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Light-Induced Complete Reversal of Ferroelectric Polarization in Sliding Ferroelectrics
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Previous experiments have provided evidence of sliding ferroelectricity and photoexcited interlayer
shear displacement in two-dimensional materials, respectively. Herein, we find that a complete reversal of
vertical ferroelectric polarization can be achieved within an astonishing 0.5 ps in 4-BN bilayer by laser
illumination. Comprehensive analysis suggests that ferroelectric polarization switching originates from
laser-induced interlayer sliding triggered by selective excitation of multiple phonons. The interlayer
electron excitation from the p, orbitals of the upper layer N atoms to the p, orbitals of the lower layer B
atoms produces desirable and directional interlayer forces activating the in-plane optical TO-1 and LO-1
phonon modes. The atomic motions driven by the coupling of TO-1 and LO-1 modes are coherent with
ferroelectric soft mode, thus modulating the dynamical potential energy surface and resulting in ultrafast
ferroelectric polarization reversal. Our work provides a novel microscopic insight into ultrafast polarization

switching in sliding ferroelectrics.
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Ultrafast laser-induced phase transitions in quantum
materials have opened up exciting possibilities for various
applications in areas such as nanoprocessing [1,2], optical
memory [3,4], and device fabrication [5,6]. To this end,
important breakthroughs over the past decade include photo-
induced insulator-metal transitions [7,8], laser-controlled
magnetization switching [9-12], and the uncovering of
hidden phases [13—16]. A remarkable target is light-induced
ferroelectric (FE) polarization switching [17-21]. The
ability to switch FE polarization optically opens up new
possibilities for the development of ultrafast nonvolatile
ferroelectric memories [22,23], which have advantages in
terms of speed, energy efficiency, and nonvolatility com-
pared to traditional memory technologies, making them
attractive for future high-performance computing and data
storage applications.

The traditional methods of FE polarization switching
rely on external electric fields and face severe limitations
such as the need for circuitry access and slow switching
time in the nanosecond range [24,25]. To overcome these
challenges, researchers have explored optical control of FE
polarization, aiming to achieve faster switching down to the
picosecond timescale [26,27]. However, practical imple-
mentation of this approach has been proven challenging, as
intense laser pulses have only resulted in a FE polarization
decrease or partial transient reversal in the past [17,28,29].
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The reasons for these limitations and the possibility of
achieving complete FE polarization reversal in ferroelec-
trics remain unclear, demanding more efficient mechanisms
for laser-induced FE polarization reversal.

The sliding ferroelectricity was first proposed in the most
nonferroelectric honeycomb lattices (2-BN, MoS,) [30,31],
where certain stacking configurations of bilayers or multi-
layers can break the symmetry and give rise to the
switchable vertical polarizations through in-plane trans-
lation [32]. The experimental evidence of sliding ferro-
electricity has detected in bilayer WTe, [33], which have
been demonstrated theoretically that FE switching is caused
by interlayer sliding [34,35]. Over the next few years, such
ferroelectricity have been experimentally observed in 7-BN
[36,37], WSe, [38,39], MoS, [40-43], WS, [44], and
organic crystal [45]. Additionally, previous experimental
studies demonstrated that light pulses could induce inter-
layer shear strain with a large amplitude in layered WTe,
[46,47], which provides experimental evidence for the
achievement of laser-induced interlayer sliding [48].
However, neither of these works explored the realm of
ultrafast FE polarization reversal. It is highly desirable to
explore the ultrafast FE polarization switching in sliding
ferroelectrics.

Here, we propose a mechanism to enable efficient
switching of FE polarization in sliding ferroelectrics.
First-principles simulations of ultrafast quantum dynamics
(Note S1 [49]) in a photoexcited h-BN bilayer reveal that
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FIG. 1. (a) Diagram of ultrafast polarization switching.
(b) Schematic diagram of ultrafast nonvolatile ferroelectric
memories. (c¢) Diagram of laser-induced modification of potential
energy surface (PSE). Black and red lines denote the PSEs in the
ground and excited states, respectively.

FE polarization can be completely reversed within a mere
0.5 ps (corresponding to operation at 2.0 THz). A laser
source could be utilized to switch FE polarization on the
order of picoseconds, and reversibly switch it back
[Fig. 1(a)]. This ultrafast FE switching through optical
excitation holds a great potential in optoferroic devices,
particularly in ultrafast nonvolatile ferroelectric memories.
The blue and green blocks in Fig. 1(b) indicate the up- and
down-polarized structures of h-BN bilayers, respectively,
which can serve as bistable states equivalent to “0” and “1”
in memory storage, with each block storing one bit of data.
The ultrafast laser creates an efficient channel to efficiently
alter the potential energy surface in a nonthermal way
[Fig. 1(c)], enabling ultrafast FE switching.

