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Abstract

Previous high-pressure studies about WTe, have reported divergent critical pressures for structural and electronic
phase transitions, obscuring a comprehensive understanding about the complex quantum phases. In this work, we
precisely assign the structural phase evolutions and relevant electronic changes of type-ll Weyl semimetals, WTe, and
MoTe,, using various optical methods. We confirm that the T4 to 1T structural phase transition occurs at about 2.5 GPa
concomitantly with the previously reported decrease of magnetoresistance and emergence of superconductivity.
Notably, electron-phonon coupling remains intact despite pressure-dependent variations in structural symmetry and
atomic bond strengths, providing crucial insights into the origin of superconductivity in transition metal ditellurides.
We also demonstrate an additional structural transition at about 10 GPa, possibly to a triclinic 1T” structure, which has
a significant influence on the electronic structure due to intra-layer distortion of atomic positions. Our findings on
distinct evolutions of inter-layer and intra-layer structural parameters offer a generic understanding of the relationship

between anisotropic bond strength in the van der Waals materials and pressure-dependent structural changes.

Introduction

The discovery of topological materials evoked a paradigm
shift in classifying phases of matter, moving from Landau
formalism, which relies on symmetry, to an additional con-
sideration of topological order'. One recent observation
concerns the massless Weyl-fermion. Among others, transi-
tion metal ditellurides have been extensively investigated as
so-called type-Il Weyl semimetals® *. Numerous studies on
this class of materials have revealed several exotic topological
properties, including the intrinsic anomalous Hall effect””
and large non-saturating magnetoresistance®. In particular,
high-pressure investigations have been performed to improve
the understanding of Weyl physics by modulating the crys-
talline structure and the electronic phases. By applying
pressure to WTe,, various resultant behaviors were
demonstrated, such as a large reduction of magnetoresis-
tance (MR)’ and an emergence of superconductivity
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(SO, To discuss these electronic transitions from a
structural perspective, several studies have employed X-ray
diffraction'"'* and Raman spectroscopy'' ">, As summar-
ized in Fig. 1a, however, reports investigating structural phase
changes differ from each other in terms of the pressure
values of the phase transition. Furthermore, the pressure
values of the structural transitions deviate from those of
other electrical®* and optical15 measurements, which can
obscure understanding of the underlying mechanisms of
electronic and topological phase evolutions. Therefore,
defining accurate pressure-induced phases of transition metal
ditellurides is urgently required to establish a rigorous con-
nection between structural phases and other physical
phenomena.

In this study, we precisely trace the pressure-dependent
evolutions of the crystalline structure and electronic states
of transition metal ditellurides (WTe, and MoTe,) using
optical techniques, including low-frequency Raman
spectroscopy, optical pump-probe (OPOP), and optical
second-harmonic generation (SHG) methods. These
optical measurements are highly sensitive to crystalline
symmetry, enabling the precise determination of
pressure-dependent structural phases. We undoubtedly
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demonstrate that WTe, undergoes a structural phase
transition from the orthorhombic T4 phase to the
monoclinic 1T/ phase at about 2.5 GPa. Furthermore, we
find another phase transition at about 10 GPa, possibly
into the triclinic 1T” phase. Since the pressure values of
these structural phase transitions are in excellent agree-
ment with those of previous electric and optical proper-
ties, including superconductivity”'®'*!*, these findings
will elaborate the understanding of topological and elec-
tronic phase evolutions linked with structural phases in
transition metal ditellurides.

Results and Discussion
We first examine the pressure-dependent structural
changes based on the Raman scattering results. Figure 2a

