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A model which has earlier been seen to be successful in explaining the main features of the infrared
absorption due to Be impurities in CdTe has been employed to understand the local-mode frequencies
in different III-V and II-VI semiconducting compounds. The effects of force-constant changes due to
various impurities in a large class of the compound semiconductors have been studied. The local-mode
frequencies have been calculated and discussed with the existing experimental and theoretical data. It
has been observed that in the case of isoelectronic impurities the force-constant changes are well within
+20%, whereas in the case of other impurities, e.g., Li isotopes in III-V and II-VI compounds and Al
impurities in II-VI compounds, the force-constant changes are as large as +58%. The force-constant
changes are similar for the different isotopes of an impurity atom. The differences in the ionic radii of
the impurity and the host ions are not suggestive of the probable force-constant changes in these

compound semiconductors.

I. INTRODUCTION

It is quite well known that the vibrational spec-
trum of a crystal containing a small concentration
of impurities often exhibits the occurrence of modes
whose frequencies lie within the band or in the gap,
or lie outside the vibrational-frequency spectrum
of the perfect crystal. These exceptional modes,
in fact, depend on the nature of the impurity-lattice
interaction. Quasilocalized or resonance modes
may occur if the impurity is too heavy or weakly
bound to the host lattice. The frequencies of the
resonance modes lie within the band-mode region
and they characterize themselves by large vibra-
tional amplitudes of the impurity or its immediate
neighbors. Localized or bound states may also ap-
pear due to very light impurities or impurity ions
strongly bound to the host lattice. The frequencies
of these modes lie outside the range of allowed
phonon frequencies of the host crystal. These are
nonpropagating modes and their amplitudes fall
faster than exponentially as one moves away from
the defect. When the frequencies of these modes
are greater than the maximum phonon frequency
they are called localized modes, and if they lie
within the forbidden gaps of the phonon spectrum
they are named gap modes. There is, in fact, no
fundamental distinction between a localized mode
and a gap mode.

In order to observe these impurity modes direct-
ly, a wide variety of experimental techniques, viz.,
impurity-induced infrared absorption, Raman spec-
troscopy, specific-heat measurements, tunneling
between superconductors, Mdssbauer effect and
neutron scattering, etc., have been extensively
used.! Experimental studies of local modes have
been made for a large number of systems. At
first the experimental investigations were confined
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to the vibrations of H- and D" ions (U centers) in the
alkali halides®? and the alkaline-earth fluorides. *
In the case of elemental semiconductors particular
attention was given to boron® and carbon® impuri-
ties in silicon. More recently, the list has grown
to include the study of various impurities both in
the elemental and the group semiconductors.”

In the earlier theoretical studies®® the Einstein
model or the Born-von-Karman model were used
in the case of diatomic cubic lattices with nearest-
neighbor interactions to study the influence of a
single defect on the lattice dynamics of ionic crys-
tals. A phenomenological linear diatomic chain
model’® has been utilized to predict the local-mode
frequencies in a large class of systems. A molec-
ular model®! has also been applied to calculate the
local-mode frequencies due to U and F centers in
alkali halides.'?* However, its application to im-

~ purity modes in zinc-blende-type crystals!®* did

not provide very convincing results. Considerable
recent refinements in the theory and the use of
more realistic models for the lattice dynamics of
host lattices and defects have led to a mutual stimu-
lation between theory and experiment resulting in

a good understanding of the phenomena.

From the theoretical point of view, the most
natural way to analyze the experimental results on
impurity modes is the use of the Green’s-function
technique. In the case of strongly localized states
one may assume that the perturbation extends over
a few neighbors only and one can, thus, perform
simple calculations. Actual calculations® in zinc-
blende-type crystals have, however, been hampered
due to the lack of knowledge of the real phonon spec-
trum (through neutron spectroscopy).

