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ABSTRACT: Precise control of stacking orders in van der Waals
(vdW) heterostructures not only generates novel quantum phenomena %
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but also promises applications in memory and computing devices.
However, achieving robust control of the stacking order in vdW
heterostructures remains a significant challenge. In this work, TDDFT-
MD simulations reveal a photoinduced ultrafast and nonvolatile in-
plane structural transition in ferroelectric antimonene. This transition
can modify the stacking order in vdW heterostructures based on
antimonene. It resembles a sliding effect but retains the geometric
center of the antimonene layer and is therefore termed pseudosliding. =0 Y D
Furthermore, optical-property switching via pseudosliding is also T o0 UW
demonstrated in an Sb/SnSe vdW heterostructure. The present work

proposes a new strategy for ultrafast and robust control of stacking

orders in vdW heterostructures, leveraging ferroelectric monolayers with an in-plane Peierls distortion.
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wo-dimensional van der Waals (vdW) materials can be

stacked with high flexibility, bringing about a wide range
of applications in electronics,'* photonics,”® sensors,”® and
other fields. The stacking engineering of vdW layers or
heterostructures—including sliding, twisting, and lattice
mismatches of 2D materials—gives rise to numerous exotic
phenomena,” such as sliding ferroelectricity,'’ magnetic state
switching,'' magic-angle superconductivity,'> and moiré super-
lattices."”'* Controlling the stacking order serves as a
fundamental cornerstone for constructing such vdW hetero-
structures. Furthermore, the fast and reversible manipulation of
the stacking order, such as sliding ferroelectricity, enables
nonvolatile memory or computing applications with low power
consumption, fast speed, and excellent endurance.”” The
stacking or sliding order of vdW layers can be controlled
through various manners such as electrical fields,"® chemical
means,'” mechanical stress,'® and optical pumping.'” Among
them, light-induced sliding holds the advantages of being
ultrafast, remote-controllable, and noninvasive. Recent experi-
ments have already revealed that femtosecond (fs) lasers can
induce strong electron—phonon coupling in 2D, 1D, and twist-
angle vdW heterolayers and, thus, effectively modulate the
electronic and structural dynamics.zo_22 However, light-
induced sliding of the vdW layers usually depends on the
activation of shear phonon modes.”~>* This mechanism not
only is characterized by a relatively weak driving force it
generates but also necessitates strong interlayer coupling
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within specific vdW layers, making precise control of their
relative sliding difficult. Therefore, a new strategy to precisely
control stacking orders in vdW heterostructures is urgently
required to promote their applications.

Materials with Peierls distortions have been demonstrated to
generally exhibit structural responses to the ultrafast laser
excitation via the mechanism of displacive excitation of
coherent phonons (DECP).>**” Therefore, 2D materials
exhibiting in-plane Peierls distortions coupled with an adjacent
substrate layer could potentially enable ultrafast stacking-order
modulations through photoinduced lateral displacements. The
recently demonstrated 2D elemental ferroelectrics (such as
arsenene, antimonene, and bismuthene)*®™° with in-plane
Peierls distortions may meet the demands. If these ferroelectric
monolayers are used as building blocks in vdW hetero-
structures, then the stacking order could be precisely
controlled by light.

In this work, taking the ferroelectric a-antimonene (i.e., a
monolayer Sb) as an example, time-dependent density
functional theory molecular dynamics (TDDFT-MD) demon-
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Figure 1. (a) Side view of the atomic structure of free-standing @-antimonene, with arrows indicating instant forces acting on atoms under a 1.1%
excitation intensity. The bottom panels show the projection of atomic forces along the in-plane and out-of-plane directions. Two structural
parameters, Ly and hy, are also noted. (b) Instant charge density difference (CDD) under the 1.1% excitation, i.e., Ap = Peycitation — Pground- The
isosurface is 0.0005 e/a,’, where a, is the Bohr radius. Yellow and blue areas represent regions of increased and decreased charge density,
respectively. Excitation intensity-dependent potential energy surfaces (PESs) along (c) in-plane (Ly) and (d) out-of-plane (h;) directions. The
black, purple, red, and orange dotted lines correspond to the 0% (ground state) and 1.1%, 2.8%, and 5.0% excitation intensities, respectively.

strates that the ultrafast laser can control the lateral movements
of atoms in a-antimonene to realize the nonvolatile structure
transition. As a result, a pseudosliding effect is achieved; that is,
the stacking order between a-antimonene and a substrate layer
is changed, but the geometrical center of a-antimonene
remains unchanged. Analyses on potential energy surfaces
(PES) demonstrate that the driving force for the lateral
motions is due to the DECP effect. The nonvolatility, which is
the key to controlling stacking orders, is attributed to the
ultrafast dephasing of lattice coherence and the deexcitation of
excited carriers via electron—phonon coupling effects.
Furthermore, a vdW heterostructure constructed by a-
antimonene and monolayer SnSe is used to demonstrate that
the pseudosliding-induced stacking-order switching can indeed
modulate the optical property of the heterostructure. This
study proposes an optical approach to manipulate the stacking
order in antimonene-based vdW heterostructures, targeting
advanced optoelectronic applications.

