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We report the results of a study, by infrared and Raman spectroscopy, of the long-wavelength

(q ~ 0) optical phonons in the alloy system Ga~ Jn„P. We find one-mode behavior in this di-
atomic alloy system. Fine structure is also observed and is attributed to disorder-induced
one-phonon processes involving shorter-wavelength phonons.

I. INTRODUCTION

In this paper, we report the results of a study
of the long-wavelength (j= 0) ootical phonons in
III-V alloy system Ga, „In„P. The emphasis here
is on the number of observable optical-phonon
modes in the alloy samples and on the variation of
the mode frequencies with composition. The fre-
quencies of the TO and LO phonons were obtained
from far-infrared reflectance and Raman-scatter-
ing spectra. In each of the alloy samples, the
spectra indicate one dominant band with weaker
structure occurring at frequencies intermediate
between the TO and LO components of the "main"
resonance. The TO-phonon frequency of the
dominant mode varies linearly with composition,
while its oscillator strength is approximately con-
stant. We believe that the results presented here
represent the first example of one-mode' behavior
in a III-V alloy system. For the other III-V alloys
studied to date, workers have reported either two-
mode behavior over the entire composition range,
as in GaP& „As„' InP& „As„, and Al& „Ga„As,
or two-mode behavior over a part of the alloy range,
as in Ga, „In„Sb, s Ga, „In„As, ' GaAs, Pb„, '
and InAs, Pb„.

In Sec. II we discuss crystal growth, composi-
tional determination, sample preparation, and the
infrared and Raman spectra measurements. Sec-
tion IG contains the experimental results: the
infrared and Raman spectra, and the results of a

Kramers-Kronig (KK) dispersion analysis of the
infrared data. Section IV contains a discussion of
the results, emphasizing the behavior of optical
phonons in this alloy system as it is related to the
physics which governs the observability of impurity
modes near x =0 and x =1. The principal features
are illustrated by a comparison of Ga, „In„'P,
Ga, „In„As, and Ga, „Ingb.

II. EXPERIMENTAL AND ANALYTICAL PROCEDURES

A. Crystal Growth and Sample Characterization

The samples of Ga, „In„Pused in these experi-
ments were grown by a solid-liquid-solid technique,
a regenerative solution growth process. The pure
compounds GaP and InX' were the starting materials
and were arranged in a vertical sandwich structure
(GaP: InP: GaP) within a BN crucible. The crucible
together with sufficient phosphorous to provide a
20-atm overpressure was sealed within a quartz
ampoule in vacuo. The ampoule was heated and
allowed to equilibrate at a preselected temperature.
Crystal growth was obtained either by applying a
small temperature gradient to the otherwise iso-
thermal ampoule or by slowly lowering the ampoule
into a cooler zone of the furnace. The composition
of the resulting crystals was determined by the.
temperature of equilibration of the ampoule and the
shape of the pseudobinary diagram for the Ga-In-
P ternary system.

Ga& „In„P layers grown by this technique were
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the optical and acoustical branches of GaP has been
confirmed by neutron scattering. " Within the
theoretical framework of models based on mass-
defect formulations and nearest-neighbor forces,
a gap mode does not occur in a diatomic crystal
when a heavier mass is substituted for the heavier
component of the host crystal. This result has
been derived for both linear diatomic chains' and
three-dimensional lattices. " Since the reduced
elastic constants" and effective charges" of GaP
and InP are almost equal, one would not expect
this conclusion to break down due to differences in
effective force constants.

For the other endof the system x —-1.0, Lucovsky,
Brodsky, and Burstein' have developed a model
for estimating local-mode frequencies in real crys-
tals. Their calculation predicts that the impurity
mode of Ga in InP falls at 330 cm ' or at the center
of the reststrahlen band, and as such is not observ-
able as a distinctly separate impurity mode. Thus,
the one-mode behavior reported here is in accord
with the predictions of the criterion based on the
observability of impurity modes near x = 0. 0 and
x=1.0.

