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Interfacial ferroelectricity is a recently established mechanism for generating spontaneous reversible electric polar-
ization, arising from the charge transfer between stacked van der Waals layered atomic crystals. It has been realized in
both naturally formed multilayer crystals and moiré superlattices. Owing to the large number of material choices and
combinations, this approach is highly versatile, greatly expanding the scope of ultrathin ferroelectrics. A key advantage
of interfacial ferroelectricity is its potential to couple with preexisting properties of the constituent layers, enabling their
electrical manipulation through ferroelectric switching and paving the way for advanced device functionalities. This re-
view article summarizes recent experimental progress in interfacial ferroelectricity, with an emphasis on its coupling with
a variety of electronic properties. After introducing the underlying mechanism of interfacial ferroelectricity and the range
of material systems discovered to date, we highlight selected examples showcasing ferroelectric control of excitonic opti-
cal properties, Berry curvature effects, and superconductivity. We also discuss the challenges and opportunities that await

further studies in this field.
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1. Introduction

Ferroelectricity is characterized by spontaneous electric
polarization, which breaks inversion symmetry and can be
switched by electric fields. Ferroelectric materials have di-
verse applications, including non-volatile memories, optoelec-
tronics, transistors, energy harvesting and storage.!'? The
study of the mechanisms, material realizations, and technical
applications of ferroelectricity have been a vibrant interdis-
ciplinary research field. Historically, ferroelectric materials
were discovered in bulk crystals, in which the collective dis-
placement of specific ions within the crystal lattice leads to
the formation of electric dipoles and results in macroscopic
polarization.!!?! In contemporary studies of phase transitions
in reduced dimensions and the development of functional de-
vices, the quest to understand the thickness limit of ferroelec-
tricity, alongside the growing demand for device miniaturiza-
tion and low energy consumption, has driven the pursuit of ul-
trathin ferroelectrics. Although conventional ferroelectric ma-
terials can be grown as thin films using state of the art fabri-
cation techniques, their performance often deteriorates at the
two-dimensional (2D) limit due to depolarization effects.]
Only in the last decade, high-quality crystalline ferroelectric
thin films approaching the 2D limit have been synthesized, in-
cluding SnTe,*! BiFeOs,! and doped HfO,, ! which surpris-
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ingly exhibit enhanced Curie temperature or electric polariza-
tion compared to their bulk counterparts.

Van der Waals layered materials offer a versatile platform
to push ferroelectricity to the 2D limit. Some materials can
possess the displacive-type ferroelectricity in the layer unit,
such that when they are cast into the form of thin films the
ferroelectric properties are largely preserved. Typical exam-
ples include CulnP,S¢,!”! a-In;Ses, 8191 and d1T-MoTe,. ']
For certain elements without a definitive metallic or insu-
lating character, their flexible bonding capability can induce
coordinated charge transfer that gives rise to ferroelectricity
even in a single-element monolayer, as demonstrated in black
phosphorous-like bismuth.['?! However, such layered materi-
als are rare, limiting the fundamental study of 2D ferroelec-
tricity and their potential applications. In recent years, a new
form of 2D ferroelectricity relying on interlayer interaction in-
stead of intralayer ionic displacement has been theoretically
proposed!!3 and experimentally realized.!!*'%! Broadly re-
ferred to as interfacial ferroelectricity, it includes both natu-
rally occurring multilayer systems made of a single material
and artificially assembled homo- or hetero-structures, the lat-
ter known as moiré ferroelectricity. With the vast range of
van der Waals layered materials, interfacial ferroelectricity es-
tablishes a new paradigm for 2D ferroelectricity, opening up
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opportunities for the rational design of material systems, the
discovery and control of emergent physical properties, and the
realization of advanced functional devices.

The field of interfacial ferroelectricity is evolving rapidly,
and many excellent reviews are now available,[!”->3] which
provide comprehensive overview of this intriguing phe-
nomenon. In light of these informative resources, in this brief
review we will focus on one special aspect of interfacial ferro-
electricity, namely, its coupling with other electronic proper-
ties. The emergence of interfacial ferroelectricity due to inter-
layer interactions suggests the potential for ferroelectric con-
trol over the preexisting properties of the constituent layers.
This is because interlayer interaction is the primary cause of
the dimensionality-dependent properties in van der Waals lay-
ered crystals. Among the various physical properties, we will
focus on exciton optoelectronics, Berry curvature effects, and
superconductivity, summarizing recent experimental advance-
ments and offering our perspectives on the key challenges and
opportunities in this field.

