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The angular dependence of Raman scattering selection rules for optical phonons in short-period (001)
GaAs/AlAs superlattices is calculated and studied experimentally. Experiments are performed using a mic-
ro-Raman setup, in the scattering geometry with the wave vectors of the incident and scattered light lying
in the plane of superlattices (so-called in-plane geometry). Phonon frequencies are calculated using the Born
model taking the Coulomb interaction into account in the rigid-ion approximation. Raman scattering spectra
are calculated in the framework of the deformation potential and electro-optical mechanisms. Calculations show
an angular dependence of the selection rules for optical phonons with different directions of the wave vectors.
Drastic differences in the selection rules are found for experimental and calculated spectra. Presumably, these
differences are due to the Fröhlich mechanism in Raman scattering for short-period superlattices.
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1. INTRODUCTION

Heterostructures with an artificial period are known
as superlattices (SLs); their electronic, optical, and
phonon properties depend on the period [1, 2]. The
bright effects for phonons in SLs are a “folding” of
acoustic phonon modes and localization of optical
modes, which were observed by Raman light scattering
[3–9]. With the advent of a micro-Raman technique,
the possibilities of studying the angular dependence of
optical phonons in SLs have appeared [10–18]. Typi-
cally, however, experimental works do not contain cal-
culated data and theoretical works with a calculated
phonon dispersion do not contain experimental data
[19–21]. Thus, there is a lack of works in which the an-
gular dependence of selection rules for Raman scatter-
ing in SLs is discussed [11, 13]. It is worth noting that
only dispersion of phonons was calculated in [10–14],
and no calculations of Raman spectra for different ge-
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ometries were done. According to our knowledge, the
contribution of the electro-optical mechanism to Ra-
man scattering was poorly discussed. This work is an
attempt to study the angular dependence of Raman
scattering selection rules for long-wavelength optical
phonons in short-period GaAs/AlAs SLs both expe-
rimentally and theoretically.

2. MATERIALS AND METHODS

The GaAs/AlAs SLs were grown using molecular
beam epitaxy on a (001) GaAs substrate. First, thick
GaAs and AlAs buffer layers were grown, and then al-
ternating AlAs and GaAs layers consisting of 5, 7, or 9
monolayers (MLs) were produced. The parameters of
superlattices are presented in Table 1. Some SLs were
covered with a relatively thick protective GaAs layer
because thin GaAs layers kept in air can be oxidized,
while AlAs layers are chemically unstable, and there-
fore the whole SL can be oxidized. The Raman spec-
trometer T64000 (Horiba Jobin Yvon) with a micro-
Raman setup based on an Olympus optical microscope
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with a ×100 high-aperture microscope lens (with the
aperture-to-focus-length ratio 1/2.5) and the 514.5 nm
line of an Ar+ laser were used. The spectral resolution
was better than 2 cm−1. The radiation power reaching
the sample was ∼ 1 mW, which is insufficient to cause
significant heating of the sample. The spatial resolu-
tion is determined by the size of the laser beam at the
focus and was equal to 1 micron. This allowed us to
use the scattering geometry in which the wave vectors
of the incident and scattered light lie in the plane of the
SLs (in-plane geometry, as it was called in [11,13]). In
these experiments, the light was focused onto specially
made cleavages of SLs. This approach is described in
more detail in [16, 17].

3. RESULTS AND DISCUSSION

Figures 1–3 show the experimental (upper cases)
and calculated (down cases) spectra of the SLs for the
scattering geometries X(ZY )-X and X(Y Y )-X . Here,
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Fig. 1. Experimental (upper case) and calculated (lower case)
Raman spectra of the GaAs9/AlAs9 superlattice. Inset:
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Fig. 2. Experimental (upper case) and calculated (lower case)
Raman spectra of the GaAs7/AlAs7 superlattice

the axes in brackets correspond to directions of the po-
larization of the electric field vector of the incident and
scattered electromagnetic waves, and the axes outside
the brackets indicate the direction of the wave vector of
the incident and scattered light (this is so-called Porto’s
notation). The axes X , Y , and Z correspond to crystal-
lographic directions (100), (010), and (001). The Ra-
man scattering tensors Dαβ for phonons in bulk GaAs
or AlAs with a wave vector along the Z axis and with
different directions of atomic displacements (X , Y , or
Z) are
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Table 1. Parameters of the SLs

