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Interface Vibrational Modes in GaAs-AlAs Superlattices
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We report the observation of interface phonons by Raman scattering from GaAs-AlAs superlat-
tices. These modes have frequencies close to the optical phonons of bulk GaAs and AlAs and
resonate strongly for laser energies near the confined exciton levels of the GaAs quantum wells.
The results are analyzed in terms of an electrostatic continuum model. In the long-wavelength lim-
it this theory predicts the phonons of the layered media proposed by Merlin et al.
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The new periodicity along the z axis affects the
acoustical and optical phonon branches of a semicon-
ductor superlattice in qualitatively different ways.!=
While the acoustical branches of the constituent ma-
terials always overlap, leading to propagation of vibra-
tions and showing the phenomenon of folding, the op-
tical phonon branches can be separated in energy. If
this occurs, the modes cannot propagate and become
confined in either slab. This is the case in GaAs-AlAs
superlattices. This phenomenon is very often quoted

s “‘folding” of the optical branches,>¢ although it is
more appropriately described by the concept of con-
finement (as in the electronic problem).* The folding
of the acoustic branch was first demonstrated in Ref.
4. For the optical modes, early Raman investiga-
tions®’ were not conclusive. In fact, Merlin er al.® ex-
plained new structures observed in the Raman spec-
tra®7 without invoking the confinement argument.
They showed that the optical anisotropy induced by
the boundary conditions at the interfaces can modify
the phonon frequencies.® Very recent work, however,
has brought strong evidence for the confinement of
the LO and TO branches.>%?

Nevertheless, the very existence of confined optical
phonons does not invalidate the model of Ref. 6,
which was based on very general dielectric properties
of layered materials, independent of the details of the
phonon structure of the superlattice. Thus, the ques-
tion arises as to what is the nature of the vibrations
proposed by Merlin et al. and what is their connection
with the recently discovered confined optical phonons.

In this paper, we present Raman results obtained for
GaAs-AlAs superlattices of short period, for which the
effect of confinement of the optical branches is clearly
seen. Together with the confined phonons, however,
we observe new structures near the GaAs and AlAs
optical frequencies which resonant strongly with the
excitons localized in the GaAs quantum wells. This
structure is assigned to interface vibrational modes,
similar to those discussed by Fuchs and Kliewer,!® and
recently by Lassnig.!! The frequency and dispersion of
these modes can be analyzed in terms of an electro-
static model'®!? which yields reasonable agreement
with our results. On the other hand, the theoretical

expression deduced for the dispersion relations is of
interest because, in the long-wavelength limit, it
reduces to the conditions found by Merlin ef al. Thus,
the anisotropic phonons of Ref. 6 are actually the
long-wavelength limit of the interface vibrations in su-
perlattices. The nature of the interface modes, howev-
er, is quite different from that proposed by Merlin
et al. who attributed their peaks near the LO frequen-
cy of GaAs to LO phonons of B, and E symmetry in
the superlattice (point group D,,).

Raman experiments were performed at — 10 K for
three [001]-oriented GaAs-AlAs superlattices in the
backscattering confnguratnon The sample parameters
are d,=20 A, d,=20 A (sample A4); dy=20 A, d,
=60 A (sample B); d;=60 A, d,=20 A (sample O),
where d; and d, are the thicknesses of the GaAs and
AlAs layers, respectively. The period d =d; + d, was
repeated 400 times for samples 4 and B and 100 times
for sample C. Raman spectra were excited with a cw
dye laser pumped with an Ar* laser. DCM (Spectra
Physics) was used as a dye. Nonresonant Raman spec-
tra were taken with the green (5145 A) line of the
pump laser. The scattered light was analyzed with a
1-m Jarrell Ash double monochromator and detected
by photon counting.

Figure 1 shows typical spectra for samples 4 and B
in the region of the GaAs optical modes, taken for the
scattered light wg in resonance with w;, the first
electron-heavy-hole exciton in the GaAs quantum
wells. The spectra are shown for z(x,x)Z scattering
configuration. A similar (weaker) spectra is obtained
for z(x,y)z configuration (x,y,z are the crystal axes,
and z is the superlattice axis). The series of peaks la-
beled LO,, correspond to confined LO phonons of 4,
symmetry in the D,; point group of the superlattice.
The energy of these phonons is given by Q,,
=Q(mw/d,), where Q(q) is the dispersion of the
LO branch along the [001] direction in bulk GaAs.
Confined phonons of B, symmetry (m odd) are only
seen far from resonance. This phenomenon is dis-
cussed elsewhere.® The confined phonons in samples
A and B have the same energy because the parameter
d; is the same. However, the peak on the high-energy
side of LOg, labeled IF, has a relative shift in sample B
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FIG. 1. Raman spectra for samples 4 and B in z(x,x)z
scattering configuration (x=[100], z=[001]). The peaks
labeled LO,, are the confined LO phonons and IF corre-
sponds to the GaAs-like interface mode. The inset shows
the resonant behavior of LO, and the IF mode, the intensi-
ties measured with respect to the Raman phonon of Si.

with respect to sample 4. Moreover, LOg and IF can-
not be simultaneously fitted with any reasonable Q (g)
function if it is assumed that both represent confined
LO phonons. We assign IF to an interface vibration.
Whereas the confined phonons are localized in their
corresponding ionic slabs, for an interface mode the
vibrational amplitude is different from zero in both
materials.

