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Electric-field switching of the antiferromagnetic topological state in a multiferroic heterobilayer
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Coupling nontrivial topological physics to ferroelectricity in two-dimensional lattice is highly desirable in
both fundamental research and devices applications. Here, using first-principles calculations, we report that in
a multiferroic heterobilayer consisting of a antiferromagnetic layer MnSe and a ferroelectric layer In2S3, the
typical type-III band alignment can be realized. Upon introduction of spin-orbit coupling, a band gap is created,
giving rise to a nontrivial antiferromagnetic topological phase. By reversing ferroelectric polarization, the
nontrivial antiferromagnetic topology of MnSe/In2S3 can be annihilated, yielding a wide-gap antiferromagnetic
semiconductor with trivial physics. It thus proves to be a feasible approach to realize purely electric-field control
of antiferromagnetic topological physics in this heterobilayer. The physical mechanism of such phenomenon is
further unveiled to be related to the interlayer charge transfer between the two layers. These findings shed light
on the design and control of antiferromagnetic topological physics in two dimensions.
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Topological insulator (TI) is a new quantum state of matter
with a nontrivial property. The defining signature of this novel
electric state is the existence of gapless edge states within the
bulk band gap. Since the first proposal of quantum spin Hall
effect in graphene [1–6], it has attracted great attention and
spurred rapid development due to its scientific importance and
a variety of exotic characteristics, such as topological protec-
tion from disorders and defects, the high carrier mobility, and
exotic optical properties [3,5,7–15]. These intriguing features
not only provide unprecedented opportunities for studying
nontrivial topological physics, but also hold great potential
for technological application in spintronics [16–22]. In view
of achieving TI-based spintronic devices with superior per-
formance and high integration level, it is critical to realize
effective control of topological properties, especially the cre-
ation and annihilation [23].

Among numerous possible strategies, ferroelectrics re-
ceives special attention. Ferroelectrics refers to the electrically
switchable order of electric polarizations that forms sponta-
neously, and thus possesses two equivalent stable states. In
ferroelectrics, the polarization is equivalent to the external
electric field, but superior to electric field; it is nonvolatile and
can avoid energy consumption caused by sustained electric
field [24–29]. Owning to these compelling features, ferroelec-
tric (FE) control of physical properties has been intensively
investigated [30,31], particularly after the identification of
ferroelectrics in two-dimensional (2D) lattices [32–35]. In
fact, recent studies have shown that FE polarization can
be integrated into the topological systems to realize non-
volatile control in Sb/In2Se3 and Bi/In2Se3 heterobilayers,
etc. [36–39]. It suggests that the nontrivial topological state
can be controlled directly by electric field through polarization
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switching. Nonetheless, these few existing works in this field
are exclusively focused on nonmagnetic topological materials.
Actually, up to now, whether such type of control can be
extended to antiferromagnetic (AFM) topological states has
not yet been explored.

In this work, we propose a mechanism for realizing such
ferroelectric control of AFM topological state on the ba-
sis of a heterobilayer consisting of an AFM layer of MnSe
and a ferroelectric layer of In2S3. Our first-principles cal-
culations show that the typical type-III band alignment can
be formed for the band edges of these two layers in the
absence of spin-orbit coupling (SOC), leading to the metal-
lic nature for MnSe/In2S3 heterobilayer. With including
SOC, a band gap opens, suggesting the AFM topologi-
cal phase for MnSe/In2S3 heterobilayer. When reversing
the electric polarization through ferroelectric switching, the
MnSe/In2S3 heterobilayer exhibits a wide band gap, sug-
gesting a nontrivial-to-trivial phase transition. Evidently, the
AFM topological phase in this heterobilayer can be created
and annihilated by ferroelectricity. The underlying physics is
discussed in detail. Our works pave a way for future devices
based on AFM TIs.

