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Manipulating crystal structure and the corresponding electronic properties in

topological quantum materials provides opportunities for the exploration of exotic

physics and practical applications. As prototypical topological materials, the bulk

MoTe2 and WTe2 are identified to be Weyl semimetals and higher-order topological

insulators. The non-centrosymmetric interlayer stacking in MoTe2 and WTe2 causes

the Weyl semimetal phase while the intralayer Peierls distortion causes the

higher-order topological insulator phase. Here, by ultrafast electron diffraction and

TDDFT-MD simulations, we report the photoinduced concurrent intralayer and
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interlayer structural transitions in both the low temperature Td and room temperature

1T' phase of MoTe2 and WTe2. The ultrafast reduction of the intralayer Peierls

distortion within 0.3 ps is demonstrated to be driven by Mo-Mo (W-W) bond

stretching and dissociation. Both the interlayer shear displacement and the

suppression of the intralayer Peierls distortion are identified to be caused by photon

excitation, which is a different mechanism compared to the THz field and optical field

driven structural transitions reported previously. The revealed intralayer and interlayer

structural transitions, provide an ultrafast switch from the rich topological nontrivial

phases, such as the Weyl semimetal phase and (higher-order) topological insulator

phase, to trivial phase in bulk MoTe2 and WTe2 and most monolayer TMDCs. Our

work elucidates the pathway of the intralayer and interlayer structural transitions and

the associated topological switches in atomic and femtosecond spatiotemporal scale,

and sheds light on new opportunities for the ultrafast manipulation of topological and

other exotic properties by photon excitation.

Introduction

Within the transition metal dichalcogenides (TMDCs) family, MoTe2 and WTe2

have recently sparked broad research interest for their rich structural phases and

unusual electronic structures, such as the semiconductor-to-semimetal structural

transition [1, 2], extremely large magnetoresistance [2, 3], quantum spin Hall effect
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[4-7], and novel topological phases [8-14]. At room temperature, MoTe2 is in its 1T'

phase and forms a layered structure with double sheets of Te atoms bound together by

interleaving Mo atoms, as shown in Fig. 1a. By lowering the temperature below 250

K, bulk MoTe2 undergoes a structural transition from the monoclinic 1T' to the

orthorhombic Td phase. These two semimetallic phases hold distinct interlayer

stacking while both exhibit the same intralayer crystal structure with a Peierls

distortion [2]. The intralayer Peierls distortion is characterized by the Mo-Mo metal

bonds, which modulate the adjacent Mo atoms by alternating shorter and longer

distances along the b axis, as well as the out-of-plane wrinkling of the Te atoms as

shown in Fig. 1a. The 1T' phase of MoTe2 belongs to the centrosymmetric space

group (P21/m), and the Td phase of MoTe2 belongs to the non-centrosymmetric space

group (Pmn21). As a sister compound of MoTe2, WTe2 has commonly been observed

in the Td phase, even in a high temperature. Both the 1T' and Td phase of MoTe2 and

WTe2 are topological nontrivial. The bulk Td phase is a type-II Weyl semimetal [8-12,

15] and the bulk 1T' and Td phases are higher-order topological insulators [13, 14, 16].

The monolayers of MoTe2 and WTe2 are topological insulators [2, 4, 5, 17].

The crystalline topological phase of electrons is intrinsically protected by the

symmetry of the crystal [18-21]. Therefore, triggering an intralayer or interlayer

symmetry change offers prospects in practical applications such as topological switch

electronics. An ultrafast switching of the Weyl semimetal phase of WTe2 to the trivial

semimetal phase via an interlayer stacking transition can be achieved by an intense

THz field pump [22]. The excitation of the coherent interlayer shear phonon mode is
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attributed to the electric field driving electron transfer from the topmost valence band

to the conduction band. Under an infrared (800 nm) and a midinfrared (2600 nm)

laser pump [23], a topological switch in the Td phase of MoTe2, analogous to the THz

pump induced switching in WTe2 [22], was observed within 0.7 ps through

spectroscopic measurements. The recent angle-resolved photoemission spectroscopy

(ARPES) study [24] on the Td phase of WTe2 shows that, at 800 nm and a low

excitation density, the shear mode induced photoemission intensity oscillation can be

described by a π-shifted sine function, implying an impulsive excitation of this shear

mode by the laser field. However, a direct observation of the laser-induced ultrafast

interlayer stacking transition with a structural probe has not been reported yet.

