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Topological magnetoelectricity was recently revealed as an emergent topic, which opens a unique route
to precisely control magnetoelectric functionality. Here we report the synchronous magnetic-electric-cycle
operation of topological magnetoelectric switching in GdMn,0s5. Compared with pure magnetic-cycle

operation, this topological winding can be accessed in a much broader parameter space, i.e., orientation of
the magnetic field is not limited to the magic angle and the effect can persist up to the Curie temperature.
The fine-tuning of the free energy landscape is responsible for this topological behavior.
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Topological physics has been one of most active fields of
condensed matter physics, and a large array of emergent
phenomena have so far been discovered, including topo-
logical insulators, semimetals, and superconductors, as
well as their associated quantum spin-anomalous Hall
effect and Majorana fermion, etc. [1-6]. In fact, as a
concept of mathematics, topology can explicitly or implic-
itly dominate various physical behaviors, not limited to the
electron, phonon, photon bands in the momentum space.
The merge of topology and ferroic systems has already
yielded a totally different story that real-space textures of
magnetic and/or electric diploes can be topological, includ-
ing skyrmions, merons, and vortics with integer winding
numbers [7-11].

Recently, another branch of topological physics has
been revealed in some multiferroics, which exhibits topo-
logical winding behaviors for particular magnetoelectric
(ME) processes. For example, for quadruple perovskite
TbMn;Cr,0,,, a topological nonorientable Roman surface
was proposed to describe the three-dimensional trajectory
of magnetism-induced polarization (P) [12,13]. Another
breakthrough was the ME switching in GdMn,0O5 which
generated a topological winding number for half Mn’s
spins in response to a magnetic cycle [14]. Interestingly,
this topologically protected ME process can be understood
as a ME crank in the quantum level.

“These authors contributed equally to this work.
Contact author: jfwang @hust.edu.cn

*Contact author: sdong@seu.edu.cn

SContact author: cllu@hust.edu.cn

0031-9007/25/134(1)/016708(6)

016708-1

The topological ME switching is both fundamentally and
practically significant, since it may allow robust and precise
control of the ME functionality. Note that in multiferroics
the competing magnetic interactions can generally lead to
multiple energy valleys separated by small barriers in the
free energy landscape, which brings challenges to the
deterministic manipulation of ME states since systems
may fall into one of the valleys randomly, especially under
the thermal fluctuation [15,16]. However, the topological
ME switching processes that have been discovered up to
now are commonly special and fragile. For example, the
Roman surface topological ME switching of TbMn;Cr,O,,
relies on the rotation of magnetic field H which drags the
spins to evolve coherently [12], while in GdMn,Os5 a slight
deviation of H from the “magic angle” (i.e., 2°), or slightly
higher temperature (i.e., 7 = 5 K) will completely destroy
this topological behavior [14]. Therefore, it is urgent to
explore a generalized approach to access the topological
ME process, such as a broader working temperature
window, no limitation of H orientation, as well as appli-
cability to other materials.

GdMn,05 is chosen to address this issue, since it
belongs to a typical family of multiferroic RMn,Os
(R: rare earth element or Bi) which host the exchange
striction mechanism and thereby large magnetically driven
P [17-20]. Figure 1(a) shows the crystalline structure of
RMn,Os [21]. The octahedra occupied by Mn*' and
pyramids filled with Mn3* form pentagons in the ab plane.
With such geometry, the five relevant antiferromagnetic
(AFM) interactions between neighboring Mn ions of a
pentagon cannot be satisfied simultaneously, giving rise to
strong magnetic frustration [22]. Nevertheless, two AFM

© 2025 American Physical Society


https://orcid.org/0009-0008-9181-4849
https://orcid.org/0000-0002-6910-6319
https://orcid.org/0000-0002-7314-5708
https://ror.org/00p991c53
https://ror.org/04ct4d772
https://ror.org/01rxvg760
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.134.016708&domain=pdf&date_stamp=2025-01-06
https://doi.org/10.1103/PhysRevLett.134.016708
https://doi.org/10.1103/PhysRevLett.134.016708
https://doi.org/10.1103/PhysRevLett.134.016708
https://doi.org/10.1103/PhysRevLett.134.016708

PHYSICAL REVIEW LETTERS 134, 016708 (2025)

(a) (b)

o

)

(\)

N 0
Polarization

— S

— H-increase
— H-decrease

)
o
o

L(d) Hlla

.
i
~

M, (n/fu)
N
P (uC/em?)

