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The Raman spectrum of the mixed layered compound CdClq(& „)Br2„shows a complicated struc-
ture at frequencies between the corresponding A &g and Eg phonon frequencies observed in isostruc-
tural CdC12 and CdBr2. This Raman structure has a marked concentration dependence. General
features of the results have been successfully described in terms of a simple model that predicts a
ten-mode behavior for the Raman-active phonons in the mixed crystal. Particular features in the
spectrum suggest that preferred clusters of Cl or Br ions occur in the mixed-crystal lattice, prob-
ably as a result of a difference in lattice constants of the two components.

I. INTRODUCTION

Studies of phonons in mixed crystals of compounds
possessing relatively simple structures have usually re-
vealed a concentration dependence that is classified as
one- or two-mode behavior. ' In one-mode behavior, the
frequency of the phonon shifts with concentration from
one limit to the other and only one peak is observed for
that phonon in the vibrational spectrum of the mixed
crystal. In two-mode behavior, two peaks are observed in
the mixed-crystal spectrum for each active vibrational
mode of the pure system and the intensities of the peaks
vary with concentration so that they vanish at their
respective concentration limits. More recently, three-
mode behavior has been observed in niixed crystals of
Hg2(Cl, Br~ „)z, HfS3, Se„, and GaSi „Se„where the
results have been interpreted using the cell-type uniform
displacements model. A basic condition for the success
of this model is that the dispersion of the optical branches
be small.

Even when further spectral structure is evident, some
authors have preferred to describe the mixed-crystal situa-
tion as "one-mode*' or "two-mode" behavior (or alterna-
tively, "one-band" or "two-band" behaviors). However,
where there is a clear resolution of extra spectral features,
it would seem more appropriate to speak of "n-mode" or
"multimode" behavior. In such a description n gives the
number of clearly identifiable frequency components in
the mixed-crystal spectrum associated with each active
mode in a pure crystal. %bile the actual frequency of a
given component may vary somewhat with crystal compo-
sition, the multimode description implies an ability to
track each component (by intensity and possibly polariza-
tion) through some portion of the concentration range.

We report here the results of a Raman study of the
mixed crystal CdC12~& „~Br2„. Cadmium chloride and
cadmium bromide possess the same trigonal crystal struc-

ture, space group D3~, comprising layers of X-Cd-X
sandwich units stacked along the c axis. The optical
phonons in these crystals exhibit weak dispersion, ' par-
ticularly along the c-axis direction, because of the nature
of the bonding forces in the crystal. There is strong ionic
bonding between the metal and halogen ions within a
sandwich unit, and weak van der Waals bonding between
halogens on different sandwich units. A factor group
analysis" shows that the Raman spectrum of CdClz or
CdBr2 comprises two modes; one of A~s symmetry and
one of Es symmetry, with Raman tensors:

C

Both of these modes have been measured previously. "'
Thus CdClz~, „~Brz„provides an example of a mixed
crystal with a simple structure, and hence few optical
modes, for which either one-mode or two-mode behavior
might have been expected. The experimental results re-
ported here, however, indicate an extremely complicated
situation of multimode behavior, with the number of
modes greater than or equal to 10. In contrast, we note
that studies of mixed-CdCli-type crystals of the form
M

~
„M„'X2 (e.g., Cd& „Co„Br2, Fei „Mn„Cli,

Fe& „Co„C12) revealed a simple one-mode behavior for
the Raman-active phonons. '

The organization of the paper is as follows. In the next
section we describe the experiments, and the results ob-
tained are presented in Sec. III. A theory based on a
molecular model is developed in Sec. IV, and then corn-
pared with experiment in Sec. V. Conclusions are drawn
in the final section.
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II. EXPERIMENT

The lattice constants for CdC12 and CdBr2 in the larger
hexagonal unit cell are ao ——3.85 A, co ——17.46 A, and
ao ——3.95 A, co ——18.67 A, respectively. The constants
for the two crystals are sufficiently similar that large, sin-
gle crystals of CdClr~, „~Br2„could be grown for any x
value. The crystals were grown fmm the melt using the
Bridgman-Stockbarger technique. Raman samples were
prepared by cleaving sections from the crystal boules, and
each sample was later analyzed for bromine and chlorine
content by potentiometric titration with AgNO3 The
nine samples used in our study pmved to have x values of
0.01, 0.09, 0.29, 0.44, 0.52, 0.66, 0.73, 0.90, and 0.98,
respectively.

