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The Su-Schrieffer—Heeger (SSH) model is a prototypical one-dimensional (1D) diatomic lattice model for
non-trivial topological phases and topological excitations. Theoretically, many variations and extensions
of the SSH model have been proposed and explored to better understand the novel aspects of topological
physics in low dimensions on the nanoscale. However, the outstanding challenge remains to find real
nanomaterials with robust structural stability for realizing the 1D topological states. Here, we develop an
extended version of the SSH model with multi-atomic bases of four, six and eight atoms and an imposed
screw rotation symmetry. Furthermore, based on first-principles calculations, we demonstrate the realiz-
ation of this model in transition metal monochalcogenide MgXg (M = Mo and W; X = S, Se and Te) nano-
wires. The topological features of the doped MgXs nanowires are confirmed with non-trivial edge modes

Received 6th May 2020,
Accepted 14th June 2020

DOI: 10.1039/d0nr03529g

and e/2 fractional charges, representative of the 1D non-trivial Zak phase. Our finding not only sheds new
light on our fundamental understanding of 1D topological physics, but also significantly extends the
scope of 1D topological materials that will attract immediate experimental interest, since isolated MgXg
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Introduction

The concept of topological order in condensed matter physics
provides a new theme for understanding the origin of various
quantum phases and has promoted intense recent interest in
searching for nontrivial topological materials. The topological
phase is characterized by global properties rather than a local
order, making it very robust against local perturbations; this
topological robustness makes emergent topological excitations
a promising candidate for quantum computing and devices.
Since the discovery of topological phases in the 1980s, compre-
hensive theoretical and experimental studies have been carried
out to create, classify, and comprehend these exotic phases.
Among the wide variety of topological models, the Su-
Schrieffer-Heeger (SSH) model' serves as a paradigmatic
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nanowires have already been synthesized in experiments.

model in describing the band topology. The SSH model
describes spin-less fermions hopping on a one-dimensional
(1D) lattice with staggered hopping amplitudes. The Zak
phase,” i.e., Berry phase in 1D, is used to classify two topologi-
cally distinct phases in the SSH model. The topological feature
is characterized with zero energy states and fractionalized
charges at the end of the non-trivial phase or domain walls
between the two phases.>”

One outstanding challenge is to realize 1D topological
phases in nanomaterials with robust structural stability. 1D
topological phases have been demonstrated in recent experi-
ments, using optical lattice,> cold atom® or artificial lattice”
systems. But the electronic material platform for the SSH model
is very rare. So far, the observation of increased conductivity due
to solitons in polyacetylene™® and the chiral solitons in indium
wires self-assembled on the Si (111) surface’ has been con-
sidered indicative of the 1D topological origin. However, polya-
cetylene is a polymer with weak structural stability, rendering
the measurement of topological edge mode difficult. Indium
wires are formed on a substrate corresponding to a quasi 1D
structure due to its interaction with the surface. Therefore, it is
highly desirable to find an isolated 1D system with strong struc-
tural stability for the realization of topological properties.

1D metallic transition metal monochalcogenide (TMM)
nanowires, MgXs (M = Mo and W; X = S, Se and Te), have shown
structures and intrinsic anisotropic metallic properties as prom-
ising candidates for nanodevices. They have been theoretically
studied'® ™ and successfully synthesized both in isolated as
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well as crystal (bundle) forms."*?' For example, an isolated,
nanometer-long MgX, nanowire has been fabricated using elec-
tron-beam irradiation methods.'”"'® Isolated MogTe, nanowires
encapsulated in carbon nanotubes were also synthesized.>" The
fascinating properties of these single TMM nanowires are strong
structural stability with a small diameter of about ~9 A and
their tunable electronic properties by doping.'*?*?3

