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Phonon modes in GaAs/AlAs superlattices have been calculated in a valence-force-field model
characterized by bond-stretching and -bending forces and a fixed effective charge. They have mixed
characters of the results of the linear-chain model and the dielectric continuum model. There exist
localized interface modes at the transverse X point characteristic of the zinc-blende structure. A
continuum model is proposed that can reproduce long-wavelength optical phonons almost exactly
and is simple enough to be used in various applications such as calculation of quantities related to

electron-phonon interactions.

I. INTRODUCTION

The semiconductor superlattice was proposed by Esaki
and Tsu in 1970.! Owing to the development of crystal-
growth technologies such as molecular-beam epitaxy and
metalorganic chemical-vapor deposition, it has now be-
come possible to synthesize semiconductor superlattices
of good quality. The purpose of the present paper is to
present results of calculation of phonon modes in
GaAs/AlAs superlattices and propose a simple model
which can reproduce their essential features and is also
readily applicable to calculation of various quantities in-
cluding electron-phonon interactions.

The semiconductor superlattice has attracted attention
from the viewpoint of pure physics, materials science,
and device application. From the point of view of pure
physics, the superlattice provides various elemental prob-
lems including band-gap alignment and matching of en-
velope wave functions at heterointerfaces. In addition,
the semiconductor superlattice has also produce a two-
dimensional electron system having a supreme quality,
where the famous fractional quantum Hall effect was ob-
served for the first time.? In device application, the
high-electron-mobility transistor,> quantum-well-laser
diode,* the resonant-tunneling hot-electron transistor,’
etc. are being pursued.

As a result of extensive experimental and theoretical
investigations, electronic properties in superlattices are
now fairly well understood. However, investigations of
phonons have been less active. Understanding of pho-
nons, especially of optical phonons, is essential in es-
timating strength of electron-phonon interactions, which
are one of the most important factors having great
influence on device performances through the electron
velocity or mobility. A comprehensive review on pho-
nons in superlattices has been given by Klein.®

A linear-chain model with nearest-neighbor force con-
stants has often been used because of its simplicity.”
This model is applicable only when the wave vector is in
the growth direction. We choose the z axis in the [001]
(growth) direction and the x and y axes in the [100] and
[010] directions, respectively. When the wave vector is in
the z direction, each atomic plane parallel to the interface
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vibrates in one body, and its motions in the z direction
(longitudinal) and in the in-plane (xy) direction (trans-
verse) are decoupled completely. Further, doubly degen-
erate in-plane modes also become independent, if we
choose new coordinates (£,7) with £=(x +y)/V2 and
n=(—x +y)/V2. Longitudinal modes are described by
a single force constant. On the other hand, transverse
modes require two force constants, since the restoring
force from ions in the left atomic plane and that from
ions in the right are about an order of magnitude
different from each other because of the characteristic
zinc-blende crystal structure. For acoustic phonons,
whose frequencies in bulk GaAs and AlAs overlap each
other, the amplitude is of the same order in both layers
and the frequency spectrum is essentially the same as that
of an elastic continuum model.!®!*~17 The dispersion re-
lation is obtained by folding the bulk dispersion curve in
reciprocal space and by adding energy gaps at the I’
point and Brillouin zone boundaries. The sound velocity
becomes an appropriate average of both materials. For
optical phonons, on the other hand, the energy spectra in
bulk GaAs and AlAs do not overlap each other. Conse-
quently, optical modes are all confined within each layer
and exhibit no dispersion.

One of the simplest models which provide optical
modes with arbitrary wave vectors is the dielectric con-
tinuum model.'®*7?? In this model optical phonons are
determined only by Poisson’s equation together with con-
ventional boundary conditions in electrostatistics at inter-
faces. In each layer we have

e(w)V-E=0, (1.1)
with
Ot —w?
fw)=€,——2 , (1.2)
@ —(L)TO

where wyo and w; o are the frequency of transverse and
longitudinal optical phonons at the I" point, and €, is the
dielectric constant due to electronic polarizations. In this
model phonons in the bulk are treated in the Einstein
model, i.e., without any dispersion. It predicts that most
optical phonon modes are confined in each layer and are
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dispersionless except for the presence of four interface
modes sometimes called Fuchs-Kliewer modes.?*> Two of
the interface modes lie between wyo and wpo of bulk
AlAs and additional two between wyg and wpg of bulk
GaAs. The interface modes have amplitudes in both lay-
ers and a characteristic dispersion as a function of the
wave-vector direction. The validity of this simple model
in actual superlattices remains less clear.

