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Finite-size effects on acoustic phonons in GaAsÕAlAs superlattices
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We present a detailed study of the Raman-scattering spectra by acoustical phonons in finite-size GaAs/AlAs
superlattices. The scattering geometry relies on an optical microcavity to enhance the Raman efficiency and to
access theqz50 forward-scattering contribution. The results are analyzed using a photoelastic model for the
Raman efficiency, which takes into account the superlattices finite size, the cavity confined optical field, and
the acoustical-phonon displacements including the elastic modulation. The latter are derived from a matrix
method implementation of the elastic continuum model for the complex layered structure. The calculations
provide a complete description of the main experimental results that include:~i! the observation of low-energy
oscillations,~ii ! the presence of three main Raman lines in the first folded-phonon spectral region,~iii ! the
broadening of the Raman peaks, and~iv! the spectral shift of the lines with respect to the infinite superlattice.
In addition, the observed asymmetry of the main central peak is understood as due to aqz-nonconservation
induced violation of the expected center-zone Raman selection rule. Besides providing a clear observation of
the finite-size effects on superlattice acoustical phonons, the reported results demonstrate the use of microcav-
ity geometries to access center-zone minigap excitation in layered structures.
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I. MOTIVATION

Due to the spectral overlap and small elastic impeda
mismatch, the acoustical-phonon branches in an ideal su
lattice ~SL! made up of a periodic sequence of semicond
tor layers can be described by backfolding the phonon
persion of an average bulk solid and opening of sm
minigaps at the zone center and reduced new Brillouin-z
edge.1 On the other hand, in a Raman process performe
an infinite ideal SL in the transparency region crystal m
mentum is conserved. For a backscattering geometry a
the growth direction this implies that the wave vector tra
ferred isqz5kL1kS , with kL(kS) the laser~scattered! wave
number. Thus, in a Raman-scattering experiment involv
longitudinal-acoustic~LA ! phonons, characteristic double
that reflect the folding of the phonon dispersion a
observed.1

The above picture changes infinite SL’s made by only a
few periods, for which Brillouin-zone schemes and crys
momentum conservation do not hold. Finite semiconduc
heterostructures have been investigated for some time2–11

From the experimental point of view, the finite-size effec
have been identified in different kinds of excitations. The
include plasmons in multilayers with two-dimensional ele
tron gases,5 optical phonons in GaAs/AlAs multiple quantum
wells,7,8 and acoustical phonons in semiconduc
superlattices.9–11 Plasmons and optical phonons are exci
tions confined to specific layers, which are coupled throu
long-range Coulomb interactions. The observed effects m
be basically resumed in the apparition of ‘‘surface modes
the limiting surfaces of the sample, and in a discretization
the wave vector along the heterostructure growth axis (z).
Also, a relaxation of the wave vector conservation alongz is
0163-1829/2002/66~12!/125311~7!/$20.00 66 1253
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observed in the Raman-scattering process.5–7 Standing opti-
cal vibrations have also been recently reported.8 Acoustical
phonons are different as the interactions are short range
the excitations extend throughout the structure. The fin
size effects reported in the literature include standing aco
tical waves of the whole structure9,10 and interference effects
in Raman scattering observed in so-called mirror-pla
superlattices.11

In this paper, we report on an experimental and theoret
investigation of finite-size effects on Raman scattering
GaAs/AlAs SL’s made by only a few periods. In order
enhance the weak Raman efficiency, we use a coupled o
cal microcavity designed for Raman double optical re
nance studies. The microcavity consists of two identi
GaAs/AlAs SL’s forming, respectively, the spacer of tw
coupled microcavities, and which are separated and clad
by distributed Bragg reflectors~DBR’s!.8 The structure has
two optical modes that can be used for optical resona
enhancement.6 We address issues concerning the SL’s limit
number of periods, the coupling between the two SL’s, a
the implication of photon confinement in the Rama
scattering process. We show that several interesting eff
arise and that a photoelastic model including the proper
scription of the structure’s acoustical vibrations and pho
field provide a precise quantitative description of the Ram
scattering spectra.

