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Electric control of magnetism and magnetic control of ferroelectricity can improve energy effi-
ciency of magnetic memory and data processing devices [1]. However, the necessary magnetoelec-
tric switching is hard to achieve, and requires more than just a coupling between spin and charge
degrees of freedom [2–5]. We show that an application and subsequent removal of a magnetic field
reverses the electric polarization of the multiferroic GdMn2O5, thus requiring two cycles to bring
the system back to the original configuration. During this unusual hysteresis loop, four states with
different magnetic configurations are visited by the system, with one half of all spins undergoing
unidirectional full-circle rotation in increments of ∼ 90◦. Therefore, GdMn2O5 acts as a magnetic
crankshaft converting the back-and-forth variations of the magnetic field into a circular spin motion.
This peculiar four-state magnetoelectric switching emerges as a topologically protected boundary
between different two-state switching regimes. Our findings establish a paradigm of topologically
protected switching phenomena in ferroic materials.

Introduction – The holy grail of permanent storage
technology is the control of stable robust states in the
storage medium by efficient means [6–8]. Magnetoelec-
tric and multiferroic materials offer a promising avenue
for manipulation of digital information by leveraging the
cross-coupling between ferroelectric and magnetic orders
[1]. Recent advances in the field of multiferroics led to a
deeper understanding of microscopic mechanisms for the
magnetoelectric coupling [9–13]. At the same time, mag-
netoelectric switching, allowing to reverse the magneti-
zation direction with an electric field or to flip the elec-
tric polarization with an applied magnetic field, is much
less understood and is difficult to realize due to different
symmetry properties of the ferroelectric and magnetic or-
ders [1–5]. The simplest magnetoelectric effect occurs in
materials such as Cr2O3, where the magnetization and
electric polarization are linearly coupled by an antifer-
romagnetic spin ordering that breaks both time reversal
and inversion symmetries[14]. More complex magneto-
electric switching occurs in e.g. multiferroic rare-earth
orthoferrites with composite domain walls that are both
ferroelectric and ferromagnetic [15, 16].

Here, we report the discovery of a novel magnetoelec-
tric switching behavior that depends on the magnetic
field orientation. This leads to three distinct switching
regimes, where the middle one showcases a novel topolog-
ically protected behavior where the system switches uni-
directionally between four magnetic configurations (re-
ferred to as states, two at low fields and two at high
fields) when the field is swept up and down twice. Half
of the spins perform a full 360◦ unidirectional rotation

in approximately 90◦ increments during the field sweeps,
while the polarization is reversed twice. This represents
a microscopic analogue of a crankshaft, converting linear
changes of the field into a rotational motion of spins. It
also acts as a binary counter, counting the number of field
pulses modulo two, with the high and low polarization
representing 0 and 1. Moreover, the four-state switching

FIG. 1. Magnetic unit cell of GdMn2O5. Mn ions (purple
spheres) form zig-zag chains (cyan lines) along the a-axis with
antiferromagnetic intrachain interactions between Mn spins.
L1 and L2 are the Néel vectors for the two distinct chains.
Gd ions (green spheres) are inside pentagons formed by Mn
ions from the neighboring chains. Red spheres are O ions,
mediating superexchange interactions. The boundary of the
structural unit cell is marked by the black box. The yellow
arrows denote the exchange paths between Gd and the chains,
that correspond to v1 and v2 in the model.
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FIG. 2. Evolution of the electric polarization loop
across critical angle and critical temperature. (a-d)
Field dependence of the electric polarization of GdMn2O5 for
different off-axis orientations of the applied magnetic field.
(a,c): Conventional two-state switching is observed if mag-
netic field angle is (a) far larger than the “magic” direction
or (c) very close to the crystallographic a-axis. (b,d): Unusual
four-state hysteresis loop for the magnetic field direction close
to the magic angle of ±10◦. The inset shows the sequence of
the magnetic field-sweeps. The labels 1-4 mark the four po-
larization states. The arrows show the direction of magnetic
field-change during the sweep. The experiments have been
done at T = 2K. (e) At high temperatures only a small step
is seen at the transition that shows some hysteresis and the
two-state switching; (f) four-state switching starts to appear
approximately beneath T = 5 K.

regime is found to be topologically distinct from, and pro-
tected by the existence of the two neighboring two-state
switching regimes. It is characterized by a non-zero in-
teger winding number, serving as a topological invariant
[17].

