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Abstract:  

Recent discoveries of broad classes of quantum materials have spurred fundamental study 

of what quantum phases can be reached and stabilized, and have suggested intriguing 

practical applications based on control over transitions between quantum phases with 

different electrical, magnetic, and/or optical properties. Tabletop generation of strong 

terahertz (THz) light fields has set the stage for dramatic advances in our ability to drive 

quantum materials into novel states that do not exist as equilibrium phases1-4. However, THz-

driven irreversible phase transitions are still unexplored. Large and doping-tunable energy 

barriers between multiple phases in two-dimensional transition metal dichalcogenides (2D 

TMDs) provide a testbed for THz polymorph engineering5,6. Here we report experimental 

demonstration of an irreversible phase transition in 2D MoTe2 from a semiconducting 

hexagonal phase (2H) to a predicted topological insulator distorted octahedral (1Tʹ) phase7 

induced by field-enhanced terahertz pulses. This is achieved by THz field-induced carrier 

liberation and multiplication processes that result in a transient high carrier density that 

favors the 1Tʹ phase. Single-shot time-resolved second harmonic generation (SHG) 

measurements following THz excitation reveal that the transition out of the 2H phase occurs 

within 10 ns. This observation opens up new possibilities of THz-based phase patterning and 

has implications for ultrafast THz control over quantum phases in two-dimensional 

materials. 
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Quantum materials with topological order are now at the forefront of condensed matter science 

because they cannot be described by the classical Fermi liquid theory8 and have topological 

properties that could lead to high-performance electronics and fault-tolerant quantum 

computing9,10. Because of their wide ranges of chemical compositions and crystal structures, two-

dimensional transition metal dichalcogenides (2D TMDs) have multiple quantum phases5 and can 

provide an excellent platform for observation of transitions among them5,6,11-17, including 2D phase 

transitions between topologically trivial and non-trivial states. The distorted octahedral (1Tʹ) phase 

in several types of 2D TMDs, including 2D MoTe2, is unique as it is predicted to exhibit a 

nontrivial topological edge state7. The energy difference between hexagonal (2H) and distorted 

octahedral (1Tʹ) structures in 2D MoTe2 is substantially smaller than the energy differences in 

other 2D TMDs18. However, control over the phase transition is difficult because of the large 

energy barrier that separates the two phases at room temperature7. Carrier injection6 using ionic 

liquid gating leads to a 2H-1Tʹ phase transition in monolayer MoTe2, but the phase transition is 

reversed once the gate is turned off.  An irreversible phase transition in bulk MoTe2 induced by 

visible laser irradiation19 was reported, but follow-up Raman measurements and theoretical 

calculations indicate that the new phase is a compositionally altered Te-metalloid-like phase rather 

than the 1Tʹ phase18,20,21. Here we report the use of THz-frequency pulses to induce an irreversible 

2H-1Tʹ phase transition in monolayer and bilayer MoTe2. 

A strong THz-frequency electric field can generate high carrier densities through Poole-Frenkel 

ionization or similar mechanisms that liberate carriers, and can accelerate the liberated or pre-

existing carriers to multi-eV energies sufficient for impact ionization that liberates even more 

carriers that can be accelerated to continue a cascading process22. This approach has been used to 

drive the correlated electron system VO2 from its insulating phase into a transient conducting 



phase1,23, though the transition is reversed upon electronic and thermal relaxation. Theoretical 

calculations show that a high carrier density can invert the energy ordering of 2H and 1Tʹ phases 

in MoTe2 and lower the energy barrier between them, which can enable a rapid and possibly 

irreversible phase transition24-26. However, it may be challenging to generate a sufficiently strong 

free-space THz field with tabletop THz techniques27.  