The effect can be more clearly seen in the region of
AlAs-like vibrations, shown in Fig. 2. Here the off-
resonance spectrum presents the usual AlAs-like LO
phonon (shown only for sample B). When the laser
resonates with the first exciton in GaAs, however, the
spectra are dominated by broad structures below that
peak. These structures have a different shape for sam-
ples A, B, and C. They cannot be attributed to folded
AlAs phonons, not only because of their shape, but
also because folded AlAs phonons should be localized

in the AlAs slabs. Thus, coupling with the excitons |

cos(k,d) =[(n?+1)/2n]sinh(k,d,)sinh(k.d,) + cosh(k,d,)cosh(k.d,),

where n=¢€(w)/e,(w). Here €(w) [e;(w)] is the
frequency-dependent dielectric constant of GaAs
(AlAs). The phonon wave vector along the superlat-
tice axis is given by k,, while k, represents the com-
ponent in the plane of the slabs. The mode frequen-
cies can be obtained from Eq. (1) by replacement

61,2((0) = Efz(wz— L12,2 )/(wz— Tﬁz ),
where L (7) indicates the LO (TO) phonon frequency
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FIG. 2. AlAs-like interface modes for samples 4, B, and
C. All spectra correspond to the z(x,x)Z scattering config-
uration.

confined in the GaAs quantum wells cannot take
place. The fact that the Raman structure correspond-
ing to these vibrations resonates at the GaAs exciton
implies that they produce some long-range electric
field in the GaAs slabs.

We attribute the novel structures we observe to in-
terface phonons in the superlattice. These modes cor-
respond to the surface vibrations discussed by Fuchs
and Kliewer!? for isolated ionic slabs. Their coupling
with the electronic system has been theoretically inves-
tigated.!>13 The theory has been extended to double
heterostructures,!! and to superlattices.!* It is based
on an electrostatic analysis, whereby one looks for
solutions of the macroscopic Maxwell equations. For a
superlattice, the dispersion of the interface modes
(with neglect of retardation effects®) is given in
implicit form by!'4

(D

in either material. This leads to an equation of fourth
order in w, which gives four solutions for each value
of k, two AlAs-like and two GaAs-like modes. The
modes create a macroscopic potential, which has a
symmetric and an antisymmetric component with
respect to the center of the GaAs slab. For k,d— 0

and d; < d,, the low- (high-) energy GaAs-like mode
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and the high- (low-) energy AlAs-like mode are most-
ly symmetric (antisymmetric). These symmetry prop-
erties are reversed for d; > d,: For instance, the low-
energy GaAs-like modes become mainly antisym-
metric, etc. For dy=d, and k,d — 0 the symmetric
and antisymmetric potential components are equal.
The effect of a larger k, is to make the higher-
(lower-) energy GaAs (AlAs) modes more asymmetric
and the lower- (higher-) energy GaAs (AlAs) modes
more symmetric.

In a backscattering experiment, we expect to see in-
terface vibrations with k,=0 and k, given by the
momentum transfer between the incident and scat-
tered photons. However, if the scattering process is
induced by impurities or interface defects, phonons of
all k vectors can become allowed. In fact, there are
strong indications that impurity-induced scattering is
dominant: The resonance curve for the interface
modes (inset to Fig. 1) and for the confined LO
modes’ show a maximum for the outgoing channel.
This asymmetry between incoming and outgoing chan-
nels is typical for impurity-induced scattering in bulk
materials,!’ due to double resonance effects.!® If all k
values become allowed, the solutions of Eq. (1) form
bands given by the shaded areas in Fig. 3. The bands
are separated by a ‘‘gap,’”’” which disappears for d;= d,.
Figure 3 shows the calculated frequencies for samples
A and B. The frequencies for sample C can be ob-
tained from Figs. 3(b) and 3(d) if the abscissa is taken
to be k,d, instead of k,d;; the symmetries for k,d — 0
must also be reversed.

The frequencies predicted in Fig. 3 compare well
with our experimental results. On the AlAs-like vibra-
tional region, sample A has a maximum midway
between LO and TO [in the middle of the shaded area
in Fig. 3(a)], while samples B and C cannot have their
maxima there because this frequency corresponds to
the ‘“‘gap”’ in Fig. 3(b). Instead, samples B and C
show an asymmetric profile [Fig. 2(b)]. The max-
imum in sample B is shifted towards the LO frequency
while that of sample C is shifted towards the TO side.
On the GaAs-like side, we see in sample B a well-
resolved structure IF near LOg (Fig. 1). This structure
corresponds to the low-energy side of the shaded area
in Fig. 3(d). No clear indication of the high-energy
GaAs-like interface modes is seen in sample B, but
there is an indication of such structure for sample C
(not shown in the figures).

