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SPECIAL TOPIC — Multiferroicity and multicaloric effects

Design of magnetoelectric coupling in ferroelectric metal
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Ferroelectricity and metallicity have traditionally been considered difficult to coexist until the experimental discovery
of the polar metal LiOsO3 in 2013. Polar metallic materials offer new opportunities for the development of nonvolatile
memory. However, simultaneously achieving ferroelectricity, magnetic order, and their strong coupling in a single-phase
material remains a challenge. To address this, by using a combination of first-principles calculations and magnetic space
group symmetry analysis, we establish a design principle to find magnetoelectric (ME) multiferroics. Our results show
that the (CrSb),,/(BiSb),, superlattice with altermagnetic CrSb and ferroelectric BiSb can have ferroelectric and magnetic
orders and metallicity. Furthermore, the switching of the polarization can effectively control the weak ferromagnetism in
the superlattices, in which the strength of this ME coupling is correlated with the magnitude of the induced polarization in
the CrSb layers. Our research provides a material design route for exploring multiferroics with ME coupling.

Keywords: magnetoelectric effects and multiferroics, electron density of states, density functional theory cal-

culations
PACS: 75.85.+t,71.20.-b, 71.15.Mb
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1. Introduction

Ferroelectric metals — a class of materials combining
ferroelectric order and metallicity — have attracted much at-
tention in recent years. However, for a long time, it was be-
lieved that ferroelectricity and metallicity could not coexist in
the same material, primarily because the presence of conduc-
tion electrons in metals would screen any internal electric po-
larization, thereby suppressing ferroelectric behavior. Quan-
tum physics supports this view and demonstrates that non-
local electrons can give rise to static macroscopic polariza-
tion phenomena. '3 This long-standing assumption was chal-
lenged in 1965, when Anderson and Blount first proposed the
concept of a “ferroelectric metal”. They theorized that cer-
tain martensitic transformations involving the breaking of in-
version symmetry could give rise to the emergence of electric
polarization.!*! Research was stagnant for nearly four decades
until CdyRe>O7 was proposed as a promising candidate.>! Al-
though it was later characterized as a piezoelectric (i.e., non-
centrosymmetric but nonpolar) metal,[®! it revitalized the ac-
tivities in this field and led to the proposal of many other mech-
anisms and candidate materials.["° In 2013, a breakthrough

was made; Shi er al. reported that a similar ferroelectric-

like structural phase transition existed in the metal LiOsO3. %]
Their study provided the first experimental evidence confirm-
ing the existence of ferroelectric metals, serving as a clear and
compelling realization of Anderson and Blount’s earlier hy-
pothesis and marking the beginning of a new research direc-

tion. In 2014, Xiang revealed the origin of the ferroelectric-
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like phase transition in metallic LiOsO3 by performing com-
prehensive DFT calculations and an effective Hamiltonian
study. Xiang showed the possible existence of a new class
of ferroelectric metal in which the same cation is responsible
for both metallicity and ferroelectric-like instability.['!] In the
same year, Puggioni and Rondinelli presented a microscopic
understanding of a noncentrosymmetric metal (NCSM), lead-
ing to a design principle for the theoretical prediction of a polar
NCSM transition metal oxide (Sr,Ca)Ru;Og. Meanwhile, they
demonstrated that (Sr,Ca)Ru,Og exhibits anisotropic Seebeck
coefficients derived from its polar structure.[!?]

Subsequently, the field witnessed several important find-
ings. In 2016, Kim et al. identified NdNiO3 as another fer-
roelectric metal, establishing a new pathway for discovering
such materials in correlated oxide systems.!'3] A major ad-
vancement came in 2018, when Fei et al. observed switch-
able out-of-plane electric polarization in bilayer and trilayer
WTe,.!"¥] Thereafter, Sharma et al. discovered that native
metallicity and ferroelectricity coexist in bulk crystalline van
der Waals WTe,. They showed that WTe; has switchable
spontaneous polarization and a natural ferroelectric domain
structure at room temperature.!'>! These findings represented
the experimental demonstration of the coexistence of ferro-
electricity and metallicity in a two-dimensional (2D) material,
opening the emerging subfield of 2D ferroelectric metals. In
the following year, Meng et al. reported the first ferroelectric
metal that exhibits ferromagnetism.!'®! In the same year, Lu
et al. theoretically demonstrated the existence of ferroelec-

