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Interlayer magnetoelectric coupling in van der Waals structures

Shigiang Yu, Yushuo Xu, Ying Dai,” Dongyue Sun, Baibiao Huang, and Wei Wei'
School of Physics, State Key Laboratory of Crystal Materials, Shandong University, Jinan 250100, China

® (Received 3 December 2023; accepted 23 February 2024; published 11 March 2024)

We propose a method to intrinsically realize the nonvolatile electrical control of noncollinear antiferromag-
netism, and translate our idea to concrete van der Waals VI, bilayers from the first-principles calculations. In
VI, bilayer systems, we unravel that the sliding ferroelectricity couples strongly to the spin spiral chirality of
each VI, monolayer, which we refer to as the spin spiral chirality—sliding ferroelectricity locking effect. In this
view, a flexibly electrical switch of the noncollinear antiferromagnetism can be realized via interlayer sliding.
Our work therefore opens a different direction for the study of type-II multiferroic materials in two dimensions.
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In recent years, a growing interest has been raised in
magnetoelectric multiferroics in two-dimensional (2D) ma-
terials, which combine magnetism and electric polarization
and present great significance in fundamental magnetoelec-
tric physics [1-4]. In light of the inherent repulsion between
ferroelectricity and magnetism, electric polarization and mag-
netic moment usually originate from different sources, thus
characterized by week magnetoelectric coupling and referred
to as type-I multiferroics [5-8]. In order to advance the in-
vestigations in the field of magnetoelectric physics, type-II
multiferroics with inherent magnetoelectric coupling has al-
ways been highly demanded. In a recent inspirational work,
ferromagnetic VSe, monolayer was demonstrated to be a
typical 2D type-II magnetoelectric multiferroics [9]. In par-
ticular, the coexistence and coupling of three ferroics in VSe;
monolayer were revealed, that is, the ferromagnetism, spin-
direction-dependent ferroelectricity, and ferrovalley. It was
highlighted that the strong magnetoelectric coupling in 2D
VSe, can enable the cross control of ferroic order parameters
by external fields.

It is of high interest that noncollinear antiferromagnetic
(AFM) order in 2D triangular lattices provides a straight-
forward way to obtain type-II magnetoelectric multiferroics
[10-12]. In such a lattice, noncollinear spin spiral order due to
the magnetic exchange frustration simultaneously breaks the
spatial inversion symmetry and the time-reversal symmetry,
triggering nondisplacive dipole moment and nonlinear inter-
action between magnetism and electric polarization [13,14].
In addition, noncollinear magnetic order endows 2D materials
with a different quantum state, i.e., the spin spiral chirality that
is in close relation with anomalous Hall conductivity [15,16].
In this view, effective control of the spin spiral chirality is of
paramount importance to the applications of the noncollinear
AFM materials. In previous investigations, various strategies
have been implemented for modulating the noncollinear AFM
state, such as applying magnetic field or spin-orbit torque
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induced by an electric current [17-19]. Nevertheless, these
approaches are plagued by volatility, high energy consump-
tion, and operational complexity. In this context, we propose
a different approach beyond the current paradigm to real-
ize nonvolatile electrical control of noncollinear magnetism,
which will open a possibility for the development of high-
performance, highly integrated magnetoelectric devices based
on 2D noncollinear AFM materials.

In this work, we elucidate that interlayer sliding fer-
roelectricity can be considered to intrinsically achieve the
nonvolatile electrical control of the noncollinear 120 °-ordered
AFM (Y-AFM) state, and we demonstrate its feasibility in
bilayer and trilayer VI,. In particular, the in-plane spin spiral
order in VI, monolayer can induce an interlocked out-of-plane
ferroelectricity. In multilayer VI,, robust sliding ferroelectric-
ity can switch the spin spiral order induced ferroelectricity
and thus the spin spiral chirality, which is referred to as the
spin spiral chirality—sliding ferroelectricity locking effect. In
such a way, nonvolatile electrical control of the noncollinear
AFM state can be achieved. It should be pointed out that,
additionally, the electric polarization in multilayer VI, is one
order of magnitude larger than the spin spiral order induced
electric polarization in the monolayer case. This makes the
material more practical in experiments.

