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Abstract
The lattice dynamics of (GaAs)n /(AlAs)n(001) superlattices (SLs), n = 1, 2, with perfect and
disordered (non-perfect) interfaces is studied in detail. The SLs with disordered interfaces are
approached by primitive cells, much larger in volume than that of the perfect SL primitive cell.
The dynamical matrices of the SLs have been constructed from a combination of the dynamical
matrices corresponding to the bulk crystalline constituents, while the interionic forces are
calculated by using a ten-parameter valence overlap shell model (VOSM). Furthermore, we
calculate the Raman spectra, for both perfect and disordered superlattices by using an
eight-parameter bond polarizability model (BPM). Our theoretical results are in very good
agreement with the available experimental spectra. Finally, our results clearly demonstrate that
intermixing of Ga and Al cations, even to a very small extent, can induce Raman activity, which
although not expected in the spectra of perfect superlattices, is actually observed experimentally.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

GaAs/AlAs superlattices (SLs) grown along (001) [1–12],
(110) [13], (112), (012) [14] and (111) [15] directions, have
been studied in the past by Raman spectroscopy for various
layer configurations. The experimental studies on (001) SLs
are mainly focused on the investigation of the intensities of
the longitudinal modes. From the point of view of lattice
dynamics, (001) grown SLs have also attracted considerable
attention, approached mainly by qualitative models, such
as the linear chain model [1, 12] or the elastic [16] and
dielectric [17] continuum models. Calculations, based on
three-dimensional models, and trying to give a more realistic
insight into these compounds [18–26], also exist. In particular,
in the case of short period (GaAs)n /(AlAs)n(001) SLs, some
of these calculations have considered disordered interface
layers [3, 19, 21, 22, 25, 26] without avoiding, for some
of them, several questionable approximations or unrealistic
results. For example, in [3] two separate parameter sets are
used, one for GaAs and one for AlAs. The latter set has been
obtained by fitting the eleven-parameter rigid ion model (RIM)
to a very small number of experimental data. Furthermore, in
the same work [3] a larger cation intermixing depth in 1 × 1

SL was found than in 5 × 5 SL, in contrast to what could
be expected. In [19] only the frequencies of the GaAs layer
are discussed, while remarkable deviations from experiment
have been obtained for the highest frequency LO modes for
the monolayer and bilayer SLs. In the same work, a few
Raman lines obtained by the coherent potential approximation
(CPA) are restricted to the bulk GaAs optical frequency range,
while the obtained spectral lines are in poor agreement with the
corresponding experimental lineshapes. Also, in [21] is studied
the influence of a special type of interface disorder on the
frequencies and the localization of GaAs optical modes without
estimation of Raman spectra. Also the, rather contrived,
type of interface disorder considered in [25, 26] has given
frequencies far away from the experimental ones, especially
for 1 × 1 SLs.

Finally, in [3] and [12] are presented calculations
of Raman spectra of short-period SLs, based also on
versions of the bond polarizability model far away from
resonance conditions. Their theoretical Raman spectra,
although in arbitrary units, reproduce rather roughly, especially
in [3], the basic features of the experimental spectra
for some (GaAs)n /(AlAs)n(001) SLs [3, 12, 26]. In
both aforementioned works ([3, 12]), the estimated Raman
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Figure 1. Phonon dispersion curves of GaAs calculated by the ten-parameter VOSM model (solid lines). The solid points denote
experimental data [33].

intensities are obtained based on the ambiguous hypothesis
that the polarizability parameters of the Al–As bonds are about
three times smaller than those of Ga–As. However, this
hypothesis is not supported by other works [27]. In [26] an
oversimplified approximation is used for the calculation of the
Raman intensities for a 5 × 5 SL without any comparison with
experiment.

In the present study initially we used the ten-parameter
VOSM [28, 29], with slightly improved valence force
field [30], to obtain the vibrational modes of the bulk crystals
GaAs and AlAs. In particular, for the SLs with perfect
interfaces, we use the proper primitive cell, which is for the
1 × 1 (2 × 2) SL two (four) times larger the volume of the
primitive cell of the zinc blende structure. For SLs with
disordered interfaces, we use much larger primitive cells. The
primitive cell of the perfect 1 × 1 SL contains one layer
of GaAs and one layer of AlAs, while for the non-perfect
1 × 1 SL we use primitive cells containing 20 and 40 layers
of both GaAs and AlAs constituents which do not follow
the expected layer sequence. Also, we use cells with 64
and 128 atoms with Ga (Al) layers containing Al (Ga) to a
small extent. This is what we call cation intermixing. We
follow an analogous situation for 2 × 2 SL. Afterward, the
SL short and long range interactions are estimated from the
interactions of the constituent bulk crystals by exploiting a
similarity transformation method [18]. In all the above cases,
we have calculated the corresponding Raman spectra, using the
bond polarizability model [31, 32] with values for the bond
polarizability parameters able not only to reproduce as good as
possible the relative Raman intensities, but also to give realistic
values for them.

2. Calculation of the GaAs and AlAs interionic forces

As mentioned above, for obtaining the vibrational modes
of the bulk GaAs crystal we used a ten-parameter VOSM
model, modified for a better description of the valence bond

bending forces [30]. The VOSM model involves three electric
parameters Z , Y1 and Y2, which account for the long range
interactions, two core–shell coupling parameters k1 and k2,
and five valence force field parameters, one bond stretching
parameter λ and four bond bending parameters kr1θ , k ′

r1θ , kr2θ

and k ′
r2θ for expressing the short range interactions. The values

of these parameters are estimated by a least-squares fitting to
the existing experimental phonon data for GaAs [33]. The best
fit values found are: Z = 2 (kept constant), Y1 = 6.285, Y2 =
−2.455, (in proton charges), k1 = 16.84, k2 = 5.516, λ =
2.387, kr1θ = 0.44, k ′

r1θ = −0.358, kr2θ = −0.201 and k ′
r2θ =

0.14 (in 102 N m−1). This parameter set is very similar to that
found earlier [22] by fitting to the experimental frequencies of
Dolling [34]. The phonon dispersion curves calculated with
the above parameter set along the main directions is shown
by solid lines in figure 1, while the solid symbols indicate the
experimental frequencies. Except for some small discrepancies
along the � direction, with the pronounced ones along the
branches labeled by �1, the overall fitting is very satisfactory.
The mean standard deviation is 4.25 cm−1. Parameter sets for
GaAs obtained with an older version of the VOSM [28] are
also reported in [33]. Despite the fact that they give phonon
dispersion curves with mean standard deviations close to that
obtained by our set of parameters, it was impossible for us to
obtain with these sets reasonable phonon dispersion for other
III–V compounds, for instance GaP and GaSb.

