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TOPICAL REVIEW — Multiferroicity and multicaloric effects

Experimental progress on two-dimensional multiferroics
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Two-dimensional (2D) multiferroic materials, characterized by the coexistence of multiple ferroic orders at atomic
thicknesses governed by interlayer van der Waals (vdW) interactions, have garnered significant attention due to their exotic
physical properties and potential for next-generation information storage, logic, and magnetoelectric spintronic applica-
tions, particularly in high-density memory and ultralow-power information processing. This review revisits the fundamental
concepts of multiferroicity from symmetry and thermodynamic perspectives, classifies the dominant mechanisms respon-
sible for generating multiferroics and their 2D extensions, and discusses specific material systems ranging from intrinsic to
engineered multiferroics. The primary objective of this review is to provide a clear roadmap of the current landscape and
offer perspectives on key challenges and opportunities in this rapidly developing field.
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1. Introduction

Multiferroic materials hosting coupled magnetic, elec-
tric, or structural orders have long been explored as a route
to electric-field control of magnetism and ultralow-power in-
formation processing.[1,2] Classical bulk multiferroics such as
BiFeO3

[3–5] and rare-earth manganites[6–8] have established
the key microscopic mechanisms and symmetry principles be-
hind magnetoelectric coupling. At the same time, they also
revealed intrinsic limitations: the chemical and electronic re-
quirements for stabilizing ferroelectricity often conflict with
those needed for magnetism,[9] resulting in restricted material
choices, relatively weak coupling strengths, and modest transi-
tion temperatures. These constraints have motivated sustained
efforts to identify new material platforms where ferroic orders
could be stabilized and coupled through alternative mecha-
nisms.

The advent of two-dimensional (2D) materials provides
precisely such a platform. Since the isolation of graphene[10]

and subsequent expansion of van der Waals (vdW) crystals,[11]

atomically thin layers have been shown to retain robust lat-
tice, electronic, and magnetic properties while offering unpar-
alleled control over symmetry, stacking, and interlayer reg-
istry. In the 2D limit, ferroic orders are not merely reduced-
dimensional analogues of bulk phases: reduced dimensional-
ity introduces enhanced fluctuations, modified exchange in-
teractions, and new pathways for inversion and time-reversal
symmetry breaking, enabling ferroic behaviors difficult or im-

possible to realize in three-dimensional solids.
Breakthroughs in 2D ferromagnetism and ferroelectric-

ity independently demonstrated that both order parameters can
remain robust and switchable at atomic thickness. Mono-
layer CrI3

[12] and Cr2Ge2Te6
[13] verified that long-range mag-

netic order can survive in 2D when supported by suffi-
cient anisotropy, while materials such as α-In2Se3

[14] and
CuInP2S6

[15] established intrinsic out-of-plane ferroelectric-
ity down to the monolayer limit. Interlayer-sliding ferroelec-
tricity, discovered in WTe2

[16,17] and hBN,[18,19] further re-
vealed that 2D systems can host new polarization mechanisms
rooted in stacking geometry rather than classic lattice instabil-
ities. Together, these advances suggest that if magnetism and
polarization can be stabilized independently in 2D, their coex-
istence and coupling i.e., 2D multiferroicity, become a natural
and conceptually compelling possibility.[20,21]

Two complementary pathways have since emerged. In-
trinsic single-phase 2D multiferroics naturally support simul-
taneous magnetic and polar orders, while engineered multi-
ferroics exploit interlayer coupling, intercalation, doping, or
moiré superlattices to generate emergent magnetoelectric be-
havior. Beyond ferromagnetic and ferroelectric phases, 2D
materials may also host other orders such as ferroelastic and
ferrovalley states. Furthermore, this landscape is enriched
by functional domain walls and ultrafast nonequilibrium re-
sponses.

Taken together, these advances highlight the rapid evolu-
tion of 2D multiferroics from a conceptual extension of bulk
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multiferroicity into a distinct class of low-dimensional sys-
tems with diverse and tunable properties. In this review, we
begin by introducing the foundational concepts of ferroic and
multiferroic orders. We then delve into the underlying mech-
anisms of magnetoelectric coupling in 2D systems, followed
by a comprehensive survey of representative material realiza-
tions, encompassing both intrinsic and engineered 2D multi-
ferroics. Furthermore, we explore expanding frontiers includ-
ing exotic orders, domain walls, and non-equilibrium dynam-
ics. Finally, we highlight the prevailing challenges and open
questions that define the future landscape of this field.

2. From symmetry breaking to Landau theory
Phase transitions and ordering phenomena in condensed

matter physics fundamentally originate from the spontaneous
breaking of system symmetries. Understanding the evolution
from this microscopic mechanism to macroscopic order serves
as the theoretical cornerstone for exploring 2D multiferroic
materials. This section establishes a framework bridging fun-
damental symmetry analysis to macroscopic thermodynamic
descriptions. We begin with the concept of spontaneous sym-
metry breaking (SSB) to elucidate the emergence and physi-
cal significance of order parameters. Subsequently, we define
“ferroic orders” characterized by their switchability and dis-
cuss their dynamic behavior under conjugate fields. Building
on this, we focus on the classification of multiferroicity (type-I
and type-II) based on the Ginzburg–Landau phenomenologi-
cal theory, which provides a universal theoretical language for
the specific discussions of 2D multiferroic materials in subse-
quent sections.

2.1. Ferroic orders

Here we briefly summarize these well-established con-
cepts to provide a unified language for discussing 2D multifer-
roics. When a system’s Hamiltonian remains invariant under
a certain symmetry transformation, yet its ground state fails
to preserve this symmetry, which means the symmetry group
G becomes a subgroup H, the system is said to undergo SSB.
In the thermodynamic limit, the expectation value of a local
operator can be defined as an order parameter to characterize
the extent of this symmetry breaking.[22] When the system un-
dergoes a phase transition from a high-temperature disordered
phase to a low-temperature ordered phase at the critical tem-
perature, the order parameter changes from zero to nonzero:

G→ H, lim
h→0

lim
V→∞

〈
Ô
〉

h,V 6= 0. (1)

In the above equation, h represents the conjugate field and V is
the volume; Ô is the order parameter. SSB splits the initially
unique ground state into multiple degenerate configurations,
with different degenerate states corresponding to distinct val-
ues of the order parameter. However, the presence of defects

and thermal or quantum fluctuations prevents perfectly uni-
form symmetry breaking, leading to the formation of domains
in which the order parameter locally selects different degener-
ate states.[23] Crucially, this degeneracy can be lifted by a con-
jugate field, which couples to the order parameter and renders
one state energetically favorable over others, allowing transi-
tions between different minima in the energy landscape. Such
field-driven transitions are typically accompanied by hystere-
sis, reflecting the existence of finite energy barriers and dissi-
pative processes during domain nucleation and evolution.

A ferroic order is defined by the existence of a sponta-
neous order parameter in zero external field and by the abil-
ity of an external conjugate field to switch between degen-
erate states, typically accompanied by domain formation and
hysteresis.[24] Thermodynamically, one ferroic order may in-
duce another, giving rise to two distinct categories: the spon-
taneously broken ferroic order is referred to as the primary
ferroic order, and the induced ferroic order is referred to as
the secondary ferroic order.[25,26] Representative ferroic or-
ders include ferromagnetism, ferroelectricity, and ferroelas-
ticity, which respectively break time-reversal symmetry, spa-
tial inversion symmetry, and specific point-group symmetries.
Their corresponding order parameters are the magnetization,
polarization, and strain tensors, with magnetic field, electric
field, and stress serving as the conjugate fields.

