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ABSTRACT

Td-WTe; is a topologically nontrivial material and exhibits a variety of physical properties, such as giant unsaturated magnetoresistance and
the unconventional thermoelectric effect, due to its topological nature. It is also known to exhibit ultrafast topological phase transitions that
restore its inversion symmetry by intense terahertz and mid-infrared pulses, and these properties demonstrate the possibility of ultrafast con-
trol of devices based on topological properties. Recently, a novel photo-induced topological phase transition by using polarization-controlled
infrared excitation has been proposed, which is expected to control the material topology by rearranging the atomic orbitals near the Weyl
point. To examine this topological phase transition, we experimentally studied the excitation-polarization dependence of the infrared-induced
phase dynamics in a thin-layer of Td-WTe,. Time-resolved second harmonic generation (SHG) measurements showed that SHG intensity
decreases after the infrared pump regardless of the polarization. Polarization-resolved infrared pump-probe measurements indicated that the
polarization-selected excited state relaxes quite rapidly (i.e., within 10-40 fs). Considering these experimental results, we conclude that it is
difficult to control the photo-induced phase transition through orbital-selective excitation owing to the rapid loss of carrier distribution cre-
ated by polarization-selective excitation in thin-layer Td-WTe, under our experimental condition. These results indicate that the suppression
of the electron scattering process is crucial for experimentally realizing the photo-induced phase transition based on the polarization selection
rule of the materials.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0086398

the number of experimental examples is limited.”*'"'* Compre-
hending the details of topological phase transitions in individual
materials experimentally is, therefore, of paramount importance for
the adaptation of controlling topological properties to a wide range
of systems.

Td-WTe, is a layered van der Waals material with stacking
along the ¢ axis, and it has in-plane a and b axes orthogonal to
each other as shown in Fig. 1(a)."""” The Td phase of WTe, is
a type of topological material called “non-centrosymmetric type-
IT Weyl semimetal,”’* ' which is characterized by the presence of

Crystalline solids having a band structure with nontrivial
geometry are called topological materials, and they can be classified
by their topological invariants, which differ from that of ordinary
metals and insulators.' " Topological materials exhibit an edge or
surface state that is topologically protected against disorder, and
they show unique physical properties determined by the topolog-
ical invariant. Controlling those topological properties is a crucial
problem for producing the next-generation of electronic devices.
One method for controlling such topological properties is optical-

pulse excitation.”'* For example, several photo-induced methods
for controlling topological properties have been reported, such as
controlling the gap in the Dirac node’ in a Dirac semimetal and
controlling the photo-induced Hall effect in graphene.”” However,

pairs of Weyl points with opposite chirality and linear band dis-
persion around them.” Due to the existence of Weyl points, WTe,
exhibits properties such as giant unsaturated magnetoresistance,'®
an unconventional Nernst effect,'” and an anomalous Hall effect.”"*!
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FIG. 1. (a) Crystal structure of Td-WTe,. The unit cell is indicated by solid rect-
angles. The direction in which inversion symmetry is restored is shown by the red
arrows. These images were generated by using VESTA.'® (b) Schematic of orbital-
selective excitation.?” The main atomic orbitals involved in excitation with photon
energy of 0.5-0.8 eV are labeled. The right-side and left-side arrows in the dia-
gram represent the transitions with linearly polarized light along the a and b axes,
respectively. This diagram is adapted from Guan et al., Nat. Commun. 12, 1885
(2021). Copyright 2021 Author(s).

On the contrary, the metastable 1T’ phase in WTe;, has inversion
symmetry and is a topologically trivial metal with no Weyl point.”?
Although it is difficult to realize the topological phase transition
from Td to 1T’ phase by changing static parameters, such as pres-
sure’” and temperature,” it can be relatively easily induced through
optical-pulse excitation.'”” This phase transition was first observed
in an experiment using THz pulses by Sie et al.'! They suggested
that inducing a shear displacement in the direction of the arrows,
as shown in Fig. 1(a), which corresponds to the normal coordi-
nate of the shear mode at 0.23 THz, is the dominant factor in
this phase transition. The same transitions were also reported to
occur with mid-infrared'' and visible”® photoexcitation. A similar
material, namely, MoTe,, shows a bidirectional Td-1T’ phase tran-
sition;”® however, WTe; only shows a Td-to-1T’ phase transition.
Recently, it is predicted that a novel transition to a topologically dis-
tinct phase with enhanced non-centrosymmetric order may occur
under different excitation conditions by Guan et al.”’