GdMn2O5 has a centrosymmetric crystal lattice with
Pbam (No. 55) space group symmetry [18]. Octahe-
drally coordinated Mn4+ ions and pyramidally coordi-
nated Mn3+ ions form zigzag chains along the a-axis
(cyan lines in Fig. 1) with antiferromagnetic (AFM) ex-
change interactions between neighbouring spins along
the chains. Interchain exchange interactions are rela-
tively weak and geometrically frustrated, as Mn ions from
neighbouring chains form AFM pentagons [19–21].

GdMn2O5 orders magnetically at TN1 = 40 K, adopt-
ing an incommensurate state with the propagation vec-
tor q = (0.49, 0, 0.18). Below TN2 = 33 K it locks into a
commensurate state with q = (1/2, 0, 0), showing one of

the highest magnetically-induced electric polarizations of
3600 μC/m2, and a large variation (up to 5000 μC/m2)
in an applied magnetic field [22]. This field-induced po-
larization variation is robust and changes very little when
multiple field sweeps are applied. The electric polariza-
tion is induced by Heisenberg exchange striction on both
Mn-Mn and Mn-Gd bonds, and has a large electronic
component [23].

Experimental results – Figure 2 shows the evolution
of the electric polarization in GdMn2O5 as a function of
the external magnetic field. While in the previous studies
only fields parallel to the a-axis were applied [22, 24], here
we performed multiple experiments with the field tilted
away from the a-axis in the ab plane by various angles,
φH (see Fig. 2). This tilting has a dramatic effect on the
ferroelectric polarization hysteresis curves. For temper-
atures above ∼ 5K, a field-induced reorientation transi-
tion is observed around 6T which gives rise to a small
hysteresis loop in agreement with previous results [22, 24]
forH‖a. Below 5 K, and for fields around 5 T, an unusual
hysteresis loop opens, as seen in Fig. 2(b,d,f). At low
temperatures, this loop is characterized by a remarkable
deterministic four-state cycle with polarization reversals,
repeatable by applying further sweeps. The transition
from state 1 to state 2 or from state 3 to state 4 upon
increasing magnetic field does not change the electric po-
larization much. On the other hand, the decreasing mag-
netic field transforms state 2 into state 3, and state 4 into
state 1, which results in the reversal of the electric po-
larization.

Systematic experiments with tilted magnetic fields
show that the four-state sequence is not observed if the
magnetic field is either close to the a-axis within ±6◦ or
is outside the [−11◦,+11◦] interval, where only two of
the four branches are cycled through, i.e. 1 → 2 or 1 →
4 (Fig. 2(a,c)) [22]. The novel magnetoelectric switch-
ing is observed around the two magic angles, ±φ∗

H, with
φ∗
H ∼ 10◦ (see Fig. 2(b,d)). Remarkably, the magic an-

gle roughly matches the orientation [25, 26] of the Mn
and Gd spins in zero field in one of the antiferromagnetic
chains.

Modeling – In order to understand this puzzling
behavior, we performed numerical simulations using a
model of two interacting Mn chains (cyan lines in Fig. 1)
and eight Gd spins per unit cell, coupled to external mag-
netic and electric fields. Due to the dominant AFM in-
trachain exchange interactions in RMn2O5 systems [21],
neighboring Mn spins are assumed to remain largely an-
tiparallel within each chain at all applied magnetic fields,
and can thus be described by the two Néel vectors, Lα,
where α = 1, 2 labels the chain. Lα are unit vectors, mak-
ing the angles, φLα with the a-axis, as shown in Fig. 1.

