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ABSTRACT: As a 3D topological insulator, bismuth selenide
(Bi,Se;) has potential applications for electrically and optically
controllable magnetic and optoelectronic devices. Understanding the
coupling with its topological phase requires studying the interactions
of carriers with the lattice on time scales down to the subpicosecond
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regime. Here, we investigate the ultrafast carrier-induced lattice o . : :
contractions and interlayer modulations in Bi,Se; thin films by time- o “
resolved diffraction using an X-ray free-electron laser. The lattice RV o =
contraction depends on the carrier concentration and is followed by X
an interlayer expansion accompanied by oscillations. Using density . . A
functional theory and the Lifshitz model, the initial contraction can . \/\ 7z .

be explained by van der Waals force modulation of the confined free
carrier layers. Our theoretical calculations suggest that the band
inversion, related to a topological phase transition, is modulated by
the expansion of the interlayer distance. These results provide insights into the topological phase control by light-induced structural
change on ultrafast time scales.
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ismuth selenide (Bi,Se;) is a well-known thermoelectric Bi,Se; carrier—lattice interactions couple with the vdW
material,”” a V—VI semiconductor, and 2D van der Waals structures, however, needs to be investigated by direct
(vdW) material® consisting of quintuple layers (QLs). As a 3D observations. Using an X-ray free-electron laser (XFEL)*' 7%¢
. . 4—7 L. . S . A . . .
topological insulator,””" Bi,Se; has potential applications in atomic-scale lattice movements and distortions can be
. 8,9 . - h6,10-13 . .
optoelectronic™” and electronic devices and has been measured directly on a time scale of a few tens of
extensively studied. Furthermore, new applications have been femtoseconds.
suggested for heterostructures Vﬁth strong spin—orbit coupling Here, we show the ultrafast carrier-induced dynamics of the
and spin—momentum locking.™ It is therefore important to Bi,Se; lattice studied by ultrafast time-resolved X-ray
study ultrafast carrier-related intra- and interlayer changes in diffraction (UTXRD). The excited carriers induced a lattice

the structure to manipulate the carriers in a topologically
nontrivial, quasi-2D-layered system.''~'*'>~7
Time-and-angle-resolved photoemission spectroscopy
(trARPES) was used to study the relaxation dynamics of
optically excited carriers decaying through the surface state
(SS),"® as well as oscillatory modulations of the electronic
structure in the bulk and S$Ss.'"” Using transient laser
reflections, longitudinal optical (LO) phonons with meas-
urable carrier relaxation times were observed during electron—
LO—phonon scattering.”® These observations revealed a
carrier relaxation mechanism representing a hybrid between
one dominated by bulk polar phonon interactions and one
dominated by surface electron—lattice interactions. How the

contraction that lasted up to 10 ps. Due to a confined layer of
free carriers, high laser fluence may saturate the contraction.
The contraction was followed by a lattice expansion that lasted
tens of picoseconds and interlayer vibrations with breathing
and interface modes. The vibrations were caused by
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Figure 1. Strain evolution observed at the (006) Bragg peak. (a) The (006) Bragg reflection before laser excitation. (b) The mean intensity of the
(006) Bragg peak in the range of 0.08 A™' along Q,, after the time delay. The intensity profile at At = 0 is marked by the blue line. (c,d) Strain
evolution in a 16 QL Bi,Se; film for different laser fluences. Contractive strains are observed between time delays of 0 and 6 ps. The lattice is
subsequently released, and the strain rapidly turns expansive and is accompanied by oscillations. The strain evolution for the low fluences (<1.1 mJ
cm™2 in c) and the high fluences (>1.1 mJ cm™ in d) are shown in a different scale to show the amplitudes clearly. (e) Strain evolution in Bi,Se,

films with 7, 16, 26, 43, and 78 QLs at 1.0 mJ cm™ fluence.

modulating vdW forces restoring the out-of-plane distortions.
The carrier-induced vdW contraction was explained by density
functional theory (DFT) calculations employing the Lifshitz
model. We predict that an expansion in the interlayer distance
will be followed by an inversion in the topologically nontrivial
band state.

