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Ultrafast carrier and phonon dynamics in Bi,Se; under high pressure
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The nonequilibrium carrier and phonon dynamics in Bi,Se; was studied by a combination of Raman scattering
and ultrafast optical pump-probe spectroscopy at high pressures up to 31 GPa. Detailed analysis reveals that
the pressure dependence of the relaxation time and the damping rate of the Al . phonon mode exhibit an
anomaly around 3 GPa supporting the occurrence of an electronic topological transition. At higher pressure,
the transient reflectivity spectra manifest discontinuous changes around 11.5, 18.9, and 28 GPa, which can
be assigned to the structure transitions as evidenced by the Raman spectra. Especially, low-frequency phonon
modes, corresponding to the A, phonon modes in the monoclinic C2/m phase, were identified in both Raman
and transient reflectivity spectra in the pressure range of 11.5 to 18.9 GPa. These results not only provide crucial
insights into carrier-phonon interaction of Bi,Se; under high pressure, but also pave the way for investigating
the pressure-induced phase transitions from transient reflection spectroscopy.
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I. INTRODUCTION

Topological insulators are a class of materials with gap-
less surface states and insulating bulk states. Due to the
symmetry-protected band crossings with nontrivial topology
on their surfaces, they are promising candidates as functional
materials in future electronic and spintronic devices [1,2].
The dynamic properties of quasiparticles play a critical role
in their potential applications. Bi,Ses is a prototype three-
dimensional topological insulator with the simplest possible
surface band structure [3-5]. Therefore, this star compound
provides an attractive platform to investigate the ultrafast
quasiparticle dynamics in topological insulators [6—8].

Ultrafast optical pump-probe spectroscopy is a powerful
tool for investigating the nonequilibrium quasiparticle dynam-
ics by disentangling different decay processes in the time
domain. It has been successfully employed to trace the re-
laxation processes of photoexcited quasiparticles in Bi,Ses
where multiple exponential decay components accompanied
by oscillations have been observed [9-14]. The fast decay pro-
cess occurring within a few picoseconds (ps) can be described
by the two-temperature model, in which the relaxation time
can be utilized to extract the electron-phonon (e-ph) coupling
constant [15]. The thickness-dependent measurements have
revealed interband relaxation involving surface states with a
timescale of 5-220 ps, despite the simultaneous excitation
of both bulk and surface states by the pump pulse [16,17].
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In addition, high-frequency and low-frequency periodic oscil-
lations in transient reflectivity are attributed to the coherent
optical and acoustic phonons, respectively [18-20]. The tem-
perature dependence of frequency and dephasing time of the
optical phonon can be well described by the anharmonicity
model [21,22], while the behavior of acoustic phonons can be
explained by the strain pulse propagation model [23,24].

Recently, ultrafast spectroscopy has been extended to high-
pressure conditions by combining with diamond anvil cell
(DAC) techniques [25-27]. High pressure can provide an
effective and clean way to precisely tune electronic and
structural properties of materials. Bi,Se; has a rhombohe-
dral structure (space group R3m) under ambient conditions.
A pressure-induced electronic topological transition (ETT)
or Lifshitz transition has been extensively observed at the
pressure range from 3 to 5 GPa [28-30]. The ETT charac-
terized by a topological change of the Fermi surface had been
demonstrated by Raman scattering spectroscopy [30-32], x-
ray diffraction [28,33], and transport experiments [34,35].
With further compression, Bi,Se; was suggested to succes-
sively transform into monoclinic C2/m and C2/c structures at
around 10 GPa and 20 GPa [29,31]. Subsequently, a fourth
phase above 28 GPa was first assigned to the cubic Im3m
phase and later to tetragonal /4/mmm [29,32,36].

