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Optical-phonon behavior in Ga12xIn xAs: The role of microscopic strains
and ionic plasmon coupling
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We present an experimental and theoretical investigation of long-wavelength optical-phonon behavior in
Ga12xInxAs alloys. We propose a model which accounts quantitatively for both phonon frequencies and
Raman intensities. The transverse-optical-phonon behavior is shown to be determined by mass disorder and
microscopic strains. It is shown that Raman scattering provides a means of measuring local bond distortions in
mixed crystals. Coupling by the macroscopic ionic polarization is shown to determine the longitudinal optical-
phonon behavior. The model accounts for the so-called anomalies of the Raman intensities and oscillator
strengths observed in Ga12xInxAs. Our analysis is supported by a thorough Raman-scattering study. The
frequencies, Raman intensities and symmetries of both the transverse- and longitudinal-optical modes have
been determined accurately over the whole compositional range, by using different crystal orientations~@001#,
@110#, and@111#!. @S0163-1829~98!07540-7#
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I. INTRODUCTION

The behavior of long-wavelength optical phonons
A12xBxC alloys has been the subject of a great deal of
perimental and theoretical work. This behavior is usually c
egorized according to two classes, two-mode or persis
type and one-mode or amalgamation type. In the two m
type, two bands of frequencies~close to those of theAC and
BC binaries! persist in the mixed crystal. The strength
each band in the Raman or infrared reflectivity~IR! spectra
grows from zero to the maximum as the concentration of
corresponding constituent is increased. In the one-mode t
the band varies continuously from the characteristicAC
frequencies to theBC ones, with the strength of the ban
remaining almost constant. Most of the III-V alloys displa
two-mode behavior (Ga12xAl xAs,1–3 Ga12xAl xSb,4,5

InAsxP12x ,6,7 InxAl12xAs,8,9 etc. Even Ga12xInxP, which
was first thought to belong to the one-mode type, was fin
shown to display two-mode behavior.10 Ga12xAl xN was re-
cently shown to have one-mode behavior.11

The optical-phonon behavior in Ga12xInxAs was origi-
nally referred to as the mixed mode or one-two mode
Brodsky and Luckovsky.12 Ga12xInxAs Raman and IR spec
tra indeed display a rather odd behavior. InAs-like featu
were hardly detected in the spectra at low In contents,
their intensities were found still to be low at higher In co
tents. Although it has been investigated in many works,12–19

a full description of this behavior has not been achieved
Most of the investigations dealt with the quantitative analy
of the frequency and oscillator force behavior. Moreov
Raman-scattering data concerning the In-rich compositio
range (x.0.7) remain scarce.19
PRB 580163-1829/98/58~16!/10452~11!/$15.00
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In this paper we reconsider the issue of long-wavelen
optical-phonon behavior in Ga12xInxAs. We present a thor-
ough Raman-scattering study, covering the whole comp
tional range and including the complete analysis of
optical-phonon frequencies, symmetries, and Raman inte
ties. Our purpose is to account for both the frequency a
Raman intensity compositional dependencies of the lo
wavelength TO and LO phonons in Ga12xInxAs. To avoid
turning this topic into a simple matter of fitting more param
eters to more data, we attempt to account for our data wi
model using solely parameters related to the two binary co
pounds.

Due to the original lattice mismatch (Dr /r'7%) be-
tween GaAs and InAs, structural disorder is superimpose
the chemical disorder in the alloy. Indeed, it is now w
established from extended x-ray-absorption fine-struct
spectroscopy~EXAFS!,20 that the original misfit is accom
modated by local bond distortions~microscopic strains!. It
was shown that, despite this disorder, the concept of pho
dispersion still holds in alloys.21–24Finally, owing to the fact
that the atoms carry dynamical charges, long-range Coulo
interactions have to be considered.

This paper is organized as follows. Our experimental
sults are presented in Sec. II. The whole compositional ra
is explored, and for each composition five different scatt
ing configurations~at least! have been systematically use
Since only a very few results were available on alloys w
high In contents, a particular attention is devoted to allo
with 0.7,x,1. We shall show that the latter are importa
to achieve a clear understanding of the optical-phonon
havior.

The frequency behavior is analyzed in two steps. At fir
in Sec. III, the behavior of the nonpolar TO is analyzed
10 452 © 1998 The American Physical Society
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taking into account the mass disorder and the microsco
strains. Second, in Sec IV, we take into account the io
character of the bonds in order to discuss the LO behav
the long-range Coulomb interactions are shown to couple
GaAs- and InAs-like LO modes.

In Sec V, the Raman intensities are analyzed. The exp
mental data are compared with calculations performed wi
the frame of a dielectric model. Finally, the resulting optic
mode behavior~frequencies and intensities! is discussed, and
the main results are summarized in Sec. VI.

II. EXPERIMENTAL RESULTS

Raman spectroscopy measurements have been perfo
at room temperature on a large number of Ga12xInxAs lay-
ers, using a DilorXY triple monochromator equipped with
liquid-N2-cooled charge-coupled device~CCD! detector. Se-
lective resonance effects were avoided since the spectra
excited with the 530.9-nm line of a Kr1 laser. The corre-
sponding energy indeed lies far from any specific electro
transition, whatever the alloy composition. Moreover, t
corresponding Raman probing depth ranges from 30x
51) to 50 nm (x50).