Unfortunately, for AlAs there exist experimental data only
at the � and X [35] points of the Brillouin zone. Because of the
very few existing experimental frequencies for AlAs, several
authors have tried to obtain additional frequencies for the bulk
AlAs crystal from the AlAs-like modes present in the Raman
spectra of GaAs/AlAs(001) [1, 3–5, 26]. The argument used is
that all the modes present in the Raman spectra originate barely
from the [00ξ ] direction, and that all the AlAs-like modes have
been activated by folding. In this way, the phonon dispersion
of LO and TO modes along the � direction is reproduced.
This dispersion has been used to obtain, by least squares, a
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Figure 2. Phonon dispersion curves of AlAs calculated by the ten-parameter VOSM model (solid lines). The solid points denote experimental
data [35].

set of parameters for AlAs. But if even these assumptions
were true, the dispersion along the � direction alone is not
sufficient for obtaining a reliable parameter set for any crystal
compound. So, in order to estimate the phonons of AlAs, we
believe that scaling the dynamical matrix elements of GaAs by
just substituting the Ga mass by the Al mass is more reliable
and consistent. Under this assumption, the obtained dispersion
curves for AlAs, along with available experimental data, are
displayed in figure 2 for the main directions.

3. Calculation of phonon dispersion for
(GaAs)1/(AlAs)1(001) SL

The dynamical matrix for the SL are constructed by combining
properly the 6 × 6 dynamical matrices of the bulk constituents
GaAs and AlAs calculated at certain points of the Brillouin
zone [18]. In particular, we define a new unit cell, a supercell,
which is N times larger than the corresponding zinc blende
primitive cell. This supercell is the SLs primitive cell. The
dynamical matrix for each bulk constituent is calculated using
the supercell. The dimension of the new dynamical matrix for
the bulk crystal is 6N × 6N and can be expressed in terms
of the 6 × 6 dynamical matrix of the bulk crystal, referred to
the primitive zinc blende cell. The 6 × 6 dynamical matrices
are calculated at certain points of the original Brillouin zone,
which are folded back to the center of the new Brillouin
zone. Finally the 6N × 6N dynamical matrix is properly
transformed [18] to give the SLs dynamical matrix.

In figure 3 are displayed the calculated phonon dispersion
curves for the 1 × 1 SL GaAs/AlAs(001) along the directions
(ξξ0) (left) and (00ξ) (right). Directions (ξ, 0, 0), (0, ξ, 0)
and (0, 0, ξ ) coincide with Cartesian x, y, z axes defined by
the corresponding zinc blende unit cell. In the middle panel is
displayed the phonon angular dispersion at the � point, as it
is approached with zero wavevector and varying from (00ξ) to
(ξξ0). This is �–θ–� dispersion with the angle θ varying from
0 to π/2. When the � point is approached from a direction

parallel to the growth direction (θ = 0), the point group of the
wavevector Go(k) is D2d and correspondingly the vibrational
modes are distributed within the irreducible representations
A1 + 3B2 + 4E (A1 longitudinal symmetric, B2 longitudinal, E
transverse). Along the (00ξ) direction, with ξ different from
zero, the group of the wavevector Go(k) is the C2υ of the
orthorhombic system, while the irreducible representations of
the modes are 4A1 + 4B1 + 4B2 (A1 symmetric longitudinal,
B1, B2 transverse). In the case where � is reached from the
(ξξ0) direction, the group of the wavevector Go(k) is the CS

of the monoclinic system. In this case, the modes of vibration
are distributed to the irreducible representations 8A′ + 4A′′.
The A′ modes are mixed modes and the atomic displacements
have components along the x and z directions. Going from
θ = 0 [(00ξ) direction] to θ = π/2 [(ξξ0) direction], due
to the lowering of the symmetry, the pure longitudinal modes
are mixed modes and consequently the macroscopic produced
field decreases, resulting also in a lowering of the A′ mode
frequencies. On the other hand, the branches of the A′′ modes,
which are transverse modes with atomic displacements along
the y direction, are almost dispersionless, owing to the fact they
do not create a macroscopic field.

Previous calculations of the phonon dispersion curves
along the � direction [18] for 1 × 1 SL (001) gave
unsatisfactory results, with the main discrepancy the LO–TO
frequency inversion, i.e. the TO frequencies of the modes for
both GaAs and AlAs layers obtained at higher frequencies than
the corresponding LO mode frequencies.

4. The Raman spectra

The Raman scattering intensity is proportional to the fourth
rank tensor Iαβγ δ , which is given by the expression [36]

Iαβγ δ =
∑

j

Rαβγ δ(0 j)δ(ω − ω j) (1)

3
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Figure 3. Phonon dispersion curves for 1 × 1 perfect
GaAs/AlAs(001) SL calculated by the ten-parameter VOSM model.

where Rαβγ δ(0 j) is the Raman strength of the j th mode at zero
wavevector, given by

Rαβγ δ(0 j) = ααβ(0 j)αγδ(0 j)[η(ω j+1)] (2)

with ααβ(0 j) being the first-order polarizability derivative of
the electronic polarizability of the ω j mode and η(ω j ) is the
Bose–Einstein factor:

η(ω j ) = 1

e
h̄ω j
kT − 1

. (3)

The function δ(ω − ω j ) is approximated by the
Lorentzian [36]

δ(ω − ω j ) = 1

π

� j

[(ω − ω j )2 + �2
j ]

(4)

where � j is the half-width at half-maximum (HWHM) of the
j mode with frequency ω j .

The first-order polarizability derivative of the electronic
polarizability of the mode ω j with respect to the corresponding
normal coordinate is given by

ααβ(0 j) =
√

h̄

ω j

∑

n

∑

ρ

(
∂αn

∂ρκ

)

αβ

[uρ(κ |0 j) − uρ(κ
′|0 j)]

(5)

where n runs over all the bonds in the unit cell, ρ = x, y, z
and uρ(κ |0 j) is the displacement of the atom κ in mode j with
zero wavevector.

The changes of the polarizability for each bond are
calculated using the bond polarizability model. According to
this model for each bond, besides the atomic displacements,
are also required the parallel, αp, and vertical, αv, components
of the polarizabilities relative to the bond axis, as well as their
derivatives α′

p, α′
v with respect tp the bond length change. The

number of unknown parameters can be reduced if we take into
account the following two relations [37]:

αp + 2αv = 3V

16π
(ε∞ − 1) (6)

αp/αv = 1.1 (7)

where V is the primitive cell volume of the bulk crystal and ε∞
is the high frequency dielectric constant. Relation (7) holds,
approximately, only for III–V binaries [37].

