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Inhomogeneous domain nucleation and stochastic motion of the domain wall (DW) during the
polarization switching process in conventional ferroelectrics introduce a spectrum of intricate kinetic
challenges for the reliable and precise manipulation of polarization states, a prerequisite for many
ferroelectric implementations. Combining deep-learning-assisted molecular dynamics simulations,
microscopic-scale in situ observations, and device-scale electrical measurements, it reveals that sliding
ferroelectrics inherently circumvent these issues, with an intrinsic domain-nucleation-free polarization
reversal. Using 3R-MoS2 as a model system, we demonstrate that DW motion occurs along a well-defined
1D pathway in a collective manner, without domain nucleation. Leveraging this predictable domain
dynamics, we demonstrate deterministic multistate polarization switching, achieving remarkable precision
and repeatability with a variation coefficient of less than 0.2%, 10 times improved over conventional
ferroelectrics. This work provides valuable insights into the unique kinetics of DW motion in sliding
ferroelectrics and offers opportunities for ferroelectric multistate devices with ultraprecision control.
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I. INTRODUCTION

Driven by the growing demand for high-density data
storage in fields such as neuromorphic devices [1,2] and
multibit storage devices [3,4], ferroelectrics with switch-
able spontaneous polarization have attracted significant
interest. To achieve reliable multistate modulation, precise
control over domain wall (DW) motion is essential [5].
However, ferroelectricity typically involves complex
domain-nucleation processes [whether homogeneous or
inhomogeneous [6], as illustrated in Fig. 1(a)], which

are driven by thermodynamic fluctuations and are inher-
ently stochastic [5,7,8]. This mechanism results in the
nonlinear creep of DWs, even under defect-free conditions
[9]. Consequently, ferroelectric polarization switching
behavior often manifests in multiple, unpredictable forms
[Fig. 1(b)], making it a probabilistic system characterized
by distributions [10–13]. Defects with local variations
further exacerbate this response [14–16], leading to sig-
nificant overlap in the polarization response of multiple
programmable states and rendering them practically
indistinguishable [17] [Fig. 1(c)].
Distinct from the ion-displacement-induced polarization

in conventional ferroelectrics, sliding ferroelectrics were
recently proposed and observed at the symmetry-broken
van der Waals interface, where the spontaneous polariza-
tion arises from interlayer charge redistribution [18–20].
The polarization switching in sliding ferroelectricity
involves the collective motion of atomic layers along
the in-plane direction, perpendicular to the switching field
[21–24]. Such a collective dipole reversal occurring at the
level of layer structures rather than unit cells makes sliding
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ferroelectrics potentially more robust against thermal and
defective fluctuations [25,26]. Using the prototypical slid-
ing ferroelectric 3R-MoS2, we studied in detail the polari-
zation switching process through molecular dynamics

