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Observation of strong and anisotropic nonlinear optical effects through polarization-resolved
optical spectroscopy in the type-II Weyl semimetal Td-WTe2
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The unique bulk crossing points in the band structure of topological Weyl semimetals have been shown to
enhance nonlinear optical and optoelectronic properties, even for light at optical wavelengths. Such pronounced
nonlinear optical effects have been studied in type-I Weyl semimetals, yet few studies have quantified these
effects in type-II Weyl semimetals. We here present an optical experimental study with polarization resolution of
two nonlinear optical effects in the type-II Weyl semimetal Td-WTe2. We begin by investigating the bulk optical
second-harmonic response of this material using the rotational anisotropy of the second-harmonic generation.
This technique allows us to simultaneously investigate the dependence of the second-harmonic response on the
symmetry of the crystal and to quantify the size of that response, which we compare to other nonlinear crystals.
We then use polarized time-resolved optical reflectivity spectroscopy to identify the nonlinear optical effect of
impulsive stimulated Raman scattering as the origin of the coherent oscillations of the 0.25-THz shear mode.
We find that the strength of this response in Td-WTe2 is enhanced compared with the observation of other modes
excited through the displacive excitation of coherent phonons. Notably, both the second-harmonic response and
the coherent excitations of the phonons demonstrate strong anisotropy, displaying a clear dependence on the
polarization of the light used in the experiments. We use point-symmetry analyses of the material to guide our
understanding of these observations and perform fluence-dependent measurements to investigate the electron-
phonon coupling.
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I. INTRODUCTION

Weyl semimetals (WSMs) are topological materials which
exhibit a linear band dispersion near the Fermi energy de-
scribed by the Weyl Hamiltonian of particle physics. The
salient feature of the bulk dispersion is the crossing of the con-
duction and valence bands at topologically protected points,
known as Weyl points (WPs). These WPs come in pairs of
distinct and opposite chirality which serve as sources and
sinks of Berry curvature. Quasiparticle excitations in these
materials act as massless Weyl fermions. For this unique band
structure to occur, either spatial inversion or time-reversal
symmetry must be broken, resulting in electronic and mag-
netic WSMs, respectively [1,2]. Electronic WSMs which have
mirror symmetries are typically classified as type I or type II,
with type-II WSMs defined by a WP at the touching point
of an electron and hole pocket [3]. Interest in WSMs has
been robust because, in addition to their fundamental scientific
interest, they have a wide breadth of potential applications,
including broadband photodetection [4,5], new laser designs
[6], and novel field-effect transistor devices with high on/off
ratios and low power consumption [7].
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The nonlinear optical properties of WSMs hold a particu-
lar interest. Multiple reports have shown anomalously strong
nonlinear effects even at optical wavelengths, which is some-
times attributed to the topology of the band structure [8–10],
and sometimes to more traditional electronic arguments. For
example, WSMs are subject neither to screening by conduc-
tion electrons that lowers nonlinear responses in metals, nor to
a band gap that lowers nonlinear responses in insulators and
semiconductors [11]. Other studies have attributed anoma-
lously large second-order responses to resonance effects [12].
One such nonlinear process, nonlinear photocurrent genera-
tion, has garnered much interest in WSMs both due to their
large electron mobility and to their chiral response and the
potential for quantization predicted by Weyl physics [13–18].
In addition, the large frequency doubling or second-harmonic
generation (SHG) response observed in the type-I WSM TaAs
[19,20] has been motivated by both topological and resonance
effects [12,21]. While nonlinear effects including SHG [22],
photocurrent generation [23], the nonlinear Hall effect [24],
and higher-order effects [25] have all been observed in type-II
WSMs, they are often studied in few- or monolayer materials
rather than in bulk. Yet topological features like WPs and
Weyl cones are bulk phenomena, motivating the study of
nonlinear effects in bulklike thick type-II WSMs [26,27].