© 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

077506-1


https://doi.org/10.1088/1674-1056/ae6173
https://cstr.cn/32038.14.CPB.ae6173
mailto:xuezenglu@seu.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 35, 077506 (2026)

tricity in ultrathin LiOsOs films, providing a theoretical basis
for the experimental conclusion.!!”l In 2020, Markovi¢ et al.
discovered a ferroelectric metallic phase in the Ruddlesden—
Popper (RP) oxide CazRu, 07, which exhibits a complex inter-
play among metallicity, polar structure, magnetism, and strong
electron correlations. '8! This system has been regarded as a
promising platform for studying ME coupling effects. Later,
many studies were conducted on CazRu,07.19-?! For exam-
ple, Lei et al. reported the first experimental observation of
polar domain microstructures in Ca3Ru,07.123! In addition to
these landmark studies, several other experimental findings
have further enriched the field. All these discoveries under-
score the diversity and growing significance of ferroelectric
metals in both scientific and technological aspects.

Zhang et al. proposed using oxygen polyhedra as funda-
mental units for modulating material properties.?*! Through
atomic-scale manipulation of oxygen vacancy ordering, they
successfully synthesized a new functional oxide with a quasi-
two-dimensional structure (Ca3zCo30g). This material has rich
novel properties, such as nonreciprocal resistivity and topo-
logical spin textures. However, in this system, modifications
in the ferroelectric order still did not induce corresponding
changes in magnetic properties, indicating the absence of ME
coupling.

So far, the key challenge is how to further explore cou-
pling between ferroelectric order and magnetic properties —
along with other novel quantum phenomena — in ferroelec-
tric metallic materials, ultimately enabling the design of non-
volatile information storage devices based on such systems.
To address this challenge, Luo ef al. proposed the concept of
2D hyperferroelectric metals and showed that they can be used
to design 2D FM-FE multiferroics.*>! He et al. demonstrated
a controllable metal—insulator transition, Rashba—Dresselhaus
spin splitting effect, and Weyl semimetallic state by applying
an electric field in the experimentally available charge-ordered
oxide Ag,BiOj; using first-principles calculations.*%! In 2026,
Zhou et al. successfully synthesized a double-layered RP per-
ovskite cobaltate (Sr3Co,07), with intertwined polarity, an-
tiferromagnetism, and metallicity.””’! In our study, we have
developed a design principle to achieve strong ME coupling
in multiferroics. We have identified that the (CrSb),,/(BiSb),,
superlattices can have ferroelectric and magnetic orders and
metallicity, where m and n denote the number of unit cells of
altermagnetic CrSb and ferroelectric BiSb materials, respec-
tively. Our results further demonstrate that within these super-
lattices, polarization switching can effectively modulate weak
ferromagnetic behavior. Moreover, the strength of polariza-
tion is positively correlated with the extent of modulation in
wEM: the stronger the polarization, the more pronounced the
magnetic changes induced by polarization reversal.

2. Methods

We performed our first-principles calculations using den-
sity functional theory (DFT), as implemented in the Vienna
Ab initio Simulation Package (VASP).[28:29] The electron—ion
interactions were modeled with the projector augmented wave
(PAW) method,®% and the Perdew—Burke—Ernzerhof (PBE)
functional ®!! was used for the exchange—correlation inter-
action. To describe the strong electron correlations in the
Cr 3d orbitals, the DFT plus Hubbard U approach was used
with the simplified rotationally invariant method.*?! An ef-
fective on-site Coulomb parameter U = 0.25 eV 3] was ap-
plied exclusively to Cr atoms. A plane-wave kinetic energy
cutoff of 400 eV was adopted. The geometry optimization
and static self-consistent calculations used a gamma-centered
k-point mesh of 5 x5 x 1 for all the superlattices. In our
calculations, the force and electronic self-consistent conver-
gence was achieved when the energy differences were less
than 1 x 107® eV and the force components were smaller than
0.01 eV/A. The polarization was computed by adopting a point
charge model because of the invalid application of the Born ef-
fective charge model or Berry phase method to polar metals,
in which the changes in the ionic displacements between the
up-polarized and down-polarized states are multiplied by the

nominal valence charges of the ions.*

3. Results and discussion

We begin by elucidating the design principles for realiz-
ing ME coupling. As illustrated in Fig. 1(a), our theory im-
poses the following two essential requirements on the space-
group symmetry of magnetic materials. (1) The magnetic
atoms occupied by spin-up and spin-down states must not be
related by translational symmetry. (2) Any symmetries be-
tween the antiferromagnetic (AFM) sublattices must be bro-
ken under an external electric field. Our theoretical frame-
work does not require the inclusion of spin—orbit coupling
(SOC); instead, the emergence of weak magnetism in the sys-
tem originates from symmetry breaking between spin-up and
spin-down sublattices.