shows the Raman spectra of WTe,, which exhibit a large
variation upon increasing pressure. At ambient pressure,
six peaks are observed in a parallel polarization config-
uration (xx), consistent with previous results'®'”. Irre-
ducible representation of optical phonons at the I' point is
I = 11A, + 6A, + 5B, + 11B,'°. Although these modes
are Raman-active, only A; and A, modes are observed in
our backscattering geometry. Raman peaks in ambient
pressure are maintained until 2.0 GPa, and abrupt changes
occur at about 2.5 GPa. Here, the peak of the A] mode
and two peaks of the A} ~® modes are lost, while a weak
peak appears at 95cm™". The loss of phonon peaks is
attributed to the change of Raman-active A; modes in the
T4 structure into infrared-active B, modes in the 1T’
structure’®'®**°, The mode appearing at 95cm™
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Fig. 2 Raman spectroscopy results of WTe, depending on the hydrostatic pressure applied. a Pressure-dependent polarized Raman spectra of
WTe, at room temperature. Dark (bright) lines correspond to results obtained in the parallel (cross) polarization configuration. The A; Raman mode
observed in the 1T’ phase is indicated with black triangles. b Pressure-dependent peak positions of selected Raman modes. Phonon peaks achieved
from Raman spectroscopy (optical pump-probe) are displayed with closed (open) symbols. ¢ Atomic motions of A} and Af Raman modes.

d Schematic of the pressure-dependent bonding strength changes. The red (blue) shadow indicates an increase (decrease) in the bond strength.

corresponds to the A, mode in the 1T’ structure'®#72°,

Although previous studies claimed that the T4 to 1T’
structural transition occurs at pressures ranging from
4GPa to 10 GPa''™'®, our Raman scattering results
(covering a wide spectral range, down to 5 cm™") conclude
that it occurs at 2.5 GPa. The complete disappearance of
the A} mode suggests that the entire area has undergone a
transition.

We confirm the pressure-induced structural phase
transition at 2.5 GPa based on an independently per-
formed optical pump-probe experiment. Figure 3a shows
the optical pump-induced transient reflectivity obtained
as a function of a pump-probe time delay at various
pressures. The transient reflectivity at ambient pressure
exhibits a rapid rise followed by a gradual relaxation.
Superimposed onto this behavior is a well-defined oscil-
lation, which is attributed to coherently oscillating pho-
nons>"*2, Whereas acoustic phonons often give rise to the
oscillatory response after the photo-excitation® >, we
attribute our observation for the bulk-like samples to the
contribution of the optical phonon. Fourier transform of
the oscillation part is plotted in Fig. 3b. At ambient
pressure, three distinct peaks are observed at 8 cm™,
80cm™, and 132cm™, and are assigned to Aj, A2, and
one among A} ¢ modes, respectively, according to their
frequencies'®"’. Peak frequencies obtained from Raman
spectroscopy and OPOP have discrepancies less than
1 cm™, depending on the calibration of Raman spectrum.

As the pressure increases, the transient reflectivity shows
a significant change. Interestingly, the long-period oscil-
lation corresponding to the A] mode disappears at
2.5 GPa, in agreement with the Raman scattering results
shown in Fig. 2. The pressure dependence of the A> mode
is also consistent with the Raman measurements. These
results suggest the reliability of our observation and
reconfirm the presence of T4—1T’ phase transition at
2.5 GPa for WTe,. A similar structural transition with the
pressure application can be reproduced based on the
density functional theory (DFT) calculation (Supplemen-
tary Information S2).

By investigating the details of pressure-dependent
phonon modes, we obtain important insights about the
microscopic structural evolution across 2.5 GPa. Pressure-
dependent frequency changes of four representative
modes are plotted in Fig. 2b. Upon a pressure increase up
to 2 GPa, the A] mode is significantly hardened with its
frequency increased by about 60%. Considering that the
Al mode is the inter-layer shear vibration mode'®, its
hardening is understood as a large reduction in inter-layer
spacing under the application of hydrostatic pres-
sure'?®*. On the other hand, the other phonons
involved with the intra-layer atomic motions, namely A?
and A3 modes, are softened with an increase in pressure.
As pressure application typically shortens inter-atomic
distance and enhances atomic bond strength, it is rare to
see such phonon softenings of intra-layer modes and
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Fig. 3 Optical pump-probe results of WTe, depending on the hydrostatic pressure applied. a Time-dependent transient reflectivity AR
normalized by reflectivity R before photo-excitation at various pressures. b Coherent phonon peaks of WTe, achieved by Fourier transform of the
oscillation part in AR/R. ¢ Temperature dependent coherent phonon peaks of MoTe, at 0 GPa and 1 GPa. Two peaks are clearly observed at about
which are assigned as A} and A%, respectively. d Time-dependent AR of the electronic part at low pressures normalized with the
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opposite pressure-dependent trends of inter-layer and
intra-layer modes. Whereas the T4 to 1T’ structure
transition occurs mainly via inter-layer sliding (Supple-
mentary Information S2), this intra-layer phonon soft-
ening with application of pressure indicates that intra-
layer phonons may also contribute to the structural phase
transition. Upon phase transition, frequencies of A7 and
A3 modes show sudden increases to values larger than
those at ambient pressure. After the phase transition, i.e.,
above 2.5GPa, they exhibit conventional pressure-
dependent increases.

