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A theoretical study of impurity modes in mixed cuprous halides (Cud,_, B, with 4,B =Cl, Br, and I) in
the low-concentration limit (x €1) is reported using the Green’s-function technique. The perturbation
caused by the halogen impurity B on the phonon spectra of Cud is accounted for in terms of mass change
at the impurity site as well as the change in the nearest-neighbor impurity-lattice interaction. The involved
lattice Green’s functions have been computed by incorporating the phonons generated by an 11-parameter
rigid-ion-model fit to the recent neutron data. We find that different substitutional impurities in cuprous
halides may give rise to well defined symmetry vibrations both in and outside the band-mode region. The
possibility is pointed out for some of the important cases to be observed by (ir or Raman) experimental
techniques. In the cases of known experimental data, we have determined the force perturbation describing
the impurity-host bonding in terms of our one-parameter model. The calculated force-constant changes, in
particular for CuCl:Br and CuCl:I systems, are similar to some extent to the behavior noticed in alkali
halides rather than in II-VI and III-V compounds. In view of the insufficient experimental data, the
possibility of the size effect cannot be ruled out. However, more experimental data on isoelectronic
substituents in cuprous halides are very much needed to arrive at a general conclusion regarding the trend
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of force-constant change with the size of the impurity atom.

I. INTRODUCTION

CuCl, CuBr, and Cul have attracted a great
deal of experimental and theoretical attention dur-
ing the last decade.'”*' Raman-scattering,'™®
ir absorption,® !? neutron-scattering,’®*"*" elec-
tro-optical, piezoelectric, photoelastic, x-ray
diffraction,'®!° and thermal studies®®?! revealed
that cuprous halides show anomalous behavior in
their physical properties. They exhibit large ionic
conductivities, and the thermal vibrations of Cu
atoms are enhanced anomalously with increasing
temperature.??~25

This series of I-VII crystals normally occurs
with tetrahedral coordination as cubic zinc-blende
systems (ZBS); however, they may undergo phase
transition to wurtzite and rock-salt structures.'®
Indeed, their respective ionicities of 0.746,
0.735, and 0.692 are very close to the value f;
=0.785 given by Phillips®® as the limit between the
groups of tetrahedrally and octahedrally coordi-
nated compounds: This borderline situation makes
the investigation of cuprous halides more interest-
ing as it will be generally desirable to understand
how far these are analogous to more ionic (I-VII)
alkali halides—a group to which they belong ac-
cording to their chemical composition and/or to
what extent they are similar to more covalent
II-VI and III-V compounds—the groups to which
they belong owing to their crystal structure.

All studies involving one way or another the
interatomic forces have argued that anharmonic
effects in cuprous halides are predominant at
room temperature. On the contrary, it is to be
noted that the recent low-temperature neutron
measurements of phonon dispersion for CuCl
(4.2 °K)*" and CuBr (77 °K)*® which show no ap-
parent anomalies, are remarkably different from
the earlier results at room temperature**** and
are quite similar to the phonon dispersions of
other ZBS cocmpounds. This suggests a possibility
to analyze the new data in terms of simple lat-
tice-dynamical models and to evaluate them in
the context of other ZBS crystals of II-VI and
III-V compounds. Another source of information
regarding the lattice dynamics is produced by
recent Raman-scattering experiments®’ on mixed
cuprous halides (Cud,_, B, with A,B=Cl, Br, and
I). This has shown the occurrence of localized
(CuB7:Cl, Cul:Cl) and gap (CuCl:Br, CuCl:I)
modes in the (x < 1) low-concentration limit.
These kinds of data, expressed in terms of the
perturbed interatomic bonding, could reveal some .
analysis with either rock-salt or ZBS behavior:

It is known that isoelectronic impurities exhibit
size effect®® in highly ionic crystals (alkali
halides) whereas no definite correlation with the
ionic radii and the change in force constants was
found in partially ionic crystals (II-VI and III-V
compounds).293°
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In the present paper, we are attempting a lat-
tice-dynamical study of phonons and localized
vibrations in cuprous halides. Starting with a
brief summary of the Green’s-function theory for
defect properties, we establish in Sec. Il A the
11-parameter rigid-ion model (RIM 11) for CuCl
and CuBr, which give good account of phonon
dispersion at low temperature. After including
the results of existing RIM 11 for Cul, we have
completed a systematic description of the lattice
dynamics of this series. In Sec. IIC, a simple
defect model is applied that describes the per-
turbed bonding in terms of a single parameter.
By incorporating the defect model, the existing
experimental data are interpreted and the possi-
bility of observing new impurity modes is pre-
dicted (Sec. IID). The impurity induced in band
absorption is finally calculated for heavy impuri-
ties, which may encourage experimentalists to
detect it by ir techniques. This work should com-
plete our previous study on II-VI and III-V com-~
pounds and provide us with a complete picture
of impurity bonding in the isgelectronic tetrahed-
rally coordinated AYB® ¥ semiconductors.

II. THEORETICAL BACKGROUND

In the Green’s-function theory, the necessary
condition for the existence of impurity modes
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(localized, gap, and resonance) is that the real
part of the secular determinant vanishes,3®’ j.e.,

Redet(I —-g6l)=0, (1a)

where g and 6/ are the Green’s-function matrix
of the perfect lattice and the perturbation matrix
in the impurity space (i.e., the space directly
affected by the introduction of the impurity), re-
spectively.

The localized or gap mode frequencies appear
in the region of zero density of phonons: These
modes do not propagate through the crystal and
are observable as 6-function peaks in optical mea-
surements. Again, it may happen that the solution
of Eq. (1a) appears at frequencies wy where the
density of phonons is nonzero; consequently the
corresponding in band mode can decay into the
band continuu\m and acquires a width3%d)

Im det(l — gbl)
=2

(1b)

2
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d
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o Re det(( gd1)
The solutions of Eq. (1a) for which I' K w2 is
also satisfied give rise to true resonant (ob-

servable) states (where w,, is the width of the
frequency spectrum of the unperturbed host crys-
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FIG. 1. Comparison of the dispersion curves (full lines) 'along high-symmetry directions for CuCl calculated by

RIM 11 with the recent neutron data (Ref. 17).
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TABLE 1. Calculated model parameters (10° dyncm=-1)
for the lattice dynamics of CuCl and CuBr. The lattice

parameter a, is in A

Model parameters

CuCl CuBr
a, 2.705 2.845
A - 0.11 - 0.1148
B - 0.145 - 0.134
(o} - 0.0385 - 0.0235
D, — 0.0253 - 0.0268
E, + 0,013 + 0,02
F, - 0.22 - 0.028
c, - 0.0035 - 0.014
D, - 0.0082 - 0.013
E, + 0.024 + 0.0265
F, + 0.0229 + 0.0378
z 0.5283 0.5846
M, 35.457 (u) 63.54 (u)
M, 63.54 (u) 79.916 (u)
F X
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tal). This rules out most of the solutions close
to a maximum of the density of phonons.

A. Dynamics of perfect lattice

The evaluation of Green’s functions requires a
knowledge of detailed phonon energies and eigen-
vectors from a reliable model of lattice dynamics.
Among the various phenomenological schemes
the calculation of phonon dispersion exists for
Cul by an 11l-parameter rigid-ion model (RIM 11)32
and also by the 15-parameter deformation-dipole
model (DDM 15).3% The results for the 14-pa-
rameter shell model (SM 14) are also available
for CuCl,'” and CuBr.'® It is not likely to con-
sider double-shell-model fitted room-tempera-
ture data on CuCl,?° owing to the strong anhar-
monicity. The recent neutron measurements,®*7
however, provide considerably better account
of the interatomic forces in the harmonic ap-
proximation.

