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The interplay of ferroelectricity and
magneto-transport in non-magnetic moiré
superlattices

Siqi Jiang 1,7, Renjun Du 1,7, Jiawei Jiang1,2,7, Gan Liu1, Jiabei Huang1, Yu Du1,
YaqingHan1, JingkuanXiao1, Di Zhang1, Fuzhuo Lian 1,WantingXu1, SiqinWang1,
Lei Qiao3, KenjiWatanabe 4, Takashi Taniguchi 5, XiaoxiangXi 1,Wei Ren 3,
BaigengWang 1,6, Alexander S.Mayorov 1 , KaiChang2,HongxinYang 2 ,
Lei Wang1,6 & Geliang Yu 1,6

The couplingof ferroelectricity andmagnetic order provides rich tunability for
engineering material properties and demonstrates great potential for unco-
vering novel quantum phenomena and multifunctional devices. Here, we
report interfacial ferroelectricity in moiré superlattices constructed from
graphene and hexagonal boron nitride. We observe ferroelectric polarization
in an across-layer moiré superlattice with an intercalated layer, demonstrating
a remnant polarization comparable to its non-intercalated counterpart.
Remarkably, we reveal a magnetic-field enhancement of ferroelectric polar-
ization that persists up to room temperature, showcasing an unconventional
amplification of ferroelectricity in materials lacking magnetic elements. This
phenomenon, consistent across devices with varying layer configurations,
arises purely from electronic rather than ionic contributions. Furthermore, the
ferroelectric polarization in turn modulates quantum transport character-
istics, suppressing Shubnikov-de Haas oscillations and altering quantum Hall
states in polarized phases. This interplay between ferroelectricity and
magneto-transport in non-magnetic materials is crucial for exploring magne-
toelectric effects and advancing two-dimensional memory and logic
applications.

Ferroelectricity plays a significant role in modulating diverse material
properties, including modulation of charge carrier density, lattice
structures, electronic band spectra, and electron-phonon scattering,
making it a fascinating area of research for uncovering novel physical
mechanisms and functionalities1. Recent developments in van der
Waals materials have broadened the scope of ferroelectrics from

traditional bulk and thin-film systems into the atomic limit. Of parti-
cular interest is the investigation of ferroelectricity in van der Waals
heterostructures, which can be induced through the proximity effect2,
strain3, and polarized domain sliding4,5, engineered via stacking and
twisting of individual layers6–11. Thesefindings exceed the conventional
understanding that ferroelectricity is limited in materials with a polar
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space group, suggesting that symmetry breaking and interlayer inter-
actions can induce electrical polarization in otherwise non-polar
materials1. This enables the integration of ferroelectricity with intrinsic
electronic properties, paving the way for multifunctional device
design. For instance, in twisted graphene multilayers, interfacial fer-
roelectricity has been linked to quantum states, such as ferroelectric
superconductivity12 and ferroelectric Chern insulators13.

A particularly intriguing aspect of ferroelectricity is its interplay
with magnetic fields, governed by magnetoelectric (ME) coupling,
strain, andmaterial-specific interactions. Inmultiferroics, this coupling
can lead to technologically relevant phenomena, such as electrical-
field-controlled magnetism or magnetic-field-modulated
polarization14,15. The underlying mechanisms—such as spin-orbit cou-
pling (SOC) in SOC-dominated systems16, magnetostriction in strained
materials17, and exchange striction in magnetic compounds18–20—typi-
cally require the presence of magnetic elements or long-range mag-
netic order. Recent studies, however, have revealed magnetic-field-
tunable ferroelectricity even in non-magnetic van der Waals systems,
including CuInP2S6/graphene heterostructures2 and multilayer
graphene13,21,22. A theoretical work on mixed-stacking tetralayer gra-
phene suggests that the simultaneous breaking of spatial-inversion
and time-reversal symmetry is crucial for such magnetic responses23.
Realizing and controlling ferroelectricity in non-magnetic materials
under magnetic fields remains an emerging frontier, offering exciting
opportunities to discover new quantum phenomena, yet this field
demands further systematic exploration.