Quite recently, calculations of phonon modes in more
realistic models were reported.>*”2® In particular,
Richter and Strauch?’ employed a valence overlap shell
model, and Ren, Chu, and Chang28 a rigid-ion model
with 11 parameters. In spite of these investigations, how-
ever, essential characteristics of phonons in GaAs/AlAs
superlattices are not fully understood yet.

In this paper, we calculate phonon modes in
GaAs/AlAs superlattices in a valence-force-field model
with long-range Coulomb interactions. This model con-
tains only three parameters but can describe the essential
features of the phonon modes in bulk GaAs and AlAs. It
suffices for our principal purpose of understanding the
main features of phonon modes in the superlattice. Our
final goal is to propose a phonon model which is simple
enough to be used for calculations of various quantities
related to electron-phonon interactions.

This paper is organized as follows. In Sec. II the mod-
el and the method of calculations are described briefly.
Explicit results are presented and compared with those of
the linear-chain model and the dielectric continuum mod-
el in Sec. III. In Sec. IV a model for optical phonons is
proposed which can reproduce the results presented in
Sec. III quite well. Section V is used for a brief summary
and conclusions.

II. MODEL AND METHOD OF CALCULATION

We use a rigid-ion model containing three parameters.
The short-range forces are treated in the valence-force-
field model, in which the potential energy for bond
stretching, 8 E, and for bond bending, 8E |, are given by

2
od

d

where Cj and C, are force constants, d is the equilibrium
bond length, and 80 is deviation of the angle between ad-
jacent bonds from equilibrium. The long-range Coulomb
force is taken into account by a rigid-ion model charac-
terized by an effective charge Ze and calculated by using
the conventional Ewald’s method. Since €, of bulk
GaAs and AlAs are very close to each other, we neglect a
small image potential due to their small difference.

The three parameters Cy, C;, and Z are determined as
follows. First, we neglect the effective charge Z. The fre-
quency of LO and TO phonons at the I" point is given by
w5=64(Cy+8C,)/9Ma?, where M is the reduced mass of
cation and anion, and a (=5.653 A) is the lattice con-
stant. This frequency is fitted to (w?o/3+2w%5/3)'?,
where w; o and wyg are observed LO and TO frequencies,
respectively, at the T point. The dispersion in the I'-X
direction or the bandwidth of TO phonons is determined
by the ratio C,/C,. The observed dispersion along the

8E,=3Cy and 8E,=;C,(86), 2.1
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I'-X direction is well reproduced by choosing
C,/Cy=0.025 for both GaAs and Ge, for which there
are reliable experimental results. The same ratio is
chosen for AlAs because the amount of the dispersion is
not well known and the short-range force constants are
expected to be only weakly dependent on the constituent
atoms. Finally, the effective charge Z is determined easi-
ly so as to reproduce the splitting of LO and TO phonons
at the I" point. Strictly speaking, the phonon spectra are
subjected to additional modifications by the introduction
of the effective charge. For example, the Coulomb in-
teraction gives rise to a slight increase of the amount of
dispersion of TO phonons along the I'-X directions.
However, such effects are small and the main role of the
Coulomb interaction is to cause the splitting of LO and
TO modes. The parameters are given in Table I. The
calculation in superlattices requires the parameters Cy,
C,, and Z at the interface. The interface parameters are
determined simply by an arithmetic average of the corre-
sponding bulk values.

Figure 1 shows the phonon dispersion along I'-X of
bulk GaAs and AlAs calculated using the present param-
eters, together with experimental results.?® 32 The fre-
quency is given in units of THz (1 THz=10'2 Hz). The
present model reproduces all the important characteristic
features of the phonon modes. There remain some
disagreements, especially on the frequencies at X points
of GaAs. This insufficiency is inherent to the valence-
force-field model with only Cy and C; and cannot be
overcome by the present model. In spite of this slight
inadequacy, the present model certainly suffices for the
purpose of this paper.

