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Abstract

Recent experiments show that one-dimensional (1D) structures in two-dimensional
(2D) semiconducting lattices exhibit either metallic or semiconducting behavior, but
the underlying mechanisms are unclear. Our theoretical model predicts that couplings
between the 1D structures and the 2D lattices via elastic support and electron transfer
play crucial roles. The predicted phase diagram shows that elastic support stabilizes
the metallic phase when electron transfer is present. Validated by first-principles cal-
culations on MoSs, we discover two new types of metallic grain boundaries. Our theory

provides a robust framework for designing stable 1D metallic structures.

Introduction

The stability of metallic phases in one-dimensional (1D) chains has long been a topic of theo-
retical interest™™ and holds significant potential for applications such as quantum wires® and

superconductivities”” and topological insulators.*t However, the Peierls instability theorem
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suggests that an isolated metallic 1D structure is generally unstable attribute to charge redis-
tribution.” The Su-Shrieffer-Heeger (SSH) model further demonstrates that an equally spaced
1D atomic chain will spontaneously dimerize, resulting in a metal-to-semiconductor (MS)
transition regardless of the interatomic bond stiffness.**# Conventional theory, therefore,
implies that achieving a stable 1D conducting structure requires overcoming the electronic

instabilities.
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Recent experimental measurements and theoretical investigations on grain bound-

aries (GBs) confirm the presence of stable metallic 1D structures, such as the one shown in
Figure 1(a). GBs in 2D transition metal dichalcogenides (TMDs) essentially form 1D struc-
tures supported by semiconducting 2D lattices. These studies focus on mirror-imaged GBs

formed at a 60° misorientation angle within a hexagonal structure. Such GBs are commonly
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observed in films grown by molecular beam epitaxy and chemical vapor deposition

under chalcogenide-deficient conditions. The observed metallic behavior is explained by

RITOR0Z526

charge polarization, where discontinuities in the polarization vector are screened

by mobile electrons through excitation, leading to metallic behavior. However, this expla-
nation does not account for the stability of the metallic phase.
Conversely, as suggested by Peierls instability, these discontinuities can also be relaxed

through formation of charge density waves, leading to lattice distortion or reconstruction.
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This phenomenon has been observed experimentally, particularly at low tempera-
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tures,” and predicted theoretically, such as the one shown in Figure 1(b). Constrained

by Cg;, symmetry in the hexagonal 2D lattice, such atomic distortion or reconstruction re-

sults in a three-fold increase in the lattice constant, 233

as shown schematically in Figure
[[ We term this process as trimerization of the GB atoms, which causes a MS transition,
thereby challenging the realization of a 1D metallic structure.

A critical issue that remains unresolved is understanding when trimerization occurs or
does not occur, as this determines the conductivity of the 1D structure. Previous theory, pri-

marily focused on isolated organic molecular chain®® and quai-one-dimensional lattices, 44>



explains instabilities using Fermi-surface nesting and Kohn anomaly to transition tempera-
ture. However, these theories do not consider the role of the 2D surroundings. In this study,
we address the fundamental question: What are the key factors and criteria for trimerization
in a 1D structure within 2D lattices? We propose that electron transfer and elastic support
from the 2D lattice play crucial roles in determining stable phases. To verify this hypothesis,
we extend the SSH model by connecting a 1D chain with an electron reservoir that allows
electron transfer and provides elastic support. Through this model, we analyze the phase
diagram of the 1D chain with respect to electron transfer and elastic support. Our results
show that the strength of elastic forces acting on the 1D atomic chain significantly influences
the its phase once electron transfer is present. Our theory is further supported by first-
principles calculations investigating various types of mirror-imaged GBs in MoS;. Through

this practice, we further predict two new types of GBs that exhibit metallic behavior.

