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Dispersive Character of Optical Phonons in GaAIAs Alloys
from Raman Scattering in Superlattices
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We demonstrate for the first time the well-defined dispersive character of optical phonons in III-V
mixed crystals. Raman scattering on short-period GaA1As/AIAs superlattices evidences several modes
confined in the alloy layers. This determines experimental points on the bulk-alloy phonon dispersion
curves in agreement with the predictions of a coherent-potential-approximation calculation which takes
into account both disorder and superlattice eAects.

PACS numbers: 63.20.Dj, 63.50.+x, 78.30.Fs, 78.65.Fa

We prove experimentally and theoretically for the first
time that in III-V mixed crystals exhibiting an optical-
phonon two-mode behavior, ' these modes, although orig-
inating from disorder effects, exhibit a well-defined
dispersion. The zone-center properties of these vibra-
tions have been extensively studied by Raman scattering
on bulk alloys, particularly on Ga& —„Al As. The most
recent investigations ' have considered the asymmetric
profile of the bulk-alloy Raman lines. Parayantal and
Pollak obtained an excellent description of these profiles
using a spatial-correlation model. In this analysis, the
broad zone-center spectra of the alloys result from the
disorder-induced relaxation of the q =0 wave-vector
selection rule which applies in pure compounds. This
strict selection rule was replaced in Ref. 2 by a Gaussian
distribution and the asymmetric profile of the GaAs-type
lines thus originates in the downwards dispersion of the
LO phonons in pure GaAs. On the other hand, we previ-
ously obtained a good description of this asymmetry us-
ing a different approach, namely, an alloy lattice-
dynamics calculation based on the coherent-potential ap-
proximation (CPA), which we will describe further
below. Using either description (spatial-correlation or
CPA model), one should predict the persistence of some
downwards dispersion of the optical modes in the Ga-
A1As alloy. Up to now, however, there has been no ex-
perimental information on the well-defined character nor
on the shape of the dispersion of these alloys optical vi-
brations.

As the usual method of neutron scattering appears
very dificult to apply on such alloys, which unfortunate-

ly are not available as homogeneous large samples, we

chose to insert the investigated Gal „Al„As alloys into a
periodic GaAs/Ga ~

—„Al As superlat tice. Indeed it is

well known that for pure compound superlattices like

(GaAs) „~/(A1As) „2, Raman backscattering spectra
display several peaks associated to longitudinal-optical
vibrations (LO) confined in the individual layers. Their
frequencies correspond to the bulk LO ones at different

finite wave vectors:

kt,"=ptr/(n ( 2+ 1 )a,
where a is the monolayer thickness and n& 2a are the
respective thicknesses of the GaAs and A1As layers in
the supercell. This allows one to obtain from a single
Raman scattering experiment several points on the
dispersion curves of the bulk constituents. This analysis
is only valid when the allowed optical bands of the two
constituents are well separated in frequency, and when
interfaces are abrupt.

On the other hand, our lattice-dynamics calculation,
based on a shell model and a CPA treatment of disor-
der, predicts the following: (1) For any given composi-
tion x, the alloy exhibits an optical-phonon two-mode be-
havior with two zone-center LO frequencies too, (x) and
coA~(x) which lie, respectively, somewhat below the pure
GaAs and A1As zone-center ones. (One gets similar re-
sults for TO modes, which, however, will not be con-
sidered in this Letter. ) (2) One can define ' from the
CPA spectral density of state (SDOS) thick, but well-
defined dispersion curves for both modes, which both
display a downwards variation as the wave vector in-
creases from the zone center. In Fig. 1 we plot the cal-
culated dispersion curves along the superlattice axis of
the GaAs-type LO phonon in GaAs, Gap85Alp l5As, and
Gap 7Alp 3As, deduced from the energy of the maximum
SDOS at each wave vector. For x=0.15, we also indi-
cate the thickness of the dispersion curve through a
hatched surface limited by the half-maximum SDOS en-
ergies. This thickness at zone center reproduces well the
asymmetric line shape observed on bulk alloys. (3) The
bandwidth of each mode roughly scales with the concen-
tration of the corresponding cation, as is also apparent in

