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Engineering topological boundary states have attracted enormous interest with great insight into both the
fundamental understanding and future applications of topological states. Despite the fact that several proposals
have been made to achieve the second-order corner states from the first-order helical and/or chiral edge
states, manipulation of corner states without topological phase transition remain elusive. Here, taking γ -FeO2H
monolayer and 1T′-CrCoS4 monolayer as the material candidates, we propose a general mechanism for manipu-
lating corner states without topological phase transition in two-dimensional intrinsic triferroics. Under in-plane
spontaneous polarization, electrons acquire a transverse velocity, leading to the emergence of nontrivial corner
states located at the mirror-symmetric corners perpendicular to the polarization direction. Remarkably, in contrast
to previously reported proposals with topological phase transition, we put forward that the spatial distribution
of the corner states can be effectively engineered by a ferroelastic switching with the second-order topological
insulator remaining intact, thereby driving the advancement of multiferroics in topological spintronics.

DOI: 10.1103/PhysRevB.109.165308

I. INTRODUCTION

Recent advancements in topological states have greatly
expanded the classification of band insulators, and remark-
ably, the nontrivial bulk-boundary correspondence reaches
out to higher orders, namely, higher-order topological insu-
lators (HOTIs) [1–3]. Unlike conventional TIs, HOTIs feature
topologically gapless boundary states with a dimensionality
lower by more than one compared to that of the bulk [2]. For
example, the second-order topological insulators (SOTIs) host
gapless states at the (d-2) dimensional boundaries, resulting in
the hinge or corner states in three or two dimensions, respec-
tively [4–8]. This characteristic enhances the prevalence of
nondissipative states and paves the way for feasible transport
signatures with potential applications in topotronic devices
[9,10]. Numerous theoretical models and material candidates
of SOTIs have been proposed [11–17], and they have been ex-
perimentally observed in Bi [18], WTe2 [19], and Bi4Br4 [20].
Notably, in two-dimensional (2D) materials, the topology and
nontrivial corner states can be engineered, such as the non-
trivial corner states can be obtained when the magnetization
directions are switched in topological crystalline insulators
and/or when an in-plane Zeeman field is introduced in the
Z2 TIs [21–24]. However, despite the exciting progress, the
corner states engineering is severely limited in the topological
phase transitions, where indeed topological phase transitions
between SOTIs and Chern insulators can also emerge [25,26].

On the other hand, multiferroic coupling in 2D mate-
rials gives rise to exotic effects with versatile capabilities
for manipulating strain alignment, electric polarization, and
magnetization [27–33]. Typical ferroic properties include
ferromagnetism (FM)/antiferromagnetism (AFM) resulting
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from the breaking of time-reversal symmetry, and ferro-
electrics (FE)/ferroelastics (FA) that arise in the absence of
certain structural symmetry [34–36]. Among various mul-
tiferroics, intrinsic triferroics, holding three simultaneous
(anti)ferroic orders, are rare but highly sought after, providing
an ideal platform for multistate information devices [32,37–
40]. Remarkably, coupling multiferroic to nontrivial topolog-
ical physics in 2D holds great promise for both fundamental
research and applications in topotronics and nonvolatile mem-
ory devices [41–49]. Indeed, the interplay between band
topology and ferroic properties allows for the topological
phase transitions through elastic strain engineering or the
direct control by an electric field [50–52]. Therefore, an out-
standing question arises as to whether the corner states can be
effectively tuned by multiferroic while remaining the SOTIs.

In the present work, we demonstrate that 2D intrinsic
triferroics γ -FeO2H monolayer and 1T′-CrCoS4 monolayer
provide a promising platform to achieve the SOTI phase,
and remarkably to control the corner states without topo-
logical phase transition. With the ferroelectric polarization,
nontrivial corner states arise in the mirror-symmetric cor-
ners, which can be demonstrated by the energy spectra in
nanoflakes and the spatial charge distribution. Notably, under
a ferroelastic switching from the initial to final stable states,
the spatial distribution of the corner states undergoes a 90o

rotation. Yet, during intermediary states of ferroelastic and
ferroelectric switching, the corner states disappear. Our find-
ings suggest that magnetic topological corner states can be
engineered by ferroelasticity and ferroelectricity, offering a
practical experimental approach for manipulating the topol-
ogy in next-generation electronic devices.