Here, we demonstrate that the TMM nanowires offer an
attractive new route to realizing 1D topological phases. We first
develop an extended version of the SSH model with multi-
atomic bases. A Dirac state at the zone-boundary is induced by
using bases of four, six and eight atoms, instead of two atoms,
and by imposing screw rotation symmetry along the axis of the
1D system. Considering the dimerization due to the Peierls
instability, a topological gap is opened at the Dirac point,
leading to non-trivial edge modes at the boundary.
Furthermore, based on first-principles calculation, we demon-
strate the topological phase in the MgXs nanowires and real
materials to be represented by our extended SSH model with a
six-atom basis. By doping the 1D TMM nanowires with Re (Cl,
Br and I) atoms for transition metal (chalcogenide) atoms, the
Dirac state can be adjusted as to the Fermi level, and mean-
while a Peierls distortion is induced. The resulting topological
phase in the doped MeXs nanowires is confirmed with non-
trivial edge modes and e/2 factional charges.

Methods

Structural and electronic properties of TMM nanowires are
computed using the DFT scheme implemented in the Vienna
ab initio simulation package (VASP) code.>* The projector-aug-
mented-wave method is used to describe the ionic core-valence
electron interactions.”® The generalized gradient approxi-
mation (GGA) is employed to describe the exchange and corre-
lation potential.>*® Spin-orbit coupling is included in all elec-
tronic structure calculations. Electronic wave functions are
expanded in plane waves with an energy cutoff of 500 eV. To
describe isolated nanowires when using periodic boundary
conditions, we arranged the nanowires with a large interwire
separation of 20 A. Geometries are optimized until the forces
on each atom are less than 0.01 eV A™. We used a 1 x 1 x 15
k-point grid to sample the 1D Brillouin zone. An electronic-
temperature smearing of 0.02 eV was employed for the occu-
pation of the electronic states. We constructed Wannier rep-
resentations by projecting the Bloch states from the first-prin-
ciples bands of TMM nanowires onto M d and X p orbitals.””
Based on Wannier representations, we further calculated the
Zak phase and the edge states of a semi-infinite system for
topological properties.”*>°

Results and discussion

Let’s begin with the well-known SSH model in its the simplest
form [Fig. 1(a)]. It consists of a chain of equally spaced atoms
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Fig. 1 Extended version of the SSH model with multi-atomic bases.
(a)-(d) 1D SSH model with two-, four-, six- and eight-atom bases,
respectively. (e) Tight binding band structures from left to right for
models (a), (b), (c) and (d) with parameters: t = 0.4 eV, t,, =1 eV and |§| =
0.1 eV, respectively. The dashed line represents the band structure
without dimerization (5 = 0 eV).

with an s or p, orbital. Considering the Peierls paring distor-
tion, a topological phase transition occurs by tuning the ratio
between inter- and intra-cell electron hoppings. If inter-cell
hoppings are larger than the intra-cell hoppings, the Zak
phase emerges and edge states appear as a consequence of
bulk-edge correspondence.**’ Now, we replace each atom
with a molecule, such as a H, molecule or molecules with a
ring configuration [Fig. 1(b)-(d)]. Specifically, in Fig. 1(b), the
two atoms in the molecule are arranged in orientations per-
pendicular to each other, so that the whole system has time-
reversal symmetry 7 and screw rotation symmetry S, = {Cy|
0,0,1/2}; the latter combines a fourfold rotation and a half-
lattice translation along the z axis. Similarly, for the other
chain structures in Fig. 1(c) and (d), the screw rotation sym-
metry is {Ce]|0,0,1/2} and {Cs,|0,0,1/2}, respectively. The
Hamiltonian of these chain structures with multi-atom bases
is given as follows:

H= Zt,jcjcj+tm2c}cj+h.c., (1)
(i) [¢7]

where ¢;(¢;) is the creation (annihilation) operator of the i-th
lattice. The first term represents the inter molecular hopping
along the chain direction (z-direction) with the hopping para-
meter ¢;. There are two types of hopping along the z-direction,
ie,t;=t+dandt;=t— §toaccount for the Peierls distortion.
The second term represents the intra hopping within the mole-
cule, and [7, j] represents the hopping sites.