The way to achieve a novel phase transition is directly linked to
so-called “orbital-selective excitation,”’ which can be understood
as a kind of pleochroism.”® For example, in a crystal with transi-
tion metal ions, the degenerated d-orbitals are split by the crystal
field. The selection rule for the transition between the split orbitals
(d-d transition) is determined by the symmetry of the orbitals and
the direction of linear polarization. These transitions result in the
changes in material color when observed at different angles because
the photon energy absorbed differs according to the polarization,”
and it has been confirmed to occur in many solid crystals.”® Orbital-
selective excitation”” also reflects the symmetry of the orbitals before
and after the transition; however, it differs in that it utilizes the
topological property of band inversion near the Weyl points. This
property allows polarization-selective exclusive excitation at dif-
ferent regions in the k-space for the same photon energy in the
infrared region (0.5-0.8 eV). A schematic band structure near the
Weyl point’’ is shown in Fig. 1(b).The arrows indicate the allowed
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transitions at a photon energy of 0.5-0.8 eV for Fermi energy level
Er. For transitions along W-T, according to their theoretical calcu-
lation,”” the valence band is mainly composed of dy, and P and the
conduction band is mainly composed of d,.. The transition-matrix
elements are, therefore, finite for linear polarization along the g axis,
while the transition is forbidden for that along the b axis. In con-
trast, along X-W, excitation with linear polarization along the a(b)
axis is forbidden (allowed). Such orbital-selective excitation should
realize a different carrier distribution that may promote a differently
directed shear displacement.”” As a result, the excitation polarization
along the a axis is expected to restore the inversion symmetry, which
is a conventional transition, while that along the b axis may cause
a phase transition that enhances the intrinsic non-inversion sym-
metric order. This newly proposed phase is topologically different
from Td and 1T’ phases because the annihilation of the Weyl points
occurs in a different way than restoring the inversion symmetry. The
previous study has reported the restoration of the inversion symme-
try isotropic to the excitation polarization in terahertz or far-infrared
region, where the orbital-selective excitation is not effective.'’
However, neither the excitation-polarization dependence in the
infrared region, where the orbital-selective rule is valid, nor the
phase transition caused by orbital-selective excitation has been
reported. In addition, it is non-obvious how the scattering mecha-
nism works for the orbital selectively excited carrier distribution.

In this study, to verify photo-induced phase-transition dynam-
ics reflecting the orbital-selective excitation, we conducted time-
resolved second-harmonic generation (TR-SHG) measurements®’
with polarization-controlled infrared excitation. The excitation pho-
ton energy was taken near the Weyl point between 0.5 and 0.8 eV in
order to satisfy the orbital selection rule. We found that only the
transition that restores the inversion symmetry occurs regardless of
the excitation polarization under certain experimental conditions.
To investigate the origin of the excitation polarization-independent
transition, we first used infrared pump-probe measurement to
determine the timescale over which an anisotropic carrier distribu-
tion depending on the excitation polarization is maintained. Then,
we estimated the relaxation time by the discrete four-level model to
be about 10-40 fs. Based on these two experimental results, we con-
cluded that the orbital-selective phase transition cannot be realized
due to rapid inter-orbital relaxation.

