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Ferroelectric heterobilayer with tunable first- and higher-order topological states
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As conceptual milestones of nontrivial phenomenon, Z2 topological insulators (TIs) and higher-order TIs
(HOTIs) have greatly reshaped the landscape of fundamental physics and materials. However, despite the
exciting progress, a tunable topological phase transition between Z2 TIs and HOTIs remains elusive. Here,
using a tight-binding model and first-principles calculations, we propose that ferroelectric switching can be
a straightforward and efficient way for engineering the Z2 TIs and HOTIs phases with strikingly different
bulk-boundary correspondence. Remarkably, based on the Wannier charge centers, edge states, and corner states
analysis, we identify the ferroelectric heterobilayer composed of MgAl2Se4 and In2S3 as a material candidate of
the predicted topological phase transition. Obviously, the ferroelectric switching opens up a technological avenue
to bridge the first- and higher-order topologies with high possibility of innovative applications in topotronic and
ferroelectric devices.
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Recent decades have witnessed a rapidly growing interest
in Z2 topological insulators (TIs) [1–3]. The key characteristic
of a Z2 TI is nontrivial gapless edge states, which are required
by the bulk-boundary correspondence, i.e., a d-dimensional
Z2 TI has a (d − 1)-dimensional topological boundary state
emerging on the surfaces or edges of the materials [4–6]. In
recent studies, the topological body-boundary correspondence
has been further generalized, giving rise to the concept of
higher-order TIs [7,8]. From this point of view, the Z2 TIs can
be called as the first-order TIs, and the higher-order TIs (HO-
TIs) do not exhibit gapless states in the (d − 1)-dimensional
boundary, but in the (d − n)-dimensional boundary, e.g., gap-
less hinge or corner states, where n > 1. Indeed, as many
efforts have been carried out, a number of electronic ma-
terial candidates for the HOTIs have been proposed, but
the experimental observations are only reported in three
dimensions [7,9–21].

With rapidly growing enrichment of discovered topologi-
cal materials, the study of topological phase transitions has
become popular and attracted more and more attention in
recent years [22,23]. Strain, electric field, temperature manip-
ulation, etc., are important techniques to induce topological
phase transitions and practical applications derived from
them [24–28]. However, most of the proposed topological
phase transitions, especially in two-dimensional (2D) mate-
rials, are between the trivial topology and the first-order one,
whereas the phase transitions between the first-order topol-
ogy and the higher-order topology are rarely reported [6]. In
addition, most of the approaches to modulate the topologi-
cal phase transitions mentioned above require the continuous
application of an external field, implying that the topological
state after removing the external field is volatile [24,26].
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Manipulation in ferroelectric heterostructures has recently
been reported as a nonvolatile modification approach that
can eliminate continuous energy consumption [29,30]. 2D
ferroelectrics, which possess unique switchable polarizations
combined with plentiful material characteristics, are expected
to play a dominant functional role in future nanoscale devices,
such as field-effect transistors and ferroelectric random-access
memory [31,32]. Remarkably, it has been experimentally
demonstrated that the ferroelectric polarization in some 2D
lattices, such as In2S3 [33], can be sufficiently strong and
stable to hold promise for practical applications even at room
temperature.

In this work, we demonstrate that heterobilayer
MgAl2Se4/In2S3 yields coupling of the topological states and
ferroelectricity, where the reversal of nonvolatile ferroelectric
polarization induces a topological phase transition between
the first-order Z2 TI and HOTI. Based on first-principles
calculations, we determine the existence of nontrivial
topological states by evaluating the Z2 invariant, gapless
edge states, and nontrivial corner states. A tight-binding
(TB) model for heterobilayers is constructed to demonstrate
the feasibility of attaining the proposed topological phase
transition. Our results enrich the topological phenomena
and expand the coupling of topology and ferroelectrics,
contributing to the development of a new generation of
spintronics and ferroelectric devices.

