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%'e report Raman scattering in CuI, CuBr, and CuC1 at 40, 100, and 295 K under hydrostatic pressures from
1 to 7 kbar. The TO- and LO-mode Griineisen parameters are determined for cases in which these modes are
directly observed experimentally. By combining the experimental pressure dependence of the phonon
frequencies with the experimental temperature dependence one can separate the anharmonic contributions into
volume effects and multiphonon effects. In most cases the major contribution to the isobaric temperature
dependence of the phonon frequencies in these crystals is the temperature dependence of the anharmonic

coupling of the phonons. The logarithmic derivative of the Szigeti effective charge is calculated from mode
Gruneisen parameters; in CuBr at 40 K the value of this derivative is anomalous. A new design for sapphire
windows for use in pressure cells is described.

I. INTRODUt:TION II. EXPERIMENTAL CONSIDERATIONS

The lattice dynamics of the cuprous halides have
been studied extensively. ' ' Much of the recent in-
terest results from the fact that these materials
exhibit large anharmonicity; CuBr and CuCl under-
go negative thermal expansion at low tempera-
tures. a'9 Although common to many zinc-blende
crystals, the negative thermal expansion in CuC1
is larger than in any other crystal. It has been
correlated to the negative mode Gruneisen param-
eters of the long-wavelength transverse-acoustic
phonons. '~" Further evidence of anharmonicity can
be seen in the Baman spectra of these materi-
als "'" At temperatures as low as 200 K the
observed peaks are very broad, indicating large
anharmonic coupling of the phonons.

Potts et a$. have reported extensive studies of
the zone-center phonon frequencies as a function
of temperature for CuI, CuBr, and CuCl. ' The
LQ phonon in CuBr and CuCl decreased in frequency
as the temperature was lowered below 70 and 100
K, respectively. They suggested that this may
reflect the negative thermal expansion of these
crystals. Qn the other hand, multiphonon effects
may account for this effect. Therefore it is clearly
of interest to separate the temperature dependence
of the phonon frequencies into a part due to volume
dependence and a part due to multiphonon effects.

Such a determination can be made by combining
the temperature dependence with the hydrostatic
pressure dependence of the phonon frequencies. ""
We, therefore, report here measurements of the
Haman scattering in CuI, CuBr, and CuCl at
several temperatures from pressures of 1-7 kbar.
In addition to the separation described above, we
determine the mode Grfjneisen parameters of the
TQ and LQ phonons.

CuI, CuBr and CUCl have the zinc-blende
structure and should thus show zone-center TQ
and LQ phonons in their Raman spectra. To ob-
serve both modes in one spectrum rectangular
samples were cut from single crystals with [110]
and [001] surfaces. The incident beam propagated
along [110]and the scattered light was collected
along [001). As the beam is depolarized by the
sapphire windows of the pressure cell, both TQ
and LQ modes are present in each spectrum.

Pressure was generated with a conventional sys-
tem (hydraulic pump and intensifier) with helium
being the pressure transmitting medium. Helium
allows low-temperature measurements and also
provides excellent thermal conductivity. Thus we
were able to use relatively high laser power
(300 to 500 mW) without excessive sample heating.
The high-pressure tubing was —,',. -in. -o.d. x 0.010-
in. -i.d. SS 316 stainless steel. This is very
flexible, makes assembly of the system easier
and prevents misalignment of the optical system
during cooling. In addition, it is safer than thicker
tubing because the energy stored in the tube is
small. It does have the disadvantage that pres-
sure in the cell is built up relatively slowly.
Therefore this tubing cannot be used with cells in
which the sapphires must quickly push against
their seals with large forces. "

Qur pressure cell features a new design which
allows the sapphires to be stressed before cell
assembly. The sapphires are mounted in marag-
ing steel plugs with a screw cap which applies
the stress.„ the assembly is shown schematically in

Fig. 1. The sealings for the sapphires are
aluminum-gold-aluminum packings, each 0.2 mm
thick and placed between the sapphire and the flat
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mall of the plug. The screw cap is then tightened,
prestressing the sapphire. This procedure re-
duces the importance of highly polished surfaces
of contact of sapphire and plug. In addition, the
prestress pxovides a seal at very low pressures
for the initial run. After the high pressures have

been applied to the plug with helium gas the pack-
in.gs have extruded and the screw cap is no longer
providing a stress; thus we are not able to re-
turn to very low pressures (less than approximate-
ly 1.5 kbar at 40 K). With this design it is es-
sential that the sapphires are Verneuil-growth
type. These have more impurities than the
Czochralski-growth type and are more resistant
to cleavage.

