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Intrinsic 1T 0 phase induced in atomically thin
2H-MoTe2 by a single terahertz pulse

Jiaojian Shi 1,15, Ya-Qing Bie 2,3,15 , Alfred Zong 2,4,15, Shiang Fang 5,6,14,
Wei Chen 5, Jinchi Han 7,8, Zhaolong Cao3, Yong Zhang9,
Takashi Taniguchi 10, Kenji Watanabe 11, Xuewen Fu 12, Vladimir Bulović 7,
Efthimios Kaxiras 5, Edoardo Baldini 13, Pablo Jarillo-Herrero 2 &
Keith A. Nelson 1

The polymorphic transition from 2H to 1T 0-MoTe2, which was thought to be
induced by high-energy photon irradiation among many other means, has
been intensely studied for its technological relevance in nanoscale transistors
due to the remarkable improvement in electrical performance. However, it
remains controversial whether a crystalline 1T 0 phase is produced because
optical signatures of this putative transition are found to be associated with
the formation of tellurium clusters instead. Here we demonstrate the creation
of an intrinsic 1T 0 lattice after irradiating amono- or few-layer 2H-MoTe2 with a
single field-enhanced terahertz pulse. Unlike optical pulses, the low terahertz
photon energy limits possible structural damages.We further develop a single-
shot terahertz-pump-second-harmonic-probe technique and reveal a transi-
tion out of the 2H-phase within 10 ns after photoexcitation. Our results not
only provide important insights to resolve the long-standing debate over the
light-induced polymorphic transition in MoTe2 but also highlight the unique
capability of strong-field terahertz pulses in manipulating quantum materials.

Tailored, ultrashort pulses of light can be used to manipulate
metastable states1 in functional materials, such as triggering insulator-
to-metal transitions2, unveiling hidden states3, or even inducing long-
lasting superconducting-like behavior way above the equilibrium
critical temperature4. These photoinduced states have been intensely

studied not only because they yield profound insights into funda-
mental light-matter interactions in correlated systems but also
because they bring new opportunities to the field of laser fabrication
and micro-machining, going beyond traditional laser cutting5,
burning6, or stereolithography technologies7. From this application
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perspective, the metastable 1T 0 phase of MoTe2 induced in a semi-
conducting 2H polymorph is considered an important candidate for
tackling the issue of high contact resistance for two-dimensional
electrical device8. In this polymorphic transition, the hexagonal unit
cell of 2H-MoTe2 in its ground state is transformed into themetastable
1T 0 phase after going through an intermediate structure (Fig. 1a), a
process that was believed to be readily instigated by optical
irradiation9–13. Compared to other methods14,15 such as ionic gating16,17

and strain application18, the focused laser spot down to the sub-
micrometer regime makes an optically driven transition especially
appealing for precision fabrication of small devices.

Despite the high technological impact of this polymorphic tran-
sition inMoTe2, recent studies have cast doubt on the existence of the
purported 1T 0 structure upon optical illumination. In particular, the
main evidence for the 1T 0 polymorphwas the Ag phonon peaks around
120 cm−1 and 140 cm−1 in Raman spectroscopy19,20 (Supplementary
Figs. 1 and 2),which have been shown tooriginate fromnano- ormicro-
sized Te clusters. Given the high energy barrier Ebarrier of more
than 0.8 eV per MoTe2 formula unit21 as well as the large Te displace-
ment of more than 1 Å required for the transition22 (Fig. 1a), it remains
unclear whether light can initiate the polymorphic change after all.

In this work, instead of using visible light, we report the successful
transition from 2H to 1T 0-MoTe2 using single-cycle, field-enhanced
terahertz (THz) pulses. The transition can be induced with as few as a
single THz pulse on atomically thin crystals of 2H-MoTe2. Using Raman
spectroscopy, we show that the induced phase reflects an intrinsic 1T 0

structure16,17,23, which is free fromany spurious features associatedwith
Te clusters. The validity of the metastable 1T 0 phase is further con-
firmed by selected area electron diffraction and energy-dispersive

X-ray spectroscopy, which demonstrate a macroscopic structural
transition without stoichiometric changes in the sample. Using single-
shot, time-resolved nonlinear optical spectroscopy, we also unveil the
different stages of this irreversible phase transition. These findings
provide a route of structural manipulation using high-field THz pulses,
which crucially avoid large-scale defect generation that often accom-
panies intense optical excitation9.

