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TOPICAL REVIEW — Multiferroicity and multicaloric effects
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Van der Waals (vdW) multiferroic heterostructures, formed by stacking two-dimensional (2D) ferroelectric and mag-
netic materials, have emerged as a highly promising platform for next-generation electronic devices. The atomically
sharp, dangling-bond-free interfaces of these heterostructures, combined with unprecedented design freedom unrestricted
by lattice-matching constraints, provide an ideal playground for exploring novel magnetoelectric phenomena. This re-
view systematically surveys the fundamental progress, challenges, and future applications in this rapidly advancing field.
We begin by examining the three key interfacial magnetoelectric coupling mechanisms that have been theoretically pro-
posed: polarization-gated interfacial charge transfer, interfacial orbital hybridization, and polarization-modulated interfacial
Dzyaloshinskii—-Moriya interaction (DMI). Subsequently, we bridge theory and practice by reviewing pivotal experimental
demonstrations, from initial proof-of-concept work in hybrid-dimensional systems and intrinsic-mechanism explorations
in low-temperature all-vdW systems to the landmark breakthrough of non-volatile electrical control of magnetism at room
temperature. Building on this physical foundation, we highlight the immense potential of this field for future device appli-
cations, focusing on three promising paradigms, including ultra-low-power memory and logic, brain-inspired neuromorphic
computing, and topological spintronics based on the electrical manipulation of skyrmions. Finally, we conclude by summa-
rizing current research bottlenecks and outlining key future directions to transition this promising field from fundamental
research to tangible technology.

Keywords: multiferroics, Van der Waals heterostructures, magnetoelectric coupling, two-dimensional materi-

als, spintronics
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1. Introduction

The exploration of advanced functional materials often
begins with understanding their fundamental ordering phe-
nomena. Central to the field of multiferroics is the concept of
a ferroic order,['"?! which refers to the spontaneous formation
of a long-range ordered state of a physical quantity, including
electric dipole, spin, and strain within a material in the absence
of an external field. A crucial characteristic of any ferroic state
is that this spontaneous order can be reversibly switched be-
tween at least two stable states by applying a corresponding
external field, for instance, an electric field, a magnetic field,
or mechanical stress.’] The three main ferroic forms of or-
dering are ferromagnetism, ferroelectricity, and ferroelastic-
ity, characterized by the spontaneous alignment of magnetic
moments, electric polarization, and lattice strain, respectively
(Fig. 1). With these definitions in place, multiferroicity can
be formally defined as the phenomenon where at least two
of these primary ferroic orders coexist within a single-phase
material.[*] The coexistence of electric and magnetic orders
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is of particular interest for next-generation information tech-
nologies. This review will focus on magnetoelectric multifer-
roicity, a compelling subset of multiferroics where ferroelec-
tric and (anti)ferromagnetic orders are simultaneously present
and potentially coupled.

A true single-phase multiferroic material is one in which
two or more ferroic orders coexist within a single, homoge-
neous crystallographic phase at the microscopic level, as op-
posed to a composite material formed by the physical mixture
of multiple different phases (e.g., a mixture of ferroelectric
and ferromagnetic nanoparticles). Based on the underlying
physical origins of their ferroic orders, magnetoelectric mul-
tiferroics are generally classified into two distinct categories:
type-I and type-II multiferroics.!”) Type-I multiferroicity de-
scribes materials in which ferroelectricity and magnetism typ-
ically originate from distinct ions or sublattices within the unit
cell,l'% where ferroelectricity might originate from the off-
center displacement of ions (e.g., in perovskite structures),
while magnetism arises from superexchange interactions be-
tween transition metal ions. The primary advantage of this
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class is that the ferroic properties themselves can be quite
robust, often exhibiting high ferroelectric Curie temperatures
(Tce > 300 K) and magnetic ordering temperatures (Tcy). ")
However, the limitation is that because the two orders origi-
nate from distinct subsystems, the direct magnetoelectric cou-
pling is often limited, ") making it difficult to achieve efficient
electrical control of magnetism. In contrast, type-II multifer-
roicity, also known as magnetically induced multiferroicity, in-
cludes materials where ferroelectricity is directly induced by a
specific, complex magnetic order that breaks spatial inversion
symmetry.['%13 In these systems, the electric and magnetic or-
ders are intrinsically and strongly coupled by their very nature;
manipulating one order parameter will inevitably have a strong
effect on the other. The disadvantage, however, is that the fer-
roelectricity is often weak and, more critically, its existence is
entirely contingent upon the magnetic order. This means that
the ferroelectric state can only exist at temperatures below the
magnetic ordering temperature, which for most known type-
II multiferroics is typically far below room temperature.!'%13]
This fundamental trade-off between strong coupling and high
operating temperature has been a long-standing challenge in
the field.

The classification into type-I and type-1I multiferroics

(a) Ferroelectricity

(c) Ferroelasticity
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highlights a fundamental dilemma: achieving both strong fer-
roic properties and strong coupling in a single material is
exceptionally difficult. The reason why high-performance
single-phase multiferroics are so rare is a fundamental conflict
at the atomic level, widely known as the d-orbital problem.[!%]
In mainstream systems such as perovskite oxides, which host
many of the best-performing ferroelectrics, strong ferroelec-
tricity typically requires the transition metal ion’s d orbitals to
be empty (a d° electronic configuration).!!”-18] This emptiness
facilitates hybridization with neighboring oxygen p-orbitals,
which is essential for the off-center ionic displacement that
generates the electric dipole moment. In stark contrast, strong
magnetism (ferromagnetism or ferrimagnetism) requires the d-
orbitals to be partially filled (a d" configuration, where n > 0)
to provide the unpaired electron spins that produce a net mag-

t.[19291 These two mutually exclusive require-

netic momen
ments for d-orbital occupancy — emptiness for ferroelectricity
versus partial filling for magnetism — fundamentally limit the
emergence of single-phase materials simultaneously exhibit-
ing good ferroelectric and good ferromagnetic properties. This
intrinsic constraint is a primary reason the search for a room-
temperature, single-phase, strong magnetoelectric multiferroic

remains one of the grand challenges in materials science.
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Fig. 1. Schematic of the three primary ferroic orders. Each order possesses a spontaneous long-range order parameter switchable by a conjugate
external field. (a) Ferroelectricity, characterized by a spontaneous electric polarization (P) switchable by an electric field (E). The illustration
shows its microscopic origin in a perovskite unit cell (e.g., BaTiO3 ), where the off-center displacement of the central cation relative to the anions
creates an electric dipole. (b) Ferromagnetism, defined by a spontaneous magnetization (M) reorientable by a magnetic field (/). The schematic
depicts the parallel alignment of atomic spins in a van der Waals heterostructure. (c) Ferroelasticity, characterized by a spontaneous strain (&)
switchable by mechanical stress (o). Panel (a) reprinted with permission from Ref. [6]. Panel (b) reprinted with permission from Ref. [7].

Panel (c) reprinted with permission from Ref. [8].
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Fig. 2. A comparison between the interfacial challenges in conventional epitaxial heterostructures and the unique advantages of van der Waals
heterostructures. This figure illustrates the three main challenges of conventional chemically bonded interfaces (top half) and how van der
Waals interfaces (bottom half) address them. (a) Lattice mismatch: Conventional epitaxy introduces detrimental strain due to differences in
lattice constants between materials. (b) Dislocations: To relieve this strain, a high density of misfit dislocations inevitably forms, compromising
structural integrity. (c) Inevitable chemical reactions: Interfacial atomic diffusion and chemical reactions often create performance-degrading
“dead layers”. (d) Elimination of lattice—-matching constraints: Stacking via van der Waals forces removes the stringent requirement of lattice
matching, offering vast freedom in material combination. (e) Absence of chemical reactions and interdiffusion: The inert vdW gap effectively
prevents atomic intermixing, preserving the intrinsic properties of each constituent material. (f) Atomically perfect interfaces: The absence of
chemical bonds allows for the formation of atomically sharp, pristine, and dislocation-free junctions. Panel (a) reprinted with permission from
Ref. [37]. Panel (b) reprinted with permission from Ref. [38]. Panel (c) reprinted with permission from Ref. [28]. Panel (d) reprinted with
permission from Ref. [39]. Panel (e) reprinted with permission from Ref. [40]. Panel (f) reprinted with permission from Ref. [41].

