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Interactions between light and matter allow the realization of out-of-equilibrium states in

quantum solids, involving dynamic engineering of their properties. In particular, nonlin-

ear phononics is one of the efficient approaches to realizing the stationary electronic state

in non-equilibrium. Herein, by using extensive ab initio molecular dynamics, we identified

that long-lived quasi-stationary geometry via light-driven nonlinear phonon dynamics could

stabilize the topological nature in the material family of HgTe compounds. We show that

coherent excitation of the infrared-active phonon mode results in distortions of atomic ge-

ometry with a lifetime of several picoseconds. Four Weyl points are located exactly at the
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Fermi level in this non-equilibrium geometry, making it an ideal long-lived metastable Weyl

semimetal. We propose that such a topological phase in the light-driven state can be identified

by photoelectron spectroscopy of the Fermi arc surface states or the ultrafast pump-probe

transport measurements of the nonlinear Hall effect.

Non-equilibrium states driven by strong light-matter interactions attract a lot of attention in

recent years due to the realization of intriguing physical phenomena without equilibrium coun-

terparts and various interesting ultrafast applications1–6. Unlike engineering approaches acting on

equilibrium or ground states, the dynamic method involves coupling between the laser field and

different quasiparticle degrees of freedom in solid states, often producing non-thermal changes in

their electronic structures and charge populations. For example, via applying a continuous light

to solid materials, Floquet engineering on electronic structures is expected to be realized3–9. Re-

cent theoretical works have suggested that coupling between a time-periodic oscillating field and

the Dirac bands results in a topologically non-trivial insulating state among the Flouqet spectra10.

However, the Floquet state achieved in the electronic structure is usually fragile because of dissipa-

tion, decoherence, and heating effects acting with the bath and light11, 12. In contrast to electronic

light-driven excitation mediated phenomena, vibronic excitations coupled with terahertz (THz)

pulses can lead to robust quasi-stationary states in non-equilibrium via different mechanism, which

are attributable to large atomic displacements induced by highly excited phonon modes4, 13, 14. In

terms of phononic excitations, light-induced superconductivity has been experimentally demon-

strated in cuprate, alkali-doped C60, and organic conductors15–17. Light-induced magnetic order-

ings in perovskite ErFeO3 and piezomagnetic crystal CoF2
18, 19, and a light-induced ferroelectric
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transition in SrTiO3
20–24 have been assessed from the same perspective. These works indicate

that nonlinear phononics can efficiently manipulate the electronic properties of target materials,

realizing long-lived novel non-equilibrium states25, 26. In theoretical studies, those light-induced

non-equilibrium dynamical states, induced by nonlinear phonons, have typically been investigated

with the simplified model Hamiltonian20, 23, 27. These simplified approaches take only the coupling

between a few selected modes and thus have no room to accommodate the realistic dissipation

mechanisms originating from phonon-phonon scatterings. In this regard, the first-principles calcu-

lations for non-equilibrium dynamics, including both couplings to the external field and realistic

dissipation channels, are urgently needed.

As notable exotic quantum state of matter, topological Dirac and Weyl semimetals host gap-

less excitations with topological charges in bulk and Fermi arc states on the surface28, 29, which

have distinctive electronic and optical responses, and their electronic structures could be affected

by light-matter interactions. As an example, the light-induced anomalous Hall effect has been

observed in the graphene30, where the asymmetric photo-carrier population effect induced by the

circularly polarized light contributes to an anomalous Hall signal31. Furthermore, the phase tran-

sition from a Dirac to a Floquet Weyl semimetal in NaBi3 was signified as an intentional breaking

of the time-reversal symmetry by the driven light field32. As aforementioned, on the other hand,

the pumping of long-lived meta-stable lattice distortion could also realize the stationary states

in non-equilibrium33, 34. In bulk WTe2, a THz laser drives the intrinsic Td phase, identified as a

Weyl semimetal to a trivial 1T′ phase through the amplification of the interlayer distortion33, 35.

