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A coherent phonon mode with frequency corresponding to the first mini Brillouin-zone edge stop gap is
observed in ultrafast pump-probe measurements on a doped semiconductor superlattice structure. It is proposed
that the optical detection of the mode is facilitated by interactions with the free carriers present in the
superlattice.
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Owing to variations in the acoustic impedance on a period
dSL in a superlattice �SL� structure, the acoustic-phonon dis-
persion is “folded” into a mini-Brillouin zone. Stop gaps
open up in the dispersion at the mini-zone-center �phonon
wave vector q=0� and mini-zone edge �q=� /dSL� due to
Bragg reflection of phonons in the structure. The folded
phonons have been extensively studied using
Raman scattering1,2 and ultrafast optical pump-probe
measurement.3–9 The latter technique is able to measure the
coherent nature of the phonon modes excited in the structure
and their decay time. Experimentally observed elastic modes
normally follow the momentum conservation selection rules
in the photon-phonon interactions. In backscattering and
forward-scattering geometry, these Raman-active modes cor-
respond to phonon wave vectors q�2k �k-photon wave vec-
tor in SL�. For SLs having typical dimensions with
dSL�10 nm and probing by visible light, this means modes
with wave vectors close to the center of the Brillouin mini
zone. Hereinafter we will refer to these as the c modes.
Modes near the mini-zone edge with q�2k are not normally
expected to be detected in optical measurements on a SL due
to the inability to conserve momentum in the phonon-photon
interactions.

In practice, the momentum conservation may be partially
relaxed due to the finite size of SLs compared with the op-
tical wavelength, fluctuations in the thickness of the SL lay-
ers, and the limited penetration depth of light into SL.10 This
opens the possibility of operating optically with modes fall-
ing close to the mini-zone-edge stop gaps. Incoherent detec-
tion of these modes, which we will call the e modes, has
been observed in stationary Raman experiments.10,11 How-
ever, to our knowledge, there have been no reports of the
detection of coherent e modes in ultrafast pump-probe mea-
surements on SLs, except in specially designed samples in-
corporating phonon nanocavities,12 where SLs each side of
the cavity act as Bragg mirrors for the e mode.

Here we report excitation and detection of the e mode
�q�� /dSL� in a single SL structure without a nanocavity
using ultrafast pump-probe experiments. For certain photon
probing energies and temporal delays, this mode becomes
dominant in the detected coherent vibrational spectrum. In
view of the absence of the e mode in the numerous similar
measurements on SLs reported in the literature, this result is
very surprising. However, what sets our sample apart from

the many different SLs previously studied, which possessed
a wide range of different layer thickness parameters, is the
presence of free carriers in the SL due to intentional silicon
doping of the layers. We propose that it is the presence of
these free carriers providing also a momentum relaxation
path which allows selective optical generation and detection

FIG. 1. �Color online� �a� The structure of the studied SL.
�b� Fragments of the temporal traces of the pump-probe
reflectivity �R�t� measured at three photon energies ��p. �c� The
Fourier power spectrum Pf �normalized to the c mode� for
��p=1.604 eV; the peaks corresponding to the Brillouin back-
scattering mode and the edge and center SL modes are labeled as
“B,” “e,” and “c,” respectively. Also shown in �c� is the folded
longitudinal phonon dispersion calculated for the SL.
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of the e mode in our experiments. The observation of the e
mode in a straightforward single-SL structure could suggest
the feasibility of efficient terahertz �THz� phonon confine-
ment structures even without phonon nanocavities, which is
important for development of corresponding phononic and
optophononic applications.

The experimental structure, Fig. 1�a�, was grown on
n+-�001� GaAs by molecular-beam epitaxy. It consisted of a
50-period SL �dSL�9.8 nm�, each period made up from
nominal thicknesses 5.9 nm of GaAs and 3.9 nm of AlAs,
and with a GaAs layer at the top. The SL was uniformly n
doped with Si to a density of �1016 cm−3. On the basis of
these SL parameters, we estimate that the sheet electron den-
sity per GaAs quantum well �QW� is about 1010 cm−2. This
gives a Fermi energy of about 0.3 meV, and, using the
Kronig-Penney model, we determine the electron miniband
width to be about 1 meV. Measurements were made with the
sample at a temperature of 11 K. The standard reflection
pump-probe technique for studying coherent phonons in SLs
was employed: 150 fs pulses with a repetition rate of 82
MHz were provided by a tunable ��=690–1050 nm� mode-
locked Ti:Sapphire laser. The pump beam was chopped at a
frequency of 50 KHz using an acousto-optic modulator and
then focused to a spot of diameter 100 �m on the sample
surface. The probe beam was focused on the sample to a spot
of diameter less than 50 �m within the pump spot. The en-
ergy densities in the pulses of the pump and probe beams
were �10 �J /cm2 and �1 �J /cm2, respectively. The time
delay between the pump pulse and probe pulse was provided
by three optical delay lines. In the pump path there was
retroreflector mounted on a shaker providing fast, 2.5 Hz,
scanning of up to 55 ps window centered on a time t0, also in
the pump path was a step-motor delay line for fine adjust-
ment of t0 within a 1 ns window. In the probe path there was
a manual delay stage enabling coarse adjustment of t0 up to 3
ns. The reflection R�t� of the probe from the sample surface
was detected as a function of the shaker delay t by a photo-
diode and lock-in amplifier referenced to the pump modula-
tion. The output of the lock-in amplifier was fed to an aver-
aging oscilloscope which was synchronized with the shaker
delay line.

