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The x-ray-absorption spectrum of cuprous bromide has been measured as a function of pressure.
The x-ray-absorption near-edge structure proved to be an excellent indicator of high-pressure phase
transitions in this material. The normalized “white-line” peak heights at both the Cu and Br K
edges decreased on entering the tetragonal phase and increased in going to the NaCl structure. The
zinc-blende to tetragonal phase transition took place over a very narrow pressure range centered at
4615 kbar. The transformation from the tetragonal to the NaCl structure, on the other hand,
showed a broad mixed-phase region, suggesting a nucleation-and-growth mechanism for the transi-
tion. The mixed-phase region was centered at 75+6 kbar. No evidence of a phase between the
zinc-blende and tetragonal phases was observed, presumably because it does not exist. Analysis of
the extended x-ray-absorption fine-structure (EXAFS) clearly showed that there is no change in
coordination in going from the zinc-blende to the tetragonal phase although the nearest-neighbor
distance increases slightly. A much larger increase in R; occurs at the transition to the NaCl struc-
ture, where the coordination increases from 4 to 6. The mean-square deviation in the nearest-
neighbor bond length, o}, appears to be a fairly smooth function of nearest-neighbor distance, de-
creasing (or increasing) as R, decreases (or increases) more or less independent of structure. Evi-
dence from the literature was presented to suggest that the zinc-blende to tetragonal transition in
CuBr (and also CuCl) should occur by shear deformation. The zinc-blende lattice becomes unstable
under pressure due to a decrease in the bond-bending force constant. This mechanism is consistent
with the results of our EXAFS study. Unfortunately, the information obtained from the EXAFS,
even at low temperature, was not sufficient to solve completely the structure of the tetragonal phase.
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I. INTRODUCTION

This work is a continuation to high pressure of an ex-
tended x-ray-absorption fine-structure (EXAFS) study of
CuBr by the present authors (hereafter called I).! In I the
anharmonic properties of CuBr were obtained by means
of a temperature-dependent study. This material also has
interesting x-ray-absorption properties at high pressures
because the Cu and Br K edges are at convenient energies
and CuBr exhibits several structural phase transitions
within an accessible range of pressures. The phase dia-
gram?? for cuprous bromide is shown in Fig. 1. At stan-
dard temperature and pressure it forms in the covalent
zinc-blende-structure phase, III, while at high pressures it
eventually transforms to the ionic NaCl structure phase,
VL

X-ray diffraction measurements? indicate that the inter-
mediate phase V probably has a tetragonal structure but
are not sufficient to determine more than lattice parame-
ters. It is not clear whether phase IV is actually a
separate, homogeneous phase. The phase diagram of
CuBr is almost identical to that of CuCl, a compound
which has been the subject of a good deal of interest in re-
cent years following reports*® of anomalous diamagne-
tism in samples held under pressure and subjected to rapid
temperature changes. EXAFS measurements can provide
information about the short-range structure in the various
phases, showing how they are related and possibly allow-

34

ing identification of the crystal structure in the tetragonal
phase. Analysis of the XANES may yield complementary
knowledge about the geometrical and electronic structure.

Our initial work on CuBr was confusing; the apparent
compressibility measured by EXAFS was much less than
that determined from volume change measurements.® We
now know that anharmonicity (as described in I) is the
main cause of the discrepancy. To get a better under-
standing of how to interpret the CuBr data, we have also
studied ZnSe. This latter compound also has the zinc-
blende structure but is considerably more harmonic.
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FIG. 1. Phase diagram of CuBr (taken from Ref. 3).
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Analysis of the ZnSe data served as a test of the quality of
the high-pressure data and of the precision which can be
obtained for the various quantities determined in the data
analysis. A brief description of both the ZnSe and CuBr
results has recently appeared.’

II. EXPERIMENT

The high-pressure technique used here has been previ-
ously described.® Useful high-pressure studies require ac-
curate measurements of the sample pressure. We have
chosen to determine the sample pressure through the use
of a calibrant material. Changes in the nearest-neighbor
distance in the calibrant determined from EXAFS mea-
surements are compared with compressibility data to
determine the pressure. An ideal calibrant for high pres-
sure EXAFS work should have a large compressibility, an
open structure with no structural transitions over the
pressure range of interest, no edge overlaps with the sam-
ple, a small x-ray-absorption thickness at the sample
edges, and accurate compressibility data available. The
alkali halide NaBr seemed to satisfy these criteria quite
well and preliminary work® indicated that EXAFS mea-
surements of compressibility were in good agreement with
volume compressibility data. Of course NaBr cannot be
used with CuBr, and so we turned to RbCl. There is a
disadvantage in using RbCl because it transforms from
the Bl to the B2 structure at ~5 kbar, and in the latter
structure the first and second shells are closely spaced,
complicating the EXAFS analysis. A further complica-
tion, which was only appreciated more recently, is the sig-
nificant anharmonic behavior of both compounds. Unfor-
tunately, the anharmonicity is related to the small bulk
modulus and will probably be significant for any highly
compressible material. (However, because of the de-
creased thermal damping, the EXAFS signal will extend
to high k in a more harmonic solid, making possible
greater precision in distance change measurements and at
least partially compensating for the lower compressibili-
ty.) In spite of these problems, NaBr and RbCl have pro-
vided useful calibration results.” The analysis of the cali-
bration measurements will be discussed in detail in a fu-
ture work.'°

