
VOLUME 59, NUMBER 16 PHYSICAL REVIEW LETTERS 19 OCTOBER 1987

Anisotropy of Optical Phonons in GaAs-AlAs Superlattices
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Phonon dispersion curves of GaAs-A1As superlattices for various directions of propagation are exam-
ined with a detailed microscopic model which takes into account the long-range Coulomb interaction.
The anisotropy of the long-wavelength optical modes and its relation with the interface modes are stud-
ied. Our theoretical predictions are in accord with the experimental data.

PACS numbers: 63.20.Dj, 78.30.FS

Recently, extensive studies of phonons in GaAs-A1As
superlattices have been reported. ' Although the mea-
sured phonon frequencies for acoustical modes are well
described by several theoretical models, the existing ex-
perimental data for optical modes are less well under-
stood. The anisotropy of optical phonons in materials
with wurtzite structures was previously observed.
Similar anisotropic behavior of the long-wavelength prin-
cipal optical phonons in GaAs-AlAs superlattices was
observed by Merlin et al. ' They found that these princi-
pal optical modes exhibit two distinct frequencies when

they propagate along the growth direction and along the
in-plane direction (parallel to the interface). Their re-
sults are consistent with the theoretical predictions based
on Rytov's macroscopic model. ' In superlattices, there
also exist some interface modes'' which reduce to the
principal optical modes with in-plane propagation in the
long-wavelength limit. Such interface modes have been
observed by Sood et al. ' In this Letter we report
theoretical calculations of phonon dispersion curves of
GaAs-AlAs superlattices based on an eleven-parameter
rigid-ion model. ' ' We show that the anisotropic be-
havior of optical modes in superlattices can be well ac-
counted for by our microscopic model. By examining the
phonon dispersion curves for wave vectors parallel to the
interface, we find that the in-plane optical modes (due to
anisotropy) observed by Merlin et al. ' and the interface
modes observed by Sood et al. ' are closely related.

The eleven-parameter rigid-ion model ' ' has been
used successfully to calculate phonon dispersion curves in

bulk materials. Here we use this model to describe su-
perlattices. For convenience of later discussion, we de-
fine an atomic layer as a collection of atoms in a plane
normal to the growth direction, a bilayer as two adjacent
atomic layers, and a sublattice as a collection of all
equivalent atomic layers (one in each period) of the su-

perlattice. The parameters of GaAs are taken from
Kunc, ' and the parameters of A1As are fitted to the ex-
isting experimental data.

The dynamic matrix for the superlattice C(k) consists
of two parts —the short-range interaction C"(k) and the
long-range Coulomb interaction C (k). For the short-
range part, interactions up to the second neighbor are in-

eluded. Short-range interaction parameters between any
two atoms in the superlattice are taken to be the same as
in the corresponding bulk material, except that the in-
teraction between a Ga atom and an Al atom across an
interface is taken to be the average of the Ga-Ga in-
teraction in bulk GaAs and the Al-Al interaction in bulk
A1As.

The long-range Coulomb interaction is important for
zinc-blende materials since it gives rise to a sizable split-
ting of the longitudinal- and transverse-optical modes at
the zone center. The fundamental theory on how to in-
clude the long-range Coulomb interaction for bulk crys-
tals was previously documented. ' ' However, it is
more difficult to calculate the long-range Coulomb terms
in the superlattice because of its low symmetry. For cal-
culating Coulomb interactions between sublattices, we
adopt a method similar to that used by Yip and Chang,
but modified to ensure the convergence of the summa-
tions involved. In the present calculation the long-range
Coulomb interaction is included exactly (i.e. , summed
over an infinite number of neighbors), whereas in Ref. 5
it was included by a perturbational method. For exam-
ination of the anisotropic behavior and the in-plane
dispersion of phonons it is crucial to calculate the
Coulomb interaction up to infinite distance. Details of
the calculation will be presented elsewhere. ' The final
results for the Coulomb interaction between the lth and
the l'th sublattices as k 0 can be written as

where i and j indicate the x, y, and z directions, gt and
gt, represent atomic-transfer charges of atoms in the lth
and the t'th sublattices, respectively, and l, l'=1, 2, . . . ,

2N&, where N& is the total number of bilayers in a
period. The irregular function (k;ki/k 2) in the first
term has diff'erent values when k approaches zero from
diAerent directions. The second term D; I(l, l') on the
right-hand side is direction independent. This result is
similar to that obtained in a bulk system, except that
here D; ~ does not have the cubic symmetry, so it cannot
be reduced to an identity matrix multiplied by a con-
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FIG. 2. Superposition of projected phonon bands for bulk
GaAs and AlAs along the [100] direction.