Most of the previous work!®!" based on a Green’s-
function method used the isotopic-defect approxi-
mation (IDA). Although the method does provide a
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qualitative explanation of experimental results,
nevertheless for a quantitative agreement it is
necessary to consider the effects of the force-
constant changes caused by the impurity ion in the
host lattice. The inclusion of force-constant
changes would make, no doubt, the computational
job more difficult, but they are worth pursuing since
they might allow more information to be extracted
from infrared, Raman, or other optical measure-
ments. Recent work on impurity-doped metals, 1% °
alkali halides, ! and cesium halides® has shown
that alterations in short-range interactions some-
times contribute predominantly to the physical
properties of the impure crystals. Since, through
neutron spectroscopy, extensive data on the phonon
spectrum of various?'=?® III-V and?-?8 II-VI com-
pound semiconductors crystallizing in the ZnS (c)
structure have been accumulated in the literature
within the last few years, it is worthwhile to study
the behavior of impurities in these group semicon-
ductors with a realistic theoretical approach.

In an earlier paper!’ (hereafter called I), a sec-
ond-neighbor-ionic (SNI) model was employed for
describing the phonons of the perfect lattice and
a mass-defect model was assumed for determining
the local-mode frequencies. In a later pa.per29 we
have included also the changes in the nearest-neigh-
bor force constants and noted that the model was
moderately successful in explaining the observed
infrared absorption due to a low concentration of
Be impurities in CdTe. In the present paper, we
perform a theoretical analysis of the impurity
modes by considering the changes in the nearest-
neighbor central force constant due to various im-
purities in a number of III-V and II-VI compound
semiconductors.

The paper is organized into four sections. In
Sec. II we briefly describe the basic theoretical
considerations relating the lattice dynamics of per-
fect and imperfect zinc-blende-type crystals.
Section III deals with the numerical computation of
the local-mode frequencies due to various force-
constant changes and the comparison of the results
with those of experimental and other theoretical
findings. The conclusions are contained in Sec.
Iv.

II. THEORETICAL CONSIDERATIONS

In order to study the dynamics of an imperfect
crystal by the Green’s-function method, a detailed
knowledge of the frequencies and polarization vec-
tors of the phonons in the perfect crystal is very
much needed. Here we would like to remark that
for a meaningful picture of the physical situation
around the defect in a perturbation model, the choice
of the lattice-dynamical model should be such that
it should not produce any conceptual difficulty.
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A. Lattice dynamics of perfect crystals

The phenomenological force-constant model, *°
rigid-ion model, 3°=3¢ shell model, 21~2% 2%+ %6 and va-
lence shell model®® have been extensively used to
study the lattice dynamics of crystals with the
zinc-blende structure. In a most simple lattice-
dynamical model one may consider only the short-
range interactions and may neglect the Coulomb
forces as well as the polarization forces of the
ions. But the difficulty with this model is that it
does not reproduce the real phonon-dispersion
curves. This, in turn, affects the calculation of
the involved Green’s functions and thereby the im-
purity modes. The conventional dipolar shell mod-
el is also inadequate in several respects. A large
number of disposable parameters are required to
fit the neutron data and the known physical constants.
Some of these parameters are not always realistic.
Also, the shell model loses its significance when
one studies the band effects of narrow-gap semi-
conductors. Ferriera® has pointed out the short-
comings of the shell model and has proposed a new
definition of the shell. Furthermore, the difficul-
ties encountered in describing the impurity in a de-
formation-dipole model or a shell model in alkali
halides are well known. ** On the other hand, no
conceptual difficulty exists if we chose a nearest-
neighbor perturbation model in the case of Keller-
mann’s rigid-ion lattice. #

Keeping in view the aforementioned points, we
have selected a seven-parameter SNI model® to
study the lattice vibrations of perfect zinc-blende-
type crystals. Itis, in fact, an extension of the
four-parameter rigid-ion model proposed earlier
by Rajagopal and Srinivasan.®® The SNI model in-
corporates a combination of the classical treat-
ment by Kellarmann® for the electrostatic inter-
actions and the treatment of the diamond lattice by
Smith* for the nonelectrostatic part. The electro-
static part includes long-range Coulomb interac-
tions, whereas the nonelectrostatic part of the
model includes force constants up to second neigh-
bors.

