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Magnetic topological insulators with switchable edge and corner states in monolayer VSi2P4
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Magnetic topological insulators have been attracting great interest in two dimensions for both fundamental
physics and applications in spintronics. Here, we put forward that the topological phase transition between
a second-order topological insulator and quantum anomalous Hall insulator with a strikingly different bulk-
boundary correspondence is possible in two-dimensional ferromagnets. We employ the intrinsic ferromagnetic
VSi2P4 monolayer with giant valley polarization as a material candidate and elucidate that the second-order
topological insulator emerges, distinguished by the topological indices χ (3) = (−3, 2) and well-localized corner
states. Remarkably, under strain engineering, a topological phase transition takes place under a 0.67% tensile
strain accompanied by obtaining the quantum anomalous Hall effect with a Chern number C = −1 and one
chiral edge state. As the tensile strain further increases, another topological phase transition is realized as the
VSi2P4 monolayer changes into a normal insulator. Our work considerably bridges the higher-order topology
and quantum anomalous Hall effect with a high possibility of innovative applications in topotronic devices.
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I. INTRODUCTION

Magnetic topological insulators (TIs) have currently
stimulated significant interest with a variety of nontrivial
phenomena being constantly discovered and intensively ex-
plored [1–4]. The Chern insulator (CI) with a fascinating
quantum anomalous Hall (QAH) effect, in two-dimensional
(2D) ferromagnets, has been a conceptual milestone with
rich fundamental physics and great potential in the appli-
cation of dissipationless spintronic devices [5–9]. With an
integer Chern number C, as a key desirable characteristic,
the nontrivial topology of the QAH effect is distinguished
by the C number of gapless chiral edge states in the corre-
sponding one-dimensional nanoribbons. This is well known
as bulk-boundary correspondence, i.e., a d-dimensional non-
trivial insulator has nontrivial boundary states in (d − 1)
dimensions [10–12].

Recently, the research on topological states has started
to branch out to the generalized bulk-boundary correspon-
dence [13–17]. For example, a d-dimensional second-order TI
(SOTI) holds gapless states at the (d − 2)-dimensional bound-
aries, but gapped states otherwise [18–21]. Indeed, recent
years have witnessed an explosion of research investigating
the complex interplay between SOTIs and magnetism [22,23].
For example, the topological phase transitions between topo-
logical crystalline insulators and SOTIs can be obtained via
switching the magnetization directions in 3D EuIn2As2 [24]
and 2D NpSb [25], and the 2D TIs and 2D SOTIs can be
bridged by the in-plane Zeeman field [26,27] or by the fer-
roelectric switching [28]. However, only limited intrinsic 2D
ferromagnets have been proposed theoretically to host the
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SOTI phase, and, moreover, the topological phase transitions
between CIs and SOTIs remain elusive.

On the other hand, current research has witnessed a tremen-
dous development in valleytronics, where valley polarization,
as a new degree of freedom in honeycomb lattices, holds
great opportunities for exotic transport phenomena [29–31].
In the present paper, we combine valley polarization and band
topology to identify the manipulation of topological corner
and edge states, accompanied by a topological phase transition
between SOTI and CI, in a 2D VSi2P4 monolayer. Using
first-principles calculations, we show that the VSi2P4 mono-
layer is an intrinsic ferromagnetic (FM) SOTI characterized
by the emergence of nontrivial corner states. Moreover, spon-
taneous valley polarization emerges due to the coexistence of
spin-orbit coupling (SOC) effects and exchange interactions
of the localized d electrons. Consequently, the gap closure
can be achieved at +K and −K sequentially, leading to the
topological phase transitions from a FM SOTI to a CI and then
to a normal insulator under tensile strain. The obtained QAH
effect is distinguished by a nonzero Chern number C = −1
and one chiral edge state. Our predicted topological phase
transitions are helpful and essential for both the fundamental
understanding and future applications of magnetic topological
states with different bulk-boundary correspondences.