In order to facilitate comparison of our results
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FIG. 2. Comparison of the dispersion curves (full lines) along high-symmetry directions for CuBr calculated by RIM

11 with the recent neutron data (Ref. 16).
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TABLE II. Comparison of the calculated physical quantities with the experimental data for

CuCl and CuBr.

Phonon energies (cm™Y)

CuCl CuBr

Critical point Mode Expt.2 Cale. Expt.? Calc.
T 1O 207 209 170 170

) TO oo 168 136 136

X 1O 233 232 155 155

TO: 218 218 160 160

LA 123 123 126 126

TA 39 39 38 38

L 1.0 245 236 171 171

TO 190 197 149 146

LA 113 119 106 - 116

TA 33 34 31 31

w w, 33 39

W, oee 48 52

Wy 126 122

w, 218 150

W 218 160

W 230 166

Elastic constants (10!! dyncm™?)
CuCl CuBr
Expt.® Calec. Expt.? Cale.
Cy 5.224 5.21 4.72 4.728
Cyy 3.49 3.49 3.72

Cu 1.38 1.36 1.51

2 Reference 17.
b Reference 16.
¢ Reference 32.
d Reference 21.

with the analogous ones obtained in II-VI and
III-V compounds, we consider RIM 11 for the
present study. In spite of its simplicity the model
is probably not completely inadequate for the
description of lattice dynamics in a pronounced
ionic (I-VII) compounds. We shall see that the
model provides practically identical phonon dis-
persion as obtained by SM 14. So far as the cor-
rect prediction of eigenvectors is concerned
neither of the two schemes can be judged through
any of the available experimental results. It is
not unlikely that even in this very ionic case the
shell-model picture of interatomic interactions
may be more realistic; nevertheless, we insist
on the trends of various parameters, namely, the
relations with defects in ZBS compounds which
have been systematically treated only in terms
of RIM 11. Whatever be the cases, we have
noticed that RIM 11 is the only one that has pro-
vided a reasonably homogeneous set of parameters
for II-VI and III-V compounds.33-3¢

The RIM 11 may be found for Cul in the work of
Kunc.* For CuCl and CuBr, however, we have
established the new set of parameters for the re-
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FIG. 3. Comparison of the calculated temperature for
CuCl with the recent data. Full dots (®) represent the
experimental results by Barron et al. (Ref. 21), where-
as the open circles Q) represent the measurements by
Vardeny et al. (Ref. 20).
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cent neutron data at low temperatures. The unique
set of model parameters (Table I) are calculated
following the procedure of Plumelle et al.,*" i.e.,
fitting the macroscopic data first and making then
the successive adjustments at the characteristic
points using the least-squares method. A glance
at Figs. 1 and 2 reveals that the calculated phonon
dispersions along high-symmetry directions are in
a satisfactory agreement with the recent neutronic
results of Prevot et al.!” for CuCl and of Hoshino
et al.*® for CuBr systems (Table II). In order to
check the model parameters, we have calculated
the variation of the characteristic Debye tem-
peratures and obtained a fair agreement with the
available low-temperature experimental data?’:2*
(Fig. 3). Using the same model parameters we
have also calculated the one- and two-phonon
density of states and the results are shown in
Figs. 4-9 (for the exact definitions and the norma-
lization of g, and g_ we refer to the work of Kunc?2),
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FIG. 5. Same key as Fig. 4 for CuBr.
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FIG. 6. The main peaksa, b, ¢, +.., i of two-phonon
(additive) density of states (g,) for CuCl calculated by
RIM 11 are tentatively assigned using the selection rules
of Birman (Ref. 40). Some of them may be compared
with the two-phonon ir and Raman-scattering experi-
mental data [Refs. 6, 10, and 12] (see Table III).

