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Abstract

The QSH edge channels can be used to connect dissipationless nanoelectronic
devices, when the topological edge states and the bulk states have the perfect-
ly spaced. But the monolayer 1T°-WTe, bulk state is metallic nature, with
edge channel lengths around 100 nm, which hinders its further study. By si-
mulating the different terminational edge states, using the GGA-1/2 method
to calculate, we found a stable terminational edge state. And under strain en-
gineering, fixed the a-axis, the band gap gradually increases with the b-axis
tensile. When the tensile to 2.9%, the band gap increases to 245 meV. It
greatly improves the application of 1T°-WTe,. During the phase transition of
the material from half-metal to insulator, the topology of edge states remains
unchanged, showing strong robustness. Thus introducing strain can make
1T°-WTe, a suitable material for fundamental research or topological elec-
tronic devices.
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1. Introduction

Two-dimensional transition metal dichalcogenides have unique properties, it has
been widely concerned by the physics community. Two-dimensional transition
metal dichalcogenides can exist in a variety of crystalline phases [1] [2]. For ex-
ample, the MmoS2 due to the different stack at layer to layer, there have three
crystal phases, 2H phase, 1T phase and 1T°phase. After a large number of stu-
dies, it has been proved that the 2H phase of Mos, is the most stable, and exhi-
bits semiconducting properties [3]. But the 1T phase and the 1T” phase are me-
tallic, and the three phases can be transformed into each other under certain

circumstances [4] [5] [6]. In recent years, the distorted phase transition metal
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dichalcogenides are considered to have interesting topological properties. Due to
spin coupling of edge states, this bulk state opens a certain band gap, while the
topological edge states have time-reversal symmetry, show a gapless state [7] [8].
This topological property provides a new idea for the reach the transition metal
dichalcogenides.

The monolayer of 1T’-WTe, has been confirmed as a topological insulator by
various nonlocal transport measurements [9]. Due to the metallic nature of the
bulk state, the edge channel length is around 100 nm, which hinders its further
study, so it is necessary to regulate the band gap of the bulk state [10]. The regu-
lation of the band gap can be achieved by introducing an electric field. In recent
years, it has been found that the electric field is mainly used for TMD materials
and superconductivity [11] [12]. For some low-dimensional materials, strain
may be a more effective method. For example, strain-engineered Dirac states
[13] and strain-regulated band gap [14]. However, the band gap of monolayer
1T°-WTe, is always underestimated by ordinary methods, so a more accurate
method is needed.

In this paper, we apply a new method to calculate and regulate the band gap of
monolayer 1T°-WTe, zigzag nanoribbons. Since 1T’-WTe, has the tendency of
complex band scattering and coexists with edge trivial states. By calculating the
different edge states terminate of monolayer 1T°-WTe, nanoribbons, we found
the best edge state, the reconstructed edge state. In this edge state, the topologi-
cal edge states are effectively separated from the bulk states. When the width of
the nanoribbon is 35.05 A, by applying strain on the b-axis. We found that the
band gap gradually increases/decreases with tensile/compress of the b-axis. The
strain is from —2.2% to 2.9%, and the band gap is from 93 meV to 245 meV, rea-
lizing a large transition of 152 meV. Make the edge states better separated from
the bulk states. By our method, the band gap of monolayer 1T°-WTe, nanorib-
bons is correctly calculated, and through the modulation of the band gap, mo-
nolayer 1T°-WTe, can be used as a promising strain-tunable topological quan-

tum electron material.

2. Method and Computational Details

The geometric optimizations, as well as calculation of the electronic structures
for the above mentioned structures are performed by first-principles method
based on the density functional theory (DFT) [15] implemented in the Quan-
tumATK software package [16]. The linear combination of atomic orbitals
(LCAO) method was used with generalized gradient approximations —1/2(GGA
—1/2) [17]. Due to the strong SOC in Te atoms, SOC was included in all calcula-
tions about electronic structures. The density mesh cutoff energy was chosen to
be 160 Ry, and the total energy was converged to better than 107 eV. The peri-
odic direction of nanoribbon was set to be along y-direction, and the vertical di-
rection of 2D material was set to be the z-direction. The k-points sampling is

1 x 8 x 1. Because of the periodicity of the studied nanoribbons, the vacuum
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layer between the left and right adjacent plates in the x and z directions is at least
15 A. The lattice constant of monolayer 1T°-WTe, nanoribbon was set to be
about 6.31 A. The overall structure monolayer 1T’-WTe, nanoribbon was opti-

mized, and the final force exerted on each atom is less than 0.01 eV/A.

