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Formation of exotic topological states on technologically important semiconductor substrate is
significant from the aspects of both fundamental research and practical implementation. Here, we
demonstrate one-dimensional (1D) topological phase and tunable soliton states in atomic nanolines
self-assembled on Si(001) surface. By first-principles calculations and tight-binding modeling, we
reveal that Bi nanolines provide an ideal system to realize a multi-orbital Su-Schrieffer—Heeger (SSH)
model, and the electronic properties can be modulated by substrate-orbital-filtering effect. The
topological features are confirmed by nontrivial end states for a finite-length nanoline and (anti-)soliton
states at the boundary of two topologically distinct phases. We demonstrate that solitons are highly
mobile on the surface, and their formation could be controlled by surface B/N doping. As these
nanolines can extend several micrometers long without kinks, and quantum transport simulations
suggest clear signatures of topological states characterized by transmission resonance peaks, our
work paves an avenue to achieve 1D topological phase compatible with semiconductor technology
and to engineer the properties with high tunability and fidelity for quantum information processing.

The past decade has witnessed a massive surge of research interest in
exploring exotic quantum states in solid-state materials. As an example,
topological insulators (T1Is), with metallic surface/edge states protected by
time-reversal symmetry, have attracted tremendous attention in condensed
matter physics and materials science communities with significant impli-
cations for dissipationless electronic transport and quantum computing
applications'~. While plenty of studies have focused on three-dimensional
(3D)** or two-dimensional (2D)"* TIs, one-dimensional (1D) topological
systems have gained renewed interest recently. Compared to the conducting
contour/surface states in 2D/3D counterparts, the unique features of 1D T1s
lie in the localized topological states that provide promising platforms for
robust information processing”''. In 1D TIs, the Su-Schrieffer-Heeger
(SSH) model*™** provides a paradigmatic model for searching materials,
which describes a 1D dimerized lattice with two different alternating hop-
ping strengths hosting topologically protected end modes and soliton
excitations. Over the last years, a variety of 1D structures have been pro-
posed to exhibit a topologically nontrivial phase, including polymer
chains'*", indium nanowires'*", graphene nanoribbons™*, as well as
engineered systems, such as ultracold atoms™, acoustic lattices™”’, elec-
trical circuits® and photonic crystals™ .

One critical challenge to achieve 1D topological phase is the material
availability. So far, successful detections of topological states in 1D electronic
materials are rare'***°. On the one hand, the topologically localized states of
1D system such as polyacetylene are difficult to measure due to the weak
structural s‘[ability3 7. On the other hand, low-dimensional structures nor-
mally need a certain substrate during synthesis or device setting, so that the
electronic properties can be severely affected, as demonstrated in previously
reported quantum spin Hall (QSH) insulators supported on semiconductor
substrate™”’. Recently, coupled double indium chains'® and silicon trimer
chains™ were grown on Si(111) and Si(553)-Au surface respectively, which
exhibit intriguing phenomena such as chiral soliton excitations and trimer
solitons. In this sense, formation of novel quantum phase on technologically
important semiconductor substrate is of paramount significance, as it allows
both facile manipulation of the topological states and intrinsic compatibility
with current mature semiconductor technology.

Si(001) substrate lays the foundation for modern electronic devices,
and construction of atomic quantum wires on the surface has been broadly
explored in literature® . Here, we focus on Bi, which has been used as a
surfactant (as an alternative to As or Sb) during Si or Ge growth on Si(001)
or Ge(001)**. Deposition of Bi on Si(001) forms straight nanolines
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consisting of two rows of Bi dimers. These nanolines are striking in uni-
formity, which appear only 1.5 nm in width but extend to ~400 nm without
kinks. The geometry and microscopic formation mechanism have been
discussed in detail***. Generally, there are two accepted structural models
for Bi nanolines on Si(001), with Miki model*' composed by a pair of self-
assembled Bi dimer chains separated by a missing Si dimer defect
(see Fig. 1a, ¢), and Haiku model* involving reconstructed subsurface layers
of Si underneath Bi dimers (Fig. 1b, d). Interestingly, the alternating bond
length of Bi chains resembles that of polyacetylene, so that 1D topological
phase may appear according to the SSH model >,

