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Coherent longitudinal acoustic phonon dynamics in antimony sulfide under hydrostatic pressure
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Van der Waals (vdW) solids, composed of ultrathin atomic layers with weak interlayer bonding, possess
unique electronic and thermal properties and exhibit sensitivity to external stimuli such as compressive strain.
Understanding and manipulation of their thermal transport behavior through strain engineering is crucial to
optimize thermal management and energy conversion, which still remains elusive. Here, we demonstrate
pressure manipulation on cross-plane coherent longitudinal acoustic phonon (CLAP) dynamics in bulk antimony
sulfide (Sb2S3) under hydrostatic pressure through both systematic femtosecond pump-probe spectroscopy and
first-principles calculations. The experimental group velocity of CLAP increases monotonically by around 68%
upon compression up to 5.06 GPa. First-principles calculations reveal that this dramatic change comes from the
modification of phonon dispersion. Our findings shed light on the manipulation of thermal transport and energy
conversion via compressive strain, which contribute to the thermal management in device engineering.
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I. INTRODUCTION

Recently, van der Waals (vdW) solids have attracted con-
siderable interest and been utilized in electronic, photonic,
plasmonic, and numerous device applications [1–5]. Com-
posed of a few atomic layers with weak interlayer bonding,
vdW solids exhibit high anisotropy [6,7] and tunable flexibil-
ity [8], which hold great promise in stimuli-response devices
[9]. To improve the performance of practical devices, opti-
mization on thermal management and energy conversion are
always challenging [10], where in-depth understanding and
manipulation of the lattice dynamics and thermal transport are
urgently needed. Despite this importance, relevant research
still remains elusive. In crystalline materials, thermal transport
primarily arises from lattice vibrations, or so-called phonons
[11,12]. Specifically, compared with optical phonons, acoustic
phonons usually exhibit enhanced heat transfer capabilities,
making them pivotal for thermal transport [13,14]. Among
various manipulation methods, strain is able to effectively
tune the phononic properties and thermal transport of vdW
solids [15,16]. In this context, investigations on acoustic
phonon dynamics together with strain engineering may in-
spire the optimization of thermal management in actual device
designing.

As a typical vdW semiconductor, antimony sulfide (Sb2S3)
has received an upsurge of attention in the past decade due
to its desirable features, such as low cost, nontoxicity, earth
abundance, and many other decent photovoltaic and ther-
moelectric properties [17,18]. Sb2S3, with a band gap of
∼1.7–1.8 eV, is crystallized with an orthorhombic structure
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(Pnma) consisting of infinite one-dimensional (1D) [Sb4S6]
ribbons (see Fig. 1), which is structurally appealing and
progressively participating in device design [19,20]. In spite
of these benefits, experimental studies into its fundamen-
tal properties such as lattice dynamics are still deficient.
To our knowledge, only a coherent B3g longitudinal optical
phonon mode was observed and investigated with pump-
probe spectroscopy by Chong et al. [21], which is difficult
to be applicable to heat conduction in Sb2S3. Therefore, to
examine the modification of acoustic phonon dynamics in
Sb2S3 under the influence of external stimuli such as pres-
sure will not only reveal its intrinsic properties and in turn
guide material optimization, but also fine tune its thermal
transport to broaden its prospective applications in device
engineering.

In this paper, we investigate the cross-plane coherent lon-
gitudinal acoustic phonon (CLAP) dynamics in bulk Sb2S3

under hydrostatic pressure via femtosecond pump-probe spec-
troscopy. The cleavage plane (a-b plane) is perpendicular
to the incident direction of the pump pulse (see Fig. 1).
Utilizing a diamond anvil cell (DAC), hydrostatic pres-
sure up to 5.06 GPa was generated. We found that the
experimental group velocity of CLAP increases by ∼68%
with growing pressure. Moreover, at a specific pressure,
the interference oscillation frequency is negatively correlated
with the wavelength of the probe, whereas it is indepen-
dent of the pump fluence. Meanwhile, the theoretical group
velocity increases monotonically by ∼63% in the range
of pressure measurement. First-principles calculations sug-
gest that the variation of the experimental group velocity
results from an enormously modified phonon dispersion,
which leads to significant manipulation of thermal transport
in Sb2S3.
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FIG. 1. The crystal structure of Sb2S3 from the perspective along
the a axis, with the unit cell enclosed by a black square. Brown and
yellow balls represent Sb and S atoms, respectively. One [Sb4S6]
ribbon is encircled by an ellipse. The cleavage plane is shown with
the black dashed line. The incident direction of the pump pulse is
along the c axis.