Here, we present an experimental study of two second-
order nonlinear optical effects in the predicted type-II WSM,
bulk Td-WTe2. First, we examine the SHG response and
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FIG. 1. (a) The crystal structure of Td-WTe2 drawn using VESTA

software and crystallographic information from Refs. [29,30] along
the a, b, and c axes. The mirror in the bc plane (solid green) and the
glide mirror in the ac plane (dashed green) are indicated, and the unit
cell is boxed in each orientation. (b) The RA-SHG data (dots) taken
in the parallel channel and fit (solid curve) using the electric-dipole
response of the m point group. The plot is normalized such that 1.0
corresponds to 32 fW.

estimate the size of the nonlinear optical susceptibility tensor,
which we compare to other nonlinear crystals. Next, we use
polarized time-resolved optical reflectivity spectroscopy to
study the coherent oscillations of the optical phonons in this
material. We identify the excitation mechanism of the lowest-
frequency mode, the 0.25-THz shear mode, as the nonlinear
process of impulsive stimulated Raman scattering (ISRS),
distinct from other observed phonons excited through the dis-
placive excitation of coherent phonons (DECP). We find the
strength of this nonlinear ISRS response to be large compared
with the DECP response of the other modes. The 0.25-THz
mode is further identified with an observation of the linear
electro-optical effect. We use point-symmetry based analyses
to study the anisotropic behavior of both the SHG and ISRS
responses to the incoming light polarization. Finally, we use
fluence-dependent measurements to verify our identified exci-
tation mechanisms and to study the electron-phonon coupling.

II. CRYSTAL STRUCTURE AND SHG RESPONSE

The layered transition-metal dichalcogenide (TMDC)
WTe2 was the first predicted type-II WSM [3]. Like many
layered TMDCs, it can exist in several different polytypes,
including the Td, 1T’, and 2H phases. Of these, only the
Td phase is noncentrosymmetric and hosts the WSM state.
However, unlike other layered TMDCs, WTe2 exists in the Td

phase even at room temperature. The Td phase is a distorted
1T’ structure belonging to space group (point group) Pmn21

(C2v) [28]. An illustration of the crystal structure of Td-WTe2

can be found in Fig. 1(a). It possesses a twofold screw axis
along the c axis, a mirror in the bc plane, and a glide mirror in
the ac plane.

Because Td-WTe2 is noncentrosymmetric, we in principle
expect an electric-dipole SHG response. We can simultane-
ously confirm the symmetry of the sample and investigate
its SHG response by measuring the rotational anisotropy of
the SHG (RA-SHG) [31–33]. In most materials, the optical
RA-SHG response is dictated by the point symmetries of the
material obtained by eliminating translational symmetries of
the space group because optical wavelengths are much longer
than the lattice constants of the materials and therefore not

typically sensitive to translational symmetries. For the Pmn21

space group of Td-WTe2, this corresponding point group is
C2v . However, C2v has mirrors in both the ac- and bc planes
and therefore possesses an out-of-plane C2 axis along the
c axis which strictly forbids any SHG response at normal
incidence. Figure 1(b) shows the reflected SHG intensity as a
function of polarization angle when the incident fundamental
and reflected SHG polarizations are parallel. Here, the funda-
mental light is incident normal to the ab plane of the crystal
and its polarization is rotated in the plane [34]. In spite of the
out-of-plane C2 axis of C2v , we see that there is a nonzero
response in this experimental geometry, and that there is a
large anisotropy in that response. This contradiction between
our measurements and the point-group based prediction can
be reconciled by the fact that Td-WTe2 possesses a glide
mirror in the ac plane, or a mirror operation followed by a half
unit-cell translation along the out-of-plane direction, or the
incident light wave-vector direction. We find that the RA-SHG
response of Td-WTe2 differentiates the glide plane from the
mirror plane and thus demonstrates a nonzero SHG response
even at normal incidence. We can then model the RA-SHG
response using the symmetries of the m point group, which is a
subgroup of Pmn21 containing only one mirror in the bc plane.
The fit derived using the electric-dipole response of this point
group for the parallel channel at normal incidence is shown in
Fig. 1(b).