Results
Polymorphic transition in monolayer MoTe2
In our experiments, we positioned a flake of 2H-MoTe2 encapsulated
by hexagonal-boron nitride (h-BN) on top of two parallel gold strips
separated by a gap (Fig. 1b). The h-BN layers were used to isolate
monolayers and bilayerMoTe2 samples from field-induced emission in
the gold layers24 and to prevent their direct exposure to air. Figure 1d
shows the optical image of a monolayer sample prepared using a dry
transfermethod25. Upon illumination of this structurewith a free-space
THz pulse, the field strength can be enhanced by more than 100 times
at certain hot spots and about 20 times at the gap center, as shown in
Fig. 1c. Since the peak electric field of the THz pulse in free space
reached ~ 300 kV/cm at the focus, the electrical field amplitude can be
more than 5 MV/cm in large parts of the sample26 (see Fig. 1c, Sup-
plementary Fig. 3, “Methods” section, and Supplementary Note 1 for
detailed information on THz generation). After irradiating this struc-
ture with a free-space THz field of 270 kV/cm, we probed lattice
changes via spontaneous Raman scattering. Figure 1e shows the
Raman spectra. Before the THz illumination, the spectrum consists of
the A1g phonon at 171.5 cm−1 and the E2g phonon at 236 cm−1, in
agreement with previous studies of the 2H phase22. After excitation
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Fig. 1 | Polymorphic transition in MoTe2 induced by high-field THz pulses.
a Schematic energy landscape and top view of lattice structures of 2H-MoTe2 (left),
the intermediate state (middle), and 1T 0-MoTe2 (right). Ebarrier is the potential bar-
rier between the 2H and 1T 0-phase. bCross-sectional schematic illustration of a 2H-
MoTe2 crystal spanning an insulating gap between deposited gold strips, which
serve as a THz field enhancement structure. The monolayer 2H-MoTe2 crystal is
encapsulated between top and bottom h-BN. THz pulses are incident from the
bottom side of the fused silica substrate. c Field strength calculation of the THz
enhancement structure. Numerical simulation results showing THz field enhance-
ment by a factor of 20–50 in significant regions in and near the gap between the
gold strips. The enhancement factor is defined as the ratio between the actual and
incident electric field. dOptical micrograph of a monolayer sample, including a 15-

nm-thick top h-BN (white dashed line), a monolayer 2H-MoTe2 (green dashed line),
and a 5-nm-thick bottom h-BN (blue dashed line), all spanning a 1.8-μm insulating
gap (dark horizontal line) between the top and bottomgold strips. eRaman spectra
of monolayer MoTe2 after successive THz pulse irradiation with free-space field
amplitudes of 270 kV/cm. The Ag mode of the 1T 0 phase sets in after 5 THz pulses
and dominates upon further irradiation. By contrast, the A1g and E2g modes of the
2H phase are strongly reduced. The reduction of the overall Raman intensity in
monolayer samples may be related to compromised crystallinity after the irradia-
tion. The Raman measurements were conducted with a 1-μm-diameter laser spot
and were therefore averaged over regions that had been subjected to differently
enhanced THz field strengths. The two dashed lines are aligned with the Ag and A1g

mode of the 1T 0 and 2H-phase, respectively.
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with five THz pulses, bothmodes of the 2H phase disappear and a peak
at 163.3 cm−1 emerges (see Supplementary Fig. 4 for additional peak
width analysis). This feature signifies a change of the crystalline sym-
metry, and it is considered a specific fingerprint of the 1T 0 phase of
MoTe2

16,22. The new phonon peak becomes more prominent after
further exposure to THz pulses (Fig. 1e), indicating the growth of a
larger 1T 0 sample area. Importantly, the spectrum does not show any
localized modes due to damage-related Te clusters19 even though the
resultant 1T 0 phase is not homogeneously produced in the flake sus-
pended between the gap of the gold strips (Supplementary Figs. 5 and
6). These observations were reproduced in multiple samples, sug-
gesting that the action of a strongTHz fieldon ourmonolayerMoTe2 is
to induce a phase transition from the 2H to the 1T 0 polymorph.

