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TOPICAL REVIEW — Multiferroicity and multicaloric effects

Magnetoelectric topology: The rope weaving in parameter space
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Topology, as a mathematical concept, has been introduced into condensed matter physics since the discovery of
quantum Hall effect, which characterizes new physical scenario beyond the Landau theory. The topologically protected
physical quantities, such as the dissipationless quantum transport of edge/surface states as well as magnetic/dipole quasi-
particles like skyrmions/bimerons, have attracted great research enthusiasms in the past decades. In recent years, another
kind of topology in condensed matter was revealed in the magnetoelectric parameter space of multiferroics, which deepens
our understanding of magnetoelectric physics. This topical review summarizes recent advances in this area, involving
three types of type-II multiferroics. With magnetism-induced ferroelectricity, topological behaviors can be manifested
during the magnetoelectric switching processes driven by magnetic/electric fields, such as Roman-surface/Riemann-surface
magnetoelectricity and magnetic crankshaft. These exotic topological magnetoelectric behaviors may be helpful to pursue
energy-efficient and precise-control devices for spintronics and quantum computing.
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1. Introduction

The study of materials and phenomena with nontrivial
topological structures/behaviors is both scientifically impor-
tant and technologically promising. In a mathematical context,
topology characterizes properties of geometric objects that re-
main invariant under continuous deformation, such as stretch-
ing or bending, but not tearing or gluing. A classic illustration
is that a donut and a coffee cup are topologically equivalent be-
cause each has one hole (the donut’s center hole and the coffee
cup’s handle) and one can be imagined as being molded into
the other through continuous deformation.!!~*!

In early studies of condensed matter, the concept of topol-
ogy was mainly applied to the electronic structure in momen-
tum space. In this context, systems such as various topological
insulators, semimetals, and superconductors display nontrivial
band topology, leading to novel phenomena like the quantum

anomalous Hall effect.[>-10

| These phases are defined by the
topological invariants of bands, such as the Chern number and
the Z, index, and have been a hot spot of condensed matter for
more than two decades.[!1~13]

In addition, the concept of topology has also been intro-
duced to describe some structures in real space, especially in
magnetic and ferroelectric systems.!4~71 Topologically pro-
tected spin or polarization textures, such as skyrmions in
Cuy0Se03 and vortices of domains in hexagonal mangan-
ites, have drawn significant attention for their stability against
perturbations and their potential in spintronic and memory

devices.'82%] These textures are typically characterized by
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an integer winding number defined over a spherical manifold.
These manifestations of topology in momentum space and real
space form different branches of topological entities in matter,
as summarized in Fig. 1.
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Fig. 1. Classification of topological phenomena in matter, encompass-
ing topological band structures in momentum space, topological tex-
tures in real space, and topological functions in parameter phase space.
Reprinted with permission from Ref. [26]. Copyright 2024 by Ameri-
can Physical Society.

The role of topology in condensed matter systems can go
beyond the momentum space and real space. From a broader
mathematical view, any nontrivial structure or topological in-
variant in a given physical space can be seen as a manifestation
of topology. Recent studies have extended this idea to more
general spaces, particularly the magnetoelectric (ME) phase
space, where unusual topological behaviors have been ob-
served in complex multiferroic materials (Fig. 1).12>*7] This
space is parameterized by the components of the magnetiza-
tion and polarization, as well as their corresponding external
fields. The topology arises when the coupled evolution of
magnetization and polarization under cyclic fields traces out
non-trivial paths in this space, which can be mathematically

© 2026 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

027501-1


https://doi.org/10.1088/1674-1056/ae2c6b
https://cstr.cn/32038.14.CPB.ae2c6b
mailto:sdong@seu.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 35, 027501 (2026)

described as weaving on complex manifolds. This formalism
is particularly powerful in type-II multiferroics, where ferro-
electricity is directly induced by specific magnetic orders, such
as some non-collinear magnetic structures, leading to intrinsi-
cally strong ME coupling. ?3-3!