The Heisenberg exchange striction induces an electric
polarization along the b-axis, with a contribution propor-
tional to L1 · L2, and a similar one originating from the
Gd-Mn bonds. Since the Gd spin is relatively isotropic,
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FIG. 3. Simulation of magnetoelectric switching. (a-c) Evolution of electric polarization Pb during the magnetic field
sweep cycle for various magnetic field orientations. In each panel, the changes of the curve color indicate the same progression
of the sweep cycle as Fig. 2. The four-state switching is seen for the field at the magic orientation. The insets indicate the
corresponding switching paths and winding numbers. (d-f) Trajectories (in green) in the space of the Néel vectors orientations,
(φL1 , φL2), through the field sweep cycles in different regimes. The color map shows the energy landscape in the vicinity of the
switching fields. (g) Evolution of transition barriers between states 1,2,3,4 as the magnetic field at 10◦ to the a axis is swept
through the hysteresis region. The plots are shifted vertically, and color coded to distinguish the magnetic field strengths. Here
the parameters were slightly altered to increase the width of the hysteresis region for illustrative purposes. The arrows and
blue dots denote the trajectory of the energy minimum during the field sweep. Coordinated changes of the state energies and
barrier asymmetry with magnetic field enable the topological behavior. (h) Schematic evolution of the barriers connecting the
state 2 to states 1 and 3 in the vicinity of H∗. Saddle point states are denoted by 12 and 23.

it reorients easily to optimize the magnetic exchange en-
ergy, markedly increasing the contribution to the polar-
ization through exchange striction as compared to other
rare-earths [10, 22]. For further details on the effective
Hamiltonian and the model parameters, see the discus-
sion in the Methods section, following Eq. (1). The com-
mensurate multiferroic state at zero field is fourfold de-
generate as it breaks both time reversal symmetry, T :
(L1,L2) → (−L1,−L2) and inversion symmetry, I, un-
der which (L1,L2) → (−L1,+L2). States related by T
have the same electric polarization, whereas states trans-
forming into each other by I have polarizations of oppo-
site sign.

The starting point of our simulations is one of the four
degenerate ground states of the system in zero magnetic
field. We track the (local) energy minimum through the
energy landscape in the applied magnetic field, as its
strength is ramped up and down. Field-induced tran-
sitions occur at spinodal points, at which a metastable
state of the system becomes unstable.

The results of the simulations are shown in Fig. 3,
where model parameters were chosen to reproduce the ex-
perimental hysteresis loop for the four-state switching as
close as possible. This leads to a relatively narrow magic
angle region, but, as discussed further in the Methods
Section and, shown in Extended Data Fig. 1 and 2, the

exact position and extent of the region can be tuned by
changing the model parameters. The region itself is re-
markably robust. Our model reproduces the experimen-
tally observed four-state switching at the magic angle,
φ∗
H = 10◦, (Fig. 3(b)), and the switching between states

1 and 2 with close values of the electric polarization for
φH > φ∗

H (Fig. 3(c)).

We now turn to a more in-depth discussion of the pecu-
liar four-state switching at the magic angle. The Mn and
Gd spin configurations for the four states are shown in
the red box in Fig. 4, and in greater detail in Extended
Data Fig. 5. In the low-field states 1 and 3, Mn spins
align close to the anisotropy axes of the two chains, with
the Gd spins aligning generally antiparallel to the closest
Mn spin, to which they are strongly coupled (v1 in Fig. 1).
This causes a roughly left-left-right-right sequence of the
Gd spins. In the high-field states 2 and 4, Mn spins ori-
ent nearly orthogonal to the magnetic field due to the
Zeeman interactions. The Gd spins are again influenced
mostly by the AFM exchange with the nearest Mn ion,
while being tilted slightly towards the external magnetic
field. This tilting is one of the contributing factors to
the peculiar unidirectional switching behavior, guiding
the rotation of Mn spins. Figures 3(d-f) show the typical
energy landscape in the (φL1, φL2)-space calculated for
three values of φH, at field magnitudes chosen to high-
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FIG. 4. Magnetoelectric switching regimes. (a) Time dependence of the magnetic field. The field is tilted by the angle
φH away from the a axis. Color coding is used to indicate the synchronous evolution of the Néel order parameters, L1 and
L2 in panels (b-f). For a fixed φH , each of the shown magnetic field ramp protocols (positive or negative field ramps) leads
to the same result. (b) two-state switching for large positive φ: L1 and L2 toggle between two orientations. (c) four-state
switching in the positive magic angle interval: L1 rotates, while L2 toggles, as shown in panel (g). (d) two-state switching at
small φH : both order parameters toggle between two orientations. (e) four-state switching at the negative magic angle: L1

toggles, while L2 rotates in the direction opposite to that of L1 in panel (c). (f) two-state switching for a large negative φH :
both order parameters toggle between two orientations. (g) spin configurations 1-4 in the magnetic unit cell, visited in the
switching process at φH = 10◦.

light the differences between the three regimes. It con-
sists of two narrow valleys elongated in the φL1

-direction
and separated by the angle π in the φL2 -direction. These
two valleys are time-reversal partners, and during the
field sweeps the system remains inside one of them. This
means that out of the total of eight states, four low-field
states and four high-field states, only half is accessed dur-
ing the field sweeps.