To further investigate this structural transformation, we con-
ducted experiments ona series ofmonolayer 2H-MoTe2 samples. Since
the induced 1T 0 phase is long-lived, eachmeasurement required a fresh
specimen that was carefully positioned over the gap between the gold
strips, as indicated in Fig. 1b. First, we studied how the 2H phase
responded to a sequence of THz pulses with a gradually increasing
field strength. Toprobe the phase transition,we tracked the changes in
crystalline symmetry via optical second harmonic generation (SHG), a
sensitive probe of inversion symmetry breaking that can distinguish

between the non-centrosymmetric 2H phase and the centrosymmetric
1T 0 phase in samples with an odd number of layers27,28 (see “Methods”
section). Figure 2a shows three representative real-space images of the
SHG intensity before and after THz-field exposures with free-space
amplitudes of 210 kV/cm and 240 kV/cm; additional SHG intensity
images are shown in Supplementary Fig. 7. A plot of the SHG intensities
from three sample locationswithin thefield-enhancement gap (labeled
I, II, III in Fig. 2a) is presented in Fig. 2b.We observe that the SHG signal
drops when the field strength exceeds 183 kV/cm, disappearing com-
pletely above 270 kV/cm. As the field enhancement factor generated
by the gold strips is around 20, the threshold needed to quench the
SHG intensity is estimated to be approximately 4.0MV/cm. We com-
plemented these measurements by recording Raman spectra as a
function of the THz field strength. Figure 2c shows the spectra
acquired after irradiation at 200 kV/cm and 270 kV/cm. Consistent
with the picture supported by the SHG results in Fig. 2b, a single-pulse
irradiationfirst leads to adrop in the intensity of the 2Hphononswith a
free-space field strength of 200 kV/cm, and stronger THz pulses at
270 kV/cm subsequently cause a further suppression, leading to a
nearly complete extinction of the peak after 1000 pulses. Simulta-
neously, the Raman mode of the 1T 0 phase grows, eventually dom-
inating the spectrum.
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Fig. 2 | THz field dependence of the phase transition in monolayer and multi-
layer MoTe2. a SHG images ofmonolayer MoTe2 before THz irradiation (0 kV/cm),
after irradiation with one THz pulse at 210 kV/cm free-space field amplitude, and
after irradiation with a second THz pulse at 240kV/cm. The dashed lines indicate
the edges of gold strips in the field enhancement structure. Different areas of
monolayerMoTe2 in the gap are outlined by thewhite dashed boxes and labeled by
I, II, and III. The primes in x0 and y0 of the axes are added to differentiate the x–y
coordinates in Fig. 1 due to the rotatedfieldof view in SHGmicroscopy.b SHG from
different areas (I–III) in a measured after irradiation of the sample by single THz
pulses with successively increasing field strength. The vertical error bars measure
the deviation of the averaged SHG intensity in the regions of interest from that of