With a 500 fs time resolution and delays up to hundreds of
picoseconds, the UTXRD measurements were carried out at
the X-ray scattering and spectroscopy (XSS) beamline at PAL-
XFEL (Pohang, Korea).””*® X-ray pulses with a duration of
~20 fs were used to probe the sample at a time At after an
optical laser pump pulse. The bandwidth was AE/E ~ 1.6 X
107* at 9.7 keV and was provided by a Si(111) double crystal
monochromator. The X-ray pulses were focused by beryllium
compound refractive lenses (CRL) to a spot of size 20 X 20
um? full width at halfmaximum (fwhm) at the sample
location. A Ti:sapphire laser with an 800 nm wavelength and
pulse width of 100 fs fwhm was used as the optical pump. It
was p-polarized to the sample surface, and its angle of
incidence was 9.6° (i.e., larger than the X-ray incidence angle).
The laser provided effective fluences between 0.1 and 3.3 mJ
cm™? on the sample surface. After a time delay of Af
measurements were taken with the laser on and off and then
compared. The X-ray scattering patterns were recorded by a
2D “multiport charged-coupled device” (MPCCD) with a
frame rate of 10—30 Hz.

Figure la shows the (006) Bragg reflection, accumulated
over 60 shots, of a Bi,Se; sample with 16 QLs. Additional
features can be seen, such as fringes in Q,, due to the sample
thickness and diffuse scattering in Q,,. The thicknesses of the
samples were determined by X-ray reflectivity and by the
fringes (Aeringe) of the (006) Bragg peak (Figure S1). After
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laser pumping, an XFEL pulse probed the structure after a
delay At. Figure 1b shows the evolution of the mean intensity
of the (006) Bragg peak in the range of 0.08 A~ along Qy
from Figure la. The intensity profile at At = 0 is plotted as a
blue line. To locate the Bragg peak, the signal of the crystal
truncation rods was excluded from the raw data (Figure S2 and
Movie S1). The peak position was defined as the center of
mass (COM). From this, the strain was calculated by the
relation AQ/Qy, where Q; is the initiall COM at negative At
and AQ is its change after At. Since no changes were observed
in Qq, Q and AQ have a dependence only in Q.. Note that
compression is defined by a positive AQ. The strain as a
function of At for a 16 QL sample is shown with fluences of
0.1—1.1 mJ cm™ in the range from 0.04 to —0.5% in AQ/Q in
Figure 1c and with 1.1—-3.3 mJ cm™ in the range from 0.04 to
—3.0% in AQ/Q in Figure 1d. The data with 1.1 mJ cm™ are
shown in both for comparison.

Figure le shows the time-dependent strain of samples with
different thicknesses at a fixed laser fluence of 1.0 mJ cm™2
After laser excitation, a contractive strain was observed. The
time to reach maximum contraction depended on the sample
thickness and laser fluence. An expansion was then observed,
followed by a relaxation with oscillations at different
frequencies depending on the sample thickness.

Figure 2ab shows the changes in position relative to the
diffraction geometry (Figure S3) for the (006) and (015)
Bragg peaks after the laser excitation. The changes in Q, show
the same time behavior for both (006) and (015), with
magnitude for the (006) by a factor of ~6/S larger than for the
(015) as expected; the changes in Q,, showed no difference
(Figure S4). We infer the possibility that a change in the
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Figure 2. Interlayer vibration modes and relaxation fits to strain curves. (a,b) Position change of the (006) and (015) Bragg peaks in the Q, and Q,
directions. (c—f) Example of the steps in a strain-curve fitting with a 16 QL sample and 1.0 mJ cm™ fluence; see text for details. (g) Relaxation
damping constant 7}, for 16 QL (closed squares) and 26 QL (open circles). The red and blue symbols correspond to the values derived from data
obtained at XFEL and the synchrotron source, respectively. (h) 73, for 16 QL (squares) and 26 QL (circles) derived from data obtained at the
synchrotron. (i) Oscillation frequencies for the breathing (red) and interface (blue) modes for Bi,Se; films with different thicknesses. The error
bars denote the 95% confidence intervals. The measured Raman frequencies are plotted as squares. The solid red line represents the fit to the
breathing mode model. (j) Propagation velocities for the breathing mode are plotted as blue circles. The error bars denote the 95% confidence
intervals. The triangle and square represent the measurements obtained by Raman spectroscopy (ref 31) and ultrafast laser reflection (ref 32),

respectively.