The novelty of magnetoelectric topology lies in its abil-
ity to redefine our understanding of magnetoelectric coupling
and mutual control. It transcends the conventional linear mag-
netoelectric effect, which describes a simple proportional re-
lationship. Instead, it reveals that the functional relationship
between magnetization and polarization can itself possess a
robust, topologically protected structure. This guarantees the
quantized and dissipationless switching of states during field
cycles, offering unprecedented precision and reliability for de-
vice engineering.

In this topical review, we will systematically introduce
some recent progresses in topological magnetoelectricity. Sec-
tion 2 discusses the discovery of a non-orientable Roman sur-
face governing polarization vectors in the cubic perovskite
TbMn3CrsO1,, where Néel vector trajectories on a sphere map
to path-dependent magnetoelectric responses. Section 3 de-
scribes the realization of double-leaf Riemann surface magne-
toelectricity in the GdI, monolayer, where the protected topol-
ogy allows a precise 180° spin reversal with a single cycle of
electric field, resulting in robust and dissipationless converse
magnetoelectric functionality. Section 4 focuses on topologi-
cally protected magnetoelectric switching in GdMn;,Os, show-
ing how magnetic field cycles drive half spins to rotate contin-

(a)

(b)

uously with a quantized winding number, while the rest half
spins only toggles.

2. Realization of topological magnetoelectricity
2.1. Topological Roman surface in cubic lattices

The quadruple perovskites can host the so-called type-II
multiferroicity. The first example was CaMn;O1,, which owns
a noncollinear spin order below 90 K.B!32] The magnetism-
induced ferroelectric polarization can be understood as the
combined effect of Dzyaloshinskii—-Moriya interaction and ex-
change striction.*3! Later, the type-II multiferroicity was ob-
served in cubic LaMn3CrsO;2,B4 as well as TbMnsCrsOn
(TMCO),"1 which opens the door to topological Roman sur-
face magnetoelectricity.

TMCO crystallizes in the highly symmetric cubic per-
ovskite structure with space group Im3. This A-site ordered
variant adopts the general formula AA'3B4012,[35’36] where Tb
and Mn ions occupy the 2a (0, 0, 0) and 6b (0, 0.5, 0.5) Wyck-
off positions, respectively, in a 1:3 ordered arrangement. The
Cr ions are located at the 8¢ (0.25, 0.25, 0.25) sites, while
oxygen ions reside at the 24g (x, y, 0) sites.[?”-38] Below its
Néel temperature Ty ~ 36 K, the Mn>* and Cr’* sublat-
tices each form a collinear G-type antiferromagnetic structure,

(34

respectively**! (Fig. 2(a)). Such a magnetic order breaks the

spatial inversion symmetry and induces an electric polariza-
tion along the [111] direction, mediated by the anisotropic

symmetric exchange interactions.*"!

(©

-180 0
P (deg.)

180 -180 0 180
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Fig. 2. Topological Roman surface magnetoelectricity of TbMn3CrsO1,. (a) Crystal structure (Tb and O ions omitted for clarity) with key symmetry
elements (inversion centers 1, mirror plane, three-fold axis). The antiferromagnetic spin alignment of Mn and Cr sublattices (Néel vectors Sy, and
Scr) is also shown. At the ground state, both S¢, and the induced polarization P are along the [111] axis. (b) Orientation of Sc;, characterized by
the spherical coordinates (Ucy, 6, @). (c) The resulting polarization P forms a Roman surface upon the rotation of Sc,. (d) Experimental setup for
measuring the magnetoelectric current while rotating B within the xy-plane, where y is the angle between B and the y-axis. (e)—(f) The polarization
P at 10 K of TMCO, obtained by integrating the magnetoelectric current, as a function of y at B =2 T and 3 T. The red and black arrows denote the
direction of the angle sweep. Reprinted with permission from Ref. [23]. Copyright (2022) by the Authors.
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Remarkably, the cubic symmetry constrains the polariza-
tion vector P — parametrized by the orientation of the to-
tal Néel vector (represented by Sc;) on a unit sphere §> —
to lie on a so-called Roman surface, a non-orientable two-
dimensional manifold!?*! (Figs. 2(b) and 2(c)). The mathe-
matical form of this Roman surface of induced polarization is
given by (3]

PZP}+PIP? + PP} — SP.P,P. =0, (1)

where & is a material-dependent parameter, and Py, are
components of polarization along the cubic x/y/z axes, re-
spectively.

