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Topological quantum materials exhibit fascinating properties1–3, 
with important applications for dissipationless electronics and 
fault-tolerant quantum computers4,5. Manipulating the topological 
invariants in these materials would allow the development of 
topological switching applications analogous to switching of 
transistors6. Lattice strain provides the most natural means  
of tuning these topological invariants because it directly modifies 
the electron–ion interactions and potentially alters the underlying 
crystalline symmetry on which the topological properties 
depend7–9. However, conventional means of applying strain 
through heteroepitaxial lattice mismatch10 and dislocations11 
are not extendable to controllable time-varying protocols, which 
are required in transistors. Integration into a functional device 
requires the ability to go beyond the robust, topologically protected 
properties of materials and to manipulate the topology at high 
speeds. Here we use crystallographic measurements by relativistic 
electron diffraction to demonstrate that terahertz light pulses 
can be used to induce terahertz-frequency interlayer shear strain 
with large strain amplitude in the Weyl semimetal WTe2, leading 
to a topologically distinct metastable phase. Separate nonlinear 
optical measurements indicate that this transition is associated 
with a symmetry change to a centrosymmetric, topologically 
trivial phase. We further show that such shear strain provides an 
ultrafast, energy-efficient way of inducing robust, well separated 
Weyl points or of annihilating all Weyl points of opposite chirality. 
This work demonstrates possibilities for ultrafast manipulation of 
the topological properties of solids and for the development of a 
topological switch operating at terahertz frequencies.

Topological materials provide a platform from which to pursue 
exotic physics from the seemingly distant field of particle physics 
in condensed matter systems, such as Weyl fermions12–14. This has 
led to a worldwide effort focused on discovering new topological 
quantum materials. One prime example is WTe2, which is a layered  
transition-metal dichalcogenide (TMD) that crystallizes in a distorted 
hexagonal net with an orthorhombic unit cell, where the W–W chain 
direction is along the crystallographic axis a (Fig. 1a)15. The lack of 
inversion symmetry in this material leads to a topological semimetal 
(predicted16 and experimentally verified17–19) with type II Weyl points 
(WPs), which can be manipulated through atomic-scale lattice distor-
tions. In our experiments, the measured shear displacement amplitudes 
(about 1%) are more than sufficient to undergo a complete annihilation 
of the WPs or a more-than-twofold increase in WP separation, depend-
ing on the direction of the shear displacement. Ordinary crystals start 
to fracture at these strains, and conventional means of using piezoe-
lectric transducers to induce lattice distortions typically reach about 
0.05% strain20. The observed large strain in our experiment (about 1%) 
is possible because we use light to generate interlayer shear strain in a 

weakly van-der-Waals-bonded two-dimensional TMD—a method that 
is less susceptible to lattice damage than uniaxial straining but that can 
considerably alter the electronic band structure.

We used a relativistic ultrafast electron diffraction (UED) technique 
to reconstruct the shear motion and crystallographically quantify the 
corresponding atomic displacements by measuring more than 200 
Bragg peaks (Fig. 1b)21 (Methods). We used two different terahertz 
pump excitation schemes, involving a quasi-single-cycle excitation 
at 3 THz and a few-cycle excitation at 23 THz, both of which enable 
application of an all-optical bias field while minimizing interband tran-
sitions (Methods). The arrival time of the electron beam (probe) can be 
adjusted with respect to the terahertz pulses (pump) using an optical 
delay stage. The measured diffraction pattern in equilibrium (Fig. 1c) is 
consistent with the orthorhombic phase of WTe2 (Fig. 1a). By applying 
terahertz pump pulses, we find that the intensities of many Bragg peaks 
are modulated, which indicates structural changes in the WTe2 lattice. 
To investigate the lattice dynamics, we plot the intensity changes ΔI/I0 
of several Bragg peaks as a function of the time delay, Δt, between 
the terahertz pump and electron probe pulses (Fig. 1d, e). The time 
traces show coherent oscillations with a frequency of 0.24 THz (Fig. 1f), 
which is consistent with a low-frequency interlayer shear phonon mode 
predicted by density functional theory (DFT) analysis (Methods).

To determine the atomic motion, we plot the measured ΔI/I0 image 
at 2.5 ps (Fig. 2a). We find that the changes in peak intensity alternate 
along the b axis, while peaks (hkl) with k = 0 show negligible changes. 
This suggests that the interlayer shear displacement is along the b axis. 
To verify this, we derive the peak intensity modulation ΔI/I0 by intro-
ducing a top-layer shear displacement Δy with respect to the bottom 
layer into the structure factor

∑Δ = π + + π ΔS y f hx ky k y( ) 2 cos[2 ( ) ] (1)j j j
top

where we have used the underlying crystalline symmetry in WTe2 to 
obtain the final, simplified expression (Methods). Here, the summation 
runs over all atoms in the top half of the unit cell (two W and four  
Te atoms), fj is the atomic scattering factor, � � �a b cx y z( , , )j j j  is the atom 
position in the unit cell, hk0 are the usual Miller indices for the [001] 
zone axis, and the lattice constants are a = 3.477 Å, b = 6.249 Å and 
c = 14.018 Å. To compare this with our experiment, we calculate the 
peak intensity modulation ΔI ∝ |S(Δy)|2 − |S(0)|2, shown in Fig. 2b. 
Here, we define a positive shear displacement (Δy > 0), as shown in 
the inset of Fig. 2e. The simulated image shows excellent agreement 
with the measured image and verifies that the peak intensity modula-
tion arises primarily from interlayer shear displacement along the  
b axis.