B. Analysis of the ir absorption and/or Raman-scattering
spectrum of the perfect systems

In cuprous halides ir absorption and Raman-
scattering experiments were performed in the
past few years.'”'? Unfortunately, the data avail-
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(subtractive) density of states (g.) calculated by RIM
11 for CuCl are tentatively assigned using the selection
rules of Birman (Ref. 40). Some of them may be com-
pared with the two-phonon ir and Raman-scattering ex-
perimental data (Refs. 6, 10, and 12) (see Table III).
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shown that phonon pairs at other than high sym-
metric points may generate many prominent Van
Hove singularities on the two-phonon spectrum
which can be interpreted only through a lattice-
dynamical approach.®®

In Table III, we have compared the main peaks
in the calculated two-phonon density of states
(sum and difference) with the corresponding tem-
perature-dependent features observed in the ex-
perimental measurements for CuCl and CuBr.
The data are analyzed in terms of phonons at
', X, L, and W critical points using the fact that
the intensity of the difference ir bands approaches
zero as T — 0, whereas for the summation bands
it decreases but remains nonzero even with 7
~0.%% The analysis presented here is consistent
with the polarization selection rules.*°

C. Defect model

The mass-defect approximation (MDA) alone is
insufficient in accounting for the restricted num-
ber of impurity vibrations (cf. Sec. IID). Among
the possible 1-parameter defect models,?**! we
consider the one which has already been applied
to study the behavior of various point defects in
several II-VI and III-V compounds.?® An elaborate
representation of the defect with more than one
parameter will be meaningless owing to lack of
experimental data for the present systems.

In our defect model, the only first neighbor
short-range tensor force parameters A,B (diago-
nal and nondiagonal) of the perfect lattice are
considered to be modified to A’ and B’ after per-
turbation by a substitutional impurity. Again we
suppose that A’ and B’ are proportional to A and
B, respectively, so as to describe the impurity
by a single dimensionless parameter ¢ as

t=(A-A')/A=(B -B")/B. )

This reduces the impurity space to a size of
dimension 15X 15 only. Again the group-theoretic
arguments for the point-group symmetry {7,
further decomposes into irreducible subspaces
of manageable sizes as

'Tp,=A+E+F +3F,. (3)

This model was proposed by Grimm et al.** for
studying point defects in GaAs and has recently
been applied for impurity vibrations of 63 sub-
stitutional defects in 9 II-VI and III-V compounds.*°
Considering experimental data as a probe the in-
ternal consistency. of the model has been checked
for several defect-host combinations. We have
noticed that a single value of ¢ explains two or
even more different impurity modes observed
recently by isoelectronic®® and transition element
impurities® in ZnS. In view of the above argu-

ments the present study of defect vibrations in
I-VII group is a logical extension of our earlier
works. Again it is to be mentioned that in the F,
modes and for the vibration of a very light sub-
stitutional atom in an otherwise frozen lattice,

the recoil force (F) due to short-range interactions
exerted on the impurity atom will be the sum of
diagonal terms of the coupling matrices of nearest
neighbor (A) and next-nearest neighbors (F; and
C,) (Ref. 31, p.389):

F=4A'+4F,+8C, (i=1,2). @)

The localized mode frequency F, calculated in a
simplified molecular approximation [w, =27 (F/
M})*?] will be independent of the term B. How-
ever, we find that the assumption that A’ and B’
vary in the same sense hardly affects the cal-
culation of defect vibrations due to very light im-
purities. Finally we have not considered the
change in long-range interactions for the present
case of isoelectronic impurities, however, even
for nonisoelectronic substituents the additional
Coulombian interactions (for an F, mode of a
very light impurity in a frozen lattice) are zero
in the harmonic approximation.*?

