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Observation of coherent folded acoustic phonons propagating
in a GaAs/AlAs superlattice by two-color pump-probe spectroscopy
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The coherent folded longitudinal acoustic~FLA! phonons in a GaAs/AlAs superlattice have been studied
using a two-color pump-probe technique and a designed sample in which the superlattice layer is sandwiched
by AlxGa12xAs cladding layers. The two-color pump-probe technique makes it possible to separate regions of
generation and detection of coherent phonons, which provides a powerful tool to examine the spatial dynamics
of coherent phonons. We have found two types of coherent FLA phonons: the first-order FLA phonons with
finite wave vectors (qÞ0) and the zone-center mode of the first-order FLA phonons (q50). When ballistic
acoustic phonons are generated near the surface region of the AlxGa12xAs cladding layer and propagate
through the superlattice layer, the first-order FLA phonons withqÞ0 are observed in the superlattice layer. On
the other hand, when the FLA phonons are generated within the superlattice layer, the zone-center FLA phonon
extending from the superlattice layer is detected near the surface region of the AlxGa12xAs cladding layer.
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I. INTRODUCTION

A pump-probe technique with an ultrashort pulse lase
a useful tool to study the dynamics of carriers a
phonons.1–3 The propagation of the longitudinal acoust
~LA ! phonons generated in materials has been studied
using a one-color~1C! pump-probe technique.4–11 The co-
herent folded LA~FLA! phonons with a finite wave vecto
(qÞ0) in superlattices~SLs! have also been observed by th
1C pump-probe technique.5,7–11 Recently, acoustic phonon
emitted from a single quantum well which propagate to
sample surface have been measured by using a two-c
~2C! pump-probe technique with the near-IR pump and v
let probe pulses;12 however, the propagation of cohere
FLA phonons has not been studied by the 2C pump-pr
measurement. In order to understand the space evolutio
the coherent FLA phonons withqÞ0, it is necessary to ex
amine the propagation of the coherent phonons by separa
the generation and detection regions of the cohe
phonons. This separation is realized by using the 2C pu
probe technique and a SL sample with a designed struc
In the 1C pump-probe technique, the regions of the detec
and generation of the phonons are the same because
wavelengths of the pump and probe light are identical.

In the present work, we have focused on the propaga
of coherent FLA phonons in a GaAs/AlAs SL sandwiched
Al xGa12xAs cladding layers. The near-IR light of a Ti:sa
phire pulse laser and the second-harmonic light~violet light!
of the fundamental laser pulse are used for 2C meas
ments. The sample consists of a GaAs/AlAs SL a
Al xGa12xAs cladding layers. The SL layer used is opaq
for the 2C beams, while the AlxGa12xAs cladding layer is
transparent for the near-IR light and opaque for the vio
light. Thus, the generation region of the coherent phon
PRB 600163-1829/99/60~11!/8262~5!/$15.00
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can be selected by the wavelength of the pump pulse in
2C pump-probe experiment. For example, when using
violet pump and the near-IR probe, the coherent phonons
generated near the surface and are detected in the whol
layer by the near-IR probe light. We have found two diffe
ent types of the FLA modes for different generation regio
The phonon related to the zone-center mode appears fo
near-IR pump and violet probe configuration, while the mo
with qÞ0 appears for the violet pump and near-IR pro
configuration. In addition, we have observed phonons in
lowest LA branch, which corresponds to the unfolded L
branch, for both of the pump excitation energies.

II. EXPERIMENTAL PROCEDURE

The sample used was a (GaAs)24(AlAs) 8 SL sandwiched
between Al0.4Ga0.6As cladding layers grown on a~001!
GaAs substrate, where the subscript denotes the numbe
the GaAs or AlAs monolayers~thickness of one monolaye
is equal to 0.283 nm!. The total thickness of the SL laye
which consists of 40 periods of GaAs/AlAs layers is abo
362 nm and the thickness of the AlxGa12xAs cladding layers
is 500 nm. The sample structure is schematically depicte
the inset of Fig. 1. The two interfaces between the SL a
Al xGa12xAs cladding layers exist atd5500 and 862 nm,
where d is the depth from the surface of the AlxGa12xAs
cladding layer. Hereafter, we will call the (GaAs)24(AlAs) 8
SL ‘‘ ~24, 8! SL.’’