2. Mechanism and material realization of inter-
facial ferroelectricity

Interfacial ferroelectricity can be realized by stacking lay-
ered materials. The broken inversion symmetry of ferroelec-
tricity sets constraints on both the choice of constituent lay-
ers and the stacking order.
ferroelectricity can only be found in materials belonging to
10 polar point groups.!! Such analysis on the stacking of the

Guided by symmetry analysis,

same monolayer material to form a ferroelectric bilayer has
been thoroughly carried out, forming a general theory.**! In
practice, ferroelectricity also requires reversible electric polar-
ization, and the electrical switching between different domain
states must be realized through a specific pathway. Analo-
gous to conventional ferroelectrics, this is typically achieved
through electrically driven domain wall motion, which causes
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one domain type to expand at the expense of the other. How-
ever, unlike in conventional ferroelectrics, where an applied
electric field drives the relocation of specific ions between en-
ergetically equivalent atomic sites, the electric field in this
case induces the relative sliding of constituent layers to re-
verse the polarization, a mechanism referred to as sliding
ferroelectricity.!'3] Microscopically, the electric dipoles are in-
duced by interlayer charge transfer, and the sliding by a frac-
tion of lattice constant can alter the vertical atomic registry,
reversing the direction of charge transfer and thereby switch-
ing the electric polarization.

This concept is illustrated in Fig. 1 using a simple bilayer
hexagonal boron nitride (hBN). In the naturally grown hBN
bulk crystal, the unit cell adopts the H-type stacking, in which
the adjacent two layers are anti-parallel. This configuration,
called AA’ in Fig. 1(a), is centrosymmetric, excluding ferro-
electricity. However, in the R-type stacked configuration with
the two layers in parallel, inversion symmetry can be broken.
The two most stable configurations, AB and BA as illustrated
in Figs. 1(b) and 1(c), correspond to the two polarization states
and are connected by relative sliding between the layers. Be-
cause the interlayer interaction is of the van der Waals type,
the energy cost for the sliding can be quite low, on the order of
10 meV/unit cell.['3] As a result, this process can be achieved
with a manageable applied electric field. Interestingly, intro-
ducing a small twist angle between the R-stacked layers can
induce a moiré pattern, which hosts both AB and BA config-
urations [Fig. 1(d)]. This leads to alternating domains with
opposite polarizations on a moiré superlattice, a phenomenon
known as moiré ferroelectricity.!'3] Moiré ferroelectricity in
hBN was observed experimentally in artificially stacked bi-
layer samples.!!>191 Although ferroelectricity does not exist
in naturally grown hBN, it has recently been shown in the 3R
phase of multilayer samples (referred to as rBN) grown using
a specialized bevel-edge epitaxy technique.>’
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Fig. 1. (a) Stacking configuration for naturally grown hBN crystals with AA’ configuration. (b) and (c) Two stacking configurations for ferro-
electric bilayer hBN. In panels (a)—(c), the first (second) row shows the cross-section (top) view. In the AB configuration (b), the boron atoms in
the top layer and the nitrogen atoms in the bottom layer are vertically aligned. The charge transfer between them results in distortion of the boron
p; orbitals and creates a downward electric polarization. Lateral sliding by one boron-nitrogen bond length changes the AB configuration to the
BA configuration (c), which reverses the vertical alignment of boron and nitrogen atoms in the two layers and results in an opposite polarization.
(d) R-stacked bilayer hBN with a small twist angle, which generates a moiré superlattice hosting AB- and BA-stacked regions. The first (second)
row figures in panels (a)—(c) are reproduced with permission from Ref. [15] (Ref. [26]).
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Based on the principle discussed above, interfacial ferro-
electricity can be generated starting from a monolayer crys-
tal both in certain bilayer configurations directly extracted
from the bulk crystal and in artificially stacked moiré bilay-
ers. Typical examples of the former include 3R-MoS,,?’-%]
Ty-WTey, ! Ty-MoTe,,B3% and 1T'-ReS,.B" The latter
includes twisted bilayer trigonal-prismatic transition metal
dichalcogenides (TMDs), such as MoS;, MoSe,, WS,, and
WSe,.32331 Since the ferroelectricity arises from interlayer
interaction, this principle can be extended to multilayer sys-

tems with** or without[!4:27-31.35]

interlayer twist, and even
to bulk crystals.’®! This extension enriches the possible do-
main structures with distinct polarization states and switch-

(27341 and enhances the total polarization when

ing dynamics
the local dipoles at each interface add up coherently.3”! This
principle is also not limited to bilayers or multilayers made of
the same monolayer component. For example, heterobilayer
of MoS,/WS; grown by a one-step chemical vapor deposition
process was also shown to host interfacial ferroelectricity, and
no moiré effect is present in this case because the two layers
are commensurate by growth. 38!

The heterostructure approach can be employed to broaden
the scope of interfacial ferroelectricity due to the vast num-
ber of possible material combinations. However, the specific
mechanism of charge transfer can be more complex than in
homostructures. A typical example is the Bernal-stacked bi-
layer graphene aligned with top and bottom hBN encapsu-
lation layers in a dual-gate device, in which unconventional
ferroelectricity was reported.[*”) The ferroelectricity is gate-
specific, namely, only one of the gates can induce hysteretic
change to the graphene resistance, whereas the other gate is
anomalously screened over a wide range of applied bias. It
was initially attributed to correlation-driven charge transfer be-
tween the two graphene layers, facilitated by the combined ef-
fects of the moiré pattern induced by the aligned hBN and an
applied displacement field.3*) However, a later work found
that the amount of charge transfer (~ 1013 cm~2) exceeds the
capacity of the moiré band,*?! challenging the original inter-
pretation. The associated electric polarization (5 pC-m~') is
among the highest in the reported interfacial ferroelectrics.
Moreover, a recent preprint reported unconventional ferroelec-
tricity even when bilayer graphene was replaced with mono-
layer graphene and when a lattice-mismatched WSe, layer
was embedded between BN and graphene.!*!! These observa-
tions suggest that the moiré effect may not play a central role.
Instead, it has been proposed that the ferroelectricity origi-
nates from the specific BN. Although the mechanism of this
unconventional ferroelectricity is still under debate, synaptic
transistors with room-temperature neuromorphic functionality
have been demonstrated using such a device.!*?!