2.2. Multiferroicity

If a phase simultaneously exhibits two or more ferroic or-
ders, it is termed multiferroic.[27] Initially, this term specif-
ically required the presence of two or more primary ferroic
orders. However, the scope has since expanded to encompass
secondary ferroic orders, with magnetically induced ferroelec-
tricity being a prominent example. According to Khomskii,
systems where ferroic orders originate independently are clas-
sified as type-I multiferroics, while those in which magnetism
causes ferroelectricity and thus strong coupling are termed
type-II multiferroics.[28] Once coupling arises between ferroic
orders in a multiferroic material, the conjugate field of one
ferroic order can modulate another, revealing immense appli-
cation potential — particularly in the electric-field control of
magnetic order. In practice, type-I multiferroics typically ex-
hibit stronger polarization and higher critical temperatures but
weaker coupling, whereas type-II multiferroics show the op-
posite characteristics: stronger coupling, weaker polarization,
and lower critical temperatures. A key challenge is to find
strongly coupled multiferroics at high temperature, particu-
larly above room temperature.

From a macroscopic thermodynamic perspective, ferroic
orders and related coupling phenomena (such as magnetoelec-
tric coupling) can be described using the phenomenological

077511-2



Chin. Phys. B 35, 077511 (2026)

Ginzburg–Landau framework:[22,29]

f (𝑃 ,𝑀 ;T ) = f0 (T )+aP (T )𝑃 2 +bP (T )𝑃 4

+aM (T )𝑀 2 +bM (T )𝑀 4 + · · ·
−𝑃𝐸−𝑀𝐻+ fme, (2)

fme = αi jPiM j +βi jklPiPjMkMl + γi jkPiM jMk

+λ𝑃 · (𝑀 × (∇×𝑀))+ · · · . (3)

In the above formula, f0 denotes the baseline free energy of
the system when the order parameters are zero, aP, bP, and
aM , bM represent the phenomenological Landau expansion
coefficients for polarization P and magnetization M, respec-
tively. fme represents the magnetoelectric coupling, typically
including the bilinear term, fourth-order terms, third-order
mixed terms, and gradient-related terms.[30] To determine the
configuration of the order parameter that minimizes the free
energy at a given temperature, partial derivatives are taken
with respect to the given order parameter. In the absence of an
external field, since the coefficient a(T ) changes sign on ei-
ther side of the critical temperature, the free energy minimum
shifts from a zero order parameter to a non-zero order parame-
ter, reflecting SSB, as Fig. 1(a) shows. When an external field
is applied, it acts as a constant which shifts the partial deriva-
tive and its zero points. As a result, a nonzero order parameter
can emerge above the critical temperature, whose value can be
modulated by the external field, as Fig. 1(b) shows. Consid-
ering the energy barrier between the degenerate states, we can
obtain the hysteresis loop as shown in Fig. 1(c). Considering
multiple orders and their coupling terms, if ferromagnetism
and ferroelectricity emerge independently at their respec-
tive critical temperatures, meaning they have separate driving

(a)

(c)

(b)

Fig. 1. Symmetry and thermodynamics of ferroics. (a) Evolution of
the Landau free energy functional as a function of temperature, illus-
trating the phase transition from a high-symmetry state (T > Tc) to a
broken-symmetry state (T < Tc). (b) Evolution of the Landau free en-
ergy functional as a function of external field 𝐸/𝐻 . (c) Schematic of
a hysteresis loop mapped onto the tilting of the double-well potential
landscape under an external field 𝐸/𝐻 .

mechanisms, it corresponds to type-I multiferroics. In this
case, the coupling terms can alter their critical temperature,
the extent of which depends on the order and strength of the
coupling terms. If a primary spontaneous order induces a
secondary, improper order that would otherwise remain latent
through the coupling terms, type-II multiferroics occur. This
induction is driven by specific symmetry-breaking coupling,
making the secondary order a direct thermodynamic conse-
quence of the primary phase transition.

3. Magnetoelectric coupling mechanisms at the
2D limit
In addition to the symmetry and thermodynamic perspec-

tives discussed above, it is essential to incorporate micro-
scopic mechanisms to gain a deeper understanding of multi-
ferroics. From a microscopic perspective, multiferroicity orig-
inates from the intricate interplay among spin, charge, or-
bital, and lattice degrees of freedom. Researchers initially
discovered that in classical perovskite oxide multiferroics like
BiFeO3, magnetism requires partially occupied d orbitals (dn),
while ferroelectricity demands fully vacant d orbitals (d0).
This contradiction has resulted in a scarcity of multiferroic
materials.[9] However, with the advancement of theory and the
discovery of new systems, numerous approaches have been de-
veloped to circumvent this contradiction.[31] This section be-
gins by delineating the magnetic and ferroelectric mechanisms
separately and then moves to their coupling, especially these
strong magnetoelectric coupling pathways in type-II multifer-
roics. Building on this, the focus shifts to the 2D limit, where
we introduce the novel interlayer degree of freedom along with
the unique stability constraints of the Mermin–Wagner theo-
rem and depolarization fields.

3.1. Magnetoelectric coupling

Magnetism arises from either localized magnetic mo-
ments or itinerant electron spin polarization. The multi-
orbital Hubbard model is commonly used to describe mag-
netism. When electrons are highly localized (strongly corre-
lated limit), it can be simplified via second-order perturbation
theory into a low-energy effective spin model, namely, the
generalized Heisenberg model.[32,33] Even for itinerant elec-
trons, the generalized Heisenberg model is also effective. The
bilinear term in its spin Hamiltonian is

Hi j = −𝑆T
i Pi j𝑆 j=−Ji j𝑆i ·𝑆 j +Di j · (𝑆i×𝑆 j)

−∑
αβ

Γ
αβ

i j Sα
i Sβ

j . (4)

The first term represents isotropic symmetric exchange
(Heisenberg exchange), whose coefficient is a scalar. When
the sign is reversed, it favors spin-parallel or spin-antiparallel
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alignment, corresponding to ferromagnetic or antiferromag-
netic (ferrimagnetic) behavior. This constitutes the most com-
mon and prominent contribution to magnetism. The second
term is the antisymmetric Dzyaloshinskii–Moriya interaction
(DM interaction), whose coefficient is a pseudovector. It orig-
inates from spin–orbit coupling (SOC) incorporating relativis-
tic effects and tends to form chiral spin structures such as he-
lical magnetic order and skyrmions.[34,35] The third term is
the anisotropic exchange interaction, whose coefficient is a
second-order tensor arising from second-order SOC. Higher-
order terms, omitted here, can sometimes exert significant ef-
fects. In common magnetic materials, the local magnetic mo-
ments are primarily contributed by partially filled transition
metal 3d orbitals (e.g., Cr, Mn) and rare-earth metal 4f orbitals
(e.g., lanthanide elements like Nd, Sm, Dy).

Ferroelectric polarization in solids can be decomposed
into contributions from both ions and electrons. The ionic
contribution arises from lattice displacement, while the elec-
tronic contribution can be described by the Berry phase
of the electron wavefunction.[36] Based on the aforemen-
tioned Landau theory, ferroelectricity can be categorized into
proper types, where polarization is the primary order pa-
rameter (spontaneous polarization occurs when the coeffi-
cient a changes sign, including displacement/soft-mode and
ordered–disordered types), and improper types induced by
coupling terms.[37,38] Common non-spin-driven ferroelectric
mechanisms include lone pair effects (hybridization between
central ions and coordinating anions driving cation displace-
ment from the geometric center, e.g., BiFeO3

[39]), d mech-
anism (hybridization between vacant d orbitals and coordi-
nating atoms softens polar phonon modes, e.g., BaTiO3

[40]),
geometry-induced (multiple nonpolar modes induce polariza-
tion via trilinear terms, e.g., hexagonal YMnO3

[8]), and charge
ordering (asymmetric charge distribution introduced by dif-
ferent valence states, accompanied by lattice relaxation, e.g.,
LuFe2O4,[41] though controversial). Electronic effects often
serve as triggers, while lattice responses complete inversion
symmetry breaking to stabilize polarization.

