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In recent years, two-dimensional (2D) material moiré superlat-
tices have emerged as a research focus in condensed matter phy-
sics and materials science due to their unique physical properties 
[1,2]. These phenomena fundamentally stem from the synergistic 
interplay between electron correlation effects and topological 
characteristics under periodic modulation. Among these, moiré 
polarization [3,4], as a crucial member of the moiré physics family, 
provides a novel platform for exploring ultrathin ferroelectric 
responses to external fields due to its unique polarization distribu-
tion mechanism and tunability [5,6]. Although many cutting-edge 
devices are used to characterize and control moiré polar networks, 
the existing control technologies mostly remain at the macroscopic 
level [7–14]. The localized regulation mechanisms of ferroelectric 
domains and their domain walls under external electric fields 
remain insufficiently understood [15]. Achieving precise electrical 
control over these artificial moiré superlattices at microscopic 
scales is not only crucial for unveiling their unique quantum 
effects, but also holds significant potential for developing next-
generation high-density nonvolatile memory devices. 

In this study, we systematically examine polarization dynamics 
in twisted bilayer MoS2 (tBL-MoS2) moiré polar networks using 
piezoresponse force microscopy (PFM) combined with in situ elec-
trical manipulation. Owing to PFM’s high-resolution characteriza-
tion capabilities and localized modulation capacity, we have 
observed phenomena that are elusive to conventional macroscopic 
characterization methods. Samples are fabricated via the tear-stack 
technique [16,17]. Experimental results indicate that the polariza-
tion evolution of moiré ferroelectric domains under a local electric 
field is topologically protected. Furthermore, when the moiré polar 
networks are affected by structural defects, they undergo global 
reconstruction to preserve their unique polarization distribution. 
This research provides crucial experimental foundations for opti-
mizing moiré ferroelectric device fabrication and establishes a 
new paradigm for developing 2D low-power topological memory 
devices. 

Twisted bilayer MoS2 samples were successfully fabricated 
using the tear-stack technique. Detailed procedures for material 
fabrication are provided in Figs. S1 and S2 (online). The test struc-
ture comprises a total of five layers (Fig. 1a), with key components 
including tBL-MoS2 and graphene. The former induces moiré polar-
ization, while the latter provides a mechanically and electrically 
favorable environment that ensures robust PFM measurement 
and reduces the required DC voltage for domain modulation. Sub-
sequent characterization of moiré polar networks in the samples 
was performed using PFM, as shown in Figs. S3–S5 (online). The 
moiré polarization exhibits a strict one-to-one correspondence 
with atomic stacking configurations, primarily comprising four 
types: XM/MX, MM, and saddle point (SP) (Fig. S4 online). The 
out-of-plane polarization predominantly originates from the XM/ 
MX stacking, which serves as the primary contributor to moiré 
polarization and manifests as triangular domains with periodic 
arrangements. The MM stacking, characterized by a centrosym-
metric structure, lacks polarization due to its symmetry con-
straints. It is commonly referred to as ‘‘node” as it typically 
resides at the vertices of triangular domains. The SP configuration 
acts as domain wall that separate XM and MX regions, exhibiting 
coexisting out-of-plane and in-plane polarization. 

By selecting regions with specific ferroelectric domains in moiré 
polar network, and applying a voltage for an adequate duration, 
precise domain regulation can be achieved (Fig. 1b). Fig. 1c and
ing, and 
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Fig. 1. Polarization evolution in moiré polarization under local electric field. (a) Structural schematic of tBL-MoS2. (b) Schematic diagram of applying voltage to a local area in 
the moiré polar network. (c) Amplitude map of triangular ferroelectric domains obtained during a DC bias modulation experiment (0 V, 4–10 V) on the same sample region 
after averaging, dashed lines indicate the geometric outlines of the domains. Schematic illustration of the polarization evolution mechanism: (d) top view and (e) side view. 
(f) Quantitative plot of ferroelectric domain area S and domain wall curvature K under different bias voltages. 
Fig. S6 (online) display the evolution of triangular ferroelectric 
domains under varying bias voltages. As the voltage increases, 
the ferroelectric domain undergoes gradual contraction or dilation 
accompanied by an increase in boundary curvature. The schematic 
representation (Fig. 1d and e) further elucidates this mechanism. 
Under the influence of the electric field, domain wall motion is 
restricted by the topological protection provided by the nodal 
regions of the moiré superlattice. Specifically, since these nodal 
regions are non-ferroelectric and cannot be polarized, the adjust-
ment of the ferroelectric domains is accomplished only via curva-
ture modulation. Notably, under extremely high electric fields, two 
high-curvature domain walls can approach each other closely, and 
the polarization region opposite to the field direction remains par-
tially preserved. This behavior is fundamentally distinct from the 
complete polarization reversal typically seen in conventional ferro-
electric domains, and the resulting unique topological configura-
2740
tion has been termed the ‘‘Double Domain Wall (DDW)” or 
‘‘Perfect Screw Dislocation (PSD)” (Fig. S7 online) [18]. 

