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The successfully experimental fabrication of two-dimensional Te monolayer films [Phys. Rev. Lett. 119 106101
(2017)] has promoted the researches on the group-VI monolayer materials. In this work, the electronic structures and
topological properties of a group-VI binary compound of TeSe; monolayers are studied based on the density functional
theory and Wannier function method. Three types of structures, namely, o-TeSe,, B-TeSe,, and y-TeSe;, are proposed for
the TeSe; monolayer among which the ¢-TeSe; is found being the most stable. All the three structures are semiconductors
with indirect band gaps. Very interestingly, the y-TeSe, monolayer becomes a quantum spin Hall (QSH) insulator with a
global nontrivial energy gap of 0.14 eV when a 3.5% compressive strain is applied. The opening of the global band gap
is understood by the competition between the decrease of the local band dispersion and the weakening of the interactions
between the Se py, py orbitals and Te py, py orbitals during the process. Our work realizes topological states in the group-VI
monolayers and promotes the potential applications of the materials in spintronics and quantum computations.

Keywords: two-dimensional material, monolayer TeSe;, quantum spin Hall effect, topological insulator

PACS: 73.22., 73.43.Nq, 31.15.es, 31.15.ae

1. Introduction

Since the discovery and successful fabrication of
graphene,[!! two-dimensional (2D) materials have attached in-
tensive attention because of their many novel physical prop-
erties, such as the quantum spin Hall (QSH) effect,?! quan-
tum anomalous Hall (QAH) effect,® valley Hall effect,*]
etc, making them be promising candidate materials for future
high performance electronic, spintronic, and optoelectronic

devices.[*7! Currently, besides graphene, ]

various types of
2D materials have also been synthesized in experiments, in-
cluding elemental 2D films from group III to group V, such
as boronene, %121 silicene,'3-151 stanine,!'®! black phospho-
rus films,[!7-1°! antimonene, %211 and bismuthine.?2! Some
binary 2D compounds such as MoS; [23-26! and CrI31?7! and so
on were also fabricated successfully. Although plenty of 2D
materials were reported owning QSH or QAH effects, [>282°]
only few systems having the QSH (such as the HgTe/CdTe!*’!
quantum well and bismuthine*?!) or QAH (such as Cr doped
(Bi,Sb),Tes film[3!) effects were confirmed in experiments.
Based on previous developments, researchers have ex-
tended the 2D materials to group-VI monolayers. In 2017, Zhu
et al.3?) studied the structures and stability of tellurene (2D
Te monolayers) using the particle-swarm optimization method
in combination with density functional theory. And bilayer
tellurene films have been observed in their experiments. 3!

Different from two atomic layers in silicene and black phos-

DOI: 10.1088/1674-1056/ac2489

phorus monolayers, tellurene contains trilayers,?! with the
central-layer Te behaving metal-like and the two outer lay-
ers semiconductor-like. They found that this unique multiva-
lent behavior of Te guarantees the structural stability of the
material.*?! Yan et al. found two ultra-stable novel allotropes
for Te few-layers from first-principles calculations.*! These
studies promoted the researches on the group-VI monolayer
materials. It is meaningful to explore the electronic structures
and the interesting topological effects in group-VI monolayer
materials.

In this work, the electronic structures and topological
properties of a group-VI binary compound of TeSe, mono-
layers are studied based on the density functional theory and
Wannier function method. Three types of structures, namely,
o-TeSe;, B-TeSe,, and y-TeSe;,, are proposed and studied, all
of which are semiconductors with indirect band gaps. The -
TeSe, monolayer is found being a QSH insulator with a global
nontrivial energy gap of 0.14 eV when a 3.5% compressive
strain is applied. The topology of the material is identified
by the calculations of Z, topological invariants and the edge
state. The opening mechanism of the global nontrivial band
gap is analyzed.

