It was assumed that the incident neutrons were 
inelastically absorbed by the target nuclei and that 
the two subsequent neutron emissions were isotropic 
in the baryccntric system and independent of each 
other. The calculated recoil distributions were 
peaked near the initial energy of the recoiling 
compound nuclcus and at small angles to the incident 
neutron direction. The widths of the distributions 
were determined primarily by the first neutron 
emission. Energy and angulardistributions for (n,2n) 
recoils resulting from c/-Be neutron3 interactions in 
gold arc shown in Fig. 1,12. The corresponding 
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Fig. 1.12. Calculated energy and angular distributions for (n,2n) recoils resulting from high-energy d-Be neutron interactions in gold. 
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distributions for 15-MeV neutrons in gold are nearly 
identical to those in Fig. 1.12, since both the t/-Be 
spectrum and the Au(/i,2«) excitation function are 
peaked near 15 MeV. 

For nonelastic neutron interactions above 15 
MeV, it has been assumed" that the primary recoil 
energy can be calculated from the centcr-of-mass 
motion and the spectrum of the first emitted light 
particle. Subsequent particle emissions in reactions 
such as (n.nx), (/7,p.v), and (n,ax) have been ignored, 
and the present calculations allow an explicit 
evaluation of''this approximation for the (n,2n) 
reaction in gold. Over the range of these calculations, 
the average recoil energy after the second neutron 
emission was typically 5% greater than the cor-
responding binary scattering result. This difference is 
small in comparison with uncertainties in neutron 
cross sections and therefore supports the use of the 
binary scattering approximation for the description 
of nonclastic recoil energies in neutron damage 
calculations. 

1. Neu t ron Physics Division, O R N L . 
2. J . B. R o b e r t o and M . T . R o b i n s o n , "A Measu remen t of the 

Transver.se R a n g e of (»,2n) Recoils in G o l d . " this r epor t . 
3. T h e a p p r o p r i a t e d -Be spect rum is shown in J . B. R o b e r t o et 

a l . , " D a m a g e P r o d u c t i o n by High-Energy j/-Be N e u t r o n s in 
C o p p e r , Niobium, a n d P l a t i n u m at 4 .1 K," this repor t . 

4. J . B. R o b e r t o and M . T . R o b i n s o n , J. Nud. Mater. 61, 149 
(J976). 

SPUTTERING CALCULATIONS WITH THE 
DISCRETE ORDINATES METHOD 

T. J. Hoffman' D. K. Holmes 
H. L. Dodds 1 M. T. Robinson 

Hydrogen and helium ions incident on the inner 
wall of a controlled thermonuclear reactor can 
sputter atoms from the wall into the plasma, causing 
erosion of the wall and contamination of the plasma. 
Sigmund2 devised a transport model for the calcula-
tion of sputtering yields, using an analytical ap-
proach to solve the Boltzmann equation. His method 
is restricted to infinite medium problems in which the 
differential cross section can be represented by simple 
analytic expressions. These assumptions are not 
appropriate to sputtering by light ions. 

To treat finite medium problems with arbitrarily 
complex cross sections, numerical procedures are 
needed. The most widely used and highly developed 
method for numerical solution of the Boltzmann 
equation is the discrete ordinates method.3 Although 

the usual application of this method has been to 
neutron and gamma-ray problems, many of the 
computational algorithms developed for these 
problems are applicable to sputtering calculations. 
The work described here has been directed toward 
the use of a neutral-particle, discrete ordinates 
computer code, AN1SN,4 for the calculation of 
sputtering yields. 

A beam of ions is incident on a slab with energy E, 
and direction cosine A Boltzmann equation can 
be written for the ions ( / = l ) a n d for the target atoms 
(/ = 2) that are put into motion by the , ions. A 
multigroup formulation of the problem has been 
developed, which includes the stopping of the 
particles by electron excitation, as well as their 
scattering and multiplication. The sputtering 
problem is identical to a coupled neutron ( / = l )and 
secondary gamma-ray (/ = 2) shielding problem with 
a gamma-ray detector. The discrete ordinates code, 
AN1SN, can solve this type of problem. 

Figure 1.13 shows the sputtering yields calculated 
with ANISN for argon ions incident on copper. In 
these calculations the differential cross section for the 
Fermi-Thomas energy range was represented with 
Winterbon's analytic approximation.5 For lower 
energies, Sigmund's power approximation2 to the 
Born-Mayer cross section was used. The ANISN 
results are in good agreement with the experimental 
data.6"9 Also shown in Fig. 1.13 are results obtained 
with the Monte Carlo code, MARLOWE. 1 0 Unlike 
ANISN which employs a continuum model of the 
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target atom structure, M A RLOWE uses an atomistic 
model, but such calculations require considerably 
more computation time than AN1SN calculations. 
The results shown in Fig. 1.13 indicate that 
reasonable results can be obtained for this problem 
without the sophistication and computational 
expense of the MARLOWE model. 

The transport model as presented in this paper has 
been applied to several sputtering problems. The 
results obtained thus far indicate that this approach is 
a viable method for the calculation of sputtering 
yields. 

1. Computer Sciences Division, UCC-ND. 
2. P. Sigmund, Phys. Rev. 184, .183 (1969). 
3. B. G. Carlson, Solution of the Transport Equation by the Sn 

Method, LA-1891, Los Alamos Scientific Laboratory, Los 
Alamos, N.M., 1955. 

4. W. W. Englc, J r . , A Users-Manualfor A MSN. K-1693,0:ik 
Ridge National Laboratory, Oak Ridge, Tcnn., 1955. 

5. K. B. Winterbon, I'. Sigmund, and J . B. Sanders, A'. Dan. 
Vidensk. Selsk., Mat.-Fys. Medd., 37, No. 14 (1970). 

6. A. L. Southern, W. R. Willis,and M . T . Robinson, / Appl. 
Phys. 34 , 153 (1963). 

7. N. Laegrcid and G. K. Wchner,./. 'Appl. I'liys. 32,365(1961). 
8. O. Almen and G. Bruce, Nucl. fnsirum. Methods, 47, 279 

(1961). 
9. M. I. Guseva, Fiz. Tverd. Tela 1. 1540 (1959). 
10. M. T. Robinson and 1. M. Torrens, Phys. Rev. H9, 5008 

(1974). 

NEUTRON DAMAGE CALCULATIONS 
IN COPPER, NIOBIUM, AND GOLD 

TO 32 MeV: APPLICATION TO 
SPUTTERING AND DEUTERON-BREAKUP 

NEUTRON SOURCES1 

J. B. Roberto M. T. Robinson C. Y. Fu2 

Primary recoil distributions and specific damage 
energies have been computed for high-energy 
deuteron-breakup neutrons in copper, niobium, and 
gold. The calculations are based on theoretical 
neutron eross sections and consider in particular a 
d-Be spectrum broadly peaked at 15 MeV with 
some neutrons above 30 MeV. The theoretical results 
are similar to corresponding calculations for 
monoenergetic 15-MeV neutrons and are in good 
agreement with range measurements of (n,2n) recoils 
generated by high-energy d-Be neutrons in niobium 
and gold. The calculations are also consistent with 
recent d-Be neutron sputtering experiments in 
niobium and gold and demonstrate the usefulness of 

dcutcron-breakup neutron sources for simulating 
fusion neutron effects. 

1. Abstract or paper: . / . Nucl. Mater. 63, 460 (1976). 
2. Neutron Physics Division, ORNL. 

* 

THE ENERGY DEPENDENCE OF NEUTRON 
DAMAGE IN COPPER AND NIOBIUM1 

J. B. Roberto M. T. Robinson 

Primary recoil spectra and specific damage 
energies have been computed for neutron interac-
tions incoppcrand niobiumat neutron energies up to 
32 MeV. The calculations arc based on theoretical 
neutron cross sections and are in good agreement 
with recent radiation damage experiments using 
high-energy neutrons from the Bc(d,n) reaction. The 
results are particularly relevant to the understanding 
of radiation effects from high-energy deuteron-
breakup neutron sources. 

I. Abstract of paper: J. Nucl. Mater. 61. 149 (1976). 

APPROXIMATIONS FOR SIMPLE DEFECT 
KINETIC EQUATIONS 

G. Leibfried1 D. K. Holmes 

The Low-Temperature Irradiation Group of the 
Solid State Division has recently irradiated very pure 
copper crystals at room temperature in the Bulk 
Shielding Reactor (CP-15 facility) of ORNL. 2 The 
work presented here was stimulated by an attempt to 
analyze their data using appropriate rate equations. 

At a temperature of the order of 330 K both 
vacancies and interstitials and, possibly, divacancies 
and di-interstitials, are mobile. The processes that 
must be considered are mutual annihilation, dis-
appearance at unsaturable sinks, trapping, and 
clustering. The rate equations that include these 
events are nonlinear and require careful treatment in 
computer calculations to avoid instabilities in the 
solution. It is of interest to consider analytic 
approximations to the simpler forms of such 
equations. For very early irradiation times, it is 
expected that vacancy-interstitial annihilation and 
disappearance at unsaturable sinks will be the 
dominant processes, at least in some cases. The 
following equations for the interstitial and vacancy 
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concentrations represent a very simple approach to 
the early time behavior: 