interlayer distance plays a dominant role in the out-of-plane
dynamics.
The oscillations and relaxations are modeled by

it T i
fﬁt = Z,‘:l [Aosce Ve cos Z”f;SC (t - (ﬁ,)]
1 : f
Al T
+ Z,‘:l rlx€ (1)

where Ay, Toeo and f, are the amplitude, damping constant,
and oscillation frequency for the ith component, respectively.
Ay, and 7, are the relaxation amplitude and damping constant
for the jth component, respectively. Figure 2c—f shows the

m

8556

detailed fitting procedures and results for a 16 QL sample with
1.0 mJ cm™ laser fluence. Over the entire time range At < 400
ps, we fit a single exponential relaxation term (I = 1, Figure 2c).
After subtracting this term, two superposed damping
oscillations (Figure 2d) with high (i = 1, Figure 2e) and low
(i = 2, Figure 2f) frequencies were analyzed. For an extended
range of At, additional damping constants are needed to model
the strain relaxation. Figure 2gh shows the damping constants
7}, and 73, for both 16 and 26 QL samples, respectively. The
error bars represent the 95% confidence intervals. For At <
1000 ps and the 16 QL sample, the average 7}, is 336 =+ 36 ps.

However, for At > 1.5 ns, that is, when the coherent motion of

https://doi.org/10.1021/acs.nanolett.1c01424
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the lattice diminished and thermal processes dominated, an
additional damping constant, 73, = 3.66 + 0.29 ns, is required.
The results do not change significantly with fluence (Figure
SSa). The damping constants for the 26 QL sample are greater
than those for the 16 QL sample, implying that thermal
diffusion takes longer through the thicker sample. Results for
other sample thicknesses are provided in the Supporting
Information (Figure SSb).

In a plot of the oscillation frequencies, Figure 2i shows two
distinct components: a high frequency (red) and a low
frequency (blue). The measurements obtained by circularly
polarized Raman spectroscopy (squares) are compared to
those obtained by fitting a simple linear chain (SLC) model
(line). We measured Raman spectra with circular polarization
to distinguish out-of-plane and in-plane components without
any mixing features. Detailed selection rules for A;, and E,
phonon modes by circular polarized Raman spectroscopy are
explained in the Supporting Information. Figures S6 and S7
show all four phonon modes (lEg, zEg, lAg, and 2Ag) and
compares the relevant breathing and shear modes with the
SLC model. The high-frequency mode is taken as the lowest
frequency interlayer breathing mode in an SLC model (Figure
2i, inset). For out-of-plane motions, the QLs (spheres) are
bonded together by vdW forces with elastic constant K,. The
force constant between the QLs and the substrate is K. Since
K, < K, for the 2D materials on the substrates " the
eigenmode frequencies can be written as

\/ K [(a - l)ﬁ)]
5|1 — cos| ———
2ur’c N (2)

where a = 1 corresponds to the zero-frequency acoustic mode,
and a = 2, .., N to the interlayer breathing modes when K =
K,. The constant c is the speed of light, and y is 7.5 X 107° kg
m ™ for a single QL of Bi,Se;. Fitting eq 2 to the data in Figure
2i gives K, = 5.48 X 10" Nm™ for the breathing mode. The
breathing mode frequencies obtained from UTXRD and
Raman spectroscopy are quantitatively compared to the SLC
model in Table SI in the Supporting Information. Although o
= 2 was taken as the lowest order of the breathing modes, the
low-frequency mode does not resemble the breathing or
shearing modes expected in interlayer vibrations. We call this
the interface mode for the following reason. Since our UTXRD
measurements are sensitive to out-of-plane motions, this mode
presumably represents the sample density fluctuations caused
by acoustic waves at the sample—substrate interface, subjected
to strong interlayer bonding (K, > K;). For each sample
thickness, K; = 4(mcw;)*Nu. The calculated (K,/K,) ratios
shown in Table 1 are comparable to those for Bi,Tes;.’' In
principle, the interface modes can be observed in the Raman
measurement but could not be observed because the Raman
shifts for the interface modes of Bi,Se; are too small. In Figure
2j, the acoustic sound velocities calculated for the breathing
mode are compared to the values obtained by Raman