The reflection-type pump-probe experiments were p
formed at liquid N2 temperature by using a mode-locke
Ti:sapphire laser delivering about 70-fs pulses. In the
pump-probe measurement, one of two beams was the fu
mental laser light with the wavelength of 777 nm tuned
the first interband transition of the SL, which was determin
by a photoreflectance experiment. The other was the sec
8262 ©1999 The American Physical Society
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PRB 60 8263OBSERVATION OF COHERENT FOLDED ACOUSTIC . . .
harmonic light of the fundamental laser light~389 nm! pro-
duced by a frequency doubling crystal~BBO! with a thick-
ness of 0.5 mm. In addition, the 1C pump-pro
measurement was performed with the fundamental laser
in order to obtain the standard information of the coher
phonon. The pump~probe! powers were adjusted to 70 mW
~5 mW! in both cases of the 777-nm-pump/389-nm-pro
and 389-nm-pump/777-nm-probe experiments. Hereafter
will call the 777-nm-pump/389-nm-probe and 389-nm
pump/777-nm-probe ‘‘2C~777, 389!’’ and ‘‘2C ~389, 777!,’’
respectively. The probe beam was delayed by a variable
tical delay line in a range of 0–240 ps. The oscillation co
ponents were numerically extracted by subtracting a slo
varying background resulting from the relaxation of pho
excited carriers.

III. EXPERIMENTAL RESULTS AND DISCUSSION

Figure 1 shows the time-resolved oscillatory reflectiv
changes for the~24,8! SL obtained by using the 1C and 2
pump-probe techniques. The band-gap energy of
Al0.4Ga0.6As cladding layer is about 2.01 eV at 77 K,13 being
larger than the energy of the fundamental laser light. T
penetration depth of the 389-nm light estimated from
absorption coefficient (;53105 cm21) of Al0.4Ga0.6As is
about 20 nm.14 For the 2C~389,777! experiment, the phonon
are generated near the surface of the AlxGa12xAs cladding
layer, and the signals are probed in the SL layer, and v
versa for the 2C~777,389! experiment. For the 1C time
domain spectrum, the oscillatory structure with a weak b
is observed. The period of the main oscillation is about
ps and the relaxation time exceeds 150 ps.8 It is noted that
the strong reflectivity change due to the large refracti
index discontinuity at the surface was observed at the d
time around 0 ps. In Fig. 1, the signals were excluded
cause it is not related to the coherent phonons.

For the 2C~777,389! time-domain spectrum, the oscilla
tions with the short period of about 1.9 ps are observed in
time range after about 95 ps. Moreover, the oscillating tr
sients with the period of about 7 ps appear around 95

FIG. 1. The oscillatory parts of the time-resolved reflectiv
changes of the~24,8! SL observed by the 1C and 2C pump-pro
measurements. Inset is the sample structure prepared in a G
AlAs superlattice.
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170 ps. The time of 95~170! ps corresponds to the passin
time of the LA phonons propagating in the region
d50 –500 ~0–862! nm, because under the above pum
probe condition the coherent phonons are generated in
SL layers and are detected near the surface of
Al xGa12xAs cladding layer. The passing times calculated
ing sound velocities ofvs55.033105 cm/s for the SL layer
and 4.903105 cm/s for the AlxGa12xAs cladding layer are
99 and 173 ps ford50 –500 and 0–862 nm, respectively.
this calculation, the SL layer is regarded as an Al0.25Ga0.75As
mixed-crystal layer and the sound velocities of the mix
crystals are estimated by linear interpolation from those
GaAs and AlAs.13 The passing time of the LA phonons
consistent with that reported by Baumberget al., who have
measured the propagation of the LA phonon pulse emi
from a quantum well.12

On the other hand, in the 2C~389,777! signal, the weak
oscillations with a period of about 25 ps are observed in
time regions before about 90 ps and after about 180 ps~Fig.
1!. A strong oscillation with a period of about 25 ps, whic
accompanies the weak oscillations with the higher frequ
cies, is observed only in the time range from about 90 to 1
ps. The amplitude of the weak oscillations with a 25 ps p
riod seems to be enhanced in the time range from 90 to
ps. The week oscillations in the time region before 90 ps a
after 180 ps are due to the interference between light be
reflected by the moving phonon pulse~strain pulse! at differ-
ent depths, the sample surface, and the GaAs substra4,6

The enhanced oscillations in the time range from 90 to 1
ps arises from the LA phonons propagating in the SL lay
which are generated near the surface of the AlxGa12xAs
cladding layer. Such enhancement of the reflectivity cha
observed is similar to the resonance of the oscillation am
tude of the coherent FLA phonons excited at the energy
of the SL layer.8,11

