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Higher-order topological insulators (HOTIs) have attracted significant interest in recent years due to their
unique properties, but the material realization is mainly limited to nonmagnetic systems. In this work,
through tight-binding modeling and first-principles calculations, we reveal the experimentally synthesized
two-dimensional (2D) VSe, as an example of a room-temperature magnetic HOTI. The nontrivial nature is
characterized by an inverted band feature with a large gap and spin-polarized corner states with quantized
fractional charge. We demonstrate that the topological corner states are robust against magnetization canting,
defects, and strain, suggesting the great potential for experimental detection. Remarkably, the magnetic HOTI
phase can be extended to other 2D dichalcogenides and dihalogenides, including VX,, ScX’,, YX',, RuX’,
(X =8, Se, Te; X' = Cl, Br, I) as well as their Janus structures. Our work not only provides a series of promising
candidates for room-temperature magnetic HOTISs, but also sheds light on future design and regulation of novel

quantum states for real applications.
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I. INTRODUCTION

The discovery of topological insulators has opened up one
of the most active fields in physics and materials science over
the past two decades [1-5]. In recent years, a focus of this field
is on higher-order topological insulators (HOTIs). For a two-
dimensional (2D) HOTI, both its bulk and one-dimensional
(1D) edges are gapped, whereas protected gapless modes
appear at its zero-dimensional corners [6]. This is different
from conventional topological insulators in two dimensions,
which feature topological gapless modes at 1D edges [1,6].
2D HOTIs were discovered first in nonmagnetic 2D materials
with preserved time-reversal symmetry, such as graphdiyne
and graphynes [7-9], the MoS, family [10], and many others
[11-14]. Recently, with the experimental realization of 2D
magnetic materials, there is an increasing interest to extend
the exploration of 2D HOTIs to magnetic systems. So far, a
few candidates have been theoretically predicted, including
bismuthene on EuO(111) [15], FeSe [16], Co3(HITP), [17],
RuCl, [18], CrOCl [19,20], CrSiTe; [20], CrSBr [21], and
VS, [22]. However, so far experimental characterizations of
magnetic HOTT states are rare. For most predicted systems,
they have a quite low magnetic transition temperature that is
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disadvantageous for experimental detection and future appli-
cations.

Transition metal dichalcogenides and dihalogenides repre-
sent a large family of solid-state materials [23—26]. They often
have stable or metastable structures with a layered geometry,
and many of them exhibit magnetic ordering due to the par-
tially filled d shells [27-40]. Notably, some members of this
family can maintain a high magnetic transition temperature
in 2D form [27,28,40]. VSe, is a typical example that has
been experimentally synthesized [40]. It adopts 2H structure
with a ferromagnetic (FM) order, and the Curie temperature
(T;) is above room temperature (~420 K) even down to the
monolayer limit [40]. Plenty of intriguing properties have
been revealed in the VSe, family, such as structural phase
transition, quantum size effect, large anomalous Hall effect,
and intrinsic valley polarization [31-39].

In this work, we demonstrate 2D 2H-VSe, as the first
example of a room-temperature magnetic HOTI, which has
sizable gaps for both bulk and edges. Through first-principles
calculations, we reveal that the nontrivial band topology orig-
inates from band inversion in one of the two spin channels.
According to a C3-symmetry-enabled invariant, the topology
is characterized, and the quantized corner charge is identi-
fied to be £. For an open nanodisk, gapless corner modes
are explicitly demonstrated, which are strongly spin polar-
ized. We construct a tight-binding (TB) model to capture the
key features of the magnetic HOTI state in this system, and
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FIG. 1. Atomic structure and electronic properties of 2H-VSe,. (a) Atomic structure of 2D VSe,. The Brillouin zone with high-symmetry
points is indicated in the inset. (b) Partial DOS projected onto the dy, + d,2_,2, d2, and d,; + d,; orbitals of V and p orbitals of Se. [(c), (d)]
Projected band structures for spin-up and down channels, respectively. Fermi level is set to zero.

effects of spin-orbit coupling (SOC), magnetization direction,
defects, and strain are also discussed. Furthermore, we find
that the HOTI phase is shared by a series of sister compounds
of VSe,, including VX5, ScX’;, YX'; and RuX’; (X = S, Se,
Te; X’ = Cl, Br, I), as well as their related Janus structures.