The approximate energy independence of the direction
of L1 near the switching field is the result of the com-
petition between the Zeeman and anisotropy energies of
the Mn spins in chain 1, for which the magnetic field is
tending towards the easy axis, as indicated by the black
arrow in the red box of Fig. 4. This may also allow for
a degree of electric control of the magnetic configura-
tion, due to the coupling between the polarization and
the soft magnetic mode [27]. A similar flattening of the
energy surface occurs in textbook antiferromagnets near
the spin-flop transition, where at a critical field applied
along the easy axis, the spins flip perpendicular to the
field in order to lower Zeeman energy by canting towards
it. The important difference of the behavior discussed
here is that the direction in which the spins progress
during the up–and–down sweeps is unambiguous, i.e. the
spins rotate unidirectionally throughout the cycling.

Another way to study the evolution of the system in
different regimes is to compare the trajectories (white
lines in Fig. 3(d-f)), describing the field-dependent state
of the system. For all regimes, it is confined to a valley
with φL1

varying much more than φL2
. In the topologi-

cally trivial regimes (Fig. 3(d,f)), the system remains in
the neighbourhood of the starting point, with the tra-
jectory contractible to a single point. In the four-state
regime in Fig. 3(e), the system progresses through the
entire valley unidirectionally, connecting the top and bot-
tom edges, with L1 rotating a full 360◦. This path can-
not be contracted to a single point which highlights its
topologically distinct nature as compared with the other

two regimes. Indeed, one can define a winding number
of a trajectory in the two-dimensional (φL1, φL2)-space

with a torus topology: Q = 1
2π

∫ t0
0

dt(Lx
1∂tL

y
1 −Ly

1∂tL
x
1),

where the integral is taken over the time interval, t0,
during which the magnetic field is ramped up and down
twice and the system returns to its initial state. In the
two-state switching regime, Q = 0, whereas for the four-
state switching, Q = 1. This means that as long as the
two extremal regimes are present in the material (Fig 3
(d,f)), there will always exist a boundary region near the
magic angle (Fig 3(e)), interpolating between the two,
and leading to the circular four-state hysteresis. While
the values of the model parameters decide the exact po-
sition and width of this topologically nontrivial region,
we found that it is present for a surprisingly wide range
of parameters, as shown in Fig. 1 and discussed further
in the Methods section.

Focusing on the orientation of the Gd spins, we see
that, as expected, they largely follow the chain they are
most strongly coupled with; half of them undergoing a
full-circle rotation, whereas the remaining half toggles
back-and-forth together with L2. Thus, in the topologi-
cal regime, the material mimics a crankshaft, transform-
ing the back and forth changes of the external magnetic
field (“the piston”) into circular motions of the spins
(“driveshaft”).

To understand why the system follows the unidirec-
tional trajectory in Fig. 3(e) when the field is oriented
at the magic angle φ∗

H = 10◦, we performed elastic string
calculations of the barriers separating the different states,
shown in Fig. 3(g). The simulation starts in the low-field
state 1, which becomes metastable as the magnetic field
increases. States 1 and 3 (2 and 4), related by spatial
inversion that changes sign of L1, have equal energies,
E1 = E3 (E2 = E4), for any applied magnetic field, in
apparent contradiction with the unidirectional evolution,
1 → 2 → 3 → 4. The resolution of this paradox lies in
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the fact that the energy barriers separating state 1 from
states 2 and 4 are, in general, different, since the saddle-
point states, 12 and 14 (see Fig. 3(h)), that determine
the height of these barriers are not related by any sym-
metry transformation. Moreover, the evolution of these
barriers in terms of the applied field is also asymmetric.