In our experiment, ~ 0.3 MV/cm free-space THz fields were used27 and were further strengthened 

with simple field enhancement structures (FES) consisting of 100 m-wide parallel gold strips 

deposited onto fused silica substrates, separated by 1.8 μm capacitive gaps. Figure 1a illustrates  

that a single-layer MoTe2 flake encapsulated with top and bottom hexagonal boron nitride (h-BN) 

layers was placed carefully on top of a gap between gold lines. A THz field polarized perpendicular 

to the gold lines is enhanced up to 2 orders of magnitude in the capacitive gaps28 according to 

finite-difference time-domain calculations, as shown in Fig.1b. Figure 1c shows an optical image 

of a typical sample prepared using a dry transfer method29 under a microscope. The h-BN layers 

can isolate MoTe2 from possible field-induced charge emission from the gold layers30 and avoid 

degradation of the 1Tʹ phase in air. We used Raman spectroscopy to observe changes in the lattice 

vibrational spectrum following THz irradiation. As in earlier Raman spectroscopy of 2H-MoTe2 

monolayers and bilayers31, we used an excitation wavelength of 633 nm from a He-Ne laser and 

kept the power below 1 mW/μm2 to avoid optically induced sample damage19. As indicated in 

Fig. 1d, before THz irradiation, monolayer 2H-MoTe2 within the gap shows two characteristic 

Raman peaks at 171.5 cm−1 (out-of-plane A1g mode) and 236 cm−1 (in-plane E2g mode) with the 

relative intensity in agreement with earlier observations18. After irradiation with five THz pulses 

whose field strength in free space was 270 kV/cm (here and below, we report the field strengths 

prior to field enhancement at the samples), the A1g and E2g peaks of 2H monolayer MoTe2 almost 



disappear and a new peak appears at 163.3 cm-1, which agrees very well with the theoretically 

calculated frequency of 163 cm-1 for the Ag mode of the monolayer 1Tʹ-MoTe2  phase18. We do 

not see peaks near 122 cm-1 or 141 cm-1 which are assigned to Te-metalloid-like modes21. The new 

peak at 163.3 cm-1 is strengthened upon further irradiation and the Raman spectra are consistent 

with a THz-induced 2H-to-1Tʹ phase transition in MoTe2.  

The THz field-dependence of the MoTe2 response was examined by irradiating a sample with a 

succession of eleven THz pulses with gradually increasing free-space field strength up to a 

maximum of 270 kV/cm. We used optical second harmonic generation (SHG) to monitor change 

in the crystal symmetry, from non-centrosymmetric in the 2H phase to centrosymmetric in the 1Tʹ 

phase. After each THz pulse, an image of the SHG intensity from the crystal was recorded. Three 

images (prior to irradiation and following THz fields with free-space amplitudes of 183 kV/cm 

and 240 kV/cm) are shown in Fig. 2a, and supplementary Fig. S6 shows the complete set of images 

recorded after THz pulses with field strengths successively incremented by ~ 20-30 kV/cm. A plot 

of the SHG intensities measured at three sample locations within the field-enhancement gap 

(labeled A, B, C in Fig. 2a) is presented in Fig. 2b. (See Methods section and Supplementary Fig. 

S5 for experimental details.) The first clearly observable drop in SHG signal occurred upon 

irradiation with one THz pulse whose field strength was 183 kV/cm. The SHG intensity dropped 

precipitously after one pulse with a free-space field amplitude of 240 kV/cm and essentially 

disappeared after a final pulse with 270 kV/cm amplitude. The field enhancement factor in these 

three regions is approximately 20, so the threshold for a measurable drop in SHG intensity is 

approximately 4.0 MV/cm. Raman spectra were also measured after irradiation with increasing 

field strengths. Figure. 2c shows spectra after irradiation with field strengths of 200 kV/cm and 

270 kV/cm. As in the SHG results, the first clear drop in strengths of the 2H phase Raman lines 



occurs upon irradiation with one pulse with about 200 kV/cm amplitude, and the lines almost 

disappear completely after a single 270 kV/cm pulse. The 1Tʹ phase Raman line grows in and 

dominates the spectrum after irradiation with 1000 pulses at 270 kV/cm. 