In this work, by combining density functional theory (DFT) based first-
principles calculations and tight-binding (TB) modeling, we demonstrate
1D topological phase and tunable soliton states in Bi nanolines self-
assembled on Si(001) substrate [Bi/Si(001)]. Spontaneous dimerization of Bi
opens a topological gap at the boundary of Brillouin zone, so that nontrivial
localized modes arise at the two ends of finite-size nanolines. We develop a
multi-orbital SSH model and reveal that the electronic structures of Bi/
Si(001) can be effectively regulated by substrate-orbital-filtering effect’™”.
Remarkably, topological soliton states can be realized by joining two
topologically distinct phases. These solitons are highly mobile on the sur-
face, and their stability is controllable by surface B/N doping. Through
quantum transport calculations, we suggest the observation of topological
states by transmission resonance peaks as clear signatures in practical
experiment. These results should stimulate immediate experimental interest
in characterizing 1D topological states in available systems, thus providing
an attractive platform to manipulate exotic quantum states compatible with
semiconductor technology for future applications.

Results

Electronic structures

Figure 1 shows the optimized structures of Bi/Si(001) with Miki"' and
Haiku® models, where a pair of parallel Bi chains are formed on a hydro-
genated p(2x2)-reconstructed Si(001) surface. Both structures contain Bi

dimer pairs at the topmost layer extending along [110] crystallographic
direction of the surface into arrays. The main difference between the two
models lies in the reconstruction of subsurface layers, where only Haiku type
exhibits reconstructed 5-7-5 membered Si rings below the grown Bi. As a
result, the inter-chain distances are 6.69 and 6.37 A for Miki and Haiku
models, respectively. We also simulated the scanning tunneling microscopy
(STM) images, which show clear Peierls distortions of Bi atoms to form
dimers, matching well with experimental observations”. Such structural
distortions suggest a charge density wave state driven by the 1D metallic
band of Bi atoms, as we shall see later.

We then explored the electronic properties by calculating the band
structures. To understand the influence of Bi dimerization, we first con-
sidered artificial structures with equally spaced Bi atoms (without Peierls
distortion) on Si(001) surface (see Supplementary Fig. 1). As shown in Fig. 2,
for both Miki and Haiku models without Bi dimerization, two pairs of
linearly dispersed bands can be observed within the bulk gap of Si, which
cross each other and form Dirac points at the boundary of Brillouin zone (Y
point) near Fermi level (Fig. 2a, ¢). Analyses on band composition reveal
that the Dirac bands are mainly contributed by the p,, orbitals of Bi atoms.
However, the equally spaced Bi atoms are unstable and spontaneously relax
to the dimerized configurations (Fig. 1). We found that Bi dimerization
splits the Dirac points with a large band gap. Specifically, for Miki model
(Fig. 2b), an energy gap of 1.46 eV is formed at Y point, while the global gap
has a value of 1.23 eV due to the presence of Si bulk states. Similarly, for
Haiku model (Fig. 2d), a large gap of 1.55 €V is obtained at Y and the global
gap is 1.02eV. The appearance of two pairs of Dirac bands could be
understood by the fact that there are two parallel Bi chains within one
nanoline, so that four Bi atoms are present in each unit cell.

We also calculated the partial density of states (DOS) of the two sys-
tems, as presented in Supplementary Fig. 2. It was found that the p, and p,
orbitals of Bi hybridize strongly with the electronic states of Si, while the
remaining p, orbital forms Dirac bands within the Si bulk gap. This clearly
reflects the substrate-orbital-filtering effect that ensures both high structural

Fig. 1 | Optimized structures of Bi/Si(001). Top
and side views of Miki model (a, ¢) and Haiku model
(b, d). Big purple and small white balls represent Bi
and H atoms, respectively. Big white balls denote Si
atoms, where the atoms around Bi are shown in
yellow, highlighting the structural reconstruction.
The simulated STM images are also included.
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Fig. 2 | Band structures of Bi/Si(001) without and with Bi dimerization. a, b Miki model and (¢, d) Haiku model, where the contributions from py, p,and p, orbitals of Bi are

highlighted. Fermi level is set to zero.

