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Coherent Zone-Folded Longitudinal Acoustic Phonons in Semiconductor Superlattices
Excitation and Detection
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Coherent zone-folded acoustic phonons are excited in GaAsyAlAs superlattices by femtosecond laser
pulses via resonantimpulsive stimulated Raman scatteringin both forward and backward scattering
directions. The relative amplitudes of three distinct modes of first and second backfolded order match
well with scattering intensities calculated within an elastic continuum model. The detection of the
coherent acoustic modes is based on the modulation of the interband transitions via the acoustic defor-
mation potential and exhibits a strong enhancement at interband transitions. [S0031-9007(98)08288-X]

PACS numbers: 78.66.Fd, 63.20.–e, 63.22.+m, 78.47.+p
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The investigation of low-energy elementary excitation
in semiconductor heterostructures is driven by their rel
vance as the final state in the energy relaxation process.
particular, acoustic phonons play a dominant role for d
phasing processes at low lattice temperature and for h
transport in general. Acoustic phonons are commonly i
vestigated by continuous wave (cw) Brillouin scattering
Time resolved experiments based on ultrashort pulse las
have largely contributed to the understanding of acous
phonon dynamics. Recently, the generation and propag
tion of ballistic acoustic phonons in a single semiconduct
quantum well was observed by surface deflection spe
troscopy [1]. Semiconductor superlattices exhibit zon
folding of the acoustic branches within the mini-Brillouin-
zone (mini-BZ) due to the artificial periodicity of the elas
tic properties along the growth direction. Here, light ca
couple to zone-folded acoustic modes of the superlattice
higher frequencies in the 100 GHz to THz range. Thes
modes have been extensively studied in cw Raman sp
troscopy [2–4]. The folded bulk acoustic branches are o
tical branches within the superlattice zone scheme; th
light scattering from those modes is referred to as Ram
scattering. The coherent excitation of a single first-ord
zone-folded mode was observed in GaAsyAlAs superlat-
tices using a time-derivative detection scheme [5]. How
ever, the excitation and detection mechanisms are not
fully clarified. In this paper we report on the nature of th
excitation and detection mechanisms relevant for cohere
zone-folded acoustic vibrations of first and second order
GaAsyAlAs superlattices.

Most time resolved experiments on coherent lattic
excitations dealt with longitudinal optical phonons [6] o
phonon polaritons [7]. While the excitation of phonon
polaritons relies on impulsive stimulated Raman scatterin
(ISRS) [8], in the case of longitudinal optical phonons,
variety of excitation processes have been identified whi
cannot be explained within the context of stimulate
4 0031-9007y99y82(5)y1044(4)$15.00
s
e-
In

e-
eat
n-
.
ers
tic
a-

or
c-
e

-
n
at
e

ec-
p-
us
an
er

-
yet
e
nt
in

e
r

g
a
ch
d

Raman scattering. The most prominent non-Raman t
mechanisms are the displacive excitation of coher
phonons relevant for symmetry maintaining optical mod
[9] and the generation of coherent LO phonons via ra
surface field screening in polar semiconductors [10]. O
important hint towards the determination of the excitati
process is the wave vector of the excited mode. Beca
of the flat dispersion of optical phonons in the vicinity o
the BZ center their wave vector cannot be determined w
high accuracy. However, due to the steeper dispersio
the acoustic modes, their wave vector can be determi
accurately from the observed frequency, provided a h
resolution and an accurate theoretical dispersion. T
Raman and non-Raman excitation mechanisms can
distinguished.