Figure 1�b� shows the reflectance changes �R�t�
=R�t�−R0 �R0 is the reflectivity without pump excitation� as
a function of the delay time t between the pump and probe
pulses in 50 ps fragments centered on t0=1 ns and measured
for three different photon energies ��p emitted from the
laser. Figure 1�c� shows the spectral density Pf at
��p=1.604 eV, which was obtained by taking the fast Fou-
rier transform of �R�t� over the pump-probe delay range
0–670 ps. The elastic modes which contribute to �R�t� are in
three frequency ranges: the Brillouin backscattering mode at
about 45 GHz; the high-frequency Brillouin mini-zone-
center modes �c modes� at about 450 GHz; and the low-
frequency mini-zone-edge modes �e modes� at about 240
GHz. It is clearly seen that the time evolution of �R�t� and
the corresponding Pf, which are shown in Fig. 2, strongly
depend on ��p. For example, in the 50 ps window at
t0=1 ns, the e mode is dominant at ��p=1.604 eV
�upper curves in Figs. 1�b� and 2�. At ��p=1.642 eV the
high-frequency c mode with has the highest amplitude

�lower curves in Figs. 1�b� and 2�. In the general case, both e
and c modes are detected in a range of ��p close to the
fundamental exciton resonance of the GaAs QWs forming
the SL, which was determined by photoreflectance and pho-
toconductance measurements to be 1.6 eV �	10 meV�.

The high-frequency c modes with q�0 have been ob-
served earlier in a number of previous experiments,4–6,9,13

and the presence of this mode in the measured �R�t� is not
surprising. In agreement with earlier studies,4,5,13 in the
present low-temperature experiment, the amplitude of the co-
herent vibrations is sensitive to ��p. However, the experi-
mental fact that at some ��p, the low-frequency e mode
becomes dominant in �R�t� is contrary to the traditional pho-
toelastic approach.

The main task of the following discussion is to present a
qualitative explanation for the origin of the low-frequency e
mode �q�� /dSL� in the measured signals. We consider the
microscopic mechanism of detection and generation of co-
herent elastic vibrations in SL: at low temperature this is
commonly believed to be due to the resonant coupling of
two-dimensional excitons in the GaAs QWs forming the SL
with the pump and probe electromagnetic wave. Since the
strain associated with the lattice vibrations shifts the exciton
energy levels due to deformation-potential mechanism, the
dielectric properties of the SL QW layers are modulated. At
first sight, it is not expected that modes with q�� /dSL will
provide a contribution to the light modulation. Indeed, for
such modes, the elastic strain in adjacent QWs of the SL
oscillates in antiphase which is expected to suppress modu-
lation of the probe light in the detection process. However, as
we shall argue below, the Coulomb coupling of free carriers
present in the doped SL with the excitons, could result in
modulation of the probe light by the e mode. Additionally,
interaction with the free carriers also enables momentum to
be conserved. Such interactions are well known for the case
of slightly doped single QWs,14 here we assume that it is
reasonable to consider such interactions in the multiple QWs
forming the SL. Indeed, the likely importance of the free
carriers due to doping is confirmed by measurements in the
same experimental setup on a similar, but undoped, GaAs/
AlAs SL, in which we could not detect the e mode at any
��p.
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FIG. 2. �Color online� The Fourier spectra Pf obtained from the
corresponding temporal traces shown in Fig. 1�b�.
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In a SL where an electron miniband is formed, the mo-
mentum and energy conservation conditions are satisfied if
the � /dSL momentum of the e mode is transferred to the
electron momentum perpendicular to the SL plane. In our
case, the tunneling coupling in the SL is weak and the nar-
row electron miniband is likely to be destroyed by disorder.
However, it can be shown that, even in the case of two-well
tunneling coupling, the necessary momentum can be accom-
modated by coupling to the states involving electrons in
neighboring QWs. In fact, we have to consider the three-
particle state composed from electron and hole confined in
one QW and an electron confined in the nearest-neighbor
QW coupled to each other by the Coulomb interaction �see
Fig. 3�a��. For weak tunnel coupling, the wave functions of
electrons confined in the first and second QWs can be writ-
ten: 
1=�1+ T