stability and intriguing band properties*”. Inclusion of spin-orbit coupling
(SOC) lifts the spin degeneracy and results in Rashba-split bands (Supple-
mentary Fig. 3). Furthermore, as standard DFT usually underestimates the
band gap of semiconductors, we also checked the results by the more
sophisticated hybrid functional (HSE06)"**’, which show similar band
structures but with larger energy gaps (Supplementary Fig. 4).

The topological properties of Bi nanolines can be characterized by the
so-called Zak phase (¢z,)*’, which is derived from the integral of Berry

connection over Brillouin zone,
) n/a
Pzak = ZYn = ZI/, ) (th| O | 4o ) K, (1)

where y,, is the Zak phase for the nth band, |u,, ) is the periodic part of Bloch
function for the nth band at the momentum k, and the summation is over all
occupied bands. Due to the strong hybridization of py and p, orbitals of Bi
with the electronic states of Si substrate, the disentanglement is rather dif-
ficult. Fortunately, as the Dirac bands contributed by Bi p, orbital are mostly
located inside the bulk gap of Si, we can disentangle this orbital from others
and obtain the Wannier function by projecting the DFT wavefunction onto
the Bi p, orbital (see Supplementary Fig. 5), so that the Zak phase can be
calculated. Results show that when the intercell hopping of Bi p, is larger
than the intracell hopping, ¢, =7 for a Bi chain on the substrate, indi-
cating a topologically nontrivial phase; whereas when the intracell hopping
is larger, the chain is topologically trivial with ¢, = 0. More results on the
topological characteristics are presented in Supplementary Information
Note 1, confirming the topological feature. Therefore, depending on the
choice of unit cell, Bi nanolines can exist in two topologically distinct phases
that is protected by mirror symmetry, and for the nontrivial phase, topo-
logical edge states should appear when an open boundary condition is
applied.

To directly characterize the topological features of Bi/Si(001), we
constructed Bi nanolines of finite size on the surface for the two distinct
phases. As shown in the insets of Fig. 3, phase A has perfect Bi dimers at
the two ends of nanolines, while there are missing Bi atoms at the two
ends in phase B. Such systems could be achieved by using an STM tip-
assisted manipulation technique™**: With atomic-level control, one
can obtain phase B by removing one Bi atom from the dimer at two
ends. After structural optimization, the systems remain stable. We then
calculated the discrete energy levels of finite-size Bi nanolines for the
two phases. Figure 3a-d presents the energy levels on Bi nanolines with
a length of 6 times the unit cell, and results on longer nanolines are
shown in Supplementary Fig. 6. Clearly, for both Miki and Haiku
models, phase A has no end modes within the bulk gap (Fig. 3a, ¢),
suggesting a topologically trivial phase. In contrast, topological end

modes emerge in the topological gap of phase B (Fig. 3b, d), thus
turning the systems into a topologically nontrivial phase. Furthermore,
we plot out the real-space charge density distributions of the topolo-
gical end states and bulk states for phase B. As shown in Fig. 3e-h, there
are two pairs of electronic states that are mainly spread over the four
ends of Bi nanolines (Fig. 3e, g), thus contributing to the four localized
end states, which are characterized by a m Zak phase. The bulk states,
however, are distributed over the central region (Fig. 3f, h). The
topological end states can also be identified by partial DOS (Supple-
mentary Fig. 7), where a sharp peak is present near Fermi level for the
topologically nontrivial phase, ideal for scanning tunneling spectro-
scopy (STS)'® characterization.