We prepared a thin-layer Td-WTe, sample by mechanical
exfoliation technique from the bulk crystal purchased from 2D
Semiconductors and transferred it onto a synthetic quartz substrate.
We used the sample whose thickness is thinner than the penetra-
tion depth (8 ~ 100 nm) of infrared light’' ** so that it was possible
to excite the sample uniformly. To prevent sample degradation,””
we used a home-built vacuum chamber to keep the sample under
vacuum during experiments. The point group of the thin-layer
Td-WTe; is C; because the symmetry operation with translation
(: Cy, 0p) is broken at the surface.”””® Therefore, we determined
the in-plane crystal orientation by using symmetry analysis of
SHG polarization®* for normal incidence’”™ (see the supplementary
material, Fig. S3). On the other hand, the point group of the
thin-layer 1T'-WTe, is Cy,, which is considered to be the
metaphase when the inversion symmetry is restored by the photoex-
citation. Since the Cyj, has an inversion center, SHG is prohibited for
any in-plane polarization direction for normal incidence.
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To clarify whether an orbital-selective photo-induced phase
occurs, first, we measured the changes in SHG intensity after
infrared excitation. Since the SHG is sensitive to the presence
or absence of the inversion symmetry of the crystal, TR-SHG
measurement is an effective tool for probing changes in non-
centrosymmetric order during the phase transition.'" A schematic
diagram of the experimental setup for TR-SHG measurement is
shown in Fig. 2(a). The laser source is a Ti:sapphire regenerative
amplifier (pulse width: 35 fs; center wavelength: 800 nm; and rep-
etition rate: 1 kHz). Pulses with photon energies of 0.57 eV (“idler”)
and 0.99 eV (“signal”) were simultaneously generated by using an
optical parametric amplifier (OPA) (Light Conversion TOPAS-C).
The photon energy of the idler was set in the region where the
orbital-selective excitation is expected. The idler was used as an exci-
tation pulse to induce the phase transition, and the signal was used
as a probe pulse for SHG. The time resolution of the measurement
setup was estimated to be ~220 fs (full width at half maximum,
FWHM) from the cross correlation measurements between the
pump pulse and the probe pulse in a thin GaSe crystal. To gener-
ate the expected orbital-selective excitation, the polarization of the
idler was controlled to be parallel to the a or b axis. The polarization
of the probe pulse was set parallel to the b axis, and only the SHG
of the probe pulse was detected by a Si-CCD camera (DU920P-OE,
Newton) equipped with a spectrometer (Kymera 193i, Andor). In
Td-WTe,, Fermi energy shifts by ~50 meV from room temperature
to a temperature below 170 K.*' To perform the experiment under
the condition assumed by the theory,”” the sample temperature was
settobe 11 K.

Time-delay dependences of change in the SHG intensity for
the two (a and b axes-parallel) excitation polarizations at photon
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FIG. 2. (a) Schematics of TR-SHG measurement (SPF: short pass filter; CCD:
charge-coupled-device camera). (b) TR-SHG measurements for different excita-
tion polarizations with photon energy of 0.57 eV at 11 K. The probe pulse is linearly
polarized along the b axis, and the pump fluence is 2.8 mJ/cm?. To separate the
oscillation components, a fitting function that has finite rise time decays exponen-
tially was used (solid lines in the figure). (c) Oscillation components in transient
SHG intensity.
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energy of 0.57 eV are shown in Fig. 2(b). According to the figure,
the SHG intensity decreases by about 50%-60% for both (a and b
axes-parallel) excitation polarizations. This result agrees with that
in the case of excitation with photon energy of 1.55 eV (see the
supplementary material, Fig. $4), at which the orbital-selective exci-
tation is not expected to occur.”’” We also observed oscillation of the
signals, which is attributed to coherent phonon generation. When a
certain phonon displacement Q is induced by the infrared pump, the
SHG intensity polarized along the i axis I;(2w) is given as follows:*’

, xSy (20)
0Q

2 *
1i(20) o< |13 20)| + Re| 1 (20) Qt), ()

3)((2)
aQ

is proportional to the hyper-Raman tensor. Since the oscillation
component of the second term in Eq. (1) is sufficiently small
(ASHGosc/SHG ~ 0.05), the higher-order contributions of Q in the
SHG signal are negligible, i.e., oscillation of the SHG signal directly
reflects the coherent phonon motion. The observed oscillation fre-
quency (~0.2 THz) in Fig. 2(c) is attributed to the 0.23 THz shear
mode.'"*” When this shear mode is displaced in the direction that
enhances non-centrosymmetric order, the phase of oscillation is
shifted by 7 compared to that when the inversion symmetry is
restored; that is, the adjacent layers start to move in the direc-
tions opposite to the arrows, as shown in Fig. 1(a). Nevertheless,
as shown in Fig. 2(c), the observed relative phases are in agreement
regardless of excitation polarization. According to these results, we
conclude that the polarization of the infrared pump cannot be easily
used for controlling the photo-induced phase transition under the
above-described experimental condition. Only the transition to the
phase that restores the inversion symmetry' "’ occurs regardless of
polarization. We also carried out the above-described experiment
at room temperature (see the supplementary material, Fig. S5), and
the results of the experiment were similar to those obtained at 11 K.
Therefore, we conclude that the influence of the slight Fermi-energy
shift (~50 meV) on the photo-induced phase transition is negligi-
ble. In addition, we investigated the pump fluence dependence of
the SHG intensity (see the supplementary material, Fig. $6). The
amount of decrease in the SHG intensity tends to be proportional
to the pump fluence regardless of the excitation polarization, and
there is no significant change in the dynamics. Such a pump fluence
dependence of the SHG intensity can be interpreted as a continuous
transition from the Td to the 1T phase due to the displacement of
the equilibrium point on the energy potential related to the 0.23 THz
shear mode, which is usually considered in DECP** or impulsive
stimulated Raman scattering (ISRS)** model. These results suggest
that no sign of a selective phase transition appears in the pump
fluence range in our experiments.