(MD) simulations. We identified that the tensorial proper-
ties of Born effective charges (BECs) play a crucial role in
generating in-plane driving forces when an out-of-plane
electric field is applied [Fig. 1(d)]. Notably, only atoms
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FIG. 1. Schematic diagram comparing conventional ferroelectricity with sliding ferroelectricity in domain nucleation, DW motion,
and programmed states. (a) Schematic diagram of domain nucleation in the polarization reversal process of conventional ferroelectricity.
(b) Schematic diagram of DW motion in conventional ferroelectricity. The schematic diagram in the lower left corner shows the growth
process of a single domain. The red and blue arrows represent upward and downward polarizations, respectively. The white dashed lines
and arrows represent the possible paths and directions of DW motion, respectively. (c) Schematic diagram of overlapped programmable
state distributions with corresponding domain configurations in conventional ferroelectricity. (d) Calculated distribution of the in-plane
force acting on the unit cell in the top layer as a function of the displacement vector ðux; uyÞ under a 0.3 V/nm out-of-plane electric field
(EOP ¼ 0.3 V=nm). Each arrow represents the calculated in-plane force vector for a specific bilayer configuration and is color coded to
indicate force magnitude (color scale in the upper right inset). Counterintuitively, the in-plane force is strictly zero in both AB- and
BA-stacking configurations responsible for the domain-nucleation-free feature in sliding ferroelectrics. The inset in the upper left corner
defines the in-plane displacement vector ðux; uyÞ. (e) Profile of the unit-cell in-plane forces (Fy) in the top layer induced by
EOP ¼ 0.3 V=nm. Only unit cells near the domain wall experience collective in-plane forces along the y axis. Each arrow represents the
calculated in-plane force vector for a specific bilayer configuration containing a DW. The top inset shows a schematic of a Σ0-type wall
separating the downward polarization P− domain (the right inset) with ðux; uyÞ ¼ ð0; 0Þ and the upward polarization Pþ domain (the left
inset) with ðux; uyÞ ¼ ðu0; 0Þ. The wall extends along the y axis and is parallel to the displacement vector ðux; uyÞ. (f) Schematic diagram
of DW motion in sliding ferroelectricity. The schematic diagram in the lower left corner shows the motion process of a single domain
wall. The red and blue arrows represent upward and downward polarizations, respectively. The gray dashed lines and arrows represent
the path and direction of domain wall motion, respectively. (g) Schematic diagram of isolated programmable state distributions with
corresponding domain configurations in sliding ferroelectricity.
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located at DWs, which break the C3 symmetry, exhibit
nonzero off-diagonal BEC elements. This enables the
creation of net in-plane forces that facilitate DW motion
[Fig. 1(e)]. Unlike conventional ferroelectrics (e.g.,
CuInP2S6, α-In2Se3 [27,28]), where atoms in both
domains and DWs respond to external electric fields,
sliding ferroelectrics restrict switching to atoms near
DWs, leaving those within the domains unaffected. As
a result, polarization reversal in sliding ferroelectrics is
governed by DW motion and involves only local atomic
displacements rather than global interlayer shifts in
domains hypothesized previously, thus strictly prohibiting
domain nucleation. These unique characteristics are con-
firmed by deep-potential molecular dynamics (DPMD;
see Sec. V, Supplemental Material Figs. S1–S3 [29], and
Refs. [30,31] for details.) simulations combined with a
local atomic environment-dependent BEC model that
captures dynamic charge transfer during DW motion,
as detailed in Supplemental Material Figs. S4 and
S5 [29].
This domain-nucleation-free property in sliding ferro-

electrics allows the control of polarization switching to
shift entirely to DW motion, thereby defining a new
paradigm, “no domain wall, no polarization reversal,” that
is fundamentally distinct from conventional ferroelectric
switching. Interestingly, as shown in Fig. 1(f), DW
motion is inherently restricted to a one-dimensional
(1D) path within a two-dimensional (2D) atomic plane.
This confinement significantly reduces the stochasticity
observed in conventional ferroelectrics, where DW
motion often follows complex pathways [Fig. 1(b)].
Moreover, the inevitable imperfect factors [32] during
device fabrication, such as bubbles, or edges of the
sample, introduce additional energy barriers, further
constraining DW motion. These factors ensure that the
polarization reversal is dominated by predictable switch-
ing dynamics, enabling well-defined programmable states
[Fig. 1(g)].
Here, we systematically investigate DW motion in

sliding ferroelectrics through MD simulations, micro-
scopic-scale in situ observations, and device-scale
electric-field scanning. We revealed that DW motion is
collective, inherently constrained, and free from domain-
nucleation processes. Meanwhile, the involvement of
pinning sites enables the coexistence of both determin-
istic and stochastic behaviors. On this basis, we achieved
precise control over DW motion. Our devices exhibit
exceptional ferroelectric multistate modulation, with a
coefficient of variation between 0.1% and 0.2%, limited
solely by measurement noise level. The structurally
constrained nature of sliding ferroelectrics allows us to
focus exclusively on precisely controllable DW motion,
unlocking unprecedented opportunities for building reli-
able memory architectures, ultrasensitive sensors, and
next-generation computing paradigms based on structural
phase transitions.