The magnetoelectric coupling mechanisms that connect
these ferroic orders are equally rich. For instance, in BiFeO3,
Bi3+ at site A contributes ferroelectricity via its lone pair,
while Fe3+ at site B contributes collinear antiferromagnetism
via its 3d electrons. Since type-I multiferroics exhibit weak
magnetoelectric coupling, our primary interest lies in type-II
multiferroics, where magnetic order is intrinsically required to
break inversion symmetry and induce ferroelectricity, thereby
guaranteeing strong coupling.[42] Fundamentally, such intrin-
sic spin–polarization entanglement in type-II multiferroics not
only yields strong linear coupling but also opens the door to
topologically protected magnetoelectric responses.[43] Typical
examples in three-dimensional multiferroics include: (1) In-

verse DM effect/KNB model (Fig. 2(a)): In the DM effect, the
pseudovector coefficient depends on the lattice. When SOC
is present, the inverse DM effect induces lattice distortion via
antiferromagnetic magnetic order, corresponding to the gradi-
ent term in the aforementioned Landau theory. An example is
TbMnO3 with its helical spin order. The Katsura–Nagaosa–
Balatsky (KNB) model (spin current model) offers an alterna-
tive interpretation. Formally equivalent to the DM interaction,
it describes purely electronic effects under fixed ions, where
noncollinear magnetic order induced by SOC contributes to
polarization.[44] (2) p–d hybridization (Fig. 2(b)): Due to the
anisotropy of SOC, transition amplitudes are larger for iden-
tical spin states. Spin states modulate the p–d hybridization
between the central atom and coordinating atoms, forming
asymmetric electron cloud distributions (local electron density
rearrangement), as seen in CuFeO2.[45] (3) Exchange stric-
tion (Fig. 2(c)): The scalar coefficient in the symmetric ex-
change term depends on the relative positions of the two mag-
netic moments (collinear spin order). Ion displacement alters
the equilibrium position, tending to increase the exchange en-
ergy and manifesting as exchange striction, as seen in rhombic
RMnO3.[46] While the above theories have successfully ex-
plained mechanisms in specific materials, they may not always
provide satisfactory explanations when applied to other sys-
tems and may sometimes coexist.

(a)

(b)

(c)

Fig. 2. Schematic illustrations of typical spin-driven magnetoelec-
tric coupling mechanisms in multiferroic materials. (a) KNB model:
The spin current model illustrates how noncollinear spin order between
metal ions breaks inversion symmetry via spin–orbit coupling to induce
polarization. (b) p–d hybridization: Driven by the anisotropy of spin–
orbit coupling, where spin states modulate the p–d hybridization effi-
ciency between metal ions and ligands, resulting in an asymmetric local
electron density distribution. (c) Exchange striction: collinear magnetic
order induces ion displacements through symmetric exchange interac-
tions, thereby breaking inversion symmetry to generate ferroelectricity.

3.2. The 2D characteristics

Beyond canonical pathways in three-dimensional sys-
tems, 2D systems introduce novel coupling channels. When
dimensions are reduced to the atomic scale, quantum con-
finement effects discretize the quantum states and restrict the
spatial motion of charge carriers, which fundamentally alters
the electronic structure compared to bulk counterparts. When
combined with pronounced surface effects — such as surface
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reconstruction, specific electronic states, adsorption, and pas-
sivation — these factors engender physical properties absent
in three-dimensional materials.

The 2D materials can be categorized into vdW materi-
als and non-vdW materials (which include both non-vdW lay-
ered materials and intrinsically non-layered bulk materials)
based on their interlayer bonding mechanisms. Non-vdW ma-
terials such as silicene rely on epitaxial growth and exhibit
strong coupling with the substrate, necessitating stringent lat-
tice matching requirements and making substrate control crit-
ical. In contrast, 2D vdW materials such as graphene are held
together by vdW forces between layers. They can be sta-
bly obtained through mechanical exfoliation and possess nat-
ural cleavage planes. Even epitaxially grown vdW materials
lack dangling bonds on their surfaces, exhibit weak interac-
tions with substrates, and are easily separable and transfer-
able, facilitating the realization of hetero-composites. More
importantly, distinct interlayer stacking configurations and rel-
ative rotations may generate unique properties not observed in
single-layer 2D materials (e.g., moiré superlattices, flat bands,
and superconductivity[47–49]). This inherent interlayer free-
dom endows 2D vdW materials with immense potential in
multiferroic applications, revealing novel mechanisms such as
interlayer sliding ferroelectricity.

In 2D systems, the mechanism of three-dimensional mul-
tiferroics also applies. Despite their unique electronic struc-
ture, surface states, van der Waals surfaces, and interlayer free-
dom, there are certain constraints unique to 2D multiferroics.

(1) Thermal fluctuation. The Mermin–Wagner theorem,
proven using the Bogoliubov inequality, establishes that in
one- and two-dimensional isotropic Heisenberg models with
finite-range interactions, spontaneous magnetization or sub-
lattice magnetization cannot exist at finite temperatures; that
is, continuous symmetries cannot spontaneously break in ther-
mal equilibrium systems in two dimensions or below.[50,51]

This thermal instability stems from the infrared divergence
of long-wavelength Goldstone modes inherent in the sponta-
neous breaking of continuous symmetries. Consequently, the
establishment of long-range order necessitates the introduction
of anisotropy to open an energy gap. This gap suppresses the
divergence of low-energy excitations and effectively shifts the
system’s symmetry from continuous to discrete, thereby sta-
bilizing the ordered state at finite temperatures. Typically, the
realization of 2D magnetism requires the introduction of mag-
netic anisotropy to break the SO(3) symmetry and open a spin-
wave gap, which can be obtained by SOC, crystal fields, and
strain.[12,13,52] In contrast, ferroelectricity is exempt from the
Mermin–Wagner restriction because it involves the breaking
of discrete symmetries and is governed by long-range dipole–
dipole interactions.

(2) Depolarization field In the 2D limit, the absence

of bulk screening dramatically amplifies the influence of
boundary-induced fields. For ferroelectrics, the depolariza-
tion field imposes a formidable electrostatic energy penalty
that is proportional to 𝑃 2. Without external charge compen-
sation, this penalty can quench out-of-plane polarization —
a challenge far less critical in 3D bulk where carrier screen-
ing or domain formation is effective.[53] In contrast, for mag-
nets, the demagnetizing field (dipolar energy) is typically or-
ders of magnitude weaker than the short-range exchange in-
teraction. Consequently, while it dictates shape anisotropy by
favoring in-plane alignment, it rarely destabilizes the magnetic
order itself, unlike the decisive role played by the depolariza-
tion field in ferroelectric phase stability. To circumvent the
depolarization field in the 2D limit, three primary strategies
have been developed. First, geometric redirection focuses on
materials with in-plane polarization, which eliminates surface
bound charges and thus avoids the field’s penalty entirely.[54]

Second, external screening utilizes conductive encapsulation
— such as graphene electrodes or ionic adsorbates — to pro-
vide charge compensation and neutralize the depolarization
field.[15,16] Third, emergent mechanisms, most notably slid-
ing ferroelectricity in vdW bilayers, generate out-of-plane po-
larization through interlayer lateral shifts.[18,19] This mecha-
nism is intrinsically more robust against traditional depolar-
ization constraints than ion-displacement-based ferroelectric-
ity, enabling stable polar order at the atomic scale.