We determine the shear displacement amplitude through a global 
fitting between the simulated and measured intensities of many Bragg 
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peaks as a function of time delay (Methods). The fitting results (Fig. 2c, 
d) show that the proposed interlayer shear displacement fits the exper-
imental data very well. At a low pump field of 2.6 MV cm−1 (23 THz), 
the fitting results (Fig. 2f; red line) show shear displacements that oscil-
late between −1.7 to +3.6 pm in the early stage and gradually develop 
an offset towards a positive shear displacement of +1.5 pm in the later 
stage. Increasing the pump field to 7.5 MV cm−1 (Fig. 2f; blue line) 
leads to a much larger offset of +8.0 pm (1.3% strain) that gradually 
builds up on a timescale of 25 ps and persists for longer than 70 ps. This 
long-lived offset indicates that the lattice has found a new equilibrium 
position, deviating from the simple harmonic oscillator behaviour 
that is normally expected. The shear oscillation frequency decreases 
at increasing field strengths (Extended Data Fig. 6), consistent with 
an anharmonic response as the material is driven to large amplitudes.

To investigate the driving mechanism of this behaviour, we measured 
the shear amplitude as a function of pump field strength and polari-
zation. We found that the amplitude increases linearly with the field  
under different off-resonance frequencies (Fig. 3a) and is polarization- 
isotropic (Fig. 3b, c). Moreover, the shear motion always starts  
towards positive displacement regardless of polarization (Fig. 3b). This 
behaviour cannot be explained through the infrared active and Raman 
(impulsive stimulated Raman scattering) mechanisms normally con-
sidered. We propose a terahertz-field-driven charge-current mecha-
nism, as indicated by the linear amplitude response to field strength 
and motivated by recent calculations22 that predict a transition from an 
orthorhombic (Td) to a monoclinic and centrosymmetric (1T′) phase in 
WTe2 via hole doping at a density of about 1020 cm−3. Microscopically, 

the applied field accelerates the electron population away from the top-
most valence band, which constitutes an interlayer antibonding orbital. 
This destabilizes the interlayer coupling strength and launches a shear 
motion along the in-plane transition pathway from the Td to the 1T′ 
phase with a new equilibrium position (Δy > 0) (Fig. 2e, Extended 
Data Fig. 1). In our experiment, the effective hole doping density can 
be estimated using the Drude model, which gives a doping density of 
about 1020 cm−3, comparable to the impulsive driving force for the 
interlayer shear motion (Methods).

We note that a departure from the Td phase via interlayer displace-
ment could result in two possible phases, monoclinic 1T′ and orthor-
hombic 1T′(*), both of which are centrosymmetric. Unlike the 1T′ 
phase, the 1T′(*) phase can be reached while maintaining the ort-
horhombic structure (Extended Data Fig. 1). Although the observed 
long-lived offset (8 pm; Fig. 2f) is somewhat smaller than that calcu-
lated for a complete transition to the 1T′(*) phase (about 10–15 pm; 
Fig. 2e), the measured displacement should be viewed as a lower bound 
due to spatial averaging of the film seen by the electron beam. This is 
because under the simplistic approximation that the induced metasta-
ble phase is a centrosymmetric phase, either 1T′(*) or 1T′, the volume 
change associated with this transformation results in a complex lon-
gitudinally heterogeneous strain profile with strain waves propagating 
from the interfaces23 and complicated by substrate interactions. These 
processes probably underlie some of the complex longer-timescale 
dynamics (of the order of 25 ps) shown in Fig. 2f. This timescale is con-
sistent with the shear-wave propagation time across the sample thick-
ness (Methods; Extended Data Fig. 4), which is longer than recently 

Fig. 1 | Observation of coherent interlayer shear displacements in WTe2 
measured using relativistic ultrafast electron diffraction. a, Lattice 
structure of Td WTe2: top view (a–b plane) and side view (b–c plane). The 
dashed lines indicate the W–W zigzag chain along the a axis. The shaded 
area shows the unit cell. b, Schematic of SLAC 3-MeV relativistic ultrafast 
electron diffraction setup. Image courtesy of G. Stewart. The electron 
beam is generated using ultraviolet femtosecond laser pulses at the 
photocathode and accelerated using an intense radiofrequency field from 
the klystron. The diffracted electron beam, measured using an EMCCD 

(electron-multiplying charge-coupled device) camera, is used to probe the 
structural changes of the sample. Intense terahertz pump pulses are used 
to induce interlayer shear strain in WTe2. c, Measured diffraction pattern 
of WTe2 at equilibrium. d, e, Changes in Bragg peak intensity as a function 
of time delay between the terahertz pump pulses and the electron beam.  
f, Fast Fourier transform (FFT) amplitude of the oscillations, indicating 
the 0.24-THz shear phonon mode along the b axis. Curves in d–f are offset 
for clarity.
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observed photoinduced structural transitions in atomically thin indium 
wires24. To further understand this, we carried out comparative meas-
urements in a related material, MoTe2, which can crystallize in the Td 
and 1T′ phases at different temperatures25,26. Whereas in the Td phase 
we observe light-induced shear displacements, in the 1T′ phase we 
observe negligible signals (Methods). This is consistent with a mech-
anism in which the terahertz fields drive the material unidirectionally 
towards 1T′.

The ability to drive a shear displacement using terahertz pulses offers 
a way to manipulate the topological properties of the semimetal WTe2 
on ultrafast timescales. There are a total of eight WPs in the equilibrium 
Td phase of WTe2 in the kz = 0 plane. It is sufficient to consider two of 
these WPs in the kx, ky > 0 quadrant because we can obtain the remain-
ing six WPs through the time-reversal and mirror symmetries. The two 
WPs carry opposite chiralities associated with the topological charges 
χ− = −1 (WP1) and χ+ = +1 (WP2), which are connected by a Fermi 
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Fig. 2 | Determination of interlayer shear atomic displacements in 
WTe2. a, Measured diffraction intensity changes at 2.5 ps, obtained using  
a pump frequency of 23 THz. The alternating sign changes along the  
b axis are signatures of shear displacements along the b axis, as shown 
in the inset of e. b, Simulated diffraction intensity changes, obtained by 
rigidly displacing the adjacent WTe2 layers relative to each other (shear) 
along the b axis. c, d, Bar charts showing the ΔI fitting results between the 
experiment and simulation to obtain Δy at a pump field of 2.6 MV cm−1 
(Δt = 2.5 ps; c) and 7.5 MV cm−1 (Δt = 70 ps; d); a.u., arbitrary units. 