The plugs themselves are sealed against the
cell walls conventionally. ""Packings for this
seal are also shown schematically in Fig. 1.

The pressure cell is a four window design, also
made from maraging steel. %'e use three optical
windows. The sample holder has no connection
with the windom plugs, preventing misalignment
under pressure. Polarizing sheets may be placed
inside the cell to permit polarized measurements
under pressure. The pressure cell is mounted

on R coM finger in R conventlonRl liquid-helium
optical cryostat. At low temperatures and high

pressures helium is solid, and therefore the cell
mas attached mith the pressure tubing at the side
of the cell opposite the cold finger. This ensures
that the helium f1eezes Rt constRnt px'essure
rather than at constant volume and simplifies the

pressure determination inside the cell. %e follow
normal procedure and pressurize the cell before
cooling to freeze in strains in the metal. This
minimizes the possibility of the cell exploding.
%e are able to change from one pressure to
another (staying above -2 kbar) at 100 K without
incident. The pressure is measured to +20 psi
with a Haxwood manganin cell. The temperature
is measured with carbon resistors and a thermo-
couple outside the cell and is regu13ted to +2 K
with an Ax'tronix controller. %e estimate that the
sample is on. ly a few degrees marmer than our
measured temperatures.

III. RESULTS

Figures 2, 3, and 4 show the Haman spectra of
CUI, CurBr, and CuCl at lorn and high hydrostatic
pressures at 40, 100, and 295 K. The frequency
shifts of peaks in the spectra of CuI and CUBr are
seen clearly. The TO an.d LO phonons in CuI
(-135 and —150 cm ' at 40 K) are seen as sym-
metllc peaks Rt 40 Rnd 100 K throughout the px'es-
sure range shown. The TO phonon of CuBr
(-135 cm ' at 40 K) behaves in a similar manner.
The LO phonon of CuBr produces an asymmetric
peak (-170 cm ' at 40 K); at 100 K its asymmetry
clearly decreases with pressure. The region of the
TO phonon in CuCI (-140-180 cm ' at 40 K) is
clearly anomalous. A detR11ed descrIptxon of the
experimental xesults at 40 K and a theoretical
model reproducing the spectra are described else-
where. ' The LO phonon of CuCI (-205 cm ' at 40

K) is seen as a symmetric peak at 40 and 100 K.
The 295-K data for all three materials show

broad structure. In the case of CuI the two largest
peaks correspond to the TQ and LQ phonons. For
CuBr the largest peak consists of contributions
from both the TO phonon and a two-phonon dif-
ference band; the smaller peak corresponds to
LO phonon scattering. Finally, CuCl indicates
four peaks, previously labeled" from lom to high

frequency as n, P, y, and 5. The peaks P, y,
and 5 correspond to the three peaks observed
in the 40 and 100 K spectra.

%e have determined the pxessure dependence of
the frequencies of the phonons described above.
Typical results are shown in Fig. 5 for data ob-
tained at 100 K. The straight lines are least
squares fits t:o the frequency versus pressure data
and provide the information necessary to calculate
the mode Gruneisen parameter, y:

&ln V T y~ 9P

where mr=-(1/V) (9V/BP) r is the isothermal com-
pressibility. Values of y, are shown in Table I.
Also shown is the value of v~ used to determine y,
and P, the volume thermal expansion coefficient,
which is used in the calculation of h:~ and the

volume contribution to the isobax'ic temperature
dependence of the mode frequency. Values of the

pxessure derivatives, with standard deviations,
are tabulated in Table III (along with temperature
derivatives). The isothermal compressibilities
are determined from the isothermal bulk moduli,

Br:~r= 1/B r. Br is determined from the adia. —

at1c bulk modu11+s, whxch 1s, in turn, deter-
mined from elastic constants (c„and c») using
the relations
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FIG. 2. Baman spectra of CuI at low and high pressure
at 40, 100, and 295 K.

FIG. 3. Haman spectra of Cuar at low and high pres-
sure at 40, 100, and 295 K.