In 2D materials of triangular lattice, the noncollinear
spin spiral order of an in-plane Y-AFM state can induce
ferroelectricity, following the antisymmetric extended spin-
current model P o< S, x Sy [13,14]. It is evident that the spin
spiral chirality can be manipulated by an external electric
field, thereby achieving electrically controlled noncollinear
magnetism. It has indeed been observed in previous work
in multiferroic bulk MnWQ, through polarization neutron
diffraction [20]. In 2D form, however, nonvolatile electrically
controlled noncollinear magnetism has never been realized
because of the complex experiment procedure, small electric
polarization, and low critical temperature.

In case two identical nonpolarized monolayers are stacked
in a specific configuration forming the van der Waals bi-
layer; interlayer electric polarization emerges and can be
reversed through interlayer sliding. It is referred to as sliding
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ferroelectricity, which has been proved in bilayers such as
graphene [21], h-BN [22], 1T — ReS; [23], and 1T’ — WTe,
[24]. In this regard, therefore, we expect to achieve the
electrical control of noncollinear magnetism by sliding fer-
roelectricity rather than an external electric field.

In respect to a bilayer composed of two triangular lattices
with in-plane Y-AFM state and corresponding out-of-plane
spin spiral order induced electric polarization, specific stack-
ings can generate a pair of opposite, reversible interlayer
ferroelectric states. In AA stacking, interlayer electric po-
larization is absent and the bilayer is featured by two
energetically degenerate Y-AFM ground states with the spin
spiral chirality simultaneously pointing upwards or down-
wards. In this case we convert AA stacking to AB stacking
through interlayer sliding, which exhibits an out-of-plane slid-
ing ferroelectricity; a unique Y-AFM ground state with the
spin spiral chirality in both monolayers in the same direc-
tion as the sliding induced electric field can be anticipated.
In an alternative way, AB’ stacking can be attained. Without
the consideration of Y-AFM order, AB’ stacking is energeti-
cally degenerate with AB stacking with however an opposite
interlayer electric polarization. As magnetism is included,
the magnetic ground state of AB’ stacking transitions to a
noncollinear Y-AFM state with the spin spiral chirality in
each monolayer parallel to the interlayer electric field. In
other words, AB and AB’ stackings lift the degeneracy of the
magnetic ground states in AA stacking, and the spin spiral
chirality can be flexibly switched by interlayer sliding induced
ferroelectricity, realizing the nonvolatile electrical control of
magnetism. In this work, we refer to this phenomenon as a
locking effect between spin spiral chirality and sliding ferro-
electricity.

In the following, we translate our idea to a concrete mate-
rial, i.e., VI,. In Fig. 1(a), T-phase VI, monolayer of triangular
lattice with a space group of P3ml is presented. In order to
verify the magnetic ground state of VI, monolayer, collinear
ferromagnetic (FM), ferrimagnetic (FiM), stripe AFM (S-
AFM), and noncollinear Y-AFM orders are considered; see
Fig. S1 of the Supplemental Material [25] and Figs. 1(b) and
I(c). In Table S1 of the Supplemental Material [25], results
elucidate that the magnetic ground state is the Y-AFM order,
consistent with previous experimental observations in bulk
and monolayer VI, [26-28]. It should be kept in mind that VI,
monolayer with Y-AFM order naturally has two energetically
degenerate ground states with opposite spin spiral chirality,
as depicted in Figs. 1(b) and 1(c). In the light of the same
magnetic space group and crystal symmetry, two states show
identical electronic properties.

