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Lattice vibrations and phonon-plasmon coupling in Raman spectra ofp-type In0.53Ga0.47As

A. M. Mintairov
A. F. Ioffe Physical-Technical Institute RAS, 194021, Politechnicheskaya 26, St. Petersburg, Russia

H. Temkin
Electrical Engineering Department, Texas Tech University, Lubbock, Texas 794009

~Received 27 September 1996!

Raman spectra ofp-type In0.53Ga0.47As with doping levels ranging fromp5231017 to 531019 cm23 have
been investigated. Analysis of the Raman line shape and its dependence on the free-hole density demonstrates
four-mode behavior of optical phonons. Based on the oscillator strength and Faust-Henry factors of the optical
phonons determined from the Raman data, and lattice-dynamic calculations of the phonon dispersion relations
in ordered structures of InGaAs2, we show a relationship between the observed four-mode behavior and
short-range order phase-separation effects.@S0163-1829~97!10807-4#
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I. INTRODUCTION

In piezoelectric cubic semiconductors longitudinal co
ponents of polar optic~dipole active! vibrations interact with
plasma vibrations of free carriers created by donor or acc
tor doping.1 These vibrations are strongly coupled when t
plasma frequency (ve) is close to the frequency of longitu
dinal optical phonons (vLO) leading to a strong dependenc
of the infrared dielectric function on free carrier density.
high doping levels, whenve@vLO, the electric field respon
sible for the longitudinal-transverse splitting of the optic
vibrations is completely screened. In other words, neglec
local field effects,2 the frequency of screened longitudin
optical ~LO! phonons is the same as that of transverse~TO!
ones. The coupled modes are called phonon-plasmon m
~PPM!. They can be observed directly in Raman scatter
spectra of doped semiconductors.13

Raman spectra~RS! from PPM have been studied in de
tail in binary zinc-blende semiconductors having a sin
dipole active phonon.4 It is well established that RS from
PPM strongly depend on the plasmon damping, light scat
ing mechanisms, and the scattering wave vector. Such s
tra provide information about the dependence of the fr
electron gas susceptibility on the frequency and wave ve
and can be used for measurements of density and mobilit
free carriers.

Novel aspects of phonon-plasmon coupling arise in
nary and multinary semiconductor alloys. Here, the spect
of the dipole active vibrations becomes more complica
due to disorder,5 phase separation, and spontaneo
ordering6–8 effects. Investigation of the RS dependence
free-carrier density allows for identification of the longitud
nal and transverse components of the dipole active vib
tions, which in turn permits identification of specific lattic
distortion effects.7 However, while the experimental spect
of a variety of III-V semiconductor alloys with varying
doping, n-Al xGa12xAs ~x50.1–0.3! ~Refs. 9–13! and ~x
50.5–0.8! ~Ref. 14!, p-Al0.2Ga0.8As,

15 n-In0.2Ga0.8As,
16

p-In0.3Ga0.7As,
17 n-Ga0.5In0.5P,

18 have been investigated, th
PPM Raman line-shape analysis and identification of the
pole active vibrations have been performed only in a f
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cases, such asn-type AlxGa12xAs ~x50.1–0.9! ~Refs. 13
and 14! and relaxed In0.2Ga0.8As ~Ref. 16! grown on GaAs.
The PPM Raman line shape of lattice-matched AlxGa12xAs
could be described by a two-mode model, while a thr
mode model was used for lattice-mismatched In0.2Ga0.8As.
The additional dipole active mode in the phonon spectra
In0.2Ga0.8As was identified as the vibration of a partially o
dered phase of InGaAs2.

7

The alloy of In0.53Ga0.47As, lattice matched to InP, is wel
suited for the investigation of the relationship between
microstructure and lattice vibrations. Phase separation eff
in this alloy, widely used for optoelectronic devices,19 are
well documented.20 Transmission electron microscopy of e
itaxial layers grown on~001! substrates shows a fine-sca
speckle microstructure aligned along the@100# and@010# di-
rections. The period of modulation varies from 5 to 10 n
depending on the growth technique and conditions. It is
sumed that the modulation results from variations, on
order of a few percent, in the average alloy composition.