Four samples of CuBr plus RbCl were studied using
various wiggler beam lines at Stanford Synchrotron Radi-
ation Laboratory. Each sample was held in a gasket made
of Inconel 601 (annealed, in most cases) with the sample
hole having a diameter of 0.79 mm (no. 68 drill). In pre-
paring the samples, the sample and calibrant were mixed
with epoxy separately, a disk of each was mounted in the
gasket, and the remaining space was filled with either
epoxy or silicone grease. All measurements were made at
room temperature except for sample no. 4 which was
measured in the clamped pressure cell and cooled with
liquid nitrogen. The atmospheric pressure data described
in I and room-temperature measurements on a CuBr,

reference sample involved powdered samples rubbed onto’

several layers of Scotch Magic tape.

The CuBr powder used for sample nos. 1 and 2 came
from Apache Chemical (99.999% pure). The powder was
light green in color and had been sitting on the shelf for

several years. Although x-ray powder diffraction patterns
indicated the presence of only the pure zinc-blende struc-
ture, comments such as those of Eccles'! on the purifica-
tion of CuCl samples caused some concern about the qual-
ity of our samples. CuCl, and presumably CuBr also, is
white when freshly prepared, but turns light green after
prolonged exposure to the atmosphere. A second batch of
CuBr obtained form CERAC (99.999% pure) was also
light green in color and was used for sample nos. 3 and 4.
If the light green color is evidence of surface contamina-
tion, it should have little effect on the x-ray-absorption
measurements which are fairly insensitive to surface con-
tributions. X-ray diffraction measurements suggest that
this is the case, and measurements on purified samples are
expected to give results very similar to those reported
here.

III. RESULTS AND DISCUSSION
A. XANES analysis

The Cu and Br K edge x-ray-absorption near-edge
structure (XANES) in CuBr is strongly affected by the
structural phase transitions which occur at high pressure.
To properly understand the relationships between the edge
structures for the different phases it is important to have
a good energy scale calibration. As described in I, refer-
ence edges, at standard temperature and pressured used
for this purpose were the Ni K edge of nickel foil and the
Bi L; edge of a bismuth foil. This method was applied to
the measurements on sample no. 2, and the shifts in the
first inflection point at each edge (relative to atmospheric
pressure) are listed in Table I. Such shifts are all fairly
small, but consistent trends do seem to appear. In this
work the photoelectron energy origin is fixed at the first
inflection point at a given pressure according to the cali-
bration.

Typical K edge XANES (normalized to the edge step)
in the zinc-blende, tetragonal, and NaCl structures of
CuBr are shown in Fig. 2. At both the Cu and Br edges
the white line is decreased in amplitude in the intermedi-
ate phase relative to the low- and high-pressure phases.
The changes within +7 eV of the Cu edge seem to be
mainly changes in amplitude, with only slight shifts in po-
sition of the white line. The Br edge, on the other hand,
exhibits measurable shifts in the white-line position due to
the phase transitions.

The normalized white-line height measured as a func-
tion of pressure is a useful measure of phase transitions in

TABLE 1. Shifts in the first inflection point at the Cu and Br
K edges in CuBr as a function of pressure.

AE (eV)
P (kbar) Phase Cu edge Br edge

0 I 0.0£0.2 0.0+£0.2
52 \% —0.1+0.2 —0.5£0.2
61 \4 0.0+0.2 —0.5+0.2
68 V + VI 0.2+0.2 —0.240.2
77 V+ VI 0.2+0.2 —0.2£0.2
87 VI 0.2+0.2 —0.1+0.2
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FIG. 2. Typical K edge XANES in CuBr at the (a) Cu edge
and (b) Br edge. Solid line, P =0 kbar; dotted line, P =56 kbar;
dashed line, P =87 kbar. ux has been normalized to the edge
step.

CuBr. Data for the Cu and Br K edges are plotted in Fig.
3. The extra points plotted for the Br edge are from scans
of the edge region which were made in order to monitor
the phase transitions. The vertical dashed lines in the fig-
ure indicate the estimated boundaries between single- and
mixed-phase regions. The III-V transition is observed to
occur at 46+5 kbar and takes place over a fairly narrow
pressure range. The middle of the V-VI mixed-phase re-
gion, which is quite broad in comparison, is at 75+6 kbar.

Some of the scatter in the points of Figs. 3(a) and 3(b) is
probably due to errors in normalization and differences in
energy resolution. However, part of the difference be-
tween samples in phase V seems to be a real effect reflect-
ing slight differences in the edge structures. The reason
for variations between different measurements is not clear.
This problem will be discussed further in the EXAFS
analysis section.