The TDDFT-MD calculations are performed using the time-
dependent ab initio package (TDAP) as implemented in
SIESTA®' with norm-conserving Troullier—Martins pseudo-
potentials,32 the PBE functional,> and the NVE ensemble. The
plane wave energy cutoff is 200 Ry, and the local basis set with
double-{-polarized orbitals is employed. The coupling between
atomic and electronic motions is governed by the Ehrenfest
approximation.” The rationality of the approximation is
further discussed in Note 1 of the Supporting Information
(SI). In fact, the method we used here has successfully
explained various experimental observations for photoinduced
structure evolution of different materials on the time scale from
600 to 3000 fs.”>*>~*" The constructed supercell slabs in this
study are periodic in the x—y plane and are separated by a
vacuum of 25 A in the z-direction (perpendicular to the plane)
to avoid interaction between periodic slab images. The time
step is 0.024 fs, and the equilibrium state of ab initio MD at
300 K is used as the input. In TDDFT-MD, we use a 144-atom
Sb supercell (6 X 6 X 1) and the I point for Brillouin zone
integration. We simulate the excitation of the electrons by
changing the occupation of the corresponding Kohn-Sham
states involved in the photoexcitation.”” The photoexcitation

process is simulated by promoting electrons from the valence
band to the conduction band within the Sb layer.**** The
quantity of the excitation intensity is defined as the ratio of
excited electrons to the number of valence electrons of Sb
layer. To calculate the optical properties of the Sb/SnSe
heterostructure, the frequency-dependent dielectric con-
stants*> are calculated with the generalized gradient approx-
imation by the Vienna Ab initio Simulation Package.46 The van
der Waals interactions are incorporated in the optical-property
calculations with the DFT-D2 method."’

The structure of free-standing a-antimonene is similar to
that of monolayer black phosphorus with in-plane distortions,
but the Sb layer also exhibits out-of-plane distortions.”” To
quantitatively describe the out-of-plane (along z direction) and
in-plane (along x direction) structural distortions, two
structural parameters are defined, namely, h, and Ly, as
shown in Figure la. The hy value of black phosphorus is zero,
indicating no out-of-plane distortion, while that of antimonene
is nonzero, suggesting the presence of out-of-plane distortion.
Another key parameter in a-antimonene is Ly, which
represents the average horizontal distance between the atoms
in the upper (blue) and lower (gray color) sublayers. To
illustrate the response of the Sb layer to photoexcitation, the
instant forces on atoms in the excited state are analyzed (see
the arrows in Figure la). These forces can be projected onto
in-plane and out-of-plane directions. In other words, both the
in-plane and the out-of-plane structure distortions can be
modulated by light. The origin of the driving force can be
understood by the charge density difference (CDD) between
the excited and ground states, as shown in Figure 1b. The
excitation mainly reduces the number of lone-pair and in-plane
bonding electrons (blue areas in Figure 1b). Therefore, the
repulsion between adjacent lone pairs and the attraction
between the bonding atoms are both weakened. As a result, the
adjacent nonbonding atoms have a tendency to get closer, and
the bonding atoms will be apart, which is consistent with the
in-plane directions of instant atomic forces under the
excitation; see Figure la. Further analyses on partial density
of states of Sb, forces under different excitations, and their time
evolutions are shown in Figures S1 and S2 in the SI, Note 2.
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Next, the potential energy surfaces (PESs) of free-standing
a-antimonene at different excitation intensities are calculated
(Figures 1c,d). The PES for the in-plane and out-of-plane
motions is plotted with Ly and hy, respectively. The ground-
state PESs in both directions exhibit typical double-well
landscapes, which are characteristic of Peierls distortions.
Considering the ferroelectricity of a-antimonene, the two
minima of one PES represent two antiparallel polarized states.
As the excitation intensity increases, the minima of the PES
gradually move closer, indicating that distortions are reduced
by the excitation. The atomic forces and the PESs indicate that
the coherent atom motions along in-plane or out-of-plane
directions will be activated in the typical DECP manner.*
These results align with previous reports that photoexcitation
drives the evolution of Peierls-distorted structures from low-
symmetry to high-symmetry states.””*>**

