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Intrinsic higher-order topological insulators driven solely by orbital coupling are rare in electronic materials. Here,
we propose that monolayer LaBrO is an intrinsic two-dimensional second-order topological insulator. The generalized
second-order topological phase arises from the coupling between the 5d orbital of the La atom and the 2p orbital of the
O atom. The underlying physics can be thoroughly described by a four-band generalized higher-order topological model.
Notably, the edge states and corner states of monolayer LaBrO exhibit different characteristics in terms of morphology,
number, and location distribution under different boundary and nanocluster configurations. Furthermore, the higher-order
topological corner states of monolayer LaBrO are robust against variations in spin—orbit coupling and different values of
Hubbard U. This provides a material platform for studying intrinsic 2D second-order topological insulators.

Keywords: second order topological insulator, first-principles calculations, higher order topological model,

zero-dimensional corner state
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1. Introduction

In recent years, higher-order topological states have
attracted significant attention.!'-'#! Different from the tra-

ditional first-order topology,!>~1%]

the generalized bulk—
boundary correspondence in higher-order topology involves a
larger dimensional difference. Among these, two-dimensional
second-order topological insulators (SOTI) are the simplest,
featuring zero-dimensional topological corner states. A sub-
stantial class of higher-order topologies is driven by spin—orbit
coupling (SOC), which can be viewed as the introduction of
edge state coupling terms based on the first-order topology.
This can occur in systems with factors such as in-plane Zee-

(101 magnetic heterojunctions,?°! and ferroelectric

man fields,
switches,?!! leading the system to enter a higher-order topo-
logical phase. However, the band gap of such higher-order
topological insulators driven by SOC is typically small, pos-
ing considerable challenges for experimental observation. An-
other major class of higher-order topological insulators is in-

[1.22-24] which does not rely on

trinsic higher-order topology,
SOC and can be observed in spinless systems with a bulk band
gap of several electron Volts. The most notable example is the
quadrupole higher-order topological insulator described by the
Benalcazar-Bernevig-Hughes (BBH) model. !

Since the concept of higher order topology was pro-
posed, relevant theoretical predictions and experimental stud-
ies have also developed rapidly in the field of condensed

matter physics, such as magic-angle graphene!’->>?61 and
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y-graphyne.?”] In magnetic systems, magnetic higher-order
topological insulators can emerge in heterostructures like
EuO/Bi?"! and CoBr,/Pt;HgSe3/CoBr,.!?8! Notably, spin-
dependent SOTI has been identified in antiferromagnetic
FeSe/GdCIO heterostructure. 2% Furthermore, the existence of
higher-order topological corner states can be observed in large
band gaps that are not induced by SOC in many non-dimerized
ordinary lattice materials. This phenomenon can be under-
stood and characterized by the theoretical model we proposed
in our previous work*?! for such higher-order topological in-
sulator materials. For instance, the material BaHCI, which has
a tetragonal structure, is analogous to that of the iron-based
superconductor family.

In this paper, we demonstrate through first-principles
calculations that monolayer LaBrO is an intrinsic two-
dimensional SOTI, which is characterized by the emergence
of nontrivial higher-order topological corner states. The ori-
gin of this higher-order topology arises from the interaction
between the 5d orbitals of La atoms and the 2p orbitals of
O atoms. This interaction can be fully described by a four-
band model that perfectly corresponds to the primitive cell of
monolayer LaBrO. Furthermore, by constructing a v/2 x /2
supercell, we observe edge states associated with another type
of boundary, as well as the corner states of the resulting nan-
ocluster. Notably, our calculations indicate that the predicted
corner states of monolayer LaBrO, which carry the intrinsic
two-dimensional SOTI property, are robust and independent

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

127303-1


https://doi.org/10.1088/1674-1056/ad8a50
mailto:haon@hmfl.ac.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 33, 127303 (2024)

of SOC and varying values of Hubbard U. This makes LaBrO
an ideal material for observing such intrinsic two-dimensional
SOTL