The energy spectra of the chain configurations in Fig. 1(a)-
(d) are displayed in Fig. 1(e). Without dimerization, there are
Dirac bands (dashed lines) crossing at the zone boundary (k, =
nt/a), where a is the lattice period along the z-direction. Since
the T commutes with S, [T, S.] = 0, it ensures the twofold band
degeneracy, ie., stability of the Dirac point at the k, = n/a

This journal is © The Royal Society of Chemistry 2020
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point. When the Peierls distortion is included, this degeneracy
is lifted to open a trivial or nontrivial gap depending on the
sign of § (or unit cell construction). The topological properties
of 1D systems are characterized by the so-called Zak phase, i.e.,
the Berry phase picked up by a particle moving across the
Brillouin zone.” The Zak phase has been shown to be related
to polarization.?” The Zak phase of the nth band y, is integral
over the Brillouin zone (BZ) of the Berry connection:

G/2
y = z'j (1|t O, 2)
-G/2

where |u,) is the periodic part of the Bloch function of the
nth band with the momentum &, and G = 2x/a is the reciprocal
lattice vector. The total Zak phase, ¢za, for a given 1D insula-
tor is the sum of y, over the occupied bands, i.e., gz = Z,yn-
Once we obtain |u,;) from first-principles calculation or tight-
binding model Hamiltonians, we can evaluate ¢, by numeri-
cally integrating the Berry connection over the 1D BZ (see
ESIt). The non-trivial Zak phases underlie the existence of pro-
tected edge states, fermion number fractionalization, and irra-
tionally charged domain walls between topologically distinct
1D systems. When § < 0, @z, is 7 and the system is topologi-
cally nontrivial phase, whereas when & > 0, ¢z, = 0 and the
system is topologically trivial.

To further reveal the topological nature of the extended SSH
model, we also calculated the edge states. The existence of zero
modes with fractional charge is one of the key signatures of
the non-trivial Zak phase. Fig. 2(a) shows the two distinct Zak
phases of the SSH model with a six-atom basis for the opposite
sign of §. If the strong bond is inside the unit cell (phase A),
the system is trivial (@, = 0). If the strong bond is located
between the unit cells (phase B), it is a topological phase (¢zax
= 7). Fig. 2(b) and (c) show the calculated energy states of finite
chains for phases A and B, respectively. The finite chain is con-
structed by 20 times the unit cell. For the trivial phase, there
are no zero-energy edge states in the bulk gap. In contrast
topological edge states marked as red dots appear in the topo-
logical gap in Fig. 2(c), which are characterized by a n Zak
phase accompanying a fractional charge e/2 at the end of the
chain. Furthermore, the topological domain-wall states appear
between phase A and phase B (see ESI Fig. S1t). Therefore,
these results demonstrate that the extended SSH model can
indeed exhibit a topological state. Other multi-atom-basis
models also show topological edge modes in the bulk gap (see
Fig. $2-S47).

Next, we demonstrate a real material system to realize the
newly developed extended 1D SSH model. The 1D topological
material should meet the following conditions: (i) An alternat-
ing arrangement of the molecular structure with screw rotation
symmetry; (ii) A Dirac point is isolated from other bands and
located at the Fermi level. Specifically, we narrow down our
search to transition-metal monochalcogenides (TMMs), which
have a common formula M6X6, where M is a transition metal
atom (Mo and W) and X is a chalcogen atom (S, Se, and Te). As
illustrated in Fig. 3(a), M¢Xs nanowires are 1D materials com-
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Fig. 2 Topological edge modes of the extended SSH model. (a) The
two phases in the extended SSH model with a six-atom basis [Fig. 1(c)]
where the strong hopping is either inside the unit cell (phase A) or
between the unit cells (phase B). (b) and (c) The calculated energy states
of finite chains for phase A (t = 0.4 eV, t,, = 1 eV and § = 0.1 eV) and
phase B (t=04¢eV, t, =1eVand = -0.1eV) in (a), respectively. The
finite chain length is 20 times the unit cell. Topological edge states in
phase B are marked as red dots in the topological gap, which are
characterized by the n Zak phase accompanying a fractional charge e/2.
(d) The spatial distribution of the edge states (red spheres) and bulk
states (green spheres) as indicated in (c).

