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Sliding Ferroelectric Control of Unconventional Magnetism in Stacked Bilayers
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The control of unconventional magnetism, which displays ferromagnetismlike properties with
compensated magnetization, has drawn intense attention for advancing antiferromagnetic spintronics.
Here, through symmetry analysis, we propose a general stacking rule, characterized by a connection
operator linking two stacked bilayers, for controlling unconventional magnetism via sliding ferroelectricity.
Such a rule enables the simultaneous switching of both electric polarization and nonrelativistic spin
splitting or anomalous Hall effect in altermagnets, a class of collinear unconventional magnets. By
comprehensively surveying the 80 layer groups, we identify all the stacking orders that allow for such two
types of simultaneous switching. Furthermore, we extend the stacking rule to collinear compensated
ferrimagnets, where the opposite-spin sublattices are not connected by any symmetry operator, yet the net
magnetization remains zero. Combined with first-principles calculations, we demonstrate the sliding
ferroelectric control of spin polarization and anomalous Hall effect in the altermagnetic AgF, and
Fe,MoSe, bilayers. Our Letter provides a symmetry strategy for achieving ferroelectric control of
unconventional magnetism in bilayer systems and opens avenues for exploring new types of magneto-

*China Quantum Science Center of Guangdong-Hong Kong-Macao Greater Bay Area (Guangdong), Shenzhen 518045, China

electric coupling.

DOI: 10.1103/dmzg-ck2t

Introduction—Unconventional magnetism is broadly
characterized by compensated magnetization yet exhibiting
ferromagnetismlike properties, including spin splitting,
anomalous Hall effect (AHE), quantum geometry, topo-
logical magnons, etc. [1]. Recent advances in classifying
unconventional magnets according to spin-group symmetry
have expanded the current understanding of magnetism
[2-10]. A prominent example is altermagnetism, a type of
collinear antiferromagnetism (AFM) that displays nonrela-
tivistic spin splitting in momentum space [7,8,11-15]. The
spin splitting originates from the collinear magnetic order
rather than from relativistic spin-orbit coupling (SOC). Such
magnetic order-induced spin polarization enables various
spintronic applications, such as spin-polarized currents, spin-
to-charge conversion, spin torques, and magnetoresistance
[8,12,16-22]. Another representative category of unconven-
tional magnetism is the AFM exhibiting the AHE [23-28],
which enables the electrical readout of the magnetic state. In
collinear and coplanar AFMs, the occurrence of the AHE
necessarily requires SOC, while for noncoplanar AFM, it can
originate solely from the magnetic order [29].
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In AFM memories, controlling the two key properties of
unconventional magnetism (i.e., spin splitting and AHE),
typically by means of manipulating AFM moments by a
spin torque, opens new possibilities for information writing
[30,31]. While dissipationless spin-orbit torque can be
driven by an in-plane electric field [32-34], manipulating
AFM moments usually suffers from large energy dissipa-
tion as spin torque requires electric current in most cases
[31,35-39]. Alternatively, sliding ferroelectricity provides
an energy-efficient way [40] for controlling unconventional
magnetism through a gate voltage, e.g., switching the spin
polarization in altermagnets [41]. Stacking has been pre-
viously demonstrated as an effective approach for inducing
either sliding ferroelectricity or altermagnetism in a wide
range of two-dimensional (2D) materials [42-48]. However,
a universal and efficient strategy for designing materials
with coupled sliding ferroelectricity and multiple facets of
unconventional magnetism is still lacking.

In this Letter, we propose a general symmetry rule
for controlling unconventional magnetism via sliding ferro-
electricity in bilayer systems. Such a symmetry rule can
easily predict whether electric polarization and unconven-
tional magnetism are coupled in stacked bilayers, based
solely on the crystallographic layer group of their constituent
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monolayers, the stacking operations and magnetic configu-
rations of the bilayers. Combined with first-principles cal-
culations, we demonstrate that in altermagnetic bilayer AgF,,
spin polarization and AHE can be independently controlled
via sliding ferroelectricity. In contrast, simultaneous control
of both spin polarization and AHE is achieved in altermag-
netic bilayer Fe,MoSe, and compensated ferrimagnetic
bilayer Crl;. Such simultaneous control provides an effective
route to detect spin polarization switching through AHE
measurements.