In this work, we combine ultrafast pump-probe spec-
troscopy and Raman spectroscopy to investigate the nonequi-
librium quasiparticle dynamics in Bi,Se; under pressures up
to 31 GPa. Both the pressure dependence of the fast relaxation
time and the damping rate of the Al phonon mode give
support to the observation of the ETT around 3 GPa. In addi-
tion, the carrier relaxation and coherent phonon modes exhibit
discontinuous changes at 11.5, 18.9, and 28 GPa, respectively,
which can be attributed to the structural phase transitions

©2024 American Physical Society
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FIG. 1. (a) Transient reflectivity AR(t)/R, in Bi,Se; at different pressures. Inset: A logarithmic scale plot of the AR(t)/R, signal under
ambient conditions up to 780 ps. (b) Intensity map of the AR(#)/R, for initial 15 ps. (c) Intensity of AR(t)/R, at delay time of 0.6 ps as a
function of pressure. (d) Raman spectra of Bi,Se; at selected pressures. The spectra in the R3m phase are multiplied by 0.2 for the sake of

clarity.

at these pressure points. Furthermore, two low-frequency
phonon modes are identified in both the Raman spectra and
optical pump-probe spectroscopy in the pressure range of 11.5
to 18.9 GPa. These results provide crucial insights into the
pressure-induced changes in electronic topology and lattice
structures from the ultrafast reflectivity spectra.

II. EXPERIMENTAL METHODS

Single crystals of Bi,Ses; were grown by the flux method.
The optical pump probe spectroscopy under high pressure
is similar to the setup described in Ref. [25]. The opti-
cal parametric amplifier (Orpheus F) seeded by a 50 kHz
Yb:KGW amplifier (Pharos, Light Conversion) produced the
laser pulses with wavelength of 800 nm and pulse duration of
60 femtoseconds. The laser pulses were split into pump and
probe beams, with the former being converted into 400 nm
pulses using a BBO crystal. The collinear pump and probe
beams were focused onto the sample surface by using a
10x microscope lens with spot diameters of 25 and 14 pm,
respectively. For all the measurements, the incident pump
fluence was fixed at 120 uJ/cm?, and the probe fluence was
approximately one order of magnitude smaller than that of
pump. The relative reflectivity change of the probe beam
was recorded by the balanced detection and lock-in amplifier.
The quasihydrostatic pressure condition was achieved using a
DAC with the culet size of 300 um, in which KBr served as the
pressure-transmitting medium. The newly exfoliated Bi,Ses
crystal was mounted in the DAC along with a ruby ball. The

ruby fluorescence excited by a 532 nm CW laser was uti-
lized for pressure calibration. The Raman spectra under high
pressure were collected with a Jobin Yvon LabRam HR800
spectrometer equipped with a volume Bragg grating low-
wave-number suite, a liquid-nitrogen-cooled back-illuminated
charge-coupled device detector, and a 633 nm laser (Melles
Griot). A background curve from KBr at ambient pressure was
subtracted from the Raman spectra under compression.

III. RESULTS AND DISCUSSION

The relative change of reflectivity with respect to static
reflectivity (Ry), i.e., AR(t)/Ry = [R(t) — Ry]/Ry, is recorded
as a function of the delay time (¢) between the pump and
probe pulses. At ambient pressure, the AR(t)/Ry signal ini-
tially drops to a dip at 0.6 ps upon photoexcitation, followed
by a rapid rise entangled with fast periodic oscillations.
AR(t)/Ry exhibits a slow recovery on longer timescales and
low-frequency oscillations in the time range of 8 to 50 ps.
Such dynamics in BiySe; outside the DAC have been widely
studied, whereas the multiple exponential decay processes are
attributed to the carrier relaxation process and the oscillations
are assigned to the coherent phonon dynamics [12-18]. In the
following, we mainly focus on the high-pressure evolution of
the rich dynamics in Bi,Ses.

