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We present an experimental analysis of the role of the electron–phonon interaction in the
lifetime of coherent longitudinal acoustic phonons in a sample based on the GaAs/AlAs
superlattice structure. Sub-terahertz phonons are generated and detected through an ultrafast pump-probe technique. In order to supply with diﬀerent scenarios for the electron–
phonon interaction, two experimental conﬁgurations are proposed, either with a high or a
nil density of photo-excited carriers in the spatial region where the phonon detection takes
place. We observe a one-order-of-magnitude reduction in the phonon lifetime in the ﬁrst
case with respect to the second.
PACS numbers: 63.22.Np, 71.38.-k, 78.47.D-

I. INTRODUCTION

Coherent longitudinal acoustic phonons are envisaged for applications in electronics,
optoelectronics, phonon spectroscopy, and nanoscopy. Interesting experiments leading the
pathway towards each of the mentioned applications have been published recently. To
highlight just a few, we may cite in the electronics domain the transport of charge induced
by acoustic pulses reported by Fowler et al. [1]; in optoelectronics, the ultra-fast control of
the quantum well emission by optically generated acoustic pulses presented by Scherbakov
and co-workers [2]; in phonon spectroscopy, the determination of the speciﬁc heat in twodimensional electronic systems through the absorption of an acoustic pulse demonstrated by
Zeitler et al. [3]; and in nanoscopy, the access to the structure of interfaces in multilayered
samples through the analysis of the shape of acoustic echo signals reported by Rossignol
and colleagues [4]. In most of the listed experiments, the acoustic vibrations are coherently
generated by a femtosecond optical pump pulse, and in some cases, the eﬀect of those
vibrations is also monitored by a second delayed optical probe pulse. Thus, a great deal of
eﬀort has been devoted to gather phenomenology of such processes as well as to understand
the physics behind. Multilayered nanostructures such as superlattices (SLs) or quantum
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wells have been most preferably chosen due to the possibility they oﬀer for tailoring the
acoustic, electronic and optical properties of the sample. The works of Mishina et al.
[5] and Bartels et al. [6] have been particularly enlightening for identifying the acoustic
modes involved in typical pump-probe experiments. Further knowledge towards identifying
the individual eﬀects of the generation and detection mechanisms has been provided by the
work of Mizoguchi et al., who reported a two-color experiment (diﬀerent wavelengths for the
pump and probe optical pulses) [7], and by Trigo et al. [8], Huynh et al. [9] and the authors
of the present article [10], who spatially separated the generation and detection processes
in diﬀerent regions of the sample. The subject of the lifetime of a photo-generated acoustic
population has been little quantitatively explored both in bulk samples [11–13] and in SLs
[14, 15]. Very little is known also about the attenuation mechanisms. Inhomogeneous
broadening and scattering by defects have been proposed as important mechanisms for
phonon attenuation in superlattices [15] as well as anharmonic eﬀects [14].
In the present study, we aim at exploring the importance of the electron-phonon interaction in the lifetime of acoustic phonons in the sub-terahertz range. As we mentioned
above, phonons are generally generated by an optical pulse. For the generation to be eﬃcient, it has been phenomenologically shown that the optical wavelength must be close to
electronic interband transitions of the sample (see for example Ref. [14]). It is therefore
expectable that under such a condition, a non-negligible population of electron–hole pairs
will be created by the pump pulse. This high density of photo-excited carriers is thus an
important source of scattering centers for phonons. This eﬀect is studied in the experiments described below. In order to provide with diﬀerent scenarios for the electron–phonon
interaction, we propose two experimental conﬁgurations for the phonon generation and detection processes in a sample consisting of two GaAs/AlAs superlattices separated by a
thick intermediate GaAs layer. In one of these conﬁgurations, the phonons are detected
in a region of strong density of photo-excited carriers, while in the other, the phonons are
detected in the absence of carriers.
The rest of the article is organized in ﬁve sections with self-explanatory titles. We
shall begin by the sample description.

