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ABSTRACT

Weyl semimetal 7d-WTe: hosts the natural broken inversion symmetry and strong
spin-orbit coupling, which contains profound spin-related physics within a picosecond
timescale. However, the comprehensive understanding of ultrafast spin behaviors in
WTe: is lacking due to its limited quality of large-scale films. Here we report on an
anisotropic ultrafast spin dynamics in highly-oriented 7d-WTe: films using a
femtosecond pump-probe technique at room temperature. A transient spin polarization-
flip transition as fast as 0.8 ps is observed upon photoexcitation. The inversed spin is
subsequently scattered by defects with duration of about 5.9 ps. The whole relaxation
process exhibits an intriguing dual anisotropy of six-fold and two-fold symmetries,
which stems from the energy band anisotropy of the WTe: crystalline structure and the
matrix element effect, respectively. Our work enriches the insights into the ultrafast

opto-spintronics in topological Weyl semimetals.
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L. INTRODUCTION

Topological Weyl semimetals have gained the growing interest owing to
their remarkably exotic physics for potential applications.!* Specifically, a
representative Weyl topological semimetal,>’ WTez, has a unique band structure,
enabling a rich spectrum of alluring properties, including extremely large non-
saturating magnetoresistance,® pressure-/gate-tunable superconductivity,”!°
quantum spin Hall effect,!' nonlinear Hall effect,'*'* large nonlinear optical

15-17

properties and notable spin-charge conversion properties.'®2° Integration into

the next-generation electronic/spintronic devices,?!">*

the ultrafast dynamics of
low-dimension materials, e.g. graphene and topological insulators,?>?’ has
attracted considerable attention.?®?° However, the ultrafast research of Td-WTe:2
with naturally broken symmetry still remains very limited.?**> Thus, it becomes
the urgent priority to uncover the nonequilibrium charge/spin dynamics of WTe2
within a picosecond timescale. In an early report, Dai et al. revealed the ultrafast
carrier dynamics of phonon-related thermalization and recombination process in
the bulk WTe2.>* Then, Wang et al. observed the ultrafast spin dynamics in the
polycrystalline WTe: films.** Till now, however, the full understanding of spin
dynamics in WTez is elusive due to the bad quality of large-scale films, which limits
its practical applications in spintronics.

The band distribution and orbital structure play important roles in the

ultrafast spin dynamics. This usually results in the intriguing anisotropic

characteristic, which has been shown in van der Waals heterostructures (e.g.,
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WS2/graphene)® and manganite oxides (e.g., Lao7Sro3MnO3/SrTiOs3)%.
However, such an anisotropic spin relaxation process cannot be found in
topological insulators due to almost isotropic band structures close to Fermi level
around 7" point in the momentum space.>’-3® In this regard, WTe2 exceptionally
hosts the broken inversion symmetry with the naturally anisotropic band
structure, enabling the observation of the interesting anisotropic spin dynamics.
Its exotic band inversion and anticrossings with spin splitting at the Fermi level
have been predicted by the first-principles calculations.**°

In this work, we observe the ultrafast spin dynamics in highly-oriented and
large-area orthorhombic (7d) phase of WTe: films by time-resolved magneto-
optical Kerr effect (TR-MOKE) technique at room temperature. After the
photoexcitation by circular polarized pump light, the whole spin relaxation
experiences two processes, i.e., a transient spin polarization-flip intra-band
transition with a lifetime of 0.8 ps and a subsequent defect scattering process with
a lifetime of 5.9 ps. Notably, a dual anisotropy, i.e., six-fold and two-fold
symmetries, is established by tuning the polarization orientation of the probe

light. In contrast, these phenomena are absent in the polycrystalline films

containing the abundant defects.

II. EXPERIMENTAL
A. Sample fabrication

The large-area, high-quality 7d-WTe: films with the thickness of about 100
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nm were fabricated on mica substrates by the pulsed laser deposition technique
and post annealing, as described elsewhere.*!"*> WTe: has a layered structure with
an additional lattice distortion along the crystallographic axis b of tungsten chain
[see Fig. 1(a)]. Three 100-nm-thick WTe: films (named #1, #2, and #3, see the
supplementary material for the detailed growth conditions) were fabricated. The
structural characterization has confirmed the high quality of the WTe: thin films
before the ultrafast measurement (Fig. S1, supplementary material). Unless the
special statement, the sample described here denotes #1.
B. TR-MOKE and transient reflectivity measurements