D. Localized gap and resonance modes

By incorporating the defect model (as described
in Sec. II C) we have calculated the impurity mode
frequencies in CuCl, CuBr, and Cul for different
defect masses and different force constant per- ‘
turbations ¢. In the actual numerical calculations
the Green’s functions were evaluated by summing
over 16 369 uniformly distributed points in the
reciprocal space and Eq. (1) was solved for ¢
varying from +1 to —1. Only solutions of A, and
F, symmetries were found. The results are dis-
played in Figs. 10-17. Using the experimental
values of the local mode as a constraint we have
estimated the force-constant changes incurred
in various impurity-host systems. The results
along with MDA calculations are summarized in

Table IV.
A, modes. In the fully symmetric A, mode the

substitutional site is immobile. The frequency

of the mode is therefore independent of the im-
purity mass and is solely considered in terms

of its interaction with the nearest-neighbor atoms.
Our calculations show that this kind of localized
“breathing mode” is possible for ¢ <—0.4 and also
when the immobile site of atom is of heavier mass
(cf. Figs. 10, 15, and 17, e.g., in CuCl, CuBv,
and Cul, respectively). However, the A, “breath-
ing mode” in the gap region exists for the case
when the immobile site of atom is of lighter mass,
e.g., in CuCl (cf. Fig. 13). We feel that the defect
bonding ¢ = - 0.32 established from the experi-
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FIG. 10. CuCl: calculated frequencies of the Fy
localized mode for various substitutions on Cu site as a
function of force-constant change parameter. The vib-
ration of the A; mode is also shown as a dotted line.

360

340

w
n
o

8

280

Local mode frequency (cm-*) —=

n
[
o

240

220 4

200 1 1 1 1 Il L 1 L 1
40 -08 -06 -04 -02 [0] 0.2 04 06 08 10

Force~constant change parameter —
t=1-f7/f
FIG. 11. CuCl: calculated frequencies of the F, lo-
calized mode for various substitutions on Cl site as a
function of force-constant change parameter.

170 T T T T T T L T T

)

-1
o
S

N
=
(=}

Gap mode frequency (cm

130

Force-constant change parameter
t=1-f/f

FIG. 12. CuCl: calculated frequencies of the F, \gap
mode for various substitutions on Cu site as a function
of force-constant change parameter.

mentally known F, gap mode (148 cm™) of I im~-
purity in CuC! should also give rise to a breathing
mode with frequency 133 cm™! in the gap region.
Though the mode is Raman active, however, it has
not been detected by Murahashi ef al.?” Finally

we also find an in-band solution of Eq. (1) for the
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FIG. 13, CuCl: calculated frequencies of the F, gap
mode for various substitutions on Cl site as a function
of force-constant change parameter. Full dots (@)
represent the experimental results of Murahashi and
Koda (Ref. 27). The vibration of the A; mode is also
shown as a dotted line.
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FIG. 14. CuBr: calculated frequencies of the F, lo-
calized mode for various substitution on Cu site as a
function of force-constant change parameter.

A, vibrations of heavy atoms around the light im-
mobile substituents, provided they are loosely
bound to its neighbors (¢>0.7). These modes ap-
pear in the region of very weak density of states
[CuCl (54 cm™), CuBr (68 cm™), Cul (80 cm™Y)]
for ¢=1 (vanishing bonding between defect and its
first neighbors) and they should produce relatively
narrow bands. As the frequency is independent

of the impurity mass, the situation is probably
close to that of an isolated vacancy (on Cl site in
CuCl or on Cu site in CuBr and Cul, respectively).
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FIG. 15. Same key as Fig. 11 for CuB». The vibration
of the A; mode is also shown as a dotted line. A full
dot (@) represents the experimental results of Murahashi
and Koda (Ref. 27).

This suggests at least theoretically the possibility
to study vacancy vibration by Raman-scattering
technique.