Each sample was mounted in a Thor S500 cryostat
where the sample is cooled by conduction and heliurn-
exchange gas. The surface temperature of the crystal was
measured using a gold-iron —Chromel thermocouple. In
the Raman experiments 50 mW of filtered argon-laser
light at either 457.9 or 476.5 nm was directed along an ar-
bitrary axis (X) in the crystal ab plane, while the scattered
light was collected at 90' to this along the c(Z) axis, nor-
mal to the cleavage plane. The scattered light was
analyzed with Polaroid film, dispersed with a Spex 14018
double spectrometer at a spectral resolution of 3 cm
and detected with a cooled RCA 31034A photomultiplier.
Spectra were recorded under computer control. ' Laser
heating of the sample was not a problem in these experi-
ments because the samples are optically transparent in the
visible region. A weak fluorescence observed at 10 K with
476.5-nm excitation was avoided by using the 457.9-nm
line. Some early Raman experiments' were performed

with other equipment' using the 476.5-nm argon-laser
line, with essentially similar results. However, no polari-
zation measurements were possible in this early work be-
cause of severe depolarization of the scattered light.

III. RESULTS

Typical results obtained from one sample for the tem-
perature dependence of the scattered light are shown in
Fig. 1. The main effect of reducing the temperature is
seen in the widths of the lines, so that by 80 K, the mul-
tipeaked structure of the scattering in the mixed crystals
is more evident. The relative intensities of lines also
change with temperature, especially at lower frequencies,
because of the change in the thermal population factors.

In Fig. 2, we show results obtained from another sam-
ple for the polarization characteristics of the scattered
light. According to group theory (see Sec. I) scattering of
Es symmetry is allowed in all four measured polarizations
with intensity Irr Iix&I——zx Izr, w——hile that of His
symmetry should appear only in ( YY) polarization. This
group-theoretical prediction strictly applies only to the
pure crystals, In the mixed crystals, disorder obviates
strict application of group-theoretical methods. Neverthe-
less, the polarization results obtained for the pure and
mixed crystals are very similar. Lines at frequencies
greater than approximately 135 cm ' show strongly in
( YY) polarization compared with ( YX) polarization,
while lines to lower frequency have a similar intensity in
both polarizations. In the pure crystals'r this information
identifies the higher and lower frequency lines as having

A~~ and Eg symmetry, respectively. Furthermore, the
lower-frequency scattering appears with similar intensity

20
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FIG. 1. Temperature dependence of the Raman spectrum of CdClp 9681& ~. The 300- and 80-K spectra were excited with 476.5-
nm laser radiation and the 10-K spectrum with 457.9-nm radiation. The weak peak at 50 cm ' in the 10-K spectrum is a laser plas-
ma line.
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ro S8 recorded at 10 K with 457.9-nm laser excitation

in ZX) and (ZY') polarizations in the mixed crystals, as

than that in ( YF) or ( FX) polarization. This indicates
that a pseudo point symmetry of C ( h' h

e ight scattering in the mixed crystals. The scattering
is, therefore, still classified as bavin A d E

s ig. shows, the expected polarization selection rules
are not well obeyed in practice because of d 1

o e ig t y the uniaxial crystal. For example, the A
scattering-intensity ratio Irr/Irx, which should be infini-
ty, was usually between 2 and 3 in these experiments, with
no significant improvement for the nearly pure cases
(x =0.01 and 0.98).