In the framework of the adiabatic and harmonic
approximations the equation for the vibrational
amplitudes ¢ in the perfect lattice reads3®

« - -

- )3=0, 1)
where T is the dynamical matrix of the perfect
rigid-ion lattice (in q space) and is given by

L2y@; k") ={1/ [m)m (k)] 2}

x[Dg,@; kk') - D@ kx)],  (2)
with DS,@; ««’) and DS,(d; k«') as the short-range
part and the long-range Coulomb part of the dy-

namical matrix, respectively; m(x) (k =1, 2) denote
the masses of the two atoms in a unit cell. The
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matrix elements for the short-range interaction
depend on the two first-neighbor (e, 8) and eight
second-neighbor (u,, v,, A, and §,) force con-
stants. However, the number of parameters have
been reduced to six by taking u =v in concurrence
with the central-force model of Smith. The ele-
ments of the long-range Coulomb interaction ma-
trix depend on the effective charge and the lattice
parameters of the systems.

The elements of the short-range part of the dy-
namical matrix are given by>!

D%, @; k) =4[ a+ ), (1 - cosmg, cosng,)
+ I1,(2 - cosmg, cosmg, - cosmg, cosmg,)] ,
D$,@; xk)=4p,sinng, sinmg, =D, @ ; kk) ,
D:.@; kr')=— ala+b+c+d)
=D5,@; kr')=D5,@; kr') ,

’ -

D:,@; kk')==Bla+b+c—d)=D5,@; rk') ,

where
a=exp(zin(g,+ ¢,+4.)] ,
b=explzim(g, - ¢, - a,)] ,
c=explzin(gy - 9. - 4.)]
d=exp[zin(g, - q,- a,)] -

®)

The remaining elements can be obtained by cyclic
permutations of the indices and by using the fact
that

D5,(d; 21)=D5 @; 12) @

v

where D;,’:‘(’ ; 12) is the Hermitian conjugate of

D;,@; 12).

The expressions for the Coulomb coupling coef-
ficients obtained by Kellermann for the rocksalt
structure have been modified by Cochran® for the
diamond structure and by Merten** for the zinc-
blende lattice. The elements of the long-range part
of the dynamical matrix have already been given in
an earlier paper. %

The solutions of Eq. (1) give the characteristic
frequencies w as a function of the wave vector ﬁ,
i.e., the dispersion curves of the host lattice.

For each value of w, there exists a set of polariza-
tion vectors that satisfy the familiar orthogonality
and closure relations.

In the computer calculations for the lattice vi-
brations of perfect crystals, the translational vec-
tor of the reciprocal space was divided into 16 equal
parts to give rise to a grid of 4096 equally spaced
points inside the first Brillouin zone. The cal-
culated dispersion curves in the various III-V and
II-VI compound semiconductors have been reported
elsewhere, ¥-38
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B. Lattice dynamics of imperfect crystals

Let P(w?) be the perturbation on the dynamical
matrix T.° of the perfect crystal that accounts for
the change of ionic mass and the changes of cou-
pling coefficients due to the substitutional impurity
ions. The equation for the vibrational amplitudes
P in the imperfect lattice reads

[T+3) Bd]=0, ()

<0 20 3yt ’ s
where G'(z) = (L.” = zI)*! is the Green’s-function ma-
trix for the perfect lattice, and z= w®+i¢ is the com-
plex squared frequency in the limit ¢ - 0*.

For a low concentration of impurities it can safe-
ly be assumed that the atomic interactions in the
imperfect lattice do not differ basically from those
of the host lattice. It is, therefore, sufficient to
describe the defécts by considering the changes in
atomic masses and nearest-neighbor interactions
only. For the case of a single substitutional im-
purity in the lattice, the non-zero elements of the
perturbation matrix lie only in the impurity space
(the space occupied by the impurity and its im-
mediate neighbors).

The condition for the occurence of nontrivial
solutions for the frequencies of the impurity modes
(localized, gap, or resonance) is that the real part
of the secular determinant vanish, i.e.,

Redet|T + €(2)P (w?)|=ReD(2) =0, ®)

where 2(z) and B(w?) are the Green’s function [G(z)]
and the perturbation [ P(w?)] matrices in the im-
purity-space, respectively.