Here, we report the experimental observation of two-dimensional
(2D) ferroelectricity with an unconventional enhancement under per-
pendicular magnetic fields in moiré superlattices with distinct layer-
stacking configurations, such as an ABA-trilayer graphene/hexagonal
boron nitride (TLG/hBN) moiré superlattice and an across-layer TLG/
hBN superlattice separated by monolayer graphene (MLG). Notably,
the ferroelectric polarization persists in the across-layer superlattice,
extending the family of 2D ferroelectrics to intercalated moiré sys-
tems, where the intercalation layer can be tailored to engineer diverse
electronic properties. Most strikingly, we discover a magnetic-field-
enhanced ferroelectric polarization, persisting up to room tempera-
ture, in these entirely non-magnetic systems. The induced polarization
dramatically alters magneto-transport behavior, enabling suppression
of Shubnikov–de Haas (SdH) oscillations and modulation of quantum
Hall states. The interplay between ferroelectricity and magneto-
transport provides new insights into the integration of ferroelec-
tricity with quantum phenomena, which may enrich the design of
future multifunctional devices.

Results
Ferroelectricity in an across-layer moiré superlattice
Moiré superlattices have been demonstrated to be an effective
approach to creating novel 2D ferroelectrics, such as a variety of van
der Waals multilayers using graphene and hBN as building
blocks6,8–10,24,25. Engineering moiré superlattices via an intercalating
layer shows great potential for tuning interfacial ferroelectricity26,27.
Here, we investigate an ABA-stacked TLG/hBN moiré system decou-
pled by inserting a misaligned MLG lattice. To better understand the
underlying mechanism, we prepared three comparison sections with
different configurations in the same device (D1), depicted in Fig. 1a.
The three sections include a perfectly aligned TLG/hBN moiré super-
lattice (D1-A), a 15°-rotated-MLG intercalated TLG/hBN moiré system
(D1-B), and a MLG-intercalated TLG/hBN stack in proximity to a WSe2
SOC substrate (D1-C). The different layouts induce diverse band dis-
persion and thus distinguish transport characteristics (see Supple-
mentary Fig. S10). For instance, part D1-A exhibits typical secondary
Dirac points (SDPs, Supplementary Fig. S10d), indicative of the for-
mation of minibands in the moiré superlattice28,29. While, part D1-B
presents two separated zero-density lines associated with TLG and

MLG (Supplementary Fig. S10e), signifying the decoupled low-energy
band structures30,31. In part D1-C, the SOC can enable the spin-splitting
in the band structures and generate rich spin textures32,33, allowing for
further modification of the transport properties (Supplementary
Fig. S10f).

In the following, we probe the exhibition of ferroelectric features in
device D1. Figure 1b demonstrates discernible longitudinal resistance
(Rxx) hysteresis in part D1-A when sweeping the back-gate voltage (Vb)
forward (red curve, −60V to 60V) and backward (blue curve, 60V to
−60V) for the zero top-gate voltageVt = 0V. In the following text,Vb and
Vt are normalized by the corresponding dielectric thicknesses db and dt,
respectively. The shift of the Dirac point indicates a change in charge
carrier density (n), which is aboutΔn = 0.12 × 1012 cm−2 corresponding
to the remnant polarization (P2D = eΔnd, with e representing the
elementary charge and d = 0.34 nm denoting the interlayer
distance)10 of 0.066 pCm−1. In Fig. 1c, we present the difference in
Hall density (ΔnH =nb

H � nf
H) between the forward (nf

H) and backward
(nb

H) scans, varying as a function of Vt/dt and Vb/db. Here, Vb is swept
continuously as the fast-scan axis while Vt is stepped after each Vb

sweep. A pronounced ferroelectric hysteresis with the specific
screening of the back-gate voltage is observed in part D1-A due to the
polarized stacking domains in the TLG/hBN moiré superlattice34,35,
which is consistent with previous studies on mono-, bi-, and tri-layer
graphene6,8–10,24. However, we discover almost the same ferroelectric
characteristics in parts D1-B (Fig. 1e, f) and D1-C (Supplementary
Fig. S10f, i), albeit the TLG and hBN lattices, giving rise to the moiré
pattern, are separated by a decoupled graphene layer. Notably, the
polarization in three different sections can be switched on with a
small threshold voltage Vb ≈ 0.6 V and undergo the same linear
growth as enlarging the scan range by raising the initial back-gate
voltage V ini

