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Abstract: Moiré ferroelectricity provides a platform for regulating interfacial 
polarization in two-dimensional van der Waals materials through local stacking, 
lattice reconstruction and mesoscale domain formation. In these systems, 
polarization is governed by interlayer symmetry breaking, charge redistribution, 
orbital hybridization, lattice relaxation, strain gradients and electronic screening. 
This review summarizes recent progress in graphene/hBN, twisted hBN, 
rhombohedral transition metal dichalcogenides and marginally twisted transition 
metal dichalcogenides, and discusses how these systems have advanced the 
understanding of moiré-scale polarization. This mechanistic understanding has 
evolved together with characterization methods, from electrical hysteresis and local 
electrostatic mapping to multimodal analysis of stacking structures, domain-wall 
dynamics and polarization vector fields. The review then analyzes polarization 
origins, including stacking-dependent interfacial dipoles, reconstructed polar 
domains, electrostatic imprinting and electronically assisted polarization. It also 
discusses polarization switching and domain-wall dynamics, emphasizing local 
stacking conversion, domain-wall migration, dislocation-network rearrangement, 
soliton-network evolution and pinning-depinning processes. Furthermore, it 
clarifies the distinction between ordinary periodic polar-domain patterns and 
topological polar textures, which require vector-field reconstruction, in-plane 
polarization rotation, winding or chirality, and structural correlation with domain 
walls or saddle-point regions. Finally, this review outlines perspectives on operando 
characterization under device-relevant conditions, ultrafast switching, multi-field 
control and deterministic domain-wall engineering. 

 Keywords: two-dimensional materials; moiré ferroelectricity; polarization mechanism; 
interfacial polarization; domain-wall dynamics; topological polar textures 

1. Introduction 

Ferroelectricity requires stable dipole order, reversible electric-field-driven switching and retention of the 
switched polar state [1]. However, scaling conventional three-dimensional ferroelectrics down to the few-unit-cell 
limit remains challenging because depolarization fields, incomplete charge screening and interface-driven 
structural relaxation can destabilize the polar phase [2–5]. The weak interlayer coupling, chemically saturated 
surfaces, and atomically sharp interfaces of two-dimensional (2D) van der Waals (vdW) materials help stabilize 
polar order at the atomic-thickness limit [2,6]. In these systems, switchable polarization can originate from either 
the non-centrosymmetric crystal lattice or the relative registry between adjacent layers [4,7]. The former is 
represented by intrinsic 2D ferroelectrics, such as metal phosphorus chalcogenides [8–10] and layered ferroelectric 
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semiconductors [11,12]. Sliding and interfacial ferroelectricity shift switchable polarization to a stacking- and 
interface-controlled property and expand the origin of ferroelectricity. Interfacial ferroelectricity refers to 
ferroelectric polarization generated at a non-centrosymmetric vdW interface [13]. This polarization originates from 
stacking-dependent charge redistribution, orbital hybridization and ionic relaxation across adjacent layers. Sliding 
ferroelectricity refers to a switching mechanism in which in-plane interlayer translation reverses the out-of-plane 
polarization [14,15]. In these systems, local stacking registry determines the polarization direction, and interlayer 
sliding connects stacking states with opposite polarization. Parallel-stacked hBN [13,16] and rhombohedral bilayer 
TMDs [14,17,18] are representative systems. In these systems, local stacking registry determines the polarization 
direction, and interlayer sliding connects stacking states with opposite polarization. 

Moiré ferroelectricity refers to switchable polarization that is controlled by local stacking registry and 
organized by a moiré superlattice [16,19]. A small twist angle or lattice mismatch creates a long-period moiré 
superlattice, which periodically modulates local atomic alignment, interlayer coupling and the electrostatic 
environment [20–22]. This modulation reorganizes stacking-dependent interfacial dipoles into moiré-scale polar 
domains, charge-polarized interfacial superlattices or moiré-dependent ferroelectric responses [14,19,23]. Moiré 
ferroelectricity was first demonstrated in graphene-based moiré heterostructures and charge-polarized twisted hBN 
interfaces [16,19,23]. This mesoscopic moiré superlattice scale is a key advantage of moiré ferroelectricity. It links 
atomic-scale stacking rules to device-scale polar responses and has driven rapid progress in recent years. In these 
systems, twist angle, lattice mismatch and lattice reconstruction determine the spatial arrangement of polar 
domains and the resulting polar response [19,23–25]. Notably, spatially alternating dipoles or moiré electrostatic 
potentials can appear before reversible switching is established [26,27]. 

Theoretical studies established an early basis for linking local stacking to moiré-scale polarity. In 2017, Li 
and Wu used first-principles calculations to predict vertical ferroelectricity in binary-compound 2D bilayers and 
multilayers, showing that lateral interlayer translation reversed out-of-plane polarization and that small twist or 
strain could generate a ferroelectric moiré superlattice [28]. Later theoretical work extended this stacking-polarity 
picture across several levels. First-principles calculations linked local stacking registry to interlayer charge 
redistribution, out-of-plane dipole density, stacking energy and sliding barriers, and showed why AB/BA or 
MX/XM domains carry opposite polar states [27]. Continuum elasticity and lattice-relaxation models showed that 
interlayer adhesion competes with intralayer elastic cost and electrostatic energy, leading to reconstructed moiré-
scale polar domains, finite-width domain walls and field-dependent changes in the area fraction of adjacent 
stacking domains [18,26]. Electrostatic screening models showed that dielectric response and mobile carriers 
modify gate-field coupling, local potential contrast and hysteretic switching, which is important for separating 
intrinsic polarization reversal from screening-related responses [29]. Vector-polarization and domain-wall models 
further predicted that domain walls and saddle-point regions can host in-plane polarization components, giving 
rise to domain-wall-mediated switching pathways and topological polar textures [30,31]. Together, these studies 
supplied a physical map that connects atomic stacking, lattice relaxation, electrostatic screening and domain-wall 
structure with the formation and motion of polar domains in moiré ferroelectrics. 

Building on these theoretical insights, the understanding of moiré ferroelectricity has progressed from the 
recognition of moiré-scale polarization responses to the real-space resolution of polar domains, switching 
dynamics and topological polar textures, as shown in Figure 1. Early experiments demonstrated moiré-scale 
polarization responses in graphene-based moiré heterostructures, charge-polarized twisted hBN interfaces and 
marginally twisted TMD bilayers in 2020 and 2021, respectively [14,19,23]. These studies identified local stacking 
and interfacial charge redistribution as key contributors to polar states across moiré superlattices. They also left 
open how hysteresis, electrostatic contrast and domain patterns should be linked to specific microscopic 
mechanisms. Subsequent work moved from phenomenological identification to real-space and functional readout. 
Electrostatic mapping resolved moiré potentials in twisted hBN [32], plasmonic and nano-photocurrent 
measurements visualized ferroelectric domains in graphene/twisted-WSe2 structures [33], and ferroelectric 
WTe2/WSe2 superlattices demonstrated switchable moiré potentials [24]. Remote moiré ferroelectricity further 
showed that polar superlattices can engineer the electronic structure of adjacent 2D materials [34]. More recent 
studies have advanced the field from static polar landscapes to dynamics and programmability. Operando electron 
microscopy revealed polar-domain dynamics in marginally twisted WSe2 homobilayers [35]. Rotationally 
engineered WSe2 trilayers further showed that interlayer twist sequences can tune the spatial ordering and 
switching dynamics of polar domains [36]. Mechanical force-induced sliding was further demonstrated in parallel-
stacked hBN, showing that local force can drive interlayer displacement, dipole reversal and domain motion in 
interfacial ferroelectrics [37]. In parallel, vector-resolved and manipulation-based studies have begun to identify 
topological polar textures confined to moiré interfaces, marking a new stage in which moiré ferroelectricity is 
understood as a platform for programmable and topologically structured polar order [25,38]. 
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These milestones also identify several coupled control parameters. For example, twist angle sets the moiré 
length scale and strongly affects polar-domain dynamics, as shown by operando electron microscopy in twisted 
bilayer WSe2 [35]. Charge redistribution creates spatially varying moiré potentials, which can be detected directly 
in twisted hBN [32] or remotely imprinted from twisted WSe2 onto graphene [34]. Lattice relaxation, strain and 
flexoelectricity reshape polar domains and domain walls in marginally twisted hBN [39]. Interlayer sliding 
provides a switching coordinate for dipole reversal and domain motion in engineered vdW multilayers and 
mechanically modulated interfacial ferroelectrics [36,37]. These observations have established multiple 
experimental signatures of moiré ferroelectricity, but their microscopic interpretation remains system-dependent. 
Electrostatic, optical, operando and mechanical probes are sensitive to different physical quantities. Because moiré 
superlattices couple local stacking, lattice relaxation, strain, electrostatics and switching dynamics, the microscopic 
mechanism of moiré ferroelectricity remained under discussion in the early stage of the field [29]. 