Perturbation matrix and Green’s functions

The isolated impurity in a zinc-blende-type
crystal has been described in the deLaunay’s lat-
tice-dynamical model® for the diamond lattice.

In this model, let f be the force constant associated
with the radial (central) part of the nearest-neigh-
bor interaction and s’ the force constant associated
with the angular part. The nearest-neighbor force
constants (a, B) defined in the SNI lattice-dynami-
cal model are related with the deLaunay’s model
parameters (f, f') by the relations

a=5(f+2f') and g=3(f-1") .

With the substitution of an impurity in the host-
crystal, both the atomic mass and the nearest-
neighbor interactions (f, f’) are assumed to be
changed. The changes are described by the param-
eters

e@)=[m' &) -m@E)]/mE);
A=Af/m(x) and X =Af'/m(x) .

The elements of the perturbation matrix of dimen-
sion 15X 15 are



1110, 0)=—cw®+$(1+21) ,
pij(ay 6):0 )

pli(ay ﬁn):- %Xllz()\"'z}") s (7)

1,0, R,) == 3$x'72(0= M) ny
pil(Rn’ ﬁn)’—'%X(A"'le) )
PisRy, Ry =3X=N)mymy, 4,j=1,2,3.

Here x =m(t)/m(¥) is the ratio of the masses of the
ions of the two sublattices; R,=3a(n,, ns, ns) is the
lattice vector of the nearest-neighbor of the im-
purity site; and the upper signsin €, A, X', andX are
taken when the impurity occupies a positive ion

—3ecw?+4(r+2)') —2x12(n+2)%)
PFz(wz) = % ~2x172(1+21") x(A+2)7)
=2V2x12(A = )") V2x(x=2")
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site and the lower signs when it occupies a negative-
ion site.

In order to solve Eq. (6) it is not necessary to
work with the full 15X15 matrix. The decomposi-
tion of the total representation into the various ir-
reducible representations for an impurity site with
T, symmetry is®*

I(T)=E+A,+F +3F, . 8)

The impurity modes in the far-infrared absorp-
tion involve only those linear combinations of de-
fect-space displacements which transform accord-
ing to the F, irreducible representation. The per-
turbation matrix in the F, irreducible representa-
tion is

-2V 2x3( = 2")
V2x(a=21") . ©)
x@r+2")

Similarly, the Green’s-function matrix in the impurity space in the F, irreducible representation is

g1 (&) 2g3()
gr, (@)= 2g5() &2(%) + 2g5(£) + gg (&)
2V2g,(*) 2g,(x)

where
g1(#) =g,,(000; 000) ,
&) =g,(111; 111) ,
&) =2,,(000; 111) ,
24) = £,,(000; 111) ,
&) =g,0111; -1-11),
86&) =g,(111; =1-11),
&i(t)=g,,(111; =1-11),
gs(t)=g,,(111; =1-11) .
In most of the impurity-host systems!8=20 the

J

2vV2g,()
2g7(x) , (10)

o) — go (&) — gy (t) = 24 ()

[

angular force-constant changes have been seen to

be an order of magnitude smaller than the central
ones; we therefore assume that A’ =0. In earlier

studies this model has been found to be successful
in understanding the observed infrared absorption
due to a low concentration of Be substitutional im-
purities in CdTe.??

The frequency of an impurity mode (resonant,
gap, or localized) in the infrared-active F, ir-
reducible representation in a zinc-blende-type
crystal is given by

ReDFz(z)=0 ,

where

DFZ(Z) =[1- €wzg1(i)]{1 +3X\[3ga (%) + 2g5(£) - gg£) + 2g7(2) - 4ge(i)]}
+§“A{g1 (&) -2x!/2 [ga(i) +2g4@)] + xeo?[ g3(&)+ 284(*)12} . (11)

III. NUMERICAL COMPUTATIONS
A. Computation of lattice Green’s functions

In order to analyze the experimental results on
impurity modes in zinc-blende-type crystals we