4. Material realizations of 2D multiferroics
Building upon these theoretical insights and the strate-

gic bypass of physical constraints, the pursuit of 2D multifer-
roicity has evolved along two primary trajectories. One path-
way focuses on the discovery of intrinsic single-phase mul-
tiferroics, where magnetic and ferroelectric orders are inter-
twined within a single crystal lattice through inherent symme-
try breaking. The other leverages the versatile vdW platform
to create artificially engineered multiferroics, where disparate
ferroic orders are coupled across interfaces or induced by in-
terlayer degrees of freedom. In the following sections, we ex-
amine representative material systems and experimental mile-
stones that define these two paradigms, highlighting how they
navigate the delicate balance between stabilizing long-range
order and maintaining functional coupling at the atomic limit.

4.1. Intrinsic 2D multiferroics

Intrinsic 2D multiferroics represent the most conceptu-
ally direct realization of multiferroicity, as magnetic and po-
lar orders originate from the same atomic framework. Promi-
nent current examples include: transition metal dihalides rep-
resented by NiI2, transition metal thiophosphates represented
by CuCrP2S6, transition metal dichalcogenides represented by
CuCrX2 (which can be regarded as variants of MX2), transition
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metal oxohalides represented by VOCl2, and MXenes repre-
sented by Hf2VC2F2.

(1) Transition metal dihalides Among the most promi-
nent examples, 2D vdW transition metal dihalides such as
NiI2 have established a clear paradigm for spin-driven mul-
tiferroicity in the 2D limit. Experimental evidence from
second-harmonic generation (SHG) and linear dichroism (LD)
initially identified a multiferroic transition at approximately
21 K in single layers, significantly lower than the bulk value
of 60 K (Figs. 3(a) and 3(b)).[55] However, the interpreta-
tion of these all-optical signatures has faced scrutiny, with
some studies suggesting that these signals might stem from
magnetic-order-induced symmetry breaking rather than defini-
tive ferroelectricity.[56]

To address this, recent research has employed scanning
tunneling microscopy (STM) to achieve atomic-scale visu-
alization of multiferroic domains, directly observing the pe-
riodic modulation of electrostatic potential induced by the
spin spiral.[57] Complementing these microscopic insights,
transport measurements on few-layer devices have success-
fully captured ferroelectric hysteresis loops, confirming the
coexistence of ferroelectric and antiferroelectric phases[58]

(Figs. 3(c)–3(e)).
From a theoretical perspective, the origin of this complex

order extends beyond simple exchange frustration. While the
competition between near-neighbor ferromagnetic and third-
neighbor antiferromagnetic interactions is fundamental,[59]

first-principles-based spin Hamiltonian models now empha-
size the critical role of the Kitaev interaction in determining

the specific in-plane propagation direction and the canting of
the rotation plane.[60]

Furthermore, the robust magnetoelectric coupling in NiI2

is evidenced by the observation of giant chiral magnetoelec-
tric oscillations and electromagnon modes, which represent
collective excitations of the entangled magnetic and dipolar
orders,[61] as Fig. 3(f) shows. The material’s properties remain
highly tunable; for instance, hydrostatic pressure has been
shown to dramatically increase transition temperatures and in-
duce a reversible transformation from helimagnetic to anti-
ferromagnetic states by modulating interlayer interactions.[62]

Additionally, as Figs. 3(g) and 3(h) show, Wang et al. dis-
covered orientation-selective spin-polarized edge states using
spin-polarized STM in monolayer islands.[63]

Overall, NiI2 represents a canonical type-II 2D multifer-
roic system where the intricate competition between frustrated
exchange, anisotropic Kitaev interactions, and lattice degrees
of freedom manifests in a highly susceptible electronic land-
scape, capable of hosting sophisticated topological spin tex-
tures and coupled collective excitations.

(2) Transition metal thiophosphate Another represen-
tative 2D vdW multiferroic material is CuCrP2S6, which sub-
stitutes the In atom in the intrinsic 2D ferroelectric material
CuInP2S6 with a magnetic Cr atom. Early theoretical predic-
tions and experimental efforts established that monolayer and
few-layer CuCrP2S6 host ferromagnetism and electric-field-
driven ferroelectricity, with the out-of-plane polarization pri-
marily attributed to the displacement of Cu ions within the sul-
fur framework,[64] as Fig. 4(a) shows.

(a)

(f) (g) (h)

(b) (c) (d) (e)

Fig. 3. Experimental results in 2D multiferroic NiI2. (a) Crystal structure of bulk NiI2. Reproduced with permission from Ref. [55].
(b) Temperature-dependent SHG measurements of different layer numbers. Reproduced with permission from Ref. [55]. (c)–(e) Frequency-
dependent P–E (c) and I–E hysteresis loops (d), (e) of trilayer NiI2 at 10 K. Reproduced with permission from Ref. [58]. (f) Time-dependent
terahertz oscillations of the electric polarization and magnetization extracted from the electromagnon dynamics. Reproduced with permission
from Ref. [61]. (g)–(h) Image of the NiI2 island (g) and the tunneling spectra (h) measured with a magnetic Cr tip display a prominent peak
associated with edge states exclusively at the Ni-terminated edge. Reproduced with permission from Ref. [63].
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(a)

(b)

(c)

(d)

(e)

Fig. 4. Experimental results in 2D multiferroic CuCrP2S6. (a) Top and side views of the ferroelectric and antiferroelectric phases in CuCrP2S6
monolayer. Reproduced with permission from Ref. [64]. (b) Cross-sectional HAADF-STEM images with corresponding Z-contrast intensity profiles.
Reproduced with permission from Ref. [66]. (c) The current density versus voltage curves along the a and b axes. Reproduced with permission
from Ref. [67]. (d) Magnetic hysteresis loops measured along different crystallographic orientations. Reproduced with permission from Ref. [67].
(e) Thickness dependence of SHG signals at different temperatures in regions 1 (15 nm thickness), 2 (10 nm thickness), and 3 (5 nm thickness),
respectively. Reproduced with permission from Ref. [69].

Subsequent investigations into its magnetic nature re-
vealed an A-type antiferromagnetic ground state with a Néel
temperature of 32 K, demonstrating that electric polarization
can be modulated by an in-plane magnetic field. This magne-
toelectric coupling is fundamentally linked to a spin-direction-
dependent p–d hybridization mechanism arising from off-
centered Cr3+ ions.[65] The structural and physical under-
standing of CuCrP2S6 has been further refined through di-
rect atomic-scale observations. As Fig. 4(b) shows, us-
ing aberration-corrected scanning transmission electron mi-
croscopy, researchers confirmed the presence of intrinsic
room-temperature ferroelectricity by identifying the coherent
off-center arrangement of Cu atoms.[66]

Parallel studies highlighted significant in-plane electrical
and magnetic anisotropies (Figs. 4(c) and 4(d)), identifying the
a-axis as the magnetic easy axis and characterizing a spin-flop
transition under external fields.[67] Moreover, optimization of
crystal growth techniques enabled detailed calorimetric analy-
ses, which pinpointed an antiferroelectric-to-paraelectric tran-
sition in the 140–200 K range and elucidated the crystal field
splitting behavior of the Cr ions.[68]

Recent advancements have utilized nonlinear optical and
vibrational spectroscopy to probe the complex phase diagram
of CuCrP2S6. Optical SHG measurements have successfully
tracked structural and magnetic phase transitions, revealing a
giant magnetoelectric modulation of SHG signals that is sen-
sitive to the number of atomic layers,[69] as Fig. 4(e) shows.
Complementary Raman spectroscopic studies have provided a
comprehensive assignment of phonon modes, identifying low-
frequency soft modes as distinct fingerprints of the antiferro-
electric transition. They also uncovered a significant phonon
hardening effect at low temperatures, driven by strong magne-
toelastic coupling and negative thermal expansion.[70]

Collectively, these findings establish CuCrP2S6 as a so-
phisticated quaternary system where the interplay between

copper-ion stochasticity and chromium-ion magnetic order
creates a highly tunable landscape of ferroic phase transitions
and collective excitations.