c i t /i \ — = 1 - ix - ai , (I a) lit 

~~~ — I /v fix . (1/)) 
III 

The following definitions hold: 

i = yl, v = yV , 

where / and V arc the atomic concentrations of 
inlcrstiiials and vacancies respectively; 

7 = s/l'i^'On ,'p . 

where 

c, is the jumping rate for intcrstitials, 

A, is the jump distance, 

o„ is (he effective pair annihilation cross section, 

K, and a ( l arc in units of the lattice parameter, 

p is the production rate for vacancics and 
interstitials per atom per second; 

i', s= v„ cxp(—Ii,/kT) , 

where 

vu ~ 10" sec ', 

/i, is the activation energy for motion of the 
interstitials; 

t = T\Jf)l/,k,On , 

where r is the irradiation time in seconds; 

a = ylo,slon)S, , 

P = (yr77)(<WtJn).S; . 

7V = \fvikxOnlp , 

where a« and »,., are the effective capture cross 
sections of unsaturable sinks for interstitials and 
vacancies, respectively, and S, and are the atomic 
concentrations of the sinks. From the definitions, it 
can be seen that a "<r ? p may vary over many orders 
of magnitude, d' .•? ling on the irradiation con-
ditions. The treatment to be discussed here assumes 

that p is very much smaller than a becausc of the 
much lower mobility of the vacancies. Taking the 
initial condition to be 

HQ) = v(0) = o at / = 0 . (2) 

the first area of interest is for small values of i, for 
which the term /Jv may be neglected. 

Even this set of simplified, nonlinear equations 
docs not have a complete, explicit, analytical 
solution, so that numerical integration is the obvious 
method of treatment. However, it is possible to derive 
some worthwhile approximations. The principal 
feature of the short time behavior is that, while the 
vacancy concentration rises monotonically, the 
interstitial concentration goes through a maximum. 
The goal here is to find approximate values for the 
time, tu, to reach the maximum interstitial concen-
tration, along with approximate forms for the 
concentrations at times through t,u. 

- - ..Ignoring the px term, the scheme for developing 
early time forms is 

1. for small a , obtain zcroth-order expressions (in 
and Vii) by neglecting the ai term; better ap-
proximations arc then obtained by treating the ai 
term as a perturbation; 

2. for large a. drop the ix term in Eq. (la), and then 
use it as a perturbation. 

The results from this approach are the following. 

For small a: 

tanh t - [o(tanh : 0 / 4 ] 

+ [a ln(cosh 0 / 2 ] , (3a) 

tu = Inx/8/c* , (error < 10%, for a ^ 0.3). (3b) 

For large a: 

/ = «"'[ 1 - cxp(—«0] - ./', (4a) 

v = a [ l - e x p ( - / / a ) ] + . / ' , (4b) 

/ = a"1 - (a - 2 / a ) " ' e x p ( - / / a ) 

+ 2a'2(a~ 2/a)~lexp(-ai/2) , (4c) 

Im = (2 In a)! a , (error < 10%, for a ^ 4.0) . ( 4d) 
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In each case, values at the maximum correspond to 
setting 

dj_ 
dt 

= 0 (5) 
tu 

The resulting formulas are transcendental and not 
readily soluble. The forms for/a/given in Eqs. (3)and 
(4) are further approximations to the more accurate 
equations resulting from the use of Eq. (5). As a 
decreases, Eq. (3b) becomes more and more ac-
curate—and essentially becomcs exact f o r a ^ 0 . 0 1 . 
Similarly for large a, Eq. ( 4 i f ) is effectively exact for 
a >20. . 

In the range 0.3 ^ a ^ 4.0, the functional form of 
//w(a) is very well represented by the interpolation 
formula: 

_ f (2 in a)(ct , a > 8 , (6a) 
/ " ' ~ l l n \ / W a ~ + 0 . 5 2 ( a / 8 ) ' \ a sS 8 , (6b) 

where n = 2.318447 . 

For all values of a , the interstitial concentration 
falls off very slowly with irradiation time after as 
has been previously observed.'1'4 For times somewhat 
larger than Im, 

i ~ (v 4- a)' 

so that 

dv 
— = a(v + a ) — /8v . 

(7) 

(8) 

If the /3v term is taken to represent the approximate 
size of all terms which involve vacancy migration and 
if I, then the further approximation 

dv I 
— = a(v + a) 
dt (9) 

will apply until the two terms on the right-hand side 
of Eq. (8) are roughly equal. Such considerations may 
be of help in starting the numerical integration of the 
much more complicated set of equations which more 
realistically represents the behavior of the defects 
during irradiation. 

In the case of the irradiation of copper at room 
temperature, values of ot and (3 may be of the order of 
101 and 10~6 respectively, using activation energies of 
motion of 0.12 eV for interstitials and 0.71 eV for 

vacancies, 'i i . r ^ y a l u e s lead to the result that the 
mobile interstitial concentration passes through its 
maximum at a very small fraction of a second of 
irradiation time. Further, within a very few scconds 
the processes due to vacancy migration would 
become of importance. This indicates that for 
experimentally significant irradiation times the 
interstitial concentration may be well represented by 
an expression of the type of Eq. (7), obtained by 
setting 

cJl 
dt s o . 

The resultant form for /'(/) can then be used in all 
other equations of the complete set. 

1. Consultant from Institut l'flr l-'estkorpiMI'orseluing. Kern-
rorschungsankige, .Itilich. Germany. 

2. R. L .Chupl ine ia l . , " l )e fee tani l Transmutation Resistivity in 
Reactor-Irradiated Copper ." this report. 

X Ci.J. Dicncsnnd A . C . Damask. I'ln.s. « i t . 128.254211%2) 
4. .1. V. Sharp and A..1.1:. I-orcman. Calculation o/ lluild-t '/i 

Timet Jor Radiation Enhanced l)i/'/it.\ioii. A1:RI:-R57,S6. Great 
Hritain Atomic Energy Rc.scarch Establishment. Harwell. Herks. 
England, June 1968. 

ELECTRONIC A N D MAGNETIC 
PROPERTIES 

CLUSTER CALCULATIONS: 
SIMULATION OF BULK PROPERTIES 

Mark Mostoller Theodore Kaplan 

Calculations in which the essentially infinite num-
ber of atoms in a real solid is replaced by a large, but 
finite, number of atoms have been used for some time 
to simulate a variety of material properties. A 
familiar example of these so-called "cluster calcula-
tions" is the molecular dynamics or equation-of-
motion approach, which has been used to study the 
behavior of liquids, phase transitions, the electronic 
density of states of alloys, and a large number of other 
problems. We have been exploring variations of 
another approach to large cluster calculations which 
shows promise of similarly broad applications. 

Specifically, we have been investigating methods 
based on the Lanczos algorithm1 fortri-diagonalizing 
matrices. Suppose, for example, that we wish to 
determine the local electronic density of states in a 
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solid described by a one-band, nearest-neighbor, 
tight-binding Hamiltonian, 

H=2e,\i)(i\ +2 »(/, j)\i)U\. (1) 

Here e, is the site-diagonal energy for an electron 
at site i, and t(i, j ) is the transfer or hopping integral 
connecting sites / and j. The density of states at site I 
as a function of energy E can be expressed in terms o f 
the (1 ,1 ) element of the inverse matrix (E — H ) ' \ 

p,(E) = - - Im lim (I | [ (E + / 5 ) - / / ] - | 1). (2) 

Starting with the vector | Vi) = 11), the Lanczos algo-
rithm generates an orthonormal set of vectors |v*) 
according to the following prescription: 

A * I | V H * i ) = ( / / - Q-A)!v*) — jS i l v / t - , ) , ( 3 a ) 

ak = <v*| //] vk) , (3b) 

fik+\ specified such that (va+i|v^i) = 1 . (3c) 

In terms of these vectors, the Hamiltonian H u tri-
diagonal, that is, 

(VA+,| H\\k) = ( v t | H\vM) 

= ak5(l, 0) + (ik+\8(l, 1) , (4a). 

{ V w | u\ v*) = (VA| H\VM) = 0 , I > 1 . (4b) 

With H in tri-diagonal form, the (1, 1) element of the 
inverse matrix (z — H)'1 can be written as a continued 
fraction, 

< l | ( z - H ) ' l \ [ ) 

= l / ( z - a , — p i 2 / z ~ ci2~ fa2/z — . . . ) • (5) 

The local density of states can now be found by 
combining Eqs. (2) and (5). 

For electrons in the bulk of a solid, the right-hand 
side of Eq. (5) is an infinite continued fraction. T o 
simulate bulk properties, we apply a recursion 
method similar to that proposed by Haydock, Heine, 

and Kelly.2 Some number of the coefficients a*, 
are determined by application of the Lanczos algo-
rithm, Eqs. (3a)-(3c), to a large cluster of atoms, and 
the lower end of the continued fraction is replaced by 
some function g«.(z) which has certain desired prop-
erties, for example, the correct bandwidth. In Figs. 
1.14 and 1.15, electronic and phonon densities of 
states calculated by the recursion method are com-
pared to exact results. In each case, recursion was 
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Fig. 1.14. Density of s tates fo r 5 e lec t rons in a s imple cubic 
lattice with first-nearest-neighbor in te rac t ions , a s calculated b y the 
recursion m e t h o d , compared to t h e exact results . Recurs ion was 
applied a l t e r level 21 in a 22-levcl latticc of 13.287 a t o m s . 
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Fig. 1.15. P h o n o n dens i ty of s ta tes in c o p p e r with first-neares ' t-
ne ighbor in terac t ions , as ca lcu la ted by t h e recurs ion m e t h o d a n d 
by Bri l louin z o n e in tegra t ion . Recurs ion w a s appl ied a f t e r level 11 
in a 12-lcvel lat t icc of 5083 a t o m s . 
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applied to quite large clusters one level before the 
Lanczos algorithm reached the cluster boundary. 

Figures l.Hand 1.15 show that a simple recursion 
procedure gives good results for pure bulk materials. 
Similarly good results can be anticipated for isolated 
defects in pure materials and for surface vibrations 
and electronic states; recursion calculations of 
surface vibrations are described in another contribu-
tion to this annual report.'1 For alloys, however, the 
simple recursion procedure used to obtain Figs. 1.14 
and 1.15 does not give acceptable results. Alloy 
densities of states determined by this simple method 
exhibit structure that depends upon the recursion 
level in a nontrivial way. Studies of more sophisti-
cated recursion procedures for alloys are in 
progress. 

1 . J . H. Wilkinson, The Algebraic Eigenvalue Problem, 
Clarendon Press, Oxford , 1975. 

2. R. Haydock, V. Heine, and M. J . Kelly, J. Phys. 
C 8, 2591 (1975). 

3. Mark Mostollcr and Theodore Kaplan, "Lattice Vibrations 
at Surfaces," this report. 

DISORDERED SYSTEMS WITH 
SHORT-RANGE ORDER1 

Theodore Kaplan L. J. Gray2 

Previously we described a theory for elementary 
excitations in random substitutional alloys.3 This 
theory correctly treats off-diagonal as well as diago-
nal disorder, and it generates translationally invari-
ant, analytic Green functions which are valid for 
excitations in all mean-free-path regions. The theory 
is based upon a technique for averaging functions of 
independent random variables which was introduced 
by Mookerjee.4'5 

Disordered systems with short-range order, which 
include many alloys, amorphous solids, and liquids, 
can only be described in terms of dependent random 
variables. Because this averaging formalism is re-
stricted to considering only functions of independent 
random variables, it cannot be applied to disordered 
systems with short-range order. Here, we show how 
the averaging formalism can be generalized to include 
functions of dependent random variables and thus 
obtain a general theory for elementary excitations in 
disordered systems. We call this averaging technique 
the Augmented Space Formalism (ASF). 

The inclusion of dependent random variables into 
the theory does not alter the basic concept. As before, 
rather than averaging the real-space Green function 

directly, we construct a new, nonrandom Hamil-
tonian defined on the much larger augmented space. 
This new space can be described as the direct product 
of the Hilbert space spanned by the original 
Hamiltonian with a "disorder" space which accounts 
for the allowed configurations of the disordered 
system. The new Hamiltonian is defined such that 
configurational averages in real space are equal to 
inner products in augmented space. The inner 
products can then be approximated by any one of 
several methods.4''''7 

To be specific, we consider the electronic prop-
erties of a random, binary A-B alloy with short-range 
order. The configuration of the alloy is described in 
terms of site occupation variables {.v,J, where .v, = .s \ 
(.vi,) if an A atom (B atom) is present at site /. For 
alloys with short-range order, the .v, are not 
independent. 

In a disordered system it is the configurationally 
averaged properties that are of physical interest. For 
the Hamiltonian H, the configurationally averaged 
Green function is given by the relation 

G,j(z) = 

J - S ... S M l [ z l - H(isk))Y]\h) P(W\) Tl ds„ . 
n= i 

(1) 

H is defined on the Hilbert space ft, {i/r,j is a set of 
basis vectors in ft, and P is the joint probability 
density function for the disordered system. 

In order to construct an inner product in aug-
mented space which is equivalent to configurational 
averaging in real space, we first decompose P into a 
product of conditional probability densities: 

P(sU S2, 53, • . .) = Pl(Si)Pi(s2! St)pi(S}/S\, S2) ... . (2) 

For any joint probability distribution, such a decom-
position is always possible. For the conditional den-
sities pj(sjlsu s2,... a> i ) , we construct a Hilbert space 
4>j and a unit vector v" in <f>j. For a binary alloy, is 
two-dimensional. A "disorder" space <I> and a unit 
vector 70 in $ are then defined as the direct products 
of the </>, and the yl', respectively, that is, 

<*> = ® 4>t , 7 o = ® v,° , (3) 
i-1 I=i 

where ® denotes the direct or tensor product. To each 
random variable Sj we assign a self-adjoint operator Sj 
acting on <I> such that {5,} form a commuting set. To 
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define Sj we proceed as follows: foreach space </>yand 
vector v," select self-adjoint operators Mja,'ai 'on 
(j>, such that 

/>,(.v,/.v, = .vol, s: - sa: S/-i — .v„,,) 

= lim. . Im (vj'l ( .*/ , - M"" a : " 'T' lvJ ' ) , 

where a, = A or B and /, is the identity operator 
defined in <f>,. For a binary alloy, the M, are 2 X 2 
matrices; several examples of the construction of 
these M matrices arc discusscd by Mookerjee."1 We 
can now set 

.V i = M \ 0 / : 0 /< 0 . . . 
11 

S : = 2 a / i . . y „ , / i ) 0 M i 0 / 1 0 / 4 0 . . . 
u 1=A 

II B 
.S\ = 2 2 f>(M. sa, / ,) 0 <5( M?\ s(i, /,) 

(V;—A f l i ^A - ( 5 ) 

, -frt.n > , 
0 M i 0 / 4 . . . 

B B 
2 . . . 2 6 { M u x o j i ) 0 . . . 

tv« i=A 11 --A 

0 5 ( / W « j r - » ' - = , a w l / a - i ) ® A / " 1 ' 0 / a h . . . 

We note that Mookerjee's original derivation of 
the averaging formalism is based upon the indepen-
dence of the random variables. However, by con-
sidering {.v,J as defining a distribution on a Hilbcrt 
space," it can be seen that the independence of the {.v, J 
is not crucial. Mathematical details will appear 
elsewhere. 

To calculate the inner product given in Eq. (6), one 
may employ any suitable approximation technique. 
The recursion method of Haydock, Heine, and Kelly4 

and the graphical method of Anderson10 have 
received the most attention so far in treating such 
inner products. 

A s a n illustrative example of theuseof the A S F we 
have investigated the simplest solid with short-range 
order—a one-dimensional binary A - B alloy whose 
configurations are determined by a first-order 
Markov process." We have used the conventional 
nearest-neighbor, tight-binding Hamiltonian to de-
scribe the electronic properties of the alloy: 

H,j = c (Si) 8„ + Wu , 

e(.s-,) = ca (5(.v„ .sA) + <'u <5(.v„ *») , 

" [ 0 otherwise, (7) 

where //„ = (t/r,| //((£,). In a first-order Markov chain, 
the configurations of the system are determined by 
the transition probability matrix 

where 8(M, si) is the Kronecker delta function. 
"'', s.\lj) is the projection operator onto the 

eigenvector with eigenvalue ,v\ in the space The 
operator 8(Mu .sa,/i) 0 . . . ® 8(M" ""..»>,,/,) 
represents the configuration s 1 = .v , t | , . . . , .v, = ,v„( and 
assigns to it the appropriate probability. A discussion 
of the construction of the matrix representation of 
such delta functions is given by Kaplan and Gray.' 
We note that if the .v, are independent this reduccs to 
the form originally given by Mookerjcc.4 

We can now define the augmented space i = ft 0 <l> 
and a nonrandom Hamiltonian H = / / ( (S , j) which is 
defined on The configurationally averaged Green 
function is then given by the inner product in 
augmented space 

G,j{z) = (tfn ® 7 u l ( zA - / / ) " ' ! ® 7(1) , (6) 

where A is the identity operator on 1, All the physical 
and statistical information about the alloy is now 
contained in H. 

t = 'Alt 

/ U \ /Hit (8) 

where /(l/) = p(sk = splsk-i = -v..) is the probability of 
finding an atom of type /? at site k given there is an 
atom of type « at site k ~ 1. Painter and Hartmann" 
have shown that, for a chain composed of A and B 
atoms, the Markov system can be completely 
specified by the fraction of B atoms in the chain, <•». 
and the /mi element of the transition probability 
matrix. 

Using the augmented space formalism and the 
recursion method of Haydock, Heine, and Kelly,''we 
have calculated the density of states of Markov 
chains with t'A= 3.0, t'n = - 3 . 0 . W= 1.0.and o , = 0 . 5 . 
In Figs. 1.16-1.17, the densities of states for chains 
calculated using the A S F and a recursion level of 8 
arc compared with essentially exact results obtained 
using the Schmidt12 method on chains of 100,000 
atoms for /n»= 0.1 and 0.9 respectively. Since the 
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ORNL-DWG 7 6 - 1 2 0 6 0 

ENERGY 

Fig. 1.16. Comparison of the density of states calculated in the ASF with a recursion level of 8 (smooth curve) with the corresponding 
exact calculation (histogram) for a 100,000 atom chain. The parameters of the one-dimensional electronic alloy are = - n , = 3.(1, IV = 1.0. 
en = 0.5. and Om = 0.1. 

ORNL-DWG 7 6 - 1 2 0 6 4 

ENERGY 

Fig. 1.17. Density of states with Ibb = 0.9 and all other parameters the same as in Fig. 1.16. 



25 

distributions arc symmetric about zero fornt = 0.5, 
we have plotted the results for positive energies only. 
The theory agrees reasonably well with the exact 
results throughout the entire energy spectrum. The 
theory correctly predicts the bandwidth and the 
major peaks in the density of states. For/wtsmall, like 
atoms tend not to bencaroncanother.and the result-
ing structure in the density of states is very sharp. As 
/mi — 1, the density of states reduces to the sum of two 
independent bands, one for the A atoms and one for 
the B atoms. 
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SPECTRAL FUNCTIONS 
OF DISORDERED SYSTEMS 

Theodore Kaplan L. J. Gray1 

In the interpretation of many experiments, spectral 
functions must be calculated in order to understand 
the result properly. For example, in neutron scatter-
ing experiments the inelastic cross section is related to 
the spectral function of a displacement-displacement 
Green's function. 

Usir.^ .. 
we can cy 
system : •• 
operator. 

1 tented Space Formalism (ASF),2,3 

1 . I, spectral function of a disordered 
».. . ,a element of a new nonrandom 

'<> "»SF is particularly well suited for this 
purpose, since it automatically includes the transla-
tions! invariance which results from averaging over 
all configurations of the disordered system. We 
approximate this matrix element by using the recur-
sion method,4 a method which guaranteesanalyticity. 
Because our approximation is based on the ASF, it is 
quite general and can include both diagonal and off-
diagonal disorder, multisite correlations, and short-
range order. 

Model calculations have been completed for the 
spectral function of the electron one-particle propa-
gator of a three-dimensional simple cubic A-B alloy 
with a nearest-neighbor, tight-binding Hamiltonian. 
In Figs. 1.18 and 1.19 the results of this approxima-
tion are compared with cluster calculations of Alben, 

ORNL-DWG 77-«494 

Fig. 1.18. Comparison of the spectral function of a diagonally 
disordered alloy calculated by the ASF method (solid curve) and 
by a cluster method (dashed curve). 
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Fig. 1.19. Comparison o f the spectral function of an off-diagonally disordered alloy calculated by the ASF method (solid curve)and by 
a cluster method (dashed curve). 
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Krakauer,and Schwartz5 for a diagonally disordered 
and an off-diagonally disordered alloy, respectively, 
at the reciprocal lattice vcctor (0, 0, 0). The overall 
agreement is quite good in both cases. 

1. Computer Sciences Division, UCC-ND. 
2. T. Kaplan and L. J . Cray. Pltys. Rev. li 14, 3462 (1976). 
3. T. Kaplan and I.. J . Gray, I'hys. Rev. li 15, 3260 (1977). 
4. R. Haydock, V. Heine, and M . J . Kelly, J. I'tm. C 8 ,2591 

(1975). 
5. R. Albcn, H, Krakaucr, and I.. Schwartz., I'liys. Rev. II 14, 

1510 (1976). 

ELECTRONIC STRUCTURE OF 
TRAPPED-HOLE CENTERS IN MgO 

T. M. Wilson R. F, Wood 

The ground state of the V" center' in the alkaline-
earth oxides consists of a hole trapped on an oxygen 
ion by a nearest-neighbor cation vacancy. Hence 
there is an O" ion instead of an O2" ion at the trapping 
site. Both spin rcsonancc and optical absorption have 
been detected for this defect in MgO, CaO, and SrO. 
The localization of the hole appears to be the result 
of, or at least aided by, self-induced lattice distor-
tions. The hole can be thermally transferred between 
the oxygen ions immediately adjacent to the vacancy, 
but the hopping frequency is relatively lowcompared 
to the characteristic time of lattice vibrations. Many 
of the properties of the V~ center can be understood 
qualitatively on the basis of a simple ionic model 
according to which the threefold degeneracy of the 
O" 2p free-ion energy level is split by the axially 
symmetric field of the cation vacancy, This splitting 
can be used to interpret the optical absorption, 
provided the polarization of the O" orbitals by the 
vacancy is taken into account. This model has been 
criticized by Schirmer, Koidl, and Reik,2 who have 
proposed an alternate model based on small polaron 
theory. It seems likely that a complete description of 
the V center will involve elements of both 
models.3 

We have developed an approach to the ionic model 
based on methods used previously to calculate the 
electronic structure of lattice defects in the alkaline-
earth oxides and alkali halides. We explicitly treat 
the Coulomb and exchange interactions between the 
orbitals on the O" ion and those on the neighboring 
ions, and we include electronic and ionic polarization 
effects as well as lattice distortions. The calculation of 
the electronic structure of the O" ion itself is carried 
out using the self-consistent, open-shell Hartree-
Fock-Roothaan procedure.'1 At this time, we have 

calculated the orbitals of the O" ion embedded in the 
crystal with two different basis sets of one-electron 
functions and with the ions frozen in their perfect 
lattice positions. The most flexible basis set has 2(l.v), 
2(2.v), 2(3.y), 2(2p) and 2(3p) Slater-type orbitals 
(STO's) to describe the a orbital5 manifold and 5(2/;) 
STO's for the 7r orbitals.' We found that the 1 a 
orbital is essentially identical to the 0~ Lvorbital.The 
2a orbital is highly polarized away from and the 3a is 
slightly polarized towards the Mg2* vacancy. In both 
the 2a and 3o orbitals, there is significant s-p orbital 
mixing. Such effects should be extremely important 
in determining the transition energies and oscillator 
strengths, and such ground state properties as 
ENDOR and EPR result. Further calculations of 
the excited states are in progress and will be used to 
interpret the experimental data for both the V' center 
and the [l.i]" center, which is discussed elsewhere'' in 
this report. 

1. Other trapped-hole centers are formed when light-element 
impurity ions replace the cation: for example, the [l.i]" center in 
MgO consists of a hole on the 0 : ion trapped by a substitutional 
l.i ' ion at a normal Mg"" site. 
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FIRST-PRINCIPLES INVESTIGATION OF 
THE EXCHANGE INTERACTION IN THE 

HEAVY RARE EARTHS 
J. F. Cooke 

The wide variety of magnetic behavior which has 
been observed in the heavy rare earth series can be 
adequately described in terms of a localized spin 
model consisting of an exchange interaction, 7(q), 
between spins on different sites and a crystal field 
whose lowest lying levels belong to a specific spin 
multiplet. According to the RKK.Y (Ruderman, 
Kittel, Kasuya, and Yosida) theory, the exchange 
interaction results from an indirect coupling of the 
spins through the conduction electrons. An explicit, 
but rather complicated, expression for the exchange 
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integral has been derived1 within the framework of 
this theory. This expression, which is correct to 
second order in the interaction between the localized 
spins and the conduction electrons, depends on the 
details of the electronic band structure and on certain 
matrix elements which must be calculatcd using 
Bloch functions. 

During the past few years, numerical techniques 
have advanced to the stage where realistic calcula-
tions of the exchange integral can be performed and 
compared with experimental results. These "first-
principlcs" calculations can not only provide a direct 
means of verifying the theory but could ultimately 
lead to a better understanding of the connection 
between the exotic magnetic behavior observed in 
members of the heavy rare earth seriesand thedetails 
of their energy band structure. 

Two .such calculations have been carried out thus 
far, one on gadolinium2 and the other on erbium.' 
The erbium calculation correctly predicted the spiral 
spin configuration as well as the turn angle but no 
direct comparison of the exchange integral was pos-
sible because the experimental information is not yet 
available. The gadolinium calculation correctly pre-
dicted the ferromagnetic spin ordering, and the wave-
vector dcpendcncc of the exchange integral was 
found to correlate reasonably well with experiment. 
The disturbing feature of this calculation is that the 
difference between the values of J(q) at the zone 
center and zone boundary (the bandwidth) is about a 
factor of 4 larger than that observed. 

To understand the source of this discrepancy, a re-
derivation of the exchange integral, which goes 
beyond second-order perturbation theory, has been 
carried out for a spin system with n atoms per unit 
cell. The results of the calculation indicate two pos-
sible sources for the discrepancy, as well as a line-
broadening effect for spin waves due to the electron-
electron interaction. 

The major source of the numerical discrepancy 
between theory and experiment in gadolinium is most 
probably due to the incorrect use of the double zone 
scheme to evaluate J{q). Our expression for ./(q) for 
the heavy rare earth series (hep lattice with two 
atoms/cell) involves an integration over the first 
Briilouin zone with due account taken of phase 
factors that involve the separation of atoms in the 
unit cell. This expression is not equivalent to the 
double-zone representation used in the gadolinium 
calculation. This, of course, could have a major effect 
on both the q-dependence and the absolute scale 
of J( q). 

Compared to the conventional result, our result for 
7(q)also contains correction terms which include the 
effect of electron-electron interactions. These terms 
have two cffccts. First, they alter the q-dependenccof 
7(q). Preliminary calculations carried out in col-
laboration with P.-A. Lindgard of Research Estab-
lishment Ris$ (Denmark) indicate that these correc-
tion terms are important only at low q and tend to 
reduce the discrepancy between theory and experi-
ment. Second, these terms introduce a width to the 
spin-wave peaks. The source of this width is the same 
as that which is responsible for the disappearance of 
spin waves in itinerant electron magnets, namely 
interaction with Stoner excitations. This effect will 
not be as important in rare earths as it is in itinerant 
magnets, but it could produce detectable widths in 
the spin-wave peaks, especially near the zone 
boundary. 

It appears, therefore, that additional numerical 
work is needed toe ;iblish whether or not the RKKY 
t h e o r y docs indeed provide a good " f i r s t - p r i n c i p l e s " 
theory for magnetism in the heavy rare earth 
series. 

1. I . Kasuya, p. 355 in Magnetism, vol. 2a, cd. by 0 . T. Rado 
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Conference on Neutron Scattering, vol. II. ed. by R. M. Moon, 
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CANONICAL TRANSFORM METHOD 
FOR TREATING STRONGLY 

ANISOTROPIC MAGNETS 

J. F. Cooke P.-A. Lindgard1 

The theory of magnetism in anisotropic magnets 
has for many years been based on techniques devel-
oped and successfully used for treating isotropic spin 
systems. For example, conventional spin-wave the-
ory has been applied to anisotropic magnets to obtain 
a general expression for the spin-wave energy, and 
this expression has been fitted to experimentally de-
termined dispersion curves, thereby yielding infor-
mation about exchange integrals and crystal field 
parameters. The heavy rare earth metals and several 
magnetic insulators (for example, CsNiFj) are known 
to have crystal fields and exchange interactions of 
similar magnitude. It was found that good fits could 
be found to the zero-field dispersion curves for all of 
the heavy rare earth series,2 except for erbium. 
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Erbium is a special case in that its magnetic structure 
has a conical arrangement of moments at low tem-
peratures. It was thought that a giant two-ion aniso-
tropy had to be introduced in order to fit the experi-
mental results for erbium.3 Subsequently, field-
dependent measurements'1 on ferromagnetic terbium 
indicated that a giant two-ion anisotropy probably 
had to be introduced in many otherrarc earth me'als 
as well. 

The existence of such a large two-ion anisotropy is 
difficult to understand. It has been known for many 
years that this type of anisotropy can result from an 
aspherical charge cloud (nonzero orbital angular 
momentum) of the electrons which produce the local 
moment. Rathercrude estimates of this effect for the 
heavy rare earth metals indicated it to be quite small. 
Other sources of two-ion anisotropy, such as spin-
wave-phonon coupling are also expected to be small 
compared to the isotropic exchange interaction. 

In a recent paper, Lindgard5 suggested that con-
ventional spin-wave theory leads to an inadequate 
treatment of the single-ion anisotropy and therefore 
to an incorrect expression for the spin-wave energy, 

A systematic perturbation theory based on an 
expansion in terms of the ratio of the single-ion aniso-
tropy, K, to the exchange interaction energy, //„, 
was found to yield a new expression for Eq. On the 
basis of this expression, it was shown that the spin-
wave data in erbium and terbium could be explained 
solely in terms of an isotropic interaction without the 
introduction of two-ion a nisotropy. These results and 
conclusions were, however, based on an expansion of 
relevant quantities to first order in K / and it was 
not clear what effect this limitation had on the 
analysis. Since V.-I //« is not in general small, as for 
example in the rare earth metals, it is important to 
carry the theory to higher order. 

To accomplish this, we have developed a new 
infinite-order perturbation approach for treating 
strongly anisotropic magnets. This formalism is 
based on a canonical transformation of the system 
into a system with effective two-ion anisotropy 
which, for example, can be treated by conventional 
spin-wave techniques. In this respect the new for-
malism is similar to pseudo-spin theories but is 
simpler to apply because it does not require a com-
plete knowledge of the crystal field and it is not 
necessary to diagonalize the single-site part of the 
Hamiltonian completely. The theory is valid for any 
spin magnitude and for arbitrary crystal fields and in 
principle can be carried to any order of perturbation 
in the expansion parameter VJ //,.,. 

OnNL-DAG 71-J047R2 

Fig. 1.20. Spin-wave energies for erbium metal. 

An expression for the spin-wave energy for the 
general conical magnetic moment configuration with 
arbitrary crystal field has been derived using this 
formalism. It was found that an analysis of the 
transverse spin-wave spectra can at most result in a 
determination of a renormalized exchange integral 
and two rcnormalized anisotropy constants. These 
parameters are not simply related to the fundamental 
parameters (exchange and crystal field) which appear 
in the original Hamiltonian. Explicit expressions for 
these parameters have been determined to second 
order in the ratio of crystal field to exchange field. 

A comparison of spin-wave energies in erbium 
obtained from the canonical transformation (solid 
curve) and conventional spin-wave (dashed curve) 
theories is given in Fig. 1.20. Both results were 
obtained from a Hamiltonian with isotropic ex-
change (and general crystal field) and represent the 
best fit, in a least squares sense, to the experimental 
points of Nicklow et al.' The agreement between the 
canonical transform result and the experimental data 
clearly eliminates the necessity of having to introduce 
a giant two-ion anisotropic exchange. We have also 
found that the magnetic field dependence of the spin-
wave energy agrees qualitatively with the observa-
tions on terbium. 

We conclude that a substantial part of the large 
two-ion anisotropy, which had been introduced to 
describe the spin-wave spectra in the heavy rare earth 
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series, actually resulted from the analysis of the spin-
wave data in terms of an incorrect expression for the 
spin-wave energy and not from any physical 
source. 
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LATTICE DYNAMICS 

FIRST-PRINCIPLES PHONON 
CALCULATIONS IN TRANSITION METALS 

J. F. Cooke H. L. Davis Mark Mostoller 

The interrelationship of superconductivity and 
phonon anomalies in bcc transition metal systems 
with high transition temperatures has been a topic of 
considerable interest during the past few years. A 
number of phcnomcnological models have been 
proposed for describing these anomalies, but they do 
not provide direct information about the fundamen-
tal relationship between the anomalies and supercon-
ductivity. 

One method of attacking this problem is to make 
use of the dielectric response formalism. This is a 
"first-principles" approach which relates the 
dynamical matrix to the inverse of the diclcctric 
screening matrix, thereby providing a dircct link 
between the phonon frequencies and the electronic 
properties of the system. In its most conventional 
form, this theory presents some rather formidable 
convergence problems, and a number of attempts 
have been made to reformulate the theory in order to 
avoid them. These approaches have met with varying 
degrees of success but, as yet, no complete, first-
principles calculation of the phonon spectra has been 
carried out. 

Our approach to this problem is to use the 
conventional formulation of the problem combined 
with an exact expression for the matrix elements 
which appear in the theory to obtain an analytic (and 
closed-form) expression for the dynamical matrix. 
This exact result is made possible by making use of 
the explicit form of the electronic wave functions 
generated by the Korringa-Kohn-Rostocker (KKR) 
band structure formalism. This not only enables us to 

analytically invert the dielectric screening matrix but 
also to avoid approximations associated with 
multicenter integrals. 

The major difficulty with this approach is that it 
leads to reciprocal lattice sums which converge 
rather slowly. Fortunately, these sums can be 
transformed to sums over the dircct lattice, which 
converge much faster. Preliminary numerical 
calculations indicate that contributions from .v- and 
/;-symmctry terms outside the muffin tin cannot be 
ignored. Incorporation of terms of this type into the 
calculation is straightforward but would require a 
prohibitive amount of computer time, and therefore, 
a number of approximations arc being investigated, 

As the result of our investigations thus far, it 
appears that realistic first-principles calculations of 
phonon spectra in transition metal systcmsarc within 
our grasp, thereby providing a powerful tool for 
studying lattice vibrations and superconductivity in 
transition metal systems. 

ELEMENTARY EXCITATIONS IN 
LARGE MOLECULES 

Mark Mostollcr Theodore Kaplan 
R. C. Ward1 

As described in two other contributions to this 
report,2 recursion procedures based upon the Lanczos 
algorithm can be used to calculate certain electronic 
and vibrational properties of bulk and surfaceatoms. 
For the electronic or vibrational spectra of atoms in 
large molecules, we have been investigating an 
iterative variation of the Lanczos method proposed 
by Paige and Saunders.3 We have been testing the 
method by applying it to the vibrational modes of 
hypothetical large molccules, namely cubic alloy 
clusters of tens to hundreds of atoms. We plan to 
apply the iterative Lanczos procedure to elementary 
excitations in real rather than hypothetical molecules 
after thorough testing on the model systems. 

As outlined in rcf. 2, the Lanczos algorithm defines 
an orthonormal set of basis vectors which tri-
diagonalizes the Hamiltonian matrix H (or the 
dynamical matrix D for vibrational problems). In 
contrast to conventional methods of matrix inver-
sion, the Lanczos procedure has two major com-
putational advantages. First, the whole matrix H 
need not be stored. Instead, space must be provided 
only for three vectors and two linear arrays of tri-
diagonal matrix elements. Storage requirements thus 
increase linearly rather than quadratically with the 
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rank n of the matrix. Second, with suitable 
programming, the number of operations performed 
increases as the square of the rank of the matrix, 
rather than as the cube. 

The Lanczos procedure as we have been using it 
also has two major limitations. First, each applica-
tion yields only one particular clement of the inverse, 
restricting it to such applications as density-of-states 
calculations or calculations of selected correlation 
functions. Second, although in principle the Lanczos 
procedure generates an orthonormal set of vectors, in 
practice orthogonality begins to be lost after some-
thing of the order of 30 to 100 vectors have been 
generated by the computer. This latter disadvantage 
is a computational artifact that would not occur on a 
computer which had infinite precision. 

The iterative Lanczos approach deals with the 
nonorthogonality of the vectors generated by the 
computer by expressing the desired clement of the 
inverse matrix as an approximate solution plus a 
residual. If the residual is larger than a prescribed 
minimum, another vector is generated, and thiscyclc 
is repeated until convergence is obtained. The 
procedure may in fact generate more vectors than the 
rank of the matrix involved. 

We have compared the results of straight and 
iterative Lanczos calculations with those of conven-
tional matrix inversion techniques for vibrational 
modes in cubic alloy clusters of up to 65 atoms (and 
hence 195 modes). Significant errors arc found in the 
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Fig. 1.21. Vibrational density of states of the central atom in an 
fee alloy "molecule" of 321 atoms; the cluster had a free surface. 
First-nearest-neighbor forces corresponding to a Cui-.Al, alloy 
were used, the concentration was c = 0.087, and a copper atom was 
at the central site. 

straight Lanczos rcsv'ts, but the iterative Lanczos 
calculations converge to the "exact" results with an 
accuracy corresponding to the prescribed residual. 
Furthermore, the iterative Lanczos procedure is 
significantly faster than the conventional techniques 
for the larger matrices investigated. Figure 1.21 
shows the .v.v vibrational density of states for the 
central atom in a 321 atom fee alloy "molecule" as 
calculated by the iterative Lanczos procedure, The 
calculation, which was done in REAL*8 arithmetic 
on an IBM 360-91 computer, required less than 0.8 
megabytes of core and less than 5 min of computer 
time. No corresponding result obtained by conven-
tional techniques is shown, since it would require 
roughly 4 megabytes of core just to store the upper 
right half of the 963 X 963 dynamical matrix for this 
clustcr, that is, about twicc the core available. 

1. Computer Sciences Division, UCC-NIX 
2. Mark Mostollcr and Theodore Kaplan. "Cluster 

Calculations: Simulation ol Hulk Properties": Mark Mostollcr 
and Theodore Kaplan, "Lattice Vibrations at Surfaces," this 
report. 

3. C. C. Paige and M. A. Saunders. SI A M J Ntmier. Anal. 12, 
617 (1975). 

PHONON-INTERNAL MODE 
HYBRIDIZATION IN KC1:CN~ 

R. F. Wood Mark Mostollcr 

Recent theoretical1,2 and experimental1"5 work has 
shown that the resonant mixing of defect internal 
modes with lattice phonons can produce striking 
cffccts in the one-phonon coherent neutron scatter-
ing cross scction at very low defect concentrations. 
The first such system studied by neutron scattering 
was KC1 doped with substitutional CN~ ion im-
purities. For K.C1:CN~, Walton, Mook, and Nicklow3 

reported multipeaked structure at 5 K. for the 
acoustic modes of Egcharacter propagating along the 
(110) direction and polarized in the (110) direction; 
this structure was not present at room temperature. 
Nicklow5 has since undertaken a more comprehen-
sive study of the KC1:CN~ system, and he finds a two-
peaked structure for this branch at low temperatures. 
The intensity shifts from the lower frequency peak to 
the higher frequency peak as the wave vector is varied 
through resonance, which occurs at approximately 
q = (2tt/a) (0.08, 0.08, 0), u = 0.5 THz. Again, the 
resonance structure disappears as the temperature is 
increased, although some shifts in frequency are still 
observed at 120 K.. 
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Fig. 1.22. A p p r o x i m a t e level spacings a n d al lowed E„ Ti, 
t ransi t ions in t e raher tz for C N ' in KC1, f r o m Beyeler (rcf. 6). 

Figure 1.22 shows an approximate energy level 
diagram for an isolated CN" ion in KCI, taken from 
the work of Heyclcr.6 The impurity behaves like a 
hindered rotator, whose ground state is a tunnel-split 
multiplct involving the eight equivalent (III) 
orientations. Also shown in the figure arc the allowed 
transitions among the low-lying impurity states 
which involve and Tzg phonons; ultrasonic 
measurements by Dyer and Sack7 indicate par-
ticularly strong coupling to these latticc modes. The 
observed f£g resonance frequency of v ~ 0.5 THz is 
consistent with one of the allowed transitions shown 
in Fig. 1.22. 

Klein8 has treated the resonant scattering of lattice 
modes by a substitutional impurity that has two 
energy levels at ±/iv0/ 2 in the static lattice. For our 
purposes, the effects of such an impurity interacting 
with lattice modes of the host crystal can be sum-
marized as follows. First, the neutron scattering cross 
section can exhibit a two-peaked structure or a reso-
nance frequency shift and line broadening, depending 
on the size of the damping of the interlevel transition 
frequency in the vibrating crystal. Second, the elastic 
constant for sound waves of the appropriate polariza-
tion is reduced by the resonant lattice-impurity 
coupling. Third, both of the aforementioned effects 
are strongly temperature dependent, decreasing in 
magnitude as the temperature increases and the 

population difference between the two levels 
decreases. 

As indicated in Fig. 1.22, the CN ion in KCI is a 
multilevel impurity. A theory for the multilevel 
impurity can be developed along the lines used by 
Klein for the two-level impurity, and there are two 
major new qualitative features of this more com-
plicated treatment. First, a latticc mode of a given 
local symmetry may have a resonant coupling to two 
or more intcrlcvel transitions, and second, there arc 
temperature-independent as well as temperature-
dependent self-energy terms. A multilevel impurity 
can therefore produce more complicated structure 
and temperature dependence in the neutron scatter-
ing cross section than a two-level impurity. 

We have used the two-level model for the KCl'.CN" 
system, with coupling between the impurity transi-
tion and the Ex modes of the six first nearest 
neighbors of the C'N ions. The coupling constant and 
the bare transition frequency i>0 were treated as 
adjustable parameters. Calculated and experimental 
results for the neutron scattering cro&> section for 
phonons propagating along the (110) direction and 
polarized in the (110) direction are shown in Fig. 
1.23. The agreement between calculated and cx-
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pcrimcntal results is reasonably good, although the 
calculated peak splittings are somewhat too small. 
The calculated and observed temperature 
dependences of the neutron scattering cross section 
arc also in reasonably good overall agreement. 
However, there seems to be some evidence that the 
two-level model underestimates the magnitude of the 
residual shifts in the phonon dispersion curves which 
arc still observed at 120 K. 

We also calculated the fractional change in the 
clastic constant of interest, which is c'n — 02, as a 
function of temperature. The overall shape of the 
curve was similar to that observed experimentally,7 

but the values of the clastic constant changes, like the 
peak splittings, were somewhat too small. 

We conclude that the simple two-lcvcl impurity 
model gives reasonably good agreement with most of 
the experimental data available at present for the Eg 

modes of KC1:CN~. More extensive experimental 
results that unambiguously test the predictions of the 
two-level model would be very useful. 

1. R. I-'. Wood and Mark Mostollcr. Phvs. Rev. l.etl. 35, 45 
(1975). 

2. II. R. Schobcr. V. K. Tcwary. and P. II. Dederich.s. 7.. Phvs. 
' li 21, 255 (1975). 

3. D. Walton, H. A. Mook. and R . .M. Nicklow, Pins. Rev. 
Lett. 33, 412 (1974). 

4. R. M. Nicklow ct al., Phys. Rev. Lea. 35, 1444 (1975). 
5. R. M. Nicklow. p. 117 in Proceedings of the Conference on 

Neutron Scattering, vol, I, cd. by R. M. Moon. ERDA CONF-
760601-PI, Oak Ridge, Tenn., 1976. 

6. H. U. Heycler. Phys. Status Solidi 52,419 (1972); Phys. Rev. 
/ i l l , 3078 (1975). 

7. N. E. Dyer and II. E. Sack. Phys. Status Solitli 30,569 (196X). 
8. M. V. Klein. Phys. Rev. 186,839 (1969). 

FIRST-ORDER, I N D U C E D R A M A N 
SCATTERING FROM IMPURITIES 

R. F. Wood Mark Mostoller 

First-order Raman scattering is normally for-
bidden by symmetry in crystals with the NaCl 
structure. However, introduction of a substitutional 
impurity into the lattice destroys the translational 
symmetry, and Raman scattering from vibrational 
motion of the neighbors of the impurity ion can be 
observed. 

Calculations of the first-order, induced Raman 
scattering are based on localized-perturbation theory 
which assumes that theaddition of an impurity atom 
to or the removal of an ion from the host lattice 
significantly affects only a relatively small region of 
the lattice around the defect site. The equations of 

motion of a crystal containing a single substitutional 
impurity or vacancy in an otherwise perfect latticeare 
given in matrix form by 

[ (A/o + 8M)uj2 — (A'o + <5/Q]u = 0 , ( I ) 

where Mo and /foarc, respectively, the mass and force 
constant matrices of the unperturbed lattice, W a n d 
8K are matrices of the mass and force constant 
changes due to the presence of the defect, and u is the 
vector of Cartesian displacements of the ions. Equa-
tion 1 can be cast in a different form, 

(1 + G°A)u = 0 , (2) 

where = (Motu2 - Ko)'[ is the Green's function 
matrix for the perfect crystal, and A—bMo? - 8K is 
often referred to as the dcfcct matrix. The Green's 
function matrix of the perturbed crystal can then be 
expressed in terms of G° and A by 

G = [ A W - K0 + A]"1 = (I + C f A Y ' C f . (3) 

Sincc an impurity destroys the translational 
symmetry of the lattice, the spatially periodic 
phonons of the perfect crystal arc no longer 
cigenfunctions of the problem. It is therefore natural 
to fall back on the point symmetry properties of the 
defect and to introduce combinations of ionic 
displacements that are adapted to that symmetry. 
These orthonormalizcd, linear combinations of 
Cartesian displacements will be referred to as 
symmetry coordinates and written as 

QniVp) = £ /«)"- ( / ) . (4) 
In 

where T gives the irreducible representation accor-
ding to which the symmetry coordinate transforms, n 
is an index that refers to shells of equivalent ions in 
the crystal, p labels the orthogonal components 
that can be constructed for each n and T , / is a site, 
and a is a Cartesian index. The notation is not 
complete because the allowed motions of some shells 
may contain more than one occurrence of some of the 
irreducible representations; for simplicity this 
possibility will be ignored here. 

An element of the Green's function matrix of the 
perfect crystal can be expressed in the symmetry 
coordinate representation. We use the notation 

C?nm°(ft>2, Tp) = «2„(rp)| G°| Qm(Yp) • (5) 

and note that the Green's function matrix, like the 
dynamical matrix, is diagonal in f and p. Of course, 
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( f is also diagonal in the Bloch function representa-
tion of the unperturbed phonons, and it isconvenient 
to utilize this property whenever possible. 

The intensity of the Raman scattering is pro-
portional to quantities of the form 

, - V dP«y 9 / V , n n 
L-t^t. - > , . . pw„((u, I )/2uj . 6) 

dQ„(l p) dQm{\ p) 
I'/inni 

Poy is a cartesian component of the polarizability 
tensor. The quantity p„„(co, F) is the perturbed, 
normalized projected density of states forshcll/?,and 
for n m, p,„„(w, P) is a cross term describing 
intershell coupling: 

(>„,„(<», F ) = — l i m l m ( 2 „ ( I » | G(oj2 + i t ) | Qn{Tp)) 
7T , -0" 

= - lm Gm(o>\ V) . (7) 
7r 

The indices a, y, (i, and \ in Eq. (6) each run 
over x. y, z, giving 81 of the f„y,n\ terms, but of 
these only three terms can be expressed as linear 
combinations of the A i E g , and T2k projected den-
sities of states. Furthermore, by appropriate choices 
of geometry for the Raman experiments, it is pos-
sible to extract the A\H, Eg, and T *̂ densities indi-
vidually. Thus the defect-induced, first-order Raman 
scattering is a direct measure of the perturbed 
density of states for those coordinates Q that have 
nonzero polarizability derivatives. The perturbed 
density of states will exhibit peaks at the frequencies 
of localized or resonance modes, if any, and may 
also manifest the critical points or Van Hove singu-
larities associated with pure-crystal phonon spectra. 

As shown by Eq. (3), in order to calculate the 
matrix elements of G, it is necessary to determine 
G° and A. The calculation of the matrix elements 
of G° requires knowledge of the eigenfrequencies 
and eigenvectors of the perfect crystal. These can 
be obtained from some model for the lattice 
dynamics of the perfect crystal, for example, the 
shell model. The imaginary part of Cf (a / , Tp) can 
be found from the equation 

Im Gnm(0f, I » 

= 7T 2] PnUqf, rp)S[cu2 - t u 2 ( q / ) ] , ( 8 ) 
Hi 

with 

/ V ( q / ; I » = < v(q/)><v(q/)| Qm{VP)), (9) 

where v(qj) is the phonon eigenvector of the perfect 
crystal with wavevector q and branch index j. The 
real part of >2, rp) can be found from 
the imaginary part by a Kramers-Kronig transform. 
The elements of the defect matrix can be estimated 
from a suitable potential model, or they may be 
treated as adjustable parameters. 

Computer programs' implementing the above 
theory have been constructed and refined over a 
period of years, and during the past year they have 
been further developed and used for the following 
three problems: 

Ni2+ ions and Li+Vacancies 
in LiCl (ref. 2) 

In work reported last year, Bates and Shanklc3 

measured the impurity-induced, first-order Raman 
spectra of LiCl containing substitutional Ni2+ 

impurities. T o maintain overall charge neutrality, 
compensating Li' vacancies must be present in these 
crystals. Comparison of quenched and annealed 
samples of LiCl:Ni2', o f crystals with different Ni2+ 

concentrations, and of the observed Raman spectra 
with group theoretical predictions indicated that the 
Ni2* ions and compensating cation vacancies are 
present as isolated defects rather than as impurity-
vacancy complexes. At 12 K, first-order Raman 
bands were observed at 247, 216, 161, and 122 cm"1 

and assigned to A Tzg, Eg, and Tzg phonon modes 
respectively. Since the allowed modes of the nearest 
neighbor of a substitutional Ni2+ impurity include 
one Aig, Eg, and 'l\g representation, one of the 
observed Tig bands was provisionally associated with 
the Li+ vacancies. 

We have studied the Raman scattering induced by 
Ni2* ions and cation vacancies in LiCl theoretically, 
using a classical ionic crystal model4 to estimate local 
forcc constant changes for the various symmetry 
modes around the two defects. Because no satis-
factory Born-Mayer parameters for the Ni2+-Cl~ 
interaction were available and because the Ni2* ion 
may give rise to relatively long-range perturbations, 
we do not regard these results as more than a 
semiquantitative guide. Furthermore, the only shell 
model parameters available for LiCl are those 
obtained by Haridasan5 from fitting optical and 
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clastic constant data. Our calculations strongly 
suggest that the observed Raman bands at 247 and 
216cm' 1 aredue to A i^and Tig modes, respectively, 
of the neighbors of Ni2'1 impurities, while the band at 
161 cm"1 is an Eg peak produced by neighbors of Lf 
vacancies. However, no Tig mode around cation 
vacancies could be found within the framework of the 
model which gave rise to a single sharp band at 122 
cm"1. We are therefore unable to show conclusively 
that our assignment of the other observed bands is 
correct, although the evidence for it from the A igand 
Eg modes seems rather strong. 

Carbor Vacancies in TiC 
Klein6 and collaborators at the University of 

Illinois have recently measured the first-order, 
induced Raman scattering from vacancies in TiC and 
provided us with their results. Because these results 
have not yet been submitted for publication, we are 
unable to give here a detailed comparison between 
theory and experiment. However, we can briefly 
describe the calculations and their results. 

The eigenvectors and eigenfrequencies for the 
phonons of the perfect crystal were generated using 
the parameters of a screened-shell model fitted to the 
data of Gompf et al.7 Symmetry coordinates for 
A\g, Eg, and Tig modes were constructed from the 
Cartesian displacements of . the ions in the first, 
second, and fourth shells of neighbors of the carbon 
vacancies. The symmetrized force constant changes 
were treated as adjustable parameters. T o attain 
agreement with a number of features of the 
experimental data, it was necessary to include the 
polarizability derivatives of the second and fourth 
neighbors. The calculations suggest that the ex-
perimentally observed spectra are always mixtures of 
A ig, Eg, and T2g components, regardless of the 
geometry used. This could comeabout because of the 
density of carbon vacancies (>2%) in the samples. 

F Centers in CaO 

The measured induced Raman scattering spectra 
from F centers in CaO and calculations to fit them are 
reported elsevvhere8 in this annual report. 

1. A more complete discussion of the computat ional details can 
be found in R. F. Wood, p. 119 in Methods in Computational 
Physics, vol. 15, ed . by B.Alder, S. Fernbach, and M. Rotenberg, 
Academic Press, New York, 1976. 

2. J . B. Bales et al., Phys. Rev. B 15, 3267 (1977). 
' 3. J . B. Bates a n d G. E. Shankle, Solid State Div. Artnu. Prog. 

Rep. Dec. 31, 1975, ORNL-5135, p. 55. 

4. Mark Mostoller and R. I-". Wood. Pins. Rev. 11 1, 3935 
(1973). 

5. T. M. Ilaridasan. Opt. Ctmumm. 9, 296 (1973). 
6. M.V. Klein, private communication. 
7. F. Gompf, et al., p. 129 in Proceedings o/the Conference on 

Neutron Scattering, vol. I. ed. by R. M. Moon. I: It DA CONI--
760601-PI, Oak Ridge. Tenn.. 1976. 

8. J . B. Bates and R. I-. Wood. "Raman .Scattering from /•' 
Centers in CaO." this report. 

ON THE COMPUTATION OF 
FEYNMAN PATH INTEGRALS 

Theodore Kaplan L. J. Gray1 

Since Feynman's introduction of the path integral 
derivation of quantum mechanics in 1948,2 the path 
integral has been used as a theoretical tool 
throughout the various fields of physics.3 However, 
for computational purposes, the path integral has 
remained exceedingly difficult to handle. Most 
previous computational methods have relied on 
evaluating multidimensional integrals of large 
dimension.4'5 Using an approach which is quite 
similar to the Augmented Space Formalism6"7 in the 
theory of disordered systems, we have expressed the 
path integral as the matrix element of an operator 
and thus have replaced the difficult numerical 
integration by a problem in linear algebra. 

We have completed calculations using our method 
for the Green's function of a one-dimensional 
harmonic oscillator—a problem whose exact solu-
tion is known. Our computed solutions are in 
excellent agreement with the exact solution. Work is 
now in progress on the anharmonic oscillator. 

1. Computer Sciences Division, UCC-ND. 
2. R. P. Fcynman, Rev. Mod. Phys. 20, 367-87 (1948). 
3. R. P. Feynman and A. R. Hibbs, Quantum Mechanics and 

Path Integrals, McGraw-Hill, New York, 1965. 
4. L. D. Fosdick, J. Math. Phys. 3, 1251 (1962). 
5. L. D. Fosdick and H. F. Jo rdan , / Comput. Phys. 3, 1-16 

(1968). 
6. T. Kaplan and L. J . Gray, Phys. Rev. B 14, 3462 (1976). 
7. T. Kaplan and L. J . Gray, Phys. Rev. B 15, 3260 (1977). 

A COMMENT ON THE DENSITY OF 
STATES OF RANDOM ALLOYS 

M.V.K. Olehla1 Theodore Kaplan 

Using the Augmented Space Formalism,2-3 the 
problem of calculating the configurationally 
averaged density of states of a disordered system can 
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be reduced to evaluating a single matrix element of 
the inverse of a nonrandom Hermctian matrix. We 
have employed the "self-avoiding-path" technique4,5 

to approximate the desired element of this inverse 
matrix. 

Using this approach, we calculated the density of 
states ofa random substitutional binary alloy in three 
dimensions with diagonal and off-diagonal disorder, 
it was found that the "self-avoiding-path" method 
depends critically on the procedures adopted for 
terminating the infinite number of self-avoiding 
paths appearing in the expansion of the inverse 
matrix element. Only for the simple termination 
based on a Cayley tree topology can we be certain of 

producing an analytic result. This type of termination 
gives adequate results only for the special case of 
diagonal disorder. A more sophisticated method of 
termination, which yields analytic results and which 
is adequate for treating off-diagonal disorder as well, 
remains the goal of our on-going analysis. 

1. Eugene P. Wigner Fellow. 
2. A. Mookcrjec. J. Phys. C 6, L205 (1973);./. Phys. C6,1340 

(1973). 
3. T. Kaplan and L.J . Gray. Phys. Rev. It 14,3462(1976); Phys. 

Rev. li 15,3260(1977). 
4. A. It. Bishop and A. Mookcrjce, . / . Phys. C 7 , 2165 (1974). 
5. P. W. Anderson, Phys. Rev. 109, 1492 (1958). 



2. Physical Properties of Solids 

Results from new directions in research programs designed to accommodate the 
expanded goals of ERDA and Oak Ridge National Laboratory in nonnuclear energy 
research have been encouraging during the past year. Extensive research into the 
behavior of ccramic oxides under hostile conditions is reported here, and the new 
emphasis on examination of fluxoid properties in type-Il superconductors has 
continued. The dynamic nature of our research effort is also shown by reports of work 
in two areas new to the Division, fast ion conduction and fracture: the former is 
supported by funds from the ORNL Exploratory Studies Program. Cooperative 
research efforts between groups within the Division and with groups in otherORNL 
Divisions or at other laboratories have continued to be a source of research strength. 
The extent of these cooperative efforts is indicated by the many reports herein with 
coauthors from outside the Division. 

Research on trapped-hole defects in the alkaline-earth oxides has continued. 
Studies focused primarily on light-element impurities (hydrogen, deuterium, and 
lithium) and their effect on dcfccts and defect-controllcd processes. Magnetic 
resonance studies of the hydrogen and deuterium dcfccts revealed that the relaxation 
of the SrO lattice about the defect has a pronounced isotopic dependence. This gives a 
unique insight into the dynamical nature of the interaction between the defect and 
lattice. A new phenomenon involving radiation-induced diffusion of hydrogen and 
deuterium in MgO was discovered. Substitutional hydrogen and deuterium are not 
mobile in MgO below 800 K, but they diffuse rapidly during exposure to ionizing 
radiation even at much lower temperatures. A significant reduction of radiation 
damage due to reactor neutrons was attained by doping MgO with lithium. The 
usefulness of MgO as a ccramic in high-radiation fields is consequently enhanced. In 
addition, it was discovered, that thermal qucnching of lithium-doped MgO from high 
temperatures creates holes that arc bound to substitutional Li* ions with high thermal 
stability; this contradicts the previously held concepts of the production and stability 
of the entire class of trapped-hole defects in the oxides. The high thermal stability of the 
[Li]" dcfccts in quenched crystals was exploited in optical dichroism studies that have 
given new information on the electronic structure of the defects. These resultsaid in an 
evaluation of the existing theoretical models of the trapped-hole centers, and they have 
useful implications for current theoretical calculations at ORNL. The complex effects 
of high temperatures and electric fields on the electrical and mechanical properties of 
MgO continue to be studied. Conditions leading to and methods for avoiding 
catastrophic failure have been defined. Also, a better understanding has been gained of 
the roles that extended defects and transition metal impurities play in the conduction 
process. 

The superconductivity research program has concentrated on gaining an 
understanding of the properties of fluxoids in type-II superconductors. Three separate 
but related problems are under investigation: anisotropy of the equilibrium properties 
of the fluxoid lattice in single crystal samples, fluxoid motion, and fluxoid-pinning 

36 



37 

interactions. Anisotropy studies have been carried out using bulk magnetization and 
neutron diffraction techniques. Results of the latter studies are described in another 
section of this report. Equilibrium properties are of interest from a fundamental point 
of view, but they arc also essential for interpreting data concerning fluxoid motion and 
pinning. Altering the defect structure in a controlled way by irradiation has aided the 
investigations of fluxoid pinning. While a few simple models describe fluxoid motion 
in certain experimental situations, a complete understanding has not been reached 
because of the complexity of the motion. Recent focus has baen on work in areas in 
which simple models, such as the critical-state model, fail. Some effort also has been 
devoted to evaluating the superconducting properties of ne\v or exotic materials as 
they become available. 

The surface properties program is currently cmphasing research in fourareas: (I) 
Auger electron spectrometry, (2) investigations of materials in which the interplanar 
spacing of the surface layer differs from that of the bulk. (3) studies of clean materials 
which reorder such that the surface layer is out of registry with the bulk, and (4) the 
effects of adsorption of simple species on the previous processes. Auger spectrometry 
has focused on the angular dependence of electron emission and upon line-shape 
analysis of the angular integrated Auger signal. The first low energy electron 
diffraction (LEED) analysis performed at ORNL has shown that the Cu (110) surface is 
contracted with respect to that of the bulk, and the use of the combined techniques of 
LEED and positive ion-channeling spectroscopy to examine reordered surfaces has 
continued. 

Studies of photovoltaic conversion of solar energy continue to be directed toward 
fully exploring the advantages and disadvantages of ncutron-transmutation-doped 
(NTD) silicon in solarcell research and development. Silicon is a particularly attractive 
candidate for transmutation doping because it has only one isotope which transmutes 
to a new element, that is, phosphorus, a standard /i-type dopant in silicon. The rate of 
introduction of phosphorus into silicon by the. transmutation process is such that 
doping concentrations of interest to the semiconductor industry arc readily attainable 
in many reactors. Neutron-transmutation-doped silicon provides four clearly 
identifiable advantages over silicon doped by more traditional chemical techniques. 
These are(I)arealand spatial uniformity of dopant distribution, (2) precise control of 
doping level, (3) elimination of dopant segregation at grain boundaries in poly-
crystalline silicon, and (4) superior control of heavy-atom contaminants. Uniformity 
of doping has proved to be of importance in a number of device applications, 
particularly high-power rectifiers and thyrbtors. The precise control of doping levels 
provides a method for very accurately compensating material to be used in radiation 
detectors. Neutron-transmutation-doped silicon has the disadvantage that the lattice 
damage introduced by the neutron irradiation must be annealed before the desired 
electrical properties can be recovered. Much of the photovoltaic work discussed in this 
report has had the objective of determining the characteristics of the lattice damage in 
NTD silicon and the time and temperature schedules for its annealing. 
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OPTICAL, ELECTRICAL, A N D 
MAGNETIC PROPERTIES OF 

MAGNESIUM OXIDE 

ELECTRIC-FIELD-INDUCED CHANGES IN 
CONDUCTIVITY A N D THERMAL 

BREAKDOWN IN MgO SINGLE CRYSTALS 
AT HIGH TEMPERATURES 

R. A. Weeks K. F. Kelton1 

E. Sonder J. C. Pigg 

Prior measurements of the electrical conductivity 
of nominally pure MgO in the temperature range 
1000 to 1700 K have shown that the conductivity is 
sample dependent, varying as much as an order of 
magnitude at 1300 K. Consequently, current flow has 
been attributed to a variety of carriers and 
mechanisms. Prominent among suggested conduc-
tion mechanisms is that of charge flow via positive-
ion vacancies2,3 which are assumed to be in excess 
because of trivalent cation impurities. It has recently 
been observed4 that electric fields of moderate 
strength (about 1000 V cm"')applied at temperatures 
in the range 1273 to 1473 K reduce some trivalent 
impurities to their divalent state. We have now 
measured the effects of such electric fields applied at 
1473 K on the conductivity and on the temperature 
dependence of conductivity. Results indicate that 
positive-ion vacancies are not the predominant 
charge carriers in the samples examined. Another 
surprising result of such treatments of MgO was that 
after treatments of several hours, during which 
conductivities of single crystal samples decreased, 
conductivities then began to increase to such an 
extent that catastrophic failure of the samples 
occurred. 

The measurements were made in air with a three-
probe (guarded) contact with a sample. Measuring 
voltages of 6, 12, and 22.5 V were used for a 
determinations. The samples, 1-cm disks about 0.3 
cm thick, were single crystals with platinum elec-
trodes evaporated onto [100] crystal planes. Crystals 
were from two sources, the Norton Company and 
ORNL. The amount of impurities in the crystals, 
detected by emission spectroscopy, was about 500 
ppm and about 200 ppm by weight in the Norton and 
in the ORNL crystals respectively. 

The effects of electric-field treatment for times and 
temperatures corresponding to those found 
previously4 to reduce the Fe3+ and other trivalent 
impurities are shown in Fig. 2.1 for one Norton and 
two ORNL samples. In this figure, the solid lines 

indicate the conductivity as a function of temperature 

ORNL-DWG 77-6568 

,000A(K) 
Fig. 2.1. Change of electrical conductivity of M g O due to 

electric-field treatment for times and temperatures necessary to 
reduce trivalent impurities. The curves indicate the behavior of the 
untreated samples. Circl. .< points indicateanneal ingw the absence 
of an electric field. Squares, triangles, and diamonds are data 
obtained af ter treatment. Data for two O R N L samples are shown 
in an inset to prevent confusion. 

for an untreated sample. The closed-circle symbols 
(for the Norton sample) show that for simple 
annealing, without the application of an electric field, 
neither the magnitude of the conductivity nor its 
temperature dependence is changed. However, after 
applying a field (1000 V cm"1, forabout 20 hrei 1473 
K), the conductivity at 1473 K decreased, as did the 
temperature dependence of the conductivity at lower 
temperatures. After this time, the conductivity 
changed relatively little for a period of about 100 hr. 
The temperature-dependent conductivity after 62 hr 
is shown in Fig. 2.1. It is clear that the conductivity at 
1473 K is sample dependent, but in no case is it more 
than about a factor of 4. From previous work,4 it is 
known that electric-field treatment of 20 to 50 hr 
decreases the amount of Fe3+ (Fe is the major 
impurity in these samples) by at least two orders of 
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magnitude. If this reduction had been accompanied 
by a corrcspondingdecrease of positive-ion vacancies 
and if these were the predominant current carriers, 
then the conductivity should also decrease by more 
than two orders of magnitude. Thus it is unlikely that 
positive-ion vacancies are the predominant current 
carriers in MgO. 

In the case of the Norton samples, electric-field 
treatment for times greater than about i00 hr 
produces an increase in conductivity at 1473 K. In the 
case of ORNL samples, an increase is also observed, 
but after different periods of time. For the Norton 
samples, the increase is approximately linear with 
time for many hours, after which the rate increases 
and thermal breakdown occurs. After breakdown, 
MgO samples exhibit dark-colored streaks extending 
from the cathode to the anode surfacc or from cither 
surface towards the center of the sample. For one 
Norton sample, a hole connecting the cathode and 
anode surface could be seen after breakdown. This 
hole was embedded within a darkened region. 

If the sample is cooled after the current has 
increased significantly, but before breakdown oc-
curs, the formation of holes, but not of darkened 
areas, is prevented; the condition produced by 
approaching breakdown can be frozen in so that 
changes of cond uctivity due to that condition can be 
measured. The results of two such breakdown runs 
and the resulting conductivities arc shown in Fig. 2.2. 
The heavy solid and dashed curves shown in Fig. 2.2 
are a least squares fit of the data in Fig. 2.1 to the 
function In a = b - E\kT. After the first and second 
breakdowns, the conductivity in the temperature 
range 900 to 1200 K increased approximately 
threefold and sixfold, respectively, while the slope E 
was, within error, unchanged. Upon heating above 
1300 K, the enhanced conductivity began to 
disappear; and, after about 3 hr at 1470 K, the 
conductivity and its temperature dependence became 
similar to the dashed prebreakdown curve. After a 
100-hr anneal at 1473 K, the conductivity and its 
temperature dependence, indicated by triangles, 
were in close agreement with the initial conductivity 
curve shown in Fig. 2.1. These results indicate 
that breakdown, as reported here, requires a lengthy 
incubation time. During this time, changes take place 
within the crystal that decrease its resistance to 
current flow, without significantly altering the 
activation energy. Moreover, microscopic in-
vestigations5 of electric-field-treated samples show 
that (100) dislocation loops are produced in the 
vicinity of dislocations in the darkened regions. We 
suggest that the dislocation structure and the (100) 

iooo/r(K) 

Fig. 2.2. Effect of extended electric field treatment of MgO. The 
heavy solid and dashed curves arc fit to the data of Fig. 2.1. The 
circles and squares represent two consecutive treatments, each of 
which was interrupted before breakdown by cooling the sample 
and then taking data upon increasing and then decreasing the 
temperature as indicated by the arrows. The data represented by 
the triangles were obtained after a long anneal. 

loops in the samples are related to the breakdown 
phenomenon. We are thus led to the idea that current 
in MgO, particularly after electric-field treatment, 
flows along low-resistance filamentary paths 
(perhaps small-angle grain boundaries) and that, 
when these paths attain continuity between the 
cathode and anode to allow sufficiently large current 
flow, thermal breakdown takes place. 

1. Summer research participant from the University of 
Tennessee. Knoxville. 

2. C. B. Alcock and Ci. 1'. Stravropoulos, / Am. Ccram. Soc. 
54,436(1971) . 

3. C . M. Osburn and R. W. Vest. J. Am. Ccram. Soc. 54, 428 
(1971). 

4. R . A. Weeks et al., J. Phys. (Paris). Suppl. 37,411 (1976). 
5. J . Narayan, in Proceedings of the Thirty-fifth Annual 

Meeting of Electron Microscopy Society of America, cd. by G. W. 
Bailey, Claitor's Press, Baton Rouge, Louisiana (to be 
published). 
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fl{100) DISLOCATION LOOPS IN MgO 

J. Narayan S, M. Ohr 

Dislocation loops on {110} planes having a(2(\ 10) 
Burgers vectors introduced by plastic deformation 
and subsequent annealing of MgO have been studied 
extensively in the past using transmission electron 
microscopy.' Recently it was reported that high-
temperature electrical conduction for a long period 
of time (^100 hr) induced a thermal breakdown2 in 
MgO crystals. Transmission electron microscope 
investigation of these samples just before the thermal 
breakdown revealed the presence ofa type of loop not 
previously observed in this material with a(100) 
Burgers vectors lying in {100} planes. 

Figure 2.3a-d shows electron micrographs of two 
of these a(I00) loops imaged with diffraction vectors 
(g) =[200], [020], [220], and [220]. These micrographs 
were taken undsr kinematical diffraction conditions 
with the deviation parameter w ~ 0.6. From stereo 
microscopy it was determined that the loop labeled a 

lies in the (001) plane and hence is nearly parallel to 
the image plane and that the loop labeled ft lies in 
the (100) plane and is viewed nearly edge-on. The 
image of loop a has two arcs, each consisting o f a 
doublet and a line of no contrast. The doublet 
remains symmetrically displaced about the disloca-
tion core for both plus and minus diffraction vector 
directions (Fig. 2.3c and d). This invariant behavior 
of the contrast with ±g is characteristic of the 
g b X u contrast with g-b = 0 (where b and u arc 
Burgers and tangent vectors of the loop respectively). 

The line of no contrast, which results from the por-
tions of the loop where both g-b and g b X u are zero, 
was found to be always perpendicular to thediffruc-
tion vector as shown in Fig. 2.3tf-t/for loop a. From 
this contrast behavior, the Burgers vector of loop 
labeled a is deduced to be a[001]. The small loop just 
to the left of loop a has«/2[011] Burgers vcctorand is 
of the type normally observed in this material. The 
loop (i in Fig. 2.3b is out of contrast, except for the 
end-on images as dots which were shown to be invari-
ant with ±g. As shown in Fig. 2.3c and </, the loop [i 

PHOTO 3503-77 

Fig. 2.3. Bright-field electron micrographs under kinematical diffraction conditions (w ~ 0.6). Arrows indicate the directions o f 
diffract ion vectors: (a) [200], (b) [020], (c) [220], and (d) [220]; the length of the arrows is 0.3 n. 
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PHOTO 3504-77 

800 A 

Fig. 2.4. Comparison of (a) computer simulated image of a 400 A loop at a depth of 450 A on (001) plane with 4001] Burgers vector 
under kinematical diffraction conditions (w=0.5) and diffraction vector [200]; (2>) electron microscope image o f an 800 A loop on (001) plane 
at a depth of 400 A wi th w ~ 0.6 (black spot at the top of the figure is due to contrast from another small loop). 

exhibits inside-outside contrast.' and the image is 
characteristic of g b — 2. This contrast behavior (or 
loop p is expected if its Burgers vector is «[ 100]. Also, 
/3-typcloops were observed on(010)cubcplaneswith 
«[010] Burgers vectors. The nature (vacancy or 
interstitial) of «[010] and <v[l00] dislocation loops 
was determined by the inside-outside contrast 
method. Ten cach of a[OIO] and a[100] loops were 
analyzed, and all were found to be of a vacancy type. 

A computer simulation of g • b X u image contrast 
of a(l00) loops has been performed. A typical 
example is shown in Fig. 2.4a. The simulated image 
shows the invariant contrast behavior of the two arcs 
with ±g; also shown is the line of no contrast, which 
is always perpendicular to g. An interesting new 
result which emerges from the simulation is that the 
contrast of the two arcs for a given loop is equal 
(i.e., the image is symmetrical, as in Fig. 2.3) only 
when the loop is situated more than two extinction 
distances (>2f, where f is the extinction distance 
corresponding to the diffraction vector used) from 
the foil surface or is near the transition boundaries 
( 0 . 5 1 .Of, and 1.5^'). For those loops within two 
extinction distances of the surface, the contrast of one 
of the arcs is weaker (i.e., asymmetrical, as in Fig. 
2.4b), and the vector from the stronger to the weaker 
arc (henceforth to be referred as m) is depth 
dependent. This depth dependence of the m vector is 
analogous to: that of the / vector (black to white 
direction in the dynamical image contrast with g - b # 0 
of small loops) and can be used to identify the sense 
of Burgers vectors, that is, vacancy or interstitial 
nature of dislocation loops. The nature of a[001] 
loops was determined using the above rule and gave 

the same result as the inside-outside contrast 
method. 

1. J . Narayan and J. Washburn. Phifos. Mug. 26, 1 179(1972). 
2. R. A. Weeks et al., Proceedings of Conference on Itigh-

Temperamrc MHO Systems. Argonne. Illinois. April 4 6. 1977 
(in press). 

3. 13. M. Mahe rand U. L. tyre , I'hihs. Ma,if. 23, 409 (1971). 

REDUCTION OF IMPURITY IONS IN 
MgO BY CURRENT FLOW AT 

HIGH TEMPERATURE' 

R. A. Weeks J. C. Pigg 
E. Sonder K. F. Kelton2 

It has been noted that the valcnce states of certain 
impurities in oxides can be changed by heating the 
samples in different gases or by passing currents 
through the base material at high temperatures.3-4 

With the hope of establishing the details of the 
mechanism by which electric currents cause valence 
changes, we have begun to study transition metal 
impurities in MgO, using a combination of electrical, 
optical, and electron paramagnetic resonance (EPR) 
measurements. The MgO crystals, results for which 
arc described, contained approximately 200 ppm 
iron, 50 ppm manganese, 10 ppm each of vanadium 
and chromium, and larger amounts of aluminum and 
silicon. In a typical experiment a sample with a rather 
intense Fe3f EPR spectrum was annealed at about 
I0000C for about 100 hr with or without an applied 
electric field. Without a field there was little change in 
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the Fc3' EPR line intensities. With an electric field of 
about 1000 V/cm, more than an order of magnitude 
decrease in the Fc3* spectra occurrcd. In addition to 
the changcs in the Fc3' spectra, the spcctra of Cr3' 
decreased while (hose of V2' increased. There was no 
evidence of any effect on Mn 2 \ 

Other experiments show that the reduction process 
is accompanied by the creation of defects that act as 
shallow electron traps and that the reduction is not 
uniform throughout the MgO samples, proceeding 
from the negative towards the positive electrode. 

1. Summary of paper: J. I'hys. (I'uris), Suppl. 37,411 (1976). 
2. Summer research participant from the University of 

Tennessee. Knoxvillc. 
3. R. I.. Munslcr and W. G. Scgclkcn.,/. I'ltvs. Chan. Stilitls 13, 

124 ( l%0) . 
4. M. G. Harwood, p. 221 in Electrical Conthtclivily of liwile 

III and IV, Special Ceramics l'Jf>4. ed. by P. Copper, Academic 
1're.s.s, l .ondon, 1965. 

DETERMINATION OF THE Fe2* AND 
Fe3* CONCENTRATION IN MgO' 

F. A. Modine E. Sonder R. A. Weeks 

Crystals of MgO containing 140 ppm iron were 