.
e Qe
o o

4

") HIlb

[e oK)

Magnetic field

<
'S

M, (/)
N
S
[\S]
P (pC/cmZ)

o
<)

(-8
3
A~
=
It
[
<
IS

1

o
)

/ L

&

FIG. 1.

(o
M, (/)
N
=
5]
P (uClem?)

o
o
IS

H(T)

(a) Crystalline and magnetic structures of GdMn,Os. The antiferromagnetic chains with vectors L; and L,, and Gd spins S{-Sg

have been labeled. (b) Schematic of topologically protected four-state ME switching driven by H applied at a magic angle. The sequence
1-2-3-4 denotes the evolution of ME states during the H sweeps. (¢) The antiferromagnetic configurations of four states, in which the
unidirectional full circle rotation of L; is indicated. (b), (c) Plotted according to the scenario in Ref. [14]. (d)-(f) H dependence of
magnetization and polarization measured at 4.2 K with H applied along the a, b, and ¢ axes, respectively.

chains can be developed along the a axis below the Néel
temperature Ty ~ 33 K for GdMn,0s5, and within each
zigzag chain Mn spins are coupled antiferromagnetically
[23-25]. A spontaneous P is generated majorly along the
b axis due to the symmetric exchange striction, which is
proportional to dot product of the AFM vectors of the two
chains, i.e., P~ L; * L,. Because of the competing inter-
actions in GdMn,Os, at least five ferroelectric phases and
diverse ME effects have been identified [26]. An interesting
characteristic of GdMn,Os is that its P can be reversed by
an electric field E poling on the paramagnetic phase [27].
If H is applied parallel to L, or L,, the energy landscape
at low-T can be modified specifically that some energy
valleys with seriously flattened barriers are distinguished
from the others. As a consequence, the spin texture of
GdMn, 05 evolves following a certain trace, and the ME
switching path leads to a full-circle spin rotation of one
AFM chain, which can be defined by a topological winding
number Q = 1, sketched in Figs. 1(b) and 1(c)[14]. A
signature feature of the model is that states 1 and 3 (2 and 4)
are associated by space inversion symmetry. Therefore, it is
natural to expect to utilize E to engineer the potential
energy surface, and thus generate unusual ME switching
similar to the sole H control. Moreover, the E engineering
would lift the degeneration of related ME states, and thus H
may not have to be precisely aligned and 7 could be higher
without losing the delicate asymmetric barrier associated
with Gd spins, that is, a broader operation window is
obtained.

With this motivation, here we incorporate E to switch the
ME states. With the H-E cycle, the energy surface can be

tuned as desired and the topological spin winding in
GdMn,O5 can be obtained in a much broader (H, T) para-
meter space. In particular, the H orientation is not limited to
the magic angle and the ME switching can persist up to the
ferroelectric Curie temperature 7 ~ 33 K. More RMn,Os5
with other R ions are also investigated for comparison.

Upon cooling the GdMn,Os5 single crystal, a series of
phase transitions are identified, including 7; =40 K
due to the onset of an incommensurate AFM order of
Mn, Ty, =33 K arising from an incommensurate-
commensurate transition which is accompanied by the
emergence of spontaneous P along the b axis (i.e., T¢
for ferroelectricity), and Ty = 12 K related to the mag-
netic ordering of Gd**, as shown in Fig. S3 in Supple-
mental Material [28]. Gd**’s spin is nearly isotropic due to
its 4f7 orbital filling, and its direction is generally deter-
mined by Mn’s spin to fulfill the AFM interaction, which
enhances the total polarization of GdMn,Os remarkably to
P ~0.5 pC/cm? [23]. Spin-flop transition can be induced
by H applied along all three crystallographic directions,
evidenced by the hysteresis loops in both magnetization
(M) and P, shown in Figs. 1(d)-1(f).