[

have incorporated the eigenvalues and the eigen-
vectors of the phonon states as determined by the
SNI model using IBM7044/1401 computers. A
staggered-bin averaging procedure suggested by
Sievers et al.* has been followed for the numerical
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FIG. 1. Plot of the
local-mode frequencies
vs mass-change parame-
ter with an appreciable
change of force constants
for positive impurities in
GaP. Dots show the ex-
perimentally observed
frequencies.
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integration of the real part of the Green’s func-
tions. In actual practice, the frequency increment
usedis of vital importance, especially when a finite
number of q points in the Brillouin zone has been
used. A too small value of the frequency incre-
ment will cause spurious fluctuations in the Green’s
function, while with a too large value the fre-
quency-dependent nature of the Green’s function
will be lost, With the present choice of 4096 uni-
formly distributed § points inside the Brillouin
zone, a value (ranging from 0. 32 to 0.35) of the

frequency increment in units of bin was found to be
appropriate for all the III-V and II-VI semiconduc-
tor compounds under study. For details we refer
to an earlier paper.

B. Local-mode frequencies

We now consider Eq. (11) to determine the im~
purity modes in zinc-blende-type crystal lattices.
For A=0, Eq. (11) reduces to the isotopic-defect-
approximation (IDA) and we may have a rough idea
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gfedcba

FIG. 3. Plot for the
local-mode frequencies
vs mass-change parame-
ter with an appreciable
change of force constants
for positive impurities in
GaAs. Dots show the ex-
perimentally observed
frequencies.
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regarding the trends of force-constant changes in
impurity-host systems. The effect of force-con-
stant softening is to push the local-mode frequency
towards the band edge, whereas the opposite is the
case with force-constant hardening. For apprecia-
ble force-constant changes the variations of the
local-mode frequencies as a function of mass-de-
fect parameter have been studied in detail.

Some of the representative curves for the replace-

ment of anions or cations have been displayed in

Figs. 1-8. Explicit calculations have been per-
formed for GaP, GaAs, GaSb, InSb, InAs, ZnSe,
ZnTe, ZnS, and CdTe. A list of local-mode fre-
quencies due to various impurities detected so far
in II-V and II-VI semiconductor compounds has
been given in Table I. In this table we have also
listed our earlier results obtained in the IDA and
the necessary force-constant changes required to
reproduce the experimental data in various im-
purity-host systems.

fedCha

FIG. 4. Plot for the
local-mode frequencies
vs mass-change parame-
ter with an appreciable
change of force constants
for negative impurities in
GaAs. Dots show the ex~
perimentally observed
frequencies.
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FIG. 5. Plot for the
local-mode frequencies
vs mass-change parame-
ter with an appreciable
change of force constants
for positive impurities in
ZnSe. Dots show the ex-
perimentally observed
frequencies.
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C. Comparison with experimental and other theoretical works
1. HII-V compound semiconductors

a. GaP. A large amount of infrared data on lo-
calized modes due to various impurities in GaP
exist in the literature. %% Unfortunately, the
interpretations of the observed infrared peaks due
to impurities are not unique. Very recently,
Thompson and Newman®* have resolved the un-
certainties in the previous experimental results
by performing extensive experimental observations
on a large number of samples. Our results of lat-
tice-dynamical calculations confirm their assign-
ment. The observed separations between adjacent
peaks due to boron, silicon, nitrogen, and carbon

isotopes are in very good agreement with the cal-
culated values. For Al, B, and Si impurities that
occupy the Ga site in GaP, the IDA values are
smaller than the observed ones and we find a stif-
fening of force constants of about (18-40)% (Table
I). For impurities replacing the P site we find a
hardening in the coupling coefficient of about 21%
due to C and a softening of about 15% due to O and N
impurities. Recent calculations by Gaur et al.®
in the IDA using a four-parameter rigid-ion model
give results similar to ours except in the case of
boron isotopes. In order to understand their ex-
perimental results of the local-mode frequencies
due to nitrogen isotopes, Thompson and Nicklin®®
have obtained very approximate results which are