Figure 1(a) shows the AR(#)/Ry signals within an ini-
tial time window of 15 ps at representative pressures. The
detailed experimental data are summarized as a 2D color
map in Fig. 1(b). AR(#)/Ry changes significantly when the
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pressure is applied to BiySes;. To visualize the pressure-
induced variation of the photocarrier dynamics, the intensity
at 0.6 ps is plotted in Fig. 1(c). As the pressure increases,
the signal intensity gradually decreases to zero and suddenly
changes to a negative value around 11.5 GPa. Thereafter, it
changes little until 15.9 GPa and then decreases significantly.
The dip at 0.6 ps evolves into a peak around 18.9 GPa, which
remains almost constant, and then slightly decreases above
28 GPa. Meanwhile, the oscillations, manifested as stripes in
the color map, become increasingly pronounced as pressure
increases up to ~3 GPa, after which they remarkably weaken
up to 10.1 GPa. Clearly, the oscillation period monotonically
decreases in this pressure range. At 11.5 GPa, an appearance
of a new oscillation with longer period is evidenced, which
persists up to 15.9 GPa. With further compression, the oscil-
lation gradually decreases and fully vanishes above 18.9 GPa.

Previous studies of BiySe; have suggested the existence of
pressure-induced ETT at 3-5 GPa, and a structural phase tran-
sition sequence of R3m — C2/m — C2/c — Im3m struc-
tures at 10, 20, and 28 GPa, respectively [28-30]. However,
it was confirmed later that Bi,Se; possesses 14/mmm rather
than Im3m phase at high pressure above 28 GPa [32,36].
The ETT can lead to a U-shaped pressure dependence of the
linewidth (full width at half maximum) of optical phonon
modes, which has been extensively observed in Raman ex-
periments [30-32]. The occurrence of ETT near 3 GPa will
be demonstrated through a detailed analysis of ultrafast spec-
troscopy. In order to confirm the pressure-induced structural
phase transitions in Bi,Ses, the Raman spectroscopy at dif-
ferent pressures was measured. As shown in Fig. 1(d), three
distinct peaks are observed at ambient R3m structure, which
can be assigned to the Alg, E;, and A%g modes, respec-
tively [29,31,33,37]. The three modes manifest an obvious
blueshift in frequency as pressure increases. Several new
peaks emerge upon further compression to 11.8 GPa. Among
them, the new modes around 33.5, 44.9, and 53.4 cm™' are
in good agreement with theoretical frequencies of Bj, Ay,
and Aﬁ modes for C2/m structure, respectively [29]. This
implies a structural transition from the ambient R3m phase
to the monoclinic C2/m phase. Above 18.4 GPa, the Ra-
man peaks located at 153.5 and 175.1 cm™' [black arrows
in Fig. 1(d)] broaden significantly and disappear at higher
pressure. Besides, the intensity of the Raman peaks around
189.9 and 209.1 cm™! [red arrows in Fig. 1(d)] decreases by
half at 20.9 GPa. These results are in good agreement with
the previous reports, corresponding to the structural transition
from C2/m to C2/c phase [31,32,36]. The Raman modes
are almost indistinguishable at pressures above 27.4 GPa,

J
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where A and 7 represent the amplitude and relaxation time
of the nonoscillatory signal, respectively. The subscripts
(fast, slow, and slowest) are used to denote different re-
laxation processes. C is a constant offset. As shown in
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suggesting a structure transition into a body-centered tetrago-
nal /4/mmm phase [32,36].