Symmetry rules for sliding ferroelectricity—For stacked
bilayers, the existence of spontaneous electric polarization
or unconventional magnetism is theoretically governed by
their symmetries established on different group frameworks
[43,46,49-52]. The switching of these properties between
two bilayer configurations is determined by an operator that
connects them [14,53-55], referred to as the connection
operator. Obviously, the connection operator determines
the coupling of ferroelectricity and unconventional magnet-
ism. Based on these symmetry rules, we identify ferro-
electric bilayers that can control unconventional magnetism
as follows.

We first screen all the stacked bilayers with sliding
ferroelectricity across all 80 layer groups. A bilayer system
(B) consisting of a bottom layer (S) and a top layer (S’) can
be expressed as B =S + §' = S + OS, where O = {O]¢t,}
is a stacking operator transforming S into S’ [43]. Here, O
is the rotational part, and ¢, is the translational part. A
stacking operator 9] specifies a stacking order. We then
consider a ferroelectric bilayer with the same lateral unit
cell size as its constituent monolayers, possessing an
out-of-plane electric polarization component(P). The sym-
metry operator (R) of a bilayer system and the connection
operator (N) between two bilayer systems [see Fig. 1(a)]
can be divided into two classes, O~ and O (O = R, N),
which can and cannot reverse P, respectively. For each
layer group of the constituent monolayer, we identify all the
stacking orders with only Rt symmetries that permit P [43].
Then, we further screen those with switchable P through
interlayer sliding (i.e., sliding ferroelectricity). For two
bilayer configurations, opposite P requires a connection
operator N = N, as shown in Fig. 1. By solving the equation
set for N~ across 80 layer groups, we identify all the stacking
orders with switchable P, as detailed in Supplemental
Material, Sec. I [56]. Table I presents an example for layer
groups No. 14-18 of the monolayer. A bilayer permits P
when stacked with O = my,, and¢, along the high symmetry
line GB or CA. P can be switched when changing the
stacking order from ¢, to —N7t, + ¢, through interlayer
sliding, where #, represents the pure translational symmetry
of the constituent monolayer.

Sliding ferroelectric control of spin polarization—
Having obtained all stacked bilayers with switchable P,
we turn to identify those with coupled ferroelectricity and
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FIG. 1. Schematic diagrams of (a) configurations (upper) and
bands (lower), (b) configurations (upper) and Berry curvatures
(lower) of ferroelectric altermagnetic bilayers. The red and blue
colors of arrows (lines) denote the opposite magnetic moments
(spins). The black arrow denotes P. For the two stacked bilayers
in (a) or (b), one can be transformed into the other through
interlayer sliding. The sliding is equivalent to applying a N~
transformation, which maps the top (bottom) layer of one bilayer
to the bottom (top) layer of the other. The solid circles in gray
dotted line boxes denote atoms connected by N~, which have
opposite spins in (a) while the same spin in (b).

unconventional magnetism. We first consider ferroelectric
control of spin polarization in altermagnets. For 2D alter-
magnets, the symmetry R, that connects two sublattices with
opposite spins, cannot be a translation ¢, inversion 1, rotation
2001, Or any of their combinations [42,57,82]. Because the
considered ferroelectric bilayer contains only R symmetry,
the requirement is reduced to R not being ¢, 20, or their
combinations. For example, altermagnetism is allowed in
the ferroelectric bilayer with layer group pb11 (see Table I).
Thus, we identify all the stacking orders allowing for
altermagnetism from screened ferroelectric bilayers, as
highlighted in Supplemental Material, Tables S1-S3 [56].
Itis worth noting that the ferroelectric altermagnetic bilayers
discussed here are fundamentally different from previously
reported altermagnetic bilayers with R = R~ (e.g., A-type
AFM) [45-47], where R~ enforces a vanishing P. In
contrast, the R symmetry in a bilayer system considered
here originates from the constituent monolayer, a collinear
antiferromagnet with different sublattices connected by R™.