II. METHODS

As implemented in the Vienna ab initio simulation pack-
age (VASP), the projector-augmented wave method is used
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FIG. 1. (a) Top and side views of the γ -FeO2H monolayer with the unit cell is indicated by dashed lines, and the corresponding 2D
Brillouin zone. (b) Diagrammatic depiction of the super exchange paths in the γ -FeO2H monolayer, where dashed lines indicate electron
transitions between orbitals. Energy pathway for (c) ferroelectric switching and (d) ferroelastic switching as a function of step number in the
nudged elastic band calculations. (e) Orbitally resolved band structure with SOC and (f) edge state for γ -FeO2H monolayer in the initial stable
state of ferroelectric/ferroelastic switching. The band structure is orbitally weighted with the contributions of Fe-3d and O-2p states.

to perform the first-principles calculations based on density
functional theory [53,54]. The generalized gradient approx-
imation (GGA) of Perdew-Burke-Ernzerhof (PBE) is used
for the exchange-correlation potential [55]. The plane-wave
cutoff energy is set at 450 eV and the Brillouin zone is
sampled using a 11 × 11 × 1 �-centered k-point mesh. A
vacuum layer of 20 Å is used to avoid interactions between the
nearest slabs. During structural optimization, we fully relax
both the atomic positions and lattice constants of each system
until the Hellmann-Feynman forces acting on each atom are
below 0.01 eV/Å. The electronic convergence criteria is set
to 10−5 eV. For the Fe-3d , Cr-3d , and Co-3d electrons, the
GGA + U method with values of 4.3 eV, 2.2 eV, and 2 eV are
used to correct the Coulomb interactions [56,57]. The ferroe-
lastic transition pathway and the energy barrier are calculated
using the NEB method. The maximally localized Wannier
functions (MLWFs) are constructed using the WANNIER90
code [58].

III. RESULTS AND DISCUSSION

Recently, the γ -FeO2H monolayer has attracted grow-
ing interest as an intrinsically 2D triferroic semiconductor
[56]. An atomically thin γ -FeO2H nanosheet, approximately
1.5 nm thick, has been experimentally synthesized [59], and
the stability of the γ -FeO2H monolayer has been confirmed
through phonon spectra, elastic constants, and AIMD sim-
ulations [56]. Figure 1(a) presents the top and side views
of the γ -FeO2H monolayer. It belongs to the noncentrosym-
metric space group Pmn21(C2v ), with a rectangular unit cell
containing two Fe atoms, two H atoms, and four O atoms.
The optimized lattice constants of the γ -FeO2H monolayer
are a = 3.81Å and b = 3.09Å, in agreement with previous
calculations [56].

Each Fe atom is coordinated by six O atoms in a dis-
torted octahedral environment, and thus the Fe-3d orbitals

split into the double-degenerate eg and triple-degenerate t2g

orbitals as depicted in Fig. 1(b). The calculations of mag-
netic properties reveal that the magnetic moments on each
Fe are about 5 µB, suggesting that the Fe are in a high-spin
state with the half filled 3d5 configuration, giving rise to the
intrinsic antiferromagnetism. To further verify the magnetic
ground state, we calculated the total energies of four differ-
ent magnetic configurations with spin polarization, including
three antiferromagnetic (AFM) states and one ferromagnetic
(FM) state (see Fig. S1 in the Supplemental Material [60]).
The AFM-1 is identified as the ground state, which is ener-
getically lower than the AFM-2, AFM-3, and FM states by
0.06, 0.05, and 0.11 eV/atom, respectively. The origin of such
ground AFM-1 configuration in the γ -FeO2H monolayer can
be elucidated through the superexchange interaction follow-
ing the Goodenough-Kanamori-Anderson rules [61,62]. As
illustrated in Fig. 1(b), through the O-2p orbitals between
Fe, magnetic moments from spin-polarized eg and t2g states
couple antiferromagnetically in different paths based on the
Fe-O-Fe angle, i.e., the eg − pσ /pπ − t2g path with a 90o an-
gle, and/or eg − pσ /pσ − eg and t2g − pπ/pπ − t2g path with
a 180o angle [61,62]. The intensity of the antiferromagnetic
coupling for the 90o case is weaker than that for the 180o

case [62]. For γ -FeO2H monolayer, the Fe-O-Fe angle along
the [100] direction is closer to 180o, while those are closer
to 90o along the [010] and [110] directions, suggesting the
strong antiferromagnetic coupling along the [100] direction.
Additionally, Figs. 1(c) and 1(d) display the energy path-
ways for ferroelectric switching and ferroelastic switching,
respectively, as a function of step number in the nudged
elastic band calculations for the γ -FeO2H monolayer. The
energy barrier for the ferroelectric switching is estimated to be
0.44 eV/unit cell, and that for the ferroelastic switching is
estimated to be 0.058 eV/atom, suggesting a high possibility
of both the ferroelectric switching and ferroelastic switching
in the γ -FeO2H monolayer.
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FIG. 2. (a) Schematic diagram of ferroelectric switching for the
γ -FeO2H monolayer. Energy discrete spectrums for the (b) initial
state (state I), (c) intermediate state (state II), and (d) final state
(state III) of the ferroelectric switching for γ -FeO2H nanoflakes. The
charge distributions of corner states and/or edge states are plotted in
the insets. The magenta dots represent the in-gap corner states. Blue
arrows represent the directions of spontaneous in-plane polarization.

