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TOPICAL REVIEW — Multiferroicity and multicaloric effects

Recent advances in multiferroics and magnetoelectrics
Zhen Liu(刘振), Jing-Bo Zhou(周靖博), Pin-Yi Zeng(曾品一),

Hao-Wen Wang(王好文), and Cheng-Liang Lu(陆成亮)†

School of Physics and Wuhan National High Magnetic Field Center, Wuhan 430074, China
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Multiferroics, where multiple ferroic orders coexist and couple, have been one of the most active fields in condensed
matter physics over the past two decades. In particular, the cross-control between magnetic and electric variables, i.e.,
the magnetoelectric coupling effect, provides a unique advantage for developing low-consumption electronic devices. In
recent years, the field has seen a fundamental expansion of its scope to include topological magnetoelectricity and two-
dimensional (2D) multiferroics. This review mainly focuses on the progress made in the last decade, covering new material
exploration and emerging physical phenomena. It begins with an overview of linear magnetoelectricity, continues with
detailed discussions of emerging topological magnetoelectricity and 2D multiferroics, and ends with an outlook on future
developments for multiferroicity and magnetoelectric coupling.

Keywords: multiferroics, magnetoelectric coupling, linear magnetoelectric effect, topological magnetoelec-
tricity, two-dimensional multiferroics
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1. Introduction
Multiferroic materials often specifically refer to com-

pounds exhibiting both magnetism and ferroelectricity, which
allow for electric field (E) control of magnetization (M) and
magnetic field (H) manipulation of ferroelectric (FE) polar-
ization (P). Such materials have significant potential for ap-
plications in low-consumption information storage and ultra-
sensitive sensors.[1–4] The magnetoelectric (ME) effect can be
traced back to Pierre Curie’s theoretical predictions in 1894,
postulating the possibility of such a coupling based on sym-
metry arguments. The antiferromagnet Cr2O3 was the first
compound in which the ME effect was experimentally veri-
fied in the 1960s. Following this discovery, the field of ME
research was launched.

The ME effect can be understood within the framework
of Landau theory, approached by an expansion of the free en-
ergy for a magnetoelectric system. From a thermodynamic
perspective, the free energy (F) for single-phase ME materi-
als can be expanded in a Taylor series in powers of E and H,
yielding the expression:

−F(E,H) =
1
2

εi jEiE j +
1
2

µi jHiH j +αi jEiH j

+
1
2

βi jkEiH jHk +
1
2

γi jkHiE jEk + · · · , (1)

where tensors εi j and µi j are the electric and magnetic sus-
ceptibilities, and tensor αi j is the linear ME coefficient.[5]

As the most intensively studied ME phenomenon since the

1960s, linear ME is characterized by a linear dependence
of M on E (µ0Mi = α jiE j), or conversely, of the polariza-
tion P on H (Pi = αi jH j). The intertwining of broken time-
reversal symmetry and space-inversion symmetry in linear
ME has led to a series of emergent phenomena, such as the
ME monopole, ferrotoroidicity, and non-reciprocal transport
of quasiparticles.[4,6–9] A long-term issue for linear ME ac-
tivities is the weak ME coupling and thereby small coeffi-
cient α .[10–12] Utilization of spin–lattice coupling presents a
promising framework to address this challenge, which has
been experimentally verified in several materials in recent
years.[11–14]

It was not until the discovery of type-II multiferroics in
2003 that research on the ME effect witnessed a major break-
through. Wang et al. synthesized high-quality BiFeO3 epitax-
ial thin films, which exhibit excellent ferroelectricity and no-
table ME coupling at room temperature (T ).[15] Meanwhile,
Kimura et al. discovered magnetically-driven ferroelectricity
in TbMnO3, in which the P-direction can be flipped by an ex-
ternal H.[15,16] In the following year, Cheong’s group reported
similar magnetically-driven ferroelectricity and a striking ME
effect in TbMn2O5.[17] In these multiferroics, the ME effect
can be unprecedentedly strong due to the first-order phase
transition, resulting in a high-order ME effect. These discov-
eries have spurred the advancement in the research of mul-
tiferroics and magnetoelectrics, which can be found in many
previous high-quality review articles.

Over the past decade, this promising discipline has en-
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tered a new era, marked by two key developments. First, the
integration of topology and multiferroics. Fascinating textures
of magnetic and/or electric dipoles in real space have been
widely identified in multiferroic materials, including mag-
netic skyrmions, ferroelectric vortex domains, and merons
with integer winding numbers.[6,18–23] Recently, a topologi-
cally nontrivial ME switching effect was unveiled in several
multiferroics such as GdMn2O5,[24,25] TbMn3Cr4O12,[26] and
a GdI2 monolayer.[27] The topological ME describes topo-
logical functions in the ME parameter phase space, funda-
mentally different from the topology in momentum and real
spaces. Second, two-dimensional (2D) multiferroics hold
great promise for miniaturized and high-efficiency integrated
devices.[28,29] Their flexible structures and tunable symmetries
allow the realization of magnetoelectric states with strongly
enhanced coupling among multiple degrees of freedom, in-
cluding spin, valley, lattice, and charge.[30] In these systems,
twisting the interlayer angle can create moiré superlattices
that host novel magnetoelectric phases.[31,32] Interlayer slid-
ing enables atomic-scale control of polarization and magnetic
exchange.[33,34] Meanwhile, the valley degree of freedom in-

teracts with spin and polarization through spin–orbit coupling,
leading to valley-selective magnetoelectric effects and spin–
valley coupling.[35] Together, these features reshape the elec-
tronic structure and the interplay between spin, charge, and
lattice in 2D materials.

This review will focus on the progress achieved in the past
decade. We begin with a brief overview of advancements in
linear ME materials. Subsequent sections discuss cutting-edge
research on topological magnetoelectric effects and emerging
2D multiferroics, before concluding with an outlook on the
future of multiferroicity and ME coupling.

2. Linear magnetoelectricity
The linear ME effect is defined as the induction of an

electric P by H, and vice-versa, which was first discovered in
Cr2O3. The recent progress is twofold. First, a series of novel
phenomena have been found even in well-established linear
ME systems like Cr2O3. Second, a significant number of lin-
ear ME materials have been synthesized. Listed in Table 1 are
the basic properties of some linear ME materials.

Table 1. Basic properties of some linear ME materials.

Material
Magnetic

Space group
Magnetic Magnetic Linear ME

phase transition space group point group coefficient α

Cr2O3
[8] TN ∼ 307 K R3̄c R3̄′c′ -3′m′ ∼ 4.2 ps/m

Mn4Nb2O9
[36] TN ∼ 110 K P3̄c1 P3̄′c′1 -3′m′ ∼ 2.1 ps/m

Co4Nb2O9
[37] TN ∼ 27 K P3̄c1 C2/c′ 2/m′ ∼ 40 ps/m

Fe4Nb2O9
[38] TN1 ∼ 90 K and TN2 ∼ 77 K P3̄c1 C2/c′ -1′ ∼ 25 ps/m

Fe2Mo3O8
[39] TN ∼ 60 K P63mc P6′3m′c 6′mm′ ∼ 480 ps/m

Mn2Mo3O8
[40] TC ∼ 41.5 K P63mc P6′3m′c 6m′m′ ∼ 5 ps/m

Co2Mo3O8
[41] TN ∼ 39 K P63mc P6′3m′c 6′mm′ ∼ 28 ps/m

Ni2Mo3O8
[42] TN ∼ 5.5 K P63mc Pcna21 mm2 ∼ 70 ps/m

Ni3TeO6
[43] TN ∼ 54 K R3 R-3′m′ -3′m′ ∼ 36 ps/m

Ni2CoTeO6
[43] TN ∼ 54 K R3 R-3′m′ -3′m′ ∼ 3.4 ps/m

NiCo2TeO6
[43] TN ∼ 49 K R3 R-3′m′ -3′m′ ∼ 323 ps/m

Mn3Ta2O8
[12] TN ∼ 24 K I41/a P21/a 2′/m ∼ 5.6 ps/m

DyCrO4
[44] TN ∼ 24 K I41/a I41/a′ 2′/m ∼ 50 ps/m

Cu3TeO6
[45] TN ∼ 61 K Ia3̄ R-3′ -3′ ∼ 3.1 ps/m

LiCoPO4
[46] TN ∼ 21.9 K Pnma P21′/c 2′/m ∼ 30.6 ps/m

LiNiPO4
[47] TN ∼ 20.8 K Pnma Pnm′a m′mm ∼ 1.5 ps/m

NdCrTiO5
[48] TN ∼ 20 K Pbam Pbam′ m′mm ∼ 3.5 ps/m

CoSe2O5
[49] TN ∼ 8.5 K Pbcn Pb′cn mmm′ ∼ 21.3 ps/m

Sm2BaCuO5
[11] TN1 ∼ 23 K and TN2 ∼ 5 K Pnma Pn′ma mmm′ ∼ 4.4 ps/m

Ni5(TeO3)4Cl2 [50] TN ∼ 29.2 K C2/c C2′/c C2′/c ∼ 4.2 ps/m

Co5(TeO3)4Cl2 [51] TN ∼ 18 K C2/c C2′/c 2′/m ∼ 45 ps/m

MnPSe3
[52] TN ∼ 70 K R3̄ P1̄′ -1′ ∼ 13.5 ps/m

Fe2TeO6
[53] TN ∼ 208 K P42/mnm P42/m′nm′ 4/m′m′m′ ∼ 1.2 ps/m

CoTe6O13
[54] TN ∼ 19.5 K R3̄ R3̄′ -3′ ∼ 41.2 ps/m

2.1. Chromium oxide

The discovery of the ME effect dates back to 1960 in
chromium oxide (Cr2O3) with a high Néel temperature TN ∼
307 K, which continues to be regarded as the prototypical lin-

ear ME material.[55–57] Recently, Iyama et al. revisited the

ME effect in Cr2O3 single crystals and observed square-like

P(E) (and M(H)) hysteresis loops under finite H (and E).[8]