Methods

Tight-binding model

We begin by examining a 1D chain without supports using a tight-binding model. Similar to
SSH mode, we assume the hopping integral between nearest-neighbor sites, ¢,,11 5, is linearly
dependent on their relative displacement: t,,1, = to—a(un+1—u,). We neglect electron spin
for simplicity. We analyze trimerization by enforcing periodicity, u;13 = u;, and represent
atomic displacements as u = (u,us,u3). We find the band structure of the unsupported

chain, €, as the roots of the cubic equation:=®

Ei — (t%Q + t%3 + t§1)6k + t12t23t31 COS(S(II{Z) =0 (1)

where a is the untrimerized lattice constant. As shown in Figure [J(a), the band structure of

a chain exhibits metallic behavior without trimerization and a bandgap with trimerization.
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Figure 1: Illustration of (a) untrimerized conducting and (b) trimerized semiconducting one-
dimensional structures with two-dimensional supports, inspired by the grain boundaries of
2D MoS, shown on the right.



The bandgap is formed at energies of value +t,, corresponding to the Fermi level of the chain
for one and two conducting electrons, respectively.
Trimerization is energetically favored if it lowers the system’s total energy. We evaluate

the electronic contribution to the energy, E.(u), by integrating over the Brillouin zone,

[ dk
Efu) =30y [7 T, 2)
=1 " " 3a

where m is the number of conducting electrons. The elastic energy due to trimerization,

expressed in terms of the interatomic force constant K, is,

Eo(u) = T+ %K S (thns — ), (3)

where T' is the kinetic energy of vibrations. We ignore electron-electron interactions and
treat displacements u classically. These assumptions are justified as previous studies show

ST80 and quantum phonon effects* ™3 do not significantly

that electron-electron interactions
alter the main results concerning spontaneous lattice distortion.

Figure (b) illustrates the energy profile of an unsupported chain, showing that the
untrimerized state is energetically unfavorable, confirming the Peierls instability which leads
to spontaneous trimerization and a MS transition, as seen in Figure (c) Trimerization also
causes localization of the electronic wavefunction, leading to charge density discontinuities.

Trimerization may be suppressed when the 1D system is supported by a 2D lattice. To

model this, we couple the 1D system to an electron reservoir, which allows for electron

transfer and provides elastic support:

He = Z Ei,kcl:kci,k + Z ‘/;’kq(czkbq + b:r]Ci’k) + Z Equ]bq, (4)

i,k i,kq q

where bfl and b, represent creation and annihilation operators for electrons in the reservoir,

€4 1s the reservoir electron dispersion, and V; i, determines the coupling strength. The elastic
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Figure 2: (a) Band structure of unsupported trimerized (solid) and untrimerized (dashed)
one-dimensional chains. (b) Energy profile of an unsupported one-dimensional chain versus
atomic displacement, with the point (0,0) representing the untrimerized state. wus is fixed
at 0 as the reference position. (c) Atomic positions of untrimerized and trimerized states
with their respective wavefunctions. The parameters are chosen in the order of a typical one
dimensional chain tg =1 eV, @ = 1.0 eV/A, a = 1.0 A.



energy now includes additional restoring forces from the supports:

1 1
Epp(u) =T + §K zﬂ:(unJrl —uy)? + 3 zn: Kou?, (5)

where K| represents the strength of the elastic restoring forces.
The evolution of the 1D system with supports involves electron dissipation, described by

the quantum master equation:444°

dp _ 1

where Hg =) ., ei,kcj’kci,k describes the system’s self-evolution, and Dp represents electron
transfer with the supports. We assume that the 2D support is large enough to be an electron

reservoir that its electronic states will not be affected by the 1D system. The dynamics of

electron transfer can be explicitly described by the Lindblad operator:4®47
e (i Lo
Dp = Z%,k(ci,kpci,k - §Ci,k0¢,kp)
ik
h T L
+ Z Vioe(Cikpeiy — Eci,kci,kp) (7)

ik

where the first term describes the transfer of an electron from reservoir to band ¢ while
the second term describes the transfer of an electron from band to reservoir, resulting in
a hole creation at band i. Their transfer rate 'yz {ch is related to spectra density of the
reservoir I' as 7§, = 30(eix) f(eix) and v = 30(eip)[1 — f(eix)] , where f is the Fermi-
Dirac distribution of electrons at the reservoir. The inclusion of a thermal reservoir allowed
us to capture temperature effects beyond the limitations of ground-state calculations. This
method provides a qualitative understanding of the phase behavior at finite temperatures.

