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Using a phenomenological lattice-dynamical theory in the quasiharmonic approximation, we
present a comprehensive study to understand the efFects of pressure on the vibrational properties of
Ga-In pnictides that exhibit a sphalerite crystal structure. The existing pressure-induced Raman
scattering data for phonon frequencies, the ultrasonic measurements of elastic and lattice constants,
are used as constraints to stringently test the reliability of our rigid-ion model. The e8'ects of high
pressure on phonon dispersion curves are shown to lead to a softening in the transverse acoustic
modes. At low temperatures this provides a possible driving mechanism for the decrease in the De-
bye temperature and the occurrence of a negative Gruneisen constant and thermal-expansion
coefficient in semiconductors. With a few exceptions (InP, GaAs, and GaSb), our calculated values
for several elemental and compound semiconductors have qualitatively satisfied the empirical linear
relationship between the Gruneisen parameter FATA(~) and the transition pressure P, . Numerical re-
sults for the lattice dynamics, one-phonon and two-phonon density of states, Debye temperature,
Gruneisen constant, and linear thermal-expansion coefficient are all shown to be in reasonably good
agreement with the existing experimental data.

I. INTRODUCTION

The use of a diamond anvil cell, the ruby fluorescence
pressure scale, optical-absorption and -reflectivity mea-
surements, inelastic light scattering (Raman and Bril-
louin), and x-ray diffraction techniques have stimulated
considerable interest in the high-pressure studies' for
the electrical and vibrational properties of semiconduc-
tors. Since the available pressure ranges are so high
(-300 kbar), one may, in principle, observe many new
phenomena concerning the behavior of solids which oth-
erwise could not be measured. For example, the shifts in
the energy gap with pressure have been reported in recent
years using optical-absorption and -luminescence mea-
surements. ' These studies, along with the pressure
dependence of impurity levels, have provided us with a
unique method to identify the site selectively and the
symmetry of defects in semiconductors.

For extracting information regarding the vibrational
properties at high pressure, Raman scattering is prob-
ably the most amenable method, from among the various
available techniques. Cardona and his co-workers'
have recently used Raman spectroscopy to observe the
effects of pressure on the lattice dynamics of III-V com-
pounds up to their phase transition pressure P, . Whenev-
er phase transitions occur, Raman scattering reveals
them as discontinuities in the frequency and/or the inten-
sity of the phonon peaks. From the critical-point analy-
ses of the pressure dependent one- and two-phonon Ra-
man scattering spectra, the authors of Refs. 10-15 have
obtained information about the longitudinal- and
transverse-optical-mode Griineisen (YLo or yTo) parame-

ters. Some ultrasonic measurements have also been re-
ported for the pressure-dependent lattice and elastic
stiffness constants. ' ' For example, Novikova and
others have provided us with extensive experiments for
the linear thermal-expansion coefficient [a(T)] in several
II-VI, III-V, and IV-IV crystals. One of the conspicuous
properties observed for these materials is the negative
a( T) for temperatures below T (0.078o, where So is the
limiting value of the Debye characteristic temperature as
T~O K. Despite a wealth of information about the
pressure-dependent vibrational properties, ' very few
realistic theoretical attempts have been made to un-
derstand the existing experimental data. To extract
knowledge on the interatomic binding forces in com-
pound semiconductors under compression and to relate
that information to charge transfer effects and structural
instabilities, the above experimental results provide us a
good testing ground for theoretical studies which, in
the past, have been rather sparse.

Two numerical techniques have been developed in re-
cent years for treating the pressure-dependent phonon
properties in semiconductors. The first technique deals
with the phenomenological lattice-dynamical models
and the second one derives the phonon energies ab ini-
tio. In the latter approach, the total energy is
computed for the equilibrium atomic configuration and
for the configuration distorted by a given eigenvector.
The harmonic expansion of the energy difference pro-
vides the phonon frequency at that volume. For phonons
in GaAs, the only available self consistent calculat-ion in
the Hohenberg-Kohn-Sham local-density-functional
(LDF) formalism is that of Kunc and Martin. It may
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be noted that the results for various physical properties in
their study are well understood with the exception of the
calculated value of @+A~&)

= —3.48 which is negative, but
too large. The authors of Ref. 28 have concluded that for
transverse acoustic phonons in GaAs, the anharmonic
contributions are very important. In imperfect semicon-
ductors, except for a few recent studies of estimating lat-
tice relaxation, ' there still remain several vibrational
properties to be understood by the microscopic methods.
On the other hand, all the reasonably successful calcula-
tions in the Green's-function framework for the im-

purity modes, impurity-induced infrared absorption,
andior Raman scattering spectra, etc., use the macro
scopi c theories.

