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Picometer-Level In Situ Manipulation of Ferroelectric
Polarization in Van der Waals layered InSe

Hanbin Gao, Ziyuan Liu, Yue Gong,* Changming Ke,* Ning Guo, Juanxia Wu, Xin Zeng,
Jianfeng Guo, Songyang Li, Zhihai Cheng, Jiawei Li, Hongwei Zhu, Li-Zhi Zhang,
Xinfeng Liu, Shi Liu, Liming Xie,* and Qiang Zheng*

Ferroelectric 2D van der Waals (vdW) layered materials are attracting increasing
attention due to their potential applications in next-generation nanoelectronics
and in-memory computing with polarization-dependent functionalities. Despite
the critical role of polarization in governing ferroelectricity behaviors, its origin
and relation with local structures in 2D vdW layered materials have not been
fully elucidated so far. Here, intralayer sliding of approximately six degrees
within each quadruple-layer of the prototype 2D vdW ferroelectrics InSe
is directly observed and manipulated using sub-angstrom resolution imaging
and in situ biasing in an aberration-corrected scanning transmission electron
microscope. The in situ electric manipulation further indicates that the reversal
of intralayer sliding can be achieved by altering the electric field direction.
Density functional theory calculations reveal that the reversible picometer-level
intralayer sliding is responsible for switchable out-of-plane polarization.
The observation and manipulation of intralayer sliding demonstrate the
structural origin of ferroelectricity in InSe and establish a dynamic structural
variation model for future investigations on more 2D ferroelectric materials.

1. Introduction

Owing to the non-coincidence of positive and negative charge
centers in a unit cell, ferroelectric materials emerge spontaneous
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electric polarization and can be utilized in
the field of logic computation, data storage
photogalvanic effect, etc.[1–2] Recently, fer-
roelectricity has been discovered in 2D van
der Waals (2D vdW) layered materials,[3,4]

which yield a wealth of potential appli-
cations, such as in memory computing,
and efficient ferroelectric photovoltaics,
due to the electric-field switchable po-
larization and the distinctive electronic
band structures.[5–8] However, owing to
special intralayer structures and weak
bonding between van der Waals layers,
the origin of ferroelectricity in 2D vdW
materials is still not completely explicit,
which thereby has been attracting in-
tense attention. In some 2D vdW layered
materials with intrinsic ferroelectricity,
such as CuInP2S6,[3,9] In2Se3,[10–14] and
IV–VI group compounds (SnTe,[4] SnSe,[15]

and SnS[16,17]), it has been identified that
the spontaneous electric polarization

originates from the non-centrosymmetry in each monolayer in
their structures. In addition, it’s worth mentioning that inter-
layer slides can easily occur between neighboring layers in 2D
vdW layered materials, due to their weak vdW interactions,
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which may cause breaking of centrosymmetry and induce slid-
ing ferroelectricity.[18–21]

Notably, 2D vdW layered InSe, with high mobility
(≈103 cm2 V−1 s−1)[22] and tunable direct bandgap,[23–25] have
been studied for in-memory computing and achieved long
retention time, high program/erase ratios, and stable cyclic
endurance. For instance, three layers-thick InSe field-effect
transistor (FET) can realize recording high transconductance of
6 mS μm−1 and a room-temperature ballistic ratio of 83% in the
saturation region, demonstrating for the first time that 2D FETs
are able to deliver actual performance close to that of theoretical
prediction and are strong competitors for silicon-based FETs
at the angstrom-level node.[26] The bulk InSe consists of 2D
vdW-bonding stacked Se–In–In–Se quadruple-layers (QLs) and
mainly owns three different structures and phases. According
to the stacking configurations of QLs, InSe can be divided into
𝛽-InSe (AA′AA′…), 𝜖-InSe (ABAB…), and 𝛾-InSe (ABCABC…)
phases. Recently, the coexistence of in-plane and out-of-plane
ferroelectricity was discovered experimentally in 7 nm thick
𝛽-InSe flakes, as well as the effect of its polarization on the
drain current characteristics.[27,28] Moreover, 𝛾-InSe was theoret-
ically predicted to exhibit spontaneous polarization and sliding
ferroelectricity.[29] However, few experimental investigations
have been performed to clarify the origin of their ferroelectricity,
other than the recent work on the spontaneous polarization
induced by Se displacements[30] and the interlayer sliding fer-
roelectricity in 𝛾-InSe triggered by yttrium doping (InSe: Y).[31]

Therefore, it is highly required to probe into the structural
origin of ferroelectricity in InSe, especially the relation between
polarization and local structures, based on real-time direct ob-
servations of variation of InSe structures and the corresponding
ferroelectricity.