2. Computational models and methods

For the 2D trilayered tellurene, the multiple valences
of Te atoms promote the formation of a stable monolayer
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tellurene structure. Based on the studied structures of
tellurene®?! and tellurium few-layers,[33] we build and con-
sider three typical structures for the TeSe, monolayers. To
obtain the TeSe,, the Te atoms in the two outer layers of tel-
lurene are all replaced by Se atoms. Since Se electronegativ-
ity is larger than that of Te, the TeSe; structures are expected
to be also very stable. The built three type structures for the
TeSe; monolayers, named ¢, 3, and y phases, are illustrated
in Figs. 1(a)-1(c), respectively. The a-TeSe, has a similar
structure to that of 1T-MoS,.34 Both the Sel and Se2, corre-
sponding to the S atoms in the 1T-MoS,, are in the outer lay-
ers of the materials, with the coordination number of 3. The
central-layer Te atoms correspond to the Mo atoms in the 1T-
MoS,, with the coordination number of 6. For the 3-TeSe,, it
presents a corrugated structure. In the top view, the structure
is composed of hexagons and rhombuses. The coordination
number of each Te atom in the 3-TeSe is 4, different from that
in the a-TeSe,. The y-TeSe; has a similar geometric structure
to that of 2H-MoS,, **! with an in-plane mirror symmetry. Ex-
otic properties may be dug out from these various structures of
the TeSe, monolayers.

The electronic states of the TeSe, monolayers with the
three type structures are calculated within the framework of
density functional theory (DFT), as implemented in the Vi-
enna ab initio simulation package (VASP).[*3 The projected
augmented wave (PAW) potentials are adopted to deal with the
electron—ion interactions. 3637 The Perdew—Burke—Ernzerhof
generalized gradient approximation (GGA-PBE) is used for
the exchange—correlation functional.®8! A vacuum layer of
20 A is applied between the neighboring TeSe; layers to mini-
mize the image interactions from the periodic boundary condi-
tion. The plane wave cutoff energy is set to be 500 eV. The I"-
centered k-point sampling of 15 x 15 x 1 is adopted in the first
Brillouin zone. The structures are optimized until the force on
each atom is less than 0.01 eV/A. To investigate the dynamic
stability of the proposed TeSe, ML, phonon dispersion is cal-
culated by using the DFT perturbation theory as implemented
in the PHONOPY code. The Z, topological invariant is cal-
culated with the maximally localized Wannier functions**! by
using the Wannier 90 package. To obtain the edge states, we
construct a TB Hamiltonian with a basis of maximally local-
ized Wannier functions by using the Wannier Tools*?! pack-
age.

3. Results and discussion

3.1. Structures and electronic states of the TeSe, monolay-
ers

We now study the geometric structures and the electronic
states of the TeSe, monolayers with the three type structures
(Figs. 1(a)-1(c)). The optimized structural parameters and the
calculated cohesive energies of the three materials are listed in
Table 1. The bond lengths of the neighboring Te and Se atoms
(2.82-2.87 A) are close to each other for the three structures

studied. Due to the largest area of the 2D unit cell in -TeSe,,
the layer thickness (d;) in B-TeSe; is the smallest, correspond-
ing to the smallest angle (8) between the Te—Se bond and the
horizontal direction (Table 1). In y-TeSe,, the Sel is exactly
localized on the top of the Se2. The strong repulsive forces be-
tween the two type anions (Sel and Se2) result in the largest
layer thickness in the structure, as seen from Table 1. Among
the three structures, ¢-TeSe, has the largest cohesive energy
while y-TeSe; has the smallest one. Thus, ¢t-TeSe; is the most
stable structure and the other two structures are metastable.
The first Brillouin zones of a-TeSe, (y-TeSe;) and f-TeSe,
are hexagon and rectangle, respectively (Fig. 1(d)).
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Fig. 1. Top and side views of the optimized structures of a-TeSe; (a),
B-TeSe; (b), and y-TeSe; (c). (d) The first Brillouin zones of a-TeSe;
or y-TeSe; (left) and B-TeSe; (right).