posed of alternately stacked M;X; triangles along the wire axis,
with three capping X atoms located at the vertices of the tri-
angles and three M atoms located between the X atoms. The
structure contains the screw rotation symmetry S, = {Ce,|0,0,1/
2}. Thus, their structure satisfies the first condition. Their opti-
mized lattice parameters are presented in Table 1, consistent
with previous works.'>">'7?!

Fig. 3(b) and (c) show the calculated band structures of
MgX, nanowires. MgSs and MgSe, nanowires show a metallic
character, whereas MgTes is insulating. The metal-insulator
transition can be explained by the TB model. In eqn (1), there
are two hopping parameters: one is the inter-molecular
hopping ¢ and the other is the intra-molecular hopping ¢,. If ¢
> tm/2, the 1D system is metallic, while if ¢ < ¢,/2, the system
turns to be insulating. As the halogen atomic mass increases, ¢
is decreased, turning metallic bands into the insulating state
(see ESI Fig. S51). All the bands near the Fermi level are con-
tributed from the d orbitals of the transition-metal (Mo or W)
atoms. Interestingly, all the M¢Xs nanowires have a hole-doped
Dirac band, with the Dirac point at the zone boundary (k, = n/
a) point located above the Fermi level ~1 eV. These Dirac states
mainly originate from d,, and d,, orbitals of transition-metal
atoms [see the left panel of Fig. 3(b)]. The Dirac state has a
Fermi velocity (vg) of about 4.6-4.8 x 10> m s~ and 5.3-6.0 X
10° m s ' for MogXs and WeXs; nanowires,
(Table 1), which is comparable to that of graphene®
states of quantum spin Hall insulators.**°

respectively
and edge
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Fig. 3 Electronic structure of TMM nanowires. (a) Atomic structure of the MgXg nanowire and schematic setup of transport measurement of TMM
nanowires. (b) The calculated band structure of MogSg (left), MogSes (middle) and MogTeg (right) nanowires, respectively. The inset in the left panel
shows the partial charge density of the Dirac state. (c) The calculated band structure of WeSe (left), WeSeg (middle) and WeTeg (right) nanowires,

respectively.

Table 1 Optimized lattice parameters [a and h are marked in Fig. 3(a) in
the unit of A] of TMM nanowires, Fermi velocity (v in the unit of 10° m
s7Y), band gaps (Eq in the unit of eV), and the reaction energies (AH in
the unit of eV) of Re-doped TMM nanowires

a @ exp H Vg Eg AH
MogSe 4.35 4.5¢ 4.30 4.81 0.19 -1.39
MogSeq 4.44 4.5% 4.53 4.62 0.20 —1.42
MogTeg 4.58 4.8 4.87 4.59 0.16 —1.36
WiSe 4.37 4.4¢ 4.35 5.99 0.18 —0.81
WeSeg 4.46 — 4.59 5.73 0.18 —0.87
WeTeg 4.56 — 4.95 5.26 0.01 —0.72

@ From ref. 17. ” From ref. 21.