2. Computational details

Based on density functional theory (DFT), first-principles
calculations were carried out using the Vienna Ab ini-
tio Simulation Package (VASP).’!l The generalized gra-
dient approximation (GGA) developed by the Perdew-—
Burke—Ernzerhof functional (PBE)?! was employed for the
exchange—correlation potential. A vacuum layer of 25 A was
used to ensure decoupling between neighboring slabs, and the
cutoff energy was fixed at 520 eV. All atoms were fully relaxed
until the forces on each atom were smaller than 0.001 eV/A
during the structural relaxation of monolayer LaBrO. The Bril-
louin zone (BZ) sampling was performed using I -centered
Monkhorst—Pack grids with an 11 x 11 x 1 mesh for atomic ge-
ometry optimization and self-consistent calculations. Phonon
calculations were conducted utilizing DFT perturbation theory
with phonopy packages.*3! We adopted the PBE +U calcu-
lation method to deal with the strong correlation effects for
the 4f-orbitals of La, using Uesr = 5 eV for the final corner
states stability verification of monolayer LaBrO.3*! The tight-
binding Hamiltonian, constructed from maximally localized
Wannier functions that utilize results from first-principles cal-
culations of monolayer LaBrO, was derived from band fitting
using the Wannier90 package. [

3. Results and discussion

LaBrO is a ternary rare-earth metal oxyhalide with a
space group of P4/nmm (129).13673% Figure 1(a) illustrates
the lattice structure of monolayer LaBrO, with the black boxes
representing the primitive cells. Each primitive cell contains
six atoms: two O atoms at the center and two Br atoms posi-
tioned at the outermost layers, resulting in a five-layer struc-
ture arranged in the sequence of Br-La—O-La-Br. The ex-
perimentally measured lattice constants of LaBrO are a = b =
4.14 A and ¢ = 7.39 A.B% Along the c-axis, each layer of
primitive cells is weakly connected by van der Waals forces,
which makes LaBrO a naturally occurring two-dimensional
material. The optimized lattice parameters for a monolayer of
LaBrO are a = b = 4.14 A, consistent with the experimental
values for the bulk material.[*®! As shown in Fig. 1(d), to con-
firm the stability of monolayer LaBrO, we calculated the cor-
responding phonon spectrum, and the results indicate the ab-
sence of imaginary frequencies throughout the Brillouin zone.

Figure 1(e) displays the orbital-projected band structure
of monolayer LaBrO without considering SOC. It is evident
that near the Fermi level, the valence band is primarily con-
tributed by the 4p orbitals of Br atoms and the 2p orbitals of

O atoms, while the conduction band is mainly composed of
the 5d and 4f orbitals of La atoms. A large band gap of ap-
proximately 4 eV exists between the conduction and valence
bands. Notably, both the valence band maximum (VBM) and
the conduction band minimum (CBM) are located at the I"
point, indicative of a direct-gap insulator.
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Fig. 1. The crystal structure of LaBrO: (a) top view and (b) side view.
The unit cell of LaBrO is indicated by black solid lines. (c) The Bril-
louin zone of the primitive unit cell of monolayer LaBrO. (d) Phonon
spectrum for monolayer LaBrO, indicating that the monolayer LaBrO is
dynamically stable. (e) The orbital-projected band structure of mono-
layer LaBrO without considering SOC. The Fermi level is indicated
with a dashed line.

Through semi-infinite edge spectral calculations, we ob-
serve edge states at the top of the bulk valence band, as pre-
sented in the edge spectrum in Fig. 2(a). At the I" point, the
edge states slightly embed into the bulk states. Subsequently,
we constructed a square nanocluster consisting of 20 x 20 unit
cells. The overall structure of this square nanocluster is shown
in Fig. 1(a). The four boundaries are connected through ro-
tational symmetry, making them all equivalent. However, the
four corners display two distinct configurations: the upper left
and lower right corners are occupied by O atoms, while the
lower left and upper right corners are occupied by La and Br
atoms at different heights. In the discrete energy spectrum of
the square nanocluster, shown in Fig. 2(b), a pair of degen-
erate isolated states is clearly visible in the lower half of the
bandgap. Notably, an analysis of the wave functions of these
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isolated states reveals that they are localized at the corners of
the nanocluster, as illustrated in the inset. This localization
confirms the emergence of corner states in the SOTI phase.
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Fig. 2. (a) The semi-infinite edge spectrum of monolayer LaBrO with
complete orbitals. (b) The discrete energy spectrum of the square nan-
ocluster of monolayer LaBrO with complete orbitals. (c) The semi-
infinite edge spectrum of monolayer LaBrO without 5d orbitals of La
atoms. (d) The discrete energy spectrum of the square nanocluster of
monolayer LaBrO without 5d orbitals of La atoms.