The paper is organized as follows. In the following se
tion, we describe the coupled optical microcavity sample a
the Raman scattering setup used for double optical reson
amplification. In Sec. III, we present and discuss the exp
mental results and calculations. Finally, some conclusi
are drawn in Sec. IV, and implications for the manipulati
of acoustical excitations and their study in optically confin
structures are presented.
©2002 The American Physical Society11-1
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II. SAMPLE AND EXPERIMENTAL SETUP

Semiconductor planar optical microcavities are dielec
layered structures consisting of the optically active medi
enclosed by DBR’s.12,13 In these photonic structures the o
tical field is confined and enhanced within the active regi
leading to a variety of phenomena that include a modifi
emission rate and strongly coupled exciton-cavity-pho
polaritons.12 It has been shown6,13–15that the cavity modified
photon spectral and spatial density of states can be use
enhance the inelastic light-scattering efficiency with ampl
cation factors;1042105.

In standard microcavities designed with only one confin
optical mode, the tuning of both the laser and the Sto
~nondegenerate! photons can be accomplished by tuning t
incidence and scattered angles with respect to the gro
axis (z).6,14,16This scattering geometry is appropriate for t
study of small energy excitations, but becomes cumbers
above;35 meV~e.g., for optical phonons! where incidence
angles typically larger than;50° have to be used. In thi
latter case, more convenient microcavities with two opti
modes can be designed.8,17,18 These coupled double micro
cavities consist of twol/2 spacers enclosed by top and bo
tom DBR’s, and separated by a lower reflectivity mirror. Tw
split cavity modes exist with maxima in the spacers. But
two modes differ in their parity~symmetric and antisymmet
ric! with respect to the center of the structure.19

A coupled cavity designed as described above was use
Ref. 8 to study the optical phonons of finite SL’s. This sa
structure will be used here for investigating the Ram
scattering acoustical-phonon spectra of finite SL’s in a
crocavity geometry. Since the acoustical-folded-phonon
excitations are in the range 10–30 cm21 ~i.e., ;1
24 meV), the angular tuning of the double optical res
nance using a single cavity mode6,14,16is straightforward and
thus a coupled double microcavity is not required for t
purpose. However, the sample has the added interest o
phonon-coupling effects between SL’s and the possibility
perform the Raman process through either one of the s
metric or the antisymmetric cavity modes. These two iss
will be considered in this work besides the results intrinsic
the individual SL’s finite size. In our experiments, for Stok
~anti-Stokes! spectra the collection~excitation! was set along
z, while the excitation~collection! angle was adjusted aroun
;3°25° for double optical resonant enhancement using
ther one of the two cavity modes.

The studied structure consists of twol/2 spacers made b
10.5-period GaAs~8.5 nm!/AlAs~4.4 nm! SL’s of 8.5-nm/
4.4-nm nominal width. These spacers were enclosed by
DBR Ga0.8Al0.2As/AlAs pairs on the bottom, 16 on top, an
8.5 in between. The structure was purposely grown wit
slight taper that enables a tuning of the cavity modes
displacing the laser spot on the sample surface~see Fig. 1 of
Ref. 8!. The two cavity modes, split by;35 meV, can be
tuned this way from;1.45 eV~855 nm! to ;1.55 eV~800
nm!. The layer widths at the precise spot where the Ram
spectra were acquired were deduced from the total ca
width as derived from the cavity mode energy, assuming
12531
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the nominal GaAs/AlAs width ratio is constant througho
the whole structure.

The Raman experiments were performed at 77 K usin
triple Jobin-Yvon T64000 spectrometer equipped with
N2-cooled charge-coupled device. A Ti-sapphire laser w
used as the excitation source at energies in the range 8
850 nm, well below the SL’s fundamental exciton absorpti
(;1.6 eV5775 nm). Due to some weak parasitic lumine
cence coming from the substrate, the best spectra were
tained at;850 nm, below the GaAs gap~1.515 eV5820
nm!. The spectra were acquired using a triple subtract
configuration with spectral resolution around 0.1–0.2 cm21.