II. RESULTS

To directly observe the DW motion at the microscopic
scale, we conducted Kelvin probe force microscopy
(KPFM) characterization [33]. As shown in Fig. 2 (with
corresponding height images in Supplemental Material
Fig. S6 [29]), clear domains (orange and purple regions)
with distinct surface potentials corresponding to AB- and
BA-stacked configurations are observed, separated by
narrow DWs. We applied a local electric field via the tip
voltage to spatially control the polarization switching for
tracking DW dynamics. By applying a positive tip voltage,
the size of the BA domains increased, accompanied by a
reduction in the size of the AB domains and the movement
of the DW separating them. Notably, we exclude tip-
induced artifacts in domain imaging and demonstrate that
repeated dc bias within a single domain induces no DW
motion, whereas a single dc bias at the wall readily drives
domain expansion or contraction (see Supplemental
Material Figs. S7 and S8 [29]). These observations confirm
that polarization switching is dominated by DW motion,
thus motivating our focus on DW dynamics.
As shown in Fig. 2(a), after applying a 3.5-V probe

voltage to the 3R-MoS2 sample, the movement of the DW
was constrained upon encountering a bubble as a pinning
site, resulting in localized deformation with inward curva-
ture. However, when a higher voltage (5 V) was applied,
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FIG. 2. KPFMcharacterization of3R-MoS2 samples. (a)–(c) Sur-
face potential images of 3R-MoS2 samples with bubbles measured
after applied voltages of 3.5 V (a), 5 V (b), and back to 3.5 V (c),
respectively. The dotted circles mark the location of the bubble.
The white straight lines indicate the DW, and the arrows represent
the direction of DW motion. (d)–(f) Surface potential images of
3R-MoS2 samples with rough edges measured after applied
voltages of 1 V (d), 2 V (e), and 3 V (f), respectively. The white
dots in (d) and the numbers in (e) and (f)mark the pinning sites at the
rough edges. The white straight lines indicate the DW, and the
arrows represent the direction of the DW motion.
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the DW traversed the bubble, undergoing only slight
deformation without splitting [Fig. 2(b)]. Upon reducing
the voltage back to 3.5 V, the DW continued to move, and
its morphology reverted to the expected straight configu-
ration (the lowest-energy state) [34], as shown in Fig. 2(c).
We attribute this curvature to local pinning at the meso-
scopic defect site, while the remaining segments of the
domain wall retain nearly superlubric motion in the sliding
ferroelectric. Notably, although lacking temporal resolu-
tion, KPFM unambiguously reveals nucleation through
the spatial emergence of new domains. Indeed, no nucle-
ation of oppositely polarized domains was observed
throughout our measurements, even after multiple dc bias
cycles applied within single-domain regions containing
atomic-scale defects (see Supplemental Material Figs. S9

and S10 [29]), consistent with our MD simulations.
Furthermore, we observed that the displacement vector
was consistently perpendicular to its DW line, even after
repeated pinning and depinning processes from the pinning
sites at the rough edges [Figs. 2(d)–2(f)]. This also aligns
with our simulations, as in sliding ferroelectrics, atoms
need to slide along a kinetically favorable path to form
stacked domains.
In situ observation of DW motion reveals that it occurs

collectively along a specific 1D direction within a confined
2D atomic plane. To understand this inherently constrained
property through the switching behavior in ferroelectric
devices, we fabricated a dual-gate field-effect transistor
[Fig. 3(a)] based on bilayer 3R-MoS2 and performed
systematic electrical measurements. The corresponding
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obtained from the Lorentzian function fitting within each data interval in (g) and (h).
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optical micrographs and material characterization (see
Sec. V for details) are presented in Supplemental
Material Fig. S11 [29]. The typical transistor electrical
characteristics, including the output and transfer curves,
along with the ferroelectricity confirmed through dynamic
electrical measurements, are presented in Supplemental
Material Fig. S12 (see Note 1 in Supplemental Material
[29] for a detailed discussion).
The electrical measurement curve from static elec-

