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RESUMO

Este trabalho versa sobre as propriedades eletronicas de nanofios de monocalcogenetos de metais
de transi¢ao, como MoTe, WTe, MoSe, MoS. Essas estruturas foram sintetizadas recentementes
em experimentos que mostraram que podem se arranjar como estruturas bidimensionais, tridi-
mensionais ou como fios isolados. Estudos tém mostrado rica fenomenologia associada as suas
propriedades. Nesta tese, investigamos o problema do ponto de vista de métodos tedricos de
primeiros principios baseados no formalismo da Teoria do Funcional de Densidade. Em um
primeiro momento, mostramos a versatilidade dos fios, que podem ser metais ou semicondutores
de variados gaps de energia, podem ser manipulados para se comportarem como pontos quanticos,
podem sofrer transi¢oes metal-semicondutor induzidas por deformagoes, e podem se comportar
de forma diversa de acordo com o tipo de substrato. Em um segundo tépico, mostramos como os
fios podem se organizar em redes especificas, formando, por exemplo, estrutura tipo Kagomé
ou hexagonal, e como isso leva as idiossincracias observadas nessas redes, como bandas "flat"e

cones de Dirac.

Palavras-chave: Estrutura Eletronica; nanofios; TMM; DFT; kagome; flatband



ABSTRACT

This work addresses the electronic properties of transition metal monochalcogenide nanowires,
such as MoTe, WTe, MoSe, and MoS. These structures were recently synthesized in experiments
that demonstrated that they can be arranged as two-dimensional, three-dimensional structures,
or as isolated wires. Studies have demonstrated rich phenomenology associated with their
properties. In this thesis, we investigate the problem from the perspective of first-principles
theoretical methods based on the formalism of Density Functional Theory. First, we demonstrate
the versatility of these wires, which can be metals or semiconductors with varying energy
band gaps, can be manipulated to behave as quantum dots, can undergo deformation-induced
metal-semiconductor transitions, and can behave differently depending on the substrate. In a
second topic, we show how the wires can organize themselves into specific networks, forming,
for example, a Kagome or hexagonal structure, and how this leads to the idiosyncrasies observed
in these networks, such as "flat" bands and Dirac cones.

Palavras-chave: Electronic Structure; nanowires; TMM; DFT; kagome; flatband
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1 INTRODUCTION

A general feature in nanoscience development is the intense scrutiny of specific materials
following significant advances in their syntheses and manipulation techniques. Invariably, the
result is the unveiling of intriguing electronic behavior which moves forward basic science
and paves the way for applications in nanotechnology. Recently, experimental reports have put
one-dimensional (1D) transition-metal monochalcogenides (TMM) as candidates to play a central
role in the nano research scenario, particularly in the rapidly expanding field of nanowires [1-4]. A
TMM nanowire, as shown in Fig.1, consists of an one-dimensional structure containing sequential
and inverted triangles of MX, where M is the metal (Cr, Mo, W) and X is the chalcogen (S, Se,
Te). The latter atoms occupy the vertices of each triangle, while the metals occupy the midpoint

of a line connecting the vertices of the triangle.

i o O
! c || s
Mo Se
' Te

(a) (b)

Figura 1 — (a) Side and (b) top views of the isolated MX nanowire crystal lattice. The unit cell is
outlined by a dashed rectangle. Blue spheres denote metal atoms, and yellow spheres
denote chalcogen atoms. Extracted from Zhang et al. [4]