Raman scattering of undoped In0.52Ga0.47As has been in-
vestigated previously and the spectra from~001!, ~110!, and
~111! surfaces have been reported.21–26 In the spectral range
of 200–300 cm21 the RS consist of several overlappin
bands. The identification of the bands was done in terms
two-mode behavior of optical phonons.27–29That is, the InAs
and GaAs-type longitudinal~LO! and transverse~TO! optical
phonons have been identified in the spectra. An additio
band, at 244 cm21, which did not fit the two-mode behavior
was also observed. The presence of this band was attrib
to alloy disordering.

The goal of our study of RS ofp-type In0.53Ga0.47As is to
identify the dipole-active optical modes and to establish
correlation between the phonon spectra and phase-separ
effects. The RS dependence on free-carrier density, toge
with molecular model7 calculations of the Raman line shap
is used to separate out the longitudinal and transverse c
ponents of optical vibrations in In0.53Ga0.47As. Our analysis
shows a four-mode behavior of lattice vibrations
In0.53Ga0.47As. The oscillator strengths and Faust-Henry fa
tors of In0.53Ga0.47As optical phonons are determined fro
the RS. The alloy lattice vibrations are analyzed from t
5117 © 1997 The American Physical Society
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point of view of the lattice dynamics of the simplest order
structures of InGaAs2. The possibility of a relationship be
tween the observed four-mode behavior and phase separ
together with short-range order effects is discussed.

II. RAMAN LINE SHAPE

The samples were grown by metalorganic molecu
beam epitaxy on~100!-oriented InP substrates and dop
with Be.30 The doping levels varied fromp5231017 to 5
31019 cm23, as determined by Hall measurements. T
sample parameters are listed in Table I. The In content
measured by x-ray diffraction. Room-temperature Ram
spectra were obtained with a 2.41-eV argon laser line e
tation. Backscattering geometry in thez(xy)z2 polarization
was used, wherex,y,z correspond to@100#, @010#, and@001#
crystallographic directions, respectively. In this polarizati
Raman scattering from LO phonons and PPM is determi
by the deformation potential and the electro-op
effect.4,31,32 The exciting light penetration depth fo
In0.53Ga0.47As is equal toa21;40 nm, wherea is the ab-
sorption coefficient.33 On the other hand, the surface dep
tion layer is estimated to be ddep@nm# ;2.2
31010/(p@cm23#)0.5. Thus for ddep,a21, which corre-
sponds top.2.531017 cm23, the Raman spectra conta
PPM contributions from the bulk and unscreened L
phonons from the surface depletion layer. Lorentzian cont
modeling is used to distinguish between these contributio

The Raman line shape was analyzed using a molec
model of the electronic polarizability of the zinc-blend
structure alloy.7 In this model, the frequency dependence
the scattering efficiency for a dipole-allowed Stokes com
nent of the Raman spectrum of a multimode alloy is given

I ~v!5A~v,T!~dE!2ImH 2«~v,q!21S 11(
j
K jx j~v! D 2

1(
j

~Kj !
2x j~v!J , ~1!

whereA(v,T) includes terms that account for the scatteri
and collection geometries and the propagation conditions
the exciting and scattered light in the crystal, and the te
perature. The quantity«(v,q)5«`1S jx j (v)1xe(v,q) is
the low-frequency dielectric constant of the crystal, whe
«` , x j (v), and xe(v,q) are the susceptibilities of th
bound electrons, phonons~where j specifies the optical pho
non type!, and free carriers~whereq is the wave vector!,

TABLE I. Parameters ofp-In0.53Ga0.47As samples.

Sample
identification

Free-hole density
~10117 cm23)

Hall Ramana

N1 2.6
N2 12 8 ~50!
N3 100 200 ~900!
N4 500 500 ~350!

aValues of the plasma damping constants~in cm21) are given in
parentheses.
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respectively. In the coefficientK j5CjSj
21, Sj is the oscilla-

tor strength, andCj is the Faust-Henry coefficient norma
ized to the total number of bonds. The factorCj is propor-
tional to the ratio of the deformation potential (dQj)and
electro-optic (dE) contributions to the electronic polarizabi
ity of the crystal.