The geometry structure of A-BN bilayer in the AB-
stacking (AB state) is shown in Fig. 2(a), with a lattice
parameter of a = b = 2.50 A. The B atoms in the upper
layer lie above the N atoms in the lower layer, while the N
atoms in the upper layer are right over the hexagon center in
the lower layer. Here, the close interlayer B-N distance and
different electronegativity of the N and B atoms lead to the
net charge transfer from the upper layer to the lower layer,
resulting in a vertical FE polarization along the +z
direction. The FE polarization can be switched by inter-
layer sliding, moving the N atoms in the upper layer right
over the B atoms in the lower layer, resulting in the BA-
stacking (BA state) with a vertical FE polarization along the
—z direction [Fig. 2(b)].

The path and potential energy surface of FE polarization
switching show that the multiple degenerate local minima
in Fig. 2(c) correspond to the AB — (BA—) stacking
configurations, indicating that FE phase is the ground
state. The distances from the AB state to the nearest and

next nearest global minima BA state are \/§a/3 and

2v/3a/3 A, respectively. There are two paths to switch
the AB state to the BA state through interlayer sliding, as
denoted path I and path II in Fig. 2(d). For path I, the AB
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FIG. 2. (a),(b) Geometry structure of AB state and BA state in

h-BN bilayer. (c) Energy landscape for #-BN bilayer as a function
of the relative sliding among their constituent monolayers.
(d) Two paths of FE polarization switching for #-BN bilayers.
(e) Cut along a horizontal line on the landscape, the energy barrier
for paths I and II are displaced. (f) The dependence of FE
polarization from AB state to BA state on the sliding displacement
along paths I and II.

state can be switched to the BA state under the interlayer
translation operation along #[1/3,2/3,0], ¢[-2/3,—1/3,0],
or #[1/3,—1/3,0]. For path II, the FE switching can be
achieved through interlayer sliding along other three
equivalent directions, defined as #[—2/3,—4/3,0],
t[4/3,2/3,0], or t[-2/3,2/3,0]. A one-dimensional cut
of the energy landscape [Fig. 2(e)] is taken along the solid
horizontal line depicted in Fig. 2(c). The energy barriers for
FE switching along path I and path II are calculated to be
3.6 and 20.7 meV per u.c., respectively, indicating that FE
switching tends to occur along path 1. The corresponding
FE polarization is reversed in both path I and path II
[Fig. 2(f)], and the two intermediate states are paraelectricity.

To study the electronic evolution and ionic dynamics in
h-BN bilayer under the resonant excitation, we apply a
Gaussian-type laser pulse linearly polarized along the
y direction, perpendicular to FE polarization. In previous
studies, Sharma et al. have used excitation fluences in the
range of 20-80 mJ/cm? [61] in experimental measure-
ments, the ultraviolet (UV) with 400 nm (Eyy,, = 3.1 €V)
was used, which lies below the damage threshold for
destroying the lattice structure of h-BN. We use a UV
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FIG. 3. (a) Time dependent relative interlayer sliding displace-
ment along the lateral x-y plane. (b) Time dependent FE
polarization of #-BN bilayer. The red stars are the experimentally
measured values (Ref. [37]) without photoexcitation. (c) Time
dependent relative interlayer sliding displacement along the
lateral x-y plane with different laser fluences. (d) The time
required for FE polarization switching (z) and the number of
excited electrons as a function of laser intensity.

laser pulse (E = 4.14 eV) with the fluence of 7.51 mJ/cm?
[Fig. S2(a)], which is smaller than the experimental
parameter, indicating that the laser intensity adopted here
would not damage the h-BN bilayer. There are approx-
imately 0.5% of valence electrons excited to the conduction
bands after laser pulse ends at + = 70 fs [Fig. S2(b)].

The relative interlayer sliding directions under laser
illumination are shown in Fig. 3(a), where the upper layer
displacements (Note S2 [49]) along the lateral x-y plane
relative to the lower layer. More importantly, the direction is
consistent with path I for FE polarization switching, leading
to the ultrafast FE polarization switching. Figure 3(a) depicts
the upper layer displacement relative to the lower layer along
the lateral x-y plane. Notably, with the laser fluence of
7.51 mJ/cm?, D,, increases rapidly to V3a/6 (~0.72 A,
the M state) at ~210 fs and then grows to \/ga/S (~1.44 A,
the BA state) after 420 fs. It is evident that a complete
reversal of FE polarization can be achieved within a time-
scale of 420 fs. Subsequently, the interlayer sliding motion
persists due to inertia. However, it is important to note that
the potential energy surface associated with the continued
sliding is significantly higher in magnitude compared to the
barrier of FE polarization switching [Figs. 2(e) and S12].
Thus, the interlayer sliding displacement reaches its maxi-
mum extent at 540 fs and subsequently rebounds back to the
BA stacking configuration (Fig. S3). It is clear that the linear
shift does not perpetually continue but undergoes a reversal
after reaching its maximum displacement.