The top curve in Fig. 3(g) is calculated at the field
H1, at which state 1 becomes unstable and the barrier
along the 1 → 2 path disappears, while the barrier sep-
arating states 1 and 4 is still present. On the downward
field ramp, state 2 becomes unstable at H = H2, when
the barrier between states 2 and 3 vanishes while states
2 and 1 are still separated by a barrier (bottom curve),
which leads to the 2 → 3 transition. When the magnetic
field is increased and decreased again, the transition se-
quence 3 → 4 → 1 occurs in precisely the same way:
since the barrier states 34 and 12 (14 and 23) are related
by inversion transformation, E34 = E12 (E41 = E23).
The only difference is the opposite sign of the electric
polarization. This evolution of the potential energy sur-
face (discussed further in the Methods Section and in Ex-
tended Data Fig. 4) is equivalent to that of a Thouless
charge pump, in particular, the one induced by circular
motion in the two-dimensional parameter space of the
Rice-Mele model [28] recently realized in ultracold gases
[29–31].

The symmetries of the material relate the discussed
switching regimes with others that are realized at dif-
ferent magnetic field angles. Figure 4 summarizes all of
them, and a further discussion on this can be found in
the Methods Section.

Outlook — The robust unidirectional spin rotation
originates from the asymmetric evolution of the ex-
tremely flat energy landscape, which can be tuned by the
angle and size of the applied external field. The behavior
can be reproduced within a minimal model with a sin-
gle AFM chain (Extended Data Fig. 3). This opens the
door to the search and discovery of other such systems,
by screening for those exhibiting two dissimilar neighbor-
ing switching regimes, thus ensuring the novel topological
regime to be present as their boundary. The double hys-
teresis loop in GdMn2O5 turns it into an electric binary
counter of magnetic field pulses, so that the ferroelec-
tric polarization gives the number of pulses modulo 2.
We hope this will inspire other electronic devices based
on single crystal multiferroics. Finally, the flatness of
the energy landscape leads to large variations of the or-
der parameter in a narrow field strength window, making
highly efficient switching conceivable.
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Methods
Experimental Single crystals of GdMn2O5 were

grown by flux method [22] and extensively characterized
by X-ray analysis and by electric, dielectric, and mag-
netic measurements. From these experiments the magne-
toelectric phase diagram in external magnetic fields was
obtained [24]. Static electric polarization was measured
on a small crystals of typical size 0.4×0.4×0.4mm3 and
using silver paste for electric contacts. The polarization
was measured using an Keithley electrometer adapted to
a Physical Property Measuring System, with magnetic
fields of up to 14T and temperatures down to 2K. By
changing the orientation of the sample in the cryostat,
the direction of the magnetic field relative to the crystal
axes was adjusted. We determined the crystal orientation
using Laue analysis (accuracy ∼ 1 degree), transferred
the sample to the cryostat, leading to a final uncertainty
< 2 degrees, and performed the tilted field measurements
in the range [−20◦, 20◦] in steps of 2 degrees. In order to
reduce the mechanical torque due to the off-axis magnetic
field, the maximum field values were limited to 12T.
Modeling

We now give a detailed description of the model that
was used to reproduce the observed behavior. As was
discussed in the main text, the state is characterized by
two main sets of order parameters, Si, i = 1...8 for the
Gd spins, and unit vectors Lα, α = 1, 2 for the AFM or-
der parameters of the two inequivalent chains, inside the
magnetic unit cell. We neglect quantum effects for large
Gd f -spins (nominally S = 7/2). The spins interact with
the external magnetic field, and induce the electric po-
larization Pb through the Heisenberg exchange striction.
Thus we arrive at the Hamiltonian density (energy per
magnetic unit cell):

H = γ(L1 · L2)
2 +

∑
α

χ((H · Lα)
2 −H2)

−KL

∑
α

(Lα · nα)
2 −

∑
i

(
KS(Ni · Si)

2 + gμBH · Si

)

+
1

2
(gμB)

2
∑
i �=j

(
Si · Sj

r3ij
− 3

(Si · rij)(Sj · rij)
r5ij

)

+
∑
i,α

ViαSi · Lα

− Pb[8β1(L1 · L2) + (S1 − S5)(β2L2 + β3L1)

+ (S2 − S6)(β2L1 + β3L2) + (S3 − S7)(β2L2 − β3L1)

+ (S4 − S8)(β2L1 − β3L2)] + P 2
b /2. (1)

The first term originates from the competition of the in-
terchain exchange J⊥ and the intrachain AFM exchange

