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The Raman spectra of CuCIABr, and CuBr*|,

solid solutions are shown to contain extremely intense

disorder-induced first-order TA phonons. The intensity of these lines is a function of the concentration x,
and is highest in CuCl06Bro40. The TA spectrum, well resolved at low temperature, fits well the density of
states (DOS) calculated from inelastic-neutron-scattering data. Assuming a disorder model in which Cu+
populates the central site or off-center sites, the high-intensity of this line and its temperature and pressure
dependence are explained. The Griineisen parameters of the TA lines were measured in various mixed
crystals, and fit well other related thermodynamic parameters. The low-temperature 2TA lines of both pure
and mixed crystals fit the calculated two-phonon DOS. The spectral analysis at high temperature is
discussed, and it is found that cozta (T) follows nicely 2<or7A(T).

I. INTRODUCTION

The general properties of pure Cu-halide crys-
tals were reviewed in the previous paper, here-
after referred to as 1.1 In that report a variety
of phonon anomalies are described and interpreted.
One of these anomalies relates to the weak low-
frequency lines observed in the Raman spectra of
the pure compounds2-4 and were briefly mentioned
in 1. These lines will be examined more intensly
here.

This study is devoted to Cu-halide solid solutions
in their zinc-blende (ZB) structure. Mixed Cu
halides were studied earlier by Murahashi and
Koda.5% They investigated the behavior of the
k~ 0 optical phonons in Raman and infrared ab-
sorption, at low temperatures and found a two-
mode behavior in5CuCl,. Brl x and6 CucCl, and
a one-mode behavior in CuBrr1”~ ,6 Lower-fre-
quency lines in mixed Cu halides were not re-
ported.

The present report will deal mainly with the
acoustical phonons of CuClI*Br,~, and CuBrril ¥
emphasizing the disorder-induced Raman lines.
Only a few works on disorder-induced lines in
mixed crystals were reported in the past.7'8 We
shall demonstrate and explain the special character
of this phenomenon in the mixed Cu-halide sys-
tems.

The experimental techniques are described in
Sec. Il and the results are reported in Sec. Il
In Sec. IV the results are analyzed and discussed.
The conclusions are summarized in Sec. V.

Il. EXPERIMENTAL

The mixed crystals were grown using the Bridg-
man technique. In the case of CuCI”Brj.”, 5 mol%
of KC1 was added as a flux.5'6 The composition
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ratios were quite uniform for all concentrations
of CuCl,. Br1-X and CuBrx1”, while uniformity
could not be obtained in CuCI™.*.

The Raman spectra were taken using a standard
set up including a third Spex monochromator for a
proper detection of the low-frequency Raman lines.
Both 90° and back-scattering spectra were taken,
using slits of about 3-cm"1effective width. Both
Ar+and Kr+ lasers were used as light sources. Im-
mersion and cold finger type cryostats were used
for the temperature range of 2-300 K. High-
temperature measurements up to 300 °C were taken
in an atmosphere of Ar gas. Temperature was
stabilized to within 0.5 °C at low temperature
and +2 °C at high temperatures. The hydrostatic
pressure cell utilizes sapphire windows and is
designed for pressures up to 10 kbars at room
temperature. The pressure is measured by means
of a manganin wire. A more detailed description
of the pressure cell was given elsewhere.9

I1l. RESULTS

Figure 1 shows the room-temperature spectra
of CuCI*Br~, 0.04 « 0.95. The lower-fre-
quency lines, which were not investigated earlier,5
are marked by the letters d and a. The higher-
frequency part of the spectra consists of lines
due to scattering from optical phonons of CuCl and
CuBr.56 These lines are disregarded in the pres-
ent report. It can be noticed that the d-line inten-
sity varies with concentration and maximizes
around equal mixture of the two compounds. Its
peak frequency slightly shifts from 34.5 cm™1in
CuCIl0-9%Br005to 36.5 cm’ 1in CuCI0-10Br0-90. Very
weak Raman lines are also detected in the pure
compounds around the respective frequencies.1"4
The a -line relative intensity increases gradually
from CuBr to CuCl. Its frequency shifts from 70
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FIG. 1. Room-temperature Raman spectra of
CuCI*Br®, x=0.95,0.80, 0.60, 0.20, 0.04. The dis-
order-induced TA line (d) and the 2TA Raman-actlve
line (a) are explained in the text. The rest of the
spectrum consists of scattering from optical phonons
of CuCl and CuBr (Refs. 5and 6).