These features imply that Cr2O3 behaves as a typical ferro-
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electric (ferromagnet) under finite magnetic (electric) fields,
even at room T . This hysteretic control enables switching and
retaining the ME state, an ability that is essential for storage
applications.

Cr2O3 has been used to develop purely antiferromagnetic
(AFM) magnetoelectric random access memory (MERAM).
This technology, free from ferromagnetic hysteresis loss, of-
fers excellent energy efficiency, making it ideal for low-power
data processing and storage devices.[58] The devices employ
a polarizable paramagnet to detect the order parameter of
the ME antiferromagnet, thereby circumventing issues arising
from the presence of ferromagnetic components. Its writing
threshold is significantly lower than that of traditional ferro-
magnetic magnetic random access memory (MRAM), with a
reduction of about an order of magnitude, and it shows strong
resistance to magnetic interference [Fig. 1(a)]. Using Cr2O3 as
the AF element, a complete working AF-MERAM is demon-
strated. The cell consists of an active layer of insulating ME
antiferromagnet, a bottom-gate electrode for writing, and a
top electrode for read-out via anomalous Hall measurement
[Fig. 1(b)]. At room T , reliable isothermal switching and all-
electrical read-out are achieved through gate voltage pulses,
demonstrating the practical potential of linear ME for spin-
tronic applications.

Fig. 1. (a) Magnetic random access memory elements are classified by
their writing and readout interfaces. (b) Schematic of an AF-MERAM
storage cell using Cr2O3

[58] (c)–(e) Magnetic domain images of Cr2O3
at different temperatures.[59]

Topological surface magnetism is another fascinating
property of linear ME, which was recently observed in
Cr2O3.[59] Scanning the sample surface reveals a clear mag-
netic circular dichroism (MCD) signal below TN, indicating
surface magnetization linked to AFM order. MCD images at
280 K reveal two AFM domains with opposite polarities and
distinct surface magnetizations (+ and −) [Fig. 1(c)], indi-
cating the presence of surface magnetization coupled with an
AFM spin order. The domain pattern remains observable until
310 K, while the contrast gradually diminishes above 310 K

[Fig. 1(d)], suggesting that surface magnetization vanishes
above TN. Upon cooling the sample back to 277 K, magnetic
domains reemerge [Fig. 1(e)], further confirming the existence
of surface magnetization. Notably, these surface magnetiza-
tions are highly sensitive to external magnetic fields. Applying
opposing fields along the c-axis allows for continuous switch-
ing of the MCD signal’s sign. Thus, unconventional Néel vec-
tor switching can be achieved solely through an applied mag-
netic field.

A spin superfluid ground state was observed at low T in
Cr2O3 using non-local spin transport methods, which holds
significance for fundamental research on the Bose–Einstein
condensation of spin-1 bosons.[60] The mechanical strain gra-
dient in Cr2O3 provides a basis for the magnetic and thermo-
dynamic studies of AFM solitons and spin waves in magnetic
materials.[61] Additionally, coherent nonlinear interactions be-
tween light and Cr2O3 can generate pure electronic macro-
scopic effects within the crystal, facilitating quantitative ma-
nipulation of magnetism via the electronic ME effect.[62] The
enduring research on Cr2O3 continues to offer essential in-
sights into linear ME coupling and its technological potential.

2.2. Honeycomb magnets of A4Nb2O9 (A = Mn, Co, Fe)

The family of A4Nb2O9 (A = Co, Mn, and Fe) with a
honeycomb lattice is a new group of linear ME materials.
The unique topological lattice introduces new dimensions to
the control of ME coupling, establishing a complementary re-
search avenue for structure–property modulation in compar-
ison to the Cr2O3 system discussed above, and serving as a
crucial platform for investigating topologically related linear
ME effects. The A4Nb2O9 compounds crystallize in a cen-
trosymmetric triclinic space group P3̄c1. A2+ ions occupy two
inequivalent sites as A(1) and A(2), located at the centers of
distorted octahedra formed by oxygen atoms. The A(1)O6 oc-
tahedra are corner-connected, while the A(2)O6 cages share
edges, resulting in two distinct buckled honeycomb layers
[Fig. 2(a)].[13]

Mn4Nb2O9 undergoes an AFM transition at TN ∼ 110 K,
which is nearly the highest Néel temperature among all
A4Nb2O9 compounds. Below TN, the Mn2+ spins align along
the c-axis, forming two opposite spin chains along lines of
spin-up and spin-down, which are stabilized by the antiparallel
inter-chain coupling [Fig. 2(b)]. The measured ME coupling
tensor aligns well with the magnetic symmetry -3′m′, which
is consistent with the linear ME scenario.[36] Nevertheless, a
rather small linear ME coefficient of α ∼ 2.1 ps/m was re-
ported in Mn4Nb2O9.

Co4Nb2O9 enters an AFM state below TN ∼ 27 K, which
has been more extensively studied as compared with other
members of A4Nb2O9.[14] Single-crystal neutron diffraction
experiments revealed that Co2+ magnetic moments primarily
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lie in the basal plane, with neighboring moments in a hon-
eycomb layer oriented oppositely and stacked along the trig-
onal axis [Fig. 2(c)], conforming to a magnetic structure of
C2/c′.[13] Chang et al. reported an ultrarobust linear ME
memory and training effect in Co4Nb2O9.[37] The memory
states exhibited distinct linear ME coefficients α across a wide
H range. The P(H) curve controlled by E is symmetric about
the origin, and the two sets of ME coefficients α show op-
posite signs, indicating the dual controllability of H and E
[Fig. 2(d)]. This phenomenon is attributed to AFM domain
evolution, offering promising prospects for high-density and
ultrafast switching in AFM spintronics. Mn-substitution at
the Co-site in Co4Nb2O9 can significantly enhance TN, while
gradually reducing the ME coefficient, a possible trade-off be-
tween the Néel point and ME coupling.[63]

In Fe4Nb2O9, there are two phase transitions identified at
TN1 ∼ 90 K for an AFM transition and TN2 ∼ 77 K for a struc-
tural phase transition.[38] Fe magnetic moments are primarily
aligned in the ab-plane, akin to Co4Nb2O9. A linear ME ten-
sor αi j with all nine nonzero components was experimentally
measured, indicating a reduced magnetic point group of -1′ in
this material.[64] The ME coupling effect is well explained by
the p–d hybridization mechanism. The physical essence of this
mechanism resides in the modulation of covalency between
the d-orbitals of transition metals and the p-orbitals of lig-
ands by the relativistic spin–orbit interaction, which depends
on the orientation of the local spin magnetic moment. This
process gives rise to local electric dipoles oriented along the
bond direction.[1,65]

Fig. 2. (a) The crystal structure of A4Nb2O9.[13] (b) The magnetic structures of Mn4Nb2O9
[36] and (c) Co4Nb2O9.[13] (d) The dependence of

P and the ME coefficient α on the magnetic field in Co4Nb2O9.[37]

2.3. Polar magnets of A2Mo3O8 (A = Fe, Mn, Co, Ni)

The polar magnet A2Mo3O8 family (A = Fe, Mn, Co,
and Ni) has attracted considerable attention recently. The in-
trinsic correlation between its ME response and the origin of
structural polarity enhances the fundamental understanding of
the coupling mechanism between multiferroicity and the lin-
ear ME effect, thereby further broadening the functional scope

of linear ME materials. These materials belong to the noncen-
trosymmetric space group P63mc, where A2+ ions occupy both
octahedral (OCT) and tetrahedral (TET) sites [Fig. 3(a)]. The
crystal structure consists of alternating A2 layers and Mo3 lay-
ers along the c axis. The magnetism of this system arises from
two types of unpaired 3d electrons in A2+ ions. This leads
to diverse magnetic properties and complex magnetic orders,
resulting in rich ME phenomena [Figs. 3(b) and 3(c)].

