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A strong increase of low-frequency Rainan scattering has been observed in GaAs/Al Gai As
multiple quantum wells in magnetic fields up to 14 T. The spectra, consisting of background scat-
tering, folded acoustic phonons, and additional features, show resonant behavior with respect to
the laser frequency and the strength of the magnetic field. The broad background, usually related
to geminate recombination, has its origin in a continuum of Raman processes with the emission of
longitudinal-acoustic phonons where crystal momentum is not conserved. Such processes can become
dominant when interface fluctuations allow for resonant scattering in individual quantum wells only.
Thus phonons with aQ possible energies contribute to the background scattering eKciency. The
observed folded longitudinal-acoustic phonons are in good agreement with calculated frequencies.
Additional features, detected in all samples measured, are attributed to local vibrational modes tied
to the gaps at the folded Brillouin-zone center and edge. Other peculiarities observed correspond to
modes localized at crossings of the folded longitudinal- and transverse-acoustic branches inside the
Brillouin zone. The appearance of these local modes is attributed to fluctuations in the well and
barrier thicknesses of the quantum wells.

I. INTRODUCTION

The effect of a magnetic field on the intensity of Ra-
man scattering by longitudinal-optic (LO) phonons in
bulk semiconductors was studied intensively in recent
years. i s Theoretical models with various degrees of ap-
proximations with respect to the electronic structure
and electron-phonon interaction have been reported. 4~
An enhancement of the LO-phonon Raman efficiency in
multiple quantum wells (MQW's) and superlattices in
a magnetic field was observed in Refs. 7—9. Theoret-
ical treatments of magneto-Raman scattering in quan-
tum wells for the cases of deformation-potential~a and
Frohlich electron-phonon interactionii have been pub-
lished. In investigations of inelastic light scattering at
lower energies strong secondary emission near the exci-
tation line was found. i2

In this paper we report on the investigation of
low-frequency Raman spectra in a magnetic field in
GaAs/Al Gai As multiple quantum wells. The mag-
netoresonant behavior of the oscillatory emission back-
ground is studied. Resonances of incoming and outgoing
character are found. A theoretical model to explain the
origin of this emission based on single-quantum-well ef-
fects is developed. In Faraday geometry, i.e., with the
wave vector of the light parallel to the field, a rather pro-
nounced increase of the Raman efficiency for scattering
by folded longitudinal-acoustic (LA) phonons is found.
We also observe the magnetic-field-induced appearance
of peculiarities in the spectra at energies where the folded
LA dispersion has gaps. These features are suggested to
arise from modes which are Iocalized inside the gaps of
a one-dimensional linear chain. Similar modes are also
found at points inside the Brillouin zone where the LA
and transverse-acoustic (TA) phonon dispersions cross.

The latter features are particularly interesting since the
LA and TA phonons are expected to be completely de-
coupled for the (001) surfaces on which our experiments
were performed and thus there should be no anticrossings
of the LA and TA branches for k exactly parallel to [001]
in perfect MQW structures.

II. EXPERIMENT

The samples investigated were grown by molecular-
beam epitaxy (MBE) on (001) oriented undoped semi-
insulating GaAs substrates kept at 580'C. The MQW's
were separated from the wafer substrate by epitaxi-
ally grown buffer layers of 0.2-pm GaAs and 0.5-ym
Al Gai As. All samples investigated had a 21-A. cap
layer, much too thin to have an influence on the vibra-
tional properties and resonance effects presented in this
study. The growth rates were 1.0 monolayer/s for GaAs
and 1.5 monolayer/s for Al Gai As. We denote the
samples by (well/barrier, x, p), giving the well and bar-
rier widths in A.. (z) is the Al content of the barrier mate-
rial. (p) indicates the number of periods and was chosen
so large that effects from the buffer layers on the phe-
nomena investigated can be neglected.

