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We present an experimental and theoretical investigation of long-wavelength optical-phonon behavior in
Ga,_,In,As 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 Galn,As. 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 oriexta@idls
[110], and[111]). [S0163-182608)07540-1

[. INTRODUCTION In this paper we reconsider the issue of long-wavelength
optical-phonon behavior in Ga,In,As. We present a thor-
The behavior of long-wavelength optical phonons inough Raman-scattering study, covering the whole composi-
A,_,B,C alloys has been the subject of a great deal of extional range and including the complete analysis of the
perimental and theoretical work. This behavior is usually catoptical-phonon frequencies, symmetries, and Raman intensi-
egorized according to two classes, two-mode or persisterites. Our purpose is to account for both the frequency and
type and one-mode or amalgamation type. In the two mod&aman intensity compositional dependencies of the_ long-
type, two bands of frequencigslose to those of théCand  Wavelength TO and LO phonons in GginAs. To avoid
BC binarie$ persist in the mixed crystal. The strength of turning this topic into a simple matter of fitting more param-
each band in the Raman or infrared reflectivitig) spectra eters to more data, we attempt to account for our data with a

grows from zero to the maximum as the concentration of thdnodel using solely parameters related to the two binary com-

. . o ounds.
rr ndin nstituent is incr . In the one-m t - . .
corresponding constituentis increased e one-mode ypB, Due to the original lattice mismatchA¢/r~7%) be-

the band varies continuously from the characterigtic . . :
frequencies to th&C ones, with the strength of the band tween GaAs an_d InAs, _structural disorder is s_up_erlmposed to
o . the chemical disorder in the alloy. Indeed, it is now well
remaining almost c.onstant. Most oflt_hSe -V alloys dlfglay established from extended x-ray-absorption fine-structure
two-mode 67behaV|or (gaXAIXAs, Gay,ALSD,™  spectroscopyEXAFS), 2 that the original misfit is accom-
INAs,P;_y,>" In,Al;_As,™" etc. Even Ga,InP, which  modated by local bond distortior(nicroscopic strains It
was first thought to belong to the one-mode type, was finalljyas shown that, despite this disorder, the concept of phonon
shown to display two-mode behavithGa, _,Al,N was re-  dispersion still holds in alloy&-2*Finally, owing to the fact
cently shown to have one-mode behavibr. that the atoms carry dynamical charges, long-range Coulomb
The optical-phonon behavior in Galn,As was origi- interactions have to be considered.
nally referred to as the mixed mode or one-two mode by This paper is organized as follows. Our experimental re-
Brodsky and Luckovsky? Ga _,In,As Raman and IR spec- sults are presented in Sec. Il. The whole compositional range
tra indeed display a rather odd behavior. InAs-like featuress explored, and for each composition five different scatter-
were hardly detected in the spectra at low In contents, andhg configurationsat least have been systematically used.
their intensities were found still to be low at higher In con- Since only a very few results were available on alloys with
tents. Although it has been investigated in many wdfkd®  high In contents, a particular attention is devoted to alloys
a full description of this behavior has not been achieved yetwith 0.7<x<1. We shall show that the latter are important
Most of the investigations dealt with the quantitative analysiso achieve a clear understanding of the optical-phonon be-
of the frequency and oscillator force behavior. Moreover,havior.
Raman-scattering data concerning the In-rich compositional The frequency behavior is analyzed in two steps. At first,
range &>0.7) remain scarc¥. in Sec. lll, the behavior of the nonpolar TO is analyzed by
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taking into account the mass disorder and the microscopic TABLE |. Raman selection rulesI;s component in back-
strains. Second, in Sec IV, we take into account the ioniccattering geometry of©01), (110, and(111) surfacesk ande are
character of the bonds in order to discuss the LO behavioithe light wave vector and polarization, respectivelystands for
the long-range Coulomb interactions are shown to couple thigcident light ands for scattered light, witx=[100], y=[010], z
=[001], x’=[110],y'=[110], z’=[111] and y"=[112]. dto

In Sec V, the Raman intensities are analyzed. The expergnd di o are the TO and LO Raman tensor components, respec-
mental data are compared with calculations performed withiriively.

GaAs- and InAs-like LO modes.

the frame of a dielectric model. Finally, the resulting optical

mode behavioffrequencies and intensitieis discussed, and ki(e,e)ks TO LO
the main results are summarized in Sec. VI. (001) 2))Z 0 ld(ol2
v 0 0
Il. EXPERIMENTAL RESULTS 2x)z
Raman spectroscopy measurements have been performed 1% 2z §|dm|2 %|dLO|2
at room temperature on a large number of, Gén,As lay- _
ers, using a DiloiXY triple monochromator equipped with a Z'(x'\y")z' g|dTO|2 0
liquid-N,-cooled charge-coupled devi¢€CD) detector. Se- - 3 ,
lective resonance effects were avoided since the spectra were (110 y'(x',z2)y’ |drol 0
excited with the 530.9-nm line of a Krlaser. The corre- —
y'(z.2)y’ 0 0

sponding energy indeed lies far from any specific electronic

transition, whatever the alloy composition. Moreover, the
corresponding Raman probing depth ranges from 20 (
=1) to 50 nm &=0).