We find no evidence for a phase IV. X-ray diffrac-
tion'? and optical'? studies also found no sign of it. We
believe that the alleged phase IV which has been observed
in a narrow region between phases III and V in optical
studies of ungasketed samples is caused or enhanced by
pressure gradients. A similar “phase” has been observed
in CuCl and was stabilized by using a nonhydrostatic en-
vironment.'* The effect of CuCl has been interpreted as
transient disproportionation (see Sec. III B). Whatever the

pressure (kbor)

FIG. 3. Normalized white-line heights in CuBr as a function
of pressure for the (a) Cu edge and (b) Br edge. Squares, sample
no. 1; circles, sample no. 2; triangles, sample no. 3; diamonds,
sample no. 4. The phases present in each region are indicated
by Roman numerals.

explanation, the mechanism responsible for the transition
phase in CuCl is probably quite similar to that in CuBr.
It does not appear to be a separate, homogeneous phase.

B. Disproportionation under pressure

As mentioned in Sec. I, the high-pressure behavior of
CuCl has received considerable attention in the last few
years. The observations of diamagnetic anomalies, along
with a report of a high-pressure metallic phase,'® caused
some speculation that CuCl might be a high-temperature
superconductor. However, more recent studies'> 41618
measuring the optical, electrical, and structural properties
of CuCl over a wide range of pressures and temperatures
conclusively show that pure CuCl has no metallic phase,
and there was no indication of superconductivity at tem-
peratures as low as ~ 10 K.!'* Another suggested explana-
tion for the anomalous observations is that CuCl may
undergo the disproportionation reaction 2CuCl—
Cu + CuCl, under pressure.!” The presence of metallic
Cu might explain metal-like resistivities. An optical-
absorption feature observed at the III-IV phase transition
(see Fig. 1) has been interpreted as evidence of cupric ions,
but the argument is not totally convincing.!

Because of the similarities between the phase diagrams
of CuCl and CuBr, one might expect that observations on
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one of the compounds should apply to the other. If
disproportionation occurs in CuCl, an analogous reaction
might also occur in CuBr and vice versa. Direct evidence
for disproportionation in CuBr under pressure was ob-
tained in an energy-dispersive x-ray diffraction study.!?
Four separate samples were observed at pressures up to
the V-VI transition region (70 kbar). In two of the four
samples, upon releasing pressure a new set of diffraction
lines corresponding to CuBr, was observed. No contribu-
tion from Cu metal was found. During a later run, re-
peated attempts to reproduce these observations were un-
successful.

If disproportionation actually occurs in CuBr, its by-
products should be clearly observable with x-ray-
absorption spectroscopy. In order to know what to look
for, we measured the Cu and Br K edge XANES in CuBr,
at atmospheric pressure. The results were compared with
the edge structures observed in CuBr and Cu metal. The
chemical shifts at the Cu edge were quite large and the
edge structures qualitatively very different for the three
materials. A distinctive low-energy bump appeared at the
Br edge in CuBr; and should easily have betrayed the
presence of this compound in a CuBr sample. We looked
for disproportionation in two different samples. Sample
no. 3 was pressurized up to 5615 kbar; upon releasing the
pressure to 34 kbar, the Cu and Br edge XANES were
found to look no different than the usual high-pressure
zinc-blende edge structures. Sample no. 4 was taken up to
74+ 6 kbar—well into the V-VI mixed-phase region. Even
after returning the pressure to zero, there was absolutely
no indication of any CuBr, in the data. The XANES ob-
tained in the high-pressure phases did not seem to show
any signs of CuBr, either. Assuming that disproportiona-
tion can occur in CuBr, it seems to be a difficult reaction
to study.

C. EXAFS analysis

Let us recall that the EXAFS interference function
X (k) consists of a superposition of terms of the following
type for each neighbor shell, j:

X(k)=C (K)sin®(k) , ()
with
Clh)=-Y_F (ke —2RQ (k) @
kR?
and
®(k)=2kR +8(k)+(k) , 3)

where k is the photoelectron wave number, N is the coor-
dination number for the shell, R is its distance, F(k) is
the corresponding backscattering amplitude, (k) is the
net scattering phase shift, and A is the mean free path.
The quantity Q(k)exp[i®(k)] describes the effects of
thermal and configurational averages on the single ab-
sorption site result. In comparing two Fourier-filtered,
single-shell data sets for the same sample at two different
pressures, a and b, one obtains the logarithm of the am-
plitude ratio corresponding to a given shell,
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C,(k) N,RZ | 2AR
In =In 3 —
Cy(k) NyR; A
~2807 K2+ A0k - @
and the phase difference
D, (k)—Dy(k)=2k (AR—AR ,)— A0k, (5)
where
2A0° R
AR =7 |1+ (©6)

and where o is the mean-square deviation in bond length,
and ¢'* and o'* are higher cumulants of the pair distri-
bution function as discussed in I. The measured distance
change is AR'=AR+AR_,. In all of the EXAFS

analysis reported here, it has been assumed that the back-
scattering amplitudes F;(k) and net scattering phase shifts
¢;(k) for a particular compound are independent of small
volume changes. If there are any volume-dependent ef-
fects they should be most important at low k where the
photoelectrons are sensitive to the valence charge distribu-
tion and where corrections for curvature of the pho-
toelectron wave may be substantial. However, the largest
changes in interatomic spacing are less than 10% so that
volume effects in F;(k) and ¢;(k) should be minimal. In
future work experimental and theoretical test of this as-
sumption should be performed.