nearby pixels in the image. c Raman spectra of monolayer MoTe2 samples prior to
THz irradiation (blue curve), after THz irradiation with a single pulse at 200kV/cm
(violet curve), another single pulse at 270 kV/cm (pink curve), and 1000 pulses at
270 kV/cm (red curve). The monolayer MoTe2 sample shows the Ag mode at
163.5 cm−1 after irradiation with 1000 pulses at 270 kV/cm. d Electron diffraction
pattern of a multilayer ( ~ 10 layers) MoTe2 before and after a single THz pulse
irradiation at 300 kV/cm, showing the emergence of superstructure peaks (yellow
circle) that are characteristic of the 1T 0 phase. The scale bars represent 0.1Å−1.
e Raman spectra of the multilayer MoTe2 before and after a single THz pulse
irradiation at 300 kV/cm, showing the emergence of new Raman peaks that are
characteristic of the induced 1T 0 phase.
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Polymorphic transition in multilayer MoTe2
The THz-induced transition is not restricted to monolayer samples,
and we observed similar phenomenology in bilayer and multilayer
(~10 layers) 2H-MoTe2 (see Supplementary Figs. 6c, d and 8a, b).
Figure 2d, e show the results obtained on a multilayer 2H-MoTe2,
presenting the [001] zone-axis electron diffraction pattern and
Raman spectra before and after irradiation with a single THz pulse at
300 kV/cm. We find that the diffraction pattern of the unexcited
crystal exhibits the six-fold symmetry expected for the 2H phase.
Consistent with this observation, the Raman spectrum only displays
an E2g phonon mode of bulk 2H-MoTe2

29. After THz irradiation, new
peaks emerge in the diffraction pattern taken along the [001] zone
axis of the new unit cell (Fig. 2d), revealing a cell-doubling
superstructure30–33. On the other hand, our energy-dispersive X-ray
spectroscopy mapping of the irradiated sample shows that the
stoichiometric ratio of ~1: 2 is maintained and Te clusters are absent
(Supplementary Fig. 9). The change in the electron diffraction pat-
tern is accompanied by the appearance of Ag phonons (164 cm−1 and
270 cm−1) in the Raman spectrum (Fig. 2e)16,19. Both observables are
characteristic signatures of the 1T 0 lattice, offering additional vali-
dation for the creation of an intrinsic 1T 0 phase (see Supplementary
Note 2 and 3, and Supplementary Fig. 10).

Temporal evolution of the polymorphic transition
To gain microscopic insights into the THz-driven transition, we
also examined the photo-induced dynamics to trace out the temporal
evolution of the crystalline lattice. This investigation cannot be
accomplished by conventional time-resolved spectroscopy methods
because their stroboscopic approach precludes the study of irrever-
sible processes. We therefore developed a specialized apparatus for
THz pump-SHG probe single-shot spectroscopy, which is well suited
for probing the formation dynamics of the long-lived metastable 1T 0

state. A schematic illustration of our experiment is presented in Fig. 3a;
details of the setup are described in Methods. In our measurements,
we irradiated trilayer samples with a single THz pulse, whose field
strength was adjusted to exceed the phase transition threshold. We
subsequently recorded the SHG signal at different pump-probe delays.
Since the THz field was above the threshold for generating the 1T 0

phase, the experiment was challenging because each THz shot with its
predetermined delay time needed to be conducted on a fresh piece of
sample. An added difficulty is the extremely weak single-shot SHG
signal from a few-layer sample; using a photomultiplier tube, we
obtained measurable second harmonic intensity under an incident
800-nm pulse fluence of ~ 20 mJ/cm2, which is beyond the optical
damage threshold. Here, the collection of single-shot SHG signals
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energy potential as a function of transition coordinate with nonequilibrium carrier
distribution (charge neutral). Nonequilibrium distribution of carriers is qualita-
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relies on the concept of “probe before destruction”34,35, which is well
applicable toMoTe2 (see Supplementary Note 4). The small beam spot
for SHG (1μm) relative to the sample size (≥10μm) and good spatial
uniformity of the trilayer crystals (Supplementary Fig. 11) allow a
comparison among three locally destructive single-shot SHG mea-
surements at different sample locations: one prior to THz excitation
(Ii), the second at the selected delay time following THz excitation (It),
and the third at a long delay time at ~1min (If).