Fig. 3. (a) Crystal structure of A2Mo3O8 family. (b) Schematic of AFM and (c) FIM orders, respectively.[41] (d) P of Fe2Mo3O8 as a function
of H measured at different temperatures. (e) T dependence of linear magnetoelectricity α33.[39] (f) H dependence of ∆P in (Fe1−yZny)2Mo3O8
(y = 0.125, 0.25, 0.5). (g) y dependence of ME coefficients α1 (∆Pc = α1Hc) and α3 (∆Pb′ = α3Hb′ ).[67]
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Fe2Mo3O8 has an AFM phase below TN ∼ 60 K.[66]

Chang et al. reported a colossal linear ME effect.[39] In the
∆Pc(H) curves measured at different temperatures, Hcri shifts
to lower fields with increasing T , while H2 shows minimal
change, indicating distinct physical behaviors. At high mag-
netic fields, the curves exhibit clear linear behavior [Fig. 3(d)].
This effect persists in a wide magnetic field range of up to 20 T,
with the diagonal component α33 reaching up to ∼ 480 ps/m,
which exceeds the values of most conventional linear ME ma-
terials by several orders of magnitude [Fig. 3(e)]. A theoreti-
cal model reproduced these observations, emphasizing contri-
butions from the exchange striction mechanism and account-
ing for the sign difference of magnetocrystalline anisotropy.
Tuning the magnetic ground state via chemical doping typ-
ically induces significant variations in the ME coupling ef-
fect. Kurumaji et al. showed that nonmagnetic Zn2+ dop-
ing suppresses the AFM order,[67] and stabilizes a ferrimag-
netic (FRM) state, which is accompanied by sign reversal of
the ME coefficient [Figs. 3(f) and 3(g)]. At a low Zn-doping
level, strong competition between the AFM and FRM mag-
netic phases is induced, giving rise to multiple metamagnetic
transitions in the M(H) measurements.[68] It was found that
slight Mg doping in Fe2Mo3O8 can markedly enhance the ME
effect for both the AFM ground state and the H-stabilized
FRM phase.[69] The introduction of Ni into the Fe2Mo3O8

structure has also yielded interesting results: a high-T glassy
state was revealed, which offers a unique perspective for un-
derstanding other high-T phenomena in this system.[70]

Co2Mo3O8 has an AFM ground state similar to
Fe2Mo3O8.[41] An AFM transition occurred at TN ∼ 39 K,
accompanied by the appearance of P, indicating its magnetic
origin. Unlike Fe2Mo3O8, only a high-order ME effect was
found in Co2Mo3O8. High-field studies on Co2Mo3O8 re-
vealed two spin-flop transitions at Hc1 ∼ 27 T and Hc2 ∼ 31 T,
accompanied by a large variation in P.[71]

Mn2Mo3O8 has a FRM ground state below TC ∼ 41.5 K
and exhibits orthogonal components even under high Fe-
substitution content at the Mn site.[40] Interestingly, sign rever-
sal of the linear ME coefficient was observed in Mn2Mo3O8,
which can be significantly magnified by Fe-substitution.
Chang et al. studied (Mn1−xCox)2Mo3O8 and found that Co-
doping significantly modulates magnetic interactions,[72] re-
sulting in an FRM-to-AFM phase transition at x = 0.35. In
samples with an FRM state (0≤ x≤ 0.3), square-like magnetic
hysteresis loops were observed, with remanent magnetization
and coercive field strongly influenced by Co content and T .

Ni2Mo3O8 is a spin-1 honeycomb antiferromagnet.
High magnetic field measurements on single crystals of
Ni2Mo3O8 reveal two metamagnetic transitions and notable
ME responses.[42] A spontaneous P emerges along the c-axis
at the AFM transition TN ∼ 5.5 K, indicating its spin origin.
This is in agreement with a remarkable ME response with H

applied along the c-axis and the a-axis. In the low-H region,
a weak spin-flop metamagnetic transition led to a parabolic
P(H) dependence. In the high-H region, a linear ME effect
is observed with a relatively large α ∼ 70 ps/m. The physical
essence of the spin current mechanism resides in the fact that
a spin current (with spin polarization Si×S j) flowing between
two magnetic sites induces a polarization under the influence
of spin–orbit coupling.[1,65] Through an analysis of the local
ME tensor in Ni2Mo3O8, both the spin current and p–d hy-
bridization mechanisms can be applied to explain the sponta-
neous electric polarization and ME responses.

2.4. Corundum-related compound Ni3TeO6

The polar antiferromagnet Ni3TeO6 has attracted consid-
erable interest due to its nonhysteretic magnetoelectricity as-
sociated with collinear AFM order. The regulatory principles
governing its linear ME effect not only expand the diversity
of structural types in ME materials, but also provide essential
guidance for the design of ME materials within the corundum
structural system, thereby advancing the research framework
of linear ME materials across different structural systems.[73]

The H-induced P arises along the c axis. When H exceeds
a critical value Hcri, P(H) exhibits a linear ME effect with
a coefficient of −60 ps/m, consistent with the large trans-
verse magnetic susceptibility characteristic of collinear anti-
ferromagnets [Fig. 4(a)]. More importantly, Ni3TeO6 shows
no hysteresis during ME switching, with a nearly flat poten-
tial barrier between the two magnetic states near the spin-flip
transition [Fig. 4(b)]. This allows for continuous switching of
different ME states through an intermediate state with small
changes in E or H, resulting in a colossal ME response near
the spin-flip transition. This resembles the large piezoelec-
tric effect observed at morphotropic phase boundaries in ferro-
electrics, offering a pathway for robust, hysteresis-free switch-
ing.

The linear ME coefficient α can be remarkably enhanced
by Co-substitution in Ni3TeO6.[43] As shown in Figs. 4(c) and
4(d), the electric polarization (Pc) values of Ni2CoTeO6 and
NiCo2TeO6 were measured at various temperatures, revealing
a significantly enhanced ME response. In NiCo2TeO6, a large
Pc of up to approximately 5200 µC/m2 was observed under
H perpendicular to the c-axis, with its value exceeding that
of the parent compound. This result demonstrates the sig-
nificant impact of chemical doping on enhancing the ME ef-
fect in Ni3TeO6 [Fig. 4(e)]. More importantly, a giant α of
∼ 323 ps/m was found at T ∼ 45 K, which greatly exceeds
the conventional linear ME coefficient in Cr2O3, reported to
be 4.2 ps/m [Fig. 4(f)]. This markedly enhanced ME response
was attributed to the different occupations of Ni/Co ions at
specific lattice sites. For Mn-substitution at the Ni-site, no
such striking enhancement in α was observed.[74]
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Fig. 4. (a) The P-dependence on H at different temperatures in Ni3TeO6. (b) Averaged M(E) curve of Ni3TeO6. The inset shows the
directions of applied magnetic field, electric field and P.[73] H-dependent Pc at different temperatures for (c) Ni2CoTeO6 and (d) NiCo2TeO6.
(e) T -dependent of P for NiCo2TeO6 under different magnetic fields. (f) T -dependent ME coupling coefficients α of NiCo2TeO6.[43]

2.5. Other linear ME materials

Beyond these specific classes, many more linear ME ma-
terials have been synthesized. This not only refines the ex-
isting system but also opens avenues for discovering novel
ME coupling mechanisms and overcoming performance lim-
itations. Mn3Ta2O8, an anion-deficient fluorite derivative,
was identified as a linear ME material by Kimura et al.[12]

Mn3Ta2O8 is a rare material exhibiting both linear ME below
TN ∼ 24 K and antiferroelectric-like orders below TS ∼ 55 K.
The antiferroelectric phase was ascribed to the off-center dis-
placement of magnetic Mn2+ ions.

Polycrystalline scheelite-type DyCrO4 was synthesized
under high pressure by Long et al., and the ME property was
extensively studied.[44,75] This material exhibits a very com-
plex ME effect. For instance, a linear ME effect of α ∼
50 ps/m was noted at T = 20 K, while a nonlinear ME effect
was observed at T = 2 K. Single crystal samples are desired to
obtain a comprehensive understanding of the ME behaviors in
scheelite-type DyCrO4.

