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Phonons in GaAs/AlAs superlattices grown along the [111]direction
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We present Raman-scattering data for GaAs/AlAs superlattices grown on GaAs substrates along
the [111]direction. The appearance of distinct x-ray satellite peaks around the Bragg reflections
demonstrates the formation of highly ordered periodic superlattice structures. The confined
optical-phonon modes have frequencies which map closely those of the parent materials in the [111]
direction of k space. We also observe folded acoustic-phonon modes. The results of a lattice-
dynamical calculation for these superlattices on the basis of the shell model are presented, with spe-
cial emphasis on the angular dispersion of "interface" modes.

I. INTRODUCTION

The optical properties of GaAs/AIAs superlattices
have been of great interest in the last ten years. Most
studies reported so far have been performed on material
grown on [001]-oriented GaAs substrates. However, re-
cently it has been reported that device-quality
GaAs/A1As superlattices can be grown by molecular-
beam epitaxy (MBE) on any low-index crystallographic
plane: (110),' (012), (111), and (211).' Besides
this, it has been shown that GaAs/Al„Gai, As
quantum-well (QW) structures grown along the [111]
direction have better optical properties than [001]
GaAs/AIAs quantum-well heterostructures (the photo-
luminescence intensity of the [111] GaAs/Al„Ga, ,As
single QW is about 50 times higher than that of a [001]
single QW). The enhancement of quantum effects in
[111] GaAs/Al„Ga~ „As QW structures may find im-
portant applications in optoelectronics as it opens the
possibility of making QW lasers with greater emission
efficiency. '

The vibrational properties of GaAs/A1As superlattices
grown along the [001] direction are well known (for a re-
view, see Ref. 11, where references to further work can be
found), and those of GaAs/AIAs superlattices grown
along the [110] (Ref. 1) and [012] (Refs. 3 —5) directions
were considered by us in recent papers. In this paper we
present the results of x-ray- and Raman-scattering inves-
tigations of a GaAs/AlAs superlattice grown along the
[111]direction together with a theoretical discussion of
its lattice dynamics.

This paper is organized as follows. After a brief
description of the growth procedure and x-ray characteri-
zation (Sec. II), we consider symmetry and selection rules
for Raman scattering by the [111]GaAs/AlAs superlat-
tices (Sec. III). Experimental results are presented and
discussed in Sec. IV. In Sec. V the lattice dynamics of
the [111]GaAs/A1As superlattice, calculated using the
shell model, is reported with special emphasis on the an-

gular dispersion of the interface modes. Section VI con-
tains the summary.

II. EXPERIMENT

The sample studied here was grown by molecular-beam
epitaxy (MBE) on a 0.5' misoriented (111)B GaAs
(arsenic-terminated surface) substrate kept at a tempera-
ture of 530'C, which was mounted side by side with a
(001)-oriented reference substrate. The growth rates of
0.5 monolayer/s for GaAs and 0.4 monolayer/s for AIAs
were determined precisely for the growth on the (001)
substrate from the period of the intensity oscillations of
the specular beam in the reAection high-energy electron-
diffraction (RHEED) pattern. To improve the formation
of abrupt interfaces, the growth was stopped for 10 s
when changing from GaAs to AlAs, and vice versa. The
sample grown in this way consists of 100 periods of alter-
nating GaAs and A1As layers deposited on a 0.25-pm
buffer layer.

The x-ray-diffraction pattern of the [111]GAAs/A1As
superlat tice was recorded by using a single-crystal
goniometer operating in 8-28 coupling and with a post-
sample curved graphite monochromator. The diffraction
patterns were recorded in the vicinity of the (111), (222),
and (333) GaAs refiections using Cu Ea radiation.

The diffraction patterns in the vicinity of the (111}
refiection point, Fig. 1(a), exhibit strong first-order satel-
lite peaks. First-order satellites are also observed at the
(222) reflection, Fig. 1(b). The angular distance between
these satellites is a measure of the superlattice (SL) period
length ksL.

' The intensity of each satellite peak is relat-
ed to the structure factor Fs„ofone superlattice unit cell
by the equation'

n&Ri —1
FsL(H)=2 (fG. +fA.R]
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ing geometry using a Spex Industries double monochro-
mator (model 1404) with a conventional photon-counting
system. The excitation-light sources were the 5145- and

0 +4579-A lines of an Ar -ion laser. Measurements were
made at both 300 and 15 K.

III. SYMMETRY AND SELECTION RULES
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In earlier papers' '" it has been demonstrated that
superperiodicity in the [001], [110],or [012] direction in-
duces a lowering of the crystal symmetry from cubic to
tetragonal (point group Dzd ), orthorhombic (point group
C2, ), or monoclinic (point group C2), respectively. For
the superperiodicity in the [111]direction the symmetry
is trigonal (point group C3„). Depending on the number
of GaAs (n

&
) or AlAs (n2 } monolayers, the [111]
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FIG. l. Single-crystal x-ray-diffraction pattern of the [11 1]
(GaAs)9/(A1As) &0 superlattice recorded in the vicinity of (a) the
(111)and (b) (222) GaAs reciprocal-lattice points. S denotes the
substrate, 0 the superlattice main reflection, and +1 the super-
lattice satellites.

with RJ =exp(i4nH~~dj /As„ ), where Hi~ is the component
in the SL growth direction of the reciprocal-lattice point
H=(h, k, l), fo„ fA~, and fA, are the atomic-scattering
factors of the Ga, Al, and As atoms, respectively, while
d, (dz) and n, (n~) are the thickness and number of
GaAs (A1As) monolayers, respectively, in the SL unit
cell.

By fitting the experimental intensity ratio of the +1
and —1 satellites in Fig. 1(a) with the equation given
above, we determined the number of GaAs and A1As
monolayers in one SL unit cell. For the present case we
found that the superlattice is composed of nine GaAs and
ten A1As monolayers; each monolayer of the [111]
GaAs/A1As superlattice is d, =dz=ao&3/3=3. 26 A
thick, the actual superlattice period length A,si being the
sum of n, d, =29.4 A (GaAs) and n2d2=32. 6 A (A1As).
The same results were obtained by evaluating the (222}
direction pattern, Fig. 1(b).

The Raman spectra were measured in the backscatter-

C3, (P3m) for (n& +n 2)/3= k,

C3„(R3m) for (n, +n2)/3%k,
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FIG. 2. (111}GaAs (A[As} layers viewed along the (a) [ill]
and (b) [110] directions. The symmetry elements of the C3„
point group (C3,3o., ) are also indicated.

where k is any integer. Note that the primitive ce11 of the
former is trigonal, that of the latter rhombohedral.

Schematic projections of the Ga(A1)As layers on the
(111)and (110) planes are displayed in Figs. 2(a) and 2(b)
together with the symmetry elements of the C3, point
group: the threefold axes (C3) are parallel to a [111]axis
of the constituents while the mirror planes are parallel to
the (011), (011), and (110) planes, respectively; see Fig.
2(a).

In the zinc-blende structure the phonons with wave
vectors q in the [111] direction have pure longitudinal
(z', parallel to [111])and pure transverse (x', parallel to
[110],or y', parallel to [112])polarizations. For q~~[001]
the transverse modes are degenerate. The same is true
for these modes in [111]superlattices for q~~[111]. This
property does not hold for [110]and [012] superlattices.

With respect to the C3, point group the longitudinal
and transverse modes have 3] and F. symmetry, respec-
tively. The Raman tensors for the optical modes, as car-
ried over from those of the bulk crystals (at bulk wave
vector k=0), are in the (x,y, z) coordinate system

0 d d
R(LO)= d 0 d

1

d d 0
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R(TO )= 1
3'
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—2d 0

d d 0
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The corresponding Brillouin tensors for the TA and
LA components for q~~ [111]are

p
~~

2p44 2p44
Ep

R(LA) 2p44 pl 2p

2p 44 2p44 p

Besides the Raman tensors given by Eq. (1), we must also
include the tensor

a 0 0

p44

p44 p44

pJ 0
Ep

v'6R (TA ) = — 0 —p~
—

p44

0

(4)

RF= 0 a 0
0 0 a

(2)

which results from the Frohlich interaction for Lo pho-
nons.

The corresponding Raman-polarization rules for back-
scattering off the (111)surface of the parent material are
given in Table I. The same selection rules can be applied
to the [111]GaAs/A1As superlattices, with no additional
symmetry conditions of confinement of the superlattice
modes. Namely, similar to the other GaAs/A1As super-
lattices one can assign effective wave vectors

m m&3
(3)

n;+y ap

to modes confined to the constituents. In Eq. (3) n; is the
number of GaAs or A1As monolayers, respectively, and y
describes the extent to which the modes confined to one
(GaAs) layer penetrate into the other (AIAs). We have
found y =0.5 in the present case; see below. In the back-
scattering configuration with polarizations along both the
[110]or [112]directions the A, and E modes are allowed
(see Table I) regardless of whether m is even and odd.
For the depolarized configuration only the E modes are
allowed again with m either even or odd [note the con-
trast to the [001] and [012] superlattices for which the
mechanisms of Eqs. (1) and (2) are allowed only for m
odd or even, respectively].

In order to determine the Raman selection rules for the
folded acoustic phonons of the [111] superlattices, we
start from the Brillouin tensors of the bulk crystals. For
q~~ [111]the long-wavelength acoustic waves have purely
longitudinal and transverse character, and the two trans-
verse modes are degenerate.

PJ.

R (TAy ) = — 2p~
3 2

p44 p44

p44

IV. RAMAN-SCATTERING SPECTRA

A. Con6ned phonons

Figure 3 shows the Raman spectra of the [111]
(GaAs)9/(A1As), o sample for all three polarizations ob-
tained at 15 K with the 5145-A line, away from all reso-
nances. For backscattering with both polarizations along
the x' or y' directions, we obtain the type of spectra ex-
pected from the selection rules of Table I. The peaks la-
beled LO correspond to the confined longitudinal-
optical modes localized in the GaAs and A1As slabs. Be-
sides the LO confined phonons, TO confined modes
are also clearly observed in Fig. 3. For the depolarized
configuration only transverse modes are Raman active.
In the GaAs optical-phonon region the confined TO
modes (labeled tentatively with m=1,2, and 3) are ob-
served, while in the AlAs optical region only the TO,

with

p~) =pi&+25'12

PJ. =P» P&z

where p; are the elasto-optic coeScients and ep is the
dielectric constant. The corresponding selection rules for
acoustic folded phonons are also given in Table I. For
the [111]GaAs/A1As superlattices both longitudinal and
transverse folded acoustic phonons are Raman active in
backscattering.

TABLE I. Polarization selection rules in backscattering geometry for optical and acoustical phonons
of GaAs/A1As superlattices grown along the [111] direction as carried over from those for
the bulk materials; a represents interband Frohlich, d the deformation potential terms,
e =(p &,

—p, 2
—2p44)eo/3&2, and f = (p» +2p ~&

—2p44)EO/3, where p„are elasto-optic constants.

Polarization

Configuration Incident Scattering

Light-scattering cross-section

Optical phonons Acoustic phonons

A[ E TAz TAy LA

z'{x'x ')z'

z'(x 'y' }z'

z'(y'y')z'

[110]

[110]

[112]

[110)

[112]

[112]

a + d LQ)3

a +'d (LO)

—d (TQ )

~ d2(TQ, )

—,d (TO )

2

2

2

f2

0

f2
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FIG. 3. Raman spectra of a [111](GaAs), /(A1As), 0 superlat-
tice at 15 K in different backscattering configurations (x [[[110],
y'~[[112], z'~[[111]). The exciting-laser frequency (5145 A) is

away from all resonances.

confined mode is seen. Besides LO and TO confined
phonons, one additional mode in the GaAs and two addi-
tional ones in the AlAs optical-phonon region (labeled
IF, IF„and IF&) are attributed to interface modes (see
below). '

Using the assignment of observed Raman peaks to
confined LO and TO modes, we compare the correspond-
ing frequencies with the dispersion relations of bulk
GaAs and A1As calculated along the I -L direction using
the shell model C(ii) of Dolling and Waugh' with param-
eters which give the best fit to recent low-temperature
high-precision neutron data for GaAs. ' The correspond-
ing dispersion relations for A1As were described by the
same model with only the mass of the cation being
changed. Figures 4(a) and 4(b) show the calculated
dispersion curves of bulk GaAs and A1As together with
the measured frequencies of LO and TO phonons
versus q [obtained from Eq. (3) with y=0.5]. In the
same figure, the plotted bars represent the magnitude of
the "optical-like" weighted displacements'

m, u, (tU) —m, u, (qj)

in terms of their components along the three directions
[111],[110],and [112],where uk and mk are the displace-
ments and masses of the anion (k =a) and cation (k =c),
respectively. This representation illustrates the pure po-
larization character of LO and TO vibrational modes.

For GaAs-like optical phonons, as seen from Fig. 4(a),
the agreement between our experimental data and the
theoretical predictions is excellent, a fact which confirms
the I assignment given above. In the A1As optical re-
gion the difference between experimental and theoretical
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FIG. 4. Experimental (0,&) and calculated ( 0,6 )

confined-mode frequencies as a function of confinement wave
vector q, Eq. (3), together with theoretical optical-phonon
dispersion curves of (a) bulk GaAs and (b) A1As in the I —L
direction and the projections of the corresponding phonon dis-
placement of the cation relative to the nearest anion [Eq. (5)]
along the [111]and [110] (or [112])directions. q is in units of
~~3/a, .

B. Folded acoustic phonons

The velocities of the longitudinal and transverse bulk
sound waves for q[[[111]are'

frequencies is about 6 cm ' (typical also for [001], [110],
and [012] GaAs/A1As superlattices' "). We believe
that this difference originates from insufficient accuracy
of the calculated dispersion curves of bulk A1As, for
which no neutron data are available.
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FIG. 5. Raman spectra of a [111](GaAs)9/(A1As), 0 superlat-
tice in the region from 20 to 45 cm measured with the 4579-A
line of an Ar+-ion laser at 300 K. The inset shows shell-model
results for folded-phonon dispersion curves together with the
experimentally observed ( o ) folded-LA-phonon frequencies. q
is in units of m&3/ao.

v 1,„=[(C„+2C, 2 +4C~ )/3p]'

v,„,„,= [(C i &

—2C12 +C44 ) /3P ] '

where C», C&2, and C44 are the stiffness constants and p
the mass density.

As predicted by the selection rules of Table I, folded
acoustic modes with both longitudinal and transverse po-
larizations are Raman active in backscattering for [111]-
oriented GaAs/A1As superlattices. Figure 5 shows the
Raman spectra for z'(x'x')z' polarization in the spectral
range between 20 and 45 cm ' obtained at 300 K with
the 4579-A line of an Ar+ laser. The doublet ( —1,+ 1) of
folded LA-phonon modes at 28.7 and 35.5 cm ' is clearly
observed. According to shell-model calculations (inset of
Fig. 5) a folded-TA-phonon doublet should be located at
about 15 cm '. Unfortunately, these phonons were not
observed, possibly because they are masked by elastically
scattered light.

We compare in Fig. 5 the frequency of the observed
folded-phonon modes with a calculation based on the
shell model. Folded-phonon dispersion curves calculated
with this model are given in the inset of Fig. 5 together
with the experimental frequencies obtained with the
4579-A line of an Ar+-ion laser. As can be seen from this
figure, our experimental data for folded LA phonons with

q~~ [111]are fully in agreement with the shell-model calcu-
lation, which is a consequence of the fact that the shell
model reproduces the appropriate stiffness constant'
correctly. It is interesting to note that the ( —1,+ 1) split-
ting of LA doublets is 5, 6.5, and 7 cm ' for [001]-,"
[110]-,' and [111]-oriented GaAs/A1As superlattices, re-
spectively, in accordance with the dependence of the
sound velocities on the propagation direction in the bulk
materials. '

V. LATTICE DYNAMICS
OF THE [111]GaAs/AIAs SUPERLATTICE

Lattice-dynamical calculations were performed for the
[111](GaAs)9/(A1As), o superlattice using the shell mod-
el' previously applied to [012] (Ref. 4) and [110](Ref. 1)
superlattices. Similar calculations were recently pub-
lished by Ren et al. ' using a rigid-ion model. In our cal-
culations we simulated the superlattice by merely chang-
ing the cation masses (from Ga to Al masses), using for
both constituents the force constants which gave the best
fit to the bulk GaAs dispersion curves. ' Ab initio calcu-
lations of Baroni et al. of the A1As dispersion support
the mass-change model except for an upward shift of the
LO-mode frequencies.

As mentioned above, the [111] superlattice has C3„
point-group symmetry. The Brillouin zone of the [111]
superlattice with an odd number of layers per unit cell
(with a smaller number of layers for clarity) is depicted in
Fig. 6. The longitudinal zone-center modes polarized
parallel to the layer axis transform according to the one-
dimensional irreducible representation A, and the per-
pendicularly polarized transverse modes according to the
two-dimensional representation E. This classification
remains valid for nonvanishing wave vectors along the
[111] direction. Figure 7 shows calculated dispersion
curves for the [111](GaAs)9/(AIAs), o structure. The re-
gions Y —I, I —Z, and O' —I give the spatial dispersion
along the three principal superlattice axes. The two
I —I portions show the directional dispersion for
infinitesimally small wave vectors. The dispersion curves
along the zone boundary can be found in the Z —W —X
portion.

An energy gap exists over the hole Brillouin zone be-
tween the A1As-like optical region (320 to 400 cm ') and
the corresponding GaAs-like region (from about 220 to
294 cm '). The GaAs-like optical-mode frequencies are
separated from the bulk acoustical frequency region by
local gaps related to anticrossings.

A. Folded and confined modes

The I' —Z portion (q~~[111]}shows the series of folded
TA (degenerate) and LA phonons. The former exhibit lo-

X

FIG. 6. Brillouin zone of the [11 1] superlattice (trigonal
structure, C3, symmetry). There is no standard notation for
those points on the Brillouin-zone boundary which are denoted
here by 8, X, and Y.
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FIG. 7. Spatial and directional phonon dispersion curves for a [111](GaAs), /(A)As), &&
superlattice. For the notation of the high-

symmetry points of the Brillouin zone see Fig. 6. The two I —I portions show the directional dispersion obtained by rotating a very
small wave vector from parallel to [111],the growth direction, to the perpendicular directions [112]and [110]. The different types of
lines refer to the different dominating displacernent polarizations.

calization (to the A1As layers) even at low frequencies,
between 70 and 90 cm ', and the latter between 200 and
220 cm '. This is due to lack of overlap of the bulk
GaAs and A1As acoustic bands in these frequency re-
gions. The optical modes are all confined. This is quali-

tatively similar to the behavior in all the other investigat-
ed GaAs/A1As structures. '

Figures 8(a) and 8(b) gives the displacement pattern for
the first two GaAs-like LO and TO modes. Shown
are the magnitudes of the weighted displacement vectors

I

nGa, Al

As

I

mGa, AI

s

GaAs AIAs Al As

FIG. 8. Displacement pattern v, Eq. (6), of (a) LO and (b) TO confined GaAs-like zone-center modes of the [111]
(GaAs)9/(A1As)&0 superlattice. The frequencies of the confined modes are 393.93 cm ' (LO, ), 391.76 cm ' (LO, ), 271.72 cm

(TO, ), and 270.57 crn ' (TO&). The layer boundaries (dashed lines) are taken to be the bisector planes of boundary Ga and As layers.
The symbols mark the value of the nonzero component of q at the positions along the superlattice axis of the Ga and Al (circles) and
As (triangles) atomic planes. The lines through the symbols (for anion and cation displacements separately) are guides to the eye.
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FIG. 9. Calculated angular dispersion of the optical modes of

a [111] (GaAs)9/(A1As), 0 superlattice for an infinitesimally
small q with q in the (112) plane. The solid lines refer to the LO
modes polarized along z', while the dashed and the dashed-
dotted lines correspond to TO, and TO~ polarizations. Identi-
cal dispersion curves (but different polarizations) are obtained
for q in the (110) plane.

vk defined by

vk — ™kuk

for q=O, cf. Eq. (5). The positive sign applies to cations,
the negative one to anions. As can be seen in Fig. 8, the
cation-weighted displacements can be described by a
sinusoidal dependence on layer position. The envelope
function of the anion displacements is shifted against that
of the cation displacements. Note that there is no sym-
metry element in C3„, which would allow a classification
of the modes in terms of even and odd parity. However,
there is an additional symmetry built into the model by
use of the same coupling of the As ions to the Ga as to
the Al ions, which leads to inversion symmetry within the
(Ga,AI) sublattice (see the Appendix) and, in fact, to even
and odd Ga- and Al-sublattice displacement patterns for
the modes with qII [111].This argument does not hold for
the As sublattice. In principle, the center of mass of the
whole superlattice unit cell is fixed. It seems, however,
that neighboring layers tend to keep a nearly fixed center
of mass, and this, together with the even-odd
classification of the (Ga,A1)-sublattice displacements,
forces an approximate even-odd classification also on the
As-sublattice displacements. In reality, there is a small
deviation form the force-constant symmetry of our mod-
el, but this is expected to lead to only weak violation of
the even-odd symmetry. This fact then explains the ab-
sence of TO (m even) modes in Fig. 3( except for a weak
TO2).

In our calculations, the confined modes with qII[111]
have eigenvectors whose sinusoidal dependence can be
described by the effective wave vectors q of Eq. (3). For
confined LO and TO modes we find best agreement

GaAs

FIG. 10. Displacement pattern of GaAs-like electrostatic in-
terface modes with q=0 and ql[111]. Part (a) shows the dis-
placement of the interface mode with polarization parallel to q
(in the layer planes, with frequency 280.14 cm '). Parts (b) and
(c) refer to a pair of modes with polarization along z' (perpen-
dicular to the layer planes, with frequencies 288.50 and 281.78
cm ').

I
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I~As

I

AI I
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I ~Ga, Al

1~ As
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8
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1
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GaAs A!As GaAs AlAs

FIG. 11. Displacement pattern of the interface modes IF~
I

and IF~ with wave vector at the &point on the Brillouin-zone
2

boundary with frequencies of (a) 227.45 cm ' and (b) 196.62
cm '. Shown are the components of the displacement vectors
v, Eq. (6), along [110],[112],and [111](from top to bottom).

with the bulk modes for y=0.5. With this choice of y
the frequencies of these modes map closely to the co(k)
bulk dispersion branches; see Figs. 4(a) and 4(b). This re-
sult is supported by the GaAs displacement vector com-
ponents, given in Figs. 8(a) and 8(b), penetrating into the
AlAs layers in a way corresponding to y =0.5.



41 PHONONS IN GaAs/A1As SUPERLATTICES GRO%N ALONG. . . 5911

z'(x'x'j z

T= 15K

X = 5145K

W W

~sr ~
t4 0 ~

IIS I I NI
lO 0 ~

0 ~ ~ 0
I~ I I IOI

II II II
II I I II

II II & II

01 0 ~
Ol Q ~

II ~ I

II I I

II I I

~ 0

1 I ~
~ 0
I I ~

II I I

I I I I

II [ I

~ ~

I

I I

I I

I I

If

!

!

~ II I el

!f IL &la g & IIL[h ~ gQ

pendicular to the layers, IF~+LO3, are in the GaAs re-
gion superpositions of an IF-like constant displacement
with a LO3-like sinusoidal component.

In directions perpendicular to the layer axis
(I —X, I —Y) the phonon branches show strong disper-
sion ending in narrow bands at the zone-boundary. In
the W —X portion of Fig. 7, which corresponds to a zone
edge parallel to the layer axis, all modes are localized.
Some phonon branches are well separated from the clus-
ters of narrow bands. For two of these modes the dis-
placement patterns are shown in Fig. 11. Both modes
have frequencies in the overlapping region of the optic
GaAs and acoustic A1As energy bands. They are highly
localized at the interfaces. Interface imperfections would
make these modes Rarnan active, and possible experimen-
tal evidence of these highly localized zone-boundary in-
terface modes is given in Fig. 12. Another interpretation
of the structures shown in Fig. 12 is based on the defect-
induced activity of the other zone-boundary modes with
the same frequency and a large density of states or the ac-
tivity of the backfolded acoustic AlAs phonons.
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RAMAN SHIFT (cm I)

FIG. 12. Raman spectra of a [111](GaAs)9/(A1As), 0 super-
lattice at 15 K in the z'(x'x')z' backscattering configuration.
Indicated are the frequencies of the zone-boundary (X —W)
modes, including, in particular, the interface modes IF~

I

and IF+ (cf. Fig. 11) (upper series) and those of the folded-
2

zone-center modes (lower series). The exciting-laser line is at
A, L =51.45 A.

B. Directional dispersion and interface modes

Rotating a very small wave vector away from the su-
perlattice axis the frequencies of the corresponding LO
modes, which have a dipole moment along this axis, de-
crease while those of the TO modes with perpendicular
polarization increase. At the same time these modes take
up the character of electrostatic interface modes. ' This
directional dispersion is shown in the I —I portions of
Fig. 7 and, enlarged, in Fig. 9. By symmetry, the angular
dispersion in the (110) wave-vector plane should be the
same as that in the (112) plane. Due to the lack of inver-
sion or reAection plane all confined LO and TO modes
should display some directional dispersion and anticross-
ings (at least for small values of m), but, as can be seen in
Fig. 9, this is not so for even values of m. In this case, as
mentioned above, the anion displacements can be rather
well approximated by even functions. These modes have
vanishing dipole moment and do not couple to the mac-
roscopic field.

Figure 10 shows the displacement pattern for the elec-
trostatic interface modes. The IF!!mode, polarized paral-
lel to the layer plane, shows the typical displacement pat-
tern of interface modes, with exponentially decaying
penetration into the AlAs layer and a nearly constant dis-
placement in the GaAs layer. The modes polarized per-

We have investigated the phonon properties of a
(GaAs)9/(A1As) to superlattice grown along the [111]
direction by MBE on a (ill)8 GaAs substrate tilted by
0.5'. The appearance of distinct x-ray satellite peaks
demonstrates the formation of highly ordered periodic
superlattice structures. We have observed confined LO
and TO modes with frequencies close to those of the opti-
cal phonons of the parent materials in the I —L direction
(q!![111])of k space. Also, folded-acoustic-phonon dou-
blets of longitudinal polarization, whose frequencies are
in agreement with shell-model calculations, have been
seen.

Using a shell model we have calculated the phonon fre-
quencies, phonon dispersion curves, and eigenvectors of a
[111] (GaAs)9/(A1As)to superlattice. The calculated
normal-to and in-plane modes show good agreement with
measured TO and LO confined- and interface-mode fre-
quencies in the GaAs optical-phonon region. The sym-
metry properties of these superlattices and their vibra-
tions have been investigated. A curious paritylike behav-
ior of the confined modes, related to the additional sym-
metry introduced by the use of the same force constants
for A1As as for GaAs, has been found.
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APPENDIX

In this Appendix we want to state the assumptions and
arguments leading to the even-odd classifications of the
(Ga,A1) displacements of the vibrations with wave vector
in the growth direction, q~~[111]. For these modes one
has to consider only the vibrations of planes (of like
atoms) against each other, and the problem is reduced to
that of a one-dimensional chain.

One has to distinguish between the planes of Ga and
Al atoms on the one hand and of the As atoms on the
other, which is done by labeling the Ga and Al planes by
m, m' (including 0), and the As planes by n, n', etc. The
distance of planes with neighboring m and m' (or n and
n') is equal to the thickness of a pair of monolayers,
d, =d2=ao/&3, cf. Sec. II. The force constant between
planes with indices k and k' (k =m or k =n) is denoted
by 4(k, k').

In addition to the assumption d, =d2 (which is not
essential for our reasoning), one assumes that AlAs differs
from GaAs only in the cation mass. This means that the
coupling between the atoms is independent of whether
these belong to the GaAs or A1As or interface region and
that the force constants

4(k, k')=4(k+m', k'+m')

are invariant against translation by multiples (m') of d;.
We partition the matrix of force constants into two

submatrices with elements referring to the Ga and Al
atoms (index 1) and to As atoms (index 2),

+11 @12

+21 C'Z2

and analogously for the masses.
One will need the matrix

4»(m, m'), and of the interaction mediated by the As
planes,

n, n'

This is obtained by formally eliminating the As degrees of
freedom from the equations of motion.

It is obvious that the direct interaction 411 has inver-
sion symmetry,

C „(O,m)=a „(0,—m) .

That this is also true of the indirect interaction 4'(O, m)
is seen as follows. One uses the translational invariance
of the interactions (and of Gz2 ) to write

4'(0, m)=——Q 4,2(O, n)G~2(n, n')42, (n', —m)
n, n'

X C 12(m n +m)G22(n +m & +m)
n, n'

X@2&(n'+m, O) .

Change of the dummy indices n and n' leads to

4'(0, rn ) = ——g4)2(m, n ) G22( n, n ')42, (n ', 0) .
n, n'

Newton's third law implies

4,z(m, n)=42, (n, m),

4~2(n, n') =4~2(n', n),

and thus also

Gzz(n, n')=G (2n2', n),

a fact which leads to

G22 (@22 ™22)
The translational invariance of the As-As interaction,
422, and of their masses, M22, is also rejected in 622,

G22(n, n')=G~2(n+m', n'+m') .

The effective interaction between the planes of the
(Ga, A1) atoms is the sum of the direct interactions,

n, n'

=4'(O, m),
i.e., inversion symmetry.

Note that the analogous arguments cannot be made for
the indirect interaction of the As planes since the Ga and
Al masses (in the resolvent G» ) do not have translational
symmetry.
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