Then, we further identify the ferroelectric altermagnetic
bilayers with switchable spin polarization. We introduce
the connection operator N, [Fig. 1(a)], which is an operator
of the spin space group [3.4,6,7,9]. The interlayer magnetic
coupling includes two types: the Néel vectors of the two
constituent monolayers are aligned in the opposite or the
same direction [Figs. 1(a) and 1(b)]. We assume that the
collinear magnetic moment of each ion remains unchanged
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TABLEI. Stacking configuration of layer groups No. 14-18 for
the sliding ferroelectric control of spin polarization and AHE.
Gs(Gp) denotes the layer group of the monolayer (bilayer);
p2/mlland p2,/mll in Gg correspond to pm11in Gg, p2/bl11
and p2,/b11 in Gg correspond to pb11in Gg, and ¢2/ml11 in Gg
corresponds to cm11 in Gp. t, is represented by high symmetry
lines GB and CA in the rectangular lattice, with G = (0,0),
A= (%,0), B= (0,%), and C = (%,%) For N;(N;,), only the
operators capable of switching the spin polarization (AHE) are
listed. The candidate monolayers are screened from Ref. [57].

Gs (No) {olt,} Gy N Ny N, Candidates
p2/m11(14)
p21/m11(15) pmll ,

moor {21 |lmoo1} mpg;  AgF,, RuF,,
p2/b11(16)  {mg,|GB, CA} pbll 2001 {{1L||||2 Ooi} 2001 5]:2 O:F4
p2,/b11(17) emll 010 010 010 4 A
c2/m11(18)

under interlayer sliding. Consequently, for the two atoms
with opposite spins connected by N~ [Fig. 1(a)], considering
spin rotation, they are connected by N5, where the rotational
part is given by Ny = {2, ||[N~}. Here, the 2, indicates a
twofold spin rotation along the axis perpendicular to the
collinear magnetic moments. Under Ny = {2, ||[N~} oper-
ation, the spin polarization distribution with respect to
the momentum s'(k) transforms into s"(k) = N;s'(k) =
—s'[(N~)~'k], where the superscripts I and IT denote the two
ferroelectric states connected by N7 Taking N~ = myq; as
an example, since (mgy, )~k = k for any k point, the spin
polarization across the entire Brillouin zone can be reversed
under ferroelectric switching, i.e., s" (k) = —s'(k), as shown
in Fig. I(a) and Table I. Consequently, the connection
operator Ny, which depends on N~ and the type of interlayer
magnetic coupling, determines the spin polarization reversal.
We find that for all the ferroelectric altermagnetic bilayers
connected by N~ screened above, at least one type of
interlayer magnetic coupling enables spin polarization rever-
sal under ferroelectric switching.

Sliding ferroelectric control of anomalous Hall effect—
Now, we discuss the ferroelectric control of another facet of
unconventional magnetism, i.e., AHE in AFM. Distinct
from spin splitting, the symmetry requirement for AHE in
2D systems is that the sign of Berry curvature (€2) remains
unchanged under any symmetry operation. We consider
AHE in 2D altermagnets, indicating the necessity of SOC
and the framework of magnetic group, a specific subgroup
of spin group. To achieve AHE in antiferromagnets with
symmetry-enforced zero magnetization, the magnetic con-
figuration must not align along the out-of-plane direction,
otherwise the symmetry operations connecting the oppo-
site-spin sublattices will reverse the sign of Berry curvature
and thus enforce a zero anomalous Hall conductivity [83].
We consider the in-plane magnetic configuration. Because
2001 symmetry of a 2D altermagnet connects only the
same-spin sublattice, it will result in a 2{,,, symmetry in the

magnetic point group for the in-plane configuration,
leading to a vanishing AHE. Hence, any altermagnetic
bilayers with 2y, point-group symmetry should be ruled
out. We screen all the stacking orders permitting AHE
from the ferroelectric altermagnetic bilayers, as high-
lighted in Supplemental Material, Tables S1-S3 [56].

