
PHYSICAL REVIEW B VOLUME 40, NUMBER 5 15 AUGUST 1989-I

Phonon properties of GaAs/A1As superlattice grown along the [110]direction

Z. V. Popovic* and M. Cardona
Max Pla-nck Ins-titut fiir Festkorperforschung, Heisenbergstrasse I, Postfach 800665,

D 7000 -Stuttgart 80, Federal Republic of Germany

E. Richter and D. Strauch
Institut fur Theorestische Physik, Universitat Regensburg,

D 8400-Regensburg, Federal Republic of Germany

L. Tapfer and K. Ploog
Max Plane-k Instit-ut fu rFest'korperforschung, Heisenbergstrasse I, Postfach 800665,

D 7000 S-tuttgart 80, Federal Republic of Germany
(Received 20 April 1989)

We report Raman scattering studies of GaAs/A1As superlattices grown along the [110]direction.
The appearance of distinct x-ray satellite peaks around the Bragg reflections demonstrates the for-

mation of highly ordered periodic superlattice structures. The confined-optical-phonon modes cor-
responding to the three optical bulk branches as well as the folded-acoustic-phonon modes are ob-

served. The confined modes have frequencies which map closely onto those of the optical phonons
of the parent materials in the [110]direction (I —K—X) of k space. We also observe resonant Ra-
man scattering by confined-optical and in-plane (interfacelike) vibrational overtones and their com-

binations. The results of a lattice-dynamical calculation for this superlattice is also presented with

special emphasis on angular dispersion and the mixed polarization of superlattice modes.

I. INTRODUCTION

In the last ten years, semiconductor superlattices have
been the object of both theoretical and experimental in-
vestigation. Most of these studies have been performed
on GaAs/A1As superlattices grown on (001)-oriented
GaAs substrates because of the smooth morphology of
the epitaxial surface obtained for a large range of growth
parameters and the excellent device behavior found with
that orientation. More recently, it has been reported that
high-quality heterostructures and superlattices can be
grown by molecular-beam epitaxy (MBE) practically on
any low-index crystallographic plane: (110),' (012),
(111), ' (310), (311), and (211). This opens the possibil-
ity to study many interesting phenomena which are
strongly orientation dependent in quantum-well hetero-
structures and superlattices. The (110) GaAs layers and
heterostructures are especially interesting because they
may find important applications in electronics (e.g.,
avalanche devices and optical modulators for integrated
optics). ' In addition, it is known that there are no in-
trinsic surface states in the fundamental band gap of an
ideal reconstructed (110) surface of GaAs. This cleavage
face is one of the preferred orientations for the growth of
polar-nonpolar [e.g. , zinc-blende (GaAs) —diamond (Si)]
systems because the interface charge-imbalance problem
can be avoided. Until the work of Allen et al. '- there was
no report on the successful growth of device-quality het-
erostructures of (110) orientation. ' Device-quality
(110) GaAs has been reproducibly grown by MBE by tilt-
ing the GaAs substrate by 6 towards the (111) Ga-rich
plane. ' The growth of (110) GaAs/A1As superlattices
has been recently reported. They were characterized us-
ing only nonpolarized Raman spectroscopy. From the
lowered intensity of light scattering by folded phonons

and much stronger intensity of resonance Raman scatter-
ing by interface modes, it was concluded that the (110)
superlattices were of lower quality than the correspond-
ing (001) GaAs/A1As superlattices.

In this paper we present the results of x-ray and Ra-
man scattering studies of a GaAs/A1As superlattice
grown along the [110]direction. The appearance of dis-
tinct satellite peaks around the Bragg reAections demon-
strates the formation of a highly ordered periodic super-
lattice structure. The confined-optical-phonon modes
corresponding to the three optical-bulk-phonon disper-
sion branches as well as folded LA-phonon modes are ob-
served. The confined modes have frequencies which can
be mapped closely onto the dispersion relations of the op-
tical phonons of the parent materials. A calculation of
the lattice dynamics of this superlattice is also given,
where the mixed longitudinal and transverse character of
the eigenmodes as well as the angular dispersion is inves-
tigated.

The remainder of this paper is organized as follows.
After a brief description of the growth procedure and x-
ray characterization (Sec. II), we consider symmetry and
selection rules of Raman scattering of the (110)
GaAs/A1As superlattice (Sec. III). Experimental results
are presented and discussed in Sec. IV. In Sec. V, the
theoretical results for the superlattice modes are reported
and compared with the experimental data. Section VI is
used for a brief summary and conclusions.

II. EXPERIMENT

The GaAs/A1As superlattices studied here were grown
on (110) and, as a reference, simultaneously on (001) sur-
faces of GaAs by MBE in a three-chamber -MBE system.
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The (110) substrate was misoriented by 4.S' toward the
(113) plane to encourage the two-dimensional layer-by-
layer growth mode and, thus, the formation of atomically
smooth interfaces. Details of the preparation of the sub-
strate surface prior to growth and of the conventional
growth conditions are similar to those described else-
where. " The growth rate of O.S monolayer/s for both
GaAs and AlAs, as well as the shutter operation, were
calibrated by monitoring the intensity oscillations of the
refiection high-energy electron diff'raction (RHEED) pat-
tern on the (001) growth face. The growth temperature
was kept below 550'C to prevent diffusion across the in-
terfaces.