Our first-principles calculations based on density-
functional theory (DFT) are performed using the Vienna
Ab initio Simulation Package (VASP) [40]. The exchange-
correlation interaction is treated by the generalized gradient
approximation parametrized by Perdew, Burke, and Ernzerhof
[41,42]. The ion-electron interaction is treated by projector
augmented-wave method. The Heyd-Scuseria-Ernzerhof (06)
(HSE06) functional is employed to obtain the accurate band
structures. The Monkhorst-Pack k mesh is set to 11 × 11 × 1.
The kinetic cutoff energy is set to 450 eV. All structures
are fully relaxed until the force on each atom less than 0.01
eV/Å. The electronic iteration convergence criterion is set to
1 × 10−5 eV. To avoid spurious interactions between periodic
images, a vacuum space of at least 15 Å is introduced. The
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Wannier Charge Center and edge states of this system are
calculated using the maximally localized Wannier function
(MLWF) method implemented in WANNIER90 pack [43].
The DFT-D3 method is employed for treating van der Waals
interaction in all calculations [44]. The ferroelectric transition
pathway and energy barrier are calculated on the basis of
the nudged elastic band (NEB) method [45]. Dipole moment
correction is employed in all the calculations [46].

Figure S1 presents the crystal structure of single-layer (SL)
MnSe, which was recently synthesized in experiment [47]. It
exhibits a buckled structure with the space group of P-3m1.
Each Mn atom carries a magnetic moment of 5 μB, and the ex-
change interaction among them favors a Néel-type AFM state.
The band structures of SL MnSe with considering SOC are
shown in Fig. S1 [48]. Clearly, SL MnSe is a semiconductor
with an indirect band gap of 2.53 eV. Its conduction-band min-
imum (CBM) locates at the M point, while the valence-band
maximum (VBM) lies at the � point. Because of the AFM
exchange interaction, the bands are spin degenerate. Here,
we select SL In2S3, which has been intensively investigated
previously as a typical 2D FE crystal, as the FE candidate
following the two reasons: (i) it has a small lattice mismatch
with SL MnSe (3.4%), which can generate small unit cells for
calculations; (ii) it has a suitable position of band edges that
can form type-III and type-II band alignments with SL MnSe,
which will be discussed in the following. SL In2S3 possesses
an out-of-plane polarization of 1.02 × 103 C m−2, The band
structures of SL In2S3 is shown in Fig. S2 [48]. It displays a
semiconducting behavior with a direct band gap of 1.98 eV,
wherein its CBM locates at the � point and the VBM also lies
at the � point.

Given the bistable FE states of In2S3, there are two types
of MnSe/In2S3 heterobilayers: one with polarization pointing
away from the interface (P↓), and another with polarization
pointing to the interface (P↑). The crystal structures of P↓
and P↑ are displayed in Figs. 1(a) and 1(b), respectively. The
optimized interlayer distances between the two ingredients
are 3.897 and 3.958 Å, respectively. Each unit cell of the
heterostructure contains three S, two In, two Mn, and two
Se atoms. To confirm their stabilities, we calculate the adhe-
sion energy, which is defined as Eb = Etotal − EIn2S3 − EMnSe,
where Etotal, EIn2S3 , and EMnSe are the total energy of the
heterobilayer, SL In2S3, and SL MnSe, respectively. For P↓
and P↑, the Eb are found to be 168 and 134 meV per unit cell,
respectively. Such large differences in interlayer distance and
Eb indicate that the interactions between MnSe and In2S3 are
distinct between P↓ and P↑. This would result in significant
difference in their band structures, which will be discussed
below.

The absolute positions of band edges for these two mate-
rials with respect to vacuum level are shown in Fig. S3 [48].
Obviously, a typical type-III band alignment forms for P↓.
Here, we also employ the HSE06 method to calculate the posi-
tions of band edges for comparison and find the type-III band
alignment remains unchanged in Supplemental Material (Fig.
S3) [48] (see, also, Refs. [49–54] therein). The type-III band
alignment can form band crossing between the two layers of
materials, wherein a band gap may open upon including SOC.
Such scenario usually implies a nontrivial phase. Different
from P↓, P↑ would feature a type-II band alignment between

FIG. 1. Crystal structure of MnSe/In2S3 heterobilayer under P↓
(a) and P↑ (b). Purple, green, red, and yellow spheres represent Mn,
Se, In, and S atoms, respectively. (c) AFM magnetic configurations
in the Mn hexagonal lattice. (d) Splitting of Mn-d orbitals and the
magnetic exchange coupling between adjacent Mn atoms.

the band edges of SL In2S3 and MnSe. Figures 2(a) and 2(e)
show the charge-density difference between the two layers
for MnSe/In2S3 heterobilayer. Here, yellow and blue colors
represent electron gain and loss regions, respectively. It can
be seen clearly that for P↓, a significant electron transfer
occurs between MnSe and In2S3 layers [Fig. 2(a)], implying
the type-III band alignment, while for P↑, the charge densities
are mainly localized in the space between the two layers, sug-
gesting no charge transfer between them, which corresponds
to the type-II band alignment. Moreover, as there is no charge
transfer between the two layers, the interlayer coupling for
P↑ would be weaker as compared with the case of P↓. With
these results in hand, we can also understand the difference in
interlayer distance and Eb between P↓ and P↑.