II. METHODS

Our first-principles calculations were based on density
functional theory (DFT) by using the Vienna Ab Initio
Simulation Package [41]. The projector augmented wave
method was used to capture the ion-electron interactions
[42]. The exchange-correlation functional was modeled by
the generalized gradient approximation (GGA) in Perdew-
Burke-Ernzerhof (PBE) format [43]. A vacuum region of 20 A
was used to eliminate artificial interactions between periodic
images. The energy cutoff was taken to be 500 eV. The k
meshes for structural optimization and electronic structure
calculations were set to 13x13x1 and 17x17x1, respec-
tively. The convergence criteria for energy and force were set
to 1x107% eV and 0.01 eV/A, respectively. The rotationally
invariant DFT4-U method was used to capture the correlation
effects of d orbitals [44] and the values are listed in Table
S1 in the Supplemental Material [45]. For VSe,, we took
the effective U parameter to be 2.41 eV, which was obtained
from previous calculations using constrained random-phase

approximation [46]. For other systems, the effective U values
were estimated within the linear response method [47]. Using
VSe, as a benchmark, the adopted U values are quite close
to those used in previous studies [18,48-51]. To calculate the
topological invariant, we extracted the irreducible represen-
tations of occupied states by using the topological quantum
chemistry method [52], as implemented in irvsp [53]. To
compute the edge and corner modes, Wannier TB models were
constructed based on the DFT band structures [54,55].

II1I. RESULTS AND DISCUSSION
A. Crystal structure and band properties

Like most transition metal dichalcogenides, VSe, has a
layered crystal structure. Previous experiments [33] have
shown that in the bulk form, VSe, adopts the 1T structure,
whereas when its thickness is decreased to a few layers or
a monolayer, the 2H structure is more favored. The atomic
structure of 2D VSe; is shown in Fig. 1(a), which has a
space group of P6m2 (point group Ds;,). The optimized lattice
constant is a = 3.374 A, agreeing well with the previous
results [32,35,39]. Due to the presence of the 3d element V
with partially filled d shells, it exhibits strong ferromagnetism.
Interestingly, experiments have shown that 2D VSe, has a
high 7. of 420 K [40], while the 7, predicted by ab initio
calculations can reach 590 K [39].
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We then focus on the electronic structures of monolayer
VSe;. The calculated density of states (DOS) and electronic
band structures are shown in Figs. 1(b)-1(d). One can see that
the system is a spin-polarized semiconductor. The band gap in
the spin-up (spin-down) channel is about 0.60 eV (0.98 €V), in
accordance with previous reports [32,35,39]. We project DOS
onto the 3d orbitals of V and p orbitals of Se, and find that
both conduction- and valence-band edges are dominated by
V d orbitals. In the 2H structure, each V ion is surrounded
by six Se anions with a trigonal prismatic coordination. By
symmetry, it splits the d orbitals of V into three groups,
A1 (dp) singlet, and E(dy, dy>_y2) and E '(dyz, dy;) doublets.
In the spin-polarized band structures as shown in Figs. 1(c)
and 1(d), the weights of the three groups for each Bloch state
are plotted. Near Fermi level, one can see that for the spin-up
channel, a single d band with characteristics of dy,, d,2_y2,
and d, orbitals is fully occupied, while this band is empty
in the spin-down channel. This is consistent with the nominal
valence of the V ion being +4, and agrees with the calculated
magnetic moment of 1, on V with d! configuration.

One notes that, in the spin-up channel [Fig. 1(c)], the
conduction and valence bands near the band gap show a
mixture of Aj(d) and E(d,,, d>_,») characteristics. This
mixing is allowed by the horizontal mirror symmetry M, of
the structure. Interestingly, careful examination of the distri-
bution of A; and E components in Fig. 1(c) reveals a band
inversion at the K (K”) point. The occupied d bands are mainly
composed of A;(d,2), but around K (K’) the orbital overlaps
with the conduction band and the main contribution changes
to E(dyy, dy_y2). This band inversion hints at nontrivial
topology.