trical measurements (see Sec. V and Supplemental
Material Fig. S13 [29] for details) exhibits a typical
rectangular hysteresis loop [Fig. 3(b)] with stepwise
evolution in the drain current. Since the polarization
switching occurs through DW motion [19], we attribute
this stepwise behavior to the DW motion overcoming
successive energy barriers (primarily induced by pinning
sites) [35]. The pulse-width-dependent switching measure-
ment (see Supplemental Material Fig. S14 [29]) further
demonstrates that each energy barrier has a determinable
potential energy (as these steps consistently occur under
fixed electric fields) and rules out the possibility that charge
trapping causes those steps (which exhibits significant time
correlation [24]). Moreover, no evidence of nucleation-and-
growth dynamics [6,36] was observed in the switching
kinetics measurements within the experimentally acces-
sible pulse-width window (20 ns to 1 s; see Supplemental
Material Fig. S15 [29]). The above results indicate that by
identifying both the strength (indexed by VTG) and the site
(correlated with IDS) of the energy barriers restricting
DW motion, we can trace their distribution during ferro-
electric switching, thus revealing the DW motion pathways
[Fig. 3(c)]. Therefore, we performed VTG-VBG sequential
scanning measurements to identify the main energy barriers
(the configurations of measurements are detailed in
Sec. V). Here, ΔIDS is defined as the difference between
the drain currents measured after applying gate voltage
excitation pulses Vset

TG or Vreset
TG , and their corresponding

revert pulses Vrevert
TG (the definitions of ΔIDS, Vset

TG, V
reset
TG ,

and Vrevert
TG are detailed in Supplemental Material Fig. S16

[29]). The statistics of ΔIDS obtained from forward and
backward scans are shown in Figs. 3(d) and 3(e), respec-
tively. We divided the potential intervals based on the
multimodal distribution of ΔIds and performed Lorentzian
function fitting within each interval (see Sec. V, and Note 2
and Fig. S17 in Supplemental Material [29] for details),
establishing the relationship between Vset

TG, V
reset
TG , and ΔIds,

as shown in Fig. 3(f). Multiple distinct and well-separated
peaks indicate that these energy barriers fragment DW
motion into a series of isolated processes, dominating it
along a well-defined pathway. This result indicates that the
switching behavior in sliding ferroelectric devices is largely
predictable and repeatable. In contrast, conventional ferro-
electrics, when strongly affected by local variations of free
energy, exhibit a highly inhomogeneous process with
complex kinetics [37].

To reveal the complete potential pathways of DW
motion and to further evaluate its precision, we performed
iterative scanning measurements (the configurations of
measurements and the definitions ofΔIDS, Vset

TG, V
reset
TG , and

Vrevert
TG are detailed in Sec. V and Supplemental Material

Fig. S18 [29]) to map the energy barrier landscape. The
ΔIDS obtained after forward [Fig. 3(g)] and backward
[Fig. 3(h)] scans exhibits clear and regular color levels,
indicating that DW motion is constrained to a specific
pathway rather than occurring randomly between energy
barriers. Similarly, after dividing the intervals according
to the histogram distribution, a Lorentzian function was
used to fit ΔIDS within each interval (see Sec. V, and Note
2 and Fig. S19 in Supplemental Material [29] for details)
to establish the relationship between Vset

TG, V
reset
TG , and ΔIDS

[Fig. 3(i)]. As expected, it uncovers additional weak
energy barriers (the gray Lorentzian fits) between strong
ones, which may be bypassed due to the inertial motion of
DWs under high driving forces (see Supplemental
Material Fig. S20 [29]), especially in amplitude-based
sequential scanning measurements.
Notably, regardless of scanning direction (forward or