e, Energy potential as a function of interlayer shear displacement (see 
DFT analysis, Methods). The schematic shows an interlayer shear motion 
along the positive displacement, that is, towards d1 < d3. The Td phase 
is the ground-state non-centrosymmetric structure, whereas the 1T′(*) 
phase is an excited-state centrosymmetric structure that is accessible via 
an interlayer shear displacement. f, Shear displacements as a function of 
time delay at pump fields of 2.6 MV cm−1 (red) and 7.5 MV cm−1 (blue), 
obtained through global fitting of the intensity changes of many Bragg 
peaks.
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arc on the surface. Because the two WPs are separated mainly along ky, 
we can expect large changes in the WP separation in momentum space 
by tuning the hopping parameters and band dispersion through inter-
layer shear strain along the y axis. In this way, the induced shear strain 
acts on the Weyl fermions as a chiral gauge-field vector potential, A, 
because it couples to WP1 and WP2 with opposite signs in momentum 
space, p → (p − χ±eA), where e is the electron charge.

To demonstrate this, we compute the electronic band structure of 
WTe2 using first-principles DFT calculations and monitor the posi-
tions of the WPs at different interlayer displacements Δy (Fig. 4a), as 
determined by our UED results. Our DFT calculations are performed 
using a Born–Oppenheimer approximation, in which electrons can 
instantaneously adjust to the new lattice environment. This is particu-
larly appropriate for the interlayer shear mode because its timescale is 
much longer than that of the electron’s, and the use of a terahertz pump 
does not create substantial electronic excitation. Type II WPs result 
from crossings between electron and hole bands. Hence, by mapping 
the energy difference between the two bands in momentum space, the 
positions of the WPs can be identified as the zero-energy gap position 
(WP1, blue; WP2, red). At equilibrium (Δy = 0), the WPs are sep-
arated by 0.7% of the reciprocal lattice vector |G2|. At positive shear 
displacements, the WPs move towards each other and mutual anni-
hilation occurs at Δy = +2.2 pm. At negative shear displacements, 
the WPs move away from each other, leading to a more robust top-
ological structure with more than twofold-increased WP separation. 
This is consistent with the intuitive picture in which positive shear 
moves towards a centrosymmetric and trivial phase, whereas negative 
shear moves towards a non-centrosymmetric and topological phase. At 
increasingly negative Δy, WP2 approaches the mirror plane at ky = 0 
and eventually annihilates with its mirror image of opposite chirality. 
This leads to a Lifshitz transition from a topological semimetal with 
eight WPs to one with four WPs, achieving the minimum non-zero 
number of WPs allowed in a time-reversal invariant system (Fig. 4b).

Although it is challenging to measure the distinct topological phases 
across the Lifshitz transition, we can experimentally verify the transi-
tion from a topological phase to a trivial phase using a time-resolved 
second-harmonic generation (SHG) technique. In a situation where 
inversion symmetry in WTe2 is restored, the electronic phase transition 
from a topological to a trivial semimetal must follow. This is because 
the emergence of WP pairs in materials is contingent on lifting the 
double degeneracy of a Dirac cone by either breaking time-reversal or 

inversion symmetry. SHG arises from a non-zero second-order sus-
ceptibility, as shown in non-centrosymmetric topological systems27,28. 
Thus, it can be used as a sensitive probe to monitor the inversion sym-
metry and topological changes in WTe2. In this measurement, we use 
a 2.1-µm-wavelength pump pulse to induce the transition, which gives 
interlayer shear displacements similar to those induced by terahertz 
pulses. Figure 4d shows the SHG polarization scans of WTe2 in the 
absence of pump pulse (blue), which shows two lobes oriented hori-
zontally. After the pump pulse arrives (Δt = 2 ps), the SHG vanishes 
almost completely in all polarizations, with magnitudes comparable 
to the detection noise level and to the measured SHG signal from cen-
trosymmetric 1T′ MoTe2. Figure 4e shows the measured SHG time 
trace from WTe2 at various pump field strengths. At low fields (blue 
and red curves), the SHG intensity oscillates with the frequency of the 
shear mode at 0.24 THz. Of particular importance is that the oscil-
lation always starts with a reduced SHG towards a centrosymmetric 
structure, consistent with our UED results (Fig. 2e, f). At high field 
(yellow) the SHG intensity plummets drastically, approaching a 100% 
reduction, which persists beyond the nanosecond timescale (Extended 
Data Fig. 7c). This indicates that WTe2 exhibits a phase transition from 
a non-centrosymmetric to a centrosymmetric phase, consistent with 
our diffraction studies, and must correspond to a topological-to-trivial 
phase transition.

Similar manipulations of the WPs in WTe2 can in principle be 
obtained through a compressive uniaxial strain along the a axis16. For 
example, at 1% uniaxial strain the WP separation is 2.2% of |G2|, and 
annihilation of WP2 at the mirror plane occurs at 2% uniaxial strain 
with energy cost of 32–39 meV per unit cell. This is about 1–2 orders 
of magnitude larger than the energy required for a shear strain to cause 
the same effect (Methods), indicating that the interlayer strain provides 
a more energy-efficient means of manipulating the topological band 
structure. In addition, shear displacement allows manipulation of WPs 
at terahertz frequencies. This ultrafast motion of the WPs is associated 
with a time-varying elastic gauge potential A(t) and yields a pseudoe-
lectric field E = −∂A/∂t, which can be used as a means of modulating 
charge density between bulk and surface9 and to explore effective gauge 
fields driven by space- and time-dependent strains8,9,29,30.