The first-principles calculations are performed based on the
density-functional theory using the projector augmented wave
method as implemented in the Vienna ab initio simulation
package (VASP) [34,35]. The generalized gradient approxi-
mation (GGA) of Perdew-Burke-Ernzerhof (PBE) is used for
the exchange-correlation potential [36]. The cutoff energy is
fixed to 450 eV, and all structures are relaxed until the residual
forces are less than 0.01 eV/Å. The van der Waals (vdw) cor-
rections are included by the DFT-D3 method [37]. Maximally
localized Wannier functions (MLWFs) are constructed using
the Wannier90 code [38].
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FIG. 1. (a) Top and side views of the TB model. The blue and light green spheres represent flat-layer and buckled-layer atoms, respectively.
(b) Lattice of the lower monolayer, where red and black circles represent atoms at different heights. a1 and a2 are lattice vectors. d1, d2, and
d3 are the vectors that connect intralayer nearest-neighbor atoms. (c) Phase diagram of the TB model as energy offset �e is varied, where
the red and blue regions represent the Z2 TI and HOTI, respectively. Band structures of TB model with energy offset (d) �e = 6.39 and (g)
�e = 7.21. The corresponding topological edge spectrum with (e) �e = 6.39 and (h) �e = 7.21. (f) Evolution of the WCC with energy offset
�e = 6.39 along k2. (i) Energy spectrum of a triangular nanoflake for the TB model with SOC, where the occupied corner states are marked
by red dots. Inset shows the total charge distribution of the six corner states.

The higher-order corner states can be achieved in the 2D
Z2 TIs by applying an in-plane Zeeman field, where the 2D
Z2 TIs are destroyed because the time-reversal symmetry is
broken, i.e., realizing only the magnetic HOTIs [39,40]. In
this work, we have accomplished the attainment of a phase
transition between the 2D Z2 TI and HOTI phases induced by
ferroelectric switching, without the introduction of an external
magnetic field. To establish the existence of the predicted
topological phase transition, we start our discussion with
the Slater-Koster TB model on a 2D honeycomb heterobi-
layer, which consists of a flat monolayer (upper layer) and
a buckled monolayer (lower layer), as shown in Figs. 1(a) and
1(b) [41,42]. The px/py/pz orbitals localized on the lower
buckled layer and the px/py orbitals localized on the upper

flat layer are considered to construct our TB model, and, in
addition, to show the ferroelectric polarization, s orbitals of
the inner atoms of the buckled layer are employed (calcula-
tion details of the TB model are provided in Appendix A).
Taking into consideration of all the interlayer and in-
tralayer nearest-neighbor interactions, the Hamiltonian can be
expressed as

H0(k) =

⎡
⎢⎢⎢⎢⎣

h11 h12 · · · h19

h∗
12 h22 h29

...
. . .

...

h∗
19 h∗

29 · · · h99

⎤
⎥⎥⎥⎥⎦

, (1)
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and the onsite spin-orbit coupling (SOC) interaction is intro-
duced by the atomic term LzSz as

HSOC = λSOCLzSz, (2)

with λSOC denoting the strength of onsite SOC. In the ab-
sence of SOC, λSOC = 0, the system is gapless and shows a
semimetallic character with the band crossing at the � point,
a band gap opens when switching the SOC on, as illustrated
in Fig. 1(d). Since the model is protected by the time-reversal
symmetry, we expect the appearance of the 2D Z2 TI phase
with Quantum Spin Hall (QSH) effect [4]. As displayed in
Figs. 1(e) and 1(f), the topologically nontrivial nature can
be explicitly confirmed by the emergence of gapless edge
states in the semi-infinite nanoribbons, and the calculations of
Wannier charge center (WCC) which acquire a nonzero value
of Z2 = 1.

