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We report the experimental observation of first- and second-order Raman scattering in the
semiconductor superlattices ( GaAs), ( AlAs) ,, under optical excitation far from resonance with
the exciton transition. We show that for various combinations of the numbers of monolayers m
and n there exist only eight inequivalent ways to distribute the atoms on the basis of Wyckoff
positions. In order to analyze the symmetries of the phonons we have used the method ofband
representations of the space groups. We have determined the selection rules for the second-order
Raman spectra and have interpreted the results ofour experiments in terms of them. We establish
that the contribution the displacement of a specific atom makes to the phonon states changes as
the numbers m and n vary, and also the structure of the vibrational representations, which allows
us to obtain information about the microstructure and perfection of these superlattices at the
single-monolayer level by analyzing the Raman spectra.
1. INTRODUCTION

Interest in the investigation of first-order Raman scattering (RS) in semiconductor superlattices has continued to
grow; this is because RS studies can yield a considerable
volume of information not only about the quantization of
various lattice vibrations but also about the nature of their
interactions with the discrete quasi-two-dimensional excitons which are formed by localization of electron-hole pairs
in the layers. It is obvious that the electron-phonon interaction in a quasi-two-dimensional electron gas can differ significantly from the three-dimensional case, not only in connection with the lowering of the dimensionality of the
electronic system but also as a consequence of changes in the
overall picture of the vibrational normal modes due to the
superlattice.
Along with investigations of first-order RS,' there is
much information to be gained by studying second-order RS
in semiconductor superlattices, in which various combinations of two quantized lattice vibrations can participate in
the scattering process. We know of only one paper2 in which
second-order RS is reported in a semiconductor superlattice;
in this paper the authors investigated a GaAS-AlAs system
with GaAs layer thicknesses d, = 20 A and AlAs layer
thicknessesd, = 60 A. The RS was excited with light quanta
whose energies were nearly resonant with an exciton transition between the subbands of size-quantized ( n = 1) heavy
holes and electrons. Using the backscattering geometry from
the (001) plane and parallel polarizations of the incident
and scattered light, these authors observed several narrow
lines caused by additive combinations of quantized GaAs
LO, phonons ( I = 2,4,6).
In superlattices of A 3B5 compounds the long-wavelength ( k z O ) longitudinal LO, phonons which propagate
along the direction of quantization and which are trapped in
the corresponding layers can be classified according to the
irreducible representations ( I R ) of the point group D,, ,and
have the symmetry B2(T,) (for odd I) or A, (r,)(for even
I). When the first-order RS spectra are excited far from resonance with the electron transitions in the backscattering geometry from the (001) plane, phonons with T, symmetry
are allowed when the incident and scattered light are cross1271
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polarized (xy), while phonons with r, symmetry are allowed when these polarizations are parallel (xx). In this
notation the x-axis is directed along the [ 1001 direction of
the crystal, while the y-axis is along [OlO]. These selection
rules are violated under resonance excitation
and phonons with T, symmetry are not experimentally obIn this paper we report the experimental observation of
( AlAs) , susecond-order RS in semiconductor ( GaAs) ,
perlattices made up of size-quantizing heterostructures (the
integers m and n are respectively the numbers of GaAs and
AlAs layers in an elementary unit cell) under excitation far
from resonance with the exciton transitions. In this work we
have investigated scattering for both polarizations, parallel
( X X ) and crossed (xy), of the incident and scattered light,
and also over a wide range of frequencies overlapping the
region of additive combinations of LO, phonons (for both
even and odd I) which are trapped in both the GaAs and the
AlAs layers." Under these conditions we obtained the firstorder RS spectra with high resolution: we observed sharp
distinct lines corresponding to LO, phonons with r, and T,
symmetries trapped in a GaAS layer (up to I = 11) and in an
AlAs layer (up to I = 5 ) . We have carried out a comparison
between the calculated LO, phonon frequencies and measured frequencies obtained recently from experiments with
scattering of slow neutrons in the case of bulk GaAs,1° and
with perturbation-theory calculations which take into account the Coulomb interactions between ions in neighboring
layers for the case of A1As.l2
In order to analyze the phonon symmetries and selection rules in second-order RS spectra, we have used the
method of band representations (BR) of space groups,'3
which is effective in studying crystals with a large number of
atoms in a primitive unit cell. We establish that as the
numbers of monolayers m and n change, the contributions of
displacements of specific atoms to the phonon states changes
as well as the structure of the vibrational representations,
i.e., the phonon spectrum of the superlattices is significantly
reconstructed. Thus, the approach developed here allows us
to obtain useful information about the microstructure and
perfection of the superlattice at the single-monolayer level
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from analysis of the RS spectrum.
The most interesting part of this work is the investigation of second-order RS in superlattices. Because this scattering process takes place with the participation of overtone
and mixing combinations of two phonons with equal and
oppositely-directed wave vectors k , and k, ( k , k 2 z O ) ,
corresponding to critical high-symmetry points of the
phonon density-of-states function both at the center and at
the edges of the Brillouin zone (BZ), the number of possible
combinations of groups of atoms which contribute to these
states is considerably increased. This in turn increases the
analytical possibilities of second-order RS compared to firstorder RS.
Our analysis allows us to obtain selection rules for the
first time for second-order RS in this type of superlattice,
which we use to interpret our experimental results.