Nevertheless, the transition energy barrier between two
polarized states in the in-plane PES (370 meV at 0%
excitation) is significantly higher than that in the out-of-
plane PES (13 meV at 0% excitation). The reason is that the
in-plane structural transition involves the breaking and
reforming of chemical bonds (see the inset in Figure 1c),
while the out-of-plane transition only requires the rotation of
chemical bonds (see the inset in Figure 1d). For example, for
the out-of-plane direction (h;), a relatively small excitation
intensity, such as 1.1%, is sufficient to induce the transition
from one polarization state to another opposite polarization
state. In contrast, for the in-plane direction (Ly), the PES
maintains a double-well landscape at excitation intensities of
1.1% and even 2.8% but transforms into a single-well landscape
at a higher excitation intensity, such as 5.0%. As a result, a
suitable excitation-intensity window, which can solely activate
the out-of-plane transitions, may exist. In other words, by using
an appropriate excitation, the structural transitions in the in-
plane or out-of-plane directions could be precisely controlled.

To verify the preceding analyses, the dynamics of structural
transitions under optical excitation are investigated by
TDDFT-MD simulations. As only the in-plane (A,*) and
out-of-plane (A,') phonon modes*” are excited (see Figure S3
in the SI, Note 3), Figures 2a—c exhibit the time evolution of
Ly (in-plane) and h;, (out-of-plane) under different excitation
intensities. As expected, a relatively low excitation intensity
(e.g, 1.1%) activates only the out-of-plane structural
transitions as h, transforms from +0.2 to —0.2 A within 900
fs, indicating its polarization switching (Figure 2a). The in-
plane Peierls parameter Ly remains nearly unchanged due to
the remaining large energy barrier of the PES at excitation
(197 meV), as depicted in Figure lc. As the excitation intensity
increases to 2.8%, the energy barrier of the in-plane PES is
significantly reduced to 28 meV, allowing Ly to cross the zero
point (from —0.4 to +0.3 A) and thus achieving the in-plane
structural switching within 300 fs (Figure 2b).

Figure 2d schematically illustrates the entire structural
transition process under 2.8% excitation intensity. First, the
in-plane structural transition occurs, with Ly gradually
changing from negative value to positive value. Then, the
out-of-plane structural transition happens, in which h, changes
from a positive value to a negative value. The in-plane
structural transition does not result in an actual sliding of a-
antimonene because its geometric center is retained due to the
conservation of momentum. Consider further that when a-
antimonene is placed on a reference vdW substrate to
construct a heterostructure, such a structural transition of a-
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Figure 2. (a—c) Time evolutions of structural parameters Ly and h,
under different initial excitation intensities in free-standing a-
antimonene, where the arrows indicate the time points at which
structural transitions from one polarization to another polarization
occur. (d) Schematic illustrations of the structural transitions under
the 2.8% excitation intensity. (e) Schematic illustration of the in-plane
pseudosliding effect of the Sb layer on a substrate.

antimonene will change the stacking order of the hetero-
structure, resembling a half-lattice sliding effect along the in-
plane direction (Figure 2e). Therefore, we refer to this type of
in-plane structural transition as pseudosliding on a substrate.
Note that the pseudosliding observed under the 2.8%
excitation intensity is a nonvolatile process in the simulation,
indicating that the switched structure would be retained. The
calculations are also performed using supercells of various
sizes, and the conclusions of the pseudosliding of the Sb layer
remain valid (see Figure S4 in the SI, Note 4).

If the excitation intensity is as large as 5.0%, then both the
in-plane and out-of-plane PESs will transform into a single-well
PES (Figures 1c,d). Subsequently, the structure oscillates back
and forth in both directions, losing precise control on the
ultrafast time scale (Figure 2c). Therefore, the nonvolatility of
the in-plane pseudosliding under the 2.8% excitation intensity
is crucial for the precise control of stacking orders. The
underlying mechanism of nonvolatility thus warrants a more
insightful understanding. First, the PES-governed transitions in
Figures 1 and 2 clearly revealed a strong dependence on
excitation intensities. To further elucidate this, the time
evolution of the excitation intensity during the TDDFT-MD
simulations is evaluated (Figure 3b and Figure SS in the S,
Note ), which gradually decreases due to the recombination
of carriers. The PES values for the decreased excitation
intensities are calculated and compared (Figure 3a).
Obviously, the initial excitation (2.8% at 0 fs) provides a
large driving force for the structural switching. Thereafter, as
the excitation decreases with time, the energy barrier rises
again, preventing the structure from switching, while for a
larger excitation of 5%, the excitation intensity remains large
and the barrier also remains small during the whole simulation,
suggesting the nonstop transition (Figure 3c). Second,
according to previous reports,“’48 coherent motions are
necessary for ultrafast structural transitions without the
conventional nucleation-and-growth process. To measure the
coherence of atomic motions, a parameter of correlation
degree defined by the Pearson correlation coefficient (see Note
6 in the SI for more details) is then calculated (Figure 3b,c).
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Here, the correlation degree of 1 indicates that atomic motions
are completely positively correlated (coherent), while the
correlation degree of O signifies that atomic motions are
entirely uncorrelated (uncoherent). For the 2.8% excitation
(Figure 3b), the atomic motion is highly coherent at the
beginning, such as at ~100 fs. Subsequently, after the in-plane
(Ly) structural transition, such as >300 fs, the coherence of
atomic motions has significantly decreased due to electron—
phonon coupling. The coherence of atomic motions can also
be confirmed by the time evolution of average momentum
along x, y, and z directions (Figure S6 in the SI, Note S). As a
result, the structure cannot switch back, enabling the
nonvolatility of the pseudosliding. In contrast, when the
excitation intensity is 5.0%, the atomic motions remain
coherent throughout the whole simulation (1000 fs), although
with a gradually decaying amplitude (Figure 3c). Meanwhile,
the structure undergoes back-and-forth oscillations, as shown
in Figure 2c. Therefore, the deexcitation effect and rapid