The layers were grown by molecular-beam epitaxy
GaAs or InP substrates. It is known that the misfit str
between the layer and substrate is relieved by plastic re
ation when the layer thickness exceeds a critical value.
effects of strain relaxation on the Raman scattering in t
Ga12xInxAs epilayers have been discussed in Ref. 19. He
only completely relaxed Ga12xInxAs layers, with thicknesse
in themm range, were investigated. Moreover, by choosin
small Raman probing depth~i.e., probing the region close t
the surface! one ensures that the Raman signals related to
structural defects~resulting from the plastic relaxation! are
minimized.19 We verified, for instance, that the Raman spe
tra of a thick relaxed Ga0.47In0.53As layer grown on GaAs
~23.9% lattice mismatch! and a Ga0.47In0.53As layer grown
on InP ~lattice matched! do not differ.

The spectra were recorded in the backscattering geom
Two orientations of the substrate,@001# and@111#, were sys-
tematically used. Moreover using a micro-Raman set
spectra were also recorded on cleaved~110! surfaces. The
corresponding long-wavelength TO and LO Raman selec
rules in zinc-blende structures (G15 component of the Rama
tensor! are reported in Table I.25 In the backscattering geom
etry, whereas only LO scattering is expected for a~001! sur-
face and TO scattering for a~110! surface, they are both
allowed for a ~111! surface. The spectra of GaAs (x50!
displayed in Fig. 1~a! show the benefit of using differen
surface orientations and polarizations of the incident a
scattered electric fields for identifying the symmetries of
optical modes~see Table I!.

A representative sampling of Raman spectra
Ga12xInxAs layers is shown in Figs. 1 and 2. At first glanc
the first order optical range can be divided in two par
lower- ~217–240 cm21! and the upper-frequency~241–292
cm21! ones which are assigned to InAs- and GaAs-like o
tical modes, respectively. In each part, two types of featu
have in principle to be considered: those related to lo
wavelength optical modes and those related to disor
activated scattering.3,26,27 LO features are seen in the~001!
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backscattering spectra. They can also be identified in
~111! backscattering spectra, if one compares the crossed
parallel polarization configurations~Table I!. The TO fea-
tures are expected to be the dominant ones in~110! back-
scattering spectra. Disorder-activated TO~DATO! features
are also observed.

In Ga-rich layers, DATO appear just below the GaAs-li
TO frequencies, as shown in Fig. 3. The DATO maximu
lies close to the frequencies of the zone-edge TO phonon
they are expected to mirror the optical-phonon density
states. The frequency splitting between the maximum of
GaAs-like DATO band and the TO peak indeed correspo
to the difference between the Brillouin-zone-center and e
TO frequencies in GaAs ('29 cm21! see Fig. 3; The dis-
persion of the TO modes in bulk InAs is very weak: th
frequencies of the zone-center and -edge TO modes d
only by '22 cm21.28 Consequently, the InAs-like TO pea
and DATO band are superimposed on the spectra~see Fig.
3!. Our results are consistent with those reported in Ref.
on near-lattice-matched Ga12xInxAs/InP (0.48,x,0.58; the
peak labeledR* in Ref. 16 corresponds to the GaAs-lik
DATO! and in Ref. 14 on Ga0.47In0.53As/InP(111). The
long-wavelength TO modes observed in IR spectra12,13 do
correspond to our TO peaks~and not to the DATO ones!.
This supports the assignments we made.

It is worth mentioning that, in addition to DATO, we hav
also observed broad features related to disorder-activ
acoustical modes~not shown here; see, for instance, Refs.
17, and 26!. The strength of all these disorder-activated fe
tures depends on the amount of disorder: they are wea
Ga12xAl xAs ~chemical disorder! and strong in Ga12xInxAs
~both chemical and structural disorder!. Moreover, the
DATO Raman selection rules do correspond toG15 symme-
try, as expected.29

One may wonder whether there is evidence in our spe
for atomic ordering. It has been shown that Raman scatte
provides valuable and qualitative information on atomic
der in alloys ~see, for instance, the investigation of lon
range atomic ordering in GaInP2 by means of Raman sca

TABLE I. Raman selection rules (G15 component! in back-
scattering geometry on~001!, ~110!, and~111! surfaces;k ande are
the light wave vector and polarization, respectively.i stands for
incident light ands for scattered light, withx5@100#, y5@010#, z

5@001#, x85@11̄0#, y85@110#, z85@111# and y95@112̄#. dTO

and dLO are the TO and LO Raman tensor components, resp
tively.

ki„ei ,es…ks TO LO

~001! z(x,y) z̄ 0 udLOu2

z(x,x) z̄ 0 0

~111! z8(x8,x8) z̄8 2
3

udTOu2 1
3

udLOu2

z8(x8,y9) z̄8 2
3

udTOu2 0

~110! y8(x8,z) ȳ8 udTOu2 0

y8(z,z) ȳ8 0 0
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FIG. 1. Ga12xInxAs Raman spectra:x50, 0.24, and 0.50. The@001#, @111#, and@110# surface orientations are indicated. The polarizati
configurations are given in parentheses. The subscriptsA andB stand for GaAs- and InAs-like, respectively.
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tering in Refs. 30 and 31!. Long-range atomic order wa
shown to depend much on growth techniques and condit
~substrate temperature, orientation or misorientation, gro
rates, and III/V ratio!, and is usually shown by means o
electron microscopy and diffraction techniques.32–35

According to electron microscopy measurements,36 long-
range atomic order is not present in our samples. Superla
effects, like those observed in both the optical- a
acoustical-phonon Raman spectra in Refs. 30 and 31, w
not observed in the Raman spectra of our samples.