Becauecause it was found experimentall that h
ys a polarization selection rules are still obeyed in the

mixed crystals, it proved possible to separate clearly th
parts of the spectrum by scaling and subtraction of

e

YY spectrum (with minor scaling being required in some
cases) to reveal the pure A spectru Thm. is spectrum was
scaled and subtracted in turn from the ( FX) spectrum to
produce the E spectrum. The result of th'0 is process, car-
rie out or all concentrations, is shown in Figs. 3 and 4.

r
Various spikes and other noisy features in these spect
esult from the subtraction proces I F' 5

e spectra
s. n ig. we show the

concentration dependence of the (ZX,ZY) polarized Ra-
man spectrum. This spectrum should contain E symme-

mentioned earlier. In Figs. 3—5 the x =0.66 s ec
an mig t be expected when compared with adja-

uallt
cent concentrations. This is a result of a
qua ity sample which also produced the high depolariza-
tion evident in Fig. 5 for x =0.66.

x 5 O.OI

0 tOO 200 500
WAVE NUMBER SHIFT (cm ' }

FIG.G. 3. Concentration dependence of the A-symmetry Ra-
man spectrum of CdC12(& „)Br2, recorded at 10 K with 457.9-
nm laser excitation.

IV. THEORY

Theoretical studies of phonons in mixed crystals usually
provide a description of the number of mod dm es expected
an pr ict the concentration dependences of their fre-
quencies. Such studies have bee f '

1een air y success ul in
reproducing the observed behavior in simple systems, but
are difficult to a 1 ipp y

'n a more complicated case such as
CsCo& „M Cl . ' In tg„3. "ese cases, where there are many
normal modes, it is difficult enough to predict the number
of modes expected, let alone their concentration de en-

y, Cd~
2~ & ~~arz is a simple case, with

the pure crystals possessing only four optical modes of vi-

bration, ' two Raman-active (Ai,E ) and two inf
've 2„, „. pplication of the cell isodisplaceme t

models'-' a rappropriate for this system results in three
types of cell (Cl-Cd-C1, Cl-Cd-Br, and Br-Cd-Br) which
can at most produce a three-mode behavior for each opti-

mental results are more complicated than this and a more
e aborate model is required. In this t' d

model.
w at we shall call an averaged-nearest-neighbor (ANN)
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FIG. 4. Concentration dependence of the E-symmetry Ra-
man spectrum of CdClp{) „)Br2„recorded at 10 K with 457.9-
nm laser excitation.

As mentioned earlier, the wave-vector dependence of
the optic-mode frequencies in CdClz-type crystals is
small, so it is a reasonable approximation to consider a
molecular model for the unit cell, i.e., the interaction be-
tween unit cells is assumed to be negligible. Consideration

FIG. 5. Concentration dependence of the (ZX+ZF) Raman
spectrum of CdClq{1 „)Br2„recorded at 300 K with 476.5-nm
laser excitation.

of the layered structure of CdC12 leads to the conclusion
that the molecular unit of importance is not the Cl-Cd-Cl
formula unit, but rather one of the form C13-Cd-C13,
where the halogen trios are the nearest neighbors to the
metal ion. The corresponding entity in the mixed crystal
is thus Cl Br3 -Cd-Cl„Br3 „(m,n =0, 1,2, 3) and this
gives rise to ten different molecular units as listed in
Table I.

TABLE I. Different molecular units in CdC12{l „)Br2„,their probability of occurrence in the absence
of clustering, and their Raman-active vibrational frequencies calculated in the averaged nearest-
neighbor model and from experiment (x =0.44).

Nearest-neighbor
composition

Probability of
occurrence Calc. Expt. Calc.

Component frequencies (cm
A

Expt.