Given the intrinsic chemical constraints that make find-
ing ideal single-phase multiferroics so difficult, a natural and
highly successful strategy has been to turn to interface engi-
neering via heterostructures. This approach involves stacking
a thin film of a high-performance ferroelectric material with a
thin film of a robust ferromagnetic material, typically through
methods like epitaxial growth, to form an artificial multifer-
roic heterostructure. The key advantage of this paradigm is
functional separation by selecting the best-performing mate-
rials for each function. One can bypass the “d-orbital prob-
lem” and design a system that combines robust ferroelectric-
ity with strong ferromagnetism. Successful examples include
the work by Madon et al., who synthesized epitaxial BTO-
BFO/LSMO heterostructures that exhibit room-temperature
ferromagnetic resonance with low damping.?!! Similarly, Pra-
japat et al. demonstrated interface-induced magnetization and
exchange bias in LSMO/BFO multilayers, effectively cou-
pling the ferroic orders.??! Furthermore, Kumar et al. in-
vestigated LSMO/BFO bilayers, highlighting the critical role
of controlling interfacial diffusion to maintain the functional

properties of the artificial multiferroic system.!>3] However,
these classic epitaxial heterostructures face several challenges.
The first and most significant hurdle is lattice mismatch. 242!
The stringent requirement for compatible lattice constants be-
tween the two materials limits the materials that can be com-
bined, reducing design freedom. The interface may also suffer
from residual strain, dislocations, 2} atomic interdiffusion, 2!
and unwanted chemical reactions./?®! These complex physico-
chemical processes create an electronically disordered region
often referred to as a “dead layer”.[>”! This dead layer not only
degrades the intrinsic performance of the individual ferroic
layers but also severely weakens the pristine magnetoelectric
coupling channels, thereby destroying the function of the het-
erojunction.

Along with the rapid development of two-dimensional
van der Waals (vdW) ferroelectric and ferromagnetic mate-
rials in the past decade, researchers have turned their atten-
tion to the vdW heterostructures constructed from these 2D
materials.[*”) The first and most transformative advantage is
the elimination of lattice matching constraints.*!321 2D ma-
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terials are stacked via weak vdW forces, a process akin to
physical adhesion rather than chemical bonding. In princi-
ple, any 2D ferroelectric can be combined with any 2D fer-
romagnet, regardless of their crystal structures or lattice con-
stants, thereby expanding the freedom of materials design and
opening an immense space of previously inaccessible mate-
rial combinations. Secondly, this unique stacking method en-
ables the creation of atomically flat interfaces.3*34! The vdW
interface is a physical contact, not a chemical bond, allow-
ing the formation of pristine, atomically sharp interfaces free
of dangling bonds and chemical reactions that plague epitax-
ial systems. This unprecedentedly clean interface provides
an ideal physical platform for studying intrinsic magnetoelec-
tric coupling driven purely by electronic interactions, with-
out the complicating and often detrimental effects of interfa-
cial disorder and chemical reconstruction. Finally, the inher-
ent nature of 2D materials provides rich tunability.>33¢) The
atomic thickness of the constituent layers makes their elec-
tronic and magnetic properties extremely sensitive to external
stimuli. This high sensitivity, combined with the clean inter-
face, promises a new regime of ultra-efficient modulation of
magnetic properties. By designing the material components,
stacking sequence, and twist angles on demand, researchers
have successfully induced and tuned an exceptionally wide
variety of macroscopic quantum properties, which makes this
platform an ideal choice for exploring and realizing strongly
coupled multiferroicity. The unique advantages of vdW het-
erostructures over conventional epitaxial heterostructures are
shown in Fig. 2.

However, vdW heterostructures present unique chal-
lenges and disadvantages that define the current research fron-
tiers and will be a central theme of this review. First, there
is the fundamental challenge of material stability and oper-
ating temperature. Many 2D magnets (e.g., Crl3) and some
ferroelectrics are highly unstable in ambient conditions, read-
ily degrading in air and moisture.*?! This necessitates the use
of inert environment fabrication and characterization, signifi-
cantly increasing experimental complexity. Furthermore, the
Curie temperatures of most known 2D magnets are often far
below room temperature,[4346] which has been a fundamen-
tal material bottleneck for the development of practical appli-
cations. Second, the field faces significant fabrication chal-
lenges. The mainstream mechanical exfoliation with manual
stacking technique, while capable of producing high-quality
proof-of-concept devices, suffers from notoriously low yield
and small sample sizes (typically on the scale of micrometers).
More importantly, this process inevitably introduces interface
contaminants, such as polymer residues from the transfer pro-

5,147 which compro-

cess or trapped air and water bubble
mise the integrity of the interface. Finally, the vdW force that
enables the flexible combination of disparate materials is itself
a weak interaction.’%3!] This raises a core scientific question

of how to ensure the strong magnetoelectric coupling effect,

which must operate across the vdW gap. Understanding, pre-
dicting, and engineering strong coupling across this weakly
bonded interface is arguably the most critical scientific chal-
lenge at the current stage.

Despite these new challenges, vdW heterostructures offer
an unprecedented opportunity to design a new generation of
multiferroic materials on demand. Understanding their unique
interfacial coupling mechanisms is the key to leveraging their
advantages and overcoming their disadvantages.

2. Fundamental theories and coupling mecha-
nisms

Van der Waals heterostructures provide an ideal platform
for constructing artificial multiferroic materials. This section
illustrates the fundamental principles of creating new proper-
ties by stacking 2D materials, reviews the origins of 2D ferro-
electric and ferromagnetic properties, and systematically an-
alyzes the core interfacial magnetoelectric coupling mecha-
nisms.

2.1. 2D interface engineering: physics beyond single-phase
materials

Stacking 2D materials introduces new structural degrees
of freedom — including interlayer distance, stacking order,
and twist angle — that give rise to emergent quantum phenom-

5.[52-541 This approach

ena absent in the constituent material
extends beyond simple composites, allowing for the creation
of new physical states through precise interface design.

Several mechanisms are central to these interface-driven
principles. The first is the proximity effect.[>-571 When a 2D
material, such as graphene, is stacked with another material
like a TMD or a superconductor, the properties of the latter
can be induced in the former. Through wavefunction overlap
at the interface, features such as strong spin—orbit coupling
or superconducting order are transferred, modifying the mate-
rial’s intrinsic properties.

Interface engineering also leads to the formation of moiré
superlattices.[>6%) When two 2D materials with similar lat-
tice constants or with a slight twist angle are stacked, a long-
period moiré pattern is formed. This moiré pattern creates a
periodic potential modulation that significantly modifies the
electronic band structure of the system, leading to the for-
mation of flat bands and topological bands.[61-%?] Therefore,
moiré systems are now an ideal platform for studying strongly
correlated electronic states, such as correlated insulators and
unconventional superconductors.

Finally, interactions at the interface can drive interfacial
reconstruction and the emergence of new phases. The associ-
ated symmetry breaking gives rise to emergent physical states
that do not exist in the individual layers, such as sliding fer-
roelectricity and interfacial excitons. 9364
cent study by Wang et al. demonstrated the electric control of

1 For instance, a re-
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magneto-excitons in the van der Waals antiferromagnet NiPS3,
offering a new avenue for magneto-optical devices. %4

The principles of interface engineering described above
offer a physical basis for constructing 2D multiferroics. Stack-
ing 2D materials introduces new degrees of freedom, partic-
ularly the twist angle, which can reconstruct the electronic
structure via the moiré potential. This reconstruction sup-
presses the kinetic energy of electrons and leads to flat bands.
As a result, interactions that are typically subtle — such as
electron correlations and proximity effects — become domi-
nant. 2D multiferroic heterostructures utilize this mechanism
to amplify electron interactions. This approach induces strong
magnetoelectric coupling in systems that might otherwise be

non-magnetic or weakly coupled.

2.2. Origins of ferroelectricity and magnetism in 2D sys-
tems

Designing multiferroics via interface engineering re-
quires understanding how 2D ferroelectric and ferromagnetic
orders stabilize in the 2D limit. This section reviews the intrin-
sic properties of these constituent materials to provide context
for their interfacial interactions.

(a) Primary Mechanisms of 2D
Ferroelectricity

2.2.1. Primary mechanisms of 2D ferroelectricity

As shown in Fig. 3(a), the physical mechanisms for 2D
ferroelectricity can be divided into two main classes. The first
is intralayer ionic displacement, the most conventional mech-
anism, where a spontaneous relative displacement between
cations and anions occurs within a single atomic layer, cre-
ating a net electric dipole moment. This can manifest as out-
of-plane polarization (e.g., in o-InySe3)®%7! or in-plane po-
larization (e.g., in group-IV monochalcogenides).[%8-7% The
second class is sliding ferroelectricity. Unlike internal ionic
shifts, this form of ferroelectricity originates from the lateral
translation of one atomic layer relative to another, where the
sliding motion breaks the inversion symmetry of the stacking
configuration to induce an out-of-plane polarization, as exem-
plified by bilayer WTe,.[037!1 A related variant is topologi-
cally driven ferroelectricity, in which intrinsic dipoles arise
from sublattice asymmetry in certain special lattices./”%73]
Furthermore, other emerging mechanisms also exist, such as
reconstructive ferroelectricity, and notably, purely electronic
ferroelectricity was observed recently, which is driven by in-
terlayer charge reconstruction rather than ionic displacement.
This diversity of parallel physical origins provides a rich plat-
form for the discovery of novel 2D ferroelectrics.