I, arb. units

+

2. EXPERIMENTALTECHNIQUE AND BASIC SAMPLE
CHARACTERISTICS

We investigated light scattering from two samples of
semiconductor superlattice consisting of alternating ultrathin layers of the different semiconductors GaAs and
AlAs, which have the same sphalerite crystal structure
n ) ] nearly equal lattice con[space group ~ , ~ ( ~ 4 3 r and
= 5.6533 A and a,,
= 5.661 1 A.
stants: a,
The single-crystal samples of (GaAs), ( AlAs). semiconductor superlattice made up of size-quantizing heterostructure were grown by molecular-beam epitaxy on an ntype GaAs substrate oriented along the [001 ] axis. The layer
thicknesses for samples 1 and 2 as determined from x-ray
diffraction data were respectively
di=58.87 A ( m = 2 1 ) GaAs, d,=15,03 A (?1=6) AlAs;
d,=20.75 A ( m = 7 ) GaAs, dZ=51.45 A (n=18) AlAs.

Both samples had sharp and abrupt boundaries separating
the heterolayers, with characteristic transition layer thicknesses do = 2.22 A for sample 1 and do = 3.64 A for sample
2. The period of the superlattices d = d l d, in each sample
was repeated 100 times. A typical sample size was 3 X 5 mm2.
For comparison we also measured the RS spectra of singlecrystal GaAs and AlAs samples of thickness 1-2,um. These
crystals were also grown by molecular-beam epitaxy on ntype GaAs substrates oriented along the [OOl] axis.
The RS spectra were excited by radiation from a CW
argon laser with wavelength 4880 and 5 145 A. The geometry
used was backscattering along the quantization (growth)
axis zll [OOl]; z(xx)Z for parallel, z ( x y ) t for crossed polarizations of the incident and scattered light. The x and y axes
were parallel to the [ 1001 and [OlO] axes, respectively. The
samples were bonded with silver paste to the cold finger of a
helium pumped metallic cryostat, providing a temperature
from 1.2 to 300 K. The scattered light was analyzed with a
triple diffraction monochromator using an RCA 31034A
cooled photomultiplier in the photon-counting regime.

+

3. EXPERIMENTAL RESULTS AND DISCUSSION

a. Analysis of the first-order spectra

We will begin our discussion of RS by quantized optical
phonons with first-order RS, and then proceed to secondorder RS.
1272
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FIG. 1. First-order RS spectra of LO, phonons trapped in GaAs layers of
the superlattices (GaAs),, ( AIAs), in the crossed ( x y ) and parallel (xx)
scattering geometries. T = 10 K, hw, = 2.409 eV.