These findings offer a new promising way to enhance control over 
the topological properties of matter by modulating the topological 
invariants through field-driven lattice deformations. This leads to a 
substantial motion of the WPs and an ultrafast switch to structures with 
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topologically distinct phases, which are potentially useful for appli-
cations. In addition, it can be used to stabilize emergent topological 
phases at non-equilibrium in otherwise trivial materials, thus diversi-
fying the class of topological materials.
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Fig. 4 | Strain-induced WP separation and topological phase transition. 
a, The two nearest WPs in momentum space (WP1, blue; WP2, red) at 
various shear displacements Δy. b, Topological phase diagram showing 
the WP separation as a function of shear displacement, where the number 
of WPs changes between zero (0 WPs), four (4 WPs) and eight (8 WPs).  
c, Time trace of WP separation upon launching the shear motion using  
23-THz pump pulses at fields of 2.5 MV cm−1 (red) and 7.5 MV cm−1 (blue).  
At low fluence, the time trace shows a clear oscillation, increasing and 
decreasing the WP separation. At high fluence, the WPs mostly annihilate 

each other. d, SHG intensity polar plot of equilibrium WTe2 (blue), 
pumped WTe2 (red) and centrosymmetric MoTe2 (yellow) at various SHG-
polarizer angles, where the transmission axis is aligned horizontally at 0° 
or vertically at 90°. e, Pump-induced SHG time traces of WTe2 at various 
pump field strengths. Here, the pump pulse has a wavelength of 2.1 µm 
(polarized at 45° off the horizontal axis), the incident probe pulse has a 
wavelength of 800 nm and is vertically polarized, and the crystallographic 
a axis is aligned horizontally. The SHG results show that WTe2 exhibits a 
transition towards a centrosymmetric, topologically trivial phase.
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Methods
Sample synthesis and preparation. High-quality single crystals of WTe2 were 
synthesized using a self-flux method in excess of Te. W 99.999% and Te 99.9999% 
powders were placed in a quartz ampoule in a ratio of 1:25, heated to 1,100 °C 
and held at this temperature for three days. Subsequently, the ampoule was slowly 
cooled to 525 °C over two weeks and centrifuged. The ‘as-harvested’ single crystals 
were then annealed for two days at a temperature of 425 °C under a temperature 
gradient to remove excess Te. To prepare the synthesized samples for UED experi-
ments, WTe2 was mechanically exfoliated onto a SiO2/Si substrate using a standard 
mechanical exfoliation technique. From the exfoliated crystal, the samples were 
selected for subsequent transfer by their size (>50 μm in the lateral dimension) 
and thickness (>50 nm). After verifying the thickness using an atomic force micro-
scope, poly(propylene carbonate) (PPC) in anisole solution (15% PPC by weight) 
was spun onto the WTe2-covered SiO2/Si substrate at a rate of 1,500 r.p.m. with 
an acceleration of 1,000 r.p.m. s−1 for 1 min and then heated to 80 °C for 2 min 
on a hotplate. The PPC film and the WTe2 crystal were then peeled from the 
substrate and suspended over a hotplate with the WTe2 facing up. A 50-nm-thick 
Si3N4 transmission-electron-microscopy membrane was then aligned over the 
suspended crystal using an optical microscope, and placed on the PPC film while 
raising the temperature to 115 °C to induce contact between the WTe2 crystal and 
the membrane. The sample was then soaked in acetone for 10 min to remove the 
PPC, gently rinsed with isopropyl alcohol and dried under a flow of nitrogen gas, 
thus completing the transfer.
SLAC 3-MeV UED setup. We used a relativistic UED technique to reconstruct 
the shear motion and crystallographically measure the corresponding atomic  
displacements through the measurement of more than 200 Bragg peaks (Fig. 1b). 
The electron beam is generated using a frequency-tripled Ti:sapphire laser by 
excitation of a copper photocathode and rapidly accelerated to 3 MeV in radi-
ofrequency electric fields21. The pulse duration of the electron beam at the sam-
ple position is 150 fs. Magnetic lenses are used to steer and focus the electron 
beam31 onto the sample, an exfoliated single-domain crystal, with a spot size of 
100 μm. The diffracted electron beam is captured in a transmission geometry 
using an electron-multiplying CCD camera. We used two different pump excita-
tion schemes in this experiment: a quasi-single-cycle excitation at 1–5 THz and 
a few-cycle excitation at 23 THz. The arrival time of the electron beam (probe) 
could be adjusted with respect to the terahertz pulses (pump) using an optical 
delay stage.
Ultrafast terahertz sources. Quasi-single-cycle terahertz pulses were generated 
by optical rectification of 1,350-nm near-infrared laser pulses in the organic 
nonlinear crystals DSTMS (4-N,N-dimethylamino-4′-N′-methyl-stilbazolium 
2,4,6-trimethylbenzenesulfonate)32 and OH-1 (2-(3-(4-hydroxystyryl)-5,5- 
dimethylcyclohex-2-enylidene)malononitrile)33. The 1,350-nm near-infrared 
pulses were generated from an 800-nm Ti:sapphire laser system in a three-stage 
optical parametric amplifier system (Light Conversion HE-TOPAS) and had pulse 
energies up to 2 mJ and a pulse duration of about 50 fs.

The terahertz field was brought to an intermediate focus with an off-axis par-
abolic mirror with 2-inch (50.8 mm) focal length, collimated with a second mir-
ror with 6-inch (152.4 mm) focal length. The collimated beam was transported 
into the UED diffraction chamber via a polymer window and focused with an 
off-axis parabolic mirror with 3-inch (76.2 mm) focal length inside the chamber. 
The terahertz field was characterized at the sample location by electro-optical 
sampling using a split-off portion of the 800-nm laser and a 50-µm-thick 110-cut 
GaP crystal. The observed peak field strength of the DSTMS-generated terahertz 
pulse was 650 kV cm−1, with the spectrum centred at about 3 THz when using 
an 8-mm-diameter 450-µm-thick crystal and input pump pulse energy of about 
1 mJ. With a 10-mm-diameter clear aperture and a 500-µm-thick OH-1 crystal, 
the peak field strength was 500 kV cm−1, with the spectrum peaked at 1.5 THz 
and sizeable spectral components extending to about 3.5 THz (Extended Data 
Fig. 2). The polarization of the terahertz pulses was linear and the polarization 
angle could be changed arbitrarily by rotating the generation crystal together with 
the pump-pulse polarization. A detailed discussion of the experimental apparatus 
can be found in ref. 34.