The vibrational properties of the superlattice are an
lyzed within an elastic continuum model [3,11], whic
yields an implicit equation for the acoustic dispersion
the low frequency limit (,2 THz). The eigendisplace
ment fields are calculated by a Fourier expansion met
which gives the symmetry properties of the vibrations a
scattering intensities of the modes [4]. The lowest ord
dispersion reads

v2
p,q ­

C0

r0
sq 1 pGd2, (1)

where C0 and r0 are the zeroth order expansion c
efficients of the elastic stiffness constantC11 and the
crystal density along the growth direction andq is
the phonon wave vector.G ­ 2pydSL ­ 2pysdGaAs 1

dAlAsd is the reciprocal superlattice vector andjpj sp ­
0, 61, 62, . . .d denotes the order of a folded acoustic v
bration. Sound velocities and crystal densities are ta
from Ref. [2]. In the investigated (001)-oriented sampl
the ratio of the AlAs layer thickness to the superla
tice period x ­ dAlAsysdGaAs 1 dAlAsd is below 0.55;
hence the displacement field of the BZ-center mode on
© 1999 The American Physical Society
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p ­ 21 branch hasA1 symmetry within the superlattice
point group (antisymmetric with respect to a midplane
a layer). The mode withp ­ 11 hasB2 symmetry (sym-
metric). In a sample withx ­ 0.5 the symmetry prop-
erties of the two second order BZ-center modes chan
from A1 to B2 and vice versa. At typical backscatteringq
values of2 3 klaser ø 0.2pydSL symmetric and antisym-
metric components are mixed [4]. If a Raman scatteri
process is the driving force of the lattice vibrations, on
longitudinal acoustic modes with antisymmetric contrib
tions to the displacement field are scattering active [
Transverse modes are forbidden for (001) surfaces.
a consequence at the BZ center the longitudinal antisy
metric modes are driven selectively, while at backsc
tering wave vector a doublet corresponding to the tw
branches of a folded order is active.

Three samples grown on a (001)-oriented GaA
substrate consisting of 40 periods are investigate
The parameters of the active zones are for sampleA:
19 monolayers (ML) GaAs and 19 ML AlAs (19y19),
sampleB: (24y4), and sampleC: (18y5). Between the
superlattice and the substrate an Al0.36Ga0.64As layer
of 1 mm is employed which is used as etch stop wh
removing the substrate for transmission experiments
wet etching.

Femtosecond time resolved investigations are p
formed in a standard pump-probe setup. An inten
pump pulse derived from a tunable mode locke
Ti:sapphire laser, tuned to the first interband transiti
of the samples, is focused to a spot ofø120 mm on
the sample. The excitation density corresponds to
bulk excitation density of1018 electron-hole pairsycm3.
The pulse duration of approximately50 fs is far below
the period of the first and second order folded acous
phonons. A probe pulse of lower intensity, focused
a spot of ø40 mm, is used to observe reflectivity and
transmission changes as a function of time delay betwe
pump and probe pulse. The reflectivityytransmission
measurements are performed either with the full spectr
of the laser pulses or with a probe pulse, whose spectr
is narrowed by bandpass filters. For increasing t
signal-to-noise ratio we measure the time resolved sig
with a commercial data acquisition system based on
rapid scanning delay line (Aixscan, GWU Lasertechni
which allows the detection of relative signal changes
some1027 without using a lock-in amplifier [10].

The reflectivity changes are dominated by carrie
excited resonantly at the first interband transition. A
initial reflectivity change in the order ofDRyR0 ø
1023 is induced (inset in Fig. 1). The slowly decayin
electronic signal is modulated by minute oscillation
of the coherently generated acoustic phonons with
amplitude ofDRyR0 ø 1025. In order to separate the
lattice dynamics from the carrier dynamics, we extract t
oscillating signature numerically. Frequency spectra a
obtained by numerical Fourier transforms.
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FIG. 1. Oscillatory transient reflectivity changes in a (19y19)
superlattice. The inset shows the reflectivity changes.