Wy

IR

Table 1. K; Values Obtained from the Results with a Simple
Linear Chain Model with a Nonzero Substrate Force
Constant and K;/K, Ratios

thickness (QLs) 7 16 26 43 78
K; (X10'® Nm™3) 435 326 2.98 1.90 1.24
K/K, (x107%) 843 7.67 4.18 2.54 1.48

31 . . .32
measurement” (triangles), transient laser reflection

(squares), and the lon%itudinal and transverse values (lines)
calculated for the bulk.”® Our results, showing a dependency
on film thickness, are consistent with those in ref 32. This
could be due to the coupling of the oscillations (breathin§
mode) and shear components with the boundary conditions.

Figure 3a shows the fluence-dependent contractive strain
curves (At < 8 ps) for the 16 QL sample described in Figure
1c,d. The contractive strain data (dots) are shown with fitted
error functions (lines). The maximum compression (squares)
and corresponding At (open circles) are also shown. At a
fluence of ~0.4 mJ cm™2, the contraction saturates at AQ/Q; ~
0.027% but is tapered during the interval At. In this region, we
did not observe intralayer LO optical phonon modes at 2.19
THz*® due to the limitation of the time resolution of our
experiment. In addition, the decay time constants for LO
phonons are between 1.5 ps (6 nm film) and 3.11 ps (40
nm)?*® with the same laser excitation energy as we used.
Therefore, it is difficult to extract the modulation near the
peak. After contraction, the expansion reaches a maximum at
~20 ps, independent of the fluence. Figure 3b shows the
maximum expansive strain as a function of fluence for the same
16 QL sample. The inset shows an enlarged range of up to 0.5
mJ cm ™2 Unlike compression, the expansion is linearly related
to the fluence and does not saturate.

To understand how the initial compressive strain is related
to the fluence-dependent carrier density (n), we calculated the
latter by measuring the transmittance and reflectance values
(see Supporting Information). To determine how fluence
affects the contraction time, we compared our results with
those obtained in a study using trARPES'® and an 800 nm fs
laser for excitation. A 26 uJ cm™ fluence corresponds to 0.1 m]
ecm™ (24 uJ cm™? absorbed fluence, after considering
transmittance and reflectance) in our measurement. Figure
3c shows the strain curve of fluence of 0.1 mJ cm™2 The 2.47
ps taken to reach maximum contraction is in good agreement
with the 2.5 ps'® taken for the carriers to completely relax by
scattering from the higher-lying states after they populated the
SS and bulk conduction band (BCB) within 0.7 ps of
excitation. Since the X-ray penetrates the entire 16 QLs, the SS
population is negligible. The observed contractions are
therefore attributed to the carriers that populated the BCB.
We estimated the proportionality of the time-dependent BCB
population depending on the fluences by the double Gaussian
fit of the BCB population shown in Figure 1a [black line (3)]
of ref 18. The fluence-dependent contractive impulse can be
obtained by integrating the square root of the BCB population
using the absorbed fluence. The maximum contraction value
increases as the fluence increases before the saturation is
reached. For fluences above that needed to saturate the
contraction, the time to reach the saturation is reduced with
increasing fluence.

To relate the density of the excited carriers to the magnitude
of the lattice contraction, we used the Lifshitz model.** By
considering the dielectric function, this model explains the
vdW force between metallic surfaces separated by distance (1),
which is small compared to the wavelengths of the fluctuating
field. We note that a carrier slab can be retained for several
picoseconds after laser excitation due to the anisotropy in
electric transport™ and the formation of a cylindrical Fermi
surface.*®”” The vdW gap might not be entirely insulating, but
the conductivity along the stacking direction of QLs is
significantly smaller than the conductivity in the basal plane
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Figure 3. Interlayer contractive strain and maximum expansive strain on a 16 QL Bi,Se; sample. (a) Contractive strain for different fluences up to
time delay of 8 ps. The data points (dots) are plotted with the error functions (lines). The maximum contractive strains and their corresponding
time delays are plotted as squares and open circles, respectively. (b) Maximum expansive strain as a function of laser fluence for the 16 QL sample
from Figure lc,d. The laser fluence ranges from 0.1 to 3.3 mJ cm™ The maximum lattice expansion scales linearly with fluence. The maximum
expansive strains were taken as the minima in the strain curves. For each time delay, the center of mass is averaged over the measurements, and the
error bars represent the standard deviation. (c) Compressive strain as a function of time delay for 1 mJ cm™ fluence. The maximum contraction

occurred at a time delay of 2.47 ps.