reduced in CO or oxidized in air at 1150°C, and 
the iron concentration in different valcnccs was 
determined by optical and magnetic techniques. 
Optical density, electron spin resonance, and 
magnetic circular dichroism measurements gave self-
consistent results that yielded calibration constants 
for determining the Fe2* and Fe3* concentrations by 
optical means. These constants given in Table 2.1 

Table 2.2, Oscillator strengths of MgO iron bands 

Optical Oscillator Source 
bund Mrength 

Source 

t- 'e": 1000 nm 7.3 X 10 This work 
(3-5) X 10 ' Manson eta l . 

5 X 10 " Hjortsbcrg 

| V : 285 nm 3.8 X 10 ' This work 
4.1 x |()"' Davidge 
1.4 X 10 2 Sibley eta). 

Sourccs: 
N. U. Manson el al., J. I'hys. Clurn. Sulhls 37, 1145 (1976). 
A. Hjortsberg, Thesis, Chalmers University ol Technology. 

Gotcborg (1975); Hull. Am. I'hys. Soc. 21, 421 (197ft). 
R. W. Davidge, J. Mater. Sci. 2, 339 (1967). 
W. A. Sibley, J . L. Kolopus, and W. C. Mallard, Phvs. 

Status Solicit 31, 223 <1969); Y. Chen and W. A. Sibley, I'hys. 
Rev. 154, 842 (1967). 

may be used generally to extract Fc2' and Fc3' 
concentrations from measured values of optical 
density or magnetic circular dichroism. Oscillator 
strengths of the 1000- and 285-nm absorption bands 
were calculated from the iron concentrations in the 
2+ and 3+ valence states. They arc compared with 
previously determined values in Table 2.2. At the 
relatively low concentrations studied 140 ppm), 
more than 90% of the iron is unassociated Fe2* or 
Fe3*. Alternate oxidation with airand reduction with 
CO converted 80% of the unassociated iron between 
2+ and 3+ valence states, while the other 20%always 
remained as F e z \ 

I. Summary of paper to be published. 

Table 2.1. Proportionality constants for calculating Fe24 and 
Fe3* concentrations in MgO from optical measurements11 

Valence 
Measurement 

wavelength 
(nm) 

Dichroism 
(weight, ppm/cm"1) 

Absorption 
(weight, ppm/cm ' 1 ) 

F c u 
1000 
285 

(9.1 ± 1.5) X 10' 
15 ± 2 

(4.8 ± 0.6) X 10' 
2.0 ± 0.3 

"The constants are appropriate for low temperature. Dichroism constants 
are scaled to saturation, but may be scaled to any temperature with the 
appropriate Brillouin function. 
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AN INVESTIGATION OF THE 
REOXIDATION PROCESS OF AN 
ELECTROLYTICALLY REDUCED 

MgO CRYSTAL 

Christopher Levey1 E. Sonder 
R. A. Weeks 

Single crystals of MgO, in which the trivalcnt 
impurities have been reduced through thcapplication 
of an electric field of about 1000 V/cm at 
temperatures up to 1275° C, a re used to study the Fe2' 
oxidation process. By annealing the crystals in air at 
1 1 5 0 ° C for 164 hr a n d m o n i t o r i n g t h e 2 8 3 0 A Fc3 < 

absorption band as a function of position within the 
crystal, the concentration of Fe3* is found to decrease 
from the surface to the center of a crystal cube. A 
diffusion coefficient on the order of 10 '' cm"/sec is 
found for the reoxidation process. An activation 
energy determination for the process appears to be 
feasible. 

I. OKAU undergraduate research trainee from Carlton 
College. Northficld. Minn. 

RADIATION-INDUCED DIFFUSION OF 
HYDROGEN AND DEUTERIUM IN MgO1 

Y.Chen M . M . A b r a h a m H. T. Tohver2 

Mass transport of ions in insulating compounds 
during irradiation has been a much neglected field of 
study. Little, if any, work has been done in the high-
temperature oxides. We report a new phenomenon of 
high diffusivity for substitutional hydrogen and 
deuterium in MgO under electron irradiation. It 
establishes that the usual diffusion constants for 
hydrogen, deuterium, and (by implication) tritium 
cannot be used to predict the behavior of these 
isotopes in insulators under irradiation, as can be 
done, for example, in controlled thermonuclear 
applications. 

The O-H and O-D stretching frequencies cor-
responding to several configurations in MgO have 
been identified in the past.3 In particular, the 
absorption bands at 3296 and 2445 cm 1 have been 
convincingly attributed to H* or D \ respectively, 
substituting for Mg2+ ions. The H+ or D+ in this site is 
affected by covalent bonding to one of the six 

neighboring oxygen ions, and the resultant lattice 
distortion yields the following configuration: 

Mg2< ~ OH" - [Mg vacancy] - O2 - Mg2' . 

Rapid quenching from high tempeniture (>1300 K) 
maximizes the substitutional hydrogen and 
minimizes the formation of Mg(OH)2 precipitates, 
which absorb' at 3700 cm '. Slow cooling from 
elevated temperatures has the reverse effect. 

An MgO crystal containing only hydrogen was 
first quenchcd from 1450 K into a liquid-nitrogen 
bath. Subsequent isochronal annealing measure-
ments indicated that the absorption coefficient, a, of 
the 3296-cm ' band remained constant until the 
annealing temperature (7",t) reached a1,out 800 K. 
With further increase in temperature, « decreased 
until Ta — 850 K, beyond which it increased. The 
pertinent result is that the hydrogen ions are 
thermally stable and arc incapable of escaping from 
substitutional sites at temperatures under 800 K. 

Following electron irradiations, the situation is 
different: The photon absorption decreased with 
irradiation dose. The effect on the 3296-cm*' band 
amplitude due to electron irradiations at 7"s85and 
290 K is illustrated in Fig. 2.5. The decrease in 
absorption at the highcrtemperaturewasmuch more 
rapid. For both irradiations, the decrease in the band 
intensity was attended by the enhancement of a broad 
optical absorption band at 2.3 eV (540 nm) and the 
appearance of an infrared band at about 3700 cm"'. 

ORNL-DWG 76—128 71 

^^O- 85K 

MgO: H 

i V 290 K 

~ t r — 

0 1 2 3 (x1018) 
DOSE (e/cm2) 

Fig. 2.5. Decay of the 3296-cm"1 absorption band in MgO:H as 
a function of electron dose for two irradiation temperatures. 
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The 2.3-cV band is due to the V" center, which is a 
magnesium vacancy with a trapped hole on a 
neighboring oxygen. Therefore, electron irradiation 
has the effect of displacing the substitutional 
hydrogen, which subsequently migrates to aggregate 
at precipitates, leaving a magnesium vacancy behind. 
From the slope of the curve for the 290 K irradiation 
in Fig. 2.5, a cross section of about 3 X 108 b was 
obtained. For the 85 K irradiation, a value of about 
" f b was determined. 

A crystal containingboth hydrogenanddeuterium 
was used for a comparison of their displacement 
probabilities. The advantage of using one crystal is 
that the experimental conditions for displacement, 
temperature, beam intensity, and dose are identical 
for both hydrogen and deuterium. The ratio of the 
absorption coefficient after each irradiation to that 
prior to irradiation, a/ao, is plotted for both the 
3296- and 2445-cm"1 bands in Fig. 2.6. The decay of 
the former is more rapid than the latter. Hence we 
conclude that hydrogen is displaced more readily 
than deuterium. 

The enormous cross section for the radiation-
induced displacement, or diffusion (RID), of 
hydrogen (and/ordeuterium) from the substitutional 
site appears to have no precedent. An analog of this 
phenomenon is radiation-enhanced diffusion (RED) 
in metals, which is caused by the increased atomic 
interchange resulting from radiation-produced 
defccts, such as intcrstitials and vacancies. Whereas 
RED in metals is a manifestation of defects created as 
a result of knock-on damage, RID of hydrogen in 
MgO is a result of the ionizing property of the 
incident electrons, independent of whether defects 
are created in the crystal or not. Furthermore, the 
RID of hydrogen proceeds with a rapidity incompati-

ble with possible RED in MgO, since the latter 
process requires knock-on damage for initiation. 

ORNL-DWG 76-13321 
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0 1 2 3 4 5 14 ( 6 )8 H O " 

E L E C T R O N DOSE ( e / c m 2 ) 

Fig. 2.6. Normalized decay of 3296-and 2445-cm'1 bands under 
electron irradiation for sample MgO:DH2. 

1. Summary ol paper: /'//vs. Hew l.eii. 37, 1757 (1976). 
2. On leave from the University of Alabama. Birmingham. 
3. See a recent review. Y. Chen and M. M. Abraham. AViv 

I'ltyy 15, 47 (1975). 

STABLE [Li]° DEFECTS IN 
MgO SINGLE CRYSTALS' 

M. M. Abraham L. A. Hoatncr2 

Y. Chen R. W. Reynolds' 

The addition of lithium to MgO results in a 
significant suppression of radiation damage in this 
material, and in view of the interest in using MgO as 
an electrical insulator in high-radiation en-
vironments, the problem of understanding the solid 
state processes in the lithium magnesium oxide 
system assumes new importance. 

The [Li]° defect, which is a substitutional Li' ion 
with a hole trapped at a neighboring oxygen site, has 
a low-temperature EPR spectrum, which is due to 
three inequivalcnt sites possessing tetragonal 
symmetry with the principal axes lying along (100) 
crystallographic directions. Formed by low-
temperature irradiations, the centers have been 
observed to annihilate upon warming to room 
temperature via hole release. 

The present work demonstrates that it is possible 
to form a stable [Li]° center in MgO:Li by means ofa 
rapid quench from 1500 K. or by high-dose electron 
irradiations at room temperature. An electron 
nuclear double resonance (ENDOR) investigation of 
the stable [Li]0 center formed by rapid quenching of 
the sample was performed at a temperature of 4.2 K. 
The ENDOR spectra appeared to be exactly the same 
as those obtained for the radiation-induced defect. 
The stable [Li]° center may be cither destroyed by 
slowly cooling the MgO crystal from 1500 K or 
regenerated by reheating the sample and repeating 
the quenching process. The optical absorption 
spectra corresponding to the three ways of generating 
[Li]° centers are illustrated in Fig. 2.7. Optical bands, 
the most pronounced of which occurs at 1.83 
were created as a result of a short ionizing electron 
irradiation at about 80 K, shown in spectrum a. These 
bands were unstable at room temperature. The same 
crystal, quenched from 1500 K, resulted in a more 
intense 1.83-eV band, spectrum c, which is stable 
even at T > 295 K. Another MgO:Li crystal, 
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Fig. 2.7 Optical spectra of Li-dopcd MgO crystals: curve a, 
irradiated with a short ionizing dose of electrons at 80 K; curve b, 
irradiated to 5 X 10" electrons/cm' at 295 K; and curve c, 
quenched f rom 1500 K. 

irradiated to a dose of 5 X I0 l 8clectrons/cm2at room 
temperature, yielded spectrum b. Again a stable band 
is observed at 1.83 eV. The effects of quenching from 
high temperature or irradiation to large electron 
doses are reproducible in other MgO:Li crystals. It is 
believed that the I.83-eV band is due to the optical 
transition of the [Li]° center by virtue of the observed 
large absorption half-width and peak wavelength 
which is expccted of monovalent alkali metal 
trapped-hole centers.4 This is confirmed by the 
parallel behavior of the band and the EPR [Li]° 
signal in the three situations indicated in this figure. 
Additionally, Modine has unequivocally established 
this correlation using a magnetic-circular-dichroism 
EPR double resonance technique.5 

Before a definitive model for the different 
processes involved in the formation of the stable and 
unstable [Li]° centers can be formulated, additional 
investigations are necessary. 

1. Summary of paper: Phys. Rev. Lett. 37, 849 (1976;. 
2. Ecolc Polytechnique Fcdcralc de Lausanne, Lausanne, 

Switzerland. 
3. Advanced Technology Center, Dallas, Tex. Present address: 

General Research Corporation, Huntsville. Ala. 
4. For a recent review of the properties of trapped-hole dcfccts 

in MgO, see Y. Chen and M. M. Abraham, New Phys. 15, 47 
(1975). 

5. I-'. A. Modine. "Magneto-Optical Properties of [l.i]° Defects 
in MgO." this report. 

MAGNETO-OPTICAL PROPERTIES OF 
[Li]° DEFECTS IN MgO1 

F. A. Modine 

A study was made of the magnetic circular 
dichroism (MCD) and optically detected EPR 
spectra of [Li]° centers produced by the thermal 
quenching of MgO:Li from approximately 1200°C 
([Li]" centers are electron holes trapped at sub-
stitutional Li* ions). The spectra affirm that [Li]° 
centers produce the optical absorption that is 
observed in quenched MgO: Li. A theoretical analysis 
of the MCD spcctrum has important implications 
regarding the various models that have been 
proposed to explain the electronic structure of 
trapped holes in alkalinc-earth-oxidc crystals. 

Figure 2.8 shows MCD and optical density (OD) 
spectra of MgO containing [Li]° centers. The 
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Fig. 2.8. Optical spectra of a thermally quenched crystal of 
MgO:Li. The magnetic circular dichroism is the difference between 
the absorption of left and right circularly polarized light. Dashed 
curves represent decompositions or extrapolations. The M C D at 
4.3 eV is attributed to F e ' \ Units are base 10 absorbance. 
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resolution of the absorption band from the 
background is suggested by the MCD spectrum and 
also by the difference between absorption spectra 
that were measured asa function of defect concentra-
tion., The MCD has a strongly temperature-
dependent intensity and an approximately 
absorptiori-dcrivative-likc shape which reveal that 
the spectrum derives from the combined effect of-
ground-state spin polarization and excited-state 
spin-orbit coupling. An Fc3< charge-transfer band at 
4.3 eV has little OD, but it does contribute significant 
MCD. The resolution of the [Li]" and Fe3* MCD is 
based upon a spectrum measured2 for MgO:Fc. 
Fjnurc 2.9 shows optically detected EPR spectra 
which verify that the MCD is primarily due to [Li]° 
centers. The [Li]° EPR is seen as a decrease in the 
MCD intensity. The reduction is nearly uniform (40 
± 3%.for the spectrum of Fig. 2.9) except at shorter 
wavelengths where Fe3+ contributes. No MCD from 
other defects or impurities was detected. 

A comprehensive analysis of the optical spectra 
was based upon the theory of moments, and the 
results of the analysis were compared with the 
predictions of models that have been proposed to 
explain the electronic structure of the alkaline-earth-

oxide trapped-hole centers. These models are (a) the 
ion model of Bartram ct al.,3 in which optical 
transitions are between the Stark-split 2p levels of a 
single CT ion; (b) the delocalized-hole model of Izcn et 
al.,4 in which transitions arc between molecular 
orbitals constructed as LCAO's from 02~ 2/> orbitals; 
(c) the polaron model of Schirmcret al.,5 in which the 
transitions occur between thcvibronic potential wells 
that correspond to hole localization in the a orbitals 
of different 02~ ions; and (d) the mixed ion and 
polaron model of Norgett et al.,6 in which both the 
ion- and polaron-modcl transitions contribute 
significantly to the optical band. The significant 
conclusions are as follows. Contrary to conclusions 
of Izcn et al.,4 the ion model gives a qualitative 
explanation of the trapped-hole MCD spectra. 
Although the ion-model explanation has been 
refuted by different studies,7 this result is significant 
because it advances the mixed ion- and polaron-
model explanation. A polaron-model explanation of 
the MCD was found completely unfeasible unless the 
model was modified by assuming a significant tt-
orbital contribution to the excited-state wave 
functions. A qualitative, but not a quantitative, 
interpretation of the MCD spectrum was obtained 
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Fig. 2.9. The MCD spectrum measured with and without microwave power and using a magnetic field that enabled the [Li]° 
perpendicular EPR lines to be observed on an oscilloscope when power was applied. The insets show the HPR measured as thederivative of 
microwave power absorption and as the concomitant change in the MCD. 
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for the polaron model when a configurational and 
magnetic-field-induced admixture of tt orbitals was 
assumed. A quantitative explanation of the MCD 
based upon any of the existing models appears to 
require stronger magnetic interactions than arc 
expected for the orbitals on O" ions. 

1. Summary ot paper: So/UI State Commwt. 20, 1097(1976). 
2. K A. Modine. E. Soiider, and R. A. Weeks, "Determination 

of the Fe2' and F e ' ' Concentration in MgO." this report. 
3. K. II. Hartram.C. E, Swcnberg .and. l .T . Fourier . /7n,\. Rev. 

A 139, 941 <l%5). 
4. li. II. l/eii. K. M. Mato. and J. C. Kemp../ . Phys. Chcm. 

Solid\ 34, 1431 (1973). 
5. O. I'. Schirmer. I \ Koidl.and H.G. Reik. f'/m. Stains Solii/i 

1162, 3X5 (1974). 
<>. M..I. Norgett. A. M.S toncham.and A. I'. I 'athak,. / . I'hys. C 

10,555 (1977). 
7. I-'. A. Modinc, "Stress-Induced Optical Dicliroism of [l.ij" 

Dclccts in MgO," this report. 

STRESS-INDUCED OPTICAL DICHROISM 
OF [Li]° DEFECTS IN MgO1 

F. A. Modine 

A study was made of the strcss-induced optical 
dichroism of [Li]" ccntcrs that arc produced by 
quenching MgO:Li from high temperature. A 
theoretical treatment of the dichroism by the method 
of moments was developed, and an analysis of the 
data gave information regarding both the electronic 
structure and the local crystal environment of this 
center. 

The [ L i ] " - c c n t e r optical spcctra arc shown in 
Fig. 2.10. Because the OD spectrum is not well 
resolved from the background, the true shape of the 
band was estimated from a comparison of the MCD 
of the band with the MCD of a better resolved band 
in another sample2 and also from the OD spectra 
reported by Abraham et al.' The dichroism spectrum 
has a mixed absorption-like and absorption-
derivative-like shape which reveals that the excited 
state contains levels having different symmetry. From 
EPR studies,1 the [Li]" ground-state symmetry is 
known to be Ai of the Cj, point group, and the 
dichroism reveals that the higher and lower energy 
portions of the absorption spectrum are pre-
dominantly of A i and /: symmetry respectively. 
. The strong temperature dependence of the 
dichroism reveals that it originates predominantly in 
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Fig. 2.10. Optical spectra of a thermally quenched crystal of 
MgO:Li. Dashed curves represent decompositions or ex-
trapolations. The dichroism is the difference between the 
absorption of light polari/cd perpendicular and parallel to the 
stress axis. Units a re base 10 absorbance. 

the slress-induced alignment of an inherently 
dichroic dcfect. The dichroic anisotropy of the defect 
can be described by a ratio of transition-dipolc 
strengths. D, /1) = 2.2, and an energy splitting, 
E — ^0.37 eV. for light polarized parallel (||)and 
perpendicular (J.) to the defect symmetry axis. These 
results correspond well to predictions of the polaron 
model of the defect,' and no evidence for an ion-
model contribution to the optical band was found. 

Figure 2.11 shows the stress and temperature 
dependence of the 500-nm peak dichroic intensity. 
Because the dichroism is not a function of o/T, it 
does not derive from Boltzmann factors that are 
functions only of stress (a) and temperature (T). 
Apparently there are internally generated stress or 
electric fields in the crystal that tend to pin the defects 
into random orientations at low temperature. A 
statistical analysis reveals that the low-temperature 
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Fig. 2.11. The stress (a ) and temperature (7) dependence of the 
peak dichroism. T h e solid curves arc f rom theory which assumes a 
randomly distributed cicciric field described by the cffectivc 
temperature Tt« 13.5 K. 

behavior of the dichroism can be satisfactorily at-
tributed to random electric fields, which are caused 
by randomly distributed charged point dcfccts. 

I. Summary 'o f paper to b e published. 
.2. F. A. Modine, "Magneto-Optical Properties of [Li]" Defects 

in MgO," this Report. 
i. M. M. Abraham ct al.. "Stable [i.i]° Dcfccts in MgO Single 

Crystals," this report . 

EVIDENCE FOR SUPPRESSION OF 
RADIATION DAMAGE IN 

Li-DOPED MgO1 

Y. Chen M. M. Abraham 

The availability of materials which are relatively 
resistant to radiation damage is essential for modern 
energy conversion devices. Most impurities in 
crystalline solids have been shown to enhance 
radiation-induced defect production, presumably by 
the trapping of displaced interstitials. The present 
work reports the first experimental evidence that an 
impurity in an oxide (in this case, lithium in MgO) 
suppresses the production of anion vacancies and 
divacancies. 

Elastic collisions of energetic particles with lattice 
ions produce vacancies in the crystal. The maximum 
recoil energy of an indigenous oxygen ion from a 
collision with a 1-MeV neutron is 4.4 X 105 eV, 

compared to 6.8 X IO2 eV from collision with a 1.8-
MeV electron. Consequently, whereas electron 
irradiations produce primarily anion vacancies, 
neutron irradiations produce a variety of defects, 
such as divacancies and cluster defects, in addition to 
anion vacancies. In this investigation, the principal 
method of identifying defects and measuring their 
concentration was optical absorption spectroscopy. 
To supplement the optical data, EPR and ENDOR 
measurements were also used. 

For electron irradiations, a dose of 3 X 1018 

electrons/cm2 produced an anion-vacancy concen-
tration of I X 1017 cm"3 in the undoped MgO crystals 
and an undetectable concentration in the MgO:Li 
crystals. In the latter, however, an optical band at 
1.83 eV was produced. This band was due to the [Li]° 
center, a substitutional lithium ion with a hole 
trapped at a neighboring oxygen site. 

Figure 2.12a shows spectra from a variety of 
defects produced in undoped, neutron-irradiated 
MgO. The most pronounced peak, observed at 4.95 
eV, indicated copious anion vacancies. Three other 
peaks were observed at approximately 3.5, 2.2, and 
1.3 eV. At low temperatures, the broad bands at 3.5 
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and 1.3 eV were attended by zero-phonon lines at 
3.430 and 1.187 eV respectively. Previous studies 
have attributed these bands and zero-phonon lines to 
optical transitions within the anion divacancy.2"4 

Figure 2.12 b illustrates the absorption spectrum ofa 
Li-doped MgO crystal, neutron-irradiated 
simultaneously to the same total dose as the pure 
crystal whose spectrum is shown in Fig. 2.12a. The 
anion-vacancy band at 4.95 eV was reduced by a 
factor of 2 and the band at 2.2 eV by a factor of 6 in 
MgO:Li. The anion divacancies appeared to be 
completely suppressed in the Li-doped crystals. 

The results of this investigation indicate that, for 
both electron and neutron irradiation, at ambient 
temperature the net production of intrinsic point 
defccts is inhibited by the lithium doping of MgO. 

1. Summary of paper: J. Am. Coram. Soc. 59, 101 (1976). 
2. I. K. Ludlow. "Symmetry of a Color Center in Magnesium 

Oxide," Proc. Phys. Soc.. London, 88(3), 763 (1966). 
3. Y. Chen and VV. A. Sibley. "Study of Zoro-I 'honon Line"- ir> 

Electron-Irradiated, Neutron-Irradiated, and .A.ddi'.i»'e!y Colored 
MgO," Pltilos. Man. 20(164), 217 (1969). 

4. Y. Chen. "Evidence of Anion Divacancies in MgO," Abstract 
C44 in Proceedings of the International Conference on Colour 
Centers in Ionic Crystals, Reading, United Kingdom. 1971. 

IONIC CONDUCTIVITY A N D 
S UPERCONDUCTIVITY 

VIBRATIONAL SPECTROSCOPY OF 
SODIUM BETA-ALUMINA1 

R. Freeh2 J. B. Bates 

Raman, infrared reflectivity and emissivity 
spectra of single crystal sodium beta-alumina 
(Na/J-AhOs) have been measured in the region of 
the internal and external optic phonons at 
temperatures from 12 to 1000 K. to provide a basis 
for understanding the lattice dynamics of this 
material. A survey of the polarized Raman spectra 
of Na/J-AUOj is shown in Fig. 2.13. The a(cc)a' 
spectrum arises from A\g modes (Dei, group) in 
which the induced dipole moments are 
perpendicular to the conduction plane, while the 
a(a'a")c spectrum is due to A ig modes in which the 
moments are parallel to this plane. The E\g modes 
are active in the a(ca)c spectrum, and the Eig modes 
are activc in the a(a'a)c spectrum. 

A refinement3 of the crystal structure of 
Na/J-AUOs showed that the space group is D\h. The 
irreducible representations for the k = 0 optic 
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Fig. 2.13. Polarized Raman spectra of sodium beta-alumina measured at 12 K . 
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modes predict 42 Raman active modes ( l l / l i * + 
I7£2g) and 30 infrared active modes (I3/12u 

+ ME\u). If only the atoms in the spinel blocks are 
considered, these arc reduced to 37 Raman modes 
(IQAig + 13E\g + 14£"2g) and 25 infrared modes 
(llAiu + 14£i„). The observed Raman spectrum, 
however, contained only 23 Raman lines which 
could be attributed to vibrations of the spinel 
block. A schcmatic representation of the 
Naj3-Al2C>3 lattice, viewed perpendicular to the c 
axis, is shown in Fig. 2.14a. The layers of the spinel 
blocks are joined through an oxygen atom in the 
conducting plane. Because the coupling between 
adjacent layers must be weak, it is reasonable to 
assume that the vibrations within a layer arc 
localized. As shown in Fig. 2.14, if the conducting 
planes are ignored, the structure of Na/J-AbOj may 
be represented bŷ  interpenetrating layers of spinel 
blocks. On removing alternate layers, the lattice 
collapses to, a structure in which a single block 
outlined in Fig. 2.146 becomes the primitive unit 
cell. It can be shown that this "reduced" structure 
belongs to the space group Did. Based on this new 
space group, the irreducible representations predict 
23 Raman active modes (10/4 ig + 13£g) and 23 
infrared active modes (\0A2U+ 13EU). The selection 
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Fig. 2.14. Schematic diagrams of the full and the reduced lattice 
structures of sodium beta-alumina. The shaded and cross-hatched 
areas represent alternate layers of spinel blocks. Columnar 
oxygens in the conducting plane are represented by the solid 
circles. The dashed outlines give the boundaries of (a) the Dth ui it 
cell, and (b) the Dm unit cell. 

rules for the reduced structure are in excellent 
agreement with the observed spectra. Therefore, 
neglecting interactions between spinel blocks is a 
good approximation in developing a model to 
describe the internal modes of Na/J-AU03. 

1. Summary of paper to be published. 
2. ORAU summer faculty participant from the University of 

Oklahoma, Norman. 
3. C. R. Peters et al., Aeia Crystutlogr.. Seel, li 27, 1826 

(1971). 

ELECTRON PARAMAGNETIC RESONANCE 
OF IRRADIATED SODIUM 

BETA-ALUMINA 

H. J. Stapleton1 Y. Chen 
H. T. Tohver M. M. Abraham 

When subjected to ionizing radiation at low 
temperature, the solid electrolyte sodium 
beta-alumina exhibits a paramagnetic center with 
axial symmetry about the crystallographic c axis. 
After the sample was y-irradiated at 77 K, its EPR 
spectrum was measured at 177 K with a microwave 
frequency at 9.1 GHz. With the external magnetic 
field parallel to the c axis, the EPR absorption line 
was a broad (43 G peak-to-peak derivative 
linewidth), symmetric, and structureless signal 
centered at g ( = 2.048(5). When the magnetic field 
was perpendicular to the c axis, that is, in the plane 
of ionic conduction, the signal was resolved into 10 
to 12 sharp, equally spaced hyperfine lines of 
unequal intensities. These were centered at a gx = 
2.002(9) and separated by approximately 7.5 G. 
Total linewidth in this orientation was slightly 
greater (50 G peak-to-peak derivative) than the 
parallel orientation, and a weaker resonance line 
overlapped the low-field side of the spectrum. 

These g values indicate that the paramagnetic 
center probably involves a hole. The complex 
hyperfine structure, observed in the perpendicular 
orientation, suggests that the interaction involves 
either three equivalent sodium (/ = 3U) nuclei or 
two equivalent aluminum (/ = 5/2) nuclei. Several 
attempts to identify the nuclei involved were made 
using the technique of ENDOR at liquid helium 
temperatures, but no ENDOR signals could be ob-
served. 

Isochronal annealing measurements between 
117 K. and room temperature, using 6-min heating 
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periods, indicate that the paramagnetic ccnter is 
stable to about 225 K, and then near 250 K. the 
concentration drops to one-half the original value. 

1. On leave Ironi the University of Illinois. Urbanu. 
2. On leave Irom the University ol Alabama. Birmingham. 

OPTICAL ABSORPTION AND 
THERMOLUMINESCENCE OF IRRADIATED 

SODIUM BETA-ALUMINA 

H. T. Tohver1 M. M. Abraham 
H. J. Stapleton2 V . Chen . 

Optical absorption bands were created when a 
sodium beta-alumina crystal was given a short 
ionizing irradiation at 80 K. Isochronal annealing 
of the crystal resulted in a decrease in the band 
intensities and cmcrgcnce of other absorption 
bands, indicating that an electronic transfer process 
was involved. For this reason, spectral thcrmo-
luminesccncc measurements were studied in conjunc-
tion with isochronal annealing of optical absorption. 
The same crystal on which the electron paramagnetic 
resonance work was performed was also used for 
these optical studies. 

After the crystal Was electron-irradiated to a dose 
of 5 X 10"' electrons/cm2 at 80 K, two optical 
absorption bands were observed at 2.44 and 4.86 
eV. With the sample maintained at 80 K., both 
bands decayed slowly with time. Concomitant with 
this dccay at 80 K , two thermoluminscencc peaks 
were observed at 3.45 and 1.75 eV. The latter was a 
sharp line attended by fine structure, suggesting an 
electronic transition at an impurity. With 
isochronal annealing between 160 and 200 K, the 
2.44-eV absorption band decreased in intensity and 
shifted toward 2.53 cV. Upon annealing at 230 K, a 
new absorption band at 3.28 cV emerged. Near 
room temperature, all these radiation-induced 
bands rapidly diminished in intensity. The 
thermolumincscence peak at 1.75 eV persisted to 
room temperature, reaching a peak emission 
intensity at 230 K. 

1. On leave from the University of Alabama, Birmingham. 
2. On leave f rom the University of Illinois, Urbana. 
3. H. J . Stapleton et al., "Electron Paramagnet ic Resonance of 

Irradiated Sodium Beta-Alumina," this report. 

TEMPERATURE-DEPENDENT EFFECTS IN 
THE RAMAN SCATTERING FROM 

SODIUM AND SILVER BETA-ALUMINA1 

J. B. Bates Roger Freeh2 

The Raman spectra of sodium and silver 
beta-alumina measured at several temperatures 
have been previously reported.3'4 With the 
exception of changes in the band assigned to the 
attempt mode, the reported spectra surprisingly 
showed virtually no changes over a temperature 
range from 4.2 to 900 K. Apparently all of the 
Raman spectra were recorded using a 90° 
scattering geometry in which the crystallographic c 
axis was parallel to the direction of scattered light. 
We have investigated the temperature-dependent 
behavior of the Raman scattering from sodium and 
silver beta-alumina single crystals oriented so that 
the c axis was perpendicular to the directions of 
incident and scattered radiation. This allowed us to 
measure the contribution to the scattering from 
modes in which the induced clectric-dipole moment 
was parallel to crystallographic c axes. The region 
between 230 and 50 cm 1 in the a(cc)a' Raman 
spectra of both compounds undergoes a noticeable 
change with temperature, and the spcctral changes 
observed in this region of Na/J-A^O, are shown 
in Fig. 2.15. The most obvious change in these 
spectra is the dccrcase in intensity of the band at 
163 cm ' with increasing temperature above 12 K 
accompanied by a noticeable change in the shape of 
a broad band centered around 200 cm"1. The latter 
feature appears to narrow with increasing 
temperature and gradually disappears into the wing 
of the strong Ai s band at 260 cm"1, which broadens 
with increasing temperature. The bands shown in 
Fig. 2.15 arc evidently due to modes in which the 
atom displacements arc parallel to the c a?;is, since 
these bands were not seen in comparable scans with 
a(a'a')c or a(a'a)c scattering geometries. The 
appearance of these bands in a(cc)a' but not in 
a(a'c)a' or in a(ca)a' spectra means that they arise 
from totally symmetric modes. 

A graph of the intensity of the 163-cm"1 band of 
Na/2-AhOj vs temperature is shown in Fig. 2.16. 
The data points represent the normalized intensities 
from four experiments with two crystals. In 
contrast to the behavior exhibited by the 163-cm"1 

band, the intensity of the 100-cm"1 Ejg mode 
increased linearly with increasing temperature as 
did the intensity of the A\g mode at ~98 cm"1. The 
temperature-dependent behavior of the 163-cm"1 
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Fig. 2.15. Bands due to temperature-dependent modes in the 
low-frequency region of the a(cc)a' R a m a n spectra of sodium beta-
alumina. 

band may reflect an order-disorder phase transition 
involving a redistribution of Na+ ions over the 
available sites. It is interesting to note that behavior 
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Fig. 2.16. Peak intensities (in arbitrary units) of the 163 
cm~'/li , band of sodium beta-alumina plotted as a function of 
temperature. The open and eloscd circles and triangles represent 
data points from different experiments. 

comparable with that exhibited by the 163-cm"1 

band in Na/3-AUOj was recently seen5 in the 
temperature dependence of the peak-to-peak width 
of the absorption derivative of the 23N;t nuclear 
magnetic resonance (NMR) line in this compound. 
The changes observed between 120 and 300 K were 
ascribed to thermally activated jumping of ioris 
among different sites. 

1. Summary of paper: Chemical Physics letters (in press). 
2. ORAU summer faculty participant from the University of 

Oklahoma, Norman. 
3. 1.. L. Chase. C . 11. Hao. and G . D. Mahan. Solid Slate 

Commun. 18, 401 (1976). 
4. C. H. Hao. I.. L. Chase, and G. IX Mahan. Phys. Kev. U 

13,4306 (1976). 
5. W. Bailey ct al., J. Client. Phys-. 64, 4126 (1976). 

SUPERCONDUCTING PROPERTIES OF 
NIOBIUM IRRADIATED WITH 15-MeV 
NEUTRONS AT LOW TEMPERATURE1 

H. R. Kerchner 
R. R. Coltman, Jr. 

C. E. Klabunde 
S. T. Sekula 

We have investigated the influence of 
high-energy-neutron damage on flux line motion in 
superconducting niobium in the mixed state. This 
investigation was part of an experimental study of 
the production and isochronal recovery of 
high-energy-neutron damage in three metals: 
copper, platinum, and niobium.2 The critical 
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current, flux-flow resistance, and normal-state 
resistance were measured by using a standard 
four-terminal technique. 

The critical-current density was observed to 
increase with irradiation and to decrease toward 
the preirradiation value with isochronal annealing 
between 4.2 and 360 K. We deduced the 
elementary, flux-line-pinning force fp of the 
high-encrgy-neutron defect cascades from the data 
in two ways by using Kramer's model3 and 
Labusch's model4 for flux-line-lattice relaxation. 
The results for both models are shown in Fig. 2.17. 

We also calculated the elementary pinning force 
of the defect cascades. The interaction between a 
defect cascade and a flux line, which is dominated 
by the so-called "Ak interaction," is repulsive at 
short range and attractive at low fields and longer 
range. For flux densities B near the upper critical 
field //<-2, pinning is dominated by the repulsive 
interaction, which varies with flux density roughly 
in proportion to 1 - HI Ha- At lower flux densities, 
the attractive interaction rises sharply with 
decreasing /i and dominates flux line pinning. 
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Fig. 2.17. The flux-density dependence of the elementary 
pinning force of the defect cascades. The elementary pinning force 
was derived from the critical-current measurements in two ways 
using two different models of the ftux-line-lattice relaxation. 

While the field dependence of the pinning force for 
most types of defects is similar to that of the 
repulsive interaction, the steep rise in the attractive 
pinning force at low B is a unique property of 
low-temperature, high-energy radiation damage. 
This steep rise in the pinning force is clearly evident 
in the data shown in Fig. 2.17. 

In addition, the low-field (B <0.7//c2) flux-flow 
resistivity was observed to be unaffected by 
irradiation or isochronal annealing, while the 
high-field (B > Q.lHd) flux-flow resistivity varied 
in pioportion to the normal-state resistivity. This 
result provides direct evidence that the moving flux 
lines largely avoid the defect cascades. The 
difference between low-field and high-field 
behavior arises from the fact that dissipation takes 
place mainly in the flux line cores at low fields and 
throughout the sample near Hci-

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

2. J. H. Roberto et al., "Isochronal Recovery of High-Energy 
t/-Ue Neutron Damage in Copper, Niobium, and Platinum from 
X to 400 K," this report; .1. li. Roberto et al., "Damage 
Production by High-Energy (/-Be Neutrons in Copper, Niobium, 
and Platinum at 4.2 K," this report. 

3. E. J. Kramer. . / . Appt. Phys. 44, 1360 (1973). 
4. R. Labusch, Crvst. Lattice Defects 1, I (1969). 

IRRADIATION AND ANNEALING 
STUDY OF V3Ga 

T. L. Francavilla1 D. 11. Gubser1 

B. N. Das1 R. A. Meussner1 

S. T. Sekula 
We have studied the effect of fast-neutron irradia-

tion ( £ > 1 MeV, at 60°C) on the superconducting 
properties of VjGa at three compositions sinning 
the ,415-phase field. Transition temperatures (T.) of 
all specimens irradiated in stages to a icel of 1.2 X 
1019 neutrons/cm2 show a gradual depression similar 
to other A15 materials; h o w e v e r , annealing studies 
have revealed some unusua/ features. Initial 
annealing studies indicated the possibility of two 
distinct recovery steps: one occurring at 
temperatures as low as 200°C, the other occurring J 

at 350 to 450° C. We attribute this low-temperature 
recovery t̂o radiation-enhanced diffusion. We are 
currently reexamining these recovery steps in an, 
attempt to evaluate the temperature coefficients for 
these processes..The lattice parameter has also been 
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found to increase with irradiation and decrease 
during annealing. 

I. U.S. Naval Research Laboratory. Washington. D.C. 

NEUTRON-INDUCED DISORDER IN 
VjGa AS REVEALED BY 

ISOCHRONAL ANNEALING1 

,T. L; Francavilla2 R. A. Meussner2 

S. T. Sekula 
Fast-neutron irradiation has been found to have 

a deleterious effect on the superconducting 
properties of V3Ga similar to that observed in other 
/115 materials. The recovery of the transition 
temperature Tc of a VjGa sample irradiated with 
test neutrons (6 X 1018 neutrons/cm2, £ > *1 MeV) 
was measured after each of a series of isochronal 
anneals. These results were compared with a similar 
annealing study of VaGa by other workers where 
disorder was introduced by arc melting and 
quenching. We have found that the Tc of the 
irradiated sample recovered at annealing 
temperatures lower than that required for the 
unirradiated sample. We attribute this lower 
recovery temperature to the enhancement of 
diffusion provided by the defects produced during 
irradiation. • 

1. Abstract of paper: Solid Slaw Communications (in press). 
2. U.S. Naval Research Laboratory, Washington, D.C. 

- EFFECT OF IRRADIATION ON THE 
CRITICAL CURRENTS OF ALLOY AND 

COMPOUND SUPERCONDUCTORS 

S. T. Sekula 

The effects of energetic-particle irradiation on the 
critical-current ̂ density /,(//) of several supercon-
ducting compounds and Nb-Ti alloys have been 
examined by a number of workers. The irradiations 
used in the investigations include electrons, fast 
neutrons, ions, and fission.fragments. The results of 
these studies are reviewed.and summarized. In the 
alloys, changes in JC(H) on irradiation depend on the 
metallurgical history of the material and indicate that 
radiation defects modify the strength of the. interac-
tion between the fluxoid array,and the sample 
microstructure. Radiation defects in alloys can also 

affect Jc(lf) through small decreases in Tc, the 
transition temperature, and increases in p, the 
normal-state resistivity. Irradiations of A15 com-
pounds up to moderate fluences (dependent on the 
type and energy of irradiating particle) lead to 
decreases in Tc of about 1 K and increases in JAH) 
with dose for >nost of the samples investigated. This 
result can be qualitatively understood as resulting 
front radiation-induced changes in pand the pinning 
force acting on the fluxoids. At higher dose levels, 
significant depressions of Tc and possibly 7, the 

. electronic specific heat coefficient, lead to drastic 
reductions in J^H). The effect of various energetic 
particles and irradiation temperature on changes in 
JC(H) is examined. 

AC PERMEABILITY OF DEFECT-FREE 
TYPE-II SUPERCONDUCTORS 

H. R. Kcrchner S. T. Sekula 

We have derived the stress-tensor formulation of 
the theory of the ac permeability of a defect-free 
type-Il superconductor in the mixed state. The 
stress-tensor formulation corrects the theory based 
on Maxwell's equations combined with Ohm's law. 
The correction arises from the energy associated 
with shearing the flux line lattice. Of particular 
interest is the case of a cylindrical sample in a large, 
axial dc magnetic field and a small, parallel ac 
field. Our previous experimental and theoretical 
study1 showed that, while viscous-loss effects 
clearly dominated the ac response in nearly 
defect-free samples, there were significant 
discrepancies between theory and experiment. 
Although the present study was undertaken in 
order to understand these discrepancies, the 
correction we calculated does not account for the 
observations. 

The transport current density in a superconductor 
in the mixed state is associated with distortions of the 
flux line lattice. For example, the flux lines bend in a 
slab in a perpendicular magnetic field, there is a 
gradient in the flux line spacing in a slab or a cylinder 
in a parallel field, and both occur in other geometries. 
The stress tensor for the flux line lattice is related to 
the strain tensor by three independent elastic moduli, 
C44 (for flux line bending), Cm (for shearing in the 
plane perpendicular to the field), and Cl— Cit ~~ C66 
(for compression), in Voigt's notation. 

The stress-tensor formulation of ac flux motion 
in a cylinder parallel to the ac and dc magnetic 
fields results in a differential equation that can be 
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reduced to Bessel's equation. The ac permeability 
then is related to Besscl functions of complex 
argument. The permeability has been numerically 
evaluated and tabulated2 for several values of the 
parameter a = (I - Cm!Cl)/(1 + Cm/Cl). The 
result for a - 1 (Cm ~ 0) is identical to the result 
obtained previously.1 

1. J . R. Clcni. H. R. Kerchncr. and S. T. Sekula, I'liyy Rev. 
li 14, 189.1 (1976). 

2. I he numerical computation was done by H. L. Davis. 

AC LOSSES IN TYPE-II 
SUPERCONDUCTORS WITH 

PINNING DEFECTS 

H. R. Kerchncr S. T. Sckula 

We have continued experimental studies of ac 
losses in the mixed state of typc-11 superconductors 
when flux line motion is limited both by viscous 
damping and by the interaction between flux lines 
and defects in the superconducting material. The 
initial discovery of the failure of existing theory to 
describe the frequency and ac amplitude 
dependence of the loss has been reported 
previously,1 and it was shown that the failure of the 
theory is a consequence of the nonlinear relation 
between the electric field £and the current density 

J that is characteristic of nearly all superconducting 
samples. We have investigated quantitatively the 
effect of the nonlinear £"(./) relation on the 
low-frequency ac response by two types of 
measurements. 

In our studies, a cylindrical or prolate spheroid 
sample was placed in a large, axial dc magnetic 
field and a small, parallel, sinusoidal ac field. Using 
a Hartshorn mutual-inductance bridge balanced with 
the sample in the Meissner state, we measured the 
ac voltage waveform, which is proportional to the 
instantaneous time derivative of the magnetic flux 
in the sample, and its time integral, which is 
proportional to the instantaneous flux in the 
sample. The voltage waveform was measured by 
using a boxcar integrator, and its integral was 
measured by using a wideband lock-in amplifier. 
The voltage waveform for a sample of a Nb-Mo 
alloy is shown in Fig. 2.18. The sample-out signal is 
proportional just to the time derivative of the ac 
applied field. Both the nonlinear response due to 
flux pinning and the phase shift due to flux flow 
arc evident in the figure. Of particular interest are 
the phase shift of the zero crossing of the ac voltage 
waveform (shifted from the peak or valley of the ac 
applied field) and the remanent ac flux (measured 
when the ac applied field is zero). The amplitude 
and frequency depcndencc of the remanent ac flux 
were used to calculate E(J) at large E and J in 
samples with weak pinning. The amplitude and 

Fig. 2.18. The electric field E(a, t) at the surface of the sample plotted as a function of time t for one cycle of the ac applied field. The 
electric field is related to the measured voltage simply by a geometrical factor. The sample-out signal isproportional to the time rate of change 
of the ac applied field. 
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Fig. 2.19. A typical B J ) relation deduced from the amplitude dependence of the remanent ac flux. 

frequency dependence of the phase shitt of the zero 
crossing provided information about E(J) at small 
E in either weakly pinned or strongly pinned 
samples. At low amplitudes in samples with strong 
pinning, the phase shift of the zero crossing 
exhibited several remarkable characteristics. It was 
independent of frequency at low frequencies, but 
strongly dependent on amplitude, and it changed 
drastically if the dc applied field was slowly swept 
up or down instead of being held constant. All 
these features are consistent with an exponential 
E(J) relation, E = EueJ'Jo. An exponential E(J) 
relation was deduced previously from logarithmic 
flux creep observed over times of the order of 
minutes.2 The phase shift of the zero crossing was 
also observed previously,3 but the relation between 
the two effects was never understood. 

At high amplitudes in samples with weak 
pinning, the phase shift of the zero crossing was not 
consistent with an exponential E(J) relation. The 
additional complexity probably resulted from 
the fact that the electric field was much larger and 
that viscous damping of flux line motion was 
important. In weakly pinned samples, the 
measurements of the remanent ac flux were more 
interesting because the linear portion of the E(J) 
relation could be investigated at high amplitudes. 
The results of such measurements for the Nb-Mo 

sample are shown in Fig. 2.19. There the E(J) curvc 
is derived from the amplitude dependence of the 
remanent ac flux at one frequency. 

Results like that of Fig. 2.19 were obtained at 
several frequencies and dc applied fields in a variety 
of samples. Curves obtained under the same 
conditions but at different frequencies consistently 
showed a small but significant discrepancy. Careful 
analysis of the data has suggested that the problem 
lies in our neglect of terms higher than first order in 
the frequency. Apparently, the nonlinear nature of 
the E(J) relation causes these terms to contribute 
more than one expects to the ac response, just as 
the first-order term contributes more than we 
originally expected. We plan to measure the E(J) 
data directly by dc methods and compare the 
results with remanent ac flux measurements on the 
same material. We expect that a careful 
extrapolation of the ac measurements to zero 
frequency will give the correct E(J) relation. 

1. H. R. Kerchncr and S. T. Sekula, Solid Stale Div. Annu. 
Prof;. Hep. Dec. 31. 1975, ORNL-5135, p. 30. 

2. P. W. Anderson and Y. B. Kim, Rev. Mod. Phys. 36, 39 
(1964). 

3. R. W. Rollins, H. Kflpfer, and W. Gey, J. Appi Phys. 45, 
5392 (1974). 
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SURFACE PHYSICS A N D CATALYSIS 

LEED ANALYSIS OF THE 
COPPER (110) SURFACE 

J. R. Noonan H. L. Davis L. H. Jenkins 

A low energy electron diffraction (LEED) study of 
the Cu (110) surface has been initiated. This study has 
two primary motivations. First, there exists a 
growing interest in the crystallography of the (110) 
surfaces of fee transition and noble metals. This 
interest has been generated because work by others 
has shown that such (110) surfaces usually have 
significant differences from the idealized surfaces 
which would result if the bulk crystals merely were 
truncated without any relaxation, dilation, or 
contraction. Thus since it has not been previously 
investigated in any detail, a study of the Cu(110) 
surface could possibly contribute to the general 
understanding of the (110) surfaces of fee metals. Our 
second motivation is eventually to study the 
adsorption of atomic species (e.g., oxygen or sulfur) 
on the Cu (110) surface. In order to determine surface 
positions where such species are adsorbed, it is first 
absolutely necessary to investigate the crystal-
lography of the clean Cu (110) surface. 

Although our study of the Cu (110) surface is still 
in progress, it is worthwhile to describe some of the 
preliminary results, To date, experimental LEED 
intensity profiles have been obtained for the {01}, 
{10), {11}, {02}, {20}, and {12} beams, when the 
incident electron beam is normal to the surface. The 
Cu(110) sample was prepared using methods 
previously described1,2 to produce a surface oriented 
within 0.5° of the (110). Alignment in the LEED 
chamber was such that the crystal surface was normal 
to the electron beam to within 0.1°. The current-
energy profiles were collected with a moveable 
Faraday cup, utilized as a retarding field analyzer 
and having a 0.5% energy resolution and a 0.002 str 
(40 mil diam) aperture. With this experimental 
arrangement, intensity profiles of diffraction beams 
related by symmetry agreed to better than 12% in 
absolute intensity and ±0.5 eV in peak position. 

The lower curve of Fig. 2.20 illustrates the data 
collected for the (01) beam. The other curves of Fig. 
2.20 are calculated curves, which were obtained using 
computer codes previously described.3 The model 
used in performing the calculations assumed that 
atoms in the surface layers occupy bulk positions, 
except that the interlayer spacing between the two 
top surface layers deviates from the bulk value. Each 

ORNL-DWG 77-11489 

Fig. 2.20. Calculated and experimental LHED current-energy 
curves for the (01) beam of the copper (110) surface, where the 
incident electron beam is normal to the surface. 

of the calculated curves of Fig. 2.20 is denoted by a 
percentage figure, which corresponds to the amount 
of deviation used in the calculations. The energy 
placements of the two majorfeatures of thedataat48 
eV and 140 eV are best reproduced by the calculated 
curve denoted —12.5%. Such reproduction indicates 
that the interlayer spacing between the top two layers 
of the Cu (110) surface is probably contracted from 
the bulk value by an amount 12.5 ± 2.5%. This result 
is preliminary, and work is in progress to compare 
calculated and experimental beam intensities for 
other reflected beams where the incident beam is 
normal to the surface. Work is also in progress for 
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eases in which the incident beam is not normal to the 
surface. 

1. L. II. Jenkins , . / . Electrocheni. Sue. 117. 630 (1970). 
2. D. M. Zclincr, J . R. Noonun, and I.. II. Jenkins, Solid Stale 

Commun. 18, 483 (1976). 
3. H. L. Davis, Solid State Div. Anmi. Prog..Rep. Der. 31. 

1975, ORNL-5135, p. 5.'" 

ANOMALOUS Au (111) SURFACES 
STUDIED BY LEED, AES, AND 

OXYGEN CHEMISORPTION1 

D. M. Zchner J. F. Wendelken * 

Although the atomic arrangements in the outer-
most layer of clean Au (100) and (110) surfaces are 
reordered relative to their ideal intraplanar 
arrangements in the bulk, previous LEED studies of 

the Au( l l l ) surface suggest that it exhibits the 
normal bulklike atomic configuration.2-3 However, 
LEED photographs obtained during these previous 
studies exhibit large areas of intensity at the integral 
order reflection positions instead of sharp narrow 
beams. 

We have recently completed LEEDstudiesof well-
oriented, clean, annealed Au (111) surfaces of both 
bulk and thin film samples. Instead ofa simple (1X1) 
LEED pattern, each integral order beam is sur-
rounded by hexagonal arrays of additional reflec-
tions. Although the beam intensities in the LEED 
pattern obtained from the bulk sample exhibit the 
threefold rotational symmetry specific to this crystal 
orientation, those from the thin film specimen exhibit 
sixfold symmetry as shown in Fig. 2.21. This results 
from a superposition of threefold symmetric diffrac-
tion patterns from adjacent domains, formed during 

PHOTO 350R-77 

Fig. 2.21. LEED pattern f rom epitaxially grown Au (111) crystal at a primary beam energy of 54 eV. 
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epitaxial growth on a mica substrate, which have 
either ABC or ACB stacking arrangements. The 
absence of similar observations or this complex 
pattern in previous studies on (11 l)-oriented gold 
samples may reasonably be attributed to either 
surface preparation or lack of angular resolution in 
the electron optics detection system.2'3 

A curcful examination of the LEED pattern 
reveals that the spatial splitting between the ad-
ditional reflections, aligned with (110) directions, and 
the integral order beams is about 4% of the distance 
between the integral order beams. These results 
.suggest an atomic configuration in the surface region 
of the (11 I) different from that in the bulk. Although 
details of the exact arrangement remain to be 
determined, a contractcd intralayer spacing in the 
outermost layer may explain these observations and 
is consistent with previous findings on Au(100) 
reordered surfaces. 

During exposure to oxygen, sample temperatures 
of 500°C or higher were required to promote 
chemisorption. and the amount adsorbed for a 
specific exposure increased with increasing 
temperature up to the maximum temperature 
employed, 800°C. The absence of any change in the 
LEED pattern and the relative si/.c of the oxygen 
Auger signal suggest that the coverage was much less 
than a monolayer. Thischcmisorbed oxygen could be 
removed by ion bombardment but not by heating to 
800° C. 

Calcium could be segregated to the surface by 
heating the sample above 500°C for many hours.and 
the quantity could be increased with heating time or 
increased temperature. More oxygen was observed to 
adsorb for a specific exposure at an elevated 
temperature when calcium was initially present than 
on the clean surfacc. Moreover, the amount of 
calcium segregating at the surface at a specific 
temperature increased when the sample was 
simultaneously exposed to oxygen. Thus, it appears 

that not only does calcium increase the rate of oxygen 
adsorption, but it segregates at the surface, bound in 
a complex that involves adsorbed oxygen. 

1. Summary of paper to be published. 
2. D. (i. Fedak and N. A. (ijostein. Acta A/elall. 15,827(1967). 
3. M. A. Chcswrs am) O. A. Soroorjai. Surf. Sci. 52.21 (1975). 
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INTERACTION OF OXYGEN WITH 
CLEAN REORDERED Au (110) 
D. M. Zehner ' J. F. Wendelken 

Previous investigations of Au (100) surfaces have 
revealed that the atomic arrangement in the outer-
most reordered layer can be ordered to the normal 
array by bombarding the reordered surface with an 
oxygen ion beam.' Recently, similar attempts have 
been made to convert the reordered Au (110) surfacc 
to the normal atomic arrangement. The LEED 
observations indicate that such an arrangement 
cannot be obtained via oxygen ion bombardment 
and that the resulting diffuse ( 1 X 2 ) pattern suggests 
surface damage due to the ion bombardment. Auger 
electron spectroscopy (AES) reveals a small oxygen 
signal arising from atoms imbedded during the 

'bombarding process. As observed following inert gas 
ion bombardment, a sharp, reordered ( 1 X 2 ) pattern 
can be obtained subsequent to annealing the oxygen-
bombarded surface above 250°C. 

Clean Au (110) surfaces have been exposed to 
oxygen at pressures to I0"3 Pa for several hours and 
over a temperature range from 22 to 500°C. No 
changes have been observed in the LEED pattern 
following such exposures, nor has any adsorbed 
oxygen been detected with AES. 

Figure 2.22 illustrates two possible models of 
the atomic arrangement present on the clean re-
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ordered surface.The LEED intensity profiles and 
positive ion-scattering measurements, which are 
presently being performed, should provide the data 
needed to' establish the correct geometric configu-
ration in the surface region. 

I. D . M. Zc'-ner and J . F. Wendclkcn, Solid Stale Div. Amiu. ' 
Prt>K. Hep. Dee. 31. 1975, OR N 1.-5135. p. 39. 

CHARACTERIZATION OF Au (100) 
REORDERED AND "NORMAL" SURFACES 

VIA LEED, AES, AND ELS 

J. F. Wendelken D. M. Zehner 

Unlike most metals, certain clean crystallographic 
faces of gold, platinum, and iridium have equilibrium 
surface geometries at room temperature which arc 
different from the underlying bulk layers. Previously, 
we determined a procedure for converting the 
reordered Au (100)-(5 X 20) surface to the "normal" 
Au (100)-(1X1) surface via oxygen ion bom-
bardment. ' The AES measurements usinga retarding 
field analyzer indicated no oxygen or other impurities 
present after the oxygen ion bombardment. More 
sensitive measurements have since been made using a 
cylindrical mirror analyzer, and these measurements 
indicate the presence of approximately 0.001 
monolayer of oxygen following the bombardment 
treatment. We have also found that the conversion to 
the (I X 1) surface may be effected using either carbon 
monoxide or nitrogen ion bombardment. As with 
oxygen ion bombardment, a small quantity of the 
bombarding ion species is left as an impurity in the 
surface. 

The (1X1) surface, which is formed after any of 
the ion bombardment treatments, is metastable. 
Heating the (1 X 1) surface to 100°C causes a rapid 
and complete conversion to the equilibrium (5 X 20) 
surface structure. The level of impurities following 
this thermal conversion is essentially unchanged 
except in the case of nitrogen, which is completely 
removed by heating. This indicates that the im-
purities which result from ion bombardment are not 
sufficient in themselves to stabilize the ( 1 X 1 ) 
structure. 

It has recently been shown with ultraviolet 
photoelectron spectroscopy (U PS) that the electronic 
structures of Pt(100)2 and Ir(100)3 normal surfaces 
each differed substantially from their reordered 
counterparts. We have used electron energy loss 
spectroscopy (ELS) to examine the dependence of 
the Au(100) electronic structure on the surface 

ORNL—DWG 7 7 - 9 4 6 2 

Fig. 2.23. Electron energy loss measurements for (a) clean A u 
(100)-(5 X 20) surface, {b) Au (100)-(1 X l)surface produced by 
oxygen ion bombardment, and (c) A u (100) - (5 X 20) surface 
produced by heating surface " b * above 100°C. 

geometry. Figure 2.23 shows the ELS data obtained 
with a primary beam energy of 500 eV using the 
[dn(E)/dE] mode of data collection. Data in Figs. 
2.23a and b are obtained from a clean (5X20) surface 
and from a (1 X 1) surface produced by oxygen ion 
bombardment respectively. Energy losses at 8.5 eV 
and 14.7 eV are more pronounced for the (I X 1) 
surface structure. Figure 2.23c shows the loss profile 
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obtained from the (5 X 20) surface following thermal 
conversion of the oxygen-ion-bombarded (I X I ) 
surface and having the same trace contamination of 
oxygen as that in the (1 X 1) surface. This profile is 
almost identical to that obtained with the clean 
(5 X 20) surface; hence, it is the surface structure and 
not the presence of oxygen that is responsible for the 
apparent differences in electronic structure. The ELS 
profiles taken after carbon monoxide or nitrogen ion 
bombardment show essentially the same results. The 
unambiguous interpretation of these loss features is 
very difficult, though we can say that the losses at 8.5 
eV and 14.7 e V are associated with the surface. This is 
consistent with a small but increased sticking 
coefficient for oxygen which we have observed for the 
Au (lOO)-(lXl) surface relative to the (5X20) 
surface. 

1. D. M. Zchncr and J . F. Wcndelkcn, So! it I Stan- Div. Anntt. 
Prog. Hep. Dec. J!. 1975, ORNL-5135, p. 39; J . F. Wcndelkcn and 
D. M . Zehner. Surf. Sci. (to be published). 

2. H. I'. Hon/el. C. R. Helms, and S. Kcleman, Phvs. Kev. Lett. 
35.1237 (1975). 

3. T. N. Rhodin and G. Brudcn. Surf Sci. 60. 466 (1976). 

ANGLE-RESOLVED L^VV AUGER 
ELECTRON EMISSION FROM SULFUR 

ADSORBED ON A Cu (100) SURFACE 

J. R. Noonan D. M. Zehner 
H. L. Davis L. H. Jenkins 

The predominant use of Auger electron spec-
troscopy has been to determine the elemental 
constitution of a surface. However, the emitted 
Auger electron intensity distribution contains 
significantly more information than element iden-
tification. For example, the angle-resolved intensity 
distribution reflects not only anisotropy of the 
atomic emission process but also diffraction of the 
emitted electron from neighboring atoms.1,2 By 
examining the angle-resolved Auger electron inten-
sity distribution from an adsorbate on a surface, one 
could possibly identify site locations of adsorbate 
atoms. In order to assess the validity of this 
hypothesis, the angle-resolved Lj,3 W Augerelectron 
emission from sulfur adsorbed on a Cu (100) surface 
is being experimentally measured, and the data are 
compared with model calculations similar to those 
applied to angular-dependent Auger spectroscopy 
(ADAS) of the clean copper surface.2 

Patterns obtained by LEED show that exposure of 
a Cu (100) surface to as little as 1.6 mPa-sec of H2S 
produces a (2 X 2) sulfur overlayer pattern that 
corresponds to a quartcr-monolayer coverage at 
saturation. The preliminary data suggest that the 
copper surface does not reconstruct upon exposure 
to sulfur, but rather that the sulfur atom is on the 
surface, possibly in the fourfold hole site. Further 
comparisons between data and model calculations 
are being performed, and better adsorption site 
identification will be established. 

1. J . R. Noonan, D. M. Zchncr, and L. H. Jenkins. J. Vac. SciJ 
Techno!. 13. 183 (1976). 

2. H. L. Davis and T . Kaplan. Solid Stale Commun. 19. 595 
(1976). 

ANGLE-RESOLVED U W AUGER 
EMISSION SPECTRA FROM Cu (100)1 

J. R. Noonan D. M. Zchner 
L. H. Jenkins 

The angle-resolved copper L}VV (920 cV) Auger 
electron emission intensity distribution from a clean 
Cu (100) surface has been measured. The data have 
been collected as the peak-to-peak intensity of the 
LiVV Auger peak in the N'(e) electron spcctrum 
using a Faraday-cup retarding field analyzer which 
had a 0.004 str acceptance angle (60 mil aperture). 
The 920-eV transition intensity distribution shows 
pronounced structure along several crystallographic 
directions (Fig. 2.24). The data are plotted as the 
relative intensity of the Auger peak as a function of 
polar angle 0 along the [001] direction. Interestingly, 
the major structure aligns with several prominent 
low-index directions. For example, the peak at d = 0° 
is coincident with the [100], while the peaks at 0 = 26 
and 45° are quite close to the [210] and [110] 
crystallographic directions, but the maximum at 0 = 
10° cannot be identified with a unique axis because it 
is near several low-index directions. 

Alignment of the angular intensity distribution 
with prominent crystallographic directions suggests 
that electron diffraction (i.e., channeling) represents 
the dominant mechanism in producing the angular 
intensity distribution of the copper LjVV Auger 
transition. Comparison of the data with previously 
reported angle-resolved data further reinforces this 
deduction.2,3 The many similarities between the 
intensity maxima and the maxima in the angle-
resolved photoejected sodium 2s electrons andi-the 
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sodium KLiLz Auger electrons from NaCl and the 
photoejected 4/ electron from gold show that 
variations in emission character of the high-energy 
electrons play secondary roles in producing the 
intensity distribution measured in vacuum. In 
contrast to previously measured angle-resolved 
Auger electron emission at low energy (~100 eV) 
where both initial-state effects and multiple-
scattering mechanisms must be considered,4 the 
predominant features of angle-resolved higher 
energy (~1 keV) Auger transitions appear to be 
explained by electron channeling. 

1. S u m m a r y of paper: Physics Letters (in press). 
2. C. S . Fadley a n d S .A.L . Be rgs t rom, Phys. Lett. 3 5 A . 375 

(1971). 
3. K. S iegbahn et a l . . Phys. Lett. 3 2 A . 221 (1970)... 
4 . H. L. Davis and T h e o d o r e K a p l a n , Solid State Common. 19, 

595 (1976). 

LINE SHAPE ANALYSIS OF COPPER 
. AUGER SPECTRA 

D. M. Zehner J. R. Noonan 
H. H. Madden1 

Information about the Auger process, including 
details of the matrix elements involved, in principle 

can be obtained by determining the true Auger 
transition line shape. Moreover, because of the small 
mean-free path, the line shape of those Auger 
transitions in which valence band electrons par-
ticipate should provide details about the band 
structure (electronic structure) at the surface of a 
solid. However, the conventionally measured Auger 
line shape differs from that of the true line shape 
because of instrumental resolution limitations, the 
occurrence of discreet electron-loss events, and the 
existence of a smoothly varying secondary electron 
background resulting from higher energy electron 
cascades within the solid. Recently, we have 
attempted to obtain true Auger line shapes foi several 
Auger transitions from copper by employing a 
procedure which provides for the removal of the 
distorting effects.2 

The treatment of the measured data proceeds in the 
following fashion. Because the secondary electron 
background resulting from higher energy electron 
cascades is generally smoothly varying in the region 
of interest, it can be analytically modeled and thus 
removed. The discreet electron-loss processes are 
removed by assuming that a reasonable approxima-
tion to this loss function can be obtained by 
measuring the backscattered energy spectrum of an 
electron beam incident on the sample with an energy 
near that of the Auger transition of interest. Because 
both this function and the measured Auger line shape 
are obtained with the same instrument, the subse-
quent deconvolution of the two not only removes the 
loss structure from the line shape but also removes 
instrumental distortions. The resulting line shape is 
then assumed to be a good approximation to the true 
Auger line shape. 

The deconvolved line shapes of the three most 
intense Auger transitions originating in copper are 
shown in Fig. 2.25. While the highly resolved LjVV 
line shape has been obtained previously in photo-
excited Auger measurements, the line shapes of both 
the Mi^VV and M\VV transitions have not been 
reported in this form before. A comparison of the 
LyW line shape presented here with those obtained 
previously shows excellent agreement within the 
resolution capability of the instrument used, that is, 
about 0.4%. Since the A/2,3 W line shape contains 
transitions originating in either the Mi or M3 core 
levels, which are split by about 2.5 eV, these separate 
line shapes overlap each other as seen in Fig. 2.25. 

Because all measured transitions involve the 
participation of two valence band electrons, the 
widths of the true line shapes should be ap-
proximately twice the valence bandwidths as shown 
in Fig. 2.25. The final state configuration for each 
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Fig, 2.25. Deconvolutcd copper Auger eleciron line shapes. 
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Fig. 2.26. Comparison of copper Mi, j W deconvoluted Auger 
electron spectrum (solid curve) with calculated line shape (dashed 
curve). 

transition contains two holes in the valence band; 
thus a simple density-of-states model would suggest 
that all measured line shapes should be the same. An 
examination of Fig. 2.25 shows this not to be the case 
and more importantly reveals sharp, narrow features 

in each line shape. Previous interpretations of the 
L i W line shape have suggested that the sharp 
structure is indicative of a quasi-atomic transition in 
which the two final state holes arc localized on the 
atom, thus exhibiting little solid slate effects. The 
similar sharp features in the A/2..1 KK and A/iKKline 
shapes would suggest an analogous interpretation for 
these spectra. 

Supporting evidence for this interpretation comes 
from an examination of Fig. 2.26, which shows a 
comparison of the measured VV line shape with 
results of a calculation in which the surface band 
structure and atomic transition matrix elements were 
employed.3 While there is some agreement in overall 
width, the sharp leatures arc not reproduced in the 
calculated results. This may arise because of the 
neglect of the two-hole interaction energy in the 
calculation. Thus it appears that there are some 
quasi-atomic features in all of the line shapes, and an 
understanding of this phenomenon is presently being 
sought. 

1. Sundia Laboratories. Albuquerque. N.M. 
2. 11. H. Madden and .1. E. Houston. . / . Appl. I'hys. 47. 3071 

(1976). 
3. I'. .1. Feibelman and I:. J. Mt-Guire. Physical Review li( to be 

published). 

HIGH-RESOLUTION ELECTRON 
ENERGY LOSS SPECTROSCOPY 

J. F. Wendelken 

A program of high-resolution electron energy loss 
spectroscopy studies with clean and adsorbate 
covered metal surfaces has been initiated. In 
particular, measurements will be made of the 
vibrational energies of well-ordered adsorbatcs on 
single crystal substrates. Such measurements arc 
made by observing the discrete energy losses (50 to 
500 mcV) that occur when a low-energy (10 to 50 eV) 
electron beam cxcitcs an adsorbate vibrational mode 
in the process of inelastic diffraction from the 
surface. Knowledge of these vibrational energies may 
be used to help determine the adsorbatc-substrate 
bonding geometry.1 Preparations are underway fora 
study of the vibrational spectrum of oxygen adsorbed 
on Cu(110) which will complement the detailed 
LEED measurements currently in progress on this 
same system and which will also be analyzed for 
structural information. 

These studies will utilize a high-resolution low-
energy electron diffractometer initially built at the 
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Fig. 2.27. Schematic of high-resolution low-energy electron diffractometer. The monochromator is to the left and the electron enerpy 
analyzer is to the right. 

University of Illinois2 and recently modified at 
ORNL. Figure 2.27 is a schematic drawing of the 
instrument. Double-pass 127° electrostatic energy 
selectors are used in both the monochromator and 
the energy analyzer. With an electron pass energy of 
about 1.5 eV, a resolution of 30 meV may be 
obtained. By operating at a constant pass energy, the 
resolution remains constantand is independent of the 
electron beam energy (5 to 450 eV), which is 
controlled through a series of lenses. The angular 
divergence of the electrons is limited to 1° by 
collimators on the monochromatorand the analyzer. 
Angular studies are allowed by rotation of the 
monochromator and the analyzer about a common 
axis 6 and by rotation of the target about a 
perpendicular axis <j>. The target may be cooled to 
85 K by means of a flexible strap connection to a 
liquid nitrogen reservoir. To prevent magnetic fields 
from disturbing the trajectories of the very low-
energy electrons used in this system, the system is 
enclosed in a three-layer magnetic shield which 
reduces the field to less than 2 mG. The diffrac-
tometer with magnetic shielding is contained inside a 
stainless ultrahigh vacuum system to maintain the 

. clean conditions required for surface studies. 

SPUTTERING OF NIOBIUM BY 
ENERGETIC NEUTRONS AND PROTONS: 

A ROUND-ROBIN EXPERIMENT1 

R. Behrisch2 

O. K. Harling3 

M. T. Thomas4 

R. L. Brodzinski4 

L. H. Jenkins 
G. J. Smith5 . 
J. F. Wendelken 

M. J. Saltmarsh 
M. Kaminsky7 

S. K. Das7 

C. M. Logan8 

R. Meisenheimer8 

J. E. Robinson9 

M. Shimotomai9 

1. S. Andersson. Solid State Commun. 21. 75 (1977). 
2. J . F. Wendelken and F. M. Propst , Rev. Sci. lustrum. 47, 

1069(1976). 

D. A. Thompson' 

This paper presents the results of a round-robin 
neutron-sputtering experiment in which six indepen-
dent research groups have participated. Targets of 
cold-rolled niobium prepared by two standard 
techniques were used by all participants. Three 
participating groups used (d,t) neutrons of about 14.8 
MeV, one group used (d,Be) neutrons produced by 
40-MeV deuterons on a thick beryllium target, and 
two groups used 16-MeV protons in transmission. 
The emission of micrometer-sized particles was 
observed by two groups and not observed by the 
other four. This particle emission was observed by 
two of the groups who used (d,t) neutrons in their 
irradiations. Chunk emission was observed for only 
one of the two standardized target types used in the 
round robin.'The round-robin results support the 
concept that the neutron-sputtering yield of niobium, 
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including atomic and chunk emission, has an 
estimated probable value no larger than 10 4 atoms 
per neutron. However, sputtering yields in the range 
of i.4X 10"5 to less than approximately 2.6X 10"3are 
reported here. The probable value for the sputtering 
yield was found to be independent of the two target 
preparations and the method of analysis, whether or 
not chunks were observed. 

1 
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' 1. Abs t rac t of paper : Journal of Applied Physics (in press). 
2. M a . v P l a n c k - l n s t i t u t fur P l a smsphys ik , Garching , G e r m a n y . 
'3. Massachuse t t s Inst i tute of Techno logy , C a m b r i d g e . Mass. 
4. ISutlclle Pacif ic Nor thwes t Labora to r i e s . R ich land . Wash . 
5. Brook haven Nat iona l L a b o r a t o r y . Up ton , Long Is land. N.Y. 
6. Physics Division. O R N L . . 
7. A r g o n n e Nat ional Labora to ry , A r g o n n c , 111. 
8. Lawrence L ivermorc L a b o r a t o r y . L ivermorc , Cal i f . 
9. M c M a s t c r Universi ty, H a m i l t o n , O n t a r i o , C a n a d a . 

DEFECTS A N D IMPURITIES 
IN INSULATING CRYSTALS 

INFRARED SPECTRAL PROPERTIES 
INTiOzOF HYDROGEN, 

DEUTERIUM, AND TRITIUM' 

J. B. Bates R. A. Perkins2 

A defect associated with hydrogen is known to 
have an important effect on the electrical and mass 
transport properties of rutile. Key questions regard-
ing the structure of this defect and its interaction 
with the host lattice remain unanswered, even though 
several spectroscopic investigations of hydrogen and 
deuterium inTi02 have been reported.Thegoal of our 
studies is to develop a model of the hydrogen-
associated defect in TiO;> which is consistent with 
spectroscopic results and with diffusion data. 

The specimens of Ti02were disks about 1.5 mm 
thick cut from large single crystal boules (National 
Lead Co.). The OH" content was sufficiently high for 
the intended study, and the as-received material was 
used without further treatment with H2. Samples of 
Ti02containing deuterium or tritium were prepared 
by heating a disk encapsulated 'with D2 or T2 in a 
quartz ampoule at about 800 K for several hours, 
followed by heat treatment in O2 to restore the 
transparency of the disk. The infrared spectra were 
recorded with a Fourier transform (interferometric) 
spectrometer (Digiab Model FTS-20). The 
theoretical resolution was 1.0 cm"1 for the 
measurements at 300 K and 0'5 cm"1 for the 
measurements at 77 and 8 K. 

3310 3300 3290 3280 3270 3260 

1 1 

TiOgID 

1 1 

2470 2460 2450 2440 2430 2420 

2095 2085 2075 2065 
FREQUENCY (cm-1) 

2055 2045 

Fig. 2.28. Infrared .bands of OH" , OD" , and OT" in T i 0 2 
recorded at 77 K. / 

The results obtained^ from the infrared 
.measurements of the Ti02:H, Ti02:D,'and Ti02:T 
samples are illustrated in Fig. 2,28. In this figure, the 
spectrum of each sample was expanded to fill the 
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Table 2.3. Frequencies (v), bandwidths (6)," and integrated intensities (A)^ 
of the OH", OD" bands in T i 0 2 : l l , T i 0 2 : D , and T i 0 2 : T respectively 

T i 0 2 : l l a t T i O j : D a t T i 0 2 : T a t 

300 K 7 7 K T K 300 K 7 7 K 8 K 300 K 7 7 K 8 K 

v . c m " 3276 3286 3286.5 2437 2445 2445 2065 2071 2070.5 

6, c m " 20.0 7.0 7.0 8.0 1.90 2.0 4.5 1.00 1.2 

A, c m - 1 1.42 1.51 1.5 1 2.65 1.89 1.67 0.04 0.11 0.09 

°Full width a t one-half band maximum. 
Values of / log [( /o/ / (") l dv where Io is the baseline transmission and /(i>) is the transmission at frequency v. 

ordinate sealc. The measured peak frequencies, 
bandwidths (full width at one-half band maximum), 
and integrated intensities of the OH", OD",and OT" 
bands at the three temperatures arc given in Table 
2.3. 

The model giving the best agreement with the 
frequencies listed in Table 2.3 is the anharmonic 
diatomic oscillator. Based on this model, the energy 
levels of OT" arc given by 

GU") = wov - cuoXoV2 , 

where v is the vibrational quantum number. The 
constants coo and .ro were derived from the OH" and 
OD" frequencies for a given temperature. The. 
calculated OT" frequencies for the fundamental 
mode were Cj(l) = 2064 cm"1 at 300 K and Go(l) = 
2070 cm"1 at 77 and 8 K.. These values agree nearly 

, within experimental error with the observed OT" 
frequencies listed in Table 2.3. 

The integrated band intensities and previously 
' determined3 absorption coefficients for OH" and 

OD" in Ti0 2 were used to calculate the absorption 
; strength per ion for OT" defined by at= A/tnt, where 

t is the sample thickness and « T is the number of OT" 
ions per cubic centimeter. The calculated value, gt = 
9.24 X I0"18 cm, can the_n be used to determine «r 
from a measurement of A and t. TheTi02:T sample 
measured in this study was found to contain 2.3 X 
1016 ions of OT" per cubic centimeter. Liquid 
scintillation counting of the same sample found 4.3 X 
1016 ions of total tritium per cubic centimeter. The 
source of the discrepancy between the two values is 
not certain at present. One can speculate that the 
total tritium counted includes unreacted T or T2 in 
the T i 0 2 lattice, so that it is not surprising that «T 

determined by this procedure is higher than nT 

determined from the infrared data, since the latter is a 
measure of the concentration of OT" alone. 

The mean square displacement of OH", OD", and 
OT" in T i0 2 has been calculated because these 
quantities provide a direct measure of the localized 
motion of the respective ions and their interaction 
with the surrounding latticc. The quantities 
calculated from an anharmonic potential arc about 
14% larger than the quantities derived from the 
harmonic approximation. The qualitativeagrccmcnt 
between the ratios of the mean square displacements 
and the infrared bandwidths indicates that phonon 
scattering is an important contribution to the 
infrared bandwidths. However, the ratios of the 
widths measured at two temperatures for the same 
ion suggest that decay of the local-mode vibrational 
excitation into multiphonons of the host latticc 
(perhaps a decay into a phonon continuum) is 
predominantly responsible for the bandwidths. 

1. Summary of paper: Physical Review (in press). 
2. Metals and Ceramics Division, ORNL. 
3. O. W. .Johnson. J . DcFord. and J. W. Shaner. J. Appl. Phys. 

44, 3008 (1973). 

V AND V° DEFECTS INSrO' 

J. Rubio O.2 Y. Chen 
H. T. Tohver3 M. M. Abraham 

Positive-ion vacancies in the alkaline-earth oxides, 
both intrinsic and impurity compensated, have been 
of immense interest since their identification many 
years ago.4 Recently, some fundamental aspects of 
the formation mechanism for the intrinsic F"and 
defects (positive-ion vacancy with one and two 
trapped holes respectively) in MgO have been 
elucidated.5'6 While the paramagnetic V center has 
been identified unequivocally in MgO and CaO,5"7 

its identity in SrO has been questionable, since 
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centers with different parameters have been proposed 
as the V' center. It has been conclusively shown that, 
for MgO, the production of V centers depends on 
the presence of hydrogen in the crystal.5,1 Assuminga 
similar dependence in SrO, crystals were grown with 
intentional hydrogen doping. (The same technique 
has been used successfully to produce V centers in* 
CaO.7) 

The V and def'ccts were detected alter a short 