To make the ME coupling nonvolatile, we need to con-
struct a structure combining ferroelectric materials with AFM
materials, instead of using an electric field, to break the sym-
metry between the antiparallel spins. Here, we choose the fer-
roelectric material BiSb and the altermagnetic material CrSb

BiSb is a conventional
35,36

to elucidate our design principle.

! whereas the
[33,37,38]

ferroelectric material with R3m symmetry,|
CrSb ground-state structure has P63 /mmc symmetry.
The altermagnetic CrSb naturally meets criterion 1, as there
is no translational symmetry between the antiparallel spins.
The altermagnetic feature of CrSb, that is, nonrelativistic
spin splitting in the band structure, has been demonstrated
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in previous studies!***’*! and was also computed in our
study (supplementary Fig. S1). This feature is distinct from
that of conventional AFM materials because of their spin-
opposite sublattices linked by real-space rotation or mirror
symmetries, 33373840411 quch as {C2| 201| 0 0 1/2}, {C2]
600; | 00 172}, {C2] 65, | 00 172}, {C2] 21-10 | 0 0 1/2},
{C2] 2120 [ 00 172}, {C2] 2219 | 0 0 1/2}, {moo1 | 0 0 1/2},
{C2] ~650y 1 0.0 12}, {C2 ~ 63y [ 0.0 12}, {C2mi 10| 0
0 1/2}, {C2|m120 | 00 1/2}, and {C2\m210 ‘ 00 1/2} in bulk
CrSb. These characteristics lead to spin splitting in the band

structure even in the absence of SOC effects.[4247]
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Fig. 1. (a) Illustration of symmetry breaking between the magnetic atoms
occupied by antiparallel spins by applying an electric field. (b) Superlattice
structure composed of ferroelectric material BiSb and altermagnetic material
CrSb. Red arrows indicate the spin directions of the Cr atoms.

When combining CrSb and BiSb in a superlattice, we
find that the symmetries of CrSb and BiSb in their slab

structures are both reduced to P3ml without structural re-
laxation. After relaxation of the in-plane lattices and atomic
positions, the slab structures of CrSb and BiSb adopt the
P3m1 and P3m1 symmetries, respectively. In P3m1, the sym-
metries connecting the antiparallel spins are {C2|2;19 |0},
{C2]2100 0}, {C2[2010 0 }, {C2| —1]0}, {C2| 3§, [0},
and {C2| -3, |0}. Thus, altermagnetic spin ordering is ab-
sent in the P3m1 structure of CrSb because of the existence of
{C2| — 1|0}. However, application of an electric field along
the [001] direction (Fig. 1(a)) can break all the symmetries be-
tween the antiparallel spins in P3m1, thereby satisfying the
second criterion as mentioned above. Consequently, in the
CrSb/BiSb superlattice, the polarization of BiSb should induce
a net wFM in the CrSb component.

@ (CrSb),/(BiSb)4 (CrSb)s/(BiSb),
a
0.02 0.03
Z 001 / &
> = 0.02
?E) 0 F.zgl/ %E)
& 001 Boo01
2 2
* 00 0= e A
0.03 ¢
Switching path Switching path
AP (e:A) P(T
O my apes pn 00 00 L
Layer 3
Layer 4
>
CrSb
Layer 1
Layer 2

Fig. 2. (a) Computed energy barrier between P(1) and P(]) for the
(CrSb),/(BiSb)4 and (CrSb)s/(BiSb)4 superlattices. (b) Structures with
opposite polarizations of (CrSb),/(BiSb)s. (c) Structures with opposite
polarizations of (CrSb)s/(BiSb)4.

Table 1. Changes in polarization between states with opposite polarizations of the investigated superlattices.