In this work, we combine in situ electric manipulation with
atomic-scale aberration-correction scanning transmission elec-
tron microscopy (STEM) tools to investigate the structure varia-
tion of 𝛾-InSe under variable external electric fields in real space.
We directly visualize and quantify the picometer-level intralayer
sliding of the Se and In sublayers within each quadruple-layer
(QL), which breaks the mirror symmetry of monolayer struc-
ture and induces alignment of dipole moments and ferroelec-
tricity, thereby suggesting the presence of monolayer ferroelec-
tricity. Meanwhile, the intralayer sliding and the resultant fer-
roelectric polarization can be manipulated and controlled at the
atomic scale through different external electric fields. The unique
intralayer sliding within each QL monolayer in InSe is distinct
from interlayer sliding commonly observed in many other 2D
ferroelectrics. This work reflects that the manner of intralayer
sliding is one important origin of ferroelectricity in 2D materi-
als, and also provides valuable insight into the potential applica-
tions of 2D vdW ferroelectric materials in electric-field-controlled
devices.

2. Results and Discussion

Bulk InSe material was chosen for focused ion beam (FIB) fab-
rication in our in situ investigations. Powder X-ray diffraction
(XRD) results show the sample consists of both 𝛾-phase and 𝜖-
phase (Figure S1, Supporting Information), in agreement with
the previous work.[30] In the 𝛾-phase, In and Se atoms are bonded

in the Se–In–In–Se QLs, which stack in the ABC sequence.
The structure model of 𝛾-InSe and the definition of short and
long In─Se bonds within each QL are shown in Figure 1a. By
means of optical microscopy and scanning electron microscopy
(SEM) imaging, the layered structure both in the millimeter scale
and the micron scale was confirmed in our sample (Figure S2,
Supporting Information). Energy dispersive X-ray spectroscopy
(EDS) element mapping of InSe shows the uniform distribution
of the In and Se elements (Figure S3, Supporting Information).

To explore the structural variation of InSe under external elec-
tric fields, we used an electrochemically etched tungsten tip to
apply different electric fields on a FIB fabricated InSe specimen
in an aberration-corrected scanning transmission electron micro-
scope. Figure 1b displays a low-magnification high-angle annu-
lar dark-field STEM (HAADF-STEM) image and the schematic
of the InSe specimen with Pt capping layers and the tungsten
tip. To avoid the occurrence of the short-circuit, the connection
between the Pt deposition layers and bilateral thick regions was
cut off by FIB, showing the distance affected by external electric
fields along the out-of-plane direction is ≈2–3 μm. In order to well
visualize the two types of elements simultaneously and improve
the contrast of lighter Se atoms, atomic-resolution integrated dif-
ferential phase contrast (iDPC) imaging, which can reveal inten-
sities roughly proportional to Z (Z is the atomic number), was
employed to record local structure variation under different elec-
tric fields and investigate the origin of electric field-induced po-
larization in InSe.

Figure 1c shows a typical iDPC-STEM image of pristine InSe
along the [010] direction without biasing. The inset fast Fourier
transform (FFT) pattern of this iDPC image reveals that all visi-
ble reflections follow the reflection conditions of the R3m space
group for the 𝛾-phase. Through the quantitative analysis of the
positions of all atomic columns obtained by 2D Gaussian fitting,
we find that the Se atoms in each QL slightly displace from the
symmetric positions. Figure 1d,e exhibits displacement vectors
of Se atoms and the corresponding schematic. Such Se displace-
ments can also be reflected by quantified angles between In─Se
bonds and the horizontal -In-In- line (𝛼1 and 𝛼2) (Figure 1e) and
In–Se distances in each QL. As shown in Figure 1f, each horizon-
tal -In-In- line was fitted linearly so that angles between In─Se
bonds and this line (𝛼1 and 𝛼2) could be calculated, revealing an
obvious difference between 𝛼1 and 𝛼2, which actually should be
identical in the ideal perfect 𝛾-phase structure. Furthermore, two
kinds of In–Se distances were calculated, indicating the long In–
Se distances in the upper In–Se layer are longer than those in
the lower In–Se layer in each QL, while the corresponding short
In–Se distances show no obvious difference (Figure 1f). Mean-
while, another type of spontaneous polarization domain (Figure
S4, Supporting Information) can also be observed in InSe, in
which Se displaces toward opposite directions as compared to
these in the domain in Figure 1c–f. No spontaneous interlayer
sliding could be observed. These results are consistent with our
previous work on the spontaneous polarization in InSe.[30]