The intralayer Peierls distortion is an intrinsic structural character of the 1T' and

Td phase of MoTe2, WTe2 and their monolayer counterparts [2], caused by Fermi

surface nesting. It brings about the onset of unique physical phenomena, such as

unprecedented anisotropic optical and electronic properties [25]. More importantly,

the intralayer distortion induces the band inversion and causes monolayers of MoTe2

and WTe2 to become topological insulators [2, 4, 5, 17] and the bulk to become a

higher-order topological insulator [13, 14, 16]. A schematic illustration of the band

inversion in monolayer 1T' MoTe2 is shown in Fig. 1b. With the inclusion of

spin–orbit coupling (SOC), the band hybridization and the lifting of degeneracies at

the Dirac cones formed by the band inversion open a bandgap in the bulk states [2, 4,

5]. The topological band inversion and the bandgap opening are the hallmarks of a

quantum spin Hall state in monolayer 1T' WTe2 and MoTe2 [4-7]. Therefore, a
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dynamical control of the intralayer Peierls distortion will modulate the topological

and exotic electronic properties in MoTe2 and WTe2.

Here we report a comprehensive study of the ultrafast structural response in the

1T' and the Td phase of MoTe2 and WTe2 induced by 550 nm and 2000 nm laser

excitation. We identify concurrent interlayer and intralayer structural transitions, i.e.

the interlayer shear displacement and the reduction of intralayer Peierls distortion, by

ultrafast electron diffraction (UED) supported by TDDFT-MD simulations. The

interlayer shear mode in the Td phase, which is a signature of the Weyl semimetal

phase to trivial phase transition, is observed in the ultrafast electron diffraction

experiments as an oscillation of Bragg reflection intensities. It is well described by a

π-shifted cosine function indicating a displacive excitation of this coherent phonon

mode, so the interlayer structural transition is driven by electron-phonon coupling

which is distinct from the laser filed driven transition based on ultrafast spectroscopy

measurements. An ultrafast Mo-Mo (W-W) bond stretching in both the 1T' and the Td

phase is revealed as an anisotropic changes of Bragg reflections within 0.3 ps. It

triggers an ultrafast reduction of intralayer Peierls distortion and a transition from the

higher-order topological insulator phase in bulk 1T' and Td phase to the trivial phase.

Since the stable phase of most monolayer TMDCs is the 1T' phase, we expect that the

transition from the topological insulator phase to the trivial phase occurs by the

suppression of intralayer Peierls distortion as well.
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Results

Ultrafast electron diffraction and diffraction pattern of MoTe2

The MoTe2 (and WTe2) film used in the experiment is prepared by mechanical

exfoliation from a bulk crystal (HQ Graphene). The thickness of the freestanding film

on the TEM grid is ~ 30 nm, characterized by the propagation of the breathing phonon

mode induced by the laser excitation [26]. A schematic representation of the ultrafast

electron diffraction experiment is depicted in Fig. 1c. Visible (550 nm) and

midinfrared (2000 nm) femtosecond laser pulses are employed to electronically excite

the nanofilm of MoTe2. We choose those two pump wavelengths in order to separate

the possible contributions of the photoexcitation and the electric field [22, 23] to the

structural transition. Another femtosecond electron pulse subsequently probes the

structural changes at a varying time delay after the pump laser excitation. The

temporal resolution of the system is estimated to be ~ 150 fs (FWHM) [27]. The

phase of MoTe2 in the experiment is controlled by the temperature, i.e. the 1T' phase

at room temperature 295 K and the Td phase at 120 K. A prototypical diffraction

pattern of the Td phase is shown in Fig. 1d.
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Coherent interlayer shear mode in the 1T' phase and the Td phase

To investigate the structural dynamics, we report the relative changes of the

Bragg spot intensities as a function of time delay in Fig. 2. For the room temperature

1T' phase, intensity oscillations of the (130) and (120) Bragg spots are observed for

both 550 nm and 2000 nm laser excitation, as shown in Fig. 2a. The Fast Fourier

Transformation (FFT) amplitude of the oscillation is 0.38 THz, in good agreement

with the frequency of the interlayer shear phonon in the Td phase [29]. A recent

spectroscopic study reports a similar photoinduced coherent shear phonon in the 1T'

phase of MoTe2 [30]. Two points need to be noticed regarding this shear phonon mode.