dephasing of lattice coherence are the key factors contributing
to the nonvolatile structural transition.

Finally, using the monolayer SnSe as a substrate, an Sb/SnSe
vdW heterostructure is constructed to demonstrate the ability
of optical-property modulation by the a-antimonene pseudo-
sliding. The proposal is reasonable, as the Sb/SnSe
heterostructure has been experimentally fabricated in the
previous research.”’ Additionally, by applying appropriate
photonic energy, the larger bandgap of SnSe compared to that

of Sb ensures that the SnSe layer remains basically undisturbed
during the pseudosliding of the Sb layer (Note 7 in the SI).
Figure 4a shows four possible stacking orders based on the in-
plane (Ly) and out-of-plane (h;) structural transitions.
Compared to the symmetric PES of the free-standing Sb
layer, the asymmetric PES of the Sb layer in Figure 4a is due to
symmetry breaking by the substrate SnSe layer. The switching
from states ©/® to states @/@ corresponds to the in-plane
structural transition of a-antimonene, while the switching from
states @/@ to states ®/@ corresponds to the out-of-plane
structural transition of the Sb layer. Detailed pictures of the
transitions between different stacking orders in the Sb/SnSe
vdW heterostructure and their corresponding energy barriers
are further discussed in SI, Note 7. Then, the optical
reflectivities of the four states are calculated (Figure 4b).
The reflectivity of states @ and @ is clearly distinguished from
that of states @ and ® in the frequency ranges of [0—0.6 eV]
and [0.7—-1.2 eV]. The out-of-plane structural transition
between @ and @ or between @ and ® does not affect the

reflectivity much. In other words, the pseudosliding from states
®/® to states @/@ results in significant optical property
modulation, displaying potential in optical memory or
computing applications.

Note that the monolayer SnSe is chosen as a substrate
because its lattice parameters are close to those of a-
antimonene. In fact, due to the flexibility in constructing

vdW heterostructures,

51,52

other substrates can also be
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employed. On the other hand, as long as the bandgap (E,) of
the substrate layer is larger than that of the Sb layer, a laser
pulse with proper photonic energy in a range of E,(Sb) <
E(photon) < E(the substrate layer) can selectively excite the
Sb layer. Furthermore, the photoexcitation-induced pseudo-
sliding of the Sb layer on the monolayer boron nitride (BN) is
also demonstrated; see Note 8 in the SI.

In conclusion, we propose a novel strategy, termed
pseudosliding, to control stacking orders in vdW hetero-
structures with ultrafast speed by light. Taking a-antimonene
with in-plane Peierls distortion as an example, TDDFT-MD
studies demonstrate that nonvolatile in-plane structural
transitions can be achieved within 300 fs by ultrafast
photoexcitation. The driving force of the transition is the
DECP effect, and the nonvolatility is due to the deexcitation
effect and rapid dephasing of lattice coherence. Such an in-
plane transition of the Sb layer can alter the stacking order in
the Sb-based vdW heterostructure, resembling a half-lattice
sliding effect (i.e, pseudosliding). Furthermore, optical
properties, such as reflectivity, can be modulated accordingly.
Although this work focuses on antimonene, it should also be
applied to other 2D materials with in-plane Peierls distortions.
The pseudosliding methodology in this work offers a potential
pathway for tuning stacking orders precisely in vdW
heterostructures, which may facilitate explorations of uncon-
ventional quantum states and optical memory/computing
applications.
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