Mid-infrared (MIR) pulses with 13-µm wavelength (23 THz frequency) were 
generated by difference-frequency generation in GaSe from the signal and idler 
of the same optical parametric amplifier system (Light Conversion HE-TOPAS), 
driven by 800-nm pulses with duration of about 130 fs. Here the signal and idler 
wavelengths were 1,505 nm and 1,705 nm, respectively. The MIR beam was trans-
ported into the experimental chamber through a 3-mm-thick KRS-5 window and 
focused with an off-axis parabolic mirror with 3-inch (76.2 mm) focal-length. 
A pair of holographic wire-grid polarizers (Thorlabs WP25H-K) was used to 
attenuate the pulse energy to the desired level. The pulse duration of the MIR 
pulses was of the order of 300 fs after taking into account dispersion. MIR spot-size 
measurements at the sample position were obtained with a DataRay WinCamD 
beam profiler.

Structure factor calculation with interlayer shear displacement. The intensity 
of a Bragg peak, I ∝ |S|2, can be calculated using the general form of the structure 
factor

∑= − π + +S hkl f i hx ky lz( ) exp[ 2 ( )] (2)
j

j j j j

where the summation runs over all atoms in the unit cell (four W and eight Te 
atoms), fj is the atomic scattering factor for the jth atom, = + +� � �r a b cx y zj j j j  is  
the vector position of the atom in the unit cell (0 ≤ x, y, z ≤ 1) and (hkl) are the 
usual Miller indices. Because we use transmission geometry at the [001] zone axis, 
the diffraction image shows only the l = 0 peaks, that is, (hk0). We calculate the 
peak intensity modulation ΔI/I0 by introducing the top-layer shear displacement 
Δy with respect to the bottom layer into the structure factor
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We can obtain a more symmetric expression by having the shear displacement 
shared equally between the two layers (Δy/2), that is, by multiplying with a com-
mon phase factor exp(+iπkΔy) and by using the underlying crystal symmetry  
through (i) a reflection with respect to the b–c mirror plane (x → −x) and  
(ii) a non-symmorphic C2 transformation. The latter consists of a reflection with 
respect to the a–c mirror plane (y → −y) and a translation along the a–c axis 
(+0.5, 0, +0.5). These symmetry operations project each atom from the bottom 
layer to the top layer
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Now the summation runs over all atoms in the top half of the unit cell (two W and 
four Te atoms). To compare this with our experiment, we calculated the change of 
peak intensity Δ|S(Δy)|2 = |S(Δy)|2 − |S(0)|2 using known xj and yj values16, as 
shown in Fig. 2b. The structure factors fj were calculated using X-ray-scattering 
factors from published analytical fits35,36 converted to electron-scattering factors 
using the Mott–Bethe formula37. Here, we define a positive shear displacement 
(Δy > 0) as shown in the inset of Fig. 2e.
Fitting of the structural-factor modulations. For each time point Δt, the mean-
square error (P) is calculated for a range of shear displacements Δy for a selection 
of m Bragg peaks (hkl). In addition, an anisotropic (elliptical) Debye–Waller factor 
is included to account for heating effects in the sample, which is considerably 
smaller than those from the shear displacements due to the low pump photon 
energy (terahertz). The mean squared error is
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where ⟨ ⟩ua
2  and ⟨ ⟩ub

2  are the mean-square atomic displacements along the a and 
b axes, respectively, which affect the intensity of a Bragg peak by the Debye–Waller 
relation, ⟨ ⟩ ⟨ ⟩= 
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the (400) Bragg peak. Here, Qa and Qb are the projections of Q, the reciprocal 
lattice vector of the Bragg peak, along the a and b axes. The simulated intensity 
change, (ΔI/Ι0)sim, has the form
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Here, S(Δy) is the structure factor calculated for a given Δy, as discussed in the 
main text, and S(0) is the structure factor calculated for the undistorted structure. 
The values for each parameter Δy, ⟨ ⟩ua

2  and ⟨ ⟩ub
2  at every Δt are optimized by 

minimizing P. In other words, the fitting procedure is performed to minimize the 
peak intensity difference between experiment and simulation and is averaged 
across many Bragg peaks.
Estimating the effective terahertz-induced hole doping. We use a simple Drude 
model to estimate the effective hole doping. The fraction of electrons that contrib-
ute to the resulting current is v/vF, where v is the drift velocity and vF is the Fermi 
velocity. The drift velocity can be estimated through v = eEτ/m, where e is the 
electron charge, E is the applied electric field, τ is the scattering time and m is the 
effective mass. By using the reported values17 of m ≈ 0.4me (me, electron mass), 
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vF ≈ 3 × 105 m s−1, a typical value of τ ≈ 10 fs in a semimetal and E ≈ 1 MV cm−1, 
we found that v ≈ vF. For a hole pocket with carrier density of n0 ≈ 7 × 1019 cm−3 
in WTe2

38, this is comparable with an effective hole doping density required for 
the Td–1T′ phase transition22 as the impulsive driving force for the interlayer shear 
motion. Moreover, recent experiments reported considerably larger scattering 
time values of τ > 100 fs in WTe2