Multi-orbital SSH Model

The physical origin of 1D topological phase in Bi/Si(001) is attributed to the
dimerized structure, which can be explained by the SSH model'*™"*. How-
ever, as the valence electrons of Bi involve p,, Py and p, orbitals, we need to
construct a multi-orbital SSH Hamiltonian with (py, py, p,) orbitals. We first
considered a single Bi dimer chain (Fig. 4a), for which the Hamiltonian is
expressed as,

7 F
H= Z(tmncj;im c, 6,.]» + buns,, A, 6,3];1) + h.c. @)

ijmn

where cAIm(chn) is the creation (annihilation) operator for the m(n)-th
orbital of A(B) atom in the i(j)-th unit cell and ¢,,, (¢ ,,,) represents the
intracell (intercell) hopping strength. Only the nearest-neighbor
interactions were included here. Diagonalization of Eq. (2) gives six
bands for an infinite Bi chain. Without Bi dimerization (¢,,,, = t,,,),
there are three Dirac bands forming Dirac points at the boundary (Y
point) of Brillouin zone (Fig. 4b). The bands contributed by p, and p,
orbitals are degenerate due to the rotational symmetry of structure.
With dimerization (¢,,, # t,,,), the Dirac points are split (Fig. 4c). The
gap can be topologically trivial (¢,,,, > t',,,) or nontrivial (¢,,,,<t',,.,), as
confirmed by calculating the discrete energy levels of a finite-length
chain. Specifically, for the nontrivial phase (phase B), there are three
pairs of degenerate topological end modes localized within the bulk gap,
as contributed by three (p, py, p,) orbitals. Considering the possible
substrate-orbital-filtering effect as observed in Bi/Si(001), we explored
the cases with two orbitals (py, p,) and a single orbital (p,) on each site. It
was found that the (py, py)-orbital Hamiltonian produces four Dirac
bands and two pairs of degenerate end modes (Fig. 4e-g), while the
single-orbital Hamiltonian generates two Dirac bands and two end
modes within the bulk gap (Fig. 4h—j), in accordance with the original
SSH model'*™".

As there are two parallel chains within one Bi nanoline, we then
constructed the Hamiltonian with two Bi chains by applying an interaction
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Fig. 3| Calculated discrete energy levels and charge density distributions of finite-
size Bi nanolines on Si(001). a, b Miki model and (c, d) Haiku model, where the
topological end states are denoted by red circles and bulk states by black circles.
Creation of phase A and phase B isillustrated in the insets, with the unit cell indicated

State index

OJLOJ\ OJ\JLO O ?4\,,

«Q

by black dotted lines. Spatial distributions of charge density for Miki model (e, f) and
Haiku model (g, h). The topological end states are shown in red and bulk states in
green (Isovalue =5 x 10~ ¢/A%).

term (n) describing the ladder inter-chain hopping (Fig. 4a). Within a
single-orbital model, the reciprocal-space Hamiltonian is written as,

0 t+ t/'l'e—ik n 0
o th+tek 0 0 n 3
- T 1T —ik ( )
n 0 0 t+4¢Te
0 n" T +tek 0

Results show that the parallel double chains exhibit two pairs of Dirac
bands (Fig. 4k), and the energy of band splitting between the two pairs is
proportional to 1. Bi dimerization splits the Dirac points (Fig. 41), and two
pairs of localized edge modes appear (Fig. 4m) due to the existence of four
ends within two finite-size chains. It should be noted that there are two
different ground-state phases when two dimerized chains are combined,
which can be denoted as AA and AB (Supplementary Fig. 8), and Bi/Si(001)
corresponds to the AA phase. Interestingly, by fitting the TB band structures
with DFT results, we can extract the value of n, being 0.04 and 0.1 eV for
Miki and Haiku model, respectively. This is in perfect agreement with the
fact that Haiku model has longer inter-chain distance (6.69 A) than
Haiku (6.37 A).