gamma irradiation at 77 K in hydrogenated SrO 
crystals that had been previously irradiated with 
high doses of either neutrons, electrons, or gamma 
rays. Electron-paramagnctic-resonance (EPR) 
measurements showed that the V c e n t - e x h i b i t s 
<IOO> axial symmetry at 77 K.charact.rizcd bK#!,= 
2.0013(2) and g. = 2.0705(2). At 270 K, the spectrum 
consists of a single, thermally averaged isotropic line 
at g = 2.047( 1). An extensive ENDOR search at 4.2 K 
revealed no charge-compensating impurities 
associated with this center. The V{) center also 
displays (100) axial symmetry at 77 K with the 
following parameters: S = I, = 2.0012(2), gi = 
2.0748(2), and D= 127.05(5)X 10"4cm"'.Theabsence 
of V" signals at 4.2 K established that the S= 1 triplet 
state is an excited state. At about 210 K, the K" 
centers begin to d,;cay into the more stable V center 

ORNL-DWG 76-13901 

Fig. 2.29. Concentration of trapped-hole centers in SrO as a 
function of annealing temperature following gamma irradiation at 
77 K. The solid line represents a crystal previously irradiated with 
"7Cs gamma rays at room temperature to about 9 X 10* R.The 
dashed line represents a crystal previously irradiated with about 
1.4 X lo " neutrons/cm2. 

(Fig. 2.29). The latter has a room-temperature half-
life of about 25 min. 

Our identification of the V center in SrO is 
supported by the motional averaging of the EPR 
spectra at high temperatures and by the failure of 
ENDOR to detect any associated magnetic im-
purities. The production of the center and its 
observed decay into the V center lend further 
credence to this identification. Of considerable 
importance is the fact that we succeeded in producing 
the V center in SrO only in crystals intentionally 
doped with hydrogen. This was also true in CaO.6 It 
was demonstrated previously5,6 that in MgO the V~,m 

center, described by the configuration OH"— (Mg 
vacancy) — O2", is a necessary precursor of the V 
center. We suggest that the same formation 
mechanism is true in CaO and SrO. 

1. Summary <il paper: I'hys. Rev. II 14, 54Mi (1976). 
2. Graduate student Iroin Univcrsidad National Autonomy dc 

Mexico. Mexico. D.I-. 
3. On lca\e I mm the University ol Alabama. Birmingham. 
4. .1. I:. Wert/ et al.. Discuss. i-uruilay Sue. 28, 13ft (1959). 
5. Y. Chen el al.. I'livs. Rev. II I I , SKI (1975). 
6. Y. Chen and M. M. Abraham. AVir Phys. 15, 47 (1975). 
7. M. M. Abraham el al.. Snliil Stale Cuniniiiii. 16, 1209(1975) 

and tclcrcnccs cited therein. 

DEFECTS IN HYDROGENATED SrO1 

M. M. Abraham Y. Chen J. Rubio O.2 

The paramagnetic Von and Vv defects generated 
by gamma-irradiation at 77 K have been observed in 
hydrogenatcd SrO crystals. At low temperature, 
EPR and ENDOR measurements were performed to 
identify the impurity nucleus associated with these 
defects. In both cases, the defect is axially symmetric 
about a crystalline < 1 0 0 > axis. An analysis of the 
anisotropic hyperfine coupling constants of these 
centers in MgO, CaO, and SrO shows that there is an 
approximate linear dependence between the distance 
from the trapped hole (oxygen-fluorine for the Vv 

and oxygen-oxygen for the Km) and the crystal 
lattice parameter. A complex structure in the vicinity 
of g = 2, probably due to aggregate defects, was 
shown to be associated with hydrogen. 

1. Summary of paper: Phys. Rev. B 14, 2603 (1976). 
2. Graduate student from Universidad Nacional Autonoma de 

Mexico, Mexico D.F. 



ENDOR OF VOD DEFECTS IN SrO 

J. L. Boldu1 Y. Chen 
H. J. Stapleton2 M. M. Abraham 

Single crystals of SrO doped with deuterium were 
grown by the submerged arc fusion technique. The 
Kon center was produced by gamma-irradiation at 
77 K, and its identity was determined by EPR and 
EN DOR measurements. The angular variation of the 
deuterium ENDOR spectrum (Fig. 2.30) illustrates 
the characteristic < I 0 0 > axial symmetry of these 
defects, and the spectrum was fit with the following 
spin Hamiltonian parameters: gii = 2.0013(2), g i = 
2.0751(2), A\\ = +0.396(2) MHz, A± = -0.195(2) 
MHz, and P = +0.158 MHz. From the hyperfine 
parameters, a value of 5.08 A for the OD~—Sr 
vacancy—O" distance in this linear defect can be 
computed. Since the normal oxygen spacing in SrO is 
5.16 A, this implies that an inward relaxation of the 
oxygens occurs on formation of the defect. An 
inward relaxation is contrary to all previously 
observed cases of Vou and Van defect formation in 

cwnl-0w6 7 7 - 5 , j l 

Fig. 2.30. Angular variation in the {100} plane of the ENDOR 
for the SrO; Kod center. 

the alkaline-earth oxides, where outward distortions 
from the normal lattice spacings occur. 

1. Graduate student from Universidad Nacional Autonoma dc 
Mexico, Mexico D.F. 

2. On leave from the University of Illinois, Urbana. 

RAMAN SCATTERING FROM 
F CENTERS IN CaO 

J. B. Bates R. F. Wood 

First-order Raman scattering is formally for-
bidden in ciystals with the rock-salt structure, such as 
the alkaline-earth oxides. However, the prcscncc of 
substitutional impurities or defects destroys the 
translational symmetry, and first-order scattering 
from modes involving displacements of the ions of 
the host lattice in the vicinity of the defect can be 
observed. The F centcr in CaO consists of two 
electrons trapped at an O2" ion vacancy. The optical 
properties and electronic structure of thisdefcct have 
been well characterized in previous experimental1"3 

and theoretical studies.4,5 The absorption band is 
centered at 3.1 eV and has a half-width of ap-
proximately 0.5 cV; it arises from an allowed 
transition, — '7"i„. 

Raman spectra of additively colored CaO crystals 
containing F centers were recorded at 10 K using 
exciting lines at 457.9, 488.0, and 514.5 nm. The 
relative intensities of the spectral features and 
especially sharp structure at 330 and 315 cm"1 are 
dependent on the wavelength of the exciting line. 
This dependence may arise from a resonance Raman 
effect, since the higher-energy exciting lines fall well 
within the broad optical band of the xA\g — '7"iu 

transition. Although the 514.5-nm line is within the 
wings of the optical band, the spectra obtained with 
this line are in agreement with the calculated spectra, 
which do not include resonance. 

Theoretical calculations for the off-resonance case 
were carried out using methods described elsewhere.6 

The perfect crystal eigenfrequenciesand eigenvectors 
were generated using the shell model data of 
Saunderson and Peckham.7 Reasonably good 
agreement with the experimental data was achieved 
with the various symmetry projections of the perfect 
crystal density of states, thus suggesting that there a(re 
only small force constant changes when the FcentOr 
replaces an O2" ion. The calculations showed that it is 
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necessary to include polarizability derivatives for 
both first (Ca2') and second (O2") neighbor ions of 
the defect in order to fit the experimental data at all 
frequencies. 

1. W. C. Ward and E. B. Hensley. I'hys. Rev. 175, 1230(1968). 
2. U. Henderson. Y. Chen, and W. A. Sibley, Phys. Rev. II6, 

4060 (1972). 
3. J. B. Bates and R. F. Wood. Phys. Leu. 49A, 389 (1974); 

Solid State Comnnm. 17, 201 (1975). 
4. R. )•. Wood and T. M. Wilson. Solid State Commun. 16,545 

(1975). 
5. R. F. Wood and T. M.Wilson. Phys. Rev. li 15, 3700 (1977). 
6. R. !•". Wood. p. 119 in Methods in Computational Physics, 

vol. 15. ed. by Ciideon Gilat, Academic Press, New York. 1976; see 
also R. I-". Wood and Mark Mostollcr, "First-Order, Induced 
Raman Scattering from Impurities," this report. 

7. IX II. Saunderson and G. E. Peckham../. I'hys. C4, 2009 
(1971). 

Vk CENTERS IN RbCaFs: 
LATTICE DISTORTION IN THE 

TETRAGONAL PHASE1 

L. E. Halliburton2 E. Sondcr 

Intrinsic VK centers have been produced in single-
domain RbCaF3 crystals by electron irradiation at 77 
K. The twisting of the CaF6 octahedra about the 
tetragonal axis asa result of the 196 K phase change is 
readily detected in the Vk center EPR spectra. 
Analysis of these spectra required dividing the six 
distinct VK center sites on a given octahedron into 
two classes and determining the spin Hamiltonian 
parameters independently for each class. 

1. Summary of paper: Solid Slate Commun. 21, 445 (1977). 
2. Oklahoma State University, Stillwater. 

RADIATION-PRODUCED DEFECTS 
IN NaMgF3 AND RbCaF3 

STUDIED BY OPTICAL ABSORPTION1 

J. R. Seretlo2 J. J. Martin3 E. Sonder 

Optical-absorption bands produced by electron 
irradiation of the compounds NaMgF 3 and RbCaF3 

were measured as a function of-radiation dose, dose 
rate, and temperature. The band positions, growth 
rates, and stabilities were compared with correspond-

ing absorptions in alkali haiides and KMgF3 , 
permitting the bands observed in NaMgF 3 to be 
allribuled, respectively, to self-trapped holes, F-type 
centers, or interstitial defects. The results for RbCaF3 

were not as closely analogous with the behavior of 
alkali haiides. Nevertheless the results for both 
compounds clearly showed that defect production by 
a radiolysis mechanism was taking place. Since 
NaMgF3 is orthorhombicand RbCaF3changes from 
cubic to tetragonal as the temperature is lowered 
below 198 K. and since their radiation behavior 
exhibited no effect whatsoever due to these structural 
differences, the results imply that a replacement 
collision along close-packed < 1 1 0 > halide rows, an 
occurrence that has long been assumed to be 
necessary for radiolysis, may not in fact be necessary 
for defect production. 

1. Summary of paper: I'hys. Rev. H 14, 5404 (1976). 
2. Fulbright Hayes Scholar from University of Fort Hare, 

South Africa. 
3. Oklahoma State University. Stillwater. 

CHARGE TRAPPING AND 
DIELECTRIC BREAKDOWN IN 

LEAD SILICATE GLASSES1 

R. A. Weeks D. L. Kinser2 J. M. Lee2 

When irradiated with beams of energetic electrons 
or gamma rays, many insulating glasses and plastics 
exhibit a spontaneous electrical discharge producing 
permanent patterns in the materials (Lichtenberg 
figures). In the case of inorganic glasses, this effect is 
neither observed in pure silicate, germanate, or 
phosphate glasses nor in their crystalline forms, and 
it has only been reported in mixed-oxide glasses with 
low alkali content. In a series of lead silicate glasses of 
composition (Pb0);<(Si02)ti-*), the effect is observed 
only for compositions where 0 0.40. Electron' 
microscopy of these glasses confirms the existence of 
microphase separation in the range 0.2 ^ .v ^ 0.5. 
Changes in electrical properties are related to these 
structural changes in the glasses. 

1. Summary of paper: p. 266 in The Physics of Non-Crystalline 
Solids, cd. by G. H. Frischat, Trans.Tech. Publ., Aldcrmannsdorf. 
Switzerland, 1977. 

2. Vanderbill University, Nashville, Tenn. 
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TEMPERATURE-DEPENDENT EFFECTS IN 
RESONANCE RAMAN SCATTERING FROM 

0{ IONS IN SODIUM CHLORATE1 

J. I). Bales 

The ozonidc ion, O3", is pioduced in alkali-metal 
chlorates by gamma irradiation at ambient 
temperature. Resonance Raman scattering from the 
symmetric stretching mode, i/),and its overtones, nv\, 
ofOi" in KCI OsandNaCIOjwas reported earlier.2 In 
a rccent study3 of the mctastablc oxygen center,O2*, 
in gamma-irradiated NaClOj, it was proposed that 
the first overtone of02*,2i>i ,andacomponentof3»>i 
of 0)~ arc accidentally degenerate, giving rise to the 
band at 3057 cm"1. The temperature dependence of 
resonance Raman scattering from 0 2 * and O f in 
NaClOj was investigated in an attempt to determine 
the relative contributions from these modes to the 
scattering at 3057 cm"'. It has been observed in these 
studies that, for one type of O3" ion, the scattering 
intensity of nv\ (n 2) increases dramatically with 
increasing temperature. 

Raman spectra of irradiated NaC103single crystals 
were lecordcd in the nv 1 (« 2) overtone regions of 
03 .The LO component of the host lattice coincides 
with v\, precluding direct observation of this mode. 
Measurements were made at sample temperatures 
from 20 to 100 K using laser exciting lines at X() = 
457.9 and at Ao = 488.0 nm. Temperature-dependent 

measurements were also made in the 1500 to 1700 
cm'1 region, which includes the fundamental of O2*. 
Sample temperatures, denoted b> Tla, were deter-
mined from the .Stokcs:anti-Stokes scattering inten-
sity ratio for the 140 cm"1 A phonon of the NaClOj 
lattice. Depending on the sample, Tsa was 5 to 15 K 
higher than the temperature indicated by a sensor 
located near the sample. The effectively higher sample 
temperature is due to absorption of the incident laser 
beam by the color centers in the irradiated crystal and 
to radiation-induced microscopic fractures, which 
inhibit heat conduction from the illuminated portion 
of the crystal to the cold finger. The incident laser 
power was kept at 90 mW or lower during all 
measurements to minimize this heating effect. 

Examples of the Raman bands observed in the 
region of 2vu 3 n , 4 f 1, and 5f i at two temperatures 
arc shown in Fig. 2.31. The vertical bars marked R 
represent the peak heights (X |()'2) of the 936 cm 1 

band of the i>i mode of CIO)", which is used as an 
internal intensity standard. With the exception of 
2i>u two components arc clearly distinguishable in 
the overtone regions, and a third component is 
evident in the 4v\ and 5fi regions (and higher 
overtone regions not shown) at 20 K. As the sample 
temperature is increased, the intensities of the lowest 
frequency nm components increase rapidly. The 
increase in intensity of 2i>\ is accompanied by a shift 
from 2055 to 2050 cm"1, indicating that the iower 

Y- IRRADIATED NOCIOJ 
X t f 457.9 nm 

o r n l - o w g 77-6196 
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Fig. 2.31. Resonance Raman spectra in the region of 2vi, 3ei, 4ei, and 5vi of Oj" in gamma-irradiated NaClOj. The vertical bars R 
represent the peak height of the 936 cm"1 internal mode of NaClOj. 
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frequency component of the overlapping doublet (or 
triplet) becomes dominant at higher temperatures. 

Graphs of peak intensity normalised to the internal 
standard vs sample temperature using 457.9 nm 
excitation arc shown in Fig. 2.32. The 1544 cm"' 
curvc represents the temperature response ol the O 
fundamental, and the 3057 cm'1 curve represents the 
combined response of 2c of O:* and 3 o of O? . The 
behavior displayed by these curves and that of 2i>\ 
(2050 cm ') confirms that 2e and 3i'i are accidentally 
degenerate and that a determination of the fractional 
contribution to the intensity from both sources can 
be made from these data. The intensity of a weak 
band at 1645 cm 1 was also found to<incrca*c with 
increasing temperature. The origin of this band is 
uncertain, but it could be caused by the first overtone 
of the bending mode of O f , 2t>:. since v2 is known to 
be weakly coupled to the 2B\ ~ electronic 
transition. 

S/aCK) 

Fig. 2.32. Graphs of the intensity of Raman bands normalized 
to the internal standard vs sample temperature determined from 
Stokes:anti-Stokes scattering ratio. 

The observed increase in the intensity of 2im by 
more than a factor of 2 as the sample temperature 
changed from 35 to 65 K has been interpreted 
semiquantitative!}' by using a recent theoretical 
development in the effccts of line broadening on 
resonance Raman scattering.4 Using the displaced 
oscillator model and the Condon approximation, an 
expression for the Raman scattering intensity for 2m 
of O f , which included contributions from in-
tramolecular broadening and damping from 
molecule-lattice interactions, was derived from this 
theory. It was found that the observed relative 
intensity changes with temperature for 457.9 and 
488.0 nm excitation could be simulated by changing 
the relative values of the two damping factors while 
maintaining their sum constant. The sum of the two 
damping factors was fixed by fitting the calculated 
2/Ji — 2A2 band to the observed optical band2of O f . 

1. Summary of paper: Physical Review (in press). 
2. .1. H. Hates and .1. C. I'igg../. Chan. Phys. 62, 4227 (1975). 
3. J. H. Hates and H. I). Stidham. J. Client. Phys. 65, 3901 

(1976). 
4. A. I'. I'enner and W. Siebrand, Chem. Phys. I.ell. 39, 11 

(1976). 

INVESTIGATIONS OF 
DIVALENT EINSTEINIUM-253 IN 

SrChand BaF2 BY 
ELECTRON PARAMAGNETIC RESONANCE1 

L. A. Boatncr2 C. B. Finch4 

R. W. Reynolds3 M. M. Abraham 

The EPR spectrum of 253Es2" (5/11 electronic 
configuration) has been observed in the cubic single-
crystal hosts BaF2and SrCh. The spectrum obtained 
at about 24 GHz and at a temperature of 4.2 K. 
exhibited a well-resolved eight-line hyperfine pattern 
(/ = 711) for 233Es2t in both host crystals, as illustrated 
in Fig. 2.33. The magnetic field positions of the 
observed transitions were independent of the mag-
netic field orientation, but line width anisotropics 
were present. The EPR spectrum of 253Es2' was 
described by the spin Hamiltonian H = g / i a H - S ' + 
/IIS' , with S' = '/2, I = 7/2; g = 5.825(6) and A = 
0.1218(3) cm 1 for the BaF2 host;#=6.658(3)and A = 
0.1382(2) em"1 for SrCl2 . The significant difference 
between the measured g values for the two hosts 
indicates that the Es2* ground state is a doublet in 
BaF2 and a T7 doublet in SrCU- Although a similar 
change in ground states between BaF2 and SrC 12 has 
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Fig. 2.33. EPR spectrum of J , )Es !* in a StC I j single crystal at 
a frequency of 24 GHz and a magnetic field orientation H 1! 
<I00>. The spectrum is shown as a first derivative of absorption. 
The eight-line hypcrfine pattern isduc to the /='/? nuclearspin of 
"'Es. 

been observed for the rare earth analog of Es2' (i.e., 
Ho2' with a 4 / " electronic configuration), a cor-
responding effect is not necessarily cxpected for Es2' 
in view of the known importance of intermediate-
coupling effects in the actinidc scries. The observa-
tion of such a correspondence provides an additional 
example of the increasing "rarc-carth-like" behavior 
of the actinides with increasing atomic number. 

1. Summary or paper: Phys. Rev. II 13, 953 (1976). 
2. Ecole Polytcchniquc Fedirale de .'.ausanne, Lausanne, 

Switzerland. 
3. General Research Corporation, Hunlsvillc, Ala. 
4. Metals and Ceramics Division. ORNL. 

PHOTOVOLTAIC CONVERSION OF 
SOLAR ENERGY 

ELECTRICAL PROPERTIES STUDIES 
OF NEUTRON-TRANSMUTATION-DOPED 

SILICON 

R. T. Young J. W. Cleland R. F. Wood 

We have used Hall coefficient and van der Pauw 
techniques to determine the resistivity, carrier con-
centration, and mobility of neutron-transmutation-
doped (NTD) silicon. Minority carrier lifetime 
(MCL) was measured by the method of photo-
conductive decay (PCD). To study the lattice 
defects introduced by thermal neutrons, samples 
were irradiated in the thermal neutron facility (D2O 

tank) of the Bulk Shielding Reactor(BSR)ina locale 
where the total thermal neutron fluence was about 
lO4 times that of the fast-neutron (>1 MeV) fluencc 
so the separate effect of fast neutrons can be 
neglccted. The rate of removal of conduction 
electrons per thermal neutron absorption at reactor 
ambient temperature (^40°C), asdetermined by Hall 
coefficient measurements at —196°C, was about 5 
cm"1, which corresponds to the displacement of 
approximately 4 - 5 lattice atoms per thermal neutron 
absorption. Subsequent isochronal annealing ex-
periments showed the presence of distinct annealing 
stages at about 100 and 300° C and a complete 
recovery of the initial carrier concentration at about 
400°C. This annealing behavior is very similar to that 
observed for electron or gamma-ray-irradiated 
silicon and strongly suggests that the same point 
dcfccts, that is, Si-Ziand -A centers and divacancics, 
are dominant. 

The lattice damage introduced by fast neutrons 
(>1 MeV) is much more complex and is a function of 
the total fast-neutron fluence. Below a fast-neutron 
fluence of about 5 X lO18 neutrons/cm2 , the 
isochronal annealing results indicate that the silicon 
remains p-type after irradiation and annealing to 
450°C, that conversion to n-type occurs at 
500-600°C, and that full recovery of the donor 
concentration in N T D silicon requires annealing up 
to 750°C. Above fluences of about 5 X lO18 

neutrons/cm2 , the isochronal annealing results are 
different in that the silicon remains essentially 
intrinsic, with slightly n-type conduction and low 
carrier mobility, below approximately 600°C. Both 
the free-carrier concentration and electron mobility 
increase very rapidly on annealing above 600°C, and 
again full recovery requires annealing up to 750°C. 

Temperature-dependent Hall coefficient measure-
ments were made on selected samples to study the 
complex annealing behavior of fast-neutron-induced 
lattice damage and to determine the thermal 
activation energy of the majority carrier traps. 
Preliminary results indicate the presence of at least 
two deep acceptor levels, a deep donor level, and a 
shallow acceptor level that is formed during the 
annealing process. Because of the inaccuracy of the 
Hall effect measurement in determining the deep 
energy levels, the transient capacitance technique is 
currently being used. 

Minority carrier lifetime measurements, as ob-
tained by the P C D technique, indicate that recovery 
of the MCL is achieved after the deep acceptor and 
donor levels are removed by annealing. Samples 
irradiated to introduce ^101 5 phosphorus atoms per 
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c m ' in a rcactor locale with a large (>1000) thermal-
to fast-neutron ratio showed complete recovery of the 
MCL after annealing for 2 hrat 600°C. even though 
only 80-90% of the frcc-carricr concentration was 
restored at this annealing temperature. These data 
indicate that the shallow acceptor level observed in 
N T P silicon has little if any effect on the MCI- as 
observed by PCD. 

OPTICAL PROPERTIES S T U D I E S OF 
N E U T R O N - T R A N S M U T A T I O N - D O P E D 

SILICON 

R. T. Young R. F. Wood 
J. W. Cleland P. H. Fleming 

The infrared \1R) absorption spectra of NTD 
silicon is strongly dependent on the fast-neutron 
fluence to which the sample has been exposed. Figure 
2.34, which is a graph of IR transmission vs 
wavelength, shows three features. First, the absorp-
tion is so strong in the short wavelength (^3 / im) 
region that the more heavily irradiated samples (see 
Table 2.4) arc nearly opaque with absorption 
coefficients ^ 5 0 cm"1. The result that the observed 
transmission cutoff point shifts to longer wavelengths 
with increasing fast-neutron fluencc will be referred 
to as "band-gap narrowing." Second, the near-edge 
absorption extending from the fundamental band 
edge to longer wavelengths is clearly visible. Third, 
the 1.8-/im band associated with divacancies is not 
observed in more heavily irradiated silicon because of 
band-gap narrowing and near-edge absorption. 

N o irradiation-induced IR active centers were 
observed in the intermediate wavelength range 
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Fig. 2.34. The infrared transmission spectra of unirradiated 
silicon (I) and of silicon irradiated to different fast-neutron 
fluences (I1-V1I) as listed in Table 2.4. 

(5-15/ im) for a fast-neutron fluence up to 102u 

neutrons/cm2 , Single-phonon bands were observed 
at 488, 410, and 322 cm"1, with two additional weak 
bands at 545 and 525 cm"1 in the longer wavelength 
(15-50/xm) range, in measurements at both room and 
liquid-nitrogen temperature. Table 2.4 lists the 
absorption coefficients of the near-edge, divacancy 
( 1 . 8 p t m ) , and single-phonon (20.5 / j i t i ) absorptions 

Table 2.4. Production of infrared active ccnters in NTD silicon 

NTD phosphorus Fast neutron flucnce, Absorption coefficient (cm - 1 ) Divacancy 
Sample concentration neutrons/cm production rate 

(cm"3) OI McV) 1-8' im 3-0"m 20.5/im (cm-1) 

BSR-225-N 2 .0 X 1 0 1 4 5.0 X 1 0 1 5 0 .096 % a a 1.54 
BSR-1-CP15 2.0 X 1 0 1 3 3.4 X 1 0 1 6 0 .610 0.15 a 1.44 
BSR-5-CP15 1.1 X 1 0 1 4 1.9 X 1 0 1 7 3.67 0 .34 0 .15 1.55 
BSR-10-CP15 1.4 X 1 0 1 4 2.4 x 1 0 1 7 4 . 7 0 0 .42 • 0 . 2 0 1.57 
N B S R - 1 D 1.8 X 1 0 , s 1.2 X 1 0 1 8 10.8 0 .81 0 .49 0 . 7 2 
N B S R - 4 D 6 .7 X 1 0 , s 4 .8 X 1 0 1 8 5.3 1.34 0 .96 0 . 2 9 
NBSR-1W 1.0 X 1 0 1 6 8.4 X 1 0 1 8 4.1 2.45 1.15 0 .15 
NBSR-3W 3.0 X 1 0 1 6 2.5 X 1 0 1 9 2.1 4 .76 2.85 0 . 0 2 
NBSR-6W 6.0 X 1 0 ' 6 5 .0 X t o 1 9 a 6 .80 3 .74 a 
0 R R - 1 C 5 .0 X 1 0 1 6 1.0 X 1 0 2 0 a 14 .20 9 .36 a 

a Not observable. 
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for various samples. These dala indicate that the 
absorption coefficients of the near-edge and single-
phonon absorptions increase with fast-neutron 
fluencc in a similar manner while the divacancy 
absorption saturates with fast-neutron flucncc at 
about 10"' neutrons/cm1 . 

Isochronal annealing results for the near-edge and 
divacancy absorption arc shown in Fig. 2.35. These 
data indicate that both anneal in a similar manner 
for samples irradiated to a moderate ( ^ 5 x lO1" 
neutrons/cm2) fast-neutron flucncc. However, the 
annealing of the near-edge absorption covcrs a broad 
temperature range for more heavily irradiated 
samples. The observed dependence of the annealing 
behavior on fast-neutron fluence suggests a complex 
annealing mcchanism. Since the divacancy produc-
tion rate as shown in Table 2.4 indicates that the 
divacancy is one of the dominant types of defects in 
silicon irradiated up to a fast-neutron flucncc of 
about 10'* neutrons/cm*, it is reasonable to attribute 
the annealing stage at 250°C to divacancy annihila-
tion at latticc sinks, as suggested byChcngand Lori.1 

ORNl-OWO 77-9928 

ANNEALING TEMPERATURE C C ) 

Fig. 2.35. Absorption coefficients of the near-edge and 
divacancy absorption as a function of isochronal annealing 
temperatures for silicon samples irradiated to different fast-
neutron iluences as listed in Table 2.4. 

The broad annealing range in more heavily irradiated 
silicon can then be attributed to the breakup ofdefect 
clusters. The annealing of the near-edge absorption 
was closely related to the recovery of electron 
mobility, which further confirms our postulate that 
defect clusters are responsible for the near-edge 
absorption. 

I. I.. J. Cheng and .1. I.ori, Phys. Ih-v. 171, 856 (1968). 

ELECTRICAL PROPERTIES STUDIES OF 
NEUTRON-TRANSMUTATION-DOPED 

POLYCRYSTALLINE SILICON 

R. T. Young J. W. Cleland R. F. Wood 

The use of polycrystallinc silicon (polysil) in the 
fabrication of photovoltaic devices is under 
widespread investigation; however, a better un-
derstanding of the effects of grain boundaries on 
electrical properties is needed. Seto' used ion 
implantation followed by annealing to obtain a 
uniform dopant distribut ion in the grains of thin film 
polysil samples. He demonstrated that grain bound-
aries act to decrease the majority carrier mobility 
until the dopant concentration exceeds that required 
to saturate the electronic states associated with the 
grain boundaries. We have used transmutation 
doping to introduce uniform phosphorus concen-
trations,of accurately known magnitudes into thick 
polysil samples. The van der Pauw technique was 
used to determine the free-carrier concentration and 
mobility after annealing at 750°C for I hr to remove 
the radiation damage. Figure 2.36, which is a graph of 
the carrier mobility vs carrier concentration, in-
dicates that the carrier mobility as a function of 
dopant concentration decreases to a pronounced 
minimum at about 10" phosphorus atoms per cm3 

and then increases with increasing dopant concentra-
tion. These data were obtained on chemical vapor 
deposited (CVD) polysil samples with an average 
grain size of about 25 ^m, estimated from electron 
microscopy. Similar measurements on single-pass 
float-zone refined polysil samples of much larger 
grain size show that the mobility minimum occurs at 
a lower total dopant concentration. These data are 
consistent with Seto's model of free-carrier trapping 
at the grain boundaries; they are not consistent with 
Fripp's model2 of dopant migration to grain 
boundaries during C V D or during high-temperature 
annealing. One can use Seto's model to estimate from 
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Fig. 2.36. Carrier mobility vs carrier concentration for NTD 
and lithium-diffused silicon. 

the position of the mobility minimum in our C V D 
polysil that the average grain size is 33 /uni, which is in 
good agreement with the estimate of about 25 ^m 
from electron microscopy. 

We have also diffused lithium from a paint-on 
source into single crystal silicon and polysil samples. 
The lithium diffusion rate in polysil is one or two 
orders of magnitude greater than in a single crystal 
silicon because of the high grain'boundary mobility. 
The lithium-diffused polysil shows a mobility 
minimum at a measured carrier concentration of 
about 1015 cm"' as indicated in Fig. 2.36. Moreover, 
the carrier mobility of the lithium-diffused polysil is 
more than an order of magnitude greater than that of 
the N T D polysil at an equivalent carrier concentra-
tion of about 10"' cm*'. This suggests that the grain 
boundary effect in polysil can be diminished by an 
inward diffusion of lithium along grain boundaries. 
However, rapid out-diffusion at temperatures 
^400° C was also observed, and this may prohibit the 
use of lithium diffusion to diminish grain boundary 
effects in polysil, if any subsequent high-temperature 
treatment is required. 

1. J. W.Y. Scto, J. AppL Phys. 46, 5247 (1975). 
2. A. L. Fripp, J. Appl. Phys. 46, 1240 (1975). 

D I S O R D E R E D REGION MODEL FOR 
F A S T - N E U T R O N - I R R A D I A T E D SILICON 

R . T . Y o u n g .1. W. Cieland 

Room temperature electrical property measure-
ments of single crystal silicon irradiated with a 
large fast-neutron fluencc indicate that before 
annealing, the material is essentially intrinsicand that 
the electron mobility is comparable to that of polysil 
with an average grain si/e of 50- 100 pm. This implies 
the existence of highly disordered regions. Although 
the fast-neutron-induccd lattice defect structure is 
different from the grain boundary .structure of 
polysil, the argument required to explain the low 
mobility is similar in both materials in that dis-
ordered regions uci as barriers to the movement of 
majority carriers. One can use the defect cluster 
model of Gossick1 and Crawford and Cleland2 to 
illustrate schematically the potential energy in the 
disordered region and the surrounding spacc-charge 
region as shown in Fig. 2.37. The average radius of a 
defect cluster in a silicon sample irradiated with a 
fast-neutron ilucncc of about lO'1" neutrons/cm* was 
r\ ~ 10 A, and the local defect concentration was 
estimated to be about 5 X 10" cm*3 (ref. 3). The 
corresponding potential barrier height from the 
defect-cluster model is 0.48 eV,and the radius of 
the spacc-charge region is ri= 100A. Even by 
assuming one defect cluster for every ten scattered 
neutrons (which may bean underestimate), the space-
charge regions still overlap extensively. The retention 

O R N L - D W G 7 7 - 5 9 2 9 

r , = DISORDERED REGION 

r 2 = SPACE CHANGE REGION 
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i//p= POTENTIAL BARRIER 

Fig. 2.37. The potential distribution of the conduction band and 
valence band in the vicinity of the disordered region. 
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of essentially intrinsic behavior and extremely low 
mobility to an annealing temperature of 600-650° C 
indicates that the defect clusters are stable to high 
temperatures, a fact that is also confirmed by x-ray 
diffuse scattering experiments reported elsewhere in 
this annual report.4 

It is also interesting to point out that an anneal-
ing temperature of at least 700-750°C is required 
for ion-implanted silicon. The vacancy/interstitial 
associated defect and/or simple complexes can be 
annealed below about 600°C, but large clusters 
and/o'r disordered regions such as dislocation loops 
or stacking faults begin to be detected above about 
600°C. In general, it seems evident that the annealing 
of lattice damage in neutron-irradiated or* ion-
implanted silicon exhibits similar features. This is not 
surprising because the average energy transmitted 
when a fast neutron collides with a lattice atom is 
30 to 100 keV, and the recoiling lattice atom will 
produce latticc defects along its track similar to those 
produced by a 20- to 100-kcV ion implant. 

1. li. R." Ciossick, ./. <Appl. I'hys. 30, 1214 (1959). 
2. J. II. Crawford. Jr., and J. W. Cleland, J. A//pi. Plus. 30, 

1204(1959). 
3. B. C. Larson, unpublished data. 
4. Bcnncft C. Larson, It. T. Young, and F. A. Shcrritl, "X-Ray 

Study of JJcfcct Clusters in Ncutron-TVansmutation-Doped 
Silicon," this report. , 

STRUCTURAL DEFECTS IN 
POLYCRYSTALLINE SILICON AND THEIR 

EFFECT ON SOLAR CELL EFFICIENCY1 

J. Narayan • » 

Although extensive electron microscope studies of 
defect structures in silicon single crystals have been 

' made, it appears that little or no attention has been 
given to the defect structures in polysil because it has 
been used almost exclusively as a source material 

1 subjected to further purification and growth into 
device-grade single crystals. There is current interest 
in polysil for fabrication of less expensive solar cells; 
however, improvement in the electrical properties 
will be necessary in order to achieve reasonable solar 
cell efficiency. Because most structural defects 
degrade the electrical properties of both p- and /i-type 
silicon, the characterization of their structures will 
provide a basis for selection of better material and/ or 
processes for reducing defect densities. The present 
work is part of a program which includes the 
evaluation and development of polysil as a solar cell 

material. The observations reported here were made 
on polysil obtained from Texas Instruments and 
Monsanto and are believed to be more or less 
representative of the structures observed in other 
polysil material. 

Figure 2.?8 shows examples of small-angle 
boundaries in which the characterization of the 
dislocation structure in the boundaries could be 
made. Figure 2.38a shows a small-angle tilt boundary 
that consists of edge dislocations with aj2|I01] 
Burgers vcctors. An example of a twist boundary, 
which consists of aj2[017j and a/2[10l]. is shown in 
Fig. 2.3Hb. At the nodes, which arc denoted as/7 in 
Fig. 2.386, «/2[0l7] and aj2[I0I] Burgers vectors 
react to give aj2[110] Burgers vectors. A tilt bound-
ary in Fig. 2.38c consistingof one set ofa*/2[I0l]edge 
dislocations changcs into a mixed boundary by 
acquiring another set of aj2[\ 10]dislocalions of near 
screw orientation. Boundaries of mixed character 
which undergo changcs of the type seen in Fig. 2.38c 
are more frequent than the simple tilt and twist 
boundaries shown in Figs. 2.38a and 2.38b. In 
addition to the boundary structures, this material 
contains a.relatively high density of dislocations, and 
stacking faults havinga/6(l 12) and 1/3(111) Burgers 
vectors have been identified. 

It is cxpcctcd that most of the dcfcct structures 
observed in the polysil will adversely affect its 
electrical properties. First, the direct'trapping of 
impurities (dopants) as a result of the elastic 
interaction between the impurities and dislocations 
will lead to impurity segregation2 and consequently 
nonuniform electrical properties. Edge-type dis-
locations and the partial edge dislocations bounding 

• stacking faults are more detrimental than screw-type 
dislocations! In addition to segregation, the in-
complete atomic bonding at the corcs of the 
dislocations results in the formation of trapping 
states which lead to trapping and recombination of 
free carriers.3,4 Improvement in the electrical proper-
ties of polysil is expected to be obtained by 
reduction of the defect density of all types and by the 
elimination of boundaries that are not normal to the 
p-n junction of the solar cell. 

1. Summary of paper: p. 296 in Proceedings of the Thirty-fifth 
Annual Meeting of the Electron Microscopy Socie'ty of America. • 
ed. by G. W. Bailey, Claitor's Press, Baton Rouge, La., 1977. 

2. M. E. Cowher and T. O. Sedgwick, J. Electrochem. Soc. 119, 
1565 (1972). 

3. J. R. Patel, L. R.Tastardi.and P. E. Freeland, Phys. Rev. B 
13, 3548 (1976). 

4. R. Lubusch and W. Schrflter, p. 56 in Lattice Defects in 
Semiconductors, The Institute of Physics. London, 1975. 
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Fig. 2.38.' Electron micrographs showing (a) pure tilt subboundary, (6) pure twist subboundary, and (r) mixed subboundary. The 
arrows indicate the directions of diffraction vectors [331], [220], and [311], respectively, and their length is 0.3/ i . .* 

X-RAY STUDY OF DEFECT CLUSTERS IN 
NEUTRON-TRANSMUTATION-DOPED 

SILICON 

Bennett C. Larson R. T. Young 
, F. A. Sherrill 

Integral x-ray diffuse scattering has been used to 
study neutron-irradiation-induced clusters in NTD 
silicon and to study the postirradiation annealing 
characteristics of these clusters. Bulk crystals 
irradiated in the ORR to obtain NTD phosphorus 
doping levels of 5 X 1016 cm"3 received con-
comitantly a fast-neutron dose of about 102" cm"3. 
These crystals were investigated with CuKa x rays 
using the diffuse scattering near the 333 Bragg 
reflection. The diffuse scattering was measured after 
irradiation and after 30-min isochronal anneals to 
550, 650, and 700° C in which it was found that rather 
large numbers of small defect clusters were formed. 

These clusters, presumably small dislocation loops, 
were found to* have characteristic sizes of about 9 A 
before annealing and, while decreasing in number, 
were found to increase in size to 11, 13, and 28 A after 
the three annealing treatments. The fraction of the 
original number of point defects (present in the form 
of loops) retained after the heat treatments of 550, 
650, and 700°C was found to be 0.5, 0.2, and 0.01 
respectively. 

These results can be correlated with the optical 
and electrical measurements of IR near-edge absorp-
tion, electron mobility, and free-carrier concen-
tration, which, also show strong recovery in the 
temperature range of 600-700° C. Initial x-ray results 
on NTD silicon irradiated in a reactor environment 
(NBSR) with a higher thermal- to fast-neutron ratio 
have indicated smaller cluster sizes and substantial 
defect annealing at lower temperatures that can be 
correlated with earlier recovery seen in the optical 
and electrical properties as well. 
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ELECTRON PARAMAGNETIC 
' RESONANCE STUDIES OF 

NEUTRON-TR ANS MUTATION-DOPED 
SILICON 

M. M. Abraham ' R. T. Young 

TJie EPR spectrum of neutron-irradiated single 
crystal silicon exhibits many anisotropic radiation 
damage lines. Figure 2.39 shows the spectra ob-
tained from a sample irradiated with afast-rieutron 
(^1 McV) fluencc of 2.5 X 1019 neutrons/cm2 (a) 
after annealing at 550°C for 20 min and (b) after a 
subsequent anneal at 650°C for 20 min. It is evident 
that not only is the radiation damage essentially 
removed in (b) but also that the main neutron-
transmutation-induced phophorus lines appear at 
different field positions-from those for the radiation 
damage lines. Figure 2.40 shows similar spectra 
obtained from a sample irradiated with a fast-
neutron fluencc of about 1020 neutrons/cm2 after 
an identical annealing schedule. The microwave 
power level wis reduced for the second sample, 
but saturation effects can be seen in both sets of 
data. No attempt was made to orient the samples 
relative to the magnetic field. Since a higher 
temperature anneal is required for the second sample, 
it appears that the annealing of the radiation damage 
for the two samples is dependent on the fast-neutron 
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Fig. 2.39. EP£ spectra of NTD silicon after a three-week 
irradiation (fast-neutron fluence about 2.5 X 10" neutrons/cm2) in 
the National Bureau of Standards Reactor and subsequent 
annealing, (a) 550° C for 20 min. (b) 650° C for 20 min. 
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Fig. 2.40. EPR spectra of NTD silicon after an II-day 
irradiation, in the ORR (fast-neutron fluence about 10!0 

neutrons/cm2) and subsequent annealing, (a) 650° C for 20 min. (b) 
750°C for 20 min. 

fluence. In any event, annealing at 750° C for 20-30 
min removes any paramagnetic species, which is in 
agreement with electrical and optical property results 
as described in other subsections of this annual 
report.1,2 

1. R. T. Young. J. W. Cleland. and R. F. Wood. "Electrical 
Properties Studies of Ncutron-Transmutation-Dopcd Silicon." 
this report. 

2. R...T, Young et al., "Optical Properties Studies of Neutron-
Trunsmutation-Doped Silicon." this report. 

REACTOR IRRADIATION FACILITIES 
FOR NEUTRON TRANSMUTATION 

DOPING OF SILICON 

J. W. Cleland C. C. Robinson 

A new thermal neutron facility (D20 tank), shown 
schematically in Fig. 2.41, has been constructed and 
will be installed in the pool of the BSRat ORNL. The 
new tank will accommodate ingots or wafers up to 
6 in. in diameter and will have provisions for raising, 
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Fig. 2.41. New thermal neutron facility (DjO tank) to be 
installed in the Bulk Shielding Reactor. 

lowering, and rotating the samples to maximize the 
axial and radial dopant uniformity. Another feature 
of the tank is that the sample tubes terminate 8 ft 
above the tank in a flange or funnel arrangement; this 
will permit sample exchange under water without the 
use of "5" shaped irradiation tubes. Any of the tubes, 
except those immediately adjacent to the BSR core, 
can be either converted to "S" shape for dry irradia-
tions or plugged with graphite, magnesium, or D2O-
filled cylinders to achieve maximum thermal neutron 
flux and thermal- to fast-neutron ratio in the other 
irradiation positions. 

One of the slant Engineering Facility (EF-2) 
irradiation tubes outside the permanent beryllium 
core of the High Flux Isotope Reactor (HFIR) was 
used for a test irradiation of single crystal silicon and 
polysil ingot sections. The samples were held in slots 
in an aluminum plate with aluminum wire, and the 
plate was centered inside a cylindrical aluminum 
container with spacers on the outside to ensure an 
even flow of cooling water. The entire assembly was 

rotated 180° after one-half of the reactor duty cycle to 
minimize the effect of the neutron flux gradient. 
Approximately 3 X 10"' phosphorus atoms per cm' 
were introduced in the silicon as a consequence of an 
irradiation of one duty cycle (23 days). Another test 
irradiation is being considered in one of the vertical 
experimental facilities (RB I, 3, 5, or 7) in the 
permanent beryllium corc of the HFIR to introduce 
at least 1017 phosphorus atoms per cm1 in both single 
and polysil ingot sections. 

SOLAR CELL FABRICATION 

R. D. Westbrook P. H. Fleming 
B. F. Early T. L. Polgreen 

R. A. Todd1 

The effort in solar cell fabrication has been directed 
towards achieving a well-behaved, reproducible 
process rather than one to attain the maximum 
efficiency, because we are primarily interested in 
comparative measurements between NTD and 
conventionally doped silicon solar cells. The question 
of ultimate efficiency can best be answered by those 
highly specialized manufacturers capable of making 
so-called "state-of-the-art" devices. 

Our cells are made in a sequence of about 12 
operations involving cutting, polishing and/or 
etching, diffusion or ion implant, cleaning, metalliz-
ing, etc. While disaster lurks at every step, the two key 
processes arc diffusion (or ion implant) and contact 
metallization. We diffuse boron in through the front 
face of the cell to a depth of 3000-4000 A, resulting in 
the desired p"-n structure. We have not yet set up a 
procedure for measuring diffusion depth (there are 
several), so we base the diffusion time and 
temperature schedule on published information and 
monitor the results with sheet resistance 
measurements on the diffused layer. Electrical 
contact must be made to both faces. The back face is 
simply covered with an aluminum or nickel layer 
which requires a relatively simple procedure. The 
front contact, however, is necessarily made in the 
form of an opaque metallized grid pattern in order to 
satisfy the requirements of very low series resistance 
through the cell. In high-performance cells, there is a 
very fine trade-off between the series resistance and 
the net active front area of the device not covered by 
the metallized grid. We also have looked at silk-
screen processes for the front contact because they 
offer advantages in time, simplicity, and capital 
investment. Other investigators are also exploring 

• 1 
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screen-printed contacts. Currently, however, we seem 
to get somewhat more consistent results with the 
evaporated metal process. 

I. Instrumentation and Controls Division, ORNL. 

NEUTRON-TRANSMUTATION-DOPED 
SILICON SOLAR CELLS 

R. D. Westbrook 
J. W. Cleland; 
P. H. Fleming 

T. L. Polgreen 
R. F. Wood 
R. T. Young 

We have nowfabricatcd hundreds of test solar cells 
using conventional and NTD silicon and covering 
phosphorus doping concentrations from about 1014 

to 1017 cm"3 in both single crystal silicon and polysil. 
We are searching primarily for any statistically 
significant difference between the two types of doping 
processes in terms of conversion efficiency, and to 
date, we have found none. If this result is confirmed 
by further testing, then we have demonstrated that 
the requirement for areal and spatial homogeneity of 
the primary dopant for p+-on-n solar cells is 
adequately met by conventionally doped silicon, at 
least under one-sun conditions. In the immediate 
future, we need to verify these results using solar cells 
made with our recently acquired industrial-standard 
diffusion equipment. We also need to compare 
conventionally doped and NTD single crystal silicon 
and polysil under high-level concentration conditions 
(50 to 100 suns) Where areal and spatial homoge-
neities may be of more importance than they appear 
to be without concentration. 

FRACTURE 

"IN SITU" OBSERVATION OF CRACK 
PROPAGATION BY TRANSMISSION 

ELECTRON MICROSCOPY 

J. Narayan S. M. Ohr 

Problems of crack nucleation and propagation 
associated with fracture in solids have been the 
subject of numerous experimental and theoretical 
investigations in the past, but the basic mechanism of 
the phenomena is not well understood at present. We 
have initiated a program to study the fundamental 
aspects of fracture in which the physical processes 
occurring at the crack tip will be examined on a 
microscopic scale by transmission electron 
microscopy. As an initial approach to the problem, 
we have observed the propagation of cracks during 
"in situ'' tensile deformation of ductile as well as 
brittle solids in an electron.microscope. 

Figure 2.42 shows a micrograph taken from a 
single crystal sample of type 316 stainless steel 
representing ductile solids. As the stress was applied 
to the crystal, a crack was initiated at the edge of the 
hole on the right. From the ciystallographic analysis, 
the fracture plane is identified as (111). The most 
noticeable feature is the band ahead of the crack tip 
with intense plastic activity. The d islocation density is 
extremely high near the crack tip, and it decreases 
gradually away from the tip! The band is made up of 
dislocations lying in the (111) plane which would 
have Burgers vectors a/2[Toi] and/or a/2[0ll]. 
Evidence of plastic activities on_the other two slip 
planes, namely on (III) and (HI), can be seen as 
narrow slip bands running obliquely into the crack 
plane. 

Fig. 2.42. Dislocation structure around a propagating crack in type 316 stainless steel single crystal sample. The sample was deformed in 
the electron microscope in pure tension. 
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Figure 2.43 shows a similar observation made in a 
single crystal of MgO representing brittle materials. 
The crack plane is identified as the (100) plane, and it 
runs along the [010] direction. The dislocations 
observed in the vicinity of the crack are in contrast 
under the (200) reflection. These dislocations were in 
contrast under the (220) and (220) reflections but 
were out of contrast under the (020) reflection. 
From this contrast behavior, the Burgers vectors of 
these dislocations were deduced to be <?/2[10I] and 
a/2[101]. From the sterepmicroscopy and other 
geometric considerations it appears that the dis-
locations _on one side of the crack represented the 
[101]/(f01) slip system while those on the other side 
the [101]/( 101) slip system. 

These observations are rather preliminary; hence it 
is too early to draw any definite conclusions 
regarding the nature of the distribution of dis-
locations around the crack tip. However, the 
crystallographic information contained in these 
micrographs appears to agree with the predictions of 
the theory of the formation of plastic zones around a 
crack. According to Dugdale,' the plastic zones 
under uniaxial tensile loading in plane stress should 
extend out on two 45° planes which bisect the angle 
between the tensile axis and the leading edge of the 
crack and which are parallel to the direction of crack 
propagation. This type of behavior was observed by 
Hahn and Rosenfield2 in their sheet tensile samples 
by the etch-pits technique. The present observations 
represent the electron microscope evidence for the 
formation of plastic zones near a crack similar to 

PHOTO 3508-77 

Fig. 2.43. Dislocation structure around a cracK ir. an MgO single crystal, fne dislocations arc associated with the 45° shear-type plastic 
zones of the [101]/(10l) slip systems. 

those expected from theory and thus render support 
for the validity of thin foil electron microscope 
techniques. 

1. D. S. Dugdalc, J. Mi-ch. Phys. Sulicls 8, 100 (1960). 
2. G. T. Hahn and A. R. Rosenfield. Alia Meiall. 13, 293 

(1965). 

FORCES ON DEFECTS IN 
LINEAR ELASTICITY 

S.-J. Chang1 S. M. Ohr 

The energy momentum tensor in elasticity was 
introduced by Eshelby2 to calculate the change of 
energy for an elastic medium containing defects. The 
crack extension force is defined as the change of 
energy per unit extension of the crack. Therefore the 
energy momentum tensor can be used to represent the 
crack extension force. LeibfriedV recent definition 
of the energy momentum tensor differs from that of 
Eshelby in that the effect of body force can be 
included. Since plastic deformation, ora distribution 
of dislocations, can be represented by the equivalent 
body forces, we will use this tensor quantity to 
calculate the effect of the distribution of dislocations 
on the crack extension force. 

Let / be the energy density of the elastic body given 
by 

i - OhL - r 
• — _ „ Uiji , 2 OUk OX„ 
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where ft is the body force, Ut is the displacement 
vector, and C,knm are the elastic constants. By 
differentiating with respect to x„„ we have 

dl(Ui, Mq, xj) __ 91 duj 9/ 9t/q + 9/ 
dXm dUi dx„, dUi,k 9Xm 9Xm 

where 

Ui.k = 
Qui 

dxk 

and d/!dxm is the explicit derivative of /; that is, 

al. ay; -Ui- -
dxm "" 9X„, 

It can be shown that 

d! 
d Xm 

dHmk d f i 
9 Xk U'dx„, 

where IImk, defined by 

Ilmk ~ ld„,k — a,kUi,m , 

is the momentum tensor of Leibfried and an is the 
stress tensor. The momentum tensor of Eshelby is 

= / 
dllmk 

9 Xk 
civ 

where V is a volume enclosing the crack edge. 
Suppose that internal stress is present in the elastic 

body due to the presence of defects. Let e'ijixi) be the 
corresponding self-strain that is considered to be the 
source of the internal stress. The total strain 

ttj = e'V + e,y 

is defined to be the sum of the self-strain and the 
elastic strain. It can be shown that a fictitious body 
force 

fi — _ [Cikmntiiln) 
9 Xc 

can be used to replace the effect of the internal stress. 
This body force can be introduced into the expression 
for IImk to calculate the effect of the presence of 
defects on the crack extension force. This provides a 
method of introducing defect structures into fracture 
mechanics, and further development of this approach 
is expected to lead to a theoretical basis for dealing 
with the microscopic structural aspects of crack 
propagation. 

emk - ed„,k — OikUi,m , 

where e is the strain energy density. The crack 
extension force can be shown to be 

1. Computer Scicnccs Division, UCC-ND. 
2. J. D. Eshelby, p. 77 in Inelastic liehavior of Solids, cd. by M. 

Kanninen, McGraw-Hill, New York, 1970. 
3. G. Leibfried, private communication. 



3. Radiation Effects in Metals 

The research programs reporting in this section are primarily concerned with the 
basic interactions of energetic particles in solids and with the fundamental processes 
:s„ociated with radiation damage in metals. Although much of the work provides basic 
information of direct interest to fission and fusion reactor materials programs, the 
techniques employed for the study of ion-solid interactions and radiation damage also 
have general applicability to the study of materials used in nonnuclear applications. 
Examples of such applications can be seen in this section in the use of ion interactions 
for depth profiling of hydrogen in several materials, and in x-ray and electron 
microscope work reported in other sections of this annual report on defect structures in 
silicon and MgO. 

During the past year, significant progress has been made in the x-ray diffuse 
scattering program in the form of substantially improved calculations of diffuse x-ray 
scattering from dislocation loops and in the implementation of a computer-based, 
position-sensitive x-ray detector system. These developments provide the capability to 
make more accurate measurements at larger scattering angles and to extract more 
detailed information about the nature and distribution of the dislocation loops that 
give rise to the diffuse scattering. The extension of the contrast calculations for electron 
microscope images of dislocation loops, to take into account near-surface effects on 
the strain fields of the dislocation loops, and the computer simulation of electron 
microscope images combine to give improved capability for the determination of the 
Burgers vectors, habit planes, and the vacancy-interstitial nature of the loops. Both the 
x-ray and electron microscope studies have been extended to additional materials, 
most notably stainless steel. 

X-ray and electron microscope studies of neutron damage in copperand niobium 
by fission neutrons and by high-energy neutrons from a </-Be source (energies broadly 
peaked at about 15 MeV) were reported in the last annual report. These studies 
indicated that the relative amounts of'retained damage were in generally good 
agreement with those expected from damage energy calculations. Measurements 
during the past year have been made of damage production rates at 4 K for copper, 
niobium, and platinum which provide a more direct comparison with the theory and 
confirm the earlier agreement. Studies of the recovery behavior of copperand niobium 
indicated that the high-energy neutron damage annealed essentially the same as fission 
neutron damage, whereas the high-energy neutron damage in platinum gave less 
recovery than fission neutron irradiated material. These results are in agreement with 
the expectation that in low to medium Z materials the damage due to high-energy 
neutrons is not much different from that produced by fission neutrons. In high Z 
materials, such as platinum, the harder recoil spectra of the high-energy neutrons 
compared to fission neutrons lead to larger displacement cascades, which in turn 
enhance the clustering (and retention) of defects during annealing. 

The first results on the measurement of damage production rates of 5-MeV 
aluminum ions in aluminum were reported last year. At that time it was concluded that 
the thin film techniques developed for measuring damage production rates as a 

83 



84 

function of ton penetration should generate reliable information for comparison with 
theory. Subsequent experiments at a number of ion energies between 2.7 and 5.4 MeV 
have given damage production rates as a function of ion penetration depth over the full 
range of the ions. These measurements have shown excellent agreement with 
calculated damage energy curves. Initial results of a similar study on nickel have also 
given good agreement between experiment and theory. 

Installation has recently been completed of a combined accelerator and surface 
analysis facility. In this facility a wide variety of ion beams from three sources (0.5 to 10 
kV, ion gun; 10 to 200 kV, high-current ion implantation accelerator; and 0.1 to 2.5 
MV, Van dc Graaff) are integrated into a common ultrahigh vacuum chamber. This 
facility, in conjunction with accessory analytical equipment attached to ports on the 
vacuum chamber, provides the capability for studying a wide range of surface and 
near-surface problems. 

X-RAY DIFFRACTION AND 
ELECTRON MICROSCOPY 

CALCULATION OF DIFFUSE SCATTERING 
FROM DISLOCATION LOOPS 
P. Ehrhart1 Bennett C. Larson 

Numerical calculations of the diffuse scattering 
cross sections for vacancy and interstitial loops of 
both prismatic and sheared character have been 
carried out for loops in an isotropic medium. Such 
calculations are essential for carrying out detailed 
analyses oif the experimentally observed scattering 
from loops in irradiated materials and, when 
extended 'to anisotropic materials, will provide a 
sound basis for defect studies in a wide variety of 
materials. 

Until now, calculations were limited to prismatic 
loops of interstitial nature primarily because of the 
length of the calculations. However, through the use 
of Gaussian damping functions to reduce the 
integration volumes involved and through the use of 
more efficient trigonometric transform methods, 
rather extensive calculations have become tractable. 
In addition, care has been taken to avoid spurious 
super-lattice reflections that can occur if regular 
arrays of sampling points having spacings larger than 
that of the atomic spacing of the material are used. 

In particular, vacancy and interstitial loops on all 
{111} lattice planes were considered for the faulted 
aj3(111) and unfaulted a/2(110) cases using data 
appropriate for aluminum and assuming the 
isotropic average^ elastic constants. The results 
shown in Fig. 3.1 for the scattering near the 222 
reciprocal lattice point from 20 A radius loops 
represent an average over all cubic-equivalent loop 
orientations. To emphasize the details of the 
scattering at larger distances, q, from the reciprocal 

lattice point, these data were multiplied by q4. The 
analytically calculable Huang scattering close to the 
reciprocal lattice point (varying only as 1 jq2) is not 
visible under these conditions. 

Comparison of the scattering contours for the 
vacancy loops (Fig. 3.1c and d) with those for the 
interstitial loops (Fig. 3.1 a and b) of both faulted 
and unfaulted nature immediately indicates a 
sizeable asymmetry in the scattering. This is a direct 
result of the opposite sign of the distortion fields for 
vacancy as compared with interstitial loops. The 
large maximum dominating the scattering in each 
case (and reversing position for vacancy compared 
with interstitial loops) can be shown to arise from the 
highly strained region near the loops and forms the 
basis for distinguishing between vacancy and 
interstitial-type ps. The differences observed 
between the faulted and unfaulted loops for this 
region are mainly of a quantitative nature and are 
small compared with the variations caused by change 
in sign of the Burgers vector. This tends to increase 
the possibility of distinguishing between vacancy and 
interstitial loops in the analysis of experimental data. 
The distinction between faulted and unfaulted loops 
can be enhanced by looking at even larger q values 
where the stacking fault scattering (present for the 
a( l l l ) Burgers vector) becomes important and also 
by considering the scattering around other Bragg 
reflections. 

These calculations have been carried out for the 
200,400,220, and 111 reflections also, and work is in 
progress to extend these calculations to anisotropic 
materials as well. 

1. Guest scientist from Institui f i lr FestkorperfOrschung, 
Kernforschungsanlage, Jiilich, Germany. 
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Fig. 3.1. Isointensity contours for diffuse scattering (Iq* X 10"4) near the 222 reflection for 20-A radius dislocation loops in an isotropic 
medium, (a) Prismatic (/•> = «/3(111» interstitial loop. (b) sheared (b = a/2(110» interstitial loop, (<•) prismatic vacancy loop, (</) sheared 
vacancy loop. 

ORNL-DWG 77-11783 

POSITION-SENSITIVE 
X-RAY DETECTOR SYSTEM 

Bennett C. Larson 

X-ray diffuse scattering has been shown to be a 
useful tool for the study of lattice defects and defect 
clusters.1 In addition to information on the shape and 
size distributions of defect clusters, theoretical work 
has indicated the possibility of realizing information 
on vacancy and interstitial loops separately through 
the use of accurate differential diffuse scattering 
measurements and detailed numerical calculations. 
Because the evolution of the vacancy loops is of 
central importance in determining the final defect 
distributions in materials irradiated at elevated 
temperatures, information on the vacancy compo-
nent as well as improved reliability in the overall size 
distributions would be of significant importance in 
the study of defect clustering. 

To take advantage of this possibility, a high 
resolution x-ray diffraction system has been con-

structed using a linear, position-sensitive detector. 
This system makes use of I-m evacuated flight paths 
and a slit geometry yielding 0.7 X 10~3 radian 
horizontal and 1.4 X 10~3 radian vertical resolution. 
Monochromatic CuKai radiation is selected through 
the use of the III reflection from a perfect copper 
crystal. The x-ray detection and data handling system 
consists of a sealed 8-cm Kopp-Borkowski-type 
linear, position-sensitive detector operated at 0.3-
mm resolution, with the intensity as a function of 
scattering angle (position along detector) elec-
tronically analyzed and collected in a multichannel 
analyzer. Sample orientation and data handling are 
carried out through interfacing to a minicomputer 
that provides for routine data reduction, evaluation, 
and mass storage through CRT display, x-y plotter, 
and "Floppy" disk peripheral equipment. 

This system is presently operational and being used 
in the study of loops in neutron-irradiated copper. 
Significant improvements in the performance of this 
system through better signal-to-noise ratios and 
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higher resolution are expected with the anticipated 
acquisition of a 12-kW x-ray source to replace the 
present 0.5-kW source. 

I. Bennett C. Larson, p. 820 in Fundamental Aspects of 
Radiation Damage in Metals, vol. II, ed. by M. T. Robinson and 
R W. Young, Jr., ERDA CONF-75I006-P2, Oak Ridge, Tenn., 
1976. 

DISLOCATION LOOPS NEAR 
A STRESS-FREE SURFACE 

S. M. Ohr 

During electron microscope studies of dislocation 
loops in irradiated or deformed metals, we often 
encounter loops that are located close to one of the 
stress-free foil surfaces. The stress-free surface 
modifies the elastic fields around the loops and hence 
will affect the image contrast as well as the interaction 
energy between the loops and other defects present in 
the foil. The effect of a stress-free surface on the 
elastic fields of a dislocation loop is difficult to handle 
mathematically. In the present work, we have 
extended the method of Bastecka1 to solve 
analytically the elasticity problem ofa circular edge 
loop lying parallel to the free surface. The problem is 
tractable for this particular loop geometry because it 
meets the requirements of an axially symmetric stress 
distribution that can be solved by the method of 
Hankel transforms.2 In this approach, an image 
dislocation of the opposite sign is added at the mirror 
position to eliminate the normal stress at the surface. 
It is necessary to add another stress system to force 
the shear stress at the surface to vanish also. Starting 

from the equation of equilibrium, the biharmonic 
equation is solved in terms of the Hankel transform 
of Airy's stress function. The elastic field is found by 
combining the solution of this equation with the self-
stress and the image loop stress. 

In Fig. 3.2 we have plotted the equidisplacement 
contour lines of the displacement component parallel 
to the loop axis of a pure edge dislocation loop of 
interstitial type located one-half radius away from 
the free surface. A similar plot for the case of an 
infinite medium is shown on the left for a com-
parison. When an interstitial loop is created in an 
infinite solid, the atoms are displaced away from the 
loop plane because an extra plane of atoms is 
inserted. However, when the loop is created near the 
stress-free surface, this is no longer true, as can be 
seen in this figure. Another interesting feature is that 
the displacement component ut, which normally 
increases from -0.5 b to +0.5 b (where b is the 
Burgers vector) across the loop plane, now increases 
from -0.1 b to 0.9 b. The total magnitude of the 
change is b, as it should be, but a strong asymmetry is 
introduced when the loop is located close to the free 
surface. The free surface effect is significant for loops 
located within about five times the loop radius from 
the free surface. 

We have also examined the effect ofa free surface 
on the interaction between the loop and a point 
defect. Following the formalism of Eshelby, the size 
interaction energy is expressed in terms of the 
transformation strain of the point defect and the sum 
of the normal stresses of the loop. Figure 3.3 shows 
the contour plots of the interaction energy between a 
loop of interstitial type and a self-interstitial, for 
semi-infinite and infinite media. While the in-

o r n l - 0 w g 77-11362 
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/ Fig. 3.2. Equidisplacement contour plots of the displacement component u, in units of Burgers vector for an interstitial-type 
dislocation loop in infinite and semi-infinite media. 
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Fig. 3.3. Contour plots of the interaction energy between a dislocation loop and a point defect in infinite and semi-infinite media. 

terstitials are attracted (£im < 0) to the interstitial 
loop from a large region around the loop plane in the 
infinite medium, the region from which the in-
terstitials are attracted to the loop is considerably 
reduced when the loop is located near a free surface. 
If the elastic interaction between the interstitial loops 
and self-interstitials is responsible for establishing a. 
bias factor, which is necessary for void swelling, the 
presence of a free surface will modify the bias factor 
and hence will influence the process of void swelling 
in thin-foil high-voltage transmission electron 
miscroscopy (HVEM) radiation damage ex-
periments. 

1. J. Bastccka, Czech. J. Phys. 0 14,430 (1964). 
2. J. W. Harding and I. N. Sneddon. Proc. Cambridge Phibs. 

Sue. 41, 16 (1949). 

IMAGE SIMULATION 
OF DISLOCATION LOOPS1 

S. M. Ohr 

Computer simulation of image contrast is a useful 
tool in the identification of lattice defects observed in 
the eiectron microscope. To obtain high quality 
simulated micrographs, it is necessary either to 
consume a considerable amount of computer time or 
to have the micrographs processed through special 
photographic devices. In this paper, we describe a 
numerical scheme by which halftone simulated 
images of dislocation loops can be constructed with 
efficient use of computer time and without special 
photographic handling. 

We have solved the Howie-Whelan two-beam 
dynamical equations by the extrapolation method of 
Bulirsch and Stoer, which has been shown to be 
about six times faster than the Runge-Kutta method. 
The method evaluates the transmitted and diffracted 
intensities at the bottom surface of the foil as a 
function of step size. The final solution is obtained by 
forcing the convergence of this sequence of solutions 
to the limit. The Howie-Whelan equations of the type 
containing the term a =27rg-Rare used instead of the 
usual equations involving /5 = </(g-R)/c/z, where g is 
the diffraction vector and R is the displacement field. 
The solution to the latter equations is relatively 
unstable because the value of /? increases rapidly in 
the vicinity of the loop because the displacement field 
undergoes a jump across the loop plane by an amount 
equal to the Burgers vector. The displacement field of 
a finite dislocation loop derived by the isotropic 
elasticity theory is used in the present calculation. 
The expressions for both the pure edge and pure 
shear loops are used so that loops whose Burgers 
vectors are inclined to the loop plane can also be 
treated. By neglecting the effect of free surfaces, the 
displacement field is calculated simultaneously for 
loops located at various depths, thus saving a 
considerable amount of computer time. The cathode-
ray t ^e (CRT) plotter provided with the IBM 360 
computer plots points at 30 different intensity levels 
of which 15 are found to be usable. The points are 
plotted at a spacing of 40 points/cm in the final print 
to achieve a smooth halftone appearance. The beam 
intensities are calculated at about 500 points in a 
square array; the intensity values between the points 
are calculated by using the polynominal interpola-
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Fig. 3.4. Micrographs of a faulted a /3 [ l 11] Frank-type dislocation loop in the (110) foil of copper imaged under the dynamical 
diffraction condition; g = (002). (a) Simulated conditions. (/;) experimental conditions. 

tion formulas. The optical density of the gray scale 
generated by the CRT plotter was measured by a 
densitometer, and the calculated beam intensities are 
assigned to each of these gray scales according to the 
density-exposure characteristics of the photographic 
emulsion. 

Figure 3.4a is the simulated image of a faulted 
Frank-type dislocation loop in a (110) foil of copper 
under the dynamical diffraction condition. The 
visibility limits are chosen to be ±10% from the 
background level. Figure 3.4b is the actual 
micrograph of a dislocation loop observed in 
electron-irradiated copper. The resemblance between 
the theoretical and experimental micrographs is 
good, and the identification of.the loop as to its true 
size, Burgers vector, and habit plane can be readily 
made. 

I. Summary of paper: p. 474 in Proceedings of the Thirty-
fourth Annual Meeting of Electron Microscopy Society, ed. by 
G. W. Bailey, Claitor's Press, Baton Rouge, La., 1976. 

THE EFFECTIVE EXTINCTION DISTANCE 
UNDER MANY BEAM ELECTRON 

DIFFRACTION CONDITIONS 

M. K. Hibbs' S. M. Ohr 

It is well established that the magnitude of the 
extinction distance defined for two-beam dynamical 
electron diffraction conditions is modified when 
additional beams are excited. In transmission 
electron microscopy, it is difficult not to excite 
additional beams. Although accurate values of the 
extinction distance are necessary, for instance, in the 
experimental determination of the vacancy-
interstitial nature of dislocation loops in metals, these 
values are not readily available in the literature, 
especially for election voltages other than 100 kV. 
We have calculated the effective two-beam extinction 
distances under many beam diffraction conditions 
for various metals and for electron voltages from 100 
to 1000 kV. The effective extinction distances are 
obtained in terms of the separation in fc-space 
between two branches of the dispersion surface 
corresponding to the two most dominant Bloch 
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waves at the Brillouin zone boundary. The separation 
between the branches is obtained by solving the 
eigenvalue problem for the dispersion equations 
derived from the wave equation. The Fourier 
coefficients of the lattice potential given by Radi2are 
used in the present calculation. The effect of 
absorption is included by treating the lattice potential 
as a complex quantity, and the matrix to be handled 
is no longer Hermitian. 

The results indicate that the extinction distance 
initially decreases rapidly as the number, of beams 
excited is increased and then approaches a final value 
as the number of beams is increased to about eight. 
The percentage decrease is greater at high electron 
voltages and also for the reflections of low-order 
indices. For two beams, the extinction distance 
increases with the electron voltages in proportion to 
the velocity of the electrons, but this rule does not 
hold under many beam conditions. The effect of 
absorption on the extinction distance was found to be 
negligible. 

1. ORAU "undergraduate research trainee from Carleton 
College, Northficld, Minn. 

2. G. Radi, Acta Cryslallogr. Seel. A 26, 41 (1970). 

THE COEXISTENCE OF TWO CHARGE 
DENSITY WAVES OF DIFFERENT 

SYMMETRY IN TRANSITION METAL 
DICHALCOGENIDE 4Hb-TaS2' 

J. Narayan 

Low-temperature electron diffraction studies have 
been carried out in the dichalcogenide ?JHb-TaS2 in 
which the tantalum atoms have two types of 
coordination—namely, octahedral layers alternating 
with trigonal prismatic layers. It was shown that the 
octahedral and trigonal prismatic layers undergo 
independent transitions to charge density wave states 
that correspond to those found in singly coordinated 
crystals, lT-TaS2(octahedral)and 2H-TaS2(trigonal 
prismatic). This observation is in agreement with the 
transitions observed in the physical properties such 
as electrical resistivity, magnetic susceptibility, and 
heat capacity. 

I. Abstract of paper: Appl. Phys. Leu. 29, 223 (1976). 

A MEASUREMENT OF THE 
TRANSVERSE RANGE OF ' 
(n,2n) RECOILS IN GOLD1 

' J. B. Roberto M. T. Robinson 

The range distribution of an energetic ion in a solid 
is a fundamental quantity relating experimental and 
theoretical work in particle-solid interactions. 
Whereas the projected range is determined primarily 
by momentum transfer, the range of an ion transverse 
to its initial motion is much more sensitive to the 
physics of the interatomic scattering process. In'-' 
solids, transverse ranges are usually measured 
indirectly by implanting.ions at oblique angles to the 
surface and deconvoluting the projected and 
transverse components. In this work, we report direct 
measurements of the transverse range of (n,2n) 
recoils in gold at energies near 100 keV. 

In the experiment (shown schematically in Fig. 
3.5), a beam of high-energy d-Be neutrons2 from the 
Oak Ridge Isochronous .Cyclotron (ORIC) is 
incident on a polycrystalline gold target foil. Those 
neutrons that undergo (n,2n) reactions produce 
radioactive 196Au nuclei which recoil in a direction 
generally parallel to the target surface since the (n,2n) 
scattering is peaked in the forward3 direction. 
Because the recoils are generated uniformly in the 
target, the fraction of (n,2n) activity that escapes the 
surface and is deposited on the graphite catcher is a 
direct measure of the transverse range. Projected 
(and backward) ranges can also be measured by 
orienting the target and catcher perpendicular to the 
neutron beam. 

In practice, the measurements are somewhat 
complicated by a number of factors relating to the 
angular and energy distributions of the recoils and 
the condition of the target surface. The transverse 
ranges are very sensitive to the starting angle of the 
recoils with respect to the surface, and appropriate 
corrections to the experimental ranges using 
calculated angular distributions3 amounted to about 
20%. Furthermore, the recoils do not have a unique 
energy; thus the comparison with theory requires an 
integration over the recoil energy distribution.3 

Finally, the ranges are small (about 20 A) and clean 
flat surfaces are required. For gold, such surfaces are 
relatively easily prepared using electropolishing and 
chemical cleaning techniques. 

The experimental arrangement is shown in Fig. 
3.6. Each sample stack consisted of three gold target 
disks (1.0 X 0.01 in.), each sandwiched between two 
graphite catchers. Both stacks contained a "dummy" 
catcher to monitor spurious gold transport, and the 
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Fig. 3.5. Schematic of the experiment showing an (n,2ri) recoil (starting at depth x) and a section through its range distribution. The 
cross-hatched region represents the probability that the recoil will escape the target. The transverse ranges are very sensitive to the initial 
recoil direction 0 with respect to the surfacc. 
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Fig. 3.6. Schematic of the experimental arrangement showing the relative positions of the neutron source and the transverse and 
vertical sample stacks. The angular distribution of the emitted neutrons is indicated by the length of the arrows at 0, 10, and 20°. 

vertical (projected range) stack also included a cobalt 
dosimeter foil to monitor the position of the neutron 
beam. The irradiation was carried out in vacuum 
(about 5 X 10~B torr) in an aluminum chamber to 
fluences of about 1015 neutrons/cm2. The 196Au 
activities in the targets and on the catchers were 
determined a week later using conventional Ge(Li) 

counting techniques. Average experimental ranges 
derived from the forward and transverse (n,2n) yields 
are given in Table 3.1. 

These experimental ranges were compared with a 
series of computer simulations of the range distribu-
tion for self-ions in gold using the MARLOWE4 

binary collision code. These calculations indicated 
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Table 3.1. Transverse and projected 
ranges for (n,2ri) recoils in gold 

<T) = 9 1 KeV 

Experiment Theory 

Projected range (r), A 92 ± 4 96 ± 2 
Transverse range (|x|), A 16 ± 3 15 ± 1 
Ratio ( |* | ) / (z) 0.17 ± 0.03 0.16 ± 0.01 

that the ratio of transverse to projected range is not 
sensitive to the energy of the ion over the range of 
(n,2n) recoil energies (50 to 150 keV) and is also not 
sensitive to the particular electronic loss mechanism 
(local or nonlocal) invoked. The theoretical ratios 
(also given in Table 3.1) are in excellent agreement 
with the experimental results and indicate that the 
transverse range (|x|) for about 100-keV self-ions in 
gold is about one-sixth of the projected range. This 
agreement constitutes a rather sensitive test of the 
validity of the binary collision approximation in 
interatomic cascade simulations. Calculated ranges 
for the average (n,2n) recoil energy are also in good 
agreement with the experiment. 

1. Summary of paper to be published. 
2. The appropriate neutron spectrum is shown in J. B. Roberto 

et al., "Damage Production by High-Energy d-Be Neutrons in 
Copper, Niobium, and Platinum at 4.2 K." this report. 

3. J. B. Roberto, M. T. Robinson, and C. Y. Fu. "Calculated 
Energy and Angular Distributions for (/j,2/i) RccoilsinGold,"this 
report. 

4. M. T. Robinson and 1. M. Torrens. Ph.vs. Rev. B 9, 5008 
(1974). 

THE NATURE OF HIGH-ENERGY NEUTRON 
DAMAGE IN COPPER AND GOLD 

J. Narayan 

Transmission electron microscope studies have 
been made on the nature of the defect clusters in high-
energy and fission neutron irradiated high-purity 
copper and gold single crystals. The D-T ( £ = 14.8 
MeV) neutron irradiations were performed at the 
Livermore Rotating Target Neutron Source (RTNS) 
at 25° C to doses of 5.4 X 1015, 3.5 X 1016, and 1.8 X 
1017 neutrons/ cm2 on copper samples. The c/-Be(£= 
15 MeV) neutron irradiations were carried out at 
25° C to total spectrum doses (at the centers) of 1.8 X 
1017and 6.0 X 1016 neutrons/cm2 on copper and gold 
samples respectively. A detailed description of th erf-

Be source is given elsewhere.1 The fission neutron 
irradiations were performed at the ORNL Bulk 
Shielding Reactor (BSR) at 43°C to a total dose of 
1.0 X 1018 (£ > 0.6 MeV) neutrons/cm2 for both 
copper and gold samples. The neutron spectrum in 
the BSR is close to the 235U fission spectrum. 

Figure 3.7 shows a transmission electron 
micrograph taken under two beam dynamical 
diffraction conditions of a copper specimen 
irradiated with D-T neutrons to a dose of 3.5 X 1016 

neutrons/cm2. The observed clusters exhibit black-
whbe contrast characteristic of dislocation loops. 
The vacancy or interstitial nature of the dislocation 
loops was analyzed from the black-white directions (C 
vectors) of loops, and their positions with respect to 
the surface was determined from stereo microscopy. 
It was found that approximately three-fourths of the 
observed loops were interstitial and the rest were 
vacancy type. The Burgers vectorsand habit planes of 
the loops were determined from the directions of the C 
vectors with respect to the diffraction vector used; the 
results showed approximately three-fourths of the 
observed loops were faulted a/3(l 11) type and about 