FIG. 6. Plot for the
local-mode frequencies
vs mass-change parame-
ter with an appreciable
change of force constants
for positive impurities in
ZnS. Dots show the ex-
perimentally observed
frequencies.
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FIG. 7. Plot for the
local-mode frequencies
vs mass-change parame-
ter with an appreciable
change of force constants
for positive impurities in
CdTe. Dots show the ex-
perimentally observed
frequencies.
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in disagreement with ours and those of other
workers. %

b. GaAs. A perusal of Table I gives an idea of

the trends of force-constant changes due to various
impurities in GaAs. In order to achieve the ob-
served local-mode frequencies due to Al, B, and Si
isotopes that occupy the Ga site, our results sug-
gest a hardening of force constants of about (5-23)%.
Again, for C, Si, and P impurities that replace the
As site, we find a hardening of force constants of
about (18-40)%. The local-mode frequencies due
to Li isotopes differ significantly from the experi-
mental data. A softening of the force constant of
about 43% is found for the substitutional Li iso-
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topes. For impurities that replace the Ga atom
our results are corroborated by Grimm ef al. '®
who have performed calculations using a Green’s-
function theory but employing a very simple lat-
tice-dynamical model. However, in some cases
our results do not tally with those of Gaur et al, %
For example, we predict a hardening in the force
constant for Al impurities whereas the results of
Gaur et al. show a softening in the force constant.
Also our result for P impurities replacing the As
site is in agreement with that of Grimm? and of
Govindarajan and Haridasan'® but is in disagree-
ment with that of Gaur ef af., who have predicted
no force-constant change in this impurity-host

FIG. 8. Plot for the
local-mode frequencies
vs mass-change parame-
ter with an appreciable
change of force constants
for negative impurities
in CdTe. Dots show the
experimentally observed
frequencies.
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TABLE I. Local-mode frequencies due to substitu-
tional impurities in zinc-blende-type crystals. The
local-mode frequencies in the IDA and the relative changes
of central-force constant for impurities in various III-V
and II-VI semiconductor compounds are given in columns
3 and 4, respectively. Substituted atoms have been un-
derlined.

Local-mode frequency (cm™!) Source of

System Expt. Cale. in IDA Af/f experimental data
i) III-V compounds
GaP:''B 593. 6(592) 534 0.18 a(b)®
GaP:"B  571(569) 515 0.18 a(b)®
GaP:Al 444.7 415 0.19 a
GaP:%si  464.9 410 d
GaP:®si  461.1 407 } 0.39 d
GaP:'si  456.6 (495) 404 d(a)®
GaP:'"’"C  606.2 (527) 560 a()®
GaP:Y“C 564 530} 0-21 a
GaP:'N 488 517 -0.15 a
GaP:"N 472 502 -0.15 a
GaP:0 464 488 -0.13 a
GaAs:SLi 451 650 a
GaAs:Li 442 607} —0.43 a
GaAs:''B 540 527.5 a
GaAs:!'B 517 507. 5} 0.09 a
GaAs:Al 362 355 0.05 a
GaAs:"si 384 345 ela)
GaAs:¥si  378.5 339} 0.23 e
GaAs:%si  373.5 334 e
GaAs:Si 399 348 0.39 a
GaAs : P 355 335 0.18 a
GaAs:'’C  582.4 485 f
GaAs:®C  561.2 465} 40 £
GaSh:Al  316.7 315 0.012 a
Gash: P 324 303 0.18 a
GaSb:As 240 242 -0.017 a
InsSh : Al 296 302 -0.04 a
InSb: Ga 196 206 -0.08 a
InSh: P 293 270 0.19 a
InSh : As 200 199 0. 008 a
InAs:Ga 240 243 -0.02 a
InAs:P 295 302 -0.05 g
(ii) II-VI compounds

ZuSe:Be 450 487 -0.13 a
ZnSe:%Mg 352 323 0.20 a
ZnSe:*Mg 345 318 0.19 a
ZnSe:®Mg 334 313 0.19 a
ZnSe:Al 359 305 0.38 a
ZnSe :S 297 290 0.05 a
ZnTe:Be 415 438 -0.08 a
ZnTe:Al 313 260 0.52 a
ZnTe:S 269 279 -0.09

ZnS: Be 490 455 0.16 a
ZnS:*Mg, 380 372 a
Zns:®Mg  377.5 369} 0.07 a
ZnS:*Mg 374 366 a
ZnS: Al 438 363 0,58 a
CdTe: Be 391 397 -0.05 a
CdTe :%Mg 249 261 a
CdTe:*Mg 245 259} ~-0.12 a
CdTe:%Mg 241 256 a
CdTe:¥s 249 253 a
CdTe:%s 244 248 } -0.04 a
CdTe:Se 170 173 -0.02 a

2Reference 7.

bReference 51.