cm'lin CuCl (Refs 4 and 10) to 75 cm-1 in CuBr
(Refs. 2, 4, and 11). This line is a second-order
Raman-active line and therefore appears in the
pure materials as well.10'11 The broad lines of
these spectra are typical also of the pure crystal
spectra at room temperature.

Additional information on the d and a lines of
CuCl0i80Br00 is obtained from the spectra at dif-
ferent temperatures presented in Fig. 2.
CuCIlcaBro2 is a convenient mixture to be studied,
for it properly shows the special features of the
mixed Cu halides and is sufficiently close to CuCl
for which comprehensive experimental data are
available.5 The spectrum at 110 K clearly shows
the splitting of the d line. Actually three lines,
labeled d0, d, and dLcan be observed, though the
low-frequency one (d<) is hardly resolved in the
figure. Similarly, the a line splits into three well
resolved lines labeled a0, a, and a,. At high
temperature we refer to the unresolved lines as d
or a lines labeled after the most intense line of
its group. It should be noted that also the optical
phonon spectrum is better defined at 110 K. Figure
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FIG. 2. Raman spectra of CuCICg)B r0>0» at various
temperatures. The lines d and a as in Fig. 1.

2 demonstrates the enhancement of the d and a
lines with temperature beyond that of the optical
phonon lines.

Figure 3 shows the room-temperature spectra
of CuCl060Br040 at 1 bar and at 9 kbars. The
main difference between these two spectra is the
weakening of the d line with pressure, which holds
in all the mixed Cu halides.

Figure 4 presents the room-temperature Raman
spectra of CuBr*1~, *=1,0.80,0.50,0.20,0. The
d and a lines are indicated in the figure. When
the rf-line intensity is compared with the intensity
of the other lines of the same spectrum, it is clear
that its relative intensity in a crystal with high
bromine concentration is larger than that in a
crystal with high iodine concentration.

The room-temperature shifts under pressure
of the d lines were measured in the following
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FIG. 3. Room-temperature Raman spectra of
CuCICGB r040 at atmospheric pressure and at 9 kbars

crystals: CuC1080®30.29f " u”~0.20"r 0.50?
CuBr0-2010-80 and pure Cul. The accepted value

is' an average of eight different measurements on
each crystal at around 8 kbars. In order to evalu-
ate the mode Gruneisen parameters

L di)

Yi XeMioodp
the isothermal compressibility xr was linearly
interpolated from the known values of the pure
crystals. Xt =2.63,2.56,2.81 (10_3/kbar) for CuCl,
CuBr, and Cul, respectively.12 The i-mode
Gruneisen parameters were found to be
y(CuCIlo-8Br020) 1.4,y(CuCl020Br0ig)) 0%*4,
y(CuBr0o20I0 8)»y(Cul)=2.5. We are not concerned
here with the accurate y values; the important
part of these results is that for high concentration
of CuCly <0, itis smaller but still negative for
high concentration of CuBr, while y> 0 for the
d line of Cul.

IV. DISCUSSION

The discussion is divided into two main parts.
In the first one the assignment of the d line as a
disorder-induced TA is justified. The unusual high
intensity of the d line together with its tempera-
ture and pressure dependence is explained accord-
ing to the model presented in I. The second part
is devoted to the a line and its assignment as 2TA
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FIG. 4. Room-temperature Raman spectra of
CuBr”lj.j., #=0,0.20,0.50,0.80,1. The d and a lines
as in Fig. 1. The rest of the spectra consists of scat-
tering from optical phonons (Refs. 5 and 6).

and to a general analysis of the spectra at high
temperatures.