��2; 
2=�2− T
��1, where �1,2 are the wave

functions corresponding to electrons confined in decoupled
QWs, T is the tunneling matrix element, and � is shift of the
levels in the QWs caused by disorder. The latter is estimated
to be on the order 1 meV in our SL. These expressions,
which are strictly valid for the case T

� �1, reflect the depen-
dence on only the z coordinate, which is perpendicular to the
SL layers, and it must be complemented by the proper lateral
dependence, which is controlled by the Coulomb interaction.
The latter, however, is not important for the strain-induced
energy shift of the related many-electron state. Within the
deformation-potential approach, the electron portion of such
shift is determined as


E = �
T

�
�� uzz�2

2dz −� uzz�1
2dz	 , �1�

where uzz is the phonon-induced strain and � is electron
deformation-potential constant, and qs is the phonon wave
vector. As can be seen, because uzz for e modes has opposite
sign in adjacent QWs, the contributions of the different pairs

of QWs are added to each other thus enable modulation of
the probe by the e mode. Furthermore, the electron confined
in the QW is able to “absorb” the excess momentum
provided this is less than qmax�� /w, where w is the
well width.15 In this case w=5.9 nm, which means
qmax=5.3�108 m−1, which is indeed greater than the mo-
mentum of the e mode �� /dSL=3.2�108 m−1�.

It is apparent from Eq. �1� that increasing � should result
in a decrease in the coupling between neighboring wells and
hence suppression of the optical detection of the e mode.
One way of increasing � in order to test this prediction is to
apply an electrical bias to the SL. To do this we fabricated a
device with electrical contacts at each end of the SL. With
zero electrical bias applied, the c and e modes were detected
in similar ratio as in the sample with no contacts, thus show-
ing that the presence of the electrical contact layers does not
change significantly the acoustic modes of the system. The
effect on the e mode of applying a dc bias is shown in Fig.
2�b�. Here the Fourier power spectrum was obtained in a 50
ps wide window centered at a pump-probe delay of 2 ns. As
expected, application of the dc bias leads to suppression of
the e mode. We should point out that, at the maximum ap-
plied electric field of 2000 V cm−1, the Stark effect in the
QWs has a negligible ��1 meV� effect on the energies of
the optical transitions as confirmed by the photoconductance
measurements, and consistent with reports in Ref. 16.

Of course, the above model provides only a very qualita-
tive explanation for the detection of e modes. Rigorously, the
spectrum of such three-particle excitations, their coupling to
electromagnetic radiation, and statistics of the level shift dis-
tribution must be addressed in order to account for the de-
tailed dependence on ��p. This will be the subject of future
work, but one might reasonably expect the interactions to
result in the optimum photon energy for detection of the e
modes to be slightly shifted compared to that for detection of
the c modes, as is observed in the experiments.

The overall relative contribution of various elastic modes
to the detected �R�t� and hence Pf at a certain delay t0 is
governed by their detection, generation and decay. The gen-
eration of coherent THz vibrations is attributed to a number
of physical mechanisms, including the photoelastic effect
and deformation potential.17,18 Depending on the pump pho-
ton energy, ��p, the first or the second of these may play a
dominant role in generation of Raman c modes. The genera-
tion of the specific e mode may be considered in a similar
way to the detection process described above. In any case,
the amplitude of the e-mode signal initially generated by an
optical pump pulse at t=0 is not expected to be larger than
that for Raman-active modes. This statement is consistent
with the experimental results obtained at the early times
when c mode is always dominant in the measured vibrational
spectrum, Fig. 4.