II. DESCRIPTION OF THE SAMPLE

The sample consisted of two 100-period GaAs/AlAs SLs grown by molecular beam
epitaxy (MBE) on either side of a double-sided-polished 356-mm-thick [001]-oriented GaAs
substrate (see Fig. 1(a)). Both SL periods were chosen so that the ﬁrst minigap in the zonecenter of the folded longitudinal acoustic branch of the phonon dispersion relation falls at a
frequency of 0.4 THz. The thicknesses dGaAs and dAlAs of the GaAs and AlAs layers within
one SL period fulﬁlled the conditions dGaAs = 3vGaAs /(4ν0 ) and dAlAs = vGaAs /(4ν0 ),
respectively, which maximizes the width of the ﬁrst zone-center minigap centered at a
frequency ν0 (vGaAs and vAlAs are the sound velocities of longitudinal acoustic phonons in
each material). These relations yield nominal values dGaAs = 88.6 Å and dAlAs = 35.2 Å,
which were entered for the MBE growth process. However, during the growth of one of
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FIG. 1: cheme of the sample and experimental conﬁgurations. (a) One-sided conﬁguration: the
pump and probe beams shine on the same surface of the sample. (b) Two-sided conﬁguration: the
pump beam shines on the uniform SL, and the probe beam reﬂects oﬀ the tapered SL.

the SLs, the spinning of the substrate wafer was suppressed in order to obtain a tapered
SL, i.e., a gradient in the thicknesses of all the layers. X-ray experiments returned the
values dGaAs = 89 Å and dAlAs = 35 Å for the uniform (nontapered) SL and dGaAs = 88
Å and dAlAs = 35 Å in the center of the tapered one. Pump-probe experiments revealed a
thickness gradient of ∼ 22% along the direction of maximum gradient of the wafer, from
one of its ends diametrically to the opposite. (The value of the gradient was inferred from
the energy shift of the folded acoustic modes in the pump-probe spectra.)
The aim of the thickness gradient was to add a degree of freedom that would allow us
to match the otherwise detuned spectral responses of the phonon generation and phonon
detection processes, as reported in earlier works [10, 16]. The position on the wafer where
spectral matching was achieved was carefully sought through pump-probe experiments performed as a function of position to be reported elsewhere (equivalent to those described in
Ref. [10]).

III. EXPERIMENT

Interferometric pump-probe experiments [17] were performed at room temperature
at a laser wavelength of 750 nm and at a temperature of 15 K. Femtosecond pulses (∼ 80
fs) from a mode-locked Ti:sapphire laser, with a repetition rate of 81.8 MHz, were split into
the pump and probe pulses. The pump was modulated at 1.8 MHz by an acousto-optic
device in order to allow for synchronous detection through a lock-in ampliﬁer. Both pulses
were focused onto ∼50-mm-diameter spots. For testing the eﬀect of the electron–phonon
interaction in the phonon lifetime, two conﬁgurations were used (depicted in Fig. 1): in
the henceforth called one-sided configuration, both the pump and probe beams shone the
same side of the sample (see Fig. 1(a)); in the henceforth called double-sided configuration,
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the pump beam impinged upon the uniform SL, while the probe beam reﬂected oﬀ the
tapered SL (see Fig. 1(b)). The one-sided conﬁguration is the standard one in pump-probe
experiments. The double-sided one needs a more exigent alignment protocol since beams
arriving at opposite ends of the sample must be focused on the same (x,y) position (ž is the
sample growth axis) [18]. For the double-sided conﬁguration, the energies used for the pump
and probe pulses were 3.4 nJ and 2.0 nJ, respectively. In the one-sided conﬁguration, the
pump energy was reduced to 0.8 nJ in order to avoid saturation of the lock-in ampliﬁer due
to intense electronic and thermal contributions to the detected signal (these contributions
are absent in the double-sided conﬁguration since they are only appreciable in the region
covered by the penetration depth of the pump beam); the probe pulse energy was the same
as in the double-sided conﬁguration. Care was taken to assure that the experiments carried
out in both conﬁgurations were performed on the same (x,y) position on the sample.
The spectral tuning of the generation and detection responses by means of the thickness gradient is of course only available when the experiment is performed in the doublesided conﬁguration. In the one-sided conﬁguration, some small overlap between the generation and detection spectral responses (and a consequent nonzero pump-probe signal) is
assured by the presence of oscillations in both spectra which result from the ﬁnite size of
the SL [19–21] (light absorption, if any, also contributes to an increase in the overlap of the
spectral responses because of wave vector conservation relaxation). The signal is nevertheless expected to be smaller in the one-sided conﬁguration than in the tuned double-sided
one.