Second-harmonic generation (SHG) and piezoresponse force
microscopy (PFM) measurements were also performed to un-
derstand the bulk ferroelectric of 𝛾-InSe. 2D 𝛾-InSe belongs to
C3v

5 space group, which possesses noncentral symmetry. SHG
measurements are carried out at room temperature in a reflec-
tion geometry, as shown in Figure S5a (Supporting Information).
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Figure 1. In situ electric experiment setup and spontaneous ferroelectric structure in InSe. a) Crystal structure model of InSe. b) STEM image and
corresponding schematic of in situ biasing setup. c) iDPC image of pristine InSe along the [010] direction. The inset shows the corresponding FFT
pattern. Displacement vectors for Se atoms and the corresponding structure model with the angles between the In─Se bond and horizontal -In-In- line
(𝛼1 and 𝛼2) are shown in d,e), respectively. f) Quantified average 𝛼1, 𝛼2, short and long In–Se distances for each Se–In–In–Se QL in (c), indicate the
spontaneous ferroelectric polarization in pristine InSe is due to picometer-level displacement of Se. g) SHG intensities as a function of the detection
angle under the perpendicular polarization configuration. h,i) The local PFM phase hysteresis loops and amplitude during the switching process of the
𝛾-InSe flake after revoking the electric field (OFF mode).

The wavelength of excitation source is 1030 nm, and a signal
at 515 nm is collected. Polarization-dependent SHG signals are
collected by rotating the sample from 0° to 360° along the an-
ticlockwise direction, where the angle of 0° is the direction of
sample placement before SHG measurement, which is shown
in the optical image of the sample in Figure S5b (Supporting In-
formation). For this thin 𝛾-InSe sheet, the obvious six-petal pat-
terns are observed under both parallel (Figure S5c, Supporting
Information) and cross (Figure 1g) polarization configuration, in-
dicating the threefold rotational symmetry, which is consistent
with previous work of SHG property of 𝛾-InSe.[32–35] The arm-

chair and zigzag lattice directions can be easily distinguished,
demonstrating that 𝛾-InSe behaves the anisotropy with broken
inversion symmetry and directional selectivity. Similar polariza-
tion dependence can be observed in different 𝛾-InSe samples
with different thicknesses, explaining that the broken spatial in-
version symmetry is not induced by the coincidence of positive
and negative charge centers.[31] Further electric field modulated
SHG measurement (Note Text S1 and Figure S6, Supporting In-
formation) reveals SHG intensity was enhanced by the electric
field, suggesting that the polarization of 𝛾-InSe can be manipu-
lated by applying an external electric field.
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Figure 2. Picometer-level displacement under an upward electric field in InSe. a) iDPC image of InSe along the [010] direction under a voltage of +35 V.
b) Magnified image of the pink rectangle region in (a) shows the upper Se–In layer slides toward left, i.e., [„100] direction, relative to the lower In–Se layer.
c) Corresponding intralayer slide model. d) Average slide angles (Δ𝜃) between the upper Se–In layer and lower In–Se layer for each Se–In–In–Se QL in
(a).

PFM measurements were conducted on 𝛾-InSe sheets using
atomic force microscopes in the dual amplitude resonance track-
ing (DART) mode to investigate the ferroelectric properties. The
PFM amplitude and phase hysteresis loops after revoking the
electric field (OFF mode) (Figure 1h,i) are obtained at an indi-
vidual point on 𝛾-InSe sample (see optical and AFM images in
Figure S7, Supporting Information) with voltage-swept from ─10
to+10 V. A obvious butterfly-shape amplitude curve with hystere-
sis can be observed. At the same time, the phase switches from
30° to 210° at the same turning point. The phenomena in am-
plitude and phase hysteresis loops indicate the robust ferroelec-
tricity of 𝛾-InSe sample, distinct from piezoelectric effects. The
amplitude and phase hysteresis loops remain the same shapes
after 3 cycles of testing, indicating the stability of the ferroelec-
tricity of the 𝛾-InSe sample.