A. d line

In pure Cu halides a reminisence of an extra line
at low frequencies is detected at room tempera-
ture.2-4 This line was resolved in CuCl (see 1)
and Cul (Fig. 4); in CuBr it appears as a tail at
the low-frequency side of the a line (Fig. 4 and I).
The assignment of the d line is not straightforward:
it may approximately fit LO-TA atX, L, or K
critical points in CuBr,4 but not in CuCl,4or
Cul.2-4 The intensity of the d line is too weak for
measuring its temperature or pressure depen-
dence. On the other hand, the frequencies of these
lines do fit the TA frequencies at the zone-bound-
ary symmetry points measured by inelastic neu-
tron scattering at 300 K.13-17 The a lines appear
at twice these frequencies in the respective com-
pounds.2’4’10'11 This hints that the d lines might
be first-order TA Raman lines. Such a conclusion
may be valid only if a TA line is disorder induced,
for otherwise it is ruled out because of the k-con-
servation selection rule. From 1 it can be in-
ferred what might be the mechanism of such a
disorder or a short correlation length. The ex-
perimental support for this approach can be found
in increasing the amount of disorder and examining
its effect on the d line intensities. Indeed, Fig. 1
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demonstrates the striking enhancement of the d-line
intensity in mixed CuC)*B r” and its dependence
on the concentration x. A similar effect is shown
in Fig. 4 for the mixed CuBrxI11. Thus we con-
clude that the d lines are disorder-induced first-
order TA phonons originating from the zone bound-
ary in various symmetry directions. Moreover,
the temperature-dependent frequency of the d lines
is the same as that extrapolated from neutron scat-
tering of the TA critical-point frequencies of the
pure crystals.13-17 We shall see later that it fits
also half the frequency of the respective a lines.

In support of the conclusion that the d lines are
zone boundary TA phonons, the following studies
,were performed: (i) a careful examination was
made of the Raman d lines and their relation to the
one-phonon density of states, calculated from the
phonon dispersion relations.13 (ii) The d-lines
pressure-induced frequency shifts measured in
several mixed crystals were compared with the ex-
pected TA critical-point phonon frequency shifts
in the pure materials.

i) In all the mixed Cu-halide crystals when
cooled down, three peaks are resolved around the
respective rf-line frequencies (it is demonstrated
for CuClIjBr!~ in Fig. 2). We claim that these
peaks labeled d0, d, and dy are TA(L), TA(X), and
TA(K), respectively. Inorder to prove this as-
signment, the one-phonon density of states (DOS)
was calculated.

A simple shell modell8using seven disposal pa-
rameters was fitted to the room-temperature
phonon dispersion relations of CuCl measured by
inelastic coherent neutron scattering.13 The re-
pulsive interactions were described by two force
constants (A and B) for nearest neighbors and only
two central force constants for next-nearest
neighbors: A'(Cu) for Cu-Cu and A" (Cl) for
CI-C1.19 For the more polarizable ion (CI“), shells
with effective charges ey and force constants k
connecting them to their inner ionic cores, were
assigned. The Coulomb interaction was taken into
account introducing the effective charges -ez on
the CI" and +ez on the Cu+. A good fit was obtained
especially for the acoustical branches in which we
are more interested. The best seven parameters
obtained are given in Table I. These parameters

TABLE I. Best-fit parameters of the shell model used to
calculate and g(ai) for CuCl. The parameters are given in
units of e2/2 VO, where VO is the unit-cell volume.