The Roman surface is non-orientable with one triple
point, six pinch points, and three double lines, and shows
different winding numbers depending on the path (Fig. 2(c)).
Such nontrivial topology can lead to some novel magnetoelec-
tric behavior. For example, a 180° rotation of the S¢; Néel
vector makes the polarization vector back to itself. Paths that

go around the double lines have a winding number Q = 1 and
show the 27 periodicity, while paths that avoid singularities
have a winding number Q = 0.

For polycrystalline TbMn3Cr4O1,, this topological be-
havior is experimentally accessible by rotating magnetic
fields, which steers the Néel vector trajectories on S? and in-
duces a corresponding evolution of P on RP? (RP?, real
projective plane) (Fig. 2(d)). In low-field regimes (e.g. B ~
2 T), Scr undergoes small tilts, generating trivial loops that
result in double-angle sinusoidal modulation of polarization
without changing the sign (Fig. 2(¢)). When the magnetic
field exceeds a critical value B. =~ 3 T, spin-flop transitions
lead to nontrivial trajectories with Q = 1, resulting in sinu-
soidal polarization oscillations with sign reversal (Fig. 3(f)).
Such behavior is also observed in the isostructural compound
LaMn3Cr4O1,, confirming the universality of this magneto-
electric topology in the AMn3Cr4O1, family. >3]
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Fig. 3. Induced electric dipoles resulting from distinct closed paths of spin rotation, calculated using the rigid high-symmetric crystal structure
to prevent artifacts from lattice relaxation. (a)—(d) Four characteristic rotation paths: (a) the longitudinal (6 from 0° to 180° at ¢ = 45°/225°);
(b), (c) the latitudinal (¢ from 0° to 360° at & = 54.7° and 90°); (d) a path within the (111) plane. (e)—(h) The corresponding evolution of the
dipole vector components. (i)—(1) Three-dimensional trajectories of the dipole vector for sampling points M, N, Q, R, with red dots indicating
their projections onto the xy-plane. Notably, the paths in (i) and (k) yield identical trajectories over both half-periods. All trajectories are
constrained to the topological Roman surface. Reprinted with permission from Ref. [24]. Copyright 2023 by American Physical Society.
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Fig. 4. (a) Energy barrier for Sy, rotation with fixed S¢;. The identical profiles with/without SOC imply SOC plays a negligible role. This
barrier sets the theoretical limit for switching between +P (0°) and —P (180°) states. (b) Energy change during synchronous rotation of
both spin sublattices. (c) The square root of the induced polarization scales linearly with the SOC strength. Reprinted with permission from

Ref. [24]. Copyright 2023 by American Physical Society.

Despite these experimental evidences, the nature of Ro-
man surface magnetoelectric topology in AMn3CrsOj, com-
pounds has also been further confirmed by first-principles
calculations.?* In particular, the orientations of spins and
polarizations can be deterministic in calculations, while they
are not clear in aforementioned polycrystalline experiments.
Wang et al. simulated the polarization evolution under contin-
uous spin rotations while preserving the cubic Im3 symmetry.
Figure 3 illustrates the evolution of the magnetically induced
dipole moment under a set of distinct closed spin-rotation
paths. For four representative rotation loops (Figs. 3(a)—
3(d)), the three dipole components exhibit well-defined peri-
odic modulations with respect to spin orientations (Figs. 3(e)—
3(h)), generating a variety of three-dimensional trajectories,
including elliptical, saddle-like, vertical-line, and trefoil forms
(Figs. 3(1)-3(1)). The specific geometry of each trajectory, as
well as its projection onto the xy plane, is determined by the
chosen rotation path. In all cases, the dipole vectors strictly
conform to the mathematical constraint of a Roman surface.