Figure 3b shows the time evolution of the SHG signal relative to
the initial signal followingTHz excitation (It/Ii, blue dots). The response
first increases, reaching about twice the initial value at 20 ps. It then
remains higher than Ii for several hundred picoseconds, before drop-
ping to ~0.2Ii at 12.5 ns. Finally, at long pump-probe delays, the SHG
signal disappears completely, indicating the stabilization of a meta-
stable phase. Themetastability is further confirmed by the value of the
final signals after 1min of photoexcitation, If/Ii, shownas the reddots in
Fig. 3b. We were able to reproduce these complex dynamics on dif-
ferent samples, with the initial enhancement of the SHG occurring
even below the phase transition threshold (Supplementary Fig. 12).
From our single-shot spectroscopy data, we identify a characteristic
timescale on the order of 10 ns that is needed to completely switch
MoTe2 out of the 2H polymorph. We attribute the increase in SHG
signal observed at shorter times to a possible nucleation of a transient
structure with a lower crystalline symmetry than 2H. One such possi-
bility is the distorted trigonal prismatic 2H* phase12,14 (Supplementary
Fig. 18), which is metastable along the transition pathway and can
further prolong the transition timescale. This scenario at short delay
times requires additional characterizations by single-shot time-
resolved techniques beyond SHG, such as diffraction or visible-IR
reflectivity to probe transient lattice and electronic responses, which
are beyond the scope of our present study.

Discussion
The set of experimental data from multiple techniques allows us to
theoretically explore different effects that can account for the 2H-to-
1T 0 transition. Based on the nanosecond phase transition timescale, a
natural hypothesis involves a THz field-driven carrier excitation
mechanism.Microscopically, an intense electric field at THz frequency
cangenerate high carrier densities throughmechanisms such as Poole-
Frenkel ionization, which liberate carriers and accelerate them to
multi-eV energies (see Supplementary Note 5). These processes lead to
impact ionization, liberating more carriers and evolving as a cascade
event36. Such electron-hole generation can lead to either (i) a neutral
carrier redistribution when excited carriers remain quasi-free, or (ii)
charge doping when carriers localize at the substrate/h-BN interfacial
states or spatially separate under the drive of intense THz electric
fields especially in the presence of trap states37 (see Supplementary
Note 5). To account for both scenarios, we numerically investigated
the effects of neutral aswell as charged carrier excitationon the energy
landscape of MoTe2.

The results of our calculations are shown in Fig. 3c,d (seeMethods
and Supplementary Note 6 for details of the first-principles calcula-
tions). In equilibrium, themetastable 1T 0 phase lies about 0.1 eV higher
in energy than the 2H phase (blue horizontal lines); here, energy values
are quoted per two formula units ofMoTe2 due to unit cell doubling in
this transition. The 2H-to-1T 0 activation barrier and the reverse acti-
vation barrier at charge neutrality in equilibrium is 1.66 eV and 1.56 eV,
respectively, thus protecting the 2H and 1T 0 phases against thermal
fluctuations. Upon excitation of a neutral electron-hole redistribution
(Fig. 3c) or charge doping (Fig. 3d), two effects occur. First, the acti-
vation barrier lowers substantially (violet-to-red horizontal lines) and
second, the 1T 0 energy decreases, both effects favoring the occurrence
of the 2H-to-1T 0 transition.

Our joint experimental and theoretical studies establish intense
THz fields as a viable route to steer the polymorphic transition in

atomically thin MoTe2. Crucially, this transition cannot be induced by
photons at higher energies9–11,38, as evidenced by our experiments
performed with mid-infrared and near-infrared pulses centered
around 225meV and 1.55 eV, respectively (Supplementary Figs. 1 and
2). The key difference betweenmid- or near-infrared and THz pulses is
that the former usually leads to mobile carriers at very high-energy
conduction bands, and these high-energy mobile carriers will result in
significant lattice heating — hence structural damage including Te
cluster formation — through intraband relaxation. On the other hand,
strong THz fields can create mobile carriers at the conduction band
edge without significant lattice heating effect (see Supplementary
Note 5). We also noticed that another mechanism involving THz-
excited phonons was proposed to drive the 2H-1T 0 phase transition in
MoTe2

39, which could also contribute to our observation uniquely
driven by THz pulses.