Similarly, ZrTe5 can be driven from the insulating topological state to a Weyl semimetal as the out-
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of-equilibrium geometry breaks the inversion symmetry36. However, because of various excres-

cent contributions from non-topological states near the Fermi level in these materials mentioned

above28, 37, the ultrafast transport and optical signals will be strongly influenced by these trivial

states and cannot be fully ascribed to light-induced topological characteristics. In this regard, an

ideal topological material candidate is highly desirable for the experimental observation.

Here, we demonstrate a robust metastable light-induced topological phase transition to ideal

Weyl semimetal from the trivial semimetallic state in the family of bulk HgTe, as shown in the

schema in Fig. 1 |a and b. To achieve this, we have developed a new scheme for ab initio molec-

ular dynamics (AIMD), which considers the interaction between classical ions and the oscillating

external electric field in the periodic boundary condition, including realistic nonlinear phonon in-

teractions and various phonon-phonon scatterings than previously employed model studies20, 23, 27.

In this way, we identify a non-equilibrium geometry with distortion along the combined direc-

tion of IR modes (named as IRy and IRz shown Fig. 1 |d and e) when the IRx mode in HgTe is

resonantly excited (see Fig. 1 |c). The new steady structure of HgTe hosts a steady ideal Weyl

semimetal with a lifetime of several picoseconds. When we increase the laser intensity, the am-

plitude of the atomic distortion is enhanced, further enlarging the distance between Weyl points in

bulk and the length of the Fermi arc on the surface. In addition, similar THz field-induced dynam-

ics are observed in bulk HgSe and β-HgS. Because of light-driven HgTe as ideal Weyl semimetal

without the trivial band contributions around the Fermi level, the signatures measured by time- and

angle-resolved photoemission spectroscopy (TrARPES) and nonlinear Hall conductivity38–40 have

a clear topological origin.
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Herein, we have chosen the family of HgTe as target materials to realize a non-equilibrium

long-lived ideal Weyl semimetal for the following reasons. First, HgTe contains a wealth of topo-

logical phases within various structural configurations. Under ambient conditions, the intrinsic

three-dimensional (3D) HgTe Zinc blended crystal is a trivial gapless semiconductor with inverted

bands, and the Fermi level is located in the fourfold degenerate Γ8 level41. Recent studies reported

that bulk HgTe could be an ideal Weyl semimetal with compressive strain and a 3D topological in-

sulator with tensile strain42. Moreover, HgTe is predicted to show good thermoelectric properties43,

which indicates that the nonlinear phonon couplings in HgTe are large. Therefore, 3D bulk HgTe

is an excellent candidate to investigate the topological phase transition and nonlinear phononics by

introducing strong light-matter interaction via THz laser pumping.

Before discussing the light-induced dynamical simulations, we describe the calculated vibra-

tional properties and the nonlinear phonon interactions in HgTe. In ambient conditions, bulk HgTe

with the Zinc Blende structure hosts three degenerate IR Gamma phonon modes (see Fig. 1 |c, d,

and e). To investigate their nonlinear phonon interactions, we perform AIMD simulations in which

the initial atomic structure is distorted along the eigenvector direction of IRx mode with the value

of Qx(t = 0) as 1.2Å
√
µ. As shown Fig. 2 |a, induced oscillations of IRy and IRz modes can be

observed, indicating the anharmonic phonon couplings between the IRx and a linearly combined

oscillation of IRy and IRz. Notably, the nonlinear phonon interaction shifts the origin of the oscilla-

tion that corresponds to a lattice distortion along Q̂ind = 0.64Q̂y+0.77Q̂z, where Q̂y,z denotes the

unit vector along the direction of IRy,z eigenmodes. Their nonlinear dynamics can be also revealed

from the calculated potential energy surface as shown in Fig. 2 |b. At equilibrium (Qx = 0), the
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potential surface shows a parabolic curve with a minimum energy point at Qmin
ind = 0. For both

positive and negative phonon displacements of Qx = ±1.2 Å
√
µ, the minimum points shift to a

negative value (Qmin
ind < 0) regardless of the sign of Qx. These results indicate that a resonant

pumping of the IRx mode will strongly modify the potential surface. Similar nonlinear phonon

interactions are obtained in HgSe and β-HgS under resonant THz pumping (see Supplementary

Information).