J‖ [32], with γ ∼ J2
⊥

J‖
> 0. It describes the energy lower-

ing due to spin canting, possible when L1 and L2 are non-
collinear. The second term represents the Zeeman energy
of the antiferromagnetically ordered Mn spins canted by
the field; KL and KS are easy-axis anisotropy constants

of Mn and Gd spins, and nα,Ni are unit vectors along
the easy axes, respectively. The third line describes the
dipole-dipole interactions between Gd spins, which were
restricted to five nearest neighbors. We verified that in-
cluding further neighbors up to 8.5 Å within the ab-
plane or neighbors along the c direction at 6.5 Å does
not change the results qualitatively. The Heisenberg ex-
change constants Viα describe Mn-Gd interactions, where
Viα = v1 for the exchange constant between the Gd and
the Mn chain, containing the nearest (pentahedrally co-
ordinated) Mn ion, and v2 – the exchange coupling to the
other Mn chain. The terms with β1,2,3 describe the mag-
netoelectric interactions between Pb and Lα, Si, the last
term being the dielectric energy. The model parameters
chosen to fit the experimental data, and used in Fig. 3 of
the main text, are γ = 0.05 meV, χ = 0.01 meV−1,
KL = 1.1 meV, KS = 0.09 meV, v1 = 7.9 meV,
v2 = 0.15 meV. The easy axes nα are aligned with the
long segments of zigzag Mn chains (shown in blue in
Fig. 1 of the main text) at ±23.4◦ to the a-axis; Ni

are at ±12◦ to the a-axis in Extended Data Fig. 4(a).
The exchange striction parameters were chosen to re-
produce the size of hysteresis loops: β1 = 0.06 μC/cm2,
β2 = 0.06 μC/cm2, β3 = 0.04 μC/cm2.

Since our model is phenomenological and not micro-
scopic, and involves Lα and Si rather than all microscopic
degrees of freedom, a trade-off aimed at minimizing the
model complexity, the model parameters thus do not di-
rectly relate to microscopic interactions. This makes it
very hard, if not impossible, to determine the exact values
from ab-initio simulations. To determine the parameters,
we started from a physically inspired initial guess, with
the order of magnitude estimate for Mn-Mn exchange (in-
verse susceptibility χ−1) from the ordering temperature,
much smaller Gd-Mn exchange constants v1 > v2 , an
isotropic valence configuration of the Gd spins (d7) sug-
gesting low single-ion anisotropy KS . Magnetostriction
constants β1,β2 and β3 were estimated from the height
of hysteresis loops. We then proceeded to fine-tune the
parameters in order to describe the experimental results
as closely as possible.

We have used a string method to compute the transi-
tion pathways and barriers between the states, shown in
Fig. 3(g) of the main text. Since the potential adopts the
shape of an almost straight gutter, the string and nudged
elastic band methods give comparable results [33, 34].

Using the definition of the winding number Q =
1
2π

∫ t0
0

dt(Lx
1∂tL

y
1 − Ly

1∂tL
x
1), we can study the influence

that a variation of the model parameters has on the width
and position of the “magic angle” region. The result is
shown in Fig. 1. It is clear that a wide range of model
parameters results in the existence of the topologically
protected four-state switching regime. As discussed in
the main text, as soon as the high and low angle regimes
exist, there will be a boundary angle region where they
cross over, leading to the four state switching. The ex-
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Extended Data Figure 1. Magic Angle region. The panels
demonstrate the influence of selected model parameters on
the magic angle region. In each panel only the parameter
labeled on the vertical axis is varied, whereas the others are
kept at the values reported in the text of this section, and used
for Fig. 3 of the main text. All parameters are reported in
units of meV. The blue regions signify the low angle switching
regime, while the red denotes the high angle switching regime.
The white boundary region is where the double loop switching
regime occurs, characterized by a winding number of 1, and
is topologically protected by the neighboring regimes.

act position and size depend on the details of the model
parameters. Even more possibilities open up when more
than one model parameter is varied. This leads us to
believe that this behavior could be found in other mate-
rials.

We also observe that some parameters have a very
strong effect on the four-state switching. For instance,
taking v1 = 0.7 dramatically increases the width of the
four-state switching region to the interval of [5.2◦, 17.6◦].
However, even at much higher values of v1, the four-state
switching is maintained. A small variation of KL, the
strength of the Mn anisotropy, on the other hand, leads to
large changes in the topologically protected region. This
is not surprising, since the behavior of the Mn chains
is very similar to that of the usual spin-flop transition,
which crucially depends on the easy-axis anisotropy.