The calculated band structures of ¢-TeSe;, B-TeSe,, and
Y-TeSe, are displayed in Figs. 2(a)-2(c), respectively. The
Fermi level (EF) is set at energy zero. The red dotted and the
black solid curves present the bands for the materials without
and with spin—orbit coupling (SOC) interactions, respectively.
The SOC interactions do not change much the bands on the
whole but can split the energy degeneracy at some positions
in the momentum space, such as the places marked by the
green ovals in Figs. 2(a) and 2(c). The three materials are all
semiconductors with indirect band gaps. The SOC interactions
slightly reduce the band gaps due to the energy splitting. The
energy bands of @-TeSe; and 3-TeSe; with SOC are both dou-
bly degenerate, while the bands of y-TeSe, are not. The rea-
son is that both time-reversal and space-inversion symmetries
are owned by the a-TeSe; and S-TeSe, monolayers, while
there is no space-inversion symmetry in the y-TeSe, mono-
layer (Fig. 1). In Figs. 2(a)-2(c), three group bands are clearly
observed in the band structures of ¢-TeSe, and y-TeSe,. This
similarity can be ascribed to the relatively similar structures of
the two materials (Figs. 1(a) and 1(c)).
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Table 1. The results for the monolayer TeSe, with different structures. The properties listed contain the lattice constants a and b,
distance between the upper and lower Se atomic layers (d;), Te-Se bond length, angle between the Te—Se bonding direction and the
horizontal direction (6, marked in Fig. 1), and the cohesive energy (E;).

Bond length (A)

Type Lattice parameters A) d, (A) TS 0(°) E. (eV/atom)
e-Se
a-TeSe, a=b=3.98 3.32 2.83 35.85 2.86
B-TeSe, a=5.24,b=3.67 2.79 2.82 29.83 2.79
y-TeSe, a=b=384 3.65 2.87 39.48 2.71

1

I

1

1

_ :
M K r MI X

Fig. 2. Band structures of a-TeSe; (a), B-TeSe; (b), and y-TeSe, (c) without (red dotted curves) and with (black solid curves) the consideration of SOC.

The similar structures of o-TeSe; and y-TeSe; also give
rise to the close band gaps of the two materials (Fig. 3(a)).
When the SOC is turned on, the band gaps of o-TeSe, and -
TeSe; are 0.38 eV and 0.65 eV, respectively. The obtained
energy bands of -TeSe, are given in Fig. 2(b), which are
consistent with the results reported in Ref. [41]. The largest
band gaps achieved in 3-TeSe, (Fig. 3(a)) can be ascribed to
the relatively flat bands localized at the valence-band top and
conduction-band bottom in the material (Fig. 2(b)). The anal-
ysis of the orbital-resolved bands (not shown) shows that these
flat bands are primarily composed of the p, orbitals of the Sel
and Se2 atoms. Thus, the dangling bonds of the Se p, orbitals
in the unique -TeSe; structure cause the relatively large band
gaps in the materials.

For o-TeSe, (y-TeSe;), before the SOC is taken into
account, doubly degenerate bands around 1.3 eV (1.0 eV)
marked by green ovals occur, composed mainly by p, and p,
orbitals of the Te and Se atoms (to be discussed), due to the
C3, symmetry in the monolayers. This degeneracy is lifted
after the SOC is turned on. A pretty large direct band gap of
0.4/0.7 eV is opened there by the SOC in the at-TeSe; /y-TeSe;
monolayer due to the stronger intrinsic SOC coming from the
px and py orbitals, compared to that from the p, orbitals. [42.43]
The gaps opened in such kind of parabolic bands are gener-
ally topologically nontrivial, leading to the appearing of the
QSH* or QAH %3491 insulators with a non-Dirac-type band-
gap opening mechanism. Since the concerned band gaps in
aTeSe, and y-TeSe, are nonglobal, the materials are in topo-
logical semimetal states. As displayed in Fig. 2(a), the dis-
persion of the bands around 1.3 eV of a-TeSe; is very large.
Expectably, it is difficult to tune the bands to produce a global
topologically nontrivial band gap in the o-TeSe; monolayer.

Therefore, the y-TeSe, monolayer is focused in the following.