Here we briefly discuss the potential impact of the pres-
sure transmitting medium (KBr) on the phase transitions of
Bi,;Se; under compression. It is known that KBr experiences
a first-order phase transition that occurs at 2.3 GPa [38].
Actually, no discontinuity was observed around this pressure,
neither in the transient reflectivity signals nor in the linewidths
and the peak separation of ruby fluorescence spectra (not
shown), indicating that the structure transition of KBr does not
affect the ETT in Bi,Ses. In addition, it had been demon-
strated that the appearance of the C2/c phase of BiySes is
very sensitive to the pressure environment, where it is absent
under nonhydrostatic pressure conditions [32]. As we have
discussed above, BiySe; undergoes a clear C2/m — C2/c
transition from the Raman spectra and the transient reflec-
tivity data, suggesting that KBr provides a quasihydrostatic
environment in our experiment. Based on these Raman re-
sults, the aforementioned discontinuous changes in ultrafast
spectroscopy at 11.5, 18.9, and 28 GPa are probably related
to pressure-induced structural phase transitions, which results
in the change of electric band structure. In the following
sections, we will discuss the decaying and oscillating com-
ponents in succession.

A. Ultrafast decay processes

We first focus on the nonoscillatory part of the AR()/Ry
signal that describes the photocarrier dynamics. Generally,
the photoexcited carriers redistribute their energies through
carrier-carrier scattering and thermalize to a quasi-Fermi-
Dirac distribution with the temperature of electron 7, much
higher than that of the lattice. Under ambient conditions,
photoexcitation results in a sharp drop in AR(t)/Ry due to the
carrier thermalization. The drop time of ~0.6 ps is longer than
the expected value (~0.3 ps) for typical semiconductors and
metals [39], which is consistent with the previous report in
Bi,Se; [13]. It was argued that the long drop time is attributed
to the presence of a short-lived positive decay component,
resulting from the ultrafast trapping of photocarriers by Se
vacancies. It is worth noting that a small peak just after the
photoexcitation emerges upon compression. Following the
thermalization, these hot carriers transfer their excess energy
to the lattice mainly through e-ph interaction, and finally es-
tablish a thermal equilibrium with the lattice. This process is
referred to as the cooling or relaxation of hot carriers. In order
to quantitatively analyze the carrier relaxation dynamics, we
fit the AR(t)/Ry signals after first dip/peak using the follow-
ing piecewise function:

P e (0,10.1] or [18.9, 31),

1
P € (10.1, 18.9), )

(

Fig. 2, the fitted curves are in excellent agreement with the
nonoscillating part of the experimental data over the entire
pressure range. The pressure dependence of the extracted re-
laxation time of the slow decay tgow is very similar to Teyg.
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FIG. 2. AR(t)/Ro in Bi,Se; at several selected pressures. The
solid lines are fits to the nonoscillatory response using Eq. (1).

Therefore, we only discuss the fast relaxation in the following
section.

The extracted relaxation time of the fast decay process
(trast) 1s presented in Fig. 3 as a function of pressure. Un-
der ambient conditions, the relaxation time of ~1.9 ps is in
accordance with the e-ph scattering time in angle-resolved
photoemission spectroscopy [40] and optical pump-probe ex-
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FIG. 3. Pressure dependence of the amplitude ratio Agjow /Afast
between the slow and fast processes and the fast relaxation time T,

periments in Bi,Se; [19]. At low-pressure range, Tr,s¢ quickly
increases with increasing pressure until it reaches a maximum
around 3 GPa, after which it starts to decrease quickly. In
Bi,Ses, a pressure-induced ETT in the R3m phase was sug-
gested at ~3 GPa, which results in a change in the topology
of the Fermi surface that redistributes the electronic density
of states (DOS) near the Fermi energy [28]. Therefore, the
anomaly of 7gg around this pressure is likely related to the
sudden change of the electronic band structure across the ETT,
which impacts the nonequilibrium carrier and phonon dynam-
ics. The e-ph relaxation in BiySe; can be described by the
two-temperature model [15], that is, g = 7wkpT,/ 3hr(w?),
where A({w?) is the second moment of the Eliashberg function
that describes the strength of the e-ph interaction. The car-
rier density in Bi,Se; increases on a logarithmic scale with
applied pressure, which suggests the increase of electronic
DOS near Fermi level [41], which would tend to promote
a lower value of electron temperature 7, [42], thus resulting
in a decreasing Tgg. On the other hand, the electron-phonon
interaction strength is closely connected with the dramatic
change in the band structure. The strong sensitivity of the e-ph
relaxation time 7, to pressure suggests the enhancement of
electron phonon coupling across the ETT. Upon further com-
pressing, the g, decreases first and then increases slightly
above 8 GPa. A similar pressure-induced feature is also ob-
served in Sb,Tes, which was attributed to the semiconductor
to semimetal transition [43,44]. As the pressure is increased
from 10.1 to 18.9 GPa, tf, gradually decreases and then
remains almost constant with further increases in pressure.