In equilibrium, the density function is obtained by solving dp/dt = 0 , which establishes the

balance of electron transfer between the system and the reservoir. Thus, the energy of the



system is

E(u) = Tr[peg(Hs — V)]

1 1
+ §K zn:(unH — un)2 + 5 zn: Koui (8)

where N is electron number and pu is the reservoir chemical potential, with the energy of
the chain as the reference energy, representing the change in free energy once an additional

electron is introduced.

First-principles calculation

To verify our theory beyond simplified models, we conducted first-principles calculations on
mirror-imaged GBs of MoS,. To make the lattice periodic in the direction perpendicular to
the GB, we calculated two mirror-imaged GBs simultaneously by aligning them in parallel.
Convergence tests ensured that the GBs were separated by a sufficient distance (15 A) to
avoid interaction. The band structure of each GB was identified by evaluating its atomic
projection at every wavevector for each band. We performed The first-principles density-
functional-theory simulations using the Vienna Ab initio Simulation Package (VASP).4842
We used the Perdew-Burke-Ernzerhof form of generalized gradient corrections for the ex-
change and correlation function. Pseudopotentials were derived using projector augmented-
wave pseudopotentials with an energy cutoff of 520 eV. To ensure the accuracy of our results,
both atomic and unit cell relaxations were performed in all dimensions, with a maximum
force criterion of 20 meV/ A. Electronic optimization was achieved with a convergence crite-

rion of 1073 eV. A fine 12 x 2 x 1 Monkhorst-Pack grid was employed to sample the Brillouin

zone.



Results and discussion

Results of tight-binding model: Phase diagram

We determine the phase of the 1D structure by evaluating the Hessian matrix, which is
defined as K" = % lu=o. Figure (a) shows the smallest element in Hessian versus chemical
potential for different elastic force constants K at room temperature. A positive £’ indicates
a metallic phase, while a negative E” indicates a semiconducting phase. The chemical
potential of the reservoir determines the number of electrons transferred into the 1D system.
When the chemical potential aligns with the Fermi energy of the isolated 1D system (
= —10eVorpu=1.0eV), no electron transfer occurs, and the 1D system transits to a
semiconducting phase even with strong elastic forces. However, as the chemical potential
moves away from these values, electron transfer occurs, and the elastic force constant K
plays a crucial role in suppressing the trimerization. To clearly illustrate these effects, we
project the chemical potential regions of semiconductor phase to the bottom of the figure.
We can observe that the semiconductor region quickly narrows down with increasing elastic
force constants. This implies that electron transfer required for the 1D system to remain
metallic decreases significantly with increasing elastic force constants.

The phase diagram at various temperatures is shown in Figure (b—d). At all tempera-
tures, the semiconducting region narrows with increasing K , eventually disappearing above
a critical elastic force. At low temperatures, two peaks in the phase diagram indicate the
Peierls instability, predicting a MS transition in the unsupported 1D system. As temperature
increases, these peaks diminish, smearing the ground states around the Fermi level of the
1D system and mitigating the Peierls instability. This phenomenon indicates a temperature
dependent phase transition which has been observed.” Figure (d) presents the phase dia-
gram under the extreme condition of 3000 K, investigated for theoretical interest to assess
the GBs’ response to thermal excitation. The results indicate that, at this high tempera-

ture, the metal-semiconductor transition is suppressed, leading to an expanded region of the



(a)
8

(b)

T T 2.0 T T T
- K=1.0eVIA2  T=300K T=300K
4l ° Ko=0.5eV/A? |
iq\ Ky=0.1 eV/AZ 15
-~ f \ ) I
> 0 5‘ K—— —
7 Y <
-4 s 1.0}
8 o
2 -1 0 1
p(eV) 0.5
Ko = 1.0ev/A2 V¥ v
Ky = 0.5¢V/ A2 \ 4 \ A
0 _ Vl AZ 1 1 1
Ko = 0.1eV/. -2 -1 0
SC) (d) u(ev)
2- T T T 2.0 T T T
T=30K T=3000K
15+ 1.5}
= =
2 1.0} 2 1.0}
X N3
05} 0.5}

-2 -1 0 1 2 -2 -1 0
u(ev) n(ev)
Semiconductor Metal

Figure 3: (a) Energy Hessian at different elastic force constants K, and chemical potential
. (b-d) Phase diagram of conductivity in phase space of elastic constant Ky and chemical
potential u, across different temperatures. The parameters are tg = 1 eV, a = 1.0 eV/A,
a = 1.0, and K = Ky. White band approximation is used for the reservoir spectra density.
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metallic phase.