In an earlier study, we treated the pressure-
dependent vibrational properties of zinc chalcogenides
(ZnS, ZnSe, and ZnTe) by using a phenomenological lat-
tice dynamical theory. In this paper, we have reasserted
the reliability of our eleven-parameter rigid-ion model
(RIM11) ' and reported for the first time the effect of
pressure on the dynamical behavior of III-V (GaP, GaAs,
GaSb, InP, InAs, and InSb) compound semiconductors.
At pressure P =0, an accurate set of model parameters
for Ga-In pnictides fitted mostly to the inelastic neutron
scattering measurements, have been obtained. The

parameter values of the RIM11 at PWO are derived by
incorporating the pressure-dependent critical-point pho-
non energies from the first- and second-order Raman
data, ' ' and the elastic and lattice constant values'
from the ultrasonic measurements. In the quasiharmonic
approximation, the present theoretical treatment has been
able to predict reasonably well the lattice dynamics and
related properties of III-V compounds at any P, up to
their phase transition pressure P, . The calculated results
for various quantities, viz. , one- and two-phonon density
of states, Debye temperature, Griineisen parameter, and
thermal-expansion coe5cient are compared and dis-
cussed with the existing experimental data. ' Except
in the high-temperature region where the anharmonic
effects dominate, the theoretical values of a( T) in most of
the systems studied here agree reasonably well with the
low-temperature data.

II. BASIC THEORY OF THERMAL EXPANSION
IN SOLIDS

A. Mode Griineisen parameters

In describing the volume or pressure dependence of the
phonon frequencies in solids, Barron has introduced the

TABLE I. Calculated RIM parameters (10' dyn cm ') ( A, B,CI, . . . , Z, ff) for the lattice dynamics of Ga and In pnictides (GaP,
GaAs, GaSb, InP, InAs, and InSb) in the notations of Kunc (Ref. 36). The lattice parameter a is in A.

Model
parameter

ao
A

B
Cl
C2

Dl
D2
El
E
Fl
F
Zeff

1 atm'

2.725
—0.4519
—0.4527
—0.0425
—0.0352
—0.0912

0.0303
0.1055

—0.1788
0.1404

—0.2027
0.7100

GaP
220 kbarb

2.5807
—0.733 85
—0.780 00
—0.069 80
—0.066 30
—0.14400

0.001 00
0.153 50

—0.19000
0.235 00

—0.331 00
0.6134

1 atm'

2.8265
—0.4071
—0.1660
—0.0177
—0.0461

0.0248
—0.1233

0.0912
0.0834

—0.1172
0.2008
0.6580

GaAs
185 kbar'

2.6775
—0.730 84
—0.35000
—0.054 95
—0.037 10

0.029 10
—0.16600

0.146 00
0.11800

—0.16600
0.347 00
0.576 70

1 atm'

3.0480
—0.3560
—0.2620
—0.0190
—0.0280
—0.0668

0.0230
0.0700

—0.1200
0.1300

—0.1190
0.4840

GaSb
67 kbar"

3.027 55
—0.4604
—0.3500
—0.0338
—0.0365
—0.0982

0.0230
0.1030

—0.1620
0.1800

—0.1520
0.4322

Model
parameter

ao
A

B
Ci
C2
D,
Dq

El
E
F,
F2
Zeff

'References 49—54.
Present study.

1 atm'

2.931 85
—0.365 00
—0.10000
—0.01700
—0.043 00
—0.003 00
—0.12000

0.05000
0.11000

—0.071 00
0.177 00
0.82000

InP
85 kbarb

2.8325
—0.474 66
—0.11000
—0.025 40
—0.057 10
—0.000 81
—0.182 00

0.085 00
0.15600

—0.091 00
0.255 00
0.785 00

1 atm'

3.01800
—0.345 00
—0.25000
—0.019 50
—0.007 50

0.011 30
—0.059 00
—0.053 00

0.055 00
—0.077 00

0.099 30
0.756 00

InAs
40 kbarb

2.965 90
—0.41400
—0.259 50
—0.01974
—0.01036
—0.002 60
—0.071 57
—0.050 90

0.074 52
—0.097 00

0.149 60
0.722 00

1 atm'

3.241 00
—0.291 30
—0.178 60
—0.027 20
—0.008 00
—0.005 90
—0.041 00

0.071 10
0.030 50

—0.074 40
0.11660
0.583 80

InSb
22.5 kbarb

3.192 70
—0.325 80
—0.20000
—0.031 00
—0.008 50
—0.011 30
—0.004 70

0.065 00
0.041 00
0.0810
0.13200
0.554 30
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TABLE II. Physical constants needed for the evaluation of the RIM11 parameters and various other

lattice dynamical properties of Ga and In pnictides. The experimental values (Ref. 36) of the elastic

constants C», C,z, C44, bulk modulus BT (in the units of 10» dyn cm ), and their pressure derivatives
C'», C», C~, and 8T (Refs. 16-21) are given.