1B,= —,(c„+2c„) II we present their pressure dependence along
with that of the n peak.

B =B /(1+D),

where

D = B~ Tv P'/c q,

in which v is the specific volume, c~ is the specific
heat per mole at constant pressure, T is the
temperature, and P=(1/V) (BV/BT)I, is the volume
thermal- expansion coefficient. D is much less
than 1, so that the difference between B~ and B~
is from 1.2%to 2.5 jp. The elastic constants
themselves change -5% with pressure (0-7 kbar).
We used the 1-bar values of the elastic constants.

The P and y peaks in the spectra of CuCl may not
be simply interpreted as corresponding to a single
phonon. ' For completeness, however, in Table

IV. DISCUSSION

We consider first the values of y,. themselves.
In all three materials at all temperature measured

yTo ~ yzp This is the normal behavior for zinc-
blende materials and is in agreement with pres-
sure measurements in other materials. ""That
is to say increased pressure causes a decrease of
the TO-LO splitting, which means a decrease of
the effective charge; this point will be discussed.
quantitatively below. It can also be seen that these
mode Gruneisen parameters show interesting tem-
perature dependences. Because of the larger errors
in the 295-K values of y,. we consider only the 40
and 100 K values. yTo and y«of CuI are, respec-
tively, very nearly the same at 40 and 100 K. This
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TABLE II. Pressure dependence of frequencies of e, P,
y peaks of CuCI (cm ~/kbar}.

40 K
100 K
295 K

0.34
0.97
0.15

Q.53
0.66
0.28

for cubic crystals. The term on the left-hand
side of Eq. (5) is the frequency change a,s a func-
tion of temperature at constant pressure. The first
term on the right is the frequency change as a
function of volume at constant temperature. Both
of the above terms can be calculated from ex-
perimental data. The last term on the right-hand
side, which therefore is determined, is the
frequency change as a function of temperature at
constant volume. The last term may not be ob-
tained directly from experiment as volume changes
accompany temperature changes.

The contributions to the temperature- dependent
phonon frequencies on the right-hand side of Eq.
(5) are both due to anharmonic interactions.
Maradudin and Fein" and Cowley'' have calcula-
ted these contributions for cubic and quartic
anharmonicities. They showed that the anharmon-
icity leads to a phonon self-energy whose real
part 4 is observed as a frequency shift of the
phonon from its "harmonic" value, ~H. They
further showed that 4 can be separated into

where & represents the anharmonic frequency
shift due to thermal expansion and ~ represents
the shift due to cubic and quartic anharmonicities.
We are therefore able to relate the first term on
the right-hand side of Eq. (5) with & and the sec-
ond term with h~.

Table III lists the terms of Eq. (5) for the phonon
modes observed experimentally. The last two
columns give the values of the volume and multi
phonon contributions, respectively, to the iso-
baric temperature dependence of the mode fre-
quency. It can be seen that in most cases in Table
III the multiphonon term dominates the volume
term. In these temperature regions, then, the
major contribution to the temperature dependence
of the phonon frequencies is the temperature de-
pendence of the anharmonic coupling of the
phonons. The exceptions are interesting: At 40
K, the TO and LO modes in CuI have equal volume
and multiphonon contributions, and, at 100 K, the
Lo mode in CuBr has a larger volume term. We
note that Potts et al. found the frequency of the
Lo mode in CuBr to decrease below 70 K as the
temperature decreased. They suggested this de-
crease may mirror the negative thermal expan-
sion of CuBr. Our data at 100 K shows that the
volume dependence dominates multiphonon effects
in the temperature dependence of the Lo phonon
frequency. However, at 40 K, multiphonon ef-
fects dominate the observed frequency shift. In
fact, at temperatures where the thermal expansion
changes from negative to positive, 50 K in CuBr,
P must be zero and the entire observed frequency
change with temperature is due only to multiphonon
effects and not to volume effects (as the volume is

TABLE III. Terms in Eq. 5 ~

(cm ') (10 /kbar) (10 5/K)

P ~lnw; &In~;
BP ., K BT

(10 '/K) (10 '/K)