To uncover the nontrivial topological phase transition, the
energy offset �e between the px/py orbitals of the flat-up
layer and the s orbitals of the inner atoms of buckled-down
layer is used as a tuning parameter, and Fig. 1(c) presents the
variation in the global energy gap as a function of �e. Starting
from the small �e, it can be clearly seen that the global
energy gap decreases rapidly with increasing �e. Remarkably,
a process of the energy gap closing and reopening occurs at
�e = 6.76, thus marking a topological phase transition from
insulators with Z2 = 1 to that with Z2 = 0 as is confirmed by
our topological analysis. Figures 1(g) and 1(h) show the bulk
band structure and edge spectrum after the phase transition.
The gapless edge states disappear and a pair of floating edge
states appear in the bulk band gap, which is often considered
as an important signature of the HOTIs. To identify the band
topology, we construct a triangular nanoflake of the TB model
with C3 rotational symmetry and present the energy spectrum
in Fig. 1(i). For the spinful system with SOC, six continuous
energy states (red dot) emerge at the Fermi level. The total
spatial distributions of wave functions for these six states are
present in the inset of Fig. 1(i), where the electrons accumu-
late mainly on the corners of the triangular nanoflake and there
is almost no electron distribution in the internal part of the
triangular nanoflake, indicating that the HOTIs as well as the
topological phase transition between the first-order Z2 TIs and
HOTIs are achieved.

After introducing a simplified tight-binding model of the
key idea in the previous section, we now show that this
idea can in principle be realized in an actual physical sys-
tem. We investigate real heterobilayer materials constructed
from some big band-gap 2D semiconductors and van der
Waals materials In2X3 (X=S, Se) which are well-known
2D ferroelectric semiconductors with properties of high light
sensitivity and fast response [43–46]. As an example, we
apply our approach to the MgAl2Se4/In2S3 heterobilayers
(see Appendix A). The MgAl2Se4 monolayers have been
reported to have high in-plane electron mobility, making it
suitable for n-type field-effect transistors [47]. Additionally,
the monolayer MgAl2Se4 has appropriate band-gap and band-
edge alignment, which makes it a potential photocatalyst for
water splitting [47,48]. In addition, the In2S3, with a buckled
honeycomb lattice, is theoretically predicted to be out-of-
plane polarized ferroelectric, as shown in Fig. 2(a), originating
from a noncentrosymmetric lattice structure [33,43–45,49–

FIG. 2. (a) Top view of the crystal structure for In2S3 mono-
layer, and schematic diagrams of the two polarization states.
Red arrows denote the polarization directions. Side views of the
MgAl2Se4/In2S3 heterobilayer with (b) outward polarization Po and
(c) inward polarization Pi. The inner and exterior In/S layer are
labeled as Inin/Sin and Inex/Sex , respectively. Plane-averaged electro-
static potential of (d) In2S3 monolayer and (e) heterobilayers with the
blue and red lines representing inward and outward polarized states,
respectively.

52]. Moreover, the In2S3 has been extensively researched
for applications such as ultrathin 2D photo detection, second
harmonic generation, and piezoelectric devices. Moreover,
the In2S3 has been extensively researched for applications
such as ferroelectric memory, photoelectrics, and thermo-
electrics [51,53]. The MgAl2Se4 and In2S3 have lattice
constants of a = b = 3.92 Å and a = b = 3.91 Å, respec-
tively [49,54], where the tiny difference in lattice parameters
guarantee the high operability of constructing heterostructure.

As illustrated in Fig. 2(a), In2S3 is a quintuple-layered
structure with the stacking order of S-In-S-In-S along the
z direction, where movement of the middle S atoms can
induce two different switchable ferroelectric states. After
considering the van der Waals (vdw) corrections, total en-
ergies of various stacking configurations for two opposite
polarizations have been investigated, and two most stable
ferroelectric stacking configurations are found and used to
confirm the practicability of our proposed topological phase
transition. As shown in Figs. 2(b) and 2(c), when the mid-
dle S atoms shift downwards, the ferroelectric polarization
(inward, Pi) points towards the MgAl2Se4 monolayer, where
the bottom Se atom of MgAl2Se4 monolayer is precisely
above the top In atom of the In2S3 in the z direction.
while when shift upwards, the ferroelectric polarization
(outward, Po) points in the opposite direction. After full ge-
ometric relaxation, Po configuration has a layer spacing of
3.03 Å, where the top atom of MgAl2Se4 monolayer is pre-
cisely above the middle S atom of the In2S3 monolayer in the z
direction. And Pi configuration has a layer spacing of 3.11 Å,
where the bottom Se atom of MgAl2Se4 monolayer and the
top In atom of the In2S3 remain aligned in the z direction.
Both configurations share the same P3m1 space group.