Figure 1 shows the extracted spectrally integrated tra
sient reflectivity changes induced by the excited coher
acoustic phonons in sampleA at room temperature. The
signal exhibits a strong beating of several modes. T
Fourier transform of the time resolved signal (solid line
and the calculated dispersion are depicted Fig. 2. T
spectrum yields three modes of first and second or
folded acoustic phonons. In order to identify the wav
vectors we compare the spectrum to the calculated disp
sion curve. Theq vectors of the modesI1, I2 andIII1, III2
accurately match the backscatteringk-vector transferq ­
DkBS ­ 4pnyl, where the refractive indexn is averaged
over one superlattice period andl ­ 797 nm is the cen-
tral wavelength of the laser. This points towards ISR
in a backscattering direction as an excitation mechani
for these modes. At the backscatteringq value both
branches of the same order are excited due to the mixing

0.0

0.5

1.0
0.0

0.2

0.4

400 450 500 850 900 950

x13

∆ πk =0.2  /dBS SL

p=-1 p=+2p=+1 p=-2

q 
( 

 /d
)

π
S

L
F

T
(n

or
m

.)

Frequency (GHz)

I1

II1

III1

I2

II2

III2

sample A

FIG. 2. Top: Dispersion of sampleA. Bottom: Fourier power
spectrum of the data shown in Fig. 1 (solid line) and
transmission changes (dashed line). The high frequency p
is scaled by a factor of 13.
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symmetric and antisymmetric properties of the displac
ment field. The central modesII1 andII2 are assigned to
the A1 zone center modes withp ­ 21 andp ­ 12 ex-
cited via forward scattering ISRS. This is evident from
the good agreement between the spectrum and the dis
sion and in accordance with the predictions of the Four
expansion method on the Raman activity of the BZ cen
modes.

In transmission experiments on the same sample furt
evidence is gained that the peaks labeledII belong to BZ
center modes. Under identical excitation conditions
triplet appears. Only the central frequencies (II1, II2) are
observed (Fig. 2, dashed spectrum). This is due to the f
that the total thickness of the superlattice is 4 times t
wavelength of the modes withq ­ 2 3 klaser , averaging
out signatures of the modesI and III in contrast to
reflectivity measurements that are more sensitive towa
the top layers of the superlattice.

The dispersion close to the center of the mini-BZ fo
each backfolded order is symmetric around the frequen
v

2
p,q­0 ­ C0yr0 3 spGd2 at q ­ 0 [12]. The frequency

differencesnIII 2 nII d 2 snII 2 nI d is therefore equal to
the forbidden gap. A positive (negative) value indicate
that the gap lies betweenII and III (I and II). For
the first-order modes it is positive, and we thus confir
that theII1 peak must belong to the lower branch ofA1
symmetrysp ­ 21d. In second order it is negative and
therefore modeII2 belongs to the upper branch of secon
order with p ­ 12. Thus the prediction of the Fourier
expansion method is confirmed that in a superlattice w
dAlAsysdGaAs 1 dAlAsd ­ 0.5 the symmetry properties
of the upper and lower branches of first- and second-or
interchange.

The results obtained in sampleA are confirmed in
samplesB andC, though only first-order phonons are re
solved [13]. The modesI1 and III1 match the backscat-
tering light wave vector transfer and the central modesII1
correspond to theA1-symmetry BZ-center modes (Fig. 3)
The gaps of first order in samplesB and C are found to
be smaller than the gaps obtained from the model cal
lation, treating the superlattice as abruptly layered cont
uum. The ratio of the experimental gap to the calculat
gap is 0.5 for sampleB and 0.47 for sampleC in con-
trast to sampleA where no deviation of the experimenta
gap from the model gap is found. The size of the gap
proportional to the mismatch of the acoustic impedanc
for

1046
TABLE I. Experimental Fourier powers (FP) of the modesI1 and III1, normalized to the
power of theII1 peak, compared to the normalized calculated scattering intensities (int.)
samplesA, B, andC.