Ga, _,In,As epilayers have been discussed in Ref. 19. Here,

backscattering spectra. They can also be identified in the
The layers were grown by molecular-beam epitaxy on(111) backscattering spectra, if one compares the crossed and
GaAs or InP substrates. It is known that the misfit strainparallel polarization configurationdable ). The TO fea-
between the layer and substrate is relieved by plastic relaxures are expected to be the dominant one¢lit0) back-
ation when the layer thickness exceeds a critical value. Thecattering spectra. Disorder-activated TDATO) features
effects of strain relaxation on the Raman scattering in thirare also observed.

In Ga-rich layers, DATO appear just below the GaAs-like

only completely relaxed Ga,In,As layers, with thicknesses TO frequencies, as shown in Fig. 3. The DATO maximum

in the um range, were investigated. Moreover, by choosing dies close to the frequencies of the zone-edge TO phonons, as
small Raman probing depffe., probing the region close to they are expected to mirror the optical-phonon density of
the surfacgone ensures that the Raman signals related to thetates. The frequency splitting between the maximum of the
structural defectgresulting from the plastic relaxatipmre ~ GaAs-like DATO band and the TO peak indeed corresponds
minimized!® We verified, for instance, that the Raman spec-to the difference between the Brillouin-zone-center and edge

tra of a thick relaxed GaIngssAs layer grown on GaAs TO frequencies in GaAs~—9 cm %) see Fig. 3; The dis-
persion of the TO modes in bulk InAs is very weak: the
frequencies of the zone-center and -edge TO modes differ
The spectra were recorded in the backscattering geometrgnly by ~—2 cm .28 Consequently, the InAs-like TO peak
and DATO band are superimposed on the speEes Fig.
tematically used. Moreover using a micro-Raman setup3). Our results are consistent with those reported in Ref. 16
spectra were also recorded on cleav@d0 surfaces. The on near-lattice-matched GaIn,As/InP (0.48<x<0.58; the
corresponding long-wavelength TO and LO Raman selectiopeak labeledR* in Ref. 16 corresponds to the GaAs-like
rules in zinc-blende structure§ (s component of the Raman DATO) and in Ref. 14 on Ggu7ng 55As/INP(111). The
tensoy are reported in TableZ In the backscattering geom- long-wavelength TO modes observed in IR spééttado
correspond to our TO peakand not to the DATO ongs
face and TO scattering for €110 surface, they are both This supports the assignments we made.

It is worth mentioning that, in addition to DATO, we have
displayed in Fig. 1a) show the benefit of using different also observed broad features related to disorder-activated
surface orientations and polarizations of the incident andcoustical modegot shown here; see, for instance, Refs. 3,
scattered electric fields for identifying the symmetries of thel7, and 2. The strength of all these disorder-activated fea-
tures depends on the amount of disorder: they are weak in

(—3.9% lattice mismatchand a GgaAngsAs layer grown
on InP (lattice matchegdo not differ.

Two orientations of the substra{®01] and[111], were sys-

etry, whereas only LO scattering is expected fgb@l) sur-

allowed for a(111) surface. The spectra of GaAx=0)

optical modegsee Table)l
A representative sampling of

Raman spectra ofGa_,Al,As (chemical disordgrand strong in Ga ,In,As

Ga, _,In,As layers is shown in Figs. 1 and 2. At first glance, (both chemical and structural disorglerMoreover, the
the first order optical range can be divided in two parts:DATO Raman selection rules do correspondtg symme-

lower- (217—240 cm?) and the upper-frequena241—292

cm™ 1) ones which are assigned to InAs- and GaAs-like op-

try, as expected’

One may wonder whether there is evidence in our spectra

tical modes, respectively. In each part, two types of featurefor atomic ordering. It has been shown that Raman scattering
have in principle to be considered: those related to longprovides valuable and qualitative information on atomic or-
wavelength optical modes and those related to disorderder in alloys(see, for instance, the investigation of long-
range atomic ordering in Galplby means of Raman scat-

activated scattering?®?’ LO features are seen in tH801)
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FIG. 1. Ga_,In,As Raman spectra=0, 0.24, and 0.50. Th&01], [111], and[110] surface orientations are indicated. The polarization
configurations are given in parentheses. The subsatiptsd B stand for GaAs- and InAs-like, respectively.

tering in Refs. 30 and 31 Long-range atomic order was (molecular beam epitaxy, metalorganic molecular beam epi-
shown to depend much on growth techniques and condition@XY. liquid phase epitaxy, ej¢.under different growth con-

(substrate temperature, orientation or misorientation, growtitions and with different substrate orientations all display
rates, and III/V ratip, and is usually shown by means of similar DATO bands. Moreover, when structural disorder is

electron microscopy and diffraction techniqdds®® superimposed on the intrinsic alloy disordésr instance, as

According to electron microscopy measureméfiteng- a consequence of plastic relaxation in thin epilay®rshe

; : . . intensity of the DATO features increases significantly. This
range atomlc order is not presen; in our samples. S.Uperlatt'cc(:aorroborates they are unambiguously disorder activated fea-
effects, like those observed in both the optical- an

