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TOPICAL REVIEW — Multiferroicity and multicaloric effects
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The convergence of spintronics and multiferroics has enabled unprecedented control of charge and spin degrees of
freedom, opening new avenues for multifunctional tunnel junctions. This review provides a systematic overview of multi-
ferroic materials and their integration into tunnel junction devices. First, we categorize multiferroics into type-I, type-II, and
heterostructures, discussing synthesis strategies, material design, and approaches for tuning ferroic properties and magneto-
electric coupling. Next, we examine tunnel junctions, including magnetic and ferroelectric types, and focus on multiferroic
tunnel junctions (MFTJs), highlighting the mechanisms underlying tunneling magnetoresistance (TMR) and tunneling elec-
troresistance (TER), as well as the roles of interfacial engineering, electrode asymmetry, and multifield control. Special
attention is given to emerging two-dimensional van der Waals MFTJs, which offer multi-level data storage, ultralow-power
operation, and efficient spin filtering. Finally, we discuss challenges and future directions, emphasizing the importance of
room-temperature, strongly coupled 2D multiferroics, scalable fabrication, and interface optimization for next-generation
nonvolatile memory and multifunctional spintronic applications.

Keywords: multiferroic tunnel junctions, multiferroic materials, tunneling magnetoresistance, tunneling elec-
troresistance
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1. Introduction

The rapid development of artificial intelligence and In-
ternet of things technologies has imposed increasing demands
on information devices with higher storage density, greater
functional diversity, and further miniaturization.[1–4] In this
context, multiferroic tunnel junctions (MFTJs) have emerged
as a new class of multifunctional devices that simultane-
ously exploit ferroelectric and magnetic order parameters,
enabling multistate control through either electric or mag-
netic fields.[5–7] By coupling the tunneling magnetoresistance
(TMR) and tunneling electroresistance (TER) effects within a
single junction, MFTJs can achieve multi-resistive nonvolatile
memory states, low-power operation, and in-memory comput-
ing functionalities. These features offer synergistic control ca-
pabilities that surpass those of conventional junctions based on
a single ferroic degree of freedom.[8–15]

Conventional three-dimensional (3D) bulk-based MFTJs,
however, face significant challenges for practical device inte-
gration. At the nanoscale, interfacial defects, lattice mismatch,
and surface state pinning can strongly degrade tunneling uni-
formity, reduce device stability, and limit reproducibility. In
addition, bulk materials often exhibit weak magnetoelectric

coupling and require complex fabrication processes, including
high-temperature epitaxy or layer-by-layer deposition, which
are difficult to scale for industrial applications.[16–22] Further-
more, their poor compatibility with silicon-based technolo-
gies complicates integration into existing electronic platforms.
These intrinsic limitations not only constrain device perfor-
mance but also motivate the search for alternative material sys-
tems that can provide stronger coupling, atomically sharp in-
terfaces, and improved scalability, laying the groundwork for
next-generation multifunctional devices.

Two-dimensional (2D) van der Waals (vdW) materials
provide a promising solution. Since the isolation of graphene
in 2004,[23] a growing variety of 2D vdW systems, such as
In2Se3,[29] and MnBi2Te4

[30] have been discovered. Their
weak interlayer vdW interactions allow the formation of atom-
ically sharp, dangling-bond-free interfaces, effectively reduc-
ing interfacial disorder, leakage currents, and scattering ef-
fects. In 2D vdW MFTJs, these structural advantages en-
able simultaneous electric control of magnetism and mag-
netic control of ferroelectric polarization, supporting versatile
operational modes such as electric-write/magnetic-read and
magnetic-write/electric-read. Such functionalities provide a
solid foundation for in-memory computing, neuromorphic ar-
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chitectures, and multi-state spintronic devices.[31–36] In this re-
view, we systematically summarize recent advances in mate-
rial systems, magnetoelectric coupling mechanisms, and de-
vice functionalities, with an emphasis on emerging 2D vdW
MFTJs and their potential applications, as illustrated in Fig. 1.

Finally, we provide an outlook on the remaining challenges
and future directions in 2D vdW MFTJs, including the dis-
covery of room-temperature, strongly coupled multiferroics;
interface engineering; and scalable device integration for next-
generation low-power, multifunctional spintronic applications.

Fig. 1. Schematic overview of two-dimensional van der Waals multiferroic materials and multiferroic tunnel junctions. Reprinted with permission
from Refs. [64,92,109,157,159,168–171]. Copyright ©2020 by American Chemical Society. Copyright ©2021 by American Chemical Society.
Copyright ©2022 by American Physical Society. Copyright ©2022 by Springer Nature. Copyright ©2023 by American Chemical Society.
Copyright ©2024 by American Physical Society. Copyright ©2025 by American Chemical Society.

2. Multiferroic materials

The concept of multiferroic materials was formally intro-
duced by Hans Schmid in 1994, referring to functional ma-
terials that simultaneously exhibit two or more ferroic order
parameters — such as ferroelectricity, ferromagnetism, fer-
roelasticity, or ferrotoroidicity — with possible coupling in-
teractions among them.[37,38] A schematic illustration of the
four primary ferroic orders and their characteristic hysteresis
loops is presented in Fig. 2(a). Among these, the magneto-
electric (ME) coupling effect — the change in electric po-
larization induced by a magnetic field or the modulation of
magnetization by an electric field — has been the most exten-
sively studied. Materials exhibiting strong ME coupling en-
able electric-field control of magnetism, multistate data stor-

age, and novel sensing functionalities, establishing multifer-
roics as a central topic at the intersection of condensed mat-
ter physics and materials science.[7,39] A major breakthrough
occurred in 2003, when Ramesh and co-workers fabricated
BiFeO3 (BFO) thin films showing significantly enhanced mul-
tiferroic properties compared with bulk crystals [Fig. 3(a)]. In
the same year, Tokura and Kimura independently discovered
spin-order-induced ferroelectricity in TbMnO3,[40,41] with its
structural schematic provided in Fig. 3(b). These advances ini-
tiated a period of rapid development in multiferroic research,
transitioning the field from fundamental property exploration
to functional device realization. However, since around 2016,
research activity has gradually slowed, largely due to the prac-
tical challenges associated with three-dimensional multifer-
roics, including limited ME coupling strength and integration
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incompatibility with modern device architectures.

Fig. 2. (a) Schematic illustration of four primary ferroic orders with
their corresponding hysteresis loops. Reprinted with permission from
Ref. [38]. Copyright ©2012 by Springer Nature. Note: Ferroelasticity
is associated with a lowering of point-group symmetry and does not nec-
essarily require inversion-symmetry breaking; depending on the specific
ferroelastic transition, inversion symmetry may be preserved or broken.
(b) Exponential growth in research on 2D multiferroic materials over re-
cent years. Reprinted with permission from Ref. [42]. Copyright ©2025
by American Chemical Society.

Recently, the emergence of 2D vdW crystals has revital-
ized this field by providing an atomically thin platform for ex-
ploring coupled ferroic orders.[42] As illustrated in Fig. 2(b),
the number of publications on 2D multiferroic materials has
increased exponentially over the past few years. Despite
their technological potential, intrinsic single-phase multifer-
roics combining ferroelectricity and magnetism remain scarce,
primarily due to several fundamental physical constraints.[43]

First, symmetry considerations impose strict requirements:
ferromagnetism requires the breaking of time-reversal sym-
metry, while ferroelectricity demands the absence of spatial
inversion symmetry. The coexistence of both orders thus ne-
cessitates the simultaneous violation of these two symmetries.
Second, the microscopic origins of magnetism and ferroelec-
tricity are inherently different. Magnetism typically arises
from the spin moments of unpaired d- or f-electrons, which es-
tablish long-range order via direct, superexchange, or double-
exchange interactions. In contrast, ferroelectricity results from
various mechanisms that often compete with magnetic order-
ing. Based on their microscopic origins and coupling mech-
anisms, multiferroics can be broadly divided into two cate-
gories, as discussed below.