To get preliminary insight into the topological properties
of the MgAl2Se4/In2S3 heterobilayers under both the polar-
izations Pi and Po, we present in Fig. 3 the orbitally resolved
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FIG. 3. Electronic band structures of the ferroelectric
MgAl2Se4/In2S3 heterobilayers under outward polarization
(a) without SOC and (b) with SOC, and under inward polarization
(c) without SOC and (d) with SOC, respectively. Inset shows
enlarged view of band around the Fermi level. The color represents
the contribution of Sb layer, inner In/S layer (Inin/Sin), and exterior
In/S layer (Inex/Sex).

band structures without and with SOC. It is clearly visible
that band structures of the two ferroelectric configurations are
significantly different, meaning that the electronic bands can
indeed be tuned by the ferroelectric switching due to when
the plane-averaged electrostatic potential is clearly varied. To
visualize it, Fig. 2(e) plots the plane-averaged electrostatic
potential as a function of the vertical coordinate z across
the ferroelectric heterobilayers. Neglecting the slight potential
difference on the right side, the static potential difference
between the two ferroelectric structures on the left side is
approximately 2.06 eV. This value is in close proximity to the
band shift observed at �, as illustrated in Figs. 3(a) and 3(c).
For the outward-polarized configuration Po, in the absence of
SOC as shown in Fig. 3(a), energy bands with the Se atom
orbitals Inex/Sex are crossing at the � point, exhibiting the
Dirac cone-like features. Switching on SOC leads to the band
gap opening with a magnitude of 27.4 meV, as well known,
which is an important mechanism for the formation of a
topologically nontrivial phase. However, the band gap for the
inward-polarized configuration Pi is 0.588 eV in the case with-
out SOC, and the valence band maximum is dominated by the
Sb orbital while the conduction band minimum is dominated
by the inner In/S orbital (Inin/Sin), respectively. When SOC
is switched on, the band gap decreases to 0.467 eV and the
orbital contributions around the valence band maximum and
conduction band minimum remain the same as that without
SOC, i.e, no SOC-induced band inversion takes place, and

FIG. 4. Evolution of WCC for MgAl2Se4/In2S3 heterobilayers with (a) outward polarization and (d) inward polarization. The correspond-
ing topological edge spectrum with (b) outward polarization and (e) inward polarization. (c) Illustration of the 2D Z2 TI and the helical edge
states on the boundary. (f) Energy spectrum and charge distributions of C3-symmetric triangle-shaped nanoflake for the In2S3/Sb heterobilayer
with inward polarization, where the occupied corner states are marked by red dots.
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TABLE I. The lattice constants a0, Å and band gap Eg (eV) and
the value of Z2 invariant of four candidate heterobilayers capable
of exhibiting the topological phase transition from first-order Z2 TIs
to HOTIs are presented. Results are given for both outward Po and
inward Pi polarizations.

Compounds a0 Eg(Po) Eg(Pi ) Z2(Po)/Z2(Pi )

MgAl2Se4/In2S3 3.91 0.0274 0.4674 1/0
Cu2Br4/In2S3 3.93 0.0228 0.7807 1/0
Sb/In2Se3 4.06 0.0263 0.4511 1/0
Cu2I2/In2Se3 4.14 0.0454 0.2963 1/0

thus MgAl2Se4/In2S3 under Pi polarization cannot be a 2D
Z2 TI.