We have to mention that Mintairov and co-workers a
signed the DATO features observed in the spectra reco
on ~001! and~110! surfaces to additional LO and TO mode
respectively.37,38 These authors attributed the correspond
three- and four-mode behaviors to the presence of long-ra
atomic order in their samples. The existence of orde
phases in their samples was, however, not demonstrate
means of other techniques.

We want to point out that the spectra recorded on vari
samples, obtained by means of different growth techniq
to
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d
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-
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g
ge
d
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s
s

~molecular beam epitaxy, metalorganic molecular beam e
taxy, liquid phase epitaxy, etc.!, under different growth con-
ditions and with different substrate orientations all displ
similar DATO bands. Moreover, when structural disorder
superimposed on the intrinsic alloy disorder~for instance, as
a consequence of plastic relaxation in thin epilayers19!, the
intensity of the DATO features increases significantly. Th
corroborates they are unambiguously disorder activated
tures.

To summarize, both the GaAs- and InAs-like LO and T
peaks have been identified over the whole compositio
range. Their frequencies are reported in Fig. 4. Whereas
TO frequencies evolve rather linearly withx, the GaAs- and
InAs-like LO frequencies display positive and negative bo
ings, respectively. The impurity mode frequencies extra
lated from our data,vGaAs:In5237 cm21 and v InAs:Ga5241
cm21, are in good agreement with the values repor
previously.12,17 The ratio of the integrated GaAs- and InA
like TO intensities scales almost like (12x)/x. The LO in-
tensities do obviously not follow this scaling law. Even wh
the Ga amount is as small as 5%, the GaAs-like LO inten
is as intense as the InAs-like one. Our purpose is now
FIG. 2. Ga12xInxAs Raman spectra:x50.75, 0.85, and 0.95. Notations are the same as in Fig. 1.
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account for the compositional dependencies of both the
quencies and Raman intensities of the optical modes
Ga12xInxAs.

III. MASS DISORDER AND MICROSCOPIC STRAINS

In a binary material~AC or BC!, the collective vibrations
of all the harmonic oscillators are described in terms
phonons. The TO frequency is essentially determined
short-range interactions and can be written

vT
25

KT

m
, ~1!

wherem is the reduced mass of the bonds andKT aneffective
force constant.KT accounts for both the mechanical intera
tions ~between the nearest-neighbor atoms and others! and
the Coulomb interaction due to the local part of the dyna
cal transverse charge.1,39 In the materials we are concerne
with, the contribution of this local part toKT remains
small.13

We shall describe the optical phonons in t
(AC)12x(BC)x alloy by a set of effectiveAC- andBC-like
oscillators~hereafter labeledA andB!. Their relative number
is defined by the alloy composition

xA512x and xB5x. ~2!

The labelsA andB hence correspond to the GaAs and In
oscillators, respectively. Each type of oscillator (i 5A or B!
is characterized by its reduced mass (m i), its bond length
(r i), its effective force constant (KT,i), and its dynamical
charge (eT,i* ).

As shown in Fig. 3, the TO Raman spectra in Ga12xInxAs
display a two-mode behavior. The TO frequencies in p
GaAs and InAs differ significantly: 268.6 and 218.8 cm21,
respectively. This difference is mainly due to the differen
between their reduced masses. The latter difference is o
ously preserved for theA and B oscillators in the alloy.
Hence one expects the GaAs- and InAs-like characters t

FIG. 3. Raman spectra recorded on~110! surfaces, displaying
TO and DATO features. TheG andL point TO frequencies in GaAs
and InAs are indicated. The dashed lines are guides for the ey
e-
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preserved in the alloy. Indeed, when the optical frequenc
of theAC andBC binary compounds differ significantly, th
B ~A! atoms are not expected to participate inAC-like ~BC-
like! vibrations. This is closely related to the phonon co
finement in quantum wells or small particles.

The squared TO frequencies in Ga12xInxAs, vT,A
2 and

vT,B
2 , are reported in Fig. 5~a!. They both scale almost lin

early with x. vT,B
2 decreases whenxB decreases, wherea

vT,A
2 increases whenxA decreases. These dependencies

be explained as due to two effects: mass disorder and mi
scopic strains.40 Mass disorder refers to the fact that whe
one is concerned with the response of theA oscillators, theB
ones are at rest, and vice versa. Mass disorder lowers
phonon frequencies.40 Compressive~tensile! microscopic
strain increases~lowers! the phonon frequencies.

Obviously, depending on the local strain they experien
or on the chemical nature of their neighbors, all theA ~or B!
oscillators are not equivalent. One may wonder whether
not, for a given type of oscillators~A or B!, the different local
configurations give rise to different Raman peaks. In fact,
corresponding frequency fluctuations are not large enoug
produce any phonon localization~the criteria for phonon lo-
calization have been discussed in Ref. 41!. Hence, the con-
tributions of theA ~B! oscillators give rise to a single peak, i
a way similar to what occurs in isotopically disordere
materials.41–44 Both the mass disorder~mass! and micro-
scopic strain~strain! effects can be viewed as a renormaliz
tion of the effective force constant. The squared freque
shift, relative to its value in the binary compound, is the su
of two contributions:40,45

DvT,i
2 ~xi !5~DvT,i

2 !mass1~DvT,i
2 !strain. ~3!