backward) or form (sequential or iterative), the strengths
and relative positions of those main energy barriers remain
nearly consistent in Figs. 3(i) and 3(f). This observation
suggests that DW motion is constrained to a highly robust
and well-defined pathway, enabling it to sequentially
encounter fixed energy barriers in 2D space along a specific
1D direction. This further suggests that pinning sites in
sliding ferroelectrics provide a deterministic energy land-
scape that renders DW pathways trackable, predictable, and
even tailorable. Therefore, the key to more controllable
ferroelectric switching may not be more perfect samples,
but indeed the opposite, with additional energy barriers
ensuring more consistent, predictable switching dynamics.
Interestingly, the presence of energy barriers leads to the

coexistence of both deterministic and stochastic behaviors
in DWmotion, as shown in Supplemental Material Fig. S21
[29]. For stochastic behaviors (where the standard deviation
is much larger than 200 pA), the observed current fluctua-
tions are typically “restricted” between two neighboring
energy barrier sites, as illustrated by the box plot data for
Vset
TG at 1.84 and 2.34 V [Fig. 3(d)] and Vreset

TG at −1.9 and
−2.2 V [Fig. 3(e)]. Since thermally activated depinning
constitutes a nonequilibrium critical phenomenon with
inherently probabilistic dynamics [38], the observed behav-
ior can be reasonably attributed to the nonsmooth DW
motion caused by successive pinning and depinning events.
Furthermore, a finer electric-field scan reveals that
depinned domain walls exhibit stochastic yet controllable
dynamics, as the switching probability increases with field
strength (see Supplemental Material Fig. S22 [29]). In
contrast, when the applied electric field is insufficient to
overcome a barrier, the DW is confined and thus maintains
a relatively definite position. This deterministic behavior
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(with a standard deviation less than 200 pA) indicates that
DW motion can be precisely controlled by leveraging its
pinning-depinning dynamics.
The deterministic behavior of DW motion offers a

promising opportunity to achieve deterministic multistate
polarization in ferroelectric devices. Therefore, it is neces-
sary to tailor the amplitude of the VTG-VBG pulse to bypass
nonsmooth barrier sites, ensuring deterministic polarization
switching along with sufficient, linearly distributed ferro-
electric intermediate states.
To verify the precise control of DW motion, we

employed two modulation schemes: stepwise switching
and direct switching. Stepwise switching relies on fine-
tuned pulse trains to enhance DW motion control, as
commonly applied in conventional ferroelectric devices
[39,40]. Direct switching aims to precisely create any
predefined polarization state without requiring a stepwise
process. This approach places higher demands on the

consistency and accuracy of DW motion under any
given electric field, posing a challenge for conventional
ferroelectrics [13].
In stepwise switching, the device current demonstrates

stable and uniform rising and falling over 1000 cycles
of excitation (VTG-VBG pulse settings are detailed in
Supplemental Material Fig. S23 [29]), as shown in
Fig. 4(a). Similarly, during 1760 cycles of direct switching
(VTG-VBG pulse settings are detailed in Supplemental
Material Fig. S24 [29]), the device can be precisely
positioned from its initial state to any of nine distinct
states with good retention (see Supplemental Material
Fig. S25 [29]), as shown in Fig. 4(b). The close overlap
of data points at each intermediate state in Figs. 4(a)
and 4(b) demonstrates highly reproducible ferroelectric
polarization programming. We further qualitatively visu-
alized these schemes by applying a Gaussian probability
density function to fit the data [41–43], demonstrating that
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FIG. 4. Deterministic multistate polarization switching in the 3R-MoS2 dual-gate device. (a) Performance of stepwise switching over
1000 cycles. (b) Performance of direct switching over 1760 cycles. (c),(d) Histograms of the raw data from (a) and (b) with
corresponding illustrative Gaussian probability-density-function fits. The inset shows the coefficient of variation for different
polarization states. (e) Benchmarking of polarization state variation reported in this work (shown as a five-pointed star) versus
recently reported ferroelectricity-based devices (shown as other symbols). The data were deduced from LiNbO3 [45], HfO2 [46],
Bi1.8Sm0.2O3 [47], HfZrOx [40,48], BaTiO3 [49,50], PZT [41,50], BiFeO3 [51,52], AlScN [53], P(VDF-TrFE) [41,54], α-In2Se3
[39,55], CuInP2S6 [56], and BLG/h-BN [57].
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the drain current distributions for different polarization
states were highly concentrated, as shown in Figs. 4(c)
and 4(d). As a well-established metric for cycle-to-cycle
variability, the coefficient of variation (Cv) objectively
quantifies programming consistency independent of abso-
lute conductance levels [3,44]. Calculating the Cv from the
experimental means and standard deviations, we found Cv
values consistently between 0.1% and 0.2%, regardless of
the modulation form. Notably, the variation is limited only
by the measurement setup, because the standard deviation
for different ferroelectric states has already approached the
levels of their overall noise (see Supplemental Material
Fig. S26 [29]).
Indeed, compared to bulk ferroelectric materials (e.g.,