This adaptability of the model also allows us to use
different parameters to increase the width of the hystere-
sis loop itself, in order to get a more detailed view of
the switching trajectory of the system. Using the modi-
fied model parameters v1 = 3.33 meV, v2 = 0.147 meV,

KL = 5.27 meV, Γ = 0.13 meV, KGd = 0.2 meV,
χL = 0.075 meV and magnetodipolar interactions en-
hanced by a factor of 5.32, we find the energy surfaces
as shown in Extended Data Fig. 2(d-f), demonstrating
a more pronounced barrier asymmetry. The correspond-
ing polarization loops and switching trajectories are also
shown. Additionally, we were able to find a set of pa-
rameters with no anisotropy on Gd, or without dipolar
interactions, that still gives rise to the crankshaft effect.

Combined with the results displayed in Fig. 3(g) of the
main text, we can posit the barriers as the main deter-
mining factor for the described behavior. If one of the
two extreme angle behaviors (high, and low angle) ceases
to exist, or is never present in the first place, the bound-
ary region (magic angle region) will also not be present.
In the language of the energy surface, the effect ceases
to exist when the lowest barrier between low and high
field configurations does not change for any angle. E.g.
the barrier between state 1 and state 4 is so much lower
than the one between states 1 and 2, that no matter what
the direction of the field is, the system will only toggle
between states 1 and 4. One example would be that the
anisotropy of the Gd spin is so high that it never orients
towards the applied field, for feasible field strengths.

To further clarify the origin of the barrier asymmetry,
we consider the system in state 2 at field H∗, at which
the barriers, separating it from states 1 and 3, are equal
E12 = E23 = E34 = E41 (curve labelled with H∗ in
Fig. 3(h) of the main text). For a field H in the vicinity
of H∗, E23(H)−E12(H) ≈ (H−H∗)(M12−M23), where
M12 andM23 are the magnetizations of the corresponding
saddle point states at H = H∗ and M23 > M12.

The contributions to the magnetization difference for
every spin are shown in Extended Data Fig. 4(c) of the
Methods section [35]. For H > H∗, E12(H) < E23(H)
and the barrier 12 disappears when the magnetic field
increases, resulting in the 1 → 2 transition. For H < H∗,
the barrier 23 is lower than 12 and disappears, triggering
the 2 → 3 transition (see Fig. 3(h) of the main text).

The switching behaviour for φH < 0 follows from 2̃x
crystal symmetry combined with the translation by a,
Sa, under which (Lx

1 , L
y
1) → (Lx

2 ,−Ly
2). In this case, hor-

izontal valleys appear in the potential energy landscape
instead of the vertical ones cf. Fig. 3(d-f). Accordingly,
L2 at the negative magic angle, φH = −10◦, rotates in
the direction opposite to the rotation direction of L1 at
φH = +10◦. The rotation direction is unchanged un-
der the magnetic field reversal (L1,2 is invariant under T
combined with Sa, whereas H changes sign), and under
the combined reversal of L1 and L2. Hence, no anti-
ferromagnetic domain selection by magnetoelectric cool-
ing is required for the unidirectional circular switching of
spins, and all protocols shown in Fig. 4(a) of the main
text lead to the same result. At φH = ±20◦, both Néel
vectors toggle between two directions in such a way that
the angle between them and, hence, the electric polar-
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ization changes very little, as indicated in Fig. 4(b,f) of
the main text. On the other hand, at φH = 0◦, L1 and
L2 tilt in opposite directions. The resulting large vari-
ation of the angle between these two vectors gives rise
to the two-state switching with the polarization rever-
sal, as seen in Fig. 4(d) of the main text. This suggests
that small-amplitude relative rotation of L1 and L2 is
an electromagnon mode that could be excited by oscil-
lating Ha or Eb. The full-circle rotation of L1 occurs in
the crossover region between the two toggling regimes, as
shown in Fig. 4(c,e) of the main text.

To clarify the relative importance of various interac-
tions for the four-state switching, their contributions are
plotted in Extended Data Fig. 4(b) of the Methods sec-
tion, with accompanying discussion.