 

Figure 1. Milestones in the discovery and mechanistic understanding of moiré ferroelectricity. Adapted with 

permission from [28]. Copyright 2017 American Chemical Society. Copyright 2021, Springer Nature [23]. 

Copyright 2023, Springer Nature [33]. Copyright 2025, Springer Nature [37]. 

These debates highlight the need to resolve moiré ferroelectricity across structure, electrostatics and domain 
dynamics. Early polar responses could be interpreted in terms of stacking-dependent dipoles, interfacial charge 
redistribution, lattice reconstruction, strain coupling or domain-wall motion. Recent advances in electrostatic 
mapping, near-field optical imaging, nano-photocurrent measurements and operando microscopy have begun to 
clarify these contributions in real space. These methods now correlate polarization response with local atomic 
alignment, reconstruction and domain evolution. The characterization-driven progress provides the foundation for a 
mechanism-oriented review of moiré ferroelectricity. This review therefore examines how recent experimental and 
theoretical advances have deepened the understanding of polarization origin, switching behavior and emergent polar 
textures in moiré ferroelectricity. These unresolved questions also raised the evidentiary standard for the field. 
Individual signals such as hysteresis, electrostatic contrast, piezo-response or optical readout can indicate polar order, 
but they do not by themselves determine its microscopic origin or switching pathway. Mechanism-resolved 
understanding therefore requires correlated structural, electrostatic, electromechanical and operando evidence. 

This review focuses on recent advances in understanding moiré ferroelectricity through experiments from 
three connected perspectives. The first perspective concerns the origin of moiré-scale polarization, with emphasis 
on local stacking, interfacial charge redistribution, lattice reconstruction and strain-related effects. Then it 
discusses polarization switching and domain-wall dynamics, including interlayer sliding, domain-wall motion, 
mechanical perturbation, pinning and engineered multilayer stacking. Finally, it considers the formation and 
identification of topological polar textures, where ordinary polar-domain networks must be distinguished from 
topologically structured polar order. Across these topics, the understanding of moiré ferroelectricity has advanced 
together with characterization methods. Structural, electrostatic, optical, electromechanical and operando 
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measurements provide complementary information on local stacking, potential landscapes, domain evolution and 
switching pathways [33]. This combined view is essential for moving the field from phenomenological observation 
toward predictive control, programmable polar landscapes and moiré ferroelectric devices [40–42]. 

2. Polarization Origin 

Polarization in moiré ferroelectrics is governed by a multiscale hierarchy that couples atomistic symmetry 
breaking, mesoscale lattice reconstruction and macroscopic field response. At the atomic scale, local stacking 
registry defines the elementary interfacial dipoles, whose origin varies across material platforms. Polarization at 
hexagonal boron nitride and transition metal dichalcogenide interfaces mainly arises from stacking-dependent 
spatial charge redistribution, whereas conducting moiré platforms are dominated by electronically driven polar 
order. At the mesoscale, the competition between interlayer adhesion and intralayer elasticity drives the 
reorganization of local dipoles into reconstructed polar domains and domain-wall networks. These domain walls 
and saddle-point regions are not merely passive boundaries. They can host in-plane polar components, strain 
gradients and flexoelectric responses, and under specific symmetry conditions, they can further generate 
topological polar textures. At the macroscopic scale, the reconstructed polar landscape determines field-driven 
polarization switching pathways, domain-wall dynamics and macroscopic optoelectronic responses. Moiré 
ferroelectricity is therefore a deeply coupled system, in which stacking-induced interfacial polarity is reorganized 
by lattice relaxation, modulated by electromechanical coupling and related effects, and finally manifested 
macroscopically through mesoscale domain dynamics. 

2.1. Microscopic Basis of Moiré Ferroelectricity 

In conventional displacive ferroelectrics, polarization reversal is generally mediated by ionic displacement 
within the crystallographic unit cell [43]. In contrast, van der Waals interfaces exhibit a distinct switching 
paradigm, in which out-of-plane polarity is governed by interlayer translation, local stacking registry and moiré 
reconstruction. Early electrical transport, charge-sensing, piezoresponse force microscopy (PFM), Kelvin probe 
force microscopy (KPFM) and structural measurements established this stacking-controlled polarization response 
[14,23]. Graphene/hBN moiré heterostructures revealed an unconventional polarization response associated with 
electronic reconstruction in moiré minibands [19]. Bilayer hBN and sliding van der Waals interfaces identified 
interlayer sliding as a structural switching coordinate for out-of-plane polarization [13,16]. Rhombohedral-stacked 
and marginally twisted transition metal dichalcogenide (TMD) bilayers further showed that stacking-dependent 
interfacial polarity can be organized into switchable polar-domain networks [14]. These findings reframed the 
central question from whether van der Waals interfaces can host switchable polarity to how stacking-symmetry 
breaking, electronic redistribution and lattice reconstruction collectively generate the measured macroscopic 
polarization response. 

The microscopic basis of this coupled mechanism lies in the atomistic stacking-polarity relation. In hBN and 
TMD interfaces, the dominant contribution to polarization is not a large vertical ionic displacement. Instead, local 
inversion- or mirror-symmetry breaking at specific stacking registries induces asymmetric interlayer orbital 
hybridization and stacking-dependent charge redistribution, thereby producing an elementary out-of-plane 
interfacial dipole [13,14]. In bilayer hBN, as shown in Figure 2a(i), inversion-related AB and BA stackings carry 
opposite polarities and can be interconverted by in-plane translation [13,16]. Similarly, in rhombohedral-stacked 
TMD bilayers, local MX and XM registries generate interlayer potentials with opposite signs [14]. Conductive 
interfacial ferroelectrics further show that such atomically confined polar interfaces can contribute cumulatively 
even in carrier-rich environments, indicating that interfacial dipoles are not completely suppressed by free-carrier 
screening [44]. Together, these results define the local microscopic origin of polarity in structurally governed 
sliding and interfacial ferroelectrics. 

The second level of the mechanism concerns the mesoscale organization of local dipoles within the moiré 
lattice. A small twist angle introduces competition between interlayer van der Waals adhesion and intralayer lattice 
elasticity. This competition drives the expansion of energetically favored local stacking configurations and 
reorganizes the polar distribution into reconstructed domains and domain-wall networks. In marginally twisted 
hBN, electrostatic imaging resolved charge-polarized triangular superlattices associated with periodically 
alternating local stackings [23]. In marginally twisted TMD bilayers shown in Figure 2a(ii), combined structural 
characterization and electrostatic probing demonstrated that stacking-dependent local polarity is reorganized into 
long-range polar-domain networks [14]. Theoretical and network models further indicate that the morphology of 
these polar networks and their field tunability are governed by the interplay among interlayer adhesion, intralayer 
elastic cost and electrostatic energy [17,18]. Thus, the key issue in moiré ferroelectricity is not only the microscopic 
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formation of elementary interfacial dipoles, but also their reconstruction through lattice relaxation into mesoscale 
polar textures. This multiscale framework motivates the use of the local structural, electrostatic, optical and 
operando probes. 

 

Figure 2. Multiscale origin of moiré ferroelectric polarization. (a): (i) Vertical PFM phase and amplitude images 

reveal stacking-dependent out-of-plane polarization and distinct domain-wall response in twisted bilayer BN. 

Copyright 2021, American Association for the Advancement of Science [16]. (ii) Mirror-related stacking domains 

with opposite charge transfer separated by partial dislocations in marginally twisted MoS2. Copyright 2022, 

Springer Nature [14]. (b): (i) Dc-EFM detects triangular potential modulation only on the polar-aligned side, 

distinguishing charge-polarized interfacial superlattices from generic moiré contrast in marginally twisted hBN. 