To realize the topological phase, the Dirac point needs to
be moved to the Fermi level, in order to meet the second con-
dition. Then, the band will be half-filled and 2k phonons of
the 1D lattice will be condensed to induce a lattice distortion
with a period 4 = 1/2ky, known as the Peierls instability.’” In
doing so, the electrons gain energy via dimerization that
opens a gap at the Dirac point. Therefore, electron doping is
needed, specifically two electrons per unit cell, since there are
two degenerate bands in between the Fermi level and Dirac
point gap. This can be achieved by using a Re atom as an elec-
tron donor to substitute 1/3 of transition metal atoms. It is
worth noting that the Re-doped 2D transition metal dichalco-
genides (TMDs) such as MX, (MoS,, MoSe,, etc.) have been
successfully synthesized by a facile hydrothermal reaction and
an annealing process.*®™*> Also it is reported that doping of
TMDs with elements from Groups V-VII energetically favors
substitutional doping instead of dopants occupying interstitial
or defect sites.>® To test the feasibility of the electron doping,
we have replaced one of the transition metal atoms in the
stacked M;X; triangles with a Re atom to form M Re,X¢. Then,
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one may consider the reaction energy AH of the substitution
reaction

x AH x
MsSe + ERez — Ms_xReySs + EMZ’ (3)

The reaction energies of all the checked M, Re,Xs nanowires
are presented in Table 1. Clearly, the desired reaction is
exothermic for x = 2, confirming its feasibility. Moreover, it is
reported that MogSs_,I, nanowires with x = 2 are particularly
stable and rigid with the metallic linear band."* A separate use
of the doped M,Re,X nanowires as a building block for device
application is its 1D Dirac state with good conductance [see
Fig. 3(a) and ESI Fig. S61]. All doped-TMM nanowires are
metallic with a constant density of states near the Fermi level;
we can observe quantized conductance in the transport
measurement.

The electron doping induces the Peierls distortion, result-
ing in M-M bond distances. Fig. 4a shows the two phases of
Re-doped MogSs (Mo,Re,Ss) nanowires. The two different Mo-
Mo bonding distances are 2.67 A (short) vs. 2.71 A (long).
Depending on the unit cell construction, there are two
different topologically distinct phases. For the phase A (B), the
strong (weak) bond is inside the unit cell. Fig. 4(b) and (c)
show the calculated band structures for Mo,Re, X, and
W,Re, X, respectively. Without dimerization, the Dirac point is
located at the Fermi level with the half-filled band. Due to the
Peierls instability, the dimer formation of lower symmetry is
found to be more energetically stable. The induced gaps of all
the checked M Re,Xs nanowires are presented in Table 1. The
gap size is ~0.2 eV for all the Re-doped TMM wires except for
W,Re,Teg which has an additional band near the Fermi level.
Due to the additional band near the Fermi level, the condition
for the Peierls instability is not satisfied and the dimer for-
mation does not appear in W,Re,Tes nanowires. We note that

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 1D topological phases in doped TMM nanowires. (a) The two
phases of the Mo4Re,Sg nanowire. (b) The calculated band structure of
MogRexXg (from left to right, X = S, Se and Te) nanowires. An energy gap
(Ey) is opened at the Dirac point due to the dimerization. The red (gray)
line indicates the bands of the dimerized (pristine) TMM nanowire. (c)
The calculated band structure of W4Re Xs (from left to right, X = S, Se,
and Te) nanowires.

the dimer formation and the gap opening were also found in
the halogen-doped TMM nanowires, such as MogS,Cl,,
MogS,Br, and MogSyl, (see ESI Fig. S71). The topological
physics of Re-doped nanowires is further characterized by the
Zak phase. We have evaluated the ¢, for the occupied bands.
The distinct topological character of the two phases is reflected
in the difference of their Zak phases, A@z.. The calculated
difference of the Zak phase A@z. = @5, — ¢oy is exactly m.
Therefore the two differently dimerized TMM nanowires
belong to different topological classes.