X : ures.
acoustical-phonon Raman spectra in Refs. 30 and 31, were 1 summarize, both the GaAs- and InAs-like LO and TO

not observed in the Raman spectra of our samples. peaks have been identified over the whole compositional
~ We have to mention that Mintairov and co-workers as-range. Their frequencies are reported in Fig. 4. Whereas the
signed the DATO features observed in the spectra recordefly frequencies evolve rather linearly with the GaAs- and
on (001 and(110) surfaces to additional LO and TO modes, |nAs-like LO frequencies display positive and negative bow-
respectively’”*® These authors attributed the correspondingings, respectively. The impurity mode frequencies extrapo-
three- and four-mode behaviors to the presence of long-randgted from our datawgapsi=237 cm * and wpas.ca= 241
atomic order in their samples. The existence of ordere@dm™!, are in good agreement with the values reported
phases in their samples was, however, not demonstrated Ipyeviously'?'’ The ratio of the integrated GaAs- and InAs-
means of other techniques. like TO intensities scales almost like {Ix)/x. The LO in-
We want to point out that the spectra recorded on variousensities do obviously not follow this scaling law. Even when
samples, obtained by means of different growth techniquethe Ga amount is as small as 5%, the GaAs-like LO intensity
is as intense as the InAs-like one. Our purpose is now to
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FIG. 2. Ga_,In,As Raman spectrax=0.75, 0.85, and 0.95. Notations are the same as in Fig. 1.
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FIG. 4. Compositional dependencies of L@rcles and TO
(squaresfrequencies. The solid lines are the calculated LO values:
o ; andw| _ are deduced from Eq14). The dot-dashed lines are
the calculated TO valuesvr o and wrg are deduced from the
linear interpolation of the squared TO frequencies between their

account for the compositional dependencies of both the fr(_:"r'espective values for;=0 and 1. The dashed lines indicate the LO

guencliesAand Raman intensities of the optical modes ifequencies calculated disregarding couplinfEf, and VEg).
a _In,As.

FIG. 3. Raman spectra recorded @Il0) surfaces, displaying
TO and DATO features. ThE andL point TO frequencies in GaAs
and InAs are indicated. The dashed lines are guides for the eye.

preserved in the alloy. Indeed, when the optical frequencies
lll. MASS DISORDER AND MICROSCOPIC STRAINS of the AC andBC binary compounds differ significantly, the
In a binary materialAC or BC), the collective vibrations B A gtom_s are no_t e_xpected o participateAg-like (BC-
i . ; . like) vibrations. This is closely related to the phonon con-
of all the harmonic oscillators are described in terms of

. : : finement in quantum wells or small particles.
phonons. The TO frequency is essentially determined by The squared TO frequencies in GalnAs, w? , and
short-range interactions and can be written q q HMAS, @7 A

w%B, are reported in Fig.(®). They both scale almost lin-

Ky early with x. ®? ; decreases wherg decreases, whereas

2 . ! .

wT=—"1, (1) w%A increases whem, decreases. These dependencies can
M be explained as due to two effects: mass disorder and micro-

wherey is the reduced mass of the bonds &nhdaneffective ~ SCopic straing® Mass disorder refers to the fact that when
force constantk; accounts for both the mechanical interac- ©ne is concerned with the response of #hescillators, theB

tions (between the nearest-neighbor atoms and othemd ~ Ones are at rest, and vice versa. Mass disorder lowers the
the Coulomb interaction due to the local part of the dynamiPhonon frequencie¥. Compressive(tensilg microscopic

cal transverse chardé€? In the materials we are concerned Strain increasedowers the phonon frequencies.

with, the contribution of this local part t&; remains Obviously, depending on the local strain they experience
small?3 or on the chemical nature of their neighbors, all Kéor B)

We shall describe the optical phonons in theoscillators are not equivalent. One may wonder whether or
(AC),_,(BC), alloy by a set of effectivedC- andBC-like ~ NOt, for a given type pf oscill_ato(sz\ or B), the different local
oscillators(hereafter labeled andB). Their relative number ~ configurations give rise to different Raman peaks. In fact, the

is defined by the alloy composition corresponding frequency fluctuations are not large enough to
produce any phonon localizatidthe criteria for phonon lo-
Xa=1l—Xx and Xg=X. (2)  calization have been discussed in Ref).4ence, the con-

tributions of theA (B) oscillators give rise to a single peak, in
The labelsA andB hence correspond to the GaAs and INAS; \yay similar to what occurs in isotopically disordered

oscillators, respectively. Each type of oscillator=(A or B)  aterialst %4 Both the mass disordefmass and micro-
is characterized by its reduced mags)( its bond length  gcqpic strair(strain effects can be viewed as a renormaliza-
(ri), its effective force constant(;), and its dynamical ton of the effective force constant. The squared frequency

charge €7;). shift, relative to its value in the binary compound, is the sum
As shown in Fig. 3, the TO Raman spectra inGAn,AS  of two contribution<34°

display a two-mode behavior. The TO frequencies in pure

GaAs and InAs differ significantly: 268.6 and 218.8 Tin Aw? (X)) =(A®3 ) masst (A2 ) srain- (3
respectively. This difference is mainly due to the difference ' ’ '