№ GaAs, MLs AlAs, MLs
Number of

periods
Thickness,

nm
Thickness of cap
GaAs layer, nm

1 9 9 20 100 no cap

2 7 7 103 412 no cap

3 5 5 132 370 24
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Fig. 3. Experimental (upper case) and calculated (lower case)
Raman spectra of the GaAs5/AlAs5 superlattice. Dotted
curve: the spectrum calculated using the electro-optic mech-

anism

where d is the additive differential polarizability of
bonds. According to symmetry selection rules, the Ra-
man intensity is proportional to (ES,αDαβEi,β)

2, where
Ei is the polarization vector of the incident light and Es

is the polarization vector of the scattered light. Thus,
for bulk GaAs or AlAs, only the X(ZY )-X geometry
is allowed for longitudinal optical (LO) phonons. The
transverse optical (TO) phonons are forbidden for both
geometries.

The phonon frequencies and Raman spectra were
calculated using a phenomenological Born model (the
two-particle interaction approximation) taking the in-
teraction of an atom not only with nearest neighbors
but also with atoms in the next coordination spheres
into account (the so-called extended Born model).
Phonons in GaAs/AlAs heterostructures were simu-
lated by the mass-substitution method [22] based on
the model parameters of gallium arsenide (in the case of
an aluminum atom, only the mass was changed). The
long-range Coulomb interaction was considered in the
dipole approximation. The effective charge of cations
and anions for GaAs was found from the difference
of the squares of the longitudinal (ωL = 292.6 cm−1)
and transverse (ωT = 269 cm−1) frequencies. The Ra-
man line intensity for each mode was calculated in the
Volkenshtein additive bond polarizability approxima-
tion [23]. This method is based on the assumption that
each covalent bond has its own polarizability depending
only on the bond length. Then the polarizability of the
system can be represented as the sum of polarizabili-
ties of all bonds [24]. The GaAs/AlAs heterostructure
was calculated using parameters taken from [24]. The
details of calculations are described elsewhere [17, 25].
For visual clarity, the peaks with low intensities and
the vertical axes for all of the calculated spectra were
omitted. The intensities of biggest GaAs-type IF-like
modes were about 80 units in all cases (Figs. 1–3, lower
plots). We have also calculated Raman spectra tak-
ing the electro-optical mechanism for both macroscopic
and local electrical fields into account [26].

As we can see by comparing the experimental and
calculated data, the main difference between them is
the presence in the experimental spectra of the forbid-
den TO-like (∼ 268 cm−1) and LO-like (∼ 290 cm−1)
modes for GaAs layers and also TO-like (∼ 360 cm−1)
and LO-like (∼ 400 cm−1) modes for AlAs layers. For
all spectra (Figs. 1–3), these modes are marked by ar-
rows. As we can see, these modes have largest intensi-
ties in the experimental spectra, but are small and also
somewhat shifted in the calculated ones.
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It is known [11,13] that for flat SLs in the X(ZY )-X
geometry, only interface-like (IF-like) modes with fre-
quencies depending on the GaAs/AlAs thickness ra-
tio are allowed. For the SLs with similar GaAs and
AlAs layer thicknesses, these frequencies are about the
mean value between TO and LO phonon frequencies,
∼ 280 cm−1 for phonons localized in GaAs layers and
∼ 380 cm−1 for phonons localized in AlAs layers. These
modes are also marked by arrows in Figs. 1–3. We
can see that IF-like modes are present in the experi-
mental spectra, but they are relatively small. For all
SLs, the experimentally observed and calculated fre-
quencies of IF-like modes for AlAs layers show good
coincidince. For the GaAs7/AlAs7 and GaAs5/AlAs5
SLs (Figs. 2 and 3), the experimentally observed and
calculated frequencies of IF-like modes for GaAs lay-
ers are also in good agreement. But the intensities of
these modes are so small that they can be detected only
after resolving the spectra into individual peaks. For
the GaAs9/AlAs9 SL (Fig. 1), we can see two separate
IF-like modes in experimental spectrum, but only one
mode dominates in the calculated spectrum, weak fea-
tures being barely distinguishable on its background.
For readability, all calculated spectra in Figs. 1–3 are
shown with breaks at the vertical axes. As regards
the “forbidden” X(Y Y )-X geometry, both experimen-
tal and calculated spectra have only very weak fea-
tures, except GaAs5/AlAs5 SL (Fig. 3, experimental
spectrum). We discuss this below.