(b) Key Ingredients for 2D
Magnetism

Intralayer ionic displacement

— P P

Se? O O O
Out-of-plane Polarization
Side view Top view
e, @MY N\
o @X \

In-plane Polarization

Sliding-induced Polarization

0.17V | -0.04V
P Y >

Step1: Spontaneous spin Polarization

Step2: Exchange Interactions

22T

Step3: Magnetic Anisotropy

Fig. 3. Physical origins of 2D ferroelectricity and magnetism. This figure contrasts the multiple parallel mechanisms for 2D ferroelectricity
with the progressive key ingredients required for stable 2D magnetism. (a) Primary mechanisms of 2D ferroelectricity: Two primary classes
of physical mechanisms are illustrated. The first class is intralayer ionic displacement, where a relative shift of cations and anions within a
layer generates a spontaneous polarization. This mechanism can manifest as either out-of-plane polarization (top, e.g., in @-InpSe3) or in-plane
polarization (middle, e.g., in SnTe). The second class is interlayer sliding (bottom), where a relative lateral translation between atomic layers
induces a polarization across the van der Waals interface. (b) Key ingredients for stabilizing 2D magnetism: Three sequential steps required for
stabilizing long-range magnetic orders are illustrated. Step 1: The material must possess spontaneous spin polarization from unpaired electrons
to provide local magnetic moments. Step 2: Exchange interactions must be present to couple these local moments into a collective magnetic
order. Step 3: A finite magnetic anisotropy is essential to open an energy gap that suppresses thermal fluctuations, thereby stabilizing the 2D
magnetic order at finite temperatures. Panel (a) reprinted with permission from Refs. [66,68,71]. Panel (b) reprinted with permission from

Refs. [76,79,80].
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2.2.2. Primary mechanisms of 2D magnetism

As shown in Fig. 3(b), similar to ferroelectricity, stabi-
lizing long-range magnetic order in the 2D limit also faces
fundamental physical challenges. According to the Mermin—
Wagner theorem,!”#! in a 2D system possessing continuous
spin rotational symmetry, thermal fluctuations preclude the
formation of long-range order at any non-zero temperature.
Stabilizing long-range magnetic order in the 2D limit there-
fore requires satisfying a set of strict conditions that over-
come these thermal fluctuations. First, the presence of local
magnetic moments,[’>7®! which typically arise from unpaired
electrons in d or f orbitals, serves as the fundamental material
basis for magnetism. Building upon this, exchange interac-
tions are required as the driving force to couple these local
moments into a collectively ordered state, be it ferromagnetic
(FM) or antiferromagnetic (AFM).!”7-78] Finally, there must
be a sufficiently strong magnetic anisotropy.!”?8% This pro-
vides the stabilizing factor by breaking the continuous rota-
tional symmetry of spins, creating an energy barrier (an easy
axis) that suppresses long-wavelength thermal fluctuations and
allows long-range magnetic order to persist at finite tempera-
tures. These three steps are sequential, and each is indispens-
able; together they form the complete physical picture for the
existence of stable 2D magnetism.

While the physical mechanisms discussed above enable
the stabilization of independent 2D ferroelectric and magnetic
orders, intrinsic single-phase 2D multiferroics remain scarce
and typically suffer from low critical temperatures or limited
tunability. To overcome these inherent material constraints, a
more robust approach involves integrating these distinct func-
tional layers via van der Waals stacking. This strategy by-
passes the chemical exclusions that restrict single-phase com-
pounds, enabling the construction of artificial multiferroic het-
erostructures where the operating conditions and magnetoelec-
tric performance can be engineered directly through interface
design.

The core advantage of this strategy lies in its immense
flexibility, but it also introduces a new and more fundamental
scientific question: when a ferroelectric layer and a magnetic
layer are brought into atomic proximity, can they generate an
effective interaction? What is the physical nature of this inter-
action across a van der Waals gap, which leads to the magne-
toelectric coupling? In the following section, we will focus on
the key interfacial magnetoelectric coupling mechanisms that
have been theoretically proposed.

2.3. Interfacial magnetoelectric coupling mechanisms in
vdW heterostructures

In contrast to bulk heterostructures mediated by chemical
bonds and strain, coupling in van der Waals systems is a purely
interfacial phenomenon. Theoretical studies indicate that this
coupling is not dominated by a single mechanism but is rather

the result of the synergistic action of multiple physical effects.
The primary and most long-range of these is the electrostatic
modification of the interface.

2.3.1. Polarization-gated interfacial charge transfer

A primary and potent coupling mechanism in van der
Waals (vdW) multiferroic heterostructures arises from the
non-volatile gating of interfacial charge transfer by the ferro-
electric polarization, which is shown in Fig. 4. The physical
origin of this mechanism lies in the built-in electric field in-
trinsic to a ferroelectric material, a consequence of ionic dis-
placement. This field breaks spatial inversion symmetry and
leads to disparate work functions or electrostatic potentials on
its opposite surfaces. Consequently, when a heterostructure is
formed, switching the ferroelectric polarization via an external
field fundamentally and non-volatilely reconfigures the over-
all electrostatic potential profile, thereby inducing a dramatic
and reversible reconstruction of the band alignment between
the constituent layers.

This polarization-driven band reconstruction acts as a
critical switch for controlling interfacial charge transfer.
First-principles calculations explicitly demonstrate this effect,
showing that the type of band alignment is highly sensitive to
the ferroelectric polarization state. For instance, in the bilayer
Cr13/ScoCO; heterostructure,31:821 one polarization state re-
sults in a type-1I alignment where the band gaps are staggered,
suppressing effective charge transfer. Upon polarization rever-
sal, however, the band structure transitions to a type-III align-
ment. In this configuration, the conduction band minimum
(CBM) of the magnetic Crl; lies below the valence band max-
imum (VBM) of the ferroelectric Sc,CO;, creating a favorable
condition for spontaneous electron transfer. This switching of
the alignment type effectively opens or closes the channel for
interlayer charge flow.

The change in band alignment subsequently drives a di-
rectional interfacial charge transfer. Quantitative methods like
Bader charge analysis confirm that upon polarization switch-
ing, both the magnitude and even the direction of charge trans-
fer across the vdW interface are deterministically altered. For
example, in the Crlz—AgBiP,Se¢ heterostructure, reversing
the polarization nearly doubles the amount of electron charge
transferred to the Crls layer, while in the CryGe,Teg—InySes
system, 33 the direction of transfer itself is inverted. This pre-
cisely controlled injection or withdrawal of carriers, governed
by the ferroelectric state, constitutes a reversible and non-
volatile form of electrostatic doping into the adjacent magnetic
layer.

The ultimate consequence of this controlled electrostatic
doping is the effective modulation of the magnetic ground
state, with two key physical manifestations. The first is the
semiconductor-to-half-metal transition, which depends criti-
cally on the specific band alignment of the heterostructure.
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For a ferromagnetic semiconductor like monolayer Crls, pro-
vided the band offsets are favorable, electrons injected from
the ferroelectric layer (e.g., P}-Scy;CO») can populate its spin-
polarized conduction band, transforming it into a half-metal —
an effect that vanishes upon polarization reversal. The second
critical effect is the ability to switch the interlayer magnetic
coupling. For layered magnets with weak interlayer interac-
tions, such as bilayer Crl3 with its native antiferromagnetic
(AFM) ground state, the magnetic order is highly susceptible
to carrier density. Theoretical studies have identified electron

doping as the main driving force for stabilizing the interlayer
ferromagnetic (FM) state. Therefore, polarization-gated elec-
tron transfer can directly toggle the interlayer magnetic order
between the AFM and FM states non-volatilely.

The physical sequence linking ferroelectric polarization,
band reconstruction, and charge transfer establishes a robust
mechanism for modulating the magnetic state. This approach
provides a general strategy for achieving non-volatile, all-
electrical control of 2D magnetism.
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Fig. 4. Mechanism of polarization-gated interfacial charge transfer coupling. This figure systematically illustrates the physical chain for non-
volatilely modulating the properties of a magnetic layer by switching the polarization of an adjacent ferroelectric layer. (a) Schematic illustration
of the macroscopic phenomenon in a vdW heterostructure (e.g., bilayer Crl3 /Sc2CO3), showing that ferroelectric polarization reversal can toggle
the interlayer magnetic coupling of bilayer Crlz between the antiferromagnetic (AFM) and ferromagnetic (FM) states. (b) The electronic origin
of the coupling. The band alignment diagram indicates that one polarization state (P|) reconstructs the bands into a type-III alignment, providing
the driving force for charge transfer. (c) The core mechanism of the coupling. The plane-averaged differential charge density plot clearly
reveals the charge redistribution, with electron depletion (Ap < 0) in the ferroelectric layer (e.g., AgBiP,Seg) and a corresponding electron
accumulation (Ap > 0) in the magnetic layer (e.g., Crl3), providing direct and quantitative evidence of interfacial charge transfer. (d) The
ultimate physical consequence of the charge transfer. The calculated band structures demonstrate that the charge injection (under P/ state) can
induce a semiconductor-to-half-metal transition in the magnetic Crlz layer. Panel (a) reprinted with permission from Ref. [82]. Panels (b) and
(d) reprinted with permission from Ref. [81]. Panel (c) reprinted with permission from Ref. [83].