To get preliminary insight into the topological properties
of the γ -FeO2H monolayer, we calculate the band structure
without and with SOC, and present in Fig. 1(e) the orbitally
resolved band structures with SOC. Clearly, the γ -FeO2H
monolayer is an AFM semiconductor with an indirect band
gap of 2.32 eV. The conduction band minimum (CBM) is
dominated by the 3d orbitals of Fe, whereas the valence
band maximum (VBM) is mainly derived from the 2p or-
bitals of O. There is no SOC-induced band inversion that
is usually considered as a heuristic scenario for the conven-
tional Z2 TIs. Moreover, calculations of the edge Green’s
function of a semi-infinite γ -FeO2H nanoribbon are carried
out by using the iterative method and the MLWFs, and the
resulting local density of states are illustrated in Fig. 1(f).
Obviously, there is a large gap between the conduction and
valence bands, and no gapless edge states appear in the bulk
band gap. Thus, the γ -FeO2H monolayer is not a 2D Z2 TI.
However, the floating edge states appear in the bulk band
gap, which is usually considered as an important signature of
the SOTIs.

Concerning the space group Pmn21(C2v ), only the My mir-
ror symmetry exists. The absence of Mx mirror symmetry
in the γ -FeO2H monolayer is due to the O-H bond deviat-
ing from the c axis by a maximum angle of θmax = 60.5o,
as shown in state I of Fig. 2(a). It is noteworthy that this
deviation induces in-plane polarizations of ferroelectricity in
the γ -FeO2H, leading to the emergence of corner states, an-
other important hallmark of the SOTIs. To explore the SOTIs
phase, we perform calculations of the energy discrete spectra
and charge spatial distribution for a 4

√
2 × 4

√
2 γ -FeO2H

nanoflake. Figure 2(b) displays the energy spectra of the
nanoflake in state I, i.e., the initial state for the ferroelectric
switching, where two clearly visible degenerate in-gap states

are obtained. In particular, the spatial distribution of these cor-
ner states is well localized at the corners, revealing explicitly
the 2D SOTIs character of the γ -FeO2H monolayer.

The unique coexistence of excellent ferroelectricity and
band topology provides extraordinary platforms for realizing
multipurpose and controllable devices. Figure 2(a) presents
the top and side views for the initial, intermediate, and final
states of the ferroelectric switching for the γ -FeO2H mono-
layer, marked as state I, state II, and state III, respectively.
As shown in Fig. 1(c), the transition pathway is symmetrical.
Similar to reported ferroelectric materials, the intermediate
state of the γ -FeO2H monolayer is metastable, where the
phonon dispersions host imaginary modes in the Brillouin
zone. The O-H bonds are aligned parallel to the c axis, there
is the structural inversion symmetry for the intermediate state
II, and thus no spontaneous polarization. At the same time,
there is no corner state distribution in the finite nanoflake
as illustrated in Fig. 2(c). By rotating the angle between the
O-H bond and the c axis from θmax to −θmax, we achieve the
final ferroelectric state, state III of Fig. 2(a). The spontaneous
polarization is obtained again. The emergence of the in-gap
corner states for final state III is clearly visible, as depicted in
Fig. 2(d), and the spatial distribution of corner states is well
localized at the corners, indicating that the ferroelectricity
with in-plane polarizations endows the emergence of corner
states in the γ -FeO2H monolayer. However, for both state I
and state III, the corner states emerge only at the top right and
bottom left corners, but not at the top left and bottom right
corners, as shown in the insets of Figs. 2(b) and 2(d). This
is due to the fact that distribution of corner states is related
to the orientations of spontaneous ferroelectric polarization.
Electrons within the materials experience deflection as a result
of the combined effects of spontaneous in-plane polarization
and Berry curvature, described as ν(k) = AE × �(k) [63].
Here, A is a constant, E signifies the spontaneous polariza-
tion, and �(k) represents the Berry curvature. A velocity
ν(k) perpendicular to the orientations of spontaneous in-plane
polarization field is obtained, leading to the accumulation of
corner charges for state I and state III as shown in Figs. 2(b)
and 2(d).