In Fig. 1 we present typical first-order RS spectra in
(GaAS),, ( AlAs), superlattices obtained using the crossed
(xy) and parallel ( x x ) scattering geometries at a temperature T = 10 K in the vicinity of the longitudinal optical
phonon frequencies for gallium arsenide. The wavelength of
the laser radiation equalled 5145 A, i.e., the energy of the
excitation radiation quanta fh, = 2.409 eV was far from the
strongest of the exciton transition resonances, which were
present in these samples in the energy range 1.62 to 2.05 eV.
Analogous spectra were also obtained for excitation at the
wavelength 4880 A. Thus, all the features shown in Fig. 1 are
caused by light scattering and not hot-carrier luminescence.
For comparison we have measured the frequency of
long-wavelength L O ( r ) phonons in the spectra ofbulk samples of GaAs and AlAs (also grown by molecular-beam epitaxy). These spectra were obtained under the same experimental conditions, i.e., the scattering geometry, width of the
gaps, temperature, etc. The measured values of the frequencies came to 296.0 and 405.8 cm-' for GaAs and AlAs, respectively. The presence of a series of sharp distinct lines in
the spectra of ( GaAs), ( AlAs), at frequencies below the
above-mentioned values of the L O ( r ) phonon frequencies
of the bulk samples is caused by the appearance of size-quantized optical phonons in the superlattices.
Strictly speaking, the phonon spectrum of a superlattice
cannot be obtained from the spectra of bulk GaAs and AlAs
by viewing it as the spectrum of a system with a superimposed perturbation (since in the transition to the superlattice the number and type of atoms in a primitive cell also
changes); nevertheless the vibrations of the superlattice can
be placed in one-to-one correspondence with the vibrations
of the bulk crystal by subdividing the BZ. The presence of a
new periodicity in superlattices with size-quantizing heterostructure leads to the formation of mini-Brillouin zones,

,

Bairarnov et al.

1272

which result in subdivision of the phonon dispersion curves
~ ( kof) the bulk crystal.
Because there is a mismatch between the dispersion
curves of the original crystals of GaAs and AlAs, the effects
of quantization on the acoustic and optical phonons are
quite different. Thus, the bulk dispersion curves of acoustic
phonons, and consequently the acoustic phonon densities of
states, overlap over a wide range of frequencies for the original layers of GaAs and AlAs; therefore superlattice acoustic
phonons can be well extended in both layers. In contrast, the
dispersion curves of optical phonons do not overlap; therefore the mismatched phonons will be evanescent, and the
superlattice modes are found to be trapped in the original
layers with properties typical of standing waves. In
(GaAs), ( AlAs) ,, superlattices the frequencies of the optical phonons trapped in the GaAs (or AlAs) layers correspond to the frequencies of those phonons in bulk crystals of
GaAs (or AlAs) whose wave vectors, taking into account
boundary conditions on the amplitudes of oscillation in the
approximation of infinitely small decay length, are determined by the following

where I, the order of the trapped phonon, takes on integer
~
of monolayers of
values 1<I< m ( n ) , and do, t h thickness
GaAs and AlAs, equals 2.83 A. Under conditions of complete trapping, I equals the number of half-waves of the sinusoidal wave function of the trapped mode confined in the
GaAs and AlAs layers. Note that this relation differs somewhat from the equations which describe the formation of
standing waves in thin isolated dielectric films, for which 1
does not appear in the square brackets. In superlattices with
alternating layers, because they decay lengths of the vibrations take on finite values, the factor in the square brackets
can take on values intermediate between m ( n ) and
m ( n ) 1. The high optical quality of the samples we studied, the perfection of their structure, and the optimization of
the measurement regime, allow us to observing scattering of
light up to order I = 11 for trapping in the GaAs layer and to
I = 5 in the AlAs layers.
As we have already noted, when the trapped modes are
optical phonons, the active phonons appearing in the firstorder RS spectra have symmetry T I (even I) in the (xx)
geometry, while those which are active in the ( x y ) geometry
have symmetry I7, (odd I). The measured values of frequencies of longitudinal trapped phonons are presented in Table
I. In this same table we list calculated values obtained from a
model of a two-atom linear chain in the effective-mass ap-