Superlattice |APx| (uC/em?)  |APy| (uClcm?)  |APz| (WClem?)  |APy| (WC/em?)  |APz| per CrSb layer (e-A)
(CrSb)/(BiSb)4 0.038 0.057 0.278 0.286 0.0003
(CrSb),/(BiSb), 0.169 0.245 16.159 16.161 0.0045
(CrSb)s/(BiSb)4 1.386 0.156 8.435 8.549 0.0004

Next, we performed first-principles calculations on these
superlattice systems to determine their ground-state structures.
The results show that the relaxation of the CrSb/BiSb su-
perlattice with the initial P3m1 and P3m1 symmetries in the
CrSb and BiSb components, respectively, led to Cm struc-
tures for our studied superlattice periods, i.e., (CrSb);/(BiSb)a,
(CrSb),/(BiSb)4, and (CrSb)s/(BiSb),4. Furthermore, in our
climbing nudged elastic band (NEB) calculations, two sta-

ble polar states with Cm symmetries were demonstrated, as
shown in Fig. 2 for (CrSb),/(BiSb)4 and (CrSb)s/(BiSb)4. The
computed changes in polarization between the bipolar states
ranged from 8.549 uC/cm” to 16.161 pC/cm?® by varying
the period of the CrSb component (Table 1). In addition,
the switching barrier in the superlattices was smaller than
that in the bulk BiSb, which had a barrier of 2.079 meV/A3
(supplementary Fig. S2). The asymmetric bipolar states in
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(CrSb),/(BiSb)4 can be attributed to the asymmetric magnetic
states arising from symmetry breaking among the antiparal-
lel spins, as discussed below. The energy differences became
negligible in (CrSb)s/(BiSb)4 because the magnetic states be-
tween the bipolar states were not changed as much as those in
(CrSb),/(BiSb)y.

Figure 3 presents the density of states (DOS) for
(CrSb),/(BiSb)s and (CrSb)s/(BiSb)4, revealing that both
superlattices exhibit metallic behavior originating primarily
from the Bi-p, Sb-p, and Cr-d orbitals. These systems can
therefore be classified as polar metals, in which polar order
and metallicity coexist in a single phase. Although switchable
polar order in a metal phase, which is referred to as a ferroelec-
tric metal, has rarely been reported, tip-pressure-induced strain
gradients and femtosecond techniques can be used to control
the polar order, thereby realizing magnetoelectric coupling in
polar metals.!”*! As shown in Fig. 4, the layer-resolved DOS
indicates that the BiSb components adopted a polar character,
in contrast to their bulk semiconductor form. Moreover, one
side of the BiSb component exhibited a higher electron con-
centration at the Fermi level than the other. This resulted in
an asymmetric variation in the layer-resolved polarization of
BiSb, which increased with greater electron concentration at
the Fermi level. Such an asymmetric polarization change may
further stabilize the polar state in the metallic CrSb/BiSb su-
perlattices, suggesting that metallicity helps sustain the polar

(CrShb)s/(BiSb)4-P(1)
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Fig. 3.
(CrSb),/(BiSb)4-P(1).

(a) Computed DOS for (CrSb)s/(BiSb)4-P(1) and (CrSb)s/(BiSb)4-P({).

ground state within the BiSb layers. Thus, two main effects
contribute to the asymmetric layer-resolved polarization: (1)
metallicity promotes the stabilization of the polar mode, and
(2) the interface with centrosymmetric CrSb reduces the po-
lar displacement. Finally, a modest polarization was also ob-
served in the CrSb layers. Although small, this polarization
played a critical role in breaking symmetry between antiparal-
lel spins, ultimately leading to a net weak ferromagnetic order
even in the absence of spin—orbit coupling. These findings
are consistent with our earlier symmetry analysis. In the mag-
netic calculations, a Néel spin ordering was adopted as in bulk
CrSb. Because of the symmetry breaking between the AFM
sublattices, there was wFEM (Table 1). This induced wFM was
proportional to the changes in polarization in the CrSb lay-
ers between the bipolar states. For example, (CrSb),/(BiSb)4
exhibited the largest polarization changes, thus leading to the
largest change in wFM in the CrSb layers between the bipolar
states (Table 2 and Figs. 2(b) and 2(c)). The (CrSb),/(BiSb)4
and (CrSb)s/(BiSb)4 superlattices had similar polar displace-
ments in the CrSb layers, but the induced wFM distribution in
the (CrSb)s/(BiSb)4 superlattice was more symmetric than that
in the (CrSb)/(BiSb)4 superlattice. This led to a different total
wFM in the CrSb layers between the two superlattices, despite
their similar polar displacements. Thus, a thicker CrSb layer
may require a larger polar displacement to induce an asymmet-
ric change in wFM compared to a thinner CrSb layer (Fig. 5).
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Fig. 4. Layer-resolved DOS for down-polar and up-polar states of the 2:4 and 5:4 superlattices. The CrSb and BiSb layers are shown in Fig. 2.