The values of the four parameters αp, αv, α′
p and α′

v for
Ga–As and Al–As bonds are estimated, taking into account
not only equations (6) and (7), but also the constraint that the
Raman polarizability for the TO mode of GaAs has to range
from about 50 × 10−16 cm2 [38] to 100 × 10−16 cm2 [39].
By least-squares fitting of the theoretical expressions to the
experimental Raman intensities for the 1 × 1, 2 × 2, 3 × 3,
4 × 4 GaAs/AlAs(001) SLs, we obtained the bond parameters:
(a) for the Ga–As bonds: αp = 8.7 (10−24 cm3), αv = 9.0
(10−24 cm3), α′

p = 1.5 (10−16 cm2), α′
v = 0.6 (10−16 cm2).

(b) For the Al–As bonds αp = 6.9 (10−24 cm3), αv = 6.7
(10−24 cm3), α′

p = 0.8 (10−16 cm2), α′
v = 0.5 (10−16 cm2).

Throughout our calculations we have used for HWHM 4 cm−1

and 10 cm−1 for modes with frequencies above and below
230 cm−1, respectively, and the X, Y, Z unit cell—supercell
axes coinciding with those defined by the zinc blende unit cell.
For SLs thicker than 1×1 SL, for comparison reasons, we have
divided the Raman intensities by the number of times the 1×1
unit cell is contained in the SL’s unit cell. In the following,
as concerns the Raman strength R, we used the two-indices
notation, e.g. αβ = γ δ

5. Results and discussion

5.1. (GaAs)1/(AlAs)1(001) perfect SL

Figure 4 (solid lines) displays the calculated Raman spectrum
for the 1 × 1 GaAs/AlAs(001) superlattice (figure 5(a)) with
ideal interfaces. The calculation is made for the modes active
in the backscattering geometry Z(X + Y, X + Y)Z̄ and for
wavevector along the superlattice axis approaching zero. In the
Z(X + Y, X + Y)Z̄ geometry can be detected both A1 and B2

longitudinal modes. The two strong peaks d and e correspond
to the LO(�) of GaAs at 267.8 cm−1 and LO(�) of AlAs
at 391 cm−1. The corresponding experimental peaks (dotted
lines) appear at 275 cm−1 and 385 cm−1 for GaAs and AlAs,
respectively [9]. The peak b′ at 223 cm−1 corresponds to the
longitudinal A1 mode, where only the As atoms are moving
one against each other. This mode originates from the folding
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Figure 4. Raman spectrum for the perfect GaAs/AlAs(001)
calculated by the bond polarizability models using a 12 × 12
supercell.

of the LA(X) mode and it is expected to be active only for all
(001) Sls, with odd numbers of layers from each constituent.
The experimental frequency of this mode is very close to
227 cm−1 for both GaAs [33, 34] and AlAs bulk crystals [35].

At the left of the calculated peak b′ appears the peak b
of the experimental spectrum close to 200 cm−1. The peak
b has been attributed [1, 7, 9, 10, 12], up to now, to the
folded activated LA(X) mode. Even the frequency of that
mode was recognized to be very close to the LA(L) mode [12].
Simple linear chain model calculations [12] have estimated
the frequency of this mode at 198 cm−1 and arbitrary values
for the polarizability tensors αxy were used. So, the Raman
strength of this A1 mode has been found to be several times
larger than the strength of LO(�) of GaAs [12]. Although these
polarizability values are unrealistic, they have also been used
to obtain the Raman spectra for GaAs/AlAs SLs grown along
the (113) direction [40].

With the exception of the good agreement between
calculated and experimental spectrum intensities of the two
strong optical B2 modes of LO (�) of GaAs and LO (�)
of AlAs, a closer examination reveals several discrepancies
compared to the experimental spectrum. For example, in the
calculated spectrum are not reproduced the left asymmetries
of the lineshapes of both the confined LO(�) modes. For
example, apart from the A1 mode at 223 cm−1 (peak b′),
no other peaks are present in the acoustic frequency range,
neither close to the peak at 200 cm−1 nor close to 80 cm−1,
where there appears clearly a peak in the experimental
spectrum. The disagreement between predicted active modes
and those observed in the experimental Raman spectra were
very often attributed to deviations from strict backscattering
geometry [1]. But even for large deviations from strict
backscattering geometry, up to 30◦, the laser beam travels very
close to the SL axis due to the large refractive index of the Sl,

(a) (b)

Figure 5. (a) Unit cell and primitive cell (denoted by bold lines) for
GaAs/AlAs(001) 1 × 1 perfect SL. (b) Supercell describing a
disordered layer sequence GaAs/AlAs(001) 1 × 1 SL containing 20
layers (10 from GaAs and 10 from AlAs).

which is about 3. This fact is also demonstrated in figure 3,
middle panel, where the frequencies of most of the modes
remain practically unaltered for angles smaller than 45◦.

5.2. (GaAs)1/(AlAs)1(001) disordered layer superlattices
(DLSLs)

To resolve the discrepancies and get a better insight of the
experimental spectrum, we consider a new larger elementary
cell, ten times bigger than the elementary cell of the
perfect Sl. It contains 10 GaAs layers and 10 AlAs
layers along the SL axis and it is displayed in figure 5(b).
In this bigger cell, the layers of GaAs and AlAs do
not follow the sequence of layers of the perfect 1 ×
1 SL, but we have interchanged the positions for about
half of them. In particular, the new disordered sequence

5
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Figure 6. Calculated Raman spectra for disordered layer sequence
GaAs/AlAs(001) (a) with 20 layers and (b) with 40 layers. The
x, y, z axes designate the zinc blende unit cell axes.

is GaAsAlAs/GaAsGaAs/AlAsGaAs/AlAsGaAs/AlAsGaAs/
AlAsAlAs/GaAsAlAs/AlAsGaAs/AlAsGaAs/GaAsAlAs/.