Next, we performed infrared pump-probe measurement to
verify the timescale over which polarization-dependent carrier dis-
tribution is maintained. The experimental setup for degenerate
infrared pump-probe measurement in transmission geometry is
schematically shown in Fig. 3(a). The pump and probe pulses
with photon energy of 0.78 eV were generated by the OPA sys-
tem, and the time resolution of the system was estimated to be

where X(Z) is the second-order nonlinear susceptibility, and (
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FIG. 3. (a) Schematics of the infrared pump-probe measurement in the trans-
mission geometry (SF: spatial filter). (b) Infrared pump-probe measurements
performed at room temperature. The excitation intensity is 3.2 mJ/ecm?. The fit-
ting curve is shown by a solid line. This fitting was performed by corresponding
Egs. (3) and (4) to the results for each probe polarization, with 7, and 7, as com-
mon parameters. Each fitting parameter is listed in the supplementary material,
Table S1. The top of the graph shows the change in the SHG intensity [as in
Fig. 2(b)].

~90 fs (FWHM). An InGaAs balanced detector (1817-FS, Newport)
was used to improve the signal-to-noise ratio by suppressing the
common-mode noise due to laser intensity fluctuations. Since we
observed no clear temperature dependence of Fermi energy in
the above-described TR-SHG experiment, we performed infrared
pump-probe measurements at room temperature. The time-delay
dependence of transmission change AT/T for two probe polariza-
tions, where the excitation pulse is linearly polarized along the a axis,
is shown in Fig. 3(b). Both transmission changes tend to rise for a few
tens of femtoseconds and then decay in a few picoseconds. The oscil-
lating component should be originated from the in-plane phonon at
2.4 THz.* The spikes in the case of the parallel configuration contain
coherent artifacts, which are discussed henceforth.

To extract the relaxation time of orbital selectively excited
carriers, we consider the simplified model depicted in Fig. 4. As for
this model, we assume that orbital-selective excitations can be made
in Td-WTe;. Therefore, we consider carriers are excited only in a
specific band near the Weyl point (left side of the figure) initially,
which depends on the excitation polarization. After that, carriers
(i) spread over bands including those forbidden by orbital-selective
excitation due to inter-orbital relaxation, such as carrier—carrier
scattering, and (ii) relax to the metastable state by intra-band scatter-
ing via phonons. When the polarization of the probe pulse is parallel

ARTICLE scitation.org/journall/adv

k w k w

FIG. 4. Simplified view of the expected carrier dynamics in the presence of orbital-
selective excitation (W: Weyl point; yellow circle: electron; green circle: hole). The
figure shows the case that only the right side of the Weyl point is selectively excited
for excitation polarization at t = 0. (i) Inter-orbital relaxation due to carrier—carrier
scattering. (ii) Intra-band relaxation due to carrier-phonon scattering.

to that of the pump pulse, the peak of the transmission change due
to absorption saturation may appear immediately after excitation, as
also shown by conventional pump-probe measurement. In contrast
to the parallel case, when the polarization of the probe pulse is per-
pendicular to that of the pump pulse, the absorption saturation may
be delayed by the timescale of the inter-orbital scattering (right side
of the figure).