The EXAFS function X(k) was extracted from Cu and
Br K edges, as described in I, with a cubic spline. Some
typical k3X(k) data representative of the three phases ob-
served are presented in Fig. 4. For the zinc-blende and
tetragonal phases this quantity was qualitatively similar
because in each case X(k) is dominated by the first-shell
contribution. In going to the NaCl structure a large de-
crease in amplitude is accompanied by the appearance of
some interference from a second shell. Differences be-
tween the three phases become more apparent when one
looks at the Fourier transforms?® of k3X(k), which are
plotted in Fig. 5. The first-shell peak behaves identically
in both the Cu and Br edge transforms: it decreases in
amplitude and shifts to higher r in each successive phase.
Beyond the first shell in the Br edge transforms, a second
shell is barely visible near 4 A in the zinc-blende phase.
Second- and third-shell peaks appear at lower r in the
tetragonal phase, while a large second shell is present in
the rocksalt structure. In the Cu edge transforms, peaks
beyond the first are almost nonexistent in the first two
phases. In the NaCl structure, the third-shell peak is
larger than the second. This behavior is due to the large
Cu-Cu relative motion discussed in I.

It is convenient to begin the quantitative analysis by
considering the behavior of the first-shell distribution in
the single-phase data. First shell X(k) were isolated with
a typical r-space window of 1.3 to 2.8 A. (The window
was shifted as necessary.) The change in nearest-neighbor
distance was determined using the 72 K, atmospheric
pressure data as reference. The phase differences were fit
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FIG. 4. Typical k3x(k) data for CuBr: (a) Cu edge data, (b)
Br edge data. Solid line: sample no. 1, P =40 kbar; dotted line:
sample no. 1, P =52 kbar; dashed line sample no. 2, P =87
kbar.

with a straight line and with a polynomial including a k*
term; both fits were forced to pass through the origin. In
all cases the quality of the straight-line fits (as measured
by X?) was very poor and the cubic term was seen to be
necessary for a satisfactory description of the data. The
results of the two sets of fits for the Cu and Br edge data
are listed in Table II. The straight-line results are includ-
ed just for comparison. The differences between Cu and

(arbitrary units)

magnitude of transform

R (R

FIG. 5. Magnitudes of Fourier transforms of k3x(k) for
CuBr: (a) Cu edge data, (b) Br edge data. Solid line: sample no.
1, P =40 kbar; dotted line: sample no. 1, P =52 kbar; dashed
line: sample no. 2, P =87 kbar.

Br edge results give an idea of the uncertainties in the pa-
rameters. These differences are about the same size of
those seen in ZnSe between Zn and Se edge data in similar
fits. Shifting the energy origin of a data set relative to
that of the reference by 0.3 eV causes AR and o to
change by 0.003 A and 0.03x 1073 A 3, respectively.

Some typical phase differences together with the anhar-
monic fits are plotted in Fig. 6. The range of points used

TABLE II. Results of least-squares fits to phase-difference data for CuBr.

Sample AR’ (R) AR’ (A) o (1073 &)
no. P (kbar) Cu Br Cu Br Cu Br
1 0.0 —0.025 —0.022 —0.006 —0.012 0.41 0.23
39.9 —0.064 —0.069 —0.050 —0.062 0.39 0.14

51.7 —0.047 —0.051 —0.020 —0.039 0.64 0.22

57.4 —0.048 —0.052 —0.026 —0.043 0.48 0.20

62.6 —0.055 —0.059 —0.038 —0.049 0.4 0.23

2 0.0 —0.013 —0.021 —0.011 —0.011 0.05 0.50
51.7 —0.024 —0.033 0.008 —0.022 0.81 0.24

61.1 —0.036 —0.037 —0.004 —0.022 0.70 0.39

86.6 0.069 0.075 0.079 0.107 0.29 0.86

4 35.0 —0.062 —0.062 —0.050 —0.043 0.20 0.37
488 —0.018 —0.021 0.017 0.001 0.65 0.56

55.1 —0.018 —0.026 0.015 —0.015 0.84 0.31

59.7 —0.029 —0.027 0.009 —0.013 0.78 0.47
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FIG. 6. Typical first-shell phase differences for CuBr: (a) Cu
edge data, (b) Br edge data. Circles: sample no. 1, P =40 kbar;
squares: sample no. 1, P =52 kbar; triangles: sample no. 2,
P =87 kbar. The dashed lines represent least-squares fits to the
data.

in the fits (6—10 A ~!) had to be restricted for two
reasons. At low k there is a large, sharp dip in both the
Cu and Br backscattering amplitudes which is greatly dis-
torted by the relatively narrow r-space window. At the
other end of the k range the single-shell amplitude be-
comes quite small and is often dominated by noise contri-
butions, resulting in unreliable phase-difference and
amplitude-ratio results. Within the fitting range distor-
tions of the phase and amplitude can also occur, and they
have large effects on the parameters obtained in anhar-
monic fits. The parameters in the anharmonic fitting po-
lynomials are highly correlated so that, for example, a
large error in o' results in a large error in AR. All of
this discussion is meant to explain why, although anhar-
monic terms are required to give a satisfactory description
of phase differences and amplitude ratios, the errors in the
fitted values may be quite large. Allowing more than two
degrees of freedom in each fit will give unreasonable and
meaningless results for the fitting parameters.