B. Edge and corner modes

To directly characterize the topological properties of 2D
VSe,, we calculate the topological invariant, edge, and corner
states. For each spin channel, the material can be regarded as a
spinless system with an effective time-reversal symmetry. For
a C3-symmetric system, the topological invariant is defined in

terms of eigenvalues. With each spin channel s = 1, |, we
can calculate its invariant by [56]
0 = g[K2(3)] mod e, (1)

where e is the electron charge, and [Kf)] is the number dif-

ference of occupied states with C; eigenvalue exp[w]

between Cs-invariant points K and I'. By extracting the eigen-
values from DFT band structures (see Table S2 [45]), we find
that Q(f) = § and Q(f) = 0 for the spin-up and spin-down
channels, respectively, as listed in Table I. This indicates that
in terms of Q* invariant, the spin-up channel is topologically
nontrivial, whereas the spin-down channel is trivial. This is
consistent with the band-structure calculations with band in-
version occurring only in the spin-up channel, whereas the
spin-down channel shows no band inversion.

Previously, it was shown that a nonzero Q® invariant
must lead to a filling anomaly with corner charge for a Cs-
symmetric system without gapless edge modes [56-58]. We
confirm this by calculating the edge spectrum of a semifinite
ribbon by using Wannier functions (see the Wannier fitted

TABLE 1. Calculated secondary topological index [K2(3)] and
topological invariant Q. n denotes the number of occupied bands.

System Spin n [KS’] Q¥ System Spin n [KS’] Q¥

VSe, up 13 1 $ VSSe wp 13 1 5
down 12 0 0 down 12 0 0
RuBr, up 16 0 0 RuCIBr up 16 0 0
down 12 1 5 down 12 1 5

band structure in Fig. S1 [45]). The calculated results are
plotted in Fig. 2(a). One observes that the edge states are fully
gapped. The calculated gap size is 0.13 eV, much larger than
the thermal fluctuation at room temperature.

The fractional corner charge described by Q© corresponds
to the existence of topological corner modes. To verify this,
we construct a triangular nanodisk that respects C; symmetry
and the side length is ~5 nm. Figure 2(b) shows the calculated
eigenvalues for this disk. Clearly, inside the bulk gap one can
see two pairs of isolated modes. By checking their wave-
function distributions, we find that these states are strongly
localized at the corners [see Figs. 2(c) and 2(d)], which
are topological corner modes. Furthermore, these modes are
spin-up polarized, consistent with our analysis above that the
spin-up channel is nontrivial while the spin-down channel is
trivial. The filling anomaly requires that if the whole sys-
tem maintains charge neutrality, the corner modes must be
fractionally occupied. Indeed, the calculated charge at each
corner is § These results confirm that 2D VSe, is a room-
temperature magnetic HOTI.

C. Effective TB model

The key ingredient to achieve nontrivial topology in 2D
VSe, lies in the band inversion between the A; (d,2) singlet
and E(dyy, dy>_y») doublet in the spin-up channel. To un-
derstand the underlying physics, we construct a low-energy
spinless Hamiltonian describing d2, d.y, and d,>_,> orbitals
of V. The hoppings between neighboring sites are described
in terms of the Slater-Koster parameters [59]. The Fourier-
transformed model in momentum space takes the form

Hg T
H= |:TT HA11|’ (2)

where Hr and Hy, are 2x2 and 1x1 blocks describing the
hopping processes among E doublet and A; singlet, respec-
tively. T is the 2x 1 block describing the hopping between E
and A;. The detailed expressions of these blocks are presented
in the Supplemental Material [45].

In 2D VSe,, the E doublet has an energy higher than A,
which can be seen from the energy ordering at I" in Fig. 1. In
Eqg. (2), this is captured by assigning a higher on-site energy
for E than that of A;. In Fig. 3(a), we put T = 0, so the
one A; band and two E bands are decoupled. In this case,
the A| band crosses the lower E band without hybridization,
resulting in a nodal line in the Brillouin zone. Now, if we
include the hopping T, the crossing point will be gapped,
and we can obtain an insulator state when the filling number
is 1 [see Fig. 3(b)]. Interestingly, the calculated lowest Cs
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FIG. 2. Spin-polarized edge and corner states of 2D VSe;. (a) Spectrum of the edge states. The edge modes near the Fermi level are spin-up
polarized. (b) Eigenvalue of a triangular nanodisk, where only the spin-up channel can be seen. The blue and red dots denote the corner states.

