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A B S T R A C T

We report an experimental study on the ultrafast dynamics of coherent longitudinal acoustic phonons (CLAPs)
in GaAs single crystals with different orientations by using femtosecond pump–probe technique. Under an
above-bandgap pumping at 400 nm, the CLAP wave is generated on the surface of a GaAs crystal with [100]
orientation, and then it propagates into the crystal and is detected by the transient reflection of the probe
beam at 800 nm. As the pumping intensity is increased, the amplitude and lifetime of generated CLAPs in GaAs
crystals are increased and decreased respectively, while the phonons oscillation frequency remains a constant
of 44.3±0.2 GHz. Furthermore, the CLAPs frequency is varied in GaAs crystals with different orientations which
is determined by the elastic anisotropy. In addition, from the initially opposite oscillation phase of [100] and
[111] oriented GaAs, tensile or compressive lattice stresses can be easily determined. Our results can facilitate
the understanding of ultrafast phonon dynamics in GaAs single crystals.

1. Introduction

Advances in femtosecond lasers and ultrafast spectroscopy [1–6]
allow us to generate and directly detect the coherent oscillation of
phonon modes. In particular, coherent longitudinal acoustic phonons
(CLAPs) excited by ultrashort optical pulses have been vastly investi-
gated in semiconductors [7–10], metal films [11], multiple quantum
wells [12] and heterostructures [8,13] by using pump–probe tech-
niques. Femtosecond pump pulses are absorbed at sample surfaces,
which initiates the generation of coherent phonons on the sample
surface. Due to the interaction between the coherent phonons and the
electronic or excitonic states, the refractive index and the reflectivity
of the materials are modulated. Thus, the transient signals of coherent
phonons can be detected by monitoring a reflected or transmitted time-
delayed probe light. This technique not only avoids unwanted damage
on the sample but also is sure to improve potential applications of
nondestructive testing of CLAPs. Previous studies manifest four types
of physical mechanisms of CLAPs generation: the deformation potential
coupling stress [14,15], the heat-induced thermal stress [10,16], the
inverse piezoelectric effect [17,18], and the electrostriction [19,20].

GaAs is one of the most studied semiconducting materials [21–
27] with excellent traits, such as a stable zinc blende structure, high
resistivity and ultrahigh electron mobility. These excellent traits make
GaAs to apply in all sorts of photonic devices. Furthermore, GaAs
is a direct band gap semiconductor with the band gap of 1.43 eV
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at room temperature [28], which makes the materials a choice for
high-efficiency solar cells [29]. Therefore, it is worth investigating
the ultrafast dynamics in GaAs single crystals. Coherent phonons have
been investigated in multiple quantum wells, superlattices and alloys
based on GaAs (e.g., InGaAs/GaAs, GaSb/GaAs, GaAs/AlAs) [8,30–32].
However, a common feature of such structures is the highly strained
interfaces due to an apparent lattice mismatch, making the dominant
contribution on the phonon generation. Therefore, it should be ignored
for the phonons generation in high quality GaAs single crystals, which
are mainly ascribed to the deformation potential coupling and thermal
stresses.

In this paper, we investigate the ultrafast dynamics of CLAPs in
GaAs single crystals with different orientations of [100], [110], [111]
and Si-doped [100] by using pump–probe technique. The CLAPs oscil-
lation wave is generated on the surface of GaAs single crystal under
an above-bandgap pumping at 400 nm. And then, it propagates into
the crystal and is detected by a time-delayed probe light at 800 nm.
With increasing the pump intensities, the amplitude and lifetime of
acoustic phonons in GaAs single crystals are increased and decreased,
respectively. A fast oscillation at gigahertz frequency (44.3 ± 0.2 GHz)
of CLAPs is observed in [100] oriented GaAs crystals at room temper-
ature. And the oscillation frequency is independent on the pumping
intensity. In addition, the CLAPs frequencies are varied in GaAs single
crystals with different orientations, which are attributed to the elastic
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anisotropy of GaAs crystal. Furthermore, from the initially opposite
oscillation phase of [100] and [111] oriented GaAs, tensile or compres-
sive lattice stresses can be easily determined. It offers new experimental
evidence for understanding the ultrafast phonon dynamics in GaAs
single crystals.