The large structural distortion also leads to a significant electronic
structure reconstruction involving band inversion around the Γ point,
driving a topologically trivial 2H phase of few-layer MoTe2 into a
quantum spin Hall insulator state in the 1T 0 phase40 (see Supplemen-
taryNote 7). The capability demonstrated in this workhenceopens the
tantalizing prospect in the search for phases of matter with non-trivial
band topology in addition to highlighting the unique capability of
high-field THz pulses in shaping material properties in a complex,
multi-phase energy landscape.

Methods
Fabrication of THz field-enhancement structure on fused silica
substrate
The fabrication of the metal microslit array was based on a standard
photolithography and lift-off process. Image reversal photoresist
AZ5214 was spin-coated on a fused silica substrate at 3000 rpm for
30 s, soft baked at 110 °C for 50 s on a hotplate, UV exposed by a
maskless alignerMLA 150with a dose of 24mJ/cm2, and post-exposure
baked at 120 °C for 2min followedbyfloodexposure anddevelopment
in AZ422. A thin filmof 2-nmCrwas deposited onto the substrate as an
adhesion layer by thermal evaporation followed by a 98-nm-thick Au
thin film. The samplewas soaked in acetone and PG remover for lift-off
to complete fabrication of the field enhancement structure.

Layered MoTe2 integration with the field enhancement
structure
Themonolayer, few-layer MoTe2, and layered h-BN were exfoliated on
SiO2/Si substrate from bulk MoTe2 (HQ graphene) or h-BN crystals.
Monolayer and bilayer MoTe2 were identified by optical contrast and
Raman spectroscopy. The layered materials were picked up by a
transfer slide composed of a stack of glass, a polydimethylsiloxane
(PDMS)filmand apolycarbonate (PC)film41. The resulting stacks of top
h-BN layer, MoTe2 monolayer or bilayer, and bottom h-BN layer were
then placed on top of the field enhancement structure with the help of
a transfer setup under an optical microscope24. For trilayer or thicker
MoTe2 samples used in the SHG and electron microscopy measure-
ments, h-BN encapsulation was not used.

High-field THz pulse generation
High-field THz pulses were generated in a Mg:LiNbO3 crystal by tilting
the optical pulse front of an 800-nm pump pulse to achieve phase
matching42. By using a three-parabolic-mirror THz imaging system, the
image of the THz beam spot on the sample was focused to its dif-
fraction limit of around 500 μm in diameter. The incident THz pulse
temporal profile was measured in the time domain using electro-optic
samplingwith a 100-μm-thick 110-orientedGaPcrystal.Whenpumping
with the 4 W output from an amplified Ti:sapphire laser system
(repetition rate 1 kHz, central wavelength 800 nm, pulse duration
100 fs), the peakelectricfieldof the THzpulses reached ~ 300 kV/cmat
the focus, with a spectrum centered at around 0.5 THz (see
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Supplementary Figs. 13 and 14). The repetition rate of the laser output
was down-counted from 1 kHz to 125 Hz by three successive phase-
locked choppers, providing sufficient temporal separation between
pulses for a mechanical shutter to isolate single THz pulses.

Spontaneous Raman scattering measurements
Spontaneous Raman scattering was performed on samples before and
after THz irradiation using a commercial Raman spectrometer (Horiba
LabRAM)with aHeNe laser (λ = 632.8 nm). The laser beamwas focused
on the samples by a 100× objective into a spot with a diameter of
approximately 1μm.

Transmission electron diffraction microscopy
To prepare the samples for transmission electron microscopy (TEM)
characterizationbefore and after THz excitation, we designed a special
TEM grid with a THz field enhancement structure. The enhancement
pattern made of a 50-nm-thick gold film is deposited on a silicon
nitride TEM window. The enhancement structure is a 300-μm-long, 2-
μm-wide air gap within the gold film, as shown in Supplementary
Fig. 10.We transferred amultilayerMoTe2flake on topof the gapusing
a PDMS dry-transfer method43 and measured the diffraction pattern
before and after the single THz pulse excitation. The transmission
electron diffractionmeasurement was performed using a transmission
electron microscope (FEI Tecnai Multipurpose Digital TEM) operated
at 60 keV at room temperature.