one-fourth were perfect a/2(U0) type loops. A 
similar analysis was performed on dislocation loops 

PHOTO 3510-77 

Fig. 3.7. Transmission electron micrograph taken under 
dynamical diffraction condition. The arrow shows the direction of 
the diffraction vector (g) = [ i l l ] , and it is 0.2 jura long. 
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in d-Be and fission neutron irradiated specimens; the 
results on the vacancy or interstitial nature and the 
Burgers vectors of the dislocation loops were the 
same within the experimental uncertainty (±5%). The 
incidence of multiple clusters (two vacancy clusters 
separated by a distance of about 100 A) was studied 
by observing the spatial distribution of vacancy 
loops, using both stereo microscopy and dark-field, 
weak-beam techniques. The results showed that 
about 2.5% of the loops could be interpreted as 
multiple clusters in D-T neutron irradiated 
specimens, whereas no multiple clusters were 
observed in the ^-Be and fission neutron irradiated 
specimens (from the number of defect clusters studied 
it is inferred that the frequency of occurrence of 
multiple clusters must be less than 1%). Aside from 
the apparent presence of a small fraction of defects in 
multiple clusters in the D-T neutron damage, these 
studies have shown that the nature and character of 
high-energy neutron damage is the same as that 
observed for fission neutron damage. 

Figure 3.8 shows dislocation loop-type damage in 
gold irradiated with d-Be neutrons. Using the same 
analysis as that used in the case of copper, the 
majority of the observed loops (>95%) were 
determined to have a /3( l l l ) Burgers vectors; 

approximately 50% of the observed dislocation loops 
were interstitial, and the rest were vacancy type in 
both the high-energy and the fission neutron 
irradiated specimens. In the c/-Be neutron irradiated 
specimens (6 X 1016 neutrons/cm2), the average loop 
size was 53 A and the density 1.5 X 1016 cm"3, whereas 
in the fission neutron irradiated specimens, the 
average loop size was 42 A and the density 2.0 X I016 

cm"3 (dose = 1 X 1018 neutrons/cm2). These 
measurements indicate that the numbers of point 
defects contained in visible loops are about the same, 
whereas damage energy calculations predict that 
about five times as many point defects were created in 
the fission neutron irradiation than in the c/-Be 
irradiation. The higher retention of defects after d-Be 
neutron irradiations can be qualitatively understood 
from the increase in displacement cascade size with 
increased primary recoil energy. The cascade size 
effectively determines the probability for producing a 
visible cluster in gold at room temperature with p 1 
for recoil energies above 50 keV; p decreases rather 
sharply below 50 keV.2 Because 32% of the recoils in 
d-Be neutron irradiations are above 50 keV com-
pared with only 5% in fission neutron irradiations, 
the density of visible clusters and the retention of 
defects in d-Be neutron damage is expected to be 

PHOTO 3511-77 

Fig. 3.8. Transmission electron micrograph of d-Be neutron damage in gold imaged under two beam dynamical diffraction conditions. 
The direction of the arrow in the micrograph indicates the [200]diffraction vector, and the length of the arrowis0.2 /nm. The small dots in the 
background arc gold islands deposited on the surface by evaporation to locate the free surface of the specimen in the stereo measurements. 
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much higher than for fission neutron damage. In the 
ease of copper, it is believed that the cascades are less 
compact than in gold, and the probability of visible 
cluster formation is low (about 0.1) for recoils (E^ 10 
keV) and is relatively, independent of energy. 

1, J, B. Roberto, J. Narayan, and M. J. Saltmarsh, p. 159 in 
Radiation Effects and Tritium Technology for Fusion Reactors, 
vol. II. cd. by J. S. Watson and F. W. Wiffcn. ERDA CONF-
750989, Oak Ridge, Tcnn., 1976. 

2. K. L. Merkle, in Radiation Damage in Metals, cd. by N. L. 
Peterson and S. D, Harkncss, American Society of Metals. Metals 
Park, Ohio (in press). 

ELECTRON MICROSCOPE STUDIES OF THE 
NATURE OF DEFECT CLUSTERS IN COPPER1 

S. M. Ohr 

Burgers vectors of dislocation loops observed in 
copper single crystals electron-irradiated and 
annealed through Stage III have been determined 
from the electron microscope contrast analyses. 
Most of the loops analyzed were Frank sessile loops 
of a /3<III> type. If the interstitials form small 
dislocation loops of this type at the end of Stage I, 
there is no known mechanism to account for how 
these loops coalesce to form sessile loops of the sizes 
observed here during subsequent annealing at higher 
temperatures. 

I. Abstract of paper: Proceedings of the International Con-
'ference on Properties of Atomic Defects in Metals, Argonnc, 
Illinois, October 18 22, 1976 (in press). 

X-RAY STUDIES OF FUSION-ENERGY 
NEUTRON DAMAGE IN COPPER1 

J. B. Roberto 

Diffuse x-ray scattering has been used to study d-T 
fusion neutron damage in copper. Single crystals of 
copper were irradiated at room temperature with 
14.8-MeV neutrons at the Livermore RTNS to a 
fluence of 1.8 X I017 neutrons/cm2. The retained 
damage in the form of loop-type defect clusters was 
characterized using integral diffuse scattering. The 
samples and experimental procedures were virtually 
identical to those used in an earlier study of high-
energy c/-Be neutron damage in copper, allowing a 
direct comparison of relative damage effects for 
monoenergetic 15-MeV neutrons and rf-Berneutrons 
broadly peaked at the same mean energy. 

The results of measurements of diffuse scattering 
intensity vs deviation from the Bragg angle are shown 
in Fig. 3.9 for the (111) reflection in copper. The solid 
curves correspond to the measured defect scattering 
for the RTNS irradiation and for earlier 
measurements2,3 using d-Be and fission neutrons. The 
dashed curves show the d-Be and fission data 
normalized to the same damage energy as the RTNS 
irradiation. The scattering curves for d-T and d-Be 
neutron damage are nearly parallel and differ by 
about 15% on an equivalent damage energy basis. 
This is well within the expected uncertainties in the 
fluences. The normalized fission curve is also 
comparable to the RTNS result, although its shape is 
somewhat different with more intensity at smaller 
scattering angles corresponding to largerdefect sizes. 

Loop size distributions derived from the scattering 
data are shown in Fig. 3.10. These distributions were 
obtained usingacomputerfittingprocedure/and the 
estimated errors reflect the range of possible size 
distributions corresponding to the uncertainties in 
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Fig. 3.9. Symmetric integral diffuse scattering curves for RTNS 
(14.8 MeV), d-Be (broadly peaked near 15 MeV), and fission 
neutron damage in copper. The dashed curves for fission and «/-Bc 
neutrons are normalized to the same damage energy as the RTNS 
irradiation. 
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Fig. 3.10. Loop size distributions for copper irradiated at room 
temperature with d-Be, RTNS, and fission neutrons. 

the experimental scattering curves. Within these 
estimated errors, the loop size distributions for d-T 
and d-Be neutron damage in copper are in-
distinguishable, whereas the corresponding distribu-
tion for fission neutrons is shifted toward somewhat 
larger loop sizes. It should be emphasized that this 
apparent difference in loop size distributions for 
fission and fusion energy neutrons is somewhat 
illusory, since only a small fraction of the total point 
defects is contained in these larger loops. For the 
fusion-energy neutrons, the results are consistent 
with calculations4 which indicate that neutron 
damage effects related to primary recoil spectrum 
and damage energy should be comparable for d-T 
and d-Be neutron sources. 

1. Summary of paper to be published. 
2. J. B. Roberto, J. Narayan, and M. J. Saltmarsh, p. 159 in 

Radiation Effects and Tritium Technology for Fusion Reactors, 
vol. 2, ed. by F. W. Wiffen and J. S. Watson, ERDA CONF-
750989, Oak Ridge, Tcnn., 1976. 
v 3. B. C. Larson and F. W. Young, Jr., Journal of Applied 

. Physics (in press), 
4. J. B. Roberto, M. T. Robinson, and C. Y. Fu, Journal of 

•• Nuclear Materials (in press). 

D T FUSION NEUTRON AND NICKEL ION 
DAMAGE IN 316 STAINLESS STEEL1 

J. Narayan Bennett C. Larson 

Bulk samples of pure 316 austenitic stainless steel 
Ni-Cr-Fe (15-15-70%) were irradiated at 25°C with 
14.8-MeV neutrons from the RTNS facility at 
Lawrence Livermore Laboratories (LLL) to a dose of 
1.7 X lO17 neutrons/cm2. For comparison, samples 
were irradiated with 2.5 X 1013 1 -MeV 58Ni2+ ions/ cm2 

from the ORNL 6-MeV Van de Graaff as well, 
corresponding to an equivalent neutron dose of 
about I019 neutrons/cm2. Electron microscopy was 
used to study the retained damage structure in the D-
T neutron irradiated specimens, and both electron 
microscopy and x-ray diffuse scattering were used to 
investigate the damage produced in the nickel ion 
irradiated stainless steel. From the microscope study, 
average loop sizes of 42 and 40 A and loop densities 
of 7 X 1012 and 6 X 10l4cm"3 were determined for the 
D-T neutron and ion irradiated stainless steel 
respectively. Both the electron microscope and x-ray 
observations indicated the point dcfect retention (in 
the form of loops) was about 0.1% ot the calculated 
(NRT standard2) number of defects generated during 
the irradiations. Electron microscope work on 
copper irradiated with 1.8 X 1017 D-T neutrons/cm2 

at 25° C indicated 7 X 1015 loops of average size 47 A 
per cubic centimeter, which corresponds to about 6% 
defect retention. In addition, about 2.5%of the loops 
in copper could be interpreted as resulting from 
multiple displacement cascades, whereas no evidence 
was seen for multiple cascades in stainless steel. The 
large differences in the defect survival in stainless 
steel and copper are not understood at present. 

1. Summary of paper: Trans. Am. Nucl. Soc. 26, 191 (1977). 
2. M. J. Norgctt, M. T. Robinson, and I. M. Torrens. Nucl. 

Eng. Design. 33, 50 (1975). 

NICKEL ION DAMAGE IN 
316 STAINLESS STEEL 

J. Narayan Bennett C. Larson 

We have used transmission electron microscopy 
and x-ray diffuse scattering techniques to investigate 
defect clusters produced at 25° C and 400° C by 1 - and 
4-MeV 58Ni2+ ions in stainless steel. Single crystals of 
316 austenitic stainless steel Ni-Cr-Fe (15-15-70%), 
grown by theCzochralski technique, were used in this 
investigation and were found to have a dislocation 
density of about IO5 cm"2. 

Electron microscopy studies were made on 
stainless steel and copper specimens that were 
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Table 3.2. Dislocation loop parameters in stainless steel 
and copper measured by x-ray diffuse scattering 

Total point 
Dose Loop density Average diameter defect density 

(X 10") " (X IO!0) 

Stainless 6.5 X I0U ions/cm3 14.6 em 1 26 A I65 cm 3 

steel 

Copper 5 X I0U ions/em3 3.7 em 3 40 A 0.85 em 3 

thinned to about 2000 A and then irradiated to doses 
of 2.5 X I014 and 5X 10l2 ions/cm2 respectively. The 
average loop sizes for stainless steel and copper were 
40 and 55 A , respectively, and loop densities of 8.5 X 
IO16 and 8.0 X 1016 cm"3 were found. Compared with 
the number of defects calculated as generated by the 
irradiations, the relative number of defects retained 
in the form of dislocation loops was estimated to be 
about 0.1% for stainless steel and about 5% for 
copper. The results of x-ray studies made on bulk 
samples of stainless steel and copper, irradiated to 
respective doses of 6.5 X I0M and 5 X IO12 ions/cm*, 
are summarized in Table 3.2. These x-ray results are 
in qualitative agreement with the transmission 
electron microscopy (TEM) work although the x-ray 
analysis leads to smaller average loop sizes and 
higher loop densities for both stainless steel and 
copper. 

The TEM results of high-temperature (400°C) 
irradiation of stainless steel are described below 
(dose = 2.5 X 1014 ions/cm2). The average loop size 
was 94 A and the loop density 1.0 X 10'6 cm"3. 
Compared with the room-temperature irradiations, 
the size distribution indicated a substantial reduction 
in the density of the smaller loops (<40 A ) and an 
apparent increase in the density of loops of larger 
sizes. 

The large difference between the survival of defects 
in stainless steel and copper is not understood at 
present, but it can be expected that the presence of the 
alloying elements in the steel would tend to reduce the 
vacancy-interstitial separation in the cascades by 
defocussing. Hence, the initial recombination of the 
point defects before forming dislocation loops would 
be larger, leading to fewer defects surviving. Point 
defect trapping must also be considered as a possible 
inhibitor of clustering. Both of these possibilities 
need to be investigated further. 

DOSE RATE AND ANNEALING EFFECTS 
IN SELF-ION IRRADIATED NICKEL 

Bennett C. Larson J. Narayan 

In the study of defect cluster production and 
cluster evolution in ion irradiated nickel, the 
influence of the ion dose rate and postirradiation 
annealing has been investigated. Irradiation doses of 
2.5 X 1013 4-MeV 58Ni2+ ions/cm2 were accumulated 
at dose rates of 0.5,2.5, and 25 X 10" ions cm"2 sec"1 

at 25°C along nonchanncling directions on nickel 
crystals with 200 surfaces. X-ray integral diffuse 
scattering measurements were carried out as a 
function of the rocking angle AO relative to the 200 
Bragg rcflcction angle on these samples. The major 
result was the observation of sizeable increases in the 
scattering at small AO (i.e., close to the Bragg peak) 
for the higher dose rates. Such increases imply1 

qualitatively that the number of larger loops in the 
sample is increasing relative to the number of smaller 
loops. This is shown quantitatively in Fig. 3.11 in 
terms of the dislocation loop size distributions 
obtained from the analysis of the scattering data. 
These data are scaled to correspond to thedensities at 
the damage peak (0.8 n below surface) and show a 
factor of about 5 increase in the numbers of larger 
loops with relatively little change in the numbers of 
smaller loops. The origin of these increases is not 
understood at present, although the magnitude of the 
effect suggests it to be significant in the understand-
ing of defect clustering at these temperatures. 

After thermally annealing these samples at 125°C 
for 1 hr, x-ray and electron microscopy observations2 

indicated little change in the loop size distributions 
and only a small (about 15-20%) decrease in the loop 
densities. However, after warming to 450°C, a 
considerable reduction in the number of loops 
smaller than about 30 A radius was observed with a 
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Fig. 3.11. Dislocation loop size distributions for self-ion 
irradiated nickel for varying ion dose rates. 

concomitant increase in the number of larger loops. 
This latter result seems to imply that loop glide and 
climb, leading to loop coalescence and aggregation, 
as well as anihilation are important at the higher 
temperatures. 

technique. For an ion dose of 2.5 X 1013 cm"2, the 
average cluster radius of 32 A at the damage peak 
depth (0.82 nm) was 20% larger than the average 
radius near the crystal surface. The fraction of point 
defects created in the displacement cascades that 
survived in the form of defect clusters was found to be 
about 1% for these doses. Annealing at 125,250, and 
450°C gave a monotonic decrease in the number of 
point defects stored in the form of loops. 

I . Abstract of paper: Journal of Applied Physics (in press). 

DEPTH DISTRIBUTION OF SELF-ION 
DAMAGE IN NICKEL1 

J. Narayan O. S. Oen 

The depth distribution of displacement damage 
produced by 4-MeV nickel ions in nickel single 
crystals has been studied by a transmission electron 
microscope technique. The experimental damage 
profiles have been compared with the calculated 
damage energy vs depth curves vdlculated by the E-
DEP-1 computer code of Manning and Mueller. 
Using the theoretical value of the electronic stopping 
parameter, k = 0.162, of Lindhard, Scharff, and 
Schi^tt, the calculated damage peak is 16% too near 
the surface. Good agreement is obtained for a 
reduced value of k = 0.126. The energy deposition 
tables of Brice underestimate the experimentally 
observed peak depth by 5%. 

1. Abstract of paper: J. Nucl. Mater. 66, 158 (1977). 

ORNL-DWG 77-11702 

1. Bennett C. Larson and F. W. Young, Jr., J. Appl. Phys. 48, 
880 (1977). 

•2. J. Narayan and B. C. Larson, Journal of Applied Physics (in 
press). 

DEFECT CLUSTERS AND ANNEALING 
IN SELF-ION IRRADIATED NICKEL1 

J. Narayan B. C. Larson 

Transmission electron microscopy and x-ray 
diffuse scattering have been used to study defect 
clusters in 4-MeV self-ion irradiated (total doses 
equal to 2.5 and 5.0 X 1013 ions/cm2) nickel. The 
distribution of defect clusters as a function of the ion 
penetration depth was measured directly in the 
electron microscope using a transverse sectioning 

ION RADIATION DAMAGE IN COPPER1 

J. Narayan O. S. Oen T. S. Noggle 

Transmission electron microscopy techniques 
have been used to study dislocation loop-type 
damage as a function of depth in copper single 
crystals irradiated with MeV copper, nickel, and 
helium ions at room temperature. By comparing the 
location of the peak in the experimental depth 
profiles with calculated damage energy curves, the 
electronic stopping powers of copper and nickel ions 
in copper were deduced. The deduced electronic 
stopping powers have been compared with those 
predicted by Lindhard et al.,2 Brice,3 and the 
Northcliffe and Schilling tables.4 The deduced 
stopping powers agreed well with the Northcliffe and 
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Schilling values corrected for Z2 oscillations by the 
method proposed by Ward et al.5 In the case of 1-
MeV helium ions, good agreement was obtained 
between the observed damage peak position and that 
calculated using the experimental electronic stopping 
of Zieglerand Chu6 and that of White and Mueller.7 

1. Summary of paper: Journal of Nuclear Materials {in press). 
2. J. Lindhard, M . Scharff.and H. E.Schi^tt , K. Dan. Vidensk. 

Sel.sk.. Mat.-Fys. Medd. 33, No. I (1963). 
3. D. K. lirice, Phys. Rev. A 6, 1791 (1972). 
4. L. C. Northcliffcand R. F. Schilling. Nucl. Data. Seel. A 7, 

233 (1970). 
5. D . Ward el al., Stopping Powers for Heavy Ions, A E C L -

5313, Atomic Energy of Canada, Ltd., Chalk River, Ontario. 
6. J. F. Zicgler and W . K. Chu, At.:Data Nuc. Data Tables 13, 

463 (1974). 
7. W. White and R. M . Mueller, Phys. Rev. 187, 499 (1969). 

LOW-TEMPERATURE 
RADIAT ION EFFECTS 

ISOCHRONAL RECOVERY OF 
HIGH-ENERGY d-Be NEUTRON DAMAGE 
IN COPPER, NIOBIUM, AND PLATINUM 

FROM 8 TO 400 K1 

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

The isochronal recovery of high-energy c/-Be 
neutron damage has been measured in copper, 
niobium, and platinum from 8 to 400 K, using 
changes in the electrical resistivity. High-purity wire 
specimens were irradiated at 4.2 K with neutrons 
produced at the ORIC by the reaction of 40-MeV 
deuterons on a thick beryllium target. The resulting 
neutron-energy spectrum was broadly peaked near 
15 MeV.2 

The recovery of high-energy d-Bc neutron damage 
in copper, niobium, and platinum shares niany fea-
tures with the recovery of fission-neutron damage in 
these materials. While there is a trend with increasing 
neutron energy toward less fine structure and more 
continuous annealing, as seen in the platinum results 
(Fig. 3.12), the major annealing peaks occur at the 
same temperatures for thermal-, fission-, and d-Be-
neutron damage in all three materials where data 
exist. Furthermore, the general nature of the anneal-
ing is essentially unchanged for fission and d-Be 

neutrons in copper and niobium. The striking differ-
ence occurs in platinum, where Stage 1 is substantially 
suppressed for the high-energy neutrons as compared 
with fission neutrons. The suppression is virtually 
complete for the I,t and 1« close-pair recombination 
substages at 11 and 15 K, and only a slight indication 
of the If substage at 20 K remains (Fig. 3.12). 

This result suggests that substantial configura-
tional differences exist in the primary damage state 
resulting from */-Be neutrons and fission neutrons in 
platinum. In particular, these differences are in a 
direction that suggests the formation of more stable 
cascade structures at the higher neutron energies. 
This difference is barely reflected in the annealing 
d'ita for copper and niobium, although the result for 
niobium may not be conclusive if Stage I annealing in 
this material occurs below 4 K, as recent evidence 
suggests.3 On the basis of the experimental results, 
however, the materials show the trend that differ-
ences in cascade structure resulting from fission-and 
c/-Be-neutron damage are greater for heavy elements 
and decrease to near zero for lighter elements. 

In particular, we expect increased cascade stability 
for the higher-energy neutrons in the heavier 
materials, while cascade stability appears to satu-
rate at fission-neutron energies for the lighter ele-
ments. These differences in primary damage stateare 
evidently not reflected in the total damage produced 
at 4 K. Recent electrical-resistivity measurements2 

revealed that the 4 K damage production resulting 
from high-energy d-Be neutrons in copper, niobium, 
and platinum scaled with damage energy from the 
corresponding fission-neutron damage production. 
These results for platinum suggest that the increased 
cascade stability is not obtained because of increased 
recombination of nascent close pairs during the 
damage-production process. Instead, for the higher-
energy neutrons, a relatively higher proportion of 
interstitials are produced in clusters or in such close 
proximity to each other that they cluster after a few 
jumps. Furthermore, for this experiment, the resis-
tivity per defect js practically the same for the 
clustered configuration as for the close-paired 
configuration. 

1. Summary of paper to be published. 
2. J. B. Roberto ct al., Appl. Phys. Lett. 30, 509 (1977). 
3. P. Ehrhart, Bull. Am. Phys. Soc. 22, 381 (1977). 
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Fig. 3.12. Isochronal recovery curves for d-Be-, fission-, and thermal-neutron damage in platinum. 

DAMAGE PRODUCTION BY HIGH-ENERGY 
d-Be NEUTRONS IN COPPER, NIOBIUM, 

AND PLATINUM AT 4.2 K1 

J. B. Roberto 
C. E. Klabunde 
J. M. Williams 

R. R. Coltman, Jr. 
M. J. Saltmarsh" 
C. B. Fulmer2 

Electrical-resistivity measurements have been used 
to observe damage-production rates for copper, 
niobium, and platinum irradiated with high-energy 
d-Be neutrons at 4.2 K. The neutrons were generated 
at the ORIC by the reaction of 40-MeV deuterons 

incident on a thick beryllium target. The resulting 
neutron-energy spectrum was broadly peaked near 15 
MeV. Damage production was proportional to 
fluence up to 4 X 1015 neutrons/cm2 and was 
approximately three times greater than for the same 
fiuence of fission neutrons in these materials. This 
result is in good agreement with predictions based on 
damage-energy calculations. 

1. Abstract of paper: Appl. Pliyx Lett. 30, 509 (1977). 
2. Physics Division, O R N L . 
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PROGRESS ON AN INTERLABORATORY 
PROGRAM TO STUDY 

LOW-TEMPERATURE DAMAGE RATES IN 
DILUTE VANADIUM, NIOBIUM, AND 

MOLYBDENUM ALLOYS 

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

D. K. Holmes 
A cooperative program designed to make use of the 

speciai capabilities of a number of laboratories seeks 
to measure the resistivity-damage rates near 4 K for 
electron, proton, fission-neutron, and 14-MeV 
neutron irradiations of dilute alloys of 300-ppm 
zirconium in vanadium, niobium, and molybdenum. 
The ORNL commitment to this program consists of 
sample preparation, which has been completed by the 
Research Materials Section, and the fission-neutron 
irradiations, which are being undertaken by the Low-
Temperature Irradiation group. A report has been 
made of the construction and testing of all portions of 
the fission-neutron experiment assembly and the first 
irradiation made on a vanadium (300-ppm zir-
conium) ribbon at 4.6 K for 258 hr.1 

During the past year, results were obtained on 
molybdenum (300-ppm zirconium) from a 120-hr 
irradiation at 4.6 K and on niobium (300-ppm 
zirconium) from a 143-hr irradiation at 4.7 K. 
(Superconductivity of this sample was suppressed by 
a 9-kOc transverse magnetic field.) Preparations are 

now under way to make measurements of damage 
rate near 4.6 K. and subsequent fast-neutron activa-
tion on the same nickel specimen in an effort to make 
a direct experimental correlation between damage 
rate and neutron flux. Completion of the nickel 
measurements will fulfill ORNL's commitment to 
this program. 

The molybdenum data (Fig. 3.13) show an initial 
10% transient reduction in the damage rate up to 18 
nil-cm prior to a typical linear decrease that was 
observed up to a damage resistivity of 70 nli-cm. In 
contrast, Jung and Lucki" found similar transients 
that persisted only to about 6 nil-cm when they 
studied 2.8-MeV electron-damage production on the 
same material as part of the interlaboratory program. 
An attempt to fit the data to a model proposed by 
Keil et al.1 (based on their studies of niobium) was 
unsuccessful. They proposed that their transient 
decrease in damage rate resulted from the recombina-
tion with nearby off-line vacancies of interstitials 
executing long-range collision sequences. An ex-
planation of the transient in terms of a deviation 
from Matthiessen's rule seems unlikely, because the 
effect becomes nil at a damage resistivity well below 
the initial sample resistivity. 

In the case of the niobium (300-ppm zirconium), 
the damage rate decreased about 3% in linear fashion 
up to a damage resistivity of 80 nfl-cm with no sign of 
a transient behavior. This is in agreement with the 
results seen by Jung and Lucki: using 1.9- and 
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Fig. 3.13. Fission-neutron damage rate of molybdenum (300 ppm zirconium) at 4.6 K. 
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2.8-McV electrons. In contrast, Keil et al.3 irradiating 
with reactor fast neutrons at 19 K iee large transient' 
decreases in damage rate of 24 to 36% (depending on 
sample purity) up to 80 nfl-cm. The possible in-
fluence of irradiation temperature and sample-
impurity type to explain this difference will be given 
further attention. However, the present initial 
damage rate of 3.0 X 10"25 fl-cm3 per neutron is in 
close agreement with an extrapolation of Keil et al. 
which ignores their transient. 

1. .1. M . Williams et al.. Solid Slaw Div. Anna. Prog. Rep. Dec. 
Ji. 1975. ORNL-5135. p. 80. 

2. P. Jung and G. Lucki. Radial. E f f . 26, 99 (1975). 
3. D . Keil, W. Decker, and J. Dichl, Radial. E f f . 27, 155 

(1976). 

DEFECT AND TRANSMUTATION 
RESISTIVITY IN 

REACTOR-IRRADIATED COPPER 

R. L. Chaplin1 D. K. Holmes 
R. R. Coltman, Jr. J. K. Redman 

A study of the resistivity increase produced by 
irradiation in copper at room temperature is of 
interest for the fundamental understanding of defect 
behavior in metals and for the near-future practical 
needs of fusion-reactor technology as well. Informa-
tion related to both areas has been obtained from 
measurements of the residual-resistivity changes in 
wires (0.04-mm diam) during an accumulated irradia-
tion time of 107 days in the CP-15 facility of the 
ORNL BSR. Through the use of a movable personnel 
bridge over the BSR pool, specimens, mounted on a 
long sample holder, were hand-transferred from the 
CP-15 facility to a heavily shielded liquid-helium 
vessel for measurement. Using only distance as a 
shield, a decay time of no more than 12 hr was re-
quired for a safe transfer of the holder after irradia-
tion increments that varied from 2 hr to 21 days. Six 
specimens were arranged, three each in two matched 
sets, one of which was surrounded by cadmium to 
provide a partial shield for thermal neutrons and 
hence reduce the production of zinc and nickel 
transmutations. To examine the possible influence of 
initial resistivity upon the results, two pairs of 
samples were prepared from high-purity material and 
given different preirradiation treatments (internal 
oxidation anneal, po = 0.88 nfl-cm; hard vacuum 
anneal, po— 3.9 nfl-cm). A third pair was made from 
unannealed magnet wire (po = 21 nfl-cm). 

Comparison of the measurements of the shielded 
and unshielued pairs of specimens made after an 
increment of irradiation and then during the post-
irradiation decay of radioactivity allowed the 
accurate determination of that portion of the irradia-
tion-resistivity increase which is due to transmuta-
tions and that portion due to fast-neutron damage. 
The results obtained for the sample with smallest p0 
are shown in Fig. 3.14. Within experimental error, 
the same results were obtained for the other two pairs 
of specimens with regard to both transmutation-and 
damage-resistivity increases. The common results, 
along with the precisely linear increase with dose of 
the transmutation resistivity for samples spanning 
such a wide range of po values, are strong evidence 
that deviations from Matthiessen's rule are not 
significant in this experiment. This result is of great 
practical importance, since it eliminates a com-
plicating feature that can often severely hamper 
efforts to analyze results in terms of a specific model. 

A comparison of the defect concentrations deter-
mined from the present results with those obtained by 
Larson et al.2 by x-ray diffuse scattering of copper 
irradiated in the same facility shows the latter to be 
consistently higher by a factor of about 3 up to a 
fluenceof8X 10'" neutrons/cm2 greater than I MeV. 
Although this discrepancy is not understood, its con-
stant behavior suggests that the specific resistivity of 
the defects is not changing during the growth of the 
irradiation-induced dislocation loops that is inferred 
from the x-ray measurements. Larson et al. pointed 
out a similar x-ray-resistivity comparative result3 that 
occurs during isochronal recovery of this type of 
damage. Figure 3.15 shows the damage rate and its 
reciprocal vs damage resistivity. Early efforts to fit 
theory to these results show qualitative agreement 
with a model in which (1) both vacancies and inter-
stitials are mobile and (2) trapping and cluster growth 
can be treated parametrically. This model predicts 
zero damage rate at a finitedamage resistivity, a trend 
which the data seem to support. This trend towards 
zero damage rate is evident in Fig. 3.15, especially in 
the reciprocal-damage-rate curve. Moreover, at the 
higher fluence values the slope of the total irradia-
tion-resistivity curve, PD + PT, is approaching that of 
the transmutation-resistivity curve, pr, which is 
consistent with the result just mentioned. 

The results of this investigation are also of practical 
interest to the design of a magnet system for the 
EPR-1 fusion reactor.4,5 A copper poloidal-field (PF) 
coil located inside the reactor shield is expected to be 
operated near room temperature under an annual 
neutron fluence of 1.0 X 1020 neutrons/cm2 greater 
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than 0.1 MeV. A comparison of the neutron 
spectrum'' in the CP-15 facility with that at the PF 
coil location shows the latter to be noticeably softer 
(larger neutron population at lower energies) with 
virtually no thermal-neutron component to produce 
transmutations. Taking into account spectral differ-
ences, it is estimated that the flucnce reached in the 
present work is equivalent in damage production to 
about two years of operation. The increase in room-
temperature resistivity due only to damage is 
estimated at about 4%. This increase would be 
expected to be less than 8% in ten years of operation, 
assuming no further decrease in the final damage rate 

, trom that observed in this experiment. 

1. Clemson University. Clemson. S.C. 
2. H. C. Larson and K W.. Young, Jr.../. Appl. I'hys. 48, 880 

(1977, 
X li. C. Larson../. Appl. Crysiallng. 8, 150 (1975). 
4. M . Roberts and li. Ileitis. Oak Ridge Tokomak Experi-

mental I'ower Reactor Sillily: Reference Design. O R N I . . T M -
5042 (August 1975). 

5. .1. I". (iuess et al.. A Survey of Radiation Damage Effects in 
Superconducting Mugnel Components and Systems. O R N I . T M -
5187 (December 1975). 

6. Derived from neutron and gamma ray flux calculations lor 
El 'R by R.T.Santoro, Neutron I'hysies. ORNL. (Some resultsare 
included >n ref. 5.) 

SAFETY-ANALYSIS REVIEW OF 
THE ORNL LOW-TEMPERATURE 

IRRADIATION FACILITY 

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

During the past year, a comprehensive Safety-
Analysis Report covering all aspects of construction 
and operation of the ORNL Low-Temperature 
Irradiation Facility (LTIF) and many of the 
experiment assemblies used therein was completed 
and presented to the ORNL Reactor Experiment 
Review Committee. The committee approved con-
tinued operation of the facility, except in one mode 
which is expected to be approved pending test results 
to be obtained early in the coming year. The excep-
tion has not delayed any experimental programs. 

In addition to calculations made in the course of 
the safety analysis, several experimental tests were 
performed to provide information for which calcula-
tions were not expected to give reliable results. One 
series of-', tests were related to the well-known 
"cryogenic-irradiation hazard," which is believed to 

arise from the explosive decomposition or reaction of 
ozone. As the result of an inadvertent air leak in the 
insulating vacuum system, oxygen can be frozen out 
on cold surfaces in the radiation zone of a cryogenic-
irradiation facility, where it is efficiently converted to 
ozone by ionizing radiations, particularly gamma 
rays. 

In the LTIF, the nearest proximity of the atmo-
sphere to the irradiation zone is 5 m. The question 
arose as to whether or not air, entering a leak in the 
insulating vacuum jacket 5 m distant, would reach the 
radiation zone before freezing out on cold pipingand 
other surfaces. Calibrated air leaks at several dif-
ferent rates were introduced into the insulating 
vacuum jacket while the LTIF was in full operation. 
While at the point of injection the vacuum deterio-
rated from I X I0"6 to about 2 X 10 1 torr, at 1.5 m 
away the pressure rose only to about 3 X 10 4 torr,-
indicating that nearly all of the air was frozen out in a 
range less than this. Further observation of the 
system under leak conditions showed that virtually 
no air would reach the irradiation zone before correc-
tive action would be taken; nor would the liquefier 
fail from the heat overload imposed by the leak. 

COPPER-CRYSTAL IRRADIATION FOR 
NEUTRON SCATTERING STUDIES 

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

The results of neutron scattering measurements on 
thermal-neutron-irradiated copper crystal made 
without warmup from 4 K showed ^-dependent 
defect-phonon perturbation effects that could not be 
fully explained in terms of simplified calculations for 
the <100>split interstitial.1 Follow-upstudics required 
larger defect concentrations than could be obtained 
in the normal LTIF configuration employed for the 
earlier irradiation. 

To increase the thermal-neutron flux at the LTIF, 
a D 2 0 tank mounted on the reactor support structure 
was removed, and the core of the BSR was then 
temporarily relocated on its movable supporting 
structure to a position that would place the fuel closer 
to the sample chamber of the fixed-position LTIF. 
D2O remaining in a chamber integral to the LTIF and 
an adjustable H2O gap between the core face and the 
LTIF provided variable neutron thermalization and 
intensity. Preliminary tests indicated substantial flux 
increases up to a factor of 5 (normal flux is 2.5 X 1012 

neutrons cm"2 sec"1) were possible, accompanied by 
the expected loss of neutron thermalization and 

t. 
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incivase in gamma-ray heating. Using a 3.8-cm H : 0 
gap, a copper single crystal was irradiated in the 
LT1F at 4.9 K for 24 days in a newly constructed 
miniature liquid-helium transfer vessel2 along with a 
companion damage-resistivity specimen. From com-
parative resistance measurements, it was found that 
60% of the damage was produced by thermal 
neutrons and 40% by fast neutrons, while the total 
damage was 2'/a times that obtained in the previous 
irradiation made in the normal configuration. Prepa-
rations are now under way to permanently relocate 
the BSR core in the new position and to provide a 
movable support stand for the D^O tank that was 
removed. These changes will provide the options of 
higher flux at the LTIF at the expense of neutron 
thermalization or the return to the ori;.;.T<-'i! highly 
thermalizing configuration. 

1. R. M . Nicklow ei al., I'hys. Rev. Leu. 35, 1444 (1975). 
2. .). M . Williams ct al.. J. Phys. £ 9 , 732 (1976). 

INTERSTITIAL MOBILITY 
AND INTERACTIONS' 

F. W. Young, Jr. 

The recovery process following electron irradia-
tion at 4 K is carefully reviewed to decide which 
recovery stages apply to interstitials. The results from 
a number of different types of experiments are best 
interpreted in terms of free interstitial migration in 
Stage I. Hence, the one-interstitial model is used to 
deduce information pertaining to interstitials in less 
well studied metals. In Al, Ni, Cu, and Fe it appears 
to be established that the self-interstitial is of the 
dumbbell configuration and that the dumbbell 
reorients as it migrates. The activation energy for 
migration is about 0.1 eV. The evidence for resonant 
modes for the dumbbell is reviewed, and the jump 
process was discussed in terms of these modes. While 
self-interstitials in many metals apparently have 
similar properties, for other metals the interstitial 
properties are not yet understood. Interstitials 
interact to form clusters; the evidence for small 
cluster formation is reviewed. 

I . Abstract of paper: Proceedings. Internadonai Conference on 
Propertiesof Atomic Defects in Metals. Argonne, Illinois, October 
18-22, 1976 (in press). 

MEASUREMENTS OF CONDUCTION 
ELECTRON SCATTERING IN , 

NEUTRON-IRRADIATED COPPER BY THE 
de HAAS-van ALPHEN EFFECT1 \ 

Y. K. Chang J. B. Ketterson2 ; 
A. J. Arko2 L. R. Windmiller2 ' 
G. W. Crabtree2 R. J. Higgins'1 

F. W. Young, Jr. ,, 
i 

The anisotropy of conduction electron scattering'' 
in a copper single crystal due to dislocation loops 
produced by irradiation with a neutron dose of 10IK 

neutrons/cm2 has been studied by measuring the 
de Haas-van Alphen (dHvA) Dingle temperatures, 
X, for a number of orbits, these quantities measure 
the total scattering cross sections and are related to 
the electron relaxation times r through X=h/ l-rkm. 
Very large scattering anisotropy was found with the 
strongest scattering arising from the neck region. 
Results also showed that thedHvA (total) scattering 
rate due to dislocation loops is three orders of 
magnitude smaller than that due to edge dislocations, 
where the long-range (I//-) strain field dominates. 
This is consistent with the absence of a long-range 
strain field in the loop geometry. We have also found 
that the d H v A scattering rate due to d islocation loops 
is several times larger than the corresponding resis-
tivity scattering rate. 

1. Abstract of paper: p. 846 in Fundamental Aspects of Radia-
tion Damage in Metals, vol. I I , cd. by M . T . Robinson and I'. W. 
Young. Jr.. E R D A CONK-75I006-P2. Oak Ridge, Tenn.. 1976. 

2. Argonne National Laboratory. Argonne. III. 
3. University of Oregon, Eugene. 

ION-SOLID INTERACTIONS 

DAMAGE PRODUCTION RATES OF 
17.4-MeV NICKEL IONS IN NICKEL 

T. S. Noggle B. R. Appleton 
J. M. Williams T. Iwata1 

The measurement of damage production rates as a 
function of ion penetration depth has been extended 
to nickel using the thin film techniques originally 
developed for the study of self-ion damage rates in 
aluminum.2 This extention of the method to nickel 
required the development of evaporated thin film 
resistivity specimens similar to the type of speci-
men shown in Fig. 3.16, which was developed for the 
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Fig. 3.16. Thin film aluminum resistivity specimen. (</) Schematic diagram showing details of the thin film specimen; (/>) evaporated 
thin film specimen. The substrate plate is 10 X 15 mm; the specimen is 2 mm wide by 5 mm between voltage probes. The four circulararcasarc 
gold contact pads. 

aluminum studies. For nickel specimens, the sub-
strate plate was nickel electropolished to give a 
microscopically smooth surface, and the electrically 
insulating layer (replacing the anodized layer in the 
aluminum specimens) was obtained by evaporating 
0.3-0.4 jum of Si02. The nickel {AN purity) for the 
resistivity specimens and the gold for the contact 
pads were evaporated through the same masks used 
previously and gave specimens of the same geometry 
shown in Fig. 3.166. The satisfactory behavior of the 
nickel specimens prepared in this manner suggests 
that the use of evaporated SiC>2 films for electrical 
isolation will permit the extention of the damage-rate 
studies to most other metals. 

Figure 3.17 shows the results of damage-rate 
measurements made using 17.4-MeV nickel ions 

from the ORNL Tandem Van de Graaff. The com-
parison of the experimental values with the theoreti-
cal curve calculated by the computer program 
E-DEP-1 (ref. 3) using a value of the electronic 
stopping parameter, k = 0.162, and the curve 
calculated from tables by Brice,4 indicates generally 
good agreement over the full range of the ions. 

The band of values for zero absorber thickness in 
Fig. 3.17 indicates the range of damage rates ob-
served for the open beam measurements in which the 
apparent damage rate decreased monotonically by 
about a factor of 2 over the course of the experiment. 
The measurements made with absorber foils do not 
show this strong dependence of the damage rate upon 
accumulated damage. This difference in behavior of 
the damage sensor resistivity specimen with and 
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Fig. 3.17. Damage rate vs absorber foil thickness for 17.4-MeV "Ni 2 " ions in nickel. The number;, on the graph with arrows indicate 
multiple measurements. The band of values for / em absorbci thickness gi\es tile range over which the open beam damage tatc changed 
dining the course ol the experiment. 
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without absorber foils is not understood at this time; 
this in turn raises questions as to the reliability of the 
results obtained. Comparison of the initial open-
beam damage rate to experimental fast-neutron 
damage rates indicates approximate agreement with 
that expected from the deposited damage energies 
calculated for the two cases. Correction of the ion 
damage rate for the initial transient behavior reduces 
the apparent damage rate by about 25% and leads to 
relatively poor agreement. 

1. Guest scientist from Japan Atomic Energy Research 
Institute, Tokai-Mura, Japan. 

2. T. S. Noggle el al„ p. 225 in Proceedings of die Fourth 
Conference on the Scientific and Industrial A pplications of Small 
Accelerators, ed. by J. L. Duggan and I. L. Morgan. IEEE 
76CHI175-9 NTS, Piscataway, N.J.. 1976. 

3. 1. Manning and G. P. Mueller, Comput. Phys. Com/nun. 7, 
85 (1974) and Nucl. Eng. Des. 33, 78 (1975). 

4. D. K. Brice, p. 124 in Ion Implantation Range and Energy 
Deposition Distribution, Vol. I, High Incident Energies. Plenum 
Press. New York, 1975. 

DAMAGE RATES OF MeV ALUMINUM 
IONS IN ALUMINUM' 

T. S. Noggle O. S. Oen 
B. R. Appleton J. A. Biggerstaff: 

J. M. Williams T. Iwata3 

Damage rates of 5-MeV -'Al ions in aluminum 
have been measured as a function of the ion path 
length in aluminum. The technique developed for this 
study employed evaporated aluminum thin film 
(about 0.4-0.5-jxm-thick) electrical-resistivity speci-
mens as damage sensors, and variation in ion path 
lengths was obtained by insertion of thin foils of 
aluminum immediately in front of the resistivity 
specimen. Irradiations and electrical-resistance mea-
surements were carried out below 10 K to "freeze in" 
the displacement damage and to provide suitable 
conditions for precision electrical measurements. The 
resistance increase due to irradiation is a measure of 
the displacement damage resulting from ion-atom 
collisions in the specimen. The damage rates vary 
about an order of magnitude over the range of the 
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ions and are in general agreement with calculated 
damage rates obtained from theory. 

1. Summury of paper: p. 255 in Proceedings of the Fourth 
Conference on the Scientific and Industrial Applications of Small 
Accelerators, cd. by J. L. Duggan and I. L. Morgan, IEEE 
76CII I175-9 NTS, I'iscataway, N.J., 1976. 

2. Physics Division, O R N L . 
3. Guest scientist from Japan Atomic Energy Research 

Institute, Tokai-Mura, Jupun. 

WELL-CHANNELED IONS WITH 
GREATER-THAN-RANDOM 

ENERGY LOSS RATES' 

O. W. Holland2 B. R. Appleton 

As a consequence of the channeling phenomenon, 
energetic positive ions incident parallel to axial or 
planar directions in single crystals acquire oscillatory 
trajectories in the open regions between the rows and 
planes of lattice atoms and never approach closer to 
them than about 10~'J cm. The trajectories of the well-
channeled ions sample impact parameters that are, 
on the average, larger than those experienced by 
randomly directed ions. Thus well-channeled ions 

usually exhibit lower energy loss rates. Recent mea-
surements for 1-MeV helium ions transmitted 
through thin silicon single crystals along the (111) 
planar direction identified for the first time a distinct 
group of well-channeled ions with energy loss rates 
substantially greater than random. 

Representative energy loss spectra for 1-MeV 
helium ions transmitted through a 0.23-jxm-thick 
silicon single crystal parallel to the (111) planar direc-
tion and also in a random direction are compared in 
Fig. 3.18. The (III) planar spectrum shows two 
distinct groups of ions: one with energy loss rates less 
than random, as one would expect for well-channeled 
ions; the other with energy loss rates substantially 
greater than random. Detailed analysis of the 
behavior of these two groups of io ns, as one varies the 
angle of incidence of the beam relative to (111), shows 
that both groups are due to well-channeled ions. The 
origin of these two groups of ions lies in the unusual 
nature of the (1 i 1) planar channel in silicon, which is 
composed of a set of widely spaced atomic planes 
(2.35 A separation) bordered by a narrow set (0.78 A 
separation) of equivalent atomic density. It appears 
likely that the low-loss group isdueto ions channeled 
in the wide (111) subchannel and the high-loss group 
to ions channeled in the narrow (111) subchannel, 
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; Fig. 3.18. Energy loss distributions for 1.0-MeV helium ions transmitted through a 0.23-/im silicon crystal parallel to the (111) planar 
direction within ±0.04 of the incident beam direction. 
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Among the most consequential applications of 
channeling phenomena in the past has been the 
utilization of the unique constraints imposed on ion 
interactions in solids as a consequence of the 
channeling effect. These have included studies of 
stopping powers, partition of energy loss, charge 
exchange, electron screening, characteristic x-ray 
excitation, photon emission, electron ejection, and 
radiative electron capture, to mention just a few.3 

Many of these phenomena could now be probed at 
much smaller impact parameters than previously 
possible by studying the well-channeled ions in the 
narrow (111) subchannel. The unusual character of 
the (111) channels could provide a near ideal test case 
to probe recent impact-parameter-dependent stop-
ping power theories and to determine the rate of local 
electron densities in energy loss partition. 

1. Summary of paper: p. 585 in Proceedings of die Fourth 
Conference an the Scientific and Industrial Applications oj Small 
Accelerators, cd. by J. L. Duggan and I. L. Morgan, I E E E 
76CH1175-9 N T S , Piscataway, N.J.. 1976. 

2. O R A U graduate laboratory participant from North Texas 
State University. Denton. 

3. Donald S. Gemmell , Rev. Mod. Phys. 46, 129 (1974). 

HYPERCHANNELING OF HELIUM IONS IN 
GOLD AND SILVER: 

EXPERIMENT AND THEORY1 

Q. C. Murphree2 J. H. Barrett 
B. R. Appleton 

Channeling phenomena are being utilized exten-
sively in numerous aspects of materials investigation 
and characterization and in studies of ion interac-
tions in solids. As applications become more and 
more sophisticated, a much more detailed under-
standing of the various channeling phenomena is 
required to extract the desired information. The 
phenomenon of hyperchanneling is potentially one of 
the most useful because it probes the largest possible 
impact parameter regions in single crystalline solids. 
It is also one of the more difficult channeling 
phenomena to study because of the experimental 
difficulty and theoretical complexity of the problem. 
In previous investigations using heavy ions, the ef-
fect was pronounced but the interpretation ambigu-
ous because of the complexity of heavy ion inter-
actions.3"5 Recently a systematic experimental study 
of hyperchanneling for helium ions in gold and silver 
single crystals was completed and correlated with a 
substantially improved theoretical interpretation. 

Energy loss distributions for 0.5- to 2.25-MeV 
helium ions transmitted through 0.18-/um gold and 
0.45-jum silversinglecrystals were measured forsmall. 
angles of incidence to the [001] and [01 ljaxes. Parti-
cles that remained in a single axial channel in 
traversing the crystals (i.e., hyperchannelcd particles) 
were identified, isolated, and systematically studied. 
Samples were chosen that varied widely in atomic 
number, thickness, and mosaic spread, and various 
beam energies and experimental configurations were 
employed to provide a stringent test of the assump-
tions employed in the theoretical model. The 
previously existing theory of hyperchanneling3"5 was 
extended by including the stopping power as a func-
tion of transverse energy and multiple scattering of 
hypcrchanneled particles to lower, as well as higher, 
transverse energies. The improved theory gives good 
overall agreement with the experimental results over 
a broad range of variables for which the measure-
ments were made. Figure 3.19 permits a comparison 
of the old theory, new theory, and a representative set 
of measurements. A major result-of the improved 
theory is the prediction of an extra peak that is within 
the hyperchannclcd region of the spectra. Although 
the energy resolution in the present experiments was 
too large for this peak to be resolved, it corresponds 
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Fig. 3.19. Stopping power distributions for 1.0-MeV helium 
ions incident parallel to [001] in silver. The circles arc measured 
values, the solid line is from the present theory, and the dashed line 
from the theory of ref. 5. 
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closely to a peak seen in earlier heavy ion hyper-
channeling experiments.5 A study was also made of 
the effects of radiation damage on hyperchanneling. 
In general, this work elevated the understanding of 
hyperchanneling to the degree that a number of ion-
atom interaction phenomena occurring at large 
impact parameters can now be undertaken. 

1. Summary of paper: Physical Review (in press). 
2. O K A U graduate laboratory participant from the University 

of South Carolina. Columbia. 
3. B; R. Appleton, J. H. Barrett,T. S. Noggle,and C. D. Moak, 

Radial. EJJi 13, 171 (1972). 
4. B. R. Applcton, C. D. Moak .T , S. Noggle. and J. H. Barrett, 

I'hys. Rev: Leu. 28, 1307 (1972). 
5. .1. II. Barrett et al., p. 645 in Atomic Collisions in Solids, 

vol. 2, ed. by S. Datz. B. R. Appleton, and C. D. Moak, Plenum 
Press, New York, 1974. 

SURFACE EFFECTS IN 
RADIATIVE ELECTRON CAPTURE 

B. R. Appleton G. J. Clark1 

C. W. White C. D. Moak2 

J. A. Biggerstaff2 

Previous investigations of radiative electron cap-
ture (REC) by fully stripped oxygen ions in single 
crystal channels3-4 showed a dependence of cross-
section vs ion energy that was in sharp disagreement 
with theoretical descriptions based on the Bethe-
Salpeter formalism. In particular, measurements 
for 10- to 40-MeV ions in silver single crystals 
showed aREC increasing with increasing energy, while 
the calculated cross sections decreased. Recently, 
Koyama and Ohtsuki proposed anew model descrip-
tion for calculating REC by channeled ions that 
utilized a modified electron wave function to include 
the effects of electron capture occurring at the metal 
surface.5 Their calculations showed good agreement 
with our measured results and prompted us to extend 
our measurements to investigate the possibility of 
surface effects on electron capture. 

Preliminary results from measurements of 27.5-
MeV O8* ions channeled along the (110)axes of silver 

. single crystals showed the following effccts: (1) As a 
result of the dependence of stopping power on charge 
state for well-channeled ions,6 it was possible, from 
"measurements of the energy distributions of the well-
channeled ions emerging with 7+ and 8+ charge 

J states, to determine the relative amounts of electron 
capture that occurred-at the entrance and exit 
surfaces of the crystals; The observed capture showed 
a definite dependence on the surface condition of the 

crystals. (2) Comparison of the yields of REC x rays 
for the two crystals of different thicknesses showed 
that the yields scaled apprrximately with the path 
length of the ions in the crystal channels. Our 
preliminary conclusions from these results are that 
definite surfacc capture effects exist, but these are 
likely nonradiativc electron capture, and that the 
majority of the radiative capture occurs in the bulk of 
the crystals, not at the surfaces. Even more recent 
calculations6 indicate that the calculations of 
Koyama ct al. are erroneous, but suggest that REC 
models which include surfacc effccts and which treat 
electrons in the bulk of the crystal more realistically 
may result in an improved understanding of the REC 
proccss. It also seems promising to pursue REC 
measurements on clean well-characterized surfaces to 
help resolve the contributions of surfacc effects. 

1. On leave from Minerals Research Laboratory, C.S.I .R.O., 
North Rydc, Australia. 

2. Physics Division, O R N L . 
3. U. R. Appleton et al. , . / . Nucl. Mater. 63, 513 (1976). 
4. B. R, Appleton et al., p. 499 in Atomic Collisions in Solids, 

vol. 2, cd. by S. Dat/., B. R. Appleton, and C. D. Moak. Plenum 
Press. New York, 1975. 

5. K. Koyama and Y. I I . Ohtsuki, I'hvs. Rev. II 15, 61 
(1977). 

6. M.V.K. Ulchla and H. L. Davis, "Theory of Radiative 
Electron Capture by Channeled Ions," this report. 

OPTICAL POLARIZATION EFFECTS IN 
GRAZING-INCIDENCE LOW-ENERGY, 

ION-SURFACE COLLISIONS 

C. W. White G. J. Clark' N. H. Tolk2 

Strong optical polarization effects have been 
observed in low-energy, ion-surface collisions at 
grazing incidence. In these preliminary experiments, 
net circular polarization values as high as 40% have 
been observed in the case of low-energy helium and 
hydrogen ions impinging at grazing incidence on sur-
faces of molybdenum and lead. The energy range for 
these measurements extends from about 500 eV to 
about lOkeV incident ion energy. In this energy range 
most of the visible light arises from excited states of 
atoms that have been neutralized in the ion-surface 
collision process. The ion-surface interaction region 
is viewed in a direction perpendicular to the plane 
defined by the surface normal and the incident beam 
direction. Both linear and circular polarization 
fractions are measured using a polarization analyzer. 

In the case of He* impacting on molybdenum at 
grazing incidence, both linear and circular polariza-
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tion fractions have been measured for optical lines 
arising from the 3,4 'D and 3,4 'D excited states. 
Circular polarization fractions as high as 25-40% 
have been measured for optical lines arising from 
each of these states at incident beam energies in the 
range 5 to 10 keV. Corresponding linear polariza-
tion measurements of the same optical lines show 
that the linear polarization fraction is ̂ 6%. The fact 
that substantial net circular polarization is observed 
implies that sub'levels with +lm;l and — a r c not 
equally populated in the grazing-incidcncc low-
energy electron pickup process. In addition, mea-
surements made as a function of distance down-
stream of the inclined surface show that the 
anisotropic population of substates occurs mainly in 
those neutralized projectiles that are deflected 
through small angles in the collision process. 

Additional work is required to ascertain how 
circular polarization is affected by the state of the 
surfacc, projectile energy, charge state of the incident 
projectile, and excitation state of the radiating atom. 
Preliminary results indicate that the cleanliness of the 
surfacc is very important in determining the circular 
polarization fraction. A few monolayers of oxide 
contamination of a molybdenum surface have been 
observed to reduce the circular polarization fraction 
to approximately ^5%. Future experiments are 
planned to investigate more systematically polariza-
tion effects in low-energy, ion-surface grazing-
incidcncc collisions. These should provide more 
insight into processes leading to anisotropic 
population of sublevelsand should contributcgrcatly 
to our understanding of low-energy inelastic ion-
surface collisions. Our initial measurements are in 
qualitative agreement with a model that assumes a 
pure orbital angular momentum interaction leading 
to the observed nonstatistical population of sub-
states, but similar polarization effects may be 
observed in the pickup of polarized electrons in 
grazing-incidcnce ion-surface collisions. 

1. On leave from the Minerals Research Laboratories. 
C.S.I .R.O., North Ryde. Australia. 

2. Bell Laboratories. Murray Hill. N.J. 

T H E U S E O F N U C L E A R R E A C T I O N S A N D 
S I M S F O R Q U A N T I T A T I V E D E P T H 

P R O F I L I N G O F H Y D R O G E N I N 
A M O R P H O U S S I L I C O N 1 

G.J.Clark2 D.D.Allred3 C. W. Magee4 

C.W.White B. R.Appleton D.E.Carlson4 

The hydrogen content and distribution in 
amorphous silicon films is a technological prob-

lem of considerable current interest,5'' espe-
cially in its relation to the production of inex-
pensive solar cells. It is thought that hydrogen, 
incorporated into amorphous silicon films that 
have been prepared by glow discharge in a silane 
atmosphere plays an important role in allowing 
the films to be substitutional^ doped. 

Two methods that have the potential of pro-
viding quantitative depth information for the 
total hydrogen contcnt of materials arc (1) 
nuclear reactions and (2) secondary ion mass 
spectrometry (SIMS). We have applied these 
two techniques to the quantitative determina-
tion of the hydrogen profile in an amorphous 
silicon film. The measurements were performed 
on the same film to provide a direct comparison 
of the two techniques. The amorphous silicon 
film (tf-Si) used in this work was prepared7 by dc 
cathodic deposition in silanc onto a stainless 
steel substrate. The gas pressure was 2 torr, the 
current density 1 mA cm"2, and the substrate 
temperature 350°C. 

For hydrogen depth profiling by resonant nuclear 
reactions, strong, narrow, isolated resonances in the 
cross section of the1 H(15N,ay)':C and 1 H("F,a7)160 
reactions were independently used. The technique 
has been described elsewhere.8,9 The depth resolution 
was 60 A and 250 A at the surface and about 200 A 
and about 300 A at 4000 A depth for the l5N and 19F 
beams respectively. The calibration samples used 
were polyethylene ((CH2)„), Lexan <(C|6H HOJ),,), and 
an H+ (10 keV, 4X 10l6cm"2) implanted silicon wafer. 
The calibration constants for the l5N and -l,F 
reactions obtained from these different sources had 
standard deviations of 13% for both beams. 

The SIMS measurements were performed in 
a vacuum with a base pressure of 10"'° torr using 
a finely focussed Ar+ ion beam for sputtering. At 
higher pressures, deposition of hydrogen-
containing molecules on the surface represents a 
constant source of hydrogen to the sample 
during analysis and makes determination of 
hydrogen in the bulk of the material extremely 
difficult. The H" sputtered species was used for 
analysis purposes. The technique was calibrated 
using an H+(10 keV,4 X 1016 cm"2) implanted silicon 
wafer. 

The hydrogen profile of the a-Si sample as 
determined with both the 'H(15N,ay) and the 
'H(l9F,ay) reactions is shown in Fig. 3.20; both 
statistical and calibration errors are depicted. 
Also shown is the SIMS profile from the same 
a-Si film. The large yield of H" from the surface 
in the SIMS results is believed to result from 
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surface contamination containing hydrogen. 
This is completely removed by sputtering about 
300 A deep into the sample. The hydrogen con-
centration in the bulk of the film as determined 
by the three techniques is about 4.3 X IO21 cm"' 
or 9.0 at. % hydrogen, ignoring the front and 
back surfaces. The absolute magnitude and the 
profile of hydrogen determined by the two 
resonance nuclear reactions are in excellent 
agreement with the SIMS results, which shows 
that in the SIMS measurements no significant 
difference exists in the hydrogen-containing 
molecular fragments sputtered from the a-Si 
film as compared with the ion-implanted cali-
bration sample. In addition, the chemical 
environments of the two samples are sufficiently 
similar that no significant. difference attribu-
table to matrix chemical effects or differences in 
sputtered ion neutralization probabilities occur. 
These results show that, if proper attention is 
paid to calibration procedures and to the 
vacuum environment, then SIMS can be used 
for quantitative hydrogen profile measurements 
in materials such as a-Si. 

Infrared measurements on a-Si material pre-
pared in the manner described above also have 
given hydrogen concentration results similar to 
our results indicating that the majority of the 

: hydrogen contained in the film is bonded, pre-
sumably compensating dangling silicon bonds. 

It should be noted that in a-Si solar cell 
development studies, information on the 
hydrogen profile is a useful diagnostic because 
ccll failure can frequently be related to interface 
problems such as hydrogen buildup or deficiency at 
the a-Si stainless steel boundary. 

1. Summary of paper: Applied Physics Letters {in press). 
2. On leave from the Minerals Research Laboratories. 

C.S. I .R.O. , North Ryde, Australia. 
3. NS>° energy-related postdoctoral Fellow. 
4. R C A Laboratories, Princclon, N.J. 
5. Phys. Today (January 1977), p. 17. 
6. D. E. Carlson. I EKE Trans. Electron Devices ED-24 , 

449 (1977). 
7. J. I. Pankove and 13. F.. Carlson. Appl. I'liys. Lett. 29, 

620(1976). 
8. D . A. I.eich and T . A. Tombrello. AW/ . lustrum. 

Methods 108, 67 (1973). 
9. W. A. Lanford et al., Appl. Phys. Lett. 28, 566 (1976). 

H Y D R O G E N I N C O R P O R A T I O N I N 

E L E C T R O D E P O S I T E D H A R D G O L D 1 

C. W. White B. R. Appleton 
G. J. Clark2 F. B. Koch4 

D. D. Allred3 D. R. Blessington4 

Electrodeposited hard gold is strikingly different in 
structure and properties from bulk pure gold or even 
electrodeposited pure gold. These properties make 



I l l 

the hard material one of considerable technological 
importance, specifically for sliding electrical con-
tacts. The structure and property differences include 
an increase in microhardness by factors of 3-4 and a 
change from gold as the most ductile of metals to a 
brittleness that precludes any mechanical fabrica-
tion. The grain size of hard gold is of the order of a 
few hundredths of a micron compared to grain sizes 
of microns or tens of microns in most plated metals. 
The impurity levels of light elements have been 
reported to be extraordinarily high. A recent study by 
Raub5 reported concentrations of 8-10 at. % 
hydrogen, 3 at. % carbon, 2 at. % nitrogen, 0.5 at. % 
oxygen, and 1 at. % of the hardening agent, either 
cobalt or nickel. 

To clarify the role of hydrogen in hard gold, we 
have used the lH(l'F,o'y)lf'0 nuclear reaction to 
depth-profile1' the concentration of hydrogen in sam-
ples representative of the deposits extensively used 
for sliding electrical contacts. Some of the samples 
were plated with a bath chemistry containing cobalt 
ions (Autotronux CI), while other samples were 
plated with a simpler bath chemistry where the neces-
sary microhardness was obtained by lowering the 
bath temperature. The nuclear reaction technique 
provides a reliable absolute measurement of the 
hydrogen concentration irrespective of its chemical 
form and permits the bulk hydrogen to be distin-
guished from that present in the near surface region 
as absorbed water vapor. The absolute hyd rogen con-
centration was determined by using as standards (I) 
materials containing hydrogen and having a well-
established stoichiometry and (2) a silicon wafer 
implanted with a known hydrogen dose. The result-
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Fig. 3.21. Hydrogen depth profile in C I gold-plated sample. 

ing absolute calibration constant had a standard 
deviation of 13%. A hydrogen profile is shown in 
Fig. 3.21 for a CI gold-plated sample. The peak at the 
sample surface results from absorbed water and 
hydrocarbons. 

The hydrogen content for a series of samples pre-
pared under different conditions is shown in Table 
3.3. The results establish firmly that hard-gold 
elcctrodeposits contain surprising amounts of hydro-

Table 3.3. Summary of deposit properties 

Hydrogen 422 diffraction peak . . . . . . 
. . , , . . . . ' Microhardncss Plating 
Sampleplatingconditions content ., , „ . . 

. . . . „ . , . . „ ( k g / m m ) efficicncy 
(at. %) Breadth Position " J 

Pure hard gold 

I0°C D.T.'' 2.50 1.94 0.19 147 79 
20° C D.T. 1.45 1.66 0.18 148 77 
30° C D.T. 2.88 1.84 0.11 189 77 
45° C D.T. 1.15 1.15 0.12 158 76 
70° C D.T. 0.26 0.61 0.02 104 68 

Cl-type gold 

2500 RPM;' pH = 4.0 6.11 2.99 0.75 267 38 
400 RPM; pH = 4.0 9.16 3.36 0.78 248 35 

"The deviation in 26 from the value of 135.48° where 20 is obtained from an annealed gold 
standard. 

' 'D.T. = deposition temperature. 
'Specimen rotation speed during plating. 
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gen (up to 9 at. % m^the ease of CI gold-plated 
samples) and 0-3% in samples produced in cobalt-
free bath chemistry. The profiles indicated that the 
hydrogen is uniformly distributed through the film. 
Repeats of the measurement after thermal annealing 
at 250°C for 1 hr in air indicated that the hydrogen is 
trapped in the ...implcs. Mercury dissolution experi-
ments indicated that the hydrogen is present in the 
samples in a chemically combined form and not as 
free hydrogen. 

Wood7 established that the brittleness and 
microhardness associated with hydrogcn-charged 
metals were related to the broadening of x-ray peaks 
due to metallurgical changes induced by the 
hydrogen. To clarify further the role of hydrogen in 
hard gold, microhardness and x-ray diffraction data 
on the (422) peak breadth and position were made on 
companion samples. These results, together with 
plating efficiencies, arc also shown in Table 3.3. The 
peak breadth data correlate quite closely with the 
hydrogen contents indicating that hydrogen controls 
the grain size. The scatter in the microhardncss vs 
hydrogen content data is much greater, but this is 
partially reflective of experimental inaccuracies in 
microhardncss measurements/ 

The chemical form of the hydrogen is difficult to 
establish. It is suggested that the hydrogen may be 
present as hydrocarbons because of the large carbon 
and oxygen contents of hard gold. However, hydro-
carbons, if present, must exist as very small inclusions 
because they cannot be seen by transmission electron 
microscopy. 

1. Summary of paper: Journal of the Electrochemical Society 
(in press). 

2. On leave from the Minerals Research Laboratories, 
C.S. I .R.O., North Rydc, Australia. 

3. NSF energy-related postdoctoral Fellow.' 
4. Bell Laboratories, Murray Hill , N.J. 
5. C, J. Raub, A. Knodlcr, and J. Lendvay. Plating 63, 35 

(1976). 
6. D. J. Leich and T . A . Tombrello, Nud. lustrum. Methods 

108, 67 (1973). 
7. W. A . Wood. Philos. Mag. 20, 964 (1935). 

M A G N E T I C F U S I O N E N E R G Y 

S U R F A C E E F F E C T S P R O G R A M 

B. R. Appleton J. L. Moore 
C. W. White O. E. Schow III 

Among the most serious problems confront-
ing the fusion energy program is the plasma 

impurity problem in Tokamaks. Impurities can 
be released into the plasma as the result of ions, 
atoms, and electromagnetic radiations' from the 
plasma striking the interior surfaces of plasma 
containment structures; once in the plasma, 
these impurities can drastically alter the plasma 
density, temperature, and stability through 
radiative losses. To understand the variety of 
complex plasma-materials interactions that con-
tribute to impurity release, a combined accelerator 
and surface analysis facility has been established. 

The capabilities of the combined facilities shown in 
Fig. 3.22 include the following: 

1. Integration of a wide variety of ion beams 
obtained from three accelerators (0.05- to 10-kV 
ion gun, 10- to200-kV high-current ion implanta-
tion accelerator, and 0.1 - to 2.5-M V Van de Graaff 
ion-scattering analysis accelerator) into a com-
mon ultrahigh vacuum chamber. 

2. Provision by the surface analysis chamber of— 
a. less than 10"'° torr residual vacuum; 

b. a precision sample manipulator with variable 
sample temperature (-196 to 1200°C), three 
angular degrees of orientation, and three 
motions for spatial alignment; and 

c. accessory ports for optical spectrometers, 
Auger electron analyzers, LEED, ion-
scattering detectors, and x-ray detectors. 

3. Inclusion of simultaneous multiple irradiations, 
such as helium injection during ion-sputtering 
measurements, in the simulation process. Con-
trolled surface and vacuum alterations are also 
possible. 

Initially these facilities will be utilized for investi-
gating the sputtering yields of low-energy light ions 
(hydrogen, deuterium, and helium) from threshold 
to 50 keV on candidate first-wall materials and cor-
relating these with theoretical calculations. Using a 
computer-based optics program, a deceleration-
focusing lens system for use in these studies has been 
designed and will be installed shortly. The sputtering 
yields will be measured in situ by ion-scattering tech-
niques in ultrahigh vacuum. The effects on the sput-
tering yields of surface contamination, preferential 
sputtering, ion implanted surfaces, and highly 
damaged surfaces will be investigated. This versatile 
facility will be used in the future for studies of a wide 
variety of fusion-energy-related surface problems. 
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Fig. 3.22. The Solid State Division's Positive Heavy-Ion, Scattering, Implantation, Channeling, and Surface ( P H I S I C S ) facility. 

O P T I C A L E M I S S I O N F R O M L O W - E N E R G Y 
I O N - S O L I D C O L L I S I O N S 

C. W. While 

The impact of low-energy (30 eV to 100 keV) ions 
and neutral atoms on surfaces gives rise to the emis-
sion of visible, ultraviolet, and infrared optical radia-
tion.1 The optical radiation is produced by inelastic 
processes involving the outer shell electrons. In this 
energy range, where the beam energy is large com-
pared to both the binding energy ofatoms in the solid 
and to the excitation energy of outer shell electrons, 
radiation is observed from sputtered particles, re-
flected particles, and the solid. These optical emis-
sions provide direct information on the identity and 
quantum state of sputtered and reflected particles 
(including neutral atoms leaving the surface), the 
velocity distribution of radiating particles, and the 
transfer of projectile energy to the electrons in the 
solid. Studies of this collision-induced optical radia-
tion are, therefore, a powerful tool for studying 
fundamental processes that result from the interac-
tion of low-energy atomic particles with th? solid. In 
addition, this optical radiation provides the basis for 
a sensitive surface analysis technique. 

Several different kinds of collision-induced optical 
radiation have been identified. One of these is due to 
sputtering accompanied by simultaneous electronic 
excitation. The interaction of the impinging beam 
with the solid results in the sputtering ofatoms. mole-
cules, and ions from the surface. A fraction of the 
particles sputtered from the first few monolayers of 
the solid leave the surface in excitcd electronic states. 
The excited particles decay optically well away from , 
the surface where the perturbation of atomic and 
molecular levels by the solid is negligible. This results 
in the emission of discreet atomic and ionic emission 
lines as well as molecular emission bands broadened 
only by the Doppler effect. Figure 3.23 shows an 
example of this type of radiation for the case of Ar+ 

(4 keV) impacting on copper and nickel surfaces. As 
shown in Fig. 3.23, radiation is observed from low-
lying excited states of neutral copper, nickel, and 
various contaminants (Na, CH, H). Radiation from 
these excited particles allows identification ofatoms 
and simple molecules sputtered from the surface and 
makes this attractive as a tool for surface composi-
tion analysis. 

In addition to atomicand molecular line radiation, 
in some cases sputtered particles have been found to 
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Fig. 3.23. Spectrum of radiation produced by Ar* (4 keV) impact on copper (top) and nickel (bottom). Prominent lines are labeled by element and wavelength. 
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Fig. 3.24. Spectra of radiation produced by Ar* (8 keV) impact on niobium. 
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give rise to a broadband continuum emission that 
extends over several thousand angstroms. Figure 
3.24 shows such an example for the case of Ar' 
(8 keV) impacting on niobium. In addition to 
numerous lines arising from sputtered atoms and 
ions, there is a broad continuum emission in the 
2500-3500 A optical region. This broadband 
emission is emitted well in front of the ion-
bombarded target, which shows that the radiation 
arises from sputtered particles. The continuum 
emission is believed toarise froma bound-free transi-
tion of an excited molecular species ejected from the 
surface in the sputtering process. The lack of spectro-
scopic data from conventional sources has hampered 
the identification of the molecular spccies, but the 
fact that adsorbed oxygen on the surface increases the 
intensity of continuum radiation suggests that these 
radiations arise from excited states of metal-oxide 
molecules.2 Continuum emission has also been 

observed from other transition metals such as 
molybdenum, tantalum, and tungsten/ 

Optical radiation produced in ion-solid collisions 
is being used to investigate low-energy inelastic ion-
solid collision processes of relevance to the first-wall 
problem of the magnetic fusion energy (M1-1Z) pro-
gram. This work will be extended to the vacuum 
ultraviolet spectral region to provide more complete 
information on excited particles sputtered and 
reflected from ion-bombarded surfaces and to 
investigate continuum emission from excited rare gas 
dimers. 

1. C. W. White el al.. Inelastic lon-SttrJace Ciillisitm\. ed. b\ 
N. II. folk el al.. Academic I'ress. New York (to he published). 

2. li. O. Kuusch. A. I. Ha/hin. and 1:. W. I homas../. Client. 
I'hys 65,4447 (1976). 

3. C. W. White et al.. A W . lustrum. Met/mils 132, 419 
(1976). 



4. Neutron Scattering 

The neutron scattering program of the Solid State Division continues to exploit 
the neutron beams of the High Flux Isotope Reactor (HFIR) and the Oak Ridge 
Research Reactor (ORR) to obtain fundamental microscopic information on 
condensed matter. Such information is very important for increasing our knowledge of 
solid state science and for providingassistance in solving the long-range energy-related 
problems of our country. The beams at the HFIR are the most intense thermal-neutron 
beams for research in the world, and the experimental facilities associated with them 
provide powerful, and in some cases, unique tools for materials science research. All 
four horizontal beam tubes are now equipped with a main and a satellite instrument. 
The two additions during the past year are (1) the low-energy triple-axis spectrometer 
at HB-1 and (2) the perfect double crystal small-angle scattering apparatus at HB-3. 
Plans are being formulated to place two additional instruments on the engineering 
facility level with neutron beams scattered vertically from HB-1 (high resolution 
powder diffractometer) and from HB-4 (high intensity-long flight path, small-angle 
neutron scattering instrument). 

For much of the past year the ORR has run on a drastically reduced schedule. 
Nevertheless, significant progress in the construction, installation, and operation has 
been achieved of a small-angle neutron scattering instrument that utilizes a two-
dimensional position-sensitive detector. If, as seems probable, the ORR resumes full-
time operation in FY 1978, beam ports HB-1 and HB-2 will be instrumented with a 
triple-axis crystal spectrometer and a polarized beam diffractometer, respectively, and 
the applications of the wide angle-long wavelength instrument at HB-3 to magnetic 
diffuse scattering studies will be reactivated. 

As in past years, because of the properties (energy, momentum, magnetic 
moment) of neutrons that are exploited in scattering experiments, the neutron 
scattering research of the Division falls generally into the areas of lattice dynamicsand 
magnetic properties. For convenience the research results that appear in this section 
have been divided into these two areas and a third containing results from small-angle 
neutron scattering experiments; the latter division reflects the growing emphasis of the 
program in exploiting the small-angle scattering technique to obtain information 
about long-range scattering density fluctuations. Other equally good divisions could 
be made that would reflect the concentration of the research into specific problem 
areas. It will be noted that many of the problems investigated have as a primary aim the 
acquisition of fundamental information related to energy production, storage, and 
transmission, a trend that was already marked last year and which no doubt will 
continue in future years. Examples of some recent investigations a re summarized in the 
following paragraphs. 

A very important area of solid state physics to which neutron scattering methods 
can be applied is the study of defects. The term is used here in the broadest sense to 
include any departure from pure and perfect materials. Perturbations of the phonon 
spectra of pure metals by very light or very heavy impurities, the dynamics and 
diffusion of hydrogen in metals, and the size, shape, and distribution of radiation-

116 
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induced voids in reactor materials are all under study. During the past year a 
comprehensive study of the temperature dependence of phonon-defect mode 
hybridization in KC1:CN has been carried out. These studies have significance not only 
in themselves as prototype molecular defect studies but also in application (1) to 
interpretations of experiments on radiation-induced split interstitials in copper and 
aluminum and (2) to the mechanism of conductivity in superionic conductors, the 
silver halides in particular. The CN~ radical, when placed in potassium chloride as a 
substitutional impurity, is a complex defect which exhibits a wide variety of 
motions—tunneling, libration, free rotation. Phonons can interact with the molecular 
motions, and a study of the temperature dependence of the interactions for phonons of 
various symmetries can provide information about the molecular energy states and 
wave functions. 

In the past few years the study of the properties of mixed valence systems has been 
an extremely active area. Compounds of samarium, in particular, have been actively 
investigated, as have metallic cerium and its intermetallic compounds. Under pressure, 
or when appropriately alloyed, SmS changes from an insulating black phase to a 
metallic gold phase. This is accompanied by a change in volume, which is thought to be 