To describe the non-equilibrium structural and electronic dynamics induced by a THz pulse,

we need to account for anharmonicity and dissipation effects. This is achieved here with a modified

AIMD framework (See Methods). To take these effects into account systemically, we proceed

with extensive AIMD simulations that includes interaction between oscillating E-field and charged

ion under the Born-Oppenheimer approximation and periodic boundary condition with a large

supercell. In practice, we apply the THz field at the resonant frequency of IRx phonon mode via

an electric field oscillating along x direction: E(t) = E0 sin(ω(t − t0))e
−(t−t0)2/σ2

x̂ in which

σ = 0.8 ps, t0 = 2.5 ps and ω = 2.6 THz with a maximum amplitude of 1.5 MV/cm as shown

in Fig. 2 |c. Under the resonant laser pumping, the oscillation amplitude of IRx is increased up to

2.8 Å
√
µ until 4 ps, and this excitation leads to the emergence of the non-zero amplitude of induced

mode (Qind) through the nonlinear phononics as shown in Fig. 2 |d. Notably, the origin of Qind(t)

is shifted away from the equilibrium position during the dynamics setting a steady state with a

lifetime of a few picoseconds, which is much longer than the broadening of the THz pulse (σ =

0.8 ps). Such results are consistent with previous analyses on the potential surfaces. Therefore, we

conclude that a meta-stable structural distortion is achieved through nonlinear phonon interaction
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between the highly excited IRx and IRind modes. This non-equilibrium geometry for bulk HgTe

can survive after THz laser pumping. After enough long time (>8 ps), excited IRx and IRind

phonons dissipate via anharmonic couplings with other phonon modes, acting as a heating source

increasing the total temperature of this system. In the Supplementary Information, we provide

detailed discussions on the role of dissipation and thermostat on the light-induced meta-stable

atomic geometry.

We now explore the dependence of the time-averaged lattice distortion 〈Qind(t)〉 on the

intensity of the applied THz pulse as shown in Fig. 2 |e. For instance, the stronger THz pulse

(∼ 1.75 MV/cm) leads to the larger lattice distortion (〈Qind(t)〉 ∼ 1.07 Å
√
µ) in HgTe, compared

with the case with weaker field strength(〈Qind(t)〉 ∼ 0.098 Å
√
µ at E=∼ 0.5 MV/cm). The same

tendency is found in HgSe and β-HgS, which have similar nonlinear phonon interactions with that

in HgTe. These results show that the amplitude of lattice distortion in the meta-stable state can be

controlled by varying the intensity of the THz field pulse in the HgTe family.

To better understand the role of anharmonicity and dissipation effects, we compare our

AIMD simulation with a simplified model study employed in the previous studies in which the cou-

pling coefficients are fitted from ab initio calculations20, 23 and details are shown in Supplementary

Information. In this model, we consider the IRx and IRind modes with the harmonic oscillation and

their minimal nonlinear coupling terms. The equations of motion for the simplified model are given

as follows: Q̈x+γQ̇x+Ω2Qx = −2knlQxQind+Z∗E(t), and Q̈ind+γQ̇ind+Ω2Qind = −knlQ
2
x,

when Z∗ is the mode effective charges, knl is the coupling coefficient for nonlinear phonon interac-
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tion, γ is the dissipation rate and Ω is the frequency of these phonon modes (see details in Supple-

mentary Information). We find that the simplified model can reproduce the ab initio results about

the structural evolution of HgTe very well in the low range of field strength (E < 1 MV/cm) (see

Fig. 2 |e). However, it cannot get the meta-stable state obtained in the high range of field strength

(E > 1 MV/cm), due to the lack of accurate description of dissipation channels and anharmonic-

ity (see details in Methods part and Supplementary Information). These results demonstrate that

ab initio calculations can provide more realistic dynamics in the HgTe family of compounds to

investigate light-induced metastable phases than model simulation (see supplementary information

for a detailed comparison).