b (Fig. 1d).
Interfacial ferroelectricity in 2D artificial moiré superlattices is

driven by the sliding ferroelectricity mechanism, which is demon-
strated by both theoretical models34–37 and microscopic
experiments5,38–41. A moiré superlattice provides a network of different
stacking domains. In non-centrosymmetric domains, where both
inversion andmirror symmetry are broken, charge imbalance between
layers induces either up- or down-polarization. In contrast, cen-
trosymmetric domains remain non-polarized. Under a sufficiently
strong electrical field, low-energy domains expand while high-energy
domains shrink toward domain walls. By reversing the polarity of the
electricalfield, the domainswithdifferent polarization canbe switched
by interlayer sliding, enabling the occurrence of ferroelectricity. In the
TLG/hBN system, the ABCA and ABAC domains exhibit significantly
lower energies than the ABAB domain, facilitating a ferroelectric
transition between ABCA and ABAC in part D1-A (Fig. 1g), with a
switchable polarization of 0.4pCm−1 (Fig. 1h). When a MLG lattice is
inserted between TLG and hBN at a large twist angle, the interfaces
become incommensurate, reducing interlayer friction and sliding
energy barriers27 (Fig. 1i) compared to the TLG/hBN counterpart
(Fig. 1g). The resulting low-energy domains retain non-
centrosymmetric and inherit those atomic configurations from the
TLG and hBN constituents (Fig. 1i), enabling a new transition pathway,
ABBCA → ABBAB → ABBAC. The vertical polarization difference
between ABBCA and ABBAC domains yields a switchable polarization
of 0.04 pCm−1 (Fig. 1j), significantly suppressed due to screening from
the incommensurate MLG layer and consistent with theoretical pre-
dictions for theMoS2/MLG/MoS2 system

27.Whereas,weobserve nearly
the same transition threshold and vertical polarization for all three
parts, indicating that the intercalated MLG layer does not affect the
overall polarization,which distinguishes from the strong enhancement
in the double-aligned hBN/MLG/hBN system25 and the predicted sup-
pression in the MoS2/MLG/MoS2 structure

27, highlighting the complex
nature of ferroelectricity in intercalated moiré superlattices which
requires further investigation.
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Magnetic field-enhanced ferroelectricity
In addition to electrical fields, magnetic fields can enable ferroelectric
response in systems with magnetic elements or spin order, such as
multiferroic materials15. Here, we investigate the magnetic control of
ferroelectric polarization in van der Waals heterostructures based on
non-magnetic graphene andhBN. Figure 2a, b illustratesRxx(Vb/db,Vt/dt)
in part D1-C at B = 13.5 T for the forward (red arrow) and backward (blue
arrow) sweeps, respectively. We notice that the charge neutrality points
(CNPs) form a high resistance line and start to bendwhen Vb/db > 0. The
difference of the CNPs for the forward and backward sweeps is pre-
sented in Fig. 2c, whereΔnH varies as a function of displacement fieldsD
andn.We notice thatΔnH changes signwhenD is tuned frompositive to
negative, indicating a flip in electrical polarization. The corresponding
P2D, displayed in Fig. 2d, exhibits strong asymmetry with respect to D,
yielding a maximum of 0.19 pCm−1 for positive D, which is larger than
that of −0.066pCm−1 at B = 0. Additionally, the resistance at the CNPs

(RCNP
xx ) demonstrates a large shift in its maximum along the D axis

between the forward (red) and backward (blue) scans, and also repro-
duces the D-asymmetric behavior in Fig. 2c, d. To better visualize the
behavior of magnetically enhanced electrical polarization, we present
the Rxx(Vb/db, B) maps for the forward (Fig. 2f) and backward (Fig. 2g)
sweeps at Vt/dt = −57mVnm−1. The positions of the CNPs in Fig. 2f, g are
extracted and displayed in Fig. 2h. We found that the CNPs for the
forward sweep (red circles) are continuously shifted to the negative Vb/
db side as B increases and become stable for B > 5.6T, while their
backward counterparts (blue circles) show negligible change. A switch
of the relative positions of the CNPs for the forward (red curve) and
backward (blue curve) scans is observed with the growth of B, as shown
in the linecuts at B = 0.2 (Fig. 2l), 1.7 (Fig. 2k), and 13.5 T (Fig. 2j). This
switch results in an increase of the polarization from −0.05 to
0.08pCm−1 for Vt/dt = −57mVnm−1 (Fig. 2i). We also found that RCNP