To further explore the specific origin of the SOTI corner
states in monolayer LaBrO, we shift our focus back to the or-
bital composition. It is undeniable that the emergence of SOTI
corner states stems from the interaction between the valence
and conduction bands. Regarding the valence band, the en-
tanglement of the p orbitals of Br atoms and the p orbitals
of O atoms in the bands below the Fermi level complicates
the identification of the origin of the second-order topology
through edge spectrum and discrete energy spectrum of the
square nanocluster analysis alone. Fortunately, as shown in
the illustration in Fig. 2(b), the spatial distribution of the cor-
ner state wavefunctions reveals that the two degenerate corner
states are localized on the O atoms located at the upper left
and lower right corners of the nanocluster. This directly sug-
gests that the 2p orbitals of O atoms in the valence band play
a crucial role in forming the SOTI phase of the system.

For the conduction band, we cannot replicate this method
to distinguish between the 5d and 4f orbitals of the same atom.
Therefore, we adopt an alternative approach. We construct a
system that excludes the 5d orbitals of La atoms while keep-
ing everything else identical, as shown in Figs. 2(c) and 2(d).
By performing identical calculations on both the semi-infinite
edge spectrum and the discrete energy spectrum of the square
nanocluster, we observe that the corresponding topological
boundary states and higher-order topological corner states dis-
appear, rendering the system trivial. This indicates that the
generalized second-order topological phase hosted in mono-
layer LaBrO arises from the coupling between the 5d orbitals

of La atoms and the 2p orbitals of O atoms. This finding is
also consistent with the general consensus that 4f orbitals are
typically more localized.

Through the analysis of the energy and spatial distribution
of higher-order topological corner states in monolayer LaBrO
nanoclusters, we discovered that the higher-order topological
phase exhibited by this system can be accurately described by
the generalized higher-order topological model we previously
proposed.*”l By rotating the two-dimensional checkerboard
lattice in this model by 45°, we obtain a lattice that is com-
pletely equivalent to the primitive cell of monolayer LaBrO.
In this configuration, the primitive cell encompasses four sub-
lattices. Since monolayer LaBrO is a non-magnetic material,
spin does not need to be considered in the model. The trans-

formed four-band Hamiltonian can be expressed as

hg v+etky vpeibhy 4y

—hg As Ve by
H= . 1
—hg V+e_lkx\/ ’ M
H.c. hE
with

hg = e+ 2t cos(ky) + 2t cos(ky),

Ay =n(1+e et g eilbth)y

Ay = —t1 (1 + ek e 1 ellkeh)y, )

Here, e represents the on-site energy of the orbital, v denotes
nearest-neighbor hopping, #; represents next-nearest-neighbor
hopping, and 7 represents next-next-nearest-neighbor hopping.
the basis functions of Hamiltonian in Eq. (1) can be defined as
(k) = [dra1 (k), po1 (k). po2 (k). draz (k)]T. When the parame-
ters of the system satisfy

_[4(t+t1)+%}<e<4t, 1>0, )
4t<e<—[4(t+t1)+2‘l‘—ﬁl], 1 <0,

the system enters a generalized SOTI phase, characterized by
a pair of opposite projected winding numbers 3] szlt),P ==£l1.
In Fig. 3, we have plotted the corresponding edge spectrum
and the discrete energy spectrum of the square nanocluster of
the model within this phase. The shaded area represents the
trivial bulk states in the material, indicating that the edge and
corner states located in the upper half of the Fermi level in
monolayer LaBrO are submerged in the bulk states and there-
fore cannot be observed. Meanwhile, the number and posi-
tions of the corner states appearing in the lower half of the
Fermi level of the model are fully consistent with those in the