2.1. Type-I multiferroics

Type-I multiferroics feature ferroelectric and magnetic
orders that originate from largely independent microscopic
mechanisms. These materials typically possess high ferroelec-
tric Curie temperatures (often above room temperature) but
relatively weak ME coupling, which limits their technological
applicability.[44] Representative examples include bismuth-
based perovskite oxides and hexagonal manganites. Among
them, BFO is the most prominent example. It crystallizes in a
rhombohedral perovskite structure (space group R3c), exhibit-
ing a ferroelectric Curie temperature of ∼ 1100 K and an anti-
ferromagnetic Néel temperature of ∼ 640 K. The large polar-
ization originates from off-center displacements of Bi3+ ions
driven by their stereochemically active 6s2 lone pairs, while
Fe3+ spins form a G-type antiferromagnetic order. Because
the net macroscopic magnetization is weak, approaches such
as chemical substitution (e.g., La, Mn) and strain engineering
are often employed to enhance its ME response.[45–48] Another
important family is the hexagonal RMnO3 system (R = Y, Ho,
Lu, Yb; space group P63cm). In these materials, ferroelec-
tricity arises from asymmetric displacement of Mn3+ ions and
associated lattice distortions, yielding Curie temperatures be-
tween 600 K and 900 K. The Mn3+ ions order antiferromag-
netically via superexchange interactions, with Néel tempera-
tures around 70–120 K.[49] Compounds such as YMnO3 and
HoMnO3 thus exhibit coexisting ferroelectric and antiferro-
magnetic orders at low temperature.[50–53]

Type-I multiferroics provide a broad class of materials
with robust ferroelectricity and thermal stability, yet their
weak coupling between ferroic orders limits their use in
electric-field-controlled magnetism and spintronic applica-
tions.

2.2. Type-II multiferroics

Type-II multiferroics are distinguished by the fact that
their ferroelectricity is magnetically induced, i.e., the elec-
tric polarization emerges as a direct consequence of a partic-
ular magnetic ordering.[54,55] Consequently, ferroelectric and
magnetic transitions typically occur within similar tempera-
ture ranges and exhibit strong ME coupling. However, both
transition temperatures are generally below room temperature,
which limits device applications. Representative examples in-
clude orthorhombic DyMnO3, trigonal CuFeO2, and mono-
clinic MnWO4.[56–58] In these materials, non-collinear spin
structures, such as spin spirals, break spatial inversion sym-
metry through the Dzyaloshinskii–Moriya (DM) interaction,
while the emergence of electric polarization arises from the
combined effects of mechanisms like the inverse DM mecha-
nism and spin-dependent p–d hybridization.[59,60]

The search for intrinsically multiferroic layered mate-
rials suitable for nanoelectronic devices has drawn exten-
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sive attention. Among these, NiI2 has recently emerged
as a compelling 2D type-II multiferroic.[61,62] These mate-
rials exhibit macroscopic polarization in their bulk phases
due to the presence of helical magnetic order [Fig. 3(c)].
However, the polarization behavior at the monolayer/bilayer
limit remains controversial, and the minimum thickness re-
quired to induce finite polarization via helical magnetic or-
der has yet to be determined.[63,64] Furthermore, although
MnPS3 exhibits broken inversion symmetry below its Néel
temperature,[65] its magnetoelectric coupling has not been di-
rectly measured. In contrast, CuCrP2S6, as a van der Waals
layered antiferromagnet,[66] demonstrates spin-induced fer-

roelectricity and significant magnetoelectric coupling, with

substantial polarization retained even at the monolayer limit.

More importantly, the polarization in CuCrP2S6 originates

from localized noncentrosymmetric Cr3+ sites and is not con-

strained by helical or noncollinear magnetic order. This pro-

vides a more universal material platform for achieving stable

type-II multiferroicity in ultrathin dimensions.

Type-II multiferroics demonstrate inherently strong cou-

pling between magnetic and ferroelectric orders, but their

low ordering temperatures remain a major obstacle for room-

temperature operation.

Fig. 3. (a) Unit cell schematic of BiFeO3. Reprinted with permission from Ref. [40]. Copyright ©2003 by the American Association for the
Advancement of Science (b) Crystal structure of hexagonal rare-earth manganites with chemical formula RMnO3.[49] (c) Structure of monolayer
NiI2 with nickel and iodine atoms shown in green and gray, respectively. The real-space spin spiral propagation vector (pink) and induced
ferroelectric polarization (blue) are indicated. The magnetic spiral order exhibits a 7× 1 supercell periodicity.[62] (d) Schematic of a multi-
ferroic heterostructure illustrating the underlying magnetoelectric coupling mechanisms.[68] (e) Architecture of a van der Waals heterostructure.
Reprinted with permission from Ref. [83]. Copyright ©2013 by Springer Nature. (f) Moiré pattern formed in graphene/boron nitride heterostacks.
Reprinted with permission from Ref. [96]. Copyright ©2013 by the American Association for the Advancement of Science.

3. Multiferroic heterostructure

Compared with intrinsic single-phase materials, artifi-
cial multiferroic heterostructures composed of ferroelectric
and ferromagnetic layers provide greater flexibility in material
choice and interfacial design.[67–70] These systems exhibit en-
hanced magnetoelectric coupling and host novel physical phe-
nomena and control mechanisms, as illustrated in Fig. 3(d).
Rather than relying on intrinsic multiferroicity, these het-
erostructures achieve electric control of magnetism or mag-
netic control of polarization through atomic-scale interfacial
coupling. Key mechanisms include strain transfer, charge re-
construction, orbital hybridization, and exchange bias, enabled
by external fields. This approach provides a versatile path-
way toward next-generation high-performance devices such

as high-density memories, magnetoelectric sensors, spintronic
components, and microwave systems.[71–77] Representative
three-dimensional bulk multiferroic heterostructures include
CoFe/BaTiO3,[78] BiFeO3/CoFe,[79] La0.7Sr0.3MnO3/PMN-
PT,[80,81] and EuTiO3/Ca-SrTiO3.[82]

With the ongoing evolution of 2D materials re-
search, the focus of multiferroic heterostructure studies has
shifted from conventional bulk architectures toward vdW
heterostructures.[83–87] As illustrated in Fig. 3(e), these sys-
tems can be assembled using a “materials LEGO” ap-
proach, where atomically thin layers with distinct proper-
ties are stacked via weak vdW interactions. This strat-
egy enables precise interfacial engineering of multiple fer-
roic orders and their couplings. The emergence of 2D fer-
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romagnets (e.g., CrI3, Fe3GeTe2) and ferroelectrics (e.g., α-
In2Se3) around 2016 provided essential building blocks for
such architectures.[29,88–91] The emergence of these materi-
als provided the fundamental building blocks for multifer-
roic heterostructures, prompting theoretical investigations into
the possibility of stacking them via van der Waals integra-
tion. Early studies predicted possible magnetoelectric cou-
pling effects at the interface. Since 2017, extensive theoret-
ical work based on first-principles calculations has systemati-
cally revealed electric-field control of magnetic anisotropy, in-
terlayer magnetic coupling, and electronic phase transitions
in systems such as In2Se3/Cr2Ge2Te6,[92] In2Se3/CrI3,[93]

Sc2CO2/VSe2,[94] and MnCl3/CuInP2S6.[95] More recently,
twisted moiré superlattices have been proposed to further en-
rich magnetoelectric phenomena by tuning interlayer interac-
tions at the nanoscale,[96–99] as shown in Fig. 3(f).