Figure 4(a) presents the evolution of WCC for
MgAl2Se4/In2S3 heterobilayers with polarization Po; clearly
the number of crossings between the WCC and a reference
horizontal line is odd, displaying a nontrivial topological
index Z2 = 1, and thus confirming the 2D Z2 TI nature
for MgAl2Se4/In2S3 heterobilayers with Po. To reveal the
bulk-boundary correspondence, the edge Green’s function
of the semi-infinite system is obtained by using the iterative
method and the MLWFs, and the resulted local density of
states is depicted in Fig. 4(b). One can clearly see a pair of
gapless edge states within the energy window of the SOC
gap, which is in direct agreement with the nontrivial value of
Z2 = 1.

In contrast to Po, as illustrated in Fig. 4(d), the Z2 index
computed by WCC for MgAl2Se4/In2S3 heterobilayers with
polarization Pi is Z2 = 0. This is a natural consequence of
no SOC-induced band inversion as discussed above. Con-
sequently, there is no gapless edge states connecting the
conduction and valence bands, but floating edge states emerge
in the band gap, as shown in Fig. 4(e). To check the HOTI
phase and the ferroelectric-switched topological phase tran-
sition, a triangular nanoflake with C3 is calculated using the
MLWFs method with SOC and the results are plotted in
Fig. 4(f). Six continuous energy states (red dots) emerge
near the Fermi level and the corresponding electrons accu-
mulate mainly on the corners of the triangular nanoflake.
The eigenvalues of threefold rotation symmetry of the occu-
pied energy bands at the high-symmetric points can be used
to define the nontrivial topological indices for HOTIs. The
eigenvalues of threefold rotation symmetry at high-symmetric
points are denoted as �(3)

m = e2π i(m−1)/3, where m = 1, 2, 3.
The integer topological invariants are defined by compar-
ing the rotation eigenvalues of the occupied bands at the
� point to the � point, i.e., [�(3)

m ] ≡ #�(3)
m − #�(3)

m , where
#�(3)

m (#�(3)
m ) is the number of the occupied bands with eigen-

value �(3)
m (�(3)

m ) [8,17]. The topological indices χ (3) are then
obtained from χ (3) = ([K (3)

1 ], [K (3)
2 ]), where the superscript

3 of χ (3) labels the C3 symmetry. The calculated nonzero
topological index of χ (3) = (−4, 1), together with the spatial
distribution of wave functions for corner states, confirms that
the inward-polarized heterobilayer is a HOTI.

To confirm the universality of our ferroelectric modulated
topological phase transition approach, we searched for stable
2D materials with large band gaps and lattice parameters
similar to In2X3 (X=S, Se) monolayers to construct hetero-

TABLE II. The parameter amplitudes in eV of the Slater-Koster
TB model with SOC.

εu
x εl

s εl
x εl

z V u
ppσ V l

ssσ V l
ppσ V l

spσ

V i
spσ V i

ppσ V u
ppπ V l

ppπ V i
ppπ θ λu

soc λl
soc

−3.54 2.85/3.67 1.00 −0.4 1.10 −0.48 2.4 0.05
0.01 0.05 0.08 −0.66 0.05 54◦ 0.2 0.5∗λu

soc

bilayers. The main challenge was creating band inversion in
the Po phase after considering SOC. We finally screened four
candidate materials to address this challenge. In Table I, we
list four candidate heterobilayers along with their structural
parameters and their band information of the two ferroelectric
phases. Detailed computational results for other candidate
materials are included in Appendix A.

In summary, we have presented a heterobilayer TB model
for 2D honeycomb lattice that can realize the exotic topo-
logical phase transition between the first-order Z2 TIs and
HOTIs. Remarkably, on the basis of first-principles calcu-
lations, we uncovered that the ferroelectric heterobilayer
MgAl2Se4/In2S3 and several other candidate materials can
realize both the 2D Z2 TI and HOTI phases with opposite
polarizations, i.e., the proposed topological phase transition
via ferroelectric switching. This phase transition strategy is
deserving of further study because it is not unique to the used
material MgAl2Se4/In2S3 and can be implemented to other
suitable ferroelectric multilayers. Our results not only demon-
strate the strong coupling of several topological phases and
ferroelectricity in two-dimensional materials, but also offer an
intriguing analytical framework for ferroelectric topological
materials, enrich and supplement the research in the field of
topological phase transitions, and facilitate the development
and application of multifunctional nanodevices.