z Y () k(Cl) A B

A" (Cu A" (Cl

0.45 - 15 32.4 9.6 9.5 0.8 -1.7

were used to calculate the density of states (DOS)
g(a>) with the aid of the extrapolation method,20
using 2992 crude mesh cubes uniformly distributed
over of the first Brillouin zone. The same
method was used to calculate the two-phonon den-
sity of statesg-J(w) (sum) andg”io)) (difference).
Figure 5 demonstrates the excellent fit between the
calculated DOS of pure CuCl and the low-tempera-
ture experimental Raman spectrum of
CuCl0-80Br020. This means that the TA polariz-
ability is similar in the various symmetry direc-
tions. Since the DOS was obtained in pure CuCl at
300 K, while the experimental spectrum is that of
CuCloaBr020 at 110 K, a slight difference in the
line frequencies is expected and is observed.
From the inelastic neutron scattering data at
room temperatureld the TA frequencies at L, X,
and K critical points, are 31, 33, and 44 cm-1,
respectively in CuCl, while they are 31, 36, and
50 cm'1lin CuBr.15°16 In CuCl, at 4.2 K,14 these
frequencies shift to 33, 38, and 49 cm-1. There-
fore about 1, 4, and 5 cm-1 should be subtracted,
respectively, from the frequencies of dQ d, and
dLlines, when compared to the room-temperature
DOS of CuCl TA atL, X, and K critical points.
On the other hand, the calculated two-phonon dif-
ference DOS [g'j(w)] shown also in Fig. 5, does
not have any resemblance to the experimental
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FIG. 5. Raman spectrum of CuClo?jBrd”o at 110 K,
compared with the calculated density of states (DOS)
at 300 K of one-phonon [#, (w)], two-phonon sum DOS
1. and two-phonon'difference DOS (g-Kw)]. The
scales for gl (w) and g2(to) are different and were chosen
to fit the intensity of the experimental d and a spectra.



3294 Z. VARDENY

<-line spectrum.

From the inelastic neutron scattering data,i3-17
it is clear that the TA branches of CuCl, CuBr,
and Cul look very much alike. Therefore, it is
expected that the TA phonon branches will exhibit
a one-mode behavior in their mixtures.

(i) The measured pressure-induced frequency
shifts ofthe d-lines main peak yield anegative mode
Griineisen parameter for CuCl, smaller but still
negative for CuBr and a positive value for Cul.

In CuCl it was found2: that both shear elastic con-
stants decrease with pressure, which implies that
the TA mode Griineisen parameter should be nega-
tive. No such measurements were performed on
CuBr and Cul. The thermal-expansion coefficients
of CuCl,22'33 and CuBr,23 become negative at low
temperatures, which suggests y(TA)< 0 in these
compounds. On the other hand, the thermal-ex-
pansion coefficient of Cul stays positive at all
temperatures.2s It is possible2s to measure direct-
ly y(TA) in the other phases of Cul, obtained by
the application of high hydrostatic pressure: The
cubic (ZB) TA(L) becomes Raman active in the
rhombohedral phase which is explained by the fold-
ing of the zinc-blende Brillouin zone in the [111]
direction; y> 0 was obtained for this mode.2a The
ZB TA(X) becomes Raman active in the tetragonal
phase (folding in the [100] direction) and again

y> 0 was obtained for this mode.24a From the extra-
polation of the frequencies under pressure, a con-
clusion may be reached that y(TA)> 0 also in the
ZB structure.2a This is consistent with the present
result obtained on the d lines of Cul and
CuBro20108. Also a good fit is obtained between
the experimental mode Griineisen parameter of

the d line in CuClo 8B r0-20, which is -1.4 and the
elastic Griineisen constant yedadic , calculated by
Hanson et al.21 at room temperature, which is
-1.17.

In the above discussion the assignment of the
d lines as disorder-induced first-order Raman
lines originating from TA at critical points was
established. Yet, two questions remain: Why
are the d-line intensities unusually high and is the
intensity temperature dependence that of a first-
order Raman line?

