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Topological insulators hold great promise for dissipationless transport devices due to the robust gapless states
inside the insulating bulk gap. So far, several generations of topological insulators have been theoretically
predicted and experimentally confirmed, most of them based on three- or two-dimensional materials. Here, on
the basis of the first-principles calculations, we predict a quasi-one-dimensional (quasi-1D) topological insulator
Nb,SiTe, that can be prepared by exfoliation from its three-dimensional bulk phase. This material, characterized
by topological Z, invariants and robust zero-energy edge states, has a large nontrivial gap of ~93.6 meV, large
enough for inhibiting the possibility of the thermal disturbance. Additionally, when applying pressure, we find
there is an abnormal force releasing stage originating from the shrinking of the inner Nb atomic rings. In addition,
we find that substrate, stacking, defect, and structure deformation have specific effects on electronic properties.
Our results reveal a promising quasi-1D topological insulator Nb,SiTe4 and uncover its unique strain-dependent

electronic and mechanical properties.
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I. INTRODUCTION

Since the discovery of the quantum spin Hall effect [1],
topological insulators (TIs), holding nontrivial edge states
protected from backscattering, are revolutionizing condensed
matter physics and materials science due to their topo-
logical bands and potential applications in dissipationless
devices [2-7]. In the following experiment, alloying Bi;_,Sb,
has been verified as the first three-dimensional (3D) TI pos-
sessing metallic Dirac states on the surface of an insulating
bulk [8], which is first proposed in theory [9]. Subse-
quently, plenty of TI candidates are discovered, such as the
Bi,Ses series [10-12], Li, AsSb series [13], (Pb,Sn)Te series
[14], HgTe/CdTe quantum well [15], and modified graphene
[16-18]. These disruptive discoveries of record TI materi-
als greatly promote the development of topological-insulator
based electronics.

As we know, with the dimension reducing, plenty of
novel mechanical properties emerge in materials, such as high
elastic criterion, great anelasticity, and significant superplas-
ticity [19]. So far, many TI candidates have been predicted
theoretically and confirmed experimentally based on 2D or
3D materials. The research of 1D TIs mostly focus on the
model in theory [20,21], while theoretical predictions and
experimental demonstrations of real 1D TI materials are still
inadequate. To date, the proposed 1D TI candidates possess
various flaws, such as the extrinsic TI phase [22], small
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bulk band gap [23], and structural instability [24,25], which
profoundly limits future applications. Thus, it is very im-
portant to explore new 1D TI materials in experiment and
theory.

Recently, it is demonstrated that ternary van der Waals
(vdW) materials Nb,Si, Te, with different stoichiometric ratio
possess multifunctional promises for quantum computation
[26,27], infrared detector [28], field effect transistors [29],
and thermoelectricity [30]. For instance, 2D Nb3SiTeg is pre-
dicted to be a nodal-line semimetal and exhibits a strongly
suppressed electron-phonon interaction [27]. Nb,SiTe4 has a
stable narrow gap and is promising for midinfrared detection
[28]. In the case of NbSig 45Te,, angle-resolved photoemission
spectroscopy demonstrates the existence of nonsymmorphic
protected 1D directional massless Dirac fermions, which
stems from a striplike structural modulation [26]. When the
stoichiometric ratio is confined in the form of Nb,Si, Tey4
(5/3 < x < 2), it is metallic along the chain direction and
exhibits a semiconducting feature perpendicular to the chain
direction [29]. As a member of this series, the synthesized
Nb,SiTe, shares the same atomic geometry as TaySiTe4 [31],
whose 1D geometry is verified to be a TI in our previ-
ous work [32]. In this work, we theoretically investigate the
electronic, mechanical, and electromechanical properties of
quasi-one-dimensional (quasi-1D) Nb4SiTe4, which could be
exfoliated from its bulk counterparts. We verify that quasi-1D
Nb4SiTey is an intrinsic Z, TI with a large bulk band gap of
~93.6 meV. The degenerated edge states are robust against
the H decorations but limited by the length of nanowire. By
applying external strain, an unexpected force releasing stage
appears with the Dirac band gap opening again, which could
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be ascribed to the different shrinking ratio of the inner Nb and
outer Te atom tubes. Meanwhile, it shows robust TI character-
istics against external strain less than 7%. In addition, we find
that defect, stacking, and structure deformation are extremely
vital for electronic properties. Our work will therefore be of
considerable interest to stimulate experimental studies on the
quantum spin Hall effect in quasi-1D TI Nb4SiTes.