The THz laser-induced structural distortion drives bulk HgTe into an ideal Weyl semimetal in

non-equilibrium with four Weyl points lying at the Fermi level. At the equilibrium geometry, bulk

HgTe is a gapless semiconductor with inverted bands, in which the degeneracy at the Γ point (see

Fig. 3 |b) is protected by the crystal symmetry (F 4̄3m space group). Under atomic distortion along

Qind, only one mirror symmetry m1,1,0 (see Fig. 3 |a) is preserved in the new structure (Cm(8)

space group). With a displacement of Qind = 0.5 Å
√
µ, fourfold degenerated states at the Fermi

level split into four Weyl points away from the Γ point, their positions in the momentum space are

labeled as W±
1 and W±

2 as shown in Fig. 3 |c, in which ± stands for the sign of the topological

charges. Under mirror symmetry and time-reversal symmetry operations, these Weyl points can be

converted from one to the other (see the details in Supplementary Information), sharing the same

energy eigenvalue. Such a state is named the ideal Weyl semimetal42 since Weyl points are exactly

at the Fermi level and low energy electronic states are always topologically non-trivial. In Fig.
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3 |e, we plot the (100) surface state, where four Weyl points project to different positions on the

side surface and Fermi arc surface states connect each pair with opposite chiral charges, which can

be detected in TrARPES38. Our result indicates that the lattice distortion driven by the THz laser

induces a topological phase transition in bulk HgTe.

The positions of the light-induced Weyl points depend on the strength of the lattice distortion.

In Fig. 3 |d, we show that the change of distance (dk) between two Weyl points W+
1(2) and W−

1(2)

with respect to lattice distortions. A critical value of Qind ∼ 0.4 Å
√
µ is needed below which

nodal lines, instead of Weyl points (see Fig. 3 |d), are observed (similar result is also found in

strained cases42). Above this value, for example, Qind = 1.0 Å
√
µ corresponding to 1.75 MV/cm

maximum field strength gives rise to a Weyl point separation of dk = 52.8 mÅ−1. The same

conclusion is also valid for bulk HgSe and β-HgS (see Fig. 3 |d). The evolution of the induced

Weyl points with increasing pumping strength can be captured from the evolution of the Fermi arc

surface states. Compared with the case for Qind = 0.5 Å
√
µ shown in Fig. 3 |e, the Fermi arc

surface state (see Fig. 3 |f) becomes larger under stronger THz laser pumping (Qind = 0.8 Å
√
µ

correspondingly). We anticipate that such features will be captured in TrARPES with THz laser

pumping, which is a powerful tool to detect the Fermi arc surface state and its related dynamic

evolution38–40.

Besides TrARPES, THz field-induced Weyl points can also be experimentally observed from

quantum transport measurements, such as the nonlinear Hall effect44–46. The nonlinear Hall current

is defined as Ja = χabcEbE
∗
c , and χabc = ǫadc

e3τ
2(1+iωτ)

Dbd depends on the Berry curvature dipole
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Dbd, in which e is the electron charge, τ is the scattering time, and ω is the frequency of the

probe laser field44. In the HgTe pumped by the linearly polarized light, the total Berry curvature

is zero due to the time-reversal symmetry. However, the inversion symmetry-breaking condition

induced by the strong light-matter interaction in HgTe leads to a non-zero Berry curvature dipole

that provides the nonlinear Hall effect47.

The distorted geometry of HgTe induced by nonlinear phonon interaction shows a non-zero

Berry curvature dipole as shown in Fig. 4 |. Based on the symmetry analysis, the bulk HgTe in

equilibrium shows zero Berry curvature dipole due to the presence of inversion symmetry. In con-

trast, the distorted HgTe has a finite value with elements Dxx = −Dyy and Dzz = 0 constrained by

the mirror symmetry (see details in the Supplementary Information). Furthermore, we use the den-

sity functional theory to calculate Berry curvature and Berry curvature dipole for distorted HgTe.