In this case, the points of the original Brillouin zone,
which are folded back to the center of the new one, are points
along the (0, 0, ξ) direction that fulfill the relation

ξ = 2

n + m
ζ (8)

with ζ = 0, 1, 2, 3, . . . (n + m − 1)3. The 6 × 6 dynamical
matrices for bulk GaAs are calculated at all these points and,
after similarity transformation matrix and mass replacement
for Al atoms, we obtain a 120 × 120 SL dynamical matrix,
which means 120 vibrational modes for this SL. The individual
modes are distributed as follows: 30 of these modes are located
in GaAs layers and 30 of them are located in AlAs layers.
Ten of these 30 modes are longitudinal and 10 of them are
transverse modes, doubly degenerate. The remaining 60 modes
are acoustic modes extended to both kinds of layers, 20 of
them longitudinal and 20 transverse doubly degenerate modes.
The same analysis holds also for the case when more layers
are included in the elementary cell. For example, in the case
of 20 layers of each constituent, the dynamical matrix has
dimensions 240 × 240, which means 240 vibrational modes
for this SL. Consequently, besides the considerably demanding
computational effort, the number of modes in each species is
also doubled.

The calculated (solid line) and experimental (dotted line)
Raman spectra for the longitudinal modes of disordered lay-
ered superlattices (DLSL) comprised by 20 and 40 layers

3 In our case n + m − 1 = 20 − 1 = 19. (Times 2π/a, a = lattice constant
of the zinc blende unit cell.)

Figure 7. Calculated Raman mode strengths for the disordered layer
sequence 1 × 1 GaAs/AlAs(001) SL with 20 layers. (a) Longitudinal
GaAs modes, (b) longitudinal AlAs modes, (c) longitudinal modes
below 300 cm−1.

are shown in figures 6(a) and 6(b), respectively. In particu-
lar, the spectrum in figure 6(b) has been obtained by using a
primitive cell containing 20 GaAs layers and 20 AlAs layers
along the SL axis at the following disordered layers sequence:
GaAsAlAs/AlAsAlAs/GaAsGaAs/AlAsGaAs/AlAsGaAs/
AlAsGaAs/GaAsAlAs/AlAsGaAs/GaAsGaAs/GaAsGaAs/
AlAsAlAs/GaAsAlAs/GaAsAlAs/GaAsAlAs/AlAsAlAs/
GaAsGaAs/GaAsAlAs/GaAsGaAs/AlAsGaAs/GaAsAlAs.

The calculated Raman spectrum of longitudinal modes,
active in the backscattering geometry Z(X + Y, X + Y)Z̄, for
the DLSL containing 10 layers of GaAs and 10 layers of AlAs
is shown in figure 6(a). In the optical frequency range of GaAs
appear two peaks: one stronger at 274.3 cm−1 and a weaker
one at 283.4 cm−1 (peaks c and d, solid lines, figure 6(a)).
Peak c contains the contributions of the modes at 269.9 cm−1,
273.2 cm−1, 274.3 cm−1, with strengths marked by 1, 2, 3 in
figure 7(a), respectively. Here, we should notice that the mode
at 263.5 cm−1, marked by 7 in figure 7(c), is a longitudinal
mode. Even its frequency is very close to the TO(�) mode of
bulk GaAs. Peak d corresponds to the mode at 283.4 cm−1

(labeled as 4 in figure 7(a)), which is also a strong mode in
this frequency range. In this mode the Ga and As atoms of
two consecutive GaAs layers (3th–4th and 18th–19th layers)
move with large displacements along the z axis. The presence
of these two GaAs groups results in a mode with its frequency
raised closer to the frequency of the LO(�) mode of bulk GaAs.
Furthermore, figure 7(a) shows clearly, that only four GaAs
longitudinal optical modes have significant strengths. Finally,
we mention that all the 10 GaAs located longitudinal optic
modes are predicted to be Raman-active.

In the optical frequency range of AlAs peak e at
390.97 cm−1 (solid line, figure 6(a)) is formed mainly from
contributions of the modes at 390.5 cm−1, 390.85 cm−1,

6
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390.94 cm−1 and 390.97 cm−1, labeled, respectively, as 1, 2,
3 and 4 in figure 7(b). We point out that, as in the case of
GaAs, only four out of ten AlAs longitudinal optical modes
have significant strengths.

Finally, it should be mentioned that in the calculated
spectrum of figure 6(a) no peak is found close to 80 cm−1.
Even the peak at 223 cm−1, due to the activated mode LA(X),
is absent. By comparing figures 4 and 6(a), it is clearly revealed
the strong dependence of the strength of this mode on the
layer sequence; in figure 4 this mode appears at full strength
while in figure 6(a) it is attenuated by the disorder. Indeed,
instead of the peak b′, at 223 cm−1 (figure 4), appears peak
b at 206.9 cm−1 (figure 6(a)). This new peak is formed by
the contributions of four longitudinal modes at 190.5, 193.4,
206.9 and 208.7 cm−1. Their strength distribution is shown
in figure 7(c) (labeled as 1, 2, 3 and 4, respectively). Notice
the strength domination of the modes at 193.4 and 206.9,
which are almost two to three times stronger compared to the
strength of the activated mode LA(X) at 223 cm−1 (labeled
as 6 figure 7(c)). The frequencies of the acoustic longitudinal
modes of bulk GaAs (AlAs) from the (0, 0, ξ) direction are:
for ξ = 0.7, 181.8 cm−1 (198.4 cm−1), for ξ = 0.8,
200.3 cm−1 (212.0 cm−1), respectively. The mean values
of the above frequencies are 190.1 cm−1 and (206.2 cm−1),
respectively. Therefore, we anticipate that the modes with
frequencies 190.5 cm−1 and 193.4 cm−1 originate from the (0,
0, 0.7) point and the modes 206.9 cm−1 and 208.7 cm−1 from
the (0, 0, 0.8) point of the Brillouin zone, respectively.

Coming back to panel b of figure 6, displaying the
calculated intensities of longitudinal modes active in the
backscattering geometry Z(X + Y, X + Y)Z̄, we see that the
optical range of GaAs is dominated by the strongest peak at
283.7 cm−1 (peak d, solid line). At the left of this mode appears
a weaker longitudinal mode at 271.5 cm−1 (peak c, solid line)
which modifies the symmetric profile of the GaAs-like LO(�)
mode to an asymmetric one. To both peaks c and d contribute
about six strong modes dispersed from 269.8 to 287.9 cm−1

and labeled from 1 to 8 in figure 8(a). In total, in the optical
frequency of bulk GaAs there exist 20 GaAs-like longitudinal
modes, but less than half of them have significant strengths
(figure 8(a)), which means that the weak modes would be
hardly traced in the experimental spectrum. Furthermore, some
of them are very close each other, like those at 269.8 and
271.5 or those at 282.5 and 283.1 in figure 8(a), rendering
the situation more complicated and uncertain. Therefore,
an unambiguous assignment of the above modes to certain
points of the (0, 0, ξ) dispersion of bulk GaAs is not possible.
Similarly, the strong peak e at 390.97 cm−1, solid line in
figure 6(b), lying in the optical frequency range of AlAs, is
formed by several modes. They are spread from 390.3 to
391.6 cm−1, labeled by 1–5, figure 8(b), and with the strongest
one at 390.33 cm−1. We mention that the clustering of all the
AlAs LO-like modes at frequencies about 391 cm−1 is due to
the almost dispersionless LO branch of bulk AlAs (figure 2).
From the above findings, we conclude that it should be very
difficult to trace all the active modes in the Raman spectrum,
since each peak is formed by several modes, very close one to
another. This is in contrast to previous works [4, 5, 26] which