Since 0¥ appears t0 be significant at all pressures, one
may expect o'* to be important also. This fact compli-
cates the analysis of amplitude ratios for phase-V data be-
cause the coordination number in this phase is not known
a priori and it is not practical to determine N /N, o2, and
0¥ in the same fit. It is possible to make some assump-
tions about N and to then see if they are consistent with
the data. We know that CuBr starts in the zinc-blende
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phase, where N =4, and ends up in the rocksalt structure
when N =6. It seems likely that any intermediate struc-
ture would also have a coordination of either 4 or 6.
After looking at a few amplitude ratios one is quickly
convinced that the first-shell coordination number in
phase V is 4. Some typical amplitude ratios, corrected for
the change in nearest-neighbor distance, for all three ob-
served phases are shown in Fig. 7. The anharmonic fits
shown all pass through the origin (the reference data has
N =4). The ratio for the NaCl structure data has been
corrected for the increase in coordination number from 4
to 6. (The difference in the ratios for Cu and Br edge data
at the highest pressure are probably due to distortion of
the Br data at high k—the amplitude is quite small in
this region.)

Using the above conclusions about coordination num-
bers, the amplitude ratios were analyzed with the usual
straight-line and anharmonic fits. The results are listed in
Table ITII. Although the inclusion of o'* generally causes
significant improvement of the fits, the correlation be-
tween Ao? and o'* together with various distortions prob-
ably leads to large errors in the values obtained. A change
in the y intercept of 0.05 causes Ac* and o'* to increase
by 0.1x10"2 A2 and 0.2 10~ A #, respectively.

With Ao? determined, the AR’ values can be corrected
to give the change in nearest-neighbor distance as a func-
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FIG. 7. Typical first-shell amplitude ratios, corrected for dis-
tance changes, for CuBr: (a) Cu edge data, (b) Br edge data.
Circles: sample no. 1, P =40 kbar; squares: sample no. 1,
P =52 kbar; triangles: sample no. 2, P =87 kbar. The dashed
lines represent least-squares fits to the data.
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TABLE III. Results of least-squares fits to amplitude ratios for CuBr.

Sample Ac? (102 A2) Ac? (1072 A2) o (107* A%
no. P (kbar) Cu Br Cu Br Cu Br
3 0.0 0.76 0.73 0.96 0.89 1.12 0.77
3 39.9 0.51 0.50 0.68 0.62 0.86 0.61
3 51.7 0.60 0.58 0.80 0.78 0.96 0.95
3 57.4 0.60 0.56 0.76 0.81 0.82 1.12
3 62.6 0.53 0.58 0.82 0.82 1.14 1.24
4a 0.0 0.78 0.69 0.94 0.90 1.06 1.03
4a 51.7 0.63 0.57 0.80 0.85 0.69 1.14
4a 61.1 0.59 0.63 0.83 0.80 0.90 0.92
4a 86.6 1.28 1.44 1.66 1.96 1.81 3.80
5b 35.0 0.54 0.48 0.81 0.56 1.10 0.48
5b 48.8 0.60 0.53 0.87 0.65 1.36 0.52
5b 55.1 0.54 0.51 0.68 0.62 0.74 0.54
5b 59.7 0.55 0.55 0.65 0.59 0.58 0.22

tion of pressure at room temperature. The corrections for
thermal expansion between the 72-K sample and room-
temperature sample (=0.006 A) and AR , cancel out al-
most completely in most cases. (As in I, the value of A in
Eq. (6) was taken to be 8 A.) The resulting AR values are
plotted in Fig. 8 as a function of pressure. Within each
structural phase the nearest-neighbor distance decreases
with pressure, but at the transitions there are large in-
creases in distance. For comparison, the solid line
represents the measurements of Vaidya and Kennedy’!
and the crosses indicate the results of an energy-dispersive
x-ray diffraction study.?? The star indicates the NaCl
structure result measured with x-ray diffraction by
Meisalo and Kalliomaki.> The EXAFS results in the
zinc-blende phase are more or less consistent with the oth-
er measurements considering the errors due to the anhar-
monic fitting. In the tetragonal phase, the scatter among
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[ ]
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o
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b o®a
o] 4 o .
e
mg0
-005 + Ao . B
++ .
Nx
N
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pressure (kbar)

FIG. 8. Change in nearest-neighbor distance vs pressure for
CuBr. Squares, sample no. 1; circles, sample no. 2; triangles,
sample no. 4. Open (solid) symbols represent Cu (Br) edge data.
The solid line is from Ref. 18, the crosses are from Ref. 19, and
the star is from Ref. 2.

data points from the same sample are consistent with
measurement uncertainties; however, the average differ-
ences between samples appear to be real, as is discussed
later.