In Fig. 4 |a, we plot Berry curvature (Ω) at kz = 35.3 mÅ−1 plane of Brillouin zone, which asym-

metrically distributes around Weyl points and could result in a non-zero Berry curvature dipole

distribution D(k)46 (see Fig. 4 |b), because D(k) ∼ fk∇kΩ(k), where fk is the occupation of

Bloch state. In Fig. 4 |c and d, we show the calculated Berry curvature dipole for structures with

different Qind values, corresponding to different THz pumping intensities. Furthermore, we find

that Dxx and Dyy have two peaks with opposite signs around the Fermi level, corresponding to

contributions from electron and hole parts of Weyl fermions.

We also investigated thermal effects on the Berry curvature dipole to verify whether the

dynamic nonlinear Hall effect can be observed at finite temperatures. The temperature-dependent
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Berry curvature dipole is evaluated with an electronic Fermi-Dirac distribution function at a given

temperature T . The results are shown in Fig. 4 |e, whose temperature dependency indicates a

measurable nonlinear Hall current can be experimentally achieved at high-temperature regions

(even at room temperature). Once we fix the temperature (see Fig. 4 |f), peak values of Berry

curvature dipole increase with the enhancement of pumping strength (larger Qind value), because

of the increasing distance between Weyl points with opposite chiral charges. These results indicate

the possibility of identifying the presence of light-induced Weyl points in bulk HgTe via pump-

probe ultrafast experiments.

In summary, we investigated the light-induced topological phase transition in the family of

HgTe materials through nonlinear phonon interaction. Using an extended AIMD framework, we

show that THz laser coherent pumping could drive a new non-equilibrium steady-state with the dis-

torted atomic structure via nonlinear phononics, and the long-lived lattice distortion is enhanced

by increasing the pump laser strength. Bulk HgTe with the distorted geometry hosts four Weyl

points at the Fermi level, being an ideal Weyl semimetal in non-equilibrium. The same scenario

has been observed to HgSe and β-HgS. We anticipate that ultrafast pump-probe experiments can

be used to validate the proposed topological phase transitions in bulk HgTe family via detecting

surface Fermi arc states and nonlinear Hall effects. Our work provides an opportunity to optically

manipulate topological properties of quantum materials via nonlinear phononics, which is impor-

tant for future ultrafast all-optical topological device switching. Furthermore, the topics discussed

herein can be extended to the new field of cavity materials engineering or cavity-induced phase

transition8, 24, 48.
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Methods

We used the Vienna Ab initio Simulation Package (VASP) to evaluate the lattice parameters, the

electronic structure, and nonlinear phononics49. The plane-wave basis up to 400 eV was employed

to describe the Kohn-Sham wavefunctions with spin-orbit coupling. The core level states were

considered by the projector augmented wave method. We sampled the Brillouin zone with 10 ×

10×10 and 6×6×6 grid points for primitive lattice and cubic cell geometries of HgTe, respectively.

The eigenvectors of the IR phonon modes were achieved in primitive lattice and converted into

cubic geometry (see Supplementary Information). To evaluate the topological properties of HgTe

with the Wannier interpolation technique, we used Wannier90 and WannierTools packages50, 51.

The Bloch states with 200 × 200 sampled grid points in the Brillouin zone were considered for

the Fermi arc surface plot. The Berry curvature dipole was evaluated using in-house code with

80× 80× 80 Bloch vector sampling13.

To investigate the effect of the time-dependent THz field on the HgTe, we modified the AIMD

simulation code to include the direct force from the applied laser pulse to the charged ion in the

Quantum Espresso package52. We verified that the electronic structure and nonlinear phononics in

the HgTe family are consistently evaluated in both VASP and Quantum Espresso. The effect of

the time-dependent electric field on the ion under the periodic boundary condition was described

by Lorentz force between the Born effective charge (Zτ ) for each atom and electric field (E(t))

at a given time t as follows; Fτ (t) = ZτE(t). With this implementation, the Verlet algorithm

in the 3 × 3 × 3 supercell geometry of HgTe was used to include enough dissipation channels
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via phonon-phonon scatterings without a thermostat for the AIMD simulation. We considered a

single gamma k-point sampling and the spin-unpolarized state. The projector augmented wave

method and plane-wave basis up to 680 eV were employed to describe the Kohn-Sham states. We

calculated the Born effective charges that are Hg (3.18 e) and Te (−3.13 e) atoms through the

density functional perturbation theory calculation53. In the previous studies, the classical model