Figure 8. Calculated Raman mode strengths for the disordered layer
sequence 1 × 1 GaAs/AlAs(001) SL with 40 layers. (a) Longitudinal
GaAs modes, (b) longitudinal AlAs modes, (c) longitudinal modes
below 250 cm−1, (d) longitudinal modes below 250 cm−1.

tried to assign consecutive weak SL Raman-active modes to
bulk modes of certain consecutive wavevectors.

Finally, also the spectrum in the acoustic range is now
much closer to the experimental one. Peak a, solid lines,
figure 6(b), appears at 92.2 cm−1, while a new weak peak a′
at 156.5 cm−1 comes into sight, with contributions from the
weaker modes close to 155 cm−1. The longitudinal modes at
92.2 cm−1 and 156.5 cm−1 originate from the ξ = 0.3 and
ξ = 0.55 points along the (0, 0, ξ) direction, respectively.
The peak b′ in the calculated spectrum appears at 222 cm−1

(solid line, figure 6(b)) and it contains contributions from the
weak modes at 206.4, 207.8, 221.8 and 222 cm−1 (see also
figure 8(c)). The former two originate from the ξ = 0.8 point,
while the latter two from the ξ = 0.95 point of the Brillouin
zone. It should be noticed that the majority of the longitudinal
modes originating from the ξ = 0.8, 0.85, 0.9, 0.95 points are
active, figure 8(c). The strength of the activated LA(X) mode
is small compared to the strengths of the modes at 222 cm−1

because the strength of the mode at 223 cm−1 does strongly
depend on the sequence of the constituent layers of the SL.

5.3. (GaAs)1/(AlAs)1(001) SLs with disordered lattice sites
(cation intermixing)

5.3.1. Supercell with 64 atoms. As a next step, we described
the 1 × 1 SL with an even larger elementary cell defined by

a1 = 2ai a2 = 2aj a3 = 2ak

where a = 5.65 A. This new cell contains 8 zinc blende
unit cells (figure 9(a)), two along each axis Each lattice plane
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Table 1. Calculated frequencies in the overlapping acoustic region of the bulk GaAs and AlAs, along with the degeneracy at specific points of
the Brillouin zone.

Point Degeneracy
GaAs frequency
(cm−1)

AlAs frequency
(cm−1)

Mean frequency
(cm−1)

(0.50, 0.50, 0.50) 8 67.9 86.5 77.2
(0.00, 0.00, 0.50) 12 68.8 86.7 77.7
(0.50, 0.50, 0.00) 12 71.3 90.6 81.0
(0.00, 0.00, 1.00) 6 81.5 110.6 96.0
(1.50, 0.50, 0.00) 6 87.5 112.9 100.2
(0.50, 0.50, 0.00) 12 105.9 127.5 116.7
(0.00, 0.00, 0.50) 6 137.4 157.0 147.2
(1.00, 0.50, 0.00) 6 141.8 170.6 156.2
(0.50, 0.50, 0.00) 12 173.5 204.4 189.0
(0.50, 0.50, 0.50) 4 201.8 221.0 211.4

(a)

(b) (c)

Figure 9. (a) Supercell containing 8 zinc blende unit cells (2 along
each axis). Translation of the tetragonal unit cell (lower left corner)
in space reproduces the structure of the perfect GaAs/AlAs(001) SL.
(b) Alternating Ga and Al cation lattice planes of the supercell
defined in (a) while in (c) these cation planes contain both Ga and Al
(cation intermixing).

contains 8 cations and 8 anions, and the new cell contains in
total 32 cations and 32 anions. Furthermore, instead of the pure
layers considered before, we now introduce a small degree of
cation intermixing, which means that each lattice plane along
the z direction is an Alx Ga1−x alloy plane (figure 9(b)) as
follows. At the start, we assume that the first layer (0, 0,
0) contains 6 atoms of Ga and 2 atoms of Al (x = 0.25).

The second cation layer is the lattice plane at (0, 0, a/2) that
contains 2 atoms of Ga and 6 atoms of Al (x = 0.75). The
next cation layer at height z = a contains 7 Ga cations and
1 Al cation (x = 0.125). Finally the layer at height z =
3a/2 contains 7 Al cations and 1 Ga cation. The symmetry
space group of the 64-atom cubic unit cell is the C1 space
group of the triclinic system because this cell does not contain
any symmetry operation element. Consequently none of the
modes is either purely longitudinal or purely transverse modes
but all are mixed modes which belong to the A irreducible
representation. In this case, the points of the original Brillouin
zone which are folded to the center of the new smaller Brillouin
zone are: (a) the � point (0, 0, 0), (b) six points from the �

direction equivalent to the point (0.5, 0, 0), (c) three points
equivalent to the X point, (d) four points equivalent to the L
point, (e) twelve points from the � direction (0.5, 0.5, 0) and
(f) six points from the Z direction equivalent to the W point.
Finally there is constructed a 192 × 192 SL dynamical matrix
which is solved to obtain the eigenvectors and eigenfrequencies
of the disordered SL. Within this description there exist 96
modes in the acoustic frequency range of the bulk constituents,
48 modes in the optical frequency range of GaAs and 48 modes
in the optical frequency range of AlAs. In order to identify the
origin of the SL modes in the bulk acoustic range, we construct
table 1. In table 1 are given the calculated frequencies in the
overlapping acoustic region of the bulk GaAs (third column)
and AlAs (fourth column) in ascending order. In the first two
columns are given the point of the Brillouin zone and its degree
of degeneracy. In the fifth column is given the mean frequency
for each point. So, for the SL modes in the acoustic range
of the bulk constituents we expect, in ascending order, eight
modes originating from the (0.5, 0.5, 0.5) point, twelve modes
originating from the (0, 0, 0.50) point and so on.