Results from first-principles calculation

Semi-conducting grain boundaries

(@) (b) (c)
B b B b B _b b S 6
\ A8 1.0 LA ALAEE N 10

RO RO R R LA A AAAAAA
00000 B0 0K 0,
L0 _0_0 _0_0_0_0_0

A A b b A A A A
AL AR AR
Y9y VY Y

< p-

| 80000066

S A A A S b 4 A b 05

displacement

v e e e e ey . B (02020 20 20 20 20 A

XPC R RC O RC R * i.oo— - 1 00008884
ui

| . 8.6.86.0.6.6 6] o L 0 b B 06 B 8 4 o
B8 0 0 0 08 0 8 o o6 B B B B o B 8

recombination
BB O BB b B A
oA B o6 80

E(eV)

2 2 0
o 1 a Y a ¥ a ¥
u VYO Y Y Yy 9y w
Y VY Y Y YTy

7w e ey

B b B B A A
00 3 O X PI LT L% b,\ 4 y

3 QI
Y 200 Y o 70 ¢ b B0 %4
W S W Y-8 W W -1.0

r X X

Figure 4: MoS, grain boundaries that undergo metal-to-semiconductor transition include (a)
S-linked mirror-imaged grain boundaries, (b) Mo-linked mirror-imaged grain boundaries, and
(¢) mirror-imaged grain boundaries with periodic defects. For each type, the pre-relaxation
structure, fully relaxed structure, square of the electron wavefunction, and band structure
are shown in order. The isosurface level of the electron density plot is 0.258¢/ A3. The gray
scale in the bandstructure indicates the weights of projection on the grain boundary atoms.

First, we explored GBs that undergo a metal-semiconductor transition due to trimeriza-
tion, as shown in Figure . The low formation energies of the GBs (see Figure S1 in the

2023 and indicate their

Supporting Information) are consistent with previous calculations,
thermodynamic stability. The stability of these GBs at finite temperatures is further ver-
ified through ab initio molecular dynamics (AIMD) calculations. These simulations were
performed at 10 K and 300 K, shown in Figure S2 in the Supporting Information, demon-
strating that these GBs remain stable under low and room temperatures.

Figure (a) demonstrates a common type of mirror-image GB where two inverse domains
are connected through sulfur atoms. This structure has a band crossing the Fermi level,

contributed by the hybridization of d,2_,2 orbitals of molybdenum atoms and p, orbitals of

y
sulfur atoms as previously predicted.* However, displacements of both molybdenum and
sulfur atoms are observed after full relaxation, as shown in Figure[d|(a). These displacements

cause trimerization, extending the lattice constant from a to 3a. Such small displacements
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lead to significant changes in the electronic properties. The previously continuous electron
wavefunction becomes localized, demonstrating a transition from metallic to semiconducting
states. This transition is further evidenced by the band structure of the trimerized GB,
as shown in Figure (a), where an energy gap of 0.9 eV is clearly present. Spontaneous
trimerization can sometimes lead to unit cell reconstruction, as shown in the second example
of a mirror-image GB in Figure (b) Upon relaxation, a profound transformation occurs
in the unit cell structure, causing a transition from metallic to semiconducting states, with
localized states and a gap of 0.4 eV observed in the band structure. The third GB shows
the transition due to the introduction of periodic defects. Figure [|c) shows the 4|8 GB,
achieved by introducing a periodic vacancy defect in one of the sulfur atoms along the 4|4P
GB. Such GBs have been observed experimentally.’* These vacancy defects also triple the
lattice periodicity to 3a. With these vacancies, a band gap of approximately 0.1 eV is

observed, and the previously conducting wavefunction shows discontinuous behavior.

