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Confining particles in one-dimensional (1D) systems profoundly modifies their electronic behaviors, which have been
extensively demonstrated in carbon nanotubes and atomic chains. Structural instabilities and electron localizations often
dominate the conductivity of 1D nanowires. Here, we successfully grew Bi single nanowires and nanowire arrays on
Pb-1/7 x +/3 substrates via molecular beam epitaxy, both of which exhibit metallic behavior. Using scanning tunneling
microscopy and first-principles density functional theory calculations, the interwire coupling and the correlation between
nanowire bundles and electronic properties are investigated. A characteristic peak at 0.75 eV is observed on single wires
and wire bundles of up to four nanowires, whereas interwire coupling weakens it and makes it disappear for wire bundles
of five and above. These findings illustrate that the interwire coupling plays a critical role in the electronic structure of the
1D system, which provides insights for the design of nano-electronics materials.

Keywords: one-dimensional system, nanowire, molecular beam epitaxy, scanning tunneling microscopy, scan-
ning tunneling spectroscopy, interwire coupling, localization
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1. Introduction

The exploration of one-dimensional (1D) nanostructures
has become a central topic in condensed matter physics
in recent decades, particularly in the study of their quan-
tum confinement effect!"?! and topological properties.!>*!
Among those 1D nanomaterials, nanowires exhibit re-
markable potential in fields such as nano-electronics,>~7!
thermoelectrics, 3191 and optoelectronics. [1-131 At the atomic
scale, the interactions between nanowires and their unique
topological electronic structures often give rise to new states

of matter,[!%13

I such as localized 1D edge states at the edges
of van der Waals epitaxially grown ZrTes arrays and topolog-
ical edge states at the edges of BigI4 nanoribbons. Theoretical
frameworks such as the Luttinger liquid model!'®!7! provide
a fundamental description of such 1D systems, although de-
bates on localization mechanisms continue. Abrikosov et al.
proposed that interwire coupling can suppress localization, 8]
while Prigodin et al. argued that localization is inevitable even
in weakly disordered systems.!!”] Recent advancements in the
study of sliding Luttinger liquid further reveal how interwire
interactions can stabilize exotic quantum phases. [*°]

Notably, it has been reported that interwire interac-
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tions could dramatically alter the nanowire bundle’s electronic
structure, for example, in GdSi, nanowires,*!! where bun-
dles of three or more wires turn metallic while single or dou-
ble wires stay insulating below 50 K. Similarly, In/Si(111)
system achieves metal—insulator transition via the balance of
intra- and interwire couplings,”?! and W¢Tes nanowires in-
duce semiconductor—-metal transitions through van der Waals
interwire interactions.!?3] Despite these insights into the role
of interwire interactions, the precise tuning of the electronic
properties of 1D nanostructures through high-quality fabrica-
tion remains challenging, highlighting the urgent need for the
fabrication of novel 1D nanostructures and exploration of how
interwire coupling governs the tuning of their electronic prop-
erties.

Bismuth (Bi), has attracted extensive research atten-

24,25]

tion in the field of energy storage,! thermoelectric

26271 and topological quantum materials,!?8-3% dis-

materials,
tinguished by its strong spin—orbit coupling (SOC). In par-
ticular, the theoretical prediction of nontrivial Z, topologi-
cal properties in ultra-thin Bi(111) films"!! has been con-
firmed through the observation of higher-order topological in-
sulator states with hinge-localized modes,*?! and its cleaved

(111) surface exhibits robust edge states, >3] making it an ex-
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emplary two-dimensional (2D) topological insulator. These
characteristics have stimulated extensive research into the
epitaxial growth of Bi nanostructures. For example, Bi
grown on Si(111)3* or Ni(111)13 initially forms a pseudo-
cubic Bi(110) bilayer structure, which then evolves into a
Bi(111) film influenced by thickness-dependent quantum size
effects, 35371 while on NbSe; it forms a compressed 2D trian-
gular lattice with 1D ripples.33-**] Remarkable phenomena in-
clude the theoretical predictions of high thermoelectric perfor-