BaTiO3 [49,58], HfZrOx [40,45,48], LiNbO3 [45], and
PZT [41,50]), van der Waals layered ferroelectric materials
(e.g., α-In2Se3 [39,55] and CuInP2S6 [56]), and even Moiré
ferroelectric materials (bilayer graphene/hexagonal boron
nitride [BLG=h-BN], twisted two-dimensional heterostruc-
tures with specific periodic structures [57]), our devices
exhibit exceptional polarization switching precision (the
coefficient of variation is more than 10 times lower), as
shown in Fig. 4(e). Importantly, this deterministic behavior
is an intrinsic property of sliding ferroelectrics, rather
than sample-specific artifacts (see Supplemental Material
Fig. S27 [29]). Moreover, our devices exhibit excellent
endurance, long-term temporal stability, and robustness
against environmental charge noise (see Supplemental
Material Figs. S28 and S29 [29]). This underscores that
DW motion in bilayer 3R-MoS2, as a unique domain
kinetic process, offers an ideal platform for deterministic
ferroelectric multistate control compared to those relying
on the introduction of external factors to gain more control
over the domain-nucleation process [59].

III. DISCUSSION

Our findings demonstrate that sliding ferroelectrics,
exemplified by the bilayer 3R-MoS2 model, exhibit
domain-nucleation-free and highly predictable polarization
reversal dynamics. Interestingly, the presence of pinning
sites not only enhances the control of DW motion but also
enables the coexistence of deterministic and stochastic
behaviors. Although we have successfully achieved precise
and stable multistate polarization modulation in deter-
ministic behaviors, stochastic behaviors remain an area
for further exploration. This “restricted” stochasticity is
expected to unlock unique applications in electronic devices,
particularly in algorithms such as random forests [60],
Markov processes [61], genetic algorithms [62], and
Bayesian optimization [63]. More fundamentally, con-
strained switching in sliding ferroelectrics is rooted in
intrinsic structural properties rather than extrinsic stabiliza-
tion mechanisms of conventional ferroelectrics [64,65].
Overall, we contend that the highly precise and predictable
domain wall motion in sliding ferroelectrics reshapes the

conventional understanding of ferroelectric polarization
switching as a probabilistic process. Combining with
the intriguing physical properties underlying the DW, this
property positions sliding ferroelectrics as an ideal platform
for investigating the structure-coupled novel physical proper-
ties [25], including magnetism, excitonic behavior, nontrivial
topology, valley electronics, and superconductivity.

IV. CONCLUSIONS

In summary, we reveal that domain wall motion in
sliding ferroelectrics is a collective, inherently con-
strained, and entirely nucleation-free process, confined
to a 1D direction within the 2D atomic plane and
following a robust, well-defined pathway. Building on
this finding, we successfully achieve multiple precisely
defined (with < 0.2% variation) and distinguishable
polarization states by strictly controlling domain wall
motion. This is distinct from the random nucleation-
dominated process commonly observed in conventional
ferroelectrics and provides opportunities for deterministic
neuromorphic computing programming.