Theoretical studies, using density functional theory (DFT) on TMM nanowires early reve-
aled their structural stability. The pioneering work by Vilfan, in 2006, demonstrated mechanical
robustness and electronic conductivity of MogSe nanowires [5], establishing a conceptual foun-
dation for subsequent investigations. Subsequently, ab initio calculations confirmed the stability
of MoSe and MoS nanowires, with formation energies on the order of 1 eV/atom and metallic
behavior [6]. These results promoted investigations into chemical functionalization and structural
control. Murugan et al. explored the assembly of nanowires from tetrahedral Mo—S clusters
and the effects of iodine doping on the electronic structure [7]. Subsequently, they investigated
lithiated assemblies of MogX¢ (X = S, Se, Te) nanowires, demonstrating structural stability and
promising conductivity for applications as cathode materials [8]. More recent theoretical studies
have significantly expanded the scope of investigated systems, addressing nanowires with different
metallic and halogenated compositions, in addition to exploring emerging properties such as
bifunctional catalysis, flexible electronics, and spin effects. Zhang et al. (2020) demonstrated that

TMM nanowires act as highly efficient catalysts for oxygen evolution and reduction reactions,
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with promising performance in electrochemical applications [4]. Shang et al. (2021) reviewed
the TMM nanowire family as 1D materials for flexible electronics and spintronics, highlighting

the structural and functional diversity of these systems [9].

In fact, following this early theoretical reports on the possible stability of monochalcoge-
nide nanowires [6, 7] and their potential applications as cathode materials when intercalated with
lithium [8], H. Zhu et al. described an experimental route to synthesize bundles of 1D MoTe
compounds from 2H-MoTesy based on thermal activation under vacuum [10]. This transition,
monitored by scanning transmission electron microscopy (STEM), is illustrated in Fig. 2, which
comprises four panels taken directly from Zhu et al. [10]. Fig. 2(a) shows the transformation of 1D
NWs of Mog Teg from 2H-MoTe,. Energy-dispersive X-ray spectra (EDS) in Fig. 2(b) reveal a drop
in the Te/Mo ratio from ~ 1.87 in 2H-MoTes to ~ 1.07 inside the emerging bundles, confirming
selective tellurium depletion and MogTeg NW formation. The last panels in Fig. 2, c,d), present a
time-series of Scanning Transmission Electron Microscopy - High Angle Annular Dark Field
(STEM-HAADF) sectional views at 450 °C: the first captures the beginning of the nanowire
piercing the MoTes, while the second follows their thermal stabilization under continuous heating,
in addition to the formation of new nanowires. More recently, Liao et al. [11] used in situ STEM

to unveil molybdenum-migration mechanism that drives this 2D-to-1D transformation.

TMMs nanowires are remarkably flexible at the sub-nanometer scale, allowing sharp
bends, twists and branches. By precisely engineering defects and local stress, one can induce kinks,
Y-junctions and X-junctions, paving the way for tailored one-dimensional nanowire architectures.
In this scenario, Lin, J., Cretu, O., Zhou, W. et al. [12] employed a tightly focused electron
beam to engineer TMM nanowires that interconnect discrete sites within a transition-metal
dichalcogenide (TMD) monolayer. Additionally, J. Lin et al. [13] employed nanomanipulaton
techniques to tune the structure of MoSe nanowires, producing Se vacancies, kinks, junctions and
alloys. Fig. 3 illustrates each modification in three layers: experimental STEM images (top row),
simulated STEM annular dark field images (middle row), and corresponding atomic models (top
and side views, bottom row). Panel (A) revels a large twist induced by Se vacancies; panel (B)
shows a kink which changes the axial direction; panel (C) depicts a branch where a secondary
MoSe nanowire sprouts from the main strand; and panel D presents an X-junction interconnecting

four MoSe nanowires.