II. METHODS

A. Experimental setup

In our ultrafast spectroscopy experiments, ultrashort laser
pulses (35 fs, 800 nm, 1 kHz) were generated from a re-
generative Ti:sapphire femtosecond laser amplifier (Coherent
Libra). The 400-nm pump pulse was produced using a barium
metaborate (BBO) crystal by frequency doubling, while the
supercontinuum probe pulse (450–950 nm) was gained by
transmitting the 800-nm fundamental laser pulse through a
3-mm-thick sapphire plate. A motorized translation stage was
used to provide a computer-controlled time delay between the
pump and the probe pulses. The DAC used for pressurization
has an anvil culet of 600 µm diameter, with silicone oil as
the pressure-transmitting medium. Similar with our previous
experimental system [22], by combining the DAC with broad-
band femtosecond pump-probe spectroscopy, we can examine
the ultrafast transient reflection (TR) spectra of the Sb2S3

sample under hydrostatic pressure. We performed mechanical
exfoliation with 38-mm blue adhesive plastic film (Ultron
Systems) on the original Sb2S3 (Sunano, purity > 99.999%)
to obtain a surface-flat bulk Sb2S3 sample, which is sized to
fit the culet of DAC and has a thickness of around 20 µm. All
experiments were performed at ambient temperature.

B. First-principles calculations

The structure optimization of bulk Sb2S3 under hydrostatic
pressure was conducted with density functional theory (DFT)
[23] using the Vienna ab initio simulation package (VASP,
version 6.3.2) [24]. The revised Perdew-Burke-Ernzerhof
generalized-gradient approximation (GGA) functional for
solids (PBEsol) [25] was used for all calculations. Projec-
tor augmented-wave (PAW) pseudopotentials [26] with five

FIG. 2. 2D contour plot of TR spectra of Sb2S3 at (a) 1 atm and
(b) 5.06 GPa.

valence electrons for Sb (5s25p3) and six valence electrons
for S (3s23p4) were used to describe the core-valence in-
teraction. Initial lattice constants of Sb2S3 are a = 3.87 Å,
b = 11.23 Å, and c = 12.13 Å. A plane-wave basis set with a
400 eV cutoff energy was employed to expand wave func-
tions for electrons. The integration over the Brillouin zone
was represented using a Monkhorst-Pack [27] 6 × 2 × 2 k-
point mesh. The total energy convergence was set to be
1.0 × 10−5 eV/atom, while the force convergence on each
atom is below 1.0 × 10−4 eV/Å. Hydrostatic pressures from
0 to 5.06 GPa were applied to all lattice constants to inves-
tigate the pressure-induced structure relaxation. All phonon
dispersions are calculated using the supercell force-constant
method [28–30] with a 6 × 1 × 3 supercell containing 360
atoms in the same VASP version. The force-constant matrix
is computed with the finite-difference approach. The width of
the displacement of each ion is 0.015 Å and the electronic
convergence criterion is 1.0 × 10−8 eV.

III. RESULTS AND DISCUSSION

Figure 2 shows the TR spectra of Sb2S3 at ambient pressure
and 5.06 GPa, respectively. The x axis represents the delay
time between the pump and probe pulse, while the y axis
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FIG. 3. (a) Typical relaxation curve of Sb2S3 (blue line) and electron relaxation dynamics fitting (red line) under ambient pressure. Inset:
Coherent acoustic phonon dynamic curve (cyan) and the fitting (orange). The selected probe wavelength is 715 nm. Oscillations are further
extracted with (b) different probe wavelengths and (d) pressures. (c) and (e) illustrates the dependence of oscillation frequencies with probe
wavelengths and pressures, respectively. The right-hand axis of (c) and (e) represents the derived group velocities of CLAPs from the oscillation
frequencies. The blue dashed line in (c) illustrates the average of the derived group velocity of CLAP at 1 atm, namely 3690.2 m/s.

represents the spectral range of the probe. Figure 2(a) exhibits
an obvious oscillation structure, which is mainly distributed
in ∼0–300 ps from the visible to near-IR region. The period
of the oscillation is about tens of picoseconds, showing a
straightforward feature of coherent acoustic phonons [31,32].
Sb2S3 has a high absorption coefficient of ∼8 × 104 cm−1

at 400 nm [33]. Thus, the pump light penetration depth is
around 125 nm, which is significantly smaller than the sam-
ple thickness. Furthermore, as shown in Figs. 2(a) and 3(b),
the oscillation period is dependent on the wavelength of the
probe. Therefore, we can safely attribute the observed coher-
ent acoustic phonons to propagating wave fronts [34]. When
the pressure increases to 5.06 GPa, as shown in Fig. 2(b), the
oscillation in the visible region almost disappears, and only
what is in the near IR still remains [as shown in the dashed
box in Fig. 2(b)]. This may be related to the comprehensive
effect of the pressure-induced changes in both the optical pen-
etration depth and the group velocity of the coherent acoustic
phonons.