For the ME measurements, P of the b axis under various
H and E were measured, and E was always applied along
the polar b axis. A pulsed high magnetic field apparatus
with pulse duration time 7~ 10 ms was used for the
measurements. Before the measurements, the sample was
cooled from 7 > 100 K down to 4.2 K with E =
+10 kV/cm and H = 0, in order to fully align the ferro-
electric domains. The obtained initial state, i.e., the state 1,
has polarization P; ~0.26 pC/cm?, in good agreement
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FIG. 2. H dependence of P along the b axis measured at 4.2 K
with H//a. (a) ME switching upon the H sweep. Dashed curve:
reversible switching from state 1 to 2 and back to 1, under
E = +10 kV/cm. Solid curve: irreversible switching from state 1
to 4 and then to 3 under E = —10 kV /cm. (b) The following H-E
cycle starting from state 3. Dashed curve: to state 4 and back to
state 3 under E = —10 kV/cm. Solid curve: to state 2 and finally
back to 1 under £ = 410 kV/cm.

with previous works [26,27]. In subsequent ME measure-
ments, H is applied along the a axis. Figure 2 shows H
dependence of P measured under +F at 4.2 K. With fixed
E = +10 kV/cm, the cycle of H, i.e., sweeping up and
down, drives the system to state 2 and then back to the
original state 1, shown as the dashed curve in Fig. 2(a). This
reversible process is topological trivial. The striking kink
anomaly at H. ~5 T in P(H) is caused by the spin flop in
accordance with the M(H) results shown in Fig. 1(d). The
spin-flop transition remains visible close to Ty, =33 K
(Fig. S5 in Supplemental Material [28]), suggesting that it
is associated with the AFM chains of Mn instead of the
Gd’s spin order below Ty ~ 12 K.

More interesting behavior is that using a negative
E = —10 kV/cm, the H sweep drive the system from state
1 to state 4 and then to state 3, leading to a striking
hysteresis with sign switching of P [red curve in Fig. 2(a)].
If E is set back to +10 kV/cm subsequently in the second
cycle, the system undergoes states 3, 2, and eventually
returns to the original state 1 [blue curve in Fig. 2(b)], when
H is swept up and then back to zero. In short, upon these
two H-E cycles, the four ME states are unidirectionally
ergodic in a sequence of 1-4-3-2-1, where the spin winding
direction (e.g., counterclockwise rotation of L) is opposite
to the 1-2-3-4-1 one in Ref. [14]. The introduction of E
during the H sweeps makes the topological spin winding
controllable.

The trajectory of 1-2-3-4-1 can also be obtained by
reversing E properly during the H sweeps. As shown in
Fig. 3(a), starting from state 1, H sweep with E =
+10 kV/cm drives the system to state 2. Subsequently,
a negative electric field E = —10 kV/cm is applied at
H ., and thus the system is moved to state 3 as H is
ramped down to zero. A symmetric sequence of 3-4-1 can
be accomplished by reversing E at H,,,, when a further H
sweep is carried out, shown in Fig. 3(b). As a consequence,
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FIG. 3. H dependence of P measured with H//a under various

E ==+10kV/cm. (a) The cycle starting from state 1. E is
reversed at H .. (b) The following cycle starting from state 3.
E is reversed at H,,. (c) AP after a cycle of H-sweeps with
different H,,, at 4.2 K. Nonzero values appear when H >
H.~5T. (d) AP as a function of temperature, which persists
up to Txo = T¢ ~33 K. (c) and (d) The data in red and blue
are derived from P(H) measured under E = —10 and E =
+10 kV/cm, respectively.

the 1-2-3-4-1 switching behavior is realized, where the spin
winding direction is the same as the one in Ref. [14]. These
ME switches reveal the efficient role of E in tuning the
energy barriers of various ME states.