2. Material and method

The 0.5-mm thick GaAs single crystals with different orientations of
[100], [110], [111] and Si-doped [100] (Si-doped to 1.8 × 1018 cm−3)
were purchased from KJMT. All samples have single-sided polished sur-
faces with zinc blende structure. A regeneratively amplified Ti: sapphire
laser (Astrella, Coherent, 35 fs, 1 kHz) with a center wavelength of
800 nm was primary excitation source for pump–probe measurement.
A portion of the beam was split off to serve as the probe beam and the
remaining beam was frequency doubled by a BBO crystal to produce a
pump beam at 400 nm. The pump beam was incident obliquely at an
angle of ∼60◦ and was focused through a 10-cm lens. The lengths of
long and short axes of the elliptic spot were about 200 μm and 50 μm,
respectively. The probe beam at 800 nm is delayed in time with respect
to the pump beam and normally focused onto the same position with
the pump beam by an objective (Thorlabs, 4×/0.13 PhL). The diameter
of probe beam spot was ∼20 μm, which is smaller than the pump beam
spot. In order to improve the signal to noise ratio (SNR), a balanced
photodiode detector (Thorlabs, PDB210A/M) connected to a lock-in
amplifier (Stanford, SR830) was used to collect the reflected probe
beam. The pump beam was modulated at ∼470 Hz by a mechanical
chopper. All the experiments are measured at room temperature.

3. Results and discussion

Fig. 1(a) displays the transient reflectivity signals obtained in [100]
oriented GaAs crystal at different pump fluences. The three traces
present similar results consisting of decays and oscillations. In the
first several picoseconds, an abrupt rise of 𝛥R/R is observed which
can be attributed to the change of refractive index induced by the
pump photon-excited electron–hole pairs. As can be seen from the inset,
there is an enhancement of signal intensity as increasing the pump
fluences. Then the photo-excited carriers transfer their excess energy
to the lattices, leading to the long-time decays. To obtain the decay
times of the electrons and phonons, we fit the observed traces with a
set of decaying exponential functions:

𝛥𝑅 ∕𝑅 ∝ 𝑅e + 𝑅CLAP =
2
∑

𝑖=1
𝐴ei𝑒

−𝑡∕𝜏ei + 𝐴ph𝑒
−𝑡∕𝜏ph cos[(𝜔 + 𝛽𝑡)𝑡 + 𝜑] (1)

where 𝐴ei and 𝜏ei are the amplitude and decay time of electron relax-
ation processes in the ith component, respectively. 𝐴ph is the amplitude
of coherent oscillations, 𝜏ph is the lifetime of phonons, 𝜔 denotes the
CLAP oscillation frequency, 𝛽 is the chirping coefficient and 𝜑 is the
initial phase. The electrons response can be fitted by a biexponential
function of the electron term 𝑅e of Eq. (1). Two exponential curves
indicate the fast and slow electronic relaxations, respectively [9,33].

Fig. 1(b) presents the peak intensity of 𝛥R/R as a function of the
pump fluences. It indicates that the maximum value of 𝛥R/R increases
gradually as the growth of pump fluences, and then the value tends
to be relatively stable. This trend is probably attributed to the fact
that the carrier concentration first increases rapidly with increasing
the pump fluences, and then it reaches a steady state due to the
competition between carrier generation and recombination. The peak
intensity (𝛥R/R)max is usually related to the maximum carriers temper-
ature, since the photo-excited carriers transfer their excess energy to
the lattices. Fig. 1(c) shows the fast electronic decay time at different
pump fluences, and it increases with high pump fluence. The timescale
of 𝜏e1 is consistent with the trapping time of free electrons in bulk
GaAs according to previous studies [34–36]. Thus, it may be explained
by rapid trapping of electrons from the conduction band into mid-gap

states. Since the occupancy of defect states begins to saturate with
higher pump fluence, 𝜏e1 increases as pump fluence increasing [37,
38]. However, the trend of the slow electronic decay time decreases
almost linearly as increasing the pump fluences in Fig. 1(d). It can be
attributed to that high pump fluence leads to strong absorption and
higher concentrations of carriers, which increases the probability of
recombination [39–41]. The electronic decay time is very sensitive to
temperature which is interrelated with the pump fluences.