for bismuth chalcogenides.*® The anisotropy in conductivity
might suppress carrier diffusion crossover vdW gap compared
to in-plane. With increasing carrier concentrations of Bi,Ses,
the anisotropy of the electrical conductivity increases, i.e.,
transport in the basal plane becomes even more preferential
due to the cylindrical change in the Fermi surface since
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electrons on the Fermi surface are generally responsible for
transport phenomena.‘%’37

Therefore, we assume that the excited carriers formed a
charge slab inside the QL, and each slab is separated by the
distance . At the high carrier density limit, where the plasma
frequency is much larger than the Drude damping term in the
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Figure 4. Theoretical analysis of interlayer distance contraction and expansion. (a) Maximum compressive stress is plotted against the carrier
density extracted from Figure 3a (red circle), with the Lifshitz model (line) overlaid. The stress data for carrier densities over 3.564 X 10%° (with 0.4
m]J cm™? fluence) were excluded since they were in the saturation regime. The inset shows the entire data set. (b) Calculated charge density (CD)
distribution along the c-axis of the crystal and the atomic configuration in a QL. To display the carrier distribution, we have aligned the y-axis of the
CD distribution with the atomic positions. The dashed lines represent the boundaries of the metallic surface in the Lifshitz model. (c) Projected
density of states (PDOS) of modulated interlayer distance, As, and the corresponding band structure in the vicinity of the I" point. The colored
lines indicate contributions by atomic orbitals. Band inversion occurs as the interlayer distance expands, resulting in the transition from topological
insulator (TT) to normal insulator (NI).

dielectric function, the Drude model gives the effective the CD of the valence band (VB) and the conduction band
pressure between charged slabs™® as (CB). The calculations are described in Supporting Informa-
tion. Figure 4b shows the CD and atomic configuration in a
AF = Shen single QL along the c-axis direction. DFT geometry
327 [2me, B (3) optimization gave the following intralayer distances: 1.58 A
for Se (outer)—Bi, 1.90 A for Bi—Se (inner), and 2.58 A for the
where 7 is the Planck constant, e is the elementary electron interlayer distance (s), which is the distance between Se
charge, m is the electron mass, €, is the vacuum permittivity, n (outer)—Se (outer) layers. The black dashed lines indicate
is the carrier density, and & = 2.04° is the Matsubara indentations I/2 from each edge of the QL (9.55 A). The CD
frequency. The stress is calculated by multiplying the elastic of the VB (cyan) shows electrons distributed around the Se
tensor component along the c-axis (Cs;) by the maximum atoms. The CD of the CB (purple) has a distribution that is
contraction in Figure 3a. Figure 4a shows the compressive diffuse within the dashed lines and decreases sharply outward,
stress on the 16 QL sample (circle) as a function of n and the reaching a minimum within the interlayer distance. As the
fit with eq 3 (line). The distance [ is 3.94 A from the fit and is region between the dashed lines contains most of the CB
larger than the interlayer distance of Bi,Se; (2.58 A) calculated carriers (>70%), we consider it as a charged slab with thickness
by DFT. This implies that in Bi,Se;, the charge density (CD) d = 9.55 — 1 (A). In other words, the carriers confined within
within a QL is responsible for the vdW attraction. Note that the slab (d) are responsible for the compressive strain.
the data with n > 3.564 X 10%° were excluded from the fit due To investigate how interlayer distance modulation affects the
to saturation (inset of Figure 4a). topological phase of Bi,Se;,'**® we calculated the band
After fitting eq 3 to the data, we wanted to explore the structures for different interlayer distances (s + As) while
meaning of the parameter [ in a QL. Using DFT, we calculated keeping the atomic structure within the QL fixed. The
8559 https://doi.org/10.1021/acs.nanolett.1c01424
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calculation is carried out for the ground state without
considering the carriers since most carriers are relaxed 20 ps
after the laser excitation. In particular, most of the energy
relaxation of the excited carriers is completed within 3 ps, after
which only the metastable population remains.'® The
exponential attenuation of the laser reflection shows that
most of the carriers relax within 10 ps after laser excitation.>
In addition, the polaron® effect can be considered if the
electron—phonon coupling is strong enough by the electron
overlap assisted by the lattice distortion, which might
accompany the broadening of the Bragg peak. In this work,
the observed lattice contraction corresponds to MPa of
pressure, that is, 3 orders lower than the pressure of several
GPa* to generate polarons.