V. METHODS

A. Device fabrication

The chemical-vapor-transport method was adopted to
grow the bulk 3R-MoS2. The hexagonal boron nitride
(h-BN) and graphite were supplied by HQ Graphene and
NGS company, respectively. The 3R-MoS2, h-BN, and
graphite thin flakes were exfoliated on the silicon substrates
covered with 285-nm SiO2. The thickness was verified by
atomic force microscopy. Then, the flakes were picked up
successively following the device structure with a poly
(bisphenol A carbonate) film polydimethylsiloxane stamp
at 90 °C. After removing the polymer in chloroform, the
Cr and Au (8 and 50 nm, respectively) electrodes were
introduced on the specific area in the device by metal
e-beam evaporation. Finally, the device was annealed in a
mixed Ar=H2 (9∶1) atmosphere at 100 sccm and 300 °C
for 6 h to reduce the bubbles. Graphene contacts, h-BN
dielectrics, and a dual-gate architecture were employed to
ensure a clean interface and enhanced electrostatic control,
which helps reveal the intrinsic ferroelectric properties of
the 3R-MoS2 channel.

B. Structural characterization

Second-harmonic generation (SHG) mapping and x-ray
diffraction (XRD) measurements were performed to char-
acterize the structural properties of the 3R-MoS2 sample.
SHG signals were acquired using a spectrometer coupled to
a 50× objective lens (NA ¼ 0.62) under picosecond-pulsed
laser excitation at a wavelength of 1240 nm. Spatially
resolved SHG mapping was recorded over the designated
area. XRD patterns were collected on a PANalytical
Empyrean diffractometer using monochromatic Cu Kα
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radiation (λ ¼ 1.5406 Å ), with a 2θ scan range of 5°–80°
and a scanning speed of 2°=min.
Scanning tunneling microscopy (STM) investigations

were carried out using an RHK-Tech PanScan Freedom
STM setup at low temperature (9 K) under UHV conditions
(10−11 mbar) on a bulk 3R-MoS2 crystal exfoliated onto an
Au(111) surface by gold-assisted exfoliation.

C. Computational modeling

1. Density functional theory

All density-functional-theory (DFT) calculations are
performed using the Vienna ab initio simulation package
[66,67]. The exchange-correlation interaction is treated
with the Perdew-Burke-Ernzerhof functional [68] aug-
mented with Grimme’s D3 dispersion correction with the
Becke-Johnson damping function [69]. Electron-ion inter-
actions are described using the projector-augmented-wave
method [70]. A plane-wave kinetic energy cutoff of 500 eV
is employed, and the KSPACING tag is set to 0.25 Å−1 for
k-point sampling in the Brillouin zone. A vacuum region
of more than 20 Å thick is included to avoid interactions
between periodic images. The minimum energy pathways
are determined using the climbing-image nudged-elastic-
band approach [71]. Additionally, the dipole correction
scheme proposed by Neugebauer and Scheffler [72] is
incorporated throughout.

2. DPMD

The DPMD simulations of the rhombohedral-stacked
MoS2 are performed using a DP model [73] trained on data
from first-principles DFT calculations. The smooth edition
(DeepPot-SE) is employed to describe the potential energy
surface [74], while the DP-GEN protocol [75,76] is used to
sample structures for model training (see Supplemental
Material Fig. S1 for details [29]). A compact deep neural-
network architecture is adopted to enable efficient
large-scale MD simulations. Additionally, a model com-
pression technique [77] is used to further enhance
computational efficiency. To assess the accuracy of our
model, we compare the DP and DFT results on a training
dataset consisting of 3371 configurations for force and
energy predictions, and validate the model’s accuracy in
predicting dynamic properties, including the phonon
spectrum, the biaxial strain effect, the unit-cell polariza-
tion switching barrier, and the energy evolution along
an MD trajectory at 300 K; see details in Supplemental
Material Figs. S2 and S3 [29]. In all cases, the model
exhibited high accuracy, particularly in simulating the
polarization switching process in the MoS2 bilayer.