Copyright 2021, Springer Nature [23]. (ii) Alternating polar domains in twisted WSe2 produced domain-dependent 

Fermi-level shifts, distinct charge-neutrality points and nanoscale carrier-density modulation. Copyright 2023, 

Springer Nature [33]. (c): (i) PFM phase and amplitude images reveal hollow triangular polar domains. Strain-

gradient-induced flexoelectric fields redistribute polarization charges toward reconstructed domain boundaries in 

marginally twisted hBN. (ii) Stress-induced flexoelectric effect. Copyright 2024, Wiley‐VCH [39]. 

2.2. Identifying Ferroelectric Polarization from Moiré Potentials 

Building on the multiscale stacking-polarity relation established above, a key challenge is to determine when 
a periodic moiré potential can be assigned to ferroelectric polarization. This distinction is essential because moiré 
potentials can also arise from periodic interlayer coupling, lattice corrugation, dielectric modulation or nonpolar 
electrostatic reconstruction. Near-60° twisted BN provides a useful boundary case. Although the periodic substrate 
potential can reconstruct the band structure of an adjacent electronic layer, the antiparallel H-stacked configuration 
restores inversion symmetry and therefore precludes spontaneous out-of-plane ferroelectric polarization [45]. 
Twisted trilayer WS2 gives a second cautionary example. Scanning tunneling spectroscopy resolves a deep moiré 
potential, but the additional top layer modifies interlayer coupling and promotes charge delocalization across the 
trilayer, suppressing the layer-polarized dipole order expected from an asymmetric bilayer stacking [46]. These 
examples show that local probes must distinguish electrostatic moiré modulation from a switchable polarization 
order tied to interfacial symmetry breaking. 

Correlated structural and electrostatic measurements provide the experimental basis for this distinction. In 
marginally twisted hBN, electrostatic force microscopy resolved triangular domains with alternating surface 
potentials, assigning the local contrast to reconstructed interfacial dipoles rather than to a generic moiré modulation 
(Figure 2b(i)) [23]. In marginally twisted MoS2, backscattered-electron channeling contrast imaging and KPFM 
identified the same reconstructed network through structural and electrostatic channels [14]. Four-dimensional 
scanning transmission electron microscopy further showed that polar domains in van der Waals ferroelectrics are 
coupled to in-plane strain and out-of-plane stacking order [47]. These studies demonstrate that polarization 
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assignment requires correlated evidence from registry, relaxed structure and calibrated local potential, rather than 
electrostatic contrast alone. 

Once a polar network is established, its electrostatic field can be imprinted onto adjacent 2D layers. In twisted 
hBN, the electrostatic moiré potential was quantitatively linked to interfacial charge redistribution and was shown 
to depend on both the distance from the twisted interface and the moiré supercell size [32]. Tunable twisted hBN 
structures further demonstrate that the strength and geometry of the superlattice potential can be adjusted through 
twist angle, interface design and multilayer polarization accumulation [48]. Twisted BN substrates provide a closely 
related example of electrostatic imprinting. Periodic up- and down-polarized domains in the BN substrate can impose 
a remote superlattice potential on adjacent bilayer graphene, producing satellite resistance peaks and Hofstadter-type 
band-structure signatures [45]. Remote moiré ferroelectricity in twisted WSe2 similarly shows that a polar superlattice 
can modulate a separated graphene transport layer through long-range electrostatic coupling [34]. These results place 
moiré ferroelectrics in a broader role. They are not only polar domain textures, but programmable electrostatic 
substrates that can reshape the electronic structure of nearby functional layers. 

Plasmonic and photocurrent readouts follow the same physical principle. The alternating out-of-plane 
polarization generates a spatially periodic electrostatic potential, which modulates the local carrier density and 
Fermi level of a neighboring graphene sheet. In graphene/twisted-WSe2 structures, near-field infrared nano-
imaging visualized the ferroelectric domain pattern through the graphene plasmonic response, while nano-
photocurrent measurements detected domain-dependent optoelectronic signals [33] (Figure 2b(ii)). In graphene on 
twisted hBN, scanning tunneling microscopy showed that the moiré ferroelectric potential can generate periodic 
quantum confinement, and local tip manipulation can modify ferroelectric polarization near moiré boundaries [49]. 
Plasmonic polarization sensing provides another high-sensitivity route, using graphene plasmons to detect 
electrostatic superlattice potentials generated by adjacent polar domains [50]. These methods should be treated as 
functional readouts rather than direct atomic-scale proof of the switching pathway. Their value lies in translating 
buried polar domains into measurable carrier-density, plasmonic and photocurrent responses. 

Excitonic probes provide a parallel readout channel in semiconducting monolayers. When monolayer MoSe2 
is placed near a twisted hBN ferroelectric substrate, the periodic electrostatic potential modifies the local carrier 
environment and reshapes exciton-polaron states [51]. Hyperspectral photoluminescence and KPFM 
measurements show that the twisted hBN (t-hBN) polar domains can imprint spatially varying potentials onto 
MoSe2, leading to domain-dependent excitonic responses [51]. Related optical measurements further show that 
moiré ferroelectricity can modulate light emission from a semiconductor monolayer through the electrostatic 
potential generated by the twisted hBN substrate [40]. Electrostatic moiré superlattices can also confine excitons by 
creating strong local fields near polar domain boundaries, providing an optical signature of the same electrostatic 
landscape [52]. These optical studies reinforce the concept of electrostatic imprinting. The polar texture is not only 
visible in local potential maps, but also in the excitonic energy landscape of an adjacent semiconductor. 

Moiré ferroelectricity can also act as an active switch for correlated electronic states. In Td-WTe2/H-WSe2 
superlattices, vertical-field-driven ferroelectric reversal changes the polarization-dependent charge transfer 
between the two WTe2 monolayers [24]. Because the interfacial WTe2 layer experiences a stronger moiré potential 
from WSe2, this charge redistribution changes the effective moiré potential depth and switches insulating states at 
integer fillings [24]. The same ferroelectric reversal redistributes the Berry-curvature dipole and enables control 
of the nonlinear anomalous Hall response [24]. This example moves beyond static readout. It shows that a 
switchable ferroelectric polarization state can serve as a nonvolatile control parameter for moiré band filling, 
correlated insulation and nonlinear transport. In conclusion, assigning the origin of polarization in moiré 
ferroelectrics requires verifying the consistency among local symmetry breaking, reconstructed stacking domains, 
calibrated electrostatic contrast and switchable response within the same real-space texture. 

2.3. Coupled Mechanisms of Moiré Ferroelectric Polarization 

Moiré ferroelectric polarization originates from the multiscale coupling among stacking-dependent 
interfacial dipoles, lattice relaxation, electronic screening and electromechanical coupling. In hBN- and TMD-
based moiré systems, stacking-dependent interfacial dipoles must be converted into measurable, switchable and 
tunable polar landscapes through lattice reconstruction, electronic screening and electromechanical coupling. 
Lattice relaxation determines the reconstruction of local stacking domains and the morphology of domain-wall 
networks. Electronic screening modulates the measurable strength of the local electrostatic potential, while atomic-
scale relaxation affects the correspondence between local dipoles and domain morphology. Ferroelectric 
polarization in conducting moiré systems requires separate consideration as an independent mechanism. In 
graphene/hBN, monolayer graphene moiré superlattices and hBN-encapsulated monolayer graphene, moiré 
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minibands, carrier redistribution and electronic reconstruction can participate in the formation of switchable 
polarization states [19,53,54]. Such electronically driven polar order is distinct from the modulation of interfacial-
dipole readout by carrier screening. In conductive interfacial ferroelectrics, mobile carriers can coexist with 
atomically localized interfacial dipoles and modify the screening condition and readout form of polarization 
[29,44]. In double-moiré systems, correlation-modulated screening can coexist with signatures of flexoelectric 
polar vortex structures, suggesting that electronic reconstruction, carrier screening and strain-induced polar 
textures may become coupled in complex moiré environments [55]. 

When local dipoles are embedded in small-angle moiré superlattices, their polarization response is governed 
by domain reconstruction, domain-wall migration and external-field control. An applied electric field can modify 
the relative stability of oppositely polarized domains and redistribute the domain-wall network [26]. The theory of 
polar domains further distinguishes local polarization, macroscopic ferroelectric hysteresis and field-driven 
domain-wall motion, indicating that polar moiré domain patterns must be evaluated together with specific 
switching pathways [27]. The measured polarization is the net response of a reconstructed polar texture, controlled 
by domain area fraction, domain-wall width, strain field and pinning landscape. In lattice-mismatched TMD 
heterobilayers, atomic reconstruction barriers restrict the evolution of local stacking preference into extended 
polar-domain networks [56]. 