II. COMPUTATIONAL METHODS

The first-principles calculations were implemented in the
Vienna ab initio simulation package (VASP) based on density
functional theory (DFT) [33,34]. The generalized gradient
approximation of Perdew-Burke-Ernzerhof was employed to
treat the exchange-correlation potentials [35], while the pro-
jector augmented-wave method was used to treat the ionic
potentials [36]. To describe the vdW interactions precisely,
the DFT-D3 method [37] was employed throughout the first-
principles calculations. For quasi-1D Nb4SiTe4, the vacuum
buffer space was set to be more than 20 A to prevent the
interaction between the adjacent nanowires. Additionally, the
first Brillouin zone was sampled by the 1 x 1 x 10 I'-centered
Monkhorst-Pack k-point grid. A kinetic-energy cutoff of
500 eV was employed to expand the plane-wave basis set. The
energy convergence criterion was chosen as 10~° eV between
two ionic steps, and the force convergence criterion allowed
on each atom was chosen as 0.01 eV/A. The phonon spectrum
was calculated within the finite-displacement method on a
1 x 1 x 5 supercell as implemented in the PHONOPY package
[38]. The ab initio molecular dynamics (AIMD) simulations
were implemented on a 1 x 1 x 5 supercell within the canon-
ical ensemble using the Nosé-Hoover thermostat in constant
volume and temperature [39,40]. The VASP2WANNIER9O inter-
face [41] and the WANNIER90 package [42] were employed to
obtain the maximally localized Wannier functions (MLWFs)
and parametrize the tight-binding (TB) Hamiltonian matrix el-
ements. The WANNIERTOOLS package [43] was used to obtain
the surface band structures and the Zak phase based on the TB
Hamiltonian. The band unfolding is obtained via the VASPKIT
package [44].

III. RESULTS AND DISCUSSION

A. Crystal structure and stability

The bulk metal telluride compound Nb,SiTes has been
experimentally synthesized [31,45] as a naturally quasi-1D
vdW material in Fig. 1(a). It forms in the orthorhombic space
group Pbma (No. 55). Each unit cell is composed of two
quasi-1D NbySiTes nanowires parallely arranged along the z
axis by the vdW interactions. The optimized lattice constants
are a = 18.0 A, b=10.5 A, and ¢ =4.8 A, which agree
well with the previous experimental results of a = 18.2 A,
b=10.5A, and ¢ = 4.8 A [45]. Nb,SiTe, is constructed by
the antiprismatically stacked NbsTe4 monomers with Si atoms
occupying the interspaces in Fig. 1(b) [31,46,47]. As shown
in the left panel of Fig. 1(c), the NbsTe, monomer is formed
by the Te corner-sharing square monomer with Nb atoms
as bridges into networks. In order to quantify the feasibility
of exfoliating quasi-1D NbySiTes from its bulk phase, we
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FIG. 1. (a) Top view of 3D Nb4SiTe, bulk and (b) side view of
quasi-1D Nb,SiTe4. The yellow, blue, and black balls represent Nb,
Te, and Si atoms, respectively. The a, b, and ¢ are corresponding
lattice constants. (c) The schematic of bonding between the Nb and
Te atoms perpendicular to (left) and along the extended direction,
where d and 6 represent the nearest distance between them and the
angle of Te-Nb-Te respectively. (d) Phonon spectrum and (e) the
energy evolutions from AIMD simulations of quasi-1D Nb4SiTe,.
Inset in Fig. 1(e): The side view of quasi-1D Nb,SiTe, nanowire after
18 ps AIMD simulations.

calculate the exfoliation energy [48] by
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where the E and N represent the total energy and number of
atoms, respectively. E¢ is calculated to be 116.9 meV /atom,
which is much smaller than the exfoliation energy of the
synthesized 1D Te atomic chain (273.0 meV /atom) [49]. This
implies that it is reasonable to obtain the Nb4SiTe4 nanowire
from its bulk counterpart. In Fig. 1(b), the optimized lattice
constant is 4.83 A for quasi-1D Nb,SiTey. It crystallizes in
the space group of P4/mmm (No. 123) with all atoms being
at the Wyckoff position 16g site. The Nb-Te bond lengths
are di =2.92 A in the plane and d, = 2.84 A along the z
axis. The Te-Nb-Te angle is 111.5° in the plane and 160.3°
along the z axis. These values are approximate to those of
bulk NbySiTe, in Table I. To confirm the stability of quasi-
1D NbySiTe4, we compute its phonon spectrum in Fig. 1(d).
The absence of imaginary phonon mode over the first Bril-
louin zone guarantees the optimized structure located at the
minimum on the potential-energy surface. The maximum fre-
quency reaches up to 15.6 THz (520.4 cm™!), implying a

TABLE 1. The lattice constants (a, b, and ¢ in A), Nb-Te dis-
tances (d; and d, in A), and Te-Nb-Te angle (6, and 6,) for the bulk
and quasi-1D Nb,SiTe,.

a b c d d, 0, 0,
Bulk 18.0 10.5 4.80 2.92 2.85 110.7 159.0
1D 4.83 2.92 2.84 111.5 160.3
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TABLE II. The charge transfers (CTs) (in e) between atoms in
the quasi-1D Nb,SiTe, nanowire.