Quantity GaP GaAs GaSb InP InAs InSb

Cl2

C»
CIz
C44

BT
BT

14.12
6.253
7.047
4.77
4.79
0.92
8.87
4.79

11.81
5.32
5.94
4.63
4.62
1.10
7.48
4.67

8.849
4.387
4.325
5.000
4.700
1.000
5.635
4.750

10.22
5.76
4.60
4.17
4.80
0.36
7.247
4.59

8.329
4.526
3.959
4 30'
4.725'
0.414'
5.96'
4 59'

6.717
3.665
3.018
4.43
4.65
0.467
4.68
4.58

'Average values considered between InP and InSb.

mode Griineisen parameter y;. Following Born's
dynamical theory of crystal lattices, the author of Ref.
43 de6ned y, for the ith mode with phonon frequency co„
in the following way:

yo

3

f f yt, u, 'dp-
i=1

3

f f yu, -'d~
(2a)

dine@;

n

BTda), dlnn '"u,

co; dP dlnQ Similarly at high temperatures T~ao, the value of the
Griineisen constant y „maybe expressed as

where BT is the isothermal bulk modulus, 0 is the
volume of the crystal, P is the pressure, and U; is the
propagation velocity of the ith wave (i =1,2, 3). At low
temperatures T~O, where only the acoustic waves are
important, the limiting value of the Gruneisen constant

yo will take the form

(2b)

where N is number of atoms in a solid. The dimension-
less quantity y; defined in Eq. (1) can be obtained, in gen-
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FIG. 1. RIM11 calculations for the phonon dispersions along high symmetry directions for GaP. The dotted curves represent the
inelastic neutron scattering (Ref. 38) (1 atm) fit whereas the solid curves show the calculations for 220 kbar with parameter values

given in Table I.
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eral, from the measured pressure dependence of the mode
frequency m; and BT. On the other hand, in the Debye's
formulation, the average Gruneisen constant y is related
to y,. as

C;

(3)

where C, is the heat capacity of a single harmonic oscilla-
tor of frequency co;,

Ace;
exp

C; =Nks
B

kBT

flap;
1 —exp

B

2 (4)

B. Effective charge and its pressure dependence

Under compression, the change in splitting of the opti-
cal phonon frequencies at the center of the Brillouin zone
[(pLo(r) (0To(r)] may cause a redistribution of the
Szigetti's effective charge (e,') on the ions that, in turn,

and Cz is the crystal heat capacity at constant volume
with P ( =3a) as the volume thermal-expansion
coefficient. If the mode Gruneisen parameters are known
in a solid for all of its branches throughout the Brillouin
zone (cf. Sec. II C}, the thermal expansion can be easily
obtained from Eq. (3}.

6p=6'~ +
4me&2N

+&1at
P~TQ(r)

(6)

Here, e)„is the lattice contribution to the dielectric
constant. In heteropolar semiconductors, the term e„,
arises from the fact that the LO(l } mode produces a
macroscopic electric moment which separates it in ener-

gy from the TO(I ) mode. For homopolar crystals, viz. ,
Si, where there is a center of inversion symmetry between
the atoms, ~LQ(r) NTQ(r) the lattice vibrations make no
contribution to ep. Consequently, ep=e =n, where n is
known as the index of refraction.

From Eq. (6), it is quite evident that e)«and its pres-

can affect the ionicity (covalency) of heteropolar semicon-
ductors. An equivalent quantity, known as the Born's
transverse dynamic charge er' [=e,'(e„+2)l3], is also a
measure of the ionicity (covalency) in polar crystals. This
is defined as

4meT'N
~LQ(r) ~To( r)

E~PLL

where the term e„is the high-frequency or optical (elec-
tronic) dielectric constant for the frequencies well above
the cozo(r) but below the oPtical absorPtion edge, i.e., the
dielectric constant in the absence of lattice vibrations;
and p is the reduced mass of the crystal. With an explicit
use of the Lydane-Sachs-Teller relation
p)Lofti)To= eple where ep is the static dielectric con-2 2

stant in the limit of zero frequency, Eq. (5) can take the
form
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FIG. 2. Same key as of Fig. 1 for GaAs (1 atm and 185 kbar).
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FIG. 3. Calculated two-phonon subtractive ( ) and addi-

tive ( ) density of states for GaP. The major peaks show

the shift of participating critical-point phonons under compres-
sion. The shift in optical phonons are consistent with the exist-

ing Raman data (see text).
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FIG. 5. Calculated variation of Debye temperature [8(T)] vs

temperature for GaAs (1 atm and 185 kbar) using the parameter
values of Table I. Experimental data are taken from Ref. 56.