We shall first discuss the GaAs-like TO frequency beh
ior in Ga12xAl xAs, which is also reported in Fig 5~a!. As
local bond distortions are negligible in Ga12xAl xAs, the ob-

FIG. 4. Compositional dependencies of LO~circles! and TO
~squares! frequencies. The solid lines are the calculated LO valu
vL,1 andvL,2 are deduced from Eq.~14!. The dot-dashed lines ar
the calculated TO values:vT,A and vT,B are deduced from the
linear interpolation of the squared TO frequencies between t
respective values forxi50 and 1. The dashed lines indicate the L
frequencies calculated disregarding coupling (AEA andAEB).
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FIG. 5. ~a! Schematic plot of the squared TO frequency dispersion~in the G-L direction! for GaAs and InAs.~b! Compositional
dependencies ofvT,A

2 andvT,B
2 in Ga12xInxAs ~filled circles!. The dashed lines refer to the mass-disorder-related downshift. The solid

indicate the calculated dependencies~including both the mass disorder and microscopic strain terms!. The open circles refer to the GaAs-lik
TO squared frequencies in Ga12xAl xAs ~taken from Ref. 2 and our own data!. ~c! Schematic plot of the InAs and GaAs mean bond leng
in Ga12xInxAs, as deduced from EXAFS measurements~Ref. 20!.
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served downshift is solely related to mass disorder.vT,A
2

scales~almost! linearly with xA . The vibrations of the GaAs
like modes are totally extended and localized in real sp
for xA51 and 0, respectively. The impurity mode frequen
(xA50) lies close to the maximum of the GaAs TO dens
of states which corresponds to the frequencies of theL-point
phonons in the Brillouin zone.46 The observed downshift ca
therefore be linked to the GaAs TO dispersion@schemati-
cally reported in Fig. 5~b!#.

We assume (DvT,A
2 )mass to be the same in Ga12xInxAs

and Ga12xAl xAs. In Ga12xAl xAs, the GaAs-like TO fre-
quencies are located in the frequency gap between the op
and acoustical AlAs-like modes, and in Ga12xInxAs they lie
above the InAs-like ones. In both systems the GaAs-like
are thus well confined.

As all the available alloys based on InAs do imply loc
bond distortions, we shall simply estimate (DvT,B

2 )massfrom
the maximum in the density of TO modes in InAs~following
the discussion just above!. Owing to the very weak InAs TO
dispersion@see Fig. 5~b!#, the effects of mass disorder o
vT,B

2 are expected to remain weak. The dashed lines in
5~a! indicate the contributions to the compositional depe
dencies ofvT,A

2 andvT,B
2 which are due to mass disorder.

Let us now consider the microscopic strain effects. T
nearest neighbor bond lengths in Ga12xInxAs deduced from
EXAFS ~Ref. 20! are reported in Fig. 5~c! . The InAs and
GaAs mean that bond lengths do not follow Vegard’s l
but remain rather close to their respective values in the
mixed binary materials.47 The GaAs bonds are stretched a
the InAs ones are compressed. The microscopic strain t
in Eq. ~3! is given by48

DvT,i
2

vT,i
2

526g i S Dr

r D
i

, ~4!

where (Dr /r ) i is the relative change in the bond lengths a
g i the corresponding Gru¨neisen parameter.49 The BC:A im-
purity mode frequencies have been correctly predicted
several III-V alloys by considering the deformation of a
AC4 tetrahedron embedded in aBC matrix.48,50,51 At any
given compositionx, the nearest-neighbor distances, as m
sured by EXAFS, are an average over different local arran
e

cal

l

ig
-

e

n-

rm

r

-
e-

ments in a macroscopic volume.52 TheAC-like ~BC-like! TO
mode also does experience a large set of local configurati
and its frequency shift therefore corresponds to the aver
distortion of theAC ~BC! bonds. We have calculated th
microscopic strain terms using (Dr /r )A(%)511.6xA and
(Dr /r )B(%)521.3xB ~according to Ref. 20!, and the TO
Grüneisen parameters of pure GaAs and InAs (gT,GaAs

51.38 andgT,InAs51.21; Refs. 53 and 54!. It is worth men-
tioning that the microscopic strain term in IV-IV alloys ca
culated by Rucker and Methfessel40 by means of numerica
calculations on one hand, and using Eq.~4! and the Gru¨n-
eisen parameters of pure compounds on the other hand
incide to within better than 10%.

The calculated compositional dependencies ofvT,A
2 and

vT,B
2 are reported in Fig 5~a!. Our calculation accounts rathe

well for the observed compositional dependence of
GaAs-like TO frequencies. Concerning the InAs-like TO fr
quencies, the agreement is satisfactory for 0.6,x,1. In the
Ga-rich compositional range, the InAs-like modes are ba
modes: their frequencies overlap with the density of state
the GaAs-like optical modes.17 One can therefore not expec
our simple model to describe the InAs-like TO frequen
behavior fully in the Ga-rich compositional range.

It is interesting to consider the InAs-like TO modes
InAsxP12x ; they are true gap modes, as their frequencies
well within the gap between the optical and acoustical mo
of InP.7 Our calculation@using (Dr /r )B(%)520.9xB ~Ref.
55!# yields 28.7xB and131xB ~in 102 cm22! for the mass
disorder and microscopic strain terms, respectively. The s
thus yields122.3xB ~in 102 cm22! and compares well with
experiment:122.1xB ~in 102 cm22!.