Atom CTs Atom CTs Atom CTs

Nbl —0.89 Nb7 —0.90 Te3 +0.63
Nb2 —0.89 Nb8 —0.90 Te4 +0.63
Nb3 —0.89 Sil +1.05 Te5 +0.63
Nb4 —0.89 Si2 +1.05 Te6 +0.63
Nb5 —0.90 Tel +0.64 Te7 +0.63
Nb6 —0.90 Te2 +0.64 Te8 +0.63

strong atomic interaction in quasi-1D NbySiTes [50-54]. The
kinetic stability is also confirmed by AIMD simulations at
300 K for 18 ps. The energy oscillates in a tiny interval and the
structure is well retained without obvious structure distortion
during the simulation in Fig. 1(e). Based on the above results,
we conclude that quasi-1D NbySiTe, is reasonable to exist
stably.

B. Electronic and topological properties

Based on Bader charge [55] analysis, each Nb atom loses
0.9 electrons, one Si atom obtains 1.05 electrons, and one
Te atom obtains 0.6 electrons in Table II. Although the elec-
tronegativity of Si (37.3 & 7) is close to Te (38 £ 4) [56], their
charge transfers are different due to the atomic arrangement.
In one primitive cell, each Si atom is surrounded by eight
Nb atoms, whereas each Te atom is fourfold coordinated to
Nb atoms. This gives rise to the fact that the charge trans-
fer of Si atoms is twice as much as that of Te atoms. To
explore the nature of chemical bonding, the electron local-
ization functions (ELFs) [57] are calculated in Fig. 2(a). In
the (001) plane, the interactions between Nb and Te atoms
are ionic, which is verified by the virtually spherical struc-
ture of ELF around each atom and the low ELF intervening
regions. The interactions between Si atoms are covalent due
to the appearance of high ELF values in intervening regions.
In addition, three-center bonding appears between Nb and Si
atoms [58].

We now turn to the discussion of the electronic struc-
tures of quasi-1D NbySiTey4. In Fig. 2(b), the conduction and
valance bands overlap around the Fermi level, forming the
inversion band structures. To understand the mechanism of
band inversion, we calculate the irreducible representations
(irreps) of the two bands. As shown in the left panel of
Fig. 2(b), the red band carries the LD, irrep while the blue
one has the LD irrep, which results in the band inversion
protected by the {mj00|0}, {m010]0}, {m110/0}, and {m;_10|0}
mirror symmetry operations. In the vicinity of the Fermi
level, the two linear dispersed bands produce intrinsic Dirac
cones [59]. As shown in Fig. 3, the Fermi level is derived
from hybridized states of the Nb d> . ,. orbitals and the Te
Dx,y orbitals. When spin-orbit coupling (SOC) is taken into
consideration, the degenerate Dirac states are damaged with
an enlarged global band gap E, of ~93.6 meV in the right
panel of Fig. 2(b). This value is larger than the experimentally
verified 2D TIs 17'—MX, (M = W, Mo and X = Te, Se, S)
[60,61] and quasi-1D TIs S—Bi4ly [23]. When considering
the SOC effect stemming from a single element, the opened
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FIG. 2. (a) The electron localization function and (b) calculated
band structures without (left panel) and with (right panel) spin-
orbit coupling for quasi-1D Nb4SiTe,. The red LD, and blue LD,
represent the irreps of the corresponding bands. (c) The discrete
energy levels of finite-size Nb,SiTes nanowire. (d) The calculated
energy spectrum of the semi-infinite Nb,SiTes nanowire based on
the iterative Green’s functions. The distributions of the zero-energy
(upper panel) and bulk (lower panel) states of the finite-size
Nb,4SiTe, nanowire without (e) and with (f) H decorations based on
the DFT calculations.

E, are weakened to 79.1, 31.1, and 11.3 eV for Te, Nb, and Si
element, respectively, in Fig. 4. It indicates Te and Nb atoms
dominate the SOC in opening E,.

As proposed in previous theoretical work [4,5,62—64], the
relativistic SOC effect can forge the nontrivial topological
order of bands via opening E, between inversed bands, which
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FIG. 3. The orbital angular momentum projected band structures
of quasi-1D Nb,SiTe,.
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FIG. 4. The band structures of quasi-1D Nb,SiTe; with SOC
from individual element.

is essential for TIs. As a global feature of TIs, it can be directly
classified by the Z, topological invariant v for the inversion
system by

(1) =] ]sGk. )
i=1

where §(k;) is the product of the parity eigenvalues & (i) for the
occupied bands (N) at these time-reversal-invariant momenta
(TRIM). The detailed parities of occupied bands for quasi-1D
NbySiTe, are listed in Table III. It yields v = 1, indicating the
nontrivial band topology in quasi-1D Nb4SiTes. In order to
verify our results, we perform topological calculations using
the tight-binding Wannier orbital based Hamiltonian [65] for
quasi-1D Nb4SiTey. Figure 5 displays the Wannier interpo-
lated and DFT bands. The Zak phase [66] is calculated via
integrating the Berry connection across the 1D Brillouin zone

by v, = lf”jijc dk{u, |0k |un), where the |u,) comes from

the MLWFs. The v is computed, by (—1)" = el Xii 7» tobe 1,
which agrees with the above value calculated from DFT data.
To deeply understand the SOC induced nontrivial topological
phase, we also construct an effective TB model based on
atomic orbitals