In the above process of the ultrafast FE polarization
switching, the first stage is the activation stage (0-210 fs):
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FIG. 4. (a) Phonon dispersion spectrum of #-BN bilayer in AB
state. (b) Time evolution of all 12 Gamma-point projected phonon
branches. (c) Vibrational modes of three excited phonons.
(d) Orbital-resolved band structure of ground state. (e) Excited
band structures at t = 100 fs.

D, increases, but the distortion is not sufficient to destroy
the geometric features. The second stage is FE polarization
switching stage (210-420 fs), where the two layers are
driven to opposite FE polarization along the lateral x-y
plane. The third stage is stabilizing and forming the BA
state (after 420 fs), where D,, continues to move for
some time due to inertia and eventually rebounds back to
the stable state (BA state). We also calculate the time-
dependent FE polarization as shown in Fig. 3(b). The
simulated FE polarization of 4-BN bilayer in the ground
state is 2.07 pC/m, which is consistent with the exper-
imental value [37] of 2.25 pC/m without laser illumina-
tion. It is evident that FE polarization is completely
reversed at + = 420 fs, validating the feasibility of ultrafast
complete FE polarization switching. In the ultrafast
dynamic process, a quasiequilibrium state of BA stacking
is reached at ¢t =420 fs, which closely resembles the
ground state of BA stacking.

Phonons play a crucial role in laser-induced phase
transitions in quantum materials, particularly in FE polari-
zation switching. Figure 4(a) illustrates the phonon
dispersion spectrum and all 12 eigenvectors of phonons
at the I" point for the AB state of #-BN bilayer. The absence
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of imaginary frequencies over the entire Brillouin zone
indicates the dynamical stability of the AB state. We also
calculate the phonon dispersion spectrum for the M state as
shown in Fig. S5(a), revealing pronounced soft optical
modes at the Brillouin zone center I" point (referred to as FE
soft mode). From analysis of the phonon eigenvector and
vibrational mode as shown in Fig. S5(b), the soft mode
corresponds to the interlayer sliding motion in opposite
directions, resulting in FE ground state due to the phonon
softening.

We calculate the projected intensity of ion displacement
on the 12 phonon eigenvectors in the equilibrium ground
state. The projected intensity can be defined as ) _d, - v;;,
where d; is the displacement vector of the ith atom from its
ground state at 7 = 0 fs, and v;; is the phonon eigenvector
of the ith atom for the jth phonon branch. We obtained the
projection intensity by projecting the real-time motion
trajectory of the system onto the eigenvectors of the
phonons. There are three optical phonons denoted as
TO-1, LO-1, and TO-2 has been mainly excited by laser
pulse [Fig. 4(b)]. More intriguingly, the optical phonons
TO-1 and LO-1 are degenerated in vibrational frequency
with the value 0.78 THz, which represent the system’s
lowest-energy optical phonon modes. Remarkably, vibra-
tions of the two degenerate phonons TO-1 and LO-1 are in
the lateral x-y plane with perpendicular vibration directions
[Fig. 4(c)], which modes are consistent with that of FE soft
mode. Thus, the coupling of the anharmonic displacements
of TO-1 and LO-1 phonon modes is the key factor for
triggering FE polarization switching in #-BN bilayer. The
ratio of the anharmonic displacement of TO-1 mode to that
of LO-1 mode is about v/3 : 1, suggesting the excitation and
coupling of the optical TO-1 and LO-1 modes are essential
for triggering FE polarization switching.

The ultrafast laser field is exerted directly on the electron
subsystem rather than the phonon subsystem. Figure 4(d)
displays the orbital-resolved band structure of the AB
stacking h-BN bilayer, revealing that the valence band
maximum (VBM) and conduction band minimum (CBM)
are at the high-symmetric K point, primarily contributed by
the p, orbitals. The VBM is contributed by the p, orbitals
of the upper layer N atoms while the CBM is contributed by
the p, orbitals of the lower layer B atoms. This vertical
alignment of the p, orbitals of the N and B atoms leads to a
distortion in the orbital of the N atoms, resulting in the
vertical FE polarization [36]. The band structure at ¢ =
100 fs after the laser illumination of AB stacking A-BN
bilayer is shown in Fig. 4(e). The single-photon excitation
process results in carriers being excited from the VBM to
the CBM at the high-symmetric K point while the high-
level excited carriers in other high-symmetry points may be
caused by two-photon excitation process. In the AB state,
the N atoms in the upper layer is not directly aligned with B
atoms in the lower layer. Consequently, the photoexcited
electrons primarily undergo a transformation from the p,

orbitals of the N atoms in the upper layer to the p, orbitals
of the B atoms in the lower layer. This process generates
desirable and directional forces acting on the N and B
atoms, leading to interlayer sliding, which is a crucial
mechanism to FE polarization switching.