To summarize, the TO frequency behavior is rather w
accounted for. For the GaAs-like TO mode, the mass dis
der and microscopic strain terms have the same sign, re
ing in the observed strong downshift ofvT,A

2 when xA de-
creases. For the InAs-like TO mode, on the contrary, th
terms have opposite signs and thus partially compensate
one another. However, as the mass-disorder-related shif
mains weak, the changes are essentially related to the c
pressive strains~which are higher in Ga12xInxAs than in
InAs12xPx). The latter account for the increase ofvT,B

2 when
xB decreases.
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IV. IONIC PLASMON COUPLING

A. In an alloy

In order to discuss the LO frequency behavior, we sh
now include the long-range effects related to the effect
transverse chargeseT* . We are concerned with dynamica
charges; they include a static part which moves rigidly w
the atomic core, and a dynamical contribution which ari
from the redistribution of the charges as a result of the m
tion of these cores.56 They are microscopic parameters whi
refer to atoms.25,56

Let us first consider a binary polar material. In a cub
crystal, the short-range restoring forcesKT are the same for
LO and TO modes. However, only LO displacementsuL
produce a macroscopic ionic polarization. The correspond
macroscopic electric fieldEL produces an additional resto
ing force, and gives rise to the LO-TO splitting25

2vL
2uL52vT

2uL1
eT*

m
EL . ~5!

The ionic plasmon frequencyVp is given by

Vp
25vL

22vT
25

NeT*
2

m«0«`

~6!

(«0 is the permittivity of vacuum and«` the high frequency
value of the dielectric function!.

In the A12xBxC alloy, one has to consider the dynamic
transverse chargeseT,A* andeT,B* of the A andB oscillators.
These oscillators contribute to the same ionic polarizatio

Pion5NxAeT,A* uL,A1NxBeT,B* uL,B

52«0«`~x! EL , ~7!

where «`(x) is the high-frequency value of the dielectr
function of the alloy. Consequently, the two types of osc
lators are coupled by the macroscopic electric field:

2v2uL,A52vT,A
2 uL,A2

NeT,A*

mA«0«`~x!

3~xAeT,A* uL,A1xBeT,B* uL,B!, ~8!

2v2uL,B52vT,B
2 uL,B2

NeT,B*

mB«0«`~x!

3~xAeT,A* uL,A1xBeT,B* uL,B!. ~9!

Defining normal coordinates byQA5AmANA uL,A and QB

5AmBNB uL,B , the eigenvalues and eigenmodes for L
modes then appear as solutions of a coupled two-level
tem:

S EA2E VAB

VAB EB2ED S QA

QB
D50, ~10!

VAB5Vp,A~xA! Vp,B~xB!, ~11!

Ei5vT,i
2 1Vp,i

2 ~xi !, ~12!
ll
e

s
-

g

l

-

s-

Vp,i
2 ~xi !5xi

«`,i

«`~x!
~vL,i

2 2vT,i
2 !, ~13!

with i 5A or B.
EA and EB are the energy levels before coupling; th

scale almost linearly withx. In a schematic picture, one ma
consider that short-range effects~mass disorder and bon
distortions! and long-range effects~dynamical charges! are
included invT,i

2 andVp,i
2 , respectively. The coupling param

eter VAB depends on the ionic plasmon frequencie
Vp,i(xi). The squared ionic plasmon frequency of the bina
materialvL,i

2 2vT,i
2 is weighted by the number of oscillator

i, and supports a screening effect@«`,i /«`(x)#.
The LO frequencies can be easily deduced from the

genvaluesE65vL6
2 of Eq. ~10!,

E65ĒAB6ADAB
2 1VAB

2 , ~14!

with

ĒAB5
EA1EB

2
and DAB5

EA2EB

2
. ~15!

The eigenvectors can be written as

uQ1&5cosu uQA&1sinu uQB&, ~16!

uQ2&5cosu uQB&2sinu uQA&, ~17!

whereu is given by

tan~2u!5
VAB

DAB

. ~18!

The degree of mixing is given byt5utanuu2. The pureA and
B characters are only preserved forx50 and 1.

The coupling between the LO modes is reinforced wh
either the coupling parameterVAB increases, or the energ
gap DAB decreases. Hence, the higher the ratio va
VAB /DAB is, the more strongly the GaAs- and InAs-like L
frequencies repel each other, and the more theA andB dis-
placements are mixed.

It is worth noting that the LO frequenciesvL6(x) de-
duced from Eq.~10! coincide with the zeros of the mea
dielectric function defined by

«~v,x!5~12x!«A~v,x!1x«B~v,x!. ~19!

The latter can be written as~including the phenomenologica
damping constantG i)

«~v,x!5«`~x!S 11 (
i 5A,B

Vp,i
2 ~xi !

vT,i
2 2v22 ivG i

D , ~20!

with

«`~x!5~12x!«`,A1x«`,B . ~21!

The coupling effects will be discussed within the frame
the dielectric model in Sec. V.
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B. In Ga12xIn xAs

We now apply the model to Ga12xInxAs. EA , EB, and
VAB depending onx, according to Eqs.~11!–~13!. As dis-
cussed in Sec. III, mass disorder and bond distortions af
the short-range restoring forcesKT,i , and hencevT,i

2 . The
linear dependence ofvT,A

2 andvT,B
2 on x ~between their re-

spective binary material and impurity mode values! has been
accounted for in the calculation ofEA andEB .