In moiré ferroelectrics, strain gradients constitute a key electromechanical channel that links lattice 
reconstruction to polar textures. Local relaxation near domain walls, saddle-point regions and reconstructed 
boundaries can generate strain gradients and thereby modulate electromechanical response and polar-domain 
morphology. In marginally twisted hBN, stacking ferroelectricity and flexoelectricity are coupled, allowing strain 
gradients to reshape the local electromechanical contrast and polar-domain structure [39] (Figure 2c). Through 
nanoscale flexoelectric domain engineering, strain-gradient coupling can also enable reversible writing and erasure 
of local polar states [57]. In twisted moiré superlattices, engineered strain fields can stabilize remanent polarization 
and regulate antiferroelectric-like responses in moiré domain networks [58]. Flexoelectricity therefore acts as an 
internal electromechanical channel that couples reconstructed strain fields to both in-plane and out-of-plane 
polarization components. 

Electromechanical coupling endows polar textures in moiré ferroelectrics with a full vector character. 
Theoretical predictions show that strained and twisted bilayers can host polar meron-antimeron networks when 
the polarization vector rotates continuously along reconstructed domain-wall networks [30]. A recent 
decomposition framework for polarization textures in moiré homo- and heterobilayers further indicates that 
alternating out-of-plane polarization and in-plane Néel- or Bloch-like components can be derived from local 
sliding configurations, thereby linking stacking ferroelectricity to vector polar textures [59]. Large-scale modelling 
of hBN moiré superlattices shows that lattice mismatch and vertical electric fields can tune topological polarization 
patterns in large moiré supercells [60]. These theoretical results are consistent with experimental reports of lateral 
polar networks, confined interfacial polar textures, anomalous vector-PFM patterns and edge-related polarization 
topology in hBN and TMD moiré systems [25,38,61,62]. In this mechanistic picture, strain concentration at domain 
walls and saddle-point regions activates flexoelectric and piezoelectric couplings and generates in-plane 
polarization components. The resulting vector field can rotate within the moiré unit cell, producing meron-like or 
other topologically non-trivial polar configurations. 

Edges and domain walls further influence the stability and evolution pathways of polar textures. In interfacial 
ferroelectrics, moiré edges can undergo reversible structural phase transitions, while local force and strain can 
reshape stacking registry, edge geometry and domain-wall evolution [63]. Domain-wall type, mobility and 
reversibility can alter the stability of interfacial polar states and affect polarization switching pathways [31]. The 
formation and evolution of polar textures are therefore jointly controlled by boundary geometry, domain-wall type, 
local strain and mechanical perturbation. 

Twist angle, layer number and stacking sequence further determine the organization of polar landscapes. For 
WSe2 bilayers, twist angle regulates the competition between net ferroelectricity and antiferroelectric-like domain 
organization, while domain-wall-network connectivity constrains field-driven polar transitions [35,64]. 
Rotationally engineered multilayers introduce additional interfaces and switching pathways, making layer number 
and stacking sequence important variables for interfacial-polarization control [36]. The observable polarization is 
jointly determined by local stacking polarity, the number of polar interfaces, interfacial registry and domain-wall 
connectivity. The moiré ferroelectric response arises from the coupling of multiple mechanisms, whose relative 
contributions are strongly platform-dependent. Future studies need to integrate first-principles charge analysis, 
atomically resolved structural mapping, calibrated local-potential measurements, vector-polarization imaging and 
operando switching probes within the same device to distinguish the specific roles of interfacial charge redistribution, 
electronic order, screening, lattice relaxation, electromechanical coupling and domain-wall reconstruction. 
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3. Polarization Switching and Domain-Wall Dynamics 

Moiré ferroelectric switching should be understood through the coupled evolution of local stacking 
configurations, domain-wall networks and lattice reconstruction. Early studies established switchable interfacial 
polarization in moiré, interfacial and sliding ferroelectric systems mainly through electrical hysteresis and static 
scanning-probe measurements. In graphene/hBN moiré heterostructures, experiments reported an unconventional 
ferroelectric response associated with moiré-scale electronic reconstruction and interfacial symmetry breaking 
[19]. In marginally twisted hBN, electrostatic measurements resolved charge-polarized interfacial superlattices 
composed of alternating BN and NB stacking domains [23]. In stacking-engineered bilayer hBN, the out-of-plane 
polarization direction can be selected by interlayer stacking registry [16]. This static picture was then extended to 
broader van der Waals platforms. Interfacial ferroelectricity induced by van der Waals sliding established relative 
interlayer translation as a polarization-switching coordinate [13]. In rhombohedral-stacked TMD bilayers, inversion-
symmetry-broken semiconducting interfaces can likewise host switchable out-of-plane polarization [14]. Marginally 
twisted two-dimensional semiconductors further introduced reconstructed polar-domain networks, where alternating 
domains and field-driven domain walls emerge within twist-angle-controlled moiré patterns [14] (Figure 3a(i)). These 
results established a static stacking-polarity mapping and raised the problem of identifying the switching pathway. 
Reversible polarization signals alone are insufficient to distinguish among interlayer sliding, local stacking 
conversion, domain-wall propagation, dislocation rearrangement and soliton-network reconstruction. 

These static observations naturally lead to the dynamical mechanism of polarization reversal. In reconstructed 
moiré superlattices, polarization reversal is constrained by locally stable stacking domains and domain-wall 
networks. Once elastic relaxation partitions the interface into locally stable stacking domains, macroscopic 
switching proceeds through the migration and reconstruction of local domain boundaries. Network models of 
twisted TMD bilayers attribute the equilibrium domain pattern to the competition among stacking energy, elastic 
deformation and electrostatic energy [18]. The theory of polar domains in moiré heterostructures further 
distinguishes local polar textures, macroscopic ferroelectric hysteresis and field-driven domain-wall motion as 
related but physically distinct processes [27]. Electrically tunable stacking-domain models show that an external 
field changes the relative energy of adjacent stacking domains and drives the expansion of the energetically favored 
domain [26]. This picture is also consistent with the general dynamics of ferroic switching. Polarization reversal 
in conventional ferroelectrics usually involves reverse-domain nucleation, domain growth and domain-wall 
motion, as systematically discussed in PbTiO3 and BaTiO3 [65]. In ferroelectric domain-wall nanoelectronics, 
domain walls are regarded as functional entities with distinct structural and electronic properties [66]. In sliding 
ferroelectrics, nonvolatile polarization switching in 3R-MoS2 can be achieved through domain-wall release and 
large-domain sliding [67]. Thus, the key dynamical variables in reconstructed moiré systems are the migration and 
reconstruction of local domain boundaries. Within this domain-wall-centered picture, operando electron 
microscopy provides direct real-space evidence. In twisted WSe2 homobilayers, operando imaging directly tracked 
the field-driven evolution of polar-domain networks and revealed that domain-wall-network topology constrains 
the transition between moiré-domain antiferroelectric and ferroelectric states [35]. Domain walls, dislocations and 
soliton-like reconstruction boundaries thereby emerge as active structural units that mediate local stacking 
conversion and polarization reversal. 