It should be emphasized that the noncollinear spin spiral
order in 2D triangular lattice provides two additional degrees
of freedom, namely, the vector-spin spiral chirality [29,30],

2 . N N N N N
V=—°o8 x8+85 x8+83 x8)),,
3ﬁ(l 2+ 82 x 83+ 83 1);

and the scalar-spin spiral chirality [31,32],
S=58-(5 x8),
with S 23 standing for the nearest-neighbor spins in a mag-

netic unit cell. In particular, V and S can be used to describe
the coplanar and noncoplanar noncollinear magnets [33]. It is
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FIG. 1. (a) Top and side views of VI, monolayer. Orange and
grey spheres symbolize V and I atoms, respectively. Noncollinear
Y-AFM order in VI, monolayer with (b) positive (V = +1) and (c)
negative (V = —1) spin spiral chirality. (d) Schematic of the spin
spiral order induced electric polarization.

obvious that, in VI, monolayer, the scalar-spin spiral chirality
S turns out to be zero due to the coplanar noncollinear Y-AFM
ground state. In the case for the vector-spin spiral chirality
for VI, monolayer in the in-plane Y-AFM state, V can be
positive (V = +1) and negative (V = —1), corresponding to
spin spiral chirality in the 4+z and —z directions, respectively.
In Figs. 1(b) and 1(c), such a definition of the spin spiral
chirality in VI, monolayer is illustrated, which is similar to
the experimentally confirmed AFM kagome lattice with g = 0
structure [30].

In accordance to the generalized spin-current model
[13,14], spin spiral order of VI, monolayer can induce a
nondisplacive ferroelectricity,

P=M) (Six5).
(ij)
where S denotes spin vector, i, j represents spin components,
the summation is over all the nearest-neighbor bonds, and M
corresponds to a 3 x 3 coefficient matrix. In particular, our
first-principles calculation finds

3.89 0 0
M=—-| 0 3.89 0
0 0 1.96

x 1073 e A.

It reveals that the spin spiral order induced ferroelectric-
ity in VI, monolayer follows an antisymmetric mechanism
P o S; x S, and the electric polarization is interlocked with
the spin spiral chirality, as shown in Fig. 1(d). In general,
the spin-induced polarization can be described by a common
spin-current mechanism P oc ej; x (S; x S;), where e¢;; is the
unit vector connecting the spin pairs. In this case, the coef-
ficient matrix M should present nonzero off-diagonal matrix
elements [14]. In Fig. S2 [25], for a clear expression of this
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FIG. 2. (a) Schematic of the spin spiral plane rotating around y
axis. (b) Electric polarization of VI, monolayer in z direction as a
function of rotation angle (6). (c) Electric polarization as a function
of SOC strength (Asoc). (d) Energy difference between two Y-AFM
states with opposite spin spiral chirality caused by external electric
field. Insets represent the coupling between the induced electric
polarization and the vertical electric field.

mechanism, a schematic for the local electric polarization of
each type of bond and the total electric polarization of the
Y-AFM state is provided. It can be concluded that, regardless
of the direction of spin spiral chirality, spin-induced in-plane
electric polarization following this mechanism is cancelled
out in the sum of all spin pairs. In accordance with the an-
tisymmetric mechanism P oc S; x Sj, then, the out-of-plane
total electric polarization can be derived. In this context,
coefficient matrix M only has nonzero diagonal matrix el-
ements, which is consistent with the situation with a spiral
wave vector of ¢ = 1/3 [14]. In regard to the coplanar non-
collinear Y-AFM ground state, therefore, the antisymmetric
mechanism is applicable. In Fig. S3 [25], the band structure of
VI, monolayer of the Y-AFM state indicates an indirect band
gap of 2.23 eV, thus effectively avoiding the screening of the
static internal field caused by the long-range dipole moment
of conducting electrons.

In respect to a noncollinear Y-AFM order, identifying its
easy plane is crucial as it determines the direction of the in-
duced electric polarization. In the case of VI, monolayer, the
total energy of in-plane (ab) Y-AFM order is 0.08 meV/unit
cell lower than that in the ac/bc plane, indicative of a spin
spiral chirality perpendicular to the ab plane. It can be found
that the z-direction electric polarization shows a cosine modu-
lation of the rotation angle 6, suggesting a robust dependence;
see Figs. 2(a) and 2(b). In particular, as § = 0 °, VI, monolayer
corresponds to an in-plane Y-AFM state with an out-of-plane
electric polarization of 0.12 pC/m, while at & = 180 ° the elec-
tric polarization as well as the spin spiral chirality reverse. In
the present work, we emphasize that VI, monolayer is an ex-
tremely rare case with the induced ferroelectricity being out of
plane. It should be pointed out that spin-orbit coupling (SOC)
plays a crucial role in the magnetoelectric coupling in VI,.
It can be found from Fig. 2(c) that the electric polarization
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FIG. 3. AA, AB, AC, and AB’ stackings and two interlayer sliding
pathways from AB to AB’ stacking. Orange and blue spheres denote
V atoms in the upper and lower monolayer, respectively.