The experiments were carried out in magnetic fields up
to 14 T in backscattering Faraday geometry, where the
propagation of incident and scattered light was normal
to the (001) plane of the sample and parallel to the mag-
netic field. All spectra were taken using circularly po-
larized light. We describe the polarization con6guration
in the notation z(o", o")z, where z and z are the direc-
tions of propagation of the exciting and scattered light,
respectively. (o",o") with rl, A = + denotes the circu-
lar polarization of the exciting 0~ and scattered cr" light.
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The sign of A or g corresponds to the sign of the projec-
tion of the photon angular momentum on the propaga-
tion direction of the exciting light taken as a fixed axis.
Magneto-oscillation profiles were measured by choosing
an exciting laser energy and setting the spectrometer, a
Spex 1404 double monochromator, as a spectral band-
pass to the Raman shift of interest. The intensity of
scattered light versus magnetic field was then recorded
using conventional photon counting techniques.
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FIG. 1. Raman spectra in the Stokes and anti-Stokes
regions for z(o+, o+)z configuration in magnetic fields of
B = 11 snd OT at T = 6K for sample (98/102, x = 0.34,
p = 40). The excitation energy is Ru,„= 1.585eV. LAq
and LA2 label Raman lines of two doublets of folded acoustic
phonons. LM denotes local modes of the BZ edge gsp (note
the Fsno line shape). The dashed line represents the calcu-
lated spectrum of light scattered by acoustic phonons for a
single QW.

In magnetic fields stronger than 1 —2 T we observe
the appearance of secondary emission in both Stokes and
anti-Stokes regions near the laser excitation line. Spec-
tra of this secondary emission in the Stokes and anti-
Stokes regions for sample (98/102, x=0.34, p=40) are
presented in Fig. 1 for magnetic fields of 0 and 11 T
in the z(cr+, o+)z scattering configuration. The 11-T
spectrum is composed of the secondary-emission back-
ground, two doublets LAq and LAq corresponding to
the folded acoustic modes, plus some features marked
as LM (local mode). The intensities of these spectra
at all "Raman shifts" depend linearly on the power of
the exciting laser in the range of 0.1 —10 W/cms. All
points in the spectra, not only those related to folded
acoustic-phonon Raman scattering, exhibit pronounced
resonances in a magnetic field. Magneto-oscillation spec-
tra of the sample (98/102, 2: =0.34, p = 40) at the point
with a Raman shift of 4cm ~ (not a sharp feature in
Fig. 1) are presented in Fig. 2(a) for two polarization con-
figurations z(o, o )z and z(o'+, o+)z. In the scatter-
ing configurations with crossed polarizations z(0+, cr+)z
the folded acoustic phonons are absent and the inten-
sity of the background is about 100 times smaller. This
indicates that both features may have the same origin.
The maxima of these oscillations (labeled n = 1 to 5)
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FIG. 2. (s) Intensity oscillations of the background for
two polarization configurations z(o+, o+)z (solid line) snd
z(o, o )z (dsshed line) at s Rsman shift of b = 4cm
vs magnetic field [T = 6 K, hu, „=1.588eV, sample (98/102,
x = 0.34, p = 40) j. n = 1 —5 labels the transitions between
heavy mass and electron Landau levels, n' = 1 denotes a light
mass to electron inter-Landau-level transition. (b) Intensity
of the background for three Raman shifts of 4 = 16, 24, and
32cm ' vs magnetic field. The asterisks (*) snd (ee) mark
incoming and outgoing resonances for inter-Landau-level tran-
sitions with n = 1 and 2, respectively.