+

pr~ximation.~-'It is clear that agreement between experimental and calculated data is good. The measured values of
the frequencies of LO,-phonons trapped in the AlAs layers"
equal 404.1,401.9, 399.4,395.2, and 389.4cmP' for I = 1-5
respectively, which agrees well with the theoretical data on
the disperion of LO, phonons in bulk AlAs (Ref. 18) (for
k = 0, w,,,., = 405.8 cm-I); this data was obtained in Ref.
12 using perturbation theory in an adiabatic model of the
bound charge, taking into account the Coulomb interactions
between ions in neighboring layers.
b. Analysis of the phonon spectrum of superlattices using the
method of band representations of space groups

The symmetries of superlattices as a function of the
number of mono-layers (m n ) in a primitive cell are described by two different space groups: D,,$ (for
m + n = 2 k ) and D,,., (for m + n = 2 k + l).I9 Earlier
work on RS in superlattices was limited to investigating the
point group D,, as a basis for symmetry analysis of the superlattice phonons', i.e., to phonons with k = 0. In this paper we will use the space group band representation (BR)
method to classify the symmetries of superlattice phonons
with nonzero values of wave vector.13
Band representations of space groups establish the connection between local properties of a system (in the problem
under discussion here the local atomic displacements) and
its band characteristics (the normal vibrations of the crystal
lattice). From the point of view of group theory, a Br is a
reducible representation of the infinite-dimensional space
group constructed by joining the irreducible representations
of the space group at all points in the Brillouin zone. It can be
characterized by assigning sets of irreducible representations only at inequivalent symmetry points of the BZ, and at
one point of each of the inequivalent symmetry elements of
the BZ (lines or planes); at the remaining points of the BZ
these IRs are obtained from the compatibility relations.
Superlattices constitute ideal model systems in that
they allow us to demonstrate all the possible uses of the BR
method for analyzing the symmetries of phonons in crystals.
From the point of view of symmetry, superlattices with different m and n are different crystals; they differ even in the
limit of a single space group for the crystalline microstructure, i.e., in the placement of atoms in the unit cell at symmetry positions (i.e., the Wyckoff positions).
Analyses of the phonon symmetries which employ the
usual method of constructing the full vibrational representation and then resolving the factor group of the crystal in
terms of IRs (known as the Bhagavantam-Venkatarayudu

+

TABLE I. Comparison of meaured values of the LO, phonons (w;';;)) trapped in GaAs layers in
obtained in a model of a twothe superlattice (GaAs)?, ( AIAs), with calculated values (o,',,)
atom linear chain.
Phonon trapping
order and 5ymmctry
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method)20,or the method of positional symmetry described
in Ref. 2 1, do not allow this problem to be solved in its general form for arbitrary m and n. Consequently, there are
certain overall regularities which these methods cannot reveal; rather, they require us to recalculate everything for
each specific structure. Furthermore, the general method of
constructing vibrational representations is very cumbersome, especially for a crystal with a larger number of atoms
in its primitive cell, as is the case for superlattices. Although
the method of positional symmetry is simpler, it is nevertheless quite complex, especially for phonons with kf 0.
In the approach we adopt here it is enough to construct
and then
the BR for at most two space groups D i d and D
to find the general expressions for the placement of the
atoms according to the Wyckoff positions. This information
turns out to be enough to carry out the symmetry analysis of
the phonon spectrum of any of the superlattices under discussion here.
We have determined that there exist eight inequivalent
types of placement of atoms according to the Wyckoff positions, corresponding to different combinations of the
numbers m and n, and we have constructed the BR of the
space groups in question,22which coincide with what was
presented in Ref. 23. The analysis we give here shows that
the symmetry types of the phonons for all superlattices with
the same symmetry group are independent of the specific
values of m and n. However, the contribution of the displacements of specific atoms to the phonon states depends on the
number of layers, because in varying the number oflayers we
change the placement of atoms according to the Wyckoff
positions. In this case the structure of the vibrational representation also changes, i.e., the number of phonon branches
with a given symmetry. Below we will apply these results to
analysis of experiments for specific values of m and n.
The symmetry of the superlattices (GaAs),,(AlAs),
(m n = 27) is described by the space group D %. An elementary unit cell contains 54 atoms; the number of vibrational branches in such a system in 162. The placement of the
atoms according to their Wyckoff positions (see Fig. 2) is as
follows: one Ga atom is located at the position la(000) with
local symmetry 32m, one As atom is at position lc(O4
with local symmetry 32m, 20 Ga atoms and 6 A1 atoms are
pairwise located at 2e(Oz) (002) with local symmetry mm,
140Z) with local
and 26 As a t o d e k the pbs&ions
symmetry mm.