C13-Cd-C13
C128r-Cd-C13
C128r-Cd-C128r
C13-Cd-C1Br2
ClqBr-Cd-C18r2
C13-Cd-Br3
C18r2-Cd-C18r2
C128r-Cd-Br3
C1Br2-Cd-Br3
Br3-Cd-Br 3

(1—x)
6x (1—x)
9x (1—x)
6x (1—x)"
18x (1—x)
2x (1—x}
9x (1—x)
6x (1—x)
6x (1—x)

x'

135
119
109.5
106.5
100
96.5
93
91.5
86
80.5

130

109

234
210
194
191.5
180
178
168.5
168
158.5
150

224
215
204
197
183
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Crystal

CdBrq

Phonon
symmetry

Phonon frequency
(cm ')

135.0
234.0

80.5
150.0

Force constant
(10 " Nm ')

3.82
1 1.4

3.05
10.6

TABLE II. Calculated force constants for the A&~ and Eg
phonons in CdC12 and CdBr2 using frequencies measured

at 10 K.

where y is the symmetry label. For the symmetric cases,
where m =n, the molecular unit frequencies are given by
cur ——(k~~+k))/(M~+Mz), but for the remaining non-
symmetric cases the Cd + ion is allowed to move. The
frequencies are then obtained by considering the linear
XYZ molecule problem with solutions

"'+" = ' M+M + ~ M +M
1 1

k
I l

1 Cd Cd 2

coy ~r —krik$(M, +Mz+Mcd)/MiMzMcd,

Mz ——, [nMc—/ + ( 3 —n )M, ]

for each end of the unit. Because the force constants vary
slightly in going from CdClz to CdBrz we also form their
averages,

kri ———,
' [mkrci+(3 —m)kli, ] (3)

kt = ,
'

[nk~ci—+(3—n)k$„], (4)

.75

.5

The frequencies of the A and E Raman-active modes in
the inixed crystal may be estimated from those of the pure
crystals as foHows. The normal modes of the A ig and Eg
phonons in CdClz-type crystals' indicate that their fre-
quencies, co, may be written simply as co» ——k»/M»,
where k» is the force constant and M» the mass of halo-
gen X. Using the Raman frequencies measured at 10 K,
we obtain the values for k listed in Table II. In order to
calculate the frequencies for the different molecular units
in the mixed crystal we take average halogen masses given
by

Mi ———,[mMc&+(3 —m)MBr]

where the lower-frequency solution to these simultaneous
equations corresponds to the vibration of interest here.
Using these equations, we obtain for each symmetry
species the ten component frequencies listed in Table I.

For comparison with experiment we also calculated the
relative intensities of the ten components by assuming the
Raman intensity is proportional to the probability of oc-
currence of each cluster, as given in Table I. The result-
ing concentration dependence of the scattering, for a ran-
dom halogen distribution in the mixed crystals, is depicted
in Fig. 6, where for convenience the A and E modes are
assumed to have the same Raman polarizability and each
mode has arbitrarily been assigned a Lorentzian damping
of 10 cm '. This diagram clearly shows the salient
features of the ANN model: The components are fixed in
frequency, while the apparent frequency shift in the
overall peak intensity arises from the different concentra-
tion dependencies in the intensities of individual com-
ponents.

The approach in our ANN model is related to the
model developed by Verleur and Barker '* to describe
the long-wavelength lattice vibrations in GaAs„P] „and
CdSe~S~ ~, and later extended by them to mixed crystals
with the fluorite structure. ' The essential feature of the
Verleur and Barker model was the enumeration of the
various possible distinct nearest-neighbor complexes in
each case. In computing the probability of occurrence of
each of these complexes as a function of the concentration
index y, a clustering parameter P was introduced to allow
for a possible preferred clustering of like ions at a local
(i.e., nearest-neighbor) level rather than a random distribu-
tion in the mixed crystal. The five distinct units for the
tetrahedral nearest-neighbor complexes treated by Verleur
and Barker correspond to the ten distinct molecular units
we have identified in the CdClz~ i „~Brz„case. The possi-
bility of a preferred clustering of like halogens in our lay-
ered mixed crystals is considered in the next section.