The same procedure cannot be safely applied for
the modes in the optical frequency range of the bulk
constituents because, apart from the close proximity of the
mode frequencies, the cation intermixing affects the mainly
longitudinal modes in a different way with respect to the
mainly transverse modes. The mainly longitudinal ones are
shifted towards smaller frequencies since the macroscopic
field of the GaAs (AlAs) modes is decreased by the presence
of Al (Ga) atoms in the same lattice plane. The mainly
transverse GaAs (AlAs)-like ones tend to slightly higher
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Figure 10. Raman spectra (solid lines) for GaAs/AlAs(001) with
cation intermixing calculated with primitive cell containing (a) 8 zinc
blende unit cells and (b) 16 zinc blende unit cells. Dotted (a) and
dashed (b) lines refer to the corresponding experimental spectrum. In
the inset in (b) are redrawn the Rxx and Rxy activities for clarity.

(lower) frequencies due to the presence of lighter (heavier) Al
(Ga) atoms in the same lattice plane. Furthermore, the fact that
the frequencies of most of the optical modes are lying much
closer each other with respect to the modes in the acoustic
range renders the identification of their origin too risky and, for
sure, more unambiguous. So, we will assign the frequencies of
the optic modes only when necessary and only to the closest
frequencies of the bulk modes, with any uncertainties involved
with this procedure.

The calculated Raman spectrum for the longitudinal dis-
placements of the vibrational modes is shown in figure 10(a).
Due to the small degree of disorder, the spectrum in the acous-
tic range is very similar to the spectrum for the perfect 1 × 1
SL (figure 4, solid lines), although in the whole acoustic range,
up to 200 cm−1, there exists weak Raman activity. The peak
b′, solid line, figure 10(a), originates mainly from the LA(X)
longitudinal mode at 223 cm−1, but with significant contribu-
tions from the modes at 213 and 216 cm−1 (labeled as 4, 5
and 6 in figure 11(e)). These modes originate from the LA(L)
points. The weak activity at 200 cm−1 results from a group of
mixed modes extending from 191 to 199.8 cm−1 (labeled as 3
in figures 11(e) and (f)) and originating from the (0.5, 0.5, 0.0)
(2π/a) point of the original Brillouin zone. The broad struc-
ture at 80 cm−1, labeled as a, solid lines, figure 10(a), is formed
from the contributions of: (a) six modes originating from the
0, 0, 0.5) (2π/a) point, (b) four modes originating from the
TA(L) point and (c) twelve modes originating from the (0.5,
0.5, 0.0) (2π/a) point of the original BZ.

Figure 11. Calculated Raman mode strengths for 1 × 1
GaAs/AlAs(001) SL with cation intermixing (8 unit cells’
approximation): (a) Rxy strengths for GaAs modes, (b) Rxy strengths
for AlAs modes, (c) Rxz strengths for GaAs modes, (d) Rxz strengths
for AlAs modes, (e) Rxx strengths, (f) Rxy strengths below 250 cm−1.

In the optical frequency range, the calculated spectrum
(solid line in figure 10(a)) is much closer to the corresponding
experimental spectrum, since also the low energy asymmetries
of the stronger modes c and e (solid line in figure 10(a)) are
now reproduced. Furthermore, peaks c and e appear now at
270.3 cm−1 and 385.8 cm−1 and are the strongest modes in
the frequency ranges of GaAs and AlAs, respectively. Peak
c, apart from the contributions of the two almost longitudinal
strong modes at 270.3 and 273.5 cm−1 (labeled as 4 and 5
in figure 11(a)), contains contributions from a mixed mode at
268.5 cm−1 (labeled as 3 in figure 11(a)) as well as from the
longitudinal component of the mixed modes with frequencies
from 250 to 267.23 cm−1 (see figure 11(a)). We mention
that these modes have frequencies close to the frequencies of
the optical modes of the bulk GaAs at all the points that are
folded to the center of the new BZ. Finally, some of these
mixed modes with Rxy activity are mainly transverse modes
but with a strength about two orders of magnitude weaker
with respect to the strength of the 268.5 cm−1 (labeled as 5
in figure 11(c)). This is the case for the modes at 258.7, 260.3,
264 and 267.3 cm−1 (labeled as 1, 2, 3 and 4 in figure 11(c)).

The calculated peak e of LO(�) of AlAs at 385.8 cm−1

(solid line in figure 10(a)) also contains a contribution from the

9
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Figure 12. Supercell containing 16 zinc blende unit cells (2 along
the x and y axes and 4 along the z axes). Translation of the
tetragonal unit cell (lower left corner) in the space gives the structure
of the perfect GaAs/AlAs(001) SL.

mode at 381.0 cm−1. Both modes are longitudinal with small
transverse displacements and are almost of the same strengths.
Peak f at 338 cm−1 is due to a group of mixed modes labeled
1 in figures 11(b) and (d). The frequencies of these modes
are close to the frequencies of the optical modes of the bulk
AlAs at points (0.5, 0.5, 0.0) (2π/a) and (0.5, 0.0, 0.0) (2π/a).
The asymmetric g peak, (solid line in figure 10(a)) originates
mainly from the two mixed modes at 362.8 and 367.6 cm−1

(labeled as 2 and 3 in figure 11(b) or 4 and 5 in figure 11(d)).
The frequencies of these modes are close to the frequencies
of the optical modes of bulk AlAs at the points (0.0, 0.0, 0.0)
(2π/a) (363.7 cm−1), (1.0, 0.5, 0.0) (2π/a) (365.8 cm−1) and
(0.5, 0.5, 0.5) (2π/a) (366.8 cm−1).

5.3.2. Supercell with 128 atoms. As a further step, we
described the 1 × 1 SL with a new elementary cell defined by

a1 = 2ai a2 = 2aj a3 = 4ak

where a = 5.65 A (figure 12). This new cell contains 16 zinc
blende unit cells, two along the x , two along the y and four
along the z axis. This cell contains 64 cations and 64 anions.
Again, each horizontal cation (anion) lattice plane contains
8 cations (anions) with the following intermixing scheme of
the cation lattice planes along the z axis: (in parentheses is
quoted the height of the lattice plane). 6Ga–2Al (0), 5Al–3Ga
(a/2), 6Ga–2Al (a), 6Al–2Ga (3a/2), 7Al–1Ga (2a), 6 Ga–
2Al (5a/2), 6Al–2Ga (3a) and 5Ga–3Al (7a/2).