II. COMPUTATIONAL DETAILS

First-principles calculations are carried out by means
of density functional theory (DFT) using the projector
augmented-wave method as implemented in the Vienna ab
initio simulation package (VASP) [32,33]. The generalized
gradient approximation (GGA) within the Perdew-Burke-
Ernzerhof (PBE) is used for the exchange-correlation po-
tential [34]. The cutoff energy is fixed to 500 eV for the
plane-wave basis set, and a vacuum layer of 20 Å is used
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FIG. 1. (a) Top view of the crystal structure of the VSi2P4 mono-
layer. (b) The first Brillouin zone with marked high-symmetry points.
Here, b1 and b2 are reciprocal lattice vectors. (c) The phonon dis-
persion and (d) time evolution of free energy during the molecular
dynamics calculations for the VSi2P4 monolayer, showing that the
monolayer is dynamically and thermally stable.

to avoid interactions between the nearest slabs. The strong
correlation effects for V-3d electrons are handled via the
GGA+U method with a value of U = 2.4 eV [35]. All atoms
are completely relaxed until the atomic forces on each atom
are smaller than 0.01 eV/Å, and the criterion for energy
convergence is set to 10−6 eV. The �-centered Monkhorst-
Pack grids of 9 × 9 × 1 are employed to perform the first
Brillouin zone integral. Using the DFT perturbation theory,
the phonon calculations are carried out by using the PHONOPY

package [36]. Maximally localized Wannier functions (ML-
WFs), combining the results of first-principles calculations of
VASP, are constructed in the basis of V-d , Si-p, and P-p by
using the WANNIER90 code [37].

III. RESULTS AND DISCUSSION

As illustrated in Fig. 1(a), the VSi2P4 monolayer exhibits
a hexagonal lattice with space group P6m2, forming on a
hexagonal lattice. It consists of one V, two Si, and four P atoms
in each unit cell, stacking in a sequence of P-Si-P-V-P-Si-P.
Its optimized lattice constant is a = 3.485 Å, agreeing well
with previous theoretical values [38,39]. In order to confirm
the dynamical stability of the VSi2P4 monolayer, the phonon
spectrum calculations are carried out. As shown in Fig. 1(c),
the absence of imaginary modes in the entire Brillouin zone
confirms that the VSi2P4 is dynamically stable and difficult
to destroy once formed. Moreover, the molecular dynamics
simulations are carried out for 10 ps at 300 K. As illustrated
in Fig. 1(d), there is neither bond breakage nor structure re-
construction, suggesting a robust thermal stability for VSi2P4.

Each V atom is coordinated with six P atoms, forming a
trigonal prismatic configuration and leading to the V-3d split-
ting into three groups: a1(dz2 ), e1(dxy, dx2−y2 ), and e2(dxz, dyz ).
The valence electronic configuration of an isolated V atom is
3d34s2, and, for VSi2P4, each V atom transfers four electrons

FIG. 2. Band structures of the VSi2P4 monolayer (a) without and
(b) with SOC. (c) The gapped edge state of a VSi2P4 semi-infinite
ribbon with an armchair edge. (d) Energy spectrum of a triangular
armchair nanoflake for the VSi2P4 monolayer, where the occupied
corner states are marked by red dots. The insets show the total charge
distribution of the three corner states.

to neighboring P atoms, i.e., the V4+ in VSi2P4 has one
valence electron left and thus a magnetic moment of 1μB is
expected. This is further verified by our calculations with the
results revealing that VSi2P4 is spin polarized and a magnetic
moment of 1μB per unit cell is indeed obtained. To determine
the magnetic ground state, we investigate the total energies
of VSi2P4 with FM and antiferromagnetic (AFM) configura-
tions based on a 2 × 2 × 1 supercell. The FM configuration is
found to be the magnetic ground state, which is energetically
favored over the AFM ones by 57.2 meV per V, and this large
value indicates that the FM coupling is strong and robust in
VSi2P4. Indeed, the FM ground state can be understood by
the Goodenough-Kanamori rules because the V-P-V angles
approach 90◦, which are measured to be 91.71◦ [40,41]. After
including the SOC effect, the magnetic anisotropy energy
(MAE) was also calculated, and the out-of-plane direction is
calculated to be the most energetically stable.

Figure 2(a) presents the band structures of VSi2P4 in the
absence of SOC. It is clearly visible that the bands of oppo-
site spins split significantly with only the spin-up bands left
around the Fermi level. The VSi2P4 is a direct-gap insulator
with an energy gap of 128.6 meV, where both the conduction
band minimum (CBM) and valence band maximum (VBM)
are located at the ±K points, and there is no valley polariza-
tion. When SOC is switched on, as shown in Fig. 2(b), the
insulating character is maintained with a decrease of the band
gap to 76.2 meV. The valley degeneracy in VSi2P4 at the ±K
points is lifted obviously, meaning that spontaneous valley
polarization is realized. Remarkably, the valley polarization
in the top valence band can reach as much as 84.2 meV,
which is relatively large compared to previously proposed
ferrovalley systems [42,43], which is highly desirable for both
fundamental physics and future applications in valleytronics.