Figure 3(a) illustrates a typical TR signal (blue line) of
Sb2S3 under ambient pressure. Within the first few picosec-
onds, the signal has a sudden and rapid response, which
originates from the excited charge carriers in the material
by the pump. Then the signal begins to relax slowly, ac-
companied by a damped oscillation that lasts ∼280 ps with
an oscillatory period of ∼29 ps. In order to obtain pure os-
cillations, the following function convoluted by a Gaussian
instrument response function (IRF) was used to fit the TR
signal,

�R

R
=

n∑

i=1

Aie
−t/τi + Aosce−t/τosc cos(2π f t + φ), (1)

where Ai and τi denote the amplitude and lifetime of the
ith electron relaxation dynamics, while Aosc, τosc, f , and φ

denote the amplitude, decay time, frequency, and phase of the
oscillations, respectively. By subtracting the electron dynam-
ics [red line in Fig. 3(a)] from the original TR decay curve,
clean oscillations can be acquired, as shown in the inset in
Fig. 3(a). The orange line stands for the damped oscillation
fitting, corresponding to the second term in Eq. (1).

By performing a global fitting on the TR spectra, the wave-
length and pressure dependence of the oscillations could be
obtained, as depicted in Figs. 3(b) and 3(d), respectively. By
further fitting these oscillations with Eq. (1), it can be found in
Figs. 3(c) and 3(e) that (i) the oscillation frequency decreases
monotonically with the probe wavelength increasing from 550
to 875 nm, and (ii) the oscillation frequency increases al-
most linearly by ∼68% with a slope of df /dP ∼ 4.24 ± 0.39
GHz/GPa, as the pressure grows from 1 atm to 5.06 GPa.
Such oscillations can be attributed to CLAP signals, whose
origin was explained first by Thomsen et al. and can be under-
stood explicitly with Thomsen’s equation [35],

f = 2vsn

λpr
, (2)

where f and vs represent the oscillation frequency and the
sound velocity or phonon group velocity in the material, n
represents the real part of the refractive index, and λpr denotes
the wavelength of the probe. Based on a previous study, the
change of the refractive index n in Sb2S3 within the pressure
range in our experiment is very small, hence we take n = 3.4
as a constant [36]. Thereafter, vs can be derived with Eq. (2),
and the results are as shown with the right-hand axes in
Figs. 3(c) and 3(e). It is worth noting that when the external
pressure is fixed, vs is supposed to be still and independent of
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FIG. 4. (a) Comparison of the oscillations under different pump fluences at ambient pressure. The wavelength of the probe is 725 nm. The
inset shows the FFT results, in which the oscillations under different pump fluences have the same peak position (1.406 cm−1, i.e., 42.2 GHz).
(b) Schematic diagram of the origin of the interference oscillation. The strain pulse is illustrated with the black curve. The blue and orange
areas denote parts of the material where the strain pulse traveled and did not travel, respectively. The white line between the blue and orange
areas represents the moving interface. (c) First-principles calculations of phonon dispersions for Sb2S3 at both 1 atm and 5.06 GPa using the
supercell force-constant method in VASP version 6.3.2. The size of the supercell is 6 × 1 × 3, containing 360 atoms. The selected q-point path is
� → X → S → Y → � → Z → U → R → T , with high-symmetry points � = (0, 0, 0), X = (0.5, 0, 0), S = (0.5, 0.5, 0), Y = (0, 0.5, 0),
Z = (0, 0, 0.5), U = (0.5, 0, 0.5), R = (0.5, 0.5, 0.5), and T = (0, 0.5, 0.5).

λpr, since it is an intrinsic quantity of the crystal. The derived
vs for different probes and their average are illustrated with
the blue line and the blue dashed line separately in Fig. 3(c).
The fluctuation of derived vs, which comes from the fitting
inaccuracy and the λpr-dependent n, is less than 5% for all
λpr. We further explore the variation of the oscillations under
different pump fluences at ambient pressure, and the result is
shown in Fig. 4(a). It is found that the oscillation frequency is
independent of the pump fluence we adopted, which is further
confirmed by the fast Fourier transform (FFT) results in the
inset.