In the following section, we will focus on a few selected
systems from those discussed above, in which the coupling

between interfacial ferroelectricity and excitonic optical prop-
erties, Berry curvature effects or superconductivity has been
experimentally demonstrated.

3. Coupling of interfacial ferroelectricity with
other properties

3.1. Optoelectronic properties

The 2D semiconducting TMDs exhibit remarkable opti-
cal properties due to their large exciton binding energy and
the presence of both spin and valley degrees of freedom. !
Interfacial ferroelectricity has been found both in their
few-layer 3R-stacked configuration>’2°! and in their moiré

32331 With a small twist angle, these homobi-

homobilayers.|
layers undergo lattice reconstruction,**! leading to AB- and
BA-stacked domains hosting out-of-plane electric polariza-
tion. Currently, most studies focus on the visualization of the
ferroelectric domains and characterization of the polarization
switching dynamics. Since the two adjacent layers are asym-
metrically coupled and the out-of-plane polarization induces
a potential difference between them, the resulting band shift
is expected to reshape the excitonic properties. As a result,
ferroelectric control of excitonic properties can in principle be
achieved using an external electric field in such systems.

A clear demonstration of this effect has been reported
in bilayer 3R-MoS,.[?%! This system consists of two parallel-
stacked MoS; monolayers with a lateral relative shift, which
breaks the mirror symmetry with respect to the horizontal
plane [Fig. 2(a)]. This results in two stable configurations, AB
and BA, with top views resembling those of ferroelectric bi-
layer hBN as shown in Figs. 1(b) and 1(c). In the AB-stacked
configuration, the Mo atoms in the top layer align vertically
with the S atoms in the bottom layer, creating an upward elec-
tric polarization (P > 0) [Fig. 2(a)]; see also Ref. [37]. Density
functional theory calculations reveal a type-II band alignment
for this configuration, *! with the conduction band wavefunc-
tion at the K point concentrated in the top layer while the
valence band wavefunction at the I'" point equally distributed
across both layers [Fig. 2(b), left]. This arises from the down-
ward band shift of the top layer relative to the bottom layer,
caused by the negative internal electric field associated with
the positive ferroelectric polarization. As a result, the inter-
layer I'-K indirect excitons exhibit a downward dipole mo-
ment pe.

These interlayer excitons appear as phonon replicas in
photoluminesence (PL) spectra, along with their trion coun-
terparts [Fig. 2(c)]. An external electric field E.x generated in
a dual-gate device induces a Stark shift, AE = —FE¢, - . The
slope of this shift can be used to determine the direction of p,
with positive or negative values corresponding to g pointing
downward or upward, respectively.[*>4¢! In the upper panel
of Fig. 2(c), the external field range between —0.07 V/nm
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and 0.08 V/nm shows a positive slope, corresponding to the
AB-stacked configuration with g pointing down. Increasing
the applied field counteracts the internal field and changes the
band alignment above 0.08 V/nm, such that the direction of
p is flipped, manifested as a sign change of the slope. De-
creasing the field below —0.07 V/nm, past a coercive field
E., switches the ferroelectric polarization to become negative,
causing the exciton and trion peaks to abruptly blueshift be-
cause the internal field turns positive. The switching behav-
ior is hysteretic, as shown in Fig. 2(c) for forward and back-
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ward sweeps. The intralayer momentum-direct excitons at
the K point also respond to ferroelectric polarization switch-
ing, as detailed in the original study.!?®! However, in a re-
lated study of multilayer 3R-MoS; using reflectance contrast

(471 only the intralayer excitons showed sensitiv-

spectroscopy,
ity to the ferroelectric order, while the interlayer excitons re-
mained unaffected. Further investigation is required to clarify
whether this discrepancy stems from differences between bi-
layer and multilayer systems or the measurement techniques

(PL vs. reflectance contrast spectroscopy).

{Peak shift (meV)
| B | 4

-25 25

0.05 0.10

E=+0.10 V/nm

}

R

.