For this case, the symmetry space group is the C1 space
group of the triclinic system, while the points of the original

Brillouin zone folded to the center of the new smaller Brillouin
zone are: (a) the � point (0, 0, 0), (b) two (0, 0, 0.25) points,
(c) six points equivalent to the point (0.5, 0, 0), (d) two points
equivalent to the (0, 0, 0.75), (e) three points equivalent to the
X point (1, 0, 0), (f) four points equivalent to the L point (0.5,
0.5, 0.5), (g) twelve points equivalent to the point (0.5, 0.5, 0)
of the � direction, (h) six points of the Z direction equivalent to
the W point (1, 0.5, 0), (i) four points equivalent to the (1, 0.25,
0) of the same direction, (j) eleven points (0.5, 0.25, 0.0), (k)
six points (0.5, 0.75, 0.0) and (l) seven (0.5, 0.5, 0.25) points.
The dynamical matrix for this case is a 384×384 matrix which
is diagonalized to obtain the eigenvectors and eigenfrequencies
of the disordered SL.

The calculated Raman spectrum for the modes with
longitudinal displacements is shown in figure 10(b). The
agreement between theory and experiment is very satisfactory.
In the low frequency range there appears a broad structure
from 70 to 100 cm−1, peak a, of the solid line in figure 10(b).
This structure is formed from about 100 weak modes in this
frequency range. Peak b, close to 200 cm−1, consists of about
28 modes with frequencies ranging from 180 to 220 cm−1.
Both peaks are formed by modes with weak Rxx activity,
clearly dominating over the Rxy activity in this range, as can
be deduced from figures 13(e) and (f).

Peak c appears now at 271.1 cm−1 (spike 2 in figure 13(a)).
Even the strongest mode in this range has frequency
273.3 cm−1, spike 3 in figure 13(a). In the formation of
this peak the mode at 269.5 cm−1 (spike 1 in figure 13(a)),
which is a mixed mode with significant Rxy and Rxz strengths
(spike 1 in figure 13(c)),contributes up to 30%. Concerning its
origination, most probably this mode originates mainly from
the (1.0, 0.5, 0.0) or (0.5, 0.25, 0.0) point of the BZ. Further
weak contributions to peak c are coming from the mixed modes
at 269.2, 268.4 and 268.0 cm−1, as well as from the modes
at 256.2 and 256.4 cm−1 which are mainly transverse modes.
Furthermore, as far as the origin of contributing modes is
concerned, probably the former three modes originate from
the highest frequency mode of the bulk GaAs (274.8 cm−1)

occurring at (0.50, 0.25, 0.00) of the original BZ, while the
two latter modes are from the optical mode of the same
binary either from the point (0.50, 0.50, 0.25) with frequency
260.3 cm−1 or from the point (0.50, 0.50, 0.00) with frequency
260.1 cm−1.

Finally, peak e (solid lines, figure 10(b)) appears now
at 381.9 cm−1, with the strongest contributing mode at
386.1 cm−1. The left asymmetry h is an outcome from two
modes with frequencies at 375.4 and 375.9 cm−1. All these
four modes are almost purely longitudinal modes. Peaks f
and g at 342.7 and 362 cm−1 originate from mixed, mainly
transverse, modes. The frequencies nearby to 342 cm−1 are
close to the optical frequency modes of bulk AlAs at the
points (0.50, 0.50, 0.00) (335.9 cm−1) and (0.50, 0.25, 0.00)
(334.9 cm−1). Similarly, the frequencies around 362 cm−1

are close to the optical frequency modes of bulk AlAs at
the points (0.50, 0.50, 0.50) (366.8 cm−1) and (0.50, 0.50,
0.25) (366.7 cm−1) of the BZ, implying thus their nature and
origination.

For the sake of completeness, we mention that former
calculations, in order to describe the 1 × 1 SL, have used unit
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Figure 13. Calculated Raman mode strengths for the 1 × 1
GaAs/AlAs(001) SL with cation intermixing (16 unit cells
approximation): (a) Rxy strengths for GaAs modes, (b) Rxy strengths
for AlAs modes, (c) Rxz strengths for GaAs modes, (d) Rxz strengths
for AlAs modes, (e) Rxx strengths, (f) Rxy strengths below 250 cm−1.

cells containing only 16 atoms [25]. These calculations have
found the frequency of the strongest LO mode of GaAs as
1 × 1 268 cm−1 and 400 cm−1 for the strongest LO mode
of AlAs. Both values disagree with the experimental ones,
especially that of the AlAs band.

6. (GaAs)2/(AlAs)2(001) perfect SL

Figure 14(a) (solid line) displays the calculated Raman
spectrum for the 2 × 2 GaAs/AlAs(001) perfect superlattice
with ideal interfaces. The calculation is carried out for
zero wavevector along the superlattice axis only for the
modes active in backscattering geometry Z(X + Y, X + Y)Z̄,
e.g. longitudinal modes with A1 and B2 symmetry. The two

Figure 14. Calculated Raman spectra for GaAs/AlAs(001):
(a) calculated for the perfect 2 × 2 SL, (b) calculated spectrum (solid
lines) with 40 layers (disordered sequence) and the corresponding
experimental spectrum in backscattering geometry. (c) Spectrum
calculated with cation intermixing using an elementary supercell
containing 16 zinc blende unit cells. Dotted lines in (a) are the
corresponding experimental spectrum, while in (b) is the Rxx mode
strengths.

strong peaks d and e correspond to the B2 LO(�) of GaAs
at 283.3 cm−1 and B2 LO(�) of AlAs at 390.4 cm−1. The
corresponding experimental peaks appear at 280 cm−1 and
389 cm−1 for GaAs and AlAs, respectively [9, 10]. The peak
b′ present in the spectrum of the perfect 1 × 1 (001) SL (solid
line in figure 4), and which corresponds to the longitudinal A1

mode at 223 cm−1, is absent in the 2 × 2 (001) SL, for the
reason that it has now zero activity.
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Figure 15. Calculated Raman mode strengths for 2 × 2
GaAs/AlAs(001) SL with disordered layer sequence (40 layers, 20 of
GaAs and 20 of AlAs): (a) Rxy strengths for GaAs modes, (b) Rxy

strengths for AlAs modes, (c) Rxy strengths and (d) Rxx strengths
below 250 cm−1.

6.1. (GaAs)2/(AlAs)2(001) disordered layer superlattices
(DLSLs)

In order to improve our description for the 2 × 2
GaAs/AlAs(001) SL Raman spectrum, we assume again a su-
percell, containing the following disordered layer sequence:
GaAsAlAsAlAsGaAs/AlAsGaAsAlAsAlAs/GaAsGaAsAlAs
AlAs/GaAsGaAsAlAsAlAs/GaAsGaAsAlAsGaAs/AlAsGaAs
AlAsAlAs/GaAsGaAsAlAsAlAs/GaAsGaAsAlAsAlAs/GaAs
GaAsAlAsAlAs/GaAsGaAsAlAsAlAs/.