It is known that strain may also modifyeT* ~see, for in-
stance, Refs. 53, 54, and 56!. The TO and LO Gru¨neisen
parameters indeed differ: gT,GaAs51.38,gL,GaAs
51.23,gT,InAs51.21, andgL,InAs51.06.53,54 The changes
of eT,i

2 ~i.e., vL,i
2 2vT,i

2 ) due to the local bond distortion
have also been included in the calculations. However, t
remain weak: they do not exceed12.7% for GaAs and
21.7% for InAs. If one excepts these very small correctio
we have assumed that the dynamical chargeseT,A* and eT,B*
do not depend on composition. The values used in the
culations are reported in Table II.«`(x) has been calculate
according to Eq.~21!.

The compositional dependencies ofDAB , VAB, and
VAB /DAB in Ga12xInxAs are reported in Figs. 6~a! and 6~b!.
VAB reaches its maximum value in the middle of the comp
sitional range, and vanishes atx50 and 1.DAB decreases
rapidly with increasingx, and becomes even smaller tha
VAB . Strong coupling occurs whenVAB /DAB.1. The com-

TABLE II. Parameters used in the calculations. Frequencies
given in cm21.

vL vT v impurity «`
a

InAs 239.8 218.8 237.7 12.3
GaAs 291.9 268.6 241 10.9

aReference 46.

FIG. 6. Compositional dependencies of~a! DAB and VAB , ~b!
VAB /DAB , and~c! cos2u and sin2u. The dashed line in~c! indicates
the degree of mixingt.
ct

y

,

l-

-

positional dependencies of cos2u and sin2u are reported in
Fig. 6~c!. The mixing between theA and B characters is
important in the In-rich compositional range;t reaches 60%
for x50.98. The upper ~lower! frequency mode
uQ1& (uQ2&), however, always preserves its GaAs~InAs!
dominant character.

The GaAs- and InAs-like LO frequencies~i.e., AE1 and
AE2) are reported in Fig. 4~solid lines!. The calculated
frequencies are in good agreement with the experime
data over the whole range of composition. No adjusta
parameters have been used in the calculation. The LO
quencies obtained when disregarding coupling, i.e.,AEA and
AEB, are also reported~dashed lines!. Due to the coupling,
the GaAs- and InAs-like LO frequencies repel each oth
Hence the GaAs-like LO-TO splitting~upper frequency os-
cillator! is increased and the InAs-like LO-TO splittin
~lower frequency oscillator! is decreased. The bowing of LO
like frequencies is well accounted for by the calculation. T
strong coupling mainly originates in the small gap betwe
AEA and AEB ~dashed lines!. The strong coupling~Fig. 6!
accounts for the persistence of a high value of the GaAs-
TO-LO splitting in In-rich samples. At the impurity limit for
a given oscillator (i 5A or B!, the LO-TO splitting vanishes
sincexi50 ~and not becauseeT,i* vanishes, as stated in Re
57!.

Let us now discuss the oscillator strength~S! behavior.
For binary material,Si is given by

Si5«`,i

vL,i
2 2vT,i

2

vT,i
2

, ~22!

and is hence proportional toeT,i* 2 @Eq. ~6!#. The composi-
tional dependences of (vL,1

2 2vT,A
2 )/vT,A

2 and (vL,2
2

2vT,B
2 )/vT,B

2 are shown in Fig. 7. Our calculation compar
well with the experimental data. The coupling causes os
lator strength transfer, as shown by the bowing with resp
to the dashed lines in Fig. 7~calculated disregarding cou
pling, i.e., settingVAB50). S1 is increased to the detrimen
of S2 . The A and B contributions to the ionic polarization
field are in phase for the upper frequency LO mode and
antiphase for the lower-frequency one.15

re

FIG. 7. Compositional dependencies of (vL,1
2 2vT,A

2 )/vT,A
2 and

(vL,2
2 2vT,B

2 )/vT,B
2 : experiment~circles and squares, respectivel!

and calculation with coupling~solid line! and without coupling
~dashed line!.



l
t

in
te

n

r
to
y
o

o
u
i
is

iv

o

Th
o

de-

rs
d

c-

ctric
(

e-
lly

PRB 58 10 459OPTICAL-PHONON BEHAVIOR IN Ga12xInxAs: THE . . .
We have assumed that the dynamical chargeseT,A* and
eT,B* do not depend on composition~excepting the very smal
changes due to the microscopic strains!. Good agreemen
with the experimental data~Figs. 4 and 7! has been obtained
within this assumption. Hence, unlike what was inferred
Refs. 17 and 58, the oscillator strength transfer is not rela
to dynamical charge transfer~from the In to Ga ions!. One
indeed has to keep in mind that, due to the coupling a
mixing ~Fig. 6!, S1 cannot be assigned solely to theA oscil-
lators, andS2 to the B oscillators. In particular, the uppe
~lower! frequency oscillator strength is not proportional
eT,A* 2 (eT,B* 2 ). According to our calculations, the LO frequenc
and oscillator strength behaviors are governed by the c
pling effects.

V. RAMAN INTENSITIES

A. In an alloy

We calculate the Raman spectra within the framework
the dielectric model developed by Hon and Faust to acco
for Raman scattering by coupled LO-plasmon modes
doped semiconductors.59 In our case, the Raman response
due to the electronic susceptibility modulation by the relat
displacementsuA and uB ~deformation potential coupling!
and the macroscopic electric fieldE ~electro-optic coupling!.
Following the notations of Ref. 59, these three types
modulations are notedRi (R15E, R25uA , and R35uB)
and the corresponding susceptibility derivativesdi . The Ra-
man cross section is given by59

I ~v!}(
i 51

3

(
j 51

3

didj ^RiRj&v , ~23!

where the brackets describe thermal power density.
fluctuation-dissipation theorem allows the determination
the spectral densities
,

d

d

u-

f
nt
n

e

f

e
f

^RiRj&v5
h

2p
@n~v,T!11#Im$a i j %, ~24!

where n(v,T) is the Bose population factor, anda i j the
matrix elements of the generalized Nyquist susceptibility
fined by

Ri5(
j 51

3

a i j F j . ~25!