This work was supported by the National Natural Science
Foundation of China (Grants No. 12174220, No. 12074217,
and No. 11904205), the Shandong Provincial Natural Science
Foundation of China (Grants No. ZR2019QA019 and No.
ZR2019MEM013), the Shandong Provincial Key Research
and Development Program (Major Scientific and Technolog-
ical Innovation Project) (Grant No. 2019JZZY010302), and
the Qilu Young Scholar Program of Shandong University.

FIG. 5. The band structures of TB model with energy offset
�e = 6.39 for difference magnitude of onsite SOC hopping term
λu

soc, from 0.0 to 0.25.
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APPENDIX A: DETAILED ANALYSIS
FOR THE TIGHT-BINDING MODEL

We start our discussion with a Slater-Koster TB model
on a 2D honeycomb heterobilayer. This 2D honeycomb het-
erobilayer consists of a flat monolayer (upper layer) and a
buckled monolayer (lower layer), as shown in Figs. 1(a) and
1(b). The model is composed of p orbitals localized on the
buckled layer, s-like orbitals of the inner atoms of the buckled
layer, and px/py orbitals localized on the flat layer for a total
of nine orbitals. For simplicity, we ignore the spin variables,

which means that these terms are identical in terms of spin
degrees of freedom. Taking into consideration all interlayer
and intralayer nearest-neighbor interactions, the Hamiltonian
can be expressed as

H0(k) =

⎡
⎢⎢⎣

h11 h12 · · · h19

h∗
12 h22 h29
...

. . .
...

h∗
19 h∗

29 · · · h99

⎤
⎥⎥⎦, (A1)

in which

h11 = εl
x, h22 = εl

x, h33 = εl
z,

h44 = εl
x, h55 = εl

x, h66 = εl
z,

h77 = εl
s + 2(cos (k1) + cos (k1 − k2) + cos (k2))V l

ssσ ,

h88 = εu
x + 1

2 (cos (k1 − k2) + cos (k2))
(
3V l

ppπ + V l
ppσ

) + 2 cos (k1)V l
ppσ ,

h99 = εu
x + 1

2

(
(4 cos (k1) + cos (k1 − k2) + cos (k2))V l

ppπ + 3(cos (k1 − k2) + cos (k2))V l
ppσ

)
,

h14 = 1
8

(
((1 + e−ik1 )(3 cos(2θ ) + 5) + 8e−ik2 )V u

ppπ + 6e−ik1 (1 + eik1 ) sin2(θ )V u
ppσ

)
,

h15 = − 1
4

√
3e−ik1 (−1 + eik1 ) sin2(θ )

(
V u

ppπ − V u
ppσ

)
,

h16 = − 1
4

√
3e−ik1 (−1 + eik1 ) sin(2θ )

(
V u

ppπ − V u
ppσ

)
,

h24 = − 1
4

√
3e−ik1 (−1 + eik1 ) sin2(θ )

(
V u

ppπ − V u
ppσ

)
,

h25 = 1
8

(
(8e−ik2 cos2(θ ) + (1 + e−ik1 )(cos(2θ ) + 7))V u

ppπ + 2(e−ik1 + 4e−ik2 + 1) sin2(θ )V u
ppσ

)
,

h26 = − 1
2 sin(θ ) cos(θ )(−i sin (k1) + 2i sin (k2) + cos (k1) − 2 cos (k2) + 1)

(
V u

ppπ − V u
ppσ

)
,

h34 = − 1
4

√
3e−ik1 (−1 + eik1 ) sin(2θ )