The phonon susceptibilities are calculated from

x j5Sj~vTOj !
2@~vTOj !

22v22 ivg j #
21,

~2!

Sj5)
kÞ j

@~vLOk!
22~vTOj !

2#@~vTOk!
2

2~vTOj !
2#21~vTOj !

22,

werevTOj (vLOj ) is the frequency of the transverse~longi-
tudinal! optical phonon andg j is the phonon damping con
stant.

The expression for the free-hole susceptibility of a zin
blende semiconductor contains three contributions fr
intra- and inter-valence-band transitions within the light- a
heavy-hole bands. In the calculation of the plasmon susc
tibility we account only for the contribution of the intraban
heavy-hole transitions. This is justified by the low density
light holes. Good fits to the PPM line shape can be obtai
with this assumption.34 The intraband heavy-hole contribu
tion was calculated using an expression35 based on a hydro-
dynamic model:

xe~v,q!52ve
2~v223/5nFq2 ivge!

21, ~3!

where the plasma frequencyve
25(4pep)/(«`mhh), p is the

free-hole density,mhh is the heavy-hole effective mass;ge is
the plasmon damping,e, nF , andq are the electron charge
Fermi velocity of holes, and the scattering wave vector,
spectively.

The screening of the longitudinal-transverse~LO-TO!
splitting forve@vLOj follows from expression~1!. Here, for
ve@vLOj and v;vLOj , one can neglect the first term i
curly brackets. The remaining terms describe the scatte
from TO phonons under backscattering conditions.7 The op-
tical constants inA(v,T) the electro-optic component of th
electron polarizability (dE), and the high-frequency dielec
tric constant («`) of InxGa12xAs used in calculating the Ra
man spectrum are obtained by linear interpolation of the c
responding values for GaAs and InAs~virtual-crystal
approximation!, which have been determined previously.33,36

We determine the numerical value of the normalization f
tor A(v,T) by fitting the Raman spectrum of GaA
@CGaAs

0 520.55 ~Ref. 37!#, which was measured under th
same conditions. The details of this procedure have b
described previously.7

The frequencies and damping constants of the opt
phonons, which determinedx j , were estimated from experi
mental spectra~see Table II!. The free-hole density and plas
mon damping values were obtained by fitting the calcula
PPM Raman line shape to the experimental data. They
listed in Table I.

The experimental Raman spectra and the calculated
shapes for the four samples investigated here~see Table I!
are shown in Figs. 1~a!–1~d!. The PPM are labeledL j ,
where the subscriptj is the same as in expression~1!.

In Fig. 1~b! ~sampleN2, p51018 cm23) we show the
contour labeledLP ~dotted line with a maximum at 270
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55 5119LATTICE VIBRATIONS AND PHONON-PLASMON . . .
cm21!. It corresponds to the PPM contribution obtained fro
Lorentzian contour modeling. It is used to fit the correspo
ing part of the calculated PPM line shape~solid line!. Our
analysis shows that in the frequency range of 200–
cm21 In0.53Ga0.47As has four types of optical phonons inte
acting with free-hole plasma vibrations. We denote th
phonons by subscriptsjA and jB and usej51 and j52 to
denote GaAs- and InAs-type vibrations, respectively. We
sume that the lattice of In0.53Ga0.47As has two types of loca
atomic arrangements~phases!, A andB, and that each phas
has one GaAs- and one InAs-type polar optical vibration

The spectra of samplesN1 andN2 @ p52.631017 and
1018 cm23, Figs. 1~a! and 1~b!# are similar. They consist o
a sharp intense line of the LO1A phonon at 268 cm21 and
three weak broad overlapping bands, LO1B , LO2B , and
LO2A, in the frequency range of 230–260 cm21. The peaks
of the LO2B band are clearly resolved, at 233 cm21, while
those of the LO2A and LO1B bands at 242 and 255 cm

21, not
seen in the spectra, must be separated by Lorentzian con
modeling.6 The intensity of the LO1A phonon line is slightly
lower and its half-width is larger for sampleN2, as com-
pared with sampleN1.