To interpret the Ao? results, it is convenient to convert
them to the relative change in o2 at room temperature and
plot them as a function of the relative change in nearest-
neighbor distance. To make the conversion, the measured
value of Ag?=0. 0080 A? between 295 and 72 K and the
calculated value o2 (72 K)=0.0037 A2 were used (see I);
the results are plotted in Fig. 9. There is clearly quite a
bit of scatter, but the data seem to follow a consistent
trend: o decreases as the nearest-neighbor distance de-
creases, more or less independent of structure. The large
increase of o2 in going to the NaCl structure can easily be
understood in this way. Raman measurements?® indicate
that the Griineisen parameter, ¥ 5, for the TO mode in
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FIG. 9. A}/o} vs —AR,/R, for CuBr. Squares, sample no.
1; circles, sample no. 2; triangles, sample no. 4. Open (solid)

symbols represent Cu(Br) edge data. The dashed line is ex-
plained in the text.
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FIG. 10. Magnitudes of Fourier transforms of k3x(k) for
CuBr (sample no. 2) in the V-VI mixed-phase region: (a) Cu
edge data, (b) Br edge data. Dashed line, P =68 kbar; dotted
line, P =77 kbar; solid line, P =87 kbar.

CuBr is ap?roximately 2.5. Setting y g equal to this value
and using’ Ao?/0’=6yz(AR/R) gives results corre-
sponding to the dashed line in the figure.

Analysis of the second shell in the Br edge data affords
good evidence that the P =87 kbar data of sample no. 2
corresponds to the NaCl structure. This data was filtered
with an r window of 2.9 to 3.9 A and compared with the
filtered second shell X(k) from the 73 K, zero-pressure
data. A linear fit to the phase difference gave
AR,=—-0.391£0.03 A which, combined with the aver-
aged result for the first shell, gives R,/R;=3.62/2.56
=1.414~V2 as expected for the NaCl structure. A
straight-line fit to the logarithm of the ratio of amplitudes
yields an intercept ap=—0.17%0.15 and
Ag?=0.0070+0.0020 A% The intercept result is con-
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sistent with a second-shell coordination which is the same
as in the zinc-blende structure. Both the rocksalt and
zinc-blende structures are fcc with a basis and hence have
a second-shell coordination of 12.

Figure 10 shows some Fourier transforms of k3X(k)
measured in the V-VI mixed-phase region. Interference
between first-shell contributions from the two phases
causes the amplitude of the first-shell peak to be greatly
reduced in the mixed-phase region. At the same time, one
can see that the second-shell peak in the Br edge data, cor-
responding to the second shell in the NaCl structure,
steadily increases in amplitude. To analyze this data it
was necessary to resort to nonlinear least-squares fitting.
The first-shell peak was filtered in the usual way to obtain
single-shell X (k) data. The reference data for fitting were
filtered first shell X(k) which were pure phase V and
phase VI. Sample no. 2, P =87 kbar, was used as the
phase-VI reference in all cases, while sample no. 1, P =63
kbar and sample no. 2, P =61 kbar were the phase-V
references for the respective samples. It was assumed that
every atomic site in the mixed-phase sample was in one
phase or the other, so that

X(V4+VD)=£(V)X(V)+f(VDX(VI) (7)
with
fV)+f(VD)=1. (8)

This model gives one fitting parameter, which was taken
to be f(VI). Good fits were obtained without allowing R
values to vary, but it was necessary to include a parameter
AoXVI). The results for all of the mixed-phase data
analyzed are presented in Table IV. A graphical presenta-
tion of the f(VI) results is given in Fig. 11. Uncertainties
in the parameters are difficult to assess, especially consid-
ering the correlation between f(VI) and AcX(VI). It is
worthwhile noting, however, that the results of fitting the
mixed phase X(k) are in good agreement with the trend
shown by the normalized white-line peak height in the
same pressure region (see Fig. 3).

We now return to a consideration of phase V. It was
noted earlier that some variations have been observed in
the Cu and Br edge XANES measured in the tetragonal
phase for different samples. Some variations also occur in
the EXAFS data: the first shell appears to be fairly con-
sistent between the different samples, but the higher
shells, which are really only visible in the Br edge data,
vary considerably. This inconsistency is unfortunate since
information beyond the first shell is necessary in order to

TABLE IV. Results of nonlinear least-squares fits to X(k) for CuBr data in the V-VI mixed-phase

region.

Sample P FVD) Ac¥ VD) (102 A?)
no. (kbar) Cu Br Cu Br

3 74.4 0.42 0.36 0.95 1.42

3 82.0 0.65 0.11

4a 68.0 0.51 0.40 0.78 1.22

4a 772 0.66 0.64 0.56 0.68
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FIG. 11. Fraction of CuBr sample in phase VI as a function
of pressure. Squares, sample no. 1; circles, sample no. 2. Open
(solid) symbols represent Cu (Br) edge data. The dashed lines
are merely guides to the eye.

determine the crystal structure. Besides this problem, the
higher shells observed at room temperature are quite
small in amplitude so that little useful information can be
obtained from them.