It is worth noting that the spectra shown in Figs. 1–
3 (lower plots) were calculated using only the deforma-
tion potential mechanism. We have also performed cal-
culations of Raman spectra taking the electro-optical
mechanism into account. It is known that the polariz-
ability of a bond is the tensor

⎡
⎢⎣

α‖ 0 0

0 α⊥ 0

0 0 α⊥

⎤
⎥⎦ . (2)

In the first-order approximation for a polar crystal, the
polarizability of bonds depends on the parallel compo-
nent of the electric field E‖, and the additional polari-
zability is

δαij =

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

∂α‖
∂E‖

0 0

0
∂α⊥
∂E‖

0

0 0
∂α⊥
∂E‖

⎤
⎥⎥⎥⎥⎥⎥⎥⎦
cos(ωt) · (E0lk). (3)

Here, the external electric field (which appears due to
phonons in polar crystals) has the amplitude E0 and
alternates with the phonon frequency ω. The vector
lk is directed along the kth bond in a unit cell. For a
macroscopic electrical field (which is almost constant
within a unit cell in the case of long-wavelength LO
phonons), total effect from all bonds for Raman ten-
sors in a crystal with the zinc blend structure is the
same as in the case of the deformation potential mech-
anism (see tensors in formula (1)) for the X , Y , and
Z components of the electric field. For the local elec-
tric field, we must calculate the electric field from the
phonon in the middle of all bonds, and then we must
add the effects from all bonds. For clarity, it is neces-
sary to mention that in our case, a “local” electric field
means the additional field caused by displacement of
cations and anions due to a phonon mode. The field is
different for different phonon modes. The procedure of
calculating the Raman spectra using this approach was
applied, but it turned out that the spectra calculated
using the electro-optical mechanism for local electric
fields are very similar to the spectra calculated using
only the deformation potential mechanism. But, for a
comparative analysis, this spectrum for GaAs5/AlAs5
SL is shown in Fig. 3 with the spectra calculated us-
ing only the deformation potential mechanism. We can
see only weak differences for some low-intensity modes.
We also see that the weak peaks in the calculated and
experimental spectra have somewhat different frequen-
cies. The modes with frequencies 267 and 291 cm−1

are not active with both the deformation potential and
electro-optical mechanisms, and the question why they
active in the experimental spectrum is discussed below.

The influence of the GaAs/AlAs interface disorder
on Raman spectra was also calculated (similarly to the
approach discussed in [17]). It was found that even to-
tal disordering and notflat (corrugated) interfaces do
not lead to the appearance of intensive modes with fre-
quencies 268 and 290 cm−1 in the calculated spectra
(these modes can be seen in the experimental spec-
tra). Hence, disordering cannot be the reason of the
drastic breaking of the selection rules. The estimates
of how “polarization leakage” due to the used high-
aperture microscope lens can break the selection rules
were done. Because the refractive index of the SL is
high (about 4), the ratio of the parallel component of
the wave number to the perpendicular component for
quasi-backscattering in our case is about 1/10. Because
the intensity of light is proportional to the square of the
amplitude, the contribution of the effect of polarization
leakage is small (about 1 %).
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Table 2. Components of the electrical momentum for calculated GaAs-like optical phonons in the GaAs5/AlAs5 super-
lattice