The signal strength of the RA-SHG measurements is used
to estimate the strength of the SHG response. This is a crucial
step towards understanding the strong nonlinear optical effects
in type-II WSMs. To our knowledge, the refractive index of
bulk Td-WTe2 has not been experimentally determined, but
density-functional theory (DFT) calculations have recently
been performed [35]. Using these calculated parameters to
adjust for the nonlinear Fresnel coefficients [36], we find
nonlinear susceptibility tensor elements of χxyx ≈ 300 pm/V,
χyxx ≈ 350 pm/V, and χyyy ≈ 200 pm/V, which are each up
to two orders of magnitude larger than previously reported
measurements on nontopological polar metals [21,37,38].
Previous work on the SHG response of type-I WSMs revealed
that the SHG response of TaAs (∼7200 pm/V) was larger by
an order of magnitude than that of GaAs at 800 nm (∼600
pm/V) [21]. Our estimation for the SHG response in Td-WTe2

is about half that of GaAs.
There are several possible reasons for the discrepancy be-

tween the SHG responses for TaAs and Td-WTe2 observed
here. One possible reason is that the polar axis of TaAs is the
source of the strong SHG response in that material. While the
c axis of Td-WTe2 is also a polar axis, we are not sensitive
to it at normal incidence. The oblique incidence experimental
geometry would allow us to access this polar axis, but the
strength of the SHG response seems to be consistent be-
tween the normal and oblique incidence geometries, which
are shown in Fig. S1 of Supplemental Material, Ref. [33].
Thus it seems unlikely that our experimental geometry is the
source of the lower SHG response. The discrepancy might
also come from the layered nature of the Td-WTe2 crystal
structure, where 2d layers are only weakly connected via van
der Waals interactions. This contrasts with the much stronger
ionic bonding in TaAs along the polar axis. Yet another pos-
sible reason for the difference between the SHG response in
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FIG. 2. (a) The experimental setup for the time-resolved reflec-
tivity measurements. The pump pulse at 720 nm is normally incident
on the sample and followed at a time delay by a probe pulse at
800 nm at a small oblique angle. The polarization of the pump and
probe can be independently tuned into eight different polarization
combinations and are shown here in the H-V channel. The lab frame
is indicated in blue, and the sample coordinate system is indicated by
the RA-SHG pattern. (b) Time-resolved reflectivity measurements
for linearly polarized pump and probe in two polarization channels.
In both channels, a dip in the change in reflectivity is observed
at time zero followed by a decay with oscillations dependent on
the polarization of the probe pulse. (c) Time-resolved reflectivity
measurements for circularly polarized pump and probe. The inset
illustrates the TR-MOKE signal calculated by subtracting the L-L
and L-R polarization channels. A pump fluence of ∼127 μJ/cm2 was
used for data presented in (b) and (c).

TaAs and Td-WTe2 is that the wavelength of our fundamental
light is farther from resonance than measurements taken on
TaAs [12]. Indeed, optical conductivity measurements and
DFT calculations on Td-WTe2 at room temperature indicate
that the wavelengths used in this experiment are over two
orders of magnitude removed from the band edge, and that
the spectrum is otherwise smooth [35,39]. It is also possible
that the difference between the SHG responses of Td-WTe2

and TaAs arises from the Weyl physics itself through carrier
screening effects due to the presence of the electron and hole
pockets at the WPs in Td-WTe2 which are not present in
the type-I band structure. In metals, conduction electrons can
screen the incoming fundamental field and thus reduce the
second-harmonic response. In type-II WSMs, it is reasonable
to expect that the presence of the electron and hole pock-
ets near the WP might similarly provide carriers that would
screen the incoming field and thus reduce the SHG response
when compared with type-I WSMs. However, further study is
needed to pin down the exact source of this discrepancy in the
size of the SHG response between type-I and type-II WSMs.