() 20
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I R I N = s

S

K r M

Fig. 3. (a) The band gaps of the three materials studied. The rectangles
without and with the grids give the band gaps without and with the con-
sideration of SOC. (b) The phonon spectrum of the y-TeSe, monolayer.

_6 | 2~ Te w/0;SOC
M K r M M K r M

Fig. 4. The energy band projection of the Sel (a) and Te (b) atoms in
the y-TeSe; monolayer without the consideration of SOC. The green,
yellow, and blue colors represent the contributions from the py, py, and
p; orbitals of the corresponding atom, respectively.

In terms of the stability of the y-TeSe, structure, the
phonon spectrum is calculated and shown in Fig. 3(b). No
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negative frequency is found in Fig. 3(b), indicating the dy-
namic stability of the y-TeSe, despite its lowest cohesive en-
ergy among the three structures. To deeply understand the
electronic structure of y-TeSe,, the projected band structures
of the Sel and Te atoms are plotted in Fig. 4 without consid-
ering SOC. Due to the in-plane mirror symmetry owned by
Y-TeSe, (with D3;, space group), the upper layer Sel and the
lower layer Se2 atoms are equivalent. Therefore, only the band
projection of the Sel atom is analyzed. As shown in Figs. 4(a)
and 4(b), the valence-band top and conduction-band bottom at
the I' point, with double degeneracy, are mainly contributed
by the p, and p, orbitals of the Te or Se atoms. The degen-
eracy is lifted after the SOC is turned on. From the orbital
distribution of the Sel and Te atoms (Fig. 4), we can clearly
find the bonding, nonbonding, and antibonding characteristics
between the Se and Te atoms. The bonding states are formed

between —6 eV and —2 eV. The nonbonding states are formed
between —2 eV and 0 eV and antibonding states are formed
between 0.5 eV and 2.8 eV.

3.2. Strain effects in y-TeSe;

As an effective means to tune electronic structures, strain
has been applied in multiple material systems.[*’-° We here
apply in-plane biaxial strain to the y-TeSe, monolayer, which
is defined as € = (a — ag) /ao, where a (ap) is the strained (un-
strained) in-plane lattice constant. The positive and negative
values of € correspond to the tensile and compressive biax-
ial strains, respectively. The band evolution of y-TeSe, under
different biaxial strain is shown in Fig. 5. The bands we con-
cern are located near 1.0 eV above the Ef around the I point,

indicated by a yellow rectangle in Fig. 5(d).

M

QSH insulator topglogical
semimetal

*0-0-0-0-0-0-0-0-9]

-6 —4 -2 0 2 4
Strain (%)

Fig. 5. (a)—(e) The band structures of the y-TeSe, monolayer under strain of different strengths. The red dotted and black solid curves give the
bands without and with SOC, respectively. (f) The global band gap as a function of the strain for the y-TeSe, monolayer. Obvious topological

phase transition occurs with compressive strain applied.

As shown in Fig. 5, with the increase of the compressive
strain (from Fig. 5(d) to Fig. 5(a)), the relative position of the
characteristic doubly degenerate bands at the I" point moves
to high energy region (from 1.0 eV in Fig. 5(d) to 1.4 eV in
Fig. 5(a)). Clearly, the dispersion of the local bands along the
K-TI" path in this energy region decreases in the process, which
is beneficial to the opening of the global band gap. In the same
process, the minimum band gap along the K-I" path, however,
decreases, hampering the opening of the global band gap. The
competition of these two respects gives rise to the global band
gap increasing first and then decreasing as the increase of the
compressive strain, as displayed in Fig. 5(f). The global band
gap of the system reaches the maximum of 0.14 eV with the
strain of € = —3.5%. In the absence of strain or under tensile
strain, the y-TeSe, monolayer owns a semimetallic state with
a higher electronic conduction performance than the semicon-
ductors because of its ‘quasi’ metallic band structures.