CuI LO

CuBr TO

40
100
295

40
100

40
100

132.9
131oo

124.0

150.8
149.0
140.3

135.3
134.2
120.8

169.9
170.4

209,5
210.1

5.4 + 0.7
5.5 +0.3
6.5+ 0.6

3.9+ 0.6
4.3 + 0.4
5.9 + 0.7

5.2 + 0.5
6.7 + 0.3
5.5+ 1.9
4.2 +0.5
4.1~0.2
2.3 + 0.6
3.5 z 0.1

0
—31.0
—32.8

Q

-28.9
-30.7

—20.1
—95.9

13.4
-2.9

8.5
1.1

-9.2
-10.1
-2.2

702
—8.2

—5.6
—10.4

2.2
—0.4

3.1
21.8
22.7

2.2
21.7
22.5

5.7
14.5
85.5

12.4
0.5

6.3
1.5
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independent of temperature). Thus at 40 and 50 K
the decrease of the CuBr LQ phonon frequency is
due to multiphonon effects. By extension, it ap-
pears that the decrease at temperatures below 70 K
is not connected to the negative thermal expansion.

Maradudin and Fein" and Cowley" also showed
that 4~ due to cubic anharmonie interactions is
negative in the frequency region of the lattice modes
considered here, while that due to quartic an-
harmonic interactions may be either positive or
negative. Thus, when the temperature term in
Table III is positive quartic anharmonie coupling
dominates cubic anharmonic coupling. This occurs
for the cases of TO and LQ scattering in CuI at
40 K, LO scattering in CuBr at 40 and 100 K, and
LO scattering in CuC1 at 40 and 100K. We note that
because cubic and quartic terms may cancel, a
small value of the multiphonon term doesnotneces-
sarily imply small anharmonic coupling.

We turn now to the result that the TQ and LO
mode become less separated with pressure which
implies that the effective charge is decreasing.
Following Mitra and Namjoshi, "the logarithmic
derivative of the Szigeti effective charge can be
written as

8 lnV

&„ is obtained from values of piezooptic constants
determined by Biegelson. " Because of the uncer-
tainty in the values of &, we have used the LST
relation e,/e„= (&u»/ur»)' to eliminate e,. Values
of y~~ are shown in Table IV.

We shall focus our attention on the 40 K data be-
cause this analysis is applicable to a harmonic
lattice and is therefore most appropriate at low
temperatures. These 40-K data show negative
values of y~+ —1.3 for CuI and CuCl. Similar
values are found in alkali halides and other zinc-
blende materials. "'" CuBr has a positive y~~
which is anomalous. This result may be related
to the fact that the peak associated with the LO
phonon in the Raman spectra of CuBr is asym-

TABLE Iv. Negative volume logarithmic derivatives
of the effective charge y~+.

40 K 100 K 295 K

CuI
CuBr
CuCl

-1.20
0.36

-1.51

-0.33
-0.84

metric and changes shape with pressure and tem-
perature (Fig. 3). Thus the measured frequency
shifts of the peak may not be the frequency shifts
of the "harmonic" LQ phonon.

V. CONCLUSION

We have observed Raman scattering in CuI,
CuBI, and CuCl at 40, 100 and 295 K under
pressures from 1 to 7 kbar. Our pressure cell
utilizes a new design for the sapphire windows.
The sapphires are prestressed in a plug before
being placed in the pressure cell. This allows a
pressure seal to be obtained easily. Mode
GrGneisen parameters have been obtained for the
LO and TO phonons in cases where they are ob-
served experimentally; they show interesting tem-
perature effects which need theoretical clarifica-
tion.

By combining temperature and pressure depen-
dence of the phonon frequencies, we separated the
temperature dependence into a volume effect and
a multiphonon effect. As expected for these mate-
rials which have large anharmonicities, multi-
phonon effects dominate volume effects in the tem-
perature dependence of the phonon frequencies for
most eases. In particular, the decrease of the LO
phonon frequency of CuBr with decreasing temper-
ature at low temperature is not related to the nega-
tive thermal expansion of CuBr at these tempera-
tures.

The logarthmic volume derivatives of the
Szigeti effective charge have been determined.
At 40 K, data for CuI and CuCl give reasonable
numbers (by comparison to other materials) for
these derivatives while data for CuBr gives a
result with the wrong sign. We may not be ob-
taining the frequency of the "harmonic" LO pho-
non in CuBr because of the asymmetry of the
observed peak.
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