The first is that the shear phonon mode is Raman inactive in the 1T' phase [29, 31].

The second is that the coherent shear phonon does not occur after THz excitation [22].

The appearance of Raman-inactive phonon modes is generally attributed to lattice

symmetry breaking [30, 32]. In the case of 1T' MoTe2, an intermediate state with

significant structural changes may form and needs to be identified. As the shear

phonon mode is silent in the THz photoexcitation [22], the intermediate state is likely

be induced by high energy photon excitation.

For the Td phase of MoTe2, pronounced intensity oscillations with a frequency of

0.4 THz are observed for both 550 nm and 2000 nm laser excitation as shown in Fig.

2b. This low frequency oscillation with a life time ~ 40 ps is attributed to the

interlayer shear phonon mode [23, 29], i.e. the atoms in the same layer vibrate along

the same direction while atoms in two adjacent layers vibrate toward opposite

directions. The oppositely phased intensity oscillations along the b axis (i.e. (h20),
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(h30), (h40), (h50)) are shown in Fig. 2c and Fig. S1 in Supplemental Materials,

indicating that the intensity oscillations arise from the interlayer shear phonon [22]. A

similar shear mode oscillation in the sister compound WTe2 is also observed and

shown in Fig. S2 in Supplemental Materials. In Fig. 2d, a schematic illustration of the

interlayer shear displacement is displayed. The interlayer shear mode has been

identified as an indication of the structural transition from the Weyl semimetal phase

to the trivial semimetal phase [22, 23]. With increasing pump fluence, the amplitude

of the shear mode (i.e. the peak-to-peak intensity change) of (130) and (040) increases

linearly then saturates somewhat at higher fluence (the threshold fluence is 5.44

mJ/cm2 with 550 nm laser pump), as shown in Fig. S3 in Supplemental Materials. We

simulate the shear displacement induced intensity changes by SingleCrystal [33]. In

the simulation, the adjacent layers move in opposite direction along b axis by 0.03 Å

then -0.03 Å to modulate the shear displacement relative to the equilibrium position.

The simulated intensity changes qualitatively agree with the experimental results as

shown in Fig. 2e. Note that the pump fluence of 3.81 mJ/cm2 is close to the threshold

fluence of 5.44 mJ/cm2, however, the estimated shear displacement is a few

picometers, much smaller than the required displacement of ~ 0.19 Å for the

symmetry switch [22]. The discrepancy could derive from the limited optical

penetration depth, which is estimated to be 50-100 nm [23, 30], causing an

inhomogeneous longitudinal excitation over the ~ 30 nm film thickness. Such

inhomogeneous excitation is also observed in the THz field pump of WTe2 [22]. Since

the complete symmetry change on the surface layer of MoTe2 and WTe2 has been
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detected by time-resolved second-harmonic-generation spectroscopy [22, 23], we

expect a much larger shear displacement for the few surface layers than the

displacement averaged over the 30 nm thickness in our experiments.
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Intralayer structural transition by the reduction of Peierls distortion

To gain insight into the ultrafast structural response, we focus on the changes of

Bragg diffraction intensities in femtosecond timescale. The intensity decay of several

Bragg reflections in the 1T' phase is shown in Fig. 3a and 3b for 550 nm and 2000 nm

laser pump respectively. Within t1 = 0.3 ps after photoexcitation, the intensities of the

(120), (040) and (130) reflections decay promptly, while the intensities of the (130)

and (330) reflections stay unchanged. The same anisotropic intensity changes of these

peaks within 0.3 ps is also observed in the Td phase of MoTe2 (see Fig. 3c and 3d, and

Fig. S5 in Supplemental Materials) and the Td phase of WTe2 (see Fig. S2 in

Supplemental Materials). As the pump fluence increases, the intensity decrease of the

(130) reflection within 0.3 ps is constant for all fluences, while the intensity change of

the (120) reflection continuously increases with fluence as shown in Fig. 3e. The

distinct behavior of different Bragg reflections, as shown in Fig. 3, could be a

signature of structural transition to an intermediate state instead of Debye-Waller

effect. As both the 1T' and Td phases exhibit the same intralayer Peierls distortion, we

speculate that the observed anisotropic intensity changes are associated with the

reduction of the intralayer Peierls distortion [2], which we will discuss further in the

next paragraph. The overall intensity change of every single Bragg reflection is

therefore the superposition of the anisotropic intensity change and the shear mode

intensity oscillation. Fig. 3f shows that the shear phonon mode in the Td phase is

described best by an exponentially decaying cosine function A cos(ωt+φ) exp(-t/τ).