Artificial multiferroic heterostructures, especially vdW-
based ones, combine structural precision with functional tun-
ability, offering a powerful platform for achieving controllable
ME coupling and device integration.

3.1. Property engineering and magnetoelectric control

The development of intrinsic multiferroics that operate at
or above room temperature remains limited by the scarcity
of suitable material systems and their generally weak mag-
netoelectric (ME) coupling, which hampers practical appli-
cations. Consequently, property manipulation has become a
central strategy in multiferroics research, aiming to enhance
ME coupling strength, increase ferroic ordering temperatures,
and minimize energy consumption. Key approaches include
chemical composition design, external-field modulation, and
interface or strain engineering.[100–102] Chemical composi-
tion engineering through elemental doping represents a widely
adopted strategy for tuning crystal structures and electronic
properties via atomic substitution. In the prototypical multi-
ferroic BFO, doping with rare-earth elements (e.g., Er, La, Nd,
Sm) or transition metals (e.g., Mn, Cr) effectively suppresses
oxygen vacancy formation and modulates lattice distortions,
thereby enhancing both ferroelectric polarization and mag-
netic performance. Figure 4(a) presents XRD patterns of rare-
earth-doped BFO.[103–106] Alternatively, anion doping (such
as fluorine incorporation) can modify electronic structure and
carrier concentration, further regulating spin ordering and po-
larization behavior. As shown in Fig. 4(b), F-doped BFO ex-
hibits significantly increased remnant polarization.[107]

Electric field control stands out among external-field
modulation strategies for its ability to nonvolatilely manipu-
late magnetic anisotropy and magnetization in adjacent fer-
romagnetic layers by switching the polarization of ferroelec-
tric components. This mechanism is of considerable impor-
tance in multiferroic heterostructures. In the van der Waals
heterostructure In2Se3/Cr2Ge2Te6, for instance, upward po-

larization of In2Se3 induces in-plane magnetic anisotropy in
Cr2Ge2Te6, while downward polarization switches the easy
axis to out-of-plane, enabling direct electric-field control of
magnetic behavior. Figure 4(c) presents the orbital-projected
band structures of In2Se3/Cr2Ge2Te6 under different polariza-
tion states.[92] In some cases, ferroelectric polarization switch-
ing can even drive electronic phase transitions. For example,
in the Sc2CO2/CrI3 heterostructure, CrI3 maintains its intrin-
sic semiconducting behavior when the Sc2CO2 layer is po-
larized upward, but downward polarization drives the spin-up
conduction band across the Fermi level, converting the system
into a half-metallic state,[108] as shown in Fig. 4(d). Further-
more, electric-field-induced polarization switching in Sc2CO2

can reversibly tune the interlayer magnetic coupling in bi-
layer CrI3 between ferromagnetic and antiferromagnetic con-
figurations [Fig. 4(e)],[109] effectively switching magnetism
“on” and “off”. A similar mechanism has been observed
in the GdClBr/CuBiP2Se6 van der Waals multiferroic het-
erostructure: during the reversal of ferroelectric polarization
in CuBiP2Se6, the ferromagnetic GdClBr monolayer under-
goes a transition from a semiconductor to a half-metal. Fur-
ther research has revealed the synergistic regulatory effect of
strain on the interface of this system: under strain, the amount
of charge transfer at the GdClBr/CuBiP2Se6 heterojunction
interface increases with increasing strain, while the Curie
temperature of the system decreases with increasing strain.
More importantly, the perpendicular (out-of-plane) magnetic
anisotropy significantly enhances with increasing compressive
strain. This finding indicates that ferroelectric polarization and
strain can synergistically influence magnetic coupling strength
and magnetic ordering temperature by modulating interface
charge transfer and electronic structure, offering a new path-
way for realizing multifunctional electrically controlled mag-
netic devices.[110,111]

Advances in synthesis and property manipulation have
significantly expanded the design space of multiferroics, en-
abling atomic-level control over structure–property relation-
ships and paving the way for scalable integration of multi-
ferroic functionalities into practical device architectures. The
studies reviewed above establish a comprehensive understand-
ing of the structural design, physical mechanisms, and con-
trollability of multiferroic materials — from bulk perovskites
to 2D vdW heterostructures. These advances not only deepen
our insight into magnetoelectric coupling but also provide the
material foundation for tunnel junction devices, where cou-
pled ferroic orders govern electron transport. In the follow-
ing section, we focus on tunnel junctions, including magnetic
tunnel junctions, ferroelectric tunnel junctions, and multifer-
roic tunnel junctions, to elucidate how multiferroicity can be
harnessed to achieve nonvolatile, multistate, and low-power
information functionalities.
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Fig. 4. (a) XRD patterns of BFO, Bi0.95Er0.05FeO3, Bi0.95La0.05FeO3, and Bi0.95Nd0.05FeO3 samples (left), with magnified view between 31◦–
33◦ (right). Reprinted with permission from Ref. [106]. Copyright ©2020 by the Minerals, Metals & Materials Society. (b) PE hysteresis loops of
FBFO, showing remnant polarization (Pr) increasing from ∼ 0.0253 µC·cm−2 (x = 0) to ∼ 0.2118 µC·cm−2 (x = 0.25). Reprinted with permis-
sion from Ref. [107]. Copyright ©2024 by the Minerals, Metals & Materials Society. (c) Orbital-projected band structures of Cr2Ge2Te6/In2Se3
heterostructure under different polarization states: upward (top) and downward (bottom). Red and blue circles denote majority- and minority-spin
states, respectively.[92] (d) Electronic band structures of CrI3, MXene (Sc2CO2), CrI3/P↑-Sc2CO2, and CrI3/P↓-Sc2CO2 heterostructures. Red
and green lines represent spin-up (S↑) and spin-down (S↓) contributions from CrI3, while blue lines indicate Sc2CO2 contributions. Reprinted
with permission from Ref. [108]. ©2019 by WILEY–VCH Verlag GmbH & Co. KGaA, Weinheim. (e) Bilayer CrI3/Sc2CO2 heterostructure.
Thin black and green arrows denote spin orientations in bilayer CrI3; thick gold arrows indicate out-of-plane polarization direction in Sc2CO2.
Reprinted with permission from Ref. [109]. Copyright ©2020 by American Chemical Society.

