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Abstract
Light–matter interaction is one of the key means to manipulate the structural and electronic
properties of materials, especially in two-dimensional (2D) layered materials, which are
optically accessible due to their atomic thickness. We propose that an ultrashort laser pulse
could drastically enhance the ferroelectric polarization of bilayer WTe2 by our real-time
time-dependent density functional theory simulations. It is noted that bilayer WTe2 is a 2D
sliding ferroelectric material recently discovered whose vertical polarization can be controlled
by a slight horizontal displacement. We demonstrate that interlayer sliding and compression are
simultaneously achieved upon illumination of linearly polarized near-infrared laser pulse,
leading to an ultrafast electric polarization enhancement by ∼230% within hundreds of
femtosecond. Two major contributions have been identified: (a) the piezoelectric effect due to
laser-induced interlayer compression, caused by interlayer charge transfer and dipole-dipole
interaction; (b) the interlayer sliding along the opposite direction of ferroelectric switching,
induced by inhomogeneous excited carrier distribution and specific electron-phonon couplings.
This work provides new insights on controlling ferroelectricity of layered materials, which may
extend to other van der Waals bilayers and even bulk materials.

Supplementary material for this article is available online
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1. Introduction

Ferroelectric (FE) materials exhibit spontaneous electric
polarization due to the lack of inversion symmetry, such that
its magnitude and direction can be switched by an external
electric field [1, 2]. The bi-stable states of FE materials with
equivalent ‘0’ and ‘1’ states, have a wide range of applica-
tions such as non-volatile memories, sensors and field-effect
transistors [3, 4]. Optical control of structural and electronic
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properties of materials allows a new gateway to modulate fer-
roelectricity at the ultrafast time scale [5, 6]. In this regard,
two-dimensional (2D) layered materials are more attractive
because of the atomic-scale local switching [7]. Recent stud-
ies show that terahertz or infrared laser sources, which provide
ultrafast pulsed electric fields, are expected to modulate the
FE polarization [8]. For example, Miyamoto et al reported an
11.3% transient interlayer contraction of bilayer h-BN due to
an interlayer dipole-dipole interaction, leading to the transi-
ent enhancement of FE polarization [9]. Later on, they also
demonstrated that nonlinear couplings between optical phon-
ons in monolayer SnTe, a 2D in-plane FE material, would
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produce a polarization oscillation of in-plane polarization in
response to out-of-plane phonons [10]. Therefore, laser mod-
ulation of ferroelectricity in 2D layered materials (such as FE
phase transition or polarization enhancement) is a promising
avenue for both materials science and photonics. Since 2013,
ferroelectricity has been discovered in a series of 2D materials
including In2Se3 [11], CuInP2S6 [12] and group IV–VI mono-
layers [13]. However, there are few studies on the modulation
of ferroelectricity in 2D layered materials by ultrafast laser.

Recently, a new FE switching mechanism known as slid-
ing ferroelectricity, where the modulation of FE polariza-
tion was caused by interlayer sliding, was first proposed in
bilayer h-BN in 2017 [14] and confirmed experimentally in
2021 [15, 16]. The same sliding ferroelectricity was repor-
ted in rhombohedral stacked bilayer transition metal dichal-
cogenides experimentally [17] and two-dimensional MoA2N4

(A = Si or Ge) bilayers theoretically [18]. In addition, room-
temperature vertical ferroelectricity was demonstrated in the
bilayer and trilayer WTe2 for the first time, which can be
switched by gate electrodes [19]. Later, first-principles cal-
culations gave the evidence that the weak FE in the bilayer
and trilayer WTe2 should be switchable by interlayer sliding
[20]. Sie et al demonstrated that terahertz light pulses could
be used to induce terahertz-frequency interlayer shear strain
with a large amplitude in Weyl semimetal WTe2, leading to
a topologically distinct metastable phase [21]. Meanwhile,
Guan et al reported that the switchable interlayer sliding can
be achieved in response to a linear polarized laser in bulkWTe2
by time-dependent density function theory molecular dynamic
(TDDFT-MD) [22]. However, bulk Weyl semimetal WTe2 has
no ferroelectricity due to that the itinerant electrons screen
out electrostatic forces between ions [19]. The ferroelectricity
of layered WTe2 was regulated by conventional gated elec-
tric fields rather than new ways and there are no studies on
laser-induced modulation of ferroelectricity in layered WTe2.
Therefore, a quantitative analysis of the evolution of atomic
and electronic dynamics in bilayer WTe2 upon photoexcita-
tion is highly desirable.