III. RESULTS

In this section, we will present the experimental resu
and calculations based on a photoelastic model for
Raman-scattering efficiency. In order to separate the eff
that are due exclusively to interference properties of the
man efficiency11 from those that essentially depend on t
acoustic-phonon structure of the finite SL’s, calculatio
have been performed both considering the bulklike acou
phonons of an average medium, and also the approp
solution of the acoustic wave equation in the layered m
dium. We will address the following issues:~i! the finite-size
effects in the Raman spectra, that is, phenomena due to
reduced number of SL layers,~ii ! consequences in the sca
tering process due to the cavity-photon confinement,~iii !
coupling effects between the two SL’s, and, last,~iv! whether
the symmetry of the photon cavity mode is relevant or n
for the Raman process. The section is organized as follo
we first present the experimental results, followed by cal
lations that enable a separate description of the observe
fects, and finally by a discussion in which the full calculatio
is compared with the experimental results.

A. Experiment

In Fig. 1, we show typical spectra obtained with 850-n
excitation using either the upper or lower cavity mode
Raman amplification. Such cavity tuning was accomplish
by displacing the laser spot in the sample surface while ke

FIG. 1. Typical Stokes and anti-Stokes spectra in the ene
region corresponding to the first folded-acoustic phonons, obta
with 850-nm excitation using either the upper~1! or lower ~2! cav-
ity mode for Raman amplification.
1-2
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FINITE-SIZE EFFECTS ON ACOUSTIC PHONONS IN . . . PHYSICAL REVIEW B66, 125311 ~2002!
ing all other experimental parameters fixed. The cavity mo
linewidth, determined mainly by the collection solid ang
and the laser spot diameter, was around 10–12 cm21. This
implies that no peak is selectively amplified, and thus t
the relative intensity of the different spectral features
intrinsic.6,14

The most important results are as follows:
~i! three main peaks are observed at;10.9 cm21,

;12.4 cm21, and;14.5 cm21, respectively. These are la
beled with thick down arrows in Fig. 1. The doublet expec
assuming a standard backscattering spectra with 850-nm
citation should be split by;2.8 cm21. Note, however, that
the full separation of these peaks is;3.6 cm21 and that no
pair can be assigned straightforwardly to the first folde
acoustic-phonon doublet.

~ii ! Besides the main peaks, weaker equally spaced o
lations are well discerned mainly towards low energies~in-
dicated with up arrows in Fig. 1!. Note in particular the anti-
Stokes spectrum of mode 1, which was taken with
Raman amplification set at lower energies in order to hi
light these features.

~iii ! The peaks in the spectra are relatively broad. T
linewidth is intrinsic as verified by increasing the spect
resolution with no noticeable change in the spectral shap

~iv! The spectra taken with mode 1 and 2 are simi
indicating that the symmetry of the cavity mode is not r
evant to the Raman-scattering process.

B. Photoelastic model calculations

Within a photoelastic model for scattering b
longitudinal-acoustic phonons the Raman efficiency is giv
by1

I ~vqz
!}U E dzELES* p~z!

]F~z!

]z U2

, ~1!

whereEL(ES) is the laser~scattered! field, p(z) is the spa-
tially varying photoelastic constant, andF describes the pho
non displacement. For an infinite periodic SL, the wave v
tor qz is a good quantum number for the structure
vibrations. In this case and for the usual experimental con
tions given by a backscattering geometry with laser and
scattered fields given by plane waves (ELES* 5ei (kL1kS)z),
Eq. ~1! leads to the phonon doublets with transferred wa
number given by the conservation lawqz5kL1kS . For the
case we are discussing, however, the following points m
be considered:~i! the integration is performed for limited
values ofz given by the finite size of the structure,~ii ! EL
and ES correspond to the cavity confined photons and th
amplitude and spatial distribution have to be properly tak
into account, and~iii ! in order to fully describe the Rama
spectra the phonon-displacement patternF has to be evalu-
ated considering the acoustic modulation of the r
structure.1