HTB—Zga a+ca+ Z

(i,j)..B

“+ﬁ+Hc)+ASJq

3)
where &, cf‘+, and cf represent the on-site energy, creation,
and annihilation operators of electrons at the « orbital of
the ith atom, respectively. tfj’.ﬁ and A represent the hopping
strength between them and the strength of SOC effect. The
adopted parameters are ¢; = 0.3, ¢, =0.5, &3 =¢4 = 1.1,

TABLE III. The calculated parity eigenvalues of the occupied
spin-degenerate bands vicinity at the TRIM points for quasi-1D
Nb,SiTes. The odd and even parities are labeled with — and +,
respectively.

TRIM Parities Product
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FIG. 5. The band structures of quasi-1D Nb,SiTe, based on the
MLWFs (blue) and DFT calculations (red).

gs=¢cc= 2411 =tr=—1h=—-14=03,t5=22,1t =1,
and A = 0.2. The fitted band structures are shown in Fig. 6(b).
It is clear that this model can capture the characteristic of band
inversion and degenerate Dirac-like states. When including
the SOC effect, the degenerate states are broken to create a
band gap. Using this model, we evaluate the Z, topological
invariant via Zak phase. The result is v = 1, indicating non-
trivial topological phase induced by the SOC effect.

For TTs, another notable feature is the bulk-edge correspon-
dence [2,4,67-69], which guarantees the zero-energy states in
the bulk gap. To illustrate this character, we construct a finite
nanowire of 16 times primitive cell with 10 A vacuum on both
sides and calculate the corresponding discrete energy levels.
In Fig. 2(c), the DFT and TB calculations give similar results,
in which discrete zero-energy states marked as red dots de-
viate from the sequential bulk states and reside in the gap. It
is also confirmed by the energy spectrum of the semi-infinite
nanowire calculated using the iterative Green’s functions [43]
in Fig. 2(d). The charge distributions of the zero-energy and
bulk states in real space are shown in Fig. 2(d), which give the
character of a 1D TI satisfactorily.

In order to verify the robustness of results, the edge states
of 1D finite-size nanowire are explored under different deco-
rations and lengths. As shown in Fig. 2(c), H atoms decorated
at two edges cannot eliminate the degenerated edge states that
still reside in the bulk gap. In Fig. 2(f), the charge distributions
of states in real space indicate that the zero-energy states
are limited to edges, similar to the case without decorations.
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FIG. 6. (a) The Wyckoff positions of Nb (yellow balls) and Te
atoms (blue balls) in quasi-1D Nb,SiTe,. (b) The fitted (red dashed

line) and DFT (blue solid line) band structures. The black line is the
Fermi level at O eV.

z
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FIG. 7. The evolution of discrete energy levels for finite-size Nb,SiTe, nanowire. The bulk and edge states are labeled as black and red

balls, respectively.

Nevertheless, the H decorations can change significantly the
position of edge states close to the conduction states. In ad-
dition, the effects of length on edge states are also explored.
As shown in Fig. 7, all of the edge states reside in the bulk
gap. However, as the length decreases, the degenerated edge
states are opened gradually, showing the importance of length
for edge states. Similar results are also observed in the 3D
superconductor 8—Bi,Pd [70].

C. Electronic and mechanical properties under strain effect

In previous work [64,71-75], the electronic states of low-
dimensional materials are highly sensitive to the applied
strain. Hence, it is highly considerable to explore the elec-
tronic states under strains. As shown in Fig. 8(a), E, evenly
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FIG. 8. (a) The global band gap E, dependence on the strain &
for quasi-1D NbySiTe,. (b) E, with various relative SOC strengths
x under selected strains ¢. The xo stands for the normal (physical)
SOC strength. (c) The band structures without (upper panel) and with
(lower panel) the SOC effect under selected ¢. The black dashed line
is the Fermi level at O eV.

decreases from 3.9 to 0 meV with the strain being from
—3% to 7%. The corresponding band structures are calculated
with and without the SOC in Fig. 8(c). The Dirac cones are
well retained in the absence of SOC. As the strain increases,
the Dirac points deviate from the Fermi level slightly. When
SOC is included, the degenerate Dirac points separate with
emerging E, and in the range from 0% to 7%. As the strain
exceeds 7%, however, the gap tends to be closed and the 1D
system transforms from the nontrivial topological insulator
to metal. Figure 8(b) shows band gap with variable SOC
strength y under the 0% and 7% strains. It is obvious that
the E, is positively correlated with x, indicating the pivotal
role of SOC in opening the band gap. When the strain exceeds
7%, nevertheless, the SOC cannot separate the valance and
conduction bands anymore because an extra valance band is
lifted to cross the Fermi level and connect the valance and
conduction bands.