III. TIME-RESOLVED REFLECTIVITY MEASUREMENTS

The experimental setup of the time-resolved optical reflec-
tivity experiment is shown in Fig. 2(a). The pump is normal to

the sample surface and the probe is spatially separated from
the reflected pump at the detector using a small oblique angle
of incidence. The polarizations of the pump and probe pulses
are independently tuned to yield eight polarization channels,
labeled as pump polarization–probe polarization, consisting
of combinations of left-hand circular polarization (L), right-
hand circular polarization (R), linear horizontal polarization
along the glide mirror direction with an uncertainty of ±10◦
(H), and linear vertical polarization along the mirror direc-
tion with an uncertainty of ±10◦ (V). All measurements are
performed with a pump wavelength of 720 nm and a probe
wavelength of 800 nm to allow pump discrimination with
color filtering. The beam diameters of the pump and probe on
the sample are ∼50 and ∼30 μm, respectively. The autocorre-
lation between the pump and probe is ∼44 fs. The repetition
rate is 200 kHz, and a chopper at 8 kHz is placed in the pump
path to serve as a reference for a lock-in detector. Reflectivity
measurements are taken using a silicon photodiode. Through-
out, the probe fluence is about 65 μJ/cm2.

The Td-WTe2 samples are synthesized using a self-flux
method. WTe2 powder of 0.2 g, and 10 g of Te (99.999%) are
loaded into an alumina crucible, which is sealed in a quartz
tube under vacuum. A small amount of quartz wool is later
added on top of the alumina crucible to act as a filter in order
to separate the flux from the crystals in a later step. The tube
is then heated to 825 °C, held for 24 h, and then slowly cooled
to 525 °C over 150 h. At 525 °C the flux is separated from
the crystals by centrifuging. The WTe2 crystals are then put in
another vacuum-sealed quartz tube and annealed at 415 °C for
2 d. Prior to measurements, the sample is cleaved using Scotch
tape in ambient conditions and immediately transferred to
vacuum to prevent oxidation [40]. It is kept at room tempera-
ture in a vacuum better than 2 × 10−6 hPa.

Data using linearly polarized pump and probe are shown
in Fig. 2(b). Although there is a clear distinction between
the H-H and H-V polarization channels; the overall trend is
defined by two key features. The first is the dramatic dip in
the �R/R value at the temporal overlap point (time zero) of
the pump and probe followed by a gradual recovery process.
This dip is due to the excitation of electrons by the pump
pulse. The recovery following the dip can be fit using two
exponential decays convolved with a Gaussian beam pro-
file. We find one shorter time constant on the order of 1
ps, which we associate with electron-phonon thermalization,
and a longer weak decay on the order of 5–10 ps previously
associated with phonon-assisted electron-hole recombination
[41]. The second feature is the oscillatory behavior in the
dynamic response after time-zero, which we associate with
coherent excitations of optical phonons. The frequencies of
these oscillations are extracted by subtracting the fit for the
relaxation dynamics and performing a fast Fourier transform
(FFT). Throughout all channels, six phonon oscillations are
observed at 0.25, 2.4, 3.5, 3.9, 4.9, and 6.4 THz [Fig. 3(b)].
All observed phonons are associated with A1 modes by com-
paring their frequencies to previous Raman measurements
[40,42–45]. An example of the fit to the relaxation dynamics
and the extracted oscillations are shown for the L-L channel
in Fig. 3(a).

Figure 2(c) shows time-resolved reflectivity measurements
for circularly polarized pump and probe beams. The same
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FIG. 3. (a) An illustration of the fitting procedure used in the data analysis in the case of an L-L dataset. First, the decay dynamics are
fit to the sum of two exponential decays convolved with a Gaussian beam. This fit is then subtracted from the data to reveal the underlying
phonon oscillations, which are fit individually assuming decaying sinusoidal oscillations. (b) The FFT of the raw phonon oscillations for
various polarization channels, with the spectrum above 3 THz enhanced by a factor of 5 for clarity. There is a clear dependence of the strength
of the observed phonons on the probe polarization. (c) An illustration of the oscillations at 0.25 and 2.4 THz for the H-H and H-V channels.
Using the dashed line as a guide, a phase difference of π between these two channels can be observed for 0.25 THz which is not present in the
oscillations at 2.4 THz. This is indicative of the linear electro-optical effect.

relaxation and oscillatory features can be seen in these data
as were observed in the linear polarization channels, although
the phonon oscillations exhibit significantly less distinction
between channels. The inset of Fig. 2(c) demonstrates a null
result for a time-resolved magneto-optical Kerr effect (TR-
MOKE) signal under our experimental conditions, calculated
by subtracting the L-L and L-R channels, in spite of the ex-
pectation of such a signal in WSMs due to the chirality of
the Weyl cones. This is likely because the pump wavelength
will excite electrons far above the chiral WPs to higher bands
whose response will dominate over that expected using topo-
logical arguments.