Figure 2(b) presents the band structure of P↓ in the ab-
sence of SOC. Due to the interlayer interaction, there is a net
magnetic moment of 0.2 μB per unit cell. As a result, the spin
degeneracy for P↓ is split slightly, resulting in nonsymmetry
for the spin-up and spin-down bands; see Fig. 2(b). We can
observe that the CBM from In2S3 layer shifts below the Fermi
level, while the VBM from MnSe layer shifts above the Fermi
level; see Fig. 2(c). For more detail, as illustrated in Fig. 2(d),
the CBM from In2S3 layer is formed by the spin-down state,
which is mainly contributed by In/S-s/pz orbitals, while for
the VBM from MnSe layer, it is formed by the spin-up
state, dominated by Mn-dxy/dx2-y2 and Se-px/py orbitals. This
firmly confirms that the typical type-III band alignment is
formed in P↓, wherein the VBM of a material crosses the
CBM of another material. Upon including SOC, as shown in
Fig. 2(c), a band gap of 18 meV opens at the Dirac cone,
giving rise to a semiconducting character. From Fig. 2(d),
we can see that including of SOC shifts the |In2S3 up〉
and |MnSe down〉 bands below and above the Fermi level,
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FIG. 2. Charge-density difference of MnSe/In2S3 heterobilayer under (a) P↓ and (e) P↑. The isosurface value is set to 0.2 electrons per
Å3. Band structures of MnSe/In2S3 heterobilayer under P↓ without (b) and with (c) SOC, and under P↑ without (f) and with (g) SOC. Inset
in (f) shows the 2D Brillouin zone. The Fermi level is set to 0 eV. Schematic diagram of the band evolutions at � point for (d) P↓ and (h) P↑.
In (d) and (h), red and blue bands correspond to the CBM and VBM of the constituent layers.

respectively. Such band order implies the nontrivial band
topology in P↓.

To estimate the nontrivial band topology in P↓, we first
calculate the topological invariant Z2 using the Wilson loop
method [55], which tracks the evolution of the Wannier cen-
ter for the valence band. When the Wannier Charge Center
(WCC) is crossed by any arbitrary horizontal reference lines
an “odd” number of times, the system is topological nontrivial
with Z2 = 1. Figure 3(b) shows the evolution of WCC for P↓.
Obviously, the number of crossings between the WCC and
the reference horizontal line is odd, yielding a nontrivial topo-
logical invariant Z2 = 1. By considering the AFM nature of
this system, we also calculate its Chern number. Intriguingly,
the Chern number is estimated to be 0 for P↓, suggesting
that the nontrivial phase is quantum spin Hall (QSH) state.
The hallmark of a QSH insulator is the existence of a pair
of topologically protected conducting edge states in the bulk
band gap. Using the MLWFs, the edge Green function of the
semi-infinite lattice of P↓ is constructed and the local density
of state of the edge is shown in Fig. 3(a). We can see that
within the energy window of SOC gap, a pair of gapless edge
states are present for P↓, confirming the QSH phase. It is
worthy emphasizing that unlike the previously reported 2D
TIs or 2D antiferromagnetic TIs [56], the intersection of these
two edge states does not fall on the � point, but presents an
asymmetric shape. This feature could be attributed to its small
net magnetic moment. Therefore, we confirm that P↓ is a 2D
AFM TI.

Figure 2(f) displays the band structure of P↑ without con-
sidering SOC. Different from the case of P↓, due to the
weak interlayer interaction, there is only a small net mag-
netic moment of 0.001 μB per unit cell. In this regard, the

spin degeneracy for the bands of P↑ is almost preserved. As
displayed in Fig. 2(f), its CBM locates above the Fermi level,
while the VBM lies below the Fermi level, giving rise to a
direct band gap of 1.41 eV on the � point. As illustrated in
Fig. 2(h), the CBM is from the spin-down state of In2S3 layer,
which mainly comes from In/S-s/pz orbitals, while for the
VBM, it is from the spin-up state of MnSe layer, contributed
by Mn-dxy/dx2-y2 and Se-px/py orbitals. Evidently, the band
structure of P↑ shows a type-II band alignment. By taking
SOC into account, as shown in Fig. 2(g), the degeneracy of
the two valence bands at the � point is removed and the
band gap is reduced to 1.31 eV. Obviously, no band order
is inversed in P↑ [Fig. 2(h)], suggesting a trivial phase. It is
interesting to point out that the relative rotation angle between
the two layers might affect the properties of the heterobilayer
[38,57].