The movement of the doubly degenerate bands at the I”

point (marked by the yellow rectangle in Fig. 5(d)) under
the compressive strain can be comprehended by the orbital-
resolved densities of states (DOSs) of the Sel and Te atoms
shown in Fig. 6. Note that due to the C3, symmetry owned
by the y-TeSe, monolayer, the DOSs of p, and p, orbitals of
the Sel (also Te) atoms are completely overlapped in Fig. 6.
The unoccupied states of the Te atom are much more than that
of the Se atoms, hinting the charge transfer from the Te to Se
atoms, consistent with the above analysis. These multivalent
states, similar to the cases of the tellurene and MoS, systems,
ensure the structural stability of the y-TeSe; monolayer. In
Fig. 6(a), the Sel p orbitals are mainly distributed between
—2eV and —0.5 eV together with a few distributions between
—6 eV and —2 eV or between 0.5 eV and 2.8 eV. The Te p or-
bitals are mainly distributed between —6 eV and —2 eV or be-
tween 0.5 eV and 2.8 eV. Unlike the Sel atom, the Te p orbitals
are not distributed between —2 eV and —0.5 eV, correspond-
ing to the nonbonding state between Te and Se as discussed
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in Fig. 4. With the increase of the compressive strain, the Te—
Se bond length decreases (Table 2). Thus, the Te—Se bonds
become strong, leading to the bonding and antibonding states
moving to the lower and higher energy regions, respectively.
This trend can be seen obviously from Figs. 6(a)-6(d). For
example, the antibonding states of the Te and Se atoms move
from the energy region of 0.5-1.5 eV in Fig. 6(a) to the energy
region of 0.8-3.0 eV in Fig. 6(c). This behavior rationalizes
well the movement to a high energy of the doubly degenerate
bands at the I point marked in Fig. 5(d) with the increase of
the compressive strain.

Table 2. The structural parameters of the y-TeSe, monolayer under
strain, including the layer thickness d; in the z direction, bond lengths
of Te-Se and Te-Te, and angle 6 between the Te—Se bonding direction
and the horizontal direction (shown in Fig. 1).

. Bond length (&) .
Strain (%) d, (A) T Se e 6 (°)
+2 3.61 2.89 3.92 38.57
0 3.65 2.87 3.84 39.48
-2 3.70 2.85 3.76 40.42
-4 3.75 2.84 3.69 41.39
-6 3.81 2.81 3.61 42.44

We now understand the variation of the local band gap,
marked by the red circle in Fig. 7(a), for y-TeSe; under the
compressive strain. As displayed in Fig. 7, this local band
gap is opened due to the direct interactions between the py,
py (also few p;) orbitals of Se and the p,, p, orbitals of Te.
With the increase of the compressive strain, the band gap de-
creases. The reason can be due to the decrease of the inter-
actions between the p,,py orbitals of Se and the p,,p, orbitals
of Te. With the increase of the compressive strain, the layer
thickness (d;) increases (Table 2), causing the increase of the
distance between Se and Te along the z direction. Thus, the di-
rect interactions between the py, py orbitals of Se and the py, py

orbitals of Te decrease. This trend is not beneficial for opening
the global band gap after the SOC is taken into consideration.
The combination of the variation of the band gap (marked by
the red circle in Fig. 7(a)) and the movement to a high energy
of the doubly degenerate bands (marked by the red triangle in
Fig. 7(a)) under strain produces the global band gap increasing
first and then decreasing with the increase of the compressive
strain, as shown in Fig. 5(f). The movement to a high energy of
the doubly degenerate bands around 1.0 eV in Fig. 7(a) with
the increase of the strain reflects the dispersion decrease of
the local bands along the K—I" path in the process. Thus, the
opening of the global band gap in the y-TeSe, monolayer can
be understood by the competition between the decrease of the
local band dispersion and the weakening of the interactions
between the Se py, py orbitals and Te p,, py orbitals during the
process.