monolayer LaBrO.
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Fig. 3. (a) Lattice diagram of a four-band generalized higher-order topo-
logical model, created by rotating the two-dimensional checkerboard
lattice by 45°. Not all hoppings are shown for clarity. (b) Diagram of
the structure of a square nanocluster consisting of v/2 x v/2 supercells
of monolayer LaBrO. The solid black line frame represents the unit
cell of the supercell. (c) The edge spectrum of the theoretical model.
(d) The discrete energy spectrum of the square nanocluster based on the
theoretical model. The parameters are v=1¢; = 1,7 =0.5,and e = 1.
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Fig. 4. (a) The edge spectrum and (c) corresponding discrete energy
spectrum of the square nanocluster under the new boundary configura-
tion within the monolayer LaBrO supercell with V2 x /2 size. (b) The
edge spectrum after folding the Brillouin zone and (d) correspond-
ing discrete energy spectrum of the square nanocluster under the new
boundary configuration within the two-band checkerboard lattice theo-
retical model. The parameters are v=1¢; = 1,7 =0.5,and e = 1.

In addition, as shown in Fig. 3(b), a monolayer LaBrO su-
percell with /2 x v/2 size is constructed. The edge spectrum
and the discrete energy spectrum of the square nanocluster of
this supercell and the two-band checkerboard lattice model are
calculated as additional evidence and supplements. As shown
in Fig. 4, the theoretical model and monolayer LaBrO yield

identical results. The boundary of the O atom in this configu-

ration disrupts more hopping terms with the La atom, making
the edge state in the edge spectrum more prominent than that
of the previous primitive cell configuration. Additionally, the
number of edge states changes. Two edge states are observed
in Fig. 4(a), where they degenerate at the boundary of the one-
dimensional Brillouin zone. This degeneracy occurs because
the original Brillouin zone of the primitive cell is folded ac-
cordingly, with the fold becoming the boundary of the new
Brillouin zone. Thus, the two edge states are effectively a
single entity. However, in the square nanoclusters with this
structure, as shown in Fig. 3(b), only the corner occupied by
O atoms in the lower left corner and the corner occupied by
La atoms in the upper right corner can truly contain isolated
atoms. Consequently, as shown in Figs. 4(c) and 4(d), the
number of corner states in the lower half of the Fermi level
in the discrete energy spectrum of the nanoclusters is limited
to one, with its wave function localized on the isolated O atom

in the lower left corner.
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Fig. 5. (a) The edge spectrum and (b) discrete energy spectrum of
the square nanocluster of monolayer LaBrO under SOC are considered.
(c) The edge spectrum and (d) discrete energy spectrum of the square
nanocluster of monolayer LaBrO under strong correlation effects are
considered. We use Uegr =5 €V to verify the stability of the final corner
states in monolayer LaBrO.

The intrinsic higher-order topological corner states,
which are solely driven by orbital coupling, are inherently ro-
bust and particularly immune to SOC. To verify this, we cal-
culated the relevant results for monolayer LaBrO after incor-
porating SOC, as shown in Figs. 5(a) and 5(b). In the edge
energy spectrum, the edge states double due to the increase in
spin degree of freedom. Similarly, in the discrete energy spec-
trum of the square nanocluster, four corner states localized at
the corners of two O atoms can be observed. Furthermore, to
demonstrate the reliability of our theoretical predictions and
their independence from certain empirical parameters, we val-
idated the stability of the higher-order topological corner states
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in monolayer LaBrO by varying the U values, as depicted in
Figs. 5(c) and 5(d). The results indicate that both the edge
states and corner states of the system remain stable.

4. Conclusion

Thus far, through first-principles calculations, we have
demonstrated that monolayer LaBrO is an intrinsic two-
dimensional second-order topological insulator, characterized
by the emergence of nontrivial higher-order topological cor-
ner states. We have explained and verified that the generalized
second-order topological phase in monolayer LaBrO arises
from the coupling between the 5d orbitals of La atoms and
the 2p orbitals of O atoms. A four-band tight-binding model
is employed to describe the origin and physical mechanism
of this generalized second-order topology. The precise cor-
respondence between the number and spatial distribution of
edge and corner states in monolayer LaBrO and the theoretical
model across different boundary configurations and nanoclus-
ters effectively explains the various higher-order topological
phenomena observed in monolayer LaBrO, while also validat-
ing the accuracy of the model. Our research results indicate
that monolayer LaBrO is one of the ideal materials for study-
ing such intrinsic two-dimensional second-order topological
insulators.
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