IV. RESULTS

The normalized pump-probe signals as a function of the time delay between the pump
and the probe pulses are plotted for both conﬁgurations shown in Fig. 2(a) and 2(c). The
vertical axis displays the signal obtained in the interferometric experimental scheme, noted
as ∆Φ [22]. The signals have been numerically band-pass ﬁltered in order to extract the
ﬁrst zone-center acoustic modes out of other contributions to the signal such as the Brillouin
mode (low-energy acoustic mode) and thermal and electronic contributions (these are only
present in the one-sided conﬁguration, though). The passing band of the ﬁlter comprised
the region around the ﬁrst zone-center minigap, and its width was chosen in order not to
miss any of the expected modes. In the case of the one-sided conﬁguration, an experimental
artifact introduced an oscillation of frequency very close to the region of interest. Therefore,
a very sharp proﬁle of the passing band had to be used. This is the origin of the strong
oscillation in Fig. 2(a) at times t shorter than 100 ps. Thus, the region 0 ≤ t < 100 ps
should not be considered for further analysis. Large time values in the x-axis of Fig. 2(c)
are the result of the transit time of the phonons through the 356-µm-thick substrate placed
between the SLs. Indeed, the increasing shape of the signal at the position of the arrow
shown in Fig. 2(c) denotes the arrival of the phonons at the detection SL (the tapered SL).
Comparison of Fig. 2(a) and 2(c) reveals a marked diﬀerence in the decay time of the signal
depending on the conﬁguration. The one-sided conﬁguration exhibits a much faster decay

254

PHOTOCARRIER-INDUCED REDUCTION OF THE LIFETIME OF . . .

VOL. 49

time, approximately one order of magnitude faster. We also observe beatings in both time
traces. The beating rhythm in the one-sided conﬁguration is also much faster than that in
the double-sided one, revealing frequency components farther away from the signal.
The Fourier analysis of the time traces is presented in Fig. 2(b) and 2(d). The quantity
assigned to the y-axis of the graph is the Fourier transform modulus of the time derivative
of the signal (which is equivalent to multiplying the Fourier transform of the signal by the
frequency). The derivative is taken so that the electronic and thermal low frequency tail that
usually hinders the acoustic peaks is eliminated. In the case of the one-sided conﬁguration,
the Fourier spectrum presents two main peaks at 0.39 and 0.43 THz. The ﬁrst can be traced
down to a detection peak, i.e., an energy at which the detection process is most sensitive,
while the second peak is assigned to the generated mode, that is, the energy at which the
generation process is most eﬃcient (the phonon-induced variations in sample reﬂectivity
coeﬃcient, which are at the origin of the pump-probe signal, show a spectrum proportional
to the product of the generation and detection spectra [23]). The assignment of the observed
peaks to either the generation or detection process is supported by calculations not shown
in the present article. The frequency separation between the peaks explains the beating
in the time trace. With regard to the width of the modes, the generation and detection
peaks present full widths at half maximum (FWHM) of 8 GHz and 5 GHz, respectively. In
principle, neglecting any anharmonic interaction or dephasing mechanism, the decay time
and FWHM of the modes is determined by the time interval the vibrations “spend” in the
detection region of the sample before escaping to the substrate (folded acoustic modes are
no longer able to be detected by a probe pulse when they propagate along the substrate).
In the one-sided conﬁguration, this region coincides with the region where the phonons are
generated by the pump pulse, and this is no other than the SL upon which both pulses
impinge. Thus, the decay time of the modes should match the transit time of each mode
through the SL. To estimate such transit time, we must consider the sound velocity of the
modes. In the case of the detection one, as it is situated oﬀ zone-center (its wave vector
diﬀers from zone-center in twice the photon wave vector), it falls in a straight region of the
dispersion relation. Its sound velocity is thus the slope of this straight line. Estimations of
this slope [24] and the total length of the SL yield an expected value of 2.2 GHz, which is
below the experimental result. In the case of the generation mode, the discrepancy between
theory and experiment is even more striking since the sound velocity is much slow due to
the bending of the dispersion relation very close to zone-center [24]. Calculations yield an
expected FWHM of 0.4 GHz, 20 times less than the experimental value.
With regard to the double-sided conﬁguration, the Fourier analysis shown in Fig.
2(d) exhibits one main peak situated at an energy that coincides with the detection peak
of Fig. 2(b). As the detection in both the one- and double-sided conﬁgurations takes place
in the same SL (see Fig. 1), this spectral “coincidence” assures that the (x,y) position on
the sample where the experiment was performed had been properly chosen as far as the
spectral overlap of the generation and detection eﬃciencies is concerned. The observation
of just one peak shows that the energies of the generation and detection peaks actually
match. A closer look at the experimental peak (see the inset of Fig. 2(d)) reveals some
structure and side oscillations. Both features can be traced down to SLs-ﬁnite-size eﬀects,
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FIG. 2: Experimental results obtained in the one-sided conﬁguration ((a) and (b)) and in the doublesided conﬁguration ((c) and (d)). (a) and (c): Normalized interferometric pump-probe signal [22]
as a function of the time delay between pump and probe pulses. The traces have been numerically
ﬁltered in order to eliminate the electronic, thermal and Brillouin contributions to the signal. In
(c), the arrow indicates the instant at which phonons arrive at the tapered SL from the substrate.
(b) and (d): Fourier transform of the time derivative of the normalized interferometric pump-probe
signal (Φ(f ) denotes the Fourier transform operation on f ), which is equivalent to the product of
the frequency and the Fourier transform of the normalized signal.