The highest occupied bands around the ±K points are
mainly contributed by the V-dxy/dx2−y2 orbitals, as illustrated
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FIG. 3. (a) Orbitally resolved band structures of the VSi2P4 monolayer with SOC under different tensile strains, weighted with the V-dz2 ,
V-dxy/dx2−y2 , and V-dxz/dyz orbitals. Band inversions occur at the +K and −K valleys sequentially. (b) The energy differences �E between
FM and AFM states and the MAE with respect to the tensile strains. (c) Evolution of WCC and (d) chiral edge state of a semi-infinite ribbon
for the VSi2P4 monolayer under 1.25% tensile strain, demonstrating the quantum anomalous Hall effect with C = −1.

in Fig. 3(a), while the lowest unoccupied bands are dominated
by the V-dz2 orbitals. Thus, the basis functions can be written

as |ψτ
v 〉 =

√
1
2 (|dx2−y2〉 + iτ |dxy〉) and |ψτ

c 〉 = |dz2〉, respec-

tively, and energy levels are given as E τ
v = 〈ψτ

v |Ĥ0
SOC|ψτ

v 〉 and
E τ

v = 〈ψτ
c |Ĥ0

SOC|ψτ
c 〉. Here, c and v represent the conduction

and valence bands, and τ refers to the valley index. Under
the out-of-plane FM ground state, Ĥ0

SOC can be expressed
as Ĥ0

SOC = λŜz′ L̂z = αL̂z. Thus the valley polarizations in
the conduction and valence bands are E+

c − E−
c = 0 and

E+
v − E−

v = −4α, agreeing well with our calculated results
that the valley degeneracy is removed in the top valence band.

We are most interested in the topological properties of the
VSi2P4 monolayer. The band analysis reveals that there is
no SOC-induced band inversion, which is one of the most
obvious features of conventional TIs. Then, we perform calcu-
lations of the edge states of VSi2P4 using the MLWFs that can
reproduce the band dispersion very well. Figure 2(d) displays
the edge state of the VSi2P4 monolayer along the armchair
boundary, and an obvious band gap can be noticed clearly,
that is to say, the VSi2P4 monolayer is not a conventional
2D first-order TI. Then, we construct a triangular nanoflake
along the armchair boundaries via the MLWFs, and analyze
the corner states [44], which are the hallmark of 2D SO-
TIs. As illustrated in Fig. 2(c), three continuous states (red
dots) around the Fermi level in the gap can be observed, and
remarkably their spatial distribution is well localized at the
corners of the nanoflake, revealing the emergence of corner
states of the SOTI phase.

To provide conclusive proof of the SOTI state for
the VSi2P4 monolayer, we calculate the topological
indices χ (3) = {[K (3)

1 ], [K (3)
2 ]} and the fractional charges

Qc = 2
3 ([K (3)

1 ] + [K (3)
2 ]) mod 2e. [K (3)

1 ], [K (3)
2 ] are given

by comparing the number of C3 rotation symmetry
eigenvalues of the occupied bands between the K and
� points, where the spinful eigenvalues of the C3

rotation symmetry are {eiπ/3,−1, e−iπ/3}. The calculated
topological indices χ (3) = (−3, 2) and the fractional charge
is Qc = 4

3 , confirming the SOTI nature of the VSi2P4

monolayer.
Now, we turn to the topological phase transition that pro-

vides further insight into both the fundamental understanding
and the potential use of topological states [45,46]. It is well
known that the strain engineering is an effective strategy for
tuning the electronic, magnetic, and topological properties
of 2D materials [47,48]. The strain strength is defined as
η = (a − a0)/a0 × 100%, where a and a0 represent the lat-
tice parameters of the VSi2P4 monolayer with and without
strain. Because the compressive strain does not influence
the topological phase transition, the following analyses are
only focused on the tensile strain. Figure 3(b) displays the
exchange energy differences of the FM and AFM config-
urations as a function of strain. Although the differences
between the energies of the FM and AFM states are decreas-
ing, the FM states are always the magnetic ground states
for the VSi2P4 monolayer. Moreover, we also investigate the
changes of MAE under the tensile strain, and the results
are also presented in Fig. 4(b). We find that the MAE of
the VSi2P4 monolayer will increase with growing strain, and
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FIG. 4. (a) Variation of the energy gaps at the +K and −K
valleys and the phase diagram for the VSi2P4 monolayer with respect
to tensile strains. K-space distributions of Berry curvatures and/or
that along the high-symmetry points for the VSi2P4 monolayer under
tensile strains of (b) 0%, (c) 1.25%, and (d) 2%, respectively.

will always maintain a positive value, which means that the
magnetic easy axis of the VSi2P4 monolayer is robust out of
plane under strain. That is to say, the magnetic ground state
would be maintained under the changes of tensile strains from
0% to 3.5%.