F j are generalized forces,F1 is the free polarization field,
andF2 andF3 are the mechanical forces acting on oscillato
A andB, respectively. Thea i j matrix elements are deduce
from the following set of equations:

2NAeT,A* uA2NBeT,B* uB2«0«`E5F1 , ~26!

mAüA1mAgAu̇A1mAvT,A
2 uA2eT,A* E5F2 /NA , ~27!

mBüB1mBgBu̇B1mBvT,B
2 uB2eT,B* E5F3 /NB , ~28!

where Ni5Nxi ; «` accounts for the high-frequency ele
tronic response. We factor outdE

2 in Eq. ~23! when calculat-
ing the Raman cross sections. The ratio between the ele
field and atomic displacement modulations is given byi
5A or B)

du,i

dE

5
m ivT,i

2

eT,i*
Ci , ~29!

with

Ci5xiCi
0, ~30!

whereCi
0 is the Faust-Henry coefficient of the binary mat

rial i . For the Raman scattering by LO modes, one fina
obtains
I L~v!}@n~v!11#ImH 2
1

«~v,x! F11S 2CA2CA
2

vT,A
2

Vpl,A
2 DLA1S 2CB2CB

2
vT,B

2

Vpl,B
2 DLB

2S 2CACB1
Vpl,B

2

Vpl,A
2

vT,A
2

vT,B
2

CA
21

Vpl,A
2

Vpl,B
2

vT,B
2

vT,A
2

CB
2 DLALBG J , ~31!
re-
nd

-
r to
ns.

n-
where«(v,x) is the dielectric function defined by Eq.~20!,
and Vpl,i

2 depends onxi according to Eq.~13!. Li is the
normalized Lorentzian response of an oscillator:Li5(1
2v2/vT,i

2 2 iGv/vT,i
2 )21. For TO phonons, a polariton term

(kc/v)2 has to be included in Eq.~26!. Because of this term
in backscattering geometry (k@vT /c) the contributions to
the TO Raman intensities due tôE2&v , ^EuA&v , and
^EuB&v can be disregarded.59 Consequently, one obtains

I T}@n~v!11#ImH CA
2

vT,A
2

Vpl,A
2
LA1CB

2
vT,A

2

Vpl,A
2
LBJ . ~32!
B. In Ga12xIn xAs

The calculations were performed using the parameters
ported in Table II. The Faust-Henry coefficients of GaAs a
InAs areCGaAs

0 520.55 andCInAs
0 520.53.60,61Once again,

a linear interpolation forvT,A
2 andvT,B

2 between their respec
tive values in the binary materials has been used in orde
account for the effects of mass disorder and bond distortio
The changes ofeT,i

2 ~i.e., vL,i
2 2vT,i

2 ) due to the local bond
distortions were included in the calculations. Notice that, u
like the TO frequencies, the LO frequencies for 0,x,1 are
not input parameters but are derived from our model.
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The LO and TO spectra calculated according to Eqs.~31!
and~32! are reported in Fig. 8. Unlike the TO intensities, t
LO ones do not scale linearly withx ~Fig. 8!.

The factor Im$1/«(v)% contains the resonant effects fo
LO modes: resonances are maxima of^E2&v .59 Interference
effects which are included in the term in brackets in Eq.~31!
play only a minor role here. Due to the small phonon li
broadening~a few cm21! and the gap betweenvT,A

2 andvT,B
2

which is preserved over the whole compositional range@Fig.
5~a!#, the overlapping between the two spectral responsesLA
andLB of the oscillators remains very weak.62 Consequently,
the LO spectra calculated neglecting the interference t
@i.e., usingI L}Im$1/«(v)%] instead of Eq.~31! are similar to
the ones reported in Fig. 8. In particular, the frequencies
the LO response maximums in Eq.~31! coincide with the
frequencies reported in Fig. 4.

In order to compare our model with our experimen
data, we now consider the ratio between the GaAs and In
like LO intensities,I L,InAs/I L,GaAs. The intensity ratio calcu-
lated with ~full line! and without coupling~dashed line! are
reported in Fig. 9. The agreement between the mode
coupled oscillators~full line! and the experimental dat
~dots! is very good over the whole compositional range. T
upper frequency oscillator~which coincides with the sym
metrical mode in the two-level scheme! supports the highes
efficiency for modulating the electronic polarizability. On
observes the reinforcement of the GaAs-like oscillator int
sity to the detriment of the InAs-like one. The GaAs-like L
intensity remains higher than the InAs-like LO one, untix
exceeds 0.98. The peculiar Raman intensity behavior
Ga12xInxAs is now accounted for. The intensity transf
originates in the coupling of the GaAs- and InAs-like osc
lators. One deals unambiguously with a two-mode behav

FIG. 8. Calculated~a! TO and ~b! LO peak intensities. The
dashed lines in~b! indicate the behavior expected in an uncoup
scheme. Calculated~c! TO and~d! LO Raman spectra: the compo
sitions are~from bottom to top! x50.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7
0.8, 0.9, and 0.99. Intensities are given in arbitrary units.
m

f

l
s-

of

e

-

in

r.