due to a change in the configuration of the samarium ion. Depending upon the nature 
of the probes used and the corresponding time scale of the measurements, one can 
conclude that the metallic state consists of (1) a mixture of Sm2+and Sm3* ions or (2) a 
homogeneous state with properties intermediate between those of the two free ions. 
Currently it is thought that the true picture is one involving rapid fluctuations between 
these two states with a characteristic time that turns out to be ideal for neutron 
scattering experiments. Three types of experiments on SmS and Sm^Yi-̂ S are in 
progress in an attempt to understand these substances and mixed valence systems 
generally. Measurements of the phonon spectra, of the crystal field energy spectrum, 
and of the magnetic form factor have been carried out. For the first time a direct 
observation of the valence fluctuation rate has been made. 

A rather old area of investigation, magnetic moment distribution in ferromagnetic 
alloys, has received new emphasis in the last few years through Jhe application of both 
polarized and nonpolarized beam methods to the same specimens. Recent 
measurements on nickel-copper alloys have been interpreted in terms of a magnetic 
environment model in which the nickel moments are functions of the moments of 
neighboring atoms. The model has been extended to systems in which both types of 
atoms carry moments (nickel-rhodium) for which both chemical and magnetic 
environment effects are important. This model appears general enough and flexible 
enough to account for the properties of alioys in the iron-aluminum system, the 
palladium-manganese system, and for alloys of iron with other "id transition metals. 
Measurements of this type are carried out in this country only at Oak Ridge National 
Laboratory. 

It should be emphasized that the solution to a given problem is sought by all 
possible means and with all experimental tools available to Division members. A very 
close and important interaction exists between members of the Neutron Scattering 
Program, the Solid State Theory Program, and the Superconductivity Program. An 
equally close relationship exists with members of the Research Materials Program, 
who have provided well-characterized single-crystal specimens for many of the 
neutron scattering investigations reported here. 
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SMALL-ANGLE NEUTRON 
SCATTERING 

S M A L L - A N G L E N E U T R O N S C A T T E R I N G 
I N S T R U M E N T W I T H A T W O -

D I M E N S I O N A L P O S I T I O N - S E N S I T I V E 
D E T E C T O R 

H. R. Child S. Spooner1 

During the past year, a new small-angle neutron 
scattering instrument has been installed and tested at 
HB-6, Oak Ridge Research Reactor (ORR). This 
machine has several novel features and will allow 
small-angle scattering experiments to be performed 
at once. In addition, it is intended to serve as a 
feasibility study for a larger, more complete unit that 
we hope can be installed at the higher flux HFIR. 

Figure 4.1 is a schematic diagram of the apparatus. 
The heart of-the new system is a two-dimensional 
position-sensitive proportional counter of the Kopp-
Borkowski* type which allows the entire scattered 
intensity around 20 = 0 to be detected simul-
taneously, thus increasing the effective intensity. The 
detector is placed in the direct beam with a cadmium 
beam stop positioned to intercept the transmitted 
neutrons. Such a position has not only the advantage 
of showing the symmetry of the scattered radiation 
around a zero scattering angle but also that of 
increasing the effective scattered intensity for 
isotropic scattering by a factor of 4 from the four 
quadrants measured at once. Filled to about 2 atm 
with "'He, Xe, and Ar, the,detector is about 60% 
efficient. The active area of 20 cm X 20 cm is resolved 

into 32 X 32 or 64 X 64 channels in the x and y 
directions giving spatial resolution of 0.63 cm or0.3I 
cm respectively. 

The neutrons from the reactor core are filtered 
through 12 cm of beryllium metal cooled to 77 Kand 
monochromatized by reflection from three pyrolytic 
graphite crystals scattering by Bragg reflection at 
about 88,90, and 92° to select a central wavelength or 

4.74 A with about 5% resolution. These neutrons are 
then diffracted again by three more matched crystals 
to bring the beam back parallel to, but displaced 
from, the first beam and out of the reactor shield. A 
7-m evacuated flight tube carries the incident neutron 
beam to a sample through a circular, 1-cm-diam BjC 
slit. The detector can be positioned at either 1 or 5 m 
from the sample because evacuated scattering tubes 
are presently available in these lengths; other 
distances can be obtained in the future. 

These dimensions provide a visible region of k = 
(4tt sin 0)1 K of about 6 to 40 X 10"1 A"1 at 5 m and 
about 14 to 145 X 10""' A"1 at I m with a resolution 
limited by the beam size of I cm diam at present so 
that 

A K = 
4ir sin 0 1 

A 2 Too 
= 3 X 10"3 A"1 

at 5 m and 13 X 10"3 A*1 at I m, both of which are 
larger than the incident resolution. 

The x, y position information of a pulse is 
converted to a channel address by an interface circuit 
designed by E. Madden of the Instrumentation and 
Controls Division, and the proper memory location 
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Fig. 4.1. Schematic diagram of small-angle neutron scattering instrument installed at HB-6, ORR. 
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in a 16-bit HP-2IMX on-line computer is incre-
mented to record the event. The computer also 
provides an essentially live display of the counts on a 
5-in. oscilloscope that can display either a contour-
shaped image of the accumulated counts in the 
detector or any x or y slice across the detector. The 
data can be accumulated either vs time or vs incident 
beam flux by means of a low-efficiency fission 
counter located just off center of the beam path in 
front of the incident slit. A magnetic tape unit allows 
data to be stored temporarily, but the limited 
memory of the computer (16 K) restricts on-line data 
analysis severely. The data are usually punched on a 
high-speed paper tape for further analysis and 
processing on the PDP-10 or on the IBM-360 
computers. Fortran programs for most of the 
analyses desired are available, and more are being 
accumulated. Because each run produces many 
numbers, some form of computeranalysisis required 
immediately. 

Although the ORR has been operated on a much-
reduced schedule during most of the period covered 
by this report, some results from this new scattering 
facility have been obtained. Some of the more 
extensive of these resultsare discussed in otherpapers 
in this report, but we have also conducted 
preliminary studies of catalyst support materials, 
polymers, and metallurgical problems in copper-
titanium, lead, and nickel-aluminum alloys. As an 
example. Fig. 4.2 shows relative intensity data for 
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Fig. 4.2. Intensity vs k = (4tt sin 8)j\ for solid and powdered 
deuterated polyethylene. 

deuteratcd polyethylene in both powder and solid 
forms averaged over the direction of k. Although the 
scale of intensities cannot be directly'compared, the 
falloff with k does give some information for the two 
samples. If an analysis in terms ofa radius of gyration 
of the scattering entities is done from these data, 
values of Rg = 39 A and 150 A arc obtained for the 
solid and powder specimens respectively. These 
values arc obtained from the slope of In /(k) vs k" at 
the smallest k where the radius of gyration concept is 
most suitable, but if similar slopes at larger k arc 
compared, the radius of gyration is 55 ± 1 A for both 
samples. This latter value may reflect the true size of 
the polymer chains in this material, although the 
interpretation of the radius of gyration is somewhat 
unclcar in polymer studies. 

1. Consultant from Georgia Institute of Technology. Atlanta. 
2. M . K. Kopp and C. J. Borkowski, Position-Sensitive 

Proportional Counters Using Resistance-Capacitance Position 
Encoding, O R N L / T M - 5 0 8 3 (December 1975); C. J. Ilorkowski 
and M. K. Kopp, IEEE Trans. Nucl. Sd. NS-17, 340 (1970); C. J. 
Borkowski and M . K. Kopp, IEEE Trans. Nud. Sci. NS-19,161 
(1972). 

S M A L L - A N G L E N E U T R O N S C A T T E R I N G 
S T U D Y O F F A C E T T E D V O I D S W I T H 

T H E B O R K O W S K I - K O P P A R E A -
S E N S I T I V E P R O P O R T I O N A L C O U N T E R 

S. Spooner' H. R. Child 

The Borkowski-Kopp area proportional de-
tector has been successfully applied to the measure-
ments of neutron scattering from facetted octahedra 
voids in a reactor-irradiated single crystal of 
aluminum. The sample is one of the series of 
aluminum samples studied by Mook2 and by 
Hendricks and Schelten3 in which swelling of 
approximately 0.6% was produced. Scattering 
asymmetries were noted in both x-ray work4 and 
neutron work3 and have been quantitatively 
measured with a linear detector technique.5 In the 
present work, the detector (20 cm X 20 cm) was 
brought in close to the specimen to pick up an 
angular range of scattering that would show the 
asymmetry. A qualitative comparison between the 
theoretical predictions and the experiment is shown 
(Fig. 4.3). Differences are indicated which suggest 
that the degree of truncation may be different from 
that observed by Hendricks and Schelten.3 Figure 4.4 
illustrates the scattering asymmetry observed for two 
crystal orientations. 
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Fig. 4.3. A comparison between calculated (ref. 2)and measured 
area detector pattern."' 

Analysis of the data is proceeding on the question 
of void size distribution. Spherically averaged data 
are being obtained on the same specimen, The crystal 
is rotated in the beam on its cylindrical axis, and the 
accumulated area detector data are then radially 
averaged. By this approach it is anticipated that data 
having more precision can be used in- the 
determination of void size distribution. An analysis 
of the truncation effects is being undertaken by 
"curve-fitting" between calculated and measured 
area detector data. The spherically averaged data are 
expected to yield the size distribution coefficients 
that are used to calculate the observed scattering 
from a polydispersed collection of truncated 
pctahedra voids. This void structure analysis 
problem will be an informative exercise in assessing 
the practical aspects of area detector data analysis. 

i 1. Consultant from Georgia Institute of Technology, Atlanta. 
- 2. H. A. Mook, J. Appl. Phys. 45, 43 (1974). 

3. R. W. Hendricks, J. Schcltcn, and W.Schmatz, Philos. Mag. 
' '30, 819(1974). 

- , 4. J. E. Epperson, R. W. Hendricks, and K. Farrell, Philos. 
Mag. 30, 803 (1974). 

5. R. W. Hendricks, J. Schelten, and G. Lippman, 
Philosophical Magazine (to be published). 
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Fig. 4.4. Area detector patterns arising from facetted octahedra voids: (a) ko parallel to [110], ( b ) ko parallel to [100]. 



121 

SMALL-ANGLE NEUTRON SCATTERING 
OF REACTOR-IRRADIATED NIOBIUM 

S. Spooner1 H. R. Child 

Polycrystalline niobium samples that were irradi-
ated in the EBR-11 were the object of small-angle 
neutron scattering (SANS) study for corroboration 
of electron microscopy and density measurements. 
This problem represented a difficult challenge 
because of small void sizes and small specimen 
thickness (0.020 in.). In one specimen, electron 
diffraction indicated an ordered void configuration; 
we watched for some SANS evidence of this effect. 
The scattering curves were obtained by radial 
averaging of the area detector data. In two of the 
specimens a clear indication of a duplex population 
of void sizes was shown. A plot of the log of intensity 
vs K2 revealed a clear transition from one slope to 
another (Fig. 4.5a and b). The analysis was done by 
curve fitting to a four-parameter model in which the 
data were represented by the sum of two Gaussian 
curves. The Guinier radii and relative extrapolated 
intensities for each specimen are summarized (Table 
4.1). While it is conceded that the analysis is not very 
precise because of the data statistics, it is pointed out 
that only area detector data collection would be 
capable of achieving this analysis at all. The 
correspondence between the SANS results and 
electron microscopy is very satisfactory. However, no 
void interference effects were observed in the 
scattering pattern from the sample that showed a void 
lattice. This negative result could arise from 
inadequate intensity. The spherical averaging in a 
polycrystalline sample reduces the interference peak. 
Alternatively the electron microscopy result might 
not be representative of the average sample. Further 
analysis of these data is proceeding. 

1. Consultant from Georgia Institute of Technology, Atlanta. 

Table 4.1. Analysis o f n iobium voids 

Alloy 
identification 

Guinier 
radius 

Intensity 

G - I 5 - N b - 1 - Z r - I 0 168 ± 6 A 1780 ± 3 1 0 
38 ± 2 A 44 ± 3 

G - I 5 - N b - l - 2 83 + 3 A 210 ± 10 
34 ± 5 A 2 4 + ^ 

C - 1 5 - N b - l - l 30 ± 5 A 30 ± 2 
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Fig. 4,5. Radially averaged area detector data, corrected for 
background, (a) S a m p l e G - 1 5 - N b - l - Z r - I O , ( 6 ) S a m p l c G - l 5 - N b - I -
2. (<•) Sample C - I 5 - N b - I - I . 

S M A L L - A N G L E N E U T R O N S C A T T E R I N G 
F R O M I R R A D I A T E D T Y P E 3 0 4 

S T A I N L E S S S T E E L 

H. R. Child S. Spooner1 

Preliminary results designed to investigate void 
distributions in irradiated materials by small-angle 
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neutron scattering have been obtained from the 
new SANS instrument at HB-6, ORR. Somcof these 
arc discussed in other papers in this report; this 
paper will report such results from stainless steel. 

Figure 4.6 shows intensity data obtained by 
averaging the counts from the position-sensitive 
detector as a function of constant radius from the 
main beam at k = 0. Such an average gives an 
effective increase in intensity because it includes 
many channels in each data point and the errors 
of the data shown arc smaller than the size of 
the points in the figure. An average of this type is 
only used, of course, if the scattering shows circular 
symmetry around the main beam. These data were 
obtained at the 5-m scattering path with the 
incident beam striking one of the upper corners of 
the detector. This arrangement increased the visible 
range of k about a factor of 2 at the cost of 
measuring intensity in only one quadrant of the 
scattering pattern. 

Two specimens of type 304 stainless steel cut 
from a thimble of a reactor control rod were ob-
tained from the Metals and Ceramics Division; 
the two gave virtually identical SANS patterns. 
The specimens taken from the midrcactor plane 
of a control rod were irradiated at 400°C to 
an integrated flux ofabout 1.6 X 1023 neutrons/cm2 

( £ > 0.1 MeV). The samples were approximately I 
mm thick and were highly radioactive (about 2 R at 
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Fig. 4.6. Spherically averaged small-angle neutron scattered 
intensity from an irradiated stainless steel specimen. 

contact of 60Co gamma activity), which would have 
caused difficulty for small-angle x-ray study but 
represented only minor personnel shielding problems 
for the neutron work. 

Bloom et al. have reported electron microscope 
work* on similar samples of stainless steel which 
showed total void concentrations ofabout 1016 voids 
per cubic centimeter with a void distribution 
centered around a diameter of approximately 280 A . 
The maximum in I(K) at nonzero K shown in our 
data is believed to be an interference cffect because 
the voids tend to locate at an average distance 2/?*, 
where RX represents an exclusion radius within which 
voids tend to avoid each other. Guinicr and Fournet3 

give formulas for /(«) for spherical particles with 
interference effects between them; we have fit our 
data to an approximate parameterized form of these 
equations by least squares. The fit gives 2RX= 240 A 
in reasonable agreement with the average diameter 
observed in the microscope work and with a void 
distribution centered about a radius ofabout 85 A , 
which is somewhat smaller than Bloom et al. found. 
However, to obtain a reasonable fit, a separate void 
distribution centered around R = 40 A is required to 
account for the slowly falling tail seen in the /(k) 
curve for k > 35 X 10"3 A . This second void 
distribution was not seen in Bloom's work, but 
this radius may be below the limit of observation. 

We hope to extend this investigation to larger 
values of k to observe the /c~4 dependence expected 
in /(k) at sufficiently large k and to investigate 
samples under other irradiation conditions. 

1. Consultant f rom Georgia Institute of Technology, Atlanta. 
2. E. E. Bloom, J. O . Stiegler.and C. J. McHargue , Radial. E f f . 

14, 231 (1972). 
3. A. Guinier and G. Fournet,, Small-Angle Scattering of 

,Y Rays. Wiley, New York, 1955. 

A H I G H - R E S O L U T I O N T A B L E F O R 
D O U B L E - P E R F E C T C R Y S T A L S M A L L -

A N G L E N E U T R O N S C A T T E R I N G 

D. K. Christen F. Tassel1 E. W. Chandler2 

Small-angle neutron scattering is a very useful tool 
for the study of fluxoid lattices in type-II 
superconductors. In particular, the parallel double-
perfect crystal technique can provide unprecedented 
precision for some aspects of this application.3 

To apply the technique successfully, one must be 
able to measure scattering angles by rotation of the 
analyzer crystal about a vertical axis. These angles 
must be typically determined over the range 0 to 
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±1000 arc sec (0 to ±4.8 millirads), with an absolute 
accuracy of ±0.5 arc sec and a repeatability to ±0.5 
arc sec. 

To meet these specifications, we have designed and 
constructed an automatic rotation table (Fig. 4.7, top 
view). It consists of a stationary arm assembly, on 
which a micrometer drive assembly freely floats. The 
drive assembly houses a digital stepping motor, 
linked through a 15:1 precision gear reduction box to 
the lead screw of a 0.0001-in. resolution micrometer. 
The entire floating micrometer assembly pivots, on 
the one end, about a fixed point on the stationary 
table by means of a ball bearing and seat at the rear 
end of the gear box output shaft. On the other end, 
the micrometer body is attached to a pivot point at 
the end of the protractor arm, exactly 20.626 in. from 
the vertical axis of rotation of the arm. In this way, a 
0.0001-in. increment in the horizontal motion of the 
micrometer body yields a 1-arc-sec angle of rotation 
at the protractor arm axis (on this axis is the analyzer 
crystal poition). Because no transverse motion of the 
protractor axis can be tolerated, the protractor arm 
assembly rotates on precision-tapered roller bear-
ings, which are loaded to eliminate any lateral free 
play. 

An independent calibration on the relation of 
rotation angle to stepping motor increments has been 
accomplished by use of a high-precision auto-

collimator, which determines the angle by reflection 
of a light beam from a mirror placed at the analyzer 
crystal position. In practice, small-amplitude (ap-
proximately 1 arc sec) oscillations in the angle about 
its expected value arc observed. These oscillations 
have the periodicity of the micrometer and gear box 
output shaft, are rcpcatablc, and thus arc corrected 
for in the final data reduction. 

1. Guesl scientist from Institut Lauc-Langevin, Grenoble. 
France. 

2. Plant and Equipment Division. O R N L . 
3. D. K. Christen et al. I'hys. Hew II 15, 4506 (1977). 

S M A L L - A N G L E , D O U B L E - S I L I C O N 
C R Y S T A L N E U T R O N D I F F R A C T I O N 

S T U D I E S O F T H E F L U X L I N E 
L A T T I C E I N S U P E R C O N D U C T I N G 

N I O B I U M 1 

F. Tasset3 S. Spooner' 
D. K. Christen H.A. Mook 

A novel experimental technique and a large 
spherical single crystal of pure niobium have enabled 
quantitative neutron diffraction investigations to 
be made of flux line lattices (FL.L) in and near the 
intermediate mixed state. The high angular res-

o r n l - o w g 77-10660 
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Fig. 4.7. Top view of high-resolution rotation table. 
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olution afforded by this technique permits accurate 
flux density determinations. In addition, diffracted 
neutron-integrated intensities are found to depict 
bulk magnetization hysteresis, while bulk structural 
differences in the FLL are indicated by the angular 
full width at half maximum (FWHM) of the FLL 
rocking curves. 

1. Abstract of paper: p. 481 in Proceedings of the Conference 
on Neutron Scattering, vol. I , ed. by It. M . Moon, E R D A 
C O N F - 7 6 0 6 0 1 - l ' l , Oak Ridge, Tenn. , 1976. 

2. Guest scientist from Institut Lauc-I.angevin, Grenoble, 
France. 

3. Consultant from Georgia Institute o f Technology, Atlanta. 

L O W - F I E L D A N I S O T R O P Y O F T H E 

F L U X L I N E L A T T I C E I N 

S U P E R C O N D U C T I N G N I O B I U M 

D. K. Christen S. Spooner1 H. R. Kerchncr 

The structure, symmetry, and static behavior of the 
two-dimensional quantized FLL, which results in the 
mixed state of a type-Il superconductor, can be 
studied quantitatively on the microscopic level by 
means of small-angle neutron scattering. A high-
resolution silicon double-crystal diffractomcter, 
previously described,2 has been used to investigate 
some FLL properties in the regime of an attractive 
fluxoid interaction. This attractive i nteraction, due to 
nonlocal electrodynamical effects, occurs only in 
1OW-K type-II materials (of which niobium is an 
example), and has been the subject of recent 
theoretical interest.3'' 

For these studies, a single-crystal sphere (14 mm 
diam) of pure niobium was oriented to provide 
various high-symmetry crystalline axes parallel to an 
applied magnetic field Htt. Because of the spherical 
demagnetizing geometry, the first-order magnetic 
phase transition, which occurs at Ha — Hc\ for an 
infinite material,, is broadened to result in an 
intermediate-mixed-state (IMS) region for lhHc\ ^ 
Hu 2 / 3 / / , I +

 xhBo. In the IMS, the sample is filled 
with domains of constant-cell-size FLL, in equilib-
rium with flux-free Meissner regions. Here Bo = 
4>ajAc is the equilibrium attractive flux density 
determined by the (constant) FLL cell area Ac and the 
magnetic-flux quantum <f>o. Thus, B0 may be 
determined experimentally, at a microscopic level, by 
measurement of the FLL cell area A i n an IMS-
field region. This procedure is carried out by a 
determination of the Bragg scattering angle 20 = 

Aid, due to diffraction of neutrons from FLL planes 
of spacing d, for various reflections obtained by 
rotating the sample about the field direction.2 In 
addition, it has been pointed out that, on the 
microscopic level, the applied-field boundary, Ha = 
2A//ri + [hB„, between the mixed state and IMS is 
sharply defined. Neutron diffraction is sensitive to 
this transition because the FLL cell area is constant in 
the IMS, whereas it changes with applied field in the 
mixed state. A particular technique employed 
here is very sensitive to this transition. The 
diffractometer is set up to accept neutrons only at the 
scattering angle 20, which is characteristic of the 
IMS. 1 nen the neutron intensity is recorded, as Hais 
incremented from the mixed state to the IMS. In this 
way, the neutron intensity is seen to peak sharply at 
the transition field, because of the changing FLL cell 
area in the mixed state and the changing volume 
fraction of constant-cell-size FLL in the IMS. The 
statistical error in determining the transition field 
Hu = 2I}Hci + '/jfio in this way is about ±3 Oe.This 
field determination, in conjunction with the inde-
pendent measurement of Bo, uniquely defines the 
lower critical field H, i. 

Systematic investigations of these critical pa-
rameters and of the FLL symmetry have been 
performed as a function of temperature and of 
sample orientation with respect to the applied field. 
In general, the anisotropic effects in B0 and Hc\ are 
observed to be small, whereas rather marked 
dependencies in the FLL symmetry are seen. For 
example, Fig. 4.8 shows how the FLL nearest-
neighbor distance, a, varies with temperature and 
crystal orientation. In all cases, the FLL nearest-
neighbor direction is parallel to niobium crystalline 
(110) axes. With the exception of the case for 
Hu || (100), the FLL possessed the same symmetry 
properties as the real crystal. For the fourfold case, 
the sample was occupied by two identical distorted 
lattices, one oriented 90° with respect to the other. 
For T > 5 K, these two lattices became twofold 
symmetric and approached the hexagonal symmetry 
as r — Tc. With lower temperatures, the distorted 
lattices tended to shear in such a way as to approach a 
square lattice, although this state was never 
completely achieved down to T = 2.0 K. 

Interestingly, the anisotropy in B0 is very small (a 
maximum 0.5% effect) and of the opposite sense as 
that observed in the nearest-neighbor separation. 
That is, the FLL cell area Ae is slightly larger for the 
orientation that possesses the smaller FLL nearest-
neighbor distance. Furthermore, the orientation 
dependence of H , is opposite to that of Bo and is 
typically of maximum magnitude 2.5% at T= 4 K. 
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Fig. 4.8. The flux line lattice nearest-neighbor distance as a 
function of temperature and crystal orientation with respect to the 
applied field H„. 

Although fundamental calculations of low-field 
anisotropy effects are lacking, some theoretical data 
for the isotropic limit are available. Figure 4.9 is a 
comparison of the //, i data with theory."1 Apparently 
the most disparity occurs at low T, while the 
agreement is generally good above 6 K. 

These data are the first obtained with the necessary 
resolution to reveal the anisotropic behavior in the 
low-field parameters Bit and Ht\. This information, 
coupled with the FLL symmetry properties, should 
provide a definitive test for the newly emerging 
models of anisotropic fluxoid interactions and the 
attractive fluxoid interaction. 

1. Consultant from Georgia Institute of Technology, At lanta . 
2. D . K. Christen el al., Phys. Rev. B 15, 4506 (1977). 
3. I. Shapira, M. N. Shah, and H. Umc/awa, f'hysico84B, 2)3 

(1976). 
4. E. H. Brandt. Phys. Status Soliiii B 77, 105 (1976). 

A N I S O T R O P Y O F T H E M A G N E T I Z A T I O N 
O F S U P E R C O N D U C T I N G N I O B I U M 

H. R. Kerchner D. K. Christen S. T.^Sekula 

We have measured the field derivative of the 
magnetization (dM/ciH) of a high-purity, single-

1400 

Fig. 4.9. Comparison of the theoretical isotropic H t i of Shapira 
et al. (ref. 3) with the experimental data. 

crystal niobium sphere with the applied magnetic 
field parallel to three high-symmetry crystalline axes. 
The Meissner state, the intermediate mixed state, the 
mixed state, and the normal state show up as distinct 
field regions of the dMjclH vs H plots, separated 
by three discontinuities in dMjdH. These discontinu-
ities occur at the fields Hi = 2hH, u H2 - 2/.i//. i + x/jBn, 
and Hc2, where Hc\ and Hc2 are the lower and upper 
critical fields and B0 is the equilibrium flux density at 
Hc\. Thus the parameters Hc 1, Bo, and Ha can be 
determined by measuring the fields at which the 
discontinuities occur. 

By numerically integrating the measurements twice 
with respect to field between Hi and //,2, we obtain 
the magnetization M{H) and the Gibbs free energy 
G(H). The value of M(Hi), along with the 
measurement of Hz, provides values of Ht 1 and Bo 
that are independent of the measurement of Hi. Also, 
the thermodynamic critical field //t. can be obtained 
from G(H2). 

The value of dM/dH is directly related to two 
other parameters of interest, the generalized 



126 

Gin/.burg-Landau parameter k: and the cornpres-
sional modulus of the flux line lattice Ct[B). We 
analyzed the data to obtain the temperature and 
crystal-orientation dependences of //ti, H,i, Bo, ki, 
and Ci.(W(i), and the temperature dependence 
of //,. 

A field-sweep technique was used to make direct, 
continuous measurements of cIM/dll. The sample 
was placed in one of two identical pickup coils that 
were conncctcd in scries opposition. When the 
magnetic field was swept at a constant rate, the 
induced voltage in the pickup coil was proportional 
to ilMjilll. This low-level voltage was choppcd by 
a metal oxide semiconductor fifid-cffcct transistor 
(MOS l-"ET) located in the liquid-helium bath, and 
the resulting ac voltage was amplified and detected 
by a lock-in amplifier. The lock-in output was 
simultaneously plotted as a function of field on 
an XY recorder and digitized for later numerical 
integration. The characteristics of the MOS FET 
chopper and lock-in amplifier as a dc voltage 
amplifier compare favorably with the supercon-
ducting quantum interference dctector (SQUID) 
preamplifier used previously in the same experi-
mental apparatus.1 More important, the present 
system is far more reliable bccausc it is not 
sensitive to radio-frequency interference as was 
the SQUID prcamp. 

1000 

800 

Measurements were performed on twosamplcscut 
from thO same zone-refined niobium single crystal. 
Sample 1 was spark-machined to a spherical shape, 
etched, annealed, and surface-oxidized (heated to 
400°C in, an oxygen atmosphere). The preparation 
of Sample 2 was identical except that, after 
spark-machining, it was lapped to a more accurately 
spherical shape. The results for the two samples were 
identical except that the transition from the Meissner 
state to the mixed-intermediate state at Hi was 
sharper and the first flux entry into the sample 
occurred at a.slightly higher field in Sample 2. Sample 
1 was used for the neutron diffraction measurements 
of anisotropy effects on the flux line latticc.' 

Values of the flux density B» at //;•, obtained in 
two ways from the cIMIUII measurements, are 
compared with values obtained from the neutron-
diffraction measurements in Fig. 4.10. The essential 
agreement between the neutron diffraction values 
of B» and those obtained from M(Hi) indicates 
that the flux line lattice completely fills the sample 
at //,:. The small discrepancy between these values 
and the values Bf> = 3{lh — //>) indicates that the first 
flux entry into the sample occurs not at %//, i, 
as cxpectcd thermodynamically, but at a slightly 
higher superheating field. 

In Fig. 4.11, magnetization curves for two different 
sample orientations and the same temperature arc 
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Fig. 4.11. Magnetization curves fora Held parallel to two high-
symmetry crystalline axes at one temperature. 

compared. As is required by thermodynamics, the 
areas under these curves are the same (experimentally 
to within 0.5%). Associated with the higher 'Id is a 
smaller slope DMJDH at HCL. In fact, our 
measurements show that the anisotropy in k\ 
(associated with HC2) is nearly identical to the 
anisotropy in KI (associated with CLMJILH at HC2). The 
curves cross, and the orientation having the larger Ha 
has a smaller HT\. There is only a small anisotropy in 
B0. 

The present study has shown that the neutron 
diffraction measurements of the area of a unit cell 
of flux line lattice give the correct, average flux 
density. In addition, these measurements have 
produced data that were previously unavailable or 
less reliable, such as C/.(/io) and the anisotropy 
of K>. 

1. H. R. Kcrchncr and C. C. Wat>.on. Solid State Div. 
Anna. l'rtif>. lk-/>- December 31, 1975, ORNL-5135, p. 33. 

2. I ) . K. Christen, S. Spooncr. and II . R. Kcrchner."Low-Field 
Anisotropy of the Flux Line Lattice in Superconducting 
Niobium." this report. 

LATTICE DYNAMICS 

I N V E S T I G A T I O N O F T H E A N O M A L O U S 
T E M P E R A T U R E D E P E N D E N C E O F T H E 

S E L F - D I F F U S I O N C O N S T A N T O F 
H Y D R O G E N I N N I O B I U M B Y 

Q U A S I - E L A S T I C N E U T R O N S C A T T E R I N G 1 

D. Richter2 A. Heidemann3 

B. Alefeld2 N. Wakabayashi 

The diffusion constant of hydrogen in niobium was 
investigated by quasi-elastic neutron scattering in the 

temperature region 165 to 300 K. By macroscopic 
methods a transition from a high-temperature 
activation energy of 106 mcV to a low-tcmpcraturc 
activation energy of 68 meV was observed in this 
region. The value of the low-temperature activation 
energy was confirmed by the neutron scattering 
experiments. The possibility that the activation 
energy at low temperature is related to thermally 
activated tunnelling processes is discusscd. 

1. Abstract of paper. J. I'hys. /•"7, 569 (1977). 
2. Institut flir I-estkorperffirscliung, Kernforsclwngsanlage, 

Ju'licli, Germany. 
3. Institut Laue-Langevin. Grenoble. France. 

C H A R G E F L U C T U A T I O N M O D E L 
O F L A T T I C E V I B R A T I O N S 1 

' N. Wakabayashi 

A new piienomcnological model is proposed for 
the lattice dynamics of transition metals. It is based 
on the microscopic model of Sinha and Harmon and 
includes the effect of charge fluctuations coupled to 
atomic motions. The model has been found to 
reproduce very accurately the phonon dispersion 
curves for niobium with short-range charge fluc-
tuations and interatomic interactions. 

I. Abstract of paper: Solid Stale Communications (in press). 

L A T T I C E V I B R A T I O N S I N A L P H A U R A N I U M 

W. P. Crummett1 R. M. Nicklow 
H. G. Smith N. Wakabayashi 

The alpha phase of uranium, stable below 935 K, is 
orthorhombic with four atoms in the C-centered unit 
cell. Several low-temperature effects have been 
observed in a-U including anomalies in the elastic 
constants,2'3 specific heat,4 and lattice parameters.5 

The elastic constant Cn is particularly interesting in 
that it rises to a maximum at 256 K, decreases to a 
sharp minimum at 43 K (perhaps a discontinuity), 
and displays hysteresis below this temperature. The 
net volume thermal expansion is negative below 43 
K, and no structural transition is found to occur at 
this or lower temperatures. All of these anomalies are 
thought to be electronic in origin. As a superconduc-
tor, a-U exhibits additional unusual properties. At 
zero pressure it is a filamental superconductor with a 
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Tc above I K for polycrystalline samples6 and less 
than ,0.2 K for single crystals.7,8 However, bulk 
superconductivity begins under modest pressure with 
a maximum Tc of 2.3 K at 11 kbar.9 

Because the lattice dynamical properties arc 
intimately related to all the properties that show 
anomalies outlined above, a thorough investigation, 
of the lattice dynami-is of a-U, using inelastic neutron 
scattering techniques, has been undertaken. As an 
initial step, the room-temperature phonon dispersion 
curves of a small single crystal10 (0.106 cm3) have 
been measured along the three high-symmetry 
directions: [£00], [0£0], and [00£]. All the modes in the 
[OOf] direction, as well as the acoustic branches in the 
[0£0] direction, show no unusual features. The [0(0] 
optical branches polarized along [100] and [010] are 
fairly flat, while the [001] polarized optic branch (A3) 
has some slight dispersion with a broad minimum 
about £ = 0.8. The data for the [£00] direction are 
shown in Fig. 4.12. All of these modes are pure at the 
Brillouin zone center, as are the branches £2 and £3, 
which have [001] polarization. The other modes 
correspond to vibrations that may have atomic 
displacements along both the [100] and [010] 
directions. At small £ the Xi acoustic branch is 
longitudinal-like and is associated with the anom-
alous elastic constant Cn. The slope of the 
dispersion curve agrees well with that predicted by 
the room-temperature value of Cn. The temperature 
dependence of the branch in this region has been 
investigated by Wakabayashi, Nicklow, and 
Lander." They found that at 300, 50, and 43 K the 
slope agreed well with the Cn values of Fisher and 
Dever3 but was somewhat higher than their value at 
13.4 K. 

A four-neighbor Born-von Kafrmafo model, eight-
neighbor axially symmetric model, simple shell 
model, and a shell model allowing some core-shell 
overlap were used in attempts to fit the data. All these 
models fit the [00£] data very well and the [0£0] data 
moderately well with the greatest discrepancy 
appearing in the Aj branch. For the [£00] direction 
the eight-neighbor axially symmetric model 
reproduced the I2, £3, and £4 branches fairly well. 
However, none of these models was able to fit the dip 
in the Si acoustic curve without introducing dips in 
the 2i optic branch, which are not seen experimen-
tally. 

It appears, therefore, that the room-temperature 
lattice dynamics of a-U cannot be described by 
simple phenomenological models. A more 
sophisticated treatment that includes the effects of 
the electronic system is probably needed. The 
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Fig. 4.12. R o o m temperature phonon dispersion curves for 
[{00] direction of a - U . Unless indicated otherwise uncertainties are 
less than 5%. Lines arc only to guide the eye. 

investigation is continuing and measurements will be 
made as a function of temperature and pressure. 

1. O R A U graduate laboratory participant from West Virginia 
University, Morgantown. 

2. H . J . McSkimin and E . S . Fisher, Phys. Rev. 31,1627 (1960). 
3. E. S. Fisher and D . Dever, Phys. Rev. 170, 607 (1968). 
4. J. Crangle and J. Temporal , J. Phys. £ 3 , 1097 (1973). 

. 5. C. S. Barrett, M . H . Mueller, and R. L. Hitterman, Phys. 
Rev. 129, 625 (1963). 

6. E . S . Fisher, T . H . Geballe, and J. M . Shreyer,7. Appl. Phvs. 
39, 4478 (1968). 
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7. T . H. Gcballc ct al.. Science 152, 755 (1966). 
8. C . Palmy and E. S. Fisher, Solid State Commun. 8, 653 

(1970). 
9. T . F. Smith and E. S. Fisher, J. Low Temp. Pitvs. 12, 631 

(1973). 
10. The sample was kindly loaned to us by G. Lander and E. S. 

Fisher at Argonne National Laboratory. 
11. N. Wakabayashi. R. M . Nicklow, and G. Lander, private 

communication. 

lattices perturbed by weak interlayer interactions. 
Experimental observations that indicate quasi two-
dimensional character such as the temperature 
dependence of Debye temperatures and Kohn 
anomalies arc emphasized. 

I . Abstract of paper: Nuovu Cimcnto 38, 256 (1977). 

LATTICE DYNAMICS OF NdSb1 

N. Wakabayashi A. Furrer2 

Phonon dispersion curves for NdSb obtained by 
inelastic neutron scattering techniques have been 
analyzed on the basis of an axially symmetric force-
constant model, a simple shell model, and a screened 
Coulomb force model. The last model gave the best 
lit to the experimental data. Various physical 
properties such as the effective ionic charges, the 
tetragonal distortion due to the magnetoelastic 
effect, and the Stark broadening of the transition 
between the crystal-field levels have been calculated 
from the model, and t'.ie results have been found to be 
in good agreement with experimental observations. 

1. Abstract of paper: Phys. Hew B 13, 4343 (1976). 
2. Institut fur Reaktortechnik E T H Z , Wtfrenlingen. 

Switzerland. 

LATTICE DYNAMICS 
OF LAYERED STRUCTURES1 

N. Wakabayashi 

The lattice dynamics of layered compounds is 
discussed on the basis of a set of two-dimensional 

LATTICE DYNAMICS OF Ni*Pt,-* 

N. Kunitomi1 N. Wakabayashi 
Y. Tsunoda1 R. M. Nicklow 

H. G. Smith 

The alloy system NixPl|-x forms a solid solution in 
the entire range of concentration, x. Phonon 
dispersion curves for pure nickel and platinum arc 
very similar, but the frequencies do not scale as the 
ratio of the square root of the atomic masses. This 
indicates that, although these elements have the same 
valence, the interatomic forces differ considerably. 
To investigate the validity of existing theories of 
phonons in disordered systems, detailed 
measurements of the double-differential neutron 
scattering cross section due to latticc vibrations have 
been performed on this alloy system for x = 0.05, 
0.25, 0.50, 0.70, and 0.95. Peak positions in the 
scattered neutron groups fo r wave vectors in the [001] 
direction are plotted in Fig. 4.13. For x = 0.95, the 
double peak features expected for resonance modes 
are observed near 3.3 THz, both for longitudinal and 
transverse branches. However, as the platinum 
concentration is increased, the observed pertur-
bations on these two branches become different. In 
the coherent potential approximation, such an effect 
requires the existence of a branch-dependent self-
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energy. This, in turn, indicates the importance of the 
changes in the interatomic forces in these alloys. No 
local mode separated from the band modes could be 
observed for x = 0.05 contrary to the prediction of a 
mass-defect theory. This also shows a significant 
change in the interatomic forces. The CPA-F theory 
of Mostoller and Kaplan may be adequate in 
qualitatively reproducing the data. Attempts will be 
made in the future to construct a model that is in 
quantitative agreement with the data. 

I. Guest scientist f rom Osaka University, Toyonaka, Japan. 

PHONONS AND PHASE TRANSITION 
IN !T-TiSe2 

N. Wakabayashi K. C. Woo1 

H. G. Smith F. C. Brown1 

It was demonstrated by electron and x-ray 
diffraction2 that in the layered compound lT-TiSe2a 
superlattice forms below approximately 200 K with 
new lattice parameters twice as large as those of the 
high-temperature phase. It was also established by 
neutron diffraction3 that the superlattice reflection 
appears at the L point, that is, q = Cli, 0, '/2>,and that 
the atomic displacements are transverse and are 
parallel to the plane of the layers involving both 
titanium and selenium atoms. The transition has 
been interpreted to be driven by an electron-electron 
or an electron-hole coupling near the Fermi surface. 

To obtain information about the dynamics of this 
transition and also about the phonon dispersion 
curves in general, inelastic neutron scattering 
measurements have been carried out on a small single 
crystal at various temperatures. Measurements were 
performed for wave vectors (£00) and (£0'/2) with 
£ = 0 ~ 'I2. Figure 4.14 shows the dispersion curves 
measured in the [100] direction for_branches with 
polarization vectors confined in the (210) plane, that 
is, those having no transverse components parallel to 
the plane of the layers. An upward curvature exists 
near 9 = 0 in the transverse-like acoustic branch as 
expected for a layered compound, but no unusual 
features have been observed in these branches. The 
set of data shown in the figure is a compilation of 
measurements both at room temperature (open 
symbols) and 20 K. (Filled^symbols) and do not show 
significant differences at these temperatures. Also the 
transverse acoustic mode measured at room 
temperature (Fig. 4.15a) does not show anomalies. 
Measurements for (£0'/z) have been considerably 
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Fig. 4.14. Phonon dispersion curves for T i S e j in the [100] 
direction. The data shown are for those modes having no 
transverse component parallel to the plane of the layers. The lines 
are merely a guide to the eye. 

more difficult because of lower scattering intensities. 
However, in the scattered neutron groups, there are 
peaks that indicate the existence of a low-frequency 
transverse branch (Fig. 4.156). Furthermore, the 
peak corresponding to the phonon at L (denoted by 
the arrow in Fig. 4.156) has a temperature 
dependence shown in Fig. 4.15c. Although peaks 
seem to exist both above and below the transition 
temperature (about 200 K), no well-defined peak 
could be observed at 180 K. Also no significant 
temperature effect could be detected in other modes. 
This may be interpreted as a soft mode behavior 
associated with the phase transition. 

The solid lines in Fig. 4.15a and b represent the 
frequencies calculated on the basis of a simple force 
constant model. The model reproduces the ex-
perimental data rather well; and for a set of different 
values of force constants, it produces a softening of a 
transverse mode at L without altering other branches 
beyond experimental uncertainties. The dashed lines 

WAVE VECTOR (UNIT: A i r / - / Z o ) 
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Fig. 4.15. Transverse phonons measured f o rT iSe2 . (a) Transverse phonons for (£00) at room temperature. The lines represent the results 
of the model calculations, (b) Transverse phonons (fO'/2) at room temperature, (c) Scattered neutron groups at / .corresponding to the mode 
denoted by the arrow in (b). T h e lines arc merely a guide to the eye. 

in the figure have been calculated with the values for 
interlayer interactions different from those used in 
the calculation for the solid lines. The soft phonon in 
this model involves motions of both titanium and 
selenium atoms in agreement with the conclusion of 
the neutron diffraction study. Thus the bonding 
between the selenium atoms in the neighboring layers 
seems to be responsible for the phase transition. 
However, the relationship between the description of 
the transition in terms of such a force model and that 
in terms of an electronically driven lattice instability 
is not understood at present. 

1. University of Illinois. Urbana. 
2. K. C. Wood et al., Phys. Rev. B 14, 3242 (1976). 
3. F. J. DiSalvo, D . E. Moncton, and J. V . Waszc/^k. Phys. 

Rev. B 14, 432 (1976), 

PHONON ANOMALIES IN TRANSITION 
METALS, ALLOYS, AND COMPOUNDS1 

H. G. Smith N. Wakabayashi 
Mark Mostoller 

The anomalous features observed in the dispersion 
curves of several d-band superconducting materials 
are reviewed, and comparisons are made with related 
nonsuperconducting materials. The results are 
briefly discussed in terms of so me theoretical models. 
New neutron scattering data are presented for 

niobium with oxygen impurities, the Mo-Re bec 
alloy system, and the hep metals technetium and 
ruthenium. 

I. Abstract of paper: p. 233 in Superconductivity in d - a n d f -
Bund Metals, ed. by D . H . Douglass, Plenum Press. New York , 
1976. 

PHONON LINE WIDTHS IN NIOBIUM 

H. G. Smith N. Wakabayashi 
W. H. Butler1 

The electron-phonon coupling constant, k, of a 
superconductor has been defined by McMillan in 
terms of the spectral function a\m)F((o), which can 
be obtained directly from tunneling measurements. 
The phonon density of states, F(w), is obtainable 
from neutron scattering measurements. Allen2 has 
shown that a2Fcanbe related to the electron-phonon 
contribution to the phonon line widths y,(q) 
throughout the Brillouin zone by 

a2F= 2/tr N(0)<u £ y,{q)5(w - tug) , 
q.i 

where JV(0) is the electronic density of states at the 
Fermi energy. It would be a formidable task to 
determine this quantity by measuring a sufficient 
number of phonon line widths. Allen introduced an 
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average phonon width, 7, which is related to the 
McMillan parameter, A, by 

where cH is defined as {<o2)1/2 and W is an effective 
bandwidth defined by Â O) = Nj W\ N is the number 
of atoms in the crystal. In general, this quantity is 
expected to be very small and perhaps experimentally 
inaccessible except for materials with large electron-
phonon interactions, such as the A-15 compounds. 
This has been confirmed by Axe and Shirane3 in their 
studies of phonon line widths in NbaSn above and 
below the superconducting transition temperature 
for phonon energies of the order of 2A(7), the 
superconducting energy gap. Very careful work by 
Shapiro et al.4 also detected changes in phonon line 
widths in niobium above and below Tc, even though 
the average line widths were much less than in NbjSn. 

Allen2 also showed how the electron-phonon line 
widths are related to the screened electron-phonon 
matrix elements. The calculation of the line widths 
from this relation requires an accurate knowledge of 
the band structure and the wave functions at the 
Fermi surface. These quantities have been calculated 
for niobium by Butler and Allen5 using first 
principles KKR wave functions and the muffin tin 
approximation. Calculated throughout the Brillouin 
zone, the line widths reveal a very large dispersion of 
y,(q) as a function of q, i; for large q, 7 (q) is more 
than an order of magnitude larger than for small 
values of q where the phonon energies are of the order 
of the energy gap. Because the anomalous dispersion 
relation in niobium is believed to be related to the 
electron-phonon interaction, one would expect that 
the largest widths would coincide with the largest 
anomalous dips observed in the phonon dispersion 
curves, but this does not seem to be the case. 
However, as discussed below, large anomalies may 
not necescnrily be in the form of a dip. 

A preliminary inelastic neutron scattering in-
vestigation of the phonon line widths in a large single 
crystal of niobium has been made at about 13 K. The 
crystal 

was rotated about the [110] axis, and phonons 
were measured in the high symmetry [001], [110], and 
[111] directions under conditions of relatively high 
energy and momentum resolution. The theoretical 
calculations predicted that the phonon line widths 
would be much larger for the [110] LA phonons with 
a maximum width near the point N; therefore, the 
major part of this study has' been concentrated on 
measuring " phonon line widths of longitudinal and 

transverse phonons in this direction. For com-
pleteness several TA and LA phonons were measured 
in the [100] and [111] directions. Generally, the 
dominant contribution to the width of a phonon 
group is due to the instrumental*resolution. For this 
experiment the resolution function was measured, 
and the instrumental contribution to the line width 
was calculated for each of the phonons measured. A 
knowledge of the slope of thedispersion curves is also 
required for the calculation, and the slopes were 
obtained from the room-temperature phonon 
measurements of Nakagawa and Woods.6 The slopes 
of the dispersion curves obtained at 13 K are 
preferred, but they are not available at this time. 

As can be seen in Fig. 4.16, the measurements of 
the widths of the LA [110] phonons dramatically 
confirm the theoretical predictions of Butler and 
Allen.5 The experimental phonon widths have been 
deduced from the total measured line widths with the 
aid of the experimental resolution function of the 
triple-axis spectrometer. Actually, these widths 
contain certain other contributions due to anhar-
monicity, etc., but several phonon measurements at 
room temperature suggest that these contributions 
arc small. 

The theoretical prediction and experimental 
confirmation of strong electron-phonon coupling 
because of phonons in this region of the Brillouin 
zone are very interesting. This particular region is not 
usually considered to be anomalous; however, an 
examination of the phonon curves for Nb-Mo alloys7 

shows that the longitudinal phonon frequencies 
along [110] for £ < 0.3 are strongly depressed in 
niobium relative to a Nbo.2sMoo.75 alloy. It is probable 
that addition of molybdenum to niobium decreases 
the electron-phonon interaction because of the 
reduction in Â O) and allows the observed frequen-
cies to rise toward their bare unscreened values. In 
fact, the longitudinal phonon frequencies near the N 
point change fastest of all on addition of 

. molybdenum to niobium. 
. The phonon line width measurements in the [100] 

and [111] directions are currently being analyzed and 
deconvoluted and will be included in a full report of 
this investigation. 

1. Metals and Ceramics Division, O R N L . 
2. P. B. Allen, Phys. Rev. B 6, 2577 (1972). 
3. J. D . Axe and G. Shirane, Phys. Rev. Lelt. 30, 214 (1973). 
4. S. M . Shapiro, G. Shirane, and J. D . Axe. Phys.'Rev. B12, 

4899 (1975). 
5. W . H. Butler and P. B. Allen, Bull. AM. Phys. Soe. 22, 263 

(1977). 
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Fig. 4,16. P h o n o n l ine w id ths ( F W H M ) vs wave vector i n n i o b i n m a t 13 K . The solid (dashed) curves represent the calculated clectron-
phonon contributions to the line widths for the longitudinal (transverse) branches. The circles (triangles) are the experimentally determined 
ulectron-phonon line widths for the longitudinal (transverse) branches. The vertical lines represent the estimated uncertainties. 

6. Y . Nakagawa and A . D . B . Woods, p. 39 in Proceedings t>f 
the International Conference on iMttice Dynamics, ed. by R . F. 
VVallis. Pergamon, New York . 1963. 

7. B. M . Powell. P. Mar te l .and A . D . B . Woods, Pins. Rev. 171, 
' 727 (1968). 

INVESTIGATIONS OF PHONON 
PERTURBATIONS BY DEFECTS1 

R. M. Nicklow 

Recent experimental investigations of phonon 
perturbations by defects will be reviewed. Emphasis 
will be on (1) the study of co mplex defects, such as the 
split-interstitials occurring in irradiated metals and 

(perhaps) in ionic-conducting silver haiides, and (2) 
the molecular substitutional defect CN~ in KC1. 

I. Abstract of paper: p. 117 in Proceedings of the Conference on 
Neutron Scattering, vol. 1, ed. by R. M . Moon , E R D A C O N F -
760601-PI . Oak Ridge. Tenn.. 1976. 

LATTICE DYNAMICS OF 
0-SILVER IODIDE 

W. Buhrer1 R. M. Nicklow 
P. Bruesch2 

The migration of silver through Agl has found 
wide technical application for many years in 
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photographic processes and, more recently, in solid 
slate batteries in which Agl and Agl-bascd com-
pounds serve as solid electrolytes. Because the 
diffusion of ions through crystals is a thermally 
activated process, ionic cond uctivity is closely related 
to the phonon spectrum, and a knowledge of the 
lattice vibrations is therefore important for the 
understanding of the observed phenomena. Conse-
quently we have carricd out neutron inelastic 
scattering measurements of the phonon dispersion 
relation along the il, T, and A symmetry directions in 
hexagonal /3-AgI. The initial measurements were 
carricd out at room temperature at the Diorit reactor 
in Wfirerilingen, Switzerland.3 These measurements 
were extended, and measurements at several 
temperatures between 80 K and room temperature 
were carried out on a tripleTaxis spectrometer at the 
High Flux Isotope Reactor (HFIR). 

To date, fairly complete results have been obtained 
at 160 K (Fig. 4.17). The lines shown are only guides 
for the eye and do not represent theoretical results. 
Becausc of strong anharmonicity and mode interac-
tion effects, it has proved difficult to obtain a 
complete mapping of the entire dispersion relation. 

Additional measurements will be obtained in the near 
future. A rather striking feature of the results is the 
very low frequency of certain optic modes, for 
example, A», 72, and These modes may be 
indirectly related to the (}-a crystal structure 
transition at 420 K; however, their temperature 
dependence between 80 and 300 K is quite small. 

The data have been analyzed with a "valence shell 
model": valence forces were used to describe the 
short-range forces, and a shell model was used for the 
ionic polarizabilities and the long-range Coulomb 
interactions. The agreement with the data is fairly 
good with the exception of the longitudinal acoustic 
modes, which are calculated to have lower frequen-
cies than those observed. The model has been used to 
calculate several phonon-rclated properties of Agl. 
One property that is related to ionic conductivity is 
the mean square vibrational amplitude of the ions. 
Good agreement is obtained between the calculated 
and measured amplitudes4 (Fig. 4.18), 

1. Institute fiir Rcaktorforschung. Wilrenlingen. Switzerland. 
2. Brown Hoveri Research Center. Baden. Switzerland. 
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3. W. Bulircr and 1'. liruesch, Solid Slate Commun. 16, 155 
(1975). 

4. Ci. Hurley. ./. Chem. Phys. 38, 2807 (1963). and W. Btfhrer. 
Neutron Scattering Progress Report. AF-SSP-74, NVtirenlingen 
(1974). 

THE TEMPERATURE DEPENDENCE 
OF PHONON-DEFECT MODE 
HYBRIDIZATION IN KC1:CN 

R. M. Nicklow 

The CN" radical, when placed in the alkali haiides 
as a substitutional impurity, is a complex defect 
which exhibits a wide variety of motions including 
tunneling, libration, and free rotation.1 In KC1 the 
potential barrier between equivalent CN" (111) 
orientations is believed to be 4 to 5 meV. The lowest 
energy levels for CN" in KC1 consist of a ground state 
that is split by tunneling into four levels separated by 
about 0.15 meV.2'3 Above these tunneling states 
several groups of librational levels are centered at 
approximately 1.6, 2, and 4 meV. Higher levels 
presumably correspond to hindered rotations and 
free rotations. 

Phonons can interact with these highly anhar-
monic molecular motions if the matrix element 

of a displacement coordinate x between a 
defect s tated) and another state |r) is finite. Theoret-
ical studies of a two-level defect show that the 
strength of the interaction also depends on the 
relative thermal population of the two energy 
states,'1''' which leads to a temperature dependence of 
the corresponding phonon perturbation. 

Previously we observed, for KC1 containing about 
0.4% CN impurities, a strong perturbation of the 
[110] transverse phonon branch (with [110] polar-
ization) at 5 K.'' The energy of the phonons that arc 
perturbed most is approximately 0.5 THz (about 2 
meV), corresponding quite well with the transition 
energy from the ground states to the CN" librational 
levels. To investigate the temperature dependence of 
these phonon-defect interactions, wc have measured 
the [110] transverse branch between 10 and 120 K. 
Ultrasonic measurements indicate that the defect-
induced changes in the velocity of sound appropriate 
to this branch are strongly temperature dependent 
above 10 K, nearly vanishing by 50 K.7 A similar 
result is observed in our neutron scattering measure-
ments (Figs. 4.19 and 4.20). 

At 120 K the dispersion curve for KC1:CN for£ ;> 
0.13 and i> > 1.0 THz agrees very well with that 
measured for, pure KC1, which is represented by the 
dotted line in Fig. 4.19. For lower frequencies a small 
difference exists between the results for pure KC1 and 
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KCI:CN, which may be due to weak phonon coupling 
to the molecular transitions to the highest (4 meV) 
librational levels. A more striking phonon perturba-
tion occurs because of coupling to the lower libra-
tional levels, as is illustrated in Fig. 4.20 for £ = 0.08, 
As the temperature is reduced below 40 K, the single 
phonon peak in a constant-Q neutron scan gradually 
develops significant structure, becoming two peaks of 
nearly equal intensity at 10 K. The resulting hybrid-
ization-split dispersion relation at 10 K. is illustrated 
(Fig. 4.19). Such measurements, together with obser-
vations of the magnitude of the defect-phonon cou-
pling for phonons of various symmetries and their 
comparisons with theoretical calculations of the 
matrix elements (eMg) , should provide sufficient 
information to allow a determination of defect-host 
interactions and consequently the molecular energy 
states and wave functions. 

MEASUREMENT OF DISPERSION CURVES 
ON ALUMINUM REACTOR-IRRADIATED 

AT 4.6 K 

K. Bfining1 H. J. Fenzl2 

G. S, Bauer2 R. Scherm3 

R. M. Nicklow 

The self-interstitials produced in aluminum by 
low-temperature irradiation with fast particles have 
[100] dumbbell configurations. They have been 
predicted4 to perform low-frequency resonant vibra-
tions that should have a pronounced effect on the 
transverse [£00] phonon dispersion curve: a resonant 
perturbation at £«=0.15(^ = 1.3THz)togetherwitha 
change of the initial slope. In a previous experiment5 

performed at Institut Laue-Langevin with an alumi-
num sample neutron-irradiated to about 810 ppm 
Frenkel defects, we were able to confirm the change 
of slope in essential agreement with the value 
expected from the change of the elastic constants of 
clcctron-irradiated aluminum.6 However, no reso-
nance-like behavior was observed in the range 0.05^ 
£ ^ 0.19. 

The new experiment was performed to check the 
older results using a different aluminum sample with 
different Frenkel defect concentration(510ppm)and 
to extend the £ range to higher values. With Q = 
(2, Oyiirja, the typical line widths were F = 
0.08-0.11 THz in the range 0.07 < £ < 0.40. The line 
positions v were obtained by fitting the data to 
Gaussian peak shapes. 

As a consequence of the large line width, it was not 
possible to draw any conclusions on possible line-
splitting from the shapes of the measured phonon 
lines. The measured frequency shifts observed for the 
irradiated samples relative to the dispersion curve 
after room-temperature annealing indicate that the 
change in slope found earlier6 has been confirmed 
also for this defect concentration. No significant 
indication for a resonance-like behavior in the fre-
quency shifts is observed in the new experiment. 

1. V. Narayanainurti and R. O. Pohl, Rev. Mod. Phvs. 42,201 
(1970). 

2. Fritz Liity, Phys. Rev. B 10, 3677 (1974). 
3. Hans U. Beyelcr, Phys. Rev. B 11, 3078 (1975). 
4. M. V. Klein, Phys. Rev. 186, 839 (1969). 
5i D. Walton, Phys. Rev. B 7, 3925 (1973). 
6. D. Walton, H, A. Mook, and R. M. Nicklow. Phvs. Rev. 

Lett: 33,' 412 (1974), 
7. N. E. Byer and H. S. Sack, Phys. Status Solidi 30, 569 

(1968). 

1. Technischen UniversitSt Mtinchen, Garching, Germany. 
2. Institut far Festkorperfb'rschung, Kernforschungsanlage, 

Jiilich, Germany. 
3. Institut Laue-Langevin, Grenoble, France. 
4. H. R. Schober, V. K. Tewary.and P. H. Dederichs, Z. Phvs. 
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5. Institut Laue-Langevin Annual Report 1976. Exp. No. 07-05-
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NEUTRON INELASTIC SCATTERING STUDY 
OF TETRATH1AFULVALENE-

TETRACYANOQU1NODIMETHANE 
(TTF-TCNQ)1 

H. A. Mook Charles R. Watson, Jr.2 

Neutron inelastic scattering techniques have been 
used to measure the phonon dispersion curves along 
the chain direction in TTF-TCNQ.. Most of the 
branches are rather flat and probably stem from ex-
citations within the TTF or TCNQ molecules. Lon-
gitudinal and transverse acoustic modes were also 
measured, and a large Kohn anomaly that seems to 
stem from the longitudinal branch was observed at 
0.295 (2»r/b). . 

1. Abstract of paper: I'hys. liei\ Leu. 36, XOI (1976). 
2. Chemistry Division, O R N L . 

A REEXAMINATION OF THE INELASTIC 
NEUTRON SCATTERING IN 
TETRATHIAFULVALENE-

TETRACYANOQUINODIMETHANE 
(TTF-TCNQ)1 

H. A. Mook G. Shirane2 

S. M. Shapiro2 

Neutron inelastic scattering measurements have 
been repeated on deuterated and protonated TTF-
TCNQ samples at BNL and ORNL to clarify the 
phonon scattering and the scattering found at q = 
2kr. Good agreement is found between the phonon 
measurements made in the two laboratories on both 
samples. Differences in the slope of the transverse 
acoustic phonon originally reported between the two 
laboratories can most likely be ascribed to the wider 
mosaic spread of the ORNL sample. Measurements 
at q — 2kr at room temperature are presented, and no 
distinct anomaly is observed for an energy transfer of 
3.3 meV. From this we estimate that any scattering at 
2&/-at room temperature must be smaller than about 
8% of the LA phonon intensity for 2.9 meV. 

1. Abstract of paper to be published. 
2. Brookhaven National Laboratory. Upton, Long Island,' 

New York. 

PHONONS IN THE MIXED VALENCE 
SYSTEM S m o . 7 5 Y o . 2 5 S 

H. A. Mook T. Penney1 

Under modest pressures SmS changes in volume 
by around 15% and goes from an insulating black 
phase to a metallic gold phase. This lattice collapse is 
thought to result from a change in the configuration 
of the samarium ion from a divalent/'' state to a 
trivalent/"V configuration. The lattice constants of 
trivalent samarium salts are much smaller than those 
of the divalent salts. In a free ion the/"Vstate is 2 to 3 
eV above the/'', but in a crystalline field the lowestf\i 
(/:*) state is nearly degenerate with the/' . If the 
density of the d levels is of the order of I 
statc/eV-atom, a large fraction of an electron per ion 
could leave the/1' configuration and occupy theJ*d. 
Similar effects can be produced at atmospheric pres-
sure in some alloys; YS has a sufficiently small lattice 
parameter that alloying it into SmS produces a strain 
similar to applying pressure. If one is near the 
composition in which 20% of SmS is replaced by YS, 
a phase transition takes place as one cools from room 
temperature such that the material expands suddenly 
and changes from gold to black. We chose a composi-
tion with slightly excess YS so that the phase transi-
tion is smoothed out over 100 K. or so in hopes that 
the crystals would not break in cooling. Grown at the 
IBM Research Laboratory at Yorktown Heights, the 
samples consisted of several crystals about 0.2 cm 
in size. 

Neutrons turn out to be a particularly sensitive 
probe of the mixed valcncc system because the energy 
widths involved in the mixed valence states are 
comparable to or slightly larger than the energy 
resolution available on standard neutron spectrom-
eters. X-ray photoemission reveals two spectra 
characteristic of Sm2' and Sm" configurations for 
the SmS/ YS mixed valence systems, showing that 
two configurations are present, but does not dis-
tinguish between a homogeneous and inhomoge-
neous mixed valence state.2"3 The resolution of the x-
ray photoemission experiments gives it a sampling 
time scale of around I0"15 sec so that any fluctuations 
between the configurations must be slow compared 
to this time. Mossbauer isomer shift measurements 
show a well-defined line at energies intermediate 
between the characteristic energies of the two valence 
states.4 The Mdssbauer measurements have a time 
scale of about 10~9 sec so that valence fluctuations 
must be faster than this time. The MSssbauer 
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measurements also show that the mixed valence 
compounds arc homogeneously of mixed valence. 

Neutron energy resolutions arc about I meV cor-
responding to fluctuation times of around I0"u see 
and thus arc in the interesting range between the x-
ray and Mdssbaucr experiments. It turns out this is 
the time scale of importance in the mixed valcncc 
systems. 

Phonons have a frequency of about I012 THz and 
thus may be expected to couple to the volumechange 
cffects produced by the fluctuating valence system. 
Velocity of sound measurements show that certain 
combinations of clastic constants have discontinu-
ities at the Sm2' to S m u transition in theSmiusYiusS 
system, and one finds the bulk modulus given by the 
combination of clastic constants (n i + 2fi2)/3 goes to 
zero at the transition. This combination of clastic 
constants is an eigenvalue of the elastic constant 
matrix corresponding to the A\ irreducible repre-
sentation that has the full cubic symmetry. The 
introduction of a wave vcctorinto the system breaks 
some symmetry elements so that an acoustic wave 
cannot have complete A \ symmetry. We thus do not 
expect to have a soft phonon at the phase transition in 
the usual sense but expect the mixed valcncc effects to 
show up in all the phonon modes that change the 
volume of the unit cell. 

Figure 4.21 shows the phonon modes measured at 
room temperature when thcSm11.7jY11.25S is in the gold 

phase where lattice constant extrapolations suggest 
that the configuration is 30% Sm2" and 70% Sm3'. 
Thus, while the material is gold in color, we still are in 
a mixed valence situation; this is reflected by the 
phonon spectra. Phonon measurements on SmS that 
has a single valence showed rather standard phonon 
dispersion curves.5 Our measurements of the mixed 
valence system have a number of unusual features. 
One finds that the LA phonons arc unusually low in 
energy compared to the TA modes, and in the (111) 
direction the LA mode is below the TA mode. The 
LA modes are also very broad inenergy while the TA 
modes are quite sharp. The width of the bar asso-
ciated with each point represents its full width at half 
height. One might expect the (111) direction to be 
most sensitive to mixed valence effects because SmS 
has the rock salt structure in which alternating planes 
of samarium and sulfur atoms exist along the (111) 
direction. The LA phonons are the ones that vary the 
distance between the ions so that'one would expect 
them to be sensitive to the volume fluctuations of the 
mixed valcncc state. The TA phonon vibrations are 
transverse to the spacing between the ionsand arc not 
particularly sensitive to fluctuations in the distance 
between the atoms. Figure 4.21 shows that the LO 
phonons are also soft, falling below the TO phonons, 
and are very broad in energy. The TO phonons also 
appear to be broad in energy, and the optical 
phonons in general arc not well defined. A flat mode 
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Fig. 4.21. Phonons in Smo.7jYo.25S measured at 293 K. 
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Fig. 4.22. Lattice constant of Smo.75YO.ijS measured as a 
function of temperature. 

that appears between the acoustical and optical 
modes seems to be a local mode stemming from the 
yttrium, which is considerably lighter than the 
samarium. 

As the SmiujYo.^S is cooled to lower temperature, 
the lattice constant expands. Figure 4.22 shows a 
graph of the lattice constant vs temperature. Using a 
lattice constant extrapolation, we find that at 200 K 
the valence is about 55% SmJt and at 100 K about 
75% Sm2*. We have chosen to examine the phonons 
along the (111) direction in detail as a function of 
temperature. Measurements have been made at room 
temperature, 200 K, and 100 K. Figure 4.23 showsan , 
LA phonon measurement at £ = 0.3, which is 60% of 
the way to the zone boundary for the (111) direction. 
At room temperature, one sees abroad peak at about/' 
2.4 THz with a tail extending to higher energies. The' 
arrow shows the position of the phonon in the black 
SmS single valence system. As one cools to 200 K; 
where the material is about 55% Sm"\ one sees some 
broadening of the peak toward the position expected 
for the pure Snr* system. As the material is further 
cooled to 100 K, the peak shifts up nearer the position 
of the Sm'^S peak. 

The phonon results show that the LA phonons are 
soft in the mixed valence phase, and as one 
approaches the Sm2+ single valence phase, the 
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Fig. 4.23. Phonon measurements in Smo.7sYo.2sS at 0.3 of the 
zone boundary in the (111) direction for 100 K, 200 K, and 293 K. 

phonons shift to their normal positions. Detailed 
analysis of the phonon results is in progress at the 
present time but is quite difficult because of strong 
coupling between the electronic system and the 
lattice. 
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MAGNETIC PROPERTIES 

GENERAL RELATIONSHIP BETWEEN 
CONCENTRATION DERIVATIVES AND 

CORRELATION FUNCTIONS FOR ALLOYS1 

R. A; Medina2 J.W.Garland3 

A general relationship is derived between the 
concentration de ivative of any ensemble-averaged 
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quantity and the correlation function of that quantity 
with fluctuations in the concentration. This 
relationship is then used to obtain general formulas 
for the concentration derivatives of the magnetiza-
tion M(K) and of the Warren short-range-order 
parameters a(R) for the case of binary substitutional 
alloys. The use of these formulas in the analysis of 
diffuse elastic neutron scattering data and in the 
analysis of the effects of short-range order is 
discussed briefly. 

1. Abstract of paper: Phys. Rev. 14, 5060 (1976). 
2. I V I C graduate participant from Georgia Institute of 

Technology, Atlanta. Present address: Institute Vcne/olano de 
Investigacioncs Cientificas, Caracas, Venezuela, 

3. Summer research participant from University of Illinois at 
Chicago Circle. 

POLARIZED NEUTRON STUDY OF 
FERROMAGNETIC Ni-Cu ALLOYS: 

EVIDENCE FOR A MAGNETIC 
ENVIRONMENT EFFECT1 

R. A. Medina2 J. W. Cable 

We measured the magnetic diffuse scattering of 
polarized neutrons from ferromagnetic Ni-Cu alloys 
with 19.8, 29.6, and 52.5 at. % copper at 4.2 K. The 
data show that the copper atoms are not polarized 
and that the negative polarization exists only around 
the nickel sites. Assuming that the nickel moments 
are a function, of the moments of the neighboring 
atoms, we obtain an analytical expression for the 
polarized neutron cross section which describes the 
data well. The magnetic environment model is also 
shown to reproduce the moment disturbances of 
other dilute nickel-based alloys. A Stoner type of 
calculation shows that 20-40% interatomic exchange 
is needed to reproduce the Ni-Cu magnetization and 
cross sections; within the same calculation each 
copper atom induces a 1-2% moment reduction on its 
nickel neighbors for any given exchange field. 

- I . Abstract of paper: Phys. Rev. B 15, 1539 (1977). 
• 2. I V I C graduate participant from Georgia Institute of 
Technology, Atlanta. Present address: Instituto Venezolano de 
Investigations Cientificas, Caracas, Venezuela. 

NEUTRON STUDY OF LOCAL 
ENVIRONMENT EFFECTS IN 

FERROMAGNETIC Ni-Rh ALLOYS1 

J. W. Cable 

The ferromagnetic Ni-Rh alloys exhibit an 
anomalous magnetization vs, concentration 
behavior.2-3 With increasing rhodium content, the 
spontaneous magnetization first increases by about 2 
MB per rhodium, then passes through a maximum of 
near 4 at. % rhodium before decreasing to zero at the 
critical concentration of 37 at. % rhodium. A neutron 
measurement4 in the dilute rhodium region shows 
that the initial increase in magnetization is due to a 
large rhodium moment (about 2 ptB). One aim of the 
present neutron experiment is to determine the 
spatial distribution of the magnetic moments to 
determine whether the rapid loss of moment at higher 
concentrations is associated with competing ferro-
and antiferromagnetic interactions, as in the Ni-Mn 
system, or with some other local environment effect 
that destroys this large rhodium moment. Another 
aim of the experiment is to answer a question raised 
by the magnetization results3 in the critical region 
which indicate the presence of magnetic clusters 
similar to those found5"6 for Ni-Cu alloys. This 
suggests that magnetic environment effects occur in 
Ni-Rh because such effects are required7"9 to explain 
the neutron data8"10 for the Ni-Cu alloys. In this 
paper we explore this possibility by extending a 
recently developed9 magnetic environment model for 
nonmagnetic impurities in nickel to the case of 
magnetic impurities in nickel and by fitting this 
model to the neutron data. 

Magnetic diffuse scattering cross sections were 
measured by both the unpolarized-neutron, field-off 
minus field-on method and the polarized-neutron, 
spin-up minus spin-down method. The unpolarized 
cross section is given by 

A cfo/dnmpol(K) = 0.0484r(l - r)lTK) , (1) 

in which c is the fractional impurity content and 7"(K) 
is the Fourier transform of a two-site, moment-
moment correlation. The polarized cross section is 

A c/o/crtlpoi(K) = 1.08c(l - c)(bi - bh)M{K) , (2) 

where bi and bh are the impurity and host nuclear 
scattering amplitudes and A/(K) is the Fourier 



'141 

transform of a site occupation-moment correlation. 
Measured A/(K) and 7T(K)I/2 functions are shown in 
Fig. 4.24; the average nickel and rhodium moment 
behavior obtained by fitting M(K) to the Marshall 
model" is given in Fig. 4.25. 

The agreement between M(0) and djljdc in Fig. 
4.24 shows that the magnetic moment fluctuations 
are due to local environment effects. The range of 
these effects increases with increasing rhodium 
content indicating that the magnetic environment is 
an important factor in the moment distribution of 
these alloys. The M(K) data are fitted to an extended 
version of a previously described magnetic-
environment model with physically reasonable 
parameters. The magnetic parameter P, which 
appears as an exchange enhancement factor that 
determines the K dependence, is found to approach 
the correct limits at both extremes of the 
ferromagnetic region. This parameter approaches 
unity at the critical composition, which is lower here 
(37 at. % rhodium) than for Ni-Cu alloys (56 at. % 
copper). This approach to unity depends on the 
details of the d- band structure for the ferromagnetic 
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Fig. 4.25. The average moments at rhodium and nickel sites vs 
concentration for Ni-Rh alloys. The expression l \ i is the 
probability that an atom has 12 nickel nearest neighbors. 
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Fig. 4.24. The /^-dependent magnetic moment disturbances for 
concentrated Ni-Rh alloys. The solid curves are fitted to the 
Marshall model while the dashed curve for 10 at. % rhodium is a 
calculation based on the magneticenvironmentmodel.The arrows 
at K= 0 represent the magnetization values of djijde. 

alloys. Such calculations are not yet available for 
comparison with the present results. 

It seems unlikely that the rapid dccrcasc in the 
average rhodium moment arises from an-
tiferroinagnetic Rh-Rh interactions since an an-
tiparallel correlation of aligned rhodium moments 
should appear as a peak in the A/(K) or |T(K)]1/2 

function near K = 1.5 A"1 where a dip is actually 
observed. A more likely mechanism is a strong local 
environment effect that destroys, or at least 
drastically reduces, the ferromagnetic rhodium 
moment. Within this framework, it is interesting to 
compare the rhodium moment behavior with the 
probability of nearest-neighbor configurations. One 
finds that the rapid decrease is best described by a P\i 
dependence where Pi2 = (I - c)12 is the probability 
that an atom has 12 nickel nearest neighbors. This is 
illustrated by the curve labeled 2Pi2 (Fig. 4.25) that 
passes through the inner data points and suggests a 
moment of 2 /xb for isolated rhodium atoms but a 
much smaller moment for those rhodium atoms with 
one or more rhodium nearest neighbors. 
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A NEUTRON STUDY OF LOCAL 
ENVIRONMENT EFFECTS AND 

MAGNETIC CLUSTERING IN 
Fe0.7Al0.3' 

J. W. Cable L. David2 R. Parra3 

Ordered FcjAI is one of the first alloys for which a 
local environment effect on the magnetic moment of 
an atom was demonstrated.4 In this structure, the 
iron atoms on /3 sites have eight iron nearest 
neighbors and the same room-temperature moment 
as in bcc iron (2.18 /XB), while those iron atoms on a 
sites have four iron and four aluminum nearest 
neighbors and moments of only 1.50 fin. The ordered 
structure is retained to 32 at. % aluminum with the 
excess aluminum tending to occupy thc/Jsites;

5-6The 
magnetization decreases rapidly with this excess 
aluminum, and beyond 30 at. % aluminum the system 
is no longer spontaneously ferromagnetic.7'8 The 
magnetic behavior is anomalous in the 27 to 32 at. % 
aluminum region where the magnetization actually 
decreases with decreasing temperature.7"8 Further-
more, mictomagnetism appears at low temperatures 
in this region, as indicated by shifted hysteresis loops 
on field cooling and by sharp cusps in the low field 
susceptibilities.8 The 30 at. % alloy has a particularly 
unusual behavior in that the state of magnetic order 
changes from ferromagnetic to paramagnetic to 
mictomagnetic on cooling. Furthermore, the shape 
of the magnetization curves indicates the presence of 
superparamagnetic clusters in all of these ordered 
regions. This neutron study was undertaken to gain 
insight into this rather complicated behavior. Diffuse 
scattering measurements were made to characterize 
the moment distribution within the clusters; Bragg 
scattering measurements were made to further refine 
the magnetic moment dependence on local environ-
ment. 

Neutron diffuse scattering .measurements were 
made on a polycrystalline sample of Feo.7Alo.3 
furnished by P. A. Beck. The observed cross sections 
exhibit a sharp increase at small K indicating the 

presence of clustering. The strong temperature 
dependence of these cross sections shows that most of 
this clustering is of magnetic origin. Remarkably, this 
is a continuous function without any anomalous 
behavior at the transition temperatures given by the 
magnetization data8 which show that this alloy is 
ferromagnetic below Tc - 400 K, paramagnetic 
below the inverse Curie temperature, 7}= 170 K,and 
mictomagnetic below the freezing temperature, 7 /= 
92 K. These cross section data show that 
ferromagnetic clusters are present through all of 
these regions and that the ordering transitions result 
lrotn the coupling of these clusters. 

In the Fe3Al type of order, iron atoms preferen-
tially occupy the a sites at (000, ^I'h'h) fee and the /3 
sites at CU%lM fee, while the aluminum atoms tend to 
occupy the [i sites at (% % %) fee. There are th ree types 
of reflections with the nuclear structure factors: 