between their reduced masses. The latter difference is obvi- We shall first discuss the GaAs-like TO frequency behav-
ously preserved for théd and B oscillators in the alloy. ior in Ga_,Al,As, which is also reported in Fig(&. As
Hence one expects the GaAs- and InAs-like characters to Hecal bond distortions are negligible in GgAlAs, the ob-
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FIG. 5. (a) Schematic plot of the squared TO frequency dispersionthe I'-L direction for GaAs and InAs.(b) Compositional
dependencies af)%A andw%B in Ga _,In,As (filled circles. The dashed lines refer to the mass-disorder-related downshift. The solid lines
indicate the calculated dependendiesluding both the mass disorder and microscopic strain terfie open circles refer to the GaAs-like
TO squared frequencies in GaAl,As (taken from Ref. 2 and our own datdc) Schematic plot of the InAs and GaAs mean bond lengths
in Ga,_,In,As, as deduced from EXAFS measureme(itef. 20.

served downshift is solely related to mass disordef,,  ments in a macroscopic voluméThe AC-like (BC-like) TO
scalegalmos linearly withx, . The vibrations of the GaAs- mode also does experience a large set of local configurations,
like modes are totally extended and localized in real spacand its frequency shift therefore corresponds to the average
for xo=1 and 0, respectively. The impurity mode frequencydistortion of the AC (BC) bonds. We have calculated the
(xa=0) lies close to the maximum of the GaAs TO density microscopic strain terms usingA¢/r) (%)= +1.6x, and
of states which corresponds to the frequencies oLtpeint  (Ar/r)g(%)=—1.3xg (according to Ref. 20 and the TO
phonons in the Brillouin zon® The observed downshift can Grineisen parameters of pure GaAs and INAgr £aas
therefore be Ii_nkeq to the GaAs TO dispersiethemati- =1 33 andyt nas= 1.21; Refs. 53 and 541t is worth men-
cally reported in F'g- )] _ tioning that the microscopic strain term in IV-IV alloys cal-
We assume w7 p)masst0 be the same in Ga,In,As  cylated by Rucker and Methfes&&by means of numerical
and Ga_,Al,As. In Ga_,Al,As, the GaAs-like TO fre- cgjculations on one hand, and using E4). and the Gra-

quencies are located in the frequency gap between the opticgisen parameters of pure compounds on the other hand, co-
and acoustical AlAs-like modes, and in Galn,As they lie  jncide to within better than 10%.

above the InAs-like ones. In both systems the GaAs-like TO The calculated compositional dependenciesuéfA and

areAthuTI \G’]e" Conlflnbefd. I based on InAs do implv | Iw%B are reported in Fig&). Our calculation accounts rather
S all the available alloys based on InAs @o 1mply localqj for the observed compositional dependence of the

bond distortions, we shall simply estimate 7 g)massflOM  Gaas-like TO frequencies. Concerning the InAs-like TO fre-
the maximum in the density of TO modes in Inffsllowing 4 encies, the agreement is satisfactory forx& 1. In the

the discussion just aboueOwing to the very weak INAS TO - G4 _rich compositional range, the InAs-like modes are band
d|§per5|0n[see Fig. ®)], the effects of mass disorder on pqqes: their frequencies overlap with the density of states of
w7 g are expected to remain weak. The dashed lines in Fighe Gaas-like optical mode€.One can therefore not expect
5(a) indicate the contributions to the compositional depen-yyr simple model to describe the InAs-like TO frequency
dencies ofw? , andw? g which are due to mass disorder. pehavior fully in the Ga-rich compositional range.

Let us now consider the microscopic strain effects. The |t is interesting to consider the InAs-like TO modes in
nearest neighbor bond lengths in Gan,As deduced from |nAs, P, _, ; they are true gap modes, as their frequencies lie
EXAFS (Ref. 20 are reported in Fig. 6) . The InAs and  well within the gap between the optical and acoustical modes
GaAs mean that bond lengths do not follow Vegard's lawgf InP7 Our calculationfusing (Ar/r)g(%)= —0.9xg (Ref.

but remain rather close to their respective values in the unss)] yields —8.7xg and +31xg (in 10 cm™2) for the mass
mixed binary material$’ The GaAs bonds are stretched and disorder and microscopic strain terms, respectively. The sum
the InAs ones are compressed. The microscopic strain terys yields+22.3xg (in 102 cm 2) and compares well with
in Eq. (3) is given by® experiment:+22.1xg (in 10° cm™?).

To summarize, the TO frequency behavior is rather well

Aw%i B Ar accounted for. For the GaAs-like TO mode, the mass disor-
w2 =—6v T (4) der and microscopic strain terms have the same sign, result-
T,i i