Table 2. Changes in wFM along the principal AFM vector in the studied superlattices when changing the polarization, with projections
of the magnetization onto the s, p, and d orbitals and the total magnetization.

Superlattice AM; (ug/Cr) AM,, (ug/Cr) AMy (ug/Cr) AMor (U/Cr)
(CrSb),/(BiSb)4 0 —-0.0005 -0.0025 -0.003
(CrSb),/(BiSb)4 0.00173 -0.02161 -0.00884 -0.02872
(CrSb)s/(BiSb)4 -0.00007 -0.00038 -0.00042 —-0.00087

2 0002 (CrSb)./(BiSb), ~ o0 (CrSb),/(BiSb), — oo0s (CrSb)s/(BiSb),
g g O
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@ 3 2
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Fig. 5. Changes in induced wFM as a function of layer position along the z direction in the 1:4, 2:4, and 5:4 superlattices between the P(]) and
P(7) states.

Table 3. Computed directions of MA and energy differences AE between duced. For example, wFM is 0.029 pip/Cr without SOC effects
spin orderings along the [001] direction and the in-plane easy axis. : pie, ’ B
and decreases to 0.005 ug/Cr when SOC effects are included.

Superlattice MA direction AE (meV/A3) .
(CiSb), /(BiSb)s P(T) 001 000101 The DFT+U+SOC calculations further showed that the com-
(CrSb),/(BiSb)4-P(1) 001 -0.00103 puted magnetic anisotropy (MA) of all the studied superlat-
(CrSb),/(BiSb)4-P(1) 001 -0.00579 tices lies along the [001] direction (Table 3). The magnetic
(CrSb),/(BiSb),-P({) 001 000454 space group symmetry is Cnt’, in which the mirror symmetry
(CrSb)s/(BiSb)4-P(1) 001 -0.00170 . .
(CrSb)s/(BiSb)s-P(1) 001 —0.00164 connects only parallel spins. Because the energy differences

between the [001] and in-plane easy-axis directions are very

By considering SOC effects in the structural relaxation  small, a spin-flop induced by a magnetic field along [001] may
and magnetic calculations of the (CrSb),/(BiSb)4 superlattice, tune the MA to be in-plane. When the MA is in-plane, a tun-

the changes in wFM due to a change in polarization are re- able nonreciprocal resistance may arise by changing the polar
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states, where the nonreciprocal resistance is proportional to
~ (P x M), where P and M represent polarization and mag-

(241 This occurs because a change in

netization, respectively.
polarization simultaneously changes the magnitude of M, re-
sulting in a change in nonreciprocal resistance as ~ (P x M).
Thus, a tunable nonreciprocal resistance driven by polariza-
tion may be realized in (CrSb),/(BiSb)4, which exhibits both

large polarization and sizable AM.

4. Conclusions

We have demonstrated a deterministic approach to
achieving strong ME coupling in a series of metallic multi-
ferroic superlattices. The design principle leverages symme-
try breaking between the AFM sublattices of the altermagnetic
CrSb exerted by the conventional ferroelectric BiSb. Our key
findings are as follows: (1) the designed (CrSb),,/(BiSb),, su-
perlattices exhibit bistable polar states with metallicity; and
(2) most importantly, the switching of the polarization effec-
tively modulates wFM in the superlattices, with the strength
of this ME coupling increasing as the polarization magni-
tude grows through variation of the CrSb components. These
results further confirm that the ME coupling in the super-
lattices is attributable to the symmetry breaking induced by
the ferroelectric BiSb component, which does not rely on
SOC. Our symmetry-breaking mechanism for designing ME
multiferroics may open a new avenue for discovering high-
performance ME materials by deliberately combining alter-
magnets with ferroelectrics.
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