4. Tunnel junctions

Tunnel junctions represent a fundamental class of quan-
tum devices characterized by a sandwich-like architecture
consisting of two electrodes separated by a thin insulat-
ing barrier, through which electrons can tunnel quantum
mechanically.[112,113] The field originated from mid-20th-
century theoretical and experimental studies of quantum tun-
neling. Landmark discoveries in the 1960s by Giaever and
Esaki demonstrated electron tunneling across different barrier
systems, while Josephson predicted coherent tunneling be-
tween superconductors. Their seminal contributions, recog-
nized by the 1973 Nobel Prize in Physics, established the con-
ceptual foundation of modern tunneling devices.[114–116] Sub-
sequent decades witnessed rapid advances in MTJs, particu-
larly following the observation of room-temperature tunneling

magnetoresistance (TMR) in the 1990s. A major breakthrough
came in 2004 with the implementation of crystalline MgO bar-
riers, which dramatically enhanced TMR ratios and propelled
spintronic devices toward practical applications.[117–119] Re-
cent progress in thin-film epitaxy and 2D material synthesis
has further diversified junction architectures. FTJs exploit po-
larization reversal in ferroelectric barriers to produce tunneling
electroresistance (TER), while MFTJs integrate ferroelectric
and magnetic orders — either within single-phase multifer-
roics or artificially engineered heterostructures — to achieve
magnetoelectric-coupled functionality.[120–123]

4.1. Magnetic tunnel junctions and ferroelectric tunnel
junctions

Before examining MFTJs in detail, it is instructive to
trace the development of their structural and functional precur-
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sors — MTJs and FTJs — which provide critical insights into
spin-dependent transport and ferroelectric tunneling phenom-
ena. MTJs, as the more technologically mature system, have
enabled efficient manipulation of spin-polarized transport and
laid the industrial foundation for non-volatile spintronic mem-
ory. The extensive experience gained in interface engineering,
barrier optimization, and device integration of MTJs has pro-
vided valuable guidance for advancing FTJs and, by extension,
MFTJs.[124,125]

The concept of the MTJ was first proposed by Julliere
in 1975. Its canonical structure consists of a magnetic metal
electrode/insulating barrier/magnetic metal electrode.[126] In
such a system, one electrode acts as a reference layer with
fixed magnetization, while the other serves as a free layer
whose magnetization can be switched by an external mag-
netic field, generating a TMR effect. The TMR ratio — de-
fined as the relative change in resistance between parallel and
antiparallel magnetization configurations — is a central fig-
ure of merit for MTJ performance and depends sensitively
on both the electrode spin polarization and the barrier elec-
tronic properties. Owing to limitations in thin-film growth
technologies, research progressed slowly for two decades fol-
lowing Julliere’s proposal.[127,128] In 1995, Miyazaki et al.

achieved a room-temperature TMR of 18% in Fe/Al2O3/Fe
junctions, revitalizing global interest in MTJs.[129–132] Con-
tinuous improvements in material quality and epitaxial pre-
cision have since elevated room-temperature TMR values to
over 600% by 2023,[133] as illustrated in Fig. 5(a). The emer-
gence of 2D magnets has injected new vitality into MTJ re-
search. Yan et al. systematically investigated the electronic
transport properties of Cu/CrI3/BN/n-CrI3/Cu (n = 1, 2, 3,
4) MTJs using density-functional theory. Their calculations
showed that for n = 3, the junction yields fully spin-polarized
currents under equilibrium, with a TMR ratio approaching
3600%,[134] as depicted in Fig. 5(b). However, the low Curie
temperature of CrI3 restricts its practical viability. Identi-
fying intrinsic 2D magnetic materials with higher Curie or
Néel temperatures is therefore essential for room-temperature
MTJ operation.[135–137] Metallic or half-metallic systems such
as Fe3GeTe2 and Mn2Ge2Te6, exhibiting Curie temperatures
above 200 K, have emerged as promising candidates,[138–140]

as illustrated in Figs. 5(c) and 5(d). These materials can serve
as spin-polarized electrodes in van der Waals (vdW) MTJs,
providing lower interface resistance and higher TMR ratios
compared to insulating barriers like CrI3.

Fig. 5. (a) Highest reported room-temperature TMR in MgO-barrier magnetic tunnel junctions.[133] (b) Top and side views of CrI3 (left);
tunnel junction model of Cu/CrI3/BN/3CrI3/Cu and corresponding TMR vs. bias voltage under parallel (P) and antiparallel (AP) configurations
(right). Reprinted with permission from Ref. [134]. Copyright ©2020 by Royal Society of Chemistry. (c) Magnetic tunnel junction model of
Fe3GeTe2/h-BN/Fe3GeTe2 (left); electron tunneling probability across the 2D Brillouin zone (right). Reprinted with permission from Ref. [138].
Copyright ©2019 by American Chemical Society. (d) Top and side views of Mn2Ge2Te6 (left); spin-polarized band structure and projected
density of states (PDOS) (right). Reprinted with permission from Ref. [140]. Copyright ©2022 by American Chemical Society.

The concept of the FTJ was formally introduced by

Kohlstedt et al. in 2005.[141] An FTJ typically comprises an

ultrathin ferroelectric barrier sandwiched between two metal-

lic electrodes. Its operation relies on the TER effect: revers-

ing the ferroelectric polarization direction via an electric field

modulates the tunneling potential profile and induces large, re-
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versible resistance changes.[142,143] Current research on FTJs
has largely focused on perovskite and oxide ferroelectrics.
Perovskite-based FTJs offer large TER ratios but suffer from
poor compatibility with silicon technology, whereas oxide-
based FTJs exhibit better integration potential but generally
lower TER.[144–146] Recent advances in 2D ferroelectric ma-
terials, such as In2Se3, Sc2CO2, and MoSeS, have introduced
new possibilities for nanoscale, low-power FTJs.[29,147–149]

4.2. Multiferroic tunnel junction

Parallel to the resurgence of multiferroic and magne-
toelectric research, FTJ development has evolved into the
broader concept of MFTJs. The hallmark of MFTJs is
the coexistence of TMR and TER effects, enabling dual-
field (electric and magnetic) control and multi-resistance-state

operation.[150–152] Schematic representations of different tun-
nel junction types are shown in Fig. 6(a).

The theoretical foundation of MFTJs was established in
2006, when Duan et al. identified interfacial magnetoelec-
tric coupling in Fe/BaTiO3 heterostructures.[153] Subsequent
designs, such as Co/BaTiO3/Co and Fe/BaTiO3/Fe MFTJs
[Fig. 6(b)], demonstrated enhanced coupling when fully spin-
polarized ferromagnetic electrodes were employed.[154] In
2009, Velev et al. predicted coexisting TMR and TER ef-
fects in SrRuO3/BaTiO3/SrRuO3 junctions, which were later
experimentally verified by Gajek et al.,[155,156] as shown in
Fig. 6(c). Despite the significant progress achieved with three-
dimensional perovskite barriers, these systems face intrinsic
limitations in nanoscale integration due to lattice mismatch,
interfacial imperfections, and complex fabrication processes.

Fig. 6. (a) Schematic diagrams of different tunnel junction types: MTJ, FTJ, and MFTJ. Ferromagnetic, ferroelectric, normal metal, and insulating
(I) layers are indicated. The plots below show the resistance response of each junction to magnetic (H) and electric (E) fields. Horizontal and
vertical arrows denote the directions of magnetization and ferroelectric polarization, respectively. Reprinted with permission from Ref. [150].
Copyright ©2012 by the Materials Research Society. (b) Structure of the Fe/BaTiO3/Fe multiferroic tunnel junction. Reprinted with permission
from Ref. [153]. Copyright ©2006 by American Physical Society. (c) SrRuO3/BaTiO3/SrRuO3 MFTJ and its transmission spectrum in the 2D
Brillouin zone. Reprinted with permission from Ref. [155]. Copyright ©2009 by American Chemical Society.