fm= 16 (6 ) , h + k + Z = 4n , 

= 4(bFc - bA,)S , h + k+ H=4n-r2, (1) 

= 4i(bPe - bAi)Sp* , h + k +%= 2n + I . 

Here, {b) = (1 - c)brc + cb AI, S-2ra — rp- cuv, and 
Spy = rp- wy, where the r's and w's denote the fraction 
of the "rightly" or "wrongly" occupied lattice sites 
indicated by the subscripts. The fractional site 
occupations are determined from the identity 2ra + rp 
+ (u y - 4(1 - c) and the two long-range-order 
parameters S and Spy. 

Nuclear intensities, measured at room temperature 
in zero field with 1.7 A unpolarized neutrons, yield 
5 = 1.23 ± 0.07, Spy = 0.607 ± 0.025, ra = 1.01 ± 0.02 
(maximum r„ = 1.00), rp= 0.70± 0.02, and tov = 0.09 
± 0.02. These fractional site occupations are 
consistent with those previously reported for the 
FeAl system.4"6 

Magnetic structure factors were determined by the 
usual polarized-neutron, flipping-ratio method. 
Such measurements yield magnetic to nuclear 
structure factor ratios which, for the three types of 
reflections, are given by 

(FmI Fn)a„ ={p)/(b), (2) 

(Fm/F/v)4„+2 = (2r„p„ - rppB - wyp.f)(hrc - bA\)S, (3) 

(Fm/ /VVWI = (rppp ~ (uypy)l {bpc - bM)Spy . (4) 

Here, 4(p) = 2rapa + rppp + <oypy, and the p's are the 
magnetic scattering amplitudes of iron atoms on the 
subscripted lattice sites. These are related to the iron 
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moments by p, = 0.27 mf, w h e r e / i s the form factor 
that is independent4-9 of the lattice site. Becausc the 
site occupations, .'ong-range-ordcr parameters, and 
form factors 9 have all been determined, the n f s arc 
directly obtained by appropriate combinations of 
these Fm( Fn ratios for the three types of reflections. 
Average moment values on a and sites and at 
temperatures corresponding to the three states of 
order are given in Table 4.2. 

The rapid decrease in magnetization of the ordered 
Fe-Al alloys between 25 and 32 at. % aluminum is 
clearly associated with the introduction of aluminum 
atoms onto p sites. This fact, along with the neutron 

fields in the 22 to 26 at. % aluminum region, led to a 
model in which the iron moment was assumed * to 
vary with the number of nearest-neighbor iron 
atoms, n. In this model, it is generally assumed that 
the iron moment remains at 2.2 ûu for n = 8, 7, and 6 
since the average moment of the disordered alloys out 
to 23 at. % aluminum decreases, as is done in simple 
dilution. Also, because the 32 to 50 at. % aluminum 
alloys are paramagnetic, iron atoms with n = 0 and 1 
arc assumed to have no moment. This leaves only the 
n — 2, 3, 4, and 5 cases to be assigned. The site 
occupation and site moment determinations for this 
30 at. % alloy permit a refinement of the previous 

observation" of a reduced ry-site moment in FC3AI assignments.7"9 If Pn" is defined as the probability 
and the Mflssbauer observation of three hyperfine 

Tab le 4.2. Spontaneous and saturat ion 
moments for Feo.7Alo.j 

Temperature, 
K 

220 0.324 0.656 0.780 1.57 
110 0 0.646 0 1.62 

5 0 0.613 0 1.56 
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Fig. 4.26. Values of °P„ and / in(«) fo r ordered Fe-A I alloys. The 
lower figure shows the probability distributions u^-d to obtain the 
upper figure. 

that an a site has n iron nearest neighbors, then 

<Mo) = E PS n„(n) . a 

The observed "/^values forthe twoalloysconsidered 
for the moment assignment arc shown in the lower 
part of Fig. 4.26. The /u„(/i) values obtained by 
assuming 2.2 /in = >u,.(8) = ju„(7) = n„(6) > /i„(5) ^ 
H„(4) > n„(3) > fi„(2) >0 are given in the upper part 
of the figure. These exhibit a strong local environ-
ment effect for just those configurations that occur 
with the highest probabilities in the 25 to 32 at. % 
aluminum region. 
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POLARIZED NEUTRON STUDY 
OF THE MAGNETIC MOMENT 
DISTRIBUTION IN PdMn Alloys1 

J. W. Cable L. David2 

Recent magnetization measurements3'4 on dilute 
PdMn alloys show giant moment behavior similar to 
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that observed earlier for the PdFcs and PdCo6 

systems. At low concentrations of iron or cobalt 
impurities in palladium, the magnetic moment per 
impurity is about 10 MB, but neutron diffuse 
scattering7"10 shows only about 3 /uD per iron and 2 juB 
per cobalt localized at the impurity sites with the 
remainder being induced in the surrounding 
palladium atoms. For manganese impurities the 
giant moment is about 7.5 na per impurity,3-4 but 
some uncertainty still exists regarding what part of 
that is localized at manganese sites. Specific heat 
data" yield a spin value of 2.4 ±0.2, which suggests 5 
pn at the manganese sites; this is supported by 
neutron diffuse scattering results,12 which give 5.5 ± 
0.5 no at the manganese site. However, this implies an 
electronic configuration with only five ^electrons for 
manganese dissolved in a transition metal, whereas at 
least six d electrons and a maximum moment of 4/JB 
per manganese are expected. Also, this 5.5-/tn value is 
larger than was obtained by paramagnetic scattering 
from a 10 at. % manganese alloy (3.3 ± 0.4 /xD)13 and 
by Bragg scattering from an ordered 25 at. % 
manganese alloy (4.0 ± 0.2 /in).14 The diffuse 
scattering measurement12 was made with unpolarized 
neutrons at a sample temperature near the Curie 
temperature and, since this method measures all 
moment-moment spatial correlations, high moment 
values could be obtained in the critical region. We 
decided that a determination of the manganese 
moment in palladium by the polarized-neutron 
diffuse scattering method was desirable. Here, only 
magnetic moment-site occupation correlations 
appear, and the measurements are not complicated 
by possible critical scattering effects. 

In the polarized-neutron diffuse scattering experi-
ment the sample is magnetized perpendicular to the 
scattering plane. In this geometry, the difference 
between the cross sections for incident neutrons 
polarized parallel and antiparallel to the magnetiza-
tion is 

A da I d[l (K) = 1.08c(l - c)(bi - bh)M(YL) , 

where c is the impurity concentration, bi and bh are 
the impurity and host nuclear scattering amplitudes, 
and c(l — c)A/(K) is the Fourier transform of the 
moment-site occupation correlation, 

(QVr - c)Mn(K)) . 

Here,/7nfRis the number of impurity atoms (Oor l)at 
n + R and /in(K) is the moment-form factor product 
at site n. For polycrystalline samples, the spherical 
average of M(K) at large K approaches {fx{K)) -

{Hh[K))< while in the K = 0 limit, M(0) = S(0) djl/dc 
provided that the moment fluctuations are due to 
local environment effects. Thus, S(K) is the usual 
short-range-order scattering function defined as the 
Fourier transform of 

((Pn+R - c)(pn - £•)>/ c( 1 - c) , 

and dp/dc is the concentration derivative of the 
average moment as determined from a bulk 
magnetization measurement. The observed M(K) 
functions are shown in Fig. 4.27; the corresponding 
{fira) and (A/MH) values are given in Table 4.3. 

Table. 4.3. Individual magnetic moments of 
PdMn alloys at 4.2 K. and 45 kOe 

Manganese, 
at. % fi (MIM) 0 MMn 

0.23 0.016° 0.008 3.6 3.7" 
0.46 0.030 0.012 4.0 4.3 
0.99 0.058 0.024 3.5 4.0 
1.91 0.099 0.034 3.5 4.4 

± 1 % ±10% ±0.3 ±0.3 

"The values in this column arc bulk 
magnetizations from rcf. 4 expressed in /in per 
atom. 

'The values in this column are from <jiM„) = 
(I - f)13 
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Fig. 4.27. M(K) functions for some PdMn alloys at 4.2 Kand 45 
kOe. The solid curves are calculated for the magnetic environment 
model using the moment values in Table 4.3 and r=0.975. A small 
amount of positional short-range order is included. 
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The polarized-neutron M{K) functions and the 
bulk magnetization data for PdMn alloys can be 
brought into agreement by assuming a long-ranged 
impurity-induced moment disturbance in the 
palladium similar to that found9,10 for PdFe and 
PdCo alloys. A one-parameter magnetic environ-
ment model reproduces this moment disturbance in 
PdFe and PdCo with parameters in the expected 
range. The same parameters carried over to the 
PdMn case are consistent with the observations, 
which are, however, severely limited in the small K 
region where most of this effect occurs. At the 1 to 2 
al. % manganese level the M(K) functions show 
evidence of an anticorrelation, which we interpret as 
the combined effects of positional short-range order 
and manganese spin reversal. The configurational 
aspects of the manganese spin reversal and the 
response of antiparallel manganese atom pairs to an 
applied field are crucial to understanding the 
magnetization behavior ol'these alloys. In the model 
that we have used, only the fraction (1 — c)12 of the., 
manganese atoms have all palladium nearest 
neighbors and, with their surrounding palladium 
polarization clouds, are free to respond to an applied 
field. The remaining manganese moments in these 
dilute alloys are coupled together in an-
tiferromagnetic pairs; these must be broken down by 
the applied field before magnetization can occur. 
Star, Foner, and McNiff4 find normal Brillouin 
behavior at very low manganese content where 
essentially no manganese atom pairs occur, but note 
departures from this at higher manganese levels 
where the field required for saturation increases with 
increasing manganese content. They estimate that an 
antiferromagnetic coupling as large as 50 K is 
required to describe their high-field magnetizations 
within the molecular-field model. In that case, the 45 
kOe applied in this experiment produces essentially 
no magnetization of the manganese atom pairs 

[pH!kT= 0.24 for fiMn° = 4 MB] 

but about 96% saturation of the isolated manganese 
moments and their associated polarization clouds. 
The (/ipd) and (/uMn) values in Table 4.3 should 
therefore be increased by about 4% to obtain the 
saturation values. The /tMn" values are obtained from 
<MMn) = (1 — c)12MMr° and thus correspond to the 
random alloy with a nearest-neighbor spin-reversal 
mechanism. Actually, the short-range order in these 
alloys tends to isolate the manganese atoms, and this 
would decrease MMn°. On the other harid, a longer 
ranged spin-reversal mechanism would tend to 

increase /UMn0. Because of these uncertainties, the best 
determination comes from the two more dilute 

alloys for which we obtain 3.8 ±0.3 and 4.4± 0.3JU.B at 
saturation. These arc significantly smaller than was 
deduced from the specific heat" and unpolarized 
neutron12 data but arc consistent with the expected 
electronic configuration of a manganese atom 
dissolved in palladium. 

1. Summary of paper: Physical Review (in press). 
2. Guest scientist from Instituto Venivolano de Investigaciones 

Cientil'icas. Caracas. Venezuela. 
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FIELD-INDUCED MAGNETIC 
DENSITY IN THE PARAMAGNETIC 

COMPOUND LUCO2' 

D. Gignoux2 W. C. Koehler 
F. Givord2 R. M. Moon 

The magnetization density induced in LuCo2by an 
applied magnetic field was measured by means of 
polarized neutron diffraction. The measurements 
were performed on a single crystal at 100 K in an 
applied field of 57.2 kOe. The observed density is 
localized on cobalt atoms with a form factor that is, 
within the experimental accuracy, similar to 'that of 
3d electrons in cobalt metal. Weak additional 
magnetic amplitudes reveal a nonuniform polariza-
tion of the conduction band. Its mean value is 
opposite to the cobalt moment, as is found in cobalt 
metal. 

1. Abstract of paper: J. Magn. Magn. Mater. 5, 172, (1977). 
2. Laboratoire Louis Neel, C.N.R.S. , Grenoble; France. 
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DETERMINATION OF COBALT 
BEHAVIOR IN TmCo2 AND HoCo2 

BY MEANS OF POLARIZED 
NEUTRON DIFFRACTION1 

D. Gignoux2 F. Givord2 W..C. Koehler 

The determination, from polarized neutron dif-
fraction measurements, of the cobalt moment in 
HOCO 2 and TmCo2 at various temperatures shows 
that the cobalt paramagnetic susceptibility is of Pauli 
type. Below the ordering temperature, a large 
increase of the cobalt susceptibility, related to the 
large value of the molccular field, was observed. 

10~12 cm. in which /r are the scattering amplitudes for 
the states / ± V2 of the compound nucleus.3 

In the notation of Moon, Riste, and Koehler,4 the 
total amplitude for scattering from the (±) initial 
state to the (±) final, state of the neutron is 

U" = b ± B{/,), (1) 

where B = [21+ - b~) and b is the coherent 
nuclear scattering amplitude. (In this discussion we 
neglect magnetic scattering for the time being.) The 
quantity (A) is the thermally averaged spin compo-
nent given by 

1. Abstract of paper: Physica 86-88 B + C , 165 (1977). 
2. [.aboraloirc Louis Nccl. C.N.R.S. . Grenoble. Franco. 

FIELD-INDUCED PARAMAGNETIC FORM 
; FACTOR IN METALLIC SCANDIUM1 

W. C. Koehler R. M. Moon 

The magnetic form factor of metallic scandium has 
been measured at a temperature of 100 K in an 
applied field of 57.2 kOc by the polarizcd-neutron 
technique. Contrary to resultson other metals, the 
form factor is significantly different from that forthe 
3d electron in the free atom. Our results agree rather 
well with those of a calculation by Gupta and 
Freeman based on augmented plane wave (APW) 
functions. 

I . Abstract of paper: Phys. Rev. Lett. 36, 616 (1976). 

POLARIZED NEUTRON DIFFRACTION 
BY SCANDIUM-NUCLEAR POLARIZATION 

W. C. Koehler R. M. Moon 

We have recently measured the induced-moment 
form factor in metallic scandium at 100 K in a field H 
of 57.2 kOe.1 The measured polarization ratios are 
very close to unity so that some care is necessary to 
account for small perturbing effects. Among these, 
we thought, was a possible contribution, even at 100 
K, from a partial polarization of the scandium nuclei. 

To assess the importance of such a possible 
contribution, we first calculated the expected effect, 
using (1) published data on the spin (/=7/2), magnetic 
moment (/x = +4.7564 nuclear magnetons), and 
coherent scattering amplitude (6 = 1.18 X 10~12 cm) of 
scandium,2 and (2) the quantity (b+ - b')~ 1.20 X 

/ ( /+ l )g /7 1+ 1 nH 
3k T 3 kT ' (2) 

when \iH\kTI. The effective scattering amplitude 
is then „ 

, , , / + 1 • . 

= b ± l E K i h ^ h ) , ( 3 ) 

The residual polarization ratio may be expressed as 

R - I = _ h±a. (h' ~ h ' 
~ 4A T \ h (4) 

With the values given above for the several 
parameters and in a field of 57.2 kOe, 

R - 1 = 758 x I0-5 
T (5) 

Thus at 100 K the magnitude of the contribution of 
nuclear polarization to the experimental polarization 
ratios is 7.6 X I0~5, a quantity about equal to the 
contribution of the neutron spin-neutron orbit 
interaction and to the magnetic contributions for the 
higher index reflections. 

We then undertook to measure the residual 
flipping ratio for a reflection, the (004), which has a 
very small magnetic contribution at 100 K, at several 
reduced temperatures. If nothing else changes, the 
slope of the curve R - 1 vs 1/Tshould be equal to 
758 X 10"5. 

The experimental observations are shown in Fig. 
4.28. A least squares fit of the data shown to the linear 
function a + P/T gives a value for 0 = -(748 ± 20) X 
10~5. This in turn can be interpreted as corresponding 
to a value for b* - b~ = -(1.18 ± 0.05) X 10"12, a result 
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very close in magnitude to that of ref. 3 but of 
opposite sign. 

The negative sign had been suspected by Chrien,5 

recently demonstrated by Marshak,6 and confirmed 
in a remeasurement by Meriel.7 In Meriel's new 
measurement he finds (tentatively) a value for b" — b~ 
= — 1.38 X 10~12 cm. This is in much better accord with 
the published values of the total and coherent 
scattering cross sections, which yield a value for 
\b*-b'\ of 1.45X 10~12cm, than the earlier value and 
our result of - b~ = - 1 . 1 8 X 10"12 cm. We show the 
expected variation of R — 1 vs 1 / T for b* — b~ = 
-1 .38 X 10"12 cm as the dashed curve in Fig. 4.28. 
Several reasons suggest themselves for the difference: 
nonconstancy, as assumed, of the paramagnetic 
susceptibility of scandium; the presence of 
paramagnetic impurities such as other rare earths; 
the presence of interstitial hydrogen; and systematic 

' errors in our temperature measurement. 

ORNL-OWG 7 7 - 1 0 3 2 9 
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F ig . 4.28. Res idua l flipping ra t i o R - 1 o f (004) re f lec t ion i n 
scand ium vs 1 / 7 . The solid line is a least squares fit of the data 
which yields b* - b~ = - 1 . 1 8 X 10"'J cm. The dashed curve is 
calculated for b* - b' = - 1 . 3 8 X 10'12 cm. 

Obtained from the same material prepared at 
Ames and studied by Spedding and Croat,8 the 
scandium single crystal that we studied was of very 
high purity. The susceptibility of this material 
changes only about 2(,l in the temperature range 2 to 
10 K and less than I ()'/, in the range 2 to 100 K. Since 
the magnetic contribution to the (004) is very small, 
the effect of changes in susceptibility or the presence 
of paramagnetic impurities is negligible. Spcc-
trochemical analysis showed only a few parts per 
million atomic of other rare earths. 

The presence of hydrogen in the sample can have 
serious consequences in our measurements and in 
MerieFs. A typical hydrogen impurity concentration 
could be 250 ppm by weight." Such an amount of 
hydrogen will give a contribution to the residual 
flipping ratio of 

9 9 
( / ? - 1 ) „ = - - X 10"5 (6) 

Because this has a negative sign, it will tend to make 
the apparent slope of the 7? — 1 vs 1 / T curve more 
negative. If substantial amounts of hydrogen were 
indeed present in our sample, the data for scandium 
corrected for the hydrogen polarization would lead 
to a value of \b* — b'\ even smaller than 1.18 X 
10"12 cm. 

The manner in which the temperature is measured 
in our experiment can produce uncertainties of the 
order of 0.2 K. At the lowest temperature such an 
uncertainty is enough to bring our data into 
agreement with the slope calculated from Meriel's 
recent results. Nevertheless, the aim of the experi-
ment, to demonstrate and evaluatea small correction 
to the polarization ratios at 100 K due to nuclear 
polarization, has been achieved. The sign of b*— b~ is 
now well established; within reasonable limits, the 
magnitude is also established. 

1. W . C. Kochler and R. M . M o o n . Plus. Rev. Leu. 36, 616 
(1976). 

2. W . O. Mill igan et al . , J. Chem. Phys. 58, 5514 (1973). 
3. P. Roubcau et al., Phys. Rev. Lett. 33, 102 (1974). 
4. R. M . Moon, T . Riste, and W . C . Koehler, Phvs. Rev. 181, 

920(1969) . 
5. R.. Chrien, private communication. 
6. . H! Marsl iak, private communication. 
7. P. Meriel , private communication. 
8. F. H . Spedding and J. J. Croat , J. Chem. Phvs. 58, 5514 

(1973). 
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M A G N E T I C F O R M F A C T O R O F 
3 d A N D 4 d P A R A M A G N E T I C M E T A L S 1 

R.. M. Moon W. C. Koehler J. W. Cable 

A'!; survey of published results on magnetic form 
factors of Cr, V, Sc, and Pd is presented, together 
with a preliminary report on new results for Ti, Y, 
and Nb. The data clearly show the inadequacy of free 
atom or extreme tight-binding models in describing 
the outer electronic density in transition metals. In 
several cases there is good agreement with APW 
calculations, giving confidence in the accuracy of the 
APW functions. Experimental errors limiting the 
accuracy of polarized-beam measurements arc dis-
cussed. 

I. Abstract of paper: p. 577 in Proceedings of the Conference 
on Neutron Scattering, vol. I I , ed. by R. M. Moon, ERDA 
CONF-760601-1'2. Oak Ridge. Tenn.. 1976. 

MAGNETIC FORM FACTOR 
OF Eu2+ in EUO1 

J. W. Cable W. C. Kochlcr 

It has long been expected that solid state effects 
would be unimportant for the 4/ electrons in the 
heavy rare earths and that the 4/ charge and spin 
densities should be well approximated by free ion 
wave functions. This seems to be the case for the 
heavy rare earth metals gadolinium and erbium for 
which good agreement is obtained between the 
observed2-3 neutron magnetic form factors and those 
calculated3,4 for the tripositive ions using relativistic 
Dirac-Fock wave functions. The situation is less clear 
for rare earth oxides. Neutron polarization analysis 
data for Gdj03 were originally interpreted2 to 
indicate a significant contraction (about 10%) of the 
4/spin density relative to that in the metal. Although 
most of this difference has now been removed by a 
careful reanalysis5 including spin correlations, it was 
this result that provided the original motivation for 
this neutron study of the magnetic form factor of 
EuO. 

In many respects EuO is the ideal rare-earth-
containing insulator for such a neutron study. It is 
ferromagnetic6 in a readily accessible temperature 
region (Tc - 69.3 K) and has the simple rock-salt 
structure. The europium is divalent with an 8S7/2 
ground state so the.magnetic moment.is all spin, 
moment and, since the 4/shell is half filled, the spin 
and charge densities are the same. The big disadvan-

tage for neutrons is the high absorption cross scction 
of the europium (about 1600 b at I A ) , which means 
that small crystals and relatively long counting times 
are required. 

Nevertheless, flipping ratio measurements were 
successfully made on two single crystals of EuO in a 
vertical magnetizing field of 20 kOc. One of these 
crystals was pillar shaped with dimensions 0.6 X I.OX 
2.5 mm; the other was disk shaped with thickness 0.46 
mm and a diameter of approximately 5 mm. In each 
case the crystal was mounted with a (110) direction 
parallel to the applied field; data were collected for 
the first 21 Bragg reflections at A =0.75 A and forthe 
first 14 reflections at 1.067 A . A plutonium filter was 
used to avoid A/2 beam contamination at 1.067 A , 
and calculations showed no significant A/2 correc-
tion at either wavelength. Corrections for incomplete 
incident polarization, flipper efficiency, and sample 
depolarization were applied. Observations on 
equivalent reflections with different path lengths 
through the crystals gave no indication of extinction 
as should be expected for these highly absorbing 
crystals. 

Prepared at the IBM Thomas J. Watson Research 
Center, the EuO single crystals used in thisstudy were 
supplied to us by J. B. Torrance. They are nominally 
1% deficient in europium and therefore remain 
insulating at low temperature.7 The actual europium 
content was established from magnetization 
measurements made on one of the crystals by J. S. 
Kouvel. If x is defined as the fraction of vacant 
europium sites, then 2*Eu3+ ions and (1 - 3JT)EU2+ 

ions are on the europium sites. The observed 
magnetization of 6.73 MB per europium site at 4.2 K. 
and 20 kOe corresponds to x = 0.013 assuming 7 /XB 
per EU2+ and zero moment for the Eu3+ and O2"ions. 

Some 284 separate measurements were made with 
approximately four runs per reflection for each 
crystal at each wavelength. The corrected flipping 
ratios for the two crystals were in good agreement, so 
averaged data were used to obtain the experimental 
jif values shown in Fig, 4.29 where they are plotted vs 
(sin 0)/>. These values exhibit the smooth variation 
expected for the spherically symmetric spin density of 
an S-state ion. However, the radial dependence 
differs from that calculated8 from relativistic Dirac-
Fock wave functions for the EU2+ ion. This is shown 
in Fig. 4.29 where the solid curve is the calculated 
Dirac-Fock form factor normalized to the average 
moment of 6.73 JUB. The observed form factor falls off 
more rapidly with. (sin 0)/A and indicates an 
approximate 9% expansion of the 4f wave functions 
in EuO relative to those in the Eu2+ ion. This is 
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Fig. 4.29. Averaged n f data o f EuO at 4.2 K and 20 kOe. The 
open (closed) data points are for all odd (even) hkl reflections with 
the point at the origin taken from the bulk magnetization. The 
solid curve was calculatcd for the EuJ ' ion from rclativistic Dirac-
Fock wave functions (ref. 8). 

somewhal surprising because the free ion 
calculations give agreement with the observed form 
factors for Gd2'4 and Er3 and also for theTb3+ion in 
Tb(OH)3.9 However, recent molecular cluster 
calculations10 show that small solid state cffects may 
be expected in EuO. The calculations indicate a 4% 
expansion of the 4/' wave functions in (EuO&)12" 
clusters relative to those in the Eu2< ion. The present 
results suggest an even larger effect in EuO. 

1. Summary of paper: Journal of Magnetism antI Magnetic 
Materials (in pre.is). 

2. R. M . Moon et al.. I'hys. Rev. I! 5, 997 (1972). 
3. C. Stassis el al., I'hys. Rev. H 13, 3916 (1976). 
4. A..) , l-rcemanand.l. I'. Dcsclaux. Ini.J. Mugn. 3,31 I (1972). 
5. R. M . Moon and W. C. Koehler. I'livs. Rev. / I l l , 1609 

(1975). 
6. B. T . Matthias. R. M. Bo/orth. and J. H. VanVleck. i'hvs. 

Rev. Lett. 7, 160 (1961). 
7. M. W.Shafer. J. B. f'orrance.and T . Penny../. I'hvs. Chem. 

Solids 33, 2251 (1972). 
X. A. J. Freeman and J. P. Deselaux. private communication. 
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MAGNETIC ORDERING IN THE LOWER 
VALENCE VANADIUM FLUORIDES1 

R. F. Williamson2 W.O.J. Boo2 

W. C. Koehler 

The tetragonal rutile compounds VF2, MnF2, 
C 0 F 2 , and NiF2 order antiferromagnetically at low 

temperatures. Ordered structures arc of the A-B type 
except for VFj. Strong interactions between nearest 
neighboring V(1I) ions cause ordering in VF2 to 
commence above 100 K as linear chains. Three-
dimensional long-range ordering is hindered by the 
constraint that all nearest-neighboring V(II) ions 
have common second-nearest neighbors. Below 7 K 
the ordered structure consists of spirals along the c 
axis. LiViF(, is also of the rutile type, but magnetic 
constraints existing in VF2 are not present in this 
compound, Consequently, its magnetically ordered 
structure is different and occurs above 7 K. Ordering 
in the pcrovskitc KVFj occurs at 130 K and is 
antiferromagnetic of the G type. Other perovskitc-
like compounds include orthorhombic NaVFj and 
mixed-valence compounds having tetragonal and 
hexagonal tungsten bronze structures. Ordering in 
these materials is complex because of constraints 
between neighboring vanadium ions. 

1. Abstract of paper: Proceedings of the Symposium on Recent 
Advances in Solid Stale Chemistry,'. American Chemical Society. 
New Orleans. Louisiana, March 21^25, 1977 (in press). 

2. University of Mississippi, University. 

A NEUTRON STUDY OF THE 
ANTIFERROMAGNETIC ORDER IN 

Cr-Si ALLOYS' 

J. W. Cable 

Chromium has a sinusoidally modulated, an-
tiferromagnetic structure2 usually- described as a 
static spin density wave in the conduction electrons3 

which is presumably stabilized by certain "nesting" 
features of the conduction band Fermi surface.4 This 
model has been successfully used5/' to explain the 
magnetic structure changes caused by alloying with 
various transition metals. Such effects have been 
thoroughly investigated and fall basically into two 
categories: (I) those metals with the same or fewer 

. outer electrons cause a decrease in 7/v, magnetic 
moment, and the magnitude of the modulation wave 
vector q and (2) those metals with more outer 
electrons cause an increase in moment and q and 
produce the commensurate antiferromagnetic (CAF) 
structure above the 1% impurity level. 

Much less is known about the effects of nontransi-
tion elements on the magnetic order of chromium, 
but there has been much recent activity7"12 regarding 
the Cr-Si system. Electrical resistivity studies7'10 show 
unusual step-type anomalies above the 1 at. % silicon 
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level, while magnetic susceptibility measurements"'" 
show that these are associated with magnetic 
ordering. By analogy with similar behavior in other 
systems of known magnetic order, it was suggested" 
that these anomalies indicate the development of the 
CAF structure. Support for this type of ordering is 
also gained from thermoelectric power8 and clTx/dP 
data.12 The present study was undertaken to establish 
the type of magnetic order in these alloys by use of 
neutron diffraction methods. 

Neutron diffraction measurements were made on 
polycrystalline samples of Cr-Si alloys containing 
0.90, 1.37, 1.85, and 2.74 at. % silicon. Furnished to 
us by S. Arajs, these samples are from the same stock 
that was used in the susceptibility9"11 and 
transport''7-" studies. 

The temperature dependence of the magnetic 
ordering in these alloys is summarized in Fig. 4.30. 
This necessarily schematic phase diagram indicates 
the stable regions of the three types of magnetic 
order. Below 1 at. % silicon the behavior is similar to 
that of pure chromium with a transition from the 
paramagnetic state to the transverse spin density 
wave (TSDW) state at TN followed by a spin flip 
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Fig. 4.30. Schematic phase diagram and q dependence for Cr-Si 
alloys. 

transition to a longitudinal spin density wave 
(LSDW) at lower temperature. Above 1.8 at. % 
silicon only the CAF structure (q = lir/a) develops, 
while paramagnetic — CAF — TSDW transitions 
occur in the intermediate region. The shaded area 
between the TSDW and two-phase region is intended 
to represent thermal hysteresis effects. The 
magnitude of q is shown as the upper part of this 
Figure. An increase in q occurs at low impurity levels 
followed by a collapse to q = 1 at the higher levels. 

The observed changes in magnetic order caused by 
the introduction of silicon into chromium are quite 
similar to the effects caused by transition metal 
impurities, such as manganese or iron, with more 
outer electrons than chromium. Within the rigid-
band extension of the Lomer model,4 this implies that 
silicon behaves as an electron'donor in chromium. It 
has been suggested12 that this is anomalous behavior 
because silicon has fewer outer electrons than 
chromium. This overlooks a basic difference in the 
electronic structure of transition metal and nontran-
sition element inpurities in transition metal hosts. 
With transition metal impurities, the number of sp 
electrons is nearly the same inside the atomic volumes 
surrounding impurity and host sites, and any 
screening of excess charge is associated with the 
number of d electrons at these sites. In this case, el a 
arguments can be used to decide whether charge 
transfer is to or from impurity sites. However, with 
nontransition element impurities, more sp electrons 
exist at the impurity sites, and this excess conduction 
electron charge is screened by the surrounding host 
atoms. Thus all of these elements behave as electron 
donors in transition metal hosts. This is perhaps best 
illustrated by the magnetization behavior of nickel-
based alloys for which the average moment decreases 
at a rate proportional to the number of valence 
electrons of the nontransition element impurity. The 
present neutron results therefore show that silicon 
behaves as an electron donor in chromium, as was 
expected. 
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Materials (in press). 
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MAGNETIC SHORT-RANGE ORDER 
IN GADOLINIUM1 

H. R. Child 

Quasi-elastic neutron scattering has been used to 
investigate magnetic short-range order in 
gadolinium for 80 K < 7X425 K. Short-range order 
exists throughout this range from well below Tc — 
291 K to well above it and can be reasonably well 
described by an anisotropic Orstein-Zernikc form for 
xiQ)-

l. Abstract of paper: p. 425 in Proceedings of the Conference on 
Neutron Scattering, vol. 1, ed. by R. M. Moon. E R D A C O N F -
760601-PI, Oak Ridge, Tenn., 1976. 

MAGNETIC FORM FACTOR OF 
S m S A N D S m o . 7 « Y o . 2 4 S 

• , • ' R . M. Moon F. Holtzberg1 

W. C. Koehler D. B. McWhan2 

Currently interest is high in a class of compounds 
containing rare earth ions that show apparent 
nonintegral valences. These mixed-valence com-
pounds have been recently reviewed by Varma."1 It is 
thought that the basic factor influencing the behavior 
of these materials is the coexistence at the Fermi level 
of ionic-like 4/levels and a wide s-dconduction band. 
Through reciprocal electron transfer between the 4f 
levels and the conduction band, the ionic valence can 
fluctuate between integral values. For experiments 
that have a characteristic measuring time long 
compared to the fluctuation time, such as lattice 
constant and Mossbauer isomer shift measurements, 
a single quantity is observed with a value in-
termediate between those expected for the two ionic 
configurations. For experiments which have a 
characteristic time that is short compared to the 
fluctuation time, such as x-ray photoemission 
spectroscopy, both electronic configurations are 
observed. The idea ofinterconfiguration fluctuations 
has been advanced in a theory due to Hirst.4 

At atmospheric pressure SmS is a semiconductor 
with lattice constant and susceptibility characteristic 
of Sm:+. At about 6 kbar it transforms to a mixed-
valence phase with a contraction of the lattice 
constant of about 5%. From lattice constant and 
Mossbauer isomer shift measurements,5 the apparent 
valence in the collapsed phase is about +2.8. The 
mixed-valence phase also may be produced 
chemically at atmospheric pressure by alloying with 
various elements. The alloy Smo^Yo.^S is in the 
mixed-valence phase at room temperature'' with an 
apparent valence of about+2.6. As the temperature is 
lowered, the lattice expands and the apparent valence 
shifts to about +2.4. 

In an effort to understand the nature of the mixed-
valence phase better, in particular the electronic wave 
functions, we have measured the induced-moment 
form factor of SmS in both the low- and high-
pressure phases and of Smo.76Yo.24S at temperatures 
above and below the lattice transition. The polarized 
neutron technique was employed to measure the 
elastic magnetic structure factors in an applied field 
of 42.5 kOe. In these measurements we obtain the 
Fourier transform of the temporal average of the 
induced magnetic moment density. 

The theory of the magnetic properties of mixed-
valence systems is not in good enough shape to allow 
a prediction; nor will it permit a straightforward 
interpretation of our results. We can predict the form 
factors expected for the+2 and+3 Sm ions, and these 
form factors turn out to be quite different. However, 
it is clear from the susceptibility measurements of 
Maple and Wohlleben7 on the mixed-valence phase 
of SmS that we should not expect a linear combina-
tion of+2 and +3 friee-ion form factors. Were this the 
case, the +3 contribution should cause the suscep-
tibility to diverge at low temperatures. Nevertheless, 
it is certainly of interest to compare our experimental 
results with the expected ionic form factors for the 
two valence states. 

The induced-moment form factor for an ionic 
compound can be written as* 

J\q) = iMq)) + o(/2(29)> , (1) 

where (/») is an integral of the product of the 4/radial 
electron density and a spherical Bessel function of 
order n, and 

where L: denotes the thermal average of Lz (keeping 
terms linear in the applied field). For Sm2+ the ground 
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state is 1 Fo and the low-temperature values of Trand 
S2 arc dominated by the field-induced admixture of 
the neighboring 7F\ level into the ground state, 
resulting in the Van Vleck temperature-independent 
susceptibility. From Eq. (2) and the fact that ( 7 + 1 , 
J;\L:\J, J:) = ~{J + 1, J^S^J, J:) for Russell-
Saunders coupling, we conclude that c2=—1 in any 
ionic case where Van Vleck paramagnetism is 
dominant. For Sm2+ we Find that cV - this value 
is nearly independent of temperature up to 300 K. For 
Sm'u the ground state is "Hs/2, and at very low 
temperatures the susceptibility and form factors are 
dominated by the l / T terms arising from this 
manifold of states. The characteristic value of a for 
this manifold is +5.42. A Van Vleck contribution to 
the Sm3+ susceptibility arising from a field-induced 

i admixture of the J — % levels into the ground state 
also exists. If we could isolate this contribution, we 
would find a form factor similar to that for Sm2+(c'2 = 
-1) . Because the Van Vleck contribution comprises 
more of the total as the temperature is increased, we 
expect the Sm3+ form factor to be strongly 
temperature dependent. In fact, for the free ion, c2

+ 

changes from +5.42 at 0 K to +0.85 at 300 K. A cubic 
crystal field will have a negligible effect on the Sm2+ 

form factor, but may have a profound effect on the 
Sm3+ form factor if it is strong enough to mix the 
J = 712 and J = % levels significantly. 

With this background, let us examine the ex-
perimental results. The only case for which we have 
definite expectations is SmS at low pressure where 
Sm2* behavior should be observed. The SmS data 
(Fig. 4.31) were obtained by using a powder sample 
prepared at the IBM Thomas J. Watson Research 
Center and l54Sm supplied by ORNL. The low-
pressure form factor is in'good agreement with the 
calculated Sm2+ form factor. The data were nor-
malized based on a susceptibility of 10.2 X 10"3 

emu/ mole, which is in good agreement with 
measurements by Tao and Holtzberg6 but somewhat 
higher than the results of Bucher9 et al. After 
completing the low-pressure experiment, the sample 
was loaded in a pressure cell designed and fabricated 
at the Bell Laboratories and pressurized above 6 
kbar. About 80% of the sample transformed into the 
collapsed mixed-valence phase. A rather unfavorable 
signal to background ratio limited the statistical 
accuracy that could be obtained for the mixed-
valence phase, but within the experimental accuracy 

r little difference seems to occur between the low- and 
high-pressure phases >}THe high-pressure data were 
normalized based on a susceptibility of 2.9 X 10~3 

ORNL-OWO 77 - lOBBBFt 
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Fig. 4.31. The induced magneticformfactorof SmS inboththe 
normal and mixed valence phases. The calculated curvcx arc for 
ions in a cubic environment with crystal field and exchange 
parameters appropriate for SmS. 

emu/mole calculations taken from the work of 
Maple and Wohlleben.7 

The alloy data shown in Fig. 4.32 were obtained 
using a single crystal of l54Sm0.76Yo.2.<S grown at the 
IBM Thomas J. Watson Research Center. The 
normalization was based on susceptibility 
measurements performed on the same sample. Little 
temperature dependence is evident, and again the 
data are in fairly good agreement with the Sm2+ form 
factor. The calculated curves shown in Figs. 431 and 
4.32 were based on excited ionic energy levels at 420 
K (J = 1) for Sm2+ and 1400 K (J = 7/2) for Sm3\ a 
crystal field parameter A4r4) — 110 K, and an 
exchange parameter J(0) = 7.0 K. The integrals (Jo) 
and (7*2) have been calculated for both Sm2+ and Sm3+ 

by C. W. Nestor of ORNL using relativistic Dirac-
Fock wave functions. 

These results show that the form factor for the 
mixed-valence phase is nearly identical to that 
expected for the Sm2+ ion, independent of whether 
the mixed valence phase is produced by p/essure of 
alloying. It is as "if the +3 configuration;made no 
contribution to the induced moment, oly. more 
precisely, as if the Curie (1/7) terms normally 

^associated with thcH-3Jion'maac no contribufidn to 
the induced moment. If only the Van Vleck terms-are 
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Fig. 4.32.' T h e induced magnetic f o r m factor o f Smo.76Yo.24S. 
Note the dramatic temperature dcpendcncc in the calculated 
curves forSm3* and the near absence ofa temperature dependence 
in the experimental results. 

effective, the +3 form factor would look very much 
like the +2 form factor. A suppression of the Curie 
terms is consistent with the observation of no 
magnetic ordering or divergence of the susceptibility 
as r - 0. 

Our hope is that when an adequate theory of the 
magnetic properties of mixed-valence systems is 
developed, these results will be helpful in verifying the 
theory. Varma and Yafet10 have shown qualitatively 
that the susceptibility for a system like SmS in the 
mixed valence phase should go like ( T + A)-1, and 
Sales and Wohlleben" have had some success in 
calculating the temperature dependence of the 
susceptibility for some mixed-valence compounds by 
replacing the thermodynamic temperature Tby T+ 
A. The effect of this assumption is to decrease the 
importance of the Curie terms. Some calculations 
along these lines for SmS are in progress. 

I . I B M Thomas J. Watson Research Center, Yorktown 
Heights. N.Y. 

2. Bell Laboratories. Murray Hil l . N.J. 
3. C. M . Varma, Rev. Mod. Phys. 48, 219 (1976). 
4. L. L. Hirst, Phys. Kondens. Mater. 11, 255 (1970); J. Phys. 

Chem. Solids 35, 1285 (1974); Phys. Rev. II15, I (1977). 
5. J . M . D . Coey et al. . Phys. Rev. 11 14, 3744 (1976). 
6. F. Holt/berg, All' Ccnf Proe„ 18,478(1974); L. J . T a o a n d 

F. Holtzbcrg. Phys. Rev. U 11, 3842 (1975). ' ! ? 
7. M . B. M a p i e and D. Wohlleben, Phvs. Rev. Lett. 27, 511 

(1971). , 
8. C. Stassisand H. W . Deckman. Phys. Rev. 1112,1885 (1975). 
9. E. Bucher. U. Narayanamurti. and A . Jayaraman,./ . Appl. 

Phys. 42, 1741 (1971). 
10. C. M . Varma and Y. Yafet. Phys. Rev. 1113, 2950 (1976). 
11. B. C. Sales and D . K. Wohlleben. Phvs. Rev. Lett. 35, 1240 

(1975). 

MAGNETIC EXCITATIONS IN 
MIXED-VALENCE S m o . 7 5 Y o . 2 j S 

H. A. Mook T. Penney1 

The magnetic scattering from the mixed-valence 
system can give us direct information about the 
valence state and fluctuation time of the system. For 
Sm2+S in a cubic crystalline field, the ground 
magnetic state is a 7/b singlet that does not split in the 
crystalline field. The next multiplet level 7F\ is a 
triplet that is about 34 meV above the 7F(> level. The. 
1 Fa — 1 F\ excitations have been studied by Shapiro et 
al.2 for pure Sm2,S that is not in the mixed valence 
state. For Sm14S the ground state is the ''//.v: 
configuration. This configuration is split in the 
crystalline field into a doublet F? and a quartet that 
are thought to be on the order of 10 meV apart. The 
amount of each valence state can then be determined 
by observing the strength of the magnetic excita-
tions from each configuration. Time-of-flight meas-
urements have been made on powders of both 

,,SniS and S m o . 7 5 Y o . 2 5 S as a function of temperature. 
Except for room temperature, single crystals were not 
used since the samples used in the phonon ex-
periments broke upon warming through the transi-
tion; moreover, most of the information of interest 
can be obtained with the powdered samples. Figure 
4.33 shows a plot of the 7F0—7FI excitation as a 
function of temperature for SmS. 

The width of the measured line stems from both 
dispersion of the excitation and spectrometer 
resolution. At low temperatures the mode dips down 
at the zone center by around 6 meV but remains at 
about 36 meV at the zone boundary. As the 
temperature is increased, the zone center energy 
increases to a value nearer that of the zone boundary 
so that the mode becomes flatter at higher 
temperatures. We sample all momentum values in a 
powder, with the zone boundary being most heavily 
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F ig , 4.33. Measurements o f t h e ' F 0 — , F , t rans i t i on i n S m S 
powder . The graph at the bottom shows the intensity of the 
excitation plotted on a scale that is unity if Eq. I is followed. 

weighted. One can sec the intensity of the peak 
shifting up to higher energies as the temperature 
increases, as expected. The line shape is well 
accounted for by a convolution of the resolution 
function of the spectrometer and the shape of the 
dispersion curve; no intrinsic line width is observed. 
The temperature dependence of the intensity of the 
line should go like 

1 
1 + 3[exp(36.0/knT)\ (I) 

On the bottom of Fig. 4.33 a plot of the integrated 
intensities is shown where the intensities are nor-
malized so that they are unity if the relation in Eq. (1) 
is followed. Satisfactory agreement between the 
intensities and Eq. (1) is observed so that SmS 
appears well understood. 

Figure 4.34 shows data taken on Smo^Yo.jsS. The 
results appear similar, but obvious differences exist. 
The excitation appears much broader in energy, and 
the temperature dependence does not follow Eq. (I). 
As the temperature is increased, the intensity 
decreases rapidly; a plot of the integrated intensity 
normalized to Eq. (1) is shown (Fig. 4.34). Clearly the 
Sm2+S transition is getting smaller faster than the 
result given by Eq. (1); this transition can be 
understood if some of the material is converting from 
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Fig . 4.34. Measurements o f the 1F0 — 7Ft t r ans i t i on i n 
Smo.75YO.25S. A similar intensity plot is shown as in Fig. 4.33. The 
dashed line is a calculated value for the intensity assuming the S2* 
to S 3 ' conversion follows the lattice constant. 

Sm2+ to Sm14 when the temperature is increased. The 
dashed line shows the strength of transition expected 
if the conversion of the material from Sm2+ to SmH 

follows the value calculated from the lattice constant 
extrapolation. The agree nent is close, but the 
intensity appears to fall off somewhat faster than 
expected. Of course, the lattice constant extrapola-
tion may not be a very accurate measure of the 
valence state of the material. It seems clear, however, 
that the valence state of the material is a function of 
temperature, much as expected from lattice constant, 
photoemission, and Mossbauer measurements. A 
search for the Sm'v transition between the I^and r« 
levels was unsuccessful despite the fact that the 
transition probability between the two states is large. 
However, if this transition were smeared out in 
energy in a fashion similar to the Sm2+ transition, it 
probably would be unobservable. 

The exact origin of the large line width of the Sm2+ 

transition is not known. One possibility would be that 
it comes from increased dispersion. We have ruled 
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this out at room temperature by making both time-
of-fiight and triple-axis measurements on single 
crystals. We again find line widths similar to those 
found in Fig. 4.34. but dispersion is not significantly 
different from that found for SmS. A more likely 
explanation can.be based on the fluctuation time 
between the Sm2f and SmH states. The x-ray 
photoemission results suggest a time below 10"15 sec, 
while the Mossbauermeasurementsgivea time larger 
than 10"' sec. Using the uncertainty principle 
A£A/ ~/z, we obtain a time ofabout 5 X 10"" sec for 
the observed line width ofabout 10 meV. This is the 
first direct observation of the valence fluctuation rate 
in the mixed-valence materials. 

1. I B M Thomas Watson Research Center, Yorktown Heights, 
N .Y . 

2. S. M. Shapiro. R. J. Ilirgcneau, and E. Uucher, Phys. Rev. 
Lett. 34, 470 (1975). 

INELASTIC NEUTRON SCATTERING 
MEASUREMENTS ON CeAb 

AND Ceo.sTho.j1 

A. S. Edelstein2 T. Brun3 

R. Majewski2 C. A. Pelizzari3 

S. K. Sinha3 H. R. Child 

Inelastic neutron scattering measurements have 
determined that the spectrum of Ceo.8Tho.2 at 170 K 
consists of a single quasi-elastic peak of width f s 12 
meV. Besides a narrower quasi-elastic peak, the 
spectrum of CeAb also shows a crystal field splitting 
of approximately 5 meV. The temperature depend-
ence of the width T of the quasi-elastic peak for each 
system is best fitted by a model that includes an 
intrinsic relaxation mechanism as well as the 
Korringa mechanism. The magnitude of T also 
indicates the hybridization of the cerium moment 
with the conduction electrons. 

DIFFUSE NEUTRON SCATTERING 
MEASUREMENTS OF THE FRACTIONAL 

OCCUPANCY OF THE LOCALIZED 4/' 
CONFIGURATION IN Ce-Th AND CeAb1 

A. S. Edelstein2 H. R. Child 
C. Tranchita3 

Diffuse neutron scattering measurements at 2 < 
T< 300 K have been employed to determine the 
fractional occupancy rj of the localized 4/'1 configura-
tion. For CeAl3, rj,= 0.9-1.0 at 11 K. For C&uTh,,.:, 
77 =0.4 ±0.1 at 11 K. No evidence of a compensating 
conduction electron polarization was observed. 

1. Abstract or paper: Phys. Rev. Leu. 36. 1332 (1976). 
2. University of Illinois. Chicago: Argonne National Laboratory. 

Argonne, 111. 
3. University of Illinois. Chicago. 

NEUTRON SCATTERING STUDY OF THE 
SPIN DYNAMICS AND SPIN WAVE 
FORM FACTOR OF CHROMIUM1 

S. K. Sinha2 C. Stassis3 

G. R. Kline3 N. Chesser4 

N. Wakabayashi 

The spin excitations in a single crystal of 
Crn.9KMno.(i2 have been studied by inelastic neutron 
scattering. High-resolution triple-axis spectrometer 
measurements have yielded a value of the spin wave 
velocity at 7/TV =0.5 of (1.30 ±0.15) X 107 cm/sec in 
good agreement with earlier measurements. The 
excitation strength drops extremely rapidly in the 
vicinity of TV and decreases approximately linearly 
above 7",v. The spin wave form factor has been 
measured below and above 7> by measuring the spin 
wave intensity at various superlattice points and is 
found to agree to within experimental error with the 
static spin form factor. The implications of these 
results for the theory of itinerant electron an-
tiferromagnetism are discussed. 

1. Abstract of paper: p. 873 in Proceedings of the Conference 
on Neutron Scattering, vol. I I , ed. by R. M . Moon, E R D A C O N F -
76060I-P2, Oak Ridge, Tenn., 1976. 

2. University of Illinois, Chicago; Argonne National Labora-
tory, Argonne, 111. 

3. Argonne National Laboratory, Argonne, III. 

1. Abstract of paper: Phys. Rev. B 15, 1415 (l?>77). 
2. Iowa State University, Ames. Present addtcss: Argonne 

National Laboratory, Argonne, III. ' 
3. Iowa State University, Ames. 
4. Iowa State University, Ames. Present address: National 

Bureau of Standards, Washington, D.C. 
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SPIN WAVES IN AN INVAR ALLOY 
( F e o . 6 5 N i o . 3 5 ) ' 

M. Kohgi2 Y: Ishikawa2 

N. Wakabayashi 

The spin wave dispersion relation in an Invar alloy 
F e o . 6 5 N i o . 3 5 has been measured at 4.2 K in the [111] 
direction by neutron inelastic scattering. Well-
defined magnon groups have been observed up to an 
energy transfer of about 80 meV. The spin wave 
dispersion is well described by hcu = Dq (\ — (3q2) 
with D= 143 meV A 2 and p =0.12 A 2 . The value of D 
is in accord with the value extrapolated from other 
neutron scattering results at higher contents of nickel 
and disagrees with spin wave resonance results. No 
trace of gamma-iron-type antiferromagnetic order 
could be detected at 4.2 K in this alloy by elastic 
neutron scattering measurements. 

1. Abstract of paper: Solid State Commun. 18, 509 (1976). 
2. Tohoku University, Sendai, Japan. 

SPIN WAVES IN FERROMAGNETIC 
T b o . 7 6 Y o . 2 4 

N. Wakabayashi R. M. Nicklow 
H. R. Child 

The conduction electron susceptibility x(<?) is 
considered to play an important role in the 
magnetism of rare earth metals and alloys. To obtain 
information about x(^), studies of the spin waves in 
the alloy system Tb,Yi-j have been continued in a 
magnetic,field. 

The magnetic structure of the alloy with x = 0.76 
was found to remain spiral down to liquid helium 
temperature in zero field. The spin wave dispersion 
curve in this structure has already been studied along 
the redirection, and the results were analyzed1 

successfully in terms of a susceptibility function 
corresponding to a one-dimensional system with a 
slight modification. To obtain somewhat indepen-
dent information about x(<7), the spin wave disper-
sion curve for the ferromagnetic phase has been 
studied. A field of 15 kG was necessary to transform 
the structure from spiral to ferromagnetic at liquid 
helium temperature. Results for the dispersion curve, 
measurements are summarized in Fig. 4.35. Spin 
wave energies that are calculated in terms of the 
susceptibility function determined from the meas-
urements in the spiral structure (solid line in Fig. 
4.35) agree rather well with the observed energies. 
Attempts will,be made.to construct a model that 
gives better consistency between spin wave energies 
for the spiral structure and those for the ferro-
;magnetic structure. As is shown in Fig. 4.36, a 
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Fig. 4.35. Spin wave dispersion curve along the c*-direction for 
ferromagnetic Tbo.76Yo.24. An external magnetic field of 15 kG was 
applied to obtain the ferromagnetic structure. The solid line 
represents the calculation performed on the basis of the 
information derived from spin waves in the spiral structure. 

Fig. 4.36. Scattered neutron groups for wave vectors near the 
wave vector characterizing the spiral configuration. No well-
defined peak could be observed for q = 0.16. 
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large damping and softening of the spin wave has 
been observed near the wave vector q = 0.16, which 
characterized the spiral configuration. The origin of 
the phenomenon may be related to the instability of 
the ferromagnetic structure, but it is not clearly 
understood at present. 

O R N L - D W G 7 7 - 1 2 5 9 7 

I. N. Wakabayashiand R. M. Nicklow,p.789 in Proceedings of 
die Conference on.Neutron Scattering, vol. II.ed. by R. M. Moon, 
ERDA CONF-760601-P2, Oak Ridge, Tenn., 1976. 

SPIN WAVE DISPERSION IN 
Tb-Y ALLOYS1 

N. Wakabayashi R. M. Nicklow 

The alloys TbcYi-r (0.05 <. c <J 0.85) have spiral 
magnetic structures with the moments confined to the 
plane parallel to the basal plane of the hexagonal 
structure. The spin wave dispersion curves along the 
c*-direction have been measured for alloys with c— 
0.1,0.5,0.76, and 0.85. Some of the results are shown 
in Fig. 4.37. 

In the mean lattice approximation the dispersion 
relation along the c*-direction is given by 

m = J{{c$(q») ~ (c/2)[$(qo + q) + $(qn - q)}\ 

X[c$(q0)- c${q)+2B])"2 , (1) 

where J is the angular momentum, c is the 
concentration of magnetic atoms, B is the axial 
anistropy constant, and q0 is the wave vector that 
specifies the periodicity of the spiral structure. The 
RK.KY exchange interaction $(q) is proportional to 
the generalized susceptibility x(q) of the conduction 
electrons. The microscopic calculations of x(q) for 
yttrium indicate the existence of a prominent peak 
due to the nesting of the Fermi surface which may be 
retained to some extent in the alloys. Thus the data 
were analyzed on the basis of a susceptibility function 
which is similar to that for a one-dimensional system 
with a modification due to the incomplete nesting. 
The functional form chosen is 

X(q) 
2k rq 

q2 + (yq2)2 log 
2 \ 2 (IkF + qY + iyq1) 

(2 kr- •qf+(yq2f 
(2) 

where 7 is a measure of the incompleteness of the 
nesting. P specifies the scale factor between $(q) and 
x(g); P, 7, and kF are the fitting parameters of the 
model. This form of x(<7) was founfl to give 
reasonable fits to the data for all the values of c, as is 
seen in Fig. 4.37. However, because this form has 

Fig. 4.37. Spin-wave dispersion curves for Tb-Y alloys along 
the c*-direction. 
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Fig. 4.38. Exchange function for Tb-Y alloys. 

only one peak (Fig. 4.38), it cannot reproduce the 
second peak known to exist in ${q) near q = 0.8 for 
pure terbium. Thus it is perhaps necessary to 
introduce more parameters in the present model, 
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which may not be any more advantageous than the 
conventional Fourier series analysis. 

I . Summary of paper: p. 789 in Proceedings of the Conference 
on Neutron Scattering, vol. l l .cd. by R. M . Moon, E R D A C O N F -
760601-P2, Oak Ridge, Tenn., 1976. 

SPIN WAVES IN THE CUBIC 
FERRIMAGNET Hoo.ssTbo.tzFez1 

R. M. Nicklow C. M. Williams2 

N. C. Koon2 J. B. Milstein2 

Using neutron spectrometry, we have investigated 
the magnon dispersion relation for the ferrimagnetic 
cubic Laves compound Hoo.ssTbo.uFez at room 
temperature and at. 12 K. The results are described 
surprisingly well by a very simple near-neighbor 
exchange model that includes only iron-iron and 
iron-rare earth interactions, crystal Field anisotropy, 
and temperature renormalization that is derived from 
the sublattice magnetization. 

MAGNETIC EXCITATIONS IN 
AMORPHOUS FejjPisCio1 

H. A. Mook C. C. Tsuei2 

Neutron scattering techniques have been used to 
measure the magnetic excitations in the amorphous 
ferromagnet FCTSP ISC IO . Triple-axis measurements 
show a distinct spin wave excitation at small 
momentum transfers that closely obeys a quadratic 
dispersion relation E = DQ1 for D equal to about 
120 meV A2. Time-of-flight polarized beam meas-
urements made in the vicinity of the first peak in 
5 ( 0 near 3 A"1 show excitations that reach a 
minimum energy at the maximum in S(Q). These 
excitations are similar to the roton excitations in 4He 
except that they are rather broad in energy since they 
are able to decay into single particle states. A contour 
map that shows the scattering measurements in the 
neighborhood of 3 A"1 is presented in the report, and 
the results are compared with calculations of 
magnetic excitations in amorphous systems. 

1. Abstract of paper: Phys. Rev. Lett. 36, 532 (1976). 
2. Naval Research Laboratory, Washington, D .C . 

1. Abstract of paper: Physical Review 13 (in press). 
2. I B M Thomas J. Watson Research Center, Yorktown 

Heights, N .Y . 



5. Research Materials 

The purpose of the Research Materials Program is to develop techniques as 
required for the preparation and characterization of ultrahigh-purity and controlled-
impurity research specimens of interest to ORNL and other ERDA installations. 
Progress in understanding the fundamental properties and the ultimate range of 
properties in many materials has been severely limited in the past by the lack of 
pedigreed specimens of high purity and perfection. The use of single crystals is required 
in many experiments for the unambiguous characterization of various physical 
phenomena. Since suitable crystals are frequently not available commercially, we arc 
conducting a continuing program both to provide crystals as needed in research and to 
devise and improve methods for producing better crystals. 

The Research Materials Information Center was established as a part of the 
Research Materials Program to collect and provide information to both producersand 
users on the initial purification, crystal growth, characterization, and availability of 
research-quality specimens. Ready availability of an accurate and up-to-date listing of 
available specimens has served to eliminate much duplication of effort by individual 
research groups in attempts to produce materials already available. The simultaneous 
listing of those materials desired, but not available, has served to focus the attention of 
crystal growers on new areas of investigation. The center receives many requests for 
information by telephone or by mail and is visited by individuals to conduct their own 
search of the coded document collection. This collection has also been of great value in 
making certain compilations of evaluated data and as a technique for reviewing 
bibliographies for authors of articles and books on research materials. 

A secondary objective of the Research Materials Program has been to supply: 
other programs withinORNLand ERDA with research-quality specimens thatarenot 
otherwise available. Owing to the redirection of many programs at E R DA laboratories 
this past year, much effort has been directed towards supplying such specimens, which 
were prepared by techniques that were developed under the primary objective of the 
program. However, this policy cannot be followed indefinitely, since the lack of 
continuing research on new techniques and/ or new materials will be detrimental to the 
primary purpose of the program. 

During the past 16 months a total of 104 different metals, alloys, and compounds 
have been arc-cast prior to electron beam float zone (EBFZ) refining, crystal growth, 
or grain growth. A total of 44 refractory and transition metal and metal-alloy single 
crystals have been prepared for studies that concern thermal diffusion, neutron 
diffraction, ion backscattering, hydrogen trapping, neutron irradiation, and ion 
bombardment. Large high-purity nickel single crystals were produced for defect 
studies. A number of niobium + 1 at. % vanadium single crystals were prepared for 
neutron diffraction studies of hydrogen diffusion, and nitrogen-doped high-purity 
niobium single crystals were provided for a study of the pinning of fluxoids in type-II 
superconductors. A single crystal of TisAu of the A-15 type was grown for Fermi 
surface studies. Single crystal austenitic stainless steel samples were produced by the 
Czochralski and soft mold techniques for radiation damage and ion implantation 
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experiments. Additional large single crystals of spinel ferrites were grown.for use in the 
ORNL magnetically pulsed neutron time-of-flight spectrometer, but attempts to 
obtain centimeter-size crystals of certain hexagonal-type ferrites have not been 
successful to date. Equipment is now available for the growth of silicon crystals by the 
Czochralski and float-zcn.; techniques. 

RESEARCH MATERIALS PROGRAM 

J. W. Cieland 

The purpose of this program is to develop the 
necessary techniques for the initial purification, 
crystal growth, and characterization or analysis of 
research specimens of a size and quality as required in 

programs on materials research. The Research 
Materials Information Center (RMIC) assists in 
identifying those materials for which a need exists 
and in supplying information on materials already 
available. Selected samples are loaned to cooperating 
research groups for comparative measurements that 
aid in the characterization of these materials. 
Examples are listed in Table 5.1. 

Table 5.1. Loan of samples for research outside the Research Materials Program 

Material Type or study T o whom sent Organization 

Nb Radiation damage J. Narayan O R N L > 

Nb Resistivity J. Moore O R N L 

Nb - Superconductivity R. Kcrchncr O R N L 

Nb Ion backscattering R. Kcrchner O R N L 

Nb Superconductivity S. Sekula O R N L 

Nb Texture determination S. Spooner Georgia Institute of 
Technology 

Nb-Ti Superconductivity .. R. Kcrchncr O R N L 

Nb-4.5 at. % T i Superconductivity - R. Kerchner O R N L 

Nb-9 at. b T i Superconductivity R. Kerchner O R N L 

Nb <100) Ion bombardment D . Palmer University of Sussex, 
England 

Nb-5 at. 9, b Mo Superconductivity R. Kerchner O R N L 

Nb-10 at. % M o Superconductivity R. Kerchncr O R N L 

Nb-Zr Superconductivity R. Kcrchner O R N L 

Nb-V i Hydrogen diffusion W. Uclhoff KFA, Jti'lich, Germany 

Nb-V Hydrogen diffusion T. Springer K F A , Ju'lich, Germany 

Nb-V Hydrogen diffusion A. Kollmar K F A , Ju'lich, Germany 

Ni Radiation damage J. Narayan O R N L 

Ni X-ray diffraction B. Larson O R N L 

Ni X-ray L. Emerson O R N L 

Ni X-ray H . Yakel O R N L 

Ni Hydrogen discharge B. Clausing O R N L 

Ni Electron microscopy S. Ohr O R N L 

• Ni - Radiation damage N. Pakan O R N L 

•Ni •- Hydrogen diffusion S. Reidinger Brookhaven 

Ni Thermal diffusion D . Bradley O R N L 

V Hydrogen diffusion S. Reidinger Brookhaven 

V .Diffusion U. Roy O R N L 

V Neutron scattering R. Child O R N L 
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Table S.l (continued) 

Material Type of study T o whom sent Organi7ation 

V 

V 

Fc 

Fc 

Fc 

Fe-Si 

Fc-Ti 

Ni-Cr-Fe (15-15-70%) 

Ni-Cr-Fe (15-15-70%) 

Pt-Ni 

M o - 5 at. % Re 

M o - 1 5 at. % Re 

Mo-25 at. % Re 

M o - 5 at. % Re 

Mo-25 at. % Re 

Mo-25 at. % Re 

Re 

Ta 

M o 

T i 

Neutron transmutation 
doped ( N T D ) single 
crystal or polycrystalline 
(polysil) silicon ingot 
sections and/or wafers 

N T D epitaxial Si on Si 
substrate 

N T D Si and polysil 

N T D Si 

N T D Si 

N T D Si and polysil 

N T D Si and polysil 

N T D Si and polysil 

N T D Si 

N T D 3i and polysil 

N T D Si 

N T D polysil 

CdTe 

InSb 

X-ray 

Compton scattering 

Hydrogen discharge 

X-ray 

X-ray 

Neutron scattering 

Hydrogen adsorption 

Ion irradiation 

Neutron irradiation 

Neutron scattering 

Neutron scattering 

Neutron scattering 

Neutron scattering 

Superconductivity 

Superconductivity 

Superconductivity 

Neutron scattering 

Hydrogen diffusion 

Oxygen study 

X-ray 

Electron microscopy 

X-ray 

Electron paramagnetic 
resonance 

Infrared detector studies 

Defect annealing 

I'rcoxidation gcttering 

Scanning electron micro-
scope and transient 
capacitance 

Electrical transport and 
high field conduction 

Electron paramagnetic 
resonance 

Epitaxial deposition and 
solar cell fabrication 

Radiation detectors 

Infrared detector studies 

Solar cell fabrication 

Deformation 

Radiation detectors 

Faraday rotators 

H. Yakel 

W. Uelhoff 

B. Clausing 

L. Emerson 

H. Yakcl 

W. Koehler 

W. Uelhoff 

B. Larson 

J. Narayan 

R. Nicklow 

H. Smith 

H. Smith 

H. Smith 

S. Sekula 

S. Sckula 

A. Das Gupta 

H. Smith 

S. Reidinger 

D. Zchncr 

H. Yakcl 

J. Narayan 

B. Larson 

M. Abraham 

S. Prussin 

S. Prussin 

S. Prussin 

L. Cheng 

C. Scager 
T . Castncr 

K. Brower 
T . Castner 

P. Kotval 
J. Hanoka 
H. Strock 

A. Hyder 

M . Young 

M . Godlewski 

G. Noel 

R. Fox 

P. Staats 

O R N L 

K F A . Julieh. Germany 

O R N L 

O R N L 

O R N L 

O R N L 

K F A . Julich, Germany 

O R N L 

O R N L 

O R N L 

O R N L 

O R N L 

O R N L 

O R N L 

O R N L 

O R N L 

O R N L 

Brookhavcn 

O R N L . 

O R N L 

O R N L 

O R N L 

O R N L 

T R W , California 

T R W , California 

T R W , California 

S.U.N.Y. , Albanv 

Sandia 
University of Rochester 

Sandia 

University of Rochester 

UCC, Tarry town 

O R T E C 

Hughes Aircraft 

NASA-Lewis 

University of 
Pennsylvania 

O R N L 

O R N L 
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RESEARCH MATERIALS 
INFORMATION CENTER 

T. F. Connolly G. C. Battle 

The RMIC has continued to collect and organize 
the literature and to answer inquiries on the 
preparation, characterization, and properties of 
ultrapurc inorganic solid state, materials. 

In the period covered, "there has been increased 
emphasis on computerization of indexes "to the 
microfilmed literature collection (now over 100,000 
documents), and work is progressing on a com-
puterized bibliography of all the papers on crystal 
growth in the RMIC file. -

A check on the scope of the RMIC subject 
coverage showed that it includes more than one-third-
of the topics listed in the subject index of the latest 
issue of Physics A bstracts. . 

The RMIC answered 787 separate inquiries during 
the report period, with the rate increasing during 
early 1977. As usual, inquiries concerning physical 
properties and preparation methods exceeded those 
concerning materials availability. Publication in the 
subject- areas covered by RMIC is noticeably 
increasing: approximately 8000 documents were 
obtained, indexed, and filmed in 1976 compared with 
about 5000 in 1975. 

PREPARATION OF HIGH-PURITY 
METAL AND METAL-ALLOY CRYSTALS 

Y. K. Chang H. E. Harmon 

Methods of preparation include initial purifica-
. tion, arc casting in a high-purity inert gas glove box, 

refining by electron beam float zone (EBFZ) for 
purification or single crystal growth, grain-growth 
annealing, induction-heating annealing under high 
vacuum or in partial pressure, and then forming rod 
or thin sheet foil forms under clean procedures to 
prevent further contamination. Extensive chemical 
analyses are required during preparation and at the 
end to ensure complete characterization. 

A total of. 104 different metals, alloys, and 
compounds have been arc-cast prior to EBFZ 
refining, crystal growth, or grain growth during the 
past 16 months. A total of 44 refractory and 
transition metal and metal-alloy single crystals have 
been prepared for studies that concern thermal 
diffusion, neutron diffraction, ion backscattering, 
hydrogen trapping, neutron irradiation, and ion 
bombardment (Table 5.1). To study hydrogen 

adsorption and discharge, additional purification 
was carried out by EBFZ refining on some of these 
crystals, Extended annealing runs were made on 47 
different crystals or sets of crystals and repeated 
EBFZ refining in partial pressures has been used to 
reduce the content of certain impurities prior to 
EBFZ single crystal growth in high vacuum. 

PURIFICATION AND GROWTH OF 
NICKEL SINGLE CRYSTALS 

Y.K.Chang H.E.Harmon 

Nickel single crystals of high purity and perfection 
are needed for defect studies. We are studying the 
effect of repeated EBFZ refining in high vacuum on 
purifying the best nickel commercially available 
(Johnson Matthey). The results indicate that 
repeated EBFZ reduced the concentration of those 
metallic impurities initially present above 3 wt ppm to 
below I wt ppm; however, it produced little effect on 
the concentration of interstitial impurities, like 
hydrogen, nitrogen, and oxygen, which were already 
low. The carbon concentration was reduced by about 
50%. An alternative approach of making EBFZ 
passes in a partial O2 atmosphere, prior to additional 
zoning under high vacuum, has produced samples 
with carbon concentration of 1 wt ppm (the detection 
limit). 

Nickel is found to have a tendency to grow along a 
preferred. crystallographic direction. Three 3-mm-
diam single crystals grown from Johnson Matthey 
nickel with prior O2 treatment were found to have 
crystal axes within a fewdegrees of a [II1] direction. 
In earlier experiments using less-pure nickel,1 the 
crystals were found to have a preferred growth 
direction near a [100] direction. These findings 
suggest that the growth direction may be changed by 
varying the impurity content. A study on the effect of 
specific impurities on the growth habit of nickel is 
under way. 

The need for larger diameter nickel single crystals 
is evident. Early growth attempts of I2.7-mm-diam 
nickel rods at 10 cm/hr or faster yielded only 
polycrystals, whereas single crystals of 6.4 mm diam 
were successfully grown at 10 cm/hr. Efforts will be 
continued to grow high-purity nickel single crystals 
of larger size and higher perfection. 

I. R. E. Reed, E. D . Boiling, and H. E. Harmon, Solid State 
Div. Annu. Prog. Rep. Dec. 31. 1974. QRNL-5028, p. 123. 
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SEEDED GROWTH OF NIOBIUM 
AND 1 AT. % VANADIUM 

SINGLE CRYSTALS 

Y. K. Chang H. E. Harmon 

Single crystals of NbV alloy with a [110] axis are 
needed for neutron scattering studies of hydrogen 
diffusion. Vanadium atoms act as traps for diffusing 
hydrogen, and the trapping force between vanadium 
and hydrogen is anisotropic. The orientation 
dependence of the trapping force will be studied by 
quasi-elastic neutron scattering techniques along the 
three symmetry directions [100], [110], and [111], A 
specimen composed of seven single crystal sections 
I cm diam X 3 cm long which will be loaded with 
hydrogen is desired. A separate specimen not loaded 
with hydrogen is also needed to separate the 
background scattering arising from niobium and 
vanadium. 

The [110] crystals 1 cm diam X 15 cm long were 
grown. We began by pressing niobium and 1 at. % 
vanadium powder into pellets that were arc-cast into 
fingers in a high-purity helium atmosphere. The 
fingers were then swaged down to 1 cm diam. 
Although niobium is normally ductile, it becomes 
brittle when alloyed with vanadium. Cracks along the 
rod developed during swaging, and one of the rods 
had to be partially remelted. A [110] pure niobium 
seed was used to encourage the desired growth 
direction. Single crystals were grown in an EBFZ 
system under vacuum. Two float zone passes were 
made at a rate of 10 cm/hr and 7.6 cm/hr. Good 
single crystals of 15 cm length with orientations with-
in 1-2° of [110] were obtained. However, the lattice 
parameter of these crystals was the same as that of 
pure niobium. Furthermore, x-ray spectrum analysis 
showed no trace of vanadium, and this technique has 
a sensitivity of better than 0.1 at. %. The depletion of 
vanadium was apparently due to its high vapor 
pressure at the growth temperature (about 2500°C). 
Use of an inert gas in the growth chamber is generally 
considered as an effective way of reducing the escape 
rate of a volatile element; however, this is not 
appropriate in an EBFZ system. A series of tests in 
which the niobium was overcharged with vanadium is 
initially under way. We also reduced the number of 
zone passes to one to minimize vanadium evapora-
tion. The result of the Laue x-ray back reflection 
from one crystal grown this way has shown that one 
pass at 10 cm/hr is enough to produce a good single 
crystal. Specimens have been cut from different 

regions of the grown crystal for composition 
determination. Further test runs are needed to 
determine the proper amount of initial overcharge of 
vanadium for obtaining the desired alloy. 

PREPARATION OF NITROGEN-DOPED 
NIOBIUM SINGLE CRYSTALS 

Y. K. Chang H. E. Harmon 
D. K. Christen 

An understanding of the pinning of fluxoids in 
type-11 superconductors is important for 
technological applications. One can vary the lower 
and upper critical fields (H,i and H i2) in niobium by 
varying the nitrogen content without altering the 
thermodynamic critical field, and then study fluxoid 
pinning by small-angle neutron scattering. Three 
pairs of high-purity niobium single crystal specimens 
were nitrogen-doped at 1800°CunderN2pressuresof 
3.8 X I0"5 or 5.0 X IO"6 torr in an induction-heated 
annealing system. They were annealed for at least 7 
hr, which is long enough for nitrogen to reach 
equilibrium in niobium at this temperature. One 
specimen of each pair was used for chemical analysis 
and the other for superconducting property measure-
ment. Good agreement was obtained (Table 5.2) 
between the nitrogen concentrations as predicted 
from solubility data and as obtained by chemical 
analysis. The nitrogen concentrations determined 
from the chemical analysis correlate well with the 
normal state resistivities measured by ac suscep-
tibility techniques. To minimize nitrogen precipita-
tion during cooling, the annealing system will be 
modifed to permit in situ gas quenching in the 
annealing system when additional samples are 
produced. 

Table 5.2. Results of nitrogen-doped niobium crystals 
(annealed at 1800°C) 

Nb-I Nb-2 Nb-3 

Ni pressure, torr 3.8 X 10" 5.0 X 10" 5.0 X I0""(a) 

cN, at. % 
Calculated 0.15 0.054 0.054 
Observed 0.16 0.052 0.069 

pii, / i f l -cm 1.36 0.40 0.47 

"This specimen was further annealed at I400°C and P N j = 
3.5 X 10'" torr overnight before cooling by shutting off the main 
power. 
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PREPARATION OF Ti3Au 
SINGLE CRYSTAL 

Y.K.Chang H.E.Harmon A. J. Arko1 

A single crystal of TijAu of the A-I5 compound 
type was grown for Fermi surface measurements. 
Just like other A-15 compounds, TijAu is very brittle. 
This is one of the major problems facing the 
preparation of A-15 compounds, particularly in bulk 
sizes. We experienced difficulty in casting the starling 
materials in our arc mcltcr. The alloy shattered as it 
coolcd in the copper hearth bccausc of nonuniform 
fast cooling. Therefore, the alloy was cast in a silver 
boat and heated by rf heating. In this system a slow 
and uniform cooling is possible. Extreme caution was 
necessary during specimen handling: the alloy has a 
tendency to shatter while it is being fixed in the 
specimen holder by spark welding. Unlike most other 
A-15 compounds, which usually contain volatile 
elements, the TijAu has low vapor pressure at its 
growth temperature (about 1395°C); so it is suitable 
to be grown in our EBFZ system. 

PHOTO 3513-77 

An initial crystal growth attempt was unsuccessful 
because of limited materials. It was necessary to 
modify the pillbox containing the filament so that the 
electron beam was redirected and focused to a 
narrower zone. Two EBFZ passes were made at a rate 
of 2.5 cm/hr, but the resultant specimen turned out to 
be a polycrystal. It was loaded back into the EBFZ 
system; one more zone pass was made at 2.5 cm/ hr, a 
final pass at 1.3 cm/ hr. Thc final boule (Fig. 5.1) was 
a single crystal about 3.8 mm diam X 10 mm long. 
Attempts will be made to grow larger and longer 
single crystals of TiiAu, as well as other A-15 
compounds. 

T. Argonnc National Laboratory, Argonne, III. 

GRAIN-GROWTH ANNEALING 

Y. K. Chang H. E. Harmon 

Grain sizes of 2 to 3 cm have been obtained by 
grain-growth techniques on two cast Fe + 3 at. % Si 
buttons under argon atmosphere in a sealed tantalum 
can. This technique will be continued to produce 
large single crystal grains of metal and rare earth 
samples in single and alloy form as required in basic' 
studies of neutron diffraction, ultrasonic attenuation, 
superconductivity, and Fermi surface determi-
nations. 

CRYSTAL GROWTH OF A-15-TYPE 
SUPERCONDUCTING COMPOUNDS 

W. E. Brundage 
Y. K. Chang 

H. E. Harmon 
U. Roy' 

: Fig. 5.1. Single crystal of TijAu grown by EBFZ method. Its 
diameter is about 3,8 mm. 

The superconducting transition temperature Tc of 
A-15-type compounds, such as V3Si, NbiSn, Nb.iGa, 
and NbiGe, is generally high; large single crystals are 
needed to study the relationship between Tc and the 
decrease in long-range order usually introduced by 
irradiation. Growth of these compounds in single 
crystal form is complicated by incongruent melting, 
lack of suitable crucible materials, and high vapor 
pressures at the required temperatures for growth. A 
Hukiri-type cold-wall crucible, which combines rf 
heating and levitation, was used in an effort to grow 
crystals of V3Si and NbjSn by the Czochralski 
technique, but these efforts have not been successful 
to date. Equipment modifications have been com-
pleted that will permit an attempt at crystal growth by 
zone melting and the traveling solvent technique 
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under elevated-pressure inert atmospheres. Crystal 
growth of V3Si by EBFZ lYom a cast rod was not 
successful mainly because of the high vapor pressure 
of the silicon near the melting point (about 2000°C). 

I . Present address: Group 110, U.S. Patent and Trademark 
01*ice, Washington, D.C. 

We have now started to purify the starting 
materials nickel, iron, and chromium. Because of the 
high vapor pressure of chromium, EBFZ refining will 
not be suitable. We plan to construct and install a 
low-pressure induction-heated float zone system to 
purify chromium and to produce centimeter-size 
crystals of Fc-Ni-Cr by a seeded zone-leveling 
technique under controlled atmospheres. 

CRYSTAL GROWTH OF AUSTENITIC 
STAINLESS STEEL 

W. E. Brundage Y. K. Chang 
W. Uelhoff' H. E. Harmon 

An interest in radiation damage and ion implanta-
tion effects in austenitic stainless steel led to our 
objective to grow high-purity Fc-Ni-Cr alloy single 
crystals with the same major components as 
commercial 300 series stainless steel but without 
other impurities. Early attempts at crystal growth by 
the method of strain-anneal were not successful, 
probably because of the high vapor pressure of 
chromium. Strain anneal of Fc-20% Ni-15% Cr 
alloys under argon atmosphere in a scaled tantalum 
can showed promise in that several millimeter-size 
grains were obtained. 

Centimeter-size crystals of Fe-20% Ni-20% Cr and 
Fe-15% Ni-15% Cr have been grown by the 
Czochralski technique from induction-heated melts 
of 100 to 150 g of the alloy held in A120., crucibles 
under an Ar-4% Hi atmosphere. Wires of each alloy 
were used to start the crystal, because seeds were not 
available. The technique of necking down the wire 
from a 2-mm to 1-mm diam over a 20-mm length 
before allowing the crystal to expand to a 5- to 10-mm 
diam readily produced a single crystal. Chemical 
analysis of the top and base of a crystal after40% of 
the melt was solidified indicated that the growth was 
diffusion-controlled through the liquid layer at the 
liquid-solid interface.2 

The soft mold technique was also employed to 
produce a single crystal sample. The Fe-20% Ni-15% 
Cr alloy in the form of a pointed rod was packed in an 
alumina tube filled with MgO powder prefired in air 
at 1200° C; the sample assembly was lowered through 
a vertical tube furnace at 1480°C. The result was a 
single crystal over the first 70% of the sample length. 

1. Guest .scientist from Instilul fur I-ehtkfirperforsclnmg. 
Kcrnforschungsanlagc. JOIicli, Germany. 

2. William G. Pfann. p. 13 in /.one Mcliing. 2d cd.. Wiley. New 
York, 1966. 

X-RAY CHARACTERIZATION OF 
STAINLESS STEEL CRYSTALS 

Bennett C. Larson •. F. A. Sherrill 

Large single crystals of pure stainless steel (15% 
Ni-15% Cr-70% Fc) have been grown1 by the 
Czochralski technique for radiation damage studies. 
Crystals ofabout 3 cm' and of high lattice perfection 
were examined by Laue back reflection, x-ray 
topography, and Bragg reflection half-width 
measurements. Figure 5.2 is an x-ray reflection 
topograph of one of the crystals using the 222 
reflecting planes. This part of the crystal has no large-
angle grain boundaries and, considering the in-
strumental resolution o f ± l min of arc, contains few 
small-angle boundaries larger than about I to 2 min. 