A precise characterization of isolated nanowires was achieved by M. Nagata et al, [ 14], who
stabilized them by encapsulation within carbon nanotubes ( Fig. 4g) ). Later, in 2021, employing
the chemical vapor deposition (CVD) method, H. E. Lim et al [15] have shown how to build two-
and three-dimensional lattices and assess their optical and electronic properties. The initially
formed nanowire is used as a base to grow additional wires to form these lattices. According
to these findings, the propensity to adopt sheet-like or bundle configurations is determined by
whether wire—substrate interactions or wire—wire interactions dominate, respectively. Adjacent

nanowires interact via van der Waals forces to self-assemble into 2D atomically thin sheets or
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Figura 2 — Evolution and formation of MogTeg nanowires from 2H-MoTes: a) Schematic depiction
of the structural transformation converting layered 2H-MoTe, into sub-nanometer-
diameter MogTeg nanowires. (b) EDS spectra acquired on MogTeg nanowire bundles
and the neighboring 2H-MoTe, region, indicating Te/Mo ratios of 1.07 for the
nanowires and 1.87 for the 2H phase. Silicon peaks arise from the SiC support film
on the heating E-chip. (c,d) Time-series STEM-HAADF images showing the in situ
nucleation and growth of new MogTeg nanowires from 2H-MoTe,. Adapted from Zhu
et al. [10]

into 3D bundles of variable sizes. Fig 4a) schematically illustrates TMM isolated nanowires, 2D
and 3D arrangments. Cross-sectional HAADF-STEM images in panels b) and ¢) confirm the
formation of WTe monolayer and bilayer sheets grown on a-plane sapphire substrates, while
panel d) reveals a representative 3D bundle structure formed on a SiO2/Si surface. The internal
structure of a single nanowire reveals a bright hexagonal ring of tungsten atoms enclosed by
tellurium, as seen in Fig. 4 e), while atomic resolution imaging along the wire axis (Fig. 4 f)
confirms the crystallographic periodicity and 1D character of these building blocks.

Based on this theoretical and experimental review, we will demonstrate the versatility
of nanowires and the range of possible applications in which they can be useful. This thesis
investigates transition-metal monochalcogenides subjected to various external factors capable of
modulating or amplifying their properties. The scope of this work extends beyond isolated 1D
nanowires to include ordered two- and three-dimensional arrays formed by these building blocks,
enabling the exploration of collective phenomena that emerge from interwire coupling. First,

we demonstrate how electronic, mechanical, and chemical properties can be deliberately tuned
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-]

Experiment

Simulation

Atomic Structure

Figura 3 — Structural flexibility of MoSe nanowires. Panels (A-D) present, on first row, expe-
rimental Z-contrast STEM images, simulated annular fark-field STEM images on
second row, and atomic models (top and side views, on third row) illustrating four
distinct deformation modes: (A) a pronounced twist facilitated by Se vacancies, (B) a
kink that redirects the nanowire’s axis, (C) a branch where a secondary MoSe wire
emerges and (D) an X-junction linking four nanowires. Adapted from J. Lin et al. [13]

through compositional changes, controlled doping, and the application of external strain. Next,
we investigate interwire coupling - mediated by orbital hopping and van der Waals interactions -
to understand how collective phenomena arise in three-dimensional networks. In particular, we
focus on the emergence of flat band and Dirac cones driven by spin—orbit coupling. To achieve
these goals, we employ a first-principles approach based on density functional theory (DFT)
within the generalized gradient approximation (GGA) and norm-conserving pseudopotentials,
performing structural relaxations, band-structure calculations, density-of-states analyses, and

fatband projections.

In the following chapters, we systematically explore the theoretical and structural
foundations of TMM nanowires and their emergent electronic behavior. Chapter 2 introduces the
methodological framework, exploring the tight-binding model to interpret electronic features
and density functional theory (DFT) for first-principles calculations. Chapter 3 presents a
comprehensive characterization of different 1D wires, addressing their vast electronic structure,
mechanical flexibility, response to external stresses and defects, and how the nanowires interact
with potential substrates. Chapter 4 discusses the integration of MoIe nanowires into honeycomb
and kagome lattice networks, highlighting the interplay between geometry and symmetry in
engineered quantum systems. Finally, Chapter 5 presents the general conclusions, consolidating

the key findings, and outlining prospects for future applications and theoretical extensions.
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p
3D Bundle