In laser-induced FE polarization switching, we examine
the electron excitation and ion dynamics under linearly
y-polarized laser pulse with different intensities. For atomic
movements along the lateral x-y plane [Fig. 3(c)], with the
increase of laser intensity, the relative interlayer displace-
ments are accelerated, and the average velocity is almost
linearly dependent on the laser intensity. This accelerated
process of interlayer sliding results in a decrease in the
switching time (z) for FE polarization as the laser intensity
increase [Fig. 3(d)]. The dependence of interlayer sliding
on laser intensity stems from the fact that the number of
photo-excited electrons is proportional to the applied laser
intensity. With more excited electrons, the interatomic
forces increase, simultaneously accelerating the interlayer
sliding and reducing z. Therefore, by varying the laser
intensity, we can effectively control FE switching time,
offering a practical means to tailor and optimize ultrafast
FE polarization switching in sliding ferroelectrics. Indeed,
the observed variations between simulations and exper-
imental data can be influenced by the supercell size effects
and the presence of impurities or defects within the
material.

The mechanism of the ultrafast and complete reversal of
FE polarization in A-BN bilayer can be extended to other
bilayers, such as MoS, and MoSe, bilayers. Figures 5(a)
and 5(b) provide an example of 3R-stacking MoS, bilayer,
which has experimentally demonstrated to be ferroelectric
with out-of-plane polarization [40]. Previous experiments
have demonstrated that the interlayer shear displacement is
induced by complex longer-timescale dynamics (with a
duration of approximately 25 ps), as depicted in Fig. 5(c)
under the terahertz laser pulse. The relative displacement
(A) is defined as A = [(D,, — Dy)/(Dy — Dy)], where D,
and D, are the interlayer sliding displacement along the x-y
plane of the paraelectric and ferroelectric states, respec-
tively. Their experiments have also revealed that this
process is triggered by a volume change associated with
the transformation, resulting in a complex longitudinally
heterogeneous strain profile with strain waves propagating
from the interfaces and complicated by substrate inter-
actions [46]. This significant discovery provides experi-
mental evidence for the achievement of laser-induced
interlayer sliding. The lower layer slides through the
intermediate state at + = 320 fs and then continues to slide
along the x-y plane [Fig. 5(c)], indicating that FE polari-
zation is reversed after 1 = 320 fs. The interlayer sliding is
primarily attributed to the anharmonic motion of phonons
driven by photoexcited carriers and electron-phonon cou-
pling, which is completely different from the mechanism
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FIG. 5. (a),(b) Side view schematics of MoS, bilayer in down-
polarized and up-polarized structures. (c) Laser-induced inter-
layer relative displacements (A) as a function of time along the
lateral x-y plane of TD-DFT simulation in MoS, and exper-
imental data in WTe, [46]. (d) Time-dependent FE polarization
of MoS, bilayer.

of sliding observed in previous experiments [46].
Consequently, the timescale of interlayer sliding in our
simulations is 0.5 ps, significantly faster than the exper-
imental counterpart (25 ps). It is evident that FE polariza-
tion is zero at t = 320 fs and can be almost completely
reversed at ¢t =500 fs [Fig. 5(d)], which confirms the
feasibility of the laser-induced FE polarization reversal
in 3R-stacking MoS, bilayer. Furthermore, we also confirm
that the ultrafast FE switching is feasible in WTe, bilayer
(Fig. S10), highlighting the potential for the ultrafast FE
switching in sliding ferroelectrics.

In conclusion, we demonstrate that the ultrafast FE
polarization switching in A-BN bilayer can be dissected
into three substages: (i) The laser pulse raises the PES by
excited electrons from the p, orbitals of the upper layer N
atoms to the p, orbitals of the lower layer B atoms,
inducing an asymmetrical charge order. (ii) These excited
charge carriers transfer energy to the phonons, inducing
anharmonic motion in the optical phonon modes through
electron-phonon coupling. Atomic motions under these
phonon modes induced opposite interlayer sliding. (iii) The
photoexcited system relaxes to the ground state in con-
junction with the dissipation of the photoexcited carriers,
the system reaches the opposite FE state. Moreover, the
mechanism of the ultrafast FE polarization reversal can be
extended to other two-dimensional sliding ferroelectrics.
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