2.3.2. Interfacial orbital hybridization and modulation
of magnetocrystalline anisotropy

Beyond the long-range electrostatic mechanism of charge
transfer, magnetoelectric coupling in vdW heterostructures
can also be realized through another mechanism rooted in
atomic-scale interactions. This pathway relies on directly
modulating a fundamental magnetic property: the magne-
tocrystalline anisotropy energy (MAE), which determines the

stable orientation of magnetization. Physically, the structural

distortions accompanying ferroelectric switching modify the
interlayer overlap of orbital wavefunctions. This variation in
interfacial hybridization subsequently alters, or even reverses
the sign of, the MAE in the magnetic layer, as shown in Fig. 5.

The process begins with ionic displacement within the
ferroelectric layer. When the polarization of a ferroelectric
material like InySes is switched, its ions (particularly the sur-
face Se atoms) undergo picometer-scale cooperative displace-

ments. Although the vdW interaction is weak, this structural
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modification is sufficient to change the equilibrium interlayer
distance to the adjacent magnetic layer (e.g., CroGe,Teg). For
example, in the Cr,Ge, Teg/Inp Ses system, the equilibrium in-
terlayer distances for the upward (P1) and downward (PJ) po-
larization states of In;Se; are demonstrably different (3.20 A
and 3.14 A, respectively).

This change in interlayer spacing directly affects the
strength of orbital hybridization at the interface. Specifically,
the extent of wavefunction overlap between the d-orbitals
of the transition metal in the magnetic layer (e.g., Cr) and
the p-orbitals of the surface anions in the ferroelectric layer
(e.g., Se) is highly sensitive to this distance. A reduction
in interlayer distance upon polarization switching leads to
an enhanced interfacial p—d orbital hybridization. This en-
hanced hybridization, in turn, strongly perturbs the electronic
structure of the magnetic layer, particularly its spin-resolved
and orbital-decomposed band structure. Calculations for the
Cr,Ge, Teg/Iny Ses system reveal that the downward polariza-
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tion of InySe; promotes a stronger hybridization between its
conduction band and that of CryGe,Teg, significantly alter-
ing the occupation of specific Cr d-orbitals (e.g., those with
|m;| = 1), as shown in Fig. 5(d).[3%

Ultimately, these modifications to the electronic struc-
ture alter the MAE. According to perturbation theory, the
MAE originates from the spin—orbit coupling (SOC) between
occupied and unoccupied d-orbital states. The polarization-
modulated interfacial hybridization changes the energy and
occupation of specific d-orbitals, thereby changing the com-
petitive balance between different orbital transitions (e.g.,
spin-conserving versus spin-flipping) that are responsible for
the sign and magnitude of the MAE. In the Cr,Ge, Teg/In;Ses
heterostructure, 3831 first-principles calculations explicitly
show that switching the In;Ses polarization from up to down
causes the magnetic ground state of Cr, Ge; Teg to change from

easy-plane anisotropy to easy-axis anisotropy.
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Fig. 5. Mechanism of MAE modulation driven by interfacial orbital hybridization. This figure illustrates the physical process by which ferro-
electric polarization reversal alters interfacial atomic interactions to modulate the MAE. (a) Side views of the Cr,Ge;Teg/In,Ses heterostructure
in its two different polarization states, showing the displacement of interfacial atoms upon polarization switching. (b) Top views and stacking
configuration of the heterostructure. (c) Quantitative impact of the polarization state on interfacial structure and magnetic anisotropy. The top
panel shows that the interlayer distance for the down-polarized state is systematically smaller than that of the up-polarized state, providing the
structural basis for enhanced orbital hybridization. The bottom panel shows the evolution of MAE with polarization and strain: the MAE for the
up-polarized state is consistently negative (easy-plane), whereas for the down-polarized state it becomes positive (easy-axis) at specific strains,
resulting in a sign reversal of the MAE. (d) The electronic origin of the MAE switching. A comparison between the top (Pyp) and bottom (Pgown)
sets of spin- and orbital-decomposed band structures reveals that the down-polarized state enhances interlayer orbital hybridization, altering the
relative strength of the critical orbital transitions that determine the sign of the MAE and ultimately driving the transition from easy-plane to
easy-axis anisotropy. Panels (a)—(c) reprinted with permission from Ref. [85]. Panel (d) reprinted with permission from Ref. [84].
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The physical implication of modulating the MAE is pro-
found. The presence of an easy-axis anisotropy is crucial
for opening a spin-wave excitation gap, which stabilizes 2D
ferromagnetism. Therefore, electrically switching the mag-
netic anisotropy from easy-plane to easy-axis provides a non-
volatile pathway to toggle the long-range ferromagnetic order
between an “off” state and an “on” state at finite temperatures,
offering a novel paradigm for magnetic memory and logic de-

vices.

2.3.3. Polarization-modulated interfacial Dzyaloshinskii—
Moriya interaction

In addition to modulating carrier concentration and mag-
netocrystalline anisotropy, ferroelectric polarization provides
another pathway to directly control magnetic chirality by
modulating the interfacial Dzyaloshinskii—-Moriya interaction
(DMI), 18-881 which is shown in Fig. 6. The DMI is an an-
tisymmetric exchange interaction of the form D - (S; x S;),
whose existence requires the lack of space-inversion symme-
try. In vdW heterostructures, the interface between the mag-
netic and ferroelectric layers breaks this symmetry, allowing
for a nonzero interfacial DMI. The switchable polarization of
the ferroelectric layer, which corresponds to ionic displace-
ments, further modifies the manner of this symmetry breaking,

thereby providing a physical basis for electrically controlling
the DMI vector’s strength and even its direction. [87-38]

First-principles calculations have systematically demon-
strated the effective control of interfacial DMI by ferroelectric
polarization. Studies show that the magnitude of the DMI is
highly sensitive to the polarization state. In a simple bilayer
heterostructure, such as Fe;GeTe,/In;Ses, reversing the polar-
ization of the In,Ses layer can induce a substantial change in
the magnitude of the DMI. This “on/off” control of the DMI
strength directly governs the stability of chiral magnetic tex-
tures. Since DMI is the crucial interaction for stabilizing mag-
netic skyrmions, modulating its magnitude via ferroelectric
polarization enables the non-volatile “creation” and “annihi-
lation” of these topological objects.[36-83]

A full reversal of the DMI vector’s direction can be
achieved in more symmetric sandwich structures, such as
In,Se3/Crls/InySes or Iny Ses/Fes GeTes/Iny Ses. In such struc-
tures, the simultaneous switching of the polarizations in the
top and bottom ferroelectric layers is equivalent to a symme-
try operation that leads to a complete sign reversal of the DMI
vector, from D to —D.187-88] A reversal of the DMI sign corre-
sponds to a reversal of the system’s magnetic chirality. For a
skyrmion, this translates directly into the reversal of its chiral-

ity, meaning its internal spin-whirling direction is inverted. (3]
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Fig. 6. Ferroelectric polarization control of interfacial DMI and its static consequences on skyrmions. This figure illustrates how ferroelectric
polarization acts as a tuning knob to control the existence and properties of magnetic skyrmions by modulating the interfacial DMI. (a) First-
principles calculations demonstrating the control of the DMI sign by ferroelectric polarization in a sandwich heterostructure. The sign of the
DMI is fully reversed when the polarizations of the top and bottom ferroelectric layers are switched simultaneously (11 vs. J.|). (b) Modulation of
the DMI magnitude by ferroelectric polarization in a bilayer heterostructure. The schematic and the corresponding calculated values (bar chart)
show that reversing the polarization can significantly alter the DMI magnitude, thereby affecting skyrmion stability. (c) Physical consequences
of DMI modulation. The top panels demonstrate the reversible “creation” and “annihilation” of a skyrmion in a bilayer structure, achieved by
switching the DMI magnitude via polarization reversal (P vs. P|). The bottom panels show the deterministic switching of a skyrmion’s chirality
in a sandwich structure, driven by the reversal of the DMI sign via synchronous polarization switching. Panel (a) reprinted with permission from

Ref. [87]. Panels (b) and (c) reprinted with permission from Ref. [88].
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The dynamic control of DMI also gives rise to novel phys-
ical phenomena. Theoretical work has proposed that the rapid
reversal of the DMI vector via ferroelectric switching can
pump an effective torque on magnetic domain walls, which has
been termed the DMI torque. This torque can drive the motion
of domain walls without the need for an applied electric cur-
rent or magnetic field. Such a purely electric-field-driven, low-
energy-consumption domain wall motion presents a highly at-
tractive scheme for novel domain-wall-based memory devices.