Motivated by the above discussions, this work aims at giv-
ing a new insight of modulation of ferroelectricity during laser
drive interlayer dynamics of bilayer WTe2. We find that the
FE polarization of bilayer WTe2 can be significantly enhanced
in hundreds of femtoseconds by laser illumination based on
ab initio TDDFT-MD quantum simulations. The dynamical
atomic trajectories reveal that the interlayer sliding and com-
pression take place simultaneously, leading to the enhance-
ment of vertical polarization. Our findings not only provide a
newway to control ferroelectricity of sliding FEs, but also give
a framework to control the ferroelectricity in 2D FE materials
by ultrafast laser excitation in other transition metal dichalco-
genides and layered materials.

2. Methods

Our density function theory (DFT) calculations are performed
based on Vienna ab initio simulation package [23]. The

exchange-correlation effect is described within the general-
ized gradient approximation in the Perdew–Burke–Ernzerhof
(PBE) functional [24], together with the projector augmented
wave potentials [25]. The kinetic energy cutoff is set to 400 eV,
and the total energy convergence criterion 10−6 eV is used.
The optimized convergence criterion for atomic coordinates
is less than 0.001 eV Å−1 for forces on each atom. For all cal-
culations, the PBE-D3 method of Grimme with Becke–Jonson
damping is applied for the interlayer van der Waals interaction
[26], and a vacuum space along the z axis is larger than 14 Å
to avoid spurious interactions. The 11 × 7 × 1 Monkhorst–
Pack k-meshes are used to sample the Brillouin zone for all
structures presented in this study. Dipole moment corrections
are employed to calculate the vertical polarization. The FE
transition path and energy barrier are calculated by using the
nudged elastic band (NEB) method.

The TDDFT-MD calculations are performed in a time-
dependent ab initio package [27, 28]. Numerical atomic orbit-
als with double zeta polarization are employed as the basis set.
The electron-nuclear interactions are described by PBE func-
tional. The plane-wave energy cutoff of 250 Ry is adopted. The
6× 5× 1 k-point grid is used to sample the Brillouin zone and
the PBE-D3 method of Grimme with Becke–Jonson damp-
ing is applied. The coupling between atomic and electronic
motions is governed by the Ehrenfest approximation. During
molecular dynamic simulations, the evolution time step is 50
attoseconds for both electrons and ions in a micro-canonical
ensemble (NVE).

3. Results

3.1. Ferroelectricity in bilayer WTe2

The bi-stable FE geometric structures of bilayer WTe2 defined
as State FE1 and State FE2 are shown in figure 1(a), with the
lattice parameters a = 3.52 Å and b = 6.30 Å from our first-
principles calculations, which are consistent with the experi-
mental values (where a = 3.48 Å and b = 6.27 Å) [29]. The
State FE2 with the reversed vertical polarization along the
z axis can be obtained by a mirror operation of State FE1 in
the center of xy plane. However, it is impossible to switch the
FE polarization through mirror symmetry operation in prac-
tice. On the other hand, we find that a slight interlayer slid-
ing along the horizontal y axis may be a feasible pathway for
FE switch, transforming State FE1 (polarization aligned in the
z axis) to State FE2 (polarization aligned in the −z axis), as
depicted in figure 1(a). As illustrated for State FE1, such a
slight sliding is feasible along y axis as the horizontal distance
between Te1 and Te3, −∆1 = y(Te1) − y(Te3) = −0.20 Å,
is different from the horizontal distance between Te2 and
Te4, −∆2 = y(Te2) − y(Te4) = −0.15 Å. State FE2 can be
obtained by sliding the upper layer along the y axis by a dis-
tance of ∆1 +∆2 = 0.35 Å, where the horizontal distance of
y(Te1) − y(Te3) and y(Te2) − y(Te4) in State FE2 have been
changed to∆2 and∆1, respectively. The inequality of∆1 and
∆2 shows the inversion symmetry breaking along the z axis,
leading to the vertical ferroelectricity of bilayer WTe2.
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Figure 1. (a) Ferroelectric switching pathway of bilayer WTe2 form State FE1 to State FE2. Gray (dark yellow) spheres denote W (Te)
atoms. The red arrows represent the vertical polarization direction. (b) The ferroelectric switching pathway and the energy barrier for bilayer
WTe2. (c) Dependence of the out-of-plane polarization (P) on the displacement along the y axis.