Fig. 5. T -dependence of (a) Px, Py, and Pz under H along the (a) z, (b)
x, and (c) y directions at selected H, respectively. H -dependence of (d)
Px (H||z), (e) Py (H||x), and (f) Pz (H||y) at selected T , respectively.[45]

The three-dimensional antiferromagnet Cu3TeO6, with
cubic symmetry, has garnered attention for the coexistence of
Dirac and triply degenerate magnons.[45] Induced P appears
along the x-, y-, and z-axes below TN ∼ 61 K. The induced
P can be fully reversed by opposing H, indicating intrinsic
coupling between magnetism and ferroelectricity in this cubic
lattice [Figs. 5(a)–5(c)]. At a selected temperature, measure-
ments of the field-induced polarization ∆Px, ∆Py and ∆Pz under
H||z, H||x and H||y show that the polarization increases lin-
early up to ∼ 18 µ C/m2, and can be reversed by an opposite
electric field. This confirms a linear ME effect in Cu3TeO6,
with ME coefficients αxz ≈ αyx ≈ αzy = 3.1 ps/m [Figs. 5(d)–
5(f)].

3. Topological magnetoelectricity
Topology, as a concept of pure mathematics, has

been widely applied to describe and illustrate many fas-
cinating physical phenomena, such as topological insula-
tors/semimetals/superconductors, etc.[76–78] Indeed, topology
is not limited to the nontrivial electron, phonon, or photon
bands in momentum space. Topological ferroic textures in
real space, as an important branch of topological physics,
have recently received considerable attention in condensed
matter physics due to their fascinating physics and potential
applications.[19,21,23,79] The magnetic skyrmion is considered
as one of the most representative examples; it is a vortex-
like quasiparticle at the nanometer scale. Furthermore, these
topologically protected quasiparticles have been observed in
some metallic systems including Fe1−xCoxSi, MnSi, and PdFe
by means of microscopy measurement techniques.[21,79,80] In-
triguingly, they can be created and annihilated utilizing elec-
tric currents. Additionally, skyrmions have also been identi-
fied in insulating chiral-lattice magnets, such as Cu2OSeO3

and GaV4S8.[80–82] Notably, both Cu2OSeO3 and GaV4S8

are multiferroics. Another famous example is the ferroelec-
tric vortex domains in hexagonal manganite YMnO3, which
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are characterized by a conductive cloverleaf pattern of six
antiphase domains emerging from one central point.[19,83,84]

Their topological invariants can be defined by the winding
number of the spin configuration or electrical dipole orien-
tations in real space. It is worth noting that topological ma-
terials with real-space textures, such as magnetic skyrmions
and ferroelectric vortex domains, exhibit trivial band struc-
tures. This is in stark contrast to topological band structures
in momentum space. In addition, the real-space topological
structures seem to have little link to the ME response. For ex-
ample, the vortex domains in hexagonal manganites primarily
represent ferroelectric polarization;[19] magnetic skyrmions in
Cu2OSeO3/GaV4S8 can induce ME coupling, although it is
extremely weak.[85,86]

3.1. Topological spin winding in GdMn2O5

Recently, the third type of topological physics, i.e., topo-
logical functions in ME phase space, was reported by several
research groups.[24–27,87] It was found that the ME switching
trajectory can surprisingly be topologically nontrivial in mul-
tiferroics. As a prototypical example, the topologically pro-
tected ME switching was first found in GdMn2O5.[24] This
fascinating phenomenon is attributed to its unique crystal and
magnetic structure. Figure 6(a) shows the crystalline struc-
ture of GdMn2O5.[88] In the ab plane, octahedrally coordi-
nated Mn4+ ions and pyramidally coordinated Mn3+ ions are
ordered in a zigzag chain along a with AFM intrachain ex-
change interactions (J4 and J5) between Mn spins.[89,90] Along
the zigzag chain in the b direction, the exchange interaction
J3 between Mn4+ and Mn3+ is relatively weak. Moreover,
it is geometrically frustrated due to the formation of AFM
pentagons involving the neighboring Mn chains (L1 and L2).
Rare-earth ion Gd3+ is embraced by the pentagonal network
of Mn4+ and Mn3+ ions.

Below the ferroelectric Curie temperature of TC ∼ 33 K,
one of the largest magnetically induced electric polarizations
of 0.36 µC/cm−2 is identified along the b-axis, stemming from
the Heisenberg exchange striction on both Mn4+–Mn3+ and
Mn4+–Gd3+ bonds.[91] It is worth noting that the external
magnetic field is quite efficient in tuning the ferroelectricity
of GdMn2O5. When a magnetic field exceeding 5 T is applied
along the a-axis, a pronounced polarization variation of up to
0.5 µC/cm−2 occurs at 2 K.[91] In addition, some prominent
magnetoelectric anomalies are also observed in the cases of
H||b and H||c, i.e., this system is highly sensitive to the di-
rection and strength of the magnetic field.[92,93] Very recently,
Ponet et al. conducted systematic polarization measurements
with the magnetic field tilted away from the a-axis in the ab-
plane.[24] They found that four distinct magnetic configura-
tions can be visited by performing two cycles of the mag-
netic field. Intriguingly, this ME response is merely observed

within a range of the magnetic field tilted away from the a-
axis of around 10◦ in the ab-plane, defined as the magic angle.
When the magnetic field is swept up and down twice at the
magic angle, the system cycles unidirectionally between four
different topological magnetoelectric states, i.e., two low-field
states 1 and 3 and two high-field ones 2 and 4 [Fig. 6(b)]. It
is attributed to the various responses of Mn ions from zigzag
chains (L1 and L2) to the magnetic field [Fig. 6(a)]. Namely,
half of the Mn spins (L1) perform a full 360◦ unidirectional
rotation in approximately 90◦ steps, and the other half (L2)
toggle between two magnetic configurations during the field
sweeps [see the middle panel of Fig. 6(c)]. As a result, they
lead to the reversal of the electric polarization together based
on the symmetric exchange striction (ES) mechanism trig-
gered by the Heisenberg exchange interaction. Importantly,
this magnetoelectric switching trajectory can be defined as
a topological winding number Q = 1 (topological invariant),
which describes the evolution of the Mn spin texture in the
phase space. However, when the angle is smaller than the
magic angle, a two-state cycle with a polarization reversal is
observable, which is characterized by Q = 0 [see the left panel
of Fig. 6(c)]. For a tilted magnetic field exceeding the magic
angle, a two-state switch with Q = 0 occurs, which does not
involve the reversal of the electric polarization [see the right
panel of Fig. 6(c)]. Consequently, the distinction between the
two-state switching mechanisms underpins the stability of the
four-state switching behavior. It is worth mentioning that the
topological magnetoelectricity of GdMn2O5 is quite fragile;
e.g., the four-state cycle with polarization reversals disappears
at a sample temperature above 5 K and is limited to the range
of the magic angle. In addition, the research group considered
that this effect was analogous to a microscopic crankshaft at
the quantum level, converting linear changes of the magnetic
field into a rotation of spins.

Fig. 6. (a) Crystal structure of GdMn2O5 projected in the ab plane.
Solid cyan lines denote the zigzag chain along the a axis with antiferro-
magnetic intrachain interactions between Mn ions. (b) Evolution of ME
states at the magic angle measured at 2 K. The labels 1–4 mark the four
ME states. (c) For various magnetic fields tilted away from the a-axis
in the ab-plane, the evolution of Mn spins at L1 and L2.[24]
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Indeed, a closer look at the ME states of GdMn2O5 re-
veals that states 1 and 3 (2 and 4) are linked by space inversion
symmetry. Consequently, it is natural to expect a more stable
topological ME behavior by introducing an additional electric
field E, which could engineer the potential energy surface to
lift the degeneracy of the ME states. Inspired by the inverse
ME effect, Lu et al. incorporated E to tune the ME states
of GdMn2O5.[25] As expected, the orientation of H is not re-
stricted to the magic angle, and the topological ME switch-
ing remains stable up to the ferroelectric Curie temperature
TC ∼ 33 K. Compared with a pure H-cycle operation, the syn-
chronous H–E-cycle operation can control the rotational di-
rection of Mn spins. For example, for H||a, the trajectory 1–
4–3–2–1 (Q = −1) is accomplished by adjusting the sign of
E at H = 0 [Figs. 7(a) and 7(b)], and the trajectory 1–2–3–
4–1 (Q = 1) is realized by reversing the polarity of E at the
maximum magnetic field Hmax [Figs. 7(c) and 7(d)]. Further-
more, simulations using the steepest descent method reveal the
important effect of E in tuning the free energy landscape. In
addition, multiple experiments were also carried out on other
RMn2O5 systems (R = Dy, Er, Bi, and Y) for comparison. It
is found that the 4f moment plays a crucial role in flattening
the energy barriers.