To gain an insight into the above phenomenon, we metic-
ulously evaluate its mechanical properties of the stretching
effect along the z axis. We calculate the strain energy by
Es = Er(e) — Er(e =0), where Er(e) represents the total
energy under a given axial strain ¢ and E7 (e = 0) represents
the total energy at equilibrium state. To balance the efficiency
and accuracy, we use the 1 x 1 x 5 supercell with periodic
boundary conditions. The stretching strain is defined as ¢ =
(¢ — ¢p)/co, where ¢y and c are the equilibrium and stretched
lattice constants, respectively. For each stretching strain, we
fully relax the supercells and repeat calculations of the
stretching energy. After that, we can obtain the tension force
Fr = —0Es(g)/dc and force constant x = 32Eg/d”c from the
energy-strain relationships. The elastic features are character-
ized by the Young’s modulus Y5 = (1 /co)(‘;?) [76,77]. In
Fig. 9(a), under strains, quasi-1D Nb,SiTe, experiences three
stages. I: The elastic deformation stage (¢ = —3%—17%); 1I:
The plastic deformation stage (¢ = 18%—42%); and III: The
breaking stage (¢ = 43%—00).

During stage I, the Eg increases with the strain effect
enhancing, while the Fr is linear with e. This corresponds
to the harmonic regime, in which the elastic deformation is
invertible and the deformed nanowire can be optimized back
to its initial structure via simple relaxation calculation. The
Ys is estimated to be 417.2 GPa (2.06 x 10~7 N), which
is much larger than those of the flexible 1D semiconductor
SnIP (190 GPa) [78], WS, nanotube (152 4= 68 GPa), and
MoS; nanotube (230 GPa) [79], but smaller than that of car-
bon nanotubes [80] (4161160 GPa in theory [81-83] and
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FIG. 9. (a) The strain energy Es (red) and tension force Fr (blue) dependencies under strain ¢ for the quasi-1D Nb,SiTe, supercell. (b) The
radius of the inner Nb atoms tube (black triangles) and the outer Te atoms tube (black squares), and the difference between them (magenta stars)
Ar = rr. — rny. The white, shaded, and yellow regions indicate the elastic, plastic, and force releasing stage, respectively. (c) The schematic
of the inner Nb atoms and the outer Te atoms tubes. (d) The atomic geometry under selected ¢. The red arrows indicate the most intense
position of the quasi-1D Nb,SiTe, supercell under ¢ = 18% and ¢ = 42%. The yellow, black, and blue balls correspond to Nb, Si, and Te

atoms, respectively.

1200 GPa in experiment [84]), implying its excellent tensile
strength. The « is 85.2 N/m, which is larger than that of
silicene (30 N/m) nanoribbon [77] but much smaller than
graphene (176 N/m) and BN (144 N/m) nanoribbons. The
elastic stretching threshold is up to € = 17%, which is larger
than that of Cu (8% [85] or 5% [86]), ZnO (6.5% [87]),
and Ag nanowire (10% [88]). This value is also comparable
to some well-known 1D nanotube materials, such as WS,
nanotube (14%) and MoS, nanotube (17%—19%) [79]. These
make it a promising 1D system with excellent mechanical
properties. During this stage, although the structure undergoes
no deformation, we observe an abnormal force releasing stage
occurs in the range of 7.8%—-8.8% in Figs. 9(a) and 10(a),
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FIG. 10. (a) The strain energy Es (red) and tension force Fr
(blue) under strains for quasi-1D NbySiTe, with primitive cell.
(b) The radius of the inner Nb atoms tube (black triangles) and
the outer Te atoms tube (black squares), and the difference between
them (magenta balls) Ar = rr. — rnp. The yellow region indicates
the force releasing stage.

which dramatically changes the relationship between Fp and
€. The energy drops at ¢ = 18% with the emergence of the
yielding point. In stage II, the stretching strain gives rise to
severe structural deformations. The Si chain is distributed
nonuniformly and the NbsTes monomers are bent in Fig. 9(d).
Such deformation hinders the nanowire from returning to
the equilibrium state after releasing the stretching strain. It
indicates that the deformation during this stage is plastic.
Stage II ends at the breaking point of ¢ = 43% where the Eg
drops sharply and the nanowire turns into two pieces. For the
generality, we also investigate the mechanical properties of its
sister compound quasi-1D TasSiTes. As shown in Fig. 11(a),
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FIG. 11. (a) The strain energy Es (red) and tension force Fr
(blue) dependencies under strain ¢ for the quasi-1D Ta,SiTe, su-
percell. (b) The radius of the inner Nb atoms tube (black triangles)
and the outer Te atoms tube (black squares), and the difference
between them (magenta stars) Ar = rr. — rry. The white, shaded,
and yellow regions indicate the elastic, plastic, and force releasing
stage, respectively.
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FIG. 12. The maximum differences of the distance between the
nearest Nb,Te, monomers for the Nb,SiTe, supercell.