Soliton states

For 1D topological system, soliton states can emerge at the boundary of two
topologically distinct phases. This could be achieved by introducing struc-
tural defects intentionally or unintentionally in experiments”™. Here, we
considered two types of defect at the boundary between phase A and phase
B, one with two long (weak) Bi-Bi bonds and the other with two short
(strong) Bi-Bibonds. There are two domain walls in each Bi chain within the
constructed nanolines, where periodic boundary condition is applied. The

calculated discrete energy levels and charge density distributions for Miki
model are presented in Fig. 5 and Haiku model in Supplementary Fig. 9. It
was found that the structure with long Bi-Bi bonds at the boundary exhibits
two pairs of domain wall states (Fig. 5a). These states are spread over the
domain wall region with a mirror symmetry (Fig. 5b), which are filling
anomalous™'. Similarly, two pairs of domain wall states were also observed
for the structure with short Bi-Bi bonds at the boundary (Fig. 5¢, d). By
analyzing the vanishing behaviors of these states on even or odd sites of the
lattice'’, we can assign the two defects as solitons and anti-solitons,
respectively. Importantly, for both solitons and anti-solitons, the spatial
distribution decays away from the domain wall and can extend several unit
cells, in sharp contrast to conventional defects (vacancies, adatoms, etc.) that
are strongly localized. This could be facilely distinguished by STM
imaging ™.

For potential applications of the localized topological states, such as in
quantum information transfer and processing, it is essential to have solitons
that are mobile™. We then explored the stability and energetic properties of
(anti-)solitons in Bi/Si(001). It was found that energy of the structure with
solitons (Fig. 5b) is ~0.05 eV higher than that with anti-solitons (Fig. 5d), so
we focused on the anti-solitons. By using the climbing-image nudged elastic
band method™, we evaluated the propagation barrier of an anti-soliton
moving along a Bi nanoline (see Supplementary Fig. 10). The obtained
barrier is ~0.02 eV, indicating high mobility on the surface. Furthermore, we
calculated the formation energy, as defined by, E¢ = (E,-E,,)/n, where E, and
E;, represent the total energies of the system with and without anti-solitons
respectively, and 7 is the number of anti-solitons. It was found that the anti-
soliton has a formation energy of 0.69 eV (Miki model), suggesting an
endothermal formation process.

We also noticed that the localized domain wall states induced by (anti-)
solitons are half-occupied (Fig. 5a, ¢). Hence, by introducing electrons or
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Fig. 4 | TB model and the calculated electronic structures for a Bi nanoline.

a Schematic of the TB model. i denotes the index of unit cell with sublattice A/B.
b-d Calculated band structures for a single Bi chain involving (py, py, p,) orbitals
without (b) Bi dimerization (¢ = £'=2.0 ¢V), with (c) Bi dimerization (t=2.0 eV, -
t=10.6 eV), and (d) discrete energy levels for the topological phase (t=2.0eV, t-
t=0.6eV). The green, red and blue curves represent the bands contributed by p,, py

and p, orbitals, respectively. e-g, h—j Same as (b-d) for the cases involving (py, py)
orbitals and a single p,, orbital, respectively. k-m Calculated band structures for a Bi
nanoline with double chains involving a single Py orbital without (k) Bi dimerization,
with (1) Bi dimerization, and (m) discrete energy levels. The inter-chain interaction n
is set to 0.04 eV.

holes at the conduction band minimum (CBM) or valance band maximum
(VBM), transition from CBM to zero-energy states or from zero-energy
states to VBM will occur with an energy release, so that the formation energy
of (anti-)solitons may be reduced. In practice, this could be achieved by B or
N doping in the Si substrate. Indeed, our calculations show that by B (N)
doping, the formation energy of an anti-soliton is reduced to 0.23 (0.41) eV,
much smaller than the case without doping (0.69 eV). The discrete energy
levels and spatial distributions for the doped systems are presented in Fig.
5e-h, where empty (fully-filled) localized states can be observed, corre-
sponding to positively (negatively) charged anti-solitons. We further cal-
culated the occupation of anti-soliton states for pristine and B/N-doped Bi/
Si(001), and the results are presented in Supplementary Table 1. It was
revealed that the anti-solitons in pristine Bi/Si(001) are neutral with spin 1/2,
and the anti-solitons in B/N-doped system are positively/negatively charged
with spin zero (Supplementary Fig. 11). This behavior is peculiar, and can be
described by spin-charge separation'“’ The above analyses can also be
applied to Haiku model (see Supplementary Table 2 and Supplementary Fig.