3.1. In Situ Visualization and Dynamic Probes of Polarization Reversal 

The dynamic pathways of polarization reversal in moiré ferroelectrics require joint analysis through operando 
imaging, local manipulation and indirect dynamical readouts. Operando electron microscopy provides the most 
direct real-space evidence for polarization reversal in reconstructed moiré ferroelectrics. In twisted WSe2 
homobilayers, Ko et al. tracked field-driven polar-domain evolution and showed that the transition from a moiré-
domain antiferroelectric state to a ferroelectric state is governed by the topology and connectivity of the domain-
wall network [35]. Under strong electric fields, neighboring domain walls can merge into topologically protected 
perfect dislocations after collision, thereby constraining the global moiré-domain antiferroelectric (MDAF)-to-
ferroelectric (FE) transition. This process identifies the domain-wall network as the operative dynamical structure 
for field-driven switching. The same study resolved rapid domain-wall motion with velocities reaching hundreds 
of micrometers per second. Disorder-induced pinning and depinning also produced Barkhausen-like 
discontinuities in the polarization response. Van Winkle et al. further extended this operando framework to WSe2 
multilayers, showing that engineered interlayer rotations can tune the spatial organization and switching dynamics 
of polar domains. Distinct trilayer configurations produce either global or local switching, together with strain-
biased coercive responses [36]. Field-driven polarization reversal is therefore jointly controlled by domain 
connectivity, boundary constraints and local lattice conversion. 
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Local probes and mechanical manipulation further reveal the structural carriers of this switching pathway. In 
marginally twisted WS2 bilayers, Molino et al. used scanning tunneling microscopy to image and manipulate 
partial-dislocation networks at symmetry-broken interfaces [68]. As shown in Figure 3a(ii), the STM tip field 
induced elastic bending of partial screw dislocations and, at critical fields, drove their merger into perfect screw 
dislocations. This process corresponds to the local expulsion of unfavorable polar domains and the reconstruction 
of interfacial stacking registry, indicating that polarization switching is mediated by mobile partial dislocations 
and domain walls. Local mechanical stimulation provides another route for switching control. The local force 
exerted by an AFM tip can induce interlayer sliding in interfacial ferroelectrics, directly coupling nanoscale stress 
to stacking-registry conversion and polarization reversal [37]. In moiré-edge geometries, local pressure can drive 
a convex-to-concave boundary transition, accompanied by local sliding and the splitting of a single domain wall 
into multiple domain-wall segments [63]. Heterostrain can further distort regular triangular moiré cells into 
irregular supercells or stripe-like domains. Under mechanical perturbation, these distorted units may migrate 
asymmetrically, with displacement directions not necessarily parallel to the applied shear and in some cases nearly 
perpendicular to it. PFM/AFM-based local writing and flexoelectric-domain manipulation also show that 
nanoscale stress gradients can reversibly write and erase polar configurations in van der Waals ferroelectrics [57]. 
Local stress, heterostrain, defect pinning and moiré-edge geometry therefore constitute intrinsic variables in the 
switching landscape. 

 

Figure 3. Polarization switching and domain-wall-network dynamics in moiré ferroelectrics. (a): (i) BSECCI 

imaging under transverse electric fields shows reversible redistribution of polar domains in marginally twisted 

MoS2. Copyright 2022, Springer Nature [14]. (ii) STM imaging under opposite local electric displacement fields 

shows reversible bending of domain walls. In elongated domains, the wall geometry evolves into a reconstructed 

double-wall configuration. Copyright 2023, Wiley‐VCH [68]. (b) Atomic models distinguish AC- and ZZ-type 

domain walls with different in-plane polarization directions. Wall type and network compatibility determine whether 

domains collapse into a single-polar state or recover after field removal. Adapted with permission from [31] Copyright 

2026 American Chemical Society. 

Spectroscopic and transport signatures provide indirect but mechanism-resolved evidence for soliton-
network evolution during polarization reversal. In bilayer MoS2 nanostructures with reconstructed moiré 
superlattices, Li et al. observed ferroelectric hysteresis together with Raman signatures of soliton disentangling 
and lattice viscosity [69]. The key spectroscopic feature is the splitting and hysteretic evolution of the in-plane E2g 
phonon mode. This splitting reflects local strain accumulation in one-dimensional moiré solitons and the breaking 
of threefold rotational symmetry during reconstruction. Under a vertical displacement field, the evolution of the 
E2g mode provides a vibrational fingerprint of reversible soliton disentangling, re-entangling and lattice relaxation. 
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In marginally twisted hBN, stacking ferroelectricity and flexoelectricity are intertwined, allowing strain gradients 
to reshape the local polarization response of the moiré superlattice [39]. These readouts indicate that switching is 
accompanied by strain redistribution, soliton-network reconstruction and lattice-viscosity-limited relaxation. 

The dynamic evidence above reveals the dependence of moiré ferroelectric switching on twist angle, 
heterostrain and boundary conditions. In WSe2 bilayers, twist-angle variation can tune the polar-network 
morphology and the associated ferroic response [61]. In twisted hBN, local STM manipulation can couple domain-
wall displacement to electronic superlattice potentials and quantum confinement in an adjacent graphene layer 
[49]. Moiré ferroelectric switching therefore depends strongly on both material platform and structure. 

3.2. Domain Walls as Active Switching Units 

Domain-wall-mediated switching is a key mechanism for understanding polarization reversal in moiré and 
sliding ferroelectrics. In these systems, domain walls are dynamic sites where local symmetry breaking enables 
polarization reversal. Within a single commensurate domain that preserves C3 rotational symmetry, an out-of-
plane electric field cannot efficiently generate the in-plane force required for collective interlayer translation. At a 
domain wall, the reduced local symmetry allows the off-diagonal components of the Born effective charge tensor 
to convert the vertical electric field into an in-plane driving force for local stacking-registry change [70]. This 
tensorial electromechanical coupling explains why polarization reversal can proceed along domain walls. In related 
sliding-ferroelectric systems, the superlubric propagation of wavelike domain walls further indicates that pre-
existing wall-like structures can provide low-dissipation and fast switching channels, with simulated room-
temperature velocities approaching 4.0 × 103 m s−1 and an anomalous cooling-enhanced switching speed [71]. 

The switching function of domain walls is also closely related to their internal polarization topology. In 
reconstructed moiré ferroelectrics, saddle-point stacking regions inside domain walls can host pronounced in-plane 
polarization components [61]. Polarization-field reconstruction based on vector PFM shows that these in-plane 
components couple to alternating out-of-plane polarization and generate vortex-like polar textures near domain 
walls [25]. Depending on the relative orientation between the in-plane polarization vector and the domain-wall 
direction, the polar rotation can exhibit Bloch-type or Néel-type character and organize into meron-antimeron-like 
networks [25]. Domain-wall type further constrains the local sliding energy landscape and stacking-conversion 
pathway. As shown in Figure 3b, AC-I, AC-II, ZZ-I and ZZ-II domain walls differ in width, energy and elastic 
compatibility [31]. In single-type domain-wall networks, field-driven domain-wall motion can merge neighboring 
walls into a single-domain configuration. In mixed-type networks, elastically incompatible wall segments are 
difficult to annihilate completely, and the system tends to recover the moiré-domain antiferroelectric ground state 
after removal of the field [31]. The switching pathway is therefore jointly selected by the energy difference 
between adjacent domains, the topological compatibility of the wall network and elastic compatibility. 

This compatibility constraint determines whether domain-wall switching exhibits volatile, nonvolatile or 
multistate behavior. In an ideal defect-free mixed-type network, an out-of-plane electric field can expand high-
energy saddle-point regions and produce finite net polarization. After the field is removed, the system returns to 
the topologically protected moiré-domain antiferroelectric state [31]. Local structural perturbations can suppress 
the retreat of high-energy domain-wall configurations and stabilize field-written polar states [31]. Moiré-edge 
phase transitions can transform convex boundaries into concave ones, redirect domain-wall trajectories and 
suppress spontaneous back-switching under local mechanical loading [63]. Heterostrain gradients can distort the 
ideal triangular domain network and create anisotropic pathways for domain-wall migration [39]. In nanoscale 
flexoelectric domain engineering of two-dimensional CuInP2S6, stress gradients can reversibly write and retain 
local polar configurations [57]. Defects, strain gradients, edge geometry and local mechanical perturbations 
therefore jointly shape the migration barriers of domain walls. Random pinning increases switching 
inhomogeneity, whereas controlled pinning can stabilize selected domain-wall configurations, suppress 
spontaneous back-switching and support deterministic multistate nonvolatile responses. 

For practical devices, domain-wall pathways, pinning barriers and heterostrain distributions directly affect 
switching voltage, reversal speed, retention, fatigue behavior and multistate consistency [18,26,27,35,36,39]. 
Device design should therefore consider the cooperative control of local domain-wall trajectories, defect pinning, 
edge geometry and strain fields. Heterostrain can modulate domain-wall migration pathways and local switching 
barriers, thereby affecting the abruptness or gradualness of device response [35,36,39]. More uniform domain-
wall motion is favorable for digital switching with low device-to-device variability, as suggested by deterministic 
one-dimensional domain-wall motion and highly reproducible multistate polarization switching in sliding-
ferroelectric systems [70]. Distributed pinning and multibarrier depinning processes may instead produce gradual 
responses. Barkhausen-like discontinuities observed by operando imaging indicate that domain-wall pinning-
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depinning strongly affects the switching pathway. Random defects generally increase coercive-field dispersion and 
reduce device uniformity, whereas designed pinning sites, edge structures and strain gradients can stabilize selected 
domain-wall configurations, suppress spontaneous back-switching and enhance nonvolatile retention [31,63]. This 
insight motivates future device studies to establish quantitative correlations among domain-wall-network 
architecture, local strain fields, pinning barriers and macroscopic electrical metrics. 