quasi-1D TaySiTe,4 also experiences three stages: The elastic
deformation stage (¢ = —3%—18%), the plastic deformation
stage (¢ = 19%—-24%), and the breaking stage (¢ = 25%—00).
During the elastic stage, the anomalous force releasing stage
also occurs approximately in the range of 7%-8%. More-
over, the Yy is estimated to be 405.2 GPa (2.01 x 10~7 N),
much closer to the value of quasi-1D Nb4SiTes. How-
ever, quasi-1D TasSiTes has a very short plastic stage, and
the breaking stage occurs much in advance, implying the
difference between these quasi-1D systems in large-strain
deformation.

Based on the above, we know the force releasing approx-
imately occurs after ¢ = 7%. To uncover the origin of this
abnormal force releasing stage in stage I, we carefully study
the evolution of atomic geometry ranging from —3% to 12%.
The minimum distance between NbsTe, monomers undulates
within less than 1.5 x 1073 A in Fig. 12, manifesting that
the nanowire is monotonously stretched along the extended
direction. This does not dominate the unexpected force releas-
ing stage. As shown in Fig. 9(c), quasi-1D NbySiTe4 can be
viewed as a multiwalled nanotube of Nb and Te atoms with a
monatomic Si chain being in nanotubes. Under the stretching
strain, the Nb and Te nanotube radius shrinks with different
rates in Figs. 9(b) and 10(b). Specifically, in the range of
0%—6%, the shrinking ratio of the outer Te nanotube is more
intense than that of the inner Nb nanotube, decreasing the
distance between the Nb and Te atoms. This process increases
repulsion between them, making the interaction deviate from
the equilibrium position. When the strain reaches 6%, the re-
pulsion is at its maximum and begins to drive the Nb nanotube
to shrink faster to remit the extra repulsion. Thus, it goes in
reverse from 6% to 9%. This can be clearly shown by the
radial difference Ar = rr. — rnp. During the unexpected force
releasing stage (in the range of 7.8%-8.8%), the Ar sharply
increases. With the strain exceeding 8.8%, the Ar tends to
a constant. For quasi-1D TasSiTe4, the similar movement of
atoms also occurs in the range of ¢ = 7%—8%, as shown in
Fig. 11(b), although they own different atomic numbers. Thus,
we consider the shrinking ratio of outer and inner nanotubes
accounts for the origin of the abnormal force releasing stage.
This phenomenon is only related to the atomic structures,
independent of the atomic numbers.
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FIG. 13. (a) The band gaps of quasi-1D Nb4SiTe, under strain €,
where atoms are only allowed to move in the xy plane (black), along
the z axis (red), and all directions (blue). The band structures without
(b) and with (c) SOC where atoms are only allowed to move along
the z axis. The band structures without (d) and with (e) SOC where
atoms are only allowed to move in the xy plane.

Under strain effect, both movements of atoms in the xy
plane and along the z axis can result in the changing of
band structures. To deeply understand this mechanism, we
separately analyze the effect of the two atomic moving modes
in modulating the band structures. In calculations, the atoms
are only allowed to move in the xy plane or along the z axis. As
shown in Fig. 13(a), both modes can result in the decreasing
of band gaps. However, the effect of atomic moving along
the z axis is more intense than that in the xy plane, implying
that the decreasing of band gaps is the result of both modes
and atomic moving along z is dominant in modulating the
electronic properties. With the increase of strain, its dominant
role is decreasing, which can be obtained by the increasing
difference between the red and blue lines in Fig. 13(a). Never-
theless, the slope of the red line is decreasing, indicating that
this individual effect is also increasing. Thus, it is concluded
that the decreasing of band gaps is gradually reliant on the
combination of these two atomic moving modes with the in-
crease of strain. As shown in Figs. 13(b)-13(e), it is clear that
atoms moving along the z axis can significantly modulate the
band structures, causing it to resemble the normal case. This
also corresponds to the conclusion above. In addition, we also
investigate the influence of radius on topological properties.
As shown in Fig. 14, the radius of the inner Nb atoms tube
can effectively influence the inversion gap E;. As the radius
decreases, E; decreases gradually. When it is about 2.166 A,
the band inversion vanishes and a topological phase transition
from the nontrivial to the trivial occurs. Hence, it is noted that
the nontrivial topological properties cannot exit with a small
radius of the inner Nb atoms tube.
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FIG. 14. The inversion gap E; dependence on the radius of the
inner Nb atoms tube without SOC effect. The yellow region indi-
cates the intrinsic band inversion. The blue dot represents the gap at
equilibrium state. The left and right insets indicate the corresponding
band structures.