The actual period of the superlattice was measured
with a computer-controlled high-resolution double-
crystal x-ray di6'ractometer. Figure 1 shows the experi-
mental x-ray diffraction pattern of a (110) GaAs/A1As
superlattice recorded in the vicinity of the (220) GaAs
refiection (CuKa, radiation). The measurement geome-
try is displayed on the inset of Fig. 1. This di6'raction
pattern was recorded with the geometry ~y„~ (yo, '

where y„= c os[sr /2 (0~+—P)] and yo= cos[~/2 —(8~
—p)] are the direction cosines of the diffracted beam, e~
is the kinematical (220) Bragg angle, and p the angle be-
tween the (100) and (110) planes. The 0th-order superlat-
tice peak (labeled by 0} is clearly separated from the
GaAs substrate peak S, and the angular distance between
these peaks is related to the ratio between the GaAs and
AlAs layer thicknesses. The first-order satellite peaks
(+1,—1) are well pronounced and demonstrate the high-
ly ordered periodic structure of the superlattice. The an-
gular separation between the satellite peaks gives the su-
perlattice period length. The values of superlattice pa-
rameters were obtained by simulation of the experimental
diFraction curve using dynamical diQ'raction theory. '

The thickness of the individual GaAs and AlAs layers
were determined to be 26.0 and 27.5 A, respectively. The
interface roughness was found to be about two mono-

layers, which is twice that for superlattices grown along
the [001] (Ref. 12) or [012] (Ref. 3) direction, and explains
the increased full width at half maximum (FWHM) of the
first-order satellite peaks. The Ga(A1)As layers are ex-
tremely thin, because both the Ga(A1} and As atoms are
located on the same plane. The thickness of one (110)
monolayer is about 2 A (Fig. 2); thus the number of
monolayers for the superlattice studied is 13 and 14 for
GaAs and AlAs layers, respectively.

The Raman spectra were measured in the backscatter-
ing geometry using a conventional photon-counting
detection system. The excitation light sources were the
5145-, 4880-, and 4579-A lines of an Ar+-ion laser and
the 6471-A line of a Kr+-ion laser. Measurements were
made both at room and liquid-nitrogen temperature.

III. SYMMETRY AND SELECTION RUI.KS

It is well known' that in GaAs/AlAs superlattices su-
perperiodicity in [001] direction induces a lowering of the
crystal symmetry from cubic to tetragonal (point group
Dzd). For the superperiodicity in the [110]direction the
symmetry is orthorhombic (point group Cz, ). The
space-group analysis of (GaAs)„(AIAs)„superlattices

1 "2
grown along the [110] direction is given in Table I and,
depending on n, and n2, results in four diQ'erent space
groups. The case n, =n2=1 is equivalent to a (001)
GaAs/A1As superlattice.

Figure 2 shows a projection of the Ga(A1)As layers on
the (110) plane. In the same figure the symmetry opera-
tions of the C2, point group are also indicated. The two-
fold axes (Cz) are parallel to [001], the z axis of constitu-
ents. The o„and o.', mirror planes are parallel to (110)
and (110), respectively.

In the ZnS structure the phonons propagating in the
[110]direction have either pure transverse (y', parallel to
[110])or mixed longitudinal (x') and transverse (z) polar-
ization. The same is true for the modes with q~~[110] in
(110) superlattices. With respect to the C2, symmetry
group the pure transverse (y') modes have either A2 or
Bz symmetry; the mixed longitudinal and transverse
(x', z) mode have A, or B, symmetry.

The Raman tensors for the optical modes (at bulk wave
vector k=0) of the ZnS structure of the parent crystals in
the (x,y, z) coordinate system are

0 d 0
R(z)= d 0

0 0
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FIG. 1. Experimental double-crystal x-ray diffraction pattern

of a (110) GaAs/A1As superlattice recorded in the vicinity of
the (220) GaAs reAection with Cu Ku, radiation. The zero on
the angular scale refers to the (220) GaAs substrate peak (la-
beled S). The zeroth order (0) and first-order (+1) satellite
peaks are related to the superlattice. The angle between the sur-
face normal n and the [110] direction is o.=4.5' towards the
[113]direction.
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where R (x ') corresponds to the LO modes at k=O.
Besides the Raman tensors given by Eq. (1), we must

also include the tensor
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TABLE I. Symmetry of (GaAs)„(A1As)„superlattices
1 "2

grown along the [110]direction.
~ 0 ~ 0 ~ 0

Oy
40 g'„V

~2
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ni n2 ni+n2
Space
group
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which results from the "dipole-forbidden" Frohlich in-
teraction of phonons of A

&
syrnrnetry with nonvanishing

longitudinal polarization.
The Raman selection rules for backscattering off the

(110) surface of the parent material are given in Table II.
In the following, we will assume that the same selection
rules can be applied to the (110) GaAs/AIAs superlat-
tices. In this case we only have to formulate the rules
given in Table II with special emphasis on the
confinement of the superlattice modes.