(3) Transition metal dichalcogenides The layered
dichalcogenide system ACrX2 (A = Cu, Ag; X = S, Se) rep-
resents a distinctive class of non-vdW multiferroics character-
ized by strong magnetoelastic coupling and high-temperature
order. Early investigations into bulk AgCrS2 established that
an unconventional collinear magnetic structure — consisting
of double ferromagnetic stripes coupled antiferromagnetically
— triggers a structural transition into a polar monoclinic state
via magnetoelastic distortion.[71]

Building upon this bulk physics, first-principles cal-
culations predicted that thinning CuCrS2 and CuCrSe2 to
the 2D limit could resolve the intrinsic exclusion between
magnetism and ferroelectricity, suggesting that vertical fer-
roelectricity arises from tetrahedral bonding configurations
rather than spin-driven mechanisms.[72] This theoretical out-
look was subsequently validated by the synthesis of CuCrS2

nanoflakes exhibiting switchable ferroelectric polarization and
an exceptionally high transition temperature of approximately
700 K.[73]

Recent experimental refinements have further uncovered
complex layer-dependent and anisotropic properties within
this family. In CuCrSe2 nanosheets, remarkable even–odd
layer-dependent ferromagnetism was discovered, where even-
layer samples exhibit an anomalous Hall effect due to sym-
metry breaking induced by Cu-orbital shifts,[74] as Fig. 5(a)
shows. Direct evidence for multiferroicity in single-layer
CuCrSe2 was eventually obtained, confirming the coexistence
of room-temperature ferroelectricity and ferromagnetism at
120 K, with the latter driven by a unique ligand-mediated ex-
change interaction,[75] as Figs. 5(b)–5(e) show. Beyond these
fundamental physics, significant progress has been made in the
controllable growth of high-temperature ferroelectric CuCrSe2
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and the realization of wafer-scale CuCrS2 films for memristive
and energy storage applications.[76–78]

Collectively, these findings establish the ACrX2 family as
a robust multiferroic platform where the high-energy barrier
of cation displacement supports ferroelectric stability, while
the magnetic order in the 2D limit is intricately governed by
layer-dependent symmetry breaking.

(4) Potential 2D intrinsic multiferroic materials First-
principles calculations further suggest that intrinsic 2D multi-
ferroicity may be more widespread than currently realized ex-
perimentally. Certain VOX2 and certain MXenes have been
theoretically shown to host coexisting magnetic order and

spontaneous polarization stabilized by Jahn–Teller distortions

or noncollinear spin textures.

A landmark computational study identified the Hf2VC2F2

monolayer as a rare type-II multiferroic, where a noncollinear

120◦ Y-type spin order directly breaks inversion symmetry to

generate ferroelectric polarization,[79] as Figs. 6(a) and 6(b)

show. Beyond simple polarization, the coupling between mag-

netism and lattice in multiferroic MXenes has been shown to

stabilize room-temperature magnetic skyrmions, whose topo-

logical stability can be electrically manipulated by switching

the underlying ferroelectric dipoles.[80]

(a) (b)

(c)

(d)

(e)

Fig. 5. Experimental results in 2D multiferroic CuCrX2. (a) Layer-dependent magnetic properties in 2D CuCrSe2. Reproduced with permission from
Ref. [74]. (b) The atomic structure of single-layer CuCrSe2 exhibits unequal vertical distances between Cu and Se atoms, resulting in a spontaneous
out-of-plane electric polarization. Reproduced with permission from Ref. [75]. (c) Vertical polarization induces opposite energy shifts in the eg and
t2g orbitals of the two Cr atoms, reducing the energy gap to stabilize ferromagnetic coupling. Reproduced with permission from Ref. [75]. (d) Off-
field PFM measurements on single-layer CuCrSe2, revealing a clear 180◦ phase hysteresis loop and a butterfly-shaped amplitude curve. Reproduced
with permission from Ref. [75]. (e) Temperature-dependent magnetization curves (ZFC and FC) under a 50 Oe field demonstrate a paramagnetic-to-
ferromagnetic phase transition. Reproduced with permission from Ref. [75].

(a) (b)

(c) (d) (e)

Fig. 6. Calculation results in 2D multiferroic Hf2VC2F2 (a), (b) and VOCl2 (c)–(e). (a) Schematics illustrating the competing magnetic configurations
on the triangular lattice, including stripe antiferromagnetic (G-AFM), up-up-down ferrimagnetic (UUD), and the noncollinear 120◦ Y-type antiferro-
magnetic (Y-AFM) orders. Reproduced with permission from Ref. [79]. (b) A diagram demonstrating the magnetoelectric coupling mechanism, where
the ferroelectric polarization vector is generated perpendicular to the spin helical plane and rotates synchronously with it. Reproduced with permission
from Ref. [79]. (c) The top and side views of the VOCl2 monolayer reveal the broken inversion symmetry caused by the off-center displacement of
V ions. Reproduced with permission from Ref. [81]. (d) The double-well potential energy profile demonstrates the thermodynamic stability of the
ferroelectric states and indicates the energy barrier required for polarization reversal. Reproduced with permission from Ref. [81]. (e) The specific heat
with respect to temperature. Reproduced with permission from Ref. [81].
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In parallel, the transition metal oxyhalide VOCl2 has
emerged as a promising candidate, with first-principles ev-
idence suggesting a large intrinsic in-plane polarization
driven by pseudo Jahn–Teller distortions alongside stable
antiferromagnetism,[81] as the structure, double-well potential
energy, and temperature-dependent specific heat are shown in
Figs. 6(c)–6(e). This family has been further extended to the
altermagnetic regime in VOX2 (X = Cl, Br, I) monolayers,
where the interplay of ferroelectricity and altermagnetism en-
ables a giant bulk spin photovoltaic effect and provides a strat-
egy for nonvolatile multistate memory.[82]

While these theoretical frameworks remain the primary
guide, early experimental efforts have begun to report room-
temperature ferroelectricity and magnetoelectric coupling in
free-standing Ti3C2Tx MXene films, attributing the multifer-
roic behavior to the interaction between disordered dipoles and
local spin moments.[83,84] Collectively, these theoretical and
early experimental works establish MXenes and oxyhalides as
a versatile playground for 2D multiferroicity, where the rich
variety of transition metals and functional groups allows for
the engineering of high-temperature ferroic orders and com-
plex topological magnetic textures.

4.2. Engineered 2D multiferroics

Beyond intrinsic 2D multiferroics, the coupling of dis-
tinct ferroic properties can also be achieved through extrinsic
engineering factors such as intercalation, doping, interfaces,
or through hetero-composites with interlayer degrees of free-
dom. By engineering methods, systems with higher critical
temperatures can be candidates, while extrinsic factors may
introduce new mechanisms to increase the intensity of cou-
pling. In fact, the aforementioned single-phase materials also
embody this engineering philosophy. For example, the afore-
mentioned CuCrSe2 can be viewed as intercalating a Cu layer
into magnetic CrSe2 layers to form multiferroics.

