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            Abstract
Topological quantum materials exhibit fascinating properties1,2,3, 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 electronâ€“ion interactions and potentially alters the underlying crystalline symmetry on which the topological properties depend7,8,9. 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.
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                    Fig. 1: Observation of coherent interlayer shear displacements in WTe2 measured using relativistic ultrafast electron diffraction.[image: ]


Fig. 2: Determination of interlayer shear atomic displacements in WTe2.[image: ]


Fig. 3: Field and polarization dependence of terahertz-induced shear amplitudes.[image: ]


Fig. 4: Strain-induced WP separation and topological phase transition.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Lattice structure variants of WTe2.
a, The Td phase has an orthorhombic non-centrosymmetric unit cell with bâ€“c angle of 90Â° and bond length d1Â >Â d3. b, The 1Tâ€²(*) phase has an orthorhombic centrosymmetric unit cell withÂ a bâ€“c angle of 90Â° and bond length d1Â =Â d3. c, The 1Tâ€² phase has a monoclinic centrosymmetric unit cell withÂ a bâ€“c angle of about 94Â° and bond length d1Â <Â d3.


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.Â Curves in a are offset for clarity. b, Frequency bandwidth of the terahertz field, calculated using the Fourier transform of a.


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 kzÂ =Â 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 Beckeâ€“Johnson damping (labelled D3-BJ). These two corrections result in slightly different lattice constants, as shown in Extended Data TableÂ 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 kyÂ =Â 0 mirror plane (see Fig.Â 4).


Extended Data Fig. 4 Transverse acoustic propagation dynamics in Td-WTe2.
The structure-factor modulation is monitored using a terahertz-pump UED probe.


Extended Data Fig. 5 The emergence of terahertz-induced shear oscillations in Td MoTe2, but not in 1Tâ€² MoTe2.
The structure-factor modulations are monitored using a terahertz-pump UED probe.


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 Î”I/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.


Extended Data Fig. 7 Optical and structural changes in WTe2 induced by 2.1-Âµm 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 Î”R/R right after the pump pulse arrival (within 5Â ps). Afterwards, the Î”R/R signal remains finite and stable for longer than 50Â 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 0.24Â 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 2.1Â Âµm (polarized at 45Â° 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 â€˜S-in, P-outâ€™ 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.


Extended Data Table 1 Lattice and electronic structure parameters for DFT calculationsFull size table
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