Figure 2d shows field-dependent Raman spectra from an h-BN-encapsulated bilayer MoTe2 

sample before and after THz irradiation. The bilayer MoTe2 within the gap initially shows 

characteristic Raman peaks at 171.5 cm−1 (A1g) and 236 cm−1 (E2g) as in the monolayer, and also 

a B2g peak (out-of-plane interlayer mode) at 291 cm-1, with relative peak intensities consistent with 

earlier results31,32. As in the monolayer, no obvious changes were observed when the THz field 

strength was below 200 kV/cm. We see a reduction in A1g and E2g Raman lines after a single THz 

pulse at 200 kV/cm. After irradiating with THz pulses at 270 kV/cm, a new peak appears at 163.2 

cm-1, which is consistent with the theoretically calculated value for the Ag mode of a pristine 1Tʹ 

phase bilayer MoTe2
18. (An expanded view of the Raman line and a fit to it are shown in 

Supplementary Fig. S4). The bilayer sample region examined by the Raman laser spot shows a 

mixture of 2H and 1Tʹ phases after irradiation with 1000 pulses at 270 kV/cm. 

Our static Raman and SHG measurements clearly indicate that a new crystalline phase is induced 

by the enhanced THz field. We repeated SHG and Raman spectroscopy measurements like those 

described above on two additional monolayer samples with essentially identical results, which are 

presented in the Supplementary Fig. S2. Each sample was permanently altered after THz high-

field measurements were carried out. We checked to see that samples did not return to the 2H 

phase even weeks after strong-field irradiation. 

To gain mechanistic insight into the THz-driven phase transition, direct time-resolved observation 

of the far-from-equilibrium dynamics is crucial. However, the irreversible nature of the phase 

transition precludes conventional ultrafast spectroscopy in which both excitation and probe pulses 



perturb and interrogate the sample many times with different pump-probe delay times, with the 

sample fully recovering to its initial state between measurements. We conducted THz-pump SHG-

probe measurements using a fresh sample for each single-shot measurement, with the THz pump 

field exceeding the phase transition threshold. Each measurement yielded data at only one probe 

delay time. (See Supplementary Note 3 and Fig. S7 for experimental details.) SHG signals from 

monolayer samples were too weak to measure on a single-shot basis, even with an incident 800-

nm pulse fluence well above the optical damage threshold, which is quite low19 for 2D MoTe2. 

(The static SHG measurements discussed above were conducted by signal-averaging over many 

pulses at low fluence.) Stronger SHG signals can be generated from several-layer samples33, and 

we obtained measurable single-shot signals from trilayer samples using a pulse fluence of ~ 20 

mJ/cm2. Trilayer samples used here were not encapsulated with h-BN due to catastrophic bubble 

formation between h-BN and MoTe2 induced by an above-damage-threshold optical pulse. The 

methodology of “probe before destruction” has been demonstrated in various contexts including 

single-shot femtosecond X-ray nanocrystallography of radiation-sensitive biological systems34-39. 

In our case, the 800-nm pulse duration of 35 fs was faster than the onset of significant lattice 

motion in MoTe2, which has been estimated24,32 to be between 150 fs and 1 ps. The fidelity of this 

method was confirmed by measurements of SHG as a function of the optical polarization angle 

relative to the crystallographic axes. The results of single-shot measurements at high fluence were 

consistent with those at low fluence and with the 6-fold rotational symmetry expected for a 

hexagonal phase 2D crystal. (The details are shown in Supplementary Fig. S8.) The relatively large 

sizes and good uniformity of the trilayer crystals were sufficient to allow comparison for each 

flake among three locally destructive single-shot SHG measurements at different sample locations: 

one prior to THz excitation (initial signal intensity labeled Ii), a second at the selected delay time 



following the THz excitation pulse (It), and a third at a long time (approximately 1 minute, final 

intensity If) after THz excitation. See Figs. 3a and 3b. The delay times t were -20 ps, 5 ps, 20 ps, 

300 ps, 1.24 ns, 12.5 ns and 112.5 ns for different samples. The pump-probe experimental details 

can be found in Supplementary Note 3, Figs. S7, and S8.  