In contrast, 2D vdW materials provide an attractive al-
ternative platform. Their atomically thin nature, lack of
dangling bonds, and flexible stacking configurations collec-
tively suppress interface disorder and facilitate strong magne-
toelectric coupling across atomically sharp interfaces. First-
principles studies have predicted that vdW MFTJs can simul-
taneously achieve low resistance-area (RA) products and large
TMR/TER ratios, making them promising for next-generation
high-density, low-power spintronic memories. For instance,
Su et al.[157] investigated the spin transport properties in
FemGeTe2/In2Se3/FenGeTe2 (m,n = 3, 4, 5; m 6= n) junc-
tions, demonstrating multi-resistance-state control through
the coupling of ferroelectric polarization and magnetic or-
der. The calculated RA product is below 1 Ω · µm2, sug-
gesting excellent scalability, as illustrated in Fig. 7(a). Sub-
sequently, an even lower RA (< 0.1 Ω ·µm2) was reported in
CrSe2/CuInP2S6/CrSe2 (CS/CIPS/CS) MFTJs,[158] as shown
in Fig. 7(b). Nevertheless, current 2D vdW MFTJs still ex-
hibit relatively modest TMR and TER ratios, and the low Curie
temperatures of most 2D magnetic materials remain a key bot-
tleneck for room-temperature operation.

To enhance the performance of MFTJs, systematic inves-
tigations have been conducted focusing on electrode materi-
als and structural design. On the one hand, exploring two-
dimensional magnetic materials with high Tc and high perfor-
mance has become crucial. Yan et al.[159] constructed a six-
state nonvolatile MFTJ using Fe3GeTe2 electrodes (Curie tem-
perature of 220 K) and a bilayer α-In2Se3 ferroelectric barrier.
This junction exhibited remarkably large TMR and TER ratios
of 1.1×107% and 744%, respectively, which could be further
enhanced under applied strain, as shown in Fig. 7(c). Even
more groundbreaking is that Yu et al.[160] reported a ferro-
magnetic Mn2Se3 monolayer with an exceptionally high Curie
temperature of 820 K and intrinsic half-metallicity, underscor-
ing its potential for spintronic applications. Building upon
this, Sun et al.[161] incorporated Mn2Se3 as a spin-filtering
layer in a Mn2Se3/bilayer-In2Se3/TiTe2 vdW MFTJ, achieving
notable TMR and TER ratios of 6237% and 1771%, respec-
tively, under finite bias. The device exhibited four distinguish-
able resistance states, demonstrating its suitability for multi-
level nonvolatile memory. Moreover, arranging such junctions
into an N×N array can enable in-memory computing archi-
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tectures. The crystal structure, electronic band structure of
Mn2Se3, and the schematic of its multi-level storage mecha-
nism are presented in Fig. 7(d). On the other hand, structural
designs such as adjusting the barrier thickness and employ-
ing asymmetric electrodes can also significantly enhance de-
vice performance. Zhu et al.[162] modulated the MnSe barrier
thickness (n = 24), achieving TMR and TER ratios as high as

1.4× 106% and 4114%, respectively. The use of asymmetric

Cu/Fe3GeTe2 electrodes further enhanced the TER ratio. This

structure also demonstrated excellent spin-filtering character-

istics, indicating its potential for multi-state memory and spin-

control device applications. The corresponding device model

is illustrated in Fig. 7(e).

Fig. 7. (a) Atomic structure of the PtTe2/Fe4GeTe2/α-In2Se3/Fe3GeTe2/PtTe2 multiferroic tunnel junction and the corresponding resistance-area
(RA) values for multiple resistance states within the Fermi energy range (EF± 0.1 eV). Reprinted with permission from Ref. [157]. Copyright
©2021 by American Chemical Society. (b) Structure of the CS/CIPS/CS junction and its RA values under different resistance states. Reprinted
with permission from Ref. [158]. Copyright ©2021 by American Chemical Society. (c) Schematic of an FGT/BIS/FGT multiferroic tunnel
junction using metallic Fe3GeTe2 electrodes with three distinct polarization configurations (left); strain dependence of TMR and TER under
various polarization states. Reprinted with permission from Ref. [159]. Copyright ©2022 by American Physical Society. (d) Crystal structure
and electronic band structure of Mn2Se3 (top), with a schematic of the multi-level storage mechanism using an N×N MFTJ array (bottom).
Reprinted with permission from Ref. [161]. Copyright ©2024 by Royal Society of Chemistry. (e) Device configuration of the Cu/Fe3GeTe2/2L-
MnSe/Fe3GeTe2 heterostructure. Reprinted with permission from Ref. [162]. Copyright ©2024 by Royal Society of Chemistry.

The vdW MFTJs are typically constructed by vertically
stacking ferroelectric and ferromagnetic layers. While this
architecture enables basic multiferroicity, it inevitably in-
herits the intrinsic limitations of conventional ferroelectrics,
where polarization reversal is driven by ionic displacement
and requires overcoming large energy barriers. As a result,
such devices often suffer from high power consumption and
polarization fatigue. Recently, the concept of sliding fer-
roelectricity has emerged as a promising solution to these
challenges.[163–165] This phenomenon originates from inter-
layer sliding between adjacent atomic planes, which breaks
spatial inversion symmetry and induces an out-of-plane polar-
ization. Since the switching process involves only weak vdW
interlayer forces, sliding ferroelectrics exhibit ultralow energy
consumption, fast switching kinetics, and non-destructive cy-
cling behavior. This mechanism not only overcomes the high
energy barrier inherent to conventional ferroelectrics but also
introduces an additional degree of freedom for manipulating

magnetoelectric coupling in 2D-confined systems. Experi-
mental demonstrations in hexagonal boron nitride (h-BN) and
transition metal dichalcogenides have established sliding fer-
roelectricity as a transformative route toward next-generation
ultralow-power electronic and spintronic devices. Weak in-
terlayer vdW interactions enable vertical sliding ferroelectric-
ity in bilayer h-BN. Dong et al.[166] designed an MFTJ using
sliding ferroelectric bilayer h-BN as the tunnel barrier. As il-
lustrated in Fig. 8(a), the Coulomb potential along the trans-
port direction (z-axis) exhibits distinct modulations in the cen-
tral scattering region of the FGT/Gr/h-BN/Gr/CrI3 junction.
First-principles calculations of the transport properties reveal
that switching the magnetic configuration from parallel to an-
tiparallel alignment yields a TMR ratio of 3.36× 104% at a
bias of 0.2 V. Furthermore, sliding-induced switching of the
h-BN stacking order from AB to BA results in a TER ratio
of approximately 6.68×103% under the same bias conditions
[Fig. 8(b)].
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Fig. 8. (a) Evolution of the Coulomb potential along the transport direction (z-axis) in the central scattering region of the FGT/Gr/h-BN/Gr/CrI3
vdW MFTJ. Reprinted with permission from Ref. [166]. Copyright ©2023 by American Physical Society. (b) TMR and TER ratios as functions
of bias voltage in the FGT/Gr/h-BN/Gr/CrI3 MFTJ. Reprinted with permission from Ref. [166]. Copyright ©2024 by American Physical
Society. (c) Schematic of the bilayer VS2 crystal structure. (d) Schematic of the bilayer VSi2N4 crystal structure. Reprinted with permission
from Ref. [168]. Copyright ©2024 by American Physical Society.