In summary, the mechanism of modulating interfacial
DMI via polarization enables not only static control over
the existence and chirality of topological spin structures
like skyrmions but also dynamic manipulation of domain

walls, [86-88]

This provides a physical foundation for all-
electrical control of topological magnetic information carriers,
highlighting a core advantage of 2D multiferroic heterostruc-
tures for future low-power, high-density spintronic applica-

tions.

2.3.4. Synergy of mechanisms

In real material systems, the three mechanisms described
above are not completely independent but often act synergisti-
cally to determine the final observed magnetoelectric coupling
strength and characteristics. For instance, charge transfer is al-
most always accompanied by a macroscopic shift in the band
structure, while atomic-scale structural distortions can also in-

fluence the local charge distribution and band bending.
However, in different systems, one or two dominant

mechanisms often prevail. (8182891

For example, in a het-
erostructure composed of a magnetic semiconductor, the
charge transfer mechanism is likely to be most effective due to
the low carrier density and high sensitivity to electrostatic dop-
ing. Conversely, in a heterostructure with a magnetic metal,
the strong screening effect from the metal’s free carriers will
significantly weaken the macroscopic electrostatic doping ef-
fect. In such cases, the orbital hybridization and band align-
ment modulation mechanisms, which do not rely on charge
transfer, may play a more important role.

Identifying the dominant coupling mechanism in a spe-
cific system remains a primary objective for theoretical
research and is essential for device optimization. Two-
dimensional van der Waals multiferroic heterostructures en-
able magnetoelectric coupling through the combined action
of long-range electrostatic fields and short-range orbital in-
teractions. This dual capability distinguishes them from con-
ventional materials and underpins their potential for realizing
novel physical states.

While the sections above detail the underlying physics,
the experimental realization of these mechanisms is often dic-
tated by engineering realities. To bridge the gap between the-
oretical prediction and device fabrication, we summarize the
engineering feasibility of these coupling modes in Table 1.

Table 1. Toolbox for engineering vdW multiferroic heterostructures.

Device constraint/factor

Polarization-gated charge transfer

Interfacial orbital hybridization (MAE)

Polarization-modulated DMI

Physical origin

Screening/depolarization

Interface cleanliness

Domain structure

Suggested material pairings

Long-range electrostatic field (elec-
trostatic doping)

(i) Highly sensitive.

(ii) Requires low carrier density
(magnetic semiconductors) to avoid
screening of the FE field.

(iii) Ineffective in metals due to
short screening lengths.

Moderate tolerance: Can persist
through ultrathin dielectric layers
(tunneling/field effect), provided
the depolarization field is managed.

Global modulation: The magnetic
state typically follows the average
polarization gating; susceptible to
leakage at domain walls.

FE/Magnetic semiconductor where
doping drives phase transitions

Short-range electronic wavefunction
overlap

(i) Robust.

(ii) Operates effectively in both metals
and semiconductors as it relies on local
atomic bonding rather than long-range
fields.

Zero tolerance: Requires direct, atom-
ically sharp contact. Any interlayer
(even monolayer hBN) or contaminant
(dead layer) disrupts the crucial p—d or-
bital hybridization.

Local pinning: Ferroelectric domains
can locally pin magnetic domains or do-
main walls via strain or hybridization,
affecting coercivity.

FE/Magnetic metal or semiconductor
with distinct orbital symmetries

Symmetry breaking at the inter-
face (antisymmetric exchange)

(i) Robust.

(i) Often enhanced in metallic
systems with strong spin—orbit
coupling (SOC).

High sensitivity: Requires direct
contact to break inversion sym-
metry and induce DMI. Interfacial
disorder can randomize the DMI
vector.

Chirality imprinting: ferroelectric
domains can locally define mag-
netic chirality (skyrmion vs. triv-
ial bubble) or create domain wall
tracks.

FE/Heavy metallic ferromagnet to
maximize SOC and DMI strength

3. Synthesis and characterization

Theoretical models and first-principles calculations have

mands advanced experimental techniques for both material

fabrication and property characterization.

established a framework for understanding interfacial mag-
netoelectric coupling in 2D van der Waals heterostructures.
Validating these predictions requires translating atomic-scale

concepts into functional physical devices. This transition de-

This section focuses on the experimental methods used to
construct and investigate 2D van der Waals multiferroic het-
erostructures. We first review the primary technical routes for
sample fabrication, distinguishing between mechanical assem-
bly and large-area growth techniques. Subsequently, we out-
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line the probing techniques required to characterize the struc-
tural, ferroelectric, and magnetic properties. These method-
ologies provide the basis for evaluating the experimental re-
sults discussed in later sections.

3.1. Synthesis of 2D materials and vdW heterostructures

As shown in Fig. 7, realizing theoretical predictions in
experimental devices relies on obtaining high-quality materi-

als and achieving precise heterostructure construction. In 2D
multiferroics, the fabrication process governs not only the in-
trinsic properties of the layers but also the observability of
weak interfacial magnetoelectric coupling. Fabrication tech-
niques generally follow two primary routes: a top-down ap-
proach based on mechanical exfoliation and stacking, and a

bottom-up approach focused on large-area growth.

Top-Down: Mechanical Exfoliation and Stacking

(a) Flakes are transferred
onto the stamp by exfoliation
with tape

The stamp is pressed
against the substrate

upside down

The stamp is peeled off
very slowly

— =

The stamp is turned  The flake is alligned on top (b)
of the target substrate

=

o

—

The flake has been
transferred

y Wash
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Bottom-Up: Large-Area Growth Techniques
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Assingle ALD cycle consists of four steps:

1. exposure of a precursor

2. purging with inert gas to remove unreacted
precursor molecules

3. exposure of a counter reactant

4. purging with inert gas to remove unreacted counter

reactant molecules and byproducts.

Fig. 7. Fabrication techniques for van der Waals (vdW) heterostructures. (a) and (b) Top-down mechanical assembly. (a) Mechanical exfoliation
of atomically thin flakes from bulk crystals. (b) Deterministic layer-by-layer stacking using a viscoelastic stamp. Although yielding the highest
crystalline quality, this method is limited by low throughput, micrometer-scale sample sizes, and potential interfacial contamination. (c) and
(d) Bottom-up large-area growth. (c) Chemical vapor deposition (CVD), where gaseous precursors react at high temperatures to synthesize
wafer-scale 2D films directly on substrates. (d) Atomic layer deposition (ALD), which utilizes sequential, self-limiting surface reactions to
deposit uniform, conformal films with atomic-level thickness control. Panel (a) reprinted with permission from Ref. [92]. Panel (b) reprinted
with permission from Ref. [101]. Panel (c) reprinted with permission from Ref. [102]. Panel (d) reprinted with permission from Ref. [103].

3.1.1. Top-down: mechanical exfoliation and stacking

The starting point for the top-down route is the acquisi-
tion of high-quality bulk layered crystals suitable for exfoli-
ation. These bulk crystals are typically synthesized at high
temperatures using methods such as chemical vapor transport
(CVT) or the flux method. The CVT method, which uses
a transport agent like a halogen to grow high-quality single
crystals from powder precursors under a temperature gradi-
ent, is the standard technique for obtaining most 2D mag-
nets (like Crlz) and TMD crystals. These synthesized, high-
quality parent crystals possess a perfect layered structure and
extremely weak interlayer van der Waals forces, which provide
the physical prerequisite for the subsequent mechanical exfo-

liation process. In current laboratory research, the top-down
approach of mechanical exfoliation and stacking remains the
cornerstone for constructing high-quality 2D multiferroic het-
erostructures. This route begins with the classic Scotch-tape
exfoliation method, [°°! which involves repeatedly peeling bulk
crystals to obtain single-crystal flakes with extremely low de-
fect densities. This provides the most ideal source of samples
for exploring intrinsic physical properties. Subsequently, re-
searchers employ a precision technique known as dry transfer
stacking, using a viscoelastic polymer stamp to pick up and
stack these flakes layer-by-layer under a microscope.”!~31 By
precisely controlling a rotation stage during the pickup pro-
cess, the interlayer twist angle can also be set, ultimately lead-
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ing to the construction of heterostructures with a specific con-
figuration. However, the bottlenecks of this method are signif-
icant. The random nature of mechanical exfoliation leads to
extremely low yield and sample sizes limited to several tens of
micrometers, which severely restricts the reproducibility and
scalability of research. More critically, the transfer process in-
evitably introduces contaminants at the interface, such as poly-
mer residues, trapped air bubbles, and water molecules.!*+%]
These atomic-scale defects severely compromise the cleanli-
ness of the interface, introducing disorder that can completely
obscure or alter the weak magnetoelectric coupling effects.