To answer the question whether the applied magnetic field
can rotate these two sublattices synchronously or just each
sublattice independently, Wang et al. calculated the DFT en-
ergy of the spin rotation of an individual sublattice with the
other sublattice fixed to the [111] orientation, as shown in
Figs. 4(a) and 4(b).
when the Cr/Mn sublattices are parallel or antiparallel (i.e.,

The energy reaches the lowest value

the ground state) but reaches ~ 24 meV/u.c. when the spins
For
comparison, the energy fluctuations associated with the syn-

of Cr/Mn sublattices are perpendicular to each other.

chronous rotation of the two spin sublattices are only on the
order of 0.1-0.4 ueV/u.c., significantly lower than the inde-
pendent rotation of each sublattice. Thus, the energy barrier,
which locks the Néel vectors Scy and Sy, to be parallel or
antiparallel in the region of low energy excitation, leads to the
synchronous rotation under magnetic fields.

In addition to confirming the topology, the calculations
clarify its physical origin. The spin-induced polarization arises
as a second-order effect of spin—orbit coupling (SOC), scal-
ing with the SOC coefficient 12,14%1 as shown in Fig. 4(c).

Based on this insight, it is possible to enhance the polarization
by substituting B-site Cr>* with heavier ions. For instance,
BaMn3ResO1, has the same magnetic structure but a much
larger polarization (~ 810 uC/m?), while keeping the Roman
surface topology. The Re** ion can not only enhance the ef-
fective SOC effect of the B-site, but also active the effective
SOC in the A’-site by changing the valence of Mn from 3+
(almost SOC quenched) to 2-+. This attempt may offer a route
toward realizing topological multiferroicity with stronger and
detectable ME effects.

Unlike conventional real-space topological textures such
as skyrmions or vortices,*!*?] the Roman surface here gov-
erns a dynamic mapping between spin and polarization vec-
tors in the magnetoelectric parameter space. These findings
highlight the potential of high-symmetry perovskites as ideal
platforms for topological control of multiferroic properties via
external magnetic fields.

2.2. Double-leaf Riemann surface topological converse
magnetoelectricity in monolayer GdI,

Besides the Roman surface, other exotic manifolds with
nontrivial topology can also be achieved in the magnetoelec-
tric parameter space. Here an example based on Gdl, mono-
layer will be introduced, in which the magnetoelectric behav-
ior forms a double-leaf Riemann surface.

The Gdl, monolayer crystallizes in a noncentrosymmet-
ric and nonpolar structure (space group P6m2, No. 187),
as shown in Fig. 5(a). It exhibits low exfoliation energy
(0.26 J/m?), suggesting feasible mechanical isolation from its
van der Waals bulk.[*}! As shown in Fig. 5(b), each Gd>* ion
occupies a distorted trigonal prismatic coordination site, fea-
turing a high-spin 4f75d' configuration with a magnetic mo-
ment of 8 ug.[*3! The crystal field stabilizes the remaining 5d
electron in a singlet state derived from 37> — r?/x*> — y? /xy

orbitals, 4]

resulting in easy-plane anisotropy and a mag-
netocrystalline anisotropy energy (MAE) of ~ 0.7 meV/Gd
(Fig. 5(c)). The monolayer is a ferromagnetic insulator with
a Curie temperature near room temperature (~ 241 K) and a

band gap of 0.6 eV (GGA+U) or 1.1 eV (HSE06).[3]

027501-4



Chin. Phys. B 35, 027501 (2026)