17,39. This suggests that an even larger electron 
density can be transiently transferred away from the topmost valence band by 
the terahertz pump field to induce the interlayer shear motion. We note that the  
terahertz-induced effective doping serves as an impulsive driving force to kick-start 
the shear mode and does not require the excited carriers to be maintained during 
the long-lived metastable phase. Such a metastable phase persists for a time that 
is determined by the energy barrier of the local potential minimum and thermal 
fluctuations.
DFT analysis. DFT40,41 simulations of WTe2 were carried out to ascertain the 
energetics of the experimentally observed 0.24-THz shear mode of interest (Fig. 2e) 
and the Brillouin-zone (BZ) motion of WPs resulting from atomic displacements 
associated with this mode. The topological characteristics of the electronic band 
structure of Td WTe2 have been explored previously16,22. In particular, Soluyanov 
et al.16 investigated the type II Weyl semimetal character of Td WTe2 partly on the 
basis of DFT band-structure simulations carried out at the experimentally observed 
geometry42. More recently, Kim et al.22 studied the effect of geometry optimization, 
within the van der Waals (vdW) DFT framework43, on the WPs in Td WTe2. They 
found that the stability of Weyl nodes in WTe2 is sensitive to lattice parameter dif-
ferences of the order of 1%; in fact, owing to slight (about 1%) inaccuracies in the 
vdW–DFT-predicted a and c parameters, WPs of opposite chiralities annihilate at 
the vdW–DFT equilibrium geometry of WTe2, rendering it a trivial semimetal. To 
recover distinct Weyl nodes in the BZ, small strains need to be applied22.

To circumvent the issues related to the sensitive dependence on specific vdW–DFT  
geometries, we initially employ as reference the experimental geometry42 used 
in the work of Soluyanov et al.16 to carry out our analysis of the BZ motion of 
the Weyl nodes in WTe2 under the influence of shear-mode displacements along 
the y axis (crystallographic b axis). This geometry is characterized by an orthor-
hombic (Td) lattice with parameters a = 3.477 Å, b = 6.249 Å and c = 14.018 Å. 
W and Te atoms occur at the 2a Wyckoff positions parameterized as (0, y, z) and 
(1/2, −y, z+1/2) for values of y, z given in Extended Data Table 1a (reproduced 
from Soluyanov et al.16). Simulations in this context are carried out using the DFT 
framework as implemented in the Vienna ab initio simulation package44 (VASP) 
version 5.4.1. All calculations include spin–orbit coupling within the non-collinear 
DFT formalism. Exchange-correlation effects are treated at the level of the general-
ized gradient approximation through the PBE45 functional. Projector-augmented-
wave46 potentials with valence electronic configurations of {6s2, 5d4} for W and 
{5s2, 5p4} for Te are employed in conjunction with a plane-wave energy cutoff 
parameter of 260 eV. For electron density convergence, a Γ-centred 12 × 10 × 6 
k-point grid and Gaussian smearing with a smearing parameter of 0.05 eV are 
used. The simulation parameters here are similar to those adopted in Soluyanov 
et al.16. WP positions in the kz = 0 plane of the BZ of WTe2 are subsequently iden-
tified through band-structure calculations employing a dense 43 × 85 × 1 k-point 
mesh spanning a sub-region of the (kx, ky, kz = 0) plane, as shown in Fig. 4a. At 
the employed geometry, we identify two WPs (WP1, WP2) in the first quadrant of  
the kz = 0 plane of the BZ at the coordinates shown in Extended Data Table 1b.  
The remaining six points in the other three quadrants are related to these by reflec-
tions in the kx = 0 and ky = 0 planes16. The coordinates identified here are similar 
to those reported in the literature16,22.

Phonon band-structures are calculated within the frozen-phonon finite- 
difference approach using the phonopy47 code interfaced with VASP. In Extended 
Data Fig. 3a, the phonon band dispersions of Td WTe2 at the experimental ref-
erence geometry are plotted along high-symmetry lines in the kz = 0 plane. At 
the Γ point, the low-energy mode at 0.29 THz is unambiguously identified as the 
relevant interlayer shear mode of interest, which corresponds to the 0.24-THz 
mode observed experimentally. This identification is facilitated by the absence 
of any other modes at similar energies and also by inspecting the atomic position 
modulations associated with the mode eigenvector. As denoted in Fig. 2e of the 
main text, this mode predominantly involves a relative shear displacement along 
the b axis of adjacent WTe2 layers in the unit cell. To investigate the motion of WPs 
in the BZ induced by this mode, first a number of unit-cell geometries modulated 
along the mode displacement coordinate are generated using the phonopy code. 
Subsequently, the DFT electronic-band structures corresponding to these mod-
ulated geometries are calculated, and the positions of WPs in the BZ are mapped 
as a function of displacement along the mode coordinate, as shown in Fig. 4a. As 
explained in the main text in connection with Fig. 4a, depending on the sign of 
the shear-mode displacement along the b axis, pairs of WPs either move closer or 
farther apart in the BZ, leading to different kinds of topological transitions.

In topological semimetals such as WTe2, the positions of WPs in the BZ can be 
tuned by applying strain. Soluyanov et al.16 explored changes in the relative positions  

of Weyl nodes in WTe2 induced by uniaxial tensile and compressive strains applied 
along different crystallographic axes. They report that whereas stretching along the 
a axis leads to annihilation of all pairs of Weyl nodes, compressive strain along this 
direction leads to increased separation within each pair of WPs, until half the points 
eventually annihilate on the ky = 0 mirror plane, leading to a state where only four 
Weyl nodes survive. As explained in the analysis accompanying Fig. 4, we find that 
a similar motion of the WPs can be induced via an alternative mechanism, namely, 
terahertz-pump-induced phonon modulations associated with the 0.24-THz shear 
mode along the b axis. It is therefore instructive to evaluate the relative energy cost 
associated with these two approaches to tuning the topological properties of WTe2. 
To this end, we compare DFT total energies of different strained and phonon- 
modulated structures associated with the WP motion described in Fig. 4. 
Calculating the total energy cost under different deformations of the lattice requires 
identifying the minimum energy point associated with the equilibrium geometry. 
Therefore, for this analysis, we first carry out geometry optimizations within the 
dispersion corrected DFT-D348 framework including spin–orbit coupling, as imple-
mented in VASP. A plane-wave cutoff of 400 eV, in conjunction with a Γ-centred 
16 × 9 × 4 k-point grid, is employed in this instance. As before, exchange-correlation  
effects are modelled using the PBE functional; additionally, dispersion corrections 
are incorporated at the level of the DFT-D348 approximation. In particular, for 
reasons explained below, two different forms for the dispersion corrections are 
investigated, namely, DFT-D311 (labelled D3) and DFT-D3 with Becke–Johnson 
damping49 (labelled D3-BJ). The lattice parameters and relevant interlayer  
distances d1, d2, d3 (see Fig. 2e) in Td WTe2 predicted by the two methods are listed 
in Extended Data Table 1c and compared to experimental values.