These results are consistent with 200 Bragg reflection 
half-width measurements of 50 to 60 sec (FWHM) 
over much of the crystal. These values arc to be 
compared with the intrinsic 200 Bragg half-width of 
about 25 sec that would be expected for perfect 
stainless steel crystals. These crystals are therefore 
both large enough and of sufficiently high perfection 
to be used in high-resolution x-ray diffuse scattering 
studies of radiation-induced defects. The impurity 
content of these crystals is presently being in-
vestigated. 

1. W . E. Brundage et al., "Crystal Growth of Austenitic 
Stainless Steel," this report. 
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GROWTH OF SINGLE CRYSTAL 
FER RITES 

W. E. Brundage 

The ORNL Magnetically Pulsed Time-of-Flight 
Spectrometer would have a greatly improved 
resolution from a reduccd background during the 
"off" period if centimeter-size crystals of certain 
hexagonal-type ferrites could be obtained. The 
optimum material is thought to be the Z-type ferrite 
Sr;.4Ha(,.f,Zn:Fe:jOji, which has been reported as 
crystallized from Na:Fe204 by flux growth.' Our 
attempts to grow this fcrritc from this flux and with 
B2O1 additions have either resulted in microcfystals, 
too small to be of interest, or in crystals of W-type 
fcrritcs. Crystal growth experiments cannot be 
carried out at higher temperatures because increasing 
the temperature results in the reduction of iron to the 
divalent state. Attempts to improve the stoichiomctry 
by growth under O2 overpressures to 11 atm were 

made, but crystals of the IV structure were still 
obtained. 

In another experiment stoichiometric amounts of 
the requisite oxides were vacuum-sealed in a 
platinum-lined tantalum container and heated 
directly. Unfortunately the very reactive ferrite 
apparently dissolved some of the platinum and 
reacted exothcrmally with the tantalum. Our effort 
has now been shifted to attempts to grow a suitable 
M'-type ferritc, BaNbSc^FeuOj?. Crystals of Inform 
were grown at a temperature of 1375°C, but were 
considerably off the desired chemical composition. 
Further work on these compounds and on an A/-typc 
BaSci.>Fc<î Oi4 will be continued, both with the 
sodium ferrite flux and with the BaO-BjOj system. 

i A 

I. V. A. Si/ov. R. A. Si/ov. ami I. I. Yain/.in, Soviet l'hys. Ji:TI' 
28. 619 (1969). 



6. Isotope Research Materials 

For 17 years the preparation of special chemical and physical forms of separated, 
high-purity isotopes has been the province of the Isotope Research Materials 
Laboratory (IRML). Research samples using nearly all stable isotopes and many 
radioisotopes (especially the actinide elements) have been made to customer 
specifications in support of ERDA research programs throughout the United States 
and in foreign countries. In addition to satisfying isotope research material 
requirements for ERDA programs, IRML provides an international service of.sample 
preparation supplying over 100 universities and commercial firms in more than 30 
countries with samples unavailable from commercial sources. During the past year 
nearly 5000 samples were prepared for the international scientific community. 
Distribution of prepared samples and allocation of services is required by ERDA to be-
on a full cost recovery basis, and therefore IRML has an integral sales function with 
associated inventory and revenue accounting operations. The research and 
development activities arc funded programmatically through the ERDA Division of 
Physical Research and Division of Waste Management, whereas the remainder of 
operating support accrues directly from sales of materials and services. 

Technical functions of IRML can be categorized generally into materials research 
and development, separation systems for tritium from waste effluents, inorganic 
chemical conversions, preparation of special physical material forms, radioisotope 
source preparations, purifications, single-crystal and epitaxial growth studies, and 
development of analytical techniques (usually nondestructive methods) compatible 
with characterization of thin film samples. From inception. IRML has prepared 
particle accelerator targets utilizing technologies of physical vapor deposition, 
chemical vapor deposition, mechanical rolling of metals, distillation of metals, metal 
reductions, arc melting, levitation melting, sintering, and myriad other metallurgical 
and chemical processes to produce unique isotope-containing samples. In all 
operations, specific efforts to improve purity and conserve isotope resources isofvital 
importance since the monetary value of isotopes consumed during a sample 
preparation may be many times the cost of assigned manpower and ancillary expense. 

Use of stable isotopes in research and development activities related to the 
physical sciences is well documented, especially in areas of nuclear structure studies, 
diagnostics of neutron spectra in reactor regimes, chemistry, metallurgy, and solid 
state physics. Because of present-day interest in high-energy physics research, new 
technologies have been required to transform large (multigram) quantities of separated 
isotopes into thick, large-area target samples, whereas developmental efforts in earlier 
years were concentrated on preparing ultrathin self-supported films suitable for Van de 

. Graaff accelerator experimentation. 
Procedures developed for handling stable isotope materials are usually equally 

applicable to radioisotope sample and source preparation. Adaptation 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 
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personnel protection. Almost all of the above-noted operations have been adapted for 
radioisotope processing. 

The unique technical capabilities developed for isotope sample preparations have 
been frequently applied to the performance of activities not directly related to 
materials, but rather to the development of technology in support of programs such as 
waste management, NASA space research, a variety of classified ERDA programs, 
reactor dosimetry, and preparation of reaction rate standards. During this past year a 
new program was begun in which measurements of the separation factor for hydrogen 
and deuterium were made in an aqueous electrolytic system for the purpose of 
developing an extended process to remove tritium from reactor or fuel reprocessing 
plant effluents. Technologies developed for thin film preparations in 1RMI. are 
directly applicable to development programs in solar cell technology, preparation of 
laser reflection surfaces, optics, and microcircuitry. 

This past year has been eventful in terms of recognition for the research and 
development activities within IK ML. Two patents concerning ccramic reactor 
dosimetry materials preparation and a method of preparing high thermal conductivity 
uranium isotope targets for production of *"'Pu and :'7Pu isotopes at ORIC were 
awarded. Based on our work in neutron dosimetry materials, we were awarded the 
Industrial Research-100 citation, which was received by II. Postma in Chicago. For 
successful participation in the Apollo-Soyuz space experimentation program, the 
Johnson Space Center (NASA) awarded citations of achievement to H. L. Adair of 
IRML, R. E. Reed of Research Materials, and W. Uclhoff of Kernforschungsanlage. 
Jiilich, West Germany. Finally, winner of the best technical paper submitted to the 

\ /.- American Nuclear Society in 1976 was awarded to E. Beahm (Chemical Technology 
Division, ORNL) and C. C. Culpepper (IRML). 

SEPARATION OF TRITIUM FROM 
AQUEOUS EFFLUENTS BY 
BIPOLAR ELECTROLYSIS 

D. W. Ramey 
P. R. Kuchn 

T. C. Quinby 
S. D. Nelson 

A new program instituted in the interim period is 
aimed at the separation of tritium from waste efflu-
ents, especially aqueous wastes and light- or heavy-
water reactor coolants. The basic process involves 
both electrolysis and recombination of hydrogen and 
oxygen on a "bipolar" electrode (or series of such 
electrodes) without the evolution of hydrogen or 
oxygen in the gas phase. Figure 6.1 illustrates the 
gross chcmical reactions occurring at the various 
electrode surfaces; the bipolarelectrode iselectrically 
disjoint from the cathode and anode at which true 
electrolysis with evolution of gases occurs. Using the 
bipolar clectrodc conccpt, a single such electrode 
placed between the reference electrolysis electrodes 
essentially divides the entire cell into two equivalent 
cclls. Addition of more bipolar electrodes would 
further subdivide the one cell into n + I subcells, 
where n is the number of bipolar electrodes. 

Isotope separation occurs in this process primarily 
by mass transfer mechanisms and by electrolytic 

reduction (oxidation) processes that tend to favor the 
migration of the lighter isotope toward the cathode. 
Thus, tritium is concentrated in the aqueous phase 
and tends to remain stationary; electrolyte must be 
flowed toward the anode to effect a cascadcd separa-
tion system. 

To date, only cells containing a single bipolar elec-
trode have been studied. However, the isotope sepa-

H 2 + 2 O H — 2 H j O + 2e 

2 H , 0 + 2e — H , + 2 0 H 
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Fig. 6.1. Reactions occurring at the various electrode surfaces in 
the hydrogen isotope separations cell. 
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ration measurements for hydrogen-deuterium have 
been quite remarkable. By definition the separation 
factor, OHI), for,hydrogen from deuterium may becal-
eulatcd according to the relation 

aim = 0 ( 1 -*) ] / [* ( ! - ) ' ) ] , 

where y = mole fraction of Hj in the gas evolving from 
the cathodc, and x - mole fraction of H2 in the 
aqueous phase of the anode chamber. Based on the 
above definition, values of ami between 4 and 15.5 
have been measured, the value being dependent upon 
the composition and physical form of the bipolar 
clectrodc, hydrogen overpotential, and electrolyte 
temperature. 

Many different bipolar clcctrode configurations 
and compositions have been experimentally evalu-
ated with the parameters of structural strength, leak 
tightness, resistance to erosion, electrical conduc-
tivity, permeability to hydrogen, and many other 
minor factors being considered. Electrodes formed 
from mixtures of charcoal, polyethylene, and plati-
num were initially tested and found to be prone to 
severe erosion. The H-D .separation factor of these 
charcoal composite electrodes was found to be eight 
or less. Studies with this type of bipolar electrode 
wercdiscontinucd,andclcctrodcsformed from rolled 
Pd-25% Ag were substituted. Thin membranes of 
this alloy have been evaluated with outstanding re-
sults: aim = 12 to 15.5 and current density equals 
about 60 mA/ cm2. These data were measured using a 
single bipolar electrode. Although the cost of palla-
dium-silver alloy electrodes would be more than 
carbon composite types, the fact that leak-free foils 
with a thickness of less thanorequal to0.025mmcan 
be produced over large areas would result in insignifi-
cant increase to the overall cost of the process, espe-
cially when considering that separation and through-
put are enhanced by a factor of 2 or more. Other 
palladium alloys are being evaluated presently. 

The most recent, but incomplete, measurements of 
AHT (separation factor for hydrogen from tritium) 
indicate a value of about 24 for a single cell contain-
ing a 0.025-mm-thick Pd-25% Ag bipolar electrode. 
These hydrogen-tritium data were taken at less-than-
optimum conditions, and a further increase in the 
separation factor is expected with improved tempera-
ture and hydrogen overpotential control. Work is in 
progress to measure and . optimize this separation 
factor as a function of temperature and hydrogen 
overpotential; 

STABLE ISOTOPE TARGETS A N D 
RESEARCH MATERIALS 

K. B. Campbell B. F. Early 
W. B. Grisham P. R. Kuehn 

During the fiscal year nearly 2000 specimens of 
stable isotopes were prepared according to customer 
specifications, Many of these specimens were accel-
erator or neutron targets, but about one-third were 
bulk samples, wires, or other physical forms needed 
for non-nuclear research. Most frequently, the 
chemical form of the isotopes requested was the 
element, which therefore required a conversion of the 
inventoried compound form (oxide, carbonate, 
chloride, or nitrate) to the element. An estimated 500 
chemical conversions were performed to meet this 
requirement. 

In past years accelerator targets were generally of 
the thin film type: 10-1000 fjtg of nuclide per cm2 

mounted on an appropriate metal frame so as to have 
an area of about 2 cm2 with no substrate (support). 
For the past three years the trend to thick targets 
(mg/ cm2) has increased. For example, a metal target 
(dimensions, 2 cm X 3 cm with 100 mg of 4"Ca per 
cm2) was prepared containing isotopic material 
valued at 527,600. Another interesting sample was a 
"saddle" of 5lTi of0.75-cm height and inner and outer 
radii of 0.40 cm and 0.69 cm respectively; this sample 
was vacuum-brazed to a water-cooled coppersupport 
and will be employed as a MITi ion source in the Super 
Hylac at Lawrence Berkeley Laboratory (LBL). 

An unusually large number of separated lithium 
isotope targets, or neutron filters, were prepared. 
Most of these metal samples were in the shape of 
planar disks or hollow cylinders. A special inert gas 
glove box facility has been constructed for the pur-
pose of working lithium metal and contains equip-
ment for melting, casting, rolling, and cutting. Many 
samples were formed and inserted in plastic shells for 
protection against oxidation; these enclosed forms 
were used as shields surrounding sodium iodide 
scintillation counters. In the same inert atmosphere 
facility, 30-cm-sq targets of lithium and sodium 
metals were prepared and encapsulated in thin 
aluminum; these specimens contained several kilo-
grams of metal. Potassium metal has also been fabri-
cated into large volume samples. This new facility is 
unique at ORNL for handling large quantities of 
highly reactive alkali metals and has added a new 
dimension in the capability of the Isotope Research 
Materials Laboratory (IRML). 
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As is always the case, rolled metal foils are the 
largest category of stable isotope samples produced 
for the nuclear research community; about 1200 such 
foils were prepared during the year. Rolled foils 
exhibit maximum strength and nearly theoretical 
density and as such are most suitable for use as self-
supporting accelerator or neutron targets. During 
this year the lower limit of thickness has been ex-
tended for many metals; now rare earth foils of 500 
Hg/cm2 can be prepared, and magnesium has been 
rolled to 300 /ig/cm2 . 

Finally, the addition of hot pressing capability has 
permitted preparation of thick refractory metal 
isotope samples. For example, all ruthenium metal 
isotopes were formed into square waferscontaining5 
to 20 g of metal over an area of 2.6 cm2. Pressing of 
hydrogen-reduced ruthenium powder in ATJ graph-
ite dies at 5000 psig and 1000°C resulted in compacts 
of excellent mechanical strength and about 92% 
theoretical density. Although some graphite adhered 
to the metal surfaces, this could be removed by air 
oxidation in a furnace followed by hydrogen reduc-
tion. Surfaces remained planar and smooth during 
this treatment. The hot press also provides a unique 
method of bonding rolled metal foils to dissimilar 
metal substrates by diffusing the metals at the inter-
face under conditions of high temperature and pres-
sure. The bond thickness is controlled by time and 
temperature, and the bond has proven superbly 
capablc of withstanding 1000° C temperature differ-
entials without failure (depending upon the metals 
used). 

RADIOISOTOPE TARGETS AND 
RESEARCH MATERIALS 

H. L. Adair B. L. Byrum W. B. Grisham 
C. Culpepper J. M. Dailey J. Lovegrove 

Without question, heavy-element specimen prep-
aration and research involving the physical proper-
ties of the actinides has been the most significant 
activity of the IRML program for the year. Only a 
few highlights can be presented here. Throughout the 
period hundreds of vapor-deposited fission foils have 
been prepared, and the program is expected to con-
tinue for another two or three years. Fission foils are 
thin deposits of an actinide oxide on titanium or 
aluminum substrates of 1 to 2 mg/cm2 (both sides); 
these pieces are then stacked in parallel fashion in a 
container for the purpose of measuring fission events 
induced during bombardment by high-energy pho-
tons, electrons, positrons, or neutrons. Provided the 
quantity of actinide nuclei is well known, reaction 

rates can be accurately measured and resonances 
determined. Deposits (5 to 10 cm in diameter) of the 
various actinidc isotopes have been produced with 
nuclide content known within an error of ±1.5%. 
Dircct weight measurements and low geometry 
counting arc used to define the deposit composition 
accurately. 

Rolling of thorium and uranium metals has been a 
major part of the program this year. Four hundred 
foils (10 cm X 10 cm) of high-purity : , 2Th were pro-
duced in various thicknesses from 20 mg/cm2 to 
100 mg/cm2 . Similarly, precision rolling of uranium 
was developed to produce foils of 2.5 cm X 7.5 cm 
having a thickness of 500 mg/cm2 ± 5 mg/cm2. This 
latter development has resulted in a request to roll 
40 kg of 23:1 U to a similar thickness but in a planar size 
of 5 cm X 15 cm. This work will be completed within 
FY 1977. As much as 600 kg of uranium may be 
processed by IRML technology in the following 
year. 

Extensive research and development has been 
applied to the possible purification of plutoniumand 
americium metals containing myriad elemental 
impurities such as other actinides and light-element 
contaminants. Of coursc, such purification can be 
accomplished by ion exchange or other wet chemical 
methods, but in this case dircct high-temperature 
metal distillations were investigated to fractionate the 
components. If the starting sample is a mixture of 
oxides, then the reduction-distillation method, with 
thorium metal as the reductant, can be used to con-
vert the components to metaland fractionate accord-
ing to relative vapor pressures. For metal mixtures, 
immediate fractionation by vaporization is possible. 
However, in both cases crucible compatibility was 
found to be the major problem, especially where 
molten plutonium was present. It was determined 
after many distillations that (l)reduction-distillation 
could be performed from tantalum carbide crucibles 
in most cases if temperatures remained less than 
1800°C and (2) yttria crucibles were compatible for 
direct metal distillations where molten, boiling 
plutonium was present. All such distillations are 
carried out in high vacuum, and heating is accom-
plished by radio-frequency (450 kHz) induction. In 
all cases high vapor pressure impurities are collected 
and discarded before distillation of the desired com-
ponents) is performed. Components having vapor 
pressure less than that of the desired metal(s) remain 
in the distillation crucible. By this means it is feasible 
to purify and to separate nearly quantitatively 
americium, plutonium, and curium metals, with 
decontamination factors for most other impurities , 
being about 500 to 10,000 per distillation. Multiple 
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distillation of the desired components can rcducc 
impurity levels to negligible concentrations. This 
work is expected to continue for another year or 
more. 

PREPARATION OF AN "'Am 
METALLURGICAL SPECIMEN 

II. I.. Adair 
C. A. Culpepper 

W. H. Grisham 
T. C. Quinby 

("or use in measuring the physical metallurgical 
properties of americium metal in its purest state, the 
reduction-distillation process was selected to prepare 
metal according to the chemical reaction 

AmO: + Th • ThO: Am f 

Experience with alkaline earth metals, rare earth 
metals^ and other actinide metals produced by this 
method indicates that extraordinarily pure metal 
results, usually less than or about 150,ppm total 
impurity content including oxygen, nitrogen, and 

carbon. Using a pelleti/.ed mixture of AmO; and 
thorium metal (20% excess), the reaction is induced 
by heating in a tantalum vessel constricted at the 
upper end to generate a "pencil" of metal vapor upon 
distillation. Condensation of the metal vapor in a 
thin, quartz hemispherical collector results in an 
easily removable "hat" that contains little or no 
silica. 

For the metallurgical specimen, 25-g quantities of 
AmOvwcre rcacted and distilled until a total of 165 g 
of metal was accumulated. This quantity represented 
an efficiency of reduction-collection of 88%. The 
entire I65-g quantity was then consolidated by arc 
melting and cast into a right cylinder of 1.75 cm 
diam X 2.30 cm length. Machining of the crude cast-
ing was performed in a high-purity argon atmo-
sphere; however, the minor contaminants "in the 
argon atmosphere were sufficient to cause the 
machincd cylinder to surface tarnish. Machining of 
thcamericium metal was considered no mo re difficult 
than machining brass. 

Notably, the final cylinder (Fig. 6.2) weighed 73.69 
g and had an approximate temperature of 350°C' 

PHOTO 3515-77 

. Pig. 6.2. Ameiicium-241 cylinder, weighing 73.69 g, as machined from arc-melted and drop-cast ingot. Sample temperature was 
estimated to be 350°C caused by radiation self-absorption. 
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caused by radiation heating (energy resulting from 
self-absorption of alpha and gamma radiation). A 
density based on weight and dimensional volume was 
calculated to be 13.29 g /cm 3 or 98% theoretical. 
Radiation measurements indicated a gamma field of 
65 R/hr perpendicular to the cylindrical surface and 
35 RI hr perpendicular to the end surfaces. All opera-
tions described above were performed in glove boxes 
using 30-ml lead-loaded gloves and modular shield-
ing. An argon atmosphere was mandatory at all 
times because of the reactivity of americium metal. 

To our knowledge this cylinder of americium metal 
represents the largest quantity of metal ever produced 
and certainly the only amcricium to have been cast 
and machined. 

REACTOR DOSIMETERS 

H. L. Adair J. M. Dai Icy B. L. By rum 
J. A. Setaro T. C. Quinby J. Lovcgrove 

By choosing nuclides whose neutron reaction 
product nuclei are gamma-ray emitters, the number 
of product nuclei generated during neutron bom-
bardment can be determined by direct radiation 
counting. Neutron reaction rate data and the number 
of detected gamma-emitting nuclei can be used to 
compute the number and energy of neutrons respon-
sible for transmutation or fission reactions. If such 
neutron spcctral data are determined at many points 
in a reactor core or reflector region, then a three-
dimensional ncutronics mapping can be computed. 
For more than lour years, IRML has produced neu-
tron dosimeters needed for reactor neutron spectral 
mapping. Each dosimeter consists of a vanadium 
capsule of 1.2-mm OD and 0.7-mm ID of varying 
lengths (depending upon the contained nuclide, for 
example, UO;is contained in a6-mm-longcapsule, 
whereas " , sUO; is loaded intoa 10-mm-longcapsule). 
The small capsule size permits as many as 35 ma-
terials to be included in a "set" to monitor neutrons 
from thermal to 18-MeV energies. Most recently, the 
vanadium capsulc diameter has been reduced to 
0.9 mm with an internal bore of 0.6 mm to accom-
modate placing dosimeter sets in the fuel configura-
tions of the Fast-Flux Test Facility (FFTF). 

A complex and extensive quality assurance pro-
gram has been developed for materials characteriza-
tion, capsule fabrication, capsule weldrdosure, 
dosimeter nuclide content, and especially for analyti-
cal methods (±1%. 2a). With the advent of the 
0.9-mm-diam capsule, capsule identification coding 
has been studied extensively, because each capsule 

must be identifiable "in-cell" (with the aid ofa Kohl-
Morgan tclescope). and the identification marks 
must be legible without deformation of the capsule 
wall (0.17 mm thick) or overall capsulc length. Use of 
the binary dot code (imprinted by scribe impact) will 
necessarily be abandoned in favor of microlcttcrs on 
the solid capsulc base (printed by impact dies). 

During this year 680 m cach o f a 0.1 wt % CoO-
MgO and a 0.1 wt % Sc :-MgO were prepared by the 
urea precipitation process followed by extrusion and 
sintering to approximately 68% theoretical density. 
This quantity of cach material is specified so-thai an 
inventory of uniform material will be available for 
dosimetry for at least a ten-vear period. Similar dilu-
tions of :'"UO :. -"UO;. : i 7NpO;. :<"PuO:. Ni, Fe. Ag, 
and Au are in preparation or will be produced in the 
next year. Special furnaces and glove box facilities 
for this purpose have been constructed and installed. 
Nearly 1000 dosimeters were loaded, tested, and 
shipped during the year. 

Developments involving the general method of 
ceramic and cermet wire preparation were awarded a 
U.S. patent and won one of the Industrial Rcsearch-
100 awards for 1976. 

CERAMIC A N D CERMET DEVELOPMENT 

.' T. C. Quinby J. Oxcndine 

MgO Ceramic Dishes 

Analyses of uranium ores (for uranium content) or 
waste materials arc frequently made by optical fluo-
rescence measurements on fused starting material 
with NaF under UV irradiation. Each analysis re-
quires the use o f a dimpled platinum dish of [6-mm 
diam X 0.8-mm depth. Such a crucible costs ap-
proximately S18 per dish. Dishes for this purpose arc 
only used once and then must be discarded. Because 
of ceramics technology developed for reactor dosim-
etry materials, it was a natural extension to attempt 
fluoresccncc dish preparation from MgO, which has 
a low fluorescencc background (like platinum) and 
which could be formed in the "green" state (with 
binder) into the specified physical configuration. 
Using the urea precipitation method to obtain 
0.2-0.3-/IIT1 particle-size MgO, dishes were formed by 
pressing in a precision die. In,practice, if many thou-
sands of these sample dishes were needed, a rolled 
sheet of the "green" ceramic could be punched and 
formed simultaneously on an assembly line basis. 
Taking into consideration shrinkage on firing the 
green MgO, dishes were formed having an almost 
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identical dimension and thickness to that of the plati-
num dishes. As a practical consequence of this devel-
opment effort, it is estimated that fluorescence dishes 
costing approximately S0.05 each can be produepd as 
compared with theS18-caeh cost of platinum; tlius,a 
valuable, scarce national resource will be preserved. 
Personnel in analytical chemistry estimate an annua1 

market consumption of 500,000 dishes per year and 
an ORNL consumption of approximately 50,000. 

Catalysis for 3H-'H20 Exchange 

Mound Laboratories ai'e presently developing a 
countercurrcnt extraction process of ' l l ; from the gas 
phase u.sing liquid H:0. This program is designed to 
remove tritium from reactor or fucl-reproccssing 
effluents. Tritium would be concentrated preferen-
tially in I hc aqueous phase. However, exchange 
requires the use of a solid, hydrophobic catalyst to 
achieve a r m - 1 . 5 . Presently a platinum catalyst 
deposited chemically on AbOi sintered spheres, to-
gether with an organic hydrophobic agent, is being 
employed as the catalyst. Unfortunately, the proprie-
tary catalyst is degraded, and eventually the organic 
agent and piatinum leaches off the alumina support 
under the influence of radiation from tritium. At low 
tritium,concentration this organic degradation is not 
as significant as when the tritium becomes measur-
ably concentrated (about 10 ' mol fraction). It is the 
purpose of our work to develop.a long-life, nonde-
grudablc catalyst having physical form other than 
spherical and capablc of enhancing H-T exchange 
rates. 

Using MgO coprccipitatcd from molten urea with 
a volatilizable inorganic material, extrudablc ceramic 
material was produced that, with an appropriate 
binder, could be tormed into a wide variety of physi-
cal shapes: Raschig rings, saddles, spheres, wires, 
spirals, etc. Platinum or other suitable catalyst metals 
can be coprccipitatcd in the bulk catalyst or later 
introduced onto the sintered ceramic surfaces by a 
variety of methods. Surface area and structure of the 
catalyst can be controlled by inorganic additives that 
are volatilized in the sintering process. To date, a 
variety of these ceramic orcermet catalysts have been 
prepared and , tested against the activity of the 
"Mound" material. Using the rate of catalytic de-
composition of hydrogen peroxide at room tempera-
ture as a test of relative catalytic activity, ORNL 
catalysts have shown enhanced activity by factors of 
10 to 100. The most active catalyst prepared to date 
has platinum sputtered onto the formed MgO 
.ceramic; the platinum layer was on the surface only 
and was approximately 3000 A thick. No attempt has 

been made as yet to codeposit an inorganic hydro-
phobic agent, but preparations arc now in progress 
for this experiment. 

Ceramic, Cermet Bodies for Fission 
Product Waste Containment 

A new program was begun to investigate the 
efficacy of using ceramic or cermet technology to 
render insoluble and containable large quantities of 
stored fission wastes at Hanford, Savannah River, 
and other ERDA sites. Using a modified urea copre-
cipitation proccss (used in other ceramics processes 
already described) seemed to result in the solidifica-
tion of mock fission product mixtures into homo-
geneous small-size crystallites compactiblc by hot 
pressing. Scanning electron microscope (SEM) 
examination of hot-pressed compacts using copre-
cipitated oxides containing nickel, which were 
calcincd in hydrogen prior to compaction, indicates 
that the crystallites are encased in a continuous layer 
of nickel. Such nickel coating would render even 
more insoluble and unleachable fission products that 
arc compacted and sintered into a rock-like mass. No 
leach rate studies have been initiated as yet. 

FISSION-FRAGMENT-GENERATING 
TARGETS OF 235U02 

H. L. Adajr B. L. Byrum J. M. Dailcy 

Large area planar targets of 235UO: were requested 
by a commercial firm for the purpose of generating a 
uniform source of fission fragments during neutron 
bombardment. The finished targets were to have 
physical dimensions of 20 X 30 in.2 (508 X 762 mm2). 
Because the overall target dimensions were far in 
excess of our largest vacuum evaporation equipment, 
the appoach taken was to divide the targctarea in half 
(10X30 in.2) and reassemble the re: .'lantpiecesona 
support grid after preparation. In this case, however, 
the titanium substrate material was necessarily cut 
into 60° parallelograms so that the composite would 
have no linear discontinuities parallel to the 30-in.-
long side. One titanium parallelogram at a time was 
attached toafixtu re in the vacuum chambersuch that 
it could be rotated over the vapor source in a "Ferris 
wheel" configuration. Because an adherent coating 
was required, radiant heat lamps were directed at the 
rotating substrate; a substrate temperature of about 
350°C was routinely achieved during vapor deposi-
tion. 

Coating thickness uniformity of 1 m g / c m 2 ± 1% 
over the entire composite area (600 in.2) was required. 
Because of the width of the substrate, it was necessary 
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to simultaneously evaporate UOj from two parallel-
mounted. clectron-beam-heated vapor sources with 
effective evaporation rates being 99%equal on a rela-
tive basis. Careful calibration of evaporation rate and 
electron beam . nergy was required; precise location 
of each vapor source with reference to the tangent of 
the rotating substrate was nccessary. In practice, 
deposition of UO: was achieved to 1 mg/cm 3 ± 1% 
using the described arrangement of fixturing. A total" 
of six composite targets were prepared (12 individual 
vapor-deposited strips) in a period of one month. The 
targets represented the largest physical area speci-
mens ever prepared by IRML. 

WIRE DOSIMETERS FOR 
WESTINGHOUSE-BETTIS 

W. S. Aaron C. A. Culpepper 

A major program involving preparation of 270-cm 
lengths of 0.25-mm-diam thorium metal wire encased 
in 0.55-mm-diam pure titanium tubing was under-
taken at the request of Westinghouse-Bettis. The 
samples v55 each) will be used to "wire wrap" fuel 
rods in, the Shippingport rcactor. To produce wire of 
smooth, uniform dimension usually requires many 
combined technologies: arc melting and casting, 
extrusion, wire drawing, and finally swaging to final, 
dimension. An alternative process of rolling long 
strips of thorium, about 0.4 mm thick, shearing 
0.4-mm-widc "square" wires, and swaging to final 
dimension was developed bccause IRML docs not 
halve wire extrusion and drawing capability. After 
development, the actual preparation of the 270-cm 
lengths was subcontracted to Atomergic Chemetals 
Company. 

Although the internal diameter of the encapsulat-
ing titanium tubing was 0.32 mm, the thorium wire 
was found not insertable pasta distance of about 150 
cm bccause of the friction between the thorium and 

titanium surfaces. Even with graphite lubricant, fric-
tion could not be rcduccd to permit complete inser-
tion. It was lound necessary to insert four equal 
lengths, using a piano wire "ram" to ensure insertion 
and no void space between thorium wire segments. 
Radiographs of the contact zones were used as 
quality .assurance for proof of contact. 

A second set of dosimetry wires a re being prepared 
but in shorter lengths and containing about I-cm 
Icngths'of Co-V.Th-V. : , , U-V, and Ta-V alloys. Each 
•ol' the component alloys was produced by arc-
melting, arc-stirring, and drop-casting carefully 
compounded mixtures (by weight) of the alloy com-
ponents. One exception to this procedure was the 
'"U-V alloy containing 3.6 wt % : " U . Ultrahigh 
isotopic purity "''UjO* was furnished by Knolls 
Atomic Power Laboratory (K APL) for this purpose, 
but only 1 g of clcnient was available. This minute 
quantity was too small to perform a reduction to 
metal by usual methods. Development of an auto-

'reduction process during alloy preparation solved 
this problem according to the chemical reaction 

UJOK + V (excess) -jjjjj^r UV alloy + V , 0 , i . 

Although a uranium yield of about 50% is realized in 
, this process, the excess UjO« floats to the surface of 

the molten vanadium and can be reclaimed chemi-
cally. Thus valuable isotope is preserved and the alloy 
is formulated using only a minute amount of starting 
material. Analysis of the resultant alloy then permits 
addition of vanadium to dilute the uranium content 
to the appropriate composition. As with the thorium 
wires described above, each alloy is rolled into strip 
sheet and sheared to form "square" wire suitable for 
rotary swaging to 0.25-mm diam. This work is con-
tinuing at present and will be complete within the fis-
cal year. 
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Type-II Superconductors" [Bull. Am. Phys. Soc. 21, 289 (1976)] 

W. C. Koehler and J. W. Cable, "Field-Induced Paramagnetic Form Factor in Metallic Titanium" [Bull. 
Am. Phys. Soc. 21, 328 (1976)] 



'187 

Bennett C. Larson, "Diffuse Scattering from Dislocation Loops" [Bull. Am. Phys. Soc. 21, 360 (1976)] 

R. W. Major, Y. Chen, and F. A. Modine, "Defects in Neutron-Irradiated Barium Oxide"[flw//. Am. Phys. 
Soc. 21, 344 (1976)] 

H. A. Mook, "Neutron Inelastic Scattering Study of TTF-TCNQ" [Bull. Am. Phys. Soc. 21, 362 (1976)] 
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Thirty-sixth Annual Physical Electronics Conference, Madison, Wisconsin, June 7-9, 1976: 
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J. Narayan and O. S. Oen, "Depth Distribution of Self-Ion Damage in Nickel" 
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Irradiated NaClOj Single Crystals" 
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W. C. Koehler, "Applications of Neutron Scattering to the Study of Magnetic Materials" (invited paper) 
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C. W. White, "Optical Radiation from Low-Energy Ion Impact" (invited paper) 
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J. Narayan and T. S. Noggle, "Dislocation Channeling in Molybdenum" 
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S. M. Ohr, "Image Simulation of Dislocation Loops" 
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U. Roy, A. DasGupta,and C.C. Koch, "Preparation and Superconducting Properties of Lithium Titanatc" 

International Geological Congress (Geophysics Section), Sydney, Australia, August 23-27, 1976: 

B. L. Dickson, G. J. Clark, and B. McGregor, "Correcting for Overburden Effects in Ground Level 
Radiometric Surveys of Uranium Ore Bodies" 
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L. J. Gray and Theodore Kaplan, "On the Approximation of Wiener-Fey nman Integrals" [Not. Am. Math. 
Soc. 23(5) (1976)] 
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Temperatures" 
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International Conference on Magnetism, Amsterdam, The Netherlands, September 6-10, 1976: 

J. W. Cable and E. O. Wollan, "Magnetic Moment Distribution of Ferromagnetic Ni-Rh Alloys" 

D. Gignoux, F. Givord, and W. C. Koehler, "Determination of Cobalt Behavior in TmCo2 and H0C02 by 
Means of Polarized Neutron Diffraction" 
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InternationaI Conference on Layered Semiconductors and Metals, Bari, Italy, September 6-10, 1976: 

N. Wakabayashi, "Lattice Dynamics of Layered Structures" (invited paper) 

Fourth International Conference on Physics of Non-Crystalline Solids, Clausthal-Zellerfeld, Germany, 
September 13-17, 1976: 

M. Nasrallah, S. Arafa, A. Bishay, and R. A. Weeks, "Redox Conditions of Formation of Libyan Desert 
Glass" 

R. A. Weeks, D. L. Kinser, and J. M. Lec, "Charge Trapping and Dielectric Breakdown in Lead Silicate 
Glasses" 

KnoxviUe-Oak Ridge Section of the American Institute of Chemical Engineers Annual Symposium, Energy 
Conservation and Alternate Sources, Oak Ridge, Tennessee, September 20-22, 1976: 

R. F. Wood, "Photovoltaic Conversion of Solar Energy" (invited paper) 

TMS-AIME Fall Meeting, Niagara Falls, New York, September 20-23, 1976: 

S. T. Sckula and H. R. Kerchner, "Fluxoid Motion in Superconductors in AC Magnetic Fields" 

Twenty-third National Vacuum Symposium of the American Vacuum Society, Chicago, Illinois, September 
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O. S. Oen, "Calculations of Low-Energy Light Ions Impinging Upon Solids" (invited paper) 
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Y. K. Chang, G. W. Crabtrce, and J. B. Kettcrson, "Conduction Electron Scattering in Quenched and 
Annealed Gold" 
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T. S. Noggle, B. R. Appleton, J. M. Williams, O. S. Oen, J. A. Biggerstaff, and T. Iwata, "Damage 
Production Rates of 5-MeV Al Ions in Al" 

S. M. Ohr, "Electron Microscope Studies of the Nature of Defect Clusters in Copper" 

F. W. Young, Jr., "Interstitial Mobility and Interactions" (invited paper) 

Fifth Annual Conference on International Nuclear Target Development, Los Alamos, New Mexico. October 
19-21, 1976: 

H. L. Adair, J. R.Gibson, E. H. Kobisk,and J. M. Dailey, "Vapor Deposition of Large Area Np02and U02 
Deposits" 

Detrition Meeting, Toronto, Canada, October 20, 1976: 

E. H. JCobisk, D. W. Ramey, and P. R. Kuehn, "Aqueous Hydrogen Isotope Separation Using Bipolar 
. Electrodes" 

Integrated Contractors Meeting on Coatings, Livermore, California, October 25, 1976: 

H. L. Adair, J. R. Gibson, and J. M. Dailey, "Vacuum Evaporation of Large Area Np02and U02 Deposits" 

Fourth Conference on the Scientific and Industrial Applications of Small Accelerators, Piscatawav, New Jersey, 
October 25-27, 1976: 

John H. Barrett, "Use of Computer Simulation to Interpret Channeling Experiments" {Bull. Am. Phys. 
' Soc. 21, 1345 (1976)] (invited paper) 
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G. J. Clark, "The Use of Small Accelerators for Mineralogical Studies" [Bull. Am. Phys. Soc. 21, 1340 
(1976)] (invited paper) 

O. W. Holland and B. R. Appleton, "Well-Channeled Ions with Greater-Than-Random Energy Loss 
Rates" [Bull. Am. Phys. Soc. 21, 1346 (1976)] 

T. S. Noggle, B. R. Appleton, J. M. Williams,O.S.Oen, J. A. Biggerstaff,and T. Iwata,"Damage Ratesof 
MeV Al Ions in Al" [Bull. Am. Phys. Soc. 21, 1330 (1976)] (invited paper) 

Symposium on Molecular Spectroscopy of Reactive Intermediates, Twenty-eighth Southeastern Regional 
American Chemical Society Meeting, Gatlinhurg, Tennessee, October 27-28, 1976: 

J. B. Bates, "Resonance Raman Scattering and Infrared Absorption Spectroscopy of Radicals and 
Molecular Ions in Irradiated Inorganic Crystalline Solids" (invited paper) 

IAEA Technical Committee Meeting on Radiation Damage Units, Harwell, United Kingdom, November 2-3, 
1976: 

D. G. Doran, D. M. Parkin, and M. T. Robinson, "Damage Energy and Displacement Cross Sections: 
Survey and Sensitivity" 

Surface Science and Heterogeneous Catalysis Symposium, Oak Ridge, Tennessee, November 8-9, 1976: 

B. R. Appleton, "Positive Ion Crystallography of Surfaces (PICS)" 

John H. Barrett, "Use of Computer Simulations to Interpret Experiments on Ion Scattering from Surfaces" 

H. L. Davis, "Low-Energy Electron Diffraction: Theory and Calculation" 

L. H. Jenkins, "Surface Research Programs in the Solid State Division" 

J. R. Noonan, "Use of Angle-Resolved Auger Electron Spectroscopy for Site Identification of Sulfur 
Adsorbed on a Cu (100) Surface" 

O. S. Oen and M.T. Robinson, "Backscattering Calculations of Low-Energy Light Ions Impinging Upon 
Solids" 

C. W. White, "Optical Emission and Charge Exchange Phenomena in Low-Energy Ion-Surface Collisions" 

D. M. Zehner, "Surface Studies with Electrons" 

International Conference on Vrlence Instabilities and Related Narrow Band Phenomena, Rochester, New York, 
November 10-12, 1976: 

H. A. Mook, "Phonons and Magnons in the Mixed Valence System Smo.^Yo.isS" (invited paper) 

Southeastern Section Meeting, American Physical Society, Virginia Beach, Virginia, November 10-13, 1976: 

R. L. Chaplin, R. R. Coltman, Jr., and J. K. Redman, "Resistivity Changes Due to Radioactive Decay in 
Copper" [Bull. Am. Phys. Soc. 22, 499 (1977)] 

J. R. Noonan, H. L. Davis, D. M. Zehner, and L. H. Jenkins, "Use of Angle-Resolved Auger Electron 
Spectroscopy for Site Identification of Sulfur Adsorbed on a Cu (100) Surface,"[Bull. Am. Phys. Soc. 22,488 
(1977)] 

D. M. Zehner, "Determination of Surface Structure Using Electron and Ion Scattering Techniques" [Bull. 
Am. Phys. Soc. 22, 491 (1977)] (invited paper) 

Lippincott Medal Symposium, FACSS Meeting, Philadelphia, Pennsylvania, November 14-19, 1976: 

J. B. Bates, "Fourier Transform Infrared and Resonance Raman Spcctra of Metastable Species in 
Irradiated Solids" (invited paper) 
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Materials Research Society Meeting, Cambridge, Massachusetts, November 15-17, 1976: 

M. M. Abraham, "Radiation-Induccd Defcct Production in the Alkaline Earth Oxides" (invited paper) 

M. T. Robinson, "Radiation-Induced Defect Production in Metals" (invited paper) 

Twelfth IEEE Photovoltaic Specialists Conference, Baton Rouge, Louisiana, November 15-18, 1976: 

R. D. Westbrook and T. L. Polgreen, "Neutron Transmutation Doped Silicon Solar Cells" 

R. T. Young, J. W. Cleland, and R. F. Wood, "Electrical Properties of Neutron Transmutation Doped 
Polycrystalline Silicon" 

ERDA-DPR Heterogeneous Catalysis Research Meeting, Germantown, Maryland, November 22-23, 1976: 

L. H. Jenkins, "Solid State Aspects of Heterogeneous Catalysis" (invited paper) 

American Physical Society Meeting, Chicago, Illinois, February 7-10, 1977: 

Y. K. Chang, G. W. Crabtree, and J. B. Ketterson, "Study of Defect Scattering on Quenched and Annealed 
Gold by the dc Haas-van Alphen Effect" [Bull. Am. Phys. Soc. 22, 23 (1977)] 

Sixth Annual Symposium on Applied Vacuum Science and Technology, Southeastern Chapter of the American 
Vacuum Society, Tampa, Florida, February 14-16, 1977: 

J. F. Wendelken and D. M. Zehner, "Characterization of Reconstructed and 'Normal' Gold (100) Surfaces 
via LEED, AES, ELS and Oxygen Absorption" 

One-hundred-sixth Annual Meeting, The Metallurgical Society of AIM E, Atlanta, Georgia, March 6-10,1977: 

S. M. Ohr, "Displacement Field of a Dislocation Loop near a Stress-Free Surface" 

Fruhjahrstagung der Deutschen Physikalischen Gesellschaft, Miinster, Germany, March 7-11, 1977: 

G. Maderlechner, M.T. Robinson, R. Behrisch,and B.M.U.Scherzer,"BerechnungderEnergiedeposition 
und der Zerstaubungsausbeuten bei Beschu/3 von Metallen mit leichten Ionen" 

American Vacuum Society, New York Chapter on Amorphous Silicon Solar Cells, Yorktown Heights, New 
York, March 9, 1977: 

G. J. Clark, "The Use of Nuclear Reactions and SIMS for Quantitative Depth Profiling of Hydrogen in 
Amorphous Silicon" (invited paper) 

American Physical Society Meeting, San Diego, California, March 21-24, 1977: 

J. B. Bates, "Temperature Dependence of the Resonance Raman Scattering from Metastable Molecules in 
Irradiated NaClO/ ' [Bull. Am. Phys. Soc. 22, 315 (1977)] 

J. B. Bates and R. A. Perkins, "Spectroscopy of Hydrogen, Deuterium, and Tritium in Rutile"[#w//. Am. 
Phys. Soc. 22, 473 (1977)] 

J. L. Boldu, H. J. Stapleton, Y. Chen, and M. M. Abraham, "Vot> Center in Crystalline SrO" [Bull. Am. 
Phys. Soc. 22, 409 (1977)] 

Y. Chen and M. M. Abraham, "Evidence for Suppression of Radiation Damage in MgO" [Bull. Am. Phvs. 
Soc. 22, 330 (1977)] . 

D. K. Christen, S. Spooner, and H. R. Kerchner, "Low-Field Critical Parameters of Superconducting 
Niobium by Small-Angle Neutron Diffraction" [Bull. Am. Phys. Soc. 22, 425 (1977)] 

J. F. Cooke, H. L. Davis, and Mark Mostoller, "Lattice Dynamics of Transition Metal Systems" [Bull. Am. 
Phys. Soc. 22, 463 (1977)] 

H. L. Davis, "Quasiatomic Interpretation of Angular-Dependent Auger Spectroscopy (AD AS)" [flu//. Am. 
Phys. Soc. 22, 254 (1977)] 
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P. Ehrhart, "Self-Interstitials and Their Agglomerates in Mo and Nb Investigated by Huang Diffuse 
Scattering" [Bull. Am. Phys. Soc. 22, 381 (1977)] 

J. Feldott, G. P. Summers, Y. Chen, M. M. Abraham, and H. T. Tohver, "Fluorescence in Proton and 
Neutron-Irradiated SrO" [Bull. Am. Phys. Soc. 22, 351 (1977)] 

• 
Theodore Kaplan, L. J. Gray, and M. Ulehla, "Elementary Excitations in Disordered Systems" [Bull. Am. 

Phys. Soc. 22 ,348 (1977)] 
H. R. Kerchner, D. K. Christen, and S. T. Sekula, "Anisotropy of the Magnetization of Superconducting 

Niobium" [Bull. Am. Phys. Soc. 22, 425 (1977)] 

C. E. Klabunde, J. B. Roberto, J. M. Williams, and R. R. Coltman, Jr., "Isochronal Recovery of High-
Energy d-Be Neutron Damage in Cu, Nb, and Pt" [Bull. Am. Phys. Soc. 22, 329 (1977)] 

H. H. Madden, D. M. Zehner, and J. R. Noonan, "The U Wand MVV Auger Spectra of C\x"[BuU. Am. 
'Phys. Soc. 22, 432 (1977)] 

R. Maglic, T. O. Brun, G. P. Felcher, Y. K. Chang, and J. B. Ketterson, "Paramagnetic Form Factor of 
Metallic Platinum" [Bull. Am. Phys. Soc. 22, 427 (1977)] 

F. A. Modine, "Optical Dichroism of [Li]0 Centers in MgO" [Bull. Am. Phys. Soc. 22, 352 (1977)] 

R. M. Moon and W. C. Koehler, "Magnetic Form Factor of Smo.76Yo.24S and SmS" [flu//. Am. Phvs. Soc. 
22 ,292 (1977)] 

J. Rubio O., H. T. Tohver, Y. Chen, and M. M. Abraham," V and V" Defects in SrO"[fl«//. Am. Phys. Soc. 
22 ,352 (1977)] 

H. G. Smith, "Phonon Spectra in Metals with Strong Electron-Phonon Interactions"[flw//. Am. Phys. Soc. 
22, 387 (1977)] (invited paper) 

E. Sonder, R. A. Weeks, and F. A. Modine, "Determination of the Fe:+ and Fe^ Concentrations in MgO" 
[Bull. Am. Phys. Soc. 22, 458 (1977)] 

H. T. Tohver, Y. Chen, and M. M. Abraham, "Radiation-Induced Diffusion of Substitutional Hydrogen 
and Deuterium in MgO" [Bull. Am. Phys. Soc. 22, 330 (1977)] 

M. Ulchla and H. L. Davis, "Radiative Electron Capture by Channeled Ions in Metals: Consequences of 
Theoretical Models" [Bull. Am. Phys. Soc. 22, 327 (1977)] 

J. M. Williams, J. B. Roberto, C. E. Klabunde, and M.J. Saltmarsh, "Damage Production by High-Energy 
</-Be Neutrons in Cu, Nb, and Pt at 4.2 K" [Bull. Am. Phys. Soc. 22, 329 (1977)] 

T. M. Wilson, J. Feldott, G. P. Summers, and R. F. Wood, "Optical Properties and Electronic Structure of 
the F* Center in SrO" [Bull. Am. Phys. Soc. 22, 351 (1977)] 

T. M. Wilson, W. A. Sibley, H. T. Tohver, R. F. Wood, Y. Chen,and M. M. Abraham,"Optical Emission 
from Anion Vacancies in Nonstoichiometric MgO" [Bull. Am. Phys. Soc. 22, 352 (1977)] 

R. T. Young and J. W. Cleland, "Studies of Neutron Transmutation Doped Silicon" [Bull. Am. Phys. Soc.-
22,328 (1977)] 

D. M. Zehner and J. F. Wendelken, "LEED, AES and ELS Characterization of Au (100) Surface 
Structures" [Bull. Am. Phys. Soc. 22, 357 (1977)] 

Symposium on Recent Advances in Solid State Chemistry, American Chemical Society Meeting, New Orleans, 
Louisiana, March 21-25, 1977: 

R. F. Williamson, W.O.J. Boo, and W. C. Koehler, "Magnetic Ordering in the Lower Valence Vanadium 
Fluorides" 

Conference on Neutron Scattering at High Energies, Oxford, England, April 4-6, 1977: 

H. A. Mook, "Neutron Scattering Studies of Momentum Distributions in Liquid 4He" (invited paper) 
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Conference on High-Temperature Sciences Related to Open-Cycle, Coal-Fired MHD Systems, Argonne, 
Illinois, April 4-6, 1977: 

R. A. Weeks, E. Sonder, K. F. Kelton, J. C. Pigg, and J. Narayan, "Dielectric Breakdown in MgO Single 
Crystals at High Temperature" 

American Ceramic Society Annual Meeting, Chicago, Illinois, April 24-26, 1977: 

M. M. Abraham, J. Rubio O., H. T. Tohver, and Y. Chen, "Cation Vacancies in SrO Crystals" [Am. 
Ceram. Soc. Bull. 56, 298 (1977)] 

Y. Chen, M. M. Abraham, and H. T. Tohver, "Radiation-Induced Diffusion of Substitutional H and D in 
MgO Single Crystals" [Am. Ceram. Soc. Bull. 56, 298 (1977)] 

J. M. Lee, D. L. Kinser, and R. A. Weeks, "Gamma-ray-induced Electric Conductivity of Lead Silicate 
Glass" [Am. Ceram. Soc. Bull. 56, 332 (1977)] 

H. T. Tohver, M. M. Abiaham, and Y. Chen,"Thermally Generated [Li]° Defect in MgO Crystals"[Am. 
Ceram. Soc. Bull. 56, 298 (1977)] 

R. A. Weeks, E. Sonder, J. C Pigg, and K. Kelton, "Electric Field Effects on the Conductivity of MgO 
Single Crystals" [Am. Ceram. Soc. Bull. 56, 303 (1977)] 

High-Efficiency Radiation-Damage Silicon Solar Cell Meeting, Cleveland, Ohio, April 28-29, 1977: 

R. F. Wood, R. D. Westbrook, R.T. Young, and J. W. Cleland, "Transmutation Doping of Silicon Solar 
Cells" 



Seminars 

SOLID STATE DIVISION SEMINARS AT ORNL 

M. M. Abraham served as Seminar Chairman during the period covered by this report. The following seminars 
were held: 

' Grain Boundary Mobility in K.C1," M. F. Yan, Massachusetts Institute of Technology, Cambridge, 
Massachusetts 

"Neutron Scattering Experiments Using the Backscattering Spectrometer," B. Alefeid, Kernforschungsanlagc, 
Jiilich, Germany 

"Science and Technology in Egypt," A. Bishay, American University in Cairo, Cairo, Egypt 

"Superconductivity in Polymeric Sulfur Nitride (SN)i,"A. F. Garito, University of Pennsylvania, Philadelphia, 
Pennsylvania 

"Charge Transport in Heterogeneous Oxide Systems,'" R. W. Vest, Purdue University, Lafayette, Indiana 

"Physical Electronics and Factors Limiting the Efficiency of Solar Cells," F. A. Lindholm, University of 
Florida, Gainesville, Florida 

"The Use of Ion Channeling to Study Defect Interactions in Metals," M. L. Swanson, Chalk River Nuclear 
Laboratories, Chalk River, Ontario, Canada 

"Optical Detection of Electron Paramagnetic Resonance," Y. Merle d'Aubigne, University of Grenoble, 
Grenoble, France 

"Experiment and Theory on Substitutional^ Disordered Magnetic Systems," R. A. Cowley, University of 
Edinborough, Edinborough, Scotland 

"Neutron Scattering from Type-II Superconductors," R. Sacks, Argonne National Laboratory, Argonne, 
Illinois 

"Oblique Phonons in Uniaxial Crystals," R. Freeh, University of Oklahoma, Norman, Oklahoma 

"New Applications of Compound Semiconductors," K. J. Bachmann, Bell Laboratories, Murray Hill, New 
Jersey 

"Theoretical Studies of Bulk and Surface Electronic Properties of Si and TiC," D. Jennison, University of 
Illinois, Urbana, Illinois 

"Electrical Insulators for Magnetically Confined Fusion Reactors," F. Clinard, Los Alamos Scientific 
Laboratories, Los Alamos, New Mexico 

"Growth of Gallium Arsenide and Its Photoelectronic Properties," A. Lin, Stanford University, Stanford, 
California 

"Picosecond Laser-Induced Damage in Transparent Dielectric Materials," W. L. Smith, Harvard University, 
Cambridge, Massachusetts 

195 
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"Metal Hydrogen Systems," H. Wenzl, Kerriforschungsanlage, Julich, Germany 

"Evaluation of the Cd S /Cd Te Heterojunction for Solar Cell Application," K. W. Mitchell, Stanford 
University, Stanford, California 

"Impurity in Single Crystal MgO: Calculation and Experiment," W. H. Gourdin, Massachusetts Institute of 
Technology, Cambridge, Massachusetts 

"Thermal Depolarization Studies of Rare Earth Doped Alkaline-Earth Fluorides,"G. E. Matthews, University 
of North Carolina, Chapel Hill, North Carolina 

"New Techniques in Production and Use of Polarized Neutrons," F. Mezei, Institute Laue-Langevin, Grenoble, 
France 

"Raman Scattering from Transition Metal Dichalcogenides and from TiC," J. A. Holy, University of Illinois, 
Urbana, Illinois 

"Oxygen-Induced Defects in Silicon," T. Y. Tan, IBM, Burlington, Vermont 

"The Nature of the Silicon-Metal Interface," A. Hiraki, Osaka University, Osaka, Japan 

"Damage Production and As Displacement in Si by Proton and Helium Irradiation," H. Roosendaal, 
University of Bielefeld, Bielefeld, Germany 

"Evidence for a Magnetic Environment Effect in Ferromagnetic Ni-Cu Alloys," R. A. Medina, Georgia Institute 
of Technology, Atlanta, Georgia 

"Conduction Electron Scattering in Imperfect Metal Single Crystals," Y. K. Chang, Argonne National 
Laboratory, Argonne, Illinois 

"Resonance Raman Scattering from Simple Systems," P. F. Williams, Texas Technological University, 
Lubbock, Texas 

"Quantum Mechanical Phase Interference Effects in Low-Energy Ion-Atomand Ion-Surface Collisions,"N. H. 
Tolk, Bell Laboratories, Murray Hill, New Jersey 

"Certain Properties of Transition Metal Alloys," F. R. Brotzen, Rice University, Houston, Texas 

"Polarization Modulation Techniques in the Absorption Fluorescence and Raman Spectra of Defects in 
Insulators," H. Engstrom, Brookhaven National Laboratory, Upton, New York 

"Quantum Mechanical Transport Theory for Light Ions," E. Gorham-Bergeron, Sandia Laboratories, 
Albuquerque, New Mexico 

"Dynamics of Defect Populations in Ag-Zn Alloys During Electron Irradiation,"1 J. Hillairet, Centre d'Etudes 
Nucl^aiics de Grenoble, Grenoble, France 

"Radiation Damage Studies by High-Voltage Electron Microscopy," M. Kiritani, Osaka University, Osaka, 
Japan 

"Photoelectron Spectroscopy Study of Chemisorption on Some Transition Metals," T. N. Rhodin, Cornell 
University, Ithaca, New York 

"Overview of Crystal Surface Structures Obtained by LEED Calculations,"2 M. Van H ove, California Institute 
of Technology, Pasadena, California 

"Hall Effect in High-Resistivity Amorphous Semiconductors," C. Wood, Northern Illinois University, Dekalb, 
Illinois 

"Adatom Band Structure from Atomic Scattering," E.Thompson, Case Western Reserve University, 
Cleveland, QKio . 

^ • ' S p o n s o r e d jo in t ly by Metals and Ceramics Division and Solid Sta te Division. 
';":;?Spoins6red'i 'jintly by. Chemistry Division and Solid S ta te Division. 
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"Radiation-Induced Conductivity and Carrier Trapping in Alpha-Aluminum Oxide," B. Rose, Brookhaven 
National Laboratory, Upton, New York 

"Broadly Tunable Lasers for the 1-3 Micron Regions Using Color Centers in Insulating Crystals," L. F. 
Mollenauer, Bell Laboratories, Holmdel, New Jersey 

"Electron Spin Relaxation as a New Probe of Hemoproteins,"2 H. J. Stapleton, University of Illinois, Urbana, 
Illinois 

"Theoretical Studies of Beta Aluminas," J. C. Wang, Aero Propulsion Laboratory, Wright-Patterson AFB, 
Dayton, Ohio 

"Photoemission and the Electronic Structure of Metals and Surfaces,"' J. Pendry, Daresbury Laboratory, 
Warrington, England 

"Electron Hole Plasma in Germanium at Low Temperatures," M. Chen, California Institute of Technology, 
Pasadena, California 

"Stochastic Models for Molecular Motion in Fluids,"4 K. Lindenberg, University of California at San Diego, 
San Diego, California 

"Excitations in Disordered Solids,"4 J. S. Faulkner, Metals and Ceramics Division, ORNL 

"Aspects of Angular-Dependent Auger Spectroscopy,"4 H. L. Davis, Solid State Division, ORNL 

"Resonant Hybridization on Phonons with Internal Modes of Substitutional Impurities,"4 R. F. Wood, Solid 
State Division, ORNL 

"Superconducting Transition Temperatures,"4 P. B. Allen, State University of New York at Stony Brook, Stony-
Brook, New York 

"Use of Computer Simulations for Atom Location by Channeling,"" J. H. Barrett, Solid State Division, ORNL 

"Superconducting Transition Temperatures and Gap Anisotropics in Transition Metals,4 W. H. Butler, Metals 
and Ceramics Division, ORNL 

"Elementary Excitations in Disordered Solids,"4 T. Kaplan, Solid State Division, ORNL 

"Band Theory for Random Alloys of Transition Metals,"4 B. L. Gyorffy, University of Bristol, Bristol, England 

LECTURES A N D S E M I N A R S 

Lectures and seminars presented by Division members during the year included the following: 

M. M. Abraham—Georgia State University, Atlanta, Georgia, "Defect Production in the Alkaline Earth 
Oxides" 

J. H. Barrett—Chalk River Nuclear Laboratory, Chalk River, Ontario, Canada, "Use of Computer Simulation 
to Interpret Channeling Experiments"; University of South Carolina, Columbia, South Carolina, 
"Channeling, Computer Simulation, and Atom Location in Solids" 

Y. Chen—University of Kansas, Lawrence, Kansas, "Radiation-Induced Defects in MgO and CaO"; Argonne 
National Laboratory, Argonne, Illinois, "Radiation Damage in Alkaline-Earth Oxides"; University of 

- Alabama, Birmingham, Alabama, "Trapped-Hole Centers in Alkaline-Earth Oxides" 

R. R. Coltman, Jr.—Clemson University, Clemson, South Carolina, "Neutron Damage in Metals" 

J. F. Cooke—Institute for Atomenergie, Kjeller, Norway, "Theory of Magnetism in Transition Metal Systems"; 
Imperial College, London, England, "Inelastic Neutron Scattering from Ferromagnetic Transition Metals" 

"Sponsored jointly by Health Physics Division and Solid State Division. 
J Jo in t Metals and Ceramics Division and Solid State Division Theoret ical Seminars . 



W. C. Koehler—University of Tennessee, Knoxville, Tennessee, "Applications of Neutron Scattering to Solid 
State Physics"; Notre Dame University, Notre Dame, Indiana, "Neutron Scattering and Rare Earth 
Magnetism"; Institut Laue-Langevin, Grenoble, France, "Recent Neutron Scattering Experiments at the 
Oak Ridge National Laboratory"; Centre d'Etudes Nuclerfires de Grenoble, Grenoble, France, and Centre 
d'Etudes Nucleates de Saclay, Saclay, France, "Etudes par la Diffraction des Neutron Polarises des 
Mdtaux Paramagndtiques"; Sam Houston State University, Huntsville, Texas, University of Texas at El 
Paso, El Paso, Texas, and Tarleton State University, Stephenville, Texas, "Neutron Scattering—A Probe 
of the Solid State" (Welch Foundation lectures) 

B. C. Larson—Virginia Military Institute, Lexington, Virginia, "X-ray Imaging of Crystals and Crystal Defects" 

R. M. Moon—College of William and Mary, Williamsburg, Virginia, University of Florida, Gainesville, 
Florida, and Pennsylvania State University. University Park, Pennsylvania, "Spin Densities in Metals 

, through Polarized Neutron Diffraction"; Pennsylvania State University, University Park, Pennsylvania, 
"Magnetic Form Factor of SmS" 

J. Narayan—University of California, Berkeley, California, "Ion Damage in Metals" 

R. M. Nicklow—West Virginia University, Morgantown, West Virginia, "Neutron Scattering Studies of Spin 
Waves and Magnetic Interactions in Rare Earth Metals and Alloys" 

J. R. Noonan—University of Kentucky, Lexington, Kentucky, Florida Stale University, Tallahassee, Florida, 
and West Virginia University, Morgantown, West Virginia, "Angle Resolved Auger Electron Spectroscopy: 
A New Technique for Adsorbate Site Determination" 

J. B. Roberto—Atomic Energy Research Establishment, Harwell, England and Kernforschungsanlage, Jtilich, 
Germany, "High-Energy d-Be Neutron Damage in Metals"; Neutron Physics Division, ORNL, "High-
Energy Neutron Damage in Cu and Nb, Theory and Experiment, Using d-Be Neutrons" 

M. T. Robinson—Neutron Physics Division, ORNL, "Radiation Damage Analysis: A Critical Assessment"; 
Max-Planck-lnstitut fur Plasmaphysik, Garching bei Munich, Germany, "ComputerSimulation of Atomic 
Collision Cascades" 

S. T. Sekula—South Carolina State College, Orangeburg, South Carolina, "Type-II Superconductors and 
Some Practical Consequences" 

H. G. Smith—Iowa State University, Ames, Iowa, "Applications of Neutron Scattering to Problems in Solid 
State and Chemical Physics" 

E. Sonder—Wake Forest University, Winston Salem, North Carolina, University of North Carolina, Chapel 
Hill, North Carolina, and Centre d'Etudes Nucleifires de Saclay, Saclay, France, "Defect Production by 
Radiation in Alkali Halides"; Centro Comunale di Riceica, EURATOM, Ispra, Italy, "Reasons for 
Investigating Ion Transport in High-Temperature Insulators" 

R. A. Weeks—University of Kuwait, Kuwait, "Application of Solid State Physics to Energy Technologies"and 
"Charge Trapping and Dielectric Breakdown in Lead Silicate Glasses"; University of Northern Illinois, 
Dekalb, Illinois, "Effects of an Electric Field Applitd at High Temperatures on the Electrical Conductivity 
of MgO Single Crystals"; University of Pennsylvania, Philadelphia, Pennsylvania, "Redox Conditions of 
Formation of Libyan Desert Glass" 

R. F. Wood—Ohio State University, Columbus, Ohio, "Resonant Mode-Phonon Hybridization in Solids" 

F. W. Young, Jr.—University of Munich, Munich, Germany, "Recent Studies of Defect Solid State Physics at 
ORNL"; Max-Planck-Institute fur Plasmaphysik, Garching bei Munich, Germany, "Recent Experiments 
at ORNL on Surface Physics and on Defect Production"; Technical University, Stuttgart, Germany, 
"Recent Studies on Defect Physics at ORNL"; University Autonoma, Madrid, Spain, "X-ray Diffuse 
Scattering from Dislocation Loops" and "Review of the Annealing Process in Irradiated Metals"; 
EURATOM, Ispra, Italy, "Solid State Physics Problems Associated with CTR"and "Recent Experiments 

• \oh; Defect Metal Physics at ORNL"; University of Dortmund, Dortmund, Germany, and University of 
Goettingen, Goettingen, Germany, "X-ray-Diffuse Scattering Studies of Dislocation Loops in Cu"; Centre 
d'Etudes Nucldaires de Fontenay-aux-Ro.ses, Paris, France, and Atomic Energy Research Establishment, 
Harwell, England, "Interstitial Mobility and Interaction in Pure Metals" 
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Scientific Professional Activities 

M. M . Abraham Visiting Pro fesso r , E lena Aizen de Mosh insky C h a i r of Physics, Inst i tute of Physics, U .N.A.M. , 
Mexico, J a n u a r y 1976 

Par t i c ipan t , E R D A W o r k s h o p o n Heavy Elements Research , Oak Ridge, Tennessee , 1976 
Lecturer , O R A U Trave l ing Lcc ture P r o g r a m . 1976-1977 
M e m b e r , P h . D . Thes is C o m m i t t r I n s t i t u t e of Physics, U . N . A . M . , Mexico , 1976-1977 
A d j u n c t Professor , Inst i tute of Pi 'y -s, U . N . A . M . , Mexico , Occupy ing the Elena Aizen d c 

Mosh insky C h a i r of Physics 
M e m b e r , Organ iz ing C o m m i t t e e , In te rna t iona l Confe rence o n Defects in Insula t ing Crystals 

( to be held in 1977) 

H. L. Ada i r Recipient , " N A S A G r o u p Achievement A w a r d , " 1976 

B. R . Applc ton M e m b e r , G r a d u a t e Schoo l Doc to r a l C o m m i t t e e , D e p a r t m e n t of Physics a n d A s t r o n o m y . University 
of S o u t h Caro l ina , C o l u m b i a , S o u t h Caro l ina 

M e m b e r , Fusion P r o g r a m C o m m i t t e e , O R N L 
A d j u n c t P ro fes so r . D e p a r t m e n t of Physics , Nor th T e x a s S t a t e Universi ty , D e n t o n , T e x a s 
M e m b e r , P r o g r a m C o m m i t t e e , T h i r d In ternat ional Confe rence o n Ion Beam Analysis (to be 

held in 1977) 
Vice-Cha i rman . Part icle-Solid In terac t ions G o r d o n Confe rence ( to be held in 1978) 
M e m b e r , E R D A - D M F E Plasma Mater ia l s In terac t ion Task G r o u p 
C h a i r m a n . E R D A - D M F E Sub task G r o u p on Physical Spu t te r ing , Reflect ion, and Neu t ron Effects 
Par t i c ipan t , E R D A W o r k s h o p o n Engineer ing Mater ia ls Science, O a k Ridge, Tennessee , 1977 

J . H . Barret t Lecturer , O R A U Trave l ing Lcc turc P r o g r a m . 1976-1977 
M e m b e r , O f a d u a t e School Doc to r a l C o m m i t t e e , D e p a r t m e n t of Physics a n d A s t r o n o m y , 

University of Sou th Ca ro l i na , C o l u m b i a , S o u t h Caro l ina 

J . B. Bates Member , P r o g r a m C o m m i t t e e , In te rna t iona l C o n f e t o n c e on Four i e r T r a n s f o r m Infrared Spec t roscopy 
(to be held in 1977) 

M e m b e r , Steering C o m m i t t e e , Four ie r T r a n s f o r m Spect roscopy Technical G r o u p 
M e m b e r , Organiz ing C o m m i t t e e , In te rna t iona l Confe rence o n Defects in Insula t ing Crysta ls 

( to be held in 1977) 
Lecturer , O R A U Trave l ing Lec ture P r o g r a m , 1975-1976 

J . W. Cab le C h a i r m a n , P r o g r a m C o m m i t t e e , In te rna t iona l Confe rence o n N e u t r o n Sca t te r ing , Ga t l inburg , 
Tennessee , 1976 

Member , P h . D . Thes is C o m m i t t e e . D e p a r t m e n t of Physics , Georgia Inst i tute of Techno logy , 
At lan ta , Georgia 

Y. Chen Confe rence Secretary , In te rna t iona l Confe rence on Defects in Insulat ing Crys ta l s ( to be 
held in 1977) 

j Pa r t i c ipan t , E R D A W o r k s h o p o n C e r a m i c a n d Glass Radioac t ive Was te F o r m , G e r m a n t o w n , 
Mary land , 1977 

Par t ic ipan t , E R D A W o r k s h o p o n Defects , D i f fus ion , and Rad ia t ion Effec ts , O a k Ridge, 
Tennessee , 1977 

M e m b e r , Advisory Pane l on Publ ishing, Amer i can Inst i tute of Physics 

G. .1. Clark M e m b e r , Organ iz ing C o m m i t t e e , Aus t ra l i an C o n f e r e n c e o n Nuclear T e c h n i q u e s of Analysis , 1976 
Editor, Proceedings of Australian Conference on Nuclear Techniques of Analysis, 1976 
M e m b e r , Organ iz ing C o m m i t t e e , In te rna t iona l Geological Congress (Geophys ics Sect ion) , Sydney , 

Aus t ra l ia . 1976 
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J . W. d e f e n d 

R. R. Col tman, J r . 

J. F. Cooke 

C. A. Culpepper 

H. L. Davis 

D. K. Holmes 

L. H, Jenkins 

E. H. Kobisk 

W. C. Koehler 

B. C. Larson 

F. A. Modine 

H. A. Mook 

R. M. Moon 

Cocha i rman , Conference on Neutron Transmuta t ion Doped Silicon, Oak Ridge, Tennessee, 1976 
Panel member . F o r u m on Major Facilities and Equipment for Materials Research, Solid 

Sta te Sciences Commit tee of the National Research Council , Argonnc, Illinois, 1976 

Member , Reactor Experimental Review Commit tee , O R N L 
Member , Neut ron Source Committee, O R N L 
Lecturer . O R A U Travel ing Lecture Program, 1975-1976 

Guest scientist, Danish Research Establishment Ristf>, Roskilde, Denmark , 1975-1976 

Recipient, "Best Pape r Award" f rom American Nuclear Society, 1977 

Member , O R N L Consul ta t ion G r o u p to Advise Instrumentat ion and Controls Division Investigative 
Team on T H T F Thermocouple Anomalous Readings, May- June , 1976 

Par t ic ipant , E R D A Workshop on Electronic, Magnetic, Optical, and Thermal Properties, 
Argonne, Illinois, 1977 

Member , Editorial Advisory Board, Radiation Effects 

Member , Ph .D . Recruit ing Program, O R N L , 1976 
Member , O R N L - E u g e n e P. Wigner Fellows Selection Panel, 1976-1977 
Member , O R N L Gradua te Selection Panel 
Member , Seed Money Proposal Review Commit tee , O R N L 
Session Cha i rman , American Physical Society Meeting, Atlanta , Georgia, 1976 
Part ic ipant , Thin Films Conference, Asilomar, Cal i fornia , 1976 
Part ic ipant , E R D A Workshop on Chemistry and Physics of Surfaces , Berkeley, California, 1977 
Advisory Member , Physical Electronics Conference Commit tee 
Cocha i rman , Physical Electronics Conference (to be held in 1978) 

Recipient, Industrial Rcsearch-100 Award, 1976 

Member , Neutron Diffract ion Commiss ion, Internat ional Union of Crystallography 
Member , Editorial Advisory Board, Journal of Magnetism and Magnetic Materials 
General Cha i rman , International Conference on Neutron Scattering, Gatl inburg, Tennessee. 1976 
Member , Editorial Advisory Board, Magnetism Letters 
Member, O R N L Neut ron Beam Users 'Organiz ing Commit tee 
Editor , Magnetic Form Factor Data Sheets. Internat ional Union of Crystallography 
Member, Ph .D. Thesis Commit tee , Depar tment of Physics, Georgia Institute of Technology, 

Atlanta , Georgia 
Member , Ph .D. Thesis Commit tee , University of Grenoble . Grenoble , France 
Par t ic ipant , E R D A Workshop on Hydrogen in Metals, Germantown, Maryland, 1976 
Member , Subpanel on Structures , National Research Council Panel on Low and Medium 

Energy Neutrons 
Member , International Advisory Commit tee , Conference on the Physics of Rare Ear ths and 

Actinides (to be held in 1978) 

Lecturer, O R A U Traveling Lecture Program, 1976-1977 

Member and Treasurer , Organizing Commit tee , International Conference on Defects in Insulating 
Crystals (to be held in 1977) 

Member , Advisory Commit tee , Argonne Pulsed Neut ron Facility 
Member , P rogram Commit tee , Conference on Transi t ion Metals (to be held in 1977) 
Part icipant , E R D A Workshop on X-ray, Neut ron , and Electron Scattering, Oak Ridge, 

Tennessee, 1977 
Member , Ph .D. Recruiting Program, O R N L 
Member , Subpanel on Dynamics of Solids and Liquids, National Research Council Panel 

on Low and Medium Energy Neutrons 

Editor , Proceedings of the Conference on Neutron Scattering, Gatl inburg, Tennessee, 1976 
Cha i rman , O R N L Beam Users' Organizing Commit tee 
Member , Commiss ion on Electron Charge, Spin, and Momentum Densities of the International 

Union of Crystal lography 
Panel Member , F o r u m on M a j o r Facilities and Equipment for Materials Research, Solid 

S ta te Sciences Commit tee of the Nat ional Research Council , Argonne, Illinois, 1976 
Consul tan t , Nat ional Research Council Panel on Low and Medium Energy Neut rons 
Member , Subpanel on Facilities and Techniques, Nat ional Research Council Panel on Low 

and Medium Energy Neut rons 
Part ic ipant , E R D A Workshop on X-ray, Neutron, and Electron Scattering, Oak Ridge, 

Tennessee, 1977 
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M . Mostoller 

R. M. Nicklow 

J . R. Noonan 

S. M. Ohr 

T . C. Quinby 

J . B. Rober to 

M. T. Robinson 

O. E. Schow 

S. T. Sekula 

H. G. Smith 

E. Sonder 

M.V.K. Ulchla 

N. Wakabayashi 

R. A. Weeks 

Member , Ph .D . Recruiting Program, O R N L 
Lecturer, O R A U Traveling Lecture Program, 1976-1977 
Session Cha i rman , Conference on Electron Charge, Spin, and Momen tum Densities. Kiljuva. 

Finland, 1976 

Member, Organizing Commit tee , International Conference on Neut ron Scattering, Gatl inburg, 
Tennessee, 1976 

Member , Organizing Commit tee , International Conference on Defects in Insulating Crystals 
(to be held in 1977) 

Lecturer, O R A U Traveling Lecture Program, 1975-1976 

Guest scientist, Institut Laue-Langevin, Grenoble, France, November-December , 1976 
Member , Ph .D . Thesis Commit tee , Department of Physics, University of West Virginia. 

Morgan town, West Virginia 
Member , Subpanel on Radiat ion Damage, National Research Council Panel on Low and 

Medium Energy Neutrons 
Member , Subpancl on Dynamics of Solids and Liquids, National Research Council Panel 

on Low and Medium Energy Neutrons 
Lecturer. O R A U Traveling Lecture Program, 1976-1977 
Member , O R N L Neutron Beam Users 'Organiz ing Commit tee 
Member , Program Commit tee , internat ional Conference on Neutron Scattering, Gatl inburg, 

Tennessee. 1976 
Local Cha i rman , Physical Arrangements , International Conference on Neutron Scattering. 

Gatl inburg, Tennessee, 1976 

Lecturer, O R A U Traveling Lecture Program, 1976-1977 

Member , Chemistry and Physics of Metals Commit tee , The Metallurgical Society of A1ME 
Member . N u d c a r Metallurgy Commit tee , The Metallurgical Society of A I M E 
Member , American Society for Testing Materials E-10 Task Group on Description of Radiation 

Damage in Metals Using Electron Microscopy 

Recipient, Industrial Rcsearch-100 Award . 1976 

Guest scientist, Kcrnforschungsanlage. Julich, Germany. 1976-1977 
Member . Ph .D. Recruiting Program, O R N L 
Part icipant , Second International Neutron Sput ter ing Workshop , San Francisco, California, 1976 

Member . Thesis Examining Committee, Free University, Brussels, Belgium 
Member , E R D A - D M F E Task Group on Damage Analysis and Fundamenta l Studies 
Cha i rman . E R D A - D M F E Subtask Group B: Damage Product ion 
Member , E R D A - D M F E Radiat ion Damage Assessment Panel 
Member , Physics Screening Panel for 1976 E. O . Lawrence Award 
Chai rman, Fusion S tudy Group . E R D A Workshop on Defects. Diffusion, and Radiation 

Effccis. Oak Ridge, Tennessee. 1977 

Member , Laboratory Director 's Safety Review Commit tee for Accelerators and Radiat ion Sources 

Lecturer, O R A U Traveling Lecture Program, 1975-1976 
Member . Organizing Commit tee . International Discussion Meeting on Radiat ion Effects on 

Superconductivi ty (to be held in 1977) 

Treasurer , International Conference on Neutron Scattering, Gatl inburg, Tennessee, 1976 

Session Chai rman, American Physical Society Meeting, At lanta . Georgia. 1976 
Member , Advisory Commit tee , and Session Cha i rman , Second Europhysical Topical Conference 

on Lattice Defects in Ionic Crystals, Berlin, Germany, 1976 
Program Cha i rman and member. Organizing Commit tee , International Conference on Defects 

in Insulating Crystals (to be held in 1977) 

Recipient, Eugene P. Wigner Fellowship 

Participant, E R D A Workshop on Hydrogen in Metals, German town, Maryland, 1976 

Member , Editorial Commit tee , Journal of the American Ceramic Society 
Session Chai rman, American Ceramic Society Meeting, Cincinnati , Ohio, 1976 
Session Chai rman, Four th International Conference on Physics of Non-Crystall ine Solids, 

Clausthal-Zellerfeld, Germany, 1976 
Member , Thesis Commit tee , Department of Mechanical Engineering and Materials Science, 

Vanderbilt University, Nashville, Tennessee 
Adjunct Profes'sor, Depar tment of Geology, University of Pennsylvania, Philadelphia, Pennsylvania 
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11 
Member, Ph .D. Recruiting Program, O R N L 

Member, A S T M Commit tee F l , Chairman of Subcommit tee on Germanium 
Cochuirman, Conference on Neutron Transmutu t ion Doped Silicon, Oak Ridge, Tennessee, 1976 

Member, Organizing Commit tee , First International Workshop o n Inelastic Ion-Surface Collisions, 
Murray Hill, New Jersey, 1976 

Adjunct Professor, Depar tment of Physics, Georgia Institute of Technology, Atlanta , Georgia 
Member, Advisory Panel of the Solid State Sciences Commit tee of the National Research Council 
Secretary, Advisory Commit tee of Conference on Magnetism and Magnetic Materials 
Member, Ph .D. Thesis Commit tee , Depar tment o f Physics, Georgia Institute of Technology, 

Atlanta , Georgia 
Chai rman, Evaluation Panel for Reactor Radia t ion Division, National Bureau of S tandards 
Member, Evaluation Panel for Institute for Materials Research, Nat ional Bureau of S tandards 
Member, Executive Commit tee , Southeastern Scction of American Physical Society 
Member, O R N L Commit tee on Rcscarch Reactors 
Member, National Research Council Panel on Low and Medium Energy Neutrons 
Member, Subpancl on Users and Educat ion, National Research Council Panel on Low and 

Medium Energy Neutrons 
Chai rman, Organizing Commit tee , E R D A Workshop on X-ray, Neutron, and Electron Scattering, 

Oak Ridge, Tennessee, 1977 

Chai rman, International Conference o n Dcfccts in Insulating Crystals (to be held in 1977) 
Editor, Solid Sta te Physics, Computer Physics Communications, North Holland Publishing Company 
Cochai rman, Conference on Neutron Transmuta t ion Doped Silicon, Oak Ridge, Tennessee, 1976 
Member, Professional Educational Resource Commit tee , O R N L 

Guest scientist, Kcrnforschungsanlage, JCilich, Germany , 1975-1976 
Member, Executive Commit tee , American Association of Crystal Growth 
Member, Editorial Board, Topics in Crystal Growth 
Member, Editorial Board, Journal of Applied Physics 
Chairman, Organizing Commit tee , E R D A Workshop on Defects, Diffusion, and Radiation 

Effccts, Oak Ridge, Tennessee, 1977 

Member, Steering Commit tee , Eighth Surfacc Conference ( to be held in 1978) 
Advisory member , Physical Electronics Conference Commit tee 
Cochairman, Physical Electronics Conference (to be held in 1978) 



Personnel Changes 

New Staff Members 

a. Scientific Staff 
W. S. Aaron, Pennsylvania State University, University Park, Pennsylvania 

Y. K. Chang, Argonne National Laboratory, Argonne, Illinois 
G. J. Clark, Commonwealth Scientific and Industrial Research Organization (CSIRO), North 

Ryde, Australia 

T. L. Polgreen, Carleton College, Northfield, Minnesota 

J. A. Setaro, General Electric Valecitos Nuclear Center, Pleasanton, California 

b. Administrative and Technical Staff 

B. L. Byrum, Senior Laboratory Technician (transferred from Operations Division) 

T. C. Estes, Laboratory Technician 

P. H. Fleming, Laboratory Technician 

S. E. Himes, Secretary 

J. M. Lovegrove, Laboratory Technician (transferred from Operations Division) 

S. D. Nelson, Laboratory Technician 

J. Oxendine, Laboratory Technician 

V. W. Waters, Laboratory Technician 

A. F. Zulliger, Laboratory Technician 

c. Wigner Fellowship 
M.V.K. Ulehla, Massachusetts Institute of Technology, Cambridge, Massachusetts 

Staff Transfers and Terminations 

B. H. Davis, Secretary (transferred to Health Physics Division) 

W. E. Evans, Laboratory Aide (voluntary resignation) , 

U. Roy, Research Staff Member (completion of temporary appointment) 

V. W. Waters, Laboratory Technician (voluntary resignation) 

Guest Assignments 

a. Scientific Staff 

W. Buhre;, Federal Institute of Technology ETH, Zurich, Switzerland 
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R. L. Cappelletti, Ohio University, Athens, Ohio 

L. David, Instituto Venezolano de Investigaciones Cientificas (IVIC), Caracas, Venezuela 

P. Ehrhart, Kernforschungsanlage, Jtflich, Germany 

T. lwata, Japan Atomic Energy Research Institute, Tokai-Mura, Japan 

N. Kunitomi, Osaka University, Osaka, Japan 

G. Leibfried, Kernforschungsanlage, Jtflich, Germany 

H. Miwa, Osaka University, Osaka, Japan 

H. J. Stapleton, University of Illinois, Urbana, Illinois 

H. T. Tohver, University of Alabama, Birmingham, Alabama 

Y. Tsunoda, Osaka University, Osaka, Japan 

G. W. Vogl, Hahn-Meitner Insiitut, Berlin, Germany 

b. National Science Foundation Postdoctoral Energy-Related Fellowship 

D. D. Allred, Princeton University, Princeton, New Jersey 

c. Graduate Students 

J. L. Boldu, National University of Mexico, Mexico D.F,, Mexico 

W. P. Crummett, West Virginia University, Morgantown, West Virginia 

O. W. Holland, North Texas State University, Denton, Texas 

R. A. Medina, Georgia Institute of Technology, Atlanta, Georgia 

Q. C. Murphree, University of South Carolina, Columbia, South Carolina 

R. E. Parra, Georgia Institute of Technology, Atlanta, Georgia 

J. Rubio O., National University of Mexico, Mexico D.F., Mexico 

Summer Assignments 

a. Scientific Staff 

C. L. Hosley, Morehouse College, Atlanta, Georgia 

F. J. James, University of North Carolina, Chapel Hill, North Carolina 

K. F. Kelton, University of Tennessee, Knoxville, Tennessee 

T. M. Wilson, Oklahoma State University, Stillwater, Oklahoma 

b. Clerical Staff 

P. J. Mullins, Roane State Community College, Harriman, Tennessee 

[>">• D. L. Smalley, University of Tennessee, Knoxville, Tennessee 

, c. ORAU—University Faculty 

V R- L. Chaplin, Clemson University, Clemson, South Carolina 

R. E. Freeh, University of Oklahoma, Norman, Oklahoma 

• J. W. Garland, University of Illinois at Chicago Circle, Chicago, Illinois 

•>'•'•'{.!' A;.Gonis, University of Illinois at Chicago Circle, Chicago, Illinois 
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J. F. Guess, Trevecca Nazarene College, Nashville, Tennessee 

d. ORAU—Undergraduate Research Trainees 

R. E. Harper, Mississippi State University, Starkville, Mississippi 

M, K.. Hibbs, Carleton College, Northfield, Minnesota 

C. G. Levey, Carleton College, Northfield, Minnesota 

J . J . Patel, Harvard University, Cambridge, Massachusetts 