The frequency ω and the phase φ of the best fit are 0.42 THz and -0.04 rad. The



13

identified cosine oscillation of the shear mode indicates the displacive excitation of

this coherent phonon mode (DECP). In this case, the ultrafast electronic excitation

gives rise to the immediate change of the potential energy surface and the subsequent

harmonic oscillation [34, 35]. Therefore, the reduction of the intralayer Peierls

distortion and the interlayer shear mode are probably concurrently excited by the

femtosecond laser.
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For MoTe2 and WTe2, the 1T phase is not stable and the Fermi surface nesting

drives the transition to the 1T' phase with the intralayer Peierls distortion [2],

characterized by Mo-Mo metallic bonds as well as the out-of-plane wrinkling of Te

and Mo atoms as shown in Fig. 4. In general, the femtosecond laser excitation creates

non-equilibrium potential energy surfaces, which in many materials releases structural

distortions to a high crystal symmetry [36-41]. Examples of such structural phase

transition are the ultrafast dissociation of the V-V dimers in VO2 [38] and Ir-Ir dimers

in IrTe2 [36], and the suppression of periodical lattice distortions in charge density

waves systems [40, 41]. In the case of MoTe2, the femtosecond laser induces a

population in the antibonding d-orbitals of Mo atoms [42, 43], which may give rise to

the stretching (and dissociation) of the Mo-Mo metallic bonds. In this circumstance,

Fig. 3 Ultrafast structural dynamics in both the 1T' and Td phase. (a), (b) Intensity

changes in the 1T' phase with 550 nm and 2000 nm laser pump. (c), (d) Intensity

changes in the Td phase with 550 nm and 2000 nm laser pump. For both phases, a

prompt decay within 0.3 ps (t1) is measured for (120), (040) and (320), while a delay

of the intensity decay is observed for (130) and (330). Time traces of (040) in the Td

phase are displayed in Fig. S4 in Supplemental Materials. (e) Fluence dependence of

the intensity changes in the 1T' phase with 550 nm laser pump at the time delay of

0.3 ps. The intensity of the (120) reflection at this delay stays constant with

increasing fluence, while the amplitude of the intensity decay of the (130) reflection

continuously increases as the fluence increases. (f) The intensity oscillation of the

(120) reflection fitted by an exponentially decaying cosine function (solid green

line) with 2000 nm laser pump. The region of the fit covers 0.7 to 10 ps. The dashed

green line in the region < 0.7 ps is an extension based on the fit.
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the shorter Mo-Mo distance will get elongated as indicated in Fig. 4b by light blue

arrows. Based on this concept, we calculate the structure factor and the corresponding

diffraction intensity change by Mo-Mo bond stretching in the unit cell of the 1T'

phase and the Td phase. The possible reduction of the out-of-plane wrinkling along

the c axis is neglected in the subsequent calculation, since the experiment is not

sensitive to out-of-plane motions in this geometry. The structure factor is determined

by the positions of the atoms in the unit cell,

 
j

jj xyzhklifhklF ])()(2exp[)(  (1)

Where fj is the atomic scattering factor and the sum is performed over all atoms in the

unit cell. The intensity I of a Bragg reflection (hkl) is proportional to the amplitude

square of the structure factor F(hkl), i.e. I (hkl) ∝ │F(hkl)│2. We simulate the

Mo-Mo bond stretching and calculate the corresponding structure factor with

SingleCrystal [33]. Fig. 4a and Fig. 4b display the calculated change of │F│2 as a

function of the Mo-Mo bond stretching for the 1T' phase and the Td phase,

respectively. The (020), (040), (120) and (320) reflections show a remarkable

intensity decrease, while for the (130) and (330) reflections, the intensities remain

unchanged or increase slightly. The calculated intensity change of Bragg reflections as

a function of Mo-Mo bond distance shows the same trend as the measured change

within 0.3 ps in Fig. 3. Therefore, we attribute the ultrafast anisotropic intensity

changes to Mo-Mo (W-W) bond stretching in MoTe2 (WTe2).
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Photoinduced Intralayer and interlayer atomic motions from TDDFT-MD

simulation

To further confirm the concurrent intralayer and interlayer atomic motions, we

perform TDDFT-MD simulations for MoTe2 in its Td phase. The pump fluence is set

to 2 mJ/cm2 close to the experimental condition. More detailed information regarding

the simulation can be found in Supplementary Materials. The simulation results are

shown in Fig. 5. The arrows in Fig. 5a indicate the directional movements of Mo and