Fig. 1. As a consequence, the GaAs-type band in the al-
loy is well separated in frequency from the pure A1As
one and one can expect, and we shall actually prove it,
that the preceding analysis [Eq. (I)] can also be applied
to the alloy case. On the contrary, the AlAs-type band
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FIG. 1. Calculated dispersion curves along the superlattice
axis of the GaAs-type LO phonon in bulk Gal — Al„As mixed
crystals, with x 0, 0.15, and 0.30. For x=0.15, the hatched
surface reAects the thickness of the dispersion curve, as ex-
plained in the text. Open circles, solid circles, and open
squares correspond to experimental frequencies, respectively, of
samples A, 8, and C, plotted according to Eq. (1). (Ga As),o/(A(As)

overlaps the pure AlAs one and the corresponding super-
lattice modes are propagative and will not be considered
in what follows.

We performed Raman scattering experiments on three
samples grown by molecular-beam epitaxy: a reference
sample (GaAs)~p/(AIAs)4 (sample A) and two others
containing alloys, (Gao s5Alo ~5As)s/(A1As)4 (sample 8)
and (Gap7pAlp3pAs)s/(AIAs)4 (sample C). We chose to
decrease the alloy thickness when the Ga content de-
creased to roughly compensate the decrease of the
GaAs-type bandwidth by an increase in the wave-vector
sampling periodicity x/(n& 2+1)a according to Eq. (1).
We show in Fig. 2, spectrum a, the Raman spectrum in
the GaAs LO frequency range obtained on sample A in
the z(x,y)i configuration, using the 514-nm line of an
Ar+-ion laser. We indexed the lines with the associated
values of p lEq. (I)], which are odd as they correspond
to the allowed 82 modes in this configuration. The
even-index modes are allowed in the z(x, x)z con-
figuration but remain rather weak except for some
specific resonant conditions. " We also plot in Fig. 1 the
experimental results c0(k~ ) compared with the bulk
GaAs dispersion curves deduced from our shell model,
after adjusting the experimental zone-center frequency,
and we conversely plot the predicted frequencies co(k~)
on the experimental spectrum a in Fig. 2.

We observed some similar structures on samples 8 and
C in the perpendicular configuration, as illustrated by
Fig. 2, spectra bi and c (spectra recorded at 476-nm in-
cident wavelength). Furthermore, we observed on sam-
ple 8 some weaker signal for the 514-nm line in the
z(x,x)z configuration (see Fig. 2, spectrum bll). The
spectrum actually displays two maxima at frequencies
between those of lines 1, 3, and 5, which we label 2 and
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4. We assign these structures to Ai confined modes
(even p index) which become observable due to some
unidentified resonance, and lines 1, 3, and 5 to the same
confined 82 modes as in sample A. However, this assign-
ment is somewhat uncertain for line 5, which lies at fre-
quencies close to the GaAs TO frequency (see Fig. 2,
spectrum a). Indeed the GaAs TO branch, being rather
flat, is hardly sensitive to confinement and alloying. In a
similar way as for sample A, we plot in Fig. 1 the experi-
mental frequencies ro (k~ ) with respect to the CPA
dispersion curves and conversely in Fig. 2 the predicted
confined-alloy frequencies in comparison with the spec-
tra. We think that, when considering the experimental
uncertainties on the thickness of the layers and the
abruptness of the interfaces, the agreement is quite good
except perhaps for line 5 in sample 8.

Let us now account theoretically for these experimen-
tal results. The simplest description one can think of is
to describe the superlattice by the periodic stacking of
two layers, one which is the pure AlAs compound and

FIG. 2. Raman spectra in the GaAs-type frequency range
obtained at liquid-nitrogen temperature in the z(x,y)z con-
figuration on sample 2 (spectrum a), sample 8 (spectrum bJ ),
and sample C (spectrum c), and also in the z (x,x)i
configuration on sample 8 (spectrum bll). The line labelings
are used in the text, while the arrows above each labeled line
point to the corresponding calculated frequencies. Note that
the higher-frequency line labeled GaAs originates from the
buffer layer.
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FIG. 3. Spectral density of states (SDOS) of the GaAs-type
LO vibrations (full line) and the associated Raman intensity
(dashed line), calculated at a vanishingly small wave vector
along the superlattice axis. We used the parameters of sample
B and the bulk CPA mass in the confined alloy layer.