Another prominent feature of ME switches is that
the remarkable divergence of P(H) only appears when
H > H_, despite the on-off or sign of E. Therefore the spin-
flop transition at H, is the key point in tuning the unusual
ME switching. To further confirm this point, a series of
P(H) curves were measured with different maximum field
H .x (Fig. S6 in Supplemental Material [28]). It is found
that after a cycle the P(H = 0) is different from the original
one only when H,, > H.. In Fig. 3(c), a nonzero
AP = P;-P3, i.e., difference in polarization between states
1 (Py) and 3 (P;), emerges right at H. ~5 T, and gets
saturated above ~10 T, evidencing the intimate correlation
between the four-states ME switching and the spin-flop
transition. As mentioned above, the spin-flop transition is
due to collective rotation of Mn spins, which remains
discernible up to Ty, =33 K. As a consequence, AP
remains detectable as 7' is close to Ty, shown in Fig. 3(d)
(Fig. S7 in Supplemental Material [28]). Here AP is as
large as ~0.5 pC/cm? at T = 1.7 K, which is in good
agreement with previous work [23].

As discussed above, the spin-flop transition is crucial to
create the four-states ME switching, and similar transition
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associated with hysteresis loops in both M(H) and P(H)
are also observed for cases of the H//b axis and H//c axis
[Figs. 1(e) and 1(f)]. In this sense, it would be possible to
access the four-states ME switching with H applied along
other directions. To verify this point, extensive ME mea-
surements were performed under various £ and H (More
data are shown in Fig. S8 in Supplemental Material [28]).
Before the measurements at every selected @ (relative angle
between H and the a axis), the system was uniformly preset
to state 1. Then, P(H,0) curves were measured under
E = +10 kV/cm. Indeed, with the assist of E, the four-
states ME switching is commonly obtained, despite the
direction of H in the ab plane, as shown in Figs. 4(a)—4(d).

While the four-states ME switching is qualitatively
robust, the magnitude of the hysteresis, i.e., AP =
P,-P3, shows dependence on the direction of H, as plotted
in Fig. 4(e). AP(0) is symmetrically distributed around
0 = 0°, while a clear anomaly of AP can be identified when
H is near the magic angle, i.e., # = £10°, evidencing the
contribution of H orientation in flattening the energy
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FIG. 4. The angle dependence of ME switching. P is measured
under various E = £10 kV/cm at T = 4.2 K. During the mea-
surements, H sweeps were applied along various directions in
the ab plane: (a) 0 = —15° (b) 6 = +4°, (c) § = +25°, and
(d) 0 = +90°. (e) AP and the critical field H, as a function of  at
4.2 K. The inset of (e) shows geometry of the measurements. For
AP(0) in (e), the data in red and blue are derived from P(H)
measured under £ = —10 and E = +10 kV/cm, respectively.

barriers. Nevertheless, we did not obtain the perfect
four-states switching behavior given of Ponet et al. [14].
This is probably because the four-states switching relies
solely on the magic angle and is extremely sensitive to the
H direction, sample difference, and other extrinsic pertur-
bations. Similar to the case of the H//a axis, the large ME
hysteresis always emerges once H ,,, > H_, confirming the
crucial role of the spin-flop transition in inducing the four-
states switching. The derived H, as a function of @ is also
shown in Fig. 4(e). Obviously, H, remains ~5 T as H is
near the a axis, indicating the dominant role of the spin-
flop transition driven by H//a in tuning the four-states
switching. For € > 20°, H, increases with € quickly, and
eventually reaches H. ~ 14 T at @ = 90° (H//b axis). This
coincides with the fast variation in AP(6). In comparison
with the H//b axis, the application of the H//a axis is
more efficient in generating a remarkable ME hysteresis.
Similar to the cases of H//a and H//b, the application of
H//c can also induce large ME hysteresis with the assis-
tance of E operation. Since a much higher H,, is required to
trigger the spin-flop transition for H//c [Fig. 1(f)], a larger
E would be needed to generate an ideal four-states switch-
ing, which is responsible for the absence of sign switching
of P under H//c and E = 10 kV/cm in the present work.
The data for H applied along different crystalline axes are
presented in Supplemental Material (Fig. S9) [28].