2D Layer 2D Monolayer

Figura4 — 1D van der Waals building blocks. (a) A schematic diagram illustrating the 1D

TMM nanowire, 2D and 3D architectures from TMMs. (b, ¢) Cross-section HAADEF-
STEM images of monolayer and bilayer of WTe nanowire sheets grown on a-plane
sapphire substrates. (d) Cross-section TEM image of a0 3D bundle of WTe nanowires
deposites on a SiO2/Si substrate. (€) HAADF-STEM cross-section of an individual
WTe nanowire, in which the W core appears as a bright hexagonal ring surrounded by
Te atoms. (f) Atomic resolution HAADF-STEM image of suspended WTe nanowires,
showing their crystallographic alignment along the wire axis. (g) Experimental
HAADF-STEM image of a single Mole nanowire encapsulated inside a carbon
nanotube, with the corresponding simulated image inset and the atomic-structure
model alongside. (a-f) Adapted from Lim et al. [15]. (g) Adapted from Nagata et
al. [14]
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2 METHODS

In this chapter, we employ density functional theory (DFT), as implemented in SIESTA,
as our primary computational tool to obtain accurate relaxed geometries, band structures,
and densities of states (DOS) for TMM nanowire systems. These first-principles results are
complemented by a tight-binding (TB) model, which provides an intuitive, symmetry-based
interpretation of Dirac cones, flat bands, and orbital hybridization. Applied a posteriori to the
DFT dispersions, the TB model highlights the key symmetry-driven features underlying the
electronic behavior of nanowires embedded in honeycomb and kagome architectures. In the
honeycomb lattice, exemplified by graphene, p, orbitals hybridize to form dispersive bands and a
Dirac cone; while the kagome lattice, which includes three orbitals per unit cell, yields similar

dispersive bands along with a characteristic flat band.

Section 2.1 introduces the formalism of the TB model and its application to the honeycomb
lattice - where p, orbitals yield Dirac cones - and to the kagome lattice, which features both
dispersive bands and a flat band. In Section 2.2 we present the details of our DFT/SIESTA
calculations, including pseudopotentials and basis sets. Finally, Section 2.3 summarizes how
this combined DFT + TB framework yields a consistent, physically grounded picture of low-
dimensional electronic behavior and prepares the ground for the nanowire-decorated lattices
studied in Chapters 3 and 4.

2.1 Tight-binding model

The tight-binding (TB) model represents single-particle electronic states as linear
combinations of localized atomic orbitals. This approach is particularly useful for capturing
the symmetry-driven features of low-dimensional systems such as TMM nanowires. Bloch’s

Theorem

®,;r R=e*Bd,,r 2.1)

ensures translational invariance in a crystal with Bravais lattice vectors /2. We build Bloch’s

sums @k, r

1 ik-r
Dk, 1= N e gjr — R 2.2)

to exactly satisfy this condition. The j index representing the atomic orbitals belonging to the
primitive cell and N the number of primitive cells. With this bases, the Hamiltonian matrices

elements H;; k and the overlap matrices elements Sk are

Hipk = (oj|H|dy) ,  Sijk = {(¢5]0;)
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Here, two parameters carry clear physical meaning:

* Onsite energy ¢; = H;: the energy of an electron located at site j, without interaction with
neighboring atoms. For simplicity, this value is often set to zero to isolate the effects of

inter-site interactions.

2

* Hopping integral ¢, = H;;, for j # j': measures the amplitude for an electron to “hop’

between neighboring sites and controls band widths and dispersion slopes.