can be attributed to resonances of the excitation energy
with interband magneto-optical transitions between va-
lence subband Landau states of heavy mass character and
conduction electron states. The splitting 6 of the reso-
nances observed in the two scattering configurations of
Fig. 2(a) is due to Zeeman splitting of hole and electron
Landau levels. For the state n = 1 it depends linearly
on the field (B); 6/B = (g, + g~) y,~ = 0.3 meV/T. This
yields g, + gh = 5.2, which is dominated by the heavy-
hole g factor, since we estimated the electron g factor to
be g, = —0.23 from spin-flip Raman experiments. The
Zeeman splitting of the other Landau levels was found
to depend on the excitation energy. In Fig. 2(b) we
present magneto-Raman profiles for the z(cr+, o+)z con-
figuration with fixed excitation energy at larger Raman
shifts of 16, 24, and 32 cm, which again do not corre-
spond to sharp features in the Raman spectra of Fig. l.
In these profiles of the background intensity, resonances
with Landau levels of incoming (*) and outgoing (**)
character can be distinguished from the observed split-
ting of the lines. One can see that incoming and outgo-
ing resonances are unresolvable at Raman shiRs of less
than 16cm ~ (2 meV). This is due to the inhomogeneous
broadening of the magnetoprofiles, caused by a distribu-
tion in Landau-level energies originating from well-width
fluctuations.
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FIG. 3. Resonance profile of the Rmnan efficiency for scat-
tering by folded acoustic phonons with b = 9.7cm (solid
line and full circles) and for the background of the secondary
emission at the Raman shift 4 = 4cm ' (dashed line and
open circles). The excitation energy is fixed at ~ = 1.585 eV,
T = 6 K, sample (98/102, z = 0.34, p = 40).

IV. THEORY AND DISCUSSION

A. Geminate recombination

The effect of a magnetic field on the resonant LO-
phonon Raman-scattering efficiency has been investi-
gated experimentally s and theoretically4 s for bulk
III-V semiconductors. It was shown that for both
Frohlich and deformation-potential electron-phonon cou-
pling mechanisms, the Raman intensity in a magnetic
field has to increase strongly owing to the quasi-one-
dimensional character of motion of electrons and holes.
In two dimensions the effect should be even stronger,
because, in addition to the magnetic-field-induced con-
finement of electron and hole motion in the xy plane,
the quantum-well barriers cause a confinement along the
z direction. It is worth noting that the magnetic-field-
induced increase of the Raman intensity results from the
spatial confinement of electrons and holes by the field.

Similar oscillations are observed when recording inten-
sity profiles at the Raman shifts of the folded acoustic
phonons. Figure 3 shows the resonance profiles for the
LAq phonon at 9.7cm ~ and for the background emis-
sion at 4cm . One can see that incoming and outgo-
ing resonances are unresolved for the LAI phonon, as
well as for the background. However, the width of the
LAI resonance is somewhat larger and its maximum is
shifted towards smaller magnetic fields, thus reflecting
the fact that the separation between incoming and out-
going resonances is larger for the LAI phonon scattering
at 9.7cm ~ than for the background signal measured at
4cm ~. It should be noted that the LAq phonon pro-
file for the shift of 9.7 cm ~ was obtained by measuring
the Raman spectra for various magnetic fields and then
subtracting the background by hand.

The specific mechanism of electron p-honon interaction is
of no importance for this egect aside from determining its
overall strength and, to some extent, the selection rules.

The spectrum of scattered light is determined by two
factors: the matrix elements for the electron-photon and
electron-phonon interactions and the resonant denomi-
nators which appear in the expressions for the scatter-
ing efficiency obtained by perturbation theory. The reso-
nant denominators, which are intimately connected to
the electronic structure of a given system, specify at
which energies and magnetic fields the resonances may
appear. The electron-phonon interaction matrix element,
on the other hand, plays an important role in the determi-
nation of the selection rules for which certain resonances
may become observable.

We believe that our results can be explained qual-
itatively only within a model that takes into account
both superlattice and single quantum-well features. The
folded acoustic phonons observed in our measurements
are a clear manifestation of the superlattice effect. How-

ever, it is to be expected that single-quantum-well fee
tures are also important. The broadening of the elec-
tronic states, as estimated from the resonant profiles, is
large enough (1.5meV for the 100-A QW, up to 3meV
for the 50-A QW) to justify the assumption that it
originates not only from scattering (homogeneous broad-
ening), but also from some distribution in the widths
of the individual QW's (inhomogeneous broadening).
Measurements for a 120-A. QW estimated the homoge-
neous broadening to be just 0.11meV, much less than
the measured inhomogeneous value of 0.55meV. ~4 The
inhomogeneous broadening of excitonic resonances by
layer thickness fluctuations was also studied by resonant
Rayleigh scattering~ and by temperature-dependent Ra-
man scattering~s and similar results for the homogeneous
linewidths were obtained.