III. NUMERICAL RESULTS

A, T'-Z direction

Figure 2 shows calculated dispersion relation of
(GaAs),(AlAs), superlattice. The first Brillouin zone is
given in Fig. 3. Let us first concentrate on the dispersion
along the I'-Z direction (the left panel). The results are
essentially the same as those calculated in a simple
linear-chain model with nearest-neighbor force constants.
This fact is reasonable because the present model reduces
to a linear-chain model with force constants up to next-
nearest-neighbor ion pairs. The long-range Coulomb in-
teraction is not important because its force range is
effectively reduced and its role is only to slightly modify
nearest-neighbor and next-nearest-neighbor force con-
stants. Frequencies of acoustic modes, in the frequency
region where the bulk frequencies of GaAs and AlAs

TABLE 1. Parameters used for the present calculation. The
mass of anions and cations are denoted by M, and M,, respec-
tively; Cy and C, are the force constant for bond stretching and
bond bending, respectively, in units of eV; and Z is the effective
charge.

M. M, Co C, z €5
GaAs 69.72 74.92 38.38 0.96 2.18 10.9
AlAs 26.98 74.92 38.93 0.97 2.23 8.16
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overlap each other, are obtained by folding in the re-
ciprocal space and adding a very small band gap whenev-
er they cross (except modes with different symmetries).
All the other modes for which bulk frequencies do not
overlap, i.e., all the optical modes and some of the
transverse-acoustic modes, are confined in either GaAs or
AlAs layers and exhibit no dispersion.

Figure 4 gives calculated displacements of ions for
highest-energy LO and TO phonons confined in the
GaAs layer at the I' point (the wave vector approaches
the I" point in the z direction). The TO phonons are dou-
bly degenerate and the figure shows the mode having van-
ishing amplitude in the y direction at the center of the
GaAs layer. Strictly speaking, it has a small amplitude in
the y direction in the vicinity of interfaces. The en-
velopes of displacement of individual ions are well ap-
proximated by sine curves with nodes between As and Al
atomic planes. Calculations in different cases reveal that,
in general, the effective thickness for GaAs-like LO
modes is (n +0.5)(a/2) for (GaAs),(AlAs),, superlat-
tices. On the other hand, in the case of AlAs-like LO
phonons, the effective thickness is (m +1)(a/2). The
latter is in agreement with the previous suggestion that
the thickness is always larger by one monolayer than that
of the GaAs or AlAs layer,*? but the former is quite in
contrast to this suggestion. For transverse modes, the
effective thickness is larger than that for longitudinal
modes, i.e., ~(n +0.7)a/2) and ~(m +1.3)(a/2), for
GaAs- and AlAs-like modes, respectively. Further, the
thickness increases slightly for shorter wavelengths in the
case of GaAs-like modes. Ren et al.?® have come to a
similar conclusion for GaAs-like modes but claimed that
the thickness for AlAs-like modes is also given by
(m +0.5)(a/2). On the.other hand, Richter et al.?’
have come to the conclusion that the effective thickness is
one monolayer larger for both GaAs- and AlAs-like
modes, in agreement with the linear-chain model. These
results suggest that the effective thickness depends
strongly on models.

Various experiments have already demonstrated the
confinement of optical phonons in GaAs/AlAs and
GaAs/Al, Ga,_,As superlattices.>!°7 12 There have also
been some attempts to determine experimentally the
effective thickness for the GaAs- and AlAs-like optical
modes in (GaAs),(AlAs),, superlattices. Sood et al.**
compared observed Raman spectra of GaAs-like optical
phonons in superlattices with the bulk dispersion deter-
mined by neutron experiments. Similar experiments have
also been done by Ishibashi et al.*> In these experiments,
the observed spectra have been explained reasonably well
by the bulk dispersion for small wave numbers, if a sim-
ple confinement effect corresponding to the effective
thickness na /2 is assumed. For large wave numbers,
however, there remain significant discrepancies which
strongly suggest that the effective thickness should be
larger than na /2. Ishibashi et al.>®* observed Raman
spectra for AlAs-like modes, which have demonstrated
also that the effective thickness should be larger than
ma /2. Wang et al.’? determined through similar experi-
ments the dispersion in bulk AlAs, shown in Fig. 1(b), as-
suming the effective thickness (m +1)a /2.
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FIG. 1. Dispersion relation of phonons in (a) bulk GaAs and
(b) AlAs in the [001] direction calculated in the present
valence-force-field model with three parameters Cy, C;, and Z
together with experimental results. The circles in (a) are deter-
mined by Raman scatterings (Ref. 29) and the squares by neu-
tron scatterings (Ref. 30). The circles and squares in (b) are
both determined by Raman scatterings (Refs. 31 and 32), but the
latter in superlattices with different AlAs layer thicknesses (Ref.
32).
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FIG. 2. Calculated phonon dispersion relation
(GaAs),(AlAs); superlattice grown in the [001] direction. The
left panel shows the dispersion along the I'-Z direction (see Sec.
III A), the middle panel the dependence on the direction of the
k vector at the I" point (see Sec. III B). The right panel shows
the dispersion along the I'-X,. The modes denoted by arrows
are interface modes (see Sec. III1 C).