9), demonstrating the potential of chemical doping in regulating the phy-
sical properties of (anti-)solitons.

In practical experiments, individual solitons can be generated and
annihilated at desired locations through the application of a voltage pulse
from a STM tip™. For Bi/Si(001), the similar procedure could be employed.
Meanwhile, the structures of (anti-)solitons could be atomically resolved by
non-contact atomic force microscopy (AFM) imaging”, and the physical
properties could be characterized by STM/STS measurements'****. As Bi
nanolines can extend several micrometers long without kinks", and the
created (anti-)solitons are highly mobile and tunable on the surface, the
proposed structure thus provides an ideal system for experimental synthesis,
characterization and control of localized topological states for potential
applications.

Quantum transport
We constructed an electronic device by placing planar source and drain
leads on Bi/Si(001) to simulate the experimental device setup, which is
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shown in Supplementary Fig. 12a. Quantum transport properties could
be computed by the wave-guide theory and transfer-matrix method*
(see details in Supplementary Information Note 2). We found that the
number of transmission resonance peaks provides clear signatures of
the topological phase: For a single Bi chain, two nearly degenerate
peaks can be observed in the vicinity of zero energy (Supplementary
Fig. 12b), corresponding to the two topological end states of one chain;
for a Bi nanoline containing two chains, there are two pairs of nearly
degenerate peaks, associated with the four nontrivial end states of two
chains (Supplementary Fig. 12¢). The small splitting between the two
pairs of peaks originates from the weak inter-chain interaction. With
increased (decreased) inter-chain coupling, the splitting will become
larger (smaller), suggesting the capability of strain engineering in
tuning the transport properties. In light of the mature strained Si

technology, it is particularly attractive to manipulate the surface
transport for versatile electronic/spintronic devices”**.

Discussion

In summary, we have demonstrated 1D topological phase and tunable
(anti)-soliton states in atomic nanolines self-assembled on Si(001)
substrate. The topological nature is confirmed by the existence of
nontrivial end modes in finite-length nanolines and (anti-)soliton
states at the boundary of two topologically distinct phases. A multi-
orbital SSH model is developed to describe the electronic structures of
Bi nanolines, which can be effectively modulated by the underlying
Si(001) through substrate-orbital-filtering effect. Interestingly, (anti-)
solitons are highly mobile on the surface, and the formation is readily
controlled by chemical doping. We highlight the experimental
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characterization of topological states by transport measurement with
clear signatures of transmission resonance peaks. While this work
focuses on Bi, the findings are expected to be generally applicable to
other atomic nanolines on semiconductor substrates, such as Pt, Sn and
Pb with similar dimerized structures®*. Our results not only provide
practical platforms to achieve 1D topological states compatible with
semiconductor technology, but also show promise for using STM
manipulation and strain engineering to further our ability to control
exotic quantum states for quantum information applications.

Methods

First-principles calculations

First-principles calculations were performed within the framework of
DFT using the projected augmented wave (PAW)*** as implemented in
the Vienna Ab initio Simulation Package (VASP) code®*. The gen-
eralized gradient approximation (GGA) in Perdew-Burke-Ernzerhof
(PBE)” format was used to describe the exchange-correlation func-
tional. A cutoff energy of 400 eV was used for the plane wave basis set.
Si(001) surface was modeled by a slab structure of seven atomic layers,
and the bottom surface was terminated by H atoms in a dihydride
structure. A 2 x 8 x 1 I'-centered k-point mesh was used to sample the
Brillouin zone. During structural optimization, the lower two layers of
Siand H atoms were fixed, while all other atoms were fully relaxed until
the atomic forces were smaller than 0.01 eV/A. A vacuum region of
20 A was used to eliminate the interaction between neighboring slabs.
Zak phase was calculated by WannierTools* based on the symmetrized
real-space Wannier Hamiltonian obtained by Wannier90” and

WannSymm code”’.

Data availability

Data are available from the corresponding author upon reasonable request.

Code availability

Code is available from the corresponding author upon reasonable request.
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