In addition, the vertical polarization of bilayer WTe2 is
calculated by DFT with dipole corrections. Our results show
that the vertical FE polarization of such a bilayer WTe2
is about 2.44 × 1011 e cm−2 (FE polarization in 2D is
2.55 × 10−13 C m−1), which is in excellent agreement with
the previous experimental (2 × 1011 e cm−2) and calculated
values (3.2× 1011 e cm−2) [20]. The band structure with spin-
orbital coupling of bilayer WTe2 is shown in figure S1, where
the Rashba splitting at the conduction band minimum along
Γ → X direction, is another evidence of inversion symmetry
breaking, leading to the presence of vertical polarization. The
FE switching pathway and minimum energy barrier are calcu-
lated based on NEB method, as shown in figure 1(b). We find
that the FE switching energy barrier is only about 0.2 meV
per unit cell induced by interlayer sliding. The intermediate
state shown in figure 1(a), where the horizontal distances are
defined as y(Te1) − y(Te3) = (∆1 − ∆2)/2 =−0.025 Å and
y(Te2) − y(Te4) = (∆2 − ∆1)/2 = 0.025 Å, has the inver-
sion symmetry with no net polarization. The dependence of FE
polarization on the displacement of upper layer is illustrated
in figure 1(c). The results show that the polarization varies lin-
early with the horizontal displacement of upper layer, where
the start point is the State FE1 and the end point (displace-
ment (∆1 + ∆2) = 0.35 Å) is the State FE2, and the inter-
mediate state (displacement of (∆1 + ∆2)/2 = 0.175 Å) has

no FE polarization. The charge density differences (CDDs)
of State FE1 and State FE2 between the upper and lower
layers are depicted in figures S2(a) and (b), where the yel-
low (blue) area indicates charge accumulation (depletion).
There is charge transfer between the two sheets due to
the nonequivalence of charge accumulation and depletion
regions. Interestingly, an inversion between the CDDs of
the two FE states (black cycles illustrated in figure S2), is
fully consistent with the FE polarization directions shown
in figure 1(a).

3.2. Laser induced the enhancement of polarization

To study the photoelectronic responses of bilayer WTe2, the
Gaussian-type laser pulse with a time-dependent electric field

E(t) = E0 cos(ωt)exp
[
−(t−t0)

2

2σ2

]
and a wavelength of 2106 nm

(photon energy ∼0.6 eV), is adopted in our calculations. The
laser pulse is linearly polarized along the y axis, perpendicular
to the out-of-plane FE polarization. As illustrated in figure S2,
the peak intensity and full width at half maximum of applied
laser field are set as 0.152 × 1010 W cm−2 and 10 fs, respect-
ively. There are 0.3% of valence electrons excited to the con-
duction bands after laser pulse ends (at t = 80 fs) as shown
in figure S2.
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Figure 2. (a) Laser-induced interlayer displacement. Red and blue arrows represent the displacement along the y and z axis, respectively.
(b) Time (t) dependent interlayer shear displacement along the y and z axis respectively for the upper and lower layer. (c) Time (t) dependent
FE polarization (P) of bilayer WTe2.

Here, we show that the interlayer sliding and compres-
sion occur simultaneously upon the photoexcitation of laser
pulse. To describe the interlayer displacement, we defined the
average motions as:∆y(a, t) = 1

N

∑N
i=1 [yi(a, t)− yi(a,0)], a=

x,y,z, where yi(a, t) is the time-dependent position of atom i
along the a axis (a= x,y,z), and y0(a, t) is the ground state
position of atom i along the a axis (a= x,y,z). The atoms of
lower and upper layer are calculated separately to estimate the
interlayer shear displacements.