Fig. 7. Field dependence of P along the b axis measured at 4.2 K
under various E. (a) The cycle (red) starting from state 1 under
E = −10 kV/cm. (b) The following cycle (blue) starting from state
3 under E =+10 kV/cm. (c) The cycle (red) starting from state 1. The
electric field is reversed from +E to −E at Hmax. (d) The following
cycle (blue) starting from state 3. The electric field is reversed from−E
to +E at Hmax. Q denotes the topological winding number.[25]

3.2. Roman surface topology in RMn3Cr4O12

In algebraic topology, 2D topological manifolds fall into
two categories: orientable and non-orientable. The former,
with two sides, includes the torus and sphere. The latter, with
only one side, is exemplified by the Möbius strip, Klein bot-
tle, and Roman surface.[26] As the simplest non-orientable 2D

manifold without a boundary, the Roman surface possesses
several obvious features. First, its geometric topology can be
represented by the different topological invariant orientability
number ω because it is constituted of a Möbius strip sewed to
the edge of a disk, i.e., ω = 0 (orientable surface) and ω = 1
(non-orientable surface).[87] Second, the mathematical equa-
tion of the Roman surface RP2 (real projective plane) can be
written as x2y2 +x2z2+ y2z2−δxyz = 0, where δ is a constant
and (x, y, z) is a point in Cartesian coordinates.[26] It is possi-
ble that the physical system described by the above equation
realizes a Roman surface and shows a trajectory-dependent
physical property. Third, its 3D realization preserves a very
high tetrahedral Td symmetry, which is characterized by four
threefold symmetry axes, one triple point, six pinch points,
and three self-intersecting double lines (Da, Db, Dc).[26] As a
result, magnetoelectric multiferroics with high cubic symme-
try may serve as optimal candidates for realizing the Roman
surface related to topological magnetoelectricity.

Recently, a topologically non-orientable Roman surface
was proposed by Long et al., describing a 3D trajectory of
spin-induced polarization in multiferroic RMn3Cr4O12 (R =

La, Tb).[26] Namely, the smooth and global evolution of elec-
tric polarization forms a non-orientable 2D manifold — a Ro-
man surface — which is driven by the rotation of spins on
the surface of a sphere [Figs. 8(a) and 8(b)]. The representa-
tive compound TbMn3Cr4O12 with the Im3̄ space group crys-
tallizes in an A-site ordered quadruple perovskite structure
with high lattice symmetry.[94,95] In contrast to the ideal per-
ovskite structure, the Tb : Mn = 1 : 3 cation ordering yields
square-planar MnO4 units and tilted CrO6 octahedra.[96,97] At
low temperature, a high-order spin-induced ferroelectric po-
larization occurs along the [111] direction on the basis of the
anisotropic symmetric exchange mechanism.[26,87] When ro-
tating the spin orientations of Mn3+ and Cr3+ spins by a mag-
netic field, a non-trivial trajectory of the P vector is plotted
on the Roman surface. This is considered as a path-dependent
ME coupling effect. Figures 8(c)–8(f) show the evolution of
the electric polarization in TbMn3Cr4O12 as a function of the
strength and angle of the magnetic field. In algebraic topol-
ogy, the Roman surface is constituted by a Möbius strip sewn
to the edge of a disc. As the evolution path follows the Möbius
strip of the Roman surface, the rotational period of the electric
polarization is half that of the magnetic field. Experimentally,
while the magnetic field completes a full 360◦ unidirectional
rotation, the electric polarization traverses the Roman surface
twice [Fig. 8(e)]. By contrast, when the path falls on the ori-
entable disk region, the rotational period of the electric po-
larization equals that of the magnetic field [Fig. 8(f)]. This
study provides a unique perspective for deepening the under-
standing of the path-dependent topological ME effect in the
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phase space. However, it should be noted that the aforemen-
tioned research on topological magnetoelectricity still exhibits
certain limitations based on polycrystalline specimens. After-
wards, Dong et al. strengthened the evidence for the Roman-
surface topological magnetoelectricity by using density func-

tional theory calculations (DFT).[87] In addition, they also pre-
dicted the Roman surface topology in another quadruple per-
ovskite, BaMn3Re4O12. This prediction further expands the
scope of materials exhibiting such unique topological magne-
toelectricity.

Fig. 8. (a) and (b) Loops of the sphere of Néel vectors (upper panels) and the correspondingly induced polarization trajectories on Roman
surface (bottom panels). (c) Measurement geometry for ME current under rotating magnetic field. (d) Electric polarization dependence of H
measured at 10 K. (e) and (f) At different strengths of H, electric polarization dependence of the rotational angle of H measured at 10 K.[26]

3.3. Double-leaf Riemann surface topology in GdI2

In 2024, Dong et al. proposed another type of topolog-
ical magnetoelectricity, coined as the double-leaf Riemann
surface, on the basis of theoretical calculations.[27] The fer-
romagnetic GdI2 monolayer serves as the model system to
demonstrate the unique functional relationship between spins
and polarizations. Unlike the van der Waals bulk GdI2 with a
centrosymmetric structure, the monolayer GdI2 (space group
P6̄m2) is noncentrosymmetric and adopts the honeycomb
structure.[27] In this structure, Gd2+ (4f75d1) sits at the cen-
ter of the trigonal prism.[98] Due to the distorted trigonal
prism, the 5d electron occupies a singlet orbital, which is a
hybrid of the 3z2 − r2/x2 − y2/xy orbitals.[99] This situation
results in an easy-plane magnetocrystalline anisotropy accord-
ing to first-principles calculations. Based on the orientation
of the magnetic moments, the magnetic point group of the
GdI2 monolayer can become polar. Hence, the ferroelec-
tric polarization can be driven by the spins, which originates
from the mechanism of spin-dependent p–d hybridization.[27]

Namely, the monolayer GdI2 hosts intrinsic magnetoelectric-
ity that refers to the tunability of magnetism (ferroelectric-
ity) via an electric (a magnetic) field. When the ab-plane
magnetic field undergoes a full 360◦ unidirectional rotation,
the spin-induced polarization of the GdI2 monolayer rotates
two turns [Fig. 9(a)]. Conversely, when the ab-plane elec-
tric field undergoes two continuous cycles, the spin of the
Gd ions returns to its original configuration [Fig. 9(b)]. In
other words, one cycle of rotation of the electric field results
in the reversal of electric polarization. Intriguingly, the non-

trivial control of magnetization can be realized using an ac
electric field in such topological magnetoelectricity, which
could be designed to process information reading/writing in
future spintronic devices. Figure 9(c) summarizes the cou-
pled relationship between the electric and magnetic degrees of
freedom in GdI2, i.e., a ratio of 1:2, which forms a topolog-
ical double-leaf Riemann surface. The analytical formula of
the double-leaf Riemann surface obeys (𝑆·𝑒)2 in mathemat-
ics. According to symmetry classification of two-dimensional
noncentrosymmetric point groups, the double-leaf Riemann

Fig. 9. (a) Evolution of electric polarization upon the rotation of ab-plane
magnetic field. (b) Evolution of Gd spin upon the rotation of ab-plane electric
field. (c) Schematic illustrations of topologic double-leaf Riemann surface.
(d) Symmetry classification and more candidates for the double-leaf Riemann
surface topological magnetoelectricity. (e) In Co4Nb2O9, the dependence of
electric polarization on angle θ defined by the relative direction of the mag-
netic field.[27,100]
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surface topological magnetoelectricity is expected to be found
in material systems with point groups in classes B and C
[Fig. 9(d)]. Moreover, it allows the dissipationless converse
magnetoelectricity for those point groups in class C. Note that
the GdI2 monolayer has not yet been experimentally exfoli-
ated from the bulk, so the aforementioned prediction remains
to be verified. Indeed, Khanh et al. has observed a simi-
lar magnetoelectric phenomena in a honeycomb antiferromag-
net Co4Nb2O9.[100] The direction of spin-induced polarization
is reversed by rotating the magnetic field of 90◦ [Fig. 9(e)].
Certainly, whether this magnetoelectric feature corresponds to
topological double-leaf Riemann surface requires further in-
vestigation.

4. The 2D multiferroics
The 2D systems can host emergent effects absent in con-

ventional bulk materials, giving rise to rich new physical
phenomena. Yet, conventional ferroelectric and ferromag-
netic thin films often face challenges such as quantum tun-
neling, dangling bonds, and depolarization effects, which hin-
der their stability at the nanoscale.[101] The rise of 2D van der
Waals (vdW) materials has provided a promising pathway to
overcome these limitations. Owing to their dangling-bond-
free surfaces and saturated in-plane chemical bonds, 2D lay-
ered materials exhibit excellent structural stability down to
the monolayer limit, while allowing flexible tuning of fer-
roic phases through thickness, stacking, external fields, and
interface engineering.[30] In recent years, intensive studies on
graphene have significantly advanced the characterization and
modeling techniques of 2D materials.[102,103] Building upon
these developments, researchers have begun to apply cutting-
edge theoretical and experimental approaches to 2D multi-
ferroics, leading to the identification of a number of sys-
tems. These include intrinsic 2D multiferroics (e.g., NiI2,[104]

CuCrP2S6,[105] and Hf2VC2F2,[106] etc.) as well as a variety of
artificially engineered multiferroic structures. These systems
offer an ideal platform for investigating ferroic orders and cou-
pling mechanisms, and hold great promise for applications in
high-density memory, energy conversion, and multifunctional
nanoelectronics. In the following, we highlight key features of
2D multiferroics through representative systems.