°The values given in parentheses are not used in calcu-
lations.

dReference 54.

°F. Thompson and R. C. Newman, J. Phys. C 5, 1999
(1972),

fR. C. Newman, F. Thompson, M. Hyliands, and R.
F. Peart, Solid State Commun. 10, 505 (1972).

F. Oswald, Z. Naturforsch. A 14, 374 (1959).

D. N. TALWAR AND BAL K. AGRAWAL 12

system. Molecular-model calculations are found
to be at variance with lattice-dynamical calcula-
tions, !

c. GaSb and indium compounds (InAs and InSb).
Al, P, and As impurities in GaSb; Ga and P in
InAs; and Al, Ga, P, and As impurities in InSb
are isoelectronic impurities. One may expect the
IDA to give good results. From Table I we ob-
serve that there is a hardening in force constants
of about 19% due to P impurities in GaSb and InSb,
but a softening in the force constant of about 5% in
InAs. For As impurities in GaSb, however, the
calculations by Gaur ef al." yield results similar
to ours, whereas their results for P and Al im-
purities are at variance not only with ours but also
with those of others.!® The results for Ga and P
impurities in InAs are in line with those of earlier
workers, 3557

2. IL-VI compound semiconductors

Infrared studies of several light impurities in
various Zn-Cd chalcogenides have been performed
by Mitsushi’ and his collaborators. **~® Except for
Be impurities replacing the Zn site in ZnS, the re-
sults of our calculations for different impurities
in the IDA are similar to those of others.* Beryl-
lium seems to be an interseting impurity in ZnS.
Experimental observations of Be impurities in ZnS
show the localized as well as the gap mode. # Our
lattice-dynamical calculations in the IDA for the
localized and gap modes yield the values 455 and
237 cm™, respectively. These values are smaller
than the observed ones. We, therefore, find a
hardening in the force constant of about 16% in this
impurity-lattice system. The results of Gaur et
al.”® are in agreement with ours for the gap mode
but are in contradiction for the local mode. The
Al impurities in these group semiconductors do not
possess the same valence structure as that of the
replaced host ion and, thus, require a maximum
hardening of 58% in force constant.

IV. CONCLUSIONS

By employing a simple perturbation model for
the impurity that includes the change in mass at the
impurity site along with the changes in the nearest-
neighbor force constants, we have studied the dy-
namics of imperfect zinc-blende-type crystals on
the basis of a Green’s-function technique. The
changes in nearest-neighbor central force constant
due to various impurities in the different classes
of III-V and II-VI compound semiconductors have
been calculated by fitting the local-mode frequencies
with experimental ones. For impurities that
possess the same valence structure as that of the
replaced host ions (isoelectronic impurities) the
calculated results for local-mode frequencies in
the IDA are in good accord with existing experi-
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mental data. The force-constant changes required
to reproduce the experimental values for the local-
mode frequencies due to isoelectronic impurities
in these semiconductor compounds lie within + 20%.
Carbon, silicon, and lithium isotopes in III-V
semiconductors and Al impurities in group II-VI
semiconductors presumably cause complications

in the host lattices because of a charge-compensa-
tion mechanism. Furthermore, since infrared
measurements alone do not indicate that group-IV
impurities in II-V semiconductor compounds act
as acceptor or donor centers, there remains some
doubt as to whether the observed local mode is due
to the replacement of anion or cation atoms. These
impurities incur' force-constant changes as large
as +58%. It is observed that except for the case of
Li isotopes in ZnSe, the force-constant changes
incurred by the different isotopes of an impurity
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atom in the semiconductor compounds are similar.
From this study one can observe that the ionic
radii of the impurities provide a rough and not the
definite clue to the possible changes of force con-
stants in these compound semiconductors. It
seems that more important criteria would be the
consistency of the electronic configurations and
their polarizability.
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