5101 and superconductivity below 8.3 K

41]

mance of Bi nanowire
in rhombic Bi nanowires. !
In this work, high-quality Bi nanowires were successfully
fabricated through precise tuning the molecular beam epitaxy
(MBE) process. The fabrication process involves the forma-
tion of a Pb-v/7 x /3 reconstruction*? on Si(111)-7x7, fol-
lowed by the deposition of Bi at room temperature, revealing
a novel 1D growth mode for Bi monolayers. Through care-
ful adjustment of the epitaxy parameters, we found that Bi
nanowires can only be obtained within a narrow flux window.
Scanning tunneling spectroscopy (STS) measurements reveal
that both individual nanowires and wire bundles exhibit metal-
lic behavior, with nanoscale protrusions distributed on top of
the nanowires. Furthermore, we observed a distinctive 0.75 eV
peak in the local density of states (LDOS) for bundles with
up to four nanowires, which vanishes in wider wire bundles.
Density functional theory (DFT) calculations suggest that the
disappearance of the characteristic peak is related to interwire
coupling. This work highlights the unique electronic signa-
tures of Bi nanowires, providing an effective method for syn-
thesizing 1D Bi nanowires. Furthermore, it offers a promising
platform to explore exotic quantum states and 1D supercon-
ductivity, with potential applications in nanoelectronics.

2. Methods

The fabrication and characterization of Bi nanowires were
performed using home-built integrated MBE-scanning tun-
neling microscopy (STM)/STS system in an ultra-high vac-
uum (UHV) chamber with a base pressure of approximately
2.0 x 10710 Torr (1 Torr=1.33322x10? Pa). Prior to deposi-
tion, n-type Si(111) substrates (p = 0.001 Q-cm-0.005 Q-cm)
were degassed at ~ 600 °C for 6 hours, followed by 14 flashes
at 1150 °C in UHV to achieve the clean Si(111)-7x7 recon-
structed surface. Pb was first deposited onto this surface at
440 °C for ~ 5 minutes at room temperature followed by an-
nealing at ~ 300 °C for 1.5 minutes to form a macroscopi-
cally uniform Pb-v/7 x v/3 reconstructed template.*3] Subse-
quently, Bi was evaporated at a rate of ~ 0.15 ML/min onto
the Pb-v/7 x v/3 surface at room temperature, resulting in the
growth of well-ordered, uniform Bi nanowires. The forma-
tion of Bi nanowires is highly dependent on the Bi deposition

amounts, which can be controlled by adjusting the Bi evapora-
tion time. Different Bi amounts lead to variations in nanowire
coverage; however, the morphological characteristics of the
nanowires remain unchanged. High-purity Pb (99.999%) and
Bi (99.999%) were thermally evaporated from Knudsen cells,
and the pressure during MBE growth was maintained below
4.0 x 1071° Torr to prevent unexpected contamination during
the growth process. After the epitaxial growth, samples were
immediately transferred to STM equipped with an RHK Pan
scanning head and an RHK R9 controller for scanning. Un-
less otherwise stated, all STM and STS measurements were
conducted at ~ 77 K with a base pressure of 2.0 x 10~!° Torr.
STM images were obtained in constant current mode with the
bias voltage V applied to the sample, using electrochemically
etched tungsten tips. STS spectra were acquired using the
standard lock-in method with a bias modulation of 15 mV at
2.23 kHz, and the tunneling spectra were processed using the
WSXM program. [44]

3. Results and analysis

Fine tuning of the epitaxy parameters is crucial in the

45461 Here, high quality Bi single

growth of nanowires.!
nanowires and nanowire bundles consisting of two or more
nanowires with atomic spacing were successfully obtained by
precise controlling of the Bi coverage. Figure 1(b) shows
a representative STM image of the Bi nanowires with typi-
cal monolayer atomic height. The formation of Bi nanowires
is highly dependent on the Bi coverage. For the Bi cover-
age less than 1 ML, a large-area PbBi-3v/3 x 3+/3 surface

47.48] and a small number of nano-islands form,

reconstruction|
as shown in Fig. 1(a), with the inset showing a zoomed-in
3v/3 x 3/3 reconstruction. Nanowire arrays begin to form at
Bi coverage of around 1 ML. Figures 1(b) and 1(c) show large-
scale STM images of nanowires obtained with Bi coverage of
1.2 ML and 1.5 ML, respectively. Large-area nanowire ar-
rays dominate at 1.2-ML coverage, whereas only sparse short
nanowires and abundant 2D nano-islands form at 1.5-ML cov-
erage. A detailed analysis has revealed an interesting observa-
tion that the amount of nanowires first increases with Bi cov-
erage, and then decreases for the Bi coverage from 1 ML to
1.5 ML, as shown in Fig. 1(d). As comparisons, we have also
tried to deposit an additional 0.3-ML Bi onto pre-formed 1.2-
ML Bi nanowires, and identical 2D structures as the previous
1.5 ML in Fig. 1(c) with single continuous deposition were ob-
served, revealing a coverage-dependent evolution regardless
of deposition sequences. Furthermore, Bi deposition at lig-
uid nitrogen temperature (77 K) fails to produce nanowires,
this might be due to suppressed Bi adatom mobility, high-
lighting the critical role of thermal activation in nucleation and