SampleA SampleB SampleC

Peak Expt FP Calc int. Expt FP Calc int. Expt FP Calc int.
I1 0.56 0.55 0.64 0.63 0.58 0.68

III1 0.13 0.45 0.2 0.36 0.1 0.29
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FIG. 3. Dispersion relation and experimental acoustic phono
spectra obtained in reflectivity experiments of samplesB and
C. The arrows in the dispersion (spectrum) visualize the mod
(experimental) acoustic gap in the samples.

of the two constituting materials at the interfaces [12]
Smeared out interfaces due to monolayer fluctuations r
sult in a more alloylike material and a reduced mismatc
of the acoustic impedance. In contrast to sampleA, in
samplesB and C the AlAs layers consist of only 4 and
5 ML, respectively. The deviation of the experimentally
found gaps from the model calculation for these sample
is attributed to the relatively larger influence of ML fluc-
tuations at these small numbers of ML. Nonperfect in
terfaces do not affect the dispersion at backscatteringq
values, because apart from the center and the edge of
mini-BZ the acoustic dispersion is well defined by folding
of an averaged bulk dispersion [Eq. (1)].

We compare the observed Fourier powers of the fir
order modesI1 andIII1 normalized to theII1 peak to the
normalized calculated Raman scattering intensities (calc
lation according to Ref. [4]) in Table I. This comparison
is possible since for both cw scattering and impulsive sca
tering the phonon-light interaction is mediated through th
modulation of the photoelastic properties along the grow
direction [4,6], i.e., the same Raman-tensor elements. T
experimental and calculated relative intensities agree w
thus confirming ISRS as the driving mechanism.

In order to get information on the detection process
we perform energy resolved reflectivity and transmissio
experiments on sampleA. The central wavelength of
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the pump beam is tuned to the first interband transiti
of the sample at1.548 eV as determined by cw trans
mission spectroscopy. The probe beam is spectrally
tered behind the sample by a tunable bandpass filter
10 meV width. Figure 4 shows the amplitude of the ob
served phonon induced reflectivity changes as a funct
of the detection photon energy at constant pump ener
A strong resonant behavior in the vicinity of the inte
band resonance with ap phase shift on either side is
observed. No vibrations are detected at energies be
1.482 eV and above1.591 eV. Assuming that the reflec-
tivity R is mainly determined by changes of the refractiv
index n rather than by changes in the extinction coef
cientk, we can write

DR ­
≠R
≠n

≠n
≠E

≠E
≠Q

DQ . (2)

≠Ey≠Q is the deformation potential induced shift of th
electron (hole) energy induced by the atomic displacem
DQ. Since we probe transitions close to the BZ cent
we assume that at the discussed energies the disper
of the deformation potential is negligible compared to th
energy dependence of the reflectivity change amplitu
In the vicinity of a strong absorption peak the refractiv
index and thus≠ny≠E has a schematical behavior a
shown in the inset in Fig. 4. A comparison of th
experimental reflectivity change amplitude as a functi
of the detection energyDR0sEd with the schematic
≠ny≠E behavior indicates that≠ny≠E is the dominating
contribution to the energy dependence of the reflectiv
amplitude.

In energy resolved experiments in transmission geo
etry where≠ky≠E is the counterpart to≠ny≠E we find
exactly onep phase shift within the range where th
acoustic phonons can be detected at the first heavy h
electron transition. This is in agreement with the expect
≠ky≠E behavior.

In conclusion we impulsively generated coherent zon
folded acoustic phonon modes of first and second orde
GaAsyAlAs superlattices by resonant impulsive stimulate
Raman scattering in forward and backward scattering
rections. The obtained spectra are in good agreement w
calculated dispersion curves, symmetry properties, a
relative Raman scattering amplitudes. The modulati
amplitude of the optical properties by the acoustic vibr
tions exhibits a strong resonant behavior as a function
the detection photon energy in the vicinity of the first in
terband transition.

This work is supported by the Deutsche Forschung
gemeinschaft. A. Bartels thanks the Konrad-Adenau
Stiftung for financial support.
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FIG. 4. Amplitude of the phonon induced reflectivity chang
in sampleA as a function of the detection energy. The inse
depicts schematically the dispersion ofn and ≠ny≠E at an
interband resonance. The dashed line in the figure marks
first heavy-hole to electron transition. The solid line is a guid
to the eye.

Note added in proof.—Lately we noticed that coher-
ent zone-folded acoustic phonons in GaAsyAlAs superlat-
tices have been observed independently by two grou
[14]. Their observations corroborate the conclusion
reported here.
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