(1) Doping/intercalation Chemical doping and in-
tercalation offer effective strategies to introduce mag-
netism into ferroelectric hosts without destroying the non-
centrosymmetric lattice. For instance, Yang et al. achieved
type-I multiferroicity by substituting In sites with Fe ions
(∼ 3.22%) in ferroelectric α-In2Se3. While the host α-In2Se3

is diamagnetic, the Fe-doped Fe0.16In1.84Se3 exhibits ferro-
magnetism with in-plane anisotropy at 2 K and a Curie tem-
perature of ∼ 8 K, as Figs. 7(a) and 7(b) show. PFM and mag-
netic measurements confirmed the coexistence of ferroelec-
tricity and ferromagnetism, though the magnetoelectric cou-
pling strength remains to be explored.[85] Similarly, Du et al.
realized room-temperature multiferroicity in SnSe by intro-
ducing local SnSe2 microdomains into the ferroelectric SnSe
matrix. Unlike intrinsic SnSe, this p-doped system exhibits
room-temperature ferrimagnetism (with a Curie temperature

approaching ∼ 337 K) attributed to enhanced interfacial ex-
change interactions.[86]

By leveraging an interfacial modulation strategy on c-
plane sapphire, researchers synthesized wafer-scale, one-unit-
cell non-layered chromium sulfide exhibiting robust multi-
ferroicity. The substrate-induced intralayer sliding of self-
intercalated Cr atoms breaks inversion symmetry. Simultane-
ously, this structural modification enhances superexchange in-
teractions and p–d orbital hybridization, nearly doubling the
ferromagnetic Curie temperature to 310 K compared to the
bulk and enabling effective electric-field control over mag-
netic states.[87] Although these engineered systems demon-
strate high critical temperatures, the direct coupling between
ferroic orders is generally weak.

(2) Sliding ferroelectricity Interlayer sliding ferroelec-
tricity offers a different engineering strategy, exploiting stack-
ing geometry rather than chemistry to generate polarization. In
bilayer and moiré systems, relative lateral shifts between lay-
ers break inversion symmetry and create switchable dipoles,
even when the individual monolayers are centrosymmetric.
With interlayer engineering, sliding-induced 2D ferroelec-
tricity has been demonstrated in the topological semimetal
WTe2,[16] metallic twisted bilayer graphene,[88] and insulat-
ing AB-stacked bilayer hBN.[19]

When combined with intrinsically magnetic layers such
as CrI3, sliding-induced polarization modifies interlayer ex-
change and magnetic anisotropy, opening a pathway toward
electrically controllable magnetism driven purely by stacking
registry. Ji et al.[89] generalized bilayer stacking ferroelectric-
ity through layer group analysis, using centrosymmetric CrI3

to demonstrate how specific stacking configurations break in-
version symmetry. Their first-principles calculations identi-
fied six symmetry-related energy minima (Fig. 7(c)), charac-
terized by a dominant in-plane component interlocked with
a smaller out-of-plane component. This unique coupling en-
ables deterministic out-of-plane switching via in-plane electric
fields across remarkably low energy barriers. Crucially, these
ferroelectric states coincide with ferromagnetic order — con-
trasting with the antiferromagnetism of non-polar stackings —
thereby establishing a sliding-induced multiferroic state suit-
able for low-power applications. Although experimental ver-
ification of such fully sliding-induced multiferroics remains
nascent, these theoretical insights establish a robust frame-
work for exploring functional stacking in 2D magnetic ma-
terials.

(3) Heterostructures vdW heterostructures represent a
highly versatile platform for engineering 2D multiferroicity.
Unlike conventional epitaxial growth, which is limited by lat-
tice matching, vdW assembly allows the vertical stacking of
ferromagnetic and ferroelectric layers with atomically sharp
interfaces and arbitrary twisting angles. This proximity en-
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ables strong magnetoelectric coupling via mechanisms such
as charge transfer, strain transfer, or modification of inter-
layer exchange interactions. The concept was theoretically
pioneered by Gong et al., who predicted strong magnetoelec-
tric coupling in the Cr2Ge2Te6/In2Se3 heterostructure. Their
density functional theory (DFT) calculations revealed that re-
versing the electric polarization of In2Se3 switches the mag-
netocrystalline anisotropy of Cr2Ge2Te6 between out-of-plane
(easy-axis) and in-plane (easy-plane), effectively toggling the
ferromagnetic order,[90] as Fig. 7(d) shows.

Experimentally, Eom et al. [91] demonstrated voltage-
controlled magnetism in Fe3−xGeTe2/In2Se3 devices. Us-
ing a magneto-optical Kerr microscope and Raman spec-
troscopy, they observed a significant modulation of the coer-
cive field in Fe3−xGeTe2 under gate voltages and confirmed
that this effect is driven by the piezoelectric tensile strain
transferred from the In2Se3 layer, which reduces the mag-
netic anisotropy energy (Figs. 7(e) and 7(f)). More recently,

Wu et al. [92] achieved nonreciprocal and nonvolatile electric-
field switching of magnetism in a CrI3/α-In2Se3 heterostruc-
ture. By mapping the magnetic phase transitions via reflec-
tive magnetic circular dichroism (Fig. 7(g)), they found that
the ferroelectric polarization of In2Se3 modulates the inter-
layer magnetic coupling of CrI3. Furthermore, theoretical de-
signs have demonstrated that such ferroelectric heterostruc-
tures can host purely electrically controllable magnetism even
without intrinsic magnetic layers. For instance, in an engi-
neered InSe/In2Se3 vdW heterostructure, the switchable out-
of-plane polarization of In2Se3 can deterministically control
the band alignment. When combined with appropriate hole
doping, this mechanism enables robust, nonvolatile switching
of itinerant ferromagnetism.[93]

These developments highlight the shift from intrinsic
multiferroics to rationally designed vdW heterostructures,
where the decoupling of lattice-matching constraints allows
for unprecedented control over interfacial physics.

(a)
(b) (c)

(d) (e) (g)

(f)

Fig. 7. Strategies for engineered 2D multiferroics: doping (a)–(b), sliding (c), and heterostructures (d)–(g). (a)–(b) High-resolution STEM image (a) and
magnetic hysteresis loops (b) of Fe-doped In2Se3 confirming homogeneous doping and ferromagnetism with distinct magnetic anisotropy, respectively.
Reproduced with permission from Ref. [85]. (c) The calculated potential energy surface for bilayer CrI3 revealing six degenerate energy minima created
by lateral sliding. Reproduced with permission from Ref. [89]. (d) Side views illustrating the switching of the electric polarization of In2Se3 modulates
the ferromagnetic order on or off. Reproduced with permission from Ref. [90]. (e) Magnetic hysteresis loops of the Fe3−xGeTe2/In2Se3 heterostructure
measured under positive gate voltages. Reproduced with permission from Ref. [91]. (f) The extracted coercive field plotted against gate voltage,
confirming a strain-mediated coupling mechanism driven by the piezoelectric effect. Reproduced with permission from Ref. [91]. (g) Magnetic phase
diagrams of the CrI3/In2Se3 heterostructure reveal asymmetric phase boundaries, demonstrating nonreciprocal and nonvolatile modulation of magnetism
via ferroelectric switching. Reproduced with permission from Ref. [92].

4.3. Extended topics

While the preceding section provided a comprehensive
review of specific 2D multiferroic materials, the potential of
2D systems extends far beyond the static coexistence of mag-

netism and ferroelectricity. This section explores three piv-

otal frontiers that are redefining the boundaries of 2D mul-

tiferroics: the expansion into novel ferroic degrees of free-

dom, the functionalization of quasi-one-dimensional domain
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walls, and the active manipulation of ferroic orders through
non-equilibrium dynamics.

(1) Other ferroic orders Beyond canonical fer-
romagnetic and ferroelectric orders, the landscape of
2D multiferroics is enriched by emerging ferroic or-
ders such as ferroelasticity,[94–98] ferrotoroidicity,[99–102] and
ferroaxiality.[103–108] Integrating these exotic orders with fun-
damental magnetic or polar states broadens the thermo-
dynamic definition of multiferroicity, offering novel cross-
coupling channels beyond traditional magnetoelectric effects.