zd,

FIG. 2. Crystal structure of ( G ~ A S (AIAs),
)~,
superlattice and placement of atoms according to the Wyckoff positions: a--cubic and b--centered tetragonal unit cells.

The symmetries of the phonons in this system are
shown in Table 11. In the first column we list the designations of the Wyckoff positions according to Ref. 24, with an
indication of what atoms occupy them, the coordinates of
these positions in units of the vectors of the basic translations
for doubling the primitive cell (t,,t,,t,), and their local symmetry groups. In the second column we list those IRs of the
local group according to which the components of the vectors of the local atomic displacements transform (the notation of the IRs is given as in Ref. 23). The third and subsequent columns contain the BZ labels in the k-basis obtained
by inducing the local group with the corresponding IR, i.e.,
the labels of the IR of the group of the wave vector which are
unambigously connected with the IR of the whole space

+

a)
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TABLE 11. Symmetry of the phonons in a (GaAs),, (AIAs), superlattice.
J ) ? ~ I X ~ .

1Ga ( a ) (000) 62111 b2(z)
e (+. Y)
1Ar (c) (O1/s1'4)

42m

b 2 (J)
e ( x - Y)

1 0 ~ 2 G a(c)
3 ~ 2 A (1p )
(002)(OOT)mm

a t (2 )
b t (z)
b2(q)

1 3 X ~ A(i)
S
(0'12 2 )

('ln OT )mm
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1.2
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2
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group and which determine the symmetry of the phonons at
the corresponding symmetry points ofthe BZ. The symbol of
the symmetry point of the BZ, its coordinate in units of the
reciprocal lattice vectors and the corresponding point group
of the wave vector are shown in the legend of each column.
(For IRs of the groups of the wave vector we use the notation
adopted in Ref. 25. )
Once we have analyzed Table 11, we can easily convince
ourselves that phonons of a definite symmetry are associated
with vibrations of a specific group of atoms. For example,
the vibrational representation at the T point has the form

where the upper indices of the element symbols denote the
components of atomic displacement, while the lower indices
are the Wyckoff positions in which those atoms are found
which give contributions to the vibrations with the given
symmetry. From this expression it is clear that only the zdisplacements of the G a and A1 atoms found in the e positions and the As atoms in the f positions contribute to the
vibrations with symmetry T I , while the G a atom in the a
position and the As atom in the c position give no contribution. Analysis of phonon symmetries from other symmetry
points of the BZ whose combinations can appear in the second-order RS spectra significantly increase the number of
possible variants. This allows us to obtain a wealth of information about the superlattice microstructure.
In order to analyze the second-order RS spectra we
have determined the selection rules for those phonon combinations which are active in scattering; the symmetries of
these phonons are given in Table 11. First of all, we determined the critical points of the phonon density of states
functions for vibrations of various symmetries, and established that the r-point is critical for vibrations T I and T, M
is critical for M I and M,, and P i s critical for PI and P2.
We then determined that the following combinations of
phonons were involved in the scattering for second-order RS
spectra in the ( x x ) geometry:

while for the (xy) geometry,

c. Analysis of the second-order spectra

Typical light scattering spectra in the frequency region
corresponding to second-order scattering for the superlattices (GaAs),, (AlAs), are presented in Fig. 3. These spec-

i, arb. units
11'

i
I

560

! LOJ + LO',

. . I~-LO,
:i-.
. + LOq

-I!-

FIG. 3. Second-order RS spectra of ( G ~ A S ) ~ ; ( A I A S superlattice
),
in
crossed (xy) and parallel ( x x ) geometries of scattering. T = 10 K,
Ziw, = 2.409 eV.

tra were obtained by laser excitation in the ( x x ) and (xy)
scattering geometries, where the laser wavelength was 5145
A. In both polarizations we observed sharp distinct lines
which can be grouped in the following way: in the frequency
region 550-600 c m - ' the lines are caused by various additive combinations of optical phonons trapped in the GaAs
layers. The wide band in the region frequencies 650-700
c m - ' is apparently due to additive combinations of vibrations associated with the boundaries. The frequency region
750-820 cm- ' corresponds to additive combinations of optical phonons trapped in the AlAs layers.
In analyzing the second-order RS spectra for
(GaAs), (AlAs), superlattices we must take into account
the following fact: when we measured the spectra of bulk
GaAs under the same conditions as our superlattice mea= 2.409 eV far from any
surements, i.e., T = 10 K, with h,
exciton resonances, we observed a frequency shift of the
2 L O ( r ) phonon w,,,,,, = (584 + 1 ) c m p ' , which is
( 8 f 1 ) c m - ' less than the doubled value of the L O ( T )
phonon frequency w,,,,,, = (296 f 1) cm-'. An analogous situation obtains when we compare the spectra of

TABLE 111. Identification and frequencies of LO, phonons trapped in GaAs layers in the second-order RS spectra of (GaAs)?,( AIAs), superlattices.
Geometry of scattering

I

XX

Phonon comb~nat~on
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2 L O ( r ) phonons excited by light which is resonant with the
gap E, + A,= 1.85 eV (where E, is the width of the GaAs
band gap and A, is the spin-orbit splitting), i.e., also far from
any exciton resonances.' This shift can be explained, in particular, by the fact that for two-phonon scattering real transitions can occur between parabolic states of the conduction
and valence bands with the emission of an L O ( T ) phonon.
As the energy of the quanta of the excitation radiation increases, L O ( T ) phonons with large wave vectors become
involved in the scattering process in order to sustain these
real transitions; it follows from the dispersion relations for
GaAs that these phonons have low frequency.
We anticipate that the analogous situation can also take
place for the case of RS in the superlattices (GaAs),
(AlAs), . Then in order to interpret the second-order RS
spectra shown in Fig. 3 it is necessary to include relative
displacements of the lines corresponding to RS of two
trapped LO, phonons; these displacements are roughly
( 8 + 1) cm-' lower in frequency than the corresponding
values obtained from the first-order RS spectra.
Taking into account what was said in connection with
the selection rules we have obtained for second-order RS,
and the analysis of the dispersion curves and the first- and
second-order RS spectra for bulk gallium arsenide carried
out in Refs. 10, 18 (which were obtained under the same
conditions), we offer possible interpretations for the most
intense lines in the second-order RS spectrum of the superlattice (GaAs), ( AlAs), in Table 111.
Our experimental investigation of first- and second-order RS in semiconductor superlattices and subsequent analysis using the space group BR method are interesting with
regard to general physics from the point of view of possible
use of single-crystal superlattices as felicitous model objects
for a variety of applications of the BR method itself. Furthermore, these concurrent experimental and theoretical investigations allow us to obtain a wealth of information about
the microstructure of superlattices and open up new possibilities for RS spectroscopy of superlattices.
The authors acknowledge their debt to B. P. Zakharchen and I. P. Ipatova for useful discussions of the work.
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