The functional scope of sliding degrees of freedom has
further expanded from single ferroelectricity to multiferroic
coupling, giving rise to the concept of sliding multiferroics.
Bilayer VS2 integrates intrinsic multiferroicity, interlayer an-
tiferromagnetism, and sliding ferroelectricity within a single
system, making it an ideal platform for vdW intrinsic MFTJs
[Fig. 8(c)].[167] Similarly, bilayer VSi2N4 exhibits intrinsic
multiferroicity, characterized by out-of-plane ferroelectricity
coupled with interlayer A-type antiferromagnetism. Ferro-
electricity and antiferromagnetism couple via ferrovalley or-
der, enabling electric-field control of magnetism through inter-
layer sliding [Fig. 8(d)].[168] Although sliding ferroelectricity
in multilayer magnetic materials shows great potential, its po-
larization switching typically relies on external electric fields
or mechanical stress to induce atomic migration, which may
still introduce additional energy consumption and affect de-
vice stability. Therefore, developing homologous monolayer
intrinsic multiferroic materials holds promise for achieving ef-
ficient and stable magnetoelectric coupling and polarization
control at a more fundamental level, representing a key direc-
tion for advancing the next generation of van der Waals multi-
ferroic tunnel junctions.[169]

Despite these advances, current vdW MFTJs predomi-
nantly rely on mechanically stacked ferroelectric and magnetic
layers, which lack intrinsic magnetoelectric coupling. This
limitation restricts device performance and elevates power
consumption, making the establishment of direct magneto-
electric coupling a critical challenge. Two primary mecha-
nisms have been identified: (i) electric-field-controlled mag-
netization mediated by ferroelectric polarization, and (ii)
magnetic-field-controlled polarization reversal. In 2023,
Yu et al.[170] reported fully electric-field-controlled opera-
tion in a trilayer vdW multiferroic heterostructure compris-
ing CrI3/AgBiP2Se6 and Cr2Ge2Te6/In2Se3 [Figs. 9(a) and
9(b)]. In this architecture, the magnetic state of the bilayer
can be reversibly switched by reversing the polarization of

the adjacent ferroelectric layers, a phenomenon attributed to
polarization-induced band structure modulation and interfa-
cial charge transfer. A graphene-electrode device based on this
heterostructure achieved near-ideal Ohmic contact [Fig. 9(c)].
In the complementary direction of magnetic control of ferro-
electric polarization, Yan et al.[171] demonstrated a fully mag-
netically controlled vdW MFTJ using a CrBr3/MnPSe3/CrBr3

heterostructure, where polarization reversal occurs without
inversion-symmetry-breaking atomic migration [Fig. 9(d)].
First-principles spin-polarized transport calculations indicate
that asymmetric PtTe2/alkali-metal-doped/intercalated CrBr3

electrodes yield exceptional performance, with a TMR ratio
of 3.6× 107% and a TER ratio of 9990% over a broad bias
range. Remarkably, the device exhibits a pronounced nega-
tive differential resistance effect, with a peak-to-valley ratio of
9.55× 109% — the highest reported value in vertical tunnel
junctions [Figs. 9(e)–9(g)].

Conventional vdW MFTJs with the configurations of
normal metal/ferromagnet/ferroelectric face several chal-
lenges, including susceptibility to external stray mag-
netic fields and interfacial coupling issues. In re-
cent years, antiferromagnetic materials have gained at-
tention due to their ultrafast spin dynamics, negligible
stray fields, robustness against external perturbations, and
terahertz-frequency dynamic characteristics.[172–175] Com-
pared to ferromagnetic systems, antiferromagnetic devices
offer faster operation speeds. Integrating 2D vdW antifer-
romagnets with ferroelectric materials in tunnel junctions
thus provides a promising platform for antiferromagnetic
MFTJs. For example, Yan et al. designed an antiferro-
magnetic/ferroelectric barrier/antiferromagnetic heterostruc-
ture using bilayer MnBi2Te4/In2Se3/bilayer MnBi2Te4 as a
prototype. By tuning both the magnetization configurations
of the multilayer MnBi2Te4 and the polarization orientation
of the In2Se3 barrier, up to 16 distinct nonvolatile resis-
tance states can be accessed and controlled, as illustrated in

067304-10



Chin. Phys. B 35, 067304 (2026)

Fig. 10(a). The predicted maximum TMR and TER values
are 3.79× 104% and 2.41× 105%, respectively, under equi-
librium conditions.[176] Recent experimental advances further
highlight the potential of antiferromagnetic multiferroic ma-
terials. In 2024, CuCrSe2 was demonstrated to exhibit both
ferroelectric and ferromagnetic order at room temperature, es-
tablishing it as an ideal candidate for vdW MFTJs.[177] Build-
ing on this, He et al.[178] proposed a fully bilayer CuCrSe2-
based vdW MFTJ, wherein the material intrinsically adopts
an A-type antiferromagnetic and antiferroelectric ground state.

Polarization switching from the antiferroelectric to ferroelec-
tric state concurrently induces a transition from antiferromag-
netic to ferromagnetic order within a single unit, thereby en-
abling simultaneous control of spin and ferroelectric polariza-
tion. Figure 10(b) compares the TER, TMR, and RA per-
formance of the graphene/bilayer CuCrSe2/graphene junction
with representative 2D material tunnel junctions at zero bias.
These results underscore the significant potential of antiferro-
magnetic MFTJs for high-performance, low-power spintronic
applications.

Fig. 9. (a) CrI3/AgBiP2Se6 heterostructure. (b) Cr2Ge2Te6/In2Se3 heterostructure. Green arrows indicate spin alignment in the magnetic
bilayer, while blue arrows denote the direction of ferroelectric polarization. (c) TMR ratios for the two distinct heterostructures: CrI3/AgBiP2Se6
and Cr2Ge2Te6/In2Se3. Reprinted with permission from Ref. [170]. Copyright ©2023 by American Chemical Society. (d) Schematic of the
PtTe2/CrBr3/MnPSe3/CrBr3/CrBr3(Li/Na/K) vdW MFTJ device model. (e) TMR ratio in PtTe2/CrBr3/MnPSe3/CrBr3/CrBr3(Li) MFTJs under
different polarization directions and magnetic configurations. (f) TER ratio. (g) Current peak-to-valley ratio (PVR). Reprinted with permission
from Ref. [171]. Copyright ©2025 by American Chemical Society.

To advance antiferromagnetic spintronics, there is a
pressing need for highly sensitive and reliable electrical meth-
ods to detect the Néel vector. In non-collinear antiferromag-
nets, spin-split Fermi surfaces can generate spin-polarized cur-
rents that are tunable via external driving currents and modu-
lated by the relative orientation of the Néel vectors in two an-
tiferromagnetic electrodes.[179,180] This mechanism provides a

novel electrical detection strategy for antiferromagnetic spin-
tronics, with implications for both fundamental studies and de-
vice applications. Notably, the Néel vector in non-collinear
antiferromagnets can rotate continuously in 3D space without
vanishing, a unique property that enables high-density mem-
ory and magnetoelectric functionality.[181,182] Mn3Sn, a proto-
typical non-collinear antiferromagnet with geometrically frus-
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trated magnetic moments, exhibits Weyl semimetallic behav-
ior alongside coexisting ferromagnetic- and ferroelectric-like
orders at room temperature. Its crystal structure and electronic
band structure are shown in Figs. 10(c) and 10(d).[183,184]

Mn3Sn displays pronounced spintronic features, including
momentum-dependent spin splitting and the anomalous Hall
effect, with electrically switchable spin states. Its robust ther-
mal stability and electronic properties make it an attractive
candidate for MFTJs and spintronic devices.[185,186] For ex-
ample, He et al. investigated spin-dependent transport in an

Mn3Sn/BN/α-In2Se3/Mn3Sn MFTJ. The junction resistance

can be tuned by controlling both the Néel vector orienta-

tion in Mn3Sn and the polarization direction in α-In2Se3, en-

abling multiple nonvolatile resistance states, as illustrated in

Fig. 10(e). Theoretical predictions indicate a TMR ratio up

to 6650% and a TER ratio exceeding 8000%.[187] Compara-

ble spin-split band structures and TMR effects have been pre-

dicted in other non-collinear antiferromagnetic metals, includ-

ing Mn3Ge, Mn3Ga, Mn3Pt, and Mn3GaN.[188–192]