growth,[49-31]
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Figure 1(b) shows that the growth directions of the
nanowires typically form 120° angles, matching the trigo-
nal symmetry of the PbBi-3v/3 x 3/3 structure. Notably,
the nanowires are typically limited to the same atomic step
terraces during growth. Figure 2(a) displays a zoomed-in
STM image of coexisting nanowires and the PbBi-31/3 x 3v/3
phase. Line profile in Fig. 2(b) (black line marked in Fig. 2(a))
reveals that nanowire has typical 1.27-nm apparent width and
3.9-A height, the interwire spacing is around 1.80 nm and
lengths of nanowires can extend up to tens of nanometers
(Fig. 1(b)). The interwire spacing remains consistent across
all three growth directions. Please note here that the mea-
sured nanowire spacing (1.80 nm) is closed to the experimen-
tally determined period of the triangular 3v/3 phase structure
(1.90 nm).

Coverage (%)
=
o

10 1.1 1.2 1.3 1.4 15
Bi (ML)

Fig. 1. Epitaxial growth of Bi nanowires on Pb-v/7 x /3 substrate. (a)—(c)
Topographic STM images (200 nmx200 nm, bias voltage U = +2.0 V, tun-
neling current J; = 30 pA) of the morphology of Bi grown on Pb-v/7 x /3
substrate at room temperature for 0.9-ML, 1.2-ML, and 1.5-ML Bi cover-
ages, respectively, with the inset in (a) showing a zoomed-in image of the
PbBi-3v/3 x 31/3 reconstruction. (d) Coverage of nanowires with different
amounts of Bi deposition. The coverage is obtained by averaging the cover-
age from ten large-area (400 nmx400 nm) STM topographic images.

The successful growth of Bi nanowires with different
numbers of constituent wires provides an ideal platform to in-
vestigate interwire coupling and their effects on the electronic
properties. Here, we performed STS at single nanowire and
nanowire bundles, where all measured dI/dV spectra display
LDOS with finite value at Fermi energy (Fig. 2(c)), revealing a
metallic behavior. Interestingly, single wire and nanowire bun-
dles containing up to four wires all exhibit a persistent peak
at 0.75 eV, as shown in Fig. 2(c), whereas this characteris-
tic feature vanishes in bundles with five and above nanowires.
Notably, the characteristic peak is most prominent in double
nanowires, with its intensity gradually diminishing in three-
and four-wire bundles. Notably, despite the reported nontrivial

Z, topological edge states in ultrathin Bi(111) films,[31-33-52]

no localized edge states were observed at the ends of the Bi
nanowires in our samples.

To better understand the underlying mechanism of the in-
terwire interactions, we performed first-principles DFT calcu-
lations by employing the Vienna Ab initio Simulation Package
(VASP 6.4.0),133 using a simple chain system as a model (see
structural inset in Fig. 2(d)). The Perdew—Burke—Ernzerhof
generalized gradient approximation!**! (PBE-GGA) was cho-
sen to describe the accurate exchange—correlation function-

als, and the projector-augmented wave method>>-!

was ap-
plied to describe valence electrons. The interchain distance
was adjusted by modifying the thickness of the vacuum layer
along the b-axis, ranging from 27 A to 7 A. The corresponding
gamma-centered Monkhorst—Pack k-mesh®”! was sampled as
28 x N x 1, where N was increased from 1 to 14. The cal-
culated DOS exhibits that multiple peaks above the Fermi
level can be progressively smoothened and suppressed as the
interchain distance decreases to 7 A, as shown in Fig. 2(d),
which clearly demonstrates that interchain interactions can ef-
fectively modulate the LDOS, highlighting their critical role
in tailoring material properties through structural adjustments.
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Fig. 2. The STM/S characterization of different wire bundles of Bi nanowires
and DFT calculations. (a) Zoomed-in STM image (50 nmx50 nm, U =+2V,
I = 50 pA) of the coexistence region between nanowires and the PbBi-
3v3 %33 alloy phase. (b) Line profile of the black line in panel (a). (c)
Tunneling spectra at nanowires containing single wire and wire bundles, with
“ribbon” referring to bundles formed by more than five wires, there is a shift
along the vertical axis between different wires. (d) Calculated evolution of
DOS with interchain distance decreasing from 27 A (isolated single chain)
to 7 A (multi-chain bundle). Inset: top-view of structural model of simple
simulated chain system for Bi nanowires from DFT calculations.