The wavelength of 800 nm (1.51 eV) pulsed laser was generated in the
Ti:sapphire regenerative amplifier (a repetition rate of 1 kHz, pulse duration of
~50 fs, and fluence of ~1 mJ/cm?). In order to reduce the noise related to the stray
pump light, the nondegenerate mode was used to measure the spin relaxation
process. The pulsed laser subsequently went through a beam splitter. One beam
of 90% power intensity was used as a pump beam. The other beam was
frequency-doubled (400 nm, 3.02 eV) by a B-BaB204 (BBO) crystal, which was
treated as a probe beam. The pump beam was varied to be circularly polarized
via a combination of linear polarizer and a quarter-wave plate. The probe beam
was ensured as a linear polarized light by a Glan-Taylor prism. The polarization
plane was rotated by a half-wave plate set behind the Glan-Taylor prism. The
pump beam was incident perpendicularly on the sample surface with a spot size

of ~500 um in diameter. The incident angle of the probe beam (spot size ~250
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pm) is 4° with respect to the sample normal direction. The angle ¢ represents the
rotation angle of the polarized direction of probe light with respect to the incident
plane, while the angle a is defined as the azimuthal angle between the
crystallographic axis [100] of the WTez film and the spatial x axis. After
reflection by the sample, the probe beam was analyzed by a series of half-wave
plate, Wollaston beam splitter (WBS), and balanced photodetector (BPD). The
time delay between two beams was controlled by a mechanical delay stage.

The transient reflectivity was carried out by the Ti:sapphire laser as well. The
femtosecond laser beam with 800 nm was divided into a pump beam and a probe
beam. Their spot diameters were 500 and 250 pm, respectively. Both pulses were
focused onto the sample noncollinearly. The differential reflectivity dynamics
was acquired as a function of the time delay between the cross-polarized pump

and probe pulses.

III. RESULTS

The schematic setup of the TR-MOKE technique is shown in Fig. 1(b). After
the circularly polarized light pump, the excitation of the electrons in WTe2 obeys
both the energy conservation and the angular momentum conservation: an
electron in the valence band (VB) absorbs a photon and transfers to the conduction band
(CB) with a change of £1 in magnetic quantum number m;. Therefore, the excited
electrons have instant net out-of-plane spin polarization according to the optical

selection rules.?>*4> The Kerr rotation angle (6k) of the probe light is used to
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describe the pump-induced spin polarization via the relationship of 6k ~ Mk,
where M) represents equivalent magnetization resulted from the instant net out-
of-plane spin polarization of excited electrons, and k is the wave vector.*® In
WTez, the time-resolved Kerr signal changes sign with the different helicity (o*
and ¢°) of the pump beam, indicating that a nonequilibrium net spin polarization
is generated [Fig. 1(c)]. During the experiment, imperfectly balanced optical
bridge can bring an artifact, i.e., helicity-independent partial signal of the
transient reflectivity, which is mixed in the Kerr signal by 6" or - pump. To rule
out this spurious artifact, the difference of Kerr signals between ¢* and o™ [A6k(c™)
- AO(0)] is carried out and applied as the net Kerr signal.?>* In addition, the
fluence-dependent Kerr signals and transient reflectivity spectra are displayed in
Fig. S2 (supplementary material), indicating the large excited electron density of
states in the deep valence band of WTe: films.

The polarization orientation of the probe light [i.e., ¢ angle shown in Fig.
1(b)] is changed to detect the anisotropy of this spin relaxation. When ¢ = 0°, the
electric field of light lies in the plane of the incident probe beam, which is P-
polarization (P-pol). And ¢ = 90° is S-polarization (S-pol). Note that the spin
relaxation process displays the distinct ¢ dependence [Fig. 2(a)]. The spin
relaxation is fitted by a biexponential decay model using the equation of Ai-e
14 Az where A1 and A> denote the amplitudes; 71 and 72 represent the
corresponding spin lifetime. The fitting results indicate that the whole spin

relaxation process is composed of two sub-processes [Fig. 2(b)]. Figure 2(c)
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shows the plot of ¢ dependence of fitted A1 and A2 amplitudes. Interestingly, both
¢p-dependent A1 and A2 curves show the distinct anisotropy, as expected. The
signs of A1 and A2 are always opposite. The first sub-process experiences the spin
polarization-flip transition with the lifetime 71 of ~0.8 ps. The second sub-process
has the lifetime 72 of ~5.9 ps. Both of the sub-processes show the almost
independence with the ¢ angle [Fig. 2(d)], indicating the isotropic relaxation rates
(1! and ©27").