ing in the observed strong downshift m‘?r_A whenx, de-
where (Ar/r), is the relative change in the bond lengths andcreases. For the InAs-like TO mode, on the contrary, these
vi the corresponding Gneisen parameté?. The BC:A im- terms have opposite signs and thus partially compensate for
purity mode frequencies have been correctly predicted fopne another. However, as the mass-disorder-related shift re-
several lI-V alloys by considering the deformation of an mains weak, the changes are essentially related to the com-
AC, tetrahedron embedded in BC matrix*®5051 At any  pressive straingwhich are higher in Ga ,In,As than in
given compositiorx, the nearest-neighbor distances, as meainAs, _,P,). The latter account for the increasecaﬁ]B when
sured by EXAFS, are an average over different local arrangexg decreases.
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IV. IONIC PLASMON COUPLING e
02 () =X ——(0? — w2, (13)
A. In an alloy p,i\ A [ £(X) L,i T,
In order to discuss the LO frequency behavior, we shall =
now include the long-range effects related to the effectiveVith i=A or B. _
transverse charges:. We are concerned with dynamical =a andEg are the energy levels before coupling; they
charges; they include a static part which moves rigidly withscale almost linearly with. In a schematic picture, one may

the atomic core, and a dynamical contribution which arise£OnSider that short-range effedmass disorder and bond

from the redistribution of the charges as a result of the modistortions agd '0”9'gange effectédynamical charggsare
luded inw?; andQy ;, respectively. The coupling param-

tion of these core¥ They are microscopic parameters which "¢ p.i Ve _
refer to atom<>56 eter V,g depends on the ionic plasmon frequencies,

Let us first consider a binary polar material. In a cubic{2p.i(X). The squared ionic plasmon frequency of the binary
crystal, the short-range restoring fordés are the same for Materialof — w7 ; is weighted by the number of oscillators
LO and TO modes. However, only LO displacements i, and supports a screening eff¢et. ; /e..(x)].
produce a macroscopic ionic polarization. The corresponding The LO frequencies can be easily deduced from the ei-
macroscopic electric fielE, produces an additional restor- genvalues. = . of Eq.(10),

ing force, and gives rise to the LO-TO splittiig -
E.=Epg* VAZ5+Vig, (14)

*
er

—wpu =~ + —E,. (5  with
)73
The ionic plasmon frequen is given b — EatE EA—E
p quend®, is g y Eno= ATER nd Ang= A”EB (15
Net? 2 2
2_ 2 2_
Qp=oi~0T= ©  The eigenvectors can be written as
MEQE
(¢ is the permittivity of vacuum and., the high frequency |Q.)=co¥9|Qn)+sind |Qg), (16)
value of the dielectric function
In the A; _,B,C alloy, one has to consider the dynamical |Q_)=cos#|Qg)—sind|Q,), (17)
transverse charges; , andey g of the A andB oscillators. o
These oscillators contribute to the same ionic polarization: Where ¢ is given by
Pion=NXa€% ,U_ s+ Nxge7 gu \Y
ion AST AYL,A B*T,BYL,B tar(20)=£. (18)
=—gpe.(X) E_, (7) Apg

where e..(x) is the high-frequency value of the dielectric The degree of mixing is given by=|tand|2. The pureA and
function of the alloy. Consequently, the two types of oscil-B characters are only preserved for0 and 1.

lators are coupled by the macroscopic electric field: The coupling between the LO modes is reinforced when
either the coupling paramet#f,z increases, or the energy
) ) NeT A gap A,g decreases. Hence, the higher the ratio value
TOU AT T o7 AU AT Vag/Aag IS, the more strongly the GaAs- and InAs-like LO
HaZoe(X) frequencies repel each other, and the moreAtend B dis-
X (Xp€% AUL AT Xp€% gUL B), (8)  Placements are mixed.

It is worth noting that the LO frequencies, ..(x) de-
duced from Eq.(10) coincide with the zeros of the mean

x
— wZUL,B: _w%BuL,B_ LB() dielectric function defined by
MBEQEL(X
e(w,X)=(1—X)ep(w,X) +Xeg(w,X). (19
X (Xa€F AUL AT XBEF gUL B)- ©) A °

The latter can be written dgcluding the phenomenological

Defining normal coordinates b@,=vuaNau_ o and Qg damping constart)
1

=yugNgu_g, the eigenvalues and eigenmodes for LO

modes then appear as solutions of a coupled two-level sys- Q2 (%)
tem: - el
e(wX)=e,(X)| 1+ D> ——P—— ., (20
i=AB 0T — 0 —iol
EA_E VAB )(QA i
(VAB Eo—E/| Qg =0, (100 with
w(X)=(1=X)ex ot XEw B - 21
Va=p.a(Xa) Qps(e), 1 ex0)= (1) euntxenp D

5 ) The coupling effects will be discussed within the frame of
Ei= w7 +Qp,(X), (12 the dielectric model in Sec. V.
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TABLE II. Parameters used in the calculations. Frequencies are T
given in cm 1, 0.2 | GaAslike InAs—llke//
N /,’
8 T Wimpurity g." ~ \\\\ 9o /// -
S ®
InAs 239.8 218.8 237.7 12.3 Ng \\ > ® [}
GaAs 291.9 268.6 241 10.9 ?“ 0.1 r ¥
~ 4 ~
7/
8Reference 46. g // \\
~— // \\\ )
7 N
B. In Ga,_,In As oo LN
We now apply the model to Ga,In,As. E,, Eg, and 00 02 04 06 08 10

Vg depending orx, according to Eqs(11)—(13). As dis-
cussed in Sec. lll, mass disorder and bond distortions affect £ 7. compositional dependencies af(, — w2 p)/w? 5 and
the short-range restoring forcés; ;, and hencew? ;. The (02 _—w? )l experimentcircles and squares, respectively
linear dependence @67 , and w% g on x (between their re-  and calculation with couplingsolid line) and without coupling
spective binary material and impurity mode valubas been (dashed ling

accounted for in the calculation &, andEg.