xx for
the forward and backward sweeps increases asymmetrically with B
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Fig. 1 | Ferroelectric polarization in interfacial and across-layer moiré super-
lattices in the absence ofmagneticfields. a Schematics of the investigateddevice
D1. There are three sectionswith distinct layer-stacking configurations, a 0°-aligned
ABA-stacked TLG/hBN moiré superlattice (D1-A), a 15°-rotated-MLG intercalated
TLG/hBNmoiré system (D1-B), and a MLG-intercalated TLG/hBN stack in proximity
to aWSe2 substrate (D1-C).b Longitudinal resistanceRxx varieswithVb/db atVt = 0 V
in part D1-A. In this work, the back-gate (Vb) and top-gate (Vt) voltages are nor-
malized by the corresponding dielectric thicknesses db and dt, respectively. Rxx in
the forward (red) and backward (blue) sweeps displays evident resistance hyster-
esis, indicating ferroelectric polarization. The inset shows Rxx characterized with
respect to charge carrier density n and displacement fields D. The pronounced
features of second Dirac points suggest the formation of a TLG/hBN moiré super-
lattice. c The difference in Hall density (ΔnH =nb

H � nf
H) between the forward (nf

H)

andbackward (nb
H) scans (Supplementary Fig. S11), varying as a functionofVt/dt and

Vb/db at B = 0.5 T for section D1-A. d The absolute remnant polarization ∣P2D∣
increases with enlarging the scan range. V ini

b denotes the initial back-gate voltage of
each sweep. All three sections exhibit almost the same growth with jV ini

b j. e Rxx(Vb/
db) at Vt = 0 V in part D1-B. Rxx demonstrates a comparable hysteresis as in (b),
indicating a non-diminished ferroelectric polarization in the across-layer moiré
superlattice. The inset presents Rxx(n, D), illustrating the decoupling of MLG and
TLG. f ΔnH(Vb/db, Vt/dt) at B = 0.5 T for section D1-B. The energy per unit cell (u.c.)
(g) and out-of-plane polarization (h) for the transition path from ABCA to ABAC
stacking configuration in the TLG/hBN system. The energy per u.c. (i) and out-of-
plane polarization (j) for the transition path from ABBCA to ABBAC stacking con-
figuration in the MLG-intercalated TLG/hBN system.
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(Fig. 2m), leading to a more pronounced resistance peak for the back-
ward sweep. This B-enhanced polarization requires a high Vb over ~28V
to initialize the effect (Supplementary Fig. S17), which is distinct from
the zero-B ferroelectric behavior that can be triggered with a small
threshold voltage of about 0.6 V.

Furthermore, we consider the magnetic effect on ferroelectric
hysteresis in a different electronic system, the TLG/hBN superlattice
(D1-A), in which the band structure is reconstructed by the moiré
potential. Figure 3a presents the variation of Rxx with respect to Vb/db
for B ranging from 0 to 12 T at T = 60K. Here, Rxx is normalized by the
maximum in the forward and backward scans at each B. The gray-
shaded region indicates the enlarged hysteresis upon applying mag-
netic fields. In Fig. 3b, P2D is shown as a function of B for temperatures
increasing from 20 to 275 K. It is evident that B-enhanced ferroelectric
polarization even persists up to room temperature. However, the rate
of the B-enhancement is intensely reduced as the temperature rises
(inset in Fig. 3b), especially for T < 120K. Notably, the B-enhanced
polarization emerges in both the TLG/hBN moiré superlattice and
MLG-intercalated across-layer moiré superlattice. We have also
examined this peculiar magnetic response of ferroelectricity in other
comparison devices with different structures, including a MLG/hBN
superlattice (D2-A), decoupledMLG/TLG systems (D1-B, D2-B, D3), and
a decoupled MLG/MLG stack (D2-C), and realized good reproduci-
bility. Therefore, this magnetic enhancement depends neither on a
specific electronic system nor on the layer thickness. Nevertheless,
these investigated systems share a common feature that is the pre-
sence of a moiré superlattice, which provides the non-
centrosymmetric domains for the appearance of ferroelectricity,

albeit the moiré superlattice is sometimes decoupled by a mid-
dle layer.