We have precisely determined the frequencies of the
herent phonons observed in the SL from the Fourier tra
form ~FT! of the time-domain data as depicted in Fig. 2. T
1C-FT spectrum shows that a strong sharp peak~0.53 THz!
accompanies two weak peaks at the lower- and high
frequency sides~0.50 and 0.60 THz!. The strong peak is
located at a frequency slightly lower than the central posit
of the weak satellite peaks. In the 2C~777,389!-FT spectrum,
the sharp peak at 0.53 THz appears dominantly but the
ellite peaks do not. The calculation of the propagation tim
described above indicates that the 0.14 THz peak res
from the propagating LA phonons generated around the h
and tail of the interfaces between the SL and AlxGa12xAs
cladding layers (d5500 and 862 nm!. Moreover, the fine
peaks which are located at 0.013-THz intervals are obser
around 0.14 THz. This fine structure arises from the FT
the time intervals of two phonon pulses at 95 and 170 ps
the 2C~389,777!-FT spectrum, the sharp peak at 0.53 THz
not observed and only two satellite peaks appear. The
quencies of the satellite peaks~0.50 and 0.60 THz! are the
same as those in the 1C-FT spectrum. The strong pea
0.04 THz arises from the LA phonon oscillation during th
propagation through the SL layer~90–180 ps!.

The dispersion curves of the zone-folded LA modes w
calculated on the basis of an elastic continuum model.15 Fig-
ure 3 shows the phonon-dispersion curves of the~24,8! SL,
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whereqmax is the zone-edge wave vectorp/D andD is the
period of the SL. The closed circles, the open triangles,
the open squares indicate the peak frequencies observ
the 1C-, 2C~777,389!-, and 2C~389,777!-FT spectra, respec
tively. The vertical lines in Fig. 3 show the wave vecto
given by q/qmax54nD/l, wheren is the refractive index a

FIG. 2. Fourier transform spectra of temporal traces in
~24,8! SL observed by the 1C and 2C techniques.

FIG. 3. Phonon dispersions of the~24,8! SL based on the elasti
continuum model. The closed circles indicate the peak frequen
of the FLA and unfolded LA phonons observed in the 1C-FT sp
trum. The open triangles and open squares indicate the peak
quencies observed in the 2C~777,389!- and the 2C~389,777!-FT
spectra, respectively.
d
in

the wavelengthl of the laser pulse~389 and 777 nm!. We
assume that the refractive index of the SL corresponds to
of Al0.25Ga0.75As, which is estimated by linear interpolatio
for those of Al0.198Ga0.802As and Al0.315Ga0.685As:14 n53.5
and 4.4 for 777 and 389 nm, respectively. From a comp
son between the peak frequencies and the calculated dis
sion curves of the FLA modes, the peaks with the frequ
cies of 0.53, 0.50, and 0.60 THz observed in the 1C and
experiments are attributed to the first-order FLA modes w
q50 andqÞ0. The peaks with 0.04 and 0.14 THz origina
from the unfolded LA mode withqÞ0. Moreover, it is
found that the wave vector of the FLA and unfolded L
modes withqÞ0 depends on that of the probe pulses in t
2C pump-probe experiment:q52kprobe. Similar results have
been observed in a (GaAs)24(AlAs) 24 SL having no
Al xGa12xAs cladding layers.16

The group theory analysis of the FLA phonon indicat
that the lower and upper branches of the first-order F
mode at the zone center (q50) haveA1 andB2 symmetries,
respectively: The order of these symmetries is reversed
the second-order FLA modes. Near the zone center the lo
and upper branches have the symmetry of mixedA1 andB2.
In the 1C- and 2C-FT spectra, the coherent FLA phono
with B2 symmetry at the zone center are not observed,
those with A1 symmetry which are Raman active a
observed.17

If the coherent phonon is generated by the pump pu
via the impulsive stimulated Raman scattering process3,10