To decrease the thermal damping of the higher shells,
we loaded sample no. 4 in the clamped cell and cooled it.
By pouring liquid nitrogen directly onto the cell we were
able to cool the ring centering the sample gasket to ~ 100
K, but at the lowest temperatures there was a variation of
~20 K during each scan due to evaporation of the
coolant. Fourier transforms of data collected at several
different temperatures are displayed in Fig. 12. Several
shells show the expected increase in amplitude as the tem-
perature decreases. The pressure at room temperature was
49 kbar, although it may be varied at lower temperatures.
In spite of the sample-to-sample variations mentioned
above, we have attempted an analysis of the low-
temperature data.

Individual shells in the lowest temperature data for
each edge were filtered and analyzed with the phase
difference and amplitude ratio methods, using the filtered
first and second shell X(k) from the 72 K, atmospheric
pressure data as reference. As usual, the most reliable in-
formation was obtained about the first shell. For the Br
edge the results were AR = —0.001+0.003 A and, for the
amglitude ratio _ fit, ay=0.04+0.05 and
Ao*=0.0005+0.0010 A2 These results are consistent
with the room-temperature first-shell analysis. The Cu
edge first shell showed some strange features, however.
The amplitude showed a large dip and the phase increased
rapidly at low k relative to the reference. The only plausi-
ble explanation for these features seems to be interference
from a second shell. Since similar behavior does not ap-
pear in the Br edge data, the extra contribution must be a
Cu-Cu shell. A reasonable fit to the data was obtained by
using a 4-atom Cu-Br shell at R =2.46 A and a Cu-Cu
shell at 2.78+0.02 A. The number of atoms in the Cu-Cu
shell is difficult to determine because of the correlation
between N and o2, but at least four seems to be needed to
give a reasonable fit.
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FIG. 12. Magnitudes of Fourier transforms of k2x(k) for
CuBr-V at low temperatures: (a) Cu edge data: solid line,
T ~130 K; dotted line, T ~ 145 K; dashed line, T ~205 K. (b)
Br edge data: solid line, T~ 100 K; dotted line, T ~130 K;
dashed line, T ~215 K.

Limited information could be obtained about the higher
shells. Because of the small amplitudes of the shells and
the similarities between the backscattering properties of
Cu and Br atoms, it is very difficult to pin down the
atomic species in a given shell. Furthermore, what ap-
pears to be a single shell may actually be several closely
spaced shells of more than one kind of atom. Analysis of
the amplitudes could give misleading results, so only the
positions of shells will be discussed here. The error in dis-
tance obtained if a shell of Br atoms is assumed to be Cu,
or vice versa, is 0.1 A; this is the limit on distance resolu-
tion here. In the Br edge data, peaks are found at
3.431£0.10 A (probably Br-Br), 4.56+0.10 A, and
5.60+0.10 A. The last shell shows a beat in X(k), so it
may actually be two distinct shells with the distance given
being an average of some sort. In the Cu edge data, peaks
are found at 4.72+0.10 A and 5.23+0.10 A.

D. Structural phase transitions in CuBr

The stable structure at a given temperature and pressure
is determined by minimizing the Gibbs free energy of the
system, G =G (P,T). At a phase transition the difference
in free energy between two structures is given by

AG =AE(P,T)+PAV(P,T)-TAS(P,T)=0. (9

For temperatures sufficiently near zero one can ignore the
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entropy term. In this case, the P AV term can make it en-
ergetically favorable for a crystal to collapse to a denser
phase under pressure. That is, a crystal will transform to
a structure with a higher internal energy if the corre-
sponding increase in energy is compensated by a sufficient
decrease in volume.

All tetrahedral semiconductors transform from four-
fold to sixfold coordinated structures under pressure.”*?*
The elemental semiconductors transform to metallic 5-Sn
phases, while the ionic II-VI compounds are converted to
a semiconducting NaCl structure before going metallic.
The III-V compounds go directly to a metallic structure
which may be the rocksalt modification or a B-Sn analo-
gue.?® CuCl and CuBr are very ionic and hence eventually
reach the NaCl structure. However, before reaching that
structure they each pass through an intermediate tetrago-
nal phase. This extra phase does not fit the pattern set by
the other tetrahedral semiconductors and, as will be
shown below, is due to the instability of the zinc-blende
structure under pressure and the extreme ionicity of CuCl
and CuBr.