Applying the variational principle to the energy £;, which defines the electronic band

structure, yields the secular equation

det [Hjj’k — F x Sjj’k] =0. (23)

Thus, the secular condition (in matrix form: det H — E'S = 0) encapsulates how on-site
energies, hopping integrals, and orbital overlaps together dictate the allowed energy eigenvalues
Ek and hence the full band dispersion. With this formal framework in hand, we now turn to its
concrete realization in two 2D networks: first, the honeycomb lattice - a bipartite hexagonal array
of p, orbitals whose nearest-neighbor hoppings give rise to Dirac cones at the Brillouin-zone K
points - and then the kagome lattice, whose three-site basis supports both dispersive Dirac-like

bands and a symmetry-protected flat band arising from destructive interference.

2.1.1 Honeycomb lattice

The honeycomb lattice, shown in Fig.6, has two atoms (A and B) per unit cell, each
contributing one orbital (such as p, in graphene) in the simplest case. The three nearest-neighbor

vectors ny, ng, ng connect A and B. The 2 x 2 tight-binding Hamiltonian reads

i Haa Hap) _ 3 —t vk k= ettm gikma ik
HBA HBB —t’}/*k' €

Figura 5 — Honeycomb lattice showing sublattices A and B and nearest-neighbor vectors. [16]

Diagonalizing H k, from the secular equation, yields the band energies

Ek =+t |vk|.

The dispersive bands are shown in Fig. 6, whose Brillouin Zone is also hexagonal, with

I', K and M as points of high symmetry in the reciprocal lattice. Therefore, a hexagonal lattice
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compound for two orbitals (one at each atomic site) presents two dispersive bands, whose widths
are proportional to the hoppings among first neighbors in the network and a function + dependent

on the wave vector k.

(]

=

E/t

X 5 M K

k

Figura 6 — Left panel: honeycomb lattice showing sublattices A and B and nearest-neighbor
vectors. Right panel: tight-binding band structure of the honeycomb lattice showing
two dispersive bands and Dirac cones at K point. Extracted from reference [16]

Once the honeycomb lattice formalism established, we now proceed in next section to the

kagome lattice, where a three-site basis yields both dispersive and symmetry-protected flat bands.

2.1.2 Kagome lattice

The kagome lattice, shown in Fig. 7, is built on a triangular Bravais net with three sites
per unit cell, forming corner-sharing triangles. In the simplest tight-binding description each site
contributes one orbital and only nearest-neighbor hoppings ¢ are included. We choose to label
the three sublattices as 1, 2 and 3. In this case, every atom has four neighboring atoms, i.e., we
need to explicit four vectors to connect the atom 1 to its neighbors 2 and 3:

V3 1 - V3 41 -

V19 = Ta P — Zaj ; Up = —Tai Zaj = —vq9
21, V3 .1 .

vig=—atl —-aj ; Va=——at——aj) =—0

13 1 4 J 13 1 4 J 13

The index 12 means that the vector connects atoms 1 and 2. As honeycomb lattice, the

elements of the main diagonal of 3 x 3 Hamiltonian are the onsite terms:

Hy1 = Hypy=H3z3=¢.

The non-diagonal elements depend on the hopping matrix elements between the first
neighbors ¢, and exponential functions with scalar products between the wave vectors k and the
vectors connecting the first neighbors. So, the Hamiltonian that describes the kagome lattice with

one orbital per atomic site is
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Figura 7 — Kagome lattice. [16]
€ —2t cos K1 —2t cos Ky
H = -2t cos K € —2t cos K3

—2t cos Ko —2t cos K3 €

For simplicity, the scalar products mentioned above were defined as

k?-UmEKl s k}-vlgEKQ s k‘-vlg—’UlQEKg.
Diagonalizing the secular equation yields one flat band and two dispersive bands:

¢ Flat band:
E=-2t,

which is independent of k£ and arises from destructive interference aroud each triangle.

* Dispersive bands:
Ey =t1+|Sk|,

with
Sk =cos2K9 cos2K9 cos2K3.