V. DISCUSSION

50 100 150 150

V/AVE NUMBER (cm ')
200

FIG. 6. Calculated concentration dependence of the Raman
scattering by A- and E-symmetry modes in CdCl&(& )Br2„as-
suming a random halogen distribution and a Lorentzian damp-
ing of 10cm

In general terms the ANN model is successful in ex-
plaining the mixed-crystal experimental results. The
number of peaks and shoulders observed in the A spec-
trum at intermediate x values certainly exceeds three, and
is as high as eight for some concentrations, as is shown in
Figs. 2 and 3. Not as many distinct peaks are observed in
the E spectra (see Fig. 4), presumably because the com-
ponent frequencies lie close together. The band envelopes
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FIG. 7. Peak frequencies at 10 K of lines in the A-symmetry

Raman spectrum of CdC12(~ „~Br2„versus x. The lines linkcor-
responding features for different x values.

FIG. 8. Peak frequencies of lines in the E-symmetry Raman
spectrum of CdC12(~ „}Br2„versus x: measurements at 300 K
|crosses) or 10 K (open circles). The lines link corresponding
features for different x values.

of the original spectra and of Figs. 3 and 4 indicate fur-
ther lines are present beneath the dominant peaks. The
concentration dependences of the component frequencies,
including shoulder features, are presented in Figs. 7 and 8.
Because of the proximity of several of the predicted mode
frequencies and the natural linewidth of each component,
one does not expect to resolve all components for any one
concentration. Thus a prediction of ten components for
each symmetry species is comparable with experiment.

The computed frequencies are in reasonable agreement
with experimental observations (see Table I} considering
the approximations made. The peak frequencies of
several prominent components do appear to vary linearly
with concentration (see Figs. 7 and 8) which indicates
some intercell coupling is occurring, as would be expected.
Interactions between the closely spaced modes of the same
symmetry inust also be expected, although such interac-
tions were not allowed for. The differences between cal-
culated and experimental frequencies are thus not surpris-

ing.
Although the predicted behavior for the concentration

dependence of the Raman scattering intensity appears to
be in qualitative agreement with the experimental results
for E symmetry, a closer comparison of Figs. 4 and 6 re-

veals some discrepancies. The 3 symmetry scattering
clearly does not follow the expected pattern. At inter-
mediate concentrations there is a minimum in the intensi-

ty at frequencies for which the intensity should show a
peak (compare Figs. 3 and 6 for x -0.5). This result was
not expected, considering other successful features of the
ANN model and the success of the model (including in-
tensities) in a parallel study of CdBrz(i „(12„. We pro-
pose that the intensity behavior with concentration indi-
cates a preferred clustering of bromide (or chloride) ions
within the halogen layers. Such a proposition mould be

difficult to prove conclusively. We do know that the crys-
tals are homogeneous over a larger scale, for several
reasons. An examination of different parts of one crystal
by Raman scattering and by chemical analysis proved the
sample had a uniform concentration. Crystals grown with
the same nominal concentration consistently gave an actu-
al concentration close to the nominal value. Mixed crys-
tals were readily grown for any concentration. These
facts indicate that the bromide and/or chloride ions mix
well and that any clustering must be on a small scale. The
scale from our model would be of the order of one molec-
ular unit. The origin for such clustering probably lies in
the difference in the co/ao lattice-constant ratios for the
pure compounds (see Sec. II) and the ease with which each
halogen lattice can accommodate the cadmium layers.

In an attempt to quantify the proposed clustering, we
have investigated the introduction of a clustering parame-
ter P. Following Verleur and Barker, ' we define P such
that the probability of finding a Cl ion next to another
Cl ion (Pcic() and the probability of finding a Br ion
next to another Br ion (PB,B, ) are

Pc]c~ = ( 1 —x) +Px

Ps,a, ——x +P(1—x) .

These are equivalent to Eqs. (1) and (2) of Ref. 21, and the
computation of the probabilities for the occurrence of
each of the ten basic units in CdClz~& „~ar2„proceeds
along similar lines, although the extension from four to
six nearest-neighbors is not trivial. The resulting cluster
probabilities are listed in the Appendix. It is not clear
that such a one-parameter treatment of clustering is ade-
quate for the layered crystal structure considered here.
The probability for clustering of like ions within a given
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FIG. 9. Raman spectra of (a} E and (b} A modes in CdCl&»Bro 88 compared with theory for different values of the clustering pa-
rameter P and the scattering strength ratio o =Sq, /Sq~.

halogen layer may well differ from the probability for in-
terlayer clustering of like halogens in a given CI~Br3 pg-

Cd-CI„Br& „unit, but the added complication of a
second clustering parameter is not justified at this stage.