The intensity distribution changes considerably
samplesN3 andN4 @p51019 and 531019 cm23, Figs. 1~c!
and 1~d!#. This is due to the strong decrease in the LO1A

phonon line intensity and the appearance of a newL2B band
at the low-frequency side of LO2B . In sampleN3 the L2
band has the same intensity as the LO2B band in samplesN1
andN2. We can also see the appearance of new feature
the spectra. They are the weak low-frequency shoulderL1A
at 262 cm21 and a long tail on the high-frequency side of t
LO1A line. In sampleN4, the shoulderL1A and the high-
frequency tail disappear and clear maximaL1B andL2A be-
come resolved at 240 and 252 cm21. At the same time, the
frequency of theL2B andL2A become resolved at 240 an
252 cm21. At the same time, the frequency of theL2B maxi-
mum band shifts to 225 cm21 and its intensity doubles. Thu

TABLE II. Parameters of optical phonons of In0.53Ga0.47As ob-
tained from Raman spectra. Heavy-hole effective massmhh is 0.5
~Ref. 20!.

Phonon type GaAs type InAs type

Primitive cell ~phase! A B A B
Transverse
frequencyvTOj ~cm21)

260 250 240 225

Longitudinal frequency
vLOj (cm21)

268 255 242 230

Dampingg j (cm21) 2~15!** 15 15 15
Oscillator strengthSj ; 0.28 0.55 0.27 0.88
effective chargeej

0 b 1.68 2.4 1.71 2.72
Faust-Henry factor~a!Cj 20.08 20.12 20.1 20.3
~b! Cj

0 b 20.47 20.79 20.31 20.84
Effective charge of binaries 2.2 2.53
Faust-Henry factor of binaries 20.55

aValues used in calculation of the phonon-plasmon spectra
samplesN2–N4 are given in brackets.
bValues normalized to the number of bonds of a given type.
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the overall RS shape of sampleN4 is characterized by de
creasing intensity with increasing frequency.

It is clear that the changes in the Raman line shape in
spectra shown in Figs. 1~a!–1~d! are due to interactions o
the LO components of lattice vibrations of In0.53Ga0.47As
with the plasma vibrations of free holes. The contribution
PPM modes in samplesN1 andN2 is quite small because o
the conditionsddepl;a21 andvLOp@vc . This contribution
is seen only in the spectrum ofN2 @Fig. 1~b!# as a broaden-
ing of the LO1A band. After accounting for the contributio
of the unscreened LO phonons from the surface deple
layer, the calculated PPM Raman line shape for samp
N2–N4 are in good agreement with experimental spec
The deep minimum, at 260 cm21, in the calculated Raman
line shape of sampleN1 @Fig. 1~a!#, as well as a low value of
the LO1A damping constant~2 cm

21!, are due to interference
effects.13 These features could be possibly eliminated by
counting for the frequency dispersion of the model oscil
tors, i.e., nonhomogeneous broadening.

The values of free-hole concentrations used in the fits
in good agreement with the carrier concentrations de
mined by Hall measurements. For sampleN4, we satisfy the
condition of full screening of the LO-TO splitting, i.e.,ve
@vLO. The intensity distribution of the RS for this samp
coincides with that obtained previously for TO phonons
In0.53Ga0.47As.