D. The effects of substrate, stacking, defect,
and structure deformation

Since low-dimensional materials are usually carried out on
substrates, it is highly considerable to explore the electronic
states with substrates. Here, two candidates are considered:
Graphene and h-BN. As shown in Fig. 15(a), the quasi-
1D NbySiTes nanowire is placed parallely on the substrate
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FIG. 15. (a) Front and top views of Nb,SiTe,/graphene. The
yellow, blue, black, and brown balls represent Nb, Te, Si, and
C atoms, respectively. The band structures of Nb,SiTe,/graphene
(b) and Nb,SiTe,/h-BN (c) with and without SOC effect. (d) The
planar-averaged charge density difference (left panel) and its in-
tegration (right panel) along the z axis of Nb,SiTe,/graphene.
The red dashed line denotes the middle between Nb,SiTe, and
graphene.
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FIG. 16. The electronic band structures of two (a) and three
(b) Nb4SiTe, nanowires stacking without and with the SOC effect.
The black dashed line is the Fermi level at 0 eV. The strain energy
Es and tension force Fr dependencies under strain ¢ for two (c) and
three (d) Nb,SiTes nanowires stacking. The insets show the most
stable stacking configurations. The yellow region indicates the force
releasing stage.

extending along the zigzag direction. Due to lattice mis-
matches, the nanowire is stretched slightly by 0.09 and 0.15
A on graphene and A-BN, respectively. Simultaneously, the
corresponding radius is reduced by 0.02 A on both substrates.
The distance between them is 3.39 and 3.35 A for graphene
and A#-BN, respectively. In Figs. 15(b) and 15(c), it is clear that
the band crossing can be well preserved near the Fermi level,
while the SOC effect can open a gap at the degenerate Dirac
point. More specifically, as shown in Fig. 15(b) for graphene,
the band crossing is below the Fermi level. With SOC, it forms
an electronic pocket due to the charge transfer from graphene
to nanowire in Fig. 15(d). In addition, the SOC induced gaps
are reduced by 9.6 and 20.1 meV, respectively, for graphene
and h-BN, indicating that the interaction between nanowires
and substrates is likely to diminish the SOC effect.

Subsequently, the effects of stacking on electronic and me-
chanical properties are explored. Before evaluating electronic
band structures, the most stable stacking configurations are
determined in the insets of Figs. 16(c) and 16(d). In the con-
figuration of two-nanowires stacking, four bands cross in pairs
forming two Dirac points in Fig. 16(a). Likewise, when three
nanowires stack together, six bands cross in pairs near the
Fermi level. Due to the interaction between nanowires, only
one Dirac point is formed in Fig. 16(b). In addition, the SOC
opens a gap of 87.8 meV for two-nanowires stacking while
49.4 meV for three in the Fermi level. As shown in Figs. 16(c)
and 16(d), the Es increases with the enhancing strain, while
the Fr is linear with ¢, implying the elastic deformation
stage. The Young’s modulus Yj is estimated to be 447.9 GPa
(4.42 x 1077 N) and 417.0 GPa (6.17 x 10~7 N) for two- and
three-nanowire configurations, respectively. Additionally, the
force releasing stage also occurs approximatively in the range
of 7%—-9%. These results are similar to the case of a single-
nanowire system, implying the stacking has a negligible effect
on the mechanical properties.
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FIG. 17. (a) The band structures of Nb,SiTe, without and with
vacancies. The dashed line indicates the Fermi level. (b) The
schematic diagram of vacancy, where blue, black, and red circles
indicate Te, Si, and Nb vacancies, respectively.

Then, we turn to discuss the effects of vacancies on elec-
tronic properties. In Fig. 17(b), three kinds of vacancies of
Nb, Te, and Si are considered in a fivefold supercell (1 x
1 x 5) with 90 atoms, corresponding to 2.5%, 2.5%, and
10% vacancy concentrations, respectively. The effective band
structures are obtained by a band unfolding method [89,90].
As shown in Fig. 17(a), the introduction of vacancies produces
several defect states near the Fermi level. However, different
from the Te and Si vacancies preserving the band crossing
in the Fermi level, the Nb vacancies destroy it, which can be
ascribed to the complicated chemical environment around Nb
atoms.

For 1D materials, the structure deformations are in-
escapable in actual experiments and applications. Here, to
simply illustrate this effect on electronic properties, we take
two cases with bending and distortion as examples. As shown
in Fig. 18(a), a 20° bending can lead to the band gap open-
ing of 81.3 meV. For the distorted mode obtained from the
snapshot of AIMD simulations, the quasi-1D nanowire be-
comes a semiconductor with a gap of 75.3 meV in Fig. 18(b).
Nevertheless, these deformation modes cannot close the band
gaps, implying the remaining of the nontrivial topological
phase. Around 0.2 eV above the Fermi level, it opens a large
band gap of about 200 meV. These results imply the structure
deformations can affect electronic properties.