To be convinced that the high intensity of the
d line is anomalous, it should first be compared
withdisorder-induced lines in other compounds. In-
deed, inall the mixed crystals where acoustic dis-
order-induced Raman lines were detected,7 sthese
lines were found to be very weak. Anexample is
given in Fig. s showing the room-temperature Raman
spectrum of ZnSo-50Se0-50. TOxand LOxare the optical
phonon lines of ZnSe and TOaand L0z are those of ZnS.
a are second-order Raman lines.2s The disorder-
induced TA line is around 70-90 cm~: where it
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FIG. 6. Room-temperature Raman spectrum of
ZnSOEBeCH).  The line d is a disorder-induced TA band
(Ref. 26). The a lines are due to second-order scat-
tering process. TO], T02, LOj, and L02are optical-
phonon lines; 1 is related to ZnSe lines and 2 to ZnS
lines (Ref. 25).

ought to be,2s but its intensity is rather weak rela-
tive to the rest of the Raman lines. On the other
hand, in CuClotoB ro«so (Fig. 1) the respective line
is the most intense Raman line of the entire spec-
trum.

The intensity temperature dependence of the d
lines in mixed Cu halides does not follow the be-
havior of a first-order Raman line, nor that of a
two-phonon difference line. The high intensity and
its complex temperature dependence can be under-
stood on the basis of the dynamical model pre-
sented in 1.

It is proposed that in pure Cu-halide crystals,
Cu+ ions may occupy their ideal positions or four
equivalent off-center sites in the [111] directions,
toward the faces of the tetrahedra formed by the
anions.. The off-center Cu+population is tem-
perature and pressure dependent via A(T,P), the
energetic difference between off-center and center
potential wells, which in turn depends on the lat-
tice constanta(T,P).1 How this affects the optical
phonons is described in length in I. With regard*
to the acoustical phonons, the off-center Cu+ions
act as phonon scattering centers, namely, these
ions may introduce disorder, which relaxes the
selection rules and may yield new lines in the
Raman spectrum.

In order to describe phonon waves in disordered
crystals, it is useful to introduce mode correla-
tion length A(Q,) (see Refs. 27 and 1). This will
result in a decay of the spatial correlation func-
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tion27:

R(r, Qi) =A(QS) exp(ikj «r) exp[-| r/A(k;)]. @

The Raman intensity scattered from the mode Qj
is proportional to the Fourier transform of

R(£.Qj):
IdgccAj/U+kFAT2. . 2

The total Stokes scattered intensity is obtained by

integration:

/(w)oc fb /(k.) 5(0) - aj(k,)) dX , 3)
jbz ’ 1

where w(w) is the Bose-Einstein occupation num-

ber!

In proper crystals, A* are high enough and /(k,)
is a 5 function centered around k,~0. When Ayde-
creases, the conservation of momentum relaxes
and modes with ky*o also contribute to the scat-
tered intensity. It is then expected to find peaks
in g{to) (DOS) on top of the regular k «<0 Raman
spectrum .27

In the case of Cu halides the TA branches are
relatively flat giving rise to very intense peaks
in™(w) at the TA critical-point frequencies. The
off-center Cu ions lower the correlation length and
new lines in the Raman spectrum, which corre-
spond to these peaks in”(w) are due. This explains
the relatively weak d lines in pure Cu-halide room-
temperature spectra.

When a partial substitution of the anions is made
by introducing a different type of halogen, the cor-
relation length of the TA phonons decreases
further. But the mixing of the anions also induces
a greater disorder of the off-center Cu ions. In
pure Cu-halide crystals the four off-center poten-
tial wells were equivalent,:1 while this is no longer
true in the mixed Cu halides. Thus the disorder
caused by the anionic mixture is therefore larger
than that in the common mixed crystals. However,
disorder-induced Raman lines due to the LA, TO,
and LO peaks in the DOS are not detected. As
stated before the disorder-induced TA lines are
expected to be more intense and indeed in Cul
when the TA(L) and TA(X) become Raman active
under phase transformation to rhombohedral and
tetragonal phases, respectively, these lines are
by far the most intense lines of the Raman spec-
tra.2a The Raman-active optical phonon lines of
the mixed crystals are very broad at room tem-
peratures s and weak disorder-induced lines can-
not be observed in this frequency range. At low
temperatures when the Raman lines are better
defined, the cationic disorder is drastically re-
duced in the mixed crystals, because of the de-
crease in the off-center Cu* population on cooling,
as explained in I.