3.1.2. Bottom-up: large-area growth techniques

To overcome the size and yield limitations of the me-
chanical exfoliation method, bottom-up large-area growth
techniques have emerged, with chemical vapor deposi-
tion (CVD)*%8] being the most promising candidate for
industrial-scale production. By reacting gaseous precursors
on a catalytic substrate at high temperatures (typically 600—
900 °C), CVD can grow wafer-scale 2D films and verti-
cal heterostructures. Meanwhile, atomic layer deposition
(ALD),[%1001 3 varjant of CVD, offers atomic-level thick-
ness control and operates at lower growth temperatures (100-
250 °C) through the use of alternating, self-limiting surface
reactions, making it advantageous for stacking thermally sen-
sitive materials. Despite their great promise, these growth
techniques still face challenges in the context of multiferroic
heterostructures. Compared to perfect exfoliated single crys-
tals, CVD-grown films typically contain a higher density of
grain boundaries and defects. The high-temperature environ-
ment also makes it exceedingly difficult to achieve atomically
clean interfaces within the heterostructures. While ALD of-
fers a low-temperature advantage, the crystal quality of the
films it produces is often inferior, and optimizing the process
to achieve high-quality crystalline growth at low temperatures
remains a challenge.

3.2. Key characterization techniques

Investigating 2D multiferroic heterostructures requires
characterization techniques with high sensitivity and spatial
resolution to detect weak signal responses. The experimental
approach typically follows a systematic progression: first con-
firming structural quality, then verifying the individual ferroic
properties, and finally investigating the interfacial magneto-
electric coupling. This comprehensive analysis is essential for
understanding the physical mechanisms governing these sys-
tems.

3.2.1. Structural and morphological characterization:
the quality control of the device

Before any complex physical property measurements can

be performed, the primary task is to confirm that the struc-

ture and morphology of the heterostructure meet the design

specifications. Atomic force microscopy (AFM) is the most
fundamental tool for this step.!!**1%3] By non-destructively
scanning the sample surface, it can precisely measure the
material thickness to determine the number of layers and
check for macroscopic defects introduced during stacking,
such as wrinkles and bubbles. To further probe the interface
quality at the atomic scale, transmission electron microscopy
(TEM) provides atomic-resolution cross-sectional imaging of
the interface, %1071 allowing for the assessment of interfacial
sharpness through cross-sectional imaging and the precise de-
termination of interlayer twist angles via electron diffraction.

3.2.2. Characterization of single ferroic orders: verify-
ing the building blocks

After confirming the structural integrity, it is necessary to
individually verify that the functional building blocks of the
heterostructure — the ferroelectric and ferromagnetic layers
— are each working correctly.

For the direct confirmation of ferroelectricity, piezore-
sponse force microscopy (PFM) is currently the core
tool.[108-1101 By detecting the sample’s inverse piezoelectric
response to an AC electric field, it not only enables direct
imaging of ferroelectric domains and their polarization direc-
tions but, more importantly, can be used to switch the domains
in-situ with DC voltage pulses and plot local piezoelectric
hysteresis loops, providing evidence for the switchable nature
of ferroelectricity. However, as highlighted by Gruverman et
al.,!"'% PEM signals can be obscured by non-piezoelectric ar-
tifacts arising from electrostatic forces, charge injection, and
electrochemical reactions at the tip—surface junction. To rigor-
ously distinguish intrinsic ferroelectricity, it is essential to per-
form switching spectroscopy PFM (SS-PFM) to verify charac-
teristic hysteresis loops and to confirm the long-term retention
of written domains to rule out transient electrostatic effects.
Besides, to rigorously exclude non-ferroelectric origins, it is
highly recommended to corroborate PFM results with optical
second harmonic generation (SHG) measurements.!'!'!l As a
non-destructive probe sensitive to broken inversion symmetry,
SHG provides definitive evidence of the polar order and its
symmetry characteristics.

For the characterization of magnetism, the most com-
mon macroscopic technique is the magneto-optical Kerr ef-
fect (MOKE), which measures the net magnetization by de-
tecting the minute rotation of polarized light upon reflection
from the magnetic surface, yielding high-quality hysteresis
loops.[!12113] For the direct visualization of magnetic domain
distribution and evolution, researchers typically employ mag-

netic force microscopy (MEM). [101.114]

4. Experimental realization of magnetoelectric
coupling

This section reviews pivotal experimental demonstrations
of electrical control of magnetism in heterostructures. The dis-
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cussion begins with hybrid-dimensional systems, which inte-

grate 2D magnets with ferroelectric polymers or piezoelectric

substrates. It then examines all-vdW heterostructures com-
posed entirely of van der Waals crystals, where magnetoelec-

tric coupling originates from intrinsic interfacial interactions.

4.1. Magnetoelectric coupling in hybrid-dimensional sys-

tems

Before the exploration of all-vdW multiferroic systems,
researchers achieved significant early progress in hybrid-
dimensional heterostructures by combining 2D magnets with
well-established conventional ferroelectric/piezoelectric mate-
rials. Although these systems do not fall under the strict defi-
nition of a vdW heterostructure, they provided valuable exper-
imental proof-of-concept for the electric-field control of 2D

Strain-mediated magnetoelectric coupling

magnetism.

One common strategy in this area is strain-mediated mag-
netoelectric coupling. As shown in Figs. 8(a) and 8(b), a typi-
cal example is the work by Wang et al., where a 2D vdW ferro-
magnet, Fe;GeTe,, was placed on a bulk piezoelectric single-
crystal substrate, PMN-PT.!'15] By applying a voltage to the
PMN-PT substrate, they successfully achieved reversible and
non-volatile control over the magnetization of FesGeTe, at
room temperature through the piezoelectric strain generated
by the substrate. Raman spectroscopy and x-ray diffraction
measurements confirmed the effective transfer of strain from
the substrate to the 2D magnetic layer. This method of altering
MAE via strain represents a classic and effective pathway for
magnetoelectric coupling.
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Fig. 8. Magnetoelectric coupling mechanisms in hybrid-dimensional heterostructures. (a) and (b) Strain-mediated coupling in FesGeTe,/PMN-
PT. (a) Device schematic showing the 2D magnet FesGeTe, bonded to a piezoelectric PMN-PT substrate. (b) Magnetization versus electric
field curves displaying characteristic butterfly loops. This behavior indicates that piezoelectric strain transferred from the substrate modulates
the magnetocrystalline anisotropy of the FesGeTe, layer. (c) and (d) Interface-mediated switching in Cr,Ge,Te/P(VDF-TrFE). (c) Device
structure and schematic of the atomic reconstruction at the interface induced by polarization reversal. (d) Non-volatile switching of the magnetic
hysteresis loop. The structural modulation at the interface alters the magnetic anisotropy, toggling the system between a ferromagnetic state (open
loop) and a paramagnetic-like state (closed loop). (e) and (f) Charge-mediated modulation in Fe3GaTe,/P(VDF-TrFE). (e) Device architecture.
(f) Modulation of the Curie temperature (7¢) via interfacial charge accumulation or depletion. Switching the ferroelectric polarization modifies
the carrier density and exchange interactions within the itinerant ferromagnet, enabling bidirectional electrical tuning of 7c. Panels (a) and (b)
reprinted with permission from Ref. [115]. Panels (c) and (d) reprinted with permission from Ref. [116]. Panels (e) and (f) reprinted with

permission from Ref. [117].

Another strategy that is closer to the vdW heterostruc-
ture concept involves the use of ferroelectric polymers, such
as P(VDF-TrFE). Because polymer thin films can be made
very thin and are flexible, they can form relatively intimate

contact with 2D materials. At low temperatures (4 K), as

shown in Figs. 8(c) and 8(d), Liang et al. combined the 2D
magnetic insulator CryGe;Teg with a ~50 nm thick film of
P(VDE-TrFE).!'1% They discovered that a small voltage of
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45 V applied across the polymer could reversibly “open” and
“close” the magnetic hysteresis loop of CryGe,Teg, achiev-
ing a non-volatile switching from paramagnetic-like behavior
to ferromagnetic behavior. A key finding of this work was
that this modulation effect was significant only in few-layer
(2—4 layers) CryGe,Teg and nearly vanished in a thicker (8-
layer) sample, clearly indicating the dominant role of inter-
As shown in Figs. 8(e) and 8(f), Cai et al.
combined P(VDF-TrFE) with another room-temperature fer-

facial effects.

romagnet, FezGaTe,, and demonstrated not only non-volatile,
bidirectional control of its Curie temperature at room tempera-
ture but also observed interesting layer-dependent effects.[!!7]
These works showcase the immense potential of using flexible

ferroelectrics to control 2D magnetism at the interface.