Musgrave and Pople?’ pointed out a number of years
ago that the zinc-blende structure under hydrostatic pres-
sure can become unstable with respect to shear deforma-
tions. With the coordinate axes chosen to lie along the
edges of the unit cube, they considered two independent
types of shearing motion: (1) (x,y,z)—(x +uy,y,ux,z)
and (2) (x,y,z)—(x +ux,py —uy,z). (There are, of course,
three possible permutations for each type of deformation.)
In each transformation the volume changes from ¥ to
(1—u?)V,. The elastic constants corresponding to these
deformations are c4q and cs=%(c“——c,2), respectively.
In terms of the elastic constants the changes in internal
energy due to the two types of transformation are 2c4qu?
and (c;—cyp)u®. It follows from Eq. (9) that at zero
temperature a shear deformation of the zinc-blende struc-
ture will occur if

2¢44(P)—P =0 (10)
or

¢ (P)—cp(P)—P=0. (11)

The elastic constant in tetrahedral semiconductors show
consistent trends when considered as functions of ionici-
ty.2® ¢, and c44 normalized to e?/r* (with r =R ) are ob-
served to decrease with ionicity, approaching zero for the
most ionic compounds CuCl and CuBr. It is informative
to interpret these trends in terms of a simple force con-
stant model. A convenient one is the special case of the
valence-force-field model suggested by Keating,” in
which the potential energy of the lattice is written as

U= L1qa 3 . 1.1 12
=3a 472 ; [A(r;-r;)]
|- 3 | &
72 s 3 S age)?, (12)
s=1 i=1j=1
J>i

where r; is a bond vector about atom s. a and
B=+(B'+B* can be interpreted as bond-stretching and
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bond-bending force constants, respectively. In terms of
these force constants it can be shown®? that, ignoring the
Coulombic contributions,

cu~a+pB)/r (13)
and

c,~B/r . (14)

From this model one can see that the decrease in the shear
moduli is due to the decrease in the bond-bending force
constant with ionicity.

Pressure also has an effect on the elastic constants. A
pseudopotential calculation of the electronic properties of
ZnSe as a function of volume has shown that the valence
bond charges decrease under pressure, suggesting a corre-
sponding decrease in 8.3° Ultrasonic measurements of the
elastic constants in ZnSe under pressure do indeed show
that dc;/dp=—0.17, while dcy/dp=0.333! These
ideas can be related to our own observations for ZnSe.’
Consider o for the second shell in zinc-blende structure.
A pair of second nearest-neighbor atoms must sit at the
corners of a coordination tetrahedron. Since relative
motion between such a pair of atoms will consist mainly
of bond-bending motion, one may expect that o5~ 1/B.
A decrease in B should cause an increase in o3 with pres-
sure, which is exactly what was observed. If we write

1A% 1A __ding
o} AP~ B AP~ adP '’

then we find d InB/dP ~ —0.002 kbar—!, just a factor of
2 larger than the result obtained from the elastic constant
measurements.

The elastic constants in CuCl change even more rapidly
with pressure. The values at room temperature and atmo-
sphere pressure, c;=45.5 kbar and c44 =136 kbar, are
quite small to begin with, and with pressure derivatives of
—0.388 and —0.658, respectively, they decrease quickly
under pressure.>> Applying Eqs. (10) and (11) one predicts
transition pressures of 82 and 51 kbar, respectively. The
lower value is equal, within experimental uncertainty, to
the observed zinc-blende to tetragonal phase-transition
pressure in CuCl. The obvious conclusion, then, is that
the II-IV transition in CuCl occurs (or at least begins) by
shear deformation due to lattice instability. A similar
prediction is expected to hold for the III-V transition in
CuBr, although no high-pressure measurements of its
elastic constants are available. In contrast, the predicted
pressure for a type-2 transition in ZnSe is 265 kbar, well
above the observed 137-kbar transition to the NaCl struc-
ture 333

The prediction of a transition from the zinc-blende
structure to a tetragonal phase by shear deformation is in
good agreement with the results of our EXAFS measure-
ments. The III-V transition in CuBr is observed to occur
fairly rapidly over a narrow pressure range. The transi-
tion to the NaCl structure, on the other hand, is quite
sluggish and probably requires nucleation and growth of
crystallites in the new phase. The observed first-shell dis-
tribution in phase V is also consistent with a type-2 shear
deformation: the coordination remains unchanged while
the distance increases slightly.

(15)
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A simple shear deformation to a tetragonal or
orthorhombic structure should leave a lattice with identi-
cal radial distribution functions about Cu and Br atoms
(at least for coordination numbers and distances). Our
high-pressure, low-temperature measurements indicate
that this is not the case in CuBr-V. If the measurements
and analysis are correct, some additional rearrangement of
atoms must occur in the transition. This complicates
analysis of the crystal structure since it cannot be viewed
as just a simple deformation of the zinc-blende structure.
The only practical way to proceed is to look for model
structures and see if they are consistent with the EXAFS
and x-ray diffraction measurements.

The most obvious choice for a model is the tetragonal
phase of Agl observed between 3 and 4 kbar. AgI-IV has
a structure similar to PbO, with a nearest-neighbor coor-
dination of 4.3 Although it is possible to explain some of
the EXAFS results with this structure, it is not possible to
simultaneously satisfy the requirements of both the EX-
AFS and x-ray diffraction measurements. This is unfor-

tunate since it has been difficult to find other reasonable
structural models. We have been unable to find any other
examples of tetragonal modifications which come close to
satisfying all of the data. It appears that the structure of
CuBr-V will remain unsolved until more information on it
can be obtained.
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