For the evaluation of the acoustical phonons in the l
ered structure, we have used the standard elastic contin
description of the sound waves as originally proposed
Rytov20 and implemented using a matrix method by He a
12531
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co-workers.21 With this model one can obtain the transmi
sion of acoustical waves through the structure, and the
placement pattern as a function of the phonon energy, wh
is used as input for the evaluation of the Raman efficien
@Eq. 1#. The matrix method is equivalent to that used
describe the propagation of light in layered media,22 and
which we implemented for the calculation of the cavity ph
ton field. In order to discern the interference effects that a
from the photoacoustic modulation of the finite structur11

from those effects that reflect the specific phonon pattern
the acoustically modulated structure, we compare the res
with calculations of the Raman efficiency using a simplifi
average medium description of the phonon spectra. Wit
this latter description the phonon displacement pattern
taken asF(z)5cos(qzz), with the dispersion relation given
by vq5uqzuvac with vac the average sound velocity.1,11 We
note that such a linear dispersion does not include the fold
phonon minigaps and thus is strictly valid only away fro
the reduced Brillouin-zone edges.

In Fig. 2, we show calculated Raman spectra in the sp
tral region corresponding to the first folded-phonon doub
and for GaAs/AlAs SL’s of varying number of periods from
1.5 to 28.5. The GaAs/AlAs layer widths are constant a
correspond to the real structure (74 Å/38 Å), as determin
from the nominal GaAs/AlAs ratio and the cavity mode e
ergy at the specific sample spot where the Raman amplifi
tion was performed. For the shown spectra we conside
single SL and a standard backscattering configuration w
l5850 nm. Note that quasiconservation of wave vec
leads to the observation of doubletlike features for as few
3.5 SL periods~third curve from bottom!. The finite-size
effects are apparent in the spectra, including the broade
of the peaks and the observation of oscillations in the lo
energy side of the doublet. These features are conceptu
similar to a diffraction pattern where the peak widths depe
on the number of illuminated grooves and the satellites c
respond to the side maxima.11 Note also that these oscilla
tions modulate the whole spectra. In consequence, the
cise position of the doubletlike peaks is size dependent,
effect being clearer for the structures with fewer periods a
hence broader spectra.

FIG. 2. Calculated Raman spectra for GaAs/AlAs SL’s of va
ing number of layers from 3 to 57. The GaAs/AlAs layer widths a
constant and correspond to the real structure (74 Å/38 Å).
1-3
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TRIGO, FAINSTEIN, JUSSERAND, AND THIERRY-MIEG PHYSICAL REVIEW B66, 125311 ~2002!
Another interesting feature deriving from the SL fini
size can be appreciated in Fig. 3, where we present ca
lated Raman spectra for a single SL with the real struct
~actual number of periods and layer widths! as a function of
transferredqz and for a standard backscattering geome
The transferred wave vector spans the range fromqz50 ~top
spectrum! to q52113104 cm21 ~bottom-most spectrum!.
The latter corresponds to a laser wavelengthl5200 nm with
an effective refractive index of the SL’s,ne f f53.36. The
spectral region corresponding to the first two folded-phon
doublets is shown. The position of the doublet peaks b
cally reflects theqz dispersion of the acoustical phonons
an infinite SL with the same period and GaAs/AlAs rat
Note that while two doublet peaks are observed for la
qz’s, only one is apparent forqz50. For an infinite SL and
qz50, the two phonon modes corresponding to the cen
zone doublets differ in their parity with respect to the cen
of the layers.1 This leads, following Eq.~1!, to one of these
modes being Raman forbidden. Interestingly, note that
our finite-size structureqz conservation is partially relaxe
leading to a ‘‘violation’’ of this selection rule. This is re
flected, in the shown calculated spectra, in asymmetric pe
for qz50 with nonzero scattering weight at the position
the ‘‘forbidden’’ peak@~11! for the ;15-cm21 doublet and
(22) for the;30-cm21 one#.