[(c), (d)] Spatial distribution of the corner states.

eigenvalue is exp[%] at the K point, while the eigenvalue
is 1 at I', reflecting a band inversion feature. For the band
structure shown in Fig. 3(b), we can also compute Q©® and
find that Q%) = £. We have further calculated the topological
corner modes and the distributions in real space [Fig. 3(c)],
reproducing the DFT results for the spin-up channel in 2D
VSe,. These results suggest that the simple TB model captures
well the essential features of the magnetic HOTI state in
VSCQ.

D. Robustness of corner states

Next, we explore the robustness of corner states. As the
low-energy bands in 2D VSe; are mainly derived from the 3d
orbitals of V, which typically have weak SOC strength, one
may expect that SOC should not have a strong influence on
the electronic properties. Indeed, we have calculated the band
structures with SOC and find that the system is still a semi-
conductor, with a band gap of ~0.52 eV [see Fig. 4(a)]. The
low-energy bands have dispersions similar to those obtained
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FIG. 3. Effective TB model. (a) TB band structure without the off-diagonal 7 block. (b) TB band structure with the off-diagonal T block.
(c) Eigenvalue of a triangular nanodisk. The blue and red dots denote the corner states. Insets: Spatial distribution of the corner states.
Vise = —0.19, Vyyr = 0.187, V,4ys = —0.07, E, = —0.30, E;,, = —0.70, t, = 0.30; (a) t4 = 0 and (b) t, = —0.37.
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FIG. 4. Band structures and topological corner properties of VSe, with the inclusion of SOC. (a) Band structure when magnetization
direction is out of plane. (b) Eigenvalue of a triangular nanodisk with out-of-plane magnetization. (c) Band structure when magnetization
direction is in plane. (d) Eigenvalue of a triangular nanodisk with in-plane magnetization. Fermi level is set to zero. The blue and red dots
denote the corner states. Insets: Schematic of the magnetization direction and spatial distribution of the corner states.

without SOC (Fig. 1). In Fig. 4(a), we take the magnetization
to be out of plane (along the z direction). This configura-
tion preserves the C3 symmetry, so we can still use the Cs
eigenvalues to characterize the band inversion. With SOC,
the two spin channels are coupled and need to be considered
simultaneously. Now the Q©® invariant can be evaluated by
the formula [57]

0V = — LK)+ [k mode. ()

Here, for a spinful system, [Xp(3)] (X = K/K') is the
number difference of occupied states with C; eigenvalue
exp[@] exp(%i) between Cs-invariant points K and T.
The calculated C; eigenvalues are listed in Table S2 [45],
where [Kl(3 )] and [K;G)] are determined to be —1 and 3,
respectively. As a result, we can obtain Q%) = 5» the same
as the total Q® (i.e., the sum of the two spin channels) of
2D VSe; in the absence of SOC (Table I). This confirms that
the weak SOC in VSe, does not change the band inversion
feature. In Fig. 4(b), we plot the spectrum of eigenvalues for
the same triangle-shaped sample as presented in Fig. 2(b). One
can see that the in-gap corner modes persist with SOC, and
these modes are strongly spin polarized.

Energetically, it was shown that monolayer VSe, favors an
in-plane magnetization [36]. For such a configuration, Q©’
is not well defined since the C; symmetry is broken. Never-
theless, as the SOC effect is weak, the corner modes should
still exist and evolve continuously from those in Fig. 4(b).
We have calculated the band structure with in-plane mag-
netization. As shown in Fig. 4(c), the band gap remains
almost intact compared to that with out-of-plane magnetiza-
tion. One can still observe the spin-polarized in-gap corner
modes [see Fig. 4(d)]. Therefore, we can safely conclude that
the weak SOC does not affect the existence of topological
corner modes.

In practice, material samples normally have defects and im-
purities. Previous reports have explored the effects of defects
on the corner modes, revealing that the topological states are
not sensitive to defects that are not too close to the corners
[12]. Here, to demonstrate the robustness of corner states in
2D VSe,, we introduce a hole at the central, side, or edge
region of the triangular nanodisk (see Fig. S2 [45]). It should
be noted that, when the hole is located at the side or edge
region of the disk, the global C; symmetry will be broken.
Nevertheless, it is found that although electronic defect states
emerge in the spectrum of eigenvalues due to the presence of
a hole, the topological corner states could still be identified,

085413-5



CHENQIANG HUA et al.