To understand the E-assisted universal topological ME
switching, a model simulation based on the Hamiltonian
proposed in Ref. [14] has been performed, which can
reproduce the experimental observations successfully. First,
we replicated the result of Ref. [14] ], namely, the process
without £E. When H is applied along the so-called magic
angle (e.g., 10° from the a axis), the topological cycle
indeed appears due to the finely tailored free energy
landscape (Figs. S10 in Supplemental Material [28]). In
contrast, when H is applied along the a axis (i.e., nonmagic
angle), the free energy landscapes are tuned, and then the
transition path will become trivially reversible, as shown in
Figs. 5(a) and 5(b). Second, to incorporate the electric field,
an additional electrostatic energy term is introduced to the
Hamiltonian [28], which indeed restores to the topological
cycle of P via the —E/E protocol, as shown in Fig. 5(a).
The corresponding free energy landscapes are shown in
Figs. 5(c) and 5(d). Clearly, our simulation successfully
reproduces the experimental results with or without E, and
the underlying mechanism is the fine-tuning of the free-
energy landscape.

Although Ref. [14] claimed the crucial role of the 4f
magnetic ion for such a topological magnetoelectricity,
there was no direct experimental verification. Here we
prepare two additional groups of materials: (i) DyMn,Os
and ErMn, O5 with large f-electron magnetic moments of R
ions [20,31], (i1)) BiMn,O5 and YMn,Os with nonmagnetic
R3* jons [18,32]. The ME measurements indeed confirm
that the four-states ME switching is observed in DyMn,Os
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FIG. 5. Simulation of the magnetoelectric switching. (a) The

cycle of P for H//a, with/without E. (b)—(d) The free energy
landscapes for H//a. (b) Without E. The transition path during
the magnetic cycle becomes reversible. (c) With a negative E. The
—P states (3 and 4) are more preferred slightly. (d) With a positive
E. The +P states (1 and 2) are slightly more preferred. The paths
are determined by the steepest descent method in free energy,
instead of the known transition end states.

and ErMn,Os, similar to GdMn,0Os. However, there is no
P(H) hysteresis at H = 0 for both BiMn,05 and YMn,Os,
that is, P goes back to the starting point after the H cycle,
no matter with or without the application of E.

Additional model simulations are also performed to
understand the effect coming from the f-magnetic moment.
Without the f moment, the 3D-spin only model is trivially
simple, which cannot lead to the topological winding
number during the magnetic cycle. The key to achieve
the topological winding number during the switching cycle
is to enable one antiferromagnetic Mn chain to flop, which
needs to cross a potential barrier of magnetocrystalline
anisotropy. In Ref. [14], a magnetic field along the magic
angle is used to flop the 4 f moment first at high fields, and
then the exchange interaction between Mn** and Gd**
assists the adjacent antiferromagnetic Mn chain to complete
the flop. In our study, the electric field can help the flop
beyond the magic angle, via the electrostatic energy. How-
ever, without the 4f magnetism, the potential barrier is too
high to be climbed over under a moderate electric field, as
observed in our simulation and experiment (shown in
Figs. 11 and 12 in Supplemental Material [28]).

In summary, our work has illustrated a generalized route
to access the topologically protected ME switching in
multiferroic GdMn,Os, which essentially depends on the
spin-flop transition of Mn rather than the canting angle of
AFM chains. The electric field E is crucial to determine the
final ME state. Our model simulations can reproduce the
experimental findings, and reveal the crucial role of electric
field in tuning the free energy landscape. In addition, it is
also found that the 4/ moment is essential in flattening the
energy barriers.
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