The highly resonant character of the processes we are
dealing with makes it plausible that a fraction of the to-
tal number of QW's is being selectively probed by choos-
ing specific values of laser frequency and magnetic field.
Simple estimations show that even a minute deviation of
the QW width from the average value results in energy
shifts much larger than the homogeneous broadenings of
the observed spectra. For exam le, a deviation of the
width by z monolayer for a 100- QW results in an en-

ergy shift of 3.6 meV for the first size-quantized level. If
the homogeneous broadening is smaller than the inho-
mogeneous one, emission can occur from each single QW
without having to conserve k, along [001]. On the other
hand, the perturbation of the overall periodicity is so
small that folded acoustic phonons can still be observed.

The background observed in all the measured samples
and referred to as geminate recombination can be ex-
plained by such a single-QW effect. The term geminate
mcombination is intended to express the notion that this
secondary emission is due to the recombination of an elec-
tron and a hole, which were created together in the same
step of photon absorption. We thus consider a model
for one-acoustic-phonon Raman scattering in a high mag-
netic field, assuming deformation-potential interaction of
electrons and holes in a single QW with bulklike acous-
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tic phonons. The diagram for the amplitude of a pro-
cess where a phonon is emitted by the electron is shown
in the inset of Fig. 4. We make use of the dipole ap-
proximation and neglect the penetration of the electron
wave function into the barrier. Assuming uncorrelated
electron-hole pairs we can write the electron or hole wave
function as

4„„„(r)= u„(x —x „)y (z) u (r),
exp (ikey)
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where LzL& is the area of a QW. The wave function of
a one-dimensional oscillator in the Landau sublevel with
the quantum number n is given by

(rear,
)

v~ 1 —.,* /2~, 1

(2)

with the Hermite polynomials H„(x). The one-
dimensional wave functions for states in the well are

yIV(z) = xNzcos, N = 1,3, 5, ...,a

V N(z) = vrNzsin, N = 2, 4, 6, ...
a (4)

with a being the well width and z ranging within
the interval —a/2 & z ( +a/2; xA,„= ply&k„ for

electrons (holes), l~ = QFic/eB being the magnetic
length, and vp(r) the Bloch function. The Hamilto-
nian for deformation-potential electron —LA-phonon in-
teraction can be written asks

Hg~ = ) I I
iqD e' ' b~+H. c.,

( hasp

I, 2VMpuq j
where D is a deformation-potential constant which is
mainly determined by the dependence of the gap on vol-
ume and aps (Mp) is the volume (mass) of the primitive
cell. In the dipole approximation it follows directly that
q„ is equal to zero (see the diagram in Fig. 4) because
of the momentum conservation at the electron-phonon
vertex. As for q, it can take an arbitrary value in the
diagram because there is no conservation for the x com-
ponent of quasimomentum at the vertex. However, for a
given phonon we can always choose the Landau gauge
so that its in-plane quasimomentum is along k„, i.e. ,

qz = 0. The zero value of the transverse component
of the phonon wave vector results in the conservation
of Landau number n in one-phonon scattering, because
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FIG. 4. Calculated dependence of the Raman eKciency vs
magnetic field for two polarization configurations z(cr+, o+)z
(soiid line) and z(cr, cr )z (dashed line) at a Remen shift of
4 = 16cm . For the calculations we used experimentally
measured values of the electron and heavy-hole cyclotron en-
ergies and their Zeeman splittings. The inset shows the Feyn-
man diagram for the amplitude of one-acoustic-phonon scat-
tering where the phonon with the wave vector (qi = 0, q, ) is
emitted by the electron in a transition between two states of a
single QW with the same set of quantum numbers (n, N, k„).