E,=-0.10 V/inm

0 0.05 0.10

E,y (V/nm) E,=-0.08 V/nm

Fig. 2. (a) Bilayer 3R-MoS;. The AB and BA configurations differ by a lateral relative shift between the two layers and have opposite polarization
P. DW: domain wall. (b) Left: Effective type-II band alignment of bilayer AB-stacked 3R-MoS,. Photoluminescence from momentum-indirect
I'-K excitons is illustrated. Right: The electron and hole distributions in the two layers for the AB- and BA-stacked configurations. External
electric field is absent. (c) External electric field dependence of the PL spectra at 4 K, showing the Stark shift of the PL peaks and the sudden
jump associated with polarization switching. The arrows indicate the direction of the field sweep. The four peaks are assigned to the phonon
replicas of the I'—K excitons and their trion counterparts. E.: coercive field. (d) Real-space mapping of the Stark shift at different training fields
E};. Blue and red colors correspond to AB- and BA-stacked domains, respectively. Figures reproduced with permission from Ref. [28].

The excitonic properties can in turn be used to visual-
ize the ferroelectric domains based on far-field optical spec-
troscopy, providing valuable insight into the domain state

(28] Figure 2(d) shows the evolution of the

switching process.
domain distribution as revealed by spatial-dependent Stark
shift at different applied electric fields. The blue and red colors
correspond to AB- and BA-stacked domains. The electrical
switching of the domain state is realized through the move-
ment of the domain wall. An important observation in this
work is that the successful switching of ferroelectric domain
state relies on the pre-existence of a domain wall, which can
be induced during the mechanical exfoliation process, whereas
switching in a single-domain sample proves to be challeng-
ing. This point was also noted in another work, which was
attributed to strong pinning at the sample edge.!*’! Domain
walls are much more common in moiré homobilayers,3%3]
making the switching more accessible. These results raise the
question of whether domain state switching in predicted inter-
facial ferroelectrics is always practically feasible.

The coupling of interfacial ferroelectricity with excitonic
properties is expected to be common in a variety of sys-

tems, and its experimental realization awaits further explo-
ration. So far few-layer 3R-MoS, is the only system in
which ferroelectric modulation of excitonic properties has
been reported. In semiconducting TMD moiré homobilay-
ers, although Stark shift/*3] and gate-tuned energy splitting

[48] have been observed in PL measure-

of intralayer excitons
ments, and interfacial ferroelectricity has been established
separately, 3233 the coupling of these properties has not been
discussed. In marginally twisted homobilayers, the size of the
reconstructed domains can reach micron scale, *3] making far-
field optical microspectroscopy still possible. To overcome
the diffraction limit, it will be beneficial to develop techniques
that integrate optical and scanning probes, such as near-field

scanning optical spectroscopy.

3.2. Berry curvature effects

Berry curvature is a geometric property of electronic
bands in momentum space, playing a crucial role in under-
standing various intriguing phenomena, such as the anoma-
lous Hall effect and topological phases of matter. [*°! In van der

Waals layered topological materials, the interlayer interaction
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can dramatically influence the electronic bands and the Berry
curvature. Coupled with interfacial ferroelectricity, electrical
switching of Berry curvature effects becomes possible.

WTe; is a prototypical material for demonstrating these
properties. In its bulk form, it is a type-II topological Weyl
semi-metal, %! with nearly compensated electron and hole
pockets at the Fermi surface leading to a large non-saturating
magnetoresistance.’?! In the monolayer limit, it becomes a
quantum spin Hall insulator, exhibiting edge conduction up
to 100 K.[331 Electron doping through field-effect gating sup-
presses the insulating state in monolayer WTe, and induces
superconductivity.®*3! The manner in which the intrinsic
insulating state is destroyed by charge carriers suggests an
excitonic condensation mechanism for its origin. %71 How-
ever, first-principles calculations that neglect correlation ef-
fects also predict an insulating ground state driven by spin—
orbit coupling.[8! As more layers are added, bilayer WTe,
retains the insulating behavior, while trilayer and thicker sam-
ples become metallic, as indicated by the temperature depen-
dence of electrical resistance.!!*] Few-layer samples are non-
centrosymmetric, enabling the observation of a nonlinear Hall
effect as a manifestation of the Berry curvature dipole.!>%¢0]
Because of time-reversal symmetry, the momentum-odd Berry
curvature leads to a vanishing linear Hall effect, but the first-
order moment of the Berry curvature can give rise to a second-
order nonlinear Hall response, even in the absence of mag-
netic fields.®!) These results highlight the strong dependence
of electronic, and particularly topological, properties on inter-
layer interactions in WTe;.

Noncentrosymmetric few-layer WTe, is the first ex-
perimental system in which interfacial ferroelectricity was
discovered.!'* In a dual-gate field-effect transistor with bi-
layer or trilayer WTe; as the channel, sweeping the electric
field induces a butterfly-shaped dependence of the electrical
conductance [Fig. 3(c)], characteristic of ferroelectric switch-
ing, which persists even above room temperature. This switch-
ing behavior is absent in monolayer samples, consistent with
the ferroelectricity being an interfacial effect. The observation
of ferroelectricity in the metallic trilayer WTe; is unusual, as
itinerant electrons typically screen electrostatic force, making
polar metals rare. However, this is possible in interfacial fer-
roelectricity, because the electric polarization is an interlayer
effect and the conduction electrons are confined within the
monolayer constituents, allowing them to coexist. Unlike bi-
layer 3R-MoS,, which consists of noncentrosymmetric mono-
layers stacked in parallel [Fig. 2(a)], bilayer WTe, consists of
centrosymmetric monolayers in the 1T’ coordination stacked
The two stable
configurations are mirror symmetric about the central horizon-

in an anti-parallel configuration [Fig. 3(a)].