In Fig. 1(a), the whole decay contains both electrons and coherent
phonons responses. In order to obtain the pure oscillations of CLAPs,
the electronic background is subtracted from raw data. The extracted
CLAP signals and their fitting results are presented in Fig. 2(a). The os-
cillations of CLAPs are fitted using an exponentially damped oscillation
function, namely the phonon term 𝑅CLAP of Eq. (1). Furthermore, the
oscillations in Fig. 2(a) are attenuated, whereas their periods maintain
all the same among 350 ps delay time. The origin of the transient
reflectivity of oscillations is explained first by Thomsen el at [42]. In
picosecond ultrasonic, propagating CLAPs are detected through Bril-
louin oscillations. The CLAP oscillations come from the interference
of probe beam between the reflection at the sample surface and its
reflection at the CLAP strained layer. In order to obtain the oscillation
frequency of CLAPs exactly, the fast Fourier transform (FFT) of the
transient reflectivity after removing the electronic background is done.
As shown in Fig. 2(b), it shows only one peak frequency of the Brillouin
oscillations at each pump fluences. Moreover, comparing with the
frequency of optical phonons [43], it can be observed that there is
a same single frequency (44.3 ± 0.2 GHz) for [100] oriented GaAs
crystals at different pump fluences. It confirms that the oscillation
frequency of CLAPs is only related to the refractive index of material
and the wavelength of probe light, which can be expressed as [42]:

𝑓 = 𝑛𝑣𝑠𝐾probe ∕ 𝜋 = 2𝑛𝑣𝑠 ∕ 𝜆prove (2)

where n is the refractive index, which is 3.67 at 800 nm probe wave-
length in GaAs [44], 𝑣s is the longitudinal acoustic phonons velocity,
and 𝑘probe is the wave vector of probe beam.

We observe a variation of the amplitude of the generated CLAPs
at different pump fluences, plotted in Fig. 3(a). The amplitude of
CLAPs increases near-linearly at low fluences, while it saturates at
high fluences. According to Hooke’s law [45], the amplitude of CLAPs
generated by the light absorption is proportional to the stress within
the sample. The optical absorption depth of GaAs (𝜉 = 15 nm at
3.1 eV) is small enough compared to the laser spot size to allow
a one-dimensional treatment of the acoustic perturbation. For the
nonpiezoelectrically active [100] oriented GaAs single crystals, the
transient stress includes deformation potential coupling stress (elec-
tronic stress) and thermal stress. Thus, the contributions of generated
stress due to the absorption of single laser pulses can be expressed
as [46]:

𝜎 = 𝜎DP + 𝜎TE = −𝑁𝐵
(𝑑𝐸𝑔

𝑑𝑃
+ 3𝜅

ℎ𝑣 − 𝐸𝑔

𝐶p

)

(3)

where 𝜎DP and 𝜎TE indicate the contributions of the deformation po-
tential and thermoelasticity to stress, respectively. N is the density of
photo-excited carriers, B is the bulk modulus, 𝑑𝐸𝑔/dP is the hydrostatic
deformation potential parameter, 𝜅 is the linear thermal expansion
coefficient, hv is the energy of pump photon energy, 𝐸g is the bandgap
of GaAs and 𝐶P is the heat capacity. The ratio between the electronic
and thermal strains is approximately (d𝐸g∕𝑑𝑃 )𝐶p∕[3𝜅(ℎ𝑣 − 𝐸g)] ≈ 5.8,
indicating that the dominant stress is 𝜎DP. Note that after the laser pulse
absorption, the speed, 𝑣n, of optically excited carriers in GaAs initially
exceeds the longitudinal sound velocity, 𝑐a. It results in that the strain
pulse duration caused by 𝜎DP will longer than that only localized in
the region of optical absorption length (𝛥t = 6 ps) [14,47]. According
to Eq. (3), at low fluences, the amplitude magnitude of CLAPs, 𝐴ph,
increases linearly which is closely associated to the initially pump
excited carrier density, N. The slow increasing rate at high fluences
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Fig. 1. (a) Transient reflectivity signals for [100] oriented GaAs crystal at different pump fluences at a picosecond time scale. Inset shows an expanded view (between −2∼28 ps)
of the transient reflectivity signals. (b) The maximum values of 𝛥R/R as a function of pump fluences. (c, d) The fast electronic decay time 𝜏e1 and the slow electronic decay time
𝜏e2 at different pump fluences, respectively.