As shown in Fig. 8, in the kagome lattice the electronic structure in characterized by
the flat band an by two sets of dispersive Dirac bands. In real materials, the situation becomes
more involved, since long-range interactions, which require inclusion of next-neighbor hoppings,
may affect quantum interference and induce dispersion in the flat band [17]. In addition, realistic
cases usually correspond to multiorbital systems with multiple hoppings [18]. In CoSn, for
instance [19,20], Co atoms form a kagome-like lattice with different sets of flat bands derived
from d-states. This scenario may also appear in other lattices. That is the case for graphene
lattices with the choice of in-plane p,,p, orbitals when they are well separated from s orbitals.
When the s-p hybridization is avoided, as in some optical lattices, the result is the emergence of
flat bands touching the Dirac bands [21,22].
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Figura 8 — Band structures referring to the TB model for the kagome lattice. [16]

2.1.3 P, — py honeycomb lattice

In honeycomb hexagonal lattices, similar to graphene, the p, orbitals hybridize to form
dispersive bands with Dirac cones at the K point of the Brillouin zone. Wu et al. proposed a tight-
binding model for the p,., p, orbitals whose hoppings containing p, orbitals are ignored [21,22]. In
this p,, p,-model there are additional scalar products to the hopping ¢ between neighboring sites,
since the p, and p, orbitals are not always aligned with the vectors connecting the neighboring
sites. There are four orbitals involved in the model (two per atomic site), so that we obtain four
energy bands. It can be shown [16] that a possible solution leads to two dispersive bands with
Dirac cones (L5 3) and two flat bands (£ 4), one above and one below the dispersive bands,

touching them at the point I':

t
E273 = :E‘Q”’)/K;
3|t

These bands are shown in Fig. 9.
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b

Figura 9 — Band structures referring to the TB model for the honeycomb lattice to the p, and p,
orbitals. [16]
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2.2 Density Functional Theory

Density Functional Theory (DFT) is widely used and powerful approach to treating
quantum systems. DFT offers a first-principles route to the ground-state energy and density of an

interacting many-electron system by replacing the full wavefunction
‘Prl, r9,...,TN

with the electron density nr. This reduction - from 3NV variables to just 3 - makes large-scale
calculations tractable while retaining solid accuracy for geometry relaxation, band structure and

density of states analyses.

So, we just need to know the electron density of the system to determine the wave function
and the external potential vr and, consequently, the observables of interest. In this theory, any
property of the ground state of a system of interacting electrons is a functional of the ground

state electron density ng:

F:FTLQ.

2.2.1 Theoretical Foundations

DFT is grounded in two theorems by Hohenberg-Kohn [23]:

* Unique mapping: The ground-state electron density ngr of a system of interacting electrons

in an external potential field vr uniquely determines this potential, i.e.

vr = vngr .

As a consequence of this first theorem, all properties of the system will be determined
given the density of the ground state. Therefore, the total energy of the system becomes a

functional of the density:

* Variational principle: There is a universal functional for the energy E£'n that can be
defined for any external potential vr. The energy functional £n is minimal for the exact

ground-state electron density ngr.

To calculate the ground-state electron density, Kohn and Sham [24] proposed an ansatz

that simplifies the many-interacting-body problem. To do so, the idea is to replace the original
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problem of interacting electrons with an auxiliary problem of independent electrons, both with the
same electron density. The Hamiltonian of the auxiliary system is chosen as having a usual kinetic
energy operator and an effective potential V,; acting on each electron of the non-interacting
system. This auxiliary system allows us to obtain single-particle states that will be important for
determining the electron density. Through the ansatz, therefore, we can obtain the Khon-Sham

equations.

Let E be the total energy of the system of interacting electrons given by the sum
of the kinetic energy T of the electrons, the electron-electron interaction energy U and the

nucleus-electron interaction energy V:

E=TUV.

As we already know, energy is a functional of density. Therefore, the kinetic energy will
also be. Let’s separate into two terms: the kinetic energy of the non-interacting system 75 and the

portion of the kinetic energy due to the interaction between the electrons 7:
T=Tn=Tm Tn.