The significant topological manifestation of the non-trivial
Zak phase is the emergence of the zero-energy modes in the
bulk gap. We constructed a finite size of Mo,Re,Ss nanowires
by expanding the unit cell of phase B 10, 20 and 30 times.
Fig. 5(a) shows their calculated edge states, respectively. Two
in-gap topological edge states are found at the Fermi level. To
compare phases A and B, we further calculated the energy
spectra of the semi-infinite nanowire in Fig. 5(b). For phase A,
topological edge mode does not exist in the gap, whereas
phase B shows clear topological edge modes in the bulk gap.
The real-space charge density distributions of edge and bulk
states are shown in Fig. 5(c), respectively. The topological end
states are localized at the end of Mo,Re,S, nanowires and
decay very quickly away from each edge with no overlap. The
existence of a zero level leads to a half charge confined on the
boundary of insulating nanowires. However, the bulk state, as

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 The topological end state of TMM nanowires. (a) The calculated
discrete energy levels of finite MosRe,S¢ nanowires (phase B) of three
different sizes. N is the number of unit cells, denoting the length of the
nanowire. Topological edge states in the bulk gap (yellow shaded) are
indicated by red dots. Each state is doubly degenerate. (b) The edge
spectral weight for phases A and B of semi-infinite Mo4Re,Sg nanowires,
respectively. (c) The real-space charge distribution of topological edge
states and bulk states indicated by red and green dots in the middle
panel of (a), respectively. The red (green) isosurface indicates the edge
(bulk) states.

indicated in Fig. 5(a), is distributed over the whole nanowire.
Also, the topological zero-energy states are observed in the
domain walls between two different Zak phases (see ESI
Fig. S87).

For 1D TMM nanowires, one may wonder if the correlation
effect of d electrons of transition metal elements would influ-
ence the topological properties. So we have investigated the
correlation effects of d electrons in MogSs and MoyRe,Ss by
employing the GGA + U approach (with the onsite Hubbard U
term). Using different U values from 0 to 4 eV for Mo and Re
atoms, we found that both systems remain in the nonmagnetic
ground state and their nontrivial topological properties persist
(see ESI Fig. SoF).

We also studied the effect of uniaxial strain on the elec-
tronic/topological properties of the TMM nanowires. We
checked the stability of Mo,Re,Ss nanowires as a function of
tensile strain (see ESI Fig. S107). The TMM nanowires remain
stable up to 6% tensile strains without breaking. Most impor-
tantly, the topological energy gap induced by Peierls-dimeriza-
tion is also preserved. With the increasing tensile strain, the
gap at the n/a point increases. Above ~4% strain, the conduc-
tion band minimum at the I" point begins to descend gradu-
ally; however, the nontrivial topology remains.

Finally, we extend our discussion to the experimental feasi-
bility of topological modes in 1D TMM nanowires. The Re
doped MgXs nanowire is described by Peierls-dimerized chains
with two degenerate ground phases, ie.,, A and B phases,
which would appear with equal probability. Therefore, one
may expect that upon the phase transition, the dimers will
form along the chain direction with both phases present and
naturally there will be domain walls (stacking faults) in
between two different phases. These topological boundary
modes can be mobile, but are occasionally trapped by struc-

Nanoscale, 2020, 12, 14661-14667 | 14665


https://doi.org/10.1039/d0nr03529g

Published on 15 June 2020. Downloaded by University of Utah on 10/1/2020 9:00:08 PM.

Paper

tural defects or impurities. Consequently, the oppositely
charged topological end modes,’ as trapped by defects, experi-
ence Coulomb attraction, which would shrink the size of a
trapped soliton significantly.** The topological boundary or
end modes trapped by defects can be resolved through STM
and STS measurements.

Conclusions

In conclusion, an extended 1D SSH model is theoretically
developed and used to elucidate the 1D topological phase in
transition metal monochalcogenide nanowires, as predicted by
first-principles calculations of the non-trivial Zak phase and
in-gap topological edge states. Because the transition metal
monochalcogenide nanowires have already been synthesized
in experiments, we envision that our results will draw immedi-
ate experimental attention to detect the exotic 1D topological
states in real materials. Moreover, other promising material
platforms might be searched for based on the newly developed
extended 1D SSH model, such as van der Waals-wired
materials and group-IV metal chalcogenide nanowires.
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