To probe into the atomic-scale origin of ferroelectricity of InSe
under external electric fields, in situ biasing STEM experiments
were thereby carried out. By moving the W-tip to contact the FIB
fabricated InSe specimen, an external electric field can be applied
to it. To begin with, we applied a positive bias on the sample,
which was increased from 0 to +35 V with 1 V step per second.
Each external field was held for two minutes to maximize its ef-
fect on the local structure of the specimen,[36] and then W-tip was
retracted to enhance the stability of the in situ holder. A series of
iDPC images at different voltages were obtained, as an iDPC im-
age for the applied voltage of +35 V exemplified in Figure 2a. Po-
sitions of In and Se atoms in each iDPC image were obtained by
2D Gaussian fits. Surprisingly, quite different from Se displace-
ments in QL under zero field, an intralayer slide between two In
layers in each QL could be observed, after the specimen was ex-
perienced an applied voltage of +35 V, as reflected by the slide
angles (Δ𝜃) between two In layers in each QL deviating from the
ideal perfect positions in Figure 2b. Δ𝜃 were calculated by sub-
tracting 90° from the values of angles between In─In bonds and
the horizontal -In-In- line, and the average value of Δ𝜃 for all QLs
in Figure 2a is ≈3.08°, revealing the upper Se–In layer in each QL
slides slightly along the [„100] directions relative to the lower In–Se
layer (Figure 2c,d). iDPC image was also acquired for an external
electric field at an intermediate voltage of +20 V, however, no sig-
nificant change for Δ𝜃 could be reflected (Figure S8, Supporting
Information), probably due to the much smaller intralayer slide

at this voltage. This type of local structure distortion can break
the inversion symmetry in the monolayer and result in intralayer
polarization.

Subsequently, we altered the external electric field to −35 V
with 1 V step per second and acquired a series of iDPC images
at the same conditions as the above positive bias experiment. As
shown in a typical iDPC image for the voltage of −35 V in Figure
3a,b, the intralayer polarization reversal occurred at this nega-
tive voltage, as compared to the positive bias. The slide angles
(Δ𝜃) between upper Se–In layers and lower In–Se layers in all
QLs are below zero degrees, with an average value of ≈−2.57°

(Figure 3b–d), which evidences an opposite distortion direction
as compared to that for the positive bias in Figure 2. Consistent
with that for the intermediate positive voltage of +20 V, iDPC
image for an external electric field at an intermediate voltage of
−20 V also reveals no significant change for Δ𝜃 (Figure S9, Sup-
porting Information). These direct observations in real-time on
the unique reversal of picometer-level intralayer sliding without
other obvious structural variation strongly suggest its dominance
on polarization flip and ferroelectricity in 2D vdW layered-InSe
under electric fields. The degree of local polarization thereby can
be reasonably described by the tilting angles within the QL struc-
ture unit.

To understand the ferroelectricity observed in QL of InSe, we
investigate the polar structures using density functional theory
(DFT) based on experimentally acquired data (Figure 4). Details
of the calculation parameters can be found in the Experimen-
tal Section. We confirm the polarization reversal induced by the
change in the tilting angle (Δ𝜃), consistent with experimental ob-
servations. The polarization induced by charge transfer changes
linearly with Δ𝜃, as shown in Figure 4b. At Δ𝜃 = 3°, the out-of-
plane (OOP) polarization is −1.0 pC m−1, with a 0.0153 e charge
transfer between the upward and downward layers, comparable
to the value reported recently in intralayer-slide GaSe.[36] When
the electric field changes from +0.0016 to −0.0016 V Å−1 in ex-
periments (equivalent to a ±35 V voltage applying on the dis-
tance along the out-of-plane direction of 2–3 μm), the value of
Δ𝜃 changes from 3° to −3°, which corresponds to a change in
the potential step from 0.1 to −0.1 eV as computed with DFT
(Figure 4c), consistent with the reversal of OOP. Notably, the en-
ergy change associated with Δ𝜃 = 3° is 0.014 eV per unit cell

Adv. Mater. 2024, 2404628 © 2024 Wiley-VCH GmbH2404628 (4 of 8)
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Figure 3. Reversal of picometer-level displacement under downward electric field in InSe. a) iDPC image of InSe along the [010] direction under a voltage
of ─35 V voltage. b) A magnified image of the green rectangle region in (a) shows the upper In-Se layer slides toward the right, i.e., [100] direction, relative
to the lower In–Se layer. c) Corresponding intralayer slide model. d) Quantified average angles (Δ𝜃) deviating from symmetrical positions for each Se–
In–In–Se QL in (a).