Among these, 2D ferroelasticity has been experimentally
well-established. The multiferroic coupling of magnetism and
ferroelasticity is shown in Fig. 8(a). A typical hysteresis be-
havior obtained experimentally in a β -In2Se3 flake is shown in
Fig. 8(b). Ferrotoroidicity (Fig. 8(c)) represents a compelling
topological order that is actively being explored in 2D anti-
ferromagnetic systems to achieve novel magnetoelectric re-

sponses. For ferroaxiality (Fig. 8(d)), robust ferro-rotational
(ferroaxial) order and its highly reversible electrical switching
have been experimentally demonstrated in nanometer-thick
van der Waals 1T-TaS2 crystals.[109]

Alongside these structural and magnetic topological or-
ders, the ferrovalley order emerges as a uniquely robust and
distinct signature inherent to 2D vdW materials. Particularly
well defined in hexagonal lattices, this ferroic state manifests
as spontaneous valley polarization, where the energetic degen-
eracy between inequivalent valleys is lifted by the interplay of
strong SOC and intrinsic exchange interactions. Defined by
the sign of the Berry curvature, this valley degree of freedom
is not only theoretically predicted but also readily accessible
through circularly polarized light and the anomalous Hall ef-
fect, making it a pivotal component of the 2D multiferroic
landscape.

(a)
(b)

(c)
(d)

(e)

Fig. 8. Other ferroic orders in 2D systems. (a) Schematic illustration of strong multiferroic coupling in 2D tetragonal MX monolayers, where the in-
plane magnetic easy axis rotates by 90◦ accompanying the ferroelastic transition. Reproduced with permission from Ref. [97]. (b) Hysteresis loop under
applied uniaxial tensile strain in a vdW β -In2Se3 flake. Reproduced with permission from Ref. [98]. (c) Schematic illustration of the toroidal moment
originating from a magnetic vortex, and its intrinsic magnetoelectric coupling where an applied magnetic field induces an electric polarization orthogonal
to the torus axis. Reproduced with permission from Ref. [99]. (d) Schematic illustration of the ferroaxial order in the multiferroic RbFe(MoO4)2 lattice,
where the coherent counter-rotations of MoO4 polyhedra break mirror symmetries and generate a macroscopic axial vector order parameter coupled to
nonlinear optical fields. Reproduced with permission from Ref. [106]. (e) Conceptual analogy establishing ferrovalley materials where the spontaneous
valley polarization (splitting between K and K′ valleys) is drawn in parallel to the spontaneous charge polarization in ferroelectrics and spin polarization
in ferromagnets. Reproduced with permission from Ref. [113].

Valley polarization was first observed in graphene and
2H-TMDs,[110–112] but the polarization is not spontaneous.
Tong et al.[113] first predicted ferrovalley in 2H-VSe2 and
developed the concept, as Fig. 8(e) shows. Then ferroval-
ley was found by calculation in heterostructures of val-
ley materials and magnetic materials, such as MoTe2/EuO
and WSe2/CrI3.[114,115] Janus monolayer is another possible
path.[116,117] Seyler et al.[118] experimentally demonstrated the
manipulation of valley pseudospins in monolayer WSe2 via
a magnetic proximity effect induced by the 2D ferromagnet

CrI3. Finding materials with coupled ferrovalley and ferro-
electricity holds immense promise for next-generation val-
leytronic devices, particularly for realizing high-density, all-
electric memory and logic gates based on the topologically
protected anomalous valley Hall effect.

(2) Domain walls Beyond the domains themselves,
domain walls (DWs) in 2D multiferroics represent a com-
pelling frontier for exploring lower-dimensional physics. In
the ultrathin limit, these boundaries manifest as quasi-one-
dimensional topological defects or stacking solitons,[119] serv-
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ing as atomically sharp interfaces between degenerate ferroic
ground states. Unlike their bulk counterparts, 2D DWs are
strictly constrained by the vdW gap and in-plane lattice sym-
metries, creating unique local environments characterized by
substantial strain gradients and localized symmetry breaking.

Consequently, as Figs. 9(a)–9(d) show, the classification
of these walls extends beyond the traditional Ising, Néel, and
Bloch dichotomy;[120–122] in 2D systems, they are often gov-
erned by stacking textures and can be precisely manipulated
via moiré engineering. A striking example of unique 2D phe-
nomena is the reversible interconversion between multiferroic
domains and domain walls demonstrated by Hassanpour et
al.,[123] where a three-dimensional multiferroic state is effec-
tively confined into a 2D topological defect, retaining switch-
able magnetization and polarization, as Fig. 9(e) shows.

Furthermore, these boundaries are not merely static
structural features but dynamic entities manipulable at the
atomic scale. In monolayer ferroelectrics like In2Se3, for in-
stance, scanning tunneling microscopy has revealed that do-
main boundaries can be driven step-by-step through collective
atomic shifting mechanisms (Fig. 9(f)), allowing for determin-
istic reconfiguration of the domain landscape.[124] Leveraging
this mobility, these topologically protected boundaries offer
a reconfigurable platform for atomic-scale logic and memory

devices, as Fig. 9(g) shows, enabling architectures where the
presence or absence of a conductive wall defines the logic state
for non-volatile resistive switching.[125]

The physical basis for such applications lies in the reduc-
tion of dimensionality, which transforms DWs into functional
1D channels. Owing to their distinct local symmetry and non-
trivial topology, they host emergent phenomena absent in the
parent domains, such as the emergence of metallic conductiv-
ity in nominally insulating ferroelectrics. Seidel et al.[126] ob-
served room-temperature electronic conductivity at ferroelec-
tric domain walls in the insulating multiferroic BiFeO3; the
piezoresponse force microscopy and conductive atomic force
microscopy maps are shown in Figs. 9(h) and 9(i). This con-
ductivity is often strictly confined to specific wall orientations
or charge states (head-to-head/tail-to-tail configurations), ef-
fectively creating reconfigurable conductive nanowires. Al-
though BiFeO3 is a canonical three-dimensional bulk multi-
ferroic rather than a 2D material, it serves as a powerful con-
ceptual prototype here. It is highly anticipated that analogous
phenomena — where domain walls act as reconfigurable 1D
conducting channels — are being actively pursued and will be
realized in emerging 2D multiferroic systems. In conclusion,
DWs can be viewed not only as the interface of multiferroic
domains, but also as separate devices with unique functions.

(a) (b)

(c)
(d)

(e)

(f) (g)

(h)

(i)

Fig. 9. Research on domain walls. (a)–(d) Schematic illustrations contrasting traditional Ising (a), Bloch (b), Néel (c), and mixed Ising–Néel (d) domain
walls. Reproduced with permission from Ref. [120]. (e) Faraday rotation microscopy images visualizing the reversible transformation process where a
bulk multiferroic domain is spatially confined into a domain wall and subsequently expanded back into a domain under controlled fields. Reproduced
with permission from Ref. [123]. (f) Sequential scanning tunneling microscopy images demonstrating the deterministic, step-by-step manipulation of a
60◦ tail-to-tail domain boundary in monolayer ferroelectric In2Se3 driven by a tip-induced electric field. Reproduced with permission from Ref. [124].
(g) A prototype resistive switching device based on BiFeO3 thin films, illustrating the reversible creation and erasure of highly conductive charged
domain walls. Reproduced with permission from Ref. [125]. (h)–(i) Correlated piezoresponse force microscopy (h) and conductive atomic force
microscopy maps (i) revealing that room-temperature electronic conductivity in BiFeO3 is selectively confined to 109◦ and 180◦ domain walls, while
71◦ walls remain insulating. Reproduced with permission from Ref. [126].