QP © %

0.7
° d,l/d,
" =
— >
. =< larld
g d orbitals . & XX <
¥a 4 B

, 0.0

Fig. 5. Basic physical properties of GdI, monolayer. (a) Schematic of crystal structure. (b) Prism-type crystalline field splitting and the
corresponding 5d! electron occupancy, visualized by the calculated electron density. (c) The magnetic anisotropy energy as a function of spin
orientation. Reprinted with permission from Ref. [26]. Copyright 2024 by American Physical Society.
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Fig. 6. Topological magnetoelectricity in GdI, monolayer, described by a double-leaf Riemann surface manifold. (a) Magnetic symmetry (MPG) as a
function of Gd spin angle ¢s. (b), (c) Density functional theory (DFT)-calculated in-plane polarization (dots) and theoretical fitting (curves) versus @s.
(d) Polarization evolution under a rotating magnetic field. (e), (f) The nonreciprocal response: a 360° rotation of electric field E rotates magnetization

M by 180°, forming a 1:2 gear relation. This topology guarantees that the magnetization is flipped precisely by 180° for any odd winding number of
E, and restored only by an even winding number. Reprinted with permission from Ref. [26]. Copyright 2024 by American Physical Society.
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Fig. 7. Dynamic response of polarization P and Gd spin Sgq to applied electric fields. (a), (b) Switching dynamics triggered by a 1 kV/cm
static field. (c) Field dependence of the switching speed (1/To0). (d) Oscillatory behavior of @p and ¢ under 50 MHz and 500 MHz alternating
electric field. (e) Schematic diagram of four electrodes in perpendicular configuration and pulse sequence. (f) Demonstration of half-harmonic
spin precession under a modulated 50 MHz pulse train. Initial conditions for P and Sgq are along +x; all alternating electric field maxima are
1 kV/cm. Reprinted with permission from Ref. [26]. Copyright 2024 by American Physical Society.
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Although its crystalline structure is nonpolar, the orien-
tation of spin Sgq may break the spatial inversion symmetry.
When the spin Sgq lies in its easy plane, the induced polar-
ization (P, P,, P,) follows the form (cos2¢s, —sin2¢;, 0)
(¢s: the azimuth angle of spin) according to the mechanism
of spin-dependent p—d hybridization,?®! in excellent agree-
ment with the symmetry analysis and the first-principles cal-
culations (Figs. 6(a)-6(c)). This expression represents a polar-
ization phase-doubling effect: when the in-plane Sgq rotates,
e.g., driven by a rotational in-plane magnetic field, the polar-
ization vector will rotate at twice the angular speed of the mag-
netic field. Its reciprocal process is that the magnetization un-
dergoes only a half-cycle rotation when an in-plane rotational
electric field is applied to drive a cycle rotation of polariza-
tion (Figs. 6(d) and 6(e)). This establishes a fixed 1:2 ratio for
the winding numbers, namely, odd winding numbers of elec-
tric component produce a robust 180° flip of magnetization,
and even winding numbers restore the original magnetic state.
The behavior is equivalent to a double-leaf Riemann surface,
providing intrinsic topological protection for the magnetiza-
tion reversal (Fig. 6(f)).

To further quantify this topological coupling, figure 7 an-
alyzes the system’s dynamic response under both static and
alternating electric fields. Under a constant electric field of
1 kV/cm along the —x direction, the polarization reverses
while the magnetization rotates by 90°. With this 1 kV/cm
field, the characteristic switching time is in the order of 1 ns
for GdI, monolayer, according to the Landau-Lifshitz—Gilbert
(LLG) dynamic simulation (Figs. 7(a)-7(c)). For alternating
electric field (Fig. 7(d)), both P and Sgq fully follow the
oscillating electric field in the low-frequency (e.g., 50 MHz)
regime, but they only oscillate with small amplitude around
their middle positions in the high frequency (e.g., 500 MHz)
regime.

Using a four-cross-electrode configuration to alternately
apply electric field pulses (Fig. 7(e)), each pulse drives a 90°
rotation of P and 45° rotation of Sgq. After eight pulses, a full
rotation of Sgq and two cycles of P are completed, as shown
in Fig. 7(f).