(
V u

ppπ − V u
ppσ

)
,

h35 = − 1
2 sin(θ ) cos(θ )(−i sin (k1) + 2i sin (k2) + cos (k1) − 2 cos (k2) + 1)

(
V u

ppπ − V u
ppσ

)
,

h36 = (−i(sin (k1) + sin (k2) + i) + cos (k1) + cos (k2))
(

sin2(θ )V u
ppπ + cos2(θ )V u

ppσ

)
,

h47 = − 1
2

√
3 sin(θ )V l

spσ (−i sin (k1) + cos (k1) − 1),

h48 = 1
2 (cos (k1 − k2) + cos (k2))

(
3V i

ppπ + V i
ppσ

) + 2 cos (k1)V i
ppσ ,

h49 = 1
2

√
3(cos (k1 − k2) − cos (k2))

(
V i

ppπ − V i
ppσ

)
,

h57 = 1
2 (e−ik1 − 2e−ik2 + 1) sin(θ )V l

spσ ,

h58 = 1
2

√
3(cos (k1 − k2) − cos (k2))

(
V i

ppπ − V i
ppσ

)
,

h59 = 1
2

(
(4 cos (k1) + cos (k1 − k2) + cos (k2))V i

ppπ + 3(cos (k1 − k2) + cos (k2))V i
ppσ

)
,

h67 = − 1
2

√
3 sin(θ )(−i sin (k1) + cos (k1) − 1)V l

spσ ,

h78 = i(2 sin (k1) + sin (k1 − k2) + sin (k2))V i
spσ ,

h79 = −i
√

3(sin (k1 − k2) − sin (k2))V i
spσ ,

h89 = 1
2

√
3(cos (k1 − k2) − cos (k2))

(
V l

ppπ − V l
ppσ

)
,

where εu
x , ε

l
s, ε

l
x, ε

l
z are onsite energies for px/py orbitals of

upper layer and s orbital, px/py orbital, pz orbitals of lower
layer, respectively; V u

ppσ ,V l
ssσ ,V l

ppσ ,V l
spσ , and V i

spσ ,V i
ppσ are

σ type hopping energies; V u
ppπ ,V l

ppπ , and V i
ppπ is π -type

hopping energies, where u, l and i represent the intralayer

nearest-neighbor interactions hopping for upper layer and
lower layer and the interlayer nearest-neighbor interactions
hopping between upper layer and lower layer; θ is the buck-
ling angle between z axis and the vector that connects the two
orbitals for lower layer. For the interlayer nearest-neighbor
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FIG. 6. [(a)–(e)] The band structure evolution of
MgAl2Se4/In2S3 heterobilayer during the transition from Po

phase to Pi phase with SOC. The band crossing and reopening
process is clearly shown. [(f)–(j)] The band structures of TB model
with SOC for different magnitude of energy offset �e, from 6.39 to
7.21.

interactions hopping between upper layer and lower layer,
we can reasonably simplify the coefficients related to the z
direction angle by the equation V i =V 0cos(ϕ), where ϕ is the
angle between the plane of one monolayer and the vector that
connects the two orbitals, and V 0 is actual hopping strength.
The other upper triangular matrix elements that do not appear
are zero. The energy offset �e between onsite energies for
px/py orbitals of upper layer and s orbital of lower layer
are given by �e = εl

s − εu
x . For simplicity we drop the spin

variable, meaning that the terms are identical and diagonal in
the spin degree of freedom. The parameters of the TB model
are presented in Table II.

Then we consider SOC interaction by the atomic term
L × S, we get the total Hamiltonian as

H = H0 + Hsoc, (A2)
in which

HSOC = λu/d
soc L × S, (A3)

where λ
u/l
soc is onsite SOC interaction strength for upper layer

and lower layer. The energy bands of the TB model with
different SOC strengths can be seen in Fig. 5.