Figures 2(b) and 2(c) demonstrate that the oscillations of
the phonon modes depend on the polarization channel, and
Figs. 3(b) and 3(c) show this dependence quantitatively by
demonstrating the polarization dependence of the phonon am-
plitudes and phases, respectively. In Fig. 3(b), the FFTs of
the oscillations of the data are shown for the L-L, L-R, H-H,
V-H, H-V, and V-V channels (data for additional polarization
channels are available [33]). Immediately it is clear that there
is a strong anisotropy in the coherently excited phonons, as
the amplitudes of the oscillations depend on the polarization
of the probe beam for the linear channels. For example, the
2.4-THz mode is preferentially sampled with vertically polar-
ized probe while the 3.9-THz mode is preferentially sampled
with horizontally polarized probe. In Fig. 3(c), the oscilla-
tions of the two strongest phonons at 0.25 and 2.4 THz are
highlighted. We observe that the 0.25-THz mode oscillates
sinusoidally and has a phase of π between H and V polarized

probe while the 2.4-THz mode oscillates cosinusoidally in all
linear polarization channels.

First, we will discuss what these dependencies tell us about
the excitation mechanism of the coherent phonons. The origin
of the excitations of the coherent phonons is typically assigned
to either DECP or ISRS. In DECP, the coherent excitation is
driven by the perturbation of the pump beam to the electronic
distribution and is dictated by the potential landscape of the
phonons [46]. ISRS, in contrast, is a nonlinear optical effect
where excitations occur due to mixing within the pump beam
at frequencies accessible through difference frequency gener-
ation of the broad pulse spectrum [47]. Important differences
exist in the phonons excited by these two mechanisms. For
example, in DECP, only fully symmetric A1 Raman modes can
be excited with a cos(ωt ) dependence, while ISRS can excite
modes of any symmetry and will only exhibit a cos(ωt ) de-
pendence when the incoming light is at resonance excitations.
We fit the oscillations in the data to a decaying sine curve, as

f (t ) = ae−t/τ sin (ωt + φ), (1)

and find the extracted phase of the 2.4-THz mode to
be 4.524 ± 0.13 (260◦ ≈ 1.45π ) for the H-H channel and
4.880 ± 0.025 (280◦ ≈ 1.55π ) for the H-V channel, as shown
in Fig. 3(c). Because our pump laser is far from resonance
and the 2.4-THz mode has a cos(ωt ) dependence, as shown in
Fig. 3(c), we can identify its excitation mechanism as DECP.
In contrast, the extracted phases of the 0.25-THz mode are
found to be 5.338 ± 0.05 (305◦ ≈ 1.67π ) for the H-H chan-
nel and 2.373 ± 0.189 (136◦ ≈ 0.76π ) for the H-V channel.
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That is, ∼50◦ off from a pure sine or pure cosine in either
channel. However, the deviation from a pure cosine depen-
dence indicates the presence of some ISRS response of this
mode [46,48–53]. The oscillations of the remaining phonons
are too weak to be directly visualized in this way, and fitting
them to exponentially decaying sinusoidal functions leads
to large uncertainties. However, past experiments have also
assigned them to DECP [54,55].

The strength of the ISRS excitation relative to the DECP
excitations is worthy of note. The first predictions and ob-
servations of DECP suggested that these oscillations would
be very large, especially compared with ISRS excitations
[46,49]. And indeed, in materials in which both excitation
mechanisms are observed simultaneously, the ISRS excita-
tions have been significantly weaker [56]. Theory predictions
suggest that DECP and ISRS arise from the real and imagi-
nary components of the same tensor, with ISRS dominating
in regimes near an absorption edge or an impurity feature
[48]. Yet DFT calculations on Td-WTe2 suggest that we are
not in this special regime [35]. This implies that, from our
polarization-resolved data alone, we may not pin down the
precise reason for the dominance of the ISRS mechanism
in the case of the shear mode excitation. Thus, to gain a
better perspective on the phonon excitation mechanisms, we
will investigate the fluence dependence of the time constant
dictated by electron-phonon interactions below.