Blneo

aP
e„Bine„e„,Bine„,"+
eo dP eo dP

sure dependence can be derived by using the relation

(7)

namic charge. The effect of pressure on the bonding
mechanism in semiconductors may also be learned from a
reliable lattice-dynamical study (cf. Sec. III B).

Blner I Bine&„Blntoro~r
~

dT 2 r)P dP
(8a)

or

r, ~ =-,'slat+ VTO(I )'T
(8b}

where yz ( = 1/Bz ) is the volume compressibility and the
term y + is the Gruneisen parameter for the Born's dy-

eT

if E'0 6'„,and their respective pressure variations are
known. Once the pressure dependence of e„,is obtained,
one can easily predict the effect of compression on the co-
valency (ionicity or ez'} of the semiconductor bond by [cf.
Eq. (6)],

C. Vibrational models in the quasiharmonic
approximation

In a lattice-dynamical model, the potential energy is a
function of atomic positions only and contains terms up
to second order (harmonic approximation) in atomic dis-
placements. In the harmonic approximation, the normal
modes are the superposition of independent vibrations,
whose symmetry clearly indicates that there can be no
thermal expansion. The second-order coefFicients, and
hence the frequencies of the modes, are unaltered by any
constant external forces. They are, therefore, indepen-
dent of the volume. Vibrational thermal expansion
occurs only in the anharmonic models. In the presence of
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FIG. 4. Same key as of Fig. 3 for GaAs.
FIG. 6. Calculated Griineisen parameter along high-

symmetry directions for GaAs.



12 134 DEVKI N. TALWAR AND MICHEL VANDEVYVER 41

anharmonicity, the second-order coefficients are volume
dependent. To a first approximation, the thermal expan-
sion for weakly anharmonic vibrations can be obtained in
terms of the quasiharmonic theory of Leibfreid and
Ludwig. In this theory we treat the vibrations as har-
monic but we assume volume- or pressure-dependent fre-
quencies co;(0 or P)

In a crystalline solid, since each mode is labeled by
co, (q) therefore, an individual Griineisen parameter y;(q)
or the average Griineisen constant y( T) may be calculat-
ed approximately using the Eqs. (1}—(3). Here, q is the
wave vector and i denotes the phonon branch index. To
calculate y(T} and/or a(T), the integration is to be per-
formed over the first Brillouin zone and this can be done
following the standard numerical methods.

Rigid-ion model

The field of phenomenological models for lattice dy-
namics has been well established for years. It is worth
pointing out, however, that the model one should select
for the bulk phonon must, be capable of giving realistic
phonon modes within a physically sensible framework.
There are a number of such methods available, of course,
but all are characterized by a requirement that nearest-

neighbor forces are not sufficient in semiconductors.
Second nearest-neighbor forces (to include bond bending}
are a minimal requirement in any physically reasonable
scheme. The most economical and, probably, a more
physically meaningful among the different mechanical
methods of interatomic interactions used in compound
semiconductors, is the rigid-ion model. In addition to
purely short-range forces (with interactions up to and in-
cluding second neighbors), the RIM force constant ma-
trix contains a contribution from the classical electrostat-
ic (Coulomb} interactions. The particular version of the
RIM (Ref. 36} that we have considered here for studying
the pressure-dependent phonon properties in III-V com-
pound semiconductors is similar to the one used earlier
for zinc chalcogenides. '

The set of eleven RIM-model parameters ( A, B,C„.. . , Z,s) for III-V compounds at ambient pressure
were determined with the aid of elastic stifFness con-
stants (C;.), zone-center and zone-boundary phonon fre-
quencies (m's), and lattice parameter (ao). For studying
the parametric dependences on P, we have used the
critical-point phonon energy values (derived either from
the high pressure Raman measurements' ' and jor
from reliable theoretical schemes) as input and con-
sidered the experimentally known pressure-dependent

TABLE III. Glossary of the calculated Gruneisen parameters for III-V compound semiconductors using macroscopic theory (see
text). The results are compared with the pressure-Raman scattering (Refs. 10-15) and existing theoretical data (Ref. 26). Branches
(in order of descending energy) and critical points are arranged to match the usual phonon dispersion format.

Critical
point Mode Expt. '

GaP
Our Expt. '

GaAs
Calc.~ Our Expt'

GaSb
Our

LO
TO

LO
TO
LA
TA

LO
TO
LA
TA

0.95+0.02
1.09+0.03

1.30
1.0

—0.72+0.03

1.50

—0.81+0.07

0.96
1.19

1.17
1.30
1.00

—0.68

1.17
1.24
0.94

—0.49

1.23+0.02
1.39+0.02

1.73

—1.62+0.05

1.50

—1.72%0. 15

1.78

1.30
0.53

1.29
0.23

1.24
1.46

1.23
1.39
1.18

—1.67

1.03
1.43
1.24

—1.70

1.21+0.02
1.23+0.02

1.06
0.21

1.42
1.26
1.12

—0.98

1.43
1.21
1.05

—1.17

Critical
point

X

Mode

LO
TO

LO
TO
LA
TA

Expt. '

1.24
1.44

1.40

—2.10
1.30
0.11

Our

1.04
1.34

1.22
1.26
1.17

—1.07

InAs
Expt. '

1.06
1.21

Our

1.14
1.43

1.04
1.23
1.31

—2.24

Expt. '

1.17
1.41

InSb
Calc.