Figure 3c shows that at long delay times after strong-field THz irradiation, the SHG signal from 

trilayer samples disappears as it does from monolayer and bilayer samples. Raman spectra of 

multilayer samples shown in Supplementary Fig. S16 confirm the disappearance of the 2H phase 

after irradiation of multilayer samples with a strong THz field, as in monolayer and bilayer samples. 

The gradual appearance of the 1Tʹ phase Raman peaks after further irradiation is far less evident 

in multilayer samples, but the disappearance of the 2H phase induced in a single THz shot may be 

similar among all the samples since even for monolayers there is little if any evidence of the 1Tʹ 

phase after one shot. Although the SHG signal disappears at long delay times t after the THz 

pulse, at short delay times we see complex kinetics. The SHG intensity increases initially, reaches 

a maximum of about twice its initial value Ii at 20 ps, remains higher than Ii for several hundred 

picoseconds and comparable to Ii for at least 1 ns, then drops to about 0.2Ii at t = 12.5 ns with no 

evidence of longer timescale dynamics. Similar short-time dynamical behavior was observed in 

bulk MoTe2 flakes (> 10 layers) irradiated with THz field amplitude of 150 kV/cm, lower than the 

phase transition threshold. The results are shown in Fig. 3d. The observed nanosecond timescale 

for SHG reduction is comparable to the reported carrier recombination lifetimes40 in few-layer 

MoTe2. Images of the irradiated samples and experimental details appear in the Supplementary 

Fig. S9 and Note 4. The increase in SHG observed at shorter times requires further investigation. 

It may be associated with the first steps toward transformation into a metastable phase, perhaps 

the distorted trigonal prismatic phase labeled as 2H* along the 2H-1Tʹ pathway26,41
. The indefinite 



persistence of a metastable phase after a single strong THz pulse or the 1Tʹ phase after further 

irradiation is likely due to the recombination of the THz-induced carriers after tens of nanoseconds, 

upon which the activation barriers rise again and prevent a return to the 2H phase. 

The mechanisms of irreversible phase transition of monolayer MoTe2 are studied by DFT 

calculations and understood in the framework of transition state theory. We first investigated the 

effect of charge (electron) doping on the energy landscape of phase transition as shown in Fig. 4a. 

In the neutral state, the metastable 1Tʹ phase is higher in energy than the 2H phase by about 0.1 

eV. The activation barrier Eact and reverse activation barrier are found to be 1.66 eV and 1.56 eV 

respectively, which preserve the 2H and 1Tʹ phases in the presence of thermal fluctuations. We 

see a barrierless minor structural phase transition from 2H to 2H* that can be triggered at small 

charge doping41.  However, only upon adding charge carriers close to a density of 1 e/MoTe2 unit, 

which corresponds to electron density at 9 × 1014  cm-2, does the 1Tʹ phase become 

thermodynamically more stable than 2H* phase as experimentally demonstrated in literature6. In 

our experiment, the density of excited electron-hole pairs is estimated to approach 1015 cm-2 

through Poole-Frenkel tunneling and impact ionization, as discussed in Supplementary Note 1. 