tal plane, and they exhibit opposite vertical polarizations due

1. [63]

to uncompensated charge transfer.'®! This polarization can be

switched by a slight sliding between the layers, as illustrated in
Fig. 3(a). For samples thicker than bilayer, adjacent layers re-
main anti-parallel, and inversion symmetry is generally absent
in the Ty-type stacking [Fig. 3(b)]. Ferroelectricity in these
samples can similarly be explained by the sliding mechanism.
The calculated vertical polarization of bilayer WTe;, approx-
imately 3.2 x 10! e/cm?, is consistent with the experimental

value measured at 20 K.[63]
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Fig. 3. (a) and (b) Schematic illustration of the ferroelectric switching
pathways in bilayer and trilayer WTe,. In bilayer WTe,, the two ferro-
electric states, denoted as +mFE, are related by a glide mirror operation,
which consists of a reflection M about a horizontal mirror plane and
an interlayer sliding. In trilayer WTe,, the two ferroelectric states, de-
noted as £iFE, are related by an inversion operation Z. The intermediate
paraelectric (PE) state for bilayer and trilayer WTe; exhibits Cy, and Cy
symmetry, respectively. (¢c) Conductance of bilayer and monolayer WTe,
under a pure electric field generated in a dual-gate field effect transistor.
Panels (a) and (b) are reproduced with permission from Ref. [62], and
panel (c) is reproduced with permission from Ref. [14].

Ferroelectricity in multilayer WTe, is closely coupled
with the Berry curvature at the Fermi level, offering a sensitive
control of Berry curvature dipole.®>! In a dual-gate device,
ferroelectric switching is observed in trilayer WTe, by tun-
ing the vertical electric field, as reflected in the longitudinal
electrical conductance [Fig. 4(a), upper panel]. The second-
order Hall voltage V| », is dramatically modulated by the fer-
roelectric switching, exhibiting a sign change between the two
polarization states [Fig. 4(a), lower panel]. This behavior cor-
relates well with the calculated Berry curvature distribution
in the Brillouin zone, which shows opposite Berry curvature
dipoles for the two states [Fig. 4(b)]. Interestingly, while lon-

gitudinal conductance also shows ferroelectric switching for
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tetralayer WTe,, the corresponding nonlinear Hall voltage re-
mains positive and follows a butterfly-shaped electric field de-
pendence, without a sign reversal between the two polarization
states.3%] This difference is explained by the distinct symme-
try operations that relate the two polarization states in trilayer

35,621 Specifically, for even-layer sam-

and tetralayer samples.!
ples, the two polarization states are related by a glide mirror
operation with respect to the ab plane (M;), while for odd-
layer samples, they are related by an inversion operation (Z);
see illustration in Figs. 3(a) and 3(b) for bilayer and trilayer
WTe,. Consequently, the out-of-plane Berry curvature pseu-
dovector responds differently: M Q. (ky,ky) = .(ky,k,) for
the even-layer case, whereas Z, Q. (ky,ky) = Q.(—ky, —k,) =
— . (ky,ky) for the odd-layer case. As a result, the Berry
curvature dipole, defined as D;; = [, Q;0; fo, where ; is the
Berry curvature along the j direction and fy is the equilibrium
electron distribution, undergoes a sign change during ferro-
electric switching in odd-layer samples but does not change
sign in even-layer samples. These findings demonstrate that
multilayer WTe, offers a unique platform to achieve layer-
parity-selective nonlinear Hall memory via non-volatile fer-
roelectric switching, which holds promise for advanced elec-
tronic applications.

The requirement of an odd number of layers for a sign-
changing switch in the nonlinear Hall effect can be lifted by
incorporating even-layer WTe; into a moiré superlattice. %]
By aligning the a axis of bilayer WTe, with the zigzag direc-
tion of monolayer WSe; in the trigonal prismatic coordina-
tion, a moiré superlattice with a rectangular unit cell is formed
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[Fig. 4(c)]. In this moiré system, WSe; remains charge neutral
and the bilayer WTe, predominantly contributes to both the
conduction and valence bands. The electric-field and filling-
factor dependence of resistance exhibit peaks at filling factors
of v=0,
state of bilayer WTe,, the correlated insulating state for the