The coupling between ferroelectricity and magnetic order, for
instance, the ME effect, typically occurs in materials with magnetic
elements or spin order, where various degrees of freedom, such as
electron charge, spin, orbital moments, and structure distortions,
may interplay with each other14,15. The simultaneous breaking of
spatial-inversion and time-reversal symmetry is crucial for the ME
effect. In our moiré-superlattice-based ferroelectrics, spatial-
inversion symmetry is inherently broken, while time-reversal sym-
metry is induced by an external magnetic field. The ME response
generally consists of two contributions, ionic and electronic42,43. The
ionic contribution stems from lattice distortions induced by B, while
the electronic contribution arises from spin or orbital responses to B.
However, in our non-magnetic materials, ionic cores cannot be dis-
placed by B, eliminating any lattice-mediated ME effects. Moreover,
since we observe similarly enhanced ferroelectricity under B in both
SOC-included (D1-C) and SOC-free (D1-B) configurations, we infer
that SOC-driven interfacial spin textures (e.g., skyrmions) have a
negligible influence. In addition, we performed density functional
theory calculations to investigate the electronic polarization and
structural distortions in each polar domain of the TLG/hBN moiré
superlattice under magnetic fields (see details in Supplementary
Discussion S12). The simulations confirm the lack of ionic contribu-
tions in our non-magnetic system, demonstrating that the ME effect
is purely electronic—unlike conventional ME systems, where polar-
ization is predominantly ionic42,43. In TLG/hBN systems, the electro-
nic polarization shows a linear dependence on the out-of-plane B in

Fig. 2 | Ferroelectric polarization enhanced by magnetic fields (D1-C). Rxx(Vb/
db, Vt/dt) at B = 13.5 T for the forward (a) and backward (b) sweeps, respectively.
c ΔnH(D, n) presents the different positions of the CNPs for the two sweep direc-
tions. d P2D(D), corresponding to (c), is asymmetric with respect to D. e The max-
imumof resistance at the CNPs (RCNP

xx ) shows a noticeable shift for the forward (red)
and backward (blue) scans. Rxx(Vb/db, B) at Vt/dt = −57mVnm−1 for the forward (f)

and backward (g) sweeps, respectively. h The CNP positions extracted from (f) and
(g) present a pronounced shift for the forward (red circles) and backward (blue
circles) scans as B increases. i P2D, associated with (h), raises from −0.05 to
0.08 pCm−1 forVt/dt = − 57mVnm−1. j–lThe evolutionof theCNPpositions between
the two scans for B = 0.2 (l), 1.7 (k), and 13.5 T (j), respectively. m RCNP

xx increases
asymmetrically for the forward (red) and backward (blue) directions.
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both ABCA and ABAC polar domains (Supplementary Fig. S29).
Notably, the B-enhanced polarization is significantly stronger in the
ABAC domain, exceeding that in the ABCA domain by an order of
magnitude. This difference aligns with our experimental observation
that the CNP position is strongly influenced by B during the forward
sweep but remains nearly unchanged in the backward scan
(Fig. 2f–h), a consequence of electrical-field-switchable polar
domains.

Figure 3c, d illustrates the temperature dependence of Rxx in part
D1-A at B = 12 T for the forward and backward sweeps, respectively. In
both sweep directions, Rxx exhibits metallic behavior (i.e., decreasing
resistance with lowering temperature), consistent with the zero-field
case (Fig. 3e). In contrast, Rxx in part D1-B shows distinct features
between two sweep directions: while Rxx in the forward sweep main-
tains metallic characteristics, Rxx in the backward sweep exhibits
insulating behavior (increasing resistance with decreasing tempera-
ture), demonstrating a clear departure from the metallic case at
B = 0T. This directional asymmetry suggests that the domain motion
during switching ferroelectric polarity induces distinct lattice config-
urations, leading to different electronic band structures for the two
sweep directions.