Fig. 2. (a) Extracted CLAP oscillations (black squares) for [100] oriented GaAs single crystal and their fitting results (red line) at the pump fluences of 1.02 mJ/cm2, 0.89 mJ/cm2,
and 0.64 mJ/cm2, respectively. 𝐴CLAP is the amplitude of the coherent phonons. (b) The fast Fourier transform (FFT) of CLAP oscillations for [100] oriented GaAs crystal at
different fluences.

may be a result of two competing effects: deviation from the linearity
of the pump-induced absorption at high pump fluences, and a rapid
rise of lattice temperature at high fluences. Fig. 3(b) shows a slow
decrease of CLAPs lifetime as increasing the pump fluences, which is
the result of the increased carrier scattering. It is worth noting that it
is important to include the variation of the phonon frequency with time
(chirped coefficient 𝛽) in the oscillations fitting. Without considering 𝛽,
the fitting results are inconsistent with the experimental data. The value
of 𝛽 is shown in Fig. 3(c), and its order of magnitude is about 10−6.
Comparing with coherent optical phonons, their chirped coefficient 𝛽
(∼10−1) [43] is five orders of magnitude larger than 𝛽 (∼10−6) of
acoustic phonons. Small values of 𝛽 indicate that the deformation of
CLAPs is negligible.

In order to investigate the effect of crystal orientation on phonon
oscillation process, another two orientated GaAs crystals of [110] and
[111] are investigated. The fluence dependences are almost same for
[110] and [111] oriented crystals as observed in Fig. 1(b–d) and Fig. 3
for the [100] oriented crystal. Fig. 4 presents the extracted oscillations
and normalized FFT results for these three oriented GaAs crystals.
Considering that the measured pump fluence is much higher than the
piezoelectric contribution saturated threshold value (at fluence of 18–
45 μJ/cm2) [18,48], the CLAP generation mechanism can be seen as the
same for three oriented crystals. In Fig. 4(b), the oscillation frequency
is varied for different orientated crystals, and then we try to calculate
the frequency in theory. Due to the zinc blende GaAs belongs to cubic

Fig. 3. CLAP properties for [100] oriented GaAs crystal at different pump fluences:
(a) amplitude 𝐴ph, (b) decay time 𝜏ph and (c) chirp coefficient 𝛽.

crystals, there are three independent elasticity tensor components 𝐶11 =
124.2 GPa, 𝐶12 = 51.4 GPa, and 𝐶44 = 63.4 GPa [49]. These components
are used to determine the complete elastic tensor of the material.

3



X. Han, M. Wang, W. Zhao et al. Optics Communications 461 (2020) 125257

Fig. 4. (a) Extracted CLAP oscillations (black squares) for [100], [111] and [110] oriented GaAs single crystals and their fitting results (lines) at pump fluences of 0.64 mJ/cm2,
0.75 mJ/ cm2, and 0.69 mJ/ cm2, respectively. 𝐴CLAP is the amplitude of the coherent phonons. (b) FFT of CLAP oscillations corresponding to (a).

Table 1
The theoretical and experimental oscillation frequencies of zinc blende GaAs with
different orientations.