—2.10

Our

1.05
1.26

1.83
1.73
0.60

—2.37

LO
TO
LA
TA

'References 10-15.
Reference 26.

1.40

—2.0
1.20

—0.27

1.07
1.33
1.34

—2.41

1.56
1.10
0.70

—1.75 —2.00

1.28
1.19
1.07

—1.77
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TABLE IV. Calculated values of a;„(10deg ') and deldP (deg/kbar) for various III-V com-
pounds. The theoretical results of y&A(z) along with the available transition pressure P, (kbar) for each
compound are also given.

Compound

GaP
GaAs
GaSb

InP
InAs
InSb

Calc.'
—0.08
—0.49
—0.45

—1.13
—1.57
—2.0

+min

Expt b

—0.5
—1.0

—1.0
—1.6

deldp
300 K

0.62
0.60
0.64

0.66
0.62
0.59

220
185
67

85
40
22.5

XTA(X)

—0.68
—1.67
—0.98

—1.07
—2.24
—2.37

XTA(L)

—0.49
—1.70
—1.17

—2.41
—1.75
—1.77

'The present work.
References 22 and 23.

elastic- ( C;J ) and lattice- [a J constant values' 2 as con-
straint (cf. Sec. III A}.

III. NUMERICAL COMPUTATIONS AND RESULTS

A. Rigid-ion-model parameters

The unique set of neutron-fitted rigid-ion-model pa-
rameters in Gap, GaAs, GaSb, Inp, InAs, and InSb have
already been obtained at ambient pressure (see Table
I). This has helped us in establishing the new set of
values for PAO. In estimating the PPO parameters, we
started with the extrapolation formula of Murnaghan
and expressed the lattice constant a under pressure P as

—1/3B
a T8~ P+1

T
(9)

ao

where Bz is the pressure deviative of Br. Using Eq. (9)
along with the physical parameters given in Table II, the
pressure variation of the volume ratio V/Vo is calculated
for several III-V compounds. For comparable cases
(GaAs, GaSb, and InSb), the agreement with the existing
experimental data of McSkimin and co-workers' and
Peresada' is excellent. This leads us to beHeve that the
pressure derivatives of the crystal volume for GaP and In
pnictides will be equally reliable. It is worth mentioning
that, except at I point, the experimental data for the
pressure variation of phonon energies at X- and L-critical
points are not known for all the III-V compounds. How-
ever, reasonably accurate values are available in the
literature for Si, Ge, GaP, and several II-VI com-
pounds. ' ' These frequencies are generally obtained
from investigations of the variation of second-order Ra-
man spectrum with P. By relating the known pressure-
dependent critical-point phonon frequencies with the
elastic and lattice constants [see, for example, Ref. 41(b)
and references therein], we were able to calculate approx-
imately the required energy values of the zone boundaries
for all the III-V compounds. In evaluating the new set of
RIM11 parameters for PAO, the pressure-induced eff'ects

are assumed linear for the elastic constants, ' ' the pho-
non frequencies, and for the crystal volume. In actual
numerical calculation of the parameters at P, (see Table
I}, a slightly modified nonlinear least-squares-fitting pro-

cedure of Vandevyer and Plumelle was adopted. In this
approach, we employ the calculated phonon energies as
input and vary their values slightly while the known elas-
tic and lattice constants are used as constraints. To un-
derstand the significance of the two sets of model parame-
ters and to evaluate the dynamical properties of semicon-
ductors at any desired pressure we used a linear interpo-
lation equation

a, (PAO}=a, (P =0)+P (10)

GaAs

I 5
C)

I

O
4

C0
~m
40

3
CL

Ol

2
E
Ol

cj

0

I

50
I

100 150 200

Temperature (K)

I

250

FIG. 7. Variation of linear thermal-expansion coeicient
a(T) with temperature for GaAs. Experimental data are taken
from Refs. 22 and 23.

where a; are the eleven RIM parameters.