and they are responsible for the beating in the time trace. The FWHM of the main peak is
0.9 GHz, almost an order of magnitude smaller than the FWHM of the generation peak in
the one-sided conﬁguration. Nevertheless, this value is more than twice the expected value
of 0.4 GHz [25].
We shall address possible reasons for the highlighted discrepancies between both the
conﬁgurations and between the experiment and the theory in the following section.

V. DISCUSSION

Possible reasons for mode broadening are interactions with other excitations in the
material (homogeneous broadening) and ﬂuctuations in the structural characteristics of the
sample within the region under study, typically thickness ﬂuctuations in the layers (inhomogeneous broadening). The latter are not able to explain our experimental observations
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because the same SL that returns broad peaks in the one-sided conﬁguration is also involved
in the double-sided conﬁguration. If we momentarily assume that, for some reason, thickness ﬂuctuations have a much more important eﬀect on the generation process than on the
detection one, we could argue that the discrepancy between the peaks’ FWHM in one conﬁguration and in the other conﬁguration might be explained through a marked diﬀerence
of growth quality between the SLs. This is not the case as we have veriﬁed the quality of
both SLs by means of X-ray diﬀraction, resonant Raman scattering and photoluminescence
excitation experiments. Although a slightly lower quality in the tapered SL was observed,
the diﬀerence was far too small to explain the experimental results. If we thus turn to
homogeneous broadening, neither can anharmonic terms in the Hamiltonian of the phonon
system (decomposition of the phonon in lower energy modes satisfying energy and wave
vector conservation) justify the discrepancy since the frequency range of the phonons in
both conﬁgurations is very similar. An irrefutable argument is also that the double-sided
conﬁguration phonons need to outlive a ∼74-nanosecond transit time through the intermediate substrate to arrive from one SL to the other. If some anharmonic eﬀect took place,
the maximum broadening compatible with the mentioned transit time would be absolutely
negligible with respect to the experimental FWHM. One last argument concerning anharmonic phonon decay can be sought in the temperature diﬀerence of the SL in which the
detection takes place in each conﬁguration. The temperature of the detection SL is higher
in the one-sided conﬁguration since the heating caused by the pump pulse occurs in the
same SL where phonons are detected. In the double-sided conﬁguration, this heating takes
place at the opposite end of the sample. We could think of this as an asymmetry between
the conﬁgurations that might in some way result in a phonon lifetime diﬀerence. However,
it is worth noting that the temperature diﬀerence can be estimated to only some tenths of
kelvin, for which this argument must also be discarded.
As the phonon–phonon interaction has been ruled out, we turn now to the electron–
phonon interaction. In fact, there is a non-negligible asymmetry between conﬁgurations
with regard to the density of photo-excited carriers in the region of the detection SL. In
the one-sided conﬁguration, pump and probe pulses impinge upon the same SL. Therefore,
the phonons that are detected by the probe pulse live in a region of high density of carriers
photo-excited by the pump pulse. On the contrary, in the case of the double-sided conﬁguration, the phonons that are detected are, in fact, those that have been able to escape the
region of high photo-excited carriers toward the substrate. Once they leave the penetration