The last column of Extended Data Table 1c shows the calculated and experimen-
tal phonon frequency for the b-axis shear mode. As mentioned earlier, this mode 
is well approximated as a rigid relative motion along the b axis of the two WTe2 
layers in the unit cell (see Extended Data Fig. 3a). The potential energy associated 
with this motion is predominantly determined by the interlayer vdW interaction, 
at least for small displacements, and therefore exhibits a strong dependence on the 
way that the dispersion corrections are approximated in DFT. We note that whereas 
the D3 method yields lattice parameters that are within 0.5% of the experimental 
values, the b-axis shear-mode phonon frequency is underestimated by about 37%. 
On the other hand, the D3-BJ approximation predicts a mode frequency that is 
overestimated by about 40%. In the harmonic approximation within which the 
phonon frequency is estimated, this corresponds to a picture where the potential 
energy surface associated with displacement along the shear mode is too shallow 
and too steep in the D3 and D3-BJ approximations, respectively. Although neither 
method is quantitative, we expect that the correct description lies between the two 
limits represented by D3 and D3-BJ. With this understanding, we provide here an 
order-of-magnitude comparison between the relevant strain and phonon modu-
lation energies for driving WP motion in WTe2. With reference to the equilibrium 
geometry, the total energy cost per unit cell as a function of applied compressive 
strain along the a axis is shown in Extended Data Fig. 3b. Similarly, the total energy 
cost associated with structural modulation by the b-axis shear phonon as a function 
of displacement along the mode coordinate is shown in Extended Data Fig. 3c. The 
displacement (in picometres) along the b axis of one of the W atoms is used as a 
proxy for the mode coordinate. To annihilate two pairs of Weyl nodes at the ky = 0 
mirror plane, either a 2% a-axis compressive strain16 or a negative displacement 
of about 12 pm in the sense of Fig. 2e is required. On a per-unit-cell basis, in the 
D3 (D3-BJ) approximation the former mechanism has an energy cost of 32 meV 
(39 meV) whereas the latter costs 0.33 meV (3.6 meV). Thus, for driving the topo-
logical transition from eight to four Weyl nodes, the lattice strain mechanism is 1–2 
orders of magnitude more expensive compared to the phonon-driven mechanism 
in terms of energy. This is expected because an a-axis strain involves compressing 
or elongating strong covalent bonds within each layer of WTe2, whereas b-axis 
shear mode involves primarily interlayer interactions, which are weaker.
Longitudinal acoustic-wave timescale. In WTe2, the stable Td phase appears as 
an orthorhombic unit cell in which the b and c axes form an angle of θ = 90°, 
whereas the 1T′ phase appears as a monoclinic unit cell with a 94° angle (Extended 
Data Fig. 1). Hence, we can expect the Td–1T′ transition in WTe2 to be limited by 
the time required for the development of an overall shear across the sample thick-
ness (c axis), as determined by the transverse acoustic group velocity. Although we 
are not aware of any prior measurements on the transverse acoustic velocity, we 
can take the longitudinal acoustic speed of sound50 (2,000 m s−1) as a first approx-
imation. Hence, we can estimate the build-up time using t = d/v, where d = 50 nm 
is the sample thickness and v = 2,000 m s−1 is the speed of sound, and obtain 
t = 25 ps. This is in good agreement with our observation (Fig. 2f, blue line). We 
can take a separate confirmation of the longitudinal acoustic speed of sound by 
tilting the sample (pitch of −8.3°, yaw of −13.9°), providing sensitivity to the 
acoustic breathing mode oscillations (period of 2d/v) across the sample thickness. 
The structural-factor modulation ΔI/I0 of peak (133)  shows oscillations  
with period of 38 ps (Extended Data Fig. 4). Given the period of this oscillation, 
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we compute the speed of sound to be v ≈ 2,600 m s−1, in reasonable agreement 
with the above estimate.
Terahertz-induced shear motion in MoTe2. We discussed in the main text how 
the shear motion in WTe2 is driven through a transient hole doping induced by 
the terahertz field. This interpretation is motivated by a theoretical prediction 
that upon hole doping the Td phase becomes unstable against the 1T′ phase22. A 
particularly strong indication from our experiment is that at any terahertz-field 
polarization, the initial shear motion always occurs along the pathway towards a 
phase transition from the Td phase to the 1T′ phase. Hence, this process must be 
very sensitive to the initial structural phase of the sample, that is, it should only 
occur in the Td phase and not in the 1T′ phase—a feature that can be tested. In 
particular, we should expect the absence of terahertz-induced shear motion in 1T′ 
MoTe2. MoTe2 and WTe2 have similar structural and electronic properties; unlike 
WTe2, however, MoTe2 can appear in two structural phases: the Td phase below 
200 K, the 1T′ phase above 250 K and a mixed Td–1T′ phase25 at 200–250 K. We 
performed similar terahertz-pump UED-probe experiments on MoTe2 at sample 
temperatures of 28 K (Td) and 300 K (1T′) (Extended Data Fig. 5). We found that 
the interlayer shear oscillations only occur in the Td phase (0.37 THz), and not 
in the 1T′ phase of MoTe2, where only a small heating (Debye–Waller) effect is 
observed. This is consistent with the picture that terahertz-induced hole doping 
stabilizes the 1T′ phase over the Td phase. That is, if we start with the Td phase, the 
relative energy order is reversed upon terahertz-induced hole doping and shear 
motion is launched; but if we start with the 1T′ phase, the relative energy order 
does not change and no shear motion is observed.
Transition region at intermediate pump fluence. The UED time traces (Fig. 2f) 
show that the oscillation period is slightly longer at larger pump field strengths. 
To investigate this transition region, we carried out an additional terahertz-pump 
UED-probe experiment at smaller pump fluence intervals (Extended Data Fig. 6a, 
b). As we can see, the oscillation period increases at higher pump fluences. This 
observation indicates a nonlinear phonon softening towards a new metastable 
centrosymmetric structure.
Lifetime of excited electrons. The lifetime of excited electrons can be determined 
from the pump-induced probe reflectivity as a function of time. We carried out 
an optical pump-probe experiment using 2.1-µm pump and 800-nm probe pulses 
on a WTe2 sample (Extended Data Fig. 7a). We note that we replace the role 
of the terahertz pump with a 2.1-µm pump because the terahertz pump setup 
that we used for UED requires a special laser specification and is currently not 
accessible for optical reflectivity experiments. Nevertheless, measurements with  
2.1-µm pump pulses can also induce the shear oscillations that we obtained using 
terahertz pump pulses (Extended Data Fig. 7b). Extended Data Fig. 7a shows an 
abrupt pump-induced change of probe reflectivity within the first 5 ps and a stable 
finite reflectivity afterwards for a timescale longer than 50 ps. The first 5 ps can 
be attributed to relaxation of hot carriers towards a new quasi-equilibrium state. 
Afterwards, the carriers remain in the new equilibrium state for longer than 50 ps.