Fig. 10. (a) Magnetic configuration of Mn atoms in the MBT-2L/IS/MBT-2L structure. Reprinted with permission from Ref. [176]. Copyright
©2025 by American Physical Society. (b) Performance comparison at zero bias: TER ratio, TMR ratio, and RA product of the graphene/bilayer
CuCrSe2/graphene structure versus recently reported 2D material tunnel junctions. Reprinted with permission from Ref. [178]. Copyright ©2025
by American Chemical Society. (c) Crystal structure of Mn3Sn. Reprinted with permission from Ref. [184]. Copyright ©2025 by American
Chemical Society. (d) Band structure of Mn3Sn with spin–orbit coupling included; insets show magnified views near the Z and K points
(highlighted by red circles).[183] (e) Schematic of operational resistance states for multi-level data storage in an MFTJ. Blue arrows indicate the
relative orientation of the Néel vectors in the left and right electrodes; red arrows denote polarization directions. Eight distinct resistance states
can be achieved by tuning magnetic and electric fields, enabling three-bit storage. Reprinted with permission from Ref. [187]. Copyright ©2024
American Physical Society.

Very recently, altermagnets — collinear magnetic ma-
terials with fully compensated moments but non-relativistic
momentum-dependent spin splitting — have emerged as a
new class of spintronic materials. Unlike conventional fer-
romagnets, antiferromagnets, or ferrimagnets, altermagnets
exhibit substantial spin polarization in momentum space
while maintaining zero macroscopic magnetization. This
combination confers multiple advantages, including low
power consumption, high non-volatility, ultrafast spin dy-
namics, and immunity to stray fields, making them promis-
ing for high-density magnetic memory and miniaturized spin-
logic devices.[193–197] Typical examples include CrSb, MnTe,
MnF2, and V2Te2O, which offer versatile platforms for ex-
ploring novel spin control mechanisms and developing next-
generation spintronic architectures.[198–200] For altermagnet-
based MTJs, theoretical studies predict that structures such as
Ag/V2Te2O/BiOCl/V2Te2O/Ag can achieve a TMR of 574%,
although spin-filtering remains limited.[201] However, room-

temperature MTJs with altermagnets and tunable TMR or mul-
tiferroically modulated TER remain largely unexplored. Re-
cently, Zhang et al.[202] designed a room-temperature MFTJ
based on a CrSb/In2Se3/Fe3GaTe2 heterostructure, integrat-
ing an altermagnet, a ferroelectric barrier, and a ferromag-
netic electrode. This junction exhibits a TMR of 2308%, a
TER of 707%, and nearly perfect spin-filtering efficiency. All
constituent materials possess high critical temperatures, good
lattice matching, and feasible synthesis routes, making them
suitable for high-performance MFTJs. While 3D CrSb demon-
strates excellent properties, the development of 2D altermag-
nets with similar characteristics could further overcome cur-
rent structural constraints.

Overall, research on MFTJs has progressed from funda-
mental exploration toward function-oriented design. By in-
tegrating emerging material systems, including 2D materi-
als, antiferromagnetic orders, and altermagnets, MFTJs are
increasingly surpassing the limits of conventional magneto-
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electric control. They exhibit remarkable potential for mul-
tistate memory, ultra-low-power computation, and adaptive
sensing. Looking forward, precise heterointerface engineering
and cross-scale property control may establish MFTJs as key
components in post-Moore information technologies, advanc-
ing spintronics toward quantum-enabled and intelligent device
architectures.

4.3. Experimental advances in vdw multiferroic het-
erostructures for multiferroic tunnel junctions

Indeed, theoretical studies on two-dimensional van der
Waals multiferroic tunnel junctions have outlined an exciting
blueprint, predicting enormous tunneling magnetoresistance
and electroresistance effects.[203,204] However, the maturation
of an emerging field relies not only on theoretical guidance
but also on experimental validation and engineering solidifi-
cation. Although complete van der Waals multiferroic tunnel
junctions that operate stably at room temperature with excel-
lent performance remain in the exploratory stage, significant
progress has been made in the field: experimental research
on van der Waals heterostructures based on two-dimensional
magnetic and ferroelectric materials has achieved substantial
breakthroughs.

These advancements, while not yet directly manifest-
ing as fully realized “sandwich”-style tunnel junction de-
vices, have systematically addressed their core constituent
units. Two-dimensional single-phase multiferroic materials,
with their intrinsic magnetoelectric coupling effects, offer an
ideal physical platform for exploring novel quantum phenom-
ena and achieving efficient electric-field control of magnetism.
Theoretically predicted monolayer Hf2VC2F2 is a type-II
multiferroic with a relatively high phase transition tempera-
ture, whose ferroelectric polarization is directly induced by
a unique 120◦ Y-type antiferromagnetic structure, exhibiting
magnetically controlled electrical properties; however, achiev-
ing the reverse, electrically controlled magnetism, remains
challenging.[205] Similarly, the sliding ferroelectricity ob-
served in bilayer VS2, while offering a novel ultra-low-energy
polarization switching mechanism, suffers from environmen-
tal instability at the atomically thin scale, limiting its poten-
tial for device integration.[206] More instructively, in CrOCl,
researchers have successfully demonstrated the feasibility of
multi-resistance-state storage based on multiferroic order by
achieving ultra-high-density, ultra-low-energy continuous in-
formation storage in micrometer-scale devices through the co-
operative control of magnetic and electric fields.[207] However,
these single-phase materials, including the recently prominent
NiI2 and CuCrP2S6, all face an unavoidable common bot-
tleneck: their magnetic ordering temperatures are far below
room temperature, fundamentally constraining their prospects
for practical applications.

To overcome the inherent performance and temperature
limitations of single-phase materials, the research paradigm
has shifted toward van der Waals multiferroic heterostruc-
tures, which offer greater engineering flexibility. By stacking
high-performance two-dimensional ferroelectrics with emerg-
ing two-dimensional magnetic materials on demand, robust
magnetoelectric coupling can be “engineered” at the artificial
interface. This strategy not only circumvents the typical trade-
off in single-phase materials between high operating temper-
ature and strong coupling but also enables more efficient and
stable electric-field control of magnetism through the synergy
of multiple coupling mechanisms such as band alignment and
strain. This paves a practical new pathway for developing
multiferroic tunnel junctions and spintronic devices for room-
temperature applications.

Recent experimental studies have fully demonstrated the
immense potential of van der Waals multiferroic heterostruc-
tures for electric-field control of magnetism. Liang et al.,
using a Cr2Ge2Te6/ferroelectric polymer P(VDF-TrFE) het-
erostructure at 4 K, achieved non-volatile magnetic modu-
lation, observing synchronous changes in coercivity and re-
manent magnetization, highlighting the central role of in-
terfacial coupling.[208] At 80 K, Eom et al. demonstrated
voltage-controlled magnetism in an Fe3−xGeTe2/α–In2Se3

heterostructure, attributing the mechanism to in-plane strain
transfer through combined Raman spectroscopy and first-
principles calculations.[209] Similarly, at a low temperature of
10 K, Wu et al. utilized ferroelectric polarization in a CrI3/α-
In2Se3 system to achieve a non-volatile modulation of up to
82% in the critical magnetic switching field with a gate volt-
age of only 5 V.[210] While these works successfully validated
the feasibility of electric-field magnetic control, the poor envi-
ronmental stability and extremely low operating temperatures
underscore the urgency of exploring van der Waals multifer-
roic systems capable of stable operation at room temperature.