—1,—2, which are attributed to the band insulating

half-filled moiré band, and the band insulating state for the
fully filled moiré band, respectively. The moiré-related insu-
lating states are much stronger when the electric polarization
in WTe, points away from WSe; (P < 0) [Fig. 4(d)], as the
filled holes are driven to the upper monolayer of WTe; by the
internal field, which experiences a stronger moiré potential at
the WTe,/WSe, interface. In this ferroelectric state, the redis-
tribution of Berry curvature within the moiré Brillouin zone
due to strong correlation effects leads to significant variations
in the nonlinear Hall signal as the filling factor v is varied
[Fig. 4(e), upper panel and blue data in the lower panel]. In
the opposite polarization state (P > 0), the moiré potential has
a much weaker effect on charge transport, and the nonlinear
Hall signal changes sign near v = 0 due to the reversal of the
Berry curvature dipole at the edges of the conduction and va-
lence bands [Fig. 4(e), middle panel and red data in the lower
panel]. At a fixed filling factor with —1 < v < 0, switching
the polarization state using an electric field can also induce
a sign change in the nonlinear Hall signal [Fig. 4(e), upper
and middle panels]. This work demonstrates the synergy be-
tween sliding ferroelectricity and moiré superlattice as an ef-
ficient approach to control Berry curvature effects and corre-
lated electronic properties.
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0.4
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Fig. 4. (a) Electric-field-dependent longitudinal conductance (upper panel) and nonlinear Hall signal (lower panel) in trilayer WTe,. (b) Cal-
culated Berry curvature distribution in the Brillouin zone for trilayer WTe, shows opposite signs of the Berry curvature dipole D for the two
ferroelectric states with opposite polarizations. (c) Moiré superlattice formed by monolayer WSe, and bilayer WTe,, with only the W atoms
shown for simplicity. The size of the rectangular moiré unit cell is labeled. (d) Polarization-controlled hole distribution in bilayer WTe;. E is the
corresponding internal electric field. (e) Top and central panels: The nonlinear Hall response as the external field and filling factor are varied. The
arrows indicate the scan directions. Bottom panel: Data in the upper and central panels along the dashed lines. Panels (a) and (b) are reproduced
with permission from Ref. [35], and panels (c)—(e) are reproduced with permission from Ref. [64].
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Fig. 5. (a) Schematic of a dual-gate device showing magic-angle twisted bilayer graphene aligned with top and bottom hBN gate dielectrics.
(b) The resistance difference, ARy, as the back-gate voltage Vg is swept forward and backward at different top-gate voltage Vrg. (c) The
waveform of the Vg pulse used for ferroelectrically resetting and setting the Chern insulating states. (d) Characterization of the Chern insulating
state through the reciprocal transverse resistance, R;‘,l, measured before (solid line) and after (dashed line) applying a Vg pulse. (e) In another
device with the same structure, the bottom gate tunes the longitudinal resistance Ry, as a function of carrier density (bottom axis) and the filling
factor of the moiré unit cell (upper axis) at 40 mK, revealing band insulating states (BI), correlated semimetallic or insulating states (CS/CI),
the charge neutrality point (CNP), and the superconducting state (SC). (f) The top-gate voltage induces a hysteretic response of Ry, with arrows
denoting voltage sweep directions. (g) Vrg pulses of 6 V switch the system between the normal and superconducting states. Panels (a)—(d) are
reproduced with permission from Ref. [65], and panels (e)—(g) are reproduced with permission from Ref. [73].

Interfacial ferroelectricity can also be used to switch topo-
logical edge states, as demonstrated in magic-angle twisted
bilayer graphene (MATBG) aligned with hBN encapsulation
layers.[®] A device schematic is shown in Fig. 5(a), where
MATBG is aligned with both the top and bottom hBN layers,
which also serve as gate dielectrics. This is similar to Bernal-

39.40] discussed

stacked bilayer graphene aligned with hBN,!
in Section 2, and both systems exhibit unconventional ferro-
electricity. MATBG hosts correlated flat bands with nontriv-
ial topology,[%©-7?! and the coupling of these properties with
ferroelectricity enables control of topological states. In this
work,[6%] gate-specific ferroelectricity was observed for the
bottom gate, leading to hysteretic changes in the longitudi-
nal resistance during forward and backward sweeps of Vg
[Fig. 5(b)]. This bottom gate is used to target specific Chern
insulating states under an out-of-plane magnetic field, using
the pulse waveform shown in Fig. 5(c). The pulse with a
fixed positive amplitude resets the system into a fully polar-
ized state, followed by a pulse with a variable negative ampli-
tude which selectively sets the system into a particular Chern
insulating state. The top gate does not induce ferroelectric
switching but can be used for fine-tuning between Chern insu-
lating states with distinct Chern numbers, as characterized by
plateaus in the reciprocal Hall resistance from edge-state con-
duction [Fig. 5(d)]. Partial filling of the moiré Chern bands
in MATBG leads to over a thousand ferroelectric states with
quasi-continuous resistance levels, which can be deterministi-
cally addressed by Vg, offering potential applications in topo-
logical neuromorphic computing.

The coupling of sliding ferroelectricity and Berry cur-

vature effects is not limited to multilayer WTe, and
MATBG/hBN heterostructures.
topological insulators have been theoretically proposed in
multilayer Bi,Tes,[”* exhibiting both in-plane and out-of-

For instance, ferroelectric

plane ferroelectricity in 2D topological insulators through spe-
cific interlayer sliding. Recently, the topological nontrivial
bands in semiconducting TMD R-stacked moiré homobilay-
ers, particularly the quantum anomalous Hall effect and frac-
tional quantum anomalous Hall effect in twisted homobilayers
of MoTe; and WSe,, have garnered significant attention.[7>-80]
The roles of interfacial ferroelectricity and intralayer piezo-
electricity have been recognized as key factors in determin-
ing the Chern numbers.[3!! These developments suggest ferro-
electric control of topological properties and topological phase

transitions in these systems.