The intensity temperature dependence of the d
lines is explained in the same fashion. At lower
temperature, on top of the n +1 first-order Raman
factor, the decrease in the off-center Cu+popula-
tion reduces the amount of disorder and thus
causes an additional decrease in the Raman in-
tensiy of the d lines. We shall return to this fac-
tor later when the temperature dependence of the
TA and 2TA lines will be dealt with. In addition
to the temperature dependence, also the intensity
pressure dependence of the d lines was measured.
It was proposed in | that the application of pres-
sure, which decreases the lattice parameter, re-
duces the off-center Cu+population and therefore
the TO(/3) intensity of CuCl decreases.2s But the
decrease in the off-center Cu+population should
also weaken the d-line intensity and this is indeed
what happens ! It can be seen in Fig. 3 that while
the intensity of the other lines hardly changes when
pressure of 9 kbars is applied, the decrease in
the rf-line intensity is remarkable.

It has been shown in I that going from CuCl to
Cul a trend is found in respect to the phonon anom-
alies, which follows the same course deduced from
the Bragg intensity temperature dependence of
x-ray and neutron scattering. Both stem from
the off-center Cu+population being important even
at low temperatures in CuCl, at higher tempera-
tures in CuBr and only above room temperature
in Cul. A respective trend is also found for the
d-line observation in the mixed crystals. We
were able to detect the d line in CuClo 8oBro 20
even at 50 K, the d line in CuClo20Bro-s0 at 100 K
and that of CuBro>olo 8o disappeared at 150 K.

The intensities of the d lines in the various
mixtures can be compared in a qualitative man-
ner. In spite of the higher polarizabilities going
from CI" to I", the intensities of the d lines rela-
tive to the respective spectra seem to decrease
in the following sequence: CuClo-goBro 20,
CuClo.20Bro-8o, CuBr0>sol0>20, CuBro’20l0-80

B. aline

The a line is observed in all Cu-halide Raman
spectra as well as in all Cu-halide solid solutions.
In several reports2,i0° 11 it was assigned as TO-TA
at various critical points, in other reports it was
assigned as 2TA without verification.2o9 As a mat-
ter of fact, not only the TO-TA assignment but
also any other two-phonon difference assignment
of the a line in CuCl is unfounded. This can be
clearly concluded from the comparison of the
Raman spectrum with the calculated two-phonon
difference DOS shown in Fig. 5. The fact that this
line is observed even at 2 K, both in Ramans 6,30
and in infrared absorption,2e rules out the pos-
sibility of a difference combination. Similarly
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to the d line, the a line splits at low temperature
and can be compared to the two-phonon DOS.
Figure 5shows an excellent fit between the Raman
spectrum at 110 K and the calculated two-phonon
summation DOSg-"w) at 300 K. The slight fre-
quency differences are due to the different tem-
peratures. We believe that this fit does not leave
much doubt about the assignments of a as 2TA
(there is no noticeable difference between the a
line in pure CuCl and CuClo-soBro 20). However, at
elevated temperature the observed a-line fre-
quency deviates from twice the frequency of d
(STA) (see Fig. 2). This deviation is understood
from a more general analysis of Raman spectra
at high temperature.

Stokes first-order Raman intensity isa:

1u>) ccfn(w) +1]S(w), (4)

where n(u>) =[exp(fico/kT) - I1-1 is the Bose-Einstein
occupation number at a given temperature T and
S(w) is the spectral density function of the dielec-
tric functions at k» 0. Similarly, for a second-
order combination one obtains

1(w) cc [n(w/2) +1]2S(u)). ©)

The function of interest is S(0>) which is obtained
from the experimental spectrum dividing it by
[>i(w) +1] or by [w(w/2) +112 for first- and second-
order Raman lines, respectively. At high tem-
peratures (K(x>«kT), the respective factors are
0j 1 and (w/2)-2. At low temperatures the reduced
spectrum S(w) and the recorded one /(0>) look alike,
but dramatic changes may occur at high tempera-
tures, where the temperatures parameters may
distort the phonon spectrum.