It is not straightforward to compare the calculated T
spectra with the experimental data. The Raman spectra
corded on~110! or ~111! surfaces display indeed stron
DATO features. Hence the long-wavelength TO contrib
tions cannot always be identified with a good accuracy.
particular, the InAs DATO and long-wavelength TO featur
are superimposed due to the weak TO dispersion. Never
less, one can verify that the integrated intensities of the T
related features~TO1DATO! scale almost linearly withx.

Simulations of Raman spectra of doped and undoped
loys were previously reported by Mintairov an
co-workers.37,38,63These authors used a molecular model
the electronic polarizability in the alloy, which is equivale
to the model we present here. The frequencies deduced
given composition from the experimental Raman spec
were systematically used as input parameters in their mo
We have shown how this can be avoided, and how the
man spectra can be predicted whatever the composition

VI. DISCUSSION AND CONCLUSION

We have presented a simple model which describes
optical-phonon behavior in Ga12xInxAs. We have shown
how the optical-phonon frequency and Raman intensity
havior can be derived from a small set of parameters.
addition to parameters related to the end-member crys
one solely requires the impurity mode frequencies. The la
can also be estimated~with a satisfactory accuracy! from the
end-member crystal characteristics@phonon dispersions
Grüneisen parameters, and lattice constants~Sec. III!#. We
have intentionally avoided any fit to our experimental da
Hence the model presented here is able to predict the op
phonon behavior in alloys. It has been shown that
optical-phonon behavior results from three main effects:~i!
mass disorder,~ii ! microscopic strains, and~iii ! coupling by
the ionic polarization field.

The TO behavior is essentially determined by local effe
~i! and ~ii ! ~similarly to what occurs for optical phonons i
covalent IV-IV materials40,45!. Owing to their frequency gap
the InAs- and GaAs-like characters of the TO modes
preserved. The frequency shifts due to~i! can be estimated
from the TO dispersion curves. The microscopic strains s
tematically reduce the frequency gap: the upper-~lower-!
frequency mode experiences tensile~compressive! strain

FIG. 9. InAs-like/GaAs-like LO intensity ratio: experimen
~dots! and calculation with coupling~solid line! and without cou-
pling ~dashed line!.
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which lowers~increases! its frequency.
Striking similarities exist between the TO frequen

scheme@Fig. 5~a!# and the bond scheme obtained by EXAF
@Fig. 5~c!.# The InAs and GaAs mean bond lengths also
hibit a bimodal or two mode behavior: they are close to th
respective values in the binary materials and do not o
Vegard’s law~see Ref. 47!. This suggests that Raman sca
tering can be used as a reliable probe for local bond dis
tions in alloys.

To account for the LO behavior, one has to consider c
pling ~iii ! by the long-range ionic polarization field, in add
tion to ~i! and ~ii !. Unlike ~i! and ~ii !, ~iii ! cannot be treated
as a perturbation. We have proposed a simple mo
~coupled two-level system! which accounts for the observe
nonlinear behavior of the LO frequencies and Raman int
sities. Strong coupling occurs when GaAs- and InAs-like L
frequencies are or become close. Microscopic strains lea
a systematic reinforcement of the LO coupling, as they
duce the frequency gap. The oscillator strength and inten
are reinforced for the upper frequency mode~symmetric
state—in phase!, whereas they are screened for the low
frequency mode~antisymmetric state—out of phase!. The
relative changes in the oscillator strength or Raman inte
ties are much larger than the relative frequency shifts. In
light of the present work, it is shown that dynamical char
transfer~which is obviously likely to occur! does not govern
the optical phonon behavior~unlike it has been inferred in
previous works17,58!. It is important to notice that, due to th
mixing, the LO modes cannot be assigned to a given os
lator, and hence to a given transverse effective charge.

One deals unambiguously with a two-mode behavior
Ga12xInxAs for both the TO and LO frequencies. Concer
.

y

,

hy

rio
-
ir
y

r-

-

el

n-

to
-

ity

-

i-
e

e

il-

n
-

ing their Raman intensities, the departures from the typ
two-mode behavior in Ga12xInxAs can be explained as fol
lows. ~i! It is due to the LO coupling by the ionic plasmon
this coupling is very strong in In-rich samples and cau
important mixing. ~ii ! For low In contents, the InAs-like
modes are band modes; this may explain why InAs-like f
tures are hardly detected and resolved in the Raman o
spectra of Ga-rich samples.

Raman scattering provides obviously interesting inform
tion on electron-phonon interactions in alloys. From bo
practical and fundamental points of view, electron-phon
interactions are of particular interest; they have to be con
ered in transport measurements, phonon-assisted lum
cence or tunneling, cyclotron resonance, etc., see, for
stance, Ref. 15 and references therein. In particular, du
the coupling effects discussed here, one expects the Fro¨hlich
coupling to InAs-like modes to be much weaker than
GaAs-like modes.15 This can be demonstrated by means
Raman scattering. The resonant Raman-scattering mea
ments we performed~not reported here! on Ga0.95In0.05As in
the vicinity of theE1 transition do show that the GaAs-lik
LO Fröhlich coupling constant is indeed larger than t
InAs-like LO one.

The model we applied to Ga12xInxAs can obviously be
extended to otherA12xBxC alloys. For instance, the LO on
mode behavior in Ga12xAl xN has been accounted for re
cently within the frame of the dielectric model present
here.11 The optical-phonon behavior can be predicted
simply considering physical parameters of the end-mem
crystals. Even if some complexities of real systems have
been considered, the model presented here captures rea
simple effects.
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