Data availability
The data that support the findings of this study are available from the correspond-
ing author on reasonable request.
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Extended Data Fig. 1 | Lattice structure variants of WTe2. a, The Td 
phase has an orthorhombic non-centrosymmetric unit cell with b–c angle 
of 90° and bond length d1 > d3. b, The 1T′(*) phase has an orthorhombic 

centrosymmetric unit cell with a b–c angle of 90° and bond length d1 = d3. 
c, The 1T′ phase has a monoclinic centrosymmetric unit cell with a b–c 
angle of about 94° and bond length d1 < d3.
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Extended Data Fig. 2 | Electro-optical sampling data of the terahertz pump pulses. a, Time trace of terahertz electric field, generated using OH-1 and 
DSTMS crystals. Curves in a are offset for clarity. b, Frequency bandwidth of the terahertz field, calculated using the Fourier transform of a.
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Extended Data Fig. 3 | Calculated phonon dispersion of Td WTe2 and 
energy potential as a function of lattice deformation. a, Dispersions for 
wave vectors along high-symmetry lines in the kz = 0 plane are shown. 
The schematic on the right shows the interlayer shear motion as rigid 
displacements between alternating WTe2 layers. b, Energy as a function 
of uniaxial strain applied along the a axis. We used two different forms 
for the dispersion corrections, namely, DFT-D3 (labelled D3) and DFT 
D3 with Becke–Johnson damping (labelled D3-BJ). These two corrections 

result in slightly different lattice constants, as shown in Extended Data 
Table 1c, and yield potential energy surfaces that are too shallow and 
too steep in the D3 and D3-BJ approximations, respectively. The correct 
description lies between the two limits represented by D3 and D3-BJ.  
c, Energy as a function of displacement along the shear-mode coordinate. 
The red dashed line indicates the displacement at which two pairs of Weyl 
nodes annihilate at the ky = 0 mirror plane (see Fig. 4).
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Extended Data Fig. 4 | Transverse acoustic propagation dynamics  
in Td-WTe2. The structure-factor modulation is monitored using a  
terahertz-pump UED probe.
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Extended Data Fig. 5 | The emergence of terahertz-induced shear 
oscillations in Td MoTe2, but not in 1T′ MoTe2. The structure-factor 
modulations are monitored using a terahertz-pump UED probe.
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Extended Data Fig. 6 | Additional terahertz-pump UED-probe 
measurements at increasing pump fluence. a, Intensity changes of the 
(130) Bragg peak show the interlayer shear oscillation, which exhibits 
a phonon softening at larger pump fluences. This demonstrates the 

evolution towards switching behaviour in the transition region.  
b, Surface plot of a, where ΔI/I0 is shown by the colour scale. In b we use 
interpolation to show a clearer picture on the frequency shifting at larger 
pump fluences.
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Extended Data Fig. 7 | Optical and structural changes in WTe2 induced 
by 2.1-µm pump pulses. a, The transient reflectivity of the 800-nm 
probe gives a direct experimental probe to the electronic system. There 
is an abrupt change in ΔR/R right after the pump pulse arrival (within 
5 ps). Afterwards, the ΔR/R signal remains finite and stable for longer 
than 50 ps. b, Bragg peak intensity changes probed by the electron beam. 
The intensity changes show oscillations that correspond to the interlayer 
shear-mode frequency of 0.24 THz, similar to the effect produced by the 

terahertz pump pulses discussed in the main text. c, Time-resolved SHG 
of WTe2 at nanosecond time delay. Here, the pump pulse has a wavelength 
of 2.1 µm (polarized at 45° off the horizontal axis), the incident probe 
pulse has a wavelength of 800 nm, the crystal a axis is aligned horizontally 
and the SHG is detected at the ‘S-in, P-out’ configuration. This shows that 
the light-induced centrosymmetric phase lives for a few nanoseconds, or 
even tens of nanoseconds, which is consistent with the induced metastable 
phase discussed in the main text.
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Extended Data Table 1 | Lattice and electronic structure parameters for DFT calculations

a, Wyckoff position parameters for the coordinates of two W and four Te atoms in the experimentally determined unit cell of WTe2
16,42. b, Coordinates of the two WPs that occur in the first quadrant of 

the kz = 0 plane of the BZ of WTe2. The last column indicates the Chern number (C) of the nodes. c, Calculated lattice and interlayer distance parameters of Td WTe2 compared to experimental values. 
The last column shows the calculated phonon frequency (νshear) of the b-axis shear mode of interest. This table has been reproduced from ref. 16, Springer Nature.
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