26

FIG. 1. Experimental and calculated Raman spectra ofp-type
In0.53Ga0.47As. The doping levels are~a! 2.631017, ~b! 1.231018,
~c! 131019, and~d! 531019 cm23. The spectra were measured
backscattering~xy! polarization with a 514.5-nm Ar-laser line ex
citation at 300 K. The dashed curve in~b! is the PPM contribution
to the spectrum obtained by Lorentzian contour modeling. The
rows indicate band maxima obtained from RS line shape model
The asterisk marks a plasma discharge line.
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5120 55A. M. MINTAIROV AND H. TEMKIN
The oscillator strengths~OS! and Faust-Henry factor
~FHF! obtained for the four optical modes of In0.53Ga0.47As
are given in Table II. These values are normalized to the t
number of bonds and thus include a factor equal to the r
tive content of bonds contributing to a given phonon. T
values of OS and FHF for theA j phonons are considerabl
lower than those for theB j type, which indicates a lowe
content of theA phase. The notationsA andB, as defined
above, refer to two types of possible local atomic arran
ments, each of which has one GaAs- and one InAs-type p
optical vibration. The frequencies of theA j-type phonons are
higher than those ofB j .

Table II presents effective charges (ej
0) and FHF (Cj

0)
normalized to the number of bonds contributing to a giv
phonon. These values have been calculated assuming th
A andB phases correspond to an average alloy composi
x;0.5; i.e., the crystal can be described by a structural
mula of InGaAs2 andxA5xB , wherexA (xB) is the content
of phaseA (B). The fitted values are close to the corr
sponding values for the binary compounds, also given
Table II, thus confirming the InGaAs2 formula for both
phases. For further analysis we need to determine the spe
type of atomic arrangement, i.e., the cluster type forA andB
phases. This will be done in the following section, using
transmission electron microscopy~TEM! data20 and the lat-
tice dynamics calculations for III-V compounds.

III. DISCUSSION

The simplest choice of clusters characterizing the mu
mode behavior of optical vibrations in the ternary III-
semiconductor alloys is that proposed by Verleur-Bar
~VB!.38 They described lattice vibrations of anAxB12xC al-
loy by the internal vibrations of five weakly coupled molec
lar complexes~elementary tetrahedrons! AnB42nC ~where
n50–4!. This description leads to eight optical modes, fo
of which are the vibrations ofA-C bonds and four are o
B-C bonds, in different types of molecular complexes. T
model has been used to estimate the relative content of
ferent elementary tetrahedrons in GaAsxP12x ~Ref. 38! and
InxGa12xAs ~Ref. 27!. In both of these studies, the applic
tion of the VB model gave an excess ofA4C andB4C tet-
rahedrons as opposed to a random distribution, i.e., a st
short-range order~SRO! effect of the clustering type. This
result, however, is in contradiction with all theoretical mo
els of the SRO in III-V alloys, which predict anticlusterin
~i.e., an excess ofA3BC, A2B2C, andAB3C tetrahedrons!
for alloys of binaries with dissimilar bond lengths.6 Our
analysis shows that the prediction of clustering arises in
VB model from the following relation between the neare
neighbor force constants:k1(1),k1(2),k1(3),k1(4) ~in
the notation of VB!, where the subscript 1 is associated w
theBC bond and the numbers in parentheses correspon
n11 in the structural formula of a tetrahedron, i.e.,k1(1)
5kBC(B4C), k1(2)5kBC(AB3C), etc. The same relation
was chosen forA-C bonds. Such a choice of force constan
however, is not consistent with the lattice dynamics of III
compounds. Indeed, these VB force constant relations im
that the phonon frequencies of theBC binary zinc-blende
compounds should be lower than the frequencies of theBC-
type phonons of perfectly ordered ternaries, i.e.,vBC(B4C)
al
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,vBC(AB3C), etc. The phonon frequencies of the order
ternaries can be deduced from the folding of the zinc-ble
phonon zone, having negative dispersion, and the rela
magnitudes of the frequencies must be reversed.

It can be shown that for the appropriate choice of t
force constants, i.e.,k1(1).k1(2).k1(3).k1(4), the VB
model yields anticlustering, in agreement with theoreti
predictions. However, in spite of the fact that the VB mod
can correctly predict the SRO effects, it does not account
the anisotropy of the short-range forces or phase-separa
effects. Moreover, due to a strong long-range Coulomb c
tribution to interatomic forces, the description of polar op
cal vibration in III-V alloys by a set of strongly localize
vibrations of the simplest molecular complexesAnBn24C is
questionable.