4. Topological Polar Textures 

4.1. Identification of Topological Polar Textures 

Ordinary moiré polar domains are primarily defined by stacking-dependent out-of-plane polarity and scalar 
domain contrast, whereas topological polar textures are defined by the non-trivial spatial configuration of a 
reconstructed polarization vector field. In sliding ferroelectrics and stacking-engineered ferroelectrics, AB/BA 
stacking domains can produce periodic out-of-plane polarization reversal and scalar-like polar contrast [13,14,16]. 
Such contrast establishes local polarity, while topological polar textures require coupling between in-plane and 
out-of-plane polarization components, local rotation across domain walls or saddle-point regions, and possible 
winding structures or meron-antimeron-like configurations [25,30,38] (Figure 4a). In reconstructed moiré 
superlattices, local stacking registry determines the sign of the out-of-plane interfacial dipole, while lattice 
relaxation organizes these dipoles into triangular or network-like domain structures [13,14,17]. Near domain walls 
and saddle points, continuously varying local interlayer translation reduces local symmetry and introduces in-plane 
polarization components in addition to out-of-plane polarization reversal [30,72]. 

Bennett et al. predicted meron-antimeron networks in strained or twisted bilayers with broken inversion 
symmetry [30]. In their model, the in-plane polarization component couples with alternating out-of-plane polar 
domains, making the total polarization field topologically non-trivial. In this model, the winding number describes 
the rotation of the in-plane polarization around a texture. The Bloch-like and Néel-like labels describe different 
orientations of the in-plane component, with tangential and radial rotation patterns, respectively. Li et al. used 
vector PFM to map both out-of-plane and in-plane piezoresponse in marginally twisted hBN, MoSe2 and WSe2 
[25]. Their results resolved alternating out-of-plane polar domains together with vortex-like in-plane polarization 
near moiré domain walls. Therefore, vortex-like polar textures should be identified from resolved or reconstructed 
in-plane vector rotation, rather than from scalar contrast alone. Pan et al. combined PFM polar mapping with 
STEM atomic-displacement mapping in twisted boron nitride [38]. This correlation links topological polar textures 
to interfacial sliding, local lattice reconstruction and displacement fields. 

This theoretical picture requires further experimental validation. Periodic triangular domains, PFM phase 
reversal, KPFM potential contrast, transport hysteresis and optical contrast can support stacking-dependent 
polarity or electrostatic modulation [23,33]. Topological assignment further requires the identification of in-plane 
and out-of-plane polarization coupling, domain-wall-localized rotation, chirality or winding structures. In 
marginally twisted hBN, WSe2 and MoSe2, vector PFM has reconstructed alternating out-of-plane polarization and 
vortex-like in-plane polarization near domain walls [25]. The combination of PFM and STEM atomic displacement 
mapping further links topological polar textures in twisted boron nitride to interfacial displacement fields and local 
structural reconstruction [38]. Therefore, experimental identification of topological polar textures should  
further integrate polarization vector-field reconstruction, atomic displacement mapping and correlative local 
structural characterization. 

4.2. Vector Polar Textures 

Experimental confirmation of topological polar textures requires vector-resolved polarization mapping and 
structural correlation where possible. Vector PFM can reconstruct coupled out-of-plane and in-plane 
electromechanical responses, and PFM combined with STEM displacement mapping can connect these responses 
to interfacial sliding and local lattice reconstruction [25,38]. 4D-STEM or strain-resolved electric-field mapping 
can add direct information on in-plane fields and nanoscale strain linked to vortex-like polar textures [73]. By 
contrast, KPFM and EFM provide local potential contrast, while single-channel out-of-plane PFM probes the out-
of-plane electromechanical response. SHG, PL, plasmonic imaging, photocurrent and transport serve as functional 
readouts of symmetry breaking, electrostatic modulation or device response. These indirect signals support polar 
domains or moiré potentials, but they cannot by themselves establish vortex, meron, antimeron, winding, Bloch-
type or Néel-type topology [33,34,40,74,75]. 

Vector PFM provides a key route for identifying topological polar textures by resolving coupled out-of-plane 
and in-plane electromechanical responses. Li et al. used vector PFM to reconstruct the polarization field in R-type 
marginally twisted hBN, where domain regions exhibit alternating out-of-plane polarization and domain walls host 
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vortex-like in-plane polarization patterns [25]. Similar polar textures were also observed in marginally twisted 
MoSe2 and WSe2 homobilayers, indicating that the coupled evolution of in-plane and out-of-plane polarization 
components across moiré domain-wall networks can serve as important evidence for polar topology [25]. 

Correlative atomic-structure characterization provides another critical line of evidence. Pan et al. combined 
microscopic polarization mapping by PFM with STEM atomic displacement mapping to study topological polar 
textures in twisted boron nitride [38]. As shown in Figure 4b, PFM resolves the local polarization response, while 
STEM displacement mapping directly reveals the atomic displacement field at the moiré interface, thereby linking 
topological polar textures to continuous interlayer sliding, local lattice reconstruction and domain-wall 
displacement [38]. This work further shows that the topological polar texture is confined to the twisted interface 
and can be manipulated nonvolatilely [38]. 

 

Figure 4. (a) Polar-vector topology in twisted hBN. The polarization rotates across the wall, forming meron-

antimeron-like textures on a ferroelectric Bloch sphere. Copyright 2025, Springer Nature [25]. (b) Correlative 

mapping of polarization and atomic displacement. LPFM vector mapping resolves curling in-plane piezoresponse 

within the triangular moiré texture. Copyright 2025, Springer Nature [38]. (c) 4D-STEM mapping of strain-

controlled polarization vortices. In-plane electric-field maps resolve vortex-like polar textures within the moiré unit 

cell. Copyright 2025, Wiley‐VCH [73]. 

Optical and transport methods mainly provide functional readouts. SHG probes inversion-symmetry breaking 
and stacking-related symmetry changes. Exciton-enhanced near-field SHG has been used to image nanoscale 
stacking order in bilayer WSe2, showing that nonlinear optical responses can probe local symmetry and structure-
property relationships at nanometer length scales [74]. In hBN moiré homobilayers, theoretical SHG analysis 
further indicates that atomic relaxation lowers the symmetry of the moiré structure and modifies the expected SHG 
response [75]. In graphene/twisted-WSe2 structures, near-field infrared nano-imaging and nano-photocurrent 
measurements visualize moiré ferroelectric domains through the graphene plasmonic response and local 
photocurrent modulation [33]. Ferroelectric moiré domains in twisted hBN can modulate the light emission of an 
adjacent MoSe2 monolayer through surface electrostatic potentials [40]. Remote moiré ferroelectric potentials 
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generated by twisted WSe2 can also be imprinted onto bilayer graphene and used to tune its band structure and 
transport response [34]. 

In conclusion, rigorous identification of topological polar textures requires both polarization-vector-field 
reconstruction and correlative atomic-structure evidence. Vector PFM resolves the polarization vector field, STEM 
displacement mapping establishes the connection between polar textures and atomic reconstruction, while SHG, 
plasmonic imaging, nano-photocurrent mapping, PL and transport reveal the symmetry, electrostatic modulation 
and functional responses of moiré polar structures. 

4.3. Domain-Wall Reconstruction and Strain-Controlled Polar Topology 

The formation of topological polar textures should be understood through the cooperative interplay of local 
stacking registry, domain-wall reconstruction, strain fields and electromechanical coupling. Domain interiors are 
mainly governed by stacking-dependent out-of-plane polarization, whereas domain walls and saddle-point regions 
involve continuous interlayer translation and reduced local symmetry. These regions can host in-plane polarization 
components and transform an out-of-plane domain pattern into a polarization vector field [17,18,30,72]. PFM 
measurements on twisted hBN show that narrow saddle-point regions can exhibit in-plane polarization, indicating 
that moiré boundary regions also participate in the construction of the polarization vector field [72]. 