SHG mapping
As shown in Supplementary Fig. 14, the SHG fundamental pulses were
provided by a mode-locked Ti:sapphire oscillator centered at 800nm.
The laser pulse duration was around 35 fs at an 80MHz repetition rate.
The pulse was linearly polarized by an achromatic polarizer
(400–800 nm) and the polarization at the samplewas controlled by an
achromatichalf-waveplate inamotorized rotational stage. SHGsignals
from the sample were collected by the same objective for focusing the
fundamental light, and they transmitted through the same half-wave
plate and polarizer, which ensured that the SHG components detected
were parallel to the polarization of the fundamental field. A photo-
multiplier tube (PMT, Hamamatsu Photonics H10721) was used to
analyze the SHG signal. In the fast mapping mode, the laser beam on
the sample was scanned using two-axis Galvo mirrors (Thorlabs,
GVS412) to acquire in situ SHG images. We also use the SHG mapping
method to look for trilayer samples which have uniform response as
shown in Supplementary Fig. 11 for the single-shot THz pump-SHG
probe measurements.

Single-shot THz pump-SHG probe microscopy
The THz pump arm was combined with SHG pulses from a second,
temporally synchronized 12 W amplified Ti:sapphire laser (repetition
rate 1 kHz, central wavelength 800 nm, pulse duration 35 fs). SHG light
was focused to anear-diffraction-limited size (1μm)at the samplewith a
50×objective. The SHG light was collected by the same objective and
detected by a PMT with a confocal microscope to selectively probe the
area at the focuswith single-optical-pulse irradiation. Thepower level of
the SHG excitation pulse was well above the damage threshold of
MoTe2, but the ultrafast nature of the pulse enabled us to obtain a
reliable SHG signal before the sample was damaged. The temporal
overlap of the counter-propagating THz field and SHGoptical pulsewas
determined by THz field-induced second harmonic signal from a 30-
μm-thick LiNbO3 slab. All of the optical measurements were conducted
on a single-shot basis under ambient conditions. More details are given
in Supplementary Note 4 and Supplementary Figs. 11d, 15, and 16.

First-principles calculations
We performed density functional theory (DFT) calculations using the
VASP code44,45 within the general gradient approximation (GGA) —

Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional46. The
kinetic energy cutoff was 350 eV for the plane-wave basis sets. The
lattice constants of 2H and 1T 0 phases in the neutral state were
obtained via structural optimization with a convergence threshold of
forceon each atomof0.01 eV/Å, with a vacuumregionmore than 36-Å-
thick to decouple the neighboring slabs. A Γ-centered 11 × 17 × 1k-point
mesh was used to sample the Brillouin zone. The climbing image
nudged elastic band (CI-NEB)method47with 5 to 7 intermediate images
was used to determine the activation barrier of the phase transition.
Besides converging the electronic ground states with charge neu-
trality, we also considered higher temperature smearing effects and
charge doping. More information can be found in Supplementary
Note 6 and Supplementary Figs. 17–20.

In these barrier calculations, the in-plane lattice constants were all
constrained to the value of the neutral state 2H phase, even for the
charged state conditions in which the lattice tends to expand.We note
that the treatment of constant area was mainly due to the difficulty of
convergence when the lattice vectors were allowed to relax during CI-
NEB calculations of charged slabs. It simulates the situation where the
lattice of monolayer MoTe2 is strongly constrained by its interaction
with substrates.

Based on the converged electronic ground state with spin-orbit
coupling in a given crystal structure, we further constructed the
Wannier electronic model using theWannier90 code48,49 by projecting
the Mo d-orbitals and Te p-orbitals near the Fermi level. Besides cap-
turing the electronic band structure, the Wannier models also allowed
us to investigate the topological properties by evaluating the Z2

topological index from the non-Abelian Berry connections along the
Wilson loop50 and the Fu-Kane parity formulation51 (when inversion
symmetry is present). More information can be found in Supplemen-
tary Figs. 21–23.

Data availability
Relevant data supporting the key findings of this study are available
within the article and the Supplementary Information file. All raw data
generated during the current study are available from the corre-
sponding authors upon request.
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