A different description can be formulated on the basis
detailed analysis of TEM results. It is well known that th
bonds of binary constituents of III-V alloys are ‘‘relaxed,
i.e., the alloy values of the bond lengths are close to thos
pure binaries.39 The atoms of an alloy lattice are thus shifte
from their exact zinc-blende positions. This means that e
elementary tetrahedron may be deformed along some c
tallographic axis but lattice matched in some other directi
The directions of the deformation are different for differe
types of tetrahedrons. Forn50,2,4 strains occur along th
$001% and $110% directions, and along the$111% and $110%
directions forn51,3. Experimentally, plane view TEM mi
crographs show that phase separation, and thus the prin
strain in the ~001!-oriented In0.53Ga0.47As layers, lies in
the growth planes along the@100# and @010# directions.20

Cross-sectional TEM data are available only f
In12xGaxAsyP12y, which shows phase-separation effec
similar to those of In0.53Ga0.47As. In the images of the~110!
cross section fine-scale modulation is observed for
~2220! operating reflections. The modulation contrast is n
observed for the~004! reflection. The absence of modulatio

FIG. 2. Schematic drawings illustrating symmetrical cells
CuAu and CuPt-type InGaAs2 ordered structures in a zinc-blend
lattice.
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FIG. 3. Lattice deformation resulting from th
formation of ~a! CuAu and ~b! CuPt InGaAs2
structures on an InP substrate plotted as a fu
tion of the GaAs bond angle.
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in the growth direction has been attributed to contrast co
pensation for the@1̄11# and@11̄1# directions. The differences
in local deformations produced by different elementary t
rahedrons account for the corresponding TEM contrast
fine-scale modulation. Regions of the alloy in which t
@100# and @010# strain modulation is observed contain a
excess of appropriately oriented In2Ga2As tetrahedrons. An
excess of InGa3As/In3GaAs tetrahedrons results in modul
tion in the @1̄11# and @11̄1# directions. The SRO thus pro
duces anticlustering. We conclude that the phase-separ
effects occur in In0.53Ga0.47As not only due to alloy compo
sition fluctuations but also due to the SRO. This SRO ph
separation is naturally connected with the observed fo
mode behavior of optical phonons.

The SRO can be thought of as an order-disorder transi
of the perfectly ordered structure. Thus the lattice vibratio
of the SRO phase can be analyzed using phonon dispe
curves of perfectly ordered compounds. The simpl
InGaAs2 ordered structures giving$001% and$111% deforma-
tions that are lattice matched to InP are the CuAu- and Cu
type structures~see Fig. 2!. The tetragonal CuAu structur
has the space groupD2d

5 and corresponds to a$001%-
(InAs)1(GaAs)1 monolayer superlattice~MSL!. It consists
of In2Ga2As tetrahedrons. The rhombohedral CuPt struct
has the space groupC3v

5 and corresponds to a$111%-
(InAs)1(GaAs)1 MSL. It consists of InGa3As and In3GaAs
tetrahedrons. In Fig. 3 we plot the tetragonal and trigo
-
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n
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distortions as a function of the Ga-As bond angle, which
calculated assuming bulk GaAs and InAs bond lengths
these two structures. The CuAu-type structure produ
smaller deformations and thus is favored. The minimum
formation corresponds to dilation, i.e., the volume of the u
cell is smaller than that of zinc-blende InP. This structure c
have an excess of In~a larger atom! on Ga sites for strain
compensation. On the other hand, the CuPt-type structu
compressed~higher volume of unit cell! to produce a mini-
mum deformation. It can also accommodate strain produ
by the CuAu structure, as well as having an excess of Ga
In sites. These two structures can thus coexist in epita
In0.53Ga0.47As and can determine the type of SRO ofA andB
phases. We identify phaseA as having predominantly CuPt
type SRO, and phaseB as having mostly CuAu-type SRO.