presents a perfect linear relationship with the SOC strength
(with the coefficient of determination being 0.99). In the case
of Asoc = 0, spin spiral order induced electric polarization
vanishes. It therefore can be concluded that, in regard to VI,
monolayer, the in-plane spin spiral order in combination with
SOC induces the out-of-plane ferroelectricity.

In Fig. 2(d), the effect of an external electric field on the
spin spiral chirality can be observed. That is, the field can
lift the degeneracy of two Y-AFM states with opposite spin
spiral chirality. In the case of applying a field of 0.5 V/A,
for example, the energy difference between two Y-AFM states
achieves 0.99 meV/unit cell. In particular, the direction of the
spin spiral chirality can be tuned to the same direction as the
field. It therefore is compelling evidence for the realization
of electrical control of noncollinear magnetism by interlayer
sliding ferroelectricity in VI, bilayer.

In VI, bilayer, the upper layer can be obtained by an
operation of #,Rfy to the lower layer, with 7,, R, and 7y being
the out-of-plane translation, rotation, and in-plane translation,
respectively. In the case that VI, bilayer has the same unit
cell size as that of the constituting monolayer, R must be
a symmetric operation belonging to the point group Gp of
its 2D Bravais lattice. In consideration that R is equivalent
to RP, (P, is the symmetric operation of the point group
Gy of VI, monolayer), R turns out to be an element of
the factor group Gr = gM Déh ={E,m;}. When R=EFE,
the as-formed VI, bilayers present inversion symmetry, and,
therefore, out-of-plane electric polarization is forbidden [34].
As R = my,, operation t,m,t, generates VI, bilayers with bro-
ken inversion symmetry, thus providing the possibility of an
out-of-plane electric polarization.

In Fig. 3, AA, AB, and AB’ stackings under different #,
are shown. In particular, 7y = (0, 0, 0) raises the VI, bilayer
in AA stacking (Dsp) with a mirror symmetry m,, which
presents, however, no out-of-plane electric polarization.
th=(1/3,-1/3,0)/(1/3,2/3,0)/(—2/3, —1/3,0) and 1y =
(2/3,1/3,0)/(—-1/3,1/3,0)/(—1/3,—2/3,0) can transfer
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FIG. 4. (a) Energy distribution for different bilayer stacking
styles, with the total energy of AB stacking as a reference. (b)
Variations of electric polarization and AEpp yy as AB — AB'. Insets
show the spin spiral chirality—sliding ferroelectricity locking effect.
(c) Spin spiral order induced electric polarization and AEpp_yy as
a function of SOC strength (Asoc) in AB stacking. (d) Electric po-
larization and AEpp yy as a function of interlayer distance change
(Ad).

AA stacking to energetically degenerate AB and AB’ stack-
ings (Csy), respectively. In AB and AB’ stackings, out-of-plane
electric polarization emerges in opposite directions, represent-
ing a pair of ferroelectric configurations that can be flexibly
switched through interlayer sliding. Based on the Berry phase
method, the out-of-plane sliding ferroelectricity of AB/AB’
stacking is calculated to be —1.33/1.33 pC/m (without con-
sidering the Y-AFM state). It should be emphasized that such
an electric polarization is even larger than that of 17" — ReS;
bilayer (0.07 pC/m) [23], 1T’ — WTe, bilayer (0.38 pC/m)
[24], and VSi,P, bilayer (0.42 pC/m) [35], underscoring
the experimental accessibility of the electric polarization of
VI, bilayer. In comparison to monolayer, the sliding electric
polarization is one order of magnitude larger than the spin
spiral order induced electric polarization, therefore making
the system more practical in applications.