The behavior of the impurity modes near x =1.0
in the systems Ga& „In„Sb, Ga& „In„As, and Ga, „
In„P illustrates the role of reststrahlen bandwidth
in determining local-mode behavior. The mass
defect (= 0. 39) associated with the Ga impurity
mode is the same for all three systems. The
reststrahlen bandwidth (mLo —&@To) increases from
12 cm ' in InSb to 23 cm ' in InAs, and to 44 cm '

in InP. Local modes, above the optical-phonon
branches, occur for the Ga for In substitution at
199 or 8 cm ' above ~« in InSb, and at 240 or 2

cm ' above &Lp in InAs. These values are in

good agreement with the predictions of local-mode
theory. '6 For each of the three systems (Ga: InSb,
Ga: InAs, and Ga: InP) the impurity-mode frequency
is calculated to be 20—25 cm above Tp.
Since the reststrahlen bandwidth in InP is substan-
tially greater than 25 cm ', no local mode occurs in
that host. On the other hand, the reststrahlen
bandwidths of InSb and InAs are, respectively,
smaller than and approximately equal to the critical
value of 20—25 cm ', so that local modes are pro-
duced in these two systems.

The results of this study on Ga, „In„P have been
interpreted in the manner proposed by Lucovsky,
Brodsky, and Burstein' which had previously been
used to interpret the optical-phonon behavior in
Ga& „In„Sb6 and Ga& „In„As."Other authors have
interpreted results on similar alloy systems in
terms of the modified random-element isodisplace-
ment model (MREI). ' The MREI model predicts
one-mode behavior for Ga, „In„P in accord with
the results presented here. However, it fails to
predict the behavior in Ga& „In„As and Ga, „In„Sb
as well as some other III-V alloy systems. '

The second point concerns fine structure in the
reststrahlen bands of alloy crystals. This occurs
in some but not all mixed III-V systems, as well as
in other systems. Specifically, considerable fine
structure has been reported in both the high- and
low-frequency bands of GaP, „As„,"whereas
there is a complete lack of fine structure in other
systems, e. g. , Ga, „In„Sb.s Still other systems,
Al, „Ga„As'and Gal „In„As,"show some weak
structure. Verleur and Barker have used a har-
monic model in discussing the reflectance spectra
of GaAs& „P„. In this model the significant features
of the spectra —the two-mode behavior with con-
siderable fine structure —are a result of the exis-
tence of five distinct molecular complexes with
significant clustering of like anions. An alternative
explanation for the fine structure in GaAs~ „P„,
which is more easily reconciled with other two-
mode III.-V systems in which no fine structure is
reported, e.g. , Ga& „In„Sb, has been put forth by
Strahm and McWhorter 's They attributed the weak
structure in GaP, „As„ to disorder-induced one-
phonon transitions, specifically to zone-boundary
optical phonons. This is in accord with the ob-
servation that the strength of disorder-induced
transitions depends on the phonon density of states,
and that these are usually highest in the vicinity
of the zone-boundary phonon frequencies. The
situation which enhances the observability of
disorder-induced transitions via ir reflectance
spectra is one in which the zone-boundary phonons,
in particular the zone-boundary LO phonons, have
frequencies in excess of u&To (q =0). This situa-
tion is likely in crystals with wide reststrahlen
bandwidth, and occurs in GaP. " The structure in
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the high-frequency branch in GaP, „As„ is accounted

for in this way by Strahm and McWhorter. ' The
"in-band" frequencies we observe in the x =0. 18
and x =0. 35 samples are very close to the fre-
quencies reported in alloys of GaP, „As„with
similar values of x, i.e. , As concentration, and

suggest that the structure reported here in Ga, „
In„P can also be attributed to disorder-induced one-

phonon transitions involving zone-boundary LO

modes. The absence of any structure in the Ga, „In„
Sb system is then explained by the fact that the zone-

boundary optical phonons (both TO and LO) lie
below T& at q = 0. This is true for InSb' and

inferred for GaSb. 0 The behavior for the two ar-
senide systems is intermediate, suggesting that
the zone-boundary optical phonons lie just below

To at q = 0; this is indeed the case for GaAs where
the phonon-dispersion curves have been obtained by
neutron scattering. ' The structure, which is pres-
ent as an asymmetry on the low-energy side of the

TO, modes in the x =0. 18 and x =0.35 samples, is
also attributed to disorder-induced one-phonon
transitions. Here the temperature dependence

supports a one-phonon mechanism. Asymmetries
noted in line shapes in simple diatomic crystals,
e.g. , GaP and A1As, 3 are attributed to multipho-
non processes and diminish in intensity as the
temperature is decreased.

V. SUMMARY

We have measured the infrared and Raman spectra
of the Ga, „In„P system and found that the dominant

behavior of the optical phonons is that of a one-mode

system. One-mode behavior has not been previously
reported for any other simple alloy system in which

the end-member components have nonoverlapping
reststrahlen bands, nor for any other III-V alloy
system. Fine structure is also observed which we

here attribute to disorder-induced processes in-
volving zone-boundary (or, more generally, shorter-
wavelength) pho none.
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