We further identify ferroelectric altermagnetic bilayers
with controllable AHE, which requires a sign reversal of
Berry curvature under ferroelectric switching [see Fig. 1(b)].
When considering SOC, the connection operator belongs to
magnetic space groups and is denoted as N;,. The collinear
in-plane magnetic configuration imposes a constraint that
Nr_n (S {mom s m60] N 2(1, 2:1}, indicating that N~ € {m()()l, 2(1},
where 2, denotes a twofold rotation with the rotational axis
along the in-plane a direction. The sign reversal of Berry
curvature requires N;, € {mjy,,2,} (see Table I). This
condition can be satisfied for all the above-screened ferro-
electric altermagnetic bilayers with AHE under an appro-
priate magnetic configuration. Specifically, N;, = m(,
requires that the two atoms connected by N~ = m; have
the same spin [see Fig. 1(b)]. On the other hand, N;, = 2,
requires the two atoms connected by N~ = 2, have the same
(opposite) spins when the spin is parallel (perpendicular) to
the rotational axis of 2,,.

It is worth noting that AHE switching is not necessarily
accompanied by a spin polarization switching in momen-
tum space. According to our symmetry rules, for the
stacking orders connected only by N~ =2, AHE and
spin polarization can be switched simultaneously under
ferroelectric switching. We mark all the stacking orders that
allow for a simultaneous ferroelectric switching of both
AHE and spin polarization, as highlighted in Supplemental
Material, Tables S1-S3 [56].

Sliding ferroelectric control of unconventional magnetism
in altermagnetic bilayer AgF, and Fe;MoSe,—We now
apply the above symmetry analysis to realistic materials.
Monolayer candidate materials that enable ferroelectric
control of spin polarization and AHE via bilayer stacking,
including AgF, [57], MF, M =V, Ru, Os) [57],
V,CIBrl,0, [57], Fe,MX, (M = Mo, W; X =S, Se, Te)
[58], MnPSe; [59], and FeBr; [57], are listed in Table I
and Supplemental Material, Tables S1-S3 [56]. Among
these, stacked bilayer AgF,, MF, (M =V, Ru, Os), and
V,CIBrl,0, allow for the ferroelectric control of spin
polarization or AHE independently, whereas the others
enable the ferroelectric simultaneous control of both spin
polarization and AHE. We take two representative mono-
layers, AgF, and Fe,MoSe,, as illustrative examples.

The bulk phase of AgF, has been synthesized experi-
mentally [84,85]. Monolayer AgF, is a d-wave altermagnetic
candidate with the crystallographic layer group p2,/bl11
(No. 17) [17,57]. The sublattices with opposite spins are
connected by symmetries {mo|3.5} and {20|3.3}.
Although ferroelectricity is prohibited in monolayer AgF,
due to the inversion symmetry, according to Table I, a bilayer
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configuration allows for ferroelectric control of spin polari-
zation or AHE independently when it is stacked with O =
mgg, and £, along the high symmetry line GB or CA. We next
perform density functional theory (DFT) calculations on
bilayer AgF,. We denote B; and B, as bilayer configurations
which are stacked with O, = {mg, |(0.5,—0.16)} and O, =
{mgo1](0.5,0.16) }, respectively [see insets of Fig. 2(a) and
Supplemental Material, Fig. S1 [56]]. Their interlayer
magnetic coupling includes two types: type-I and type-II,
as shown in the insets of Figs. 2(b) and 2(c), respectively.
DFT calculations show that type-I is the magnetic ground
state, with an energy 0.26 meV/f.u. lower than that of
type-1I. The stacking breaks inversion symmetry and trans-
forms the layer group p2;/b11 of the monolayer into
pbl11 of the bilayer, inducing a polarization P in B(B,)
configuration [see Fig. 2(a)]. B| and B, are connected by
N~ = myy,, enforcing exactly opposite P with the same
amplitude (1.66 pC/m) for B; and B, configurations. The
energy barrier for the ferroelectric switching from B; to B,
is 17.1 meV/f.u.

In contrast to inversion symmetry breaking, stacking
preserves the {mjn|1.4} symmetry for B,(B,) and thus
inherits the altermagnetism, as shown in Fig. 2(b). The
maximal spin splitting is 51 meV for the two highest
occupied bands. B; and B, with the type-I magnetic
configuration are connected by Ny = {2, ||mgg; }, which
enforces them to have opposite k-dependent spin polar-
izations [Fig. 2(b)]. Therefore, the spin polarization can be
switched by sliding ferroelectricity in bilayer AgF,.