Notably, for multiferroic materials with the coexistence of
ferroelectricity and ferroelasticity, the directions of sponta-
neous ferroelectric polarization can be further switched via the
ferroelastic transition. Due to different lattice constants on the
a and b axes, the γ -FeO2H monolayer has two stable states,
F and F ′, with a transition state, T S, which are the initial,
final, and intermediate states of the ferroelastic switching,
respectively, as illustrated in Fig. 3(a). Clearly, the crystal
structure for the F state is the same as that of the F ′ state
rotated by 90o, where the lattice constant a of the F state is
larger than b, while a is smaller than b for the F ′ state. When
subjected to external in-plane strain, the F state and the F ′
state of γ -FeO2H can undergo reversible phase transitions. As
a consequence, the ferroelastic switching causes a 90o rotation
in the directions of the spontaneous ferroelectric polarization
for the γ -FeO2H monolayer.

To better illustrate how the ferroelastic switching controls
the corner states, we set its initial state, F state, to be the same
as the initial state, state I, of the ferroelectric transition. For
the T S and F ′ states of the ferroelastic transition, we con-
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FIG. 3. (a) Schematic diagram of ferroelastic switching for the
γ -FeO2H monolayer. (b) Charge distributions of corner states and/or
edge states for the ferroelastic initial state (F ), transition state (T S),
and final state (F ′) of the γ -FeO2H monolayer; the blue arrows repre-
sents the directions of spontaneous in-plane polarization. (c) Energy
discrete spectra of the γ -FeO2H nanoflakes under states F , T S, and
F ′. The magenta dots in states F and F ′ signify the in-gap corner
states.

struct the corresponding 4
√

2 × 4
√

2 nanoflakes and calculate
the energy discrete spectra and charge spatial distribution,
and present the obtained results in Figs. 3(b) and 3(c). As
discussed above, for the initial F state, the corner states
emerge at the top right and bottom left corners. And for the in-
termediate T S state, with a = b, the spontaneous polarization
vanishes, resulting in the charges distributes no longer at the
corners but along the edge of the nanoflake. Remarkably, for
the final F ′ state, the energy spectra behave exactly the same
as that of the another ferroelastic ground state F . However,

the spatial distribution of their corner states is very different,
rotating by 90o, i.e., emerging at the top left and bottom right
corners for the F ′ state. One can thus safely recognize the
feasibility of tuning the spatial distribution of corner states via
ferroelastic transition.

We then calculate the reversible ferroelastic strain of the
γ -FeO2H monolayer to gain a deeper understanding of the
ferroelastic switching. This strain controls the signal strength,
defined as |a/b − 1| × 100%. The obtained reversible ferroe-
lastic strain for the γ -FeO2H monolayer is 23.30%, on par
with those of GeS (17.8%), Nb2GeTe4 (22.1%), and Nb4SiTe4

(24.4%), indicating a strong switching signal [64,65]. Hence,
ferroelastic switching can be effectively used to engineer the
corner states in the γ -FeO2H monolayer, leading to a plethora
of intriguing phenomena and potential applications.

At last, we explore and show the emergence and engineer-
ing of corner states with the same mechanism can indeed
be realized in other 2D intrinsic triferroic materials, such as
the 1T′-CrCoS4 monolayer. Figure 4(a) displays the top and
side views of the 1T′-CrCoS4 monolayer. It is evident that the
reduced Cs symmetry in 1T′-CrCoS4 results in a spontaneous
in-plane polarization with a value of 0.86 × 10−4 µC/m [57].
The optimized lattice constants for the 1T′-CrCoS4 monolayer
are a = 5.38Å and b = 3.22Å. The ground state displays
a ferrimagnetism order with antiparallel spin alignment be-
tween Cr and Co atoms, and a net magnetic moment of
1.00 µB/unit cell.

Figure 4(b) presents the orbitally resolved band structures
of the 1T′-CrCoS4 monolayer with SOC. It is an indirect
semiconductor with a bandgap of 0.22 eV, and the valence and
conduction bands near the Fermi level are mainly contributed
by the S-3p, Cr-3d , and Co-3d orbitals. Top views of initial
state F , transition state T S, and final state F ′ for the ferroelas-
tic switching of the 1T′-CrCoS4 monolayer are displayed in
Fig. 4(d). To explicitly uncover the SOTIs nature with tunable