4.1. Intrinsic 2D multiferroic materials

Intrinsic 2D multiferroic materials refer to ones whose
ferroic orders arise from the materials’ inherent structure and
symmetries. The multiferroic NiI2 is popular among 2D vdW
materials. It has been proven to host a type-II multiferroic
ground state. As the temperature decreases, NiI2 transitions
from a paramagnetic state to an antiferromagnetic state at
76 K and further transforms into a helimagnetic state at 60 K,

accompanied by a structural transition. At room tempera-
ture, bulk NiI2 crystallizes in the rhombohedral R3̄m structure
[Fig. 10(a)]. In the helimagnetic ground state, ferroelectricity
in NiI2 originates from the breaking of inversion symmetry by
the spin spiral state, which was probed by polarization current
measurements under a [1, –1, 0] oriented in-plane magnetic
field, confirming in-plane [1, 1, 0] polarization.[107] By us-
ing mechanical exfoliation to obtain bilayer flakes of NiI2 and
employing optical second-harmonic generation (SHG) tech-
niques, Ju et al. revealed that the multiferroic state persists
down to the bilayer limit of NiI2 and the transition tempera-
ture decreases from 58 K in bulk to approximately 20 K in the
bilayer.[108]

To obtain monolayer NiI2, NiI2 flakes were grown by
physical vapor deposition (PVD) and subsequently transferred
onto a SiNx membrane using the dry transfer technique by
Song et al.[104] One- and two-layer NiI2 crystals were grown
by PVD on hexagonal boron nitride. Circular dichroic Raman,
birefringence, and second-harmonic generation measurements
were then used, combined with theoretical modeling and sim-
ulations, to reveal that multiferroicity persists down to the 2D
limit in monolayer NiI2 [Figs. 10(b) and 10(c)].[109] The tran-
sition temperatures of 21 K (monolayer), 30 K (bilayer), 39 K
(trilayer), and 41 K (four-layer) align closely with subsequent
theoretical calculations and other reported measurements.

However, some doubted that all optical measure-
ments may not be sufficient to prove the existence of
ferroelectricity.[110] In their opinion, the optical signals may
exclusively stem from the breaking of spatial-inversion or
time-reversal symmetry induced by magnetic order. Later,
some other researchers sought other ways to prove the ex-
istence of ferroelectricity. Some probed and characterized
the multiferroic order in monolayer NiI2 at the atomic scale
and investigated its ME coupling by manipulating multifer-
roic domains through scanning tunneling microscopy (STM)
tip-induced local electric fields.[111] Another group of re-
searchers conducted magneto-optical-electric joint measure-
ments and observed the coexistence of ferroelectricity and
antiferroelectricity.[112] In addition, computational studies at-
tribute the multiferroic behavior in monolayer NiI2 to the in-
terplay of spin-spiral order and spin–orbit coupling.[111]

Skyrmions along with their potential topological proper-
ties have also been found in NiI2. Density functional the-
ory and Monte Carlo simulations indicate that monolayer
NiI2 exhibits a triple-q state below TC, at approximately
30 K.[113] This state hosts a spontaneous antibiskyrmion lat-
tice with a topological charge of |Q| = 2. Additionally, an
applied magnetic field can induce a transition to a Bloch-type
skyrmion lattice. The common origins of skyrmions are the
Dzyaloshinskii–Moriya (DM) interaction and long-ranged in-
teractions causing magnetic frustration. However, the spon-
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taneous skyrmionic state in NiI2 is different; it can be driven
only by the anisotropic component of the short-range symmet-
ric exchange, without DM and Zeeman interactions. It is novel
and significant to observe topological properties in 2D multi-
ferroics, though experimental confirmation has been absent to
date.

Simultaneously, studies exploring other aspects of NiI2:
Song et al. transferred a 20-nm-thick NiI2 flake between two
gold electrodes [Fig. 10(d)].[109] Subsequently, the photocur-
rent from the bulk photovoltaic effect was measured during the
heating process using photoexcitation [Fig. 10(e)]. They found
that the spin chirality in NiI2 can be reversed by switching the
spin-induced ferroelectric polarization, which was supported
by group theory analysis and DFT calculations. Pressure,[114]

sliding, and twisting in bilayer[35] are also in progress. These
investigations not only demonstrate the typical properties of
NiI2 as a 2D multiferroic, but also show its exceptional poten-
tial for spintronic devices.

Fig. 10. Structure of bulk NiI2, optical evidence of monolayer multiferroics
and photocurrent measurements. (a) The structure of bulk NiI2 at room tem-
perature. (b) and (c) Measurements of temperature-dependent, birefringence-
induced polarization rotation and electric-dipole second harmonic generation
intensity from monolayer to four-layer.[104] (d) Schematics of zero-bias pho-
tocurrent measurement. (e) Temperature-dependent zero-bias photocurrent
measurement in a 20-nm-thick NiI2 flake.[109]

Unlike NiI2, CuMP2X6 (M = Cr, V; X = S, Se) is a type-I
multiferroic. By using first-principles density functional the-
ory, Qi et al. demonstrated the coexistence of ferromagnetism
and ferroelectricity in monolayer transition metal phospho-
rus chalcogenides CuMP2X6 (M = Cr, V; X = S, Se).[115]

CuMP2X6 are layered van der Waals materials which had been
experimentally synthesized in the 1990s. In the paraelectric
phase, both Cu and Cr/V atoms are in the middle plane while
in the ferroelectric phase, the displacement of the Cu atoms
along the direction normal to the plane results in spontaneous
out-of-plane polarization. Calculations showed that applying
an external electric field allows for control of the ferroelectric-

paraelectric phase transition. Regarding the magnetic proper-
ties, the spin density distribution in the ferromagnetic state of
monolayer CuCrP2S6 indicated that the magnetic moments are
primarily localized at the Cr/V atoms. Furthermore, the ferro-
magnetic order arises from the indirect exchange mechanism
between Cr/V atoms which is mediated by the Cu and S/Se
atoms.

Ferromagnetism and out-of-plane ferroelectricity have
been experimentally observed in the 2D van der Waals ma-
terial CuCrP2S6.[105] CuCrP2S6 flakes were synthesized and
then exfoliated into nanosheets. Figure 11(a) presents an
atomic force microscopy image of a CuCrP2S6 nanosheet with
a thickness of about 13.3 nm. Researchers used piezo force
microscopy to characterize the ferroelectricity of CuCrP2S6

nanosheets. Figure 11(b) presents the hysteresis loop of phase
and curves of polarized amplitude versus DC bias voltage. The
hysteresis loop shows little sign of degradation after multiple
measurement cycles. As shown in Fig. 11(c), this robustness
confirms the sustainable ferroelectricity of CuCrP2S6, demon-
strating it as a 2D ferroelectric material. Regarding the mag-
netic properties, the bulk sample (∼ 1 µm thick) exhibits no
magnetic hysteresis. In contrast, the material shows intrin-
sic in-plane ferromagnetism after reducing the thickness. The
temperature-dependent magnetization and the magnetic hys-
teresis loop were measured at 10 K [Figs. 11(d) and 11(e)].
These results collectively confirm the emergence of robust
ferromagnetism in few-layer CuCrP2S6. Meanwhile, studies
have revealed in-plane anisotropy in van der Waals multifer-
roic CuCrP2S6, which is believed to play a critical role in the
ME coupling.[116]

It has been proposed that 2D MoPtGe2S6, a material pre-
dicted to be intrinsically multiferroic but not yet synthesized,
could form a vdW multiferroic tunnel junction (MFTJ) in a
bilayer configuration and exhibit six resistance states under
different conditions.[117] In monolayer MoPtGe2S6, ferroelec-
tricity originates from the migration of Ge–Ge atomic pairs
along the z-axis, and magnetism derives from Mo atoms, to-
gether giving rise to multiferroicity. Researchers proposed
a vdW MFTJ consisting of bilayer MoPtGe2S6 and sym-
metric PtTe2 electrodes, with each monolayer exhibiting in-
trinsic multiferroicity. First-principles calculations show that
by tuning ferroelectric and ferromagnetic polarization direc-
tions, this MFTJ can achieve six distinct non-volatile resis-
tance states, with high tunneling magnetoresistance (TMR)
and electroresistance (TER) ratios. Furthermore, the MFTJ
exhibits remarkable spin-filtering and a significant negative
differential resistance effect, making it a promising candidate
for advanced spintronic devices.