Figures 2(a) and (b) show the shear displacements and dir-
ections of upper and lower layer when the near-infrared laser
pulse is applied. It is clear that the upper and lower layer
moves in opposite directions with the nearly identical speed
(the upper layer moving along the −y and −z axis and the
lower layer moving along the y and z axis), leading to the sim-
ultaneous interlayer sliding and contraction. On the one hand,
the average speed of interlayer horizontal sliding is∼14m s−1,
which is defined as the displacement along the y axis. The rel-
ative displacement reaches 0.095 Å at t = 600 fs as depicted
in figure 2(b). After 600 fs, the interlayer sliding would con-
tinue with time, which has been reported in previous exper-
iments [21]. On the other hand, we also find that the inter-
layer compression starts at the end of laser pulse and reaches a
maximum of about 0.67 Å at 540 fs with an average speed of
∼22 m s−1. Subsequently, the interlayer charge transfer and
repulsion force increases sharply due to the sharp reduction of
the interlayer distance. Therefore, the displacement along the
z axis is reversed after 540 fs, leading to the interlayer distance
increasing.

To study the influence of interlayer displacement on ferro-
electricity of bilayer WTe2, we calculated the time-dependent
FE polarization as shown in figure 2(c). Themaximum vertical
polarization value is∼8.4× 10−13 Cm−1 at t= 600 fs, which
is ∼230% larger than the polarization value in the ground
state at t = 0 fs. It is noted that the vertical FE polarization
caused by interlayer sliding is small due to the depolariza-
tion field, e.g. in bilayer WTe2 and h-BN, which limits its
application in microelectronic devices. Here, we demonstrate
that the laser pulse can effectively control the enhancement
of FE polarization in bilayer WTe2, which is expected to be a
new gateway for regulating the FE polarization in 2D layered
materials.

3.3. Laser induced interlayer compression

To explore the influence of interlayer compression induced by
the laser pulse on FE polarization, we analyze the displace-
ment along the z axis while ignoring the interlayer sliding in
the horizontal direction. We then monitor the interlayer dis-
tance, which is defined by the perpendicular distance between
the W atoms of different layers through the TDDFT-MD sim-
ulation. The original interlayer distance d is 6.74 Å as depic-
ted in figure 3(a). By comparing the time evolution of the
interlayer distance with and without laser pulse, a consider-
able compression of more than 0.67 Å (10% of the original
interlayer distance) in 540 fs was shown in figure 3(b). After
t = 540 fs, the interlayer distance increases again because
of the dissociation of the two WTe2 sheets. The inhomogen-
eous carrier distribution along the z axis due to the spon-
taneous vertical polarization will introduce a built-in electric
field in bilayer WTe2. Simultaneously, the enhanced interlayer
charge transfer and dipole-dipole interaction would induce
asymmetric charge distribution, leading to the interlayer
compression.

It is worth noting that the vertical FE polarization can be
enhanced due to the increased interlayer charge transfer if the
interlayer distance is compressed, as depicted in figures 3(c)
and (d). The wavy patterns in figures 3(c) and (d) indicate that
the system is stabilized with oscillating interlayer distances
after the rapid light-induced compression process. Bilayer
WTe2 is FE with vertical polarization because of the interlayer
charge transfer, i.e. the centers of the positive and negative do
not overlap. The vertical polarization will be changed and reg-
ulated when the stress is applied along the z direction. Since
piezoelectricity is the electric charge that accumulates in cer-
tain solid materials in response to applied mechanical stress,
bilayer WTe2 thus has piezoelectricity along the z axis. The
enhancement of FE polarization induced by interlayer com-
pression, which can increase by about 64.3% at d ∼ 6.54 Å,
with a contraction of more than 0.2 Å (3% of the original inter-
layer distance). After t = 200 fs, the saturation of polariza-
tion value may be caused by the saturation of charge transfer
between the two sheets.

Interlayer compression not only increases the FE polariz-
ation of bilayer WTe2, but also changes the potential energy

4
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Figure 3. (a) Laser-induced interlayer compression. (b) Interlayer distance (d) as a function of time (t). The dotted (blue) line and the dotted
(black) line show the initial interlayer distance and minimum interlayer distance at t = 540 fs, respectively. (c) FE polarization (P) as a
function of displacement along z axis. (d) FE polarization (P) as a function of time (t).