To further clarify the pressure effect on the carrier dynam-
ics, the amplitude ratio between the slow and fast processes,
i.e., Aslow/Atast, 15 plotted as a function of pressure in Fig. 3.
The Agiow/Afast decreases with increasing pressure up to
~3 GPa, after which it changes little in the R3m phase.
Besides the anomaly caused by the ETT, Agjow /Atast €xhibits
two discontinuous steps at 11.5 and 18.9 GPa, followed by a
slight decrease above 28 GPa. It is noted that these abnormal
pressure points coincide with the structure transitions of the
aforementioned Raman results. The sudden increase of the
weight of Ap,g after the first phase transition may be caused by
the sudden increase of carrier density around 11 GPa [35,45].
Especially, the amplitude of the fast relaxation component
evolves from negative to positive above 18.9 GPa. These
results suggest that the pressure-caused structure transition
results in significant changes of the electric band structure,
which finally impact the carrier relaxation processes.

B. Ultrafast coherent phonons

We now discuss the oscillatory components that describe
the coherent phonon dynamics. The residual oscillations
are extracted by subtracting the exponential decay back-
ground from the AR(#)/Ry signals, including high- and
low-frequency oscillations which can be attributed to the
coherent optical and acoustic phonon, respectively. A high-
pass filter with a cutoff frequency of 1.2 THz was applied
to remove the slowly varying component. Figure 4(a) shows
several typical time-domain oscillations at selected pressures,
while the pressure-dependent frequency-domain results are
summarized in Fig. 4(b). It is obvious that the coherent
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FIG. 4. (a) Extracted high-frequency oscillations at selected pressures. The black solid lines are the fits. (b) The Fourier-transformed spectra
as a function of pressure in the frequency domain. The upper panel shows the spectrum at 11.5 GPa, where the solid line is a Lorentzian fit.
(c) Damping rate (ypn) of A{g mode as a function of pressure in the R3m phase. (d) Optical phonon modes extracted from the transient
reflectivity (TR) and Raman scattering spectra in the pressure range from 11.5 to 18.9 GPa.

phonon mode changes significantly above the pressure of the
first structural transition.

In the R3m phase, the oscillations first strengthen with
pressure up to 3 GPa and then disappear gradually up to
around 10 GPa. To quantitatively analyze the properties of
coherent optical phonons, the time-domain oscillatory sig-
nals were reproduced by a damped sinusoidal function in
the form of Be™ " sin(27 f,t + ¢), where ypn, B, f,, and ¢
are the damping rate, amplitude, frequency, and initial phase,
respectively. The fitting results are in good agreement with
the experimental data, as shown in Fig. 4(a). The oscillation
has a frequency of 2.16 THz at room pressure, which is
consistent with the A] ¢ optical phonon frequency determined
by the Raman scattering [29-33] and previous pump-probe
spectroscopy [22—24]. The frequency increases monotonically
with increasing pressure, as shown in Fig. 4(b). Since the Al ¢
mode corresponds to vibration along the ¢ axis perpendicular
to the layers [18,46], the interlayer distance decreases upon
compression, enhancing interlayer coupling, and thereby re-
sulting in a blueshift in frequency [37,47]. The fitted damping
rate Y,y initially decreases slightly with pressure up to 3 GPa
and then increases under higher pressures, as depicted in
Fig. 4(c). In previous Raman-scattering measurements, sim-
ilar behaviors have been observed in the materials undergoing
an ETT, where the linewidth of the Raman modes changes
their slope crossing the ETT [30,48,49]. In principle, the
damping rate (inverse of lifetime) of the optical phonon is usu-
ally determined by phonon-phonon interaction. Therefore, the
anomaly of the damping rate around 3 GPa can be attributed to
the pressure-induced ETT, which affects the phonon dynam-
ics.