First-principles DFT calculations further elucidate that
isolated nanowires enhance 1D quantum confinement and gen-
erate an LDOS peak at 0.75 eV. As the bundle size increases,
strengthened interwire coupling promotes electronic delocal-
ization through enhanced interchain transitions, progressively
homogenizing the LDOS and suppressing the characteristic

106801-3
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peak. 13891 While this work advances the understanding of this
mechanism, further experimental and computational investiga-
tions will focus on elucidating the intricate atomic structures
and associated topological properties in future work.

Another interesting observation of the Bi nanowires is
the existence of distinct bright protrusions on the top of the
nanowires (see Fig. 3(a)). The line profiles measured along
the nanowires (the blue line profile in Fig. 3(a)) indicate that

nanowires (see Fig. 3(b)). The statistical analysis of 40 ran-
domly sampled protrusions across different nanowires (see
Fig. 3(c)) demonstrates that, accounting for measurement un-
certainties, over 92% exhibit inter-protrusion spacing differ-
ences of 3.08 A. This value closely aligns with the intra-
layer atomic spacing of Bi(00/) (3.07 A),[%"1 which may give

us some hint about the crystallographic orientation of the Bi

these protrusions have an average height of 0.76 A above the  nanowires.
1.0f 3.5[ (c)
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Fig. 3. The STM characterization and statistical analysis of protrusions on Bi nanowires. (a) Zoomed-in topographic images (50 nmx50 nm,
U =+42.0V, I =40 pA) revealing distinct protrusions on top of the Bi nanowires. (b) Line profile of the blue line in panel (a). (c) Statistical

distributions of the spacings between neighboring bright protrusions.
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Fig. 4. The STM/S characterization of the nanowire structure: (a) zoomed-in STM images of a single Bi nanowire at three different sample
biases of +2 V, =2V, and — 1.5 V, respectively (/; = 40 pA); (b) line profiles along the nanowire at three different sample biases. Profile curves
C and B are shifted by 0.8 A for clarity relative to B and A, respectively. (c) The spatial variations of dI/dV spectra as a function of energy
along a wire. Black dashed lines mark the locations of terraces with higher electronic density of states compared to protrusions. (d) Line profile

of the black line in panel (c).

To rule out the possibility that these protrusions are man-
ifestations of the electronic states, we take the topographic
images across a wide bias range (—2 V to 2 V). Figure 4(a)
presents STM images of a single nanowire acquired at differ-

ent biases, all exhibiting the same bright protrusions. Height

profiles along the nanowire (Fig. 4(b)) reveal in-phase filled
and empty states for both nanowires and protrusions, confirm-
ing that these features originate from the actual atomic struc-
ture rather than electronic density variations. This behavior

closely resembles the results observed in GdSi, nanowires. [>!1
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To better understand the electronic structures of the nanowires,
we measured the spatial distribution of the STS along the
nanowires. Figure 4(c) reveals a higher LDOS at the 0.75-
eV characteristic peak on wires than on protrusions, as high-
lighted by the vertical dashed lines and figure 4(d) presents
the line profile of the nanowire. The observed LDOS vari-
ation might tentatively correlate with structural differences.
Notably, in double nanowires, protrusion-induced chain seg-
mentation could intensify 1D localization,®!) amplifying the

characteristic peak.

4. Conclusion

In summary, through precise tuning of epitaxial parame-
ters, we successfully synthesized Bi nanowires as 1D metal-
lic conductors. The coverage of the nanowires can be mod-
ulated by adjusting the Bi deposition amount. Despite struc-
tural protrusions, all nanowires (isolated wires and wire bun-
dles) maintain metallic behavior. STS reveals a distinct 0.75-
eV peak in both isolated wires and small bundles (up to four
nanowires), which diminishes in larger assemblies. DFT sim-
ulations demonstrate that reduced interchain spacing (27 A to
7 A) suppresses localized states above the Fermi level, mir-
roring experimental observations. Our analysis attributes the
peak to be stabilized by the electronic localization in isolated
nanowires. Increasing wire bundle size strengthens interwire
coupling, which leads to electronic delocalization and spectral
homogenization. This work establishes a controllable pathway
for 1D Bi nanostructure synthesis, serving as ideal platforms
for further exploring the underlying mechanism of interwire
coupling and provides critical insights for designing nanowire

devices.
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