( gaps i '~' sin,' 4N&= —iI I qD
(2VMp~q. ) '

'zq 4Nz {+q*)z

For the scattering efficiency it follows that

(6)

the matrix element for the electron-phonon interaction is
nonzero only between states with the same n due to the
orthonormality of the functions u„(x). For one-phonon
scattering by acoustic phonons in systems with trans-
lational invariance, e.g. , bulk semiconductors or a per-
fectly ordered quantum-well structure, an additional se-
lection rule would require the scattered phonon to take
up the difference in crystal momentum qz between inci-
dent and backscattered photons. In bulk material this
leads to sharp phonon lines observed in Brillouin scatter-
ing, whereas discrete pairs of folded phonons are found
for the case of superperiodicity. is In the case presented
here, the absence of conservation for the component of
the quasimomentum q, along the growth direction is the
most important feature, and it explains the continuous
emission background observed in the Raman spectra.

We obtain for the matrix element of the electron-
phonon interaction

((pIv(z) I &ap I yx(z))

'
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where nq is the Bose-Einstein distribution function for
phonons and the parameter

A„N = tdi —~~ —E~/5 —E~/5 —(n+ 1/2)(u„(8)
with the cyclotron frequency ~„=eH/Ijc is equal to zero
in incoming resonance and equal to ~~ —~, in outgoing
resonance. One finds by inspection of Eq. (7) that the
scattering eKciency resonates for certain values of the
laser frequency and the magnetic field. In a first step, a
linear relation is used to model the dispersion of the lon-
gitudinal acoustic phonons along the growth direction.
From this we calculate a dimensionless quantity propor-
tional to the scattering efficiency. Theoretical results for
the Raman spectra obtained by this procedure and scaled
to the experimental data are shown by the dashed curve
in Fig. 1. In Fig. 4 we show the results of a calculation
of the corresponding magneto-oscillations for a Raman
shift of 16cm i in two polarizations. The profiles were
calculated using a detuning energy A„~ at zero field of
24.4meV and effective masses determined from the ex-
periment. It should be noticed that according to Eq. (7)
phonons with a wide range of q, contribute to the scatter-
ing efficiency. This follows from the absence of conserva-
tion of the z component of quasimomentum q, and leads
to a broad spectrum of geminate recombination. The res-
onant conditions for all phonons in the range of parame-
ters close to the incoming resonance are similar as is con-
firmed by the data in Fig. 2 (see peaks marked by *). In
the case of zero magnetic field, similar calculations also
result in resonant behavior of the scattering efficiency.
The resonance, however, is of logarithmic character and
rather weak compared to the case of a high magnetic field.
We also observed the appearance of background recom-
bination and folded phonon Raman scattering with laser
excitation in resonance with the ground state of the exci-
ton associated with the next higher (hh2 —e2) interband
transition. This confirms our conjecture that the spec-
trum of the scattered light is determined mostly by the
matrix element of the electron-phonon interaction.

We find that the assumption of a linear phonon disper-
sion along the growth direction gives a good description
of the geminate recombination background over most of
the spectral range. Translational invariance and zone
folding, however, are not completely destroyed in the
samples which we investigated. The observation of dis-
crete folded phonon doublets and their magnetoresonant
behavior in Figs. 1 and 3 is a clear indication of that. In
the regions of gaps of the folded phonon dispersion dis-
crepancies from this simplification may be expected to
occur. They will be discussed in the next subsection.

Measuring geminate recombination intensity profiles
for various excitation wavelengths, fan plots of energy
versus resonance magnetic field are obtained. Without
paying attention to the specific scattering mechanism,
such an experiment can be regarded as a form of magne-
tophotoluminescence excitation spectroscopy (PLE). In
the present case, however, the electronic structure of the
system under investigation is tuned by the magnetic field
and the detection occurs rather close to the excitation,
whereas in conventional PLE the excitation energy is
tuned for fixed magnetic fields and the signal is being

detected much farther away, usually at the main peak of
the luminescence recombination. Magneto-PLE turned
out to be a feasible technique for interband magneto-
optical studies in quantum wells and superlattices. zo Us-
ing k p theory and the envelope function approach in a
basis which describes the mixed structure of the hole sub-
bands and taking excitonic effects into account, a rather
detailed agreement with the rich structure observed in
the spectra can be achieved. Preliminary calculations
along these lines for the samples investigated here2z show
that the oscillations of the emission background reflect
interband magneto-optical transitions between valence
subband Landau states of heavy mass character and con-
duction electron states. The resonances in Fig. 2(a) cor-
respond to such transitions with Landau oscillator quan-
tum numbers of the electron states ranging from n = 1
to 5.