The underlying mechanism of double-leaf Riemann sur-
face topology is not limited to the GdI, monolayer only. 6]
We found that similar topological behaviors can emerge in
other materials with appropriate symmetry, particularly those
lacking inversion symmetry and exhibiting strong spin—orbit
coupling (SOC). By classifying materials based on symme-
try, we determined that only systems with threefold rota-
tional symmetry in the plane, such as certain two-dimensional
ferromagnets, can exhibit this topological magnetoelectric
behavior.[*>] Materials like 2H-MX;-type monolayers and
VSi,N4 monolayers, which meet these symmetry conditions,

are potential candidates for further study. >

2.3. Topologically protected magnetic crankshaft in

GdMIIzOs

Another material known for its large magnetism-induced
polarization is GdMn,Os. It is a member of the multiferroic
RMn,0Os5 family (R: rare earth element), crystallizing in an
orthorhombic structure with the centrosymmetric space group
Pbam (No. 55).14-01 Mn** jons occupy the octahedral sites
while Mn>" ions are pyramidally coordinated, together form-
ing zigzag chains along the a-axis, as shown in Fig. 8. This

geometry leads to competing antiferromagnetic interactions,
51,52]

resulting in strong magnetic frustration. !

Fig. 8. Magnetic unit cell of GdMn;Os, showing Mn zigzag chains with
intrachain antiferromagnetic order (L; and L, at angles ¢, ¢;). Gd ions
occupy pentagonal sites between chains, with oxygen ions mediating the su-
perexchange interactions. Black rectangle: the structural unit cell. Reprinted
with permission from Ref. [25]. Copyright 2022 by Springer Nature.

Upon cooling, GAMn, 05 undergoes a series of magnetic
phase transitions. It first enters an incommensurate antifer-
romagnetic state below Tn; ~ 40 K, which then locks into a
commensurate state with a propagation vector of (1/2, 0, 0) be-
low Tn2 ~ 33 K. In this low-temperature commensurate phase,
two distinct antiferromagnetic chains develop along the a-axis.
The symmetric exchange striction between these chains breaks
spatial inversion symmetry and induces a spontaneous ferro-
electric polarization, primarily along the b-axis, following the
relation P ~ Ly - Ly (where L and L, are the antiferromag-
netic vectors of the two chains). This mechanism yields one of
the largest magnetically induced polarizations known, reach-
ing up to 3600 pC/m?.1333 The presence of competing in-
teractions gives rise to a rich phase diagram with multiple fer-
roelectric phases and diverse magnetoelectric effects, making
GdMn;,Os an exceptional material for studying strong magne-
toelectric coupling.

Remarkably, Artyukhin ef al. revealed that the electric
polarization in multiferroic GdMn,Os can be nontrivially ma-
nipulated and reversed by a magnetic field.[>>! As shown in
Fig. 9, the evolution of polarization strongly depends on the
orientation of magnetic field and the temperature. When the
field is far from the “magic angle” direction, conventional two-
state switching is observed, with the polarization reversing
only once per field cycle (Figs. 9(a) and 9(c)). However, at tilt
angles close to £10°, the system enters the four-state switch-
ing regime, where two distinct low- and high-field states are
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visited in sequence, and the polarization reverses twice per cy-