However, the net charge doping effect should not be the dominant factors for the 1Tʹ phase in our 

experiment because only a low density of charges can be trapped at the defects sites in h-BN or h-

BN/fused silica interfaces41. In order to provide a simple comparison with the experimental 

conditions, we approximate the highly non-equilibrium THz-excited carrier distribution by an 

equilibrium Fermi-Dirac distribution with a temperature smearing method. We used a smearing 

width up to 0.5 eV to have reasonable populations in the conduction band, corresponding to a 

carrier density of around 4 × 1014 cm-2. We observe that the activation barrier Eact for 2H-to-1Tʹ 

transition can be lowered substantially with higher temperature smearing as shown in Fig. 4b, 



which supports the notion that a THz-induced non-equilibrium carrier distribution is the primary 

reason for the 2H-1Tʹ phase transition. More discussion can be found in Supplementary Note 5 

and Figs S10-S13.  

We have demonstrated a THz-driven irreversible 2H to 1Tʹ phase transition in monolayer and 

bilayer MoTe2. Single-shot SHG measurements following THz excitation indicate the timescale 

for the transformation out of the 2H phase to be within 10 ns. Our work shows that strong THz 

fields can be used to steer a quantum material among metastable and stable phases in complex 

multiphase landscapes and in some cases to switch into a phase that is long-lived or permanent. 

The prospects are particularly promising for THz control over the myriad quantum phases in 2D 

layered materials. 

 

Methods 

THz field enhancement metamaterial simulation and fabrication  

The field of the free-space THz radiation can be enhanced with a metal microslit on a fused silica 

substrate as shown in Fig. 1c. Numerical simulations using commercial finite-difference time-

domain (FDTD) software (FDTD solutions, Lumerical Inc) were performed to calculate the 

enhancement factor of the gold slits. The dielectric function of gold in the terahertz frequency 

range was approximated by a Drude model (ε = ε∞ − ωp
2/(ω2 + iωγ)) with parameter values42 

from previous measurements (ε∞ = 9.1, ωp = 1.38×1016 rad/s, γ = 1.075×1014 rad/s), and n = 1.96 

was used for fused silica43. A light source was incident from the substrate side with an electric 

field along x direction. The source frequency spanned from 0.3 to 1.5 THz. Perfectly matched 

layers (PML) were used to absorb the scattered radiation in all directions. In the simulation, a 

power monitor was used to record the electric field along the gold surface. 



The fabrication of the metal microslit array is 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 aligner MLA 

150 with a dose of 24 mJ/cm2, and post-exposure baked at 120 °C for 2 min followed by flood 

exposure and development in AZ422. A thin film of 2 nm Cr was deposited onto the substrate as 

an adhesion layer by thermal evaporation followed by a 98 nm thick Au thin film. The sample was 

soaked in acetone and PG remover for lift-off to complete fabrication of the field enhancement 

structure. 

Layered MoTe2 integration with field enhancement structure 

The monolayer, few-layer MoTe2 and layered h-BN were exfoliated on SiO2/Si substrate with bulk 

MoTe2 (from HQ graphene) or h-BN crystal. Monolayer and bilayer MoTe2 were identified by 

optical contrast and Raman spectroscopy. The layered materials were picked up by the transfer 

slide, composed of a stack of glass, a polydimethylsiloxane (PDMS) film and a polycarbonate (PC) 

film, as described in ref44. The resulting stacks of top h-BN layer, MoTe2 monolayer, and bottom 

h-BN layer were then placed on top of the Au gap with the help of a transfer setup under an optical 

microscope30. 

High field terahertz pulse generation 

High field terahertz pulses were generated in a Mg:LiNbO3 crystal by tilting the optical pulse front 

to achieve phase matching45. By using a three-parabolic-mirror terahertz imaging system, the 

image of the terahertz spot on the sample was close to its diffraction limit or around 500 m in 

diameter. The incident THz pulse was measured in the time domain using electro-optic sampling 

with a 100 µm thick 110-oriented gallium phosphide crystal. When pumping with a 4 W laser from 

an amplified Ti:sapphire laser (repetition rate 1 kHz, central wavelength 800 nm, pulse duration 



100 fs), the maximum electric field of the THz pulses reached 270 kV/cm at the focus with a 

spectrum centered at 0.5 THz as shown in Supplementary Fig. S14. 