In the experiments, the e mode becomes totally dominant
only at long-time delays, which suggests that its lifetime �e is
significantly longer than the lifetime �c of c modes. Figure
4�a� shows Pf for various time delays t0. At early times
�t0�300 ps� high-frequency c modes in the range 400–550
GHz are dominant in the spectrum, in agreement with earlier
observations.4–9 The backscattering Raman mode with
q=2k is expected to escape from the SL in time
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FIG. 3. �Color online� �a� Schematic showing a pair of neigh-
boring QWs �1 and 2� in the SL and the acoustic e mode uzz of
importance for coupling with the electrons in the SL. In the case �i�
an electron miniband is formed but in the case �ii� the band is
destroyed by disorder. �b�The effect on the amplitude of the e mode
of applying an electrical bias to increase the energy shift, �, be-
tween the wells.
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�R�2l /sLA�200 ps, where l=490 nm is the thickness of
SL and sLA�5�103 ms−1 is a longitudinal sound velocity
in the SL. Thus, when the delay t0��R the spectrum, Pf,
should consist only of modes which have low group velocity
�q�0 or q�� /dSL�. Figure 4�a� shows that in the experi-
ments these modes remain as two clearly distinguished spec-
tral lines in Pf only at delays t0�300 ps. The time evolu-
tions of the Pf integrated over the range of 60 GHz for c and

e modes are shown in Figs. 4�b�–4�d�. The decay of the c
modes is known to have nontrivial evolution, which includes
beatings between various c modes �see open symbols in Figs.
4�b� and 4�c��. This causes complications in obtaining pre-
cisely their lifetime. However from the results presented in
Fig. 4 it is obvious that the c modes decay at a rate much
faster than the e mode.

A large part of the difference in lifetimes for c and e
modes can be explained if their decay is due to lateral fluc-
tuations of the SL layer thickness giving rise to the dephas-
ing of the coherent oscillations.19 Assuming a Gaussian dis-
tribution of such fluctuations, we predict the decay of the
measured signal, �exp�−t2 / �2�2�� and due to difference in
frequencies we would get �c��e /2, where �c and �e corre-
spond, respectively, to the c and e modes. Fitting the experi-
mentally measured decay for the e mode in the interval up to
3 ns by a Gaussian decay curve, shown by solid line in Fig.
4�d�, we get �e�1.6 ns. For the c modes the observed decay
is more than twice as fast and closer to exponential in shape,
which implies there may also be contributions to the c mode
decay from other mechanisms, e.g., phonon-scattering pro-
cesses and anharmonicity, which increase in strength with
increasing frequency.

In conclusion, using the ultrafast optical pump-probe
technique, we detect the coherent elastic oscillations with
frequency corresponding to the edge of the first folded
acoustic mini-Brillouin zone in a doped GaAs/AlAs SL. We
have proposed a qualitative explanation of this observation
in terms of interactions with the free electrons, which per-
mits coupling of the e modes with photons having k near the
Brillouin-zone center.
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FIG. 4. �Color online� �a� Spectral density Pf measured for vari-
ous delays t0. ��b�–�d�� Time evolutions of the spectral density in-
tegrated over 60 GHz range for c �open squares� and e �solid
circles� modes. The temporal window for obtaining fast Fourier
transform was ��a�–�c�� 50 ps and �d� 18 ps.

BEARDSLEY et al. PHYSICAL REVIEW B 82, 041302�R� �2010�

RAPID COMMUNICATIONS

041302-4

http://dx.doi.org/10.1103/PhysRevLett.45.298
http://dx.doi.org/10.1103/PhysRevLett.45.298
http://dx.doi.org/10.1103/PhysRevB.50.14506
http://dx.doi.org/10.1103/PhysRevB.50.14506
http://dx.doi.org/10.1103/PhysRevLett.73.740
http://dx.doi.org/10.1103/PhysRevLett.82.1044
http://dx.doi.org/10.1103/PhysRevLett.82.1044
http://dx.doi.org/10.1103/PhysRevB.60.8262
http://dx.doi.org/10.1103/PhysRevB.60.8262
http://dx.doi.org/10.1103/PhysRevLett.84.179
http://dx.doi.org/10.1103/PhysRevLett.84.179
http://dx.doi.org/10.1063/1.1512821
http://dx.doi.org/10.1103/PhysRevLett.97.124301
http://dx.doi.org/10.1103/PhysRevLett.71.3035
http://dx.doi.org/10.1103/PhysRevB.46.16005
http://dx.doi.org/10.1103/PhysRevLett.98.265501
http://dx.doi.org/10.1103/PhysRevLett.98.265501
http://dx.doi.org/10.1088/1742-6596/92/1/012012
http://dx.doi.org/10.1088/1742-6596/92/1/012012
http://dx.doi.org/10.1103/PhysRevLett.74.976
http://dx.doi.org/10.1103/PhysRevLett.74.976
http://dx.doi.org/10.1103/PhysRevB.64.235316
http://dx.doi.org/10.1103/PhysRevB.64.235316
http://dx.doi.org/10.1103/PhysRevB.78.233307
http://dx.doi.org/10.1103/PhysRevLett.102.015502
http://dx.doi.org/10.1103/PhysRevLett.102.015502