From above, we can see that upon reversing the electric
polarization, the AFM topological phase can be created and
annihilated by ferroelectricity in MnSe/In2S3 heterobilayer.
We then investigate the feasibility of ferroelectricity in
this heterobilayer using the NEB method. There are two
ferroelectric transition paths between P↓ and P↑; see Figs.
S4 [48] and 3(c). For path I with direct shifting of the central S
layer, as shown in Fig. S4, the energy barrier against is found
to be 0.95 eV per unit cell, which is too large to overcome,
while for path II, the transition between P↓ and P↑ is through
a concerted motion of the lower three S-In-S layers, as
illustrated in Fig. 3(c). In detail, the transition between P↓
and paraelectric state is realized by the left shifting of lower
In-S layer and the upper-inclined shifting of inner S layer,
and the transition between paraelectric state and P↑ phases
is caused by the right shifting of lower In-S layer and the
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FIG. 3. (a) Topological edge states and (b) evolution of the WCC (b) along kx for MnSe/In2S3 heterobilayer under P↓. (c) Ferroelectric
transition pathway between P↓ and P↑. (d) Evaluation of total energy increase and band gap with interlayer distance change �l/l0 for
MnSe/In2S3 heterobilayer under P↓.

upper-inclined shifting of inner S layer. The energy barrier for
the ferroelectric switching from P↑ (P↓) to P↓ (P↑) phases
is estimated to be 0.151 (0.185) eV per unit cell. These values
are significantly smaller than those of Sc2CO2 (520 meV/f.u.)
and vacancy-doped CrI3 (650 meV/f.u.), and comparable with
those of VOCl2 (180 meV/f.u.) and CuCrP2S6 (100 meV/f.u.)
[58–62], indicating the feasibility of the ferroelectricity
in MnSe/In2S3 heterobilayer. Therefore, the electric-field
control of AFM topological physics is achieved in this
heterobilayer. It should be noted that some defects would
be inevitably formed in the process of synthesizing MnSe
[45], which might influence the topological properties of this
system, such as changing the Dirac point gap and adjusting
the position of the Fermi energy within the gap [54,63,64].

At last, we discuss the influence of layer spacing on the
properties of P↓. From Fig. 3(d), we can see that the total
energy increases, but the band gap shows a decreasing trend,
when increasing or decreasing the layer spacing. The increas-
ing of total energy indicates that the interlayer coupling is
weakened. Quite naturally, this subsequently would influence
the nontrivial band gap of P↓. Remarkably, by increasing the
interlayer spacing by 30%, the nontrivial band topology even
disappears and a transition from nontrivial to trivial phase
occurs for P↓. On the other hand, with decreasing the layer
spacing, the overall net magnetic moment will increase sig-
nificantly, making the spin splitting of the energy band larger.

When the layer spacing is compressed to 80%, the system will
show metallicity.

In summary, using first-principles calculations, we map
out a design principle for ferroelectric control of AFM topo-
logical state by constructing a heterobilayer consisting of an
AFM layer of MnSe and a ferroelectric layer of In2S3. We
find that due to the difference in work function and band
gap, the typical type-III band alignment between these two
layers can be formed in MnSe/In2S3 heterobilayer when
excluding SOC, which gives rise to two spin-dependent
quasi-Dirac cones near the � point. When including SOC, a
band gap of 18 meV opens at the Dirac cone. This feature
implies the nontrivial band topology in MnSe/In2S3 heterobi-
layer, which is further demonstrated to be AFM QSH phase.
With reversing the electric polarization through ferroelectric
switching, the MnSe/In2S3 heterobilayer becomes semicon-
ducting with a wide band gap, which indicates a nontrivial-
to-trivial phase transition. Accordingly, electric-field control
of AFM topological physics is achieved in this heterobi-
layer. Our work opens a direction for the research on FE
topology.
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