Strain and piezoelectric coupling further modulate the topology of this vector field. Theoretical models show 
that moiré relaxation can generate piezoelectric networks and ferroelectric domain structures in twisted TMD 
bilayers [17,18]. Bennett et al. further showed that strained and twisted bilayers can host polar meron-antimeron 
networks when out-of-plane domains couple to in-plane polarization components [30]. Experimentally, Sangers 
et al. reported strain-induced moiré polarization vortices in twisted multilayer WSe2, with vortex-like textures 
observed in regions of pronounced nanoscale strain [73] (Figure 4c). Fan et al. further showed that edge 
polarization topology can couple with sliding ferroelectricity in twisted hBN, indicating that edges and domain 
boundaries can stabilize robust vortex-like polar configurations [62]. 

Flexoelectricity introduces an additional level of modulation. When strain gradients, bubbles, curvature or 
elastic distortions modify the local electrostatic and electromechanical landscape, flexoelectricity can strongly 
affect moiré polar textures. Wan et al. showed that flexoelectricity is intertwined with stacking ferroelectricity in 
marginally twisted hBN and can reshape moiré ferroelectric patterns, including hollow-triangle-like domain 
morphologies [39]. Flexoelectricity therefore becomes an important factor in tuning domain geometry, periodicity 
and local polar contrast. These mechanisms indicate that the stability and tunability of topological polar textures 
depend on the coupling among the out-of-plane polar background, in-plane polarization components at domain 
walls and saddle points, and local strain fields. Because these factors are modulated by stacking registry, domain-
wall geometry, boundary conditions and the local mechanical environment, designed heterostrain, edge geometry, 
interface cleanliness, local pressure and elastic reconstruction can serve as control parameters for stabilizing 
selected polar topologies. 

4.4. Topological Polar Textures in Magnetic and Multiferroic Moiré Systems 

Building on these moiré ferroelectric textures, magnetic and multiferroic moiré systems offer a natural 
extension because moiré reconstruction can simultaneously influence lattice relaxation, magnetic order, and electric 
polarization in twisted van der Waals materials [76,77]. Recent theoretical work on twisted bilayer NiI2 reported that 
moiré structural relaxation and spin-driven ferroelectricity can cooperate to generate polar-magnetic topologies [78]. 
In monolayer NiI2, noncollinear magnetic order induced spin-driven ferroelectric polarization. When two such layers 
were twisted, the resulting moiré reconstruction generated a spatially varying stacking landscape, which in turn 
strongly modulates both the magnetic interactions and the local electric dipoles. Near θ ≈ 60º the competition between 
different stacking registries and ferroelectric displacements produces periodic polar meron-antimeron networks. In 
these networks, the polarization vectors exhibit vortex-like and antivortex-like winding patterns across the moiré 
supercell [78]. Related work on twisted multiferroic NiI2 bilayers showed that moiré-modulated magnetic 
frustration can stabilize topological spin textures, including kπ-skyrmion lattices and nematic spin textures ordered 
at the moiré scale [79]. The study also showed that these skyrmion phases can be electrically controlled by an out-
of-plane electric field through its coupling to moiré-induced polarization, providing a magnetoelectric route to 
manipulate moiré-scale topological textures [79]. From an experimental perspective, twist-controlled WSe2 bilayers 
have shown room-temperature ferroelectricity that weakens with increasing twist angle within 0° < θ < 3° and 
disappears for θ ≥ 4° [64]. At low temperature, 3° twisted WSe2 further exhibits the coexistence of ferroelectricity 
and correlation-driven ferromagnetic ordering, indicating twist-controlled multiferroic behavior [64]. 
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The mechanism discussed above shows that moiré polar textures are not determined by a single factor, but 
by the coupled evolution of stacking registry, lattice reconstruction, strain fields, electrostatic screening and 
domain-wall geometry. This coupling also explains why similar experimental contrasts can correspond to different 
physical situations in different material platforms. A periodic moiré potential, a polar-domain pattern, reversible 
ferroelectric switching and a topological polar texture therefore require different levels of evidence. Table 1 
summarizes these evidentiary distinctions. Table 2 further compares representative moiré ferroelectric and related 
interfacial-ferroelectric systems, emphasizing their polarization origins, switching pathways, domain-wall 
behavior and functionalities. 

Table 1. Distinguishing moiré potentials, polar domains, ferroelectric switching, and topological polar textures. 

Criteria Meaning Required Evidence Limitations 

Moiré 
potential 

Periodic electrostatic potential or band 
modulation tied to a moiré lattice 

Local potential or band evidence from 
KPFM/EFM, STM, transport, optical, 

plasmonic, or photocurrent readout 

Does not prove switchable 
polarization, retained 

polarization, or a domain-
wall switching path. 

Polar domains 
Spatially alternating polar regions 

linked to local stacking or  
charge redistribution. 

Polar contrast from PFM, EFM/KPFM, 
or charge sensing, supported by stacking, 
structure, or local-potential correlation. 

Does not prove reversible 
ferroelectric switching or 
topological polar texture. 

Ferroelectric 
switching 

Field-driven reversal of polarization 
with hysteresis and retention. 

Reversible electrical or local-probe 
switching, hysteresis, retention, and, 

where available, real-space tracking of 
polar-domain evolution. 

Does not rule out charge 
trapping, screening, or 
contact effects without 

additional evidence. 

Topological 
polar textures 

Reconstructed polarization vector 
fields with coupled in-plane and out-of-

plane components, domain-wall-
localized rotation, winding, chirality, or 

vortex-like patterns. 

Vector-resolved polarization mapping, 
supported where possible by STEM 

displacement mapping, 4D-STEM, or 
strain/electric-field mapping that links 

the vector field to lattice reconstruction. 

Scalar PFM, KPFM, 
transport, or optical contrast 

alone cannot prove 
polarization topology. 

Table 2. Representative moiré ferroelectric and related interfacial-ferroelectric systems. 

Material System Polarization Origin Characterizations 
Switching / 

Domain-Wall 
Behavior 

Functionalities and 
Issues 

Refs. 

Graphene/hBN 
moiré 

heterostructures 

Electronic 
reconstruction and 

charge redistribution 
in graphene/hBN 

moiré minibands or 
interfaces. 

Transport, Hall 
hysteresis, capacitance, 

non-local graphene 
sensing, conductive 

AFM, and calculations 
support switchable 

electronic polarization. 

Field-controlled 
reversal of electronic 
polarization; domain-
wall motion was not 
directly resolved in 

the cited 
graphene/hBN 

studies. 

Moiré electronic 
switching and room-

temperature 
graphene/hBN 
ferroelectric 

response. 
Direct real-space 

domain-wall 
dynamics remain 

insufficiently 
resolved. 

[19,53,54] 

Twisted hBN and 
bilayer BN 
interfaces 

Stacking-dependent 
AB/BA or BN/NB 
interfacial dipoles; 
lattice relaxation, 

screening, and 
flexoelectricity 

modify the polar 
landscape. 

PFM, EFM/KPFM, 
STM, vector PFM, 

STEM displacement 
mapping, and optical or 
excitonic readout link 

polar contrast to stacking 
and reconstruction. 

Interlayer sliding 
connects inverse 
stacking states; 

domain walls and 
saddle points can 

host in-plane 
response. 

Moiré electrostatic 
templates for 
graphene and 

semiconductor 
monolayers. 
Quantitative 
separation of 

stacking dipoles, 
screening, and 
flexoelectric 
contributions 

remains challenging. 

[13,16,25,32,40] 

Rhombohedral 
TMD bilayers 

Opposite MX/XM 
stackings create 

opposite out-of-plane 
interfacial dipoles. 

PFM, charge-sensing 
field-effect geometry, 

and calculations support 
stacking-controlled 

polarization. 

In-plane interlayer 
sliding reverses 

polarization; moiré 
domain-wall 

networks are not the 
central evidence in 

the base bilayer 
studies. 

Moiré-specific 
device action is not 
directly established. 

[14] 
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Table 2. Cont. 

Material System Polarization Origin Characterizations 
Switching / 

Domain-Wall 
Behavior 

Functionalities and 
Issues 

Refs. 

Marginally 
twisted TMDs 

Moiré reconstruction 
of MX/XM dipoles 
into polar domains; 

strain, pinning, 
screening, and 
domain-wall 

topology tune the 
response. 

BSECCI/KPFM, 
operando TEM, STM, 
Raman, vector PFM, 

plasmonic imaging, and 
nano-photocurrent 

mapping resolve polar 
domains and dynamics. 