FIG. 4. (a) Top and side views of the 1T′-CrCoS4 monolayer with the unit cell is indicated by dashed lines. (b) Orbitally resolved band
structure with SOC and (c) edge state for 1T′-CrCoS4 in the initial stable state of ferroelastic switching. The band structure is orbitally weighted
with the contributions of S-3p, Cr-3d , and Co-3d states. (d) Schematic diagram of ferroelastic switching for the 1T′-CrCoS4 monolayer.
Energy-discrete spectra of the 1T′-CrCoS4 nanoflake for (e) initial state (F ) and (f) final state (F ′) associated with the ferroelastic switching.
The magenta dots represent the in-gap corner states with their distributions displayed in the corresponding insets.
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FIG. 5. Energy spectrum of finite nanoflakes for the TB model
under (a) trivial (m = 2.5, F = 0), (b) nontrivial (m = 0.5, F = 0),
and (c), (d) higher-order phases with in-plane electric polarization
(m = 0.5, F = 1.3). The parameters t and λ are set to 0.5 and 0.2,
respectively. The magenta dots represent the in-gap corner states, the
blue arrow denotes the direction of the electric potential, and the
distributions of corner, edge, and bulk states are plotted in the inset.

corner states, calculations of edge states of a semi-infinite
nanoribbon are carried out using MLWFs constructed based
on the Cr-3d , Co-3d , and S-3p orbitals. Similar to γ -FeO2H,
as shown in Fig. 4(c), floating edge states emerge in the bulk
band gap. Then, we used MLWFs to construct 0D nanoflakes,
and studied both the energy spectrum and the spatial distri-
bution of corner states, as depicted in Figs. 4(e) and 4(f) for
F and F ′ states, respectively. Obviously, one can see that the
corner states are well localized at the corners and are oriented
perpendicular to the in-plane spontaneous polarization direc-
tions. Furthermore, as depicted in the insets of Figs. 4(e) and
4(f), the localization of corner states rotates 90o for two stable
ferroelastic states F and F ′, which is in direct agreement with
the above discussed γ -FeO2H monolayer.

Finally, to better grasp the key mechanisms and physics of
the switchable corner states, we present a tight-binding model,
where each primitive cell includes one atom with two orbitals.
The corresponding Hamiltonian can be expressed as

H0 = −t
∑

〈i, j〉
c†

i c j +
∑

i

mic
†
i ci + λ

∑

〈i, j〉αβ

c†
iα (σαβ · di j )c jβ,

where c†
iα (ciβ ) annihilates (creates) an electron in the po-

sition i, with a spin component of α(β ), and di j is the
vector connecting the two atoms. The first term represents
the nearest-neighbor hopping with energy t , while the second

term is the onsite sublattice potential, where mi = ±m for the
s and p orbitals, respectively. The third term represents the
nearest-neighbor spin-orbit coupling (SOC) with amplitude λ,
inducing hybridization between s-s or p-p orbitals. As shown
in Figs. 5(a) and 5(b), the system can be either a normal
insulator or a 2D Z2 TI, but not a 2D SOTI due to the lacking
of polarization in the presence of rotation symmetries C2x

and C2y.
To mimic the polarization, we then introduce the electric

potential term HE = ∑
i c†

i [eF (x cos θ + y sin θ )]ci. In addi-
tion to the elementary charge e, HE is characterized by the
amplitude represented by F and orientation defined by θ .
As expected, with an in-plane electric potential along the x̂
direction, four clearly degenerate states emerge within the
band gap as depicted in Fig. 5(c). The spatial distribution
of wave functions for these energy states is well localized
at two symmetric corners on the lower side of the electric
potential, serving as a direct signal of 2D SOTIs. Remarkably,
the in-gap corner states can be relocated when considering the
in-plane electric potential along the ŷ direction, as depicted in
Fig. 5(d). Given the coexistence of ferroelectricity and ferroe-
lasticity in multiferroic materials, the direction of spontaneous
ferroelectric polarization can be switched through ferroelastic
transitions. Consequently, controlling the corner states via
ferroelastic transitions becomes not only conceivable but also
elegantly feasible.

IV. CONCLUSIONS

In summary, we successfully confirmed that the SOTI
phase with corner states can emerge in the 2D intrinsic tri-
ferroics γ -FeO2H monolayer and 1T′-CrCoS4 monolayer, and
remarkably the corner states can be effectively modulated by
the ferroelastic and ferroelectric switchings. The emergence
of corner states stems from the intrinsic spontaneous ferro-
electric polarization, which are located at mirror-symmetric
corners perpendicular to the in-plane spontaneous polarization
direction, and disappear with the vanishing of the ferroelec-
tric polarization. Moreover, given the ferroelastic transition
from the initial to final stable states, the localization-control
of corner states can be achieved via ferroelastic switching
due to the changing of directions of the in-plane spontaneous
polarization. Our findings greatly enrich the prominent fun-
damental phenomena and thus provide an outstanding avenue
for designing novel controllable topotronic devices.
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