(Figure S10, Supporting Information), which is comparable to
energy barriers in many other 2D ferroelectrics. This intralayer
sliding may be produced by a built-in electric or strain field in
experiments, facilitated by the applied electric field.[37] However,
the precise mechanisms behind this phenomenon are still an
open question. Moreover, OOP polarization behaviors were also
calculated for the two types of spontaneous polarization domains
under zero field, of which values are 1.31 and −1.39 pC m−1, re-
spectively. At Δ𝜃 = 3°, the in-plane polarization is 2.9 pC m−1,

which is three times that of the OOP polarization, as shown in
Figure 4b.

Based on the precise in situ electric manipulation of ferroelec-
tric polarization in InSe, the ferroelectricity switching process
can be revealed, as depicted in Figure 5. The polarization flip
is primarily governed by the manner of intralayer sliding within
each QL, yet the exact movement of each atomic column is also
crucial for understanding the behavior and ferroelectric model
of InSe. Hence, in addition to the distances of the Se─In bonds

Figure 4. Theoretical calculations on intralayer ferroelectricity in InSe. a) Configuration of the InSe structure with Δ𝜃 of 3°, 0°, and −3°. b) Out-of-plane
(OOP) and in-plane polarization as functions of tilting angles in the absence of an external electric field. c) Potential step in InSe under applied biases
of −35 V (−0.0016 V Å−1), no bias, and +35 V (0.0016 V Å−1).
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Figure 5. Ferroelectric switching in InSe under various external electric fields. By applying electric fields in opposite directions, the sliding direction of
the upper In–Se layer (green cuboid) relative to the lower In–Se layer (purple cuboid) is correspondingly reversed, along with the movement of all In and
Se atomic columns.

and sliding angles of Δ𝜃 in each QL, we quantified four different
angles to describe the relative position variations between In and
Se columns, as detailed in Figure S11 and Table S1 (Supporting
Information). As shown in Figure 5 and Figure S11 (Supporting
Information), in the pristine state, spontaneous ferroelectric po-
larization is mainly caused by length variations of the two types
of In─Se bonds within each QL. With external electric fields of
opposite directions applied to InSe, the polarization switching oc-
curs as each Se–In–In–Se unit in QL tilts toward opposite direc-
tions within a range of six degrees while distances of the Se─In
bond in this unit remain unchanged. Meanwhile, tilting angles
of In–Se and In–In within such a unit vary under different elec-
tric fields. This suggests that the atoms in each Se–In–In–Se unit
move independently, but the polarization direction, which is dic-
tated by the intralayer sliding direction, remains unchanged at
each state. Under this circumstance, a simple and clear model
can be summarized by considering the QL structure unit as a
whole with the sliding angle as a parameter to describe the polar-
ization state of InSe.

3. Conclusion

In summary, through picometer-level quantitative analysis and
in situ electric manipulation, we confirm the presence of sponta-
neous polarization in pristine 2D vdW layered InSe and identify
the intralayer sliding ferroelectric switching mechanism, which
is modulated by the external electric fields. The angle (Δ𝜃), rep-
resenting the deviation of the upper In–Se layer within each QL
from its ideal perfect position, can serve as a critical parameter
and indicator to describe the polarization states and levels, which
are associated with intralayer sliding-induced ferroelectricity. The
observed ferroelectricity in 𝛾-InSe arises intrinsically from in-
tralayer sliding, independent of any doping. This phenomenon,
substantiated by experimental data and theoretical calculations,
emphasizes the native ferroelectric potential of undoped InSe,
which contrasts with the interlayer sliding induced ferroelectric-
ity observed in Y-doped InSe. This work not only establishes the
relation between picometer-level structural variation and ferro-
electricity but also provides a valuable dynamic model for the in-
vestigation and exploration of ferroelectricity in 2D vdW layered

materials, paving the way for their various applications in the
future.

4. Experimental Section
Synthesis: Bulk InSe crystals were synthesized by the Bridgeman

method, in which In powder (99.99%, Alfa) and Se powder (99.99%, Alfa)
(molar ratio: 1:1.1) were used as precursors and reacted in a tube furnace
at 660 °C for 2 h.