Figure 3(a) shows the transient reflectivity spectrum of the WTe: films. The
spectrum is also fitted by the biexponential decay model as shown above.*’ The
lifetime of the electron-hole recombination process is fitted as ~72.2 ps, much
longer than the spin lifetime 72 of 5.9 ps. Thus, the net spin almost vanishes before
the recombination of the carriers. As a control experiment, the Kerr signals of
samples with the different defect densities (#2 and #3) are shown in Fig. 3(b).
Sample #2 contains a little more defect due to #1 oxidation in atmosphere.
Sample #3 possesses abundant defects. The typical TR-MOKE setup condition
is set at ¢ = 10°. By the biexponential decay model fitting, the spin lifetimes of
two sub-processes of Sample #2 are 0.8 and 3.6 ps, respectively. It is clear that
more defects in the WTe2 films only deteriorate the second sub-process (from the
initial 5.9 to 3.6 ps). While the abundant defects contained in WTe2 (Sample #3)
completely suppress the spin-related signals [Fig. 3(b)]. Thus, the second sub-

process with the lifetime 72 of ~5.9 ps is dominated by the defect scattering.
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IV. DISCUSSION

To address the origin of the observed anisotropic ultrafast spin relaxation
process in Fig. 2(c), the sine function is used to fit the p-dependent A1 and A2
curves (Table S1, supplementary material). It demonstrates that the anisotropy
consists of a six-fold and two-fold symmetries. Meantime, the a- crystallographic
axis [shown in Fig. 1(a)] of WTe: films is rotated to explore the a-angle-
dependent spin relaxation of WTe: films. The a-azimuthal angle is also shown
in Fig. 1(b). Although the detected point on WTe: films changes when rotating
the sample, it does not change the whole anisotropy of the spin relaxation process
(Fig. S3, supplementary material). The a-dependent A1 (A2) only features a six-
fold symmetry (~60°), as shown in Fig. 4(a), which exactly agrees with one of
the symmetries deduced from Fig. 2(c). It is reasonable to attribute the six-fold
symmetry to the lattice structure of WTe: films. Considering the monoclinic
structure of WTez and the hexagonal structure of mica substrate, there is a
symmetry mismatch between the WTe2 film and substrate. Hence, three
energetically equivalent domains are suggested in WTe: films on mica.*® These
domains are rotated by 120° with each other, resulting in the six-fold symmetry
of the spin relaxation in the WTe: films.

Though the ¢-dependent two-fold symmetry unexpectedly vanishes in a-
dependent TR-MOKE measurements, two-fold symmetry can be extracted from

the data in Fig. 2(c) after subtraction of the six-fold symmetry (Fig. S4,
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supplementary material). The maximum and minimum values (at 0° and 90°) of
the two-fold symmetry are almost opposite to each other, indicating that P-pol
and S-pol probe beam exactly detect the ultrafast spin relaxation with the
opposite polarization direction. We notice that electrons in the different orbitals
may be only detected by either P-pol or S-pol probe beam, which strictly obeys
the rule of the matrix element effect.*® In WTez, such a phenomenon has been
unambiguously observed by the angle-resolved photoemission spectroscopic
measurements.*® Figure 4(b) schematically shows the Fermi surface mapping
with electron pockets. The d,2 orbital is located at the farther half-part of the
electron pocket from the /" point, while the d,,, d,, and p, orbitals lie at the
other half-part. They can be only detected by P- or S-pol probe beams due to the
matrix element effect.’® More discussion can be found in Fig. S5 (supplementary
material).