Normally, for narrow phonon lines this will not
happen, but in anharmonic crystals where the Ra-
man spectrum consists of very broad lines, a
careful analysis is required at high temperatures.a:
This is the case in Cu halides.

The CuCl Raman spectrum at room temperature
is chosen for demonstrating the results of such
an analysis, namely, the reduced Raman spec-
tra. In order to obtain the reduced spectrum at
room temperature, the Raman spectrum is sub-
divided into the a Lorentzian and the rest of the
spectrum, which consists of the higher-frequency
optical phonon lines (see Fig. 7). Then the a part
is treated as second order (2TA), while the higher-
frequency part is treated as if it were a normal
first-order Raman. Figure 7 shows the changes
induced in the intensities, the resolution and the
frequencies when the reduced spectrum is ob-
tained. The a line becomes less intense than the a and
a loptical lines. It is then resolved to a and oij
similarly to the lower-temperature spectrum. It
shifts to higher frequency [from 65 cm-: in the

Reduced Raman Spectrum

INTENSITY (aqu.)

1

Raman  Spectrum
CuCl (300K)

LOGy)

Ny 1 i
0 50 100 150 200 250
ui (cm-1)

FIG. 7. Raman spectrum and the reduced spectrum
(see text) of CuCl at 300 K. Note the difference in
scale in the reduced spectrum; the low-frequency in-
tensity unit is 10 times smaller than that of the high-
frequency one. TO(/3), LO03), TO(y), and LO(y) are
optical phonons and are explained in length in I (Ref. 1).

Raman spectrum to 70 cm-: in the reduced one
(iw =5cm-1)]. The respective changes in the
optical lines are minor, except for the fact that
the reduced spectrum now resembles the lower-
temperature Raman spectrum. At higher tem-
peratures, isolating the a Lorentzian from the
rest of the spectrum becomes more difficult and
the approximation made for the optical lines be-
comes poorer. However, since we are interested
mainly in the a lines, this procedure can still

be considered a good approximation for resolving
the quasiharmonic a frequencies. Thus the fre-
quency shifts (Au>) of a between the Raman spec-
trum and the reduced spectrum can be measured.
The values of Aw of a in CuCl as function of tem-
perature are given in Table II.

TABLE Il. Frequency shift ACO between the a
experimental Raman frequency and its reduced spectrum
frequency, at various temperatures.

T (K) 100 200 300 400 500 600

Agj (cm-1) 1 3 5 8 12 16
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The same procedure was applied to all the pure
and mixed Cu halide spectra. Table Ill gives the
d and a lines frequencies obtained from the room-
temperature spectra of CuCl,. B r~ for variousx
concentrations. In most of the cases all the lines
of the low-temperature spectra are resolved in the
reduced spectra. Only in two cases the weak lines
were not resolved. We shall concentrate now on
the analysis of CuClo<soBro-20 in order to have some
insight into the approximations made and the con-
clusions reached.

Unlike the pure CuCl, the spectrum of
CuClo-aoBroz0 contains an intense d line at high
temperature (see Fig. 2). This d line being a well
defined Raman line does not show any frequency
shift (Aw) when compared with the reduced spec-
trum. (Its intensity becomes weaker in the re-
duced spectrum.) The shift Aw of a obtained at
each temperature was the same as that obtained
earlier in CuCl. In the reduced spectra the three
lines a0, a, and otl are resolved and Table IV
shows the excellent fit between u(a0), v(a), and
ciifsj) and 2w(rf0), 2u>(d), and 2w(dl) respectively,
at the various temperatures. This further sup-
ports the assignment of the d lines as first-order
Raman lines and the assignment of the a lines as
their respective harmonics.