We next consider the SOC effect and discuss AHE in B
and B,. By comparing the energies of B, (B,) with the Néel
vector aligned along [100], [010], and [001] directions, we
find that the easy axis is along the [100] direction, as shown
in the inset of Fig. 2(b). B;(B,) has the magnetic point
group m’ = {1, m,}, which permits a nonzero anomalous
Hall conductivity o ,,. However, considering SOC, B and B,
are connected by N;,, = m;, which does not switch the sign
of Berry curvature and thus cannot switch the AHE.
Switching AHE requires N;, = m,,, which necessitates
tuning the magnetic state of B;(B,) to the type-II configu-
ration, as shown in the inset of Fig. 2(c). We take AgF,
bilayers under a 4% biaxial tensile strain as an example, and
denote B, and B,, as the bilayer B; and B, under strain,
respectively. For both By, and B,,, the type-II magnetic
configuration is the ground state (see Table S4 [56]). The easy
axis remains along the [100] direction. While the sliding
ferroelectricity is preserved under strain (see Fig. S2 [56]).
B, and B, exhibit opposite anomalous Hall conductivities
as their connection operator N;, = my,, reverses the sign of
Berry curvature [see Figs. 2(c) and S2 [56] ]. These results
indicate that the AHE can be controlled by the sliding
ferroelectricity in strained bilayer AgF,.

Similar to monolayer AgF,, monolayer Fe,MoSe, is also
an altermagnetic candidate with the layer group p42m
(No. 57) [58]. However, unlike AgF, bilayers connected by
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FIG. 2. (a) The energy barrier and the evolution of out-of-plane

polarization along the sliding path between AgF, bilayers B and
B,. The inset shows configurations of B, and B,. (b) The two
highest occupied bands of B; (left) and B, (right), calculated
without considering SOC. The red and blue colors denote
opposite spins. The Fermi level is set to zero. The left inset
shows the type-I magnetic configuration, where red and blue
arrows denote opposite magnetic moments. The right inset
displays the Brillouin zone, where the high symmetry points
Sy =(3.%) and S, = (—%.3). (¢) The anomalous Hall conduc-
tivities of By, and B,,, calculated with considering SOC. The
valence band maximum is set to zero. The inset shows the type-II
magnetic configuration, where red and blue arrows denote the
magnetic moment along [100] and [IOO] directions, respectively.

N~ = mygy;, Feo,MoSe, bilayers allow for being connected
only by N~ = 2,4, and thus enable spin polarization and
AHE to be simultaneously switched via sliding ferroelec-
tricity (see Supplemental Material, Table S2 [56]). We next
perform DFT calculations on bilayer Fe,MoSe,. As shown
in Fig. 3(a), we denote B; and B, as the two bilayer
Fe,MoSe, configurations which are stacked with O, =

{11¢. D} and O, = {1](=1.1)}, respectively. The stack-
ing transforms the layer group p42m of the monolayer into
pm11 of the bilayer, inducing a polarization P in B (B,)
configuration. B; and B, are connected by N~ = 2y,
enforcing exactly opposite P with the same amplitude
(0.14 pC/m) for them.

Figure 3(b) shows the same magnetic configuration
for B; and B,. In this magnetic configuration, they are
connected by Ny = {2,1]2,09} without considering SOC,
and by N;, = 2,90 when SOC is included. As shown in
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FIG. 3. (a) The configurations of Fe,MoSe, bilayers B; and B,.

(b) The same magnetic configurations of B; and B,. The red and
blue arrows denote the magnetic moment along [010] and [010]
directions, respectively. (c) The two lowest unoccupied bands of
B, and B,, calculated without considering SOC. The red and blue
colors denote opposite spins. The inset displays the Brillouin
zone. (d) The anomalous Hall conductivities of B; and B,,
calculated with considering SOC. The valence band maximum is
set to zero.

Fig. 3(c), Ny enforces that B; and B, exhibit opposite k-
dependent spin splitting with the maximal value of 39 meV
for the two lowest unoccupied bands. When SOC is
included, B; and B, exhibit opposite anomalous Hall
conductivities enforced by N,, =2¢, as shown in
Fig. 3(d). Therefore, unlike bilayer AgF,, both spin
polarization and AHE of bilayer Fe,MoSe, can be simul-
taneously switched via ferroelectric switching. Given that
AHE is more accessible to detect experimentally than spin
polarization [35], the simultaneous control of spin polari-
zation and AHE enables spin polarization switching to be
more observable.