4.2. Intrinsic interfacial coupling in all-van der Waals het-
erostructures

Despite the significant progress in hybrid-dimensional
systems, the exploration of more fundamental interface
physics, as well as the construction of atomically precise all-
2D devices, necessitates the study of all-vdW heterostructures
composed entirely of van der Waals crystals. In such systems,
the coupling no longer relies on external strain or polymers
but instead originates from the intrinsic, electronic interactions
across the van der Waals gap between the two crystals.

4.2.1. Proof-of-principle demonstrations at low tem-
peratures

As shown in Figs. 9(a) and 9(b), early all-vdW multi-
ferroic experiments were primarily focused on providing a
proof of principle for the theoretically predicted interfacial
coupling mechanisms at low temperatures. The heterostruc-
ture composed of the 2D antiferromagnet Crlz and the 2D
The work
by Wu et al. utilized reflective magnetic circular dichroism

ferroelectric a-InpSe3 is a canonical example.

(RMCD) to clearly demonstrate that the magnetic ground state
of Crlz could be non-volatilely altered by applying a gate

1191 The experiments re-

voltage across the o-InySes layer.!
vealed that the different polarization states of a-InySes; asym-
metrically enhanced the interlayer ferromagnetic coupling in
Crl;, thereby achieving switching control over the interlayer
magnetic exchange. This work provides direct experimen-
tal evidence for the core interfacial electronic mechanism of
polarization-switched magnetic exchange. Meanwhile, Eom
et al. also observed voltage control of the coercive field in

8] Tnterestingly, their

Fe;_GeTe,/InpSes heterostructures. !
evidence from Raman spectroscopy suggested that this modu-
lation might originate more from the interfacial strain induced
by the piezoelectric effect of In,Ses. These two works reveal
the possible coexistence and competition of multiple coupling

mechanisms in all-vdW heterostructures.

4.2.2. Towards room temperature: A landmark break-
through

Bridging the gap from low temperatures to room temper-
ature is a crucial leap for the field towards practical applica-
tions. A landmark breakthrough was recently achieved with
the realization of non-volatile electrical control of magnetism
at room temperature in Fe3GaTe,/CulnP,S¢ (FGT/CIPS) het-
erostructures. The significance of the work by Zhao et al. lies
in the clever selection of two van der Waals crystals that both
possess room-temperature ferroic orders: the ferromagnetic
metal FGT and the ferroelectric CIPS.[1%0]

As shown in Fig. 9(c), the researchers utilized anoma-
lous Hall effect (AHE) measurements and found that after ap-
plying a voltage pulse sufficient to switch the polarization of
the CIPS layer and then removing it, the shape of the mag-
netic hysteresis loop of the FGT layer was permanently and
reproducibly altered, manifesting as a significant reduction in
the coercive field and an evolution of the magnetic reversal
mode from coherent to incoherent. In-situmagnetic force mi-
croscopy (MFM) confirmed that the ferroelectric polarization
state directly influences the formation and pinning of mag-
netic domain walls. To fundamentally understand this phe-
nomenon, the work combined first-principles calculations with
micromagnetic simulations, which ultimately revealed a novel
coupling mechanism: the ferroelectric polarization of CIPS
induces a significant DMI at the interface and modulates the
magnetic reversal behavior by controlling the strength of this
DMI. This work not only achieved robust magnetoelectric con-
trol in an all-vdW system at room temperature for the first time
but, more importantly, it provided a complete physical evi-
dence chain from macroscopic transport to microscopic do-
mains to interfacial DMI modulation. It strongly validates
that ferroelectric polarization control of DMI is a novel and
highly effective magnetoelectric coupling mechanism in van
der Waals multiferroic heterostructures.

These pioneering experimental demonstrations, partic-
ularly the leap from low-temperature proof-of-principle to
room-temperature functionality, represent a critical step for the
field from scientific exploration toward technological applica-
tion. The profound implications and potential applications of
this electrically controlled magnetism are what drive the in-
tense interest in the field. Now, let us turn our attention to
these future technologies.

4.3. Distinguishing mechanisms via characterization

Building upon the theoretical frameworks established in
Section 2, the challenge lies in experimentally pinpointing
which mechanism dominates in a real device. In the exper-
imental exploration of vdW multiferroic heterostructures, a
central challenge lies in isolating the dominant magnetoelec-
tric coupling mechanism among several coexisting possibili-
ties. To facilitate this process, we propose a diagnostic work-
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flow in Table 2, synthesizing the experimental logic from key

studies detailed in Section 4.

As illustrated in the table, the distinction relies heavily
on analyzing the symmetry of the response and performing
structural cross-validation. For instance, charge transfer is
characterized by a nonreciprocal magnetic response (depen-
dent on the electric field polarity); however, to confirm this
purely electronic mechanism, one must simultaneously rule
out lattice deformation using Raman spectroscopy. In con-
trast, mechanisms driven by interfacial orbital hybridization

(a) Piezoelectric strain-mediated
control in FGT/In,Se,

typically induce a symmetric (homopolar) modulation of co-
ercivity, which is affirmatively linked to piezoelectric strain
only if voltage-dependent Raman peak shifts are observed. Fi-
nally, DMI-driven coupling is identified not merely by param-
eter changes, but by a fundamental evolution in the magnetic
reversal mode (e.g., from coherent to incoherent), which ne-
cessitates real-space visualization (e.g., via MFM) to confirm
the modulation of domain wall dynamics or skyrmion nucle-

ation.

(b) Nonreciprocal magnetic
switching in Crl,/In,Se,
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Fig. 9. Experimental realizations of electrical control of magnetism in 2D vdW multiferroic heterostructures. (a) Piezoelectric strain-mediated
control in Fes_GeTe,/InySes heterostructures. The magnetic hysteresis loops (measured by MOKE) show that the coercive field (H.) of
Fe;_GeTe; is significantly modulated by the voltage applied to the ferroelectric InySes layer. The symmetric V-shaped H.—V, dependence (bot-
tom left) and the absence of modulation in the h-BN control device (bottom right) confirm that piezoelectric strain is the dominant mechanism at
low temperatures. (b) Nonreciprocal magnetic switching in Crlz/In;Ses heterostructures. RMCD measurements reveal an asymmetric shift of the
spin-flip transition field under gating. This nonreciprocal behavior enables direct electrical switching between magnetic states, driven by the mod-
ulation of interlayer magnetic exchange coupling via ferroelectric polarization. (c) Room-temperature nonvolatile control in Fe3GaTe,/CulnP,S¢
heterostructures. Anomalous Hall effect (AHE) measurements demonstrate nonvolatile modulation of magnetic hysteresis loops at room tem-
perature. The experimental evolution of the loops with polarization voltage (right) shows excellent agreement with micromagnetic simulations
(left), validating that ferroelectric polarization controls the magnetism by modulating the interfacial DMI. Panel (a) reprinted with permission
from Ref. [119]. Panel (b) reprinted with permission from Ref. [118]. Panel (c) reprinted with permission from Ref. [120].
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Table 2. General diagnostic criteria for identifying interfacial magnetoelectric coupling mechanisms based on experimental signatures.

Coupling mechanism

Macroscopic signal

Microscopic verification

Physical logic chain

Polarization-gated charge transfer

Interfacial orbital hybridization (MAE)

Polarization-modulated DMI

The magnetic state changes
significantly under one electric
field polarity but remains unre-
sponsive or behaves differently
under the opposite.

Key magnetic parameters de-
crease or increase for both pos-
itive and negative bias voltages.

Evolution of Hysteresis Loop
Shape: A qualitative transition
from a square loop (coherent
reversal) to a slanted loop (in-

Raman spectroscopy shows no
observable peak shifts under
applied voltage, ruling out
piezoelectric strain effects.

Raman peaks exhibit voltage-
dependent shifts that track the
trend of the magnetic modula-
tion.

MFM reveals increased domain
wall density or the nucleation
of topological textures (e.g.,
skyrmions).

Since electrostatic doping de-
pends on the direction of the
electric field relative to the
band alignment, the effect is in-
herently asymmetric. The lack
of structural distortion con-
firms a purely electronic origin.
The effect is driven by piezo-
electric strain, which often in-
duces similar in-plane lattice
expansion regardless of po-
larity, thereby symmetrically
modulating the orbital overlap
and MAE.

The change in reversal mode
signals a reduction in domain
wall energy, which is the direct
consequence of enhanced inter-

coherent reversal).

facial DML

5. Functional characteristics and device applica-
tions

Voltage-controlled magnetism in 2D van der Waals mul-
tiferroic heterostructures presents a pathway to address the
power consumption constraints of conventional electronics.
Rather than examining physical effects in isolation, this sec-
tion integrates these mechanisms with specific device concepts
to illustrate the progression from fundamental research to po-
tential technological applications in future information sys-
tems.