the wave vector of the coherent FLA phonons withqÞ0
generated in the SL layer should be determined by the pu
beam. The 2C~389,777!-FT spectrum indicates that the wav
vector of the coherent phonons observed by the 2C pu
probe technique is related to the detection process of
coherent phonon and that the wave vector of the F
phonons depends on that of the probe beam. In
2C~389,777! experiment, the pump pulse produces a hi
density of electrons and holes near the surface region
cause the penetration depth of 389 nm is about 20 nm for
Al xGa12xAs cladding layer. We consider that the instan
neous surface-potential bending due to the photoexcited
riers near the surface region18,19will generate a phonon puls
with wave vectors distributing in theq space. The generate
phonon pulse propagates through the AlxGa12xAs cladding
layer onto the SL layer. When the phonon pulse arrives at
SL layer, it modulates the dielectric constants of the SL
its strain field: The elastic strain would produce the L
modes peculiar to the SL layer. The phonon pulse which
various wave vectors might include a component with
energy of 0.6 THz at least for generation of the coher
FLA phonons with 0.6 THz. The FLA phonons induced b
the phonon pulse are the propagating phonons with var
wave vectors. The coherent FLA phonon with a certain wa
vector would be detected by phase-matching with the pr
pulses. One of the possible explanations for the detec
process of the FLA phonon withqÞ0 is the stimulated Ra-
man process of the probe pulse or phase-dependent Ra
emission.20 This was experimentally suggested by the obs
vation that the coherent phonon spectra in heme protein
biomolecules, light-harvesting pigments, and dye molecu
depend on the energy of the probe light.21–25
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In the 2C~777,389! configuration, where the coheren
phonon is probed around the surface of the AlxGa12xAs
cladding layer, the 0.53-THz mode corresponding to
FLA mode atq50 in the SL layer is observed. It is usual
recognized that the mode atq50 is the standing wave. We
have studied the dynamic process of the phonon with 0
THz, which is observed after about 95 ps as shown in Fig
by means of the time-partitioning FT~TP-FT! of the coher-
ent oscillations for different time intervals.26 Figures 4~a!
and 4~b! show the TP-FT spectra in the time range of@ t0–t1#
and @ t2–240 ps#, respectively, where the time range in Fi
4~a! is sequential and no peaks in the TP-FT spectrum
@10–70 ps# were observed. The strong peaks at around 0
THz observed only in the time ranges of@70–110# and@145–
180 ps# are due to the phonon pulses emitted from the in
faces between the SL and AlxGa12xAs cladding layers (d
5500 and 862 nm!. The peak at 0.53 THz is observed in th
early time range of@70–110 ps#. This result indicates that th
phonon with the frequency of 0.53 THz is produced at a ti
that is the same as the generation time of the 0.14-THz p
non pulse, and that the two phonon modes propagate
gether to the surface. As shown in Fig. 4~b!, after 180 ps, the
broad peak around 0.14 THz disappears and only the pea
0.53 THz is observed. This result indicates that the pho
with 0.53 THz remains even after the phonon pulse emit
from the tail of the SL layer (d5862 nm! arrives at the
surface~180 ps!, and that the phonon mode corresponding
the q50 FLA mode in the SL layer propagates through t
Al xGa12xAs cladding layer onto the surface. The propag
tion of theq50 FLA mode, which corresponds to the stan
ing wave in the SL, may be explained as follows. The sy
metry of the observedq50 FLA mode isA1 as described
above. The amplitude of theA1 mode does not have a nod
at the interface between the SL and AlxGa12xAs cladding
layers,17 so that the vibration of theq50 FLA mode is trans-
ferred to that of the bulk LA mode with the same frequen

FIG. 4. Time-partitioning FT spectra of the time-domain sign
with the 2C~777,389! experiment for the different time intervals o
~a! @ t0–t1# and ~b! @ t2–240 ps#.
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in the AlxGa12xAs cladding layer. Then, the bulk LA pho
non induced by theq50 FLA mode propagates through th
Al xGa12xAs cladding layer.

As discussed above, the wave vector of the coherent p
non is determined by that of the probe light:q52kprobe.
From this scenario, it is expected that in the 2C~777,389!
reflection-type experiment, theqÞ0 is observed and theq
50 mode is not detected; however, the experimental re
of the first-order FLA mode in the 2C~777,389! configuration
is contrary to this expectation. The amplitudes of the FL
modes withqÞ0 may be too small to be observed in o
experimental setup, because the 777-nm-pump light exc
entirely the SL region and the standing wave is dominan
generated in the SL layer. The observation of theq50 mode
suggests that the detection mechanism of theq50 modes is
different from that of theqÞ0 mode. For theqÞ0 mode,
the propagating wave packet generated by the pump l
consists of whitelike FLA phonons with various wave ve
tors, so that the wave-vector selection ofq52kprobe is re-
quired for the detection. On the other hand, theq50 mode
generated in the SL layer is monochromatic at the surf
and will directly modulate the probe light. One of the po
sible mechanisms for the modulation is photoelas
effects.4–6,11The relative amplitudes of the FLA modes wit
q50 andqÞ0 observed by the 1C pump-probe techniq
are consistent with the Raman intensities calculated using
photoelastic model.11 In the 2C pump-probe experiment, th
generation and detection areas are separated, so that
difficult to discuss the amplitude of the FLA modes withq
50 andqÞ0 at present.

IV. SUMMARY

The use of the 2C pump-probe technique and the
sample with a designed structure enables us to select
generation and detection regions of the FLA phonons pro
gating in the SL sample. We have observed the two differ
types of the coherent FLA phonons by switching the gene
tion and detection regions of the coherent phonon: T
propagating phonon related to the coherent FLA phon
mode with q50 is observed near the surface for th
2C~777,389! configuration, while the FLA modes withq
Þ0 in the SL layer are detected for the 2C~389,777! configu-
ration. It follows from the observation that the strain field b
the phonon pulse which is generated near the interface
tween the SL and AlxGa12xAs cladding layers produces co
herent phonons. The 2C pump-probe experiments dem
strate that the wave vector of the coherent phonon withq
Þ0 is determined by that of the probe pulses (q52kprobe).
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