depth of the pump beam (of the order of 1 µm), their lifetime is no longer limited by the
electron–phonon interaction. This is therefore our hypothesis for explaining a broad line in
the generation mode in the one-sided conﬁguration and a narrow one in the double-sided
conﬁguration. Additional experimental data show that the 750-nm laser is close to an electronic resonance condition, which allows us to expect a high population of photo-excited
carriers. Complementary experimental veriﬁcation of the hypothesis should be sought in
pump-power dependent experiments.
It is noteworthy that the explanation just given should, in principle, predict the same
linewidth for both the generation and detection modes in the one-sided conﬁguration unless
zone-center (generation) modes and oﬀ-zone-center (detection) modes interact diﬀerently
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with carriers (we recall that the experimental information is that the detection mode is narrower that the generation one: 5 GHz vs. 8 GHz). In fact, continuum model calculations of
the elastic energy spatial distribution of the acoustic modes predict a particular concentration of elastic energy in the SL region in the case of the generation mode (see Fig. 1 of Ref.
[26]). The elastic energy in the detection mode is somewhat more uniformly distributed
between the substrate and the SL [26]. It is therefore expected that the generation mode’s
lifetime will be more strongly aﬀected by the electron-phonon interaction.
Finally, we address the fact that the experimental FWHM of the peak in the doublesided conﬁguration (0.9 GHz) is larger than the theoretical value of 0.4 GHz. We attribute
this discrepancy to the broadening introduced by structural imperfections of the sample:
thickness ﬂuctuations and/or the scattering of phonons by defects. Although these eﬀects
are unable to explain a conﬁguration-dependent linewidth, this does not mean that they
are not at all present in our experiments. The experimental data just allow us to state that
they are less important than the electron–phonon interaction eﬀect in the case in which the
latter takes a relevant role (the one-sided conﬁguration). In the double-sided conﬁguration,
in which photocarriers are absent in the detection region, the broadening eﬀects left are
inhomogeneous broadening and/or scattering at defects. They are both also compatible
with the fact that the phonons outlive the travel time through the substrate, for these
broadening mechanisms start oﬀ only when the phonons enter the detection SL.

VI. CONCLUSIONS

We have presented experimental results that reveal the importance of the electron–
phonon interaction in the lifetime of sub-terahertz longitudinal acoustic phonons. In order
to test the eﬀect of scattering of phonons by carriers photo-excited by the pump pulse, we
have made use of two experimental conﬁgurations diﬀering in the presence or absence of
photocarriers in the spatial region of phonon detection. In the ﬁrst case (pump and probe
beams impinging upon the same SL), a one-order-of-magnitude reduction in the phonon
lifetime was found with respect to the second scenario (pump and probe beams impinging
upon the opposite ends of the sample). The possibility of other line-broadening eﬀects has
also been analyzed. Although discarded for justifying the conﬁguration-dependent lifetime
of the acoustic mode, inhomogeneous broadening and/or scattering of phonons by defects
are needed to explain experiment/theory discrepancy in the mode line width in the absence
of photocarriers. Nevertheless, when the latter are present in a high density, the limiting
factor to the phonon lifetime is the electron–phonon interaction.
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