Te atoms based on simulated time-dependent displacements in the unit cell. The

corresponding displacement trajectories in time for atoms in the middle and the

bottom layer are summarized in Fig. 5b-5d and Fig. S6 in Supplementary Materials,

respectively. As shown in Fig. 5b (bottom), in the simulations the bond length of Mo1

and Mo2 stretches significantly within ~ 0.3 ps, which agrees with the ultrafast bond

stretching from the experimental results (see Fig. 3). Meanwhile, Te8 and Te11 move

in opposite directions along the c axis as shown in Fig. 5c, which reduces the

out-of-plane wrinkling of the Te atoms. The stretching of the metallic bonds and the

reduction of the out-of-plane wrinkling of the Te atoms within 0.3 ps evidence the

photoinduced suppression of the intralayer Peierls distortion. Note that T8 and Te11

also move simultaneously along the negative direction of b axis as shown in Fig. 5c

(bottom), while Te7 and Te12 in adjacent layer move along the positive direction of

the b axis as shown in Fig. S6 in Supplementary Materials. The opposite movements

along the b axis in these two adjacent layers is a signature of the interlayer shear mode.

In Fig. 5d (top), Te10 is on average not moving significantly in comparison with that
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of Te5, deviating from the expected shear displacement. This distinction may derive

from the dynamical coupling of the interlayer shear mode and the supression of the

intralayer Peierls distortion on ultrafast timescales. The intensity change of several

Bragg peaks is calculated based on the atomic displacements at T=0.2 ps in Fig. 5.

The calculated anisotropic intensity changes as shown in Fig. S7 in Supplementary

Materials, agree qualitatively with the experiment results in Fig. 3. The simulation

results in Fig. 5 contains some coherent oscillations of the atomic displacements with

the period of 200-300 fs, which are not observed in our experimental results. Such

coherent oscillations could be attributed to the excitation of high-frequency (~ 4 THz)

phonon modes [24, 31]. The ~150 fs temporal resolution of our experimental system

is insufficient to detect such ultrafast oscillations.
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The simulation results in Fig. 5 unambiguously demonstrate the concurrent

interlayer shear displacement and the suppression of intralayer Peierls distortion, in

good agreement with the experiment results. A schematic illustration of the structural

changes based on these two dynamical processes is summarized in Fig. 5a. On sub-ps

timescales, the intralayer distortion is suppressed to a 1T-like structure. Meanwhile,

the shear displacement reduces the bond length discrepancy between d1 and d3 and the

interlayer stacking is changed correspondingly as shown in Fig. 5a. When the

symmetry center of the top (bottom) layer (i.e. the gray crosses) gets aligned to that of

the center layer (i.e. the red cross), a structural transition from the

non-cenrosymmetric to the centroymmetric can be achieved by the shear displacement.

We define an intermediate centrosymmetric 1T(*) phase with 1T-like intralayer

structure (Fig. 5a (right)). Therefore, the photoexcitation induces a structural

transformation from the non-centersymmetric Td phase (Fig. 5a (left)) to the

centrosymmetric 1T(*) phase (Fig. 5a (right)). Note that the unit cell of the 1T(*)

phase indicated by the dotted rectangular, as shown in Fig. 5a (right), will be half of

the unit cell of the Td phase (the gray rectangle) along the b axis, which may be a

signature for further experimental study on the structural transition. In our experiment,

the inhomogeneous longitudinal excitation due to the limited optical penetration depth

may blur the underlying unit cell change.