The higher-order corner states arise from the p orbitals
of the buckled-down honeycomb layer in the TB model,
while the p orbitals of the honeycomb layer In2S3 in the
heterobilayer also contribute to the higher-order topological
properties. On the other hand, during the ferroelectric reversal
process, there is a band inversion between the s orbitals of
the layer In2S3 and the px/py orbitals of the layer MgAl2Se4,
leading to a phase transition from higher-order to first-order
topological states. In this TB model, we introduce the s or-
bitals on the buckled-down honeycomb layer and the px/py

orbitals on the flat-up layer to capture this transition process.
In Fig. 3, the band analysis at the � point reveals a sig-
nificant change in the energy difference between the bands
contributed by the Inex/Sex s orbitals (marked in red) and the
bands contributed by the Se p orbitals during the ferroelectric
transition. This change corresponds to the modulation of the
energy offset �e between the s orbitals of the buckled-down
layer and the px/py orbitals of the flat-up layer defined in our
model. In Figs. 6(a)–6(e), the band structure evolution during
the ferroelectric phase transition from the Po phase to the
Pi phase for the MgAl2Se4/In2S3 heterobilayer is displayed.
Due to the small interlayer spacing difference between the
two ferroelectric phases, we maintain a constant interlayer
spacing during the phase transition. Along the ferroelectric
switching path, we constructed 17 intermediate structures.
Near the Po phase, we observed a band inversion process,
which is in good agreement with the band evolution obtained
by adjusting the parameter �e in the TB model, as shown
in Figs. 6(f)–6(j). The TB model enables us to represent this
ferroelectric phase transition by adjusting the parameter �e,

FIG. 7. Side views of the Cu2Br2/In2S3 heterobilayer with (a) outward polarization Po and (c) inward polarization Pi. Electronic band
structures of the Cu2Br2/In2S3 heterobilayer (b) under outward polarization with SOC, and (f) under inward polarization with SOC,
respectively. The corresponding topological edge spectrum with (c) outward polarization and (g) inward polarization. (d) Evolution of WCC
for Cu2Br2/In2S3 heterobilayer with outward polarization. (h) Energy spectrum and charge distributions of triangle-shaped nanoflake for the
heterobilayer with inward polarization, where the occupied corner states are marked by red dots.
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FIG. 8. Side views of the Sb/In2Se3 heterobilayer with (a) outward polarization Po and (c) inward polarization Pi. Electronic band structures
of the Sb/In2Se3 heterobilayer (b) under outward polarization with SOC, and (f) under inward polarization with SOC, respectively. The
corresponding topological edge spectrum with (c) outward polarization and (g) inward polarization. (d) Evolution of WCC for Sb/In2Se3

heterobilayer with outward polarization. (h) Energy spectrum and charge distributions of triangle-shaped nanoflake for the heterobilayer with
inward polarization, where the occupied corner states are marked by red dots.

thereby achieving a topological transition in the heterobilayer
material.

APPENDIX B: DETAILED RESULTS FOR THE OTHER
CANDIDATE MATERIALS

To achieve a ferroelectric topological phase transition,
we looked for stable two-dimensional materials with lattice

FIG. 9. Side views of the Cu2I2/In2Se3 heterobilayer with (a) outward polarization Po and (c) inward polarization Pi. Electronic band
structures of the Cu2I2/In2Se3 heterobilayer (b) under outward polarization with SOC, and (f) under inward polarization with SOC,
respectively. The corresponding topological edge spectrum with (c) outward polarization and (g) inward polarization. (d) Evolution of WCC
for Cu2I2/In2Se3 heterobilayer with outward polarization. (h) Energy spectrum and charge distributions of triangle-shaped nanoflake for the
heterobilayer with inward polarization, where the occupied corner states are marked by red dots.

parameters similar to In2X3 (X = S, Se) monolayers,
constructed heterobilayers, and calculated their most sta-
ble stacking arrangement. Analyzing the band structure
of both Pi and Po phases, we identified four potential
structures: MgAl2Se4/In2S3, Cu2Br2/In2S3, Sb/In2Se3, and
Cu2I2/In2Se3 heterobilayers. Figures 7–9 show the detailed
calculated results.
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