Figure 4. (a) Potential energy surfaces of FE phase transition in different interlayer displacements along the z axis. (b) Energy barriers
dependent on the interlayer distance (d).

surface of its FE phase transition. Figure 4(a) shows the poten-
tial energy surfaces of FE phase transition change with inter-
layer distance, which are calculated by NEB method. The
energy barrier rapidly increases with the decrease of inter-
layer distance due to the enhanced interlayer coupling, and
reaches 5 meV, an order of magnitude larger than the ori-
ginal energy barrier at the contraction of 0.6 Å, as illustrated
in figure 4(b). The enhancement of FE polarization and energy
barriers induced by laser pulses implies that we obtain a more
stable FE phase to resist environmental disturbances.

3.4. Laser induced interlayer sliding

The polarization would not be increased by ∼230% due to
the interlayer compression alone. It means that the interlayer
sliding also plays an important role in the enhancement of
FE polarization. Figure 5(a) shows the time-dependent hori-
zontal displacement of lower layer, which varies almost lin-
early with time, while the upper layer is considered to be fixed.
The results show that the lower layer is sliding along the y
axis, which is opposite to the FE phase transition direction.
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Figure 5. (a) The lower layer displacement relative to the upper layer. (b) Vertical polarization (P) as a function of lower layer
displacement. Charge density differences (CDDs) at the plane of W atoms of lower (c) and upper layer (d) between the ground state and
excitation state at t = 100 fs. The red (blue) region represents the accumulation (depletion) in charge density.

The reverse displacement, where the horizontal displacement
is about 0.19 Å at t = 600 fs, causes an enhancement of FE
polarization as shown in figure 5(b). It is clear that the FE
polarization, which is nearly linear with the horizontal dis-
placement, can increase by ∼100% upon the displacement of
0.19 Å. Our results demonstrate that the increase of vertical FE
polarization in bilayerWTe2 is due to the combination of inter-
layer compression and sliding. As shown in figure S3, when
the lower layer is sliding continuously under the laser pulse
polarized along the y axis, the interlayer voltage will oscillate
and generate an alternating current output signal, which can be
used as a nanogenerator, where the variations in the potential
of the bilayer can be used to drive the flow of electrons and to
harvest energy.

In order to confirm further that the interlayer sliding is
induced by the photoexcited electrons, the laser-induced net
charges and charge transfer distributed in real-space can be
described by CDD as depicted in figures 5(c) and (d). Here,
time-dependent CDD is defined as∆ρ(r, t) = ρ(r, t)− ρ(r,0),
where ρ(r, t) is the charge density at time t = 100 fs is shown
on the plane cutting along the upper and lower layer of the
unit cell, respectively. The inhomogeneous carrier distribu-
tion of upper and lower layer introduces a built-in electric field
along the −y axis, which induces the displacement along the
−y axis as shown in figure 5(c). On the contrary, figure 5(d)
shows that the asymmetry carrier distribution introduces the
opposite electric field and induce the opposite displacement,
simultaneously. Therefore, the opposite displacement of two
sheets enhance the vertical FE polarization effectively. As we
know, the laser modulation of materials is dependent on laser
intensity, so we also test the modulation of atomic structures

in bilayer WTe2 with different laser intensities. As shown in
figures S5(a) and (b), with the increase of laser intensity, the
atomic movements are accelerated and are linearly dependent
on the laser intensity. A similar phenomenon also occurs in
perpendicular movements as shown in figures S5(c) and (d).
This confirms that the displacements of bilayer WTe2 can be
controlled by selecting a proper intensity of laser pulses.

4. Conclusion

In summary, our ab initio TDDFT-MD simulations reveal
that the vertical FE polarization of bilayer WTe2 can increase
up to ∼230% upon laser excitation, which is caused by the
synergistic action of interlayer compression and sliding. The
piezoelectric effect and laser-induced interlayer compression,
caused by interlayer charge transfer and dipole-dipole inter-
action along the z axis, contributes an enhancement of FE
polarization by about 64.3%. Meanwhile, the energy barrier
rapidly increases to ∼5 meV (an order of magnitude lar-
ger than that in the ground state) with the decrease of inter-
layer separation, leading to a more stable FE phase to resist
environmental disturbances. Importantly, the interlayer slid-
ing along the opposite direction of FE switching, induced
by inhomogeneous carrier distribution and specific electron-
phonon couplings, results in the enhancement of FE polariz-
ation by another ∼100%. Our work provides a new perspect-
ive on modulating the FE polarization of layered materials,
and similar phenomena induced by laser pulses is predicted
to exist widely in various bilayers (BN, MoS2, etc) or even in
bulk phases.
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