Hamiltonian was employed to investigate the nonlinear phonon interactions that heavily relied on

the limited fitting parameters for few phonon modes and frictional dissipation20. However, our

new approach allows a simulation with realistic dynamics by including anharmonicity and various

phonon-phonon scatterings at the accuracy level of ab initio calculations. Overall, conventional

AIMD simulations were carried out up to the 6 fs time step to investigate the nonlinear phonon

interaction between IR modes. To evaluate the collective motions for the IR mode during conven-

tional AIMD simulation, we evaluated the average displacements of Hg and Te atoms as follows:

QIR =
∑

Ncell

i
d(Qi

Hg −Qi
Te)/Ncell , when Ncell = 27 and d = 0.714 are the number of repeated

cell and a factor for the conversion between normal and Cartesian coordinates, respectively. In ad-

dition, we neglect the plasmon-phonon interaction and non-adiabatic dynamic effect for electronic

structures under the Born-Oppenheimer approximation, because the frequency of the THz pulse

(2.6 THz ∼ 0.01eV) is far from the 3D plasmon frequency (0.53 THz) in n-type doped HgTe at

low temperature54 (see the Supplementary Information).

A simplified model for the nonlinear phonon interaction was developed, but such an approach

couldn’t capture all effects of the extensive AIMD simulation to show the advantageous capability

of the newly developed method. The dynamics of two phonon modes in the simplified model were
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achieved by solving an equation of motions with frictional dissipation rate (γ) as follows: Q̈x(t)+

γQ̇x(t) + Ω2Qx(t) = −2knlQx(t)Qind(t) + Z∗E(t), and Q̈ind(t) + γQ̇ind(t) + Ω2Qind(t) =

−knlQ
2
x(t). The mode effective charge (Z∗) and the phonon frequency (Ω) were achieved by

density functional perturbation theory calculation. We obtained the nonlinear phonon coefficient

knl between Qx and Qind in HgTe (93 THz2 Å−1µ−1/2), HgSe (159 THz2 Å−1µ−1/2), and β-HgS

(439 THz2 Å−1µ−1/2) by fitting the AIMD simulation results.
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Fig. 1 | Light-induced Weyl points in HgTe through the nonlinear phonon interaction be-

tween IR modes. a, Schematic phase diagram of THz field-induced Weyl points from trivial

semi-metal HgTe and the modification of potential energy surface for induced phonon mode under

the excited IRx mode. b, Schematic image of THz field-induced atomic geometry distortion of

HgTe through the nonlinear phonon interaction. c-e, Three degenerated IR phonon modes along

(c) x-direction, (d) y-direction, and (e) z-direction.
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geometry on kz = 0 plane. c, The band structure of the HgTe in the non-equilibrium geometry-

induced by THz field pulse on kz = 35.3 mÅ−1 plane. d, Distance between Weyl points depending

on the displacement of the induced mode Qind in HgTe family. e-f, Fermi arc surface states in the

(100) surface with (e) Qind = 0.5 Å
√
µ and (f) Qind = 0.8 Å

√
µ. In (a), pink plane indicates the

(110) mirror plane. In (b) and (c), the color map indicates the energy variation corresponding to

its z-axis.
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Fig. 4 | Possible experimental observable of the light-induced Weyl points; nonlinear Hall

effect. a, Berry curvature Ωx of distorted HgTe with Qind = 0.5 Å
√
µ at kz = 35.3 mÅ−1 plane.

b, Berry curvature dipole of distorted HgTe with Qind = 0.5 Å
√
µ in 3D plot. c-d, Diagonal terms

of Berry curvature dipole (c) Dxx and (d) Dyy with distorted geometry along Qind at 100 K. e,

Temperature and Fermi level dependency on the Berry curvature dipole Dxx with Qind = 0.5 Å
√
µ.

f, The absolute maximum value of Berry curvature dipole Dxx near the Fermi level at 100 K.
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