It should be noted that there have been previous works
reporting the emergence of an SC ground state in WTe,
at about 2.5 GPa'>'". Concurrently, a large reduction of
MR is observed at the same pressure”'’, indicating the
breaking of balance between the electron and hole
pockets in the Weyl band®*®. Pressure-induced symmetry
change and destabilization of the Weyl state are expected
at this pressure. However, earlier structural investigations
reported the structural transition at much higher pres-
sures''™'%; hence, the connection between the structural
change and the pressure-induced superconducting
ground state has been unclear. In this work, we confirm
that the structural transition from T4 to 1T’ occurs at
2.5 GPa for WTe,. Thus, it is now clear that both struc-
tural and superconducting transitions occur at a similar
pressure for WTe,, and it is worthwhile to consider their
connection in more detail.

Interestingly, similar pressure-dependent phase evolu-
tions are observed in MoTe,, which is another repre-
sentative transition metal ditelluride. From the
temperature-dependent transient reflectivity results
obtained after photo-excitation, we found that Ty to 1T’
structural transition temperature rapidly decreases from
250 K to under 80 K below the 1 GPa pressure application
(Fig. 3c). This may indicate that the low-temperature
(~5K) structural phase of MoTe, changes from T4 to 1T’
at about 1GPa, where the superconducting transition
temperature shows a rapid increase®”. These behaviors are
analogous to those observed in WTe,. Interestingly,
similar phase evolutions can be found in MoTe, with
thickness variation. Recently, Rhodes et al. reported that
the superconducting transition temperature of MoTe,
increases with thinner flakes®. Importantly, when the
MoTe; layer becomes thinner, the translational symmetry
is broken, the 1T’ structure is stabilized, and the fre-
quency of the A? Raman mode increases'®. These beha-
viors are the same as those observed for WTe, and MoTe,
under pressure application. Such pressure- and thickness-
dependent observations elaborate the discussion about
interconnection among the structural transition, anom-
alous behavior of intra-/inter-layer bond strength, and
superconductivity in transition metal ditellurides. Fur-
thermore, as the structural transition from T4 to 1T’
should be accompanied by a topological phase transition
from the Weyl semimetal state to the non-Weyl state, it
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would be intriguing to examine the correlation between
the Weyl state and the superconducting phase®".

In addition to the structural changes, we examine evo-
lutions of the electronic state and the electron-phonon
coupling with the pressure increase based on the optical
pump-probe experimental results. As photo-excitation
changes the occupation of electronic states, the rise and
relaxation of the transient reflectivity provide important
information about the electronic states’*>. As shown in
Fig. 3a, the OPOP signal exhibits large pressure-
dependent variations in its rise and relaxation. As the
pressure increases, the amplitude of the electronic part
(Supplementary Information S4) monotonically decreases,
crosses a zero level, and becomes negative (Fig. 3e). It
should be noted that such pressure-dependent variation is
quite monotonic with no discernible anomaly until
10 GPa. (The anomaly is discussed later.) Such continuous
variation of the OPOP response with an increase in
pressure is unexpected considering that the crystalline
structural symmetry undergoes abrupt changes around
2.5 GPa. Furthermore, the relaxation of the OPOP signal
does not involve any noticeable anomaly around 2.5 GPa.
Decay time, obtained from exponential fitting, decreases
continuously with the pressure increase, as shown in Fig.
3f. In the two-temperature model that considers the
energy exchange between electron and phonon sub-sys-
tems, the decay time of the transient reflectivity is 7, = C,/
Gep, where C. is electron heat capacity and G, is
electron-phonon coupling strength®®, Although there are
no specific results about the pressure-dependent change
of C,, a previous study reporting a small variation in the
electron density across 2.5 GPa suggests that C, does not
experience a meaningful change upon the structural
transition'®. From this expectation of C, and the result of
T, we conjecture that the electron-phonon coupling

strength remains almost unchanged across 2.5 GPa, where
the superconducting ground state becomes stabilized.