B. Lattice dynamics, density of states,
and Debye temperature

Using the parameter values of Table I along with the
interpolation Eq. (10), we are now able to calculate the
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pressure-dependent phonon properties of III-V com-
pounds at any desired P. In Figs. 1 and 2, we have re-
ported our calculations for the phonon dispersions co;(q)
of GaP and GaAs along high symmetry ([$00], [g'0],
and [g'g]) directions (both at ambient pressure and P, )

and compared the results with the existing inelastic neu-
tron scattering and/or the optical data. Similar cal-
culations for other compounds have also been performed.
A satisfactory agreement of co;(q) both for P =0 (Refs.
37—42) and P, (Refs. 10—15}is quite eminent. From Figs.
1 and 2, we have noticed some general trends in the cal-
culated critical point phonons to be stated more precisely
as follows. (i} The energies of the zone-boundary and
near-zone-boundary TA phonons from the lowest branch
decrease or soften with pressure P. The shifts of the
TA(X) and TA(L) phonons are typical of the effect seen
in other large q phonons from this branch. (ii} The ener-

gy of the LA(X) and LA(L) phonons increase with pres-
sure. This increase is in agreement with our earlier re-
sults on II-VI tetrahedral compound semiconductors.
(iii) The optical phonons at the center (I point} of the
Brillouin zone shift in higher energies with pressure. The
transverse optical phonon [TO(I }]is found to shift faster
than the longitudinal [LO(I )] for each material so that
the splitting [coLoi„i—coTo~„i] decreases with pressure.
This (LO-TO) splitting, related directly to eT via Eq. (5),
is an intuitively expected result, since as the interatomic
distance shortens with pressure it causes stifFening in the
short range forces (see Table I) and results in less transfer
of charge for the compressed crystal causing thereby a
decrease in eT. We have also verified the decrease of eT
in GaAs and Gap by Eq. (7} and using the pressure-
dependent data for the dielectric constants.

Again, the knowledge of phonon frequencies co;(q) and
phonon eigenvectors e (x

~ qi) enable us to calculate (using
Green's function theory) a number of important vibra-
tional properties of both perfect and imperfect semicon-
ductors. Comparisons of our theoretical results with the
existing experimental data for such physical quantities
provided additional check on the coherence and on the
reliability of our phenomenological scheme. The calcu-
lated one- (not shown here) and two- (see Figs. 3 and 4 for
Gap and GaAs, respectively} phonon density of states for
P =0 and PAO designate several features observed in the
first- and second-order Raman scattering spectra. '

The pressure-dependent density of states maintains the
general shape and exhibits accurately the shifts of the
participating phonons in the additive and subtractive pro-
cesses. ' ' These shifts are consistent with the charac-
teristic temperature dependence and polarization selec-
tion rules. The behavior of combination and difference
modes involving TA phonons is particularly interesting
due to the negative pressure coefficients of the latter.
Combinations of these with optical phonons tend to have
small pressure coeScients whereas difference modes with
TO-TA have larger positive pressure coefficients (see
Figs. 3 and 4).

Comparison of the calculated Debye temperature as a
function of T at ambient pressure (see Fig. 5 for GaAs)
with the existing experimental results not only provides
the reliability of our RIM11 but increases our confidence

that we are able to predict similar results for PXO (up to
and including the transition pressure). From the calcu-
lated pressure-dependent results of the Debye tempera-
ture, it may be noted that the 0 values decrease in the
low-T region and increase in the high-T region. Similar
to the Griineisen constant y(T) and thermal-expansion
coefficient a( T), the above results for 8( T) give an excel-
lent signature for the observed pressure-dependent pho-
non shifts [negative for the low-frequency (TA) and posi-
tive for the high-frequency (LA, LO, and TO) phonons]
in III-V compound semiconductors.

C. Mode Gruneisen parameters and thermal expansion

The calculated values of co;(q) and dao;(q)/dP as a
function of wave vector q throughout the Brillouin zone
are used in Eq. (3) to study the variation of mode
Griineisen parameters y;(q). The results along high-
symmetry directions [(00], [g'0], and [g'g] for GaAs
are displayed in Fig. 6. The values of mode Griineisen
parameter at critical points for various III-V compounds
are also reported in Table III and compared with the ex-
isting experimental' ' and theoretical data. In almost
all the cases, the agreement of our calculated results with
the optical measurements reported by Cardona and his
co-workers' ' is very encouraging. Except for the
transverse acoustical phonons at X and I. critical points
where the mode Gruneisen parameters are negative, the
values of y's for other critical point phonons are found to
be positive. It is believed that the lattice softening of the
TA phonons is primarily responsible for the observed
negative thermal-expansion coefficient a( T) (Refs. 22 and
23) in semiconductors.

Using the calculated values for y, (q) in Eq. (3), we

have evaluated the average Griineisen constant y(T) and
then converted it to the temperature dependence of the
linear thermal-expansion coefficient a(T). The contribu-
tions from the TA modes with small energies and large
negative mode Griineisen parameters (yT„) are found
dominant in the calculated thermal-expansion coe%cients
at low temperatures. In Fig. 7, the theoretical results for
a(T) for GaAs are compared with the existing experi-
mental ' data. For other compounds, we have also in-
cluded in Table IV the results of a;„andd8/dP (at 300
K). Considering the simplicity of RIM11, the accurate
prediction of the temperature region where the a( T)
should attain negative and/or positive values has been
very clearly re6ected in our study.