Characterization: Powder X-ray diffraction (XRD) measurements were
performed using an X-ray powder diffractometer with Cu K𝛼 radiation
(D/MAX-TTRIII(CBO)). The surface morphology of InSe was characterized
within a field-emission scanning electron microscope (SU8220, Hitachi),
with an energy-dispersive X-ray spectrometer for analysis of elemental dis-
tribution and compositions.

STEM specimens were prepared by a focused ion beam (FIB) system
(ThermoFisher Scientific, Helios 5 CX). In situ electrical experiments were
performed on a double-aberration-corrected transmission electron micro-
scope (Spectra 300, ThermoFisher Scientific), conducted at room temper-
ature (298 K) and operated at 300 kV, with an in situ biasing holder (FE02-
DT, Zeptools). Electrochemical etched tip serves as the counter electrode
against InSe. High-angle annular dark-field (HAADF)-STEM images were
obtained using a probe convergence semi-angle of 25.0 mrad and a col-
lection semi-angle of 62–200 mrad. iDPC images were acquired by a seg-
mented DF4 detector with 4 quadrants. To minimize scan distortion and
enhance the signal-to-noise ratio, 15 frames of iDPC-STEM images were
acquired sequentially, with a short dwell time of 1 μs px−1. In and Se atomic
positions in each iDPC-STEM image were obtained by 2D Gaussian fitting
using a custom Matlab code.[38] To ensure STEM observations were uni-
versal, more than ten different regions at each electric field were selected
for STEM imaging and quantification analysis, all indicating consistent re-
sults with those in Figures 1–3, for zero, positive (+35 V), and negative
(−35 V) electric fields, respectively. Polarization manner and value were
found to remain unchanged during more than 4 h STEM image acquisi-
tion process after the removal of each electric field, indicating no obvious
polarization decay in at least 4 h after the removal of the electric field.

SHG measurements were performed on a home-made confocal SHG
system. A femtosecond laser (Light Conversion) with a central wavelength
of ≈1030 nm, pulse light width of ≈190 fs, and repetition frequency of
≈100 kHz was used as excitation source. The Olympus IX73 microscope
with a 20× objective was used to focus the laser on the sample and col-
lect the SHG signals in reflection geometry. The laser spot on the sample
was ≈3 μm. The laser power of the incident laser on the sample was ≈50
and 150 μW for cross and parallel polarization configuration, respectively.
The SHG signals were recorded by the combination of a photon multi-
plier tube (PMTH-S1 CR131, Zolix) and a lock-in amplifier (SR830 DSP,
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Stanford). Cross-polarization configuration was obtained by rotating the
polarization direction of the incident laser using a half-wave plate. The
polarization-dependent SHG measurements were carried out by rotating
the sample from 0° to 360° along the anticlockwise direction. The voltage-
modulated SHG measurement was carried out on a home-made SHG sys-
tem. A mode-locked Ti-sapphire laser was used as the excited light, the
central wavelength was 800 nm, and the pulse duration and repetition rate
were 120 fs and 80 MHz, respectively. The laser was focused on the 𝛾-InSe
sample by a 100× objective lens with N.A. = 0.90, and the laser spot on
the sample was ≈3 μm. The SHG signal was back collected using the same
lens. The incident beam was separated using a dichroic mirror and further
blocked by a 650 nm short-pass filter. The SHG signal was collected using
PI Acton 2500i spectrometer with a liquid nitrogen-cooled CCD camera.
Moreover, details for electric field modulated SHG measurement are given
in Note Text S1 and Figure S6 (Supporting Information).

PFM measurements were conducted on 𝛾-InSe sheets using atomic
force microscopes (Oxford-Cypher S; Park-NX10) in the dual amplitude
resonance tracking (DART) mode, with conductive Pt-coated Si cantilevers
at room temperature under ambient conditions. The PFM amplitude and
phase signals were recorded under contact mode.

Theory Calculations: DFT calculations were carried out by using the
Vienna ab initio Simulation package[39,40] within the generalized gradient
approximation (GGA) of the Perdew−Burke−Ernzerhof (PBE) function.[41]

The energy cutoff (ENCUT) of the plane-wave basis was set at 700 eV
and the Brillouin zone was sampled by a Gamma-centered k-mesh of
(12 × 12 × 1). A 30 Å vacuum length along the z-direction was set. The
tolerance of electronic structure calculations was set to 10−7 eV, and the
force tolerance for geometric optimization was set at 0.01 eV Å−1. Addi-
tionally, dipole correction was implemented to account for periodic bound-
ary conditions. The polarization was evaluated by using the Berry-phase
method.[42]

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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