It is known that strain may also modifgy (see, for in-  positional dependencies of édsand sifé are reported in
stance, Refs. 53, 54, and )56fhe TO and LO Grneisen  Fig. §c). The mixing between thé\ and B characters is
parameters  indeed  differ: yrcaass1.38,7 caas  important in the In-rich compositional rangereaches 60%
=1.23,97 nas=1.21, andy, jnas=1.06>>>* The changes for x=0.98. The upper (lower) frequency mode
of e%i (i.e., wE,i_w%i) due to the local bond distortions |Q+> (|Q7>), however, always preserves its GadaAs)
have also been included in the calculations. However, thegominant character.
remain weak: they do not exceed2.7% for GaAs and The GaAs- and InAs-like LO frequencidie., VE, and
—1.7% for InAs. If one excepts these very small correctionsE) are reported in Fig. 4solid lineg. The calculated
we have assumed that the dynamical chaefes andeTs  frequencies are in good agreement with the experimental
do not depend on composition. The values used in the caljata over the whole range of composition. No adjustable
culations are reported in Table H..(x) has been calculated parameters have been used in the calculation. The LO fre-
according to Eq(21). . quencies obtained when disregarding coupling, V&, and

The compositional dependencies dxg, Vag, and |[E; are also reporte(dashed lines Due to the coupling,
Vag/Aag in Gay_,InAs are reported in Figs.(6) and 6b).  the GaAs- and InAs-like LO frequencies repel each other.
Vag reaches its maximum value in the middle of the compo-Hence the GaAs-like LO-TO splittingupper frequency os-
sitional range, and vanishes a0 and 1.A,p decreases cillator) is increased and the InAs-like LO-TO splitting
rapidly with increasingx, and becomes even smaller than (lower frequency oscillatgiis decreased. The bowing of LO-
Vag. Strong coupling occurs wheWiag/Aag>1. The com-  jike frequencies is well accounted for by the calculation. The

strong coupling mainly originates in the small gap between

—— JVEA and JEg (dashed lines The strong couplingFig. 6)
(@ accounts for the persistence of a high value of the GaAs-like
'T; 1 A ] TO-LO splitting in In-rich samples. At the impurity limit for
" a given oscillator (= A or B), the LO-TO splitting vanishes,
= Vas sincex; =0 (and not becauseT ; vanishes, as stated in Ref.
of ' 4 57).
Pl aama 7 Let us now discuss the oscillator strend® behavior.
5 ® 1 For binary materialS; is given by
2 b VAB/AAB E
2
Lt ' §= et (22
oL . T
1o} 1
©  cos’® and is hence proportional te’T*f [Eq. (6)]. The composi-
os | ] tional dependences of of , —wf)/wi, and ({ _
sin0 // —w%B)/w%B are shown in Fig. 7. Our calculation compares
/ well with the experimental data. The coupling causes oscil-
00 ] lator strength transfer, as shown by the bowing with respect

FIG. 6. Compositional dependencies @ Aag and Vg, (b)
Vag/Aag, and(c) cogd and sifd. The dashed line ixc) indicates

the degree of mixing-.

00 02 04 06 08 10

X

to the dashed lines in Fig. {€alculated disregarding cou-
pling, i.e., setting/,g=0). S, is increased to the detriment
of S_. The A and B contributions to the ionic polarization
field are in phase for the upper frequency LO mode and in
antiphase for the lower-frequency ofte.
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We have assumed that the dynamical chargleg and h
et g do not depend on compositi¢axcepting the very small (R; Rj>w:ﬁ[”(“”T) +1]im{a;}, (24)
changes due to the microscopic strainGood agreement ) .
with the experimental datéFigs. 4 and Y has been obtained Wheren(e,T) is the Bose population factor, and, the
within this assumption. Hence, unlike what was inferred inmatrix elements of the generalized Nyquist susceptibility de-
Refs. 17 and 58, the oscillator strength transfer is not relatefined by
to dynamical charge transféirom the In to Ga ions One 3
indeed has to keep in mind that, due to the coupling and R:E i E (25)
mixing (Fig. 6), S, cannot be assigned solely to tAescil- el
lators, andS_ to the B oscillators. In particular, the upper

(I0\2Ner) l;requency oscillator strength is not proportional to andF, andF 3 are the mechanical forces acting on oscillators
* * . .

eT’A(eTJ?)' According to our C?ICUIat'OnS’ the LO frequency A andB, respectively. They;; matrix elements are deduced
and oscillator strength behaviors are governed by the cog thé following se.t of ec||JuationS'

pling effects.