FIG. 4. Spectral density of states (SDOS) of the GaAs-type
LO vibrations calculated at vanishingly small wave vector
along the superlattice axis with the parameters of the model
sample (Gao7Alo3As)4/(A1As)2. We used either the bulk CPA
mass (full line) or the superlattice CPA ones (dashed line).

the other which is made of the bulk self-consistent CPA
alloy. The latter consists of a fictive ordered crystal
which depends only on a frequency-dependent isotropic
complex mass assigned to the randomly occupied cation
sites. This mass is self-consistently determined when one
assumes the force-constant matrix to be independent of
the site occupation and if one demands that a given ran-
dom occupied site imbedded in the CPA eff'ective medi-
um produces no extra scattering on the average. Then,
using the Kanellis method, ' one can easily build up the
superlattice dynamical matrix, whose associated Green's
function leads to any spectral quantity one is looking for.
We plot in Fig. 3, for sample B, the longitudinal spectral
density of states in the GaAs-mode frequency range for a
very small wave vector parallel to the superlattice z axis.
As expected, this quantity exhibits eight maxima, associ-
ated to the eight confined modes, at frequencies in agree-
ment with the predictions of Eq. (1). This fully justifies
our previous comparison between the experimental spec-
tra and the bulk CPA dispersion curve. Furthermore, we
have computed an estimate of the frequency-dependent
Raman intensity, using the bond-polarizability model '
applied to the longitudinal eigendisplacements with a
very small wave vector along the growth direction. We
assumed no spatial variation for the model coefficients.
The result is also plotted in Fig. 3. One gets three struc-
tures, associated to lines 1, 3, and 5, which qualitatively
reproduce the relative experimental intensities, but
which are far less resolved than the experiment.

One can, however, wonder whether the superlattice
confinement would aff'ect the alloy average lattice dy-
namics. Indeed the CPA self-mass is deduced self-
consistently from the lattice dynamics it produces and,
already in a pure GaAs/A1As sample, the GaAs-type
modes are strongly aAected by the confinement. Strictly

speaking, a computation of the alloy superlattice lattice
dynamics should account for the tetragonal average sym-
metry and for the nonequivalent randomly occupied cat-
ion sites in the supercell. In the case of sample 8 (eight
alloy monolayers), taking into account all the sym-
metries of the structure, one should determine self-
consistently four "longitudinal" and four "transverse"
CPA masses, associated, respectively, to displacements
along the growth axis and in the layer plane. This is a
formidable task and very difficult to achieve. To get a
qualitative feeling of the influence of the confinement on
the disorder-induced Raman linewidth, while remaining
within the abilities of a vectorial computer, we chose to
study a model superlat tice: (Gao 7Alo 3As) 4/(A1As) 2.
One thus has to determine only four independent CPA
masses, while retaining the main physics.

The results are illustrated in Fig. 4 where we plot the
exact longitudinal SDOS for vanishing wave vector along
the superlattice axis in comparison with the one obtained
assuming the alloy layer to be bulklike. These longitudi-
nal SDOS's are essentially similar except at high fre-
quencies around the p=1 mode, where the "exact" cal-
culation leads to a much better defined line. This line
narrowing originates from the fact that the total density
of states around co(k~) is very small due both to con-
finement and to the electrostatic-induced anisotropy. '

Consequently, the alloy Auctuations can hardly scatter
elastically a CPA mode at this energy due to the lack of
final states. This is mathematically confirmed by the
smallness of the imaginary parts of both the longitudinal
and transverse CPA masses which actually become large
only for frequencies less than ro(k2). We think that this
explanation of the narrowing of the p=l line is general
and can thus be applied to more complex structures like
those we experimentally studied. This full CPA calcula-
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tion thus further validates the use of Eq. (1) for predict-
ing the frequency of the modes confined in the alloy lay-
er and moreover explains why the experimental p =1 line
is quite narrower than predicted by the naive model.

In conclusion, we demonstrated both experimentally
and theoretically that GaAs-type optical modes in the
Ga& Al As mixed crystal exhibit a well-defined down-
wards dispersion, in agreement with the predictions of
the CPA. When the alloy is inserted in a superlattice,
the frequencies of the confined modes can be safely ac-
count for using a clamped-vibrating-string analogy [Eq.
(1)]. However, the confinement and the tetragonal an-
isotropy of electrostatic origin make the first confined
mode less sensitive to disorder and thus better defined
than one would naively expect.
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