Through quantitative analysis of the ferroelectric domain area S 
and domain wall curvature K as a function of applied bias (Fig. 1f, 
with domain wall marked by red dashed lines in Fig. 1c), we iden-
tify two distinct stages of evolution. First, S decreases continuously 
without abrupt switching, which is consistent with the previously 
reported voltage-dependent evolution of the XM/MX region ratio 
in macroscopic moiré polar networks [6]. Then, a transition near ∼6 
V is observed, where K begins to rise more sharply while S contin-
ues its monotonic decrease, this voltage corresponds to the thresh-
old for DDW formation. Beyond this critical value, the emergence 
of the DDW structure introduces an energy barrier to further polar-
ization, necessitating a substantial increase in domain wall curva-
ture to overcome this state. The theoretically calculated threshold 
voltage of ∼5.74 V (Fig. S8 online) exhibits excellent consistency
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Fig. 2. The self-adaptability of the moiré polar network after electric-field-induced structural defects. (a) Morphology image and (b) phase map before the structural defects, 
with the region affected by the electric field highlighted by red dashed lines, (c) topography image and (d) phase map after electric field loading. (e) Reconstruction of the 
moiré polar network following structural defects. 
with the experimental results. Furthermore, the electric field 
exerts minimal influence on the moiré polar network on the hBN 
substrate, likely due to the shielding effect of its high dielectric 
constant (Fig. S9 online). Moiré polarization switching is non-
volatile (Fig. S10 online) and can be locally induced without per-
turbing adjacent regions (Fig. S11 online). This behavior is analo-
gous to conventional ferroelectrics in enabling local domain 
writing, while also exhibiting additional topological protection. 

Given the high sensitivity of moiré polar networks to stacking 
configurations, we designed an electric-field-induced perforation 
experiment in tBL-MoS2 to verify the impact of structural defects 
on polarization distribution. By increasing the time during which 
voltage is applied to each unit area, localized physical damage, 
hereafter referred to as structural defects, can be introduced. 
Fig. 2a, b, and Fig. S12a, b (online) present the surface topography 
evolution before and after localized electric field modulation (10 V 
DC bias within the red dashed regions), revealing multiple electri-
cally induced engineered defect features. Notably, the mappings 
before and after perturbations (Fig. 2c, d, and Fig. S12c, d online) 
indicate that the moiré superlattice undergoes global reconstruc-
tion. Specifically, these mappings reveal widespread changes in 
the moiré periodicity and domain wall orientations across the 
entire imaged area, not just confined to the vicinity of the induced 
defect. For example, compared to Fig. 2c, one can see not only the 
disappearance of the ferroelectric domain at the defect site in 
Fig. 2d, but also a reorientation of the ferroelectric domains (e.g., 
the triangular domain marked by white dashed lines in Fig. 2c 
and d), indicating a collective response of the superlattice. This 
demonstrates that even when partial structural defects occur, the 
moiré polar network undergoes global restructuring to preserve 
its distinctive polarization distribution and adapt to the altered 
structural conditions (Fig. 2e). The self-adaptive property enables 
moiré ferroelectric devices to maintain normal overall logical func-
tionality, even when subjected to local perturbations during 
operation. 

To elucidate the mechanism underlying the formation of mor-
phological changes, a topographic profile was extracted 
(Fig. S13b online), yielding a measured depression depth of 
636 pm, close to the theoretical thickness of a single MoS2 layer, 
indicating cross-layer structural penetration. Combined with other 
cases of field-induced morphological changes (Fig. S13 online), 
2741
Fig. S14 (online) illustrates the following mechanism: although 
the artificial stacking effectively establishes small-angle moiré 
polar coupling, gaseous impurities trapped within the van der 
Waals gaps undergo electric-field-induced migration and localized 
aggregation under strong fields. When the electric field exceeds a 
critical threshold, the resulting stress triggers film rupture. It is 
noteworthy that all observed morphological variations exhibit a 
distinct asymmetry (valley-ridge-like), which is related to the tan-
gential force components introduced during dynamic scanning 
probe modulation, a phenomenon that was not observed in static 
point polarization experiments (Fig. S15 online). While 
interlayer-encapsulated gas molecules do not compromise inter-
layer polar coupling, they may elevate dielectric breakdown risks 
in moiré-based devices. Future moiré-based devices may necessi-
tate enhanced interfacial cleanliness protocols, such as adopting 
vacuum-based encapsulation processes. 

In summary, we elucidate the dynamic behavior of ferroelectric 
domains and the self-adaptive nature of moiré polar networks 
within tBL-MoS2-derived superlattices. The experiments demon-
strate that moiré ferroelectric domains can be locally controlled 
by electric fields. Under topological protection from nodal regions, 
the polarization reversal of triangular domains proceeds via curva-
ture modulation, where two edges converge to form a DDW struc-
ture once a critical voltage is reached. During electric field 
modulation, moiré polar networks undergoing local structural per-
turbations reconstruct globally to preserve their polarization con-
figuration. These findings reveal the unique evolution and 
adaptive reconstruction of moiré polarization under electric fields, 
and the topologically protected dynamics offer valuable insights 
for 2D device design while providing scientific guidance for low-
power, high-stability applications. 
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