There are two subtleties in our identified excitation mecha-
nisms. First, because all of the modes but the 0.25-THz mode
are associated with DECP, they must all be A1. Yet they do
not all have the same polarization dependence, as illustrated in
Fig. 3(b). Second, the pump-polarization dependence typical
of ISRS is not found in our measurements. Both of these
phenomena can be explained by investigating the polarization
of the light incident on the sample in the framework of the C2v

symmetry of the material. In particular, because the experi-
mental linear polarizations of the pump and probe beams are
aligned to the high-symmetry axes of the crystal, V and H can
be represented as the B1 and B2 irreducible representations
(irreps) of the C2v point group, respectively. We can then
consider the selection rules for ISRS, which arise due to the
mixing of two identical copies of the pump pulse. In C2v , the
direct product of any irrep with itself will lead to A1 symmetry.
Thus, the polarization response will be entirely dependent on
the symmetry of the probe. Further, by looking at the form of
the A1 irrep for C2v , which is given by

A1 =
⎛
⎝a 0 0

0 b 0
0 0 c

⎞
⎠, (2)

we can see that it is possible for opposite probe-polarization
dependencies to result from two A1 modes depending on the
strength of the a and b elements for each mode [33,45,57].

In addition to the excitation mechanism, an analysis of the
phase of the 0.25-THz mode reveals the appearance of the
linear electro-optical effect through a phase shift between the
H and V probe channels as shown in Fig. 3(c). This phase
shift was first reported in time-resolved optical reflectivity
measurements on GaAs [50]. Because C2v is an anisotropic
point group, the pump will cause inequivalent changes to the
indices of refraction along the a and b crystal axes which are

FIG. 4. (a) Fluence dependence of the FFT amplitudes of the
three strongest coherently excited phonons, indicating that all mea-
surements were taken in the linear regime. The solid lines guide the
eye for a linear fit to the data. A kink in this linear behavior can
be seen for all three oscillations after 200 μJ/cm2, indicated by the
dashed line. (b) The fluence dependence of time constant τ1 dictating
the electron-phonon thermalization time with a TTM fit.

then sampled by the probe. This can also be understood from
a symmetry perspective. In particular, the 0.25-THz mode is
known to be a shear mode, an optical phonon mode charac-
terized by intra-unit-cell motion along the glide mirror axis
which been shown to induce a phase transition from the Td

phase to the 1T’ phase [27]. A more detailed calculation of
this effect is shown in Refs. [33,58].

To further motivate the nonlinear ISRS excitation of the
0.25-THz shear mode, we investigated the pump fluence de-
pendence of the phonon amplitudes, shown in Fig. 4(a). We
expect this dependence to be linear because ISRS is reliant
on the mixing of two copies of the electric field of the pump
at frequencies ω and ω + � to excite a phonon of frequency
�. Indeed, we find that the phonon amplitude is linearly
dependent on this pump fluence. The amplitudes of the two
strongest DECP excitations at 2.4 and 6.4 THz are also shown
in Fig. 4(a) to be linearly dependent on the pump fluence, but
in the case of DECP this is because there is a larger number
of excited carriers at higher fluences rather than because of
nonlinear mixing of the fields. Interestingly, it seems there
is a divergence from the otherwise linear dependence of all
three modes after 200 μJ/cm2. In similar measurements on
the related material MoTe2, such a divergence was indicative
of a light-induced change in the lattice symmetry [26]. There
is also the possibility of a nonzero intercept for the 2.4-THz
mode, but this is likely caused by the sensitivity of the experi-
ment or due to a larger probe fluence for measurements taken
at the smallest pump fluences.