Extended Data Figure 2. Switching with modified model
parameters. (a-c) Evolution of electric polarization Pb dur-
ing the magnetic field sweep cycle for various magnetic field
orientations. In each panel, the changes of the curve color
from red to blue indicate the progression of the sweep cycle.
The four-state switching is seen for the field at the magic
orientation. The insets indicate the corresponding switch-
ing paths and winding numbers. (d-f) Trajectories (in white)
of AFM order parameter orientations (φL1 , φL2) through the
field sweep cycles in different regimes. The color map shows
the energy landscape at an intermediate field H∗.

Having modelled the topologically protected switching
in GdMn2O5 with all its complexity, one may wonder
what the minimal requirements are to have a similar be-
havior where spins make a full 360◦ rotate when the ap-
plied field, while oscillating in magnitude, always points
in one direction. As seen in Fig. 3 of the main text, spins
in the chain most parallel to the applied field perform
the full rotation, while those in another chain merely tog-
gle around their initial orientation. Gd moments mostly
follow the behavior of the chain they are most strongly
coupled to. This warrants an attempt to explain the ob-
served behavior using only a single Mn chain, with Gd
spins, coupled to it via v1. In the particular case where
the magic angle is along φH = +10◦, we keep L1, S2,

Extended Data Figure 3. Simplified single chain model.
The crankshaft behavior can be reproduced within the model
that only involves the single AFM chain (purple ions), coupled
to Gd ions S3 and S6 (indicated by the dashed rectangle).

S3, S6 and S7 as the variables in the model. We also
neglect the easy axis anisotropy of Gd spins. This leaves
us with the following Hamiltonian, combining two parts,
one with the dipolar terms Hdip and another with all the
other terms H ′:

H = H ′ +Hdip (2)

H ′ = v1(S2 + S3 − (S6 + S7)) · L1

− gμb(S2 + S3 + S6 + S7) ·H
+KL(L1 · n)2

Hdip =
1

2
(gμB)

2
∑
i �=j

(
Si · Sj

r3ij
− 3

(Si · rij)(Sj · rij)
r5ij

)
.

Using the symmetry, we set S2 = S3 and S6 = S7 (see
Extended Data Fig. 3), and, keeping only the nearest-
neighbor magnetodipolar terms, we arrive to

H ′ = 2v1(S3 − S6) · L1 − 2gμb(S3 + S6) ·H (3)

+KL(L1 · n)2

Hdip = (gμB)
2

(
S3 · S6

r336
− 3

(S3 · r36)(S6 · r36)
r536

)
,

as a minimal model that still demonstrates the
crankshaft-like behavior.
Turning to the evolution of the energy contributions

during the field sweeps, shown in Extended Data Fig. 4,
we can observe that, although the transitions between the
low-field states, 1 and 3, and the high-field states, 2 and
4, have the appearance of spin-flop transition in the Mn
magnetic subsystem, the largest energy decrease in the
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high-field states is associated with the Zeeman energy of
Gd spins, which comes mostly at the expense of the Gd-
Mn exchange energy. The energy of Mn spins actually
increases at the transition to the high-field state, whereas
at the Mn spin-flop transition the opposite should occur.
Artificially changing the strength of dipole-dipole inter-
actions leads to a shift of the magic angle region, as shown
in Extended Data Fig. 1.
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Extended Data Figure 4. (a) Exchange interactions between Gd ions and neighboring AFM Mn chains (v1,2). Easy axes for
L1,2 coincide with the longer zigzag segments; for Gd – with blue lines indicating v1 exchange. (b) Field dependence of energy
contributions: magnetodipolar interactions, Gd-Mn exchange, Zeeman energy of Gd spins and energy of AFMally ordered Mn
spins, for the field pointing at 10◦ to the a axis. (c) Spin configuration in state 2 and in the states, corresponding to the saddle
points at the barriers toward the neighboring minima at H = H∗ (states and color coding for spins is indicated in the inset).
The numbers in blue show the field projections of magnetization difference of Gd and Mn ions in the saddle point states. The
difference of magnetization components along the field in two saddle point states results in the asymmetric barrier evolution
when the field is varied.

Extended Data Figure 5. The spin configurations corresponding to the four states. Gd ions are shown in green while Mn ions
are in purple. The blue lines indicate the antiferromagnetic zigzag chains.