In oi’'der to check the consistency of the whole
technique an attempt was made to reproduce the
Raman spectrum of CuCl0soBro-20 at 540 K starting
from the 110-K spectrum, where all the Raman
lines are well separated. The intensity of each
Lorentzian observed at the 100-K spectrum is
multiplied by the suitable factor, according to
whether it is a first- or second-order process.
When the temperature-dependent frequency and
the temperature-induced broadening are con-
sidered, the 540-K Raman spectrum can be well
reproduced, except for the d line, the intensity
of which is then too low. This procedure clarifies
that the d-line intensity exhibits a larger thann +:
dependence. This is consistent with the previous
subsection A, where it is also explained.

TABLE IlIl. Room-temperature frequencies of the d and
a lines of the reduced spectra of CuCIxBrlx. The frequencies
are given in units of cm-1.

X do d d, «0 a <4
0.95 30.5 34.5 71 77
0.80 31 35 41 64 71 79
0.60 32 35.5 42 66 72 80
0.20 32.5 36 42 67 72 81
0.10 36 44 68 73 83
0.04 33 36.5 46 70 74

V. SUMMARY

The intense d lines, which appear in the Raman
spectra of mixed Cu halides, are assigned as
TA disorder-induced vibrations at L, X, and K
critical points. The three lines are well resolved
at low temperatures. This assignment is based
on the following facts: (i) their intensity depends
on the concentration of the mixture and maxi-
mizes around equal concentration of the anions
involved, (ii) The frequencies fit those obtained
from inelastic neutron scattering for the TA at
critical points, (iii) When compared to the cal-
culated one-phonon DOS, an excellent fit is ob-
tained. Moreover, the two-phonon DOS either
£-J(co) or g~((x>) have no peak in this frequency
region, (iv) The i-mode Griineisen parameters
measured in CuClo-soB r0<2), CuClo 20Br080, and
CuBro 20los80 fit those expected in the pure CuCl,
CuBr, and Cul, respectively.

On the other hand, the intensity temperature
dependence does not follow the behavior of a first-
nor that of a second-order process. The model
presented in | accounts for this temperature de-
pendence as well as for the unusual high intensity
of these lines and its weakening with pressure.

In the case of mixed Cu halides this model requires
that Cu+ may populate off-center sites or central
position. Because of the anionic mixture, an ad-
ditional disorder of the off-center copper ions is
induced. Thus the relaxation of the k selection
rule arises from three sources: the short cor-
relation length due to off-center Cu+ due to the
anionic mixture and the disorder this mixture in-
duces on the off-center Cu+. The intense DOS
peaks at the TA branches and the high degree of
disorder cause these lines to be more intense
than previously observed in other solid solutions.

The temperature and pressure dependence of
the off-center Cu+ population is reflected in the
intensity. Therefore, the disorder TA intensity
diminishes at low temperature and high pressure,

TABLE IV. Temperature-dependent frequencies of d and
a lines of the CuCl080®r0.20 reduced spectra. The frequencies
are given in units of cm'1.

T (K) do d di «0 a «i
110 34.5 38 48 68 75 89
190 34.5 37 46 67 74 87
250 33 36 43 66 73 83
300 31 35 41 64 7 79
350 31 34.5 40 70 79
400 30 34.5 40 63 69 78
470 29.5 34 38 60 68 77

540 33 59 66 75
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which corresponds to lower off-center Cu+popula-
tion. The lowest temperature at which the d
Raman line can still be detected depends on the
particular anions in the mixture. In spite of the
higher polarizability on going from chlorine to
iodine, the dominating factor is that of the off-
center Cu+population and in mixtures with high
chlorine concentration the d line is detected at the
lowest temperatures. This trend is in line with the
trend found in pure Cu halides as explained in I.
The a lines, which are Raman and infrared
active, are observed as well in the pure Cu-halide
spectra at 2 K and are assigned to be 2TA at
critical points. At low temperature, three lines
are resolved at frequencies which correspond to
the frequencies of 2TA at L, X, and K critical
points. Again the fit to the””o;) calculated from
the phonon dispersion relations is remarkable. At
higher temperatures, when the reduced spectra
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