The above discussed figures were obtained conside
the standard backscattering geometry with laser and scat
fields described by plane waves. When the SL is embed
in a microcavity and under double optical resonance con
tions, on the other hand, both the laser and the Stokes fi
correspond to cavity confined modes. In this case within
spacer thez dependence of the two photon fields are given

FIG. 3. Calculated Raman spectra for a single SL with para
eters of the real structure~actual number of periods and laye
widths! as a function of transferredqz and for a standard back
scattering geometry. The transferred wave vector spans the r
from qz50 ~top spectrum! to q52113104 cm21 ~bottom-most
spectrum!. The spectral region corresponding to the first tw
folded-phonon doublets (61 and62) is shown. The dotted curve
are guides to the eye. Note that theqz50 peaks are asymmetric
with nonzero scattering weight at the position of the ‘‘forbidde
doublet modes@~11! for the ;15-cm21 doublet and (22) for the
;30-cm21 one#. The latter are highlighted with circles in the fig
ure.
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the same standing waveEL5ES5eikzz1e2 ikzz, where, by
construction,kz5p/D (D is the spacer width!.8 Note that
the laser and the Stokes photons are tuned with the s
cavity mode but slightly different angles, that is, differentki .
In consequence, in Eq.~1! the photon field part of the inte
grand is given, besides a multiplicative constant determi
by the amplification characteristics of the cavity, by8

ELES* 5uE~z!u2521~ei2kzz1e2 i2kzz!. ~2!

Equation~2! implies, on one hand, that the Raman ef
ciency is exactly the same whether the experiment is p
formed through any one of the two cavity modes, in cor
spondence with the experimental results. On the other h
it indicates that, in a cavity, both a forward-scattering~the
term 2! and a backscattering contribution (ei2kzz1e2 i2kzz)
are coherently added to the Raman efficiency. The form
corresponds to a wave-vector transferqz50, while for the
latter qz52p/D.

We show in Fig. 4 calculatedl5850-nm Raman spectr
corresponding to a single 10.5-period SL embedded in a
crocavity where, for clarity, we have evaluated separately
forward-scattering and backscattering terms. The sho
spectra correspond to the first folded-phonon doublet reg
and are superimposed to the phonon transmission ampli
calculated with the matrix method discussed above. Sev
features should be highlighted:

~i! the transmission minimum corresponds to the fi
center-zone minigap.

~ii ! The backscattering doublet is centered at this minig
and displays the discussed low-energy oscillations and
Raman selection rule which explains the stronger intensity
the (21) peak. These peaks are out of the minigap beca
qzÞ0.

~iii ! The forward-scattering peak corresponds toqz50
and thus appears at the low-energy limit of the minigap. N
that, as discussed above, due to partialqz nonconservation
this latter peak is asymmetric with nonzero scattering wei

-

ge

FIG. 4. Calculated forward-scattering~FS, solid thick curve!
and backscattering~BS, dashed curve! contribution to the l
5850-nm Raman spectra corresponding to a single 10.5-period
embedded in a microcavity. The spectra are superimposed to
phonon transmission amplitude in the first folded-phonon dou
energy region~see text for details!.
1-4
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FINITE-SIZE EFFECTS ON ACOUSTIC PHONONS IN . . . PHYSICAL REVIEW B66, 125311 ~2002!
within the gap and at the high-energy side of the minig
The high-energy side corresponds to the ‘‘forbidden’’~11!
term.

~iv! The low-energy oscillations add coherently from t
backscattering and forward-scattering contributions, thus
plaining their strong intensity in the experimental spectra

The observation of forward scattering due to the cav
confinement deserves a brief comment. In fact, although
customary to assume in Raman scattering in bulk mate
that the transferred wave vector is almost zero in compar
to the bulk Brillouin-zone edge (4p/l!p/a, with l the
laser wavelength anda the lattice parameter!, it is nonnegli-
gible in terms of the reduced SL Brillouin zone. Cons
quently, the observed Raman doublets typically reflect
bulk dispersion folding but are not influenced by the open
of the minigaps. In order to probe the minigaps, two stra
gies have been pursued in the literature. On one hand
zone edge can be sensed by a proper design of the
structures.23,24 On the other hand, forward-scattering geo
etries have been used.25 As follows from Fig. 4, the cavity
geometry provides direct access to the minigap modes
addition, in finite-size structuresqz nonconservation leads t
spectral weight within the minigap energy range. As we w
discuss below, this result may have interesting implicatio
for the study of acoustically confined structures.