Encouragingly, this challenge is being overcome. Using a
simple bonding method to construct an Fe5GeTe2/ferroelectric
substrate PMN-PT multiferroic heterostructure, strong
electric-field control of magnetization has been achieved at
room temperature for the first time via strain-mediated mag-
netoelectric coupling. The unique butterfly-shaped magneto-
electric hysteresis loop not only confirms effective interfacial
coupling but also enables non-volatile bistable memory, rep-
resenting significant progress in the design of energy-efficient
spintronic devices.[211] Following this trend, the van der Waals
ferromagnet Fe3GaTe2 (Curie temperature of 350–380 K) and
ferroelectric CuInP2S6 (Curie temperature of ∼ 315 K) have
emerged as an ideal combination due to their outstanding in-
trinsic room-temperature properties. The Fe3GaTe2/CuInP2S6

multiferroic heterostructure, successfully fabricated by Zhao
et al., demonstrated robust, non-volatile electrical control of
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magnetism at room temperature for the first time.[212] This
work marks a critical step for the field, transitioning from
a low-temperature proof-of-concept to a room-temperature
functional demonstration, thereby laying a solid material and
experimental foundation for developing practical, low-power
magnetoelectric memory and logic devices based on van der
Waals multiferroic heterostructures.

Controlled synthesis is fundamental to realizing magne-
toelectric coupling and functional device performance. Cur-
rent approaches for fabricating multiferroic materials primar-
ily include physical vapor deposition (PVD), chemical va-
por deposition (CVD), and mechanical exfoliation.[213–215]

In 2022, Song et al. achieved controlled growth of bulk
and few-layer NiI2 by PVD using NiI2 powder as the pre-
cursor and hexagonal boron nitride as a substrate, benefiting
from its atomically flat surface, chemical inertness, and ther-

mal stability,[62] as shown in Fig. 11(a). Although intrinsic
2D multiferroics provide ideal single-phase platforms for ME
coupling, their material diversity is still limited. To overcome
this, researchers have fabricated vdW multiferroic heterostruc-
tures by artificially stacking functional 2D layers.[83,87,216]

Two main fabrication strategies are employed: (i) Mechani-
cal exfoliation and dry transfer, in which thin flakes are iso-
lated using elastomers (e.g., PDMS) and then aligned under
optical microscopy to construct hybrid stacks. This method
provides high design flexibility but low throughput,[209,217] as
illustrated in Figs. 11(b) and 11(c). (ii) CVD growth, where
vapor-phase precursors react on substrates to directly form 2D
materials, enabling wafer-scale heterostructures. Figure 11(d)
shows a schematic of a CVD-grown 1T-CrTe2 single crys-
tal. Although scalable, this approach still faces challenges in
achieving atomically uniform interfaces.[218–220]

Fig. 11. (a) Optical image of monolayer (1L) and bilayer (2L) NiI2 samples grown on h-BN via physical vapor deposition. Reprinted with
permission from Ref. [62]. Copyright ©2022 by Springer Nature. (b) Mechanical exfoliation process. Reprinted with permission from Ref. [217].
Copyright ©2015 by Royal Society of Chemistry. (c) Optical micrograph of an FGT/IS heterostructure device.[209] (d) Schematic of a CVD
grown 1T-CrTe2 single crystal. Reprinted with permission from Ref. [219]. Copyright ©2016 by American Chemical Society.

The current wealth of experimental work on heterostruc-
tures essentially involves conducting indispensable “unit test-
ing” and “proof-of-concept” for eventual multiferroic tunnel
junctions. These studies address fundamental questions: Does
coupling exist? Is it sufficiently strong? These achievements
lay a solid physical foundation and provide valuable pro-
cess expertise for subsequently integrating the complete de-
vice structure of a “magnetic electrode–ferroelectric barrier–
magnetic electrode.” Future breakthroughs will depend on
building upon existing heterostructure research to tackle more
complex integration challenges, such as electrode contact en-
gineering, the uniformity of ultrathin barriers, and elevating
the operating temperature to room temperature. Experimental
exploration is steadily progressing from validating coupling
principles to a new stage of constructing functional devices.

5. Conclusion and perspectives
The 2D van der Waals multiferroic tunnel junctions (vdW

MFTJs) have emerged as a promising platform for multifunc-
tional spintronic devices at the intersection of condensed mat-
ter physics and materials science. By combining 2D ferromag-
netic, ferroelectric, and multiferroic constituents, vdW MFTJs
enable nonvolatile resistance switching via quantum tunnel-

ing, with multiple resistance states accessible through electric-
field-controlled polarization, magnetic-field-tuned magnetic
order, and other stimuli such as strain, offering a route to-
ward high-density memory and adaptive electronics. Con-
currently, the materials landscape has expanded from conven-
tional hetero-stacked systems to intrinsic multiferroics, non-
collinear antiferromagnets, and altermagnets, enriching the ac-
cessible physical attributes and device functionalities. On the
theory side, first-principles-based transport studies, often com-
bining density-functional theory with nonequilibrium Green’s
function methods, have established a framework for under-
standing the underlying mechanisms and have clarified the
roles of electrode spin polarization, ferroelectric tunability, in-
terfacial coupling, and electrode asymmetry in determining
device performance. Despite these advances, major challenges
persist: many 2D magnets exhibit low Curie temperatures,
strongly coupled multiferroics operating at room temperature
remain scarce, the diversity of intrinsic 2D multiferroics is still
limited and scalable synthesis is difficult, and device-level is-
sues such as contact resistance and interfacial scattering can
compromise reproducibility.

Looking ahead, 2D vdW MFTJs provide a flexible plat-
form for exploring multi-state resistance control and spin-
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dependent transport in low-dimensional systems. Although
practical applications will require continued advances in mate-
rial synthesis and device engineering, promising material plat-
forms — such as sliding ferroelectric/antiferromagnetic hy-
brids, Janus monolayers, and moiré systems — are expected
to offer viable routes toward room-temperature, strongly cou-
pled 2D vdW multiferroics. These developments could enable
robust device functionalities beyond conventional memory, in-
cluding neuromorphic sensing and logic-in-memory.

Moreover, several fundamental questions that are di-
rectly device-relevant remain open, including how robust fer-
roelectric polarization is stabilized in angstrom-thick tunnel
barriers under metallic screening and depolarization fields,
and how atomic-scale registry/twist-induced reconstruction re-
shapes band alignment and exchange proximity, thereby gov-
erning the variability and scalability of TER/TMR.

To transition from theoretical predictions to prototype de-
vices, several experimental milestones need to be addressed:
(i) high-quality, large-area synthesis of 2D multiferroic build-
ing blocks, particularly sliding ferroelectric/antiferromagnetic
systems and Janus monolayers; (ii) interface engineering
— combining electrostatic screening control (e.g., electrode
asymmetry or vdW spacers) with deterministic registry/twist
control — to stabilize polarization in angstrom-thick barriers
and to reproducibly tune band alignment and exchange prox-
imity; (iii) mitigating contact resistance and interfacial scat-
tering to improve device stability and reproducibility; and (iv)
achieving room-temperature operation with strongly coupled
multiferroic functionality. By addressing these challenges,
2D vdW MFTJs are poised to play an important role in spin-
tronics, memory technologies, and neuromorphic computing,
paving the way toward practical, low-power multifunctional
devices.
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