B. Local phonon modes

Let us now discuss the additional features of the spec-
trum in Fig. 1. These structures become more pro-
nounced when the sample period is decreased and the Al
concentration in the barriers is increased. In Fig. 5 the
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FIG. 5. Raman spectrum of the sample (43/44, s = 1.00,
p = 80) in a magnetic field of B = 11T and T = 6K
[~,„= 1.727eV, z(n, o )z configuration in comparison
to the calculated dispersion curves of TA (dotted lines) and
LA (solid lines) phonons for this MQW structure. LAi and
LAq are the Raxnan lines of two doublets of folded acoustic
phonons and B is the Brillouin scattering line of LA phonons
which one expects to observe in a process with momentum
transfer k~q. LMBZE are local modes at zone edge gaps, LM-
BZC are local modes at zone center gaps, and LM(LA-TA)
are local modes at LA-TA crossing gaps.
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low-energy part of the Raman spectrum for the (43/44,
x = 1.00, p = 80) sample is compared to the calculated
dispersions of folded LA (solid lines) and TA (dotted
lines) phonons. The dispersions were calculated accord-
ing to the elastic model using Eq. (3.5) of Ref. 23. The
dominant peaks in the spectrum (LAq, LAz) correspond
to Raman scattering by folded LA phonons. These peaks
occur as doublets at energies which are determined by the
momentum transfer rc~h in the reduced Brillouin zone ac-
cording to the selection rules for a backscattering geome-
try in a translationally invariant system. The positions of
the structures marked as LMBZC (local mode, Brillouin-
zone center), LMBZE (local mode, Brillouin-zone edge),
and LM(LA-TA) (local mode at LA/TA crossing), as well
as their widths and strengths, depend strongly on the pe-
riod of the respective MQW structure (d = dq + dz) and
on the Al content (x) in the barriers. The features can
be divided into three groups: (i) structures in the cen-
ter of two neighboring folded acoustic-phonon doublets
(LMBZE); (ii) structures in the center of the two com-
ponents of the same doublet (LMBZC); (iii) structures
which exhibit some periodicity but are not symmetric
with respect to the folded phonons [LM(LA-TA)]. Type-
(i) structures are found at the positions of the zone-edge
gaps for A: = n/d; type-(ii) structures occur at zone-
center gaps, i.e. , for k = 0. For type-(i) and type-(ii)
structures it is typical that a minimum is followed by
a maximum, and vice versa, for adjacent pairs which
correspond to the next zone-edge or zone-center gaps.
The energies of type-(iii) features correspond to points in
the Brillouin zone where the folded LA and TA branches
cross.

We conjecture that these observed features correspond
to local vibrational modes originating from fluctuations
of the quantum well and barrier thicknesses. In such
a case the MQW in the z direction may be considered
as a one-dimensional chain with impurities. The dis-
persion relation for folded phonons in a MQW has the
same form as the well-known Kronig-Penney dispersion
for electrons in a square-well potential. Therefore the
theory of impurity levels in an electronic systemz4 should
be transferable to the present case. It was shown that in
such systems any fluctuations of the potential strength
or any irregularities in the spacing of layers lead to the
appearance of impurity levels inside each forbidden gap
of the folded dispersion. z4 This is a consequence of the
one-dimensional nature of the problem. These impurity

levels can be pushed up from the top of the lower band or
pulled down from the upper band. The case which is re-
alized in a physical system depends on the sign of the po-
tential fluctuations or on the value of the deviation from
regular spacing. In principle this problem can be consid-
ered as that of determining gaps in the energy spectrum
of a disordered Kronig-Penney model. ~4 The approach of
a disordered Kronig-Penney model should be valid even
in the case of very-short-period superlattices. A similar
problem has been treated recently in studies of acoustic-
phonon transmission resonances in stacked superlattices
and double-barrier systems as well as in an investiga-
tion of vibrational properties of the one-dimensional gen-
eralized Fibonacci sequence. In both cases the existence

of localized modes inside the folded phonon gaps was sug-
gested theoretically.