cle (Figs. 9(b) and 9(d)).
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Fig. 9. Topologically magnetoelectric switching in GdMn;Os. (a)-(f) Angle-
and temperature-dependent polarization hysteresis. (a)-(d) At 2 K, the P-
B loop transitions from a standard two-state switch to a four-state loop as
the magnetic field direction approaches the “magic angles” of £10°. (e) At
high temperatures, only a simple hysteretic step is observed. (f) The four-
state switching behavior develops below 7 = 5 K. (g) Time dependence of the
magnetic field. The field is tilted by the angle ¢y away from the a axis. Color
coding is used to indicate the synchronous evolution of the Néel order param-
eters, L; and L, in (i). For a fixed ¢y, each of the shown magnetic-field ramp
protocols (positive or negative field ramps) leads to the same result. (h) Spin
configurations 1-4 in the magnetic unit cell, visited in the switching process
at ¢y = 10°. (i) Comparison of topological trivial and nontrivial switching of
antiferromagnetic chains. A color code indicates the concurrent evolution of
the Néel order parameters, L1 and L;, under the magnetic sweep. Only when
the magnetic field is along the “magic angles”, one Néel vector rotates con-
tinuously while the other toggles. Reprinted with permission from Ref. [25].
Copyright 2022 by Springer Nature.

This behavior is symmetric for positive and negative tilt
angles and is most pronounced at low temperatures. At higher
temperatures, the hysteresis shrinks to a small step with con-
ventional two-state behavior (Fig. 9(e)), while the four-state

loop gradually appears below about 5 K (Fig. 9(f)). These
observations highlight that the magic-angle condition and low
temperature are essential for realizing the topologically pro-
tected four-state switching in this material.

illustrated
schematically in Figs. 9(g)-9(i), the specific switching path-

The microscopic mechanism is further
way depends on the tilt angle of the magnetic field: at large tilt
angles, both Néel vectors toggle between two orientations; at
small tilt angles near the crystallographic a axis, they toggle
simultaneously; and only near the “magic angles” (~ £10°), a
four-state cycle emerges in which one Néel vector rotates con-
tinuously while the other toggles. From the aspect of topology,
the two magnetic field cycles give rise to a nontrivial winding
number Q = +1 for the one spin chain.

Although the above work established that the four-state
switching, it occurred only under a precisely aligned magnetic
field (e.g., the so-called “magic angle”) at low temperatures.
demonstrated that this behav-

ior can be realized over a broader range of field orientations

A recent work by Lu ef al.

and higher temperatures.?’! A key development is to use an
external electric field to assist the topological switching pro-
cess. As illustrated in Fig. 10(a), a positive electric field dur-
ing the magnetic-field sweep produces a reversible two-state
loop, whereas a negative electric field drives the system along
an irreversible path that inverts the polarization. Reversing
the electric field in the subsequent cycle (Fig. 10(b)) enables
the system to traverse the complete four-state loop beyond
the “magic angle”, and return to its initial configuration after
two magnetic cycles. This assistant electric field not only ex-
pands the stability range of topologically protected switching
to higher temperatures up to the ferroelectric Curie tempera-
ture of ~ 33 K (Fig. 10(c)), but also relaxes the requirement for
precise magnetic-field alignment (Figs. 10(d)-10(g)). There-
fore, it offers a more versatile and practically viable route to
exploit this phenomenon.

Theoretical simulations that incorporate both magnetic
and electric fields reveal the underlying mechanism (Fig. 11).
During the magnetic sweeping cycles, the electric field breaks
the degeneracy between states connected by inversion symme-
try (e.g., the states 1/3 and 2/4). Thereby, the original symmet-
ric energy landscape is biased to be asymmetric, which deter-
ministically steers the spin rotation along a specific switching
path during the magnetic field cycle. The critical role of the
spin-flop transition, responsible for the unidirectional spin ro-
tation, was also confirmed in the simulations.

This is a significant improvement by delicately tuning the
energy landscape for topological switching. By violating the
strict conditions of specific magnetic field orientation and low
temperatures, it is hopeful to expect more similar four-state
switching behavior in other members of RMn;0Os5 family, as
well as other magnetic ferroelectrics.
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6 of the magnetic field, measured under E = 10 kV/cm. Reprinted with permission from Ref. [27]. Copyright 2025 by American Physical Society.
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landscapes for H || a. (b) Without E, the system exhibits a reversible tran-
sition path during the magnetic cycle. (c) Under a negative E, the —P
states (3, 4) become slightly energetically favored. (d) Under a positive E,
the +P states (1, 2) are slightly preferred. All transition paths are deter-
mined via the steepest descent method on the free-energy surface, rather
than being predefined by the end states. Reprinted with permission from
Ref. [27]. Copyright 2025 by American Physical Society.