The main CLAP generation mechanism in semiconductors
is based on the deformation potential (DP) theory [35,37],
which is responsible for the findings here in Sb2S3 [see
Fig. 4(b)]. First, the electron-hole pairs are excited by the
pump on the material surface, which changes the electronic
distribution and in turn the equilibrium position in the lattice.
Thereafter, the atomic displacements are generated, creating
a strain pulse, i.e., CLAPs. The CLAPs propagate in the
material along the cross-plane direction (c axis) with a sound
velocity vs and alter the local dielectric constant, causing the
formation of a moving interface. When the probe pulses reach
the material, some of them are immediately reflected by the
surface, while the rest are transmitted into the material and

reflected by the moving interface. The detected oscillation
then comes from the interference between these two sets of
reflected probes.

In the preceding parts, we have experimentally investigated
and analyzed the pressure-dependent CLAP characteristics
and dynamics in Sb2S3. To gain a more comprehensive
understanding of CLAP properties, we further conducted first-
principles calculations on the phonon dispersion of Sb2S3

under pressure, as illustrated in Fig. 5(a). �-Y denotes the in-
plane direction, while �-Z denotes the cross-plane direction,
which is parallel to the propagation of the pump pulse. Group
velocities are shown by a color gradient, with a warmer color
manifesting higher velocities. The complete phonon disper-
sion at 1 atm and 5.06 GPa, which can be seen in Fig. 4(c),
exhibits no imaginary modes, indicating that the optimized
structure of Sb2S3 is achieved in the range of our pressure
measurement. As depicted in Fig. 5(a), the acoustic phonons
along the cross-plane direction is low frequency with low
velocities at ambient pressure, due to the weak vdW interlayer
bonding. Upon compression up to 5.06 GPa, group velocities
of the cross-plane phonon modes increase dramatically by a
factor of ∼1.63, which is in good agreement with the pressure
evolution of the experimental group velocities, as shown in
Fig. 5(b). Moreover, it can be seen from Fig. 5(a) that the
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FIG. 5. (a) Pressure evolution of phonon dispersion and phonon group velocity along both in-plane (�-Y ) and cross-plane (�-Z) directions.
A color gradient is used to display the slope of the dispersion curve, which is defined as the group velocity of phonons. (b) Theoretical sound
velocities (blue line) compared with the derived experimental group velocities of CLAPs (red line) under different pressures. The wavelength of
the probe is 740 nm here. (c) Theoretical group velocities of longitudinal acoustic phonons along different directions as a function of pressure.

frequency range of dispersions along the �-Z direction be-
comes wider as the pressure goes up, which may be related to
pressure-enhanced phonon-phonon scattering and a reduction
in phonon lifetime [7]. In addition, the group velocities of
in-plane longitudinal acoustic phonons vary quite slightly un-
der different pressures, compared with that of the cross-plane
ones, as shown in Fig. 5(c). Such a result is derived from
the anisotropy of Sb2S3, indicating that compressive strain is
able to manipulate the cross-plane thermal conductivity more
prominently, in contrast with isotropic 3D materials, whose
thermal conductivity in all directions can be almost equally
and moderately affected by pressure, such as Si [38,39].

IV. CONCLUSION

In summary, we investigated the cross-plane CLAP be-
havior in bulk Sb2S3 under hydrostatic pressure using
femtosecond pump-probe spectroscopy. As pressure was el-
evated from 1 atm to 5.06 GPa, the CLAP group velocity
exhibited an increase by a factor of 1.68. First-principles cal-
culations revealed that the cross-plane phonon group velocity
increased by a factor of ∼1.63 with increasing pressure, very

consistent with experimental results. Our calculations indicate
that the modified phonon dispersion gives rise to the observed
growth of the pressure-induced CLAP group velocity and
a possible decrease in phonon lifetime. Basically, a higher
phonon group velocity could enhance lattice thermal conduc-
tivity, while a decreased phonon lifetime might reduce it. The
precise determination of thermal transport modulation under
varying pressures remains challenging due to the intricate
interplay between these two factors. Nevertheless, our find-
ings shed light on potential predominant mechanisms within
Sb2S3 that influence thermal transport, offering insights for
future thermal management strategies via strain engineering.
Finally, our results suggest that femtosecond pump-probe
spectroscopy is well suited for the study of lattice dynamics
under extreme conditions and can be extended to electronic
and phononic studies in related vdW solids.
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