D. KPFM measurements

The surface potential was characterized using the
Asylum Research Cypher S operating in KPFM mode
with an HQ:NSC14/Cr-Au conductive probe. KPFM

incorporates an additional feedback loop to detect changes
in the sample’s surface potential. During the first pass, the
system operates similarly to conventional ac mode, captur-
ing the sample’s topography. In the subsequent pass, the
probe is lifted to a fixed height above the surface, allowing
measurement of the potential difference between the probe
tip and the sample. In addition, the sample was placed on a
thin graphite flake that served as a conductive bottom
electrode, electrically connected to a predeposited contact
to ensure effective grounding.

E. Electrical measurements

All electrical measurements were performed using
an FS-Pro 380 semiconductor parameter analyzer in a
vacuum chamber at 10−2 Torr. For all dual-gate mea-
surements, the voltages on the symmetric gates (top gate
VTG, bottom gate VBG) were regulated according to the
expression VBG ¼ −αVTG (where α ¼ db=dt, and dt and
db are the thickness of the bottom and top h-BN dielectric
layers) to avoid net carrier doping in the channel. All the
pulse switching measurements were conducted using the
built-in pulse measurement functions of the analyzer,
in which a pair of top and bottom gate pulses VTG-VBG
was simultaneously applied to apply the electric field
with negligible doping effect. For simplicity, while the
VTG-VBG paired voltages are applied, only the details of
applied VTG are described in each measurement in the
main text.

1. Dynamic electrical measurements

For the dynamic electrical measurements, a continuous
VTG-VBG is applied. The amplitude of VTG sweeps
from −3 to 3 V in 0.05 V increments (upward sweep),
then from 3 V back to −3 V in 0.05 V decrements
(downward sweep).

2. Static electrical measurements

For the static electrical measurements, VTG-VBG is
encoded as a series of electrical pulses with a period
of 0.02 s. The amplitude of VTG varies from −3 to 3 V
in 0.1 V steps, then back to −3 V in −0.1 V steps (see
Supplemental Material Fig. S13 [29]). The drain current
is recorded after each VTG-VBG pulse stimulus using a
fixed pulse with a period of 0.02 s and an amplitude
of −0.12 V.

3. Sequential scanning measurements

Sequential scanning measurements are characterized
by sequentially applying Vset

TG or Vreset
TG in amplitude order

(see Supplemental Material Fig. S16 [29]), with repeated
forward and backward scanning. In the forward mode,
a fixed revert VTG (Vrevert

TG ) of −3 V was applied, followed
by a varying set VTG pulse (Vset

TG) that ranged from
1.64 to 3.14 V in increments of 0.1 V. In the backward
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mode, a fixed Vrevert
TG of 3.1 V was applied, followed

by a varying reset VTG pulse (Vreset
TG Þ that ranged from

−1 to −3 V in decrements of −0.1 V.
In both modes, the drain current after each pulsed

electric-field excitation was recorded by the fixed drain-
source voltage pulse (Vread

DS ) with an amplitude of −0.1 V.

4. Iterative scanning measurements

Iterative scanning measurements are characterized by the
alternate application of Vset

TG and Vreset
TG (see Supplemental

Material Fig. S18 [29]), with repeated forward and back-
ward scanning. In the forward mode, within the same
group, a fixed revert VTG (Vrevert

TG ) of 3.1 V was applied,
followed by an alternating pulse sequence consisting of a
fixed reset VTG pulse (Vreset

TG Þ and a set VTG pulse (Vset
TG) that

varied from 1.64 to 3.14 V in steps of 0.1 V. Across
different groups, Vreset

TG was varied from−1 to−3 V in steps
of −0.1 V.
In the backward mode, within the same group, a fixed

Vrevert
TG of −3 V was applied, followed by an alternating

pulse sequence consisting of a fixed Vset
TG pulse and a Vreset

TG
pulse that varied from −1 to −3 V in steps of −0.1 V.
Across different groups, Vset

TG was varied from 1.64 to
3.14 V in steps of 0.1 V.
In both modes, the drain current after each pulsed

electric-field excitation was recorded by the fixed drain-
source voltage pulse (Vread

DS ) with an amplitude of −0.1 V.
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