Besides the structures discussed above, we observe oth-
ers [marked LM(LA-TA)] which also repeat periodically
in frequency. The positions of these peculiarities coincide
with theoretical crossings of the folded LA and TA dis-
persion curves inside the Brillouin zone. Such gap open-
ings and LA-TA dispersion anticrossings were predicted
to occur in Ref. 27. It was shown that for low symme-
try growth directions of MQW's such as [211] or [110],
the acoustic-phonon modes are not purely longitudinal or
transverse. Thus only a quasi-LA and quasi-TA charac-
ter can be assigned to them. Whenever the dispersions of
modes with such mixed character cross, the degeneracy
causes a coupling, and an anticrossing occurs. This leads
to an opening of gaps inside the Brillouin zone. In our
case of a [001] growth direction the LA and TA modes
are pure, and an anticrossing should not occur. One can
imagine, however, that any defects can cause a deviation
from space regularity or changes in the forces at the in-
terfaces. This may lead to a mixing of LA and TA modes
and to the opening of a gap with local modes inside. In-
dications for such anticrossings to occur even along high
symmetry axes were also found in Si-Sio.sGeo. s superlat-
tices grown along the [111]direction. ~s Similarly, LA-TA
anticrossings have been observed for off-axis propagation
in superlattices made of amorphous components. zs We
envision that data obtained from Raman scattering by
these local modes may yield detailed information on in-

terface quality and disorder.
We want to mention that similar features were ob-

served in Raman spectra from thinner superlattices
(14/12, x = 1.00) (Ref. 30) under excitation in resonance
with some electronic transitions in the absence of a mag-
netic field. They were then interpreted as antiresonances
at the BZ edge with an asymmetry due to the coupling of
discrete phonons with a background continuum. ss Reso-
nant measurements of several short-period superlattices
grown along different directions ([001],[111],[012]) have
confirmed the existence of structures related to the BZ
edge, even in the absence of magnetic fields. s~ We con-
jecture that all these features have the origin discussed
above, namely that they are bound vibrational states at
the BZ edges. In our experiments these structures appear
also for wider quantum wells provided a strong magnetic
field is applied. In this case the local vibrational modes
are induced in Raman scattering by the interplay of in-
terface fluctuations, leading to the appearance of local
modes in the phonon spectrum, and the conFinement of
carriers in a small spatial region due to the well potential,
disorder, and the quantizing magnetic field.

V. CONCLUSIONS

We have observed a resonant increase of the Raman-
scattering eKciency for folded acoustic phonons and
secondary emission (geminate recombination) in GaAs-
Al Gai As quantum wells in a magnetic Geld. The
occurrence of such emission and its resonant behavior
was explained in terms of Raman scattering by effectively
bulklike acoustic phonons, which becomes allowed when
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the conservation of crystal momentum along the growth
direction breaks down. Our experiments present a sit-
uation intermediate to ideal superperiodicity and bulk
crystal translational invariance. The matrix element of
electron —acoustic-phonon deformation-potential interac-
tion was calculated and used to explain the spectra of
secondary emission near the excitation line. Additional
features in the low-energy Raman spectrum are reported.
An interpretation in terms of modes localized inside gaps
of the phonon dispersion at the Brillouin zone center and
zone edge is given. Another series of modes is found and
assigned to local modes inside gapa occurring at folded

LA and TA anticrossings. These gapa, ordinarily forbid-
den along the [001] growth direction, are suggested to be
caused by disorder .
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