Something similar can be done for the electron-electron interaction energy, formed by the Hartree

energy Uy, the exchange energy U, and the energy due to the electronic correlation U,:

U=Un=Ugn Uyn Un.

So, for the energy functional we have:

En=Tmn T.n Ugn Umn Un Vn.

We define the correlation and exchange functional £, .n:
E.n=T.mn Umn Un,

whose form is not known and we treat it through approximations. Therefore, everything we do
not know about the effects of correlation and exchange between the electrons in our system is

contained in this functional. The energy is rewritten as:

En=Tsn Ugn Vn E..n.

To determine the Kohn-Sham equation, we first minimize the energy with respect to the

density nr:
0 0FE  6Ts 0Up 6V 0E;.
~onr onr onr onr onr
0T
0= —= vgr ur vg.r.

onr
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Here, vr is the external potential acting on the electrons; vy is simply the Hartree

potential; and v,.r is a potential associated with the correlation and exchange energies F,..

Now, for a system of non-interacting particles moving in a potential vgr, the Hartree and
xc terms are missing, making minimization simpler:

_O0E  0Ts oVs  0Ts
~ onr onr onr  Onr

0 vgr,

Comparing their minimizations, if vg7r is chosen
VST = UHT UT Vgl

this gives us the same density for both systems ngr = nr. This equation for vgr is one of the

Kohn-Sham equations.

Therefore, from the solution of the non-interacting system at a potential vgr, we can

calculate the electron density of the interacting system at the potential vr. That is,

nr = ngr = ]jfi\qﬁir\z :

This is the second Khon-Sham equation. In it, we define f; as the i-th occupied orbital and ¢; as

the orbitals produced by the solution of the Schoedinger equation of the auxiliary system,

2
[—h \V& vsnr] Oir = €. 2.4)
2m

2.2.2 SIESTA

All DFT calculations are performed with the SIESTA package [25], which combines a
set of localized numerical basis sets with norm-conserving pseudopotentials and a representation
of charge and potential in the real space grid. SIESTA solves the Kohn—Sham equations self-
consistently for the orbitals {¢;}. SIESTA expands each Kohn—Sham orbital in a finite basis of

atom-centered numerical functions {x, }:

oir = p Cip Xpur -

In this representation, the Kohn—Sham equations reduce to a generalized eigenvalue

problem

V[H/M/ — & S,Lw] Ciy =0,

with matrix elements

2
H,, = <Xu| - QthVZ vsn|Xy)
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and

Sp,l/ = <Xu’Xz/> .
The electron density is reconstructed as
2
nr = Zfz |¢zr| = 'LWP,uz/ Xul XvT,

where P, = ; f; C;,C}, defines the density matrix. A real space grid, controlled by an energy
cutoff, is used to assess Hartree and exchange-correlation potentials and charge density. The

self-consistent cycle proceeds as follows:

Initialize a trial density n'r

Build vsn* and assemble H e

Solve the generalized eigenproblem for {C;,,} and {e;},

« Reconstruct n*!r from the occupied states;

Mix densities and repeat until total energy and forces converge.

Using norm-conserving pseudopotentials, SIESTA eliminates the need to explicitly treat
core electrons while maintaining transferability between chemical elements. The localized basis in
our study delivers accurate valence properties at a fraction of the cost of plane-wave methods. This
combination of numerical efficiency and first-principles rigor underpins the reliable geometries,
band structures, density of states and fatbands data that feed into our tight-binding analysis in
Chapters 3 and 4.
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3 ONE-DIMENSIONAL NANOWIRES