In Fig. S4 [25], two sliding pathways switching the AB and
AB’ stackings are shown. In the case of path I, AB — AB’ oc-
curs as to = (—2/3,—-4/3,0)/(=2/3,2/3,0)/(4/3,2/3,0),
with AA stacking being the transition state. In regard to
path 1I, # = (1/3,2/3,0)/(1/3,—-1/3,0)/(—=2/3, —1/3,0)
causes the AB — AB’ switch, with a transition state of AC
stacking. In Fig. S5 [25], band structures of AA, AB, AP/,
and AC stackings are shown. It can be seen that AB and
AB’ stackings exhibit opposite band offset due to the inver-
sion of the interlayer electric polarization, while the band
offset in unpolarized AA and AC stackings is negligible. In
two pathways, AB and AB’ stackings are the most stable
configurations; see Fig. 4(a). The energy barrier along path
II is significantly lower than that of path I, 21.06 vs 77.52
meV/unit cell, which is also lower than that of Sb bilayer (38
meV/unit cell) [36] while larger than those of #-BN bilayer
(4.5 meV/unit cell) [37] and VSe, bilayer (20 meV/unit cell)

[38]. Generally, the energy barrier should be neither too large
nor too small; such a moderate energy barrier is in favor
of the easy ferroelectricity switching between AB and AB’
stackings.

To determine the ground state of VI, bilayer, magnetic
configurations including interlayer collinear FM and AFM
states, and noncollinear Y-AFM states with the spin spiral
chirality of each layer pointing upwards (UU), downwards
(DD), and in opposite directions (head-to-head order as DU
and tail-to-tail order as UD) are taken into account. In Table
S2 [25], the total energies of AB, AB’, and AC stackings with
six magnetic orders of consideration are summarized. It can be
found that the magnetic ground state of VI, bilayer features a
noncollinear Y-AFM state with the direction of the spin spiral
chirality in both monolayers aligned with interlayer electric
field. This is an important result for the following discussion.

In Fig. 4(b), variations of the electric polarization and
energy difference AEpp_yy during the sliding along path II
are shown. It can be found that a spin spiral order induced
electric polarization of 0.18 pC/m exists in AC stacking,
causing a discontinuity at the AC point. In AB or AB’ stack-
ing with noncollinear Y-AFM ground state considered, the
net out-of-plane electric polarization is 1.15 pC/m. It is of
paramount importance that the energy degeneracy of AB and
AB’ stackings are lifted when the Y-AFM order is included,
and |AEpp_yu| reaches 0.14 meV/unit cell. It indicates that,
therefore, the spin spiral chirality can be effectively modulated
by the sliding ferroelectricity. This confirms the feasibility
of our proposed method to realize the electrical control of
noncollinear magnetism.

Taking AB stacking as a representative, the coupling be-
tween spin spiral order induced ferroelectricity and sliding
electric polarization is validated through the control of Agoc. It
can be found from Fig. 4(c) that the spin spiral order induced
polarization increases linearly as Agoc increases, and as well
as the AEpp_yy. When Agoc is zero, spin spiral order induced
ferroelectricity disappears while sliding ferroelectricity exists.
In this case, however, AB stacking presents two degenerate
noncollinear Y-AFM states with opposite spin spiral chirality.
These results therefore confirm the coupling between two
kinds of ferroelectricity and support our proposed method
for electrically controlled magnetism in triangular-lattice
antiferromagnets.

In van der Waals bilayers, interlayer distance is a signif-
icant ingredient influencing the magnetoelectric coupling. In
addition, strategies for controlling the interlayer distance have
been proposed, for instance, through introducing active sites
[39], controlling the saturation vapor pressure of adsorbed wa-
ter molecules [40], and physical compression as well [41,42].
It can be observed from Fig. 4(d), that, taking AB stacking as a
representative, the out-of-plane electric polarization increases
as the interlayer distance decreases, as well as the AEpp_yuy
compared to the case at equilibrium interlayer distance. In
particular, the electric polarization and AEpp_yy turn out to
be 3.12 pC/m and 0.26 meV, respectively, as the interlayer
distance decreases by 0.5 A. In the case where the interlayer
distance is decreased by 1.0 A, the electric polarization (~7.09
pC/m) and AEpp_yu (0.40 meV/unit cell) can be increased
further; see Fig. S6 [25]. It can be concluded that, there-
fore, vertical compressive strain can effectively enhance the
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interlayer sliding from ABB to AAB stacking. Inset shows the top view of ABC stacking.

coupling between spin spiral order induced ferroelectricity
and the sliding ferroelectricity in VI, bilayers.