FIG. 3. Zone-center optical-phonon frequencies of a
(GaAs)q(A1As)4 superlattice plotted as functions of the direc-
tion of wave vector.

normal to [010]. For superlattice phonons derived from
the acoustical modes, no obvious angular dispersions are
observed and they are omitted for clarity. The solid lines
denote modes with large angular dispersion and the
dashed lines represent modes with weak or zero angular
dispersion. The dotted lines are results obtained with a
simple phenomenological model, which produces results
essentially identical to those of Rytov's model. ' Details
of the phenomenological model will be discussed else-
where. ' The symbols LOn and TOn designate the nth
quantized modes derived from bulk (A1As or GaAs) LO
and TO branches, respectively. Here n is the principal
quantum number which is related to the number of
nodes of the vibrational amplitude in a given mode.
Note that the labels LOn and TOn are meaningful only
at 0=0, since at finite values of 0 modes with diAerent
n's are mixed.

In Fig. 3, we see that only the n=1 modes can have
gnificant angular dispersion; the other modes are essen-

&ially dispersionless except when they are mixed with an
n =1 mode at some finite 0, where their frequencies tend
to cross each other. For example, the A1As-like LO1
and LO3 modes interact with each other for 0 near
0 7(zr/2); thus, the LO3 mode appears to have a
significant angular dispersion. For 8 & 0.7(x/2), the
mode labeled by LO3 is actually LO1-like. Similarly,
the GaAs-like LO1 and LO3 modes interact at 0 near
x/2. Note that because the superlattice has reflection
symmetry about a plane (normal to [001]) through the
center of the GaAs or A1As slabs, modes of even n and
modes of odd n cannot mix. The magnitude of the angu-

lar dispersion is determined by the total dipole moment
in a given superlattice mode [see the irregular term in

Eq. (1)]. The dipole moment in a superlattice mode is

approximately equal to the sum of dipole moments of all
the bilayers in each period weighted by the superlattice
envelope function. For n=l modes the envelope func-
tion is positive every~here; thus the total dipole moment
is large. For the other modes the envelope function oscil-
lates within a period and the net dipole moment is nearly
zero. With the same argument, we can also understand
why the superlattice modes derived from acoustical
branches have almost no angular dispersion, since the di-
pole moment of a bilayer for acoustical modes is nearly
zero.

Results of room-temperature Raman scattering mea-
surements of Merlin et al. ' are shown by filled circles in

Fig. 3. Because the Raman intensity in this particular
experiment is proportional to the dipole moment, only
the n=1 modes have sufticient strengths to be observed.
The agreement of our calculation with the experimental
data is very good. The datum for the GaAs-like LO1
mode at 0=x/2 falls between our predicted LOl and
LO3 modes. Because these two modes are strongly
mixed, the Raman scattering spectrum may contain the
superposition of the signals contributed from both
modes. We have also examined the (GaAs)~s-(A1As)~s
superlattice. The results compare favorably with the
corresponding data (the 50-50-A. case) in Ref. 1. We
find that the frequencies of the A1As- and the GaAs-like
LO1 modes at O=z/2 are 11.41 and 8.30 THz, respec-
tively, while the experimental data are approximately
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11.3 and 8.36 THz.
Sood et al. ' performed resonant Raman scattering

experiments on a number of GaAs-A1As superlattices
and observed the interface modes. We have also calcu-
lated the phonon dispersion curves for all in-plane wave
vectors in the [100] direction for the (GaAs)7-(AlAs)7
and (GaAs) 7-(A1As) qo superi attices which correspond to
samples A and B, respectively, in Ref. 12. We find that
the interface mode frequencies are insensitive to the
number of GaAs or A1As bilayers within each period
(N t or N2) as long as both N t and Nq are large enough
(~ 4). Thus, their dispersion curves look just like those
marked with arrows shown in Fig. 1. The GaAs inter-
face mode frequencies range from 7.8 to 8.05 THz for k
from 0.8(2tr/a) to 0.3(2tr/a) and they turn into the prin-
cipal modes at smaller k where their frequencies be-
come dependent on N~ and N2. The interface modes ob-
served by Sood et al. ' in both these samples are peaked
around 278 cm ', which correspond to 268 cm ' or
8.03 THz at room temperature. Thus the theoretical
prediction is in accord with the experiment.

In summary, we have explained the anisotropy of opti-
cal phonons in superlattices and its relation with the in-

terface modes by precisely taking into account the long-
range Coulomb interaction within a microscopic model.
We have shown that the behavior of optical phonons in

superlattices is quite intriguing and it takes a detailed
microscopic model to understand them fully. The pre-
dictions of our microscopic model regarding the anisotro-

py and interface modes are in good agreement with the
available experimental data.
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