Field-driven domain 
redistribution 

proceeds through 
domain-wall motion, 
partial-dislocation-
network change, 
soliton-network 
evolution, and 

pinning-depinning. 

Moiré FeFETs, 
remote band-

structure control, 
graphene/twisted-

WSe2 transport 
response, and 
plasmonic or 

photocurrent readout. 
Deterministic control 

of domain-wall 
motion, pinning, and 

device uniformity 
remains unresolved. 

[33–36,42,80] 

WTe2/WSe2 
heterostructures 

Switchable WTe2 
polarization 

modulates the 
WTe2/WSe2 moiré 
potential through 

polarization-
dependent charge 

transfer. 

Transport versus filling 
and displacement field, 

PFM, nonlinear 
anomalous Hall 
response, and 

temperature-dependent 
resistance show 

switchable moiré 
potentials. 

Vertical-field 
reversal changes 
interlayer charge 

transfer and moiré 
potential depth; 

domain-wall 
dynamics were not 
the main resolved 

process. 

Nonvolatile control 
of moiré insulating 
states and nonlinear 

anomalous Hall 
response. 

Real-space domain-
wall dynamics and 

microscopic 
switching pathways 

require further 
clarification. 

[24] 

5. Conclusions and Outlook 

In summary, moiré ferroelectricity has advanced from phenomenological observation to a deeper mechanistic 
understanding. It represents a class of interfacial polar states. Its microscopic origin depends on stacking symmetry, 
local reconstruction, electronic screening and the specific material platform. Polarization switching in moiré 
systems may involve local stacking conversion, domain-wall migration, dislocation-network rearrangement, 
soliton-like reconstruction and pinning-depinning processes. Domain walls act as mobile structural units. They 
mediate local stacking conversion, accommodate elastic relaxation and define the kinetic pathway of polarization 
reversal. Topological polar textures further extend this mechanistic framework. Their identification should be 
supported by reconstructed polarization vector fields, in-plane polarization rotation, winding number or chirality, 
and structural correlation at domain walls, saddle-point regions or reconstructed interfaces. The emergence of polar 
meron-antimeron-like networks, vortex-like in-plane polarization and edge-related polar topology indicates that 
moiré ferroelectrics can host low-dimensional polar textures. These textures are closely tied to local stacking, 
strain gradients, domain-wall geometry and electromechanical coupling. 

Despite these advances, several key challenges remain. The first challenge is operando characterization under 
realistic device conditions. Many moiré ferroelectric structures contain buried interfaces or complex multilayer 
stacks. Direct access to local polarization, stacking registry and strain distribution remains difficult. Recent moiré 
ferroelectric field-effect transistors based on twisted WSe2 have shown trap-suppressed, low-voltage and 
nonvolatile operation. Capacitance-voltage spectroscopy and modeling further indicate sub-microsecond 
switching [81]. These results show the device potential of moiré ferroelectricity. Moreover, intrinsic ferroelectric 
switching must be distinguished from charge trapping, electrostatic screening, contact effects and mechanically 
induced artifacts. Prior PFM and KPFM studies have shown that local hysteresis and surface-potential contrast 
can be affected by non-ferroelectric electromechanical responses, tip-sample electrostatic forces, screening 
charges and adsorbates [82,83]. In 2D devices, charge trapping, water or oxygen adsorption and contact-related 
carrier redistribution can also produce or modify electrical hysteresis [84]. For van der Waals interfaces, probe 
force should also be considered because nanoprobe-induced mechanical force has been shown to drive interlayer 
sliding and move moiré polar domains in twisted hBN interfacial ferroelectrics [37]. Therefore, single-channel 
evidence such as PFM phase contrast, KPFM potential maps, transport hysteresis or optical contrast should be 
checked against controls on sweep rate, pulse width, waiting time, atmosphere, encapsulation, probe force and 
contact geometry. More reliable assignment should be based on agreement among structural reconstruction, 
electrostatic potential, polarization response and functional readout. 
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The second challenge is the limited ability to probe ultrafast and transient switching dynamics. Polarization 
reversal, photoinduced polarization responses, carrier-screening dynamics and transient evolution of topological 
polar textures may occur on time scales beyond conventional scanning-probe measurements. The field still lacks 
experimental techniques that can combine femtosecond temporal resolution, ångström-level spatial precision and 
meV-scale energy resolution in a single operando measurement. This limitation makes it difficult to resolve the 
elementary steps of interlayer sliding, domain-wall motion and transient lattice reconstruction during switching 
[4]. Ultrafast TEM, X-ray free-electron laser measurements, pump-probe optical spectroscopy, high-speed 
electrical readout and operando transport microscopy will therefore be needed to access atomic-scale spatial and 
femtosecond temporal switching dynamics. Recent sliding-ferroelectric memories have demonstrated ultrafast and 
high-endurance switching performance [81,85]. This indicates that interlayer sliding can support technologically 
attractive switching dynamics. The microscopic speed limit of moiré ferroelectric switching still requires direct 
dynamic verification. 

The third challenge is local characterization under coupled external fields. Moiré ferroelectricity can interact 
with strain, magnetism, correlated electronic states, excitons, superconductivity, optical selection rules and 
nonlinear photoresponses. A complete mechanistic understanding requires local probes under combined electric, 
mechanical, optical, magnetic and thermal stimuli. Recent double-moiré experiments have reported signatures of 
a flexoelectric polar vortex superstructure together with electronic-correlation-modulated screening [55]. Such 
studies would clarify how polar domains reshape electronic bands, how screening modifies ferroelectric stability, 
how domain walls couple to low-dimensional electronic states, and how topological polar textures influence 
nonlinear optical or transport responses. 

Looking forward, the development of moiré ferroelectrics will likely follow two connected directions. The 
first is mechanism-oriented. Continued advances in vector-resolved PFM, 4D-STEM, operando TEM, nano-SHG, 
KPFM, nano-photocurrent imaging and plasmonic sensing should make it possible to build a quantitative structure-
polarization-dynamics map. Such a map would clarify how local stacking, strain gradients, saddle-point geometry, 
domain-wall topology and electrostatic screening jointly determine polar textures and switching pathways. In this 
direction, strain-gradient coupling and flexoelectric modulation deserve particular attention as design variables for 
polar-domain and polar-texture engineering. 

The second direction is function-oriented. With progress in near-zero-twist engineering, hBN encapsulation, 
cleaner van der Waals assembly and scalable material preparation, moiré ferroelectricity is beginning to move 
toward room-temperature and device-relevant operation. Room-temperature ferroelectric responses have been 
demonstrated in selected van der Waals and moiré-related heterostructures. For example, monolayer graphene 
sandwiched between hBN exhibits robust room-temperature ferroelectricity [54]. However, room-temperature 
robustness has not yet been established as a universal property of all moiré ferroelectric platforms. 

Recent device-oriented studies further indicate that moiré ferroelectricity can be directly integrated into 
electronic functionality. A twisted WSe2 moiré FeFET showed trap-suppressed low-voltage operation, a stable 
nonvolatile memory window and capacitance-based evidence for sub-microsecond switching [14]. Strain-
mediated nonvolatile polarization in twisted moiré superlattices further showed that stress engineering can 
reconstruct domain-wall configurations, overcome antiferroelectric or volatile switching tendencies and stabilize 
nonvolatile polarization, suggesting a route toward mechanically programmable low-power memory platforms 
[58]. In graphene coupled to twisted WSe2 moiré ferroelectricity, the polar moiré potential was used to induce a 
near-room-temperature metal-insulator transition, illustrating how moiré ferroelectricity can act as a 
programmable functional substrate [80]. However, The success of these device concepts will depend on whether 
polarization switching can be made deterministic, fast, fatigue-resistant and spatially uniform across large areas. 
Beyond memory and transistor concepts, moiré ferroelectricity also provides a route for reconfigurable electronic 
and optoelectronic landscapes. Remote moiré ferroelectricity has been used to engineer band structures in adjacent 
2D materials, suggesting that a polar moiré layer can serve as a programmable electrostatic template without being 
the active transport channel itself [34]. Ferroelectric moiré domains in twisted hBN can also modulate light 
emission from an adjacent semiconductor monolayer [40]. These studies expand the role of moiré ferroelectrics to 
reconfigurable functional substrates for electronic, excitonic and optoelectronic devices. 
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