F; are generalized forces;; is the free polarization field,

—Na€T aUa—NgeT gug— e E=Fy, (26)
V. RAMAN INTENSITIES

. ) 5
A. In an alloy MAUAT aYAUAT a@T AUs— €T AE=F, /Ny,  (27)

We calculate the Raman spectra within the framework of - . 2 x =
the dielectric model developed by Hon and Faust to account KeUs+ ueYpUs+ upwr gUs— €TsE=F3/Ng, (28
for Raman scattering by coupled LO-plasmon modes irwhere N;=Nx;; .. accounts for the high-frequency elec-
doped semiconductore.In our case, the Raman response istronic response. We factor odﬁ in Eq. (23) when calculat-
due to the electronic susceptibility modulation by the relativeing the Raman cross sections. The ratio between the electric
displacementsi, and ug (deformation potential coupling field and atomic displacement modulations is given by (

and the macroscopic electric fiell(electro-optic coupling =A or B)
Following the notations of Ref. 59, these three types of
modulations are noted®; (R;=E, R,=u,, and R;=ug) dy ;i /Liw‘zl'i
and the corresponding susceptibility derivatiggs The Ra- —=—"C, (29
man cross section is given de eri
3 3 with
I(w)ocizl jgl didj<RiRj>wv (23 Ci:XiCiOv (30)

where the brackets describe thermal power density. ThwhereC? is the Faust-Henry coefficient of the binary mate-
fluctuation-dissipation theorem allows the determination ofrial i. For the Raman scattering by LO modes, one finally
the spectral densities obtains

1 w%,A w12',B
IL(w)OC[n(w)-f-l]lm[ o 1+| 2CA—Ca—— | L4+| 2Ce—CE——| L
’ pl,A pl.B
QZIBw'ZI'A Q2|/-\‘1’$B
—| 2CACo+ == CA+ —=—=CE| LuLs|{ (31)
pl,LA®T,B pl,.B ®T A
|
wheree(w,X) is the dielectric function defined by EQO), B. In Ga; _«In,As
and Q,ZJH depends orx; according to Eq.(13). £; is the _ .
normalized Lorentzian response of an oscillatdk= (1 The calculations were performed using the parameters re-

—w?lw? —iTw/w?,)~ . For TO phonons, a polariton term ported in Table Il. The Faust-Henry coefficients of GaAs and

(kc/w)? has to be included in E426). Because of this term, INAs areCg,,= —0.55 andC{, 5= —0.53°***Once again,

in backscattering geometnk¥ wy/c) the contributions to alinear interpolation fom?r'A andw%B between their respec-
the TO Raman intensities due tE?),, (Eu,),, and tive values in the binary materials has been used in order to
(Eug),, can be disregardeti.Consequently, one obtains account for the effects of mass disorder and bond distortions.
The changes 0é%; (i.e., w7 ;— %) due to the local bond
w2 5 w2 5 distortions were included in the calculations. Notice that, un-
> Lt CéT‘LB . (32 like the TO frequencies, the LO frequencies fer <1 are
pl,A pl,A not input parameters but are derived from our model.

I+ [n(w)+1]Im{ C3
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05 A A 05 FIG. 9. InAs-like/GaAs-like LO intensity ratio: experiment
A (dot9 and calculation with couplingsolid line) and without cou-

pling (dashed ling

It is not straightforward to compare the calculated TO

0.1 0.1 spectra with the experimental data. The Raman spectra re-
210 230 250 270 230 250 270 290 corded on(110 or (111) surfaces display indeed strong
WAVE NUMBER (cm™) DATO features. Hence the long-wavelength TO contribu-

tions cannot always be identified with a good accuracy. In
FIG. 8. Calculated@ TO and (b) LO peak intensities. The particular, the InAs DATO and long-wavelength TO features
dashed lines irfb) indicate the behavior expected in an uncoupledare superimposed due to the weak TO dispersion. Neverthe-
scheme. Calculate@) TO and(d) LO Raman spectra: the compo- |ess, one can verify that the integrated intensities of the TO-
sitions are(from bottom to top x=0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, related feature§TO-+DATO) scale almost linearly witlx.
0.8, 0.9, and 0.99. Intensities are given in arbitrary units. Simulations of Raman spectra of doped and undoped al-

) loys were previously reported by Mintairov and
The LO and TO spectra calculated according to E&8 4 \yorkers3”-%83These authors used a molecular model of

and(32) are reported in Fig. 8. Unlike the TO intensities, the yhe glectronic polarizability in the alloy, which is equivalent
LO ones do not scale linearly with (Fig. 8). to the model we present here. The frequencies deduced for a
The facFor In{1/e(w)} contains the res%r;ant effects for given composition from the experimental Raman spectra
LO modes: resonances are maxma(E_f-)w. Interference \yere systematically used as input parameters in their model.
effects which are included in the term in brackets in &1) We have shown how this can be avoided, and how the Ra-