Generalized stacking rule for compensated ferrimagnets—
We now generalize the stacking rule to collinear compen-
sated ferrimagnet (CFiM) [86-89]. Unlike altermagnets,
where zero net magnetization is enforced by symmetry,
collinear CFiMs exhibit zero net magnetization due to
appropriate electron filling in semiconducting or half-
metallic states. We focus on collinear CFiM bilayers,
which consist of two ferromagnetic monolayers with
opposite spins. Such CFiM are permitted for all stacking
orders that support sliding ferroelectricity, as listed in

Supplemental Material, Tables S1-S3 [56]. Interestingly,
in ferroelectric CFiM bilayers with out-of-plane magnetic
configurations, both spin polarization and AHE can be
simultaneously controlled via sliding ferroelectricity (see
the Appendix). Candidate materials include experimentally
synthesized monolayer Crl; [90], CrGeTe; [91], MnBi, Te,
[92,93], etc. Taking Crl; as an example, DFT calculations
demonstrate that spin polarization and AHE in CFiM
bilayer Crl; can be simultaneously switched via sliding
ferroelectricity (see details in Supplemental Material,
Sec. IV [56]).

Summary and discussion—Recent studies have pro-
posed electric control of spin polarization in altermag-
nets [94-96]. Reference [94] introduces gate-field
control of the spin degree of freedom in altermagnets
based on spin-valley-layer coupling. The spin control
relies on inducing opposite valley polarization, which
requires a constant electric field and is thus volatile.
Reference [95] has proposed controlling the existence of
altermagnetism through the phase transition between
antiferroelectric and ferroelectric states. Reference [96]
has proposed ferroelectric control of the sign of
spin polarization in altermagnets. Compared with these
studies, our Letter extends the range of electric control-
lable functionalities from spin polarization to AHE,
and, furthermore, the simultaneous control of both
spin polarization and AHE. Moreover, we generalize
the stacking rule beyond altermagnets to include another
type of unconventional magnets, i.e., collinear CFiMs.

In fact, the general rule is applicable not only to collinear
unconventional magnets (such as altermagnets and collin-
ear CFiMs), but also to noncollinear and noncoplanar ones.
Additionally, the rule can be extended beyond spin polari-
zation and AHE to other spin-dependent properties (e.g.,
magneto-optical effects) that can be switched by the
connection operator. Our Letter provides a general strategy
for designing unconventional multiferroic bilayer systems
and developing energy-efficient antiferromagnetic spin-
tronic devices.
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End Matter

Appendix: Generalized stacking rule for compensated
ferrimagnets—In a collinear compensated ferrimagnet
(CFiM), the opposite-spin sublattices are not connected
by any symmetry operator. We focus on collinear CFiM
bilayers, which consist of two ferromagnetic monolayers
with opposite spins. Since the two monolayers cannot
be connected by a symmetry, CFiM bilayers require
breaking R~ symmetry, and thus they are permitted for
all stacking orders that allow sliding ferroelectricity, as
listed in Supplemental Material, Tables S1-S3 [56]. For
two CFiM bilayers exhibiting sliding ferroelectricity, they
are connected by N~. Considering spin rotation, they are
connected by Ny ={2,|[N"} because the top and
bottom monolayers have opposite spins. Ny = {2, [N~}
enables switching of nonrelativistic spin polarization,

indicating that all considered CFiM bilayers can exhibit
sliding ferroelectric control of spin polarization.

We next consider the SOC effect and discuss the sliding
ferroelectric control of AHE in CFiM bilayers. Specifically,
we consider the ferroelectric CFiM bilayer with an out-of-
plane magnetic configuration, which can host AHE since
its symmetry permits the out-of-plane magnetization and
thus permits a nonzero Berry curvature. The AHE can be
switched under ferroelectric switching since the connection
operator N, can reverse the out-of-plane magnetization and
thus reverse the Berry curvature. Therefore, for all ferro-
electric CFiM bilayers with out-of-plane magnetic con-
figuration and stacking orders listed in Tables S1-S3 [56],
their spin polarization and AHE can be simultaneously
controlled via sliding ferroelectricity.
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