The spatial and directional phonon dispersion curves
CuAu and CuPt InGaAs2 structures are presented in Fig.
The calculations were performed using a valence ove
shell model with the parameters of bulk GaAs and InAs o
tained from fitting neutron scattering data.40,41 The bond
angles correspond to deformations indicated in Fig. 3. T
@001# off-axis directions correspond to the wave vectors
the two types of ordered structures, excited in Raman ba
scattering geometry. The frequencies of LO components
lattice vibrations of the alloy are indicated by arrows in F
4. Each of the ordered phases has four atoms in the prim
cell and thus nine optical modes. For both structures th
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FIG. 4. Spatial and directional phonon dispersion curves of~a! @100#-CuAu and~b! @111#-CuPt structures. The zone center polarizatio
are indicated for theG-Z direction. For the CuPt structure the polarization directions, labeledz8,x8,y8are parallel to@111#, @11̄0#, and@112̄#
crystallographic directions.
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are three distinct phonon zones—one acoustic, in the
quency range 0–190 cm21, and two optical, in the frequenc
range of 210–240 cm21 ~InAs type!, and 240–275 cm21

~GaAs-type!. The acoustic zone includes low-frequency o
tical modes, denoted as InGa, which can be treated as fo
zinc-blende acoustic phonons. The frequencies of the m
sured optical phonons of the alloy fall in different frequen
regions of the corresponding calculated optical zones.

Figure 4 shows that the frequencies of polar optical zo
center phonons and spatial dispersion along the crystal
are very close in these two structures. This is expected s
in our calculations we use the same set of parameters
both structures and because, for both structures, the ph
frequencies for the wave vector parallel to the crystal axis
only weakly dependent on the short-range force anisotro
In the CuAu structure the InAs-typeA1 phonon is nonpolar.
It corresponds to the antiphase displacement of two basi
atoms in a unit cell, which do not induce a dipole mome
Due to the absence of contributions of long-range forces,
zone center frequency of this phonon is considerably lo
than that of a corresponding InAs-type polarA1 phonon in
the CuPt structure.

The main difference in the dispersion curves is seen
the @001# off-axis phonons@G-Z part of the dispersion curve
in Figs. 4~a! and 4~b!# with the near zone boundary wav
vectors. For these phonons, the amplitude of the atom
placements in neighboring cells is considerably different a
the contribution of short-range force anisotropy becomes
portant. It is expected that these forces are responsible
phonon frequencies of the SRO clusters.

Figures 4~a! and 4~b! show that near theG-Z zone bound-
ary, the CuPt structure exhibits higher frequencies for Ga
and InAs-type phonons than for those of the CuAu structu
e-
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For the CuPt structure, the frequencies of theG-Z near zone
boundary GaAs- and InAs-type phonons are 266–264
235–241 cm21, respectively. These values are in good agr
ment with the values 268 and 242 cm21 measured for theA j
LO phonons in RS of In0.53Ga0.47As. For the CuAu structure
the frequencies of theG-Z near zone boundary GaAs- an
InAs-type phonons are, respectively, 258–254 and 228–
cm21. These are close to the values of 255 and 230 cm21

measured for theB j LO phonons. Thus our calculations an
analysis of the phonon dispersion of perfectly order
InGaAs2 structures show that theA j-type phonons are the
polar optical modes of the CuPt SRO phase, while theB j-
type phonons are the equivalents in the CuAu SRO ph
This supports the statement that the four-mode behavio
the In0.53Ga0.47As optical phonons originates from the CuA
and CuPt SRO phase separation.

In conclusion, we have carried out an experimental a
theoretical investigation of the Raman PPM line shape
p-type In0.53Ga0.47As and have shown that its optica
phonons exhibit four-mode behavior. We demonstrate t
the observed four-mode behavior of optical phonons
In0.53Ga0.47As can be explained by SRO phase-separation
fects. Our results illustrate the high sensitivity of lattice v
brations to the specific microstructure features in the se
conductor alloys and show excellent consistency between
vibrational spectra and structure data provided by transm
sion electron microscopy.
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