Transition-metal monochalcogenide nanowires exhibit remarkable electronic and structu-
ral versatility, manifesting in metallic and semiconducting forms depending on their composition
and environment. These 1D systems can be synthesized through chemical vapor deposition
(CVD) [15], encapsulation within carbon nanotubes [14], thermal transition of the 2D-TMD
phase via vacuum annealing [10] [26], and by electron-beam irradiation of 2D-TMD [13].
Furthermore, the latter produced nanowires incorporating multiple chalcogenides atoms into their
composition (such as MoS,Se;_, or Mo, W;_,S) derived from vertically stacked monolayers
or heterostructures. This concept serves as the basis for investigating defects, such as a MoSe
segment inserted into a MoTe nanowire, as will be discussed in this chapter. In addition, we
demonstrate that strain significantly influences the electronic behavior of the MoSe nanowire.
When subjected to approximately 10% strain, the nanowire undergoes a metal-semiconductor
transition — a threshold comparable to that observed in certain transition metal dichalcogenides
(TMDs). Finally, their band structures are highly sensitive to adjacent structures, making them
ideal platforms for exploring quantum phenomena such as spin splitting, anisotropic charge
distributions, and band reorganizations. By placing TMM nanowires close to functional materials
— including semiconducting monolayers, neutral molecular supports, and 2D ferromagnets — it
becomes possible to tailor their electronic behavior through substrate engineering and interfacial
coupling. This chapter also examines the interaction involving of WTe nanowires with PtS,,
silane, and Crls, highlighting the role of proximity effects in shaping quantum functionalities. Our
first-principles calculations were performed using DFT [23,24] as implemented in SIESTA [25].
Norm-conserving pseudopotentials and a double-zeta polarized (DZP) basis were employed.
Exchange—correlation effects were treated within the Generalized Gradient Approximation using
the Perdew—Burke—Ernzerhof functional (GGA-PBE) [27]. The geometries were optimized with a
tolerance in the maximum force component in any atom of 0.002 eV/A. All calculations included
spin polarization. The real-space grid for numerical integration was set using an energy cutoft of
450 Ry. The Brillouin zones were sampled using 1x1x20 k-mesh for all 1D nanowires and 30

A for k-mesh cutoff in the interaction between nanowires with possible substrates.

3.1 Electronic structure of isolated nanowires

Monochalcogenide transition-metal (TMM) nanowires exhibit remarkable electronic
versatility that depends on the choice of transition metal and chalcogen. Fig. 10 shows band
structures and corresponding projected densities of states (PDOS) of MoTe, WTe, MoS and MoSe
nanowires, with the Fermi level set to Er = 0 eV (blue dashed line). A complete description
of the interatomic distances and binding energies for important nanowires is provided by Cakir
et al [6]. The bond lengths, extracted from our relaxed geometries, are in good agreement with

those obtained by reference [6] and are presented below:
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e MoTe: Mo-Te = 2.84 A : Mo-Mo = 2.68 A

o WTe: WTe=28)A :WW=273A

MoS: Mo-S = 2.52 A : Mo-Mo = 2.80 A

MoSe: Mo-Se = 2.64 A : Mo-Mo = 2.79 A

MoTe nanowires display an indirect, narrow-gap semiconducting behavior with a band
gap of approximately 0.2 eV. At the valence band maximum (VBM), in-plane Mo d-orbitals
(dyy and d2_ 2 give rise to a pronounced PDOS peak around -0.1 eV, accompanied by a modest
contribution from Te 5p, and 5p,,. At the conduction band minimum (CBM), the tellurium px
and py orbitals dominate the DOS. WTe nanowires exhibit a similarly semiconducting character
but with an even smaller gap of about 40 meV. The orbital decomposition closely parallels that
of MoTe, except that the Te 5p, and 5p, play a slightly more prominent role in the conduction
band near the Fermi level. This slight but significant shift underscores how varying the transition

metal tunes the band structure.

In contrast, MoS and MoSe nanowires behave as genuine 1D metals, with multiple bands
crossing the Fermi level. In both cases, the Mo 4d> orbital dominates the region immediately
above E'r, with secondary contributions from the chalcogen p, orbitals, while the valence-band

edge is governed by