Crystal orientation [100] [110] [111]

Theory (GHz) 44.2 48.7 50.2
Experiment (GHz) 44.3 ± 0.2 49.3 ± 0.22 51.0 ± 0.25

For the zinc blende structure, the relations between the longitudinal
sound velocity and elasticity can be expressed as: 𝑣𝑠 =

√

𝐶∕𝜌, where
𝜌 = 5360 kg cm−3 is the mass density for GaAs crystals [50], and C is
the effective elastic constant. For the [100], [110] and [111] oriented
GaAs crystals, the effective elastic constants of the longitudinal wave
are 𝐶11, 1/2(𝐶11 + 𝐶12+2𝐶44) and 1/3(𝐶11+2𝐶12+4𝐶44), respectively.
Thus, we can use Eq. (2) to calculate the CLAP oscillations frequency.
As shown in Table 1, the theoretical results are in good agreement
with the experimental ones. Therefore, combined with experimental
and theoretical results, we proved that the CLAPs oscillation frequency
is determined by elastic properties.

It is worth noting that in first several oscillation cycles of Fig. 4(a),
the phonon phase of the [100] and [111] oriented GaAs is opposite.
It indicated that the initiated stress is tensile and compressive for
[100] and [111] orientations, respectively [46]. Depending on the
nature of the electronic levels where the electrons (and holes) are
photo-promoted, the lattice stress can be compressive or tensile. When
electrons are promoted in the 𝛤 (𝑑𝐸g∕𝑑𝑃 = 10 eV∕Mbar) and L valley
(d(𝐸L − 𝐸𝛤 )∕𝑑𝑃 = 5.5 eV∕Mbar) of GaAs, it helps to expand the
crystal. On the contrary, it contributes to a shrinkage when electrons
are promoted in the X valley (d(𝐸X − 𝐸𝛤 )∕𝑑𝑃 = −2.5 eV∕Mbar). We
remind that E𝛤 is the highest energy in the valence band, 𝐸L and 𝐸X
are the energy minima of the conduction bands situated respectively
along the directions [111] and [100] in the Brillouin zone. Hence, it
demonstrates that the opposite deformational potential coupling stress
is dominated in [111] and [100] direction GaAs and leads the observed
initially opposite phase. The similarly initial phase of [111] and [110]
orientations are shown, which may implicate the same sign of lattice
stresses.

In addition, we measure the CLAPs from Si-doped [100] oriented
GaAs, and the phonons oscillation frequency is around 43.7 ± 0.15 GHz.
Comparing with the un-doped GaAs, the Brillouin frequency is slightly
decreased. Since the elastic tensors determine the oscillation frequency,
we assume that the varied frequency in dopant GaAs is essentially
due to the changed elastic property. For the doped materials, dopant
atoms substituting original atoms modify the electron distributions.
And the elastic property is basically determined by the interactions of
electrons [51]. Therefore, doping further leads to change the elastic
tensors [52,53]. The change of refractive index is usually very small

that can be ignored. Thus, the decreased phonon oscillation frequency
of Si-doped GaAs crystals can be attributed to the varied elastic prop-
erty. More experimental and theoretical researches need to be done
for further investigating the relationship between doping and phonon
frequency shift.

4. Conclusion

In summary, we investigate the ultrafast dynamics of CLAPs in GaAs
single crystals with different orientations of [100], [110], [111] and Si-
doped [100] by using two-color femtosecond pump–probe technique.
Under the above-bandgap pumping light at 400 nm, the CLAPs are
generated on the surface of GaAs crystals and subsequently propagates
into the crystals. A time-delayed probe beam at 800 nm monitors the
relative variation of reflectivity. The picosecond coherent phonons os-
cillations in GaAs crystal at different pump fluences are detected, which
comes from the deformation potential coupling and thermal stresses.
With increasing the pump fluences, the amplitude and lifetime of CLAPs
are increased and decreased respectively, while the phonon oscillation
frequency remains a constant of 44.3 ± 0.2 GHz. Additionally, in
experiment and theory we show the oscillation frequency is varied with
different orientations of GaAs crystals. And it is confirmed that the
elastic anisotropy of GaAs crystals determines the changed oscillation
frequency. Furthermore, from the initially opposite oscillation phase of
[100] and [111] GaAs, tensile or compressive lattice stresses can be eas-
ily determined. The results can facilitate the understanding of ultrafast
phonon dynamics in GaAs single crystals. The femtosecond pump–
probe technique makes it possible to successfully generate nanoscale
acoustic waves at the sample surface and be utilized as a nondestructive
tool to measure deep layers.
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