We now discuss anomaly of pressure-induced phase in
WTe, at about 10 GPa. At this pressure, the A> phonon
mode almost disappears, and the A} mode shows an
additional frequency shift (Fig. 2). Also, the amplitude of
the electronic part in the transient reflectivity shows a
clear change in its pressure-dependent slope near 10 GPa
(Fig. 3). Previous studies about high-pressure structural
phase utilizing Raman and XRD measurements, and those
about electrical transport also reported anomalies around
10 GPa, regardless of pressure medium, although these
were mislabeled as the Ty—1T’ structural phase transi-
tion'' "', We attribute the large deviation in pressure-
dependent structural changes in several previous reports
partly to an ignorance of the second structural transition,
which is clearly demonstrated in this work.

To have a better understanding of structural changes,
we performed SHG measurement, which is highly sensi-
tive to the structural symmetry of materials. Figure 4b
shows the azimuth-dependent SHG signal of WTe, with
the orthogonal (XY) polarization configuration for the
fundamental and second-harmonic waves. Note that the
SHG intensity is quadratically proportional to the fun-
damental light intensity (not shown), confirming the
second harmonic generation from the WTe, sample.
While the SHG intensity slightly changes at the T4—1T’
phase boundary (~2.5 GPa), a two-fold anisotropy pattern
persists until 8.4 GPa. The observed anisotropy patterns
are fitted well with point group m due to the symmetry of
the surface of WTe, (Fig. S8). Around 10 GPa, we observe
an abrupt change in the SHG responses; together with the
intensity reduction, the two-fold SHG pattern becomes
largely distorted. This anisotropy pattern cannot be fitted
with symmetry m, but it can be fitted either by



Ju et al. NPG Asia Materials (2025)17:20

considering the multi-domain or by removing the mirror
symmetry. Between these two scenarios, domain forma-
tion cannot account for the disappearance or appearance
of Raman peak (A?), and it cannot explain the significant
electron density change observed by Li et al.'*, either.
Thus the more plausible scenario is to consider the
structure with triclinic symmetry 1, which is achieved by
removing a mirror symmetry operation from point group
m (Fig. S9). Among transition metal dichalcogenides, ReS,
has a triclinic structure 1T” with bulk and surface point
groups 1 and 1, respectively. A transition to the ReS,-like
structure should be accompanied by a distortion of the
intra-layer atomic positions®>® (Fig. S10). This is con-
sistent with the large frequency shift of the A7 mode,
mainly due to intra-layer structural changes. Thus, we
suggest a structural phase transition around 10 GPa from
the 1T’ phase possibly to the triclinic 1T” phase whereas
broadening of Raman peaks may indicate a phase mixture
above 10 GPa.

Although the transition from 1T’ to 1T” arises due to
breaking of a single additional mirror symmetry, it should
also be accompanied by a change in the atomic network
within the van der Waals (vdW) layer; this can lead to
corresponding changes in the electronic properties. As
mentioned previously, we find large changes in the OPOP
amplitude (Fig. 3e) and SHG signal (Fig. 4a). Also, Li et al.
reported a dramatic change in the electronic transport
properties of WTe, around 10 GPa'*. These properties
exhibit much smaller changes around 2.5 GPa where the
structural change is caused mainly by inter-layer sliding.
These results suggest that the structural changes of the
intra-layer atomic network occur at a much higher pres-
sure than those of the inter-layer network (Fig. 1b), and
this can have a significant influence on the electronic
structure owing to the strong intra-layer covalent bonds
in vdW materials. Although the transition to the 1T”
structure greatly modifies electronic characteristics, it
does not break the inversion symmetry, which enables
WTe, to persist in the topologically trivial non-Weyl state
after the transition.