3. Conclusion and perspectives

We have systematically reviewed the research progress
of magnetoelectric topology in the type-II multiferroics. It

is a conceptually new branch of topology-related physics in
condensed matter. In these magnetic ferroelectrics, the mag-
netoelectric switching trace is nontrivial under periodic driv-
ing fields, forming topologically nontrivial phenomena. A key
characteristic is that these systems do not return to their orig-
inal states after one full magnetic/electric field cycle, while a
sequential cycle is required to reset its configuration. Math-
ematically, these behaviors can be described by Roman sur-
face, Riemann surface, as well as winding numbers. How-
ever, the three prototypical materials discussed in our review
(TbMn3Cr40O12, GdI, monolayer, and GdMn,Os) currently
exhibit distinct characteristics, as preliminarily summarized
in Table 1. The field of magnetoelectric topology is still in
its infancy stage, and the diversity of these pioneering exam-
ples highlights the rich phenomenology yet to be fully system-
atized.

With a precise and robust relationship between the elec-
tric and magnetic order parameters, the ability to manipulate
topological magnetoelectric effects may offer an opportunity
for the development of quantum computing devices. It guaran-
tees quantized and dissipationless (or low dissipative) switch-
ing of states, which is a cornerstone for developing low power
and highly robust electronic devices. This unique property

opens transformative opportunities in information storage.

Table 1. Calassification of magnetoelectric topology.

Systems Cystalline symmetry

Order parameter

Topological invariants ~ Other candidates

Tan3 CI‘4O 12 23]
GdI, monolayer!20]
GdMn, 05 !

centrosymmetric
non-centrosymmetric and non-polar

centrosymmetric

polarization
magnetization/polarization

antiferromagnetic order

La/B aMn3 Cl‘40 12 [23.24]
VSe,/VTe, 56!

winding number
winding number

winding number -

As an emerging field, there remain many challenges to
fully understand and utilize the magnetoelectric topology. The
number of known materials exhibiting these effects remains
very limited, with most being antiferromagnetic systems with

faint polarizations. This material constraint hinders the effi-
cient electrical control of magnetic states and practical im-
plementation. To overcome these material constraints, fu-

ture research must prioritize innovative materials design strate-
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gies aimed at achieving room-temperature multiferroics with
robust topological ME effects. Promising avenues include:
(i) exploring new material classes such as ferromagnetic and
ferrimagnetic compounds in which net magnetization facili-
tates detection and control; (ii) engineering heterostructures
and interfaces to create emergent topological ME phenomena
from the coupling between a strong ferromagnet and a fer-
roelectric; and (iii) employing high-throughput computational
screening to identify promising candidates with desired sym-
metries and strong spin—lattice coupling. Beyond materials,
a deeper theoretical understanding is required. A complete
physical scenario that links microscopic spin dynamics, lat-
tice distortions, and the emergent global topology in parame-
ter space is essential. This will guide the intelligent design of
materials and the prediction of new topological phenomena.

The experimental study of magnetoelectric topology is
still in its early stages. Current characterization relies mainly
on macroscopic magnetoelectric measurements, while direct
microscopic observation is yet to be achieved. Promising
techniques like the magnetoelectric probe developed by Wu
et al. could potentially map antiferromagnetic domain walls
and their evolution,'3’! offering a path forward. We look for-
ward to future breakthroughs in microscopic characterization
that will illuminate the local mechanisms of these topological
effects.

In conclusion, magnetoelectric topology opens a vibrant
and uncharted territory at the intersection of topology, multi-
ferroicity, and spintronics. While challenges in materials dis-
covery and theoretical understanding persist, the potential re-
wards are immense. Success in this direction will undoubtedly
pave the way for a new era of topologically protected elec-
tronic functionalities.
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