Having discussed the effect of the SL finite size and of
cavity confinement, we address next the implications of h
ing two separate SL, coupled through the intermediate D
mirror. In Fig. 5, we show Raman spectra calculated for t
10.5-period SL’s embedded in double microcavities w
varying number of intermediate DBR layers. For comparis
we also show the spectrum of asingle SL in a cavity~top-
most curve!. In all cases the SL parameters are those of
real structure. The bottom-most spectrum, with 8.5l/2 DBR
layers, corresponds to the double cavity used in our exp
ments. As it is apparent from the spectra, the coupling of
two SL’s leads to a rapid modulation of spectra with ba
cally the same envelope function. This modulation refle

FIG. 5. Raman spectra calculated for two 10.5-period SL’s e
bedded in double microcavities with varying number of interme
ate DBR layers. For comparison we also show the spectrum
single SL in a cavity~topmost curve!. The SL parameters are thos
of our real structure.
12531
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two different physical phenomena: first, an interference
the scattered field coming from the two SL’s. These featu
are also present in calculations performed with the pho
field described by a linear average media dispersion. S
‘‘interference effect’’ is similar to that described for th
‘‘mirror-plane’’ superlattices reported in Ref. 11. And secon
scattering intensities that depend on the phonon displacem
of acoustical modes that are specific to the complex laye
structure. The weight of the phonon pattern at the SL’s, a
the symmetry of the displacements within each SL lay
basically determine the Raman efficiency for that spec
mode. In any case, for the studied structure this modula
is below the resolution limit of the experimental setup, a
thus we can conclude that the observed spectra essen
reflect the properties of the envelope function, that is,
spectrum of a single-cavity confined finite-size SL.

C. Discussion

We now proceed to compare the experimental Ram
spectra of our double finite SL structure embedded in a c
ity with the photoelastic model calculations. For that purpo
we show in Fig. 6 from top to bottom:~i! a calculated spec
trum corresponding to an ‘‘infinite’’ SL made by 100 period
and a backscattering standard configuration;~ii ! a single SL
in a microcavity calculated considering the linear avera
media acoustical-phonon dispersion;~iii ! a typical experi-
mental curve; and~iv! the full calculation for a microcavity
embedded SL with phonon modes derived including
acoustical modulation. In all casesl5850 nm.

The ‘‘infinte’’ SL curve (SL200) defines the standard spe
trum with two narrow doublet peaks separated
;2.8 cm21. The (21) component is slightly stronger due t
the discussed parity Raman selection rule. The comp

-
-
a

FIG. 6. We show from top to bottom:~i! a calculated spectrum
corresponding to an ‘‘infinite’’ SL made by 100 periods and a ba
scattering standard configuration (SL200), ~ii ! spectrum of a single
SL in a microcavity calculated considering the linear average me
acoustical-phonon dispersion (SL21

C ~bulk!!, ~iii ! a typical experi-
mental curve~Exp.!, and~iv! the full calculation for a microcavity
embedded SL with phonon modes derived including the acous
modulation (SL21

C ). In all casesl5850 nm. FS labels the forward
scattering contribution.
1-5
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TRIGO, FAINSTEIN, JUSSERAND, AND THIERRY-MIEG PHYSICAL REVIEW B66, 125311 ~2002!
weak oscillations are discernible close to the major pe
much like in a diffraction grating pattern. The cavity spe
trum calculated with average ‘‘bulklike’’ phonons@SL21