IV. DISCUSSION AND CONCLUSIONS

A comprehensive study for the pressure-induced vibra-
tional properties in III-V compound semiconductors is
reported using a realistic lattice dynamica1 model im the
quasiharmonic approximation. In this macroscopic ap-
proach, once the pressure dependence of model parame-
ters in a solid is accurately established, nearly all of its vi-
brational properties at PWO can be predicted with
reasonable success. In III-V compounds, the calculated
frequencies co;(q), one- and two-phonon densities of
states, mode-Gruneisen-parameter dispersion curves, De-
bye temperature, and thermal-expansion coefticients are
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all shown to be in good agreement with the existing ex-

perimental data. '

As a comparable case of GaAs, our results for mode
Griineisen parameters corroborate reasonably well with
the existing experimental results and they fit relatively
better than the existing cumbersome total-energy calcula-
tion performed in the LDF formalism. It is to be men-

tioned, however, that unlike neutron scattering data at
ambient pressure, our calculated phonon dispersions at
P, do not show the flatness (cf. Figs. 1 and 2) of the
lowest TA branches. For the lattice dynamics of elemen-
tal semiconductors at P =0, Weber has introduced a
four-parameter dynamic bond-charge model (BC M}
which successfully represented the zone-boundary TA
phonons. In his study, the author of Ref. 58 has con-
sidered the following interactions in the BCM: (i} the
nearest-neighbor central-force constant, (ii} a Coulomb
interaction between the bond charge and the ion, (iii) a
central interaction between ion and bond charge, and (iv}
an interaction between bond charges. The flattening of
the TA branches is obtained when the interaction (iv} is
much larger than (ii} and (iii}. Rustagi and Weber have
extended the BCM to III-V compounds by adding an ad-
ditional parameter which measures the shift of the bond
charge from the center towards the group-V ion. There
is no reason why this model could not be employed to
treat the high-pressure dispersion curves in elemental and
compound semiconductors. This has not yet been at-
tempted. However, we on the basis of our present calcu-
lations predict that for III-V compounds under pressure
the bond charge should move adiabatically towards the
center of the bond, leading to an increase in the covalen-

cy (or decrease in ionicity) of the bond. The use of BCM
would also be appropriate, to resolve the issue whether
the bending of the TA branches under compression is an
artifact of our phenomenological RIM11 scheme or the
peculiarity of the compound semiconductors.

In studying the variation of y(T) with temperature (yo
and y„)for ionic solids, Born used a repulsive potential
between all unlike and an attractive potential between
like ions. To predict the marked decrease in y at low
temperature, he also approximated the vibrational spec-
trum with acoustic and optic components of Debye and
Einstein types, respectively. Following a better lattice-
dynamical treatment of Barron with repulsive potential
of the form A,r ", Blackman argued that in solids the
amount of variation in the Griineisen constant yo is much
wider and extends to negative values with increasing n.
This also suggests that in ionic solids (y„—yo} is positive
and larger. The negative value of yo for the rock-salt
structure had been obtained for transverse modes depen-
dent on the elastic constant c44. By increasing the repul-
sive exponent n, the ratio c44/c» could be diminished,
thus weighing these modes more heavily at low tempera-
tures. At the same time, the mode Griineisen parameter
became negative go= —0.62 for n =21—a prediction
which predated by several years the experimental
discovery (see Ref. 8) in RbI. In sphalerite (ZnS) crystal
since the negative value of the Griineisen constant was al-
ready known, it was the shear modulus C'=

—,'(C» —C,z)
that played an important role indicating that the negative

yo should be associated with open crystal structure and
low shear moduli. Recent measurements and our realis-
tic calculations in several elemental and compound semi-
conductors have made it possible to explicitly demon-
strate Blackman's conjecture. In diamond —zinc-blende
type crystals, the observed values of yo range down from
-0.5 for Ge, ' to ——2.0 for CuC1. We may state a
simple correlation between the value of yo and the degree
of ionicity (covalency) in the following way. For co-
valently bonded Ge, the shear moduli are stiffened by the
angular forces, which can resist bond bending and conse-
quently reduce their tendency to soften under pressure.
With increasing ionicity, the nonuniformity of the charge
distribution along the covalent bonds will cause weaken-
ing in the angular forces. Thus for highly ionic CuC1, the
mode Gruneisen parameter for the lowest shear modes
will become increasingly negative. Similar arguments of
a balance between the weighted y; for the acoustic shear
and the compressional modes can be applied in crystals to
interpret the negative thermal expansion at low tempera-
ture; the former having a tendency towards negative
values, whereas the latter are positive. In a lattice
dynamical study, the description of a( T) [or y( T)] arises
from the wave-vector dependence of the mode Griineisen
parameter y;(q), related closely to the frequency spec-
trum of the crystal. At low temperatures, where the
acoustic vibrations are dominant, the a( T) [or y( T)] be-