Discussion

The pathway of the concurrent intralayer and interlayer structural transitions in
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real space and the sketch of the modulation of the potential energy surface by

photoexcitation for the Td phase of MoTe2 is illustrated in Fig. 6. After

photoexcitation, the occupation of the antibonding d-orbitals of Mo atoms induces the

stretching of the in-plane metallic Mo-Mo bonds. It is conceivable that at higher pump

fluence, the Mo-Mo bond will dissociate completely. The Mo-Mo bonds stretching

and the reduction of the out-of-plane wrinkling of Te atoms give rise to an ultrafast

suppression of the Peierls distortion and a transition to intralayer 1T-like structure

within 0.3 ps. Meanwhile, the interlayer shear displacement produces a coherent shear

phonon mode at moderate excitation density and a transition to a centrosymmetric

phase in sub-period of the shear phonon mode at high excitation density. The

corresponding modulations of the potential energy surface along the Peierls distortion

coordinate and the shear mode coordinate are shown in Fig. 6b and 6c respectively.

For the 1T' phase of MoTe2, the same intralayer structural transition (i.e. the

suppression of intralayer Peierls distortion) by photoexcitation as that in the Td phase

is identified. It is surprising that the Raman-inactive shear mode is observed in 1T'

phase. The same shear mode in the 1T' phase is also observed in femtosecond optical

pump-probe reflectivity [30], which suggests that it is not caused by the possible

interlayer stacking fault. A simple question is that if there is any correlation between

the intralayer and interlayer structural transitions in both the 1T' phase and the Td

phase. The excitation of the Raman-inactive shear mode in the 1T' phase may suggest

a certain facilitation of the intralayer structural transition to the interlayer shear mode,

which needs to be studied further.
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The significance of the findings in our work are multifold. First, the concurrent

intralayer and interlayer structural transitions is the intrinsic mechanism for the visible

and infrared femtosecond laser induced Weyl semimetal phase to trivial phase

transition [23]. Second, the ultrafast intralayer structural transition and the displacive

excitation of the shear phonon mode indicate that the electron-phonon coupling is the

driving force of the topological switching, which is distinct from the THz/light field

driven topological switching in Ref. 22-24. The same structure response under 550

nm and 2000 nm laser excitation suggests such photoexcitation induced topological

switching in a wide spectrum range. Third, the intralayer Peierls distortion causes the

band inversion [2, 17, 14], therefore, the topological insulator phase in monolayer [2,

4, 5, 17] and the higher-order topological insulator phase in bulk 1T' and Td phase [13,

14, 16] are expected to switch to the trivial phase upon suppression of the intralayer

Peierls distortion. Moreover, the quantum spin Hall state based on the the topological

band inversion in monolayer 1T' WTe2 and MoTe2 [4-7] will also be modulated by the

suppression of the intralayer Peierls distortion. Fourth, the ultrafast suppression of the

intralayer Peierls distortion can be used to tune the anisotropic electronic and optical

properties in the 1T' phase of TMDCs for specific applications [25].
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In conclusion, we reveal photoexcitation induced concurrent intralayer and

interlayer structural transitions in the 1T’ and the Td phase of MoT2 and WTe2 by

femtosecond electron diffraction and TDDFT-MD simulations. The multifold

topological nontrivial to trivial transitions based on the ultrafast intralayer and

interlayer structural transitions are discussed. The ultrafast stretching and dissociation

of metallic Mo-Mo (W-W) bonds and the suppression of the intralayer Peierls

distortion brings new insights to the ultrafast manipulation of electronic structures and

anisotropic electronic/optical properties [25]. Moreover, as the 1T’ phase, instead of

1T phase, is the room temperature stable phase in most monolayer TMDCs [25], the

photoinduced suppression of the intralayer Peierls distortion and the associated

modulation of the electronic structure are expected to occur in most monolayer

TMDCs.
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Supplemental Materials

Fig. S1 Intensity oscillation of Bragg spots modulated by the shear phonon mode

in the Td phase of MoTe2. The pump laser is 550 nm and 3.81 mJ/cm2. The

intensities of (h20) and (h40) in (a) oscillate in the opposite phase of (h30) and

(h50) in (b). The alternate, oppositely phased intensity oscillation along the b

axis indicates the intensity modulation arises from the interlayer shear phonon

along the b axis.

a

b
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Fig. S2 Anisotropic intensity modulations and time-delayed intensity changes in

WTe2. (a), (b) Shear mode oscillations by 500 nm (1.08 mJ/cm2) laser pump. The

FFT amplitude of the oscillation indicates a frequency of 0.27 THz. (c), (d)

Anisotropic intensity modulations for {130} and {120} in WTe2 by 550 nm (1.08

mJ/cm2) laser pump. (e), (f) Time traces of {120} and {130} with (a) 550 nm (1.77

mJ/cm2 and (b) 1.08 mJ/cm2 laser pump, both of which show a prompt intensity

decay of {120} and an apparent time-delayed intensity change of {130}.

a b

WTe2
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Fig. S3 Peak-to-peak intensity change of (130) and (040) on pump fluence for

the Td phase of MoTe2. The pump laser is 550 nm.