In Fig. 9(b) we compare the observed A-mode scatter-
ing for x =0.44, and the mode pattern predicted for P=O
(no clustering), P=0.5, and P=0.65, using an arbitrary
Lorentzian damping of 10 cm ' as typical of the observed
linewidths. The effect of clustering is clearly evident and
a value of P-0.6 gives a reasonable fit to the observed
scattering. A similar comparison for other values of x
shows, however, that no one value of P gives a satisfacto-
ry fit to the A-mode scattering throughout the concentra-
tion range. Generally 0.5 &P &0.7 gives the best fit for
x &0.6, reducing to P&0.5 for x )0.66, but this one-
parameter clustering model has several deficiencies. In
particular, no choice of P can explain the relative strength
of the 200-cm feature, which we have identified with
clusters containing four chloride ions and two bromide
ions, in the x =0.90 and x =0.98 spectra (see Fig. 10).

The situation of the E-mode scattering is even more un-
satisfactory. Here a marked asyminetry appears in the
strength of scattering from bromine-rich molecular units
compared to chlorine-rich units in the mixed crystals. In
Fig. 4 it is clear that bromine-rich nearest-neighbor clus-
ters dominate the E-mode scattering for x &0.44, al-
though such asymmetry was not expected from compar-
ison of the x =0.98 and x =0.01 spectra. In an attempt
to accommodate this asymmetry, the computed cluster in-
tensities were scaled by a factor nSc~+(6 —n)SB„where

Sc~ and Sq, represent intrinsic chloride and bromide con-
tributions to the E-mode scattering strength and n gives
the number of chloride iona in each nearest-neighbor com-
plex. A comparison of measured and computed E-mode
scattering for x =0.44 [Fig. 9(a)] suggests a best fit with
P-0.6 and S&,-10Sci. Such a Sit, /Sc~ ratio tends to
suppress the P dependence of the model, but gives a
reasonable fit (with P-0.5) for x)0.29. The fit for
x =0.09 is not satisfactory, however, and again a close in-
spection of the x =0.98 scattering (see Fig. 10) reveals
unexpected strength for the ClzBr-Cd-ClzBr unit (at 109

600,

IOO 200
WAYE NUMBER SHIFT (cm j

FIG. 10. Part of the X(FY+FX}Z Raman spectrum of
CdC)o O4Br~ 96 recorded at 10 K.
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cm ') as in the A-mode scattering.
In summary, the one-parameter clustering model con-

sidered here, although lending support to the clustering
postulate, fails to provide a satisfactory explanation of the
observed scattering throughout the entire concentration
range 0 ~x ~ 1. The clustering in this layered structure is
clearly of a more complex nature than that in the systems
considered by Verleur and Barker.

Other weaker lines not considered above appear in the
mixed crystals. They lie either between the Raman-active
bands of E and A symmetry or below 85 cm ' (see Figs.
5, 7, and 8). Low-frequency lines occur near 35, 42, and
61 cm ' at 10 K, and are most evident in ( YZ) or (XZ)
polarization at 300 K (see Fig. 5), confirming that they
have E symmetry. Their peak frequencies vary little with
concentration, while their intensities are a maximum for
x-0.5. Their temperature dependencies, as shown for
example in Fig. 1, suggest that the bands are first order in

origin. As no optic modes are expected in this frequency
region, we conclude that these lines are due to disorder-
induced scattering from acoustic phonons, most probably
at wave vectors near the Brillouin-zone boundary. Other
CdC12-type crystals possess zone-boundary acoustic modes
at similar frequencies, ' but since the dispersion curves for
CdC12 and CdBr2 are unknown we cannot make definite
assignments. One interesting feature is the weak concen-
tration dependence in their frequencies. One possible ex-
planation is that the 35- and 42-cm ' features arise from
cadmium bromide acoustic modes, while the 61-cm
feature and the 83-cm ' line (seen only for x =0.01 and
x =0.09 at 300 K) arise from the corresponding cadmium
chloride modes. The apparent two-mode behavior is con-
sistent with the proposed halogen clustering.