Raman spectroscopy  

Raman spectroscopy was performed on samples before and after THz irradiation using a 

commercial Raman system (Horiba LabRAM) with a helium-neon laser (𝜆=632.8 nm). The laser 

beam was focused on the samples by a 100× objective with numerical aperture 0.9, resulting in a 

beam diameter of about 1 μm.   

Second harmonic generation mapping 

As shown in Supplementary Fig. S5, the SHG fundamental pulses are provided by a mode-locked 

Ti:sapphire oscillator at 800nm. The laser pulse duration was around 35 fs at 80 MHz repetition 

rate. The excitation pulse was linearly polarized by an achromatic polarizer (400-800nm) and the 

polarization of the incident laser pulses on the sample was controlled by an achromatic half-wave 

plate in a motorized rotational stage. SHG from the sample was collected by the same objective 

and 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 photomultiplier 

tube (Hamamatsu Photonics H10721) was used to analyze the SHG signal in fast mapping. The 

laser beam on the sample was scanned using 2-axis Galvo mirrors (Thorlabs, GVS412) to acquire 

in-situ SHG images upon successive single THz pulse irradiations. 

Single-shot THz pump-SHG probe microscopy 

The THz pump arm is combined with SHG pulses from second, synchronized 12W amplified 

Ti:sapphire laser (repetition rate 1 kHz, central wavelength 800 nm, pulse duration 35 fs). SHG 

light was focused to a near-diffraction-limited size (1 μm) and near-transform-limited duration 

(~35 fs) at the sample with 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 focus with 

single-optical-pulse irradiation. The power level of the SHG excitation pulse is well above the 

damage threshold of 2D MoTe2, but the ultrafast nature of the pulse enabled us to obtain a reliable 

SHG signal before the sample was damaged and turned into a plasma. The temporal overlap of the 

counter-propagating THz field and SHG optical pulse was determined by THz field-induced 

second harmonic signal (TFISH) from a thin lithium niobate slab (30 μm). All of the optical 

measurements were conducted on a single-shot basis at an ambient condition (300 K, 1 atm). More 

details can be found in Supplementary note 3, Fig. S7 and S8.  
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Figure 1 THz-driven irreversible phase transition in monolayer MoTe2. a, Cross-sectional schematic 

illustration of a MoTe2 crystal spanning an insulating gap between deposited gold lines, which serves as a 

THz field enhancement structure. The monolayer 2H-phase MoTe2 crystal is encapsulated with top and 

bottom h-BN. THz pulses are incident from the fused silica substrate side. b, Numerical simulation results 

showing THz field enhancement by a factor of 20-50 in significant regions in and near the gap between 

gold lines (up to 120 maximum enhancement, but in regions too small to contribute significantly to our 

measurements).  c, Optical image of a MoTe2 sample, including 15 nm thick top h-BN (marked by a white 

dashed line), monolayer MoTe2 (green dashed line), and 5 nm thick bottom h-BN (blue dashed line) all 

spanning a 1.8-m gap (dark horizontal line) between gold strips. d, Raman spectra of monolayer MoTe2 

after successive THz pulse irradiation with free-space field amplitudes of 270 kV/cm. The Ag mode at 163.5 

cm-1, characteristic of 1Tʹ MoTe2, appears clearly after 5 THz pulses and grows in further upon further 

irradiation, while the A1g and E2g modes of 2H-MoTe2 at 171.5 cm−1 and 236 cm−1 are strongly reduced. 

The Raman measurements were conducted with a 1 μm diameter laser spot so they averaged over regions 

in the gap with varying enhanced THz field strengths. 