IV. CONCLUSIONS

In summary, using the first-principles calculations, we pre-
dict that quasi-1D Nb4SiTe, is a new TI with a sizable energy
gap of 93.6 meV, large for probing the nontrivial topology
experimentally. Its nontrivial band topology is examined by
the nonzero Z, topological invariant and zero-energy edge
states in the bulk gap. Additionally, its edge states are veri-
fied robust against H decoration at boundary. We demonstrate
quasi-1D NbySiTe4 harbors high tensile strength (417.2 GPa)
and high elastic elongation (*~17%), indicating its excellent
mechanical properties. We find, in the elastic stage, the stored
strain energy can drive the different shrinking rate of the inner

$;,9\ '%/‘?\ )?39\ ’9(?\#/?&&/?\’?

ot ‘°=°° oo '&P w@‘

FIG. 18. The electronic structures with (a) bending and (b) dis-
torted Nb,SiTe, supercell (six cells). The yellow regions indicate the
band gap in the Fermi level, while the green region indicates the new
opened band gap by distortion.

and outer nanotubes, which leads to the unexpected force
releasing stage and expands its application in novel spintronic
devices. In addition, the topological quantum phase transition
from TI to trivial metal occurs at the 7% strain. Moreover,
the substrate, stacking, defect, and structure deformation can
specifically affect the electronic properties. Our work shows
that quasi-1D Nb4SiTes provides a promising platform to
study 1D topology physics and extends the family of 1D TI
materials.
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APPENDIX
The effective TB model

In order to capture the characteristics of band structures
and simplify the model, the Nb d. and Te p, , orbitals are
chosen to construct this model. In the primitive cell, as shown
in Fig. 17(a), Ta and Te atoms in the /; layer belong to the
Wyckoff positions 4j and 4n, while in the , layer, they belong
to 40 and 4k. Here, the Wyckoff positions 4j, 40, 4n, and
4k are labeled as A, B, C, and D for convenience. Then, all
atomic bases can be described by |dy.2), |dp.2), |Pcx)s 1Pcy)s
|ppx), and |ppy). The total effective TB model Hamiltonian
considering the on-site energy, nearest-neighbor and next-
nearest-neighbor hoppings under the P/4mmm space group
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symmetry can be described as [91]
HAA
Hrp(k;) = FCA
HDA

where HA = g1, HE = ¢,I,, HC = [® o

0 HAC HAD
HBB HBC HBD
HC B HC C 0 ’ (A 1 )
HDB 0 HC D

1® Iy, and HPP = [

as] ® Iy. The €1, &3, €3, €4, €5, and &g are the correspond-

ing on-site energies of |dys2), |dp2), |Pcy), |Pcy)» |Ppx), and | ppy) bases, respectively. The off-diagonal block matrices including
the nearest-neighbor and the next-nearest-neighbor hoppings. Because A and C are in layer /; while B and D are in layer /,, there
are not any k, in HA¢, H®A, HBP_ and HPB. Thus the nearest-neighbor hoppings can be written as

31 —l 0 0
HAC _ n 15 0 0
1o 0 — —b
0 0 —1 1%
0 0 0 0
£BD _ —13 171 —l3 —I4
- I —I3 0 0
L 0 0 71 13
The next-nearest-neighbor hoppings can be written as
[0 0 O 0
0o 0 O 0
HAD —
0 0 w1 —w1
_a)l w1 0 0
wy 0 0 0
0 0 —w O
0 0 0 0
0 O 0 0

0 0 —lh N
T 00 ey (A2)
0 0 ool ’
1) — 0 0
13 171 13 —t4_
0 0 0
-ty -t O 0|~ (HPPY. (A3)
0 0 —1Iy 13|
0 0 —w1 —a)l_
—w1 w1 0 0
o o o o |=E™, (A4)
o 0 0 0 |
0 0 0 0
0 0 0 0 .
= (H®), A5
0 —w 0 0 (H™7) (A5)
0 0 0 w

where w; = t5¢'%/? | wy = t5¢'*:/2 When the SOC effect is included, the total Hamiltonian needs an additional on-site SOC
term AS - L. For a d» orbital, this term is always zero. For p, , orbitals, it can be written as

0
0
hsc =A .
—i
0
Thus, the total Hamiltonian of the SOC term is
0250 ® Iy 0
H,=X\ . A7
[ 0 hxc ® IS ( )

Based on this effective TB model, the characteristics of
band inversion and degenerate Dirac-like states are captured

0

(A6)

as shown in Fig. 17(b). In particular, within the discretized k
points and period gauge, the Zak phase can be calculated as

N
yrf =1Im |:111 1_[ (uik,‘ |uiki+1 >:| ’

i=1
where S and N represent a spin-up or spin-down channel and
the number of k points.
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