To gather more information on the mechanism behind
the large ISRS excitation of the 0.25-THz mode, we also
investigated the electron-phonon thermalization time, shown
in Fig. 4(b), which is directly related to the electron-phonon
coupling constant. This time constant has previously been an-
alyzed for increasing lattice temperature [41]. We performed
a two-temperature model (TTM) fit to our data [59–62], as-
suming a purely thermal effect and using material parameters
derived using DFT calculations [35]. In particular, we model
the electron-phonon thermalization time as

τe−ph = γ
(
T 2

e − T 2
l

)
2H (Te, Tl )

, (3)
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where Te is the electron temperature, Tl is the lattice tempera-
ture, γ is the electron specific heat-coefficient, used as a fitting
parameter, and

H (Te, Tl ) = f (Te) − f (Tl ) (4)

for

f (T ) = 4g∞
T 5


4
D

∫ 
D
T

0

x4

ex − 1
dx, (5)

for 
D the Debye temperature, taken to be 133.8 K [41],
and g∞ the electron-phonon coupling constant, which is the
second fitting parameter used in our model. Te is computed as

Te =
(

T 2
l + 2Ul

γ

)1/2

, (6)

for Ul the deposited laser energy density. Tl is taken to be 293
K because all measurements were taken at room temperature.
However, an adjustment to Tl is made to account for laser
heating. In particular, we take

Tl, f =
(

Elaser

C
+ T 4

l,i

)1/4

, (7)

for Elaser the energy deposited in the material per pulse,
C a constant equal to 1.658 × 10−16, and Tl, f and Tl,i

the final and initial lattice temperature values, respectively
[62]. This method yields γ ≈ 10.2 mJ mol−1 K−2 and g∞ ≈
6.79 × 1015 W m−3 K−1. While the TTM fit matches the
monotonic trend of the data, it was not found to fit the data
well, in contrast with previous experiments [41]. This may
be because the fluence used here is two orders of magnitude
larger than that used in previous measurements, and the TTM
assumption of a purely thermal response between the lattice
and excited electrons breaks down as we move away from
the perturbative regime, especially because the 720-nm pump
excites well above the Fermi energy. Because our fluence-
dependent measurements of the FFT amplitude of the phonon
modes indicate that we are in the linear regime [46,63], and
because we are well below the previously reported damaged
threshold [25], there may be an additional mechanism in-
volved in reaching equilibrium between the electrons and
phonons after excitation. One such possibility is interactions
between the phonons and Weyl fermion excitations, which has
previously been reported in TaAs [64]. Such an interaction
might be indicated by the asymmetric line shape of the 0.25-
THz mode observed in the FFT spectrum [33].

IV. CONCLUSION

We present an analysis of the strength and anisotropy of
the nonlinear optical processes of SHG and ISRS in the bulk
type-II WSM Td-WTe2. We identify a large SHG response rel-
ative to nontopological polar metals, but one which is smaller
than that reported previously for type-I WSMs. We find that
this SHG response has a strong anisotropy dependent on
the polarizations of the incoming fundamental and reflected
frequency-doubled light. We also observe ISRS through the
oscillations of the 0.25-THz interlayer shear mode which is
at least as large as the DECP response, in contrast to pre-
vious measurements in which both excitation mechanisms
are observed concurrently within a material where the DECP
response dominates over the ISRS response, and despite our
experimental parameters keeping the excitations away from
resonance in the DFT calculated band structure. This ISRS
excitation is also strongly anisotropic, with an amplitude de-
pending on the incoming probe polarization. This mode also
demonstrates the linear electro-optical effect.

Previous studies have linked the 0.25-THz shear mode
to Weyl physics in Td-WTe2 [55]. This, coupled with the
insufficiency of the TTM to fit the fluence dependence of
the electron-phonon time constant, suggests interactions be-
tween this mode and Weyl fermion excitations might play
a role in the relaxation dynamics [33]. In addition, previous
observations of the electro-optical effect have been associ-
ated with surface field enhancements of phonon excitations
[50–53,65,66]. The observation of this effect through the
shear mode suggests the potential for enhancing the shear
mode response with the application of some in-plane electric
field, either by applying a bias or inducing a photocurrent
[23], which might further enhance the nonlinear effects in this
material.

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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