MXenes are a class of 2D transition metal carbides and
carbonitrides. Their chemical composition is given by the for-
mula: Mn+1XnTx, where M represents an early transition metal,
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X is carbon or nitrogen, and T represents F, O, or OH. Derived
from an experimental Hf3C2Tx monolayer, the ordered double
transition metal carbides Hf2MC2T2 monolayers are consid-
ered to be 2D type-II multiferroics.[106] By comparing various
possible structural configurations and magnetic ground states
of Hf2VC2F2, researchers found that the AA CG configuration
and the 120◦ noncollinear antiferromagnetic order (Y-AFM)
are the most likely. Since the Y-AFM is a type of helical spin
order that breaks inversion symmetry, they calculated its prop-

erties relevant to type-II multiferroicity. Subsequent calcula-
tions revealed that the estimated Néel temperature TN reaches
313 K, which exceeds room temperature, and ferroelectricity
develops below TN with its polarization P always perpendicu-
lar to the spin helical plane. Therefore, the Hf2VC2F2 mono-
layer is a type-II multiferroic at room temperature. Although
researchers thought it could possibly be realized via the 3D
pattern Hf2MAlC2, its synthesis has remained an unrealized
challenge to date.

(a)

(d) (e)

(b) (c)

Fig. 11. Measurements of ME properties on CuCrP2S6. (a) Atomic force microscopy image of a 13.3 nm thick CuCrP2S6 nanosheet. (b) The
phase-DC bias hysteresis loop and amplitude-DC bias curve. (c) Written pattern of CuCrP2S6. (d) Temperature dependence of the magnetiza-
tion in CuCrP2S6. (e) Magnetic hysteresis loop of CuCrP2S6 at 10 K.[105]

The 2D organic material C6N8H (g-C3N4) has been iden-
tified as a 2D multiferroic owing to its high Curie temperature
and the coupling between ferroelectricity and ferromagnetism.
It is found to exhibit room-temperature ferromagnetism, which
can be controlled by hydrogen concentration. Furthermore,
hydrogenation induces proton-transfer ferroelectricity. Tu et
al. found that oxygen molecules from air catalyze the long-
range proton transfer by reducing its energy barrier. This
effect enables switchable polarization under ambient condi-
tions, although these theoretical predictions await experimen-
tal validation.[118]

In fact, research on 2D multiferroics remains in its in-
fancy, especially experimentally. Although some have been
theoretically predicted, very few, like NiI2, have been success-
fully synthesized down to the monolayer limit. Both synthesis
and characterization face significant challenges. The former
requires more advanced techniques and guidance from theo-
retical predictions to identify efficient pathways, while in the
latter, the evidence for multiferroicity is generally indirect —
e.g., via optical methods — demanding more direct probing
techniques. Furthermore, producing stable, high-quality, and
large-scale 2D multiferroics, akin to conventional 2D materi-
als, remains a distant goal requiring extensive effort.

4.2. Artificially engineered 2D multiferroic systems

Unlike the lattice-matching constraints of 3D materials,
2D multiferroics benefit from their inherent layered struc-
tures and weak interlayer van der Waals interactions, offering
unprecedented flexibility for artificial design. For example,
spontaneous ferroelectricity can be induced by external effects
such as doping, intercalation, homostructure sliding, and het-
erostructure stacking to tune specific properties. These arti-
ficially engineered 2D multiferroic systems not only provide
pathways to achieve strong and tunable ME coupling, but also
enable reversible control of ferroic orders at the atomic scale.
More importantly, their unique quantum effects and structural
diversity endow them with enormous potential for applications
in next-generation spintronics and quantum devices.

Among these strategies, electron or hole doping can di-
rectly regulate the electronic structure, charge distribution, and
spin states of materials, thereby inducing ferroelectric polar-
ization or magnetic ordering without destroying long-range or-
der. For instance, electron doping in the magnetic monolayer
CrBr3 induces in-plane multiferroicity [Figs. 12(a) and 12(b)].
CrBrx−

3 (0 < x ≤ 0.5) exhibits pronounced Jahn–Teller (JT)
distortions, and in-plane ferroelectricity is preserved through
the combined effects of charge and orbital ordering.[119] In
(CrBr3)2Li, due to the asymmetric Jahn–Teller distortion of
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Cr–Br6 octahedral units, the magnetic coupling and electronic
structure near the Fermi level, such as the splitting of Cr-e
states, undergo significant changes [Fig. 12(c)], leading to the
emergence of in-plane polarization.

Halogen vacancies provide an easier way to introduce fer-
roelectricity into FM monolayer metal trihalides. With the in-
corporation of I vacancies in magnetic monolayer CrI3, not
only is the intrinsic ferromagnetism of monolayer CrI3 en-
hanced, but the symmetry of charge density distribution be-
tween the upper and lower surfaces is also broken, further in-
ducing switchable polarization [Figs. 12(d) and 12(f)]. This
originates from the unique porosity of CrI3, which allows I
vacancies to readily hop between the top and bottom sur-
faces, resulting in a moderate energy barrier for polarization
switching.[120] Such two-dimensional switchable polarization
induced by surface vacancies is also applicable to many other
metal trihalides.

In addition, intentional doping of magnetic elements into
specific regions of 2D ferroelectric semiconductors is pre-
dicted to lead to the coexistence of ferroelectric and fer-
romagnetic orders, akin to diluted magnetic semiconduc-

tors. A representative case is Fe-doped 2D ferroelectric
In2Se3 (Fe0.16In1.84Se3), in which magnetic ordering is in-
duced [Fig. 12(g)], while its intrinsic ferroelectricity is si-
multaneously enhanced by magnetic ion incorporation.[121]

By substituting 1/3 of Ta ions with Fe, the i-MAX phase of
Ta2C, (Ta2/3Fe1/3)2C, can be obtained. This partially ordered
Fe substitution not only introduces magnetism into the sys-
tem but also reduces the structural symmetry to space group
C2/m (No. 12), thereby breaking the in-plane threefold rota-
tional symmetry. Furthermore, when the surface metallic layer
of (Ta2/3Fe1/3)2C is passivated with oxygen [Fig. 12(h)], p–d
hybridization occurs between Fe2+ and Ta5+, leading to struc-
tural distortions.[122] The resulting (Ta2/3Fe1/3)2CO2 mono-
layer is a type-I 2D multiferroic. Its ferroelectricity origi-
nates from C/O 2p–Ta 5d orbital hybridization, while ferro-
magnetic order arises from the Fe sublattice. The polarization
strength is moderate and remains stable above room tempera-
ture. More importantly, this system demonstrates strong ME
coupling, with the Néel temperature being markedly tunable
at the ferroelectric–paraelectric transition or along ferroelec-
tric domain walls.

Fig. 12. (a) Optimized top view of the CrBr0.5−
3 monolayer. (b) Real-space electron and hole density distributions at the valence-band maximum

and conduction-band minimum. (c) Evolution of electronic states under asymmetric JT distortions.[119] (d)–(e) Schematic illustration of IV-CrI3 as an
atomically thin 2D system with reversible out-of-plane polarization, where vacancies are marked by black dotted circles. (f) Charge density distribution
of IV-CrI3 containing a top-layer I vacancy.[120] (g) Schematic representation of a single quintuple layer of Fe0.16In1.84Se3 with upward and downward
polarization states.[121] (h) The structure of the i-MAX phase (Ta2/3Fe1/3)2C is depicted with the top view on the left and the side view on the right.[122]

The scarcity of single-phase multiferroic materials has
also driven researchers to focus on composite systems of fer-
roelectrics and magnets.[4] In this context, 2D vdW materi-
als provide notable advantages: their layered architecture en-
ables different components to be stacked in a LEGO-like man-
ner without significant interfacial reconstruction, thus retain-

ing their intrinsic properties at the atomic scale. Although
the interlayer mechanical coupling is relatively weak, charge
redistribution or field effects can still induce multiferroic-
ity, and related 2D heterostructures have been predicted.[123]

The first two-dimensional heterostructured multiferroic was
realized by combining a ferromagnetic Cr2Ge2Te6 mono-
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layer with a ferroelectric In2Se3 monolayer [Figs. 13(a) and
13(b)]. First-principles calculations show that the interplay
of interfacial Rashba spin–orbit coupling and electronic re-
construction can modulate magnetic interactions, giving rise
to magnetic phases absent in the individual layers. Revers-
ing the polarization of In2Se3 can switch the magnetocrys-
talline anisotropy of Cr2Ge2Te6 between an easy axis and
an easy plane.[124] Moreover, this ME coupling also renders
In2Se3 itself a switchable magnetic semiconductor. Such
“dual-functional” heterostructures open a new pathway for
engineering ferroic orders in 2D materials through artificial
stacking. This configuration has also been extended to other
magnetic 2D materials to construct all-vdW layered multifer-
roics, such as LaCl/α-In2Se3,[125] Fe3GeTe2/α-In2Se3,[126]