F, modes. The triply degenerate F, modes are
the most affected by any change of the parameters.
Again these are the modes which are both ir and
Raman active. We have paid special attention to
the F, gap modes, as a simultaneous occurrence
of both local and gap modes could provide an
additional check of the adequacy for the defect

TABLE IV. Comparison of the calculated impurity modes with the available experimental

data.
Impurity mode frequency (cm-1)
Relative change in
nearest-neighbor
force constant . -
System Mode Expt.2 Cale. in MDA Af/f=—t
CuCl :Br Gap 150 149 +0,02
CuCl:I Gap 148 130.4 +0.32
CuB7:Cl Local 196 181.5 +0.20
Cul :Cl Local 186

177 +0.14

2 Reference 27.
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FIG. 16. Cul: calculated frequencies of the F, lo-
calized mode for various substitutions on Cu site as a
function of the force-constant change parameter,

model in the I-VII case. In Fig. 12 we have plotted
the calculated frequencies of the gap modes cor-
responding to various light atoms replacing Cu

in CuCl. It is to be noted that for each light sub-
stituent we obtain two series of distinct curves

Z, and Z, corresponding to two different states

of the oscillating system. The Z, series has not
much physical significance as these modes only
appear for ¢ close to 1 (defects very loosely bound
to their neighbors). On the other hand, the form
of the Z, curves represents a physical situation
which is easy to explain: The large interval where
the frequency. of the gap mode is nearly indepen-
dent of ¢ corresponds to an almost rigid vibration
of the impurity together with its four neighbors.
This interval of perturbation (¢ = 0.4) provides

an equal possibility for the occurrence of local
modes due to light substitutional atoms on Cu
sites in CuCl (Fig. 10); unfortunately, no experi-
mental data are currently available in the litera-
ture. Again, we have also shown the results in
the Z, branch (cf. Fig. 12) for an impurity with
zero mass. Since there does not exist a cor-
responding curve in the Z, branch, it eliminates
the possibility of detecting F, gap modes for iso-
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FIG. 17. Cul: calculated frequencies of the Fy lo-
calized mode for various substitutions on I site as a
function of force-constant change parameter. The vi-
bration of the A; mode is'also shown as dotted line.

lated vacancies on Cu site in CuCl (tentatively:
M'~0and t-1).

There are fewer chances for the observation of
gap modes in CuBr and Cul than in CuCl, princi-
pally because of their fairly narrow phonon gaps
as noted in the one-phonon density of states (129
to 136 cm™ in CuBr and 113 to 124 cm™ in Cul,
respectively). However, our calculations suggest
the possibility of gap modes if impurities lighter
than oxygen are substituted for Br in CuBr. One
may also try to detect gap modes due to Cl im-
purities in Cul for which we predict its possibility
in the middle of the gap (~119 cm™* for ¢= ~0.14)
on the basis of our localized mode calculation
(Table IV).

Let us now examine solutions of Eq. (1) for the
in-band modes of F, symmetry. These solutions
can exist when the impurity is heavier than the
substituted one (replacing Cl by Br and I impuri-
ties in CuCl). We do find band modes only in the
region of weak phonon densities if they are very
loosely bound to its neighbors, i.e., for ¢z 0.7.
This corresponds to an unphysical situation.
These results are, in fact, the outcome of the
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graphical solution of Eq. (1) which have been ex-
tended (monotonically) to low-frequency regions
(cf. Fig. 13). Since there exists a single (w ~1)
curve per impurity vibration, only one impurity
mode of this kind can exist in the plausible situa-
tion—and this is the gap mode which has been
observed by Murahashi and Koda?®” for each of the
Br and I impurities in CuCl. As no element with
negative oxidation state heavier than iodine is
available, the possible heavy substitution in CuC!/
is exhausted. The situation is, however, quite
different for CuBr and Cul, as it is conceivable
that the light atom could be replaced by very heavy
mono or divalent atoms. Our calculations suggest
that the in-band F, solutions of Eq. (1) in the
region of low phonon density of states can be ob-
tained for much more acceptable values of ¢.