The DFT-calculated band structure near the I' point and
corresponding projected density of states (PDOS) with
interlayer distance changes (As in inset) are overlaid in Figure
4c. The atomic orbitals are indicated by colored lines. The
PDOS shows that as As expands, p, orbitals contribute to the
inversion state, but the p, orbital contribution remains
constant regardless of inversion. According to our observa-
tions, with increasing laser fluence, the lattice expands linearly
after the carrier-induced contraction. For a 3.3 mJ] cm™>
fluence, the out-of-plane lattice parameter expands to 29.43
A, 0.79 A larger than the equilibrium state. We attribute most
expansion to a coherent interlayer distance modulation since
neither significant in-plane lattice change nor evidence of
lattice thermalization has been observed on this time scale. In
the DFT calculations, the energy gap between the inverted
states narrows when the interlayer distance expands. The band
is inverted when the interlayer distance expansion exceeds 0.34
A, predicting a topological phase transition to a normal
insulator. Similar dimensional crossover related to the vdW gap
was discussed with a maximum of 4% strain generated by
external stimuli, that is, mechanical bending force.>> In this
work, the largest observed interlayer distance expansion is 0.26
A; the corresponding energy band gap is 0.06 eV—a reduction
of 0.24 eV compared to the equilibrium state. This suggests
that the topological phase is optically tunable on an ultrafast
time scale. We carried out additional DFT calculations to
estimate the band gap change when the interlayer contraction
occurs. As a result, we obtained the band gap changes of 1-2
meV for 0.2 pm contraction (i.e., the maximum value observed
in our study) and a conduction band shift of 1—3 meV.

In conclusion, we have studied the lattice dynamics of Bi,Se;
on ultrafast time scales, observing the consecutive dynamical
phases induced by carrier excitation. During At< ~ 6 ps, due to
the presence of a concentrated layer of carriers within a QL, an
impulsive contraction is induced by modulating vdW forces. By
performing DFT calculations with the Lifshitz model, we
found that the carrier layer is 5.61 A thick, with 70% of the
carriers occupying the CB. As the contraction is reversed by
carrier—lattice interaction, we observed breathing and interface
mode oscillations. The vibration modes of the interlayer
oscillations are assigned by an SLC model. The linear
relationship between the sample thickness and damping
constants of the oscillations and relaxations suggests a role
for thermal diffusion. The Bi,Se; samples undergo maximum
interlayer expansion at the beginning of the interlayer
oscillations. How the topologically inverted states near the
Fermi level are modulated is explained quantitatively by the
expansion of the interlayer distance. With an expansion of ¢ by
0.26 A, the bulk band gap is expected to narrow to 0.06 €V.
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Hence, a topological phase transition to a normal insulator is
predicted for an expansion larger than 0.34 A. We show the
possibility to control the interlayer distance by laser excitation,
such as light-induced phase control, that can reach the regime
of the crossover band gap. These findings may provide insights
relevant to applications that utilize the ultrafast topological
states in 2D topological insulators.
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Bi,Se;, bismuth selenide; vdW, van der Waals; QL, quintuple
layer; trARPES, time-angle-resolved photoemission spectros-
copy; SS, surface state; LO, longitudinal optical; XFEL, X-ray
free-electron laser; UTXRD, ultrafast time-resolved X-ray
diffraction; DFT, density functional theory; XSS, X-ray
scattering and spectroscopy; CRL, beryllium compound
refractive lenses; fwhm, full width at half-maximum; COM,
center of mass; SLC, simple linear chain; BCB, bulk
conduction band; CD, charge density; VB, valence band;
CB, conduction band; PDOS, projected density of state
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