The band structure and the spin texture of WTez have been explored in
theory and experiment.’*#%>! The band structure around the Fermi surface is
hence discussed by Dirac Fermion model with strong spin-orbit coupling, where
the spin-orbit coupling strength along x direction (vx) is set as 0.2-0.4 eV-A.
Taking the -kx axis of Brillouin zone as an example, the schematic diagrams of
the corresponding band structure and spin texture are shown in Fig. 4(c). The
dotted rectangular box contains the energy levels of conduction band (CB) and
valence band (VB), where the red and blue curves denote the spin up and spin

down in CB, respectively. Due to the strong SOC, the bottom of the CB is split
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into two sub-bands with the different spin orientation. The spin textures of the
left-part and right-part branches in CB are inversed, which denotes the d,.

orbital and d,,, d p, orbitals, respectively.*® When the probe beam is

yz >
adjusted to P-pol, we actually detect the spin relaxation in the left-part branch
(d,2 orbital) of CB. Upon the applied circularly polarized pump (1.51 eV), the
electron with the net spin is firstly excited from the deep VB to the Position A.
Secondly, it instantly decays to Position B via the intra-band particle’s
interaction. Such a process usually lasts about tens of femtoseconds, which
escapes from our detection limit of TR-MOKE. Thirdly, the excited electron
transits from Position B to C at the lower sub-band with the opposite spins,
corresponding to the first spin-flip sub-process. This intra-band transition lasts
about 0.8 ps, which is ascribed to the Elliott-Yafet mechanism®> dominated by
the electron-electron interaction.’>>* Finally, the inversed spin experiences the
second sub-process with the lifetime of about 5.9 ps. The similar spin relaxation
is derived from the right-part branch (d,,, d,, and p, orbitals) of CB through
S-pol probe. However, the direction of spin polarization in the right-part branch
is opposite to that of the left-part branch. Consequently, the two-fold symmetry

of the spin relaxation is attributed to the gp-dependent P- and S-pol components

of the probe beam.

V. CONCLUSION
In summary, we have clarified the room-temperature ultrafast spin

10
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dynamics by TR-MOKE technique in large-area, high-quality 7d-WTe: films.
The whole ultrafast spin relaxation process experiences the intra-band spin
polarization-flip transition and the subsequent defect scattering process.
Remarkably, six-fold and two-fold symmetries of the ultrafast spin relaxation
process are observed by tuning the polarization orientation of the probe light.
Such a dual anisotropy is attributed to the anisotropic band structure of WTe2 and
the matrix element effect, respectively. The WTe2 may have the potential for
future multi-channel spintronic devices in view of the intrinsic interaction
between the spin and orbital. Furthermore, the strong sensitivity of the orbital
upon the polarity of the probe light could offer an opportunity to develop the

ultrafast optoelectronic devices.

SUPPLEMENYARY MATERIAL
See the supplementary material for the detailed information of samples,

structural characterization, and the additional ultrafast dynamic results.
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Figure Captions

FIG. 1. (a) Schematic lattice structure of WTez with side view (bc plane) and top view
(ab plane). Tungsten atomic chains distort along the b direction (ab plane). (b)
Schematic diagram of TR-MOKE setup. ¢ represents the rotation angle with respect to
the incident plane of probe light. a is defined as the azimuthal angle between the
crystallographic axis [100] of the WTe: film and the spatial x axis. 4/2: half-wave plate.
A/4: quarter-wave plate. (¢) Time-resolved Kerr rotation traces under excitation of ¢*
and ¢ (pump light) along with the signals difference [AO(c") — ABk(c7)] between o
and o .

FIG. 2. (a) The net Kerr signals as a function of delay time at the different ¢. The dashed
lines represent the ground states. (b) The net Kerr signal as a function of delay time at
@ = 10° fitted by a biexponential decay model. (¢) The ¢ dependence of fitted A1, A2
from the net Kerr signals. Here ¢ ranges from 0° to 180°. The red and black curves are
the fitted lines by the double-sine function. (d) The ¢ dependent spin lifetimes (71 and
72) deduced from the net Kerr signals. The average values of 71 and 72 are 0.8 ps and 5.9
ps, respectively.

FIG. 3. (a) The transient reflectivity spectrum fitted by the biexponential decay model.
(b) The spin relaxation process of the WTe: films with the different defect density at ¢
= 10°. The insets are the partial data around the origin.

FIG. 4. (a) The a dependence of fitted 41 and 42. a ranges from 0° to 180°. The red and
black curves are the guide lines of six-fold symmetrical sine function. (b) Diagrammatic
sketch of the Fermi surface map of one domain. The purple (yellow) rectangle shows
the detected area of P-pol (S-pol) probe beam according to the matrix element effect.
(c) Schematic diagram of WTe: energy band structure with the ultrafast spin relaxation
process. The horizontal dashed line shows the position of the Fermi level (EF). Green
solid circles represent the excited electrons. The dotted rectangular box shows the
enlarged region around the Er, in which the red (blue) curve represents the energy band
with spin up (down).
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