Conclusions

In conclusion, we successfully assigned the structural
phases of WTe, and MoTe, with a variation of hydrostatic
pressure employing various optical methods, which
include ultralow frequency Raman spectroscopy and
optical second-harmonic generation measurement, and
also the density functional theory calculations. We
showed that the T4 to 1T’ structural phase transition
occurs at about 2.5 GPa induced by inter-layer sliding. We
also demonstrated an additional structural transition
around 10 GPa with a possible transition to the triclinic
1T” phase, which should be involved with intra-layer
distortion of atomic position. These results provide a
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straightforward intuition of anisotropic bond strength
between inter-layer and intra-layer in this van der Waals
materials, and accordingly give an approximate range of
the transition pressure for inter-layer or intra-layer
structural phase transitions. Our result reveals that T4
to 1T/ transition occurs concomitantly with the previously
reported decrease in magnetoresistance and the emer-
gence of the superconductivity” ', Also, 1T’ to 1T”
transition is accompanied by a large change in electronic
properties'®. Therefore, the results presented in this work
provide important hints that can increase understanding
of the pressure-induced topological phase transition and
the emergence of superconductivity in transition metal
ditellurides. Also, this work can be an important guide in
exploiting transition metal ditellurides in spintronic and
electronic devices by modulating selectively the inter-
layer and intra-layer structural networks with external
stimuli.

Methods
Raman spectroscopy

Raman measurements were carried out using the
633 nm (1.96 eV) line of a He-Ne laser. The laser beam
was focused onto the sample with a long-working-
distance objective lens (0.4 NA). The scattered beam
was collected with the same objective lens in the back-
scattering geometry. A HORIBA iHR550 spectrometer
with a liquid-nitrogen-cooled, back-illuminated CCD
(Horiba) was used. Volume holographic filters (Opti-
Grate) were used to eliminate Rayleigh-scattered light,
enabling ultralow-frequency Raman measurement. The
polarization states of incident light and scattered light
were determined with polarizers and half-wave plates.

Optical pump-probe measurement

Pump-probe measurements were performed using laser
pulses with a 780 nm wavelength and 80 fs pulse width
generated from a Ti:sapphire laser (Vitara-T). The pump
and probe light were separated by a beam splitter and
were partitioned with optical filters. The pump light was
modulated at 100 kHz using a photoelastic modulator and
focused onto the sample with a x20 objective lens in the
normal incidence geometry. The probe light passed
through the same objective lens, and the reflected light
was collected with a Si photodiode. A lock-in amplifier
selected the oscillating part (100 kHz) of the probe signal
that had the same modulation frequency as the pump
light. The pump-induced changes in the probe signal were
measured with a time step of 60fs, extending up to a
pump-probe time delay of 27 ps.

Optical second-harmonic generation measurement
Light with an 800 nm wavelength and 80 MHz repetition
rate was generated from the Tissapphire laser (Vitara-T)
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and focused on to the sample with an x20 objective lens in
the normal incidence geometry. Second-harmonic light
(400 nm) was generated from the sample, reflected back,
and collimated with the same objective lens. Collimated
second-harmonic light was guided with a dichroic mirror
and collected with a photomultiplier tube (PMT). Optical
filters were used to block other light (except 400 nm
light). A Glan-Thompson polarizer and half-wave plate
were used to define the polarization of incident light. The
Glan-Taylor polarizer was placed in front of the PMT to
select second-harmonic light in a specific polarization
direction. Azimuth-dependent SHG anisotropy patterns
were measured by simultaneously rotating the input and
output laser polarizations, which were set to be parallel
(XX) or perpendicular (XY) to each other.

Sample preparation and high-pressure measurement

Single-crystalline samples (synthesized or provided by
HQ graphene and 2D semiconductors) were exfoliated
and transferred directly onto the diamond of the pressure
cell using a PDMS film (gel-pak). Note that samples are
50-100 nm thick, and hence they reflect bulk properties.
We repeated the pressure-dependent experiments on
several samples with no intentional control of their
thickness, and found consistent results for all the samples
investigated. High-pressure experiments were performed
using a diamond anvil cell (Almax easyLab). SS304L
stainless steel gaskets were pre-indented to a thickness of
60 um. A 150-pm-diameter hole was drilled at its center
to form the sample chamber. Ruby powder was placed
inside the gasket, and photoluminescence of the ruby
powder was achieved using a 514-nm argon laser for
pressure calibration. A 4:1 methanol:ethanol mixture was
used as a pressure medium. Low-temperature measure-
ment was performed with an Oxford cryostat and custom-
built shield.
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