comes negative when the pressure or volume derivatives
of TA phonons are negative (as seen in the present III-V
compounds ' ). Despite the reasonable description of
low-temperature results for a(T) (cf. Fig. 7) and y(T)
(not shown here}, our theoretical calculations deviate
from the existing experimental data at high temperatures.
This may be attributed primarily due to the neglect of the
anharmonic forces in our model calculations and jpartly
due to the diversity in the existing experimental'
pressure-dependent results for the optical phonons.
Therefore, more experimental data and theoretical calcu-
lations {by including the effects of anharmonicity) are
very much needed to understand the high-temperature
results for the Gruneisen constant and linear thermal-
expansion coefficient in III-V compound semiconductors.

Under compression, almost all solids exhibit one or
more phase transformations causing drastic changes in
their volume, symmetry, and electronic properties. It is
well known that group-IV semiconductors transform un-
der pressure from an insulating diamond to a metallic P-
Sn structure, whereas most of the II-VI compound semi-
conductors transform into an insulating rock-salt phase.
For III-V compounds, however, the situation is rather
unclear. Neither theories nor experiments' ' have
been able to determine the structure of the high-pressure
phase conclusively, although there are speculations that
the behavior should be similar to the group-IV elements.
Recent experiments have indicated, however, that InSb
crystallizes in the NaCl-structure and the pressure-
induced x-ray measurements suggested that GaAs may
have transformed into a distorted NaCl crystal structure.
These structures are, in all cases, believed to be metallic.
Raman scattering spectroscopy is one of the nondestruc-
tive techniques that helps identifying the reduced symme-
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try and yields antecedent behavior to the phase transi-
tion, by providing information of those lattice modes
which soften under pressure. While calculating the pres-
sure derivatives of various lattice modes we found posi-
tive values, consistent with the existing Raman data, for
the optical [coTQ(r) or coLo~r~] phonons. This corresponds
to (cf. Table I) an increase in the short-range interaction
and to a decrease in the long-range Coulomb interaction.
It is also clear (cf. Table III) that if this is the rule for
zone-center phonons, the opposite rule is equally valid for
the transverse acoustic zone boundary phonons for which
the pressure coefficients of ~T„(x

„ I ~, are found negative.
The question as to what extent this softening of the TA
phonons is responsible for the high-pressure phase transi-
tion in semiconductors is not very clear at this time. Mi-
tra and co-workers ' and Weinstein had tried to
correlate these negative pressure coefficients to P„in-
duced by pressure and driven by the transverse acoustical
phonons. This was not con6rmed by experiments
since in some cases the results were obtained at P very
close to the transition pressure. For instance, Weinstein
and Piermarini' performed experiments up to 120 kbar
on Si (where P, is —125 kbar) and found TA(X} frequen-

cy exceeding 100 cm ' at that pressure. In the same line
of thought, Saunderson ' performed pressure-dependent
neutron measurements on RbI up to 3.8 kbar (within 200
bar of the phase transition} and found a negative
Griineisen parameter y T&~z~

= —3.35, which resulted in a
value for the TA mode exceeding 60% of its ambient
pressure value. From this, it is quite clear that the above
behavior near P, is an intrinsic property of the shear dis-
tortion involved in the TA modes as mentioned before.
The calculated results of the 6runeisen parameters

yT~~x „L)(or related indirectly to the relative frequency
shifts) for the III-V compound semiconductors are sum-
marized in Table IV, together with the data on a;„,
d8ldP (at 300 K), and P, . The values reported in Table
IV do not discriminate clearly which TA phonon soften-

ing (X or L) is predominant, although our results provide
qualitative support (with the exception of GaAs, GaSb,
and InP) to Weinstein's suggestion that the faster TA(X)
frequency decreases with pressure for a compound, the
lower its transition pressure. Again, the linear relation
between yTA~&~ and P, does not necessarily have the
proper background from the electronic theory of solids
and is not essential to the mechanism of the pressure-
induced phase transition. We on the other hand believe
that the LDF formalism should be able to elucidate possi-
ble connection, if any, between the zone boundary TA
modes and the P, . This point has not been fully explored
despite the claim by Kunc and Martin that the total en-
ergy of GaAs as a function of TA(X) eigenvector ampli-
tude acquires a new minimum at elevated pressure. The
uniqueness of this minimum has, however, not been com-
pletely examined. More work is therefore very much
needed in this important area of research.
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