C

~bulk!#, on the other hand, helps to identify those featu
that derive solely from~1! the interferences in the Rama
cross section due to the SL’s finite size, and~2! from the
cavity photon confinement~effects due to the real phono
structure only appear when the acoustical modulation is fu
taken into account and will be discussed below!. First, the
peaks are broader as expected from a diffractionlike pat
with fewer source layers. Concomitant with this, low-ener
side oscillations appear as in the experimental spectra
addition, the backscattering maxima are shifted with resp
to the infinite SL doublet position as in the experimen
data, although a quantitative agreement for the peak p
tions is not obtained. This line shift is a consequence of
finite-size originated oscillatory modulation of the double
like broad peaks. Finally, a forward-scattering peak is o
served between the backscattering doublet. Note that the
a single peak centered with respect to the doublet becaus
‘‘bulklike’’ phonon dispersion does not include the minigap
originated in the acoustical modulation. This contrasts w
the experimental curve where clearly an asymmetric nonc
tered peak is observed. In any case the simplified model w
the bulklike phonons accounts for many of the experimen
results, including the presence of three main peaks,
broadening of the peaks, the increase of the doublet sep
tion, and the existence of low-energy oscillations.

The asymmetry and shift of the central forward-scatter
contribution is an important point that requires further d
cussion. In fact, this feature can be fully accounted for wh
the proper description of the phonon spectra~that is, includ-
ing the acoustical modulation! is taken into account. Such
calculation is displayed as the bottom-most spectrum in F
6 ~curve SL21

C ). As discussed extensively in Sec. II B, for a
infinite superlattice and due to a parity selection rule,
qz50 spectra display only one component of the center-z
doublet. ForqzÞ0, on the other hand, this selection rule
partially relaxed and the two components of the doublet
observed, their splitting and relative intensity varying wi
the transferred wave vector~see Fig. 3!. Consequently, in a
finite-size SL,qz partial nonconservation leads to the obs
vation of the ‘‘forbidden’’ component of the doublet in th
forward-scattering (qz50) contribution. This explains the
,
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observed asymmetry of the main peak at;14.5 cm21. For
the backscattering part, on the other hand, wave vector n
conservation basically leads only to a line broadening. N
in Fig. 6 that when the full calculation including the acou
tical modulation is considered, the agreement with the
periment is remarkable without any adjustable parame
This includes the features described above for the sim
average media model, but also almost every other deta
the experimental results: the existence of three main pe
the asymmetry of the forward-scattering contribution, the
pearance of oscillations and their period, the spectral posi
and relative intensity of all peaks~including the weak peak a
;18 cm21), and the line widths.

IV. CONCLUSIONS

We have presented a detailed experimental and theore
study of GaAs/AlAs superlattice Raman spectra in microc
ity confined geometries. This allowed us to study the fini
size effects on the acoustical-phonon spectra, and dem
strated the strength of the matrix method implementation
the standard photoelastic model with an elastic continu
description of the vibrations to fully describe the experime
tal results. Most interestingly, we showed that the pho
confinement provides a natural way to accessqz50 excita-
tion which, in this case, correspond to the folded-phon
minigap modes. In addition, due toqz nonconservation in the
finite SL, Raman-scattering from the otherwise forbidd
component of the phonon doublet and from modes within
minigap become observable. We believe that this is an in
esting result that opens the way to the study of modula
structures with confined acoustical vibrations. In fact, as
dielectric modulation of the DBR’s results in the appearan
of ‘‘photon gaps,’’ the acoustical modulation opens the ph
non minigaps that act as mirrors for sound waves.26 Extend-
ing the idea of the photon microcavities we can thus c
ceive ‘‘phonon cavities’’ made by a spacer enclosed
appropriately designed SL’s acting as phonon DBR’s. T
consequence would be the appearance of phonon con
modes with energies within the folded-phonon minigap, a
with the displacement patterns localized within the cen
spacer. Such novel ‘‘confined acoustical phonons’’ could
spectrally accessible with Raman experiments similar to
ones described in this work. These experiments are un
way and will be the subject of future work.
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