To get preliminary insight into the topological phase transi-
tion, we present in Fig. 4(a) the calculated energy gaps of FM
VSi2P4 at valleys ±K as a function of tensile strain η. Indeed,
the band gaps as well as the band topology can be effectively
modified by the tensile strain. The band gap decreases with
the tensile strain increasing at both ±K , and the band at
+K becomes gapless under the strain of 0.67% while that at
−K remains open, i.e., VSi2P4 becomes a half-valley metal.
Across this critical strain, the band gap at +K reopens. Re-
markably, the process of the band gap closing and reopening
is generally accepted as the heuristic scenario of a topological
phase transition. Moreover, while the orbital contributions at
−K remain the same as its equilibrium lattice, the band inver-
sion occurs at the +K valley, as shown in Fig. 3(a), suggesting
further the strain-induced topological phase transition in the
VSi2P4 monolayer.

To determine the band topology of the obtained 2D
FM insulators, taking η = 1.25% as an example, we calcu-
late the anomalous Hall conductivity, given by σ A

xy = Ce2/h,
where C is the Chern number that can be obtained by C =

1
2π

∫
BZ �(k)d2k and �(k) is the Berry curvature over all of

the occupied states [49,50],

�(k) =
∑
n<EF

∑
m �=n

2 Im
〈ψnk|υx|ψmk〉〈ψmk|υy|ψnk〉

(εmk − εnk )2
, (1)

where m, n are band indices, ψm/nk and εm/nk are the Bloch
wave functions and corresponding eigenenergies of band m/n,
respectively, and υx/y are the velocity operators. When the
chemical potential is located within the insulating region,
the quantization of σ A

xy with C = −1, which arises mainly
from the Berry curvature �(k) around the ±K valleys as
illustrated in Fig. 4(c), can indeed be obtained. We also em-
ploy the Wilson loop method to confirm the nonzero Chern
number shown in Fig. 3(c). In addition, the edge states are
calculated via using the MLWFs. As shown in Fig. 3(d),
a single chiral edge state crosses the Fermi level and con-
nects the valence and conduction bands, demonstrating the
QAH effect in VSi2P4 under a 1.25% tensile strain, i.e., a
topological phase transition from the SOTI to QAH insulator
occurs.

As the tensile strain η further increases, the energy gaps
at the +K valley continue to increase linearly, and no-
tably, around η = 1.56%, energy gaps at the −K valley
experience the process of closing and reopening as well. Af-
ter that, the valley polarization is gradually switched from
the top valence band to the bottom conduction band with
E+

v − E−
v = 0 and E+

c − E−
c = −4α. This is due to the fact

that band inversion occurs also at the −K valley, as illus-
trated in Fig. 3(a), leading to the lowest unoccupied bands
being dominated by the V-dxy/dx2−y2 orbitals at both the +K
and −K valleys while the highest occupied bands are domi-
nated by the V-dz2 orbitals. The sign of the Berry curvature
�(k) around −K flips, as shown in Fig. 4(d), and the Chern
number becomes to C = 0. Therefore, another topological
phase transition is realized as the VSi2P4 monolayer changes
from a CI to a normal insulator with the chiral edge states
disappearing.

IV. CONCLUSIONS

In summary, we have demonstrated the VSi2P4 mono-
layer is a 2D FM SOTI, and, remarkably, topological phase
transitions from a SOTI to a QAHI and then to a nor-
mal insulator can be obtained with strain-engineered valleys.
The magnetic ground state has been predicted to remain
energetically stable under tensile strain. At tensile strain
strengths larger than 0.67%, the FM VSi2P4 changes from
the SOTI to CI with an integer Chern number of C = −1,
and at tensile strain strengths greater than 1.56%, it be-
comes a normal insulator. The topological natures of SOTI
and CI are further validated through the emergence of non-
trivial corner states and chiral edge states, respectively. Our
results not only enrich the candidates of 2D magnetic SO-
TIs and CIs, but also offer a platform for investigating
the relationship among magnetic topological states in two
dimensions [44].
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