Metallic grain boundaries
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Figure 5: Stable metallic mirror-imaged grain boundaries of (a) 4|4P grain boundaries, (b)
Mo-Mo bridging grain boundaries, and (c) S-S bridging grain boundaries. For each type, the
fully relaxed structure, square of the electron wavefunction, and band structure are shown
in order. The isosurface level of the electron density plot is 0.258 e/A?.

The preceding examples illustrate various mechanisms through which MoS; GBs undergo
a MS transition. Conversely, some GBs can retain their metallic properties as the energeti-
cally favorable state, primarily due to strong elastic bonding from the supports, as suggested

by our theoretical model.
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A prominent example of a metallic GB is the well-studied 4|4P configuration,
in Figure 5(a). In this configuration, the zigzag edges are aligned by merging the sulfur
atoms situated between them. Upon full relaxation, the structure exhibits minimal change,
retaining its original periodicity. Our calculations confirm that this type of GB maintains its
metallic nature, as evidenced by a dispersion line crossing the Fermi level. The wave function
analysis at the crossing point reveals two distinct conducting paths primarily along the Mo
atoms near the GB. Detailed analysis indicates that these conducting paths originate from
d,. orbitals of the Mo atoms, consistent with prior theoretical predictions.® Furthermore,
our investigation demonstrates that including spin degrees of freedom or introducing on-site
Coulomb interactions does not alter the conducting properties of these metallic GBs.

In addition to the well-recognized 4|4P GB, we have identified two new GBs that exhibit
thermodynamic stability and metallic properties. One such GB, illustrated in Figure 5(b),
features direct alignment of the zigzag edges of Mo atoms. We refer to it as the Mo-Mo
bridging GB. After full relaxation, the Mo-Mo bridging GB undergoes an overall atomic
shift. However, its periodicity is preserved as a, displaying bands crossing the Fermi level.
Interestingly, the primary conducting path at this GB does not follow the Mo atom closest
to the boundary. Instead, it predominantly occurs along the Mo atom located at a distance
2 orbitals of Mo atoms.

from the GB, primarily attributed to d,, d.2, and d,2

zy> —y

We have also observed metallic behavior in S-S bridging GBs shown in Figure 5(c).
Despite the relaxation-induced shifts in sulfur atom positions, the lattice constant maintains
as a. Our calculations confirm that this type of GB retains its metallic nature, as evidenced
by metallic bands crossing the Fermi level in the band structure shown. Furthermore, the
wave function analysis at the Fermi level reveals conducting paths along the S-S bridging

GB, involving d,» and d,2_,2 orbitals of Mo atoms and p, orbitals of the sulfur atoms.

-y
A common property among these three GBs is that any horizontal displacement of the
GB atoms results in a change in the length of the Mo-S bond. For example, any displacement

in the z-direction of the sulfur atom in the 4|4P and S-S bridging GBs, as well as Mo atoms

13



in the Mo-Mo bridging GBs, will alter the Mo-S bond length. However, this phenomenon
is not observed in all semiconducting structures, where displacements can occur through
bond rotation without affecting bond length. This implies that atoms in these three GBs
experience stronger bond stiffness and larger elastic forces from supports. These examples of
metallic phases of mirror-image GBs further support our theoretical model that, if electron
transfer is permitted, the 1D structure will maintain stable metallic phases if it receives

strong support from the 2D lattice.

Conclusion

In conclusion, we have explored the stability of metallic one-dimensional structure sup-
ported by hexagonal 2D lattices. Using open system tight-binding model, we show that
thought spontaneous trimerization and metal-to-semiconductor transition may occurs for
unsupported 1D chain, the elastic support from 2D lattice can suppress this and stabilize
the metallic phase if electron transfer is permitted. Using first-principles calculations, we
further verified this theory by showing that GBs that will undergo metal-to-semiconductor
transition if the GB atoms are weakly bonded, and remain metallic otherwise. Through
this theory, we predict two new GBs with strongly bonded GB atoms that are stable in the
metallic phase. These results emphasize the crucial role of lattice support in maintaining the
metallic state and provide insights for designing stable 1D metallic systems for nanoelectronic

and quantum applications.
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