3.3. Superconductivity

Ferroelectric switching of superconductivity represents a
new paradigm for the electrical control of superconductiv-
ity, characterized by bistable, nonvolatile behavior and hold-
ing promise for new superconducting electronic functionali-
ties. This approach is distinct from the conventional meth-
ods of electrical tuning of superconductivity, 2! which typi-
cally rely on carrier doping to modify electronic properties,
such as electron—phonon coupling or electron correlation, and
therefore require continuous application of an external elec-
tric field. In systems similar to those discussed in Subsec-
tion 3.2, ferroelectric switching of superconductivity has been
observed. 3073

MATBG is well known for its rich correlated elec-
tronic phases and superconductivity.®>841 When aligned
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with hBN layers, the emergent interfacial unconventional
ferroelectricity***%) enables bistable switching of these prop-
erties. Similar to the device used for ferroelectric switching
of topological edges states [Figs. 5(a)-5(d)], gate-specific fer-
roelectricity was also observed in another device.[”3 In this
device, the bottom gate tunes the filling of the moiré band,
producing resistance peaks corresponding to the charge neu-
trality point, band insulating state, and correlated semimetal-
lic/insulating states [Fig. 5(e)]. Superconductivity emerges on
both electron- and hole-doping sides near half filling (v =
+2). The top gate voltage induces the same set of electronic
phases, but the forward and backward voltage sweeps exhibit
a hysteretic response, characteristic of ferroelectric switching
[Fig. 5(f)]. By setting Vpg to achieve the hole-doped super-
conducting regime, Vg pulses of +6 V can achieve highly
reproducible switching between the normal and superconduct-
ing states [Fig. 5(g)]. This is due to the hysteretic modulation
of the carrier density induced by the ferroelectric gate.
Ferroelectric switching of superconductivity has also

been reported in bilayer Tyq-MoTe, 3%

using a dual-gate device
[Fig. 6(a)]. Because bilayer Tq-MoTe; is isostructural to bi-
layer WTe, [Fig. 3(a)], sliding ferroelectricity is naturally ex-
pected. Unlike the insulating temperature dependence of resis-
tance in bilayer WTe;, [14] bilayer T4-MoTe, exhibits metallic
behavior and superconducts at around 2 K.B%851 As presented
in Fig. 6(b), the normal state shows hysteretic switching in
the sample resistance when sweeping the displacement field
in opposite directions — a key signature for ferroelectricity.
At even lower temperatures, the hysteretic response persists,
showing switching between the superconducting and normal
states. A typical set of data at 1.7 K is presented in Fig. 6(c).
The sample starts from a normal state at high displacement
field magnitudes and gradually transitions into the supercon-
ducting state. A sudden, first-order transition back to the
normal state occurs when the displacement field reverses the
electric polarization, indicating strong coupling between ferro-
electricity and superconductivity. The temperature-dependent
sweeps in Fig. 6(b) show that the maximum superconducting
critical temperature is reached just before the superconduct-
ing state is destroyed by ferroelectric switching, suggesting a
close relationship between superconductivity and the internal
electric field in the sample. Note that in these switching behav-
iors, only the displacement field is varied, whereas the carrier
density remains fixed. Figure 6(d) further demonstrates the
reversibility of this switching process.

Although the superconductivity in MATBG and Ty4-
MoTe, can have different origins, their ferroelectric switching
exhibits many common features. The switched state, whether
superconducting or normal, persists until the next pulse ar-
rives, demonstrating non-volatility [Figs. 5(g) and 6(d)]. The
required displacement fields are both on the order of 1 V/nm.

In both systems, the mechanism underlying the coupling be-
tween ferroelectricity and superconductivity is not yet fully
understood, and the clarification of the origin of interfacial
ferroelectricity is the first step. While the mechanism of
ferroelectricity in MATBG aligned with hBN remains unset-
tled, the ferroelectricity in T4-MoTe, is attributed to inter-
layer sliding.!*°! Future experimental and theoretical studies
are needed to unravel how the internal electric field generated
by the ferroelectric polarization impacts the electronic band
structure and consequently the superconductivity.

(a) (®) ;,

e
Bilayer
P‘ ‘W}é’ T4-MoTe,| .

Bottom BN

T(K)

Ve

150 300 450
Time (min)

D (V-nm~")

Fig. 6. (a) Dual-gate device structure for bilayer Tq-MoTe;. (b) Temper-
ature and displacement field dependence of the longitudinal resistance.
The arrows on the top denote the internal polarization directions. (c) A
horizontal cut of the data in (b) at 1.7 K showing the switching between
bistable normal and superconducting states. Horizontal arrows in pan-
els (b) and (c) represent the sweep directions of the displacement field.
(d) Reversible switching between superconducting and normal states us-
ing pulses of displacement field. All data are for a fixed electron doping
of 1.5 x 10'3 cm~2. Figures reproduced with permission from Ref. [30].