To estimate the timescale over which orbital-selective excita-
tion is maintained, we used the following fitting functions:

(52) - ftegwa= w0, ©
f(0), = (1 - e'é)(Ale’i +BL+ X (1)), (3)
7Oy = (1477 ) (a1 + B+ x0), ®)

Xi(t) o< cos(wt — ) ™ (i =1,2), (5)

where f,(t) is the response function of pump-induced change
and X;(t) is the function describing coherent phonon oscillation
(w ~ 2.4 THz). To incorporate the effect of finite pulse width, the
response function f,(t) was convolved with cross correlation func-
tion g(t) between the pump pulse and the probe pulse. 7y, T, andyp
represent inter-orbital (momentum) relaxation time, intra-band
relaxation time, and coherent phonon relaxation time, respectively.
The term corresponding to B, is introduced to describe the contribu-
tion of the metastable phase, and it is treated as an offset component
since the relaxation time is very long (typically >100 ps'') com-
pared to the typical timescale discussed in this paper. 7, is also fixed
as 15 ps for the same reason, and this value is roughly equivalent
to previous studies.” These formulas were obtained by solving the
rate equations of a four-level model with scattering, as described in
detail in the supplementary material, Sec. 4. As a result of the fit-
ting of experimental data in Fig. 3(b), a short inter-orbital relaxation
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time of 7, ~ 20 + 6 fs, which was less than the time resolution of the
experimental setup, was obtained. On the contrary, the intra-band
relaxation time is 7, ~ 3.3 ps, which is the same order of mag-
nitude as found in previous studies.””*° Note that it is necessary
to treat the observed peak near the time origin in Fig. 3(b) care-
fully in the case of the parallel polarization configuration. This is
because the observed peak contains a coherent artifact due to the
1 process between the ultrashort pulses.” It is difficult to extract
only the carrier dynamics from the experimental data including the
coherent artifact, so the area excluding that near the time origin
[shaded area in Fig. 3(b)] was fitted. Therefore, the inter-orbital
relaxation time is mainly determined by the fitting results in the
case of the perpendicular polarization configuration, and this result
does not contradict the experimental results in the case of the par-
allel polarization configuration. We also measured the inter-orbital
relaxation time in the case of excitation polarization parallel to the
b axis and found that 7, ~ 32 + 9 fs (see the supplementary material,
Fig. S8), which is almost the same timescale as that in the case of
a axis-polarized excitation. These results indicate that the depen-
dence of anisotropic carrier distribution on excitation polarization
relaxes rapidly (at least within the time resolution of the measure-
ment setup). Since the relaxation due to carrier—carrier scattering is
strongly suppressed in an ideal Weyl semimetal,*® the observed rapid
inter-orbital relaxation suggests the existence of higher-order many-
body effects, scattering through impurity,”” and multiband-induced
relaxation paths in the vicinity of Fermi energy.

Henceforth, we consider the characteristic timescale of the
reduction of SHG intensity. In the top of Fig. 3(b), the delay depen-
dence of the SHG intensity is plotted on the same timescale as
the pump-probe measurement. Notably, the timescale for the SHG
intensity to decrease (about 300 fs) is different from the timescales
of both inter-orbital relaxation and intra-band relaxation. It is also
inconsistent with the quarter period of the shear mode (1.1 ps),
which couples with the phase transition. This timescale suggests that
the observed reduction of the SHG intensity is not just probing the
displacement driven by the 0.23 THz shear mode.””"" Moreover,
Ji et al”> also noted a rapid decrease in the transient intensity of
SHG. A possible candidate for the cause of the rapid decrease in the
SHG intensity is thought to be the displacement of the in-plane lat-
tice associated with the 2-6 THz phonons."””’ Qi et al.”’ pointed
out the relaxation of the in-plane Peierls distortion by pulse irra-
diation, and Hein ef al.* mentioned the influence of high-frequency
phonons on the modification of electronic structure in the early stage
of phase transition. The mechanisms related to the development of
the phase transition are still under debate and need to be studied in
detail in future work.

In conclusion, we experimentally demonstrated that a novel
phase transition due to orbital-selective excitation does not occur
in Td-WTe, under certain experimental conditions. The time-
resolved measurements of SHG show that, in contrast to the
theoretical prediction, only the transition that restores the inver-
sion symmetry occurs independently of the excitation polarization.
According to the analysis of infrared pump-probe measurement,
this phenomenon may be because the inter-orbital relaxation is
extraordinarily fast compared to the phonon timescale involved
in the phase transition. Although no polarization-dependent phase
transition was observed in the present experiment, the possibility

ARTICLE scitation.org/journall/adv

of orbital-selective excitation cannot be rejected. If the dissipation
of the anisotropic electronic distribution can be suppressed with
the external control,”! it may be possible to induce the switching
phenomenon utilizing inhomogeneous carrier distribution.

See the supplementary material for the details of the four-level
model and additional experimental results.
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