As shown in Figs. 4(a) and 4(b), the period and correspond-
ing frequency of the fast oscillatory component dramatically
changes as BiySe; transforms into a C2/m structure at

11.5 GPa. The central frequencies of the phonon modes are
determined from Lorentzian fits to the peaks in frequency
domain. As a representative example in Fig. 4(b), the two
extracted frequencies of 1.34 THz (~45 cm™') and 1.75 THz
(~58 cm™!) at 11.5 GPa are in good agreement with the
A; and A§ modes that are observed in the Raman-scattering
experiments. To the best of our knowledge, this is the first
time that these low-frequency phonon modes have been ob-
served by a combination of Raman and optical pump-probe
spectroscopy. Figure 4(d) summarizes the phonon frequencies
extracted from AR(t)/Ry signals and the experimental Raman
modes under different pressures from 11.5 to 18.9 GPa. Both
frequencies manifest blueshift with elevating pressure due to
the pressure-induced enhancement of interlayer interactions.
It is noted that these two phonon modes are significantly de-
creased around 16 GPa and weakened gradually in AR(¢)/Ry
upon further compression, while they tend to disappear more
slowly in the Raman spectra.

Finally, we comment on the pressure dependence of the
acoustic phonon mode. Figure 5 shows the low-frequency
components obtained by subtracting the high-frequency con-
tributions from the residual oscillations. The low-frequency
oscillations are attributed to coherent acoustic phonons arising
from the pump-induced periodic modulation of the dielectric
function along the ¢ axis. According to the pulse propagation
model, the frequency of acoustic phonons f; is determined by
the sound speed v, that is, f, = 2nv cos(8)/A [50], where n
is the refraction index of Bi,Ses; at the pump wavelength A,
and 6 is the incident angle of the pump beam. As shown in
Fig. 5, the period significantly decreases with delay time due
to energy relaxation of acoustic phonons [12]. For simplicity’s
sake, we define the time interval Ar between the second
wave valley and peak as the half period of oscillation to
trace the pressure evolution of the coherent acoustic phonon.
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sures. The dashed lines in the figure are guides for the eye.

Apparently, the Ar moderately declines with increasing pres-
sure. This phenomenon is mainly due to an increase in sound
speed under pressure, as a result of the gradually decreasing
interlayer distance and the increasing interlayer interaction
with pressure.

IV. SUMMARY

In conclusion, we have traced the pressure evolution of
carrier and phonon dynamics in Bi,Se; by a combination of
Raman scattering and optical pump-probe spectroscopy. Both
the Raman spectra and transient reflectivity manifest discon-
tinuous changes around 3, 11.5, 18.9, and 28 GPa, which
can be attributed to the phase transitions. Detailed analysis
reveals that the photocarrier relaxation time and the damping
rate of the A} . phonon mode exhibit anomalies around 3 GPa
supporting the occurrence of ETT. At higher pressure, sig-
nificant evolution of quasiparticle dynamics can be attributed
to the structure transitions. In addition, three low-frequency
Raman-active modes, i.e., B;, A;, and A;, are observed in
the C2/m phase by the Raman spectra, while the two A,
modes can also be resolved in the transient reflectivity which
reveals pressure-induced blueshift in frequency. These results
not only provide crucial insights into carrier-phonon interac-
tion in Bi,Ses under high pressure, but also pave the way for
investigating the pressure-induced phase transitions from the
transient reflection spectroscopy.
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