(3) Non-equilibrium effects Beyond static coupling,
non-equilibrium dynamics offer a route to ultrafast function-
ality by enabling the manipulation of order parameters on pi-
cosecond to femtosecond timescales — orders of magnitude
faster than conventional switching. Using time-resolved x-ray

scattering, Daranciang et al.[127] observed a two-step process:
an initial lattice contraction caused by shift currents, followed
by a long-lived expansion as photogenerated carriers screen
the internal depolarization field, as Figs. 10(a) and 10(b) show.
Mankowsky et al.[128] demonstrated ultrafast reversal of ferro-
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electric polarization in LiNbO3 by resonantly exciting a high-
frequency phonon mode. The bidirectional switching on a
sub-picosecond time scale is shown in Fig. 10(c). In the 2D
vdW ferroelectric NbOI2, time-resolved measurements reveal
an initial polarization suppression due to photo-carrier screen-
ing, followed by a transient enhancement lasting over 200
ps. This prolonged state is sustained by laser-induced coher-
ent acoustic phonons and piezoelectric coupling.[129] The uni-
form displacement of diffraction spots along the polar axis and
the corresponding time-resolved electron beam deflection are
shown in Figs. 10(d) and 10(e).

Optical and THz pulses can be used not only to probe but
also to actively modulate ferroic properties, such as inducing
phase transitions or generating coherent acoustic phonons. By
driving materials into non-equilibrium regimes, researchers
can access transient states inaccessible via thermodynamic
pathways, unlocking novel functional behaviors. For instance,
Morimoto et al.[130] demonstrated that intense terahertz pulses

can induce a large macroscopic polarization in paraelectric
TTF-CA (Fig. 10(f)). Li et al.[131] demonstrated optically in-
duced polarization switching in ferroelectric heterostructures
composed of BaTiO3 and MoS2 (Fig. 10(g)). Luo et al.[132]

employed megaelectronvolt ultrafast electron diffraction to re-
solve the ultrafast, anisotropic in-plane strain in layered GeS.
Upon photoexcitation, GeS undergoes significant structural
deformation, as Figs. 10(h) and 10(i) show. Crucially, this re-
sponse bypasses conventional thermal expansion; instead, it is
governed by a synergy of deformation potentials from elec-
tronic redistribution and converse piezoelectric effects trig-
gered by photoinduced transient electric fields.

Collectively, these works demonstrate that driving fer-
roelectric and multiferroic materials into non-equilibrium
regimes via optical or terahertz stimuli allows for the de-
terministic manipulation of lattice strain and polarization on
femtosecond-to-picosecond timescales, bypassing thermody-
namic constraints to unlock ultrafast functional behaviors.

(e)

(f)

(g) (h) (i)

(a) (b)

(c) (d)

Fig. 10. Non-equilibrium effects related to ferroic properties. (a)–(b) Time-resolved x-ray diffraction scans (a) revealing ultrafast lattice dynamics and
the comparison of the observed lattice expansion with Landau–Ginzburg–Devonshire theory (b) in PbTiO3. Reproduced with permission from Ref. [127].
(c) Time-resolved second-harmonic interference fringes exhibit a transient 180◦ phase shift, directly confirming the sign inversion of the nonlinear suscepti-
bility and the ultrafast reversal of the ferroelectric polarization in LiNbO3. Reproduced with permission from Ref. [128]. (d)–(e) The uniform displacement of
diffraction spots along the polar axis (d) and the corresponding time-resolved electron beam deflection (e) reveal an initial suppression followed by a transient
enhancement of the ferroelectric polarization in NbOI2. Reproduced with permission from Ref. [129]. (f) The temporal profiles of the driving terahertz
electric field, induced second-harmonic generation, and reflectivity change demonstrate that the ultrafast macroscopic polarization and charge transfer mod-
ulation in the paraelectric phase are coherently driven by the instantaneous electric field intensity in TTF-CA. Reproduced with permission from Ref. [130].
(g) PFM phase images of the MoS2/BaTiO3 heterostructure acquired in the dark and after UV illumination, demonstrating optically induced polarization
reversal in the region covered by the MoS2 flake. Reproduced with permission from Ref. [131]. (h)–(i) Differential diffraction patterns (h) and time-resolved
lattice dynamics (i) of layered GeS demonstrating a highly anisotropic ultrafast optomechanical response, characterized by a simultaneous expansion along
the zigzag direction and contraction along the armchair direction on a 10 ps timescale. Reproduced with permission from Ref. [132].

In summary, the evolution of 2D multiferroics is charac-
terized by a transition from the study of static, macroscopic
domains to the mastery of complex, multi-dimensional de-
grees of freedom. The emergence of exotic orders such as fer-
rovalley and ferroaxiality broadens the thermodynamic bound-
aries of multiferroicity, providing novel cross-coupling chan-

nels beyond traditional spin-driven magnetoelectric effects.
Meanwhile, the confinement of these orders within quasi-1D
domain walls introduces a localized, reconfigurable functional
landscape. When these spatial textures are coupled with ultra-
fast, non-equilibrium excitations, a new paradigm of materials
control emerges — one where ferroic states can be manipu-
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lated at the atomic scale and on femtosecond timescales, ef-
fectively bypassing static thermodynamic energy barriers. The
synergy between these emerging ferroic orders, topological
boundaries, and transient dynamics not only challenges our
fundamental understanding of condensed matter physics but
also lays the foundation for a new generation of multifunc-
tional quantum devices that are simultaneously faster, smaller,
and more energy-efficient than current semiconductor tech-
nologies.

5. Summary and outlook
Multiferroicity links distinct order parameters and en-

ables cross-control between their conjugate fields. Extensive
studies of bulk multiferroics have established a solid micro-
scopic framework and revealed diverse coupling mechanisms,
yet they have also exposed a persistent limitation: materi-
als with robust ferroelectric polarization and high transition
temperatures typically exhibit weak magnetoelectric coupling,
whereas systems with strong coupling often rely on magneti-
cally driven mechanisms that yield small polarization and low
critical temperatures. This long-standing trade-off between the
robustness of individual ferroic orders and the strength of their
coupling has fundamentally constrained both the physical un-
derstanding and technological deployment of multiferroics.

The emergence of 2D materials provides a qualitatively
new setting in which this dilemma can be revisited. Re-
duced dimensionality reshapes symmetry constraints, ampli-
fies the role of SOC, and elevates interfaces, stacking geome-
try, and interlayer registry to active control parameters. Recent
demonstrations of stable 2D ferromagnetism and ferroelectric-
ity show that ferroic orders can persist in the atomic limit when
anisotropy, confinement, and lattice degrees of freedom are
properly engineered. 2D platforms enable coupling mecha-
nisms without direct bulk analogues, including interlayer slid-
ing, moiré reconstruction, proximity-induced anisotropy, and
interfacial charge redistribution, offering an expanded design
space in which polarization and magnetism can interact more
flexibly.

The roadmap toward high-performance 2D multiferroics,
however, is contingent upon overcoming the scarcity of sys-
tems that operate reliably at room temperature. Recently, a
significant milestone has been achieved with the demonstra-
tion of intrinsic room-temperature multiferroicity and voltage-
controllable magnetic order in air-stable bilayer CrTe2.[133]

Quantitative characterization of magnetoelectric coupling in
atomically thin systems is experimentally demanding, and
disentangling intrinsic effects from substrate, strain, or elec-
trostatic influences requires further methodological advances.
Looking ahead, progress will rely on the continued integration
of first-principles theory, symmetry analysis, advanced synthe-
sis, and high-resolution characterization. Beyond equilibrium

phases, domain-wall functionalities and nonequilibrium dy-
namics provide additional avenues for enhancing or redefining
magnetoelectric behavior. Together, these efforts position 2D
multiferroics not merely as reduced-dimensional extensions of
bulk materials, but as a distinct platform for exploring magne-
toelectric coupling and for advancing future information tech-
nologies.
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