Effects of ferroelectric polarization on magneto-transport
Ferroelectric polarization can in turn affect magneto-transport, such
as SdH oscillations and quantum Hall effects (QHEs). Figure 4a, b
presents a close inspection of SdH oscillations in device D3 (see the
full-range maps in Supplementary Fig. S26) for the forward and back-
ward scans, respectively. There are two sets of SdH oscillations
belonging to MLG (pink-shaded regions) and TLG (fringes without
shading), respectively. The set for TLG is suppressed when the elec-
trical polarization is on (P phase; labeled by the red bar), while the
oscillations are sustained in the non-polarized region (N phase;
denoted by the gray bar). However, the SdHoscillations forMLG (pink-

shaded regions) persist regardless of whether the ferroelectric
polarization is on or off. The linecuts at Vt/dt = 270mVnm−1 in Fig. 4a,
b are demonstrated in Fig. 4c, explicitly depicting the variation of
SdH oscillations across the P and N phase boundaries. The corre-
sponding Hall conductance Gxy (Fig. 4d) shows the effect of ferro-
electric polarization on QHEs. For the N phase (gray-shaded) in both
forward and backward sweep directions, SdH oscillations and QHEs
are both enabled and display a negligible difference between the two
sweep directions. Whereas, when the forward and backward sweeps
are in the opposite phases, N and P, the SdH oscillations nearly vanish
for the P phase but remain unchanged in the N phase. Simulta-
neously, the filling factor of Hall plateaus in the P phase (blue curve in
Fig. 4d) may reduce from an integer to a random fraction value,
compared to the case in the N phase (red curve). The difference in
Gxy can be ascribed to the formation of bounded charge dipoles that
reduce the number of mobile charges in the P phase. Therefore,
ferroelectricity may serve as an effective knob to control the on-off
states of SdH oscillations and modify quantum Hall states. At last,
when both sweep directions are in the P phase (orange-shaded), the
magneto-transport behavior is identical to the situation in the P
phase. There is an exception in the P phase that SdH oscillations and
QHEs can be restored, though crossing with the MLG Landau levels,
which do not seem to be disturbed by the ferroelectric polarization
(pink-shaded regions in Fig. 4e, f).

In ferroelectric polarized states, the suppression of SdH oscilla-
tions, indicating the anomalous vanishing of longitudinal signals, does
not match with the stepped growth of the Hall conductance that
suggests sustained transverse transport as well as the well-established
Landau levels. We have detected such anomalous suppression in all
investigated devices with different layer configurations (Fig. 2a, b,
Supplementary Figs. S13 and S21). This behavior is sensitive to the scan
range of Vb (Supplementary Fig. S17) and arises when Vb is adequate to
induce B-enhanced ferroelectric polarization, signified by the bending

Fig. 3 | Temperature dependence of B-enhanced ferroelectric polarization and
evidence of ferroelectric domain change. a Rxx normalized by the maximum of
both sweep directions at each B, demonstrates amplified hysteresis as B increases
from 0 to 12 T for Vt/dt = −56mVnm−1 at T = 60K (D1-A). b P2D grows with B for
temperatures ranging from 20 to 275K. Each curve is shifted for clarity. The inset
displays the slopedP2D/dBofeach P2D(B) curve, decreasingwith increasingT (D1-A).
The temperature dependence of Rxx at B = 12 T in part D1-A for the forward (c) and
backward (d) sweeps, respectively. n0 denotes the charge carrier doping induced
by raising the temperature. e RCNP

xx , corresponding to (c) and (d), for the forward

(red dots) and backward (blue crosses) sweeps rises with T, demonstrating a
metallic behavior as in the zero-B case (amplified by 25 times), shown as black dots
and gray crosses for the forward and backward sweeps. The temperature depen-
denceofRxx underB = 12 T in partD1-B for the forward (f) and backward (g) sweeps,
respectively. h RCNP

xx ðTÞ, corresponding to (f) and (g), for the forward (red dots) and
backward (blue crosses) scans. In the forward sweep, RCNP

xx shows a metallic beha-
vior, the same as that (black dots) in B = 0 T (enlarged by 200 times). While in the
backward sweep, it exhibits an insulating behavior, distinct from the zero-B situa-
tion (gray crosses).
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of the CNPs.Moreover, we implemented a detailed examination of this
peculiar magneto-transport in device D2-B (Supplementary Fig. S27).
In the local measurements, we discover that in the P phase, the long-
itudinal resistances along two opposite edges of the current channel
exhibit distinct behaviors, with SdH oscillations being suppressed at
one edge but populated on the other side. Moreover, when the mag-
netic field changes its sign, the situations along the two edges are
exchanged, causing suppressed oscillations at the opposite edge. This
asymmetric behavior infers a non-uniform current distribution across
the channel, which is further probed using nonlocal measurements
(Supplementary Fig. S28).