The calculated spectrum for this SL for the Z(X + Y, X +
Y)Z̄ backscattering geometry is displayed in figure 14(b).
Concerning the acoustic frequency range, the peak a′ appears
at 148.4 cm−1 originating from the (0.50, 0.00, 0.00) point of
the original BZ In this frequency range. In the experimental
spectrum a weak activity is present close to 200 cm−1 (dotted
line, figure 14(a)) which originates from the (0.75, 0.00, 0.00)
point, while the LA(X) mode at 223 cm−1 does not form any
peak. In the GaAs optical range, peak c appears at 271.3 cm−1

and peak d at 283.4 cm−1, and in the AlAs optical range, peak
e appears at 390.5 cm−1. These frequencies are identical to
the values found for the corresponding peaks in the case of
the perfect 2 × 2 SL. Peak c is formed by the contributions
of the modes labeled 1–3, figure 15(a), while peaks d and
e are formed by the contributions of the modes labeled 4–5
for the GaAs layer, figure 15(a), and 1–5 for the AlAs layer,
figure 15(b). In figures 15(c) and (d) are shown the strengths
of the longitudinal modes below 250 cm−1 with Rxy and Rxx

strengths, respectively.

6.2. (GaAs)2/(AlAs)2(001) SLs with disordered lattice sites
(cation intermixing)

As a final step, we described the 2 × 2 SL with a new
elementary cell defined by

a1 = 2ai a2 = 2aj a3 = 4ak

where a = 5.65 A. This new cell now contains 16 zinc blende
unit cells, two along the x , two along the y and four along the z
axis. This cell contains 64 cations and 64 anions. Again, each
parallel to the interface cation (anion) lattice plane contains
8 cations (anions) and the intermixing scheme of the cation
lattice planes along the z axis: (in parentheses is quoted the
height of the lattice plane): 7Ga–1Al (0), 7Ga–1Al (a/2),
7AlA–1Ga (a), 7Al–1Ga (3a/2), 7Ga–1Al (2a), 7 Ga–1Al
(5a/2), 6Al–2Ga (3a), 8Al–0 Ga (7a/2).

In figure 14(c) is displayed the calculated Raman spectrum
for such an SL traced in the Z(X + Y, X + Y)Z̄ backscattering
geometry. The main finding in this description is the absence of
the structure at 200 cm−1 and the weak Raman activity below
and above that frequency. Also, the LA(X) mode at 223 cm−1

does not form any peak because, even active, its strength is
very weak. In the acoustic frequency range, the peak a′ appears
at 147.2 cm−1, which originates from the (0.5, 0, 0,) point of
the BZ. This broad structure of the peak a′ lying between 140
and 160 cm−1 is formed from contributions of the points (0.50,
0.25, 0.00), (eight modes), (0.50, 0, 0) (six modes) and (1.0,
0.50, 0) (six modes).

In the GaAs optical range, peak d appears at 278.3 cm−1,
spike 2 in figure 16(a), which is redshifted by 5 cm−1 compared
to the corresponding d peak frequency for the 2 × 2 disordered
SL (solid lines in figure 14(b)). To the formation of peak d
contributes the longitudinal mode at 277.6 cm−1 (spike 1 in
figure 16(a)), possibly originating from the (0, 0, 0.25) point
of the original BZ. The left asymmetry of the GaAs peak d is
formed by contributions of over 20 weak mixed modes ranging
from 240 to 270 cm−1.

In the AlAs optical range, peak e (solid line in figure 14(c))
appears at the frequency of the strong, mainly longitudinal,
mode at 385.6 cm−1 (spike 6 in figure 16(b)) with contribution
of the weaker, again mainly longitudinal, mode at 381.1 cm−1

(spike 5 in figure 16(b)). The frequency of peak e is also
redshifted by 4.9 cm−1 compared to the frequency of peak e
(solid lines, figure 14(c)) for the 2 × 2 disordered Sl. Peak
f, at the low energy of peak e, appears at 341.7 cm−1 and is
comprised by contributions of modes with frequencies ranging
from 340 to 350 cm−1 and possibly originating from the points
(0.50, 0.25, 0.00) and (0.50, 0.50, 0.00) (marked as 1 and 2 in
figure 16(b)).

In [25] has also been considered the 2 × 2 SL using
unit cells with a very limited number of atoms. As for the
case of the 1 × 1 SL, their theoretical results differ from the
experimental, giving for the strongest LO mode of GaAs the
value of 290 cm−1, very close to that of the bulk crystal.

7. Conclusion

We have calculated in various degrees of disorder the
vibrational modes and the Raman spectra of GaAs/AlAs(001)
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Figure 16. Calculated Raman mode strengths for 2 × 2
GaAs/AlAs(001) SL with cation intermixing (16 unit cells’
approximation): (a) Rxy strengths for GaAs modes, (b) Rxy strengths
for AlAs modes, (c) Rxz strengths for GaAs modes, (d) Rxz strengths
for AlAs modes, (e) Rxx strengths, (f) Rxy strengths below 250 cm−1.

SLs, starting from perfect SLs. Disorder degree has been
simulated by approximating the SLs with large primitive cells.
In the case of randomly intermixed cations, these large cells
do not contain any symmetry elements and therefore all the
vibrational modes are mixed modes and all of them, potentially,
Raman-active.

Our results clearly show that the asymmetric profiles
of the experimentally observed Raman lines in the optical
frequency are due to active modes not only from the �

direction, but from all the points of the Brillouin zone. An
unambiguous assignment of the origin of these modes is a
very risky and doubtful procedure, because of the very close
lying mode frequencies as well as of their strong and different
degrees of influence due to the cation intermixing. The high
number of contributing modes in each Raman peak makes

almost impossible their experimental resolution in the optical
branch. On the other hand, in the acoustic frequency range the
identification of their origin can be almost safely guessed.

Furthermore, we have shown that in some cases the
frequency of the strongest Raman peak does not correspond
to the mode with the highest frequency and largest Raman
activity, but to a mode some times weaker and with frequency
very close to that of the very strong one. This is the outcome of
the superposition of the intensities of the neighboring modes.
In addition, we have shown that the peak close to 200 cm−1,
known as the DALA mode, is not a disorder-activated LA(X)
mode, but is formed by the contribution of modes originating
from several points of several directions of the BZ, such as �,
�, Z and �. Therefore, the LA(X) mode with frequency at
223.0 cm−1 is not always activated by disorder.
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