Frequency,
cm−1

Real part Imaginary part

X Y Z X Y Z

246.46 0.002 0.004 0.391 0 0.012 −0.074

258.06 0.078 0.002 −0.002 −0.061 −0.056 0

258.09 0.003 0.253 0.004 −0.057 −0.055 0.028

259.55 0.006 0 0 −0.003 −0.003 0

259.65 0 0 −0.003 0 0 −0.028

261.00 −0.138 0 0 0.010 0.013 0

261.08 0 −0.807 0 0.013 −0.017 0.016

261.47 −0.170 0 0 0 0.006 0

264.48 0 0 0 0 0 0

264.5 0 0.002 0.009 0 0 −0.203

267.84∗ 0 4.136 0 −0.005 0.165 0.030

273.36∗ 0 0.001 3.72 0 −0.002 0.123

277.07∗ 3.009 0 0 0.118 −0.009 0

282.17∗ 0 −0.001 3.728 0 0.051 0.165

288.13 0.003 0 0 −0.378 0 0

We note that, for example, the GaAs5/AlAs5 SL
has 20 atoms in its unit cell. Hence, it has 60 phonon
modes, 30 of which are optical modes. Fifteen modes
of the 30 optical modes are GaAs-localized modes, but
not all of them are Raman active. We have calculated
frequencies, atomic displacements, and electrical dipole
moments for all these 15 modes for the wave vector
106 cm−1 along the X axis. The results are shown
in Table 2. We see that the mode that is Raman ac-
tive in experiment, with the frequency about 268 cm−1,
has the largest dipole momentum. In Table 2, the
modes with a large momentum are marked with an
asterisk, and also with the boldface font. Analysis of
the experimental spectra in Fig. 3 shows that in addi-
tion to the most intense peaks at the frequencies 267
and 291 cm−1, there are also weaker peaks at 277 and
286 cm−1. These frequencies are close to the frequen-
cies of modes with large dipole momenta (see Table 2).
Therefore, it is reasonable to assume that they can in-
terfere with charged particles (electrons or holes) in SLs

due to Coulomb interaction. The Coulomb mechanism
of electron–phonon interaction is known as the Fröh-
lich mechanism, taking place in transport phenomena
and also in Raman scattering [2, 27–30]. It seems that
the intensity of Fröhlich scattering can be proportional
to the squared modulus of the dipole moments; such
a “semiclassical” interpretation of the Fröhlich mecha-
nism requires further investigations. The selection rules
for the Fröhlich mechanism are different from the se-
lection rules for the deformation potential mechanism
[2, 13]. Our experimental spectra are similar to the
spectra observed by Cardona with co-authors from sim-
ilar SLs in similar experimental conditions [13]. But in
[13], the presence in the experimental spectra of modes
“forbidden” in the deformation potential mechanism is
not discussed. Usually, the Fröhlich mechanism has
bright effects in Raman spectra in resonant conditions
[2]. According to the calculated and experimental data
[31], the minimal energies of optical transitions for SLs
1–3 (see Table 1) are 1.8, 1.91, and 2.02 eV. It is far
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Fig. 4. Raman spectra of the GaAs5/AlAs5 superlattice calcu-
lated as functions of the angle measured from the axes X ′(110)
and X(100). A: “perpendicular” polarization geometry; B:

“parallel” polarization geometry

from the energy of exiting photons in our case of an Ar+

laser (2.41 eV). For such short-period SLs, the energies
of direct optical transitions are higher than the energies
of indirect ones [29]. High-energy direct optical tran-
sitions can play a role in Raman scattering, especially
for the SLs with the shortest period. We can see the
growth of the Raman signal in the X(Y Y )-X geome-
try forbidden for the deformation potential mechanism
with reducing the SL period (see Figs. 1–3). We can
therefore suppose that at least for the shortest-period
SL, the Raman scattering conditions are near-resonant,
and hence the Fröhlich mechanism can take place in
scattering.

It was also interesting to see how the selection rules
depend on the direction of the wave vector. We have no
experimental conditions to make the special cleavages
oriented at any angles. But we can calculate the spec-
tra for any direction of the wave vector. The results
for GaAs5/AlAs5 SL are presented in Fig. 4. For the
“perpendicular” polarization geometry (Fig. 4a), the
zero angle corresponds to the X ′(ZY ′)-X ′ scattering
geometry. Experimental spectra for this geometry were
studied in [17]. In this case, the axes X ′ and Y ′ cor-

respond to crystallographic directions (110) and (11̄0).
For the angle equal to 45◦, the scattering geometry is
X(ZY )-X . As we can see from Fig. 4, there is no an-
gular dependence of the phonon frequencies, but there
is an angular dependence for selection rules. We see
that the ratio between intensities of Raman peaks for
different modes depends on the angle. For the “par-
allel” polarization geometry (Fig. 4b ), the zero angle
corresponds to the X ′(Y ′Y ′)-X ′ scattering geometry.
Experimental spectra for this geometry were also stud-
ied in [17]. In this case, for the angle equal to 45◦, the
scattering geometry is the “forbidden” X(Y Y )-X . We
see that the intensities of Raman peaks decrease with
increasing the angle from zero to 45 degrees.

4. CONCLUSION

We have found significant differences between ex-
perimental Raman spectra of short-period GaAs/AlAs
SLs with the wave vectors of the incident and scat-
tered light lying in the plane of SLs and the spectra
calculated taking the deformation potential and the
electro-optical mechanisms of electron–phonon interac-
tions into account. From comparing the experimental
and calculated spectra, we can conclude that the Fröh-
lich mechanism can take place in Raman scattering for
this experimental conditions of scattering.

The authors thank A. I. Toropov for having grown
the superlattices.
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