By passing the current along the transverse direction, the
nonlocal resistance (RNL = VNL/I0; VNL, the nonlocal voltage; I0, the
applied current) measured along the longitudinal edges on the left
or right sides of the current path presents two key features. i) On
either side, SdH oscillations are asymmetric with respect to B. For
example, SdH oscillations are suppressed under negative B (Sup-
plementary Fig. S28d) but sustained at positive B (Supplementary
Fig. S28c) on the right side. ii) For a fixed B, SdH oscillations dis-
play strong asymmetry between the left- and right-side edges of
the current channel. For instance, SdH oscillations are observed on
the right side (Supplementary Fig. S28c) but vanish on the left side
(Supplementary Fig. S28e) under positive B. Reversing B swaps the
edges where SdH oscillations occur. These findings align with local
transport measurements, suggesting unidirectional propagation
under magnetic fields. For a given B, only the edge on one side of
the current channel permits SdH oscillations. This unidirectional
propagation resembles chiral transport in topological insulators
under a magnetic field or magnetic topological insulators44–46,
where spatial-inversion and time-reversal symmetry are broken. In
our system, ferroelectric polar domains break spatial-inversion
symmetry, while the external magnetic field breaks time-reversal
symmetry, potentially enabling analogous chiral transport. How-
ever, the precise link between magneto-transport and ferroelectric
polarization remains unclear and demands further theoretical and
microscopic investigation.

In conclusion, we demonstrate interfacial ferroelectricity in an
across-layer moiré superlattice created by MLG intercalation, where
the electrical polarization persists with undiminished strength despite
the spatial separation of the moiré layers. Remarkably, we discover a
magnetic-field enhancement of ferroelectric polarization that survives
up to room temperature in these entirely non-magnetic systems. This
effect, observed across devices with diverse layer configurations, ori-
ginates purely from the electronic contributions, as evidenced by the
exclusion of the ionic contributions. Furthermore, we demonstrate
that ferroelectric polarization in turn modulates magneto-transport,
suppressing SdH oscillations and altering quantum Hall states in
polarized phases. Nonlocal measurements reveal striking edge- and B-
asymmetry of SdH oscillations in the ferroelectric polarized states,
pointing to unidirectional propagation of currents. These findings
position graphene-hBN-based moiré superlattices as a unique non-
magnetic platform for exploring magnetoelectric phenomena while
opening new possibilities for 2D memory technologies.

Methods
Device fabrication
The van der Waals heterostructures were fabricated using the “cut-
and-stack” transfer method47. The hBN and graphene flakes were
exfoliated mechanically on Si substrates with 285 nm thermally oxi-
dized SiO2.We chose hBN flakes with a uniform thickness of 15 ~ 50nm
for dielectrics and encapsulation. The graphene stripes with con-
nected monolayer and trilayer parts were selected for further fabri-
cation. The crystallographic axes of hBN were characterized with
second harmonic generation (SHG) signals (Supplementary Fig. S1a),
and the crystal axes of graphene were determined using Raman
spectroscopy48 measured along the zigzag and armchair edges (Sup-
plementary Fig. S1b). The stacking order of trilayer graphene was
characterized using Raman spectra (Supplementary Fig. S2). A micro-
surgical needle with a tip diameter of 1 μm was employed to separate
themonolayer and trilayer parts with the assistanceof a high-precision
manipulator. The flakes are assembled from top to bottom on a
hot plate at 90 °C using a PDMS/PPC (Polydimethylsiloxane/