FIG. 3.

The Brillouin zone in (a)
(GaAs), (AlAs),, superlattice with n +m an even integer. The
point X, in (b) is the same as the X point in the k, direction in
(a).
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FIG. 4. Calculated displacements of ions for the highest-
energy LO mode (top) and TO mode (bottom) confined in the
GaAs layer at the I" point. The solid circles show the displace-
ment of As ions, the open circles that of Ga ions, and the
squares that of Al. The inset shows a part of the dispersion
curve given in Fig. 2 and the modes are indicated by the arrows.
The dashed lines represent the displacements calculated in the
continuum model proposed in Sec. IV. The thin vertical
straight lines indicate the position of interfacial As planes and
the vertical dotted lines the interface position in the continuum
model.

B. Dependence on wave-vector direction

As is shown in the middle panel of Fig. 2, there are
essentially four modes which exhibit a strong dependence
on the direction 0 of the wave vector k, where the angle 6
is defined by tanf=k,/k, with k =(k2+k2)!/?—0.
These modes lie in energy roughly between the TO and
LO phonons of bulk GaAs and AlAs. The four modes
strongly dependent on 6 correspond to the interface
modes predicted in a dielectric continuum model, as has
been noticed by Richter et al.?” and Ren et al.?®

In the dielectric continuum model, the interface modes
are determined by

H(w)+eXw)
2e)(w)ey(w)

+cosh(k,d;)cosh(k,d,) ,

cos(k,d)= sinh(k,d)sinh(k,d,)

(3.1

with d; the thickness of the GaAs layer, d, that of the
AlAs layer, d =d | +d, the superlattice period, €,(w) the
dielectric function of bulk GaAs, and €,(w) that of bulk
AlAs. In the following, we shall confine ourselves to the
case where the GaAs and AlAs layers have the same
thickness, d,=d,=d /2.

The anisotropy at the I point is given by the equation
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1
2

&)
€(w)

€(w) 2

tan%0

@) (3.2)

The displacements are independent of z within each layer
and are given by

1
u;=[e;(0)—1][ 0 |u (j=12) (3.3)
cotd;
with u a normalization coefficient and
etand, =€ tang, = 1(e;+€;)tand . (3.4)

In the above expression, u; is the envelope defined by
u(r)=u,—u, with u, and u, the displacement of cations
and anions, respectively. The displacement of each
ion is determined from w.,=M,u/(M,+M_) and
u,=—M.u/(M,+M,), if necessary.

When the wave vector parallel to the layer is nonzero,
i.e., k,+0, the displacement becomes localized exponen-
tially, u (z) < exp(— |k, z|), as a function of the distance z
from the interface. Especially for k,=0 and k, 540, the
modes are doubly degenerate, and their frequencies are
determined by setting 6= /2 in the above equation, i.e,
by the condition that €,(w)= —é€,(w) independent of k,.
The displacements are given by

i coshk,(z —z;)

u;=[€;(w)—1]explik,x) 0 u (3.5)
sinhk, (z —z;)
and
i sinhk,(z —z;)
uj=(—-l)j[ej(a))-—l]exp(ikxx) 0 u,
coshk,(z —z;)
(3.6)

where the GaAs (j =1) and AlAs layers (j =2) lie in the
regions 0<z <d/2 and —d /2<z <0, respectively, and
z,=d/4and z,= —d /4.