1.5
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Fig. 6. (a)-(d) The orbital-resolved densities of states of Sel and Te
atom in the y-TeSe, monolayer without and with —2%, —4%, and —6%
strain, respectively. The SOC is not considered. The green, yellow, and
blue colors represent the contributions from the p,, py, and p; orbitals
of the corresponding atom, respectively.
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Fig. 7. (a)-(d) The energy band projection of the Sel and Te atoms in the y-TeSe, monolayer without and with —2%, —4%, and —6% strain, respectively.
The SOC is not considered. The green, yellow, and blue colors represent the contributions from the py, py, and p; orbitals of the corresponding atom,

respectively.
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3.3. Topological properties of y-TeSe,

Since the concerned global band gap is located around
1.2 eV above the Ef, it should be shifted down to the Eg
for the transport measurement or applications, which can be
achieved by adding two additional electrons per unit cell to
the y-TeSe, monolayer. Figure 8(a) shows the energy bands
of the —4% strained y-TeSe, monolayer with two electrons
added per unit cell. The electron doping concentration is about
1.5 x 10" cm~2, which can be experimentally realized via the
current gating technologies.’!! In Fig. 8(a), the Er now lies
exactly within the band gap. The topological behavior of the
band gap can be explored based on Fig. 8(a). Before calculat-
ing the topological invariants of the y-TeSe, monolayer, the
energy bands obtained from the DFT are fit with the Wan-
nier function interpolation method. The results are shown in
Fig. 8(b), indicating high consistency between the two meth-
ods. The Z; topological invariant is then obtained by calculat-
ing the evolution of the Wannier function center, > and the re-
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sult is given in Fig. 8(c). The number of intersections between
any horizontal reference line and the Wannier function center
evolution line in half of the Brillouin zone is odd. Thus, the
energy band gap concerned has Z, = 1 and a QSH insulator is
obtained for the y-TeSe, monolayer. The edge states are also
investigated for the system. Figure 8(d) displays the energy
bands of a semi-infinite y-TeSe, monolayer. In the characteris-
tic energy gap, besides a series of trivial edge states caused by
the dangling bonds of the open boundary, a pair of edge states
(marked by two small black arrows) appears, which connects
the bottom of the conduction band and the top of the valence
band. They are, thus, protected by the bulk topology. The ap-
pearance of the edge states as well as the obtained Z, = 1 in
the monolayer shows that the global energy gap obtained in
the y-TeSe, monolayer is topologically nontrivial. The system
remains a topologically nontrivial semimetal if tensile strain is

applied as indicated in Fig. 5(f).

1.5

FE— EF (eV)
)

:_ DFT
| === Wannier
_15 ! VoW AN
M K r M

6
4
2
0
—2
—4

Fig. 8. (a) Energy bands of the —4% strained y-TeSe, monolayer after doping two electrons into the unit cell. The Ep is now within the global
topologically nontrivial band gap. (b) Comparison of the energy bands obtained by using the Wannier function interpolation method and the
DFT. (c) The Wannier charge center evolution diagram of the material. (d) The energy bands of a semi-infinite monolayer y-TeSe, with —4%
strain. The topologically nontrivial edge states of the material are marked by arrows.

4. Conclusions

Based on the density functional theory and Wannier func-
tion method, we studied the electronic states and topological
properties of the TeSe, monolayer. Numerical results show
that the stable o-TeSe;, B-TeSe,, and y-TeSe; are semicon-
ductor materials with indirect gaps. The a-TeSe; is the most
stable and a double degeneracy phenomenon is found in the
bands of a-TeSe; and f3-TeSe,. When the compressive strain
increases from 0% to 6%, the global topologically nontrivial

band gap of y-TeSe, is opened and increases first and then de-
creases. The trend is comprehended based on a competition
mechanism. When the compressive strain of 3.5% is applied,
the y-TeSe, monolayer has the maximum global topologically
nontrivial band gap of 0.14 eV. The topologically nontrivial
feature of the material is characterized by the calculated Z;
topological invariant and the edge state. The y-TeSe, remains
a topological semimetal with tensile strain up to 4%. Our work
shows that group-VI binary 2D compounds can be new type
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topological materials and have potential applications in the fu-
ture electronics and spintronics.
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