Theoretically, the coexistence of ferroelectricity and su-
perconductivity has been predicted in CuNb,Se4, a bilayer
2H-NbSe, intercalated by Cu.[® It was proposed that ferro-
electric switching could flip the sign of spin—orbit coupling-
induced spin splitting and reverse the superconducting diode
effect. Although the ferroelectricity in CuNb,Sey4 is not in-
terfacial in nature, the proposed effect may be applicable
to interfacial ferroelectricity as well. Experimentally, 3R-
NbSe, has recently been synthesized,!®”) and it is expected
to host superconductivity because its monolayer constituent

[88] Because 3R-NbSe, is isostructural to 3R-

superconducts.
MoS,,27-21 sliding ferroelectricity may also exist in this sys-
tem. However, NbSe; has a sheet carrier density of approxi-
mately 103 cm™2, 1891 which is 2-3 orders of magnitude higher
than that in Tg-MoTe, and MATBG, [**73] Jeading to enhanced
screening effects. These metallic systems present an intrigu-
ing opportunity to investigate whether an upper limit on carrier
density exists for the realization of interfacial ferroelectricity

and the ferroelectric switching of superconductivity.
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4. Summary and outlook

We have discussed selected experimental works that
demonstrate the coupling between interfacial ferroelectricity
and various electronic properties. Specifically, mechanically
exfoliated bilayer 3R-MoS,, T4-WTe;, and T4-MoTe, ex-
hibit sliding ferroelectricity, which can be used to electrically
modulate excitonic optical properties, the nonlinear Hall ef-
fect, and superconductivity, respectively. In WTe,/WSe;, and
hBN/MATBG/hBN moiré systems, the moiré potential cou-
pled with interfacial ferroelectricity not only induces a vari-
ety of electronic phases, such as correlated insulating states,
Chern insulating states, and superconductivity, but also en-
ables electrical manipulation of or even bistable switching be-
tween these states. Electrical control of many other proper-
ties is possible in interfacial ferroelectrics if they already ex-
ist in the constituent layers or emerge from stacking. For in-
stance, stacking magnetic layered materials may induce ferro-
electricity, as proposed in stacked Crl3,**! opening new av-

13,90-93

enues for engineering multiferroicity. ! I Inspired by the

ferroelectric control of spin polarization in BaTiO3-based tun-

s, [94

nel junctions,®¥ interfacial ferroelectricity may be utilized to

control the spin splitting of electronic bands for spintronic
applications. 39!

Although interfacial ferroelectricity provides an efficient
means to manipulate the properties of two-dimensional ma-
terials, there are still many limitations and challenges. One
major challenge is to extend the material realization of inter-
facial ferroelectricity to a broader range of systems. For inter-
facial ferroelectricity not involving a moiré superlattice, while
many candidate materials have been predicted, 3! some may
be thermodynamically unstable in the stacking configurations
required for ferroelectricity. For example, many TMDs are sta-
ble only in the H-stacked non-ferroelectric phase, rather than
the R-stacked ferroelectric phase. The prediction and synthe-
sis of stable, high-quality crystals capable of hosting sliding
ferroelectricity remain a challenge for both theorists and ex-
perimentalists. In the case of moiré ferroelectricity, although
both homostructures and heterostructures have demonstrated
interfacial ferroelectricity, the number of known examples is
limited given the diversity of 2D materials. Theoretical guid-
ance will be invaluable in efficiently identifying candidate sys-
tems, which must consider both symmetry requirements and
material-specific parameters. For example, the work-function
mismatch in heterostructures is a significant source of inter-
layer charge transfer, which may interfere with interfacial fer-
roelectricity.

Another challenge is the precise probing and control of
ferroelectric domains. So far, most studies exploiting interfa-
cial ferroelectricity to control other electronic properties, in-
cluding some discussed in this article, have relied on macro-
scopic experimental probes, such as electrical transport. Due

to inevitable domain distribution, the observed properties rep-
resent an average over different domains, which may differ
from those of a single domain. Therefore, the visualization,
investigation, and manipulation of ferroelectric domains at the
relevant scale are essential. In interfacial ferroelectrics without
moiré superlattices, the domain size can in principle be macro-
scopic, but sample inhomogeneities and defects may lead to
domain distribution and domain-wall pinning. In moiré ferro-
electricity, the domain distribution is even more complex due
to lattice reconstruction. For fundamental studies of the cou-
pling between interfacial ferroelectricity and other properties,
microscopic probes are expected to offer deeper insights into
the underlying mechanisms. These tools need to be integrated
with the capability to electrically switch the ferroelectric or-
der. In conventional ferroelectrics, domain walls can exhibit
unique properties and offer additional functionalities.*’! In
the same vein, domain walls in interfacial ferroelectricity may
warrant investigation. From the perspective of applications,
domain wall pinning can lead to variations in device perfor-
mance, making it important to explore strategies that minimize
this effect.

With its flexibility in material realization and the capabil-
ity of electrical manipulation of diverse electronic properties,
we believe that interfacial ferroelectricity holds great promise
as a versatile platform for both uncovering new physical phe-
nomena and driving advanced device applications.
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