play only a minor role here. Due to the small phonon lineman spectra can be predicted whatever the composition.
broadeninga few cni %) and the gap betwean? , andw? g
which is preserved over the whole compositional raffgg.
5(a)], the overlapping between the two spectral resporises
and . of the oscillators remains very we&kConsequently, We have presented a simple model which describes the
the LO spectra calculated neglecting the interference termptical-phonon behavior in Gayln,As. We have shown
[i.e., usingl «Im{1/e(w)}] instead of Eq(31) are similarto  how the optical-phonon frequency and Raman intensity be-
the ones reported in Fig. 8. In particular, the frequencies ohavior can be derived from a small set of parameters. In
the LO response maximums in E@1) coincide with the addition to parameters related to the end-member crystals,
frequencies reported in Fig. 4. one solely requires the impurity mode frequencies. The latter
In order to compare our model with our experimentalcan also be estimatd@ith a satisfactory accuragyrom the
data, we now consider the ratio between the GaAs and InAsnd-member crystal characteristigghonon dispersions,
like LO intensities) | jhad! 1 caas- The intensity ratio calcu- Gruneisen parameters, and lattice constafsc. Il)]. We
lated with (full line) and without couplingdashed lingare  have intentionally avoided any fit to our experimental data.
reported in Fig. 9. The agreement between the model oHence the model presented here is able to predict the optical
coupled oscillators(full line) and the experimental data phonon behavior in alloys. It has been shown that the
(dot9 is very good over the whole compositional range. Theoptical-phonon behavior results from three main effe(ts:
upper frequency oscillatofwhich coincides with the sym- mass disorderii) microscopic strains, andii) coupling by
metrical mode in the two-level scheingupports the highest the ionic polarization field.
efficiency for modulating the electronic polarizability. One  The TO behavior is essentially determined by local effects
observes the reinforcement of the GaAs-like oscillator inten{i) and (ii) (similarly to what occurs for optical phonons in
sity to the detriment of the InAs-like one. The GaAs-like LO covalent IV-IV material&43. Owing to their frequency gap,
intensity remains higher than the InAs-like LO one, umtil the InAs- and GaAs-like characters of the TO modes are
exceeds 0.98. The peculiar Raman intensity behavior ipreserved. The frequency shifts due(ipcan be estimated
Ga _,In,As is now accounted for. The intensity transfer from the TO dispersion curves. The microscopic strains sys-
originates in the coupling of the GaAs- and InAs-like oscil- tematically reduce the frequency gap: the uppéower-)
lators. One deals unambiguously with a two-mode behaviorfrequency mode experiences tensileompressive strain

VI. DISCUSSION AND CONCLUSION
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which lowers(increasekits frequency. ing their Raman intensities, the departures from the typical
Striking similarities exist between the TO frequency two-mode behavior in Ga,In,As can be explained as fol-
schemdFig. 5@] and the bond scheme obtained by EXAFSIlows. (i) It is due to the LO coupling by the ionic plasmons;
[Fig. 5(c).] The InAs and GaAs mean bond lengths also ex-this coupling is very strong in In-rich samples and causes
hibit a bimodal or two mode behavior: they are close to theiimportant mixing. (ii) For low In contents, the InAs-like
respective values in the binary materials and do not obeynodes are band modes; this may explain why InAs-like fea-
Vegard's law(see Ref. 4Y. This suggests that Raman scat- tures are hardly detected and resolved in the Raman or IR
tering can be used as a reliable probe for local bond distorspectra of Ga-rich samples.
tions in alloys. Raman scattering provides obviously interesting informa-
To account for the LO behavior, one has to consider coution on electron-phonon interactions in alloys. From both
pling (iii ) by the long-range ionic polarization field, in addi- practical and fundamental points of view, electron-phonon
tion to (i) and (ii). Unlike (i) and (ii), (iii) cannot be treated interactions are of particular interest; they have to be consid-
as a perturbation. We have proposed a simple modedred in transport measurements, phonon-assisted lumines-
(coupled two-level systepwhich accounts for the observed cence or tunneling, cyclotron resonance, etc., see, for in-
nonlinear behavior of the LO frequencies and Raman intenstance, Ref. 15 and references therein. In particular, due to
sities. Strong coupling occurs when GaAs- and InAs-like LOthe coupling effects discussed here, one expects thdi€hno
frequencies are or become close. Microscopic strains lead twwoupling to InAs-like modes to be much weaker than to
a systematic reinforcement of the LO coupling, as they reGaAs-like modes?® This can be demonstrated by means of
duce the frequency gap. The oscillator strength and intensitiRaman scattering. The resonant Raman-scattering measure-
are reinforced for the upper frequency motgymmetric ments we performechot reported hepeon Gg ggNng g5AS in
state—in phase whereas they are screened for the lower-the vicinity of theE; transition do show that the GaAs-like
frequency modeantisymmetric state—out of phaseThe LO Frohlich coupling constant is indeed larger than the
relative changes in the oscillator strength or Raman intensinAs-like LO one.
ties are much larger than the relative frequency shifts. In the The model we applied to Ga,In,As can obviously be
light of the present work, it is shown that dynamical chargeextended to otheh;_,B,C alloys. For instance, the LO one
transfer(which is obviously likely to occyrdoes not govern mode behavior in Ga ,Al,N has been accounted for re-
the optical phonon behavidunlike it has been inferred in cently within the frame of the dielectric model presented
previous work&"°8. It is important to notice that, due to the here!* The optical-phonon behavior can be predicted by
mixing, the LO modes cannot be assigned to a given oscilsimply considering physical parameters of the end-member
lator, and hence to a given transverse effective charge.  crystals. Even if some complexities of real systems have not
One deals unambiguously with a two-mode behavior inbeen considered, the model presented here captures real and
Ga, _,In,As for both the TO and LO frequencies. Concern-simple effects.
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