These facts can be explained in terms of the cou-
pling of the observed modes with the excitons via the
Frohlich electron-phonon interaction. Because the
electronic wave function is symmetric with respect to
the bisector plane of the GaAs-quantum well, the in-
traband matrix elements of the Froéhlich interaction
(which produce the most strongly resonating contribu-
tion to the Raman efficiency®) cancel for an antisym-
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FIG. 3. Calculated interface modes from Eq. (1). The al-
lowed frequencies form bands between the curves for
k,d=m (solid curves) and k,d=0 (dashed curves). (a)
AlAs-like modes, sample A4; (b) AlAs-like modes, sample
B; (c) GaAs-like modes, sample 4; (d) GaAs-like modes,
sample B. Plusses and minuses indicate the parity of the
electrostatic potential with respect to the center of the GaAs
layers.

metric potential. Thus the low-energy GaAs-like
modes and the high-energy AlAs-like modes couple
stronger in sample B. Conversely, the high-energy
GaAs-like modes and the low-energy AlAs-like modes
couple stronger for sample C. In the case of dy=4d,
(sample A4), we expect instead the more symmetric
result seen in Fig. 2(a). In this manner we can also
understand why the GaAs-like IF of sample 4 (~ 280
cm™—1) falls slightly below the center frequency of Fig.
3(c) since the modes become also more symmetric at
these frequencies. The corresponding opposite effect
for the AlAs-like IF of sample A is apparent in the line
shape of Fig. 2(a).

Let us now examine some limiting cases of Eq. (1).
For k,— 0, Eq. (1) splits into the following:

k.d k.d

n= —tanh x2 ! coth[ x2 2 ] (2a)
k.d k.d

n= —tanh x2 2 ]coth "2 ! (2v)

In the limit k. — 0, Eq. (2a) gives €;d,+€,d,; =0, and
Eq. (2b) €,d, + €,d,=0. These equations are identical
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to those defining the frequencies of the modes in the
layered medium in Ref. 6. Thus, the modes proposed
by Merlin et al.® are the long-wavelength limit of the
interface vibrations in superlattices. In Ref. 6, the
long-wavelength limit of Eq. (2a) was assigned to a TO
phonon of B, symmetry, while that of Eq. (2b) was as-
signed to an LO vibration of E symmetry. This assign-
ment is not correct: The vibrations in an ionic slab
have the remarkable property that all B, modes (z po-
larized) have the LO frequency and all the £ modes (x
polarized) have TO frequency.!"17 This fact was ex-
perimentally demonstrated in Ref. 8. The reason for
this behavior is that the effect of the superlattice
periodicity on the GaAs modes is equivalent to consid-
ering that they are bulk phonons with a wave vector in
the z direction given by ma/d;. Thus, vibrations po-
larized along x are of TO character, regardless of the
direction of the wave vector added by the impurity
scattering, unless it becomes comparable to m/d;.
Conversely, all z-polarized vibrations are LO like.
Hence, the assumption of long-wavelength phonons by
Merlin et al. is not compatible with their symmetry as-
signment.

So far, we have discussed our interface modes in
terms of an electrostatic model. In a microscopic
lattice-dynamical calculation, some other features ap-
pear.1”-18 First, one one finds new surface (interface)
microscopic modes which arise from the change in the
force constants near the interface. Second, the ‘‘elec-
trostatic’’ interface modes interact with ‘‘bulk’ vibra-
tions of the same symmetry, yielding a much more
complicated picture of the dispersion relations.!8
However, in the exact calculation for thin ionic slabs,!®
the ‘‘electrostatic’’ modes are shown to be a kind of
“envelope function indicating for which k, values the
‘bulk’ modes of the slabs’’ tend to be localized at the
surface. We thus believe that our estimated frequen-
cies in terms of Eq. (1) are meaningful. Furthermore,
we can rule out scattering by additional ‘“microscopic’’
surface modes because the frequency of these modes,
which are extremely localized at the interface, should
not be substantially affected by changes in d; and d,,
as it occurs in the experiments (Figs. 1 and 2). On the
other hand, their coupling with the electronic wave
functions, which extend all over the slab, is expected
to be much smaller than for the electrostatic interface
modes.
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Despite the good qualitative agreeement between
the electrostatic approximation and the observed Ra-
man data, the need for microscopic lattice-dynamical
calculations for the superlattices should be em-
phasized. Up to now, only results for k, =0 have been
presented.>!” However, in order to understand the in-
teraction between interface and bulk (folded) modes
and the details of the Raman spectra, the k, depen-
dence of the interface modes must be investigated.
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