3. Results and Discussion

The electronic states of the bulk states of the monolayer 1T’-WTe, are spin de-
generate, due to the existence of time-reversed states. However, the edge states
are broken due to the time-reversal state, so the spin degeneracy of the edge
states is expected to be improved. Shown in Figure 1, we calculated six edge
states and the band structures. The unit cell of the distorted 1T’-W'T?2 lattice can
be divided into a and b substructures, it is shown in Figure 1(a). By comparing
six different edges, we found that the single-W-atom architecture with edge a
substructure is not stable. But after the structure is optimized, the W(a) edge
becomes a new Te(a’) edge, and the reconstruction of the edge makes the struc-

ture stable.
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Figure 1. (a) The side view of Te(ab)-(ba)Te nanoribbon, and the structure diagram is
below. (b) The side view of Te(ab)-(ba’)Te nanoribbon, and the structure diagram is be-
low. (c) The side view of Te(ba)-(ab)Te nanoribbon, and the structure diagram is below.
(d) The side view of Te(ba)-(ab)W nanoribbon, and the structure diagram is below. (e)
The side view of Te(a’b)-(ba’)Te nanoribbon, and the structure diagram is below. (f) The
side view of W(ba)-(ab)W nanoribbon, and the structure diagram is below.
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From the energy band diagram, we found that the edge states of Te(ab)-(ba)Te,
Te(ab)-(ba’)Te and Te(ba)-(ab)W are mixed with the bulk states, which are not
easy to observe. The Te(ba)-(ab)Te, Te(a’b)-(ba’)Te and W(ba)-(ab)W bulk states
are separated from the edge states. Although the edge states partially sink into
the bulk states, we can clearly observe the edge states. By computing these three
different edge states, we found that the Te(a’b)-(ba’)Te has the best stability.
And in Table 1 we used three different methods to calculate the band gap of the
nanoribbon of the 1T°-WTe,, the edge structure is Te(a’b)-(ba’)Te, and the width
is 21.26 A. The GGA-1/2 method to calculate the band is the best, the traditional
GGA method is underrated. In Figure 1(e), the Te(a’b)-(ba’)Te nanoribbon be-
cause the width is small, there is a certain coupling of edge states. In order to
reduce the effect of edge coupling, the width of the nanoribbon can be adjusted.
As shown in Figure 2, as the width of the nanoribbon increases, the band gap of
the bulk state gradually decreases. And as the width increases, the coupling be-
tween the edge states gradually weakens, and the edge states exhibit a perfect
Dirac shape near the Fermi energy.

The QSH edge channel can be used as an interconnection in non-dissipative
nanoelectronic devices, and the premise of using the QSH as a channel is that
the topological edge state of the QSH should be perfectly spaced from the bulk
state. So our material is chosen to have a width of 35.05 A, the Te(a’b)-(ba’) edge
state of IT’-WTe, was used as the research object. Through uniaxial strain, the
evolution of the bulk band gap of 1T’-WTe, was calculated. Fix the lattice con-
stant of the a-axis, by tensioning or compressing the b-axis, in the range of
—2.2% - 2.9%. In Figure 3, after gradually compressing the b-axis, the band gap
of the bulk state gradually decreases, and when compressed by 2.2%, the band
gap of the bulk state decreases to 93 meV. While tensioning the b-axis, the band
gap gradually increases, and when the b-axis is stretched by 2.9%, the band gap
increases to 245 meV. A larger band gap means that the monolayer 1T°-WTe, na-
noribbons have more room for application. Therefore strain is a feasible way to
tune the band gap of 1T’-WTe,.
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Figure 2. (a) The side view of Te(a’b)-(ba’)Te nanoribbon, and the width is 21.26 A. (b)
Band structure of Te(a’b)-(ba’)Te nanoribbon. The size of filled red circle is proportional
to the LDOS of edges. The bulk state band gap is marked (AE). (c) Dependence of the
band gap (AE) of the Te(a’b)-(ba’)Te nanoribbon on the magnitude of the nanorribon
width. Nz is the number of W atoms in the nanorribon.
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Figure 3. Dependence of the band gap (AE) of the Te(a’b)-(ba’)Te nanoribbon on the
magnitude of the Lattice constant of nanoribbon.

Table 1. The band gap calculated by different methods, when the nanoribbon is 21.26 A.

Method GGA Meta-GGA GGA-1/2

AE (meV) 198 235 344

4. Conclusions

In summer, the PBE method is always underestimated when calculating the band
gap, while the GGA-1/2 method has been shown to optimize the band gap cal-
culation. In this paper, GGA-1/2 is used to calculate the energy bands and their
stability of 1T’-WTe, monolayers with six different terminational edges, and we
found most stable structure is Te(a’b)-(ba’) edge state. Below this edge state, the
band gap of the bulk state can gradually change with the width of the nanorib-
bon. In order to reduce the influence of the edge coupling effect, we take the na-
noribbon width as 35.05 A. And monolayer of 1T’-WTe, nanoribbon with fixed
a-axis and tension/compression along the b-axis. Compression along the b-axis,
the band gap of the bulk state gradually reduces, while stretching along the b-axis,
the band gap of bulk state gradually increases. When tensioning to 2.9%, the bulk
band gap increases to 245 meV, enabling 1T’-WTe, to successfully change from
a semi-metallic phase to an insulating phase. And the edge state has not changed,
and still maintains the non-trivial topology. Strain engineering is used to adjust
the band gap, which provides an idea for the later study of two-dimensional
transition metal dichalcogenides about the topology electronics.
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