Fig. S4 (a), (b) Time traces of intensity changes at the Td phase of MoTe2 with 550

nm (3.81 mJ/cm2) and 2000 nm (15.08 mJ/cm2) laser pump respectively. A prompt

decay within 0.3 ps is measured for (040), while a time-delayed intensity decay is

observed for (130).

a b

550 nm 2000 nm

t1= ~ 0.3 ps t1= ~ 0.3 ps
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Fig. S5 Time traces for intensity changes of {120} and {130} at the Td phase of

MoTe2 with (a) 550 nm (3.81 mJ/cm2) laser pump and (b) 2000 nm (15.08 mJ/cm2)

laser pump. On sub-ps timescales, both figures show apparent time-delayed

intensity decay of the {130} in contrast to the instantaneous intensity decay of the

{120} after photoexcitation.

a b

2000 nm550 nm
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b

c d

Fig. S6 Simulated atomic motions in the bottom layer of the unit cell. (a) In-plane

and out-of-plane movements of Mo and Te atoms indicated by arrows after the laser

excitation. (b) Time-dependent displacements of Mo3 and Mo4 along the b axis and

c axis. The blue curve in the middle figure is metallic bond length changes between

Mo3 and Mo4. The green dots are the average of the adjacent peak-peak values. (c)

Time-dependent displacements of Te7 and Te12 along the c axis and b axis. (d)

Time-dependent displacements of Te6 and Te9 along the b axis and c axis.

a
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T= 0.2 ps
TdWTe2

b
T= 0.2 ps
Td MoTe2

a

Fig. S7 Bar charts showing calculated intensity changes of Bragg reflections based

on simulated atomic displacement at T= 0.2 ps in Fig. 5. The structure factor is

calculated by SingleCrystal. For both Td phase of MoTe2 and WTe2, (020), (040),

(120), (320) show intensity decrease while (130) and (330) show intensity increase,

agree qualitatively with the experiment results in Fig. 3 and Fig. S2. The

discrepancy between the calculated intensity change and the experiment results,

such as the percentage and remained (130) and (330) intensity in experiment VS

significant intensity increase of (130) and (330) in calculation, may derive from the

inhomogeneous longitudinal excitation due to limited optical penetration depth in

experiment, and the TDDFT-MD simulation method.
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Methods for TDDFT-MD simulations

The experimental geometry of the bulk MoTe2 is adopted, which is characterized

by an orthorhombic (Td) unit cell without inversion symmetry [1]. To study the

optoelectronic responses of MoTe2 in Td phase, linearly polarized laser beams with

time-dependent electric field ]2/)(exp[)cos()( 22
00  tttEtE  are applied along

the crystallographic a-axis. The photon energy, width, and amplitude are set as 2.25

eV (λ = 550 nm), 15 fs and 0.06 V/Å, respectively. This setup allows us to reproduce

a laser fluence (ca. 2 mJ/cm2) similar to experimental measurements.

The TDDFT-MD calculations are performed using the time dependent ab initio

package (TDAP) as implemented in SIESTA [2-4]. The bulk MoTe2 in its Td phase is

simulated with a unit cell of 12 atoms with periodical boundary conditions. Numerical

atomic orbitals with double zeta polarization (DZP) are employed as the basis set. The

electron-nuclear interactions are described by Troullier-Martins pseudopotentials,

PBE functional [5]. An auxiliary real-space grid equivalent to a plane-wave cutoff of

250 Ry is adopted. To make a good balance between the calculation precision and

cost, a Γ-centered 6 × 5 × 3 k-point grid is used to sample the Brillouin zone. The

coupling between atomic and electronic motions is governed by the Ehrenfest

approximation [6]. During dynamic simulations the evolving time step is set to 0.05 fs

for both electrons and ions in a micro-canonical ensemble.
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