In light of strong the magnetoelectric coupling in VI, it
can be expected that applying a vertical electric field can
increase the energy difference AEpp_yy. It can be seen from
Fig. S7 [25] that, taking AB stacking as a representative,
an external electric field further lifts the degeneracy of two
noncollinear Y-AFM states, with AEpp_yy reaching 0.31
meV/unit cell under a field of 0.05 V/A. It is therefore also an
effective way to obtain the more stable noncollinear magnetic
ground state of VI, bilayer.

Our mechanism for electrical control of noncollinear mag-
netism is also applicable in VI, trilayers. As shown in Fig.
S8 [25], AAA stacking with a point group of D3y can be
transferred to AAB and ABB stackings (Csy), which bear out-
of-plane electric polarization in opposite directions. In Fig.
S9 [25], two sliding paths (I and II) from AAB stacking
to ABB stacking through in-plane translation are illustrated.
Along path I and path II, the transition states correspond
respectively to A’B'C’ stacking (Ds4) and ABC stacking (C),
both of which exhibit no out-of-plane electric polarization.
As shown in Fig. 5(a), path II is more preferable (an energy
barrier of 146.35 meV/unit cell for path I and 30.25 meV/unit
cell for path II). We can see from Fig. 5(b) that AAB and
ABB stackings are the most stable configurations. In Fig. 5(c),
variations of the out-of-plane electric polarization and energy
difference AEppp_yyy during the sliding from ABB stack-
ing to AAB stacking along path II are illustrated. It can be
known that the spin spiral chirality of AAB stacking tends
to be a DDD order because of the upward sliding electric

polarization, while the UUU order of the spin spiral chirality
is stable in ABB stacking. In particular, |AEppp_yuu| can
reaches a maximum value of 0.22 meV/unit cell in AAB/ABB
stacking with an out-of-plane electric polarization of 1.19
pC/m. In ABC stacking, such two noncollinear magnetic
states (DDD and UUU) are energetically degenerate. It there-
fore can be concluded that electrical control of noncollinear
magnetism can also be realized in multilayer cases.

In analogy to VI, bilayer, vertical external electric field
and decreased interlayer distance can improve the energy
difference |AEppp-yuul in VI trilayer; see Figs. S6 and S7
[25]. In the case of ABB stacking, for instance, the electric
polarization and |AEppp-_yyu| increase to 10.24 pC/m and
0.85 meV/unit cell, respectively, as the interlayer distance is
decreased by 1.0 A. In addition, |AEppp_yuu| can increase
to 0.57 meV/unit cell under an external electric field of 0.05
V/A. Tt therefore can be concluded that both external elec-
tric field and decreased interlayer distance can enhance the
interlayer magnetoelectric coupling and stabilize the ground
state.

In summary, we propose that the noncollinear AFM state
can be controlled by sliding ferroelectricity and prove it in
multilayer VI,. In VI, monolayer, the spin spiral chirality
is interlocked with the induced electric polarization, and,
therefore, is switchable by an external electric field. In cases
for VI, multilayers, the electric polarization is one order of
magnitude larger than that of the monolayer case, making the
systems more practical in applications. We confirm that the
sliding ferroelectricity can replace external field to flexibly
control the spin spiral order induced electric polarization and
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the corresponding spin spiral chirality, termed as spin spi-
ral chirality—sliding ferroelectricity locking effect. Our work
opens an avenue for realizing the nonvolatile electrical control
of noncollinear magnetism, which is expected to interest the
experimentalists.
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12074217) and the Shandong Provincial Key Research and
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