Figure 5 gives the 0 dependence of optical modes with
frequency close to that of optical phonons in bulk GaAs
together with the results calculated in the dielectric con-
tinuum model. In this model, there are modes infinitely
degenerate at the frequencies of bulk LO and TO pho-
nons and the two modes exhibiting a strong 6 dependence
determined by Eq. (3.2). Actually, the presence of disper-
sion causes splittings of phonons with different nodes in
the GaAs layer. The highest-frequency mode at =0
(v=8.71 THz), which is longitudinal and has no node, is
lowered by the confinement effect. The longitudinal
mode with the second highest frequency at 6=0 (v=28.56
THz) with a single node is independent of 6. In general,
all the modes with odd nodes do not exhibit any 6 depen-
dence at all. The third mode (v=8.33 THz at 8=0) has
two nodes, shows a small 6 dependence, but interacts
strongly with the Fuchs-Kliewer modes at 6= /2 where
their frequencies are very close. The mode with v=28.03
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FIG. 5. Dependence of frequency for modes lying in the vi-
cinity of LO and TO phonons in bulk GaAs on the wave-vector
direction at the I" point. The angle 6=0° corresponds to the z
direction, i.e., [001], and 8=m/2, the x direction, i.e., [100].
The solid lines represent the results calculated in the valence-
force-field model, the dotted lines those of the conventional
dielectric continuum model, and the dashed lines those of the
continuum model proposed in Se¢. IV.

THz at 6=0 is transverse phonon with longest wave-
length, i.e., with no node in the GaAs layer. It exhibits
the 6 dependence quite similar to the lower branch
Fuchs-Kliewer mode. The features mentioned above are
applicable to AlAs-like optical modes, although no expli-
cit discussions will be presented here.

Figures 6 and 7 give corresponding atomic displace-
ments of long-wavelength optical modes whose frequency
is close to optical-phonon frequency of bulk GaAs at
0=m/4 and 7/2, respectively. (The displacements at
6=0 have already been given in Fig. 4.) All these figures
show that the displacement in the AlAs layer is nearly in-
dependent of the position, in agreement with the predic-
tion of the dielectric continuum model. However, the
displacements in the GaAs layer have a strong depen-
dence on position and cannot be described by the dielec-
tric continuum model except a few modes whose dis-
placement in the x direction are nearly independent of z.
Strictly speaking, these modes exhibit small displace-
ments also in the y direction, especially in the vicinity of
interfaces, although not shown explicitly in the figures.

The same applies to the modes with nonvanishing k.
Figure 8 gives displacements of a GaAs-like Fuchs-
Kliewer mode at k=((0.2)27/a,0,0) with v=28.30 and
8.14 THz. The displacements in the AlAs layer decrease
exponentially away from the interface, but those in the
GaAs layer are much more complicated and cannot be
described by Eqgs. (3.5) and (3.6). Although there exists a
similarity between calculated displacements and those of
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the dielectric continuum model, it is clear that the results
are not exactly reproduced by the dielectric continuum
model. A more appropriate model is highly desirable.
Richter and Strauch?’ made similar comparisons of their
results and pointed out also the similarity with the dielec-
tric continuum model.
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FIG. 6. Calculated displacements of ions for two modes at
the I" point and the direction 6=m/4. (a) v=8.58 THz and (b)
v=8.09 THz. The top panel shows displacements in the x
direction and the bottom those in the z direction. The displace-
ments in the AlAs layer are nearly independent of z in agree-
ment with the prediction of the dielectric continuum model.
The dashed lines represent results calculated in the continuum
model proposed in Sec. IV. The inset shows a part of the
dispersion curve given in Fig. 2 and the modes are indicated by
the arrows.
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C. Interface modes at transverse X point

Now let us concentrate on the dispersion along the
[100] direction shown in the right panel of Fig. 2. The
dispersion curves resemble these in bulk AlAs and GaAs.
They are easily reproduced by folding the bulk curve in
the [001] direction.