PHYSICAL REVIEW B 110, 085413 (2024)

(@16 RuBr,

o
@

o
o

Energy (eV)

Energy (eV)

(b) 045 : —
0.30 | D J ]

~ 015} €& i

> &

2 ®

& 0.00 < @ o

[}

c &

W 015} pr: 1
-0.30 9
-0.45 ' -

4400 4600
State number
(d) 045 T T I.. T
[} =
0.30 @ B
< 015} §
~ ¢

o X4

0 000} @ 4

Ll P -~

= C
-0.15 + e E
- W
—"—;
_030 1 1 1 1
4080 4160 4240 4320

State number

FIG. 5. Band structures and corner states of 2D RuBr, and VSSe. (a) Band structure of RuBr, with SOC. The magnetization direction is
in plane. (b) Eigenvalue of a triangular nanodisk. (c) Band structure of VSSe. (d) Eigenvalue. Fermi level is set to zero. The blue and red dots
denote the corner states. Insets: Schematic of the magnetization direction and spatial distribution of the corner states.

no matter whether the system has in-plane or out-of-plane
magnetization (Fig. S2 [45]). Furthermore, we have consid-
ered the effect of disk size on the corner states (see Fig. S3
[45]), and the stability of corner states against strain is also
explored (Fig. S4 [45]). The results clearly suggest that the
topological corner states in VSe, are robust against magneti-
zation canting, defects, disk size, and strain.

E. Discussion

We have demonstrated that 2D VSe; is a room-temperature
magnetic HOTL. Its high Curie temperature and sizable band
gap are beneficial for experimental detection. In experiment,
one may probe the topological corner states using scanning
tunneling spectroscopy (STS) [12,13]. By comparing the re-
sults measured at the corners and in the bulk, it is able to
distinguish the corner states that appear as sharp peaks in
the spectrum. In addition, the spin-polarized characteristics of
the corner modes can be detected by using a magnetic tip as
implemented in spin-polarized STS.

Finally, we demonstrate that the magnetic HOTI phase is in
fact shared by other 2D transition metal dichalcogenides and
dihalogenides, including VX5, ScX’5, YX', (X =S, Se, Te;
X' = Cl, Br, I) as well as their Janus structures (see Fig. S5

and Table S3 [45]). It is also plausible to achieve a HOTI
phase by preparing compounds with metal ions having d°
configuration, such as RuX', in which five d electrons occupy
the spin-up bands, while the remaining d electron fills one of
the spin-down bands. The calculated band structure of RuBr;
is presented in Fig. 5(a), and the spectrum of eigenvalues
for a triangular nanodisk exhibits two pairs of corner modes
as shown in Fig. 5(b), distinctly revealing a HOTI phase.
For a Janus structure of transition metal dichalcogenide or
dihalogenide, the space group symmetry is reduced to P3ml
but the C3 symmetry is preserved. Therefore, the topological
behaviors should be similar to their parent counterparts. Tak-
ing VSSe as an example, we have computed the band structure
and corner states [Figs. 5(c) and 5(d)], which are very similar
to those of VSe,. For the corner charge, we verify the frac-
tional quantization for RuBr,, VSSe, and RuCIBr (see Table
I). We have also shown that the topological invariant Q®
equals % for other systems, including VS;, VTe,, RuCl,, Rul,,
ScCl,, ScBr,, Scl,, YCl,, YBr;, YI,, VSeTe, and RuBrlI (see
details in Table S3 [45]). The findings could not only broaden
the candidates for magnetic HOTI phase, but also provide an
exciting playground to regulate the exotic quantum states for
multifunctionalities.
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IV. CONCLUSIONS

In conclusion, we have established an example of room-
temperature 2D magnetic HOTI. We uncover that 2D VSe;,
which has been synthesized in experiments with a high 7. of
~420 K, exhibits a nontrivial higher-order band topology. The
physical origin is traced back to the singly occupied d bands
in the spin majority channel, where band inversion occurs,
while the spin minority channel is trivial. The key features
of band structure are captured by a simplified three-band
model that describes well the electronic properties and may
serve as a general picture for other structures. The associated
topological corner states are explicitly demonstrated, which
are robust against magnetization canting, defects, and strain.
Importantly, the proposed magnetic HOTIs can be extended

to other members of 2D transition metal dichalcogenides and
dihalogenides, greatly facilitating the experimental detection
and future applications of novel quantum states in experimen-
tally available materials.
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