Fig. 4 | The modulation of ferroelectric polarization on SdH oscillations and
quantum Hall states (D3). Rxx(Vb/db, Vt/dt) at B = 13.6 T for the forward (a) and
backward (b) sweeps, respectively, zoomed in from Supplementary Fig. S26. The
pink-shaded regions indicate the SdH oscillations arising from MLG, while the
fringes without shading denote the SdH oscillations originating from TLG. The red

and gray bars represent the polarized (P) and nonpolarized (N) phases. Rxx (c) and
Gxy (d) at Vt/dt = 270mVnm−1 for the forward (red) and backward (blue) scans,
respectively. Pf (Nf) and Pb (Nb) are the polarized (nonpolarized) phases for forward
and backward sweeps. Rxx (e) and Gxy (f) at Vb/db = −45mVnm−1 for the forward
(purple) and backward (gray) scans.
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polypropylene carbonate) stamp49–51. The top and bottom hBN flakes
are 30° misaligned to ensure incommensurability in all samples. In
device D1, TLG is aligned with top hBN by 0°, and MLG is rotated by
~15° relative to TLG. A flat part of the stack was selected to design the
channel with a Hall-bar shape. The graphene layers and graphite gate
were connected through metallic edge contacts (Ti/Au 5/60 nm). The
Hall-bar mesa was finally shaped using reactive ion etching (Supple-
mentary Fig. S3).

Measurements
The devices were measured in an Oxford Instruments TeslatronPT
cryogen-free system with a 14 T superconducting magnet and a base
temperature of ~1.6 K. All electrical measurements were performed at
T = 1.6 Kunless indicated.Wehave employed a standard low-frequency
lock-in technique using SR830 lock-in amplifiers to apply an AC bias
current of 10~100 nA at the excitation frequency of 13.333~17.777Hz.
To decrease the noise, we amplified the corresponding AC voltage 103

times and current 106 times by SR560 and SR570 preamplifiers,
respectively. Keithley 2400/2614 source meters were used to apply
voltages to the top and bottom gates. The charge carrier density (n)
and displacement fields (D) can be controlled by tuning the voltages of
the topgate (Vt) and theSi backgate (Vb). Thedevice is assumed tobe a
series of parallel-plate capacitors. The graphene multilayers are trea-
ted as a single charge layer coupled to the top and bottom gates with
respective capacitance, Ct and Cb. We can calculate charge carrier
density and displacement fields using the following relations:
n = (CbVb + CtVt)/e and D = (CbVb − CtVt)/2ϵ0. Here, ϵ0 is the vacuum
permittivity.

Determination of gate capacitance
The capacitance is determined through the following procedures.
First, we tuned top (bottom) gate voltages independently and mea-
sured Hall resistance at a small magnetic field (0.1 T) below the quan-
tum Hall limit. The charge carrier density is calculated through the
relation Rxy =

B
ne. The corresponding gate capacitance is obtained by

Ci =
ne
V i
(i = t, b). Then, to crosscheck the ratio of Ct to Cb, we measured

Rxx as a function of Vt and Vb at a constant magnetic field of 1T and
extracted the slope of the charge neutrality line, which is the ratio of
the capacitance. Finally, we fine-tune the capacitance by fitting the
Landau Levels in the Landau fan diagram using n= teB

h . Here, h denotes
Planck’s constant, and t is the filling factor of Landau levels.

Computational methods
The first-principles calculations were performed with the projector
augmented wave method as implemented in the Vienna ab initio
simulation package52,53. The exchange-correlation effects were treated
by the generalized gradient approximation in the
Perdew–Burke–Ernzerhof form ref. 54. Kohn–Sham single-particle
wave functions were expanded in the plane wave basis set with a
kinetic energy cutoff at 500 eV. The energy and force convergence
criteria were 10−7eV and 10−2 eVÅ−1, respectively. A 24 × 24 × 1Γ-cen-
tered k-point mesh for the Brillouin zone integration was used for the
heterostructures. A vacuum region of 15Å was added in the out-of-
plane direction to prevent the artificial coupling between the adjacent
periodic images. The long-range correlationwas included in evaluating
van der Waals interaction by the optB86b method55. The dipole cor-
rection method56 was employed to evaluate the vertical polarization.
The ferroelectric switching pathways were obtained by using the
climbing image nudged elastic bandmethod57. The magnetic field was
applied self-consistently by including SOC in the calculations42. The
electron polarization under finite magnetic fields was calculated using
the Berry-phase approach58 with the positions of the ions frozen. Ionic
relaxations in the presence of finitemagnetic fields were performed to
compute the change in the ionic polarization as a result of the mag-
netic fields by the Born effective charge approach59.

Data availability
The data used in this study are available from the corresponding
authors upon request.
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