CrI3/α-In2Se3,[127] and InSe/In2Se3.[128] Recent studies have
demonstrated that coupling 2D magnets with ferroelectric
(FE) layers possessing multiple polarization states enables
nonvolatile and multistate manipulation of magnetism. Using
DFT and Monte Carlo simulations, novel FE materials with
quadruple potential wells (Pt2Sn2Se6, Pt2Sn2Te6, Pd2Sn2Se6,
Pd2Sn2Te6) were predicted, where distinct Sn pair displace-
ments create multiple stable polarization states. When a
monolayer CrI3 is integrated with Pt2Sn2Te6 to form a het-
erojunction, the system exhibits multiple magnetic phases,
including ferromagnetic states, Bloch-type skyrmions, and a
newly discovered topological magnetic superstructure. These
states can be reversibly switched through ferroelectric polar-
ization reversal and interlayer sliding [Figs. 13(c) and 13(d)].
The emergence of skyrmions is attributed to interfacial DM
interaction consistent with the Fert–Levy mechanism.[129] Re-

markably, skyrmion lattices remain stable even after removing
the magnetic field, highlighting their robustness. This work
underscores the potential of multiferroic heterojunctions as a
platform for nonvolatile control of 2D magnetism and emer-
gent spin textures.

Compared with 3D systems, 2D composite multiferroic
materials possess greater degrees of freedom due to the ab-
sence of lattice-matching constraints. For example, multifer-
roicity can be achieved simply by sliding or twisting stacked
magnetic monolayers. The sliding-induced mechanism allows
polarization direction and magnetic states to be switched via
small interlayer displacements, providing a flexible and effi-
cient strategy for constructing tunable 2D multifunctional ma-
terials. Multilayer MnSe constructed from monolayers ex-
hibits large out-of-plane polarization driven by sliding, ac-
companied by a switchable net magnetic moment [Fig. 14(b)].
Compared with conventional 2D sliding ferroelectric mate-
rials, MnSe shows stronger polarization, which can be fur-
ther enhanced by increasing the number of layers, apply-
ing strain, or hole doping.[34] It simultaneously exhibits re-
versible ferroelectricity and magnetism with a moderate slid-
ing energy barrier. In bilayer GdI2, sliding ferroelectricity en-
ables coupling among magnetic, ferroelectric, and valleytronic
properties.[130] Monolayer GdI2 is a ferromagnetic semicon-
ductor exhibiting strong valley polarization, whereas in the bi-
layer, interlayer sliding enables tuning of the magnetic ground
state and reversible switching of both ferroelectric and valley
polarizations [Fig. 14(a)]. Studies reveal that interlayer elec-
tronic transitions are the microscopic mechanism underlying
the magnetic phase transition.

Fig. 13. (a)–(b) Side views of the heterostructure with the ferroelectric dipole moment of In2Se3 oriented upward and downward (P↑ and
P↓).[124] (c)–(d) Reversible evolution of the magnetic configuration in the CrI3/Pt2Sn2Te6 heterojunction under interlayer sliding and FE
polarization switching.[129]
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Fig. 14. (a) Illustration of the mechanism underlying the coexistence of magnetic, ferroelectric, and ferrovalley orders in GdI2.[130] (b) Sliding
ferroelectricity and magnetoelectric coupling in MnSe multilayers.[34] (c) Left and right views of the Co(MoS2)2 monolayer in the FE1 and
FE2 ferroelectric phases. (d) Ferroelectric switching pathway of Co(MoS2)2 calculated using the NEB method.[132]

Twist-angle stacking can induce noncollinear spin tex-
tures, local ferroelectric polarization, and topological mag-
netism, providing a new avenue for realizing complex mul-
tiferroicity and topological states. CrI3, as one of the first ex-
perimentally confirmed 2D ferromagnets, has become a model
system for studying low-dimensional magnetism and multi-
ferroicity. Its interlayer magnetic coupling is highly sen-
sitive to stacking patterns, and sliding ferroelectricity can
be induced by adjusting the stacking sequence.[31,32] These
stacking-dependent multiferroic properties make twisted CrI3

an ideal platform for studying how structural relaxation af-
fects magnetism and ferroelectricity in moiré superlattices.
First-principles studies show that spontaneous structural re-
laxation significantly modifies the interlayer stacking poten-
tial, suppressing the formation of magnetic bubbles in small-
angle twisted bilayers, while ferroelectric vortices remain sta-
ble due to topological protection. Due to changes in inter-
layer exchange and anisotropy, the magnetic ground state is
strongly modulated by stacking patterns and twist angles. In
contrast, ferroelectric domain walls remain robust despite be-
ing compressed.[131] These results indicate that rigid-lattice
models cannot fully capture the complex multiferroic behavior
in twisted 2D layers; structural relaxation must be considered
to accurately predict and design multiferroicity. The princi-
ples revealed in CrI3 can be generalized to other twisted 2D
systems, providing a universal framework for precise control
of magnetism, ferroelectricity, and topological order through
twist angle, layer thickness, and relaxation-induced stacking
modulation.

Ion intercalation also provides an effective strategy to in-
duce multiferroicity in 2D van der Waals (vdW) materials. The
van der Waals gaps in these materials can be readily interca-
lated with atoms, molecules, or atomic layers, allowing their
properties to be tuned. Recently, intercalating magnetic atoms

into bilayer transition metal dichalcogenides (TMDs) has be-
come a key approach for realizing electric-field-controllable
magnetism. First-principles calculations show that nonmetal-
lic bilayer TMDs acquire both ferroelectricity and magnetism
upon transition metal ion intercalation. For example, in
Co-intercalated bilayer MoS2 [Co(MoS2)2], Co atoms intro-
duce local magnetic moments and break interlayer symme-
try to generate polarization, yielding switchable ferroelectric-
ity. Notably, the system exhibits two degenerate ferroelectric
phases (FE1 and FE2) [Figs. 14(c) and 14(e)] with opposite
Dzyaloshinskii–Moriya interaction (DMI) chirality.[132] Con-
sequently, applying a vertical electric field allows ferroelec-
tric polarization switching to directly toggle between magnetic
ground states of opposite chirality, enabling electric-field con-
trol of skyrmion chirality.

5. Summary and outlook
To summarize, we have provided a concise overview of

recent progress in multiferroics. Significant advances have
been achieved in understanding linear ME effects, topologi-
cal magnetoelectricity, and 2D multiferroics. The linear ME
effect, characterized by the mutual induction of electric po-
larization and magnetization, has been driven forward by ad-
vances in single-phase materials and a refined understanding
of microscopic mechanisms. Topological magnetoelectricity,
a novel ME coupling phenomenon, enables precise control of
the states of magnetic and electric dipoles via well-defined
real-space trajectories, paving the way for high-density infor-
mation storage and low-power spintronic technologies. Mean-
while, progress has been made in both the theoretical pre-
diction and experimental verification of intrinsic 2D multi-
ferroics, while artificially engineered 2D multiferroic systems
have further expanded the material library and tuning strate-
gies.
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Nevertheless, several key challenges and promising fu-
ture directions remain for multiferroic and ME materials. Due
to the inherent repulsion between ferroelectricity and ferro-
magnetism, current linear ME materials cannot achieve both
room-temperature stability and strong coupling. Thus, de-
signing novel lattice structures or composite systems offers a
promising avenue to overcome this barrier. Still, both topo-
logical magnetoelectricity and 2D multiferroics remain in their
infancy. Not only are the discovery and synthesis of new mate-
rials important, but also the development of more robust meth-
ods for experimental verification. The topological ME effect
depends strongly on the orientation of the spin texture. Usu-
ally, it is experimentally accessible by tracking the electric-
polarization path in an applied magnetic field. This effect
may be characterized by recording the evolution of the sam-
ple deformation (e.g., magnetostriction) in some magnetically
induced multiferroics with spin-lattice coupling. Similarly, a
critical challenge in 2D multiferroics is the experimental real-
ization of numerous predicted materials. This requires more
direct probing techniques and theoretical predictions to guide
efforts not only in material selection but also in identifying
efficient synthetic pathways.

Additionally, exploring dynamic and ultrafast ME ef-
fects could enable high-speed applications by overcoming
the speed limitations inherent in conventional electromagnetic
approaches.[133,134] Meanwhile, investigating ME effects in
quantum materials and low-dimensional systems may reveal
novel phenomena. By addressing these frontiers, the field of
linear magnetoelectricity can continue its path of fundamental
discovery and technological innovation, contributing to a new
era of energy-efficient multifunctional materials.
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