The calculated coefficient of ir absorption (us-
ing the appendix) for some impurities in CuBr
and Cul is displayed in Figs. 18 and 19 that once
again requires its experimental verification.
Finally the substitution on the Br and I sites in
CuB7 and Cul give rise to in-band modes only
for t = 0.8. This, as in the preceding case, does
not correspond to any physically acceptable situa-
tion.

I DISCUSSION

A perusal of Table IV reveals that the calculated
impurity modes in the mass-defect approximation
(MDA) are always lower than the experimental
data and we require 2-32% stiffening in the near-
est-neighbor interaction to achieve the observed
values. The present results contradict the state-
ment of Gaur et al.** that the force constants re-
main almost unchanged after perturbation due to
isoelectronic impurities in zinc-blende~type
crystals. Comparing the present results (Cul: Cl,
CuB7 : Cl) with the earlier calculations, we notice
at first sight that the results are similar with
II-VI (CdTe :S) and III-V (InSb : P) compounds
where even more than 38% stiffening in nearest-
neighbor interaction was estimated (cf. Table III,
Ref. 30). Again, we have noticed that the ionic
radii of the impurity and the host-lattice atom do
not give any clue regarding the change of inter-
action. This statement in II-VI and II-V com-
pounds is, in fact, the outcome of our results when
compared with a large series of existing experi-
mental data.

Although the impurity-host bonding (Cu-Br) in
CuCl : Br is very close to that observed in perfect
lattice CuBr, in three other cases (e.g., Cu-Cl
in Cuw/:Cl, CuB7:Cl, and Cu-I in CuCl :I) it does
not provide any correlation with the corresponding
bond strength in their respective unperturbed
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lattices (i.e., Cu~Cl in CuCl and Cu-I in Cul).
However, our analysis for the gap mode frequen-
cies due to two different impurities (Br and I) in
one host system (CuCl) indicates that a few percent
stiffening in force constant is required to obtain
the experimental data for the gap mode due to Br
impurities, and the stiffening increases to 32%
when I impurities produce the gap mode in CuCl
system. This trend of Br and I impurities in
CuCl obtained from two distinct solutions using
the same Green’s functions (lattice phonons) sug-
gests the possibility of the size effect—a be-
havior generally known for isoelectronic impuri-
ties in alkali halides.?%:%5747

IV. CONCLUSION

It has been shown that the new low-temperature
neutron data in cuprous halides can be well de~
scribed by a simple rigid-ion model (RIM 11).
We find that various substitutional impurities
in cuprous halides may give rise to well-defined
symmetry vibrations, both inside or outside the
band mode region. The possibility is pointed out
for some of the important cases to be observed
through different (ir or Raman) experimental
techniques. In the cases of known experimental
data we have determined the force perturbation
describing the impurity-host bonding in terms of
a simple one-parameter model. The results are
compared and discussed with our earlier results
on II-VI and III-V compounds and also with the
data available for alkali halides. It is to be noted
from similar theoretical studies®®3%%! that even
if the absolute value of force variation due to
impurities in ZBS compounds depends strongly
on the lattice-dynamical model, however, their
trend is found to be quite independent. We feel
that the present ¢frend of force variations will be
reflected even with a more sophisticated lattice-
dynamical model calculation; from two comparable
cases (CuCl : Br and CuCl :]) it exhibits “size
effect” —a behavior which is similar to alkali
halides but is different from other ZBS compounds.
The statistics currently available are rather in-
complete and cannot be generalized for all iso-
electronic impurities in cuprous halides unless
more experimental results are known.
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APPENDIX: IMPURITY-INDUCED ir ABSORPTION
IN ZBS CRYSTALS

The Green’s-function theory for the impurity-
induced ir absorption due to point defects in polar
crystals has been discussed in several mono-
graphs.3*45"47 The extension of the theory to ZBS
crystals by one of the authors*® provides good re-
sults in the MDA, however, they need some
rectification for including the force-constant
changes. The treatment to be presented here is
exactly followed from that of Klein,* with the no-
tations of Maradudin,31®-31¢) in particular, with
the same definition of phonon and Green’s func-
tions,