5.1. Nonvolatile magnetic memory and logic devices

The most direct application prospect for this field lies in
building ultra-low-power nonvolatile magnetic memory and
logic devices. Mainstream MRAM technology relies on
current-driven spin-transfer torque (STT)!'>! or spin—orbit
torque (SOT)!12%123] to switch magnetization, a process that
suffers from significant Joule heating and power consump-
tion issues. In contrast, 2D multiferroic heterostructures pro-
vide a disruptive, voltage-controlled path to magnetism. For
instance, in systems like Crls/a-InySes, reversing the polar-
ization of the ferroelectric layer can directly switch the mag-
netic exchange between layers.!'!) This state transition can
be directly mapped to a high/low resistance state, enabling
nonvolatile electric-write, magnetic-read memory functional-
ity. Alternatively, leveraging ferroelectric polarization to flip
the magnetic anisotropy of the magnetic layer, causing its easy
axis to switch between in-plane and out-of-plane, can also al-

124] This can be used to

ter the device’s magnetoresistive state. !
construct voltage-tunable magnetic switches and logic gates.
Such voltage-driven schemes promise to reduce the write en-

ergy by several orders of magnitude.

5.2. Brain-inspired neuromorphic computing

The multi-state and nonvolatile nature of 2D multifer-
roic heterostructures makes them an ideal physical platform
for brain-inspired neuromorphic computing.!'?>1261 Conven-
tional CMOS-based Al hardware faces enormous power and
latency issues due to the von Neumann bottleneck when per-
forming large-scale parallel computations. In a 2D multifer-
roic heterostructure, both the ferroelectric and magnetic lay-

[127-130] By applying a series

ers can host multiple domains.
of voltage pulses with controlled amplitude or width, a grad-
ual and incomplete switching of the ferroelectric domains can
be achieved. This analog change in the polarization state, in
turn, modifies the overall magnetic state of the device, mani-
festing as a multi-level, nonvolatile change in its conductance.
This process perfectly mimics the weight plasticity and long-
term potentiation/depression (LTP/LTD) behavior of biologi-
cal synapses, where training leads to learning, laying the foun-
dation for energy-efficient artificial synaptic devices.

5.3. Topological and spintronic devices

Furthermore, this field presents unique opportunities
for novel topological and spintronic devices. Moving be-
yond simple binary logic, utilizing the topological proper-
ties of matter or the spin degree of freedom of electrons
to process information promises higher fault tolerance and
lower energy consumption. For example, in systems like
FegGaT62/CuInPZSG,[120’131] the ferroelectric polarization, by
controlling the interfacial DMI, enables the nonvolatile cre-
ation, annihilation, and even chirality reversal of magnetic
skyrmions.!'3271331 A topologically stable information car-
riers, skyrmions provide a path toward high-density, low-
power racetrack memories and topological bits. On another
front, theoretical predictions suggest that in certain systems
(e.g., FeCly/Scr,CO»), the ferroelectric polarization can di-

rectly modulate the band structure of the adjacent magnetic
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layer, causing a phase transition from a semiconductor to a
half-metal.!'3¢! This electric-field-induced switching of metal-
licity relevant to spin filtering and the realization of fully spin-
polarized current sources for spin-logic,!*-13° opening new
avenues for voltage-controlled spin logic operations.

5.4. Challenges for critical applications

While the device concepts discussed above demonstrate
immense potential, transitioning them from laboratory proto-
types to practical technologies requires overcoming specific
engineering barriers. To bridge the gap between fundamental
research and application, an actionable roadmap must address
critical bottleneck metrics tailored to each device paradigm.

For nonvolatile memory and logic, the primary chal-
lenge lies in reliability and scalability. Although vdW in-
terfaces theoretically minimize bonding defects, competitive

devices must demonstrate fatigue resistance exceeding 102
switching cycles and data retention of over 10 years at el-
evated temperatures. Achieving these standards necessitates
a shift from exfoliation-based prototypes to wafer-scale, uni-
form CVD growth compatible with CMOS integration. In the
field of neuromorphic computing, the focus shifts to the preci-
sion of analog switching. The key milestone here is engineer-
ing the defect landscape to ensure high linearity and symmetry
in weight updates, thereby minimizing device-to-device varia-
tion that currently hinders large-scale neural network accuracy.
Finally, for topological spintronics, the absolute prerequisite
is thermal stability. Future efforts must prioritize identifying
or engineering vdW systems — potentially via interface DMI
enhancement — that can support stable skyrmion generation
and manipulation at room temperature without bulky external
magnetic fields.

(a) Ultra-Low Power Memory & Logic

(b) Brain-Inspired Computing

(¢) Skyrmion Racetrack Memory
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Fig. 10. Future device applications based on van der Waals multiferroic heterostructures. (a) Ultra-low power memory and logic device. This
non-local architecture utilizes ferroelectric polarization to gate the generation and propagation of magnons. The signal is electrically detected
via the inverse spin Hall effect, enabling voltage-controlled logic operations. (b) Brain-inspired computing. The application of voltage pulses
progressively modulates the ferroelectric domain configuration, resulting in multi-level non-volatile conductance states. This analog behavior
emulates the long-term plasticity of biological synapses for artificial neural networks. (c) Skyrmion racetrack memory. A conceptual single-
nanotrack device where local reversal of the DMI chirality creates a barrier. This mechanism allows precise control over the creation, annihilation,
and motion of skyrmions, enabling logic gate functionalities within a single nanowire. Panel (a) reprinted with permission from Ref. [140].
Panel (b) reprinted with permission from Ref. [129]. Panel (c) reprinted with permission from Ref. [141].

6. Conclusion

In summary, 2D van der Waals multiferroic heterostruc-
tures, with their unique advantages in interface quality and
tunability, have emerged as a highly promising physical plat-
form for exploring novel magnetoelectric phenomena and de-
veloping next-generation electronic devices. At the theoret-
ical level, a rich variety of interfacial coupling mechanisms
has been proposed, providing a solid physical foundation for
achieving strong magnetoelectric coupling. At the experi-
mental level, despite significant challenges, landmark break-
throughs, typified by the non-volatile electrical control of
magnetism at room temperature, have successfully demon-
strated the feasibility of this approach and ignited hope for dis-
ruptive applications in low-power electronics and neuromor-
phic computing. However, we must recognize that the path
from laboratory proof of concept to mature technological ap-
plication is still filled with challenges.

The current research bottlenecks can be primarily catego-
rized into three levels: material, interface, and lifetime. First,

at the material level, the construction of systems is severely
limited by the scarcity of suitable materials. On one hand,
many key 2D magnets (e.g., Crlz) are chemically unstable
and rapidly oxidize and degrade in ambient conditions.*”
On the other hand, the Curie temperatures of most known
2D magnets are far below room temperature, which funda-
mentally restricts the practical operating environment of any
device.[4%143] Concurrently, the polarization strength of some
2D ferroelectrics can be considerably weaker than that of their

1441 Second, at the interface

conventional bulk counterparts.
level, although a perfect interface is theoretically possible,
actual fabrication processes, especially the dry transfer tech-
nique, inevitably introduce defects such as polymer residues,
trapped bubbles, and stacking mismatch. These interfacial
imperfections introduce disorder and scattering, leading to a
drastic reduction in carrier mobility and can even completely
obscure the faint, intrinsic magnetoelectric coupling effect that
is being sought. Finally, at the device lifetime level, the fa-

tigue effects and poor retention performance commonly found
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in ferroelectric devices are also critical reliability challenges

that must be addressed in these 2D systems. [!4]

Despite these formidable challenges, they also clearly il-
luminate the directions for future research. The foremost task
is undoubtedly materials discovery: accelerating the search
for novel 2D ferroelectric and ferromagnetic materials that
possess robust room-temperature ferroic orders, air stability,
and strong coupling potential, using a combination of high-
throughput computational screening and experimental synthe-
sis. This is followed by process innovation, which involves de-
veloping contamination-free, automated, all-in-vacuum stack-
ing techniques to overcome the current interface contamina-
tion problem, and exploring scalable direct van der Waals epi-
taxy methods, which are essential steps to transition from the
lab to industry. Finally, in the realm of mechanism and de-
vice exploration, researchers need to delve deeper into uti-
lizing new degrees of freedom, such as moiré superlattices,
to engineer and enhance interfacial magnetoelectric coupling.
It is also crucial to actively push forward from single-device
physical demonstrations to the fabrication and integration of
multi-pixel prototype devices, in order to ultimately transform
the immense potential of 2D van der Waals multiferroic het-
erostructures into a tangible technology.
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