The higher-frequency lines are very broad. Those near
167 and 210 cm ' again have E symmetry (see Fig. 4),
have frequencies largely independent of concentration,
and their intensities are a maximum for x=0.5. This
again is consistent with disorder-induced one-phonon
scattering. Infrared-active modes are expected in this fre-
quency region [for example, the CdC12 (CdBrq) E„(TO)
and &2„(LO) modes occur at 156 (113) and 239 (184)
cm ', respectively ] but the fact that the mixed-crystal
frequencies are insensitive to concentration is inconsistent
with an assignment to zone-center infrared modes. A
more detailed understanding of these lines must await
knowledge of the phonon dispersion curves.

in a more detailed interpretation. Nevertheless, our sim-

ple ANN model satisfactorily accounts for the general
features of the observed concentration dependence of the
scattering. The distribution of intensities for the com-
ponents of the scattering suggests that preferred clustering
of chloride or bromide ions occurs in the mixed crystal.
It is conjectured that the clustering arises as a result of
differences in the lattice constants of CdClz and CdBr2. It
would be informative to carry out an extended x-ray-
absorption fine-structure study of CdC12(, „iBrz„ to in-
vestigate clustering, as recently performed on other mixed
crystals.

In view of the interesting new results obtained from
CdC12(i „(Br2„and from CdBr2(i, (12„, where cluster-
ing effects were not observed, it would be interesting to
study mixed crystals of other layered structures such as
the Cd(OH)i one.
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APPENDIX: CLUSTER PROBABILITIES

We summarize here the results for the probabilities of
occurrence (f„)of the various molecular units (as in Table
I) upon inclusion of the clustering parameter p. For Cli-
Cd-C13,

f( ——(1—x) +px(1 —x)[3(1—x) +3(1—x) +2x —1]

+3p x (1—x) [(1—x) +1]+px (1—x)

For C128r-Cd-C13,

f2
——6(1—P)x (1—x) [ (1—x) +2Px (1—x)

+px+p~x (1—x)] .

For C128r-Cd-C128r,

fi ——9(1—P)'x'(1 —x) +9P(l —P)'x'(1 —x)' .

For C13-Cd-C1Br2,

VI. CONCLUSION

A Raman spectral study of the mixed crystal
CdC12[~ „]Br2„has revealed a complicated rnultimode
behavior for the phonon concentration dependence which
arises from the layered nature of the crystal structure. An
averaged nearest-neighbor model, which incorporates the
local metal-halogen structure, predicts a ten-mode
behavior (for each pure-crystal optical mode) in the mixed
crystal. Extension of the model to include the effects of
different next-nearest-neighbors in each halogen layer
would increase beyond ten the number of distinct contri-
buting modes for each phonon type. Interactions between
the molecular groupings would also need to be considered

f4 ——6(1—P) x (1—x) +6P(1—P) x (1—x)

For C128r-Cd-C1Br2,

For C13-Cd-Br3,

f6=2(1—P) x (1—x)

For C1Br2-Cd-QBr2,

f7=9(1—P)'x (1—«)'+9P(1 —P)'x'(1 —x)' .

For C128r-Cd-Br3,

fs ——6(1—P) x (1—x) +6P(1—P) x'(1 —x)'.
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For ClBr2-Cd-Br3,

f9 ——6(1—p)x (1—x)[x +2px (1—x)

+p(1 —x)+p x(1—x) ] .

For Br3-Cd-Br3,

f,o= x +Px(1—x)(3x +3x —2x+1)

+3p x (1—x) (x +1)+p x (1—x)
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