 

Figure 2 THz field dependence of the phase transition in monolayer and bilayer MoTe2. a, SHG 

images of monolayer MoTe2 before THz irradiation (0 kV/cm), after irradiation with one THz pulse at 183 

kV/cm field amplitude, and after irradiation with a second THz pulse at 240 kV/cm. The dashed lines 

indicate the edges of gold layers in the field enhancement structure. Different areas of monolayer MoTe2 in 

the gap are labeled A, B and C. b, SHG from different spots (A-C) in Fig. 2a measured after irradiation of 

the sample by single THz pulses with successively increasing field strength. The SHG signal begins to 

decrease at a free-space field strength of 200 kV/cm and completely disappears above 240 kV/cm. c, d, 

Raman spectra of monolayer and bilayer MoTe2 samples prior to THz irradiation, after THz irradiation with 

a single pulse at 200 kV/cm, another single pulse at 270 kV/cm, and 1000 pulses at 270 kV/cm. The Raman 

modes of the 2H phase, including A1g, E2g and B2g modes of the bilayer, start to decrease after a single 

THz pulse above 200 kV/cm. Both monolayer and bilayer samples show the Ag mode at 163.5 cm−1 after 

irradiation with 1000 pulses at 270 kV/cm. 



 

Figure 3 Single-shot SHG probe measurements were conducted to obtain the structural dynamics 

following a single THz excitation pulse. a, Schematic illustration of single-shot SHG probe before and 

after a THz excitation pulse. Single-shot measurements were conducted with 800-nm pulses at three sample 

locations to record the SHG intensity from the sample in its initial state prior to the THz pulse (Ii), at a 

specified delay time after the THz pulse (It), and in its final state ~ 1 minute after the THz pulse (If). The 

35-fs, 800-nm probe pulses were focused to a spot size of ~ 1 μm in the center of the microslit gap, where 

the THz excitation fluence was about 20 mJ/cm2. b, Optical images of a trilayer MoTe2 sample used for 

SHG measurement. The pristine sample is shown in image 1 taken with a high resolution camera; images 

2-4 were taken in-situ with a low resolution camera. Image 2 was taken after measurement of SHG signal 

Ii by the first 800 nm pulse P1. Image 3 was taken after another SHG signal Ii was measured by a second 

800 nm pulse P2; Image 4 was taken after THz excitation with 270 kV/cm field strength and measurement 

of SHG signal It by the third pulse P3. The optically damaged regions are indicated by orange arrows. The 

reduced optical reflectivity of the sample is apparent after THz irradiation which permanently removed the 

initial 2H phase of MoTe2. c, SHG intensities measured from seven trilayer MoTe2 samples at different 

delay times t from several picoseconds to hundreds of nanoseconds (blue dots) as well as around 1 minute 

(yellow dots). The data points on the same line show the SHG signal intensities measured from the same 

sample shortly after and long after the THz excitation pulse, normalized by the SHG signal intensity prior 

to THz excitation. d, Similar single-shot pump-probe measurements on five bulk MoTe2 flakes. The free-

space THz field strength was 150 kV/cm which was below the irreversible phase transition threshold. The 

20 mJ/cm2 probe pulse fluence was above the optical damage threshold. 



 

 

Figure 4 DFT-calculated energy landscape of phase transition with charge doping and carrier 

excitation. a, Energies of 2H phase at neutral state and 2H* phase at charged states are set at zero. As the 

added charge density increases to 1.0 e/MoTe2, which corresponds to 9 × 1014 cm-2, the activation energy 

decreases from 1.66 eV to 1.19 eV. Since the net charge density in the sample is estimated to be much lower 

than the charge density used in the 2H to 1Tʹ calculation, charge doping is not the main reason for formation 

of the 1Tʹ phase although it could trigger the 2H to 2H* phase transition according to the DFT calculation. 

b, Non-equilibrium distribution of carriers is qualitatively described by the Fermi-smearing method. The 

free-energy barrier decreases from 1.66 to 0.91 eV as the Fermi-smearing width increases from 0.0 to 0.5 

eV. The atomic structures of 2H* and transition states are displayed in the Supplementary Figs. S10,11,12. 
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