In the harmonic approximation, the absorption
coefficient due to a single impurity is given by?*®

alw) = 41w (nﬁ,+2)ze_*2
INv,e n(w) i

xIm(0, TO,|MY?gtg M*/2|0, TO,) , (A1)

where #2 is the high-frequency dielectric con-
stant, #n%(w) is the dielectric constant at frequency
w, c is the velocity of light, N is the number of
unit cells in the crystal, v, is the volume of a unit
cell of reduced mass K, e* is the effective charge
(taken as Szigetti’s effective charge), M is the
diagonal matrix containing the masses of the con-
stituent atoms, and |0, TO,) is one of the norma-
lized eigenvectors |q,7) with §=0 and j=TO,, i.e.,
the transverse optical phonon polarized in the 1-
direction. The ¢ matrix is related to the Green’s-
function matrix for the perfect lattice (g) and the
perturbation matrix (61) as

t=60(I-gbl)~*. (A2)

Again the vector |0, TO,) diagonalizes the Green’s-
function matrix, i.e.,

£l0,TO,) =Mz -w?))7*0,TO,), (A3)

where w_ is the §=0, TO-phonon frequency and
z=w® —ie.

The problem of local perturbation due to an
isolated defect can be simplified with the help of
symmetry vectors (I'i), where I' is the irreducible
representation of the point group pertaining to the
perturbation and ¢ runs from one to the number
of times [n(I')] the irreducible representation I'
is contained in the perturbation. The squared
matrix (I'i|lka), where the indices la and « are
now restricted to the perturbation subspace,
represents the unitary transformation from the
subspace of Cartesian coordinates to that of the
symmetry coordinates. Thus the projected
Green’s-function matrix of the perfect lattice
associated with the irreducible representation (I")
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may be written as

(Ti| glTi’) = Z %}_{%ﬁ :

with

rilgn=3 (Tillka) (tkald))

= kZ (Tillka)eq (k|T]) , (A4)
1ka

[ denotes the unit cell, & corresponds to the type
of atoms in it, and e, (k|qj) is the ath component
of the polarization vector of the phonon with wave
vector § and branch index j. Using the symmetry
coordinates for the F, irreducible representation?®
and the properties of the polarization vectors*®
one may obtain

1/2

- m
(Fyi=1[0,TO) =5;;-¢;/ (|0, TO)) = (M:) 6iir s
m 1/2

lo, Tol)=-2(—) 50,

(F,i=2[0,TO,) =25, ¢;: (+ M,

(A5)

and

(F,i=30,TO)=0.

The (+) sign on M, denotes the mass of the
positively or negatively charged ion, respectively.
The upper (lower) sign is taken if the impurity
atom is considered on the (+) (~) ion site.

Using (A3) and (A5) the expression for ir ab-
sorption due to a random distribution of impurity
ions with a fractional concentration p is finally
written as

dre*® (n2 +2)°2 13)
e n(w) (W-wi)) u

a(w)= b “Imte(z), (A6)

where t,,(z) is the matrix element of the ¢ matrix
in F, irreducible representation for §=0, TO
phonon and is given by

t, 4t 4¢,,
—i2 722
ool2) = ¥ <M2 M., M ) (a7

for ZBS crystals. It comes out from Eq. (A7) that
the t;;=1,; elements of the symmetric { matrix is
zero (for i=1,2,3). This is related to the fact
that the dipole moment induced by one of the al-
lowed movements in F, mode is zero* [see Eq.
(A5)].

*Visiting scientist. Permanent address: Department
of Physics, University of Allahabad, Allahabad, 211002,
India. .

fPresent address: Xerox Corporation, Palo Alto Re-
search Center, 3333 Coyote Hill Road, Palo Alto,
California 94304.
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