At the transverse X point, there are three modes (each
of which is doubly degenerate in frequency) localized at
the interface, although some of them cannot be identified
easily because their frequencies are embedded in the fre-
quency region of other modes. Figure 9 shows atomic
displacements for the mode at 6.75 THz. The displace-
ments are confined in three atomic planes consisting of
Ga, interfacial As, and Al. The As ions in the planes
sandwiching the three planes remain fixed. This charac-
teristic is applicable to all six interface modes and can be
understood in terms of the nature of the tetrahedral bond
structure. The Ga and Al atoms move in the direction
where the force from the As planes sandwiching the vi-
brating Ga-As-Al planes is small. As a matter of fact, it
turns out that the six interface modes at the transverse X
point are well reproduced by the molecular model in
which the interfacial As atoms move only in the z direc-
tion and the adjacent Ga and Al atoms move only in the
& or 7 directions. The long-range Coulomb force is not
important and is therefore neglected completely in the
model. Table II compares frequencies calculated in the
molecular model with the present results. Interface
modes can appear in other symmetry points due to the
similar mechanisms, which will not be discussed in the
present paper.
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FIG. 7. Calculated displacements of ions for two modes at
the I" point and the direction 6=7/2. v=8.43 THz (top) and
v=28.28 THz (bottom). The essential features are the same as
those in Fig. 6. The dashed lines represent results calculated in
the continuum model proposed in Sec. IV. The inset shows a
part of the dispersion curve given in Fig. 2 and the modes are
indicated by the arrows.
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FIG. 8. Calculated displacements of ions for two modes with
wave vector ((0.2)27/a,0,0). (a) v=8.30 THz and (b) v=8.14
THz. The top panel shows displacements in the x direction and
the bottom those in the z direction. The displacements in the
AlAs layer decay exponentially with increasing distance from
the interface in agreement with the prediction of the dielectric
continuum model. In the GaAs layer, however, they are quite
different from those predicted in the dielectric continuum mod-
el. The dashed lines represent results calculated in the continu-
um model proposed in Sec. IV. The inset shows a part of the
dispersion curve given in Fig. 2 and the modes are indicated by
the arrows.
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FIG. 9. Atomic displacements for a localized interface mode
at the X, point (v=6.75 THz). The interfacial As atoms move
in the [001] direction and the Ga atoms below move in the 7
direction for which the restoring force from the lowest As layer
is smallest. The same is applicable to the Al atoms lying above
the interfacial As atoms, i.e., they move in the £ direction. The
As atoms sandwiching the Al, As, and Ga layers exhibit essen-
tially no displacement. Displacements for the other two inter-
face modes are obtained by changing the phase of oscillations of
Ga and Al atoms.

IV. A SIMPLE MODEL FOR OPTICAL PHONONS

In the previous section, it has been demonstrated that
the phonons in GaAs/AlAs semiconductor superlattices,
originating from bulk optical phonons of each material,
have mixed characters of the results of the linear-chain
model and the dielectric continuum model. Each of these
two models alone cannot reproduce actual spectra. As a
matter of fact, the linear-chain model is only applicable
when the wave vector is perpendicular to the layers. The
dielectric continuum model cannot describe the
confinement of amplitudes in each layer properly, al-
though it can successfully describe some features of inter-
face modes or Fuchs-Kliewer modes having amplitudes
in both layers.

The long-wavelength optical phonons are known to
play vital roles in various phenomena including electron-
phonon interactions. Therefore, it is highly desirable and

TABLE II. Comparison of frequencies of interface modes
(THz) at the X, point with a three:plane molecular model con-
sisting of Al, interfacial As, and Ga planes.

Interface mode 1 2 3
Present calculation 10.25 6.75 2.89
Molecular model 10.23 6.74 3.00
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useful to establish the simplest model that can fully
reproduce the important features of such optical pho-
nons. We propose the following model.

(i) We employ the continuum model in which we con-
sider only the envelope u(r). It satisfies the equation

(0?—wto)u(r)=H(k,,k,,0/idz )u(r)~%4e—E(r) ,  (4.0)
J
Ak:+B(k}+k}) Ck,k,
H(k,,k,,k,)= Ck,k, Ak}+B(k}+k?)
Ck,k, Ck,k,

The parameters 4, B, and C are determined so as to
reproduce dispersions in the long-wavelength limit calcu-
lated by neglecting in the dynamical matrix terms
describing macroscopic electric field, i.e., those giving
rise to the splitting of LO and TO phonons at the T
point. In the present case, we have 4 ~—1.88X1072,
B~—1.02X1072, and C~—1.64X1072 in units of
Cl)-zroaz.

(ii) We neglect the presence of dispersion of phonons in
the AlAs layer, i.e., set 4 =B =C =0 in Eq. (4.3), when
calculating GaAs-like optical phonons, and vice versa.
This approximation is valid since the amount of disper-
sion, i.e., the of bandwidth, of bulk phonons is smaller
than the energy separation between optical phonons in
bulk GaAs and AlAs.

(iii) We impose the boundary conditions that the en-
velopes should vanish at a boundary plane appropriately
chosen. As has been discussed in the previous section,
the boundary plane for the GaAs-like modes is chosen at
the middle point of As and Al atomic planes, and that for
the AlAs-like modes is chosen at the Ga atomic plane.
For practical purposes such as in discussing electron-
phonon interactions, such a small difference is not impor-
tant and the boundary plane can be chosen at the interfa-
cial As plane.

(iv) Although it is not necessary in this paper, a further
simplification may be possible in which the anisotropy of
the dispersion and mixing of longitudinal and transverse
modes for wave vectors in nonsymmetry directions are
completely neglected. The dispersion becomes isotropic
when 4 =B + C. Since the anisotropy is not so large, we
may, for example, make the replacement A — A*+3§,
B—»>B—§, and C—C—3§, with §=(B+C— A4)/3, to
obtain parameters for an isotropic model.

Figures 4-8 also contain the results calculated in the
present model. The present model clearly gives results
much better than the simple dielectric continuum model.
It is even astonishing that it can almost exactly reproduce
the results calculated directly using the valence-force-
field model.

Unfortunately, the present model cannot be directly
applicable to GaAs/Al,Ga,_, As superlattices, where
many of the experimental works on phonons and
electron-phonon interactions have been done. In these
superlattices, the alloy Al,Ga,_,As layer is known to
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with E(r) being the macroscopic electric field determined
by the polarization P(r)=4(Ze /a3)u(r) through the in-
tegral, i

V'-P(r’)

E(r)=V [dr P 4.2)
and
Ck .k,
Ck,k, 4.3)
Ak}+B(k}l+k})

l
have two distinct branches of optical phonons, one close
to the optical phonon in bulk GaAs and the other close
to that in AlAs. So far, there have been reported only
limited amounts of theoretical investigations on phonons
in such alloy cases. Arora et al.3¢ investigated Fuchs-
Kliewer modes in the dielectric continuum model in
which the Al Ga,_,As layer has a dielectric function
which has two poles and two zeros corresponding to the
two branches of optical phonons in Al Ga;_,As.
Kobayashi and Roy®’ calculated density of states of
several GaAs/Al Ga,_,As superlattices within a model
of nearest-neighbor and next-nearest-neighbor force con-
stants by generating large clusters using a computer.
Jusserand et al.® calculated phonon modes in a linear-
chain model in which the Al ,Ga,_, As layer is replaced
by a fictitious material having an optical phonon corre-
sponding to the GaAs branch. Babiker® proposed a con-
tinuum version of this model and extended it to the case
of wave vectors in general directions. The validity of
such models still remains to be justified, however. It is
highly desirable to extend the present formulation so as
to treat the alloy superlattices. A work in this direction
is now under progress.

V. SUMMARY AND CONCLUSION

In summary, results of calculation of phonon spectra in
GaAs/AlAs superlattices have been presented. We have
adopted a valence-force-field model characterized by two
short-range force constants C, and C; and a fixed
effective charge Z which takes care of the long-range
Coulomb interaction. The overall feature of the spectra,
i.e., the confinement of optical modes and foldings of
acoustic modes in the reciprocal space, is consistent with
the results already obtained in linear-chain models.
There exists an important modification due to the long-
range Coulomb force, however. It causes a large anisot-
ropy in the dispersion of optical phonons in the vicinity
of the I point and gives rise to Fuchs-Kliewer-like inter-
face modes which have nonvanishing amplitudes in both
GaAs and AlAs layers. It has also been shown that the
tetrahedral bond structure causes the appearance of
characteristic interface modes at transverse X points.

All the features mentioned above cannot be reproduced
by either the linear-chain model or the dielectric continu-
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um model alone. We have proposed a continuum model
which can well reproduce the modes for long-wavelength
optical phonons. The model is simple enough and makes
it possible to calculate various quantities related to
electron-phonon interactions in quantum wells and super-
lattices. Such calculation is now under way.

Note added. A related paper by Chu et al.*® has re-
cently been published. In this paper the authors com-
bined a linear-chain model with the dielectric continuum
model to explain the anisotropy of optical phonons at the
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I" point in GaAs/AlAs superlattices. The simple model
proposed in the present paper is more general than their
model.
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