As in the (001) superlattices' one can assign effective
wave vectors

qm =m (3)

to modes confined to the constituents with effective layer
thickness d; (see Sec. V). Assigning these wave vectors,
one takes into account the sinusoidal dependence of the
envelope of confined-mode eigenvectors as a function of
atomic-layer positions.

To the Raman-active confined pure transverse 82
modes can be assigned effective wave vectors q with odd
values of m; within the approximation for the Raman
tensor, they should show up only in the depolarized spec-
trum (see Table II). The A2 modes (with m even) are
inactive. For illustration, an odd value of m leads to an
even envelope function [cos(q x')] with respect to the
center of the layer; see also Fig. 7. Incidentally, the B2
representation of the corresponding eigenvector is the
product representation of 2„the representation of the
envelope function, and B2, the representation of the
transverse displacements, while for the A 2 mode the en-
velope function has B

&
symmetry.

FIG. 2. (110) GaAs (A1As) layers viewed along the [110]
direction. The symmetry elements of the C2, point group are
indicated.

For the mixed longitudinal and transverse A, modes
(as far as they are accessible to our experiments) the lon-
gitudinal eigenvector component has an even value of m
[sin(q x') envelope]; the envelope of the corresponding
transverse component must have an odd m, which will
thus be labeled (m +1). The 8, modes (with odd m) are
inactive. For details see Sec. V, particularly for the
determination of d; and, hence, q . Let it suftice here to
say that the calculated superlattice modes can be mapped
well to the bulk dispersion branches using the effective
wave vectors q as determined in Sec. V.

To simplify the phrasing concerning the mixed longitu-
dinal and transverse confined modes in the following, we
will label the modes mapping to the co,(k) bulk branch
(Fig. 4) by LO with respect to their mainly longitudinal
polarized eigenvectors for small values of q . Analo-
gously, the modes mapping to the co3(k) bulk branch are
labeled TO +& ~ In the case of the pure transverse
modes, mapping to co2(k), we use TOt, in the text.

In order to determine the Raman selection rules for the
folded acoustic phonons of the (110) superlattices, we also
start from the selection rules and Brillouin tensors of the
bulk crystals. For small bulk wave vector k along the
[110] direction, i.e., in the linear dispersion region, be-
sides the pure transverse TAt, (polarized along [110])
modes there are nearly pure transverse (TA, ) phonons,
polarized along the [001] axis and nearly longitudinal
(LA) phonons. For larger ik~, the phonons of the latter
two branches have mixed longitudinal and transverse
character.

The corresponding Brillouin tensors for TA and LA
components are'

TABLE II. The polarization selection rules in the backscattering geometry for optical and acoustic phonons of GaAs/A1As super-
lattices grown along the [110]direction as carried over from these for the bulk materials; a represents interband Frohlich, d the de-
formation potential terms, and p;, are elasto-optic constants.

Configuration
Incident Scattering

polarization polarization
Optical phonons

B2 TA,

Light-scattering cross section
Acoustic phonons

LA TAi,

x'(zz)x'
x '(zy')x '

x'(y'y')x'

[001]
[001]
[110]

[001]
[110]
[110]

a 0
0 d'(TO„)

a'+d'(TO, ) 0

(~op12 )

0
[(so/21(p» +p, 2 27~4)]'—
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where p; are the elasto-optic coefficients. Using these
tensors, we have determined the selection rules for acous-
tic folded phonons as given in Table II. For (110)
GaAs/AlAs superlattices within this approximation only
the folded modes containing a longitudinal eigenvector
component (i.e., A, - and B,-symmetry modes) should be
Raman-active in backscattering. This is also the case for
(001) GaAs/AIAs superlattices. '
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IV. RAMAN SCATTERING SPECTRA

A. Con6ned phonons

Figure 3 shows the Raman spectra of the (110)
(GaAs)i3/(AIAs)i& sample for all three polarizations ob-

0
tained at 80 K with the 5145-A line, away from all reso-
nances. For backscattering with both polarizations along
the y' direction, phonons with both TO, and LO eigen-
vector components are allowed (Table II). For the super-
lattice in the GaAs optical-phonon region, modes labeled
LOz (291.8 cm '), LO4 (281.7 cm '), LO6 (274.7 cm '),
TO, i/TO, 3 (270.7 cm '), TO, 5 (263.9 cm '), and TO,7

(257.3 cm ') are clearly observed [Fig. 3(a)]. The label-
ing implies the assigned dominant character of the eigen-
vectors as mentioned above, which will be discussed in
more detail in Sec. V. The appearance of the LO (m
even) and TO, (m odd) confined modes for the (y'y')
configuration is in agreement with the selection rules and
mixing scheme discussed above. In the A1As optical-
phonon region two confined modes at 362 cm ' (TO, i)
and 400 cm ' (LOz) are observed. The additional broad
peak at 390 cm ', labeled IF, is attributed by analogy
with Refs. 16 and 17 to in-plane (interface) modes.

For the depolarized configuration [Fig. 3(b)] we ob-
serve, as expected from the selection rules of Table II,
only TOi, (m odd) confined modes. In the GaAs
optical-phonon region three confined TO~, modes at
271, 268.2 and 265.5 cm ' (m =1,3, 5) are clearly seen.
In the A1As region only one confined mode at 364 cm
(TOi, ,) is resolved.

For backscattering with both polarizations along z we
expect to see only longitudinal confined modes LO and,
because of their small longitudinal eigenvector com-
ponent, a corresponding small contribution TO, +,
modes, in both cases with even I, i.e., spectra similar to
those for backscattering with polarizations along y' with

a

I I

200 250 300 350 400 450,
RAMAN SHIFT (cm )

FIG. 3. Rarnan spectra of a (GaAs)»/(A1As) I4 superlattice at
80 K in (a) x'(y'y')x', (b) x'(zy')x', and (c) x'(zz)x' backscatter-
ing configurations (x'//[110], y'[/[110], z[/[001]1. The exciting
laser line (5145 A) is away from all resonances.

different relative weights. Actually, only one mode ap-
pears at the same frequency (281.7 cm ') for (y'y') and
(zz) polarization. This mode is positioned near the calcu-
lated values of the LO4 (279.7 crn ') and also in-plane
(interfacelike) mode frequencies at 281.7 281.4, and 280.2
cm ' (see Sec. V). Its large intensity and width can be
explained as a superposition of all these modes. The fre-
quencies of other modes for the (zz) polarization differ
from those for (y'y') polarization. We believe that they
originate, at least in part, from superlattice in-plane
modes (these modes are equivalent to the "interface
modes"' ). We expect ir-active in-plane modes to
separate from the confined ones since there is directional
dispersion for q~0 (see Sec. V). The appearance of these
modes for (zz) polarization requires some perturbation,
yielding an in-plane wave-vector transfer, probably inter-
face roughness. ' This is the only possibility for appear-
ance of other than LO confined modes with m even, be-
cause there are no polarization configurations in the (110)
plane in which the LO modes of the parent crystals are
Raman active. Further, it is known' that the diagonal
Raman tensor components, allowed in principle for the
superlattice (A, symmetry, point group Cz, ) have very
small values as calculated with the bond-polarizability
model. ' ' The clear appearance of LO (m even) modes
for (y'y') polarization [Fig. 3(a)] may come from the fact



3044 Z. V. POPOVIC et al.

that with increasing I these modes have an increasing
transverse eigenvector component and the scattering of
light is "allowed" for this polarization (Table II). For (zz)
polarization, Raman scattering by "transverse" modes is
not allowed, and the in-plane modes may become dom-
inant. Moreover, the frequency difference between the
LOz confined mode for (y'y') polarization and the corre-
sponding mode (IF,) for (zz) polarization is only 0.5
cm '. The calculated frequency difference between I.O&

and LO2 modes (Sec. V) is 2.5 cm ', which means that
the observed modes for (zz) polarization are not LO (m
odd) modes for q~~[110), but, more likely, in-plane super-
lattice modes. The in-plane superlattice modes for
co) 279 cm ' (and small wave vector) have predominant-
ly longitudinal character and their eigenvectors are a su-
perposition of interface-type confined-mode eigenvectors
with different q (with m odd, B, symmetry; see Fig. 7
for q~~[001]). There are also small TO, +i components
(B, symmetry), as suggested by Fig. 3(c). For details see
Sec. V.

Using the assignment of observed Raman peaks to
confined LO and TO modes as discussed above, we corn-
pare the corresponding frequencies with the dispersion
relations of bulk GaAs and A1As. This relations for wave
vectors along the I —K —X direction have been calculat-
ed using the shell model C (ii) of Dolling and Waugh
with parameters which give the best fit to recent low-
temperature high-precision neutron data for GaAs. '

The corresponding dispersion curves for AlAs were de-
scribed by the same model with only the mass of the cat-
ion being changed. Figures 4(a) and 4(b) show the mea-
sured frequencies of- LO, TOl, , and TO, phonons
versus q [for the definition of q, see Eq. (6) in Sec. V]
together with the calculated dispersion curves of bulk
GaAs and AlAs. In the same figure, the plotted bars
represent the magnitude of the components of

e, (q)/Qm, —e, (q)/Qm, (5)

along the three directions [110], [110], [001]. Here
ej, ,(q) and I, , are eigenvectors and masses of the anion
(a) and cation (c), respectively. This representation helps
in the identification of the dominant character of the vi-
brations and clearly exemplifies the LO-TO, mixed-
character bulk modes for @%0 as much as the pure trans-
verse character of the TOj modes.

As seen in Fig. 4(a), the agreement between our experi-
mental data for GaAs optical phonons and the theoreti-
cal predictions is rather good, especially for the pure
transverse TO~, confined phonons. In the AlAs
optical-phonon region, we observed only one confined-
phonon mode for each optical branch. The difference be-
tween experimental and theoretical frequencies is less
than 3 cm ' [typical also of (001) GaAs/AlAs superlat-
tices ]. We believe that this difference originates from
insufhcient accuracy of the calculated dispersion curves

optical Phonons optical Phonons
320

GaAs
310—

300 — ~ (k)1

290

calc. exp.
+1(Q) a ~

hip{ Q)

4)3(Qj ~ ~
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410—

400 —i

390

ex p.
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TOlz
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280 .

270-

260—
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250 —.
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350

340
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I (001)

310—,LO
(»0)
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wave vector 2+&2
~o
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FICx. 4. Experimental (, A, R) and calculated (O, A, G) confined-mode frequencies as a function of confinement wave vector
q =[m/(n;+) „T)](2n.&2/ao), see Eq. (6), together with theoretical optical-phonon dispersion curves of (a) bulk GaAs and (b)
A1As in the I —E —X direction and the projections of the corresponding phonon displacements of the cation relative to the nearest
anion [Eq. (5)] along the [110],[110],and [001]directions.
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of bulk A1As, for which no neutron scattering data are
available.

B. Resonant scattering

Ai. = G471.4

I' =- suk (110)(Ga As)]3(AL As) g4

6471 L
T= 80K
x' {y'y') x'

l.r&g(&I''»)

Figure 5 shows Raman spectra of the (110)
(GaAs)i3/(A1As), 4 sample obtained at 80 K with the
6471-A line of a Kr+-ion laser. This photon energy is
near resonance with the first heavy-hole —electron exciton
transition of these GaAs quantum wells. Six strong
bands arise between 500 and 1100 cm '. We identify
them as overtones of GaAs confined phonons (modes be-
tween 550 and 600 cm ' and between 850 and 900 cm ')
and of the A1As interface mode (mode at 778 cm ') and
as a combination of the two (modes between 650 and 700
cm ' and between 900 and 1100 cm '). These modes, as
well as the A1As first-order optical modes, are seen for all
three polarizations. The observed first-order spectra of
the optical phonons of GaAs are the same for both polar-
ized configurations, as shown in the inset of Fig. 5, con-
trary to the results obtained out of resonance (Fig. 3).
The appearance of different first-order spectra in reso-
nance for polarized and depolarized configurations is not
surprising for the (110) superlattice. The reason is that in
the depolarized configuration, according to Table II, only

confined modes of the purely transverse TO~, branch are
allowed. For higher-order scattering we find, as men-
tioned above, the same spectra for all principal polariza-
tions. The mode near 292 cm ' with predominantly lon-
gitudinal character seen in the (zy') configuration (inset in
Fig. 5) is probably an in-plane mode induced by leakage
or defects, as discussed above. All modes observed in res-
onance for a polarized configuration are either confined
modes of A, symmetry or in-plane modes. Due to the
absence of LO and TO, modes of 8& symmetry in the
first- and higher-order spectra, we conclude that the
scattering by the modes observed in resonance is induced
by Frohlich interaction. ' '

C. Folded acoustic phonons

As mentioned above, the propagation properties of
acoustic waves in a superlattice can be obtained from the
propagation of acoustic waves in the parent materials. In
anisotropic materials, three waves propagate for a given
direction of q, but for a general q the displacements are
not along or perpendicular to the direction of propaga-
tion, so that these waves are not strictly longitudinal or
transverse. There are special directions, however, for
which the particle motions are either along (pure longitu-
dinal) or perpendicular (pure transverse) to the direction
of propagation. For cubic solids (e.g., GaAs) there are
three directions of propagation (( 100), ( 110), and
(111)) for which the long-wavelength acoustic waves
have pure longitudinal and transverse character. For
the (100) and (111) directions of propagation the two
transverse modes are degenerate. In the (110} direction
of propagation, transverse-acoustic waves are not degen-
erate, although they are pure transverse. (As mentioned
above, this is only valid in the continuum approxima-
tion. ) The velocities of these waves are

I—
V)
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I—

I I I I I

270 280 290

e(crn ~)

300

G».4» + .4l.d» Al.4» GuA» I- Al.4»
»

P i r — ~ r

+
4,

5

Q
+
O

V
/

cv w 0

3 '/

i

1000
I

800 600
RAMAN SHIFT (crn ")

400 200

FIG. 5. Raman spectra of a (GaAs)»/(AlAs) &4 superlattice at
80 K in the x'(y'y')x' configuration. The exciting laser line

0
A.L =6471 A is very close to resonance conditions. Inset: first-
order Raman spectra in the GaAs optical-phonon region for all
three polarizations.

vi,„s=[(cii+ci2+2c44)/2p]' along [110],
v„,„,=(c44/p)' along [001],
v„,„,= [(c„—c,2 ) /2p ]' along [110],

where c», c&2, and c44 are the stiffness constants and p is
the mass density.

Raman scattering by folded acoustic phonons in (001)-
oriented CxaAs/A1As superlattices is well documented. '

Because of difficulties in preparing high-quality superlat-
tices on other than (001)-oriented substrates, the observa-
tion of folded phonons propagating in other than the
[001]direction was not possible until recently. 2 ~

As predicted by the selection rules of Table II, only
folded-acoustic-phonon modes with longitudinal eigen-
vector components are Raman active for (110)-oriented
superlattices. Figure 6 shows the Raman spectra for (zz)
polarization in the spectral range between 20 and 50
cm ' obtained at 300 K with the 4579-A line of an Ar+-
ion laser. The doublet ( —1,+ 1) of folded-LA-phonon
modes at 32 and 38.5 cm ' is clearly observed. In addi-
tion to the I.A doublet in Fig. 6, there are weaker
features between 17 and 27 cm '. We assign a shoulder
at about 19 cm ' to the +1 component of the TA~, dou-
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reAection at the superlattice-substrate interface. Note
that the TA, mode may also be activated by a piezoelec-
tric coupling.

We have compared the frequencies of the observed
folded-phonon modes with a calculation based on the
continuum model. Folded-phonon dispersion curves cal-
culated with this model are given in the inset of Fig. 6 to-
gether with the experimental frequencies obtained with
the 4579-, 4880-, and 5145-A lines of an Ar+-ion laser.
Our experimental data for LA folded phonons in the
[110] direction are fully in agreement with the
continuum-model calculation, which means that the
stiftness constants taken for the bulk materials are
correct. (The calculation within the shell model leads to
the same results. )

(110)(Go As) 13 (A(As))/

~ ~A ~ 5Q
E

+~ ~oI—

UJ

30

t l

X'(z z) X'

~L= /t579 ~
T=300 K

20

0,2 0.4 0.6 0.8
wave vector (m/d)

1.0

30 40 50
RAlvlAN SHIFT (cm ")

10

V. LATTICE DYNAMICS OF THE SUPERLATTICEFIG. 6. Raman spectra of a (GaAs)»/(A1As) &4 superlattice in
the spectral region from 20 to 50 cm ' measured with the

0
4579-A line of an Ar+-ion laser at 300 K. The inset shows
continuum-model results for folded-phonon dispersion curves
together with experimentally observed LA (o), TA, (D), and
TA&, (E) folded phonons.

Lattice-dynamical calculations were performed for the
(110) (GaAs), 3/(A1As), ~ superlattice using the shell model
C(ii) of Dolling and Waugh, previously applied to (012)
GaAs/A1As superlattices. A diferent model was used in
the study of (001) superlattice, but, with readjusted pa-
rameter, the shell model was found ' to give a better fit to
the neutron data. In the following, we wi11 consider only
confined modes out of the GaAs optical-frequency re-
gion.

Figure 7 shows frequencies and relative-displacement
vectors of an anion-cation pair for some of the confined
modes of the (110) (GaAs)»/(A1As), 4 superlattice. The
left panel of Fig. 7 shows the displacement vectors for a

blet and the peaks at 23 and 26 cm ' to the TA, (+1)
doublet, since their position is in reasonable agreement
with continuum-model calculations (inset of Fig. 6).
These modes are actually forbidden by the selection rules
of Table II, but may be induced by deviations from exact
backscattering or by forward scattering resulting from

28I 4 274. 8. 285.3 281
I

274. Q2/ 1.6
II

q li tl~ol

e=—TK

2

q ll [&lOj

B=O
q ll IOOll

e-—
2 TO,s + TO,~,

. IF, +TO„,
'A /'I

l

i" V pi'

I

TO.a I

PrplV
TO,i ,

'

t

LOs
V V Vl f'

t

R r( IF» ~ LOs
I'

t

Lo, '

t

C.'

t
I t
t I

A R
, V V '1/'

LO, .

f'
Los,'

C.

, 266. 5
I

2/9
I

271.7
t TOLsli

I t

28/ 2. 266 5. 287 2 t 278.5290.2 266. 7

-, IF, —
nRrl

TO,0, TO,g
' TO,s—

r' TO~'
V

' TO,s— I

R, To.,j
,
'V

I

TOsi I

I
I

I

TO,s ',

I

I

I

A'

V

LOs,'LOs,
I

t

b. '

t

LOs p
t
t

a.'

I

LOs,'
I
I

h. ,
'

I

LOs ',

t

b. '

LO,n.
V Qt

LO,'V'
b. '

. 2/3 8
I I

. 290 2
I

. 280. 2

I

. 290.3 271.7281.4293.6 279.7 . 269.5

iTO,s + I

iR) R I
TO

I

T ~1 TO~,
V V

TO@i I

i
TO,s ,

'
t

TO,s,'
I
I

1

TO s,'
I t

I Q Qt TOgs,
I TJ I I

1 I

1 I I

LOs,

4.

LOs
'

I
I

4.'

LOs:
t

d.'

I

LO, ',

I
t
I

a.'

t

LOg ',

d.'

,
'. n
t y 1J' t
I t t
I t I

I A 6'
V ',

t ~ I

I I
t

y I

FIG. 7. Displacement vectors for a number of GaAs-like zone-center optical modes for a (GaAs)&3/(A1As)&4 superlattice. Plotted
are the optical relative-displacement vectors of anion-cation pairs along the layer axis [see Eq. (5); the anion and cation of one pair
belong to the same plane perpendicular to the layer axis]. Left panel, q approaches zero along the [110]direction (0=0); middle and
right panels, q approaches zero along the [001]and [110]directions (8=Tr/2).
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very small q along the growth direction (8=0), and the
middle and right panels those for small in-plane q along
[001] and [110],respectively (O=n/2)

The confined modes with qll [110]and q -0 have eigen-
vectors whose sinusoidal dependence as a function of
monolayer position can be described by effective wave
vectors q

a0
q =m with d;=(n;+yi r)—

2 2' (6)

aa/2&2 being the thickness of one monolayer and n; the
number of GaAs or AlAs monolayers, respectively. The
values yL and yz describe the extent to which the modes
confined to one (GaAs) layer penetrate into the other
(AlAs).

For the confined pure transverse TO~, modes, we
find best agreement with the bulk modes for ye= 1, a re-
sult familiar from the (001) GaAs/A1As superlattices. '

With this choice of d, the frequencies of these modes map
closely on the co&(k) bulk branch; see Fig. 4(a). As an ex-

ample, the displacement vector components of the TO~, &

mode are given in Fig. 7(e) (left panel).
For the confined superlattice modes with mixed longi-

tudinal and transverse (LO-TO, ) polarization [corre-
sponding to the co,(k) and co3(k) bulk branches] the
eigenvector components can be described by effective
wave vectors q, Eq. (6), to be detailed shortly. For a
given I, the longitudinal component, labeled LO, has
m —1 nodes (m extrema), while the transverse com-
ponent has one additional node; hence it wi11 be labeled
TO, +,. The eigenvectors, particularly the transverse
components, are small near and beyond the interface.

The determination of the effective wave vector for the
confined LO-TO, modes is far more complicated than in
the pure TO case due to (partially) overlapping bands in
the bulk crystal, cf. Fig. 4(a): the co& and co& branches
have a common frequency region at about 255 —270
cm; two different sections of the co3 branch occur in the
220 —235-cm ' region, and the minimum of the co3

branch and the maximum of an acoustic branch [not
shown in Fig. 4(a)] is found near 220 cm '. The follow-
ing rules seem to emerge from the analysis of the LO-TO,
mode eigenvectors.

(i) The eigenvectors of the modes with frequencies from
the co& branch are well described with yL=1. Displace-
ment vector components for modes of this kind are
shown in Figs. 7(a) —7(d) (left panel).

(ii) The LO modes with m =9 and 10 are missing;
this occurs where the expected LO9 and LO, D frequencies
would reach the top of the co3 band (at 272 cm '), and
mixing of the backfolded co, and co3 modes is possible.

(iii) Instead of the two missing LO modes, two
TO, +, modes with m =0 and 1 occur (classified ac-
cording to their longitudinal eigenvector component)
with remarkable admixture of K-point character [see
Figs. 7(fl and 7(g) in the left panel].

(iv) In the TO, band, one finds three diff'erent re-
gions of q=(gg0)2rr&2/a0 with different values for y:

(a) In the 270—245-cm ', 0(g( —,
' mixed LO-TO re-

gion one finds yi -3.

(b) For —,
' (g( —,

' one finds yi -1. As far as the eigen-
vector is concerned, this branch section is the continua-
tion of the co&(k) branch starting at 295 cm with that
same yj. This is called eigenvector exchange. These
modes are labeled m =7, 8, 9.

(c) For —,
' (g ~ 1 one has another eigenvector exchange

with a predominantly transverse-acoustic branch section
(not shown in Fig. 4), and in the obvious TO. notation
one finds yz —1 for the wave vector q with
m =11,12, 13. The mapping procedure leaves the I =10
position near the K point empty. This mode can be
found as a slightly confined (to the GaAs layer) mode be-
longing to the TA, branch (not indicated in Fig. 4).

(d) There are transition regions (for yL &) that have
been neglected in the data shown in Fig. 4(a). The
mismatch of mapping around the frequency of 245 crn
in Fig. 4(a) is thus due to the abrupt change of y L from 3
to 1 and of m from 9 to 7 in the calculation of the
efFective wave vector with Eq. (6).

We now refer to the middle and right panels of Fig. 7.
As in the case of (001) (Ref. 27) and (012) (Ref. 3) super-
lattices the displacement vectors of some modes propaga-
ting parallel (left panel of Fig. 7) and perpendicular (mid-
dle and right panel) to [110]are quite different. Typically
for heteropolar uniaxial crystals, the (110) superlattice
modes show angular dispersion at the I point (unretard-
ed calculation).

(1) The modes with ir activity (A „Bi,and B2) exhibit
angular dispersion for small values of Iql i.e., they are
singular functions of q for q~O. This dispersion is
displayed in Figs. 8(a) and 8(b). For the ir dipole moment
parallel to the wave vector q the modes are "LO-like"
and thus have a higher frequency than for directions per-
pendicular to q. In this case of an in-plane q the modes
are superpositions of confined modes and the "interface
modes" (IF„, IF~„and IF,), as obtained in the electro-
static approximation. For the IF modes, there is non-
vanishing amplitude in both layers, and for

I q I
%0 the

eigenvectors show exponential decay along x' within
each layer. Since these kinds of interface Inodes in mac-
roscopic, exponential decay are not obvious in our calcu-
lated eigenvectors (lql =0), and with respect to the super-
position, we prefer to use the term "in-plane modes. "
However, we emphasize the fact that interface modes are
simply ir-active in-plane modes (regarding the superlat-
tice as a uniaxial crystal). A large frequency shift exists
between the corresponding ir-active modes propagating
parallel and perpendicular to the layer axis. Generally
this discontinuity is different for q approaching zero from
different in-plane directions; see Figs. 8(a) and 8(b).

(2) TOi, modes of m even (A2-symmetry modes)
have no angular dispersion; for m odd (Bz-symmetry
modes) the dispersion is negligible for all m except m = 1

[compare Fig. 7(e), left panel, and Fig. 7(d), right panel].
[Note that the B2 mode of Fig. 7(d) is the only pure inter-
face mode shown in Fig. 7.] Since B2 modes have the ir
dipole moment parallel to (110), no dispersion occurs for
q varying in the (110)-(001)plane.

(3) For in-plane wave vectors q, A, - and B,- symmetry
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(x', z) plane; (b) q in the (x',y') plane. The solid lines represent modes predominantly polarized along x' (LO), while the dashed and
the dashed-dotted lines correspond to predominant TO, and TO~, polarizations.

modes have mixed interface —confined-mode character for
frequencies above 270 cm ' [see the anticrossing in Fig.
8(a); below 270 cm ' angular dispersion is negligible].
Some modes of this kind are shown in (b), (c), and (d) of
the middle panel of Fig. 7, and in (b), and (c) of the right
panel.

(4) The infiuence of the macroscopic field disturbs the
crystal symmetry (unretarded calculation). For q vary-
ing in the (110) plane [Fig. 8(a)] 2, and B, belong, there-
fore, to the same symmetry class [odd with respect to
(110) refiection]. Similarly Az and B2 are both even.
Thus, anticrossing can occur in the dispersion branches
of A, and B, modes (the pure transverse A z and B2
show no angular dispersion).

For q varying in the (001) plane [Fig. 8(b)], there exists
only one irreducible representation. The reason for the
apparent crossing of dispersion branches in Fig. 8(b) is
that the ir dipole moment of these modes is parallel to the
[001] direction, which makes them transverse for any
direction of q in this plane.

In Figure 9 we compare the measured Raman spectra
of the GaAs optical-phonon region of our superlattice
with the theoretical results. The calculated frequencies of
the confined-superlattice modes are represented by solid
vertical lines and in-plane (interfacelike) modes with
small ~q~ by dashed (q~~[100]) or dotted (qI~[110]) lines.
Satisfactory agreement between experimental assign-
ments and calculated frequencies of confined phonons is

found. Nevertheless, one has to keep in mind that the
theoretical results for the eigenvectors (more than for fre-
quencies) in the case of the confined LO-TO mixed modes
may depend sensitively on the model used, due to the
model-dependent anticrossing effects.

The calculations give confined-mode frequencies about
1 cm ' lower than experimentally observed (for LO as
well as for TO, +, modes), which is the same as the
resolution and absolute accuracy in the frequencies of the
Raman spectra. This comparison can also explain the
large intensity and broadening of the "LO4" peak as a su-
perposition of the LO4 confined mode with in-plane
modes at about 281.7 cm ' (propagating in the [100]
direction), 280.2 cm (propagating in the [110] direc-
tion), and 281.4 cm (one propagating in the [100] and
one in the [110] direction; see Fig. 8(b)). These in-plane
modes are denoted in Fig. 9 as IF&. The agreement is
especially good for the TO&, confined modes.

For the (zz) polarization one should see, induced by the
Frohlich interaction, only LO, TO, +, (m even)
modes, and interface modes. The peak observed at 292.3
cm ' (IF, ) may correspond to LO2, except that it is
found at higher frequencies (-0.5 cm ') than the LOz
peak seen in the (y'y') configuration. Since the latter is
allowed by its TO, 2+i admixture (Table IE), we conclude
that the "LO2" (IF,) peak in the (zz) configuration origi-
nates from a mode with a wave-vector direction different
from [110] and frequency slightly higher due to the an-
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We have investigated the phonon properties of a
(GaAs), 3/(A1As), „superlattice grown along the [110]
direction. Good-quality superlattices of this orientation
have been grown by MBE tilting the (110) GaAs sub-
strate by 4.5' towards the (113)plane. The appearance of
distinct x-ray satellite peaks demonstrates the formation
of highly ordered periodic superlattice structures. The
interface roughness was found to encompass about two
monolayers. We have observed confined-optical-phonon
modes of all three phonon dispersion branches up to sixth
order. These modes have frequencies which map closely
onto those of the optical phonons of the parent materials
in the I —IL —X direction ([110])of k space. We have also
observed resonant Raman scattering by confined-optical
and interface-vibrational overtones and their combina-
tions. Folded-acoustic-phonon doublets whose frequen-
cies are in agreement with continuum-model calculations
have also been seen.

We have performed a shell-model calculation of
the phonon frequencies and eigenvectors of a (110)
(GaAs) t3/(AIAs) t4 superlattice. The zone-center optical
modes display angular anisotropy. 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 assign-
ment of effective wave vectors q to confined modes in
the (110) superlattice has been found to be more compli-
cated than in the (001) case. This complication can be
traced back to the existence of several bulk branches or
branch sections of the same frequency and symmetry, in
our case the mixed longitudinal-transverse phonon
branches near 270 and 220 cm '. Our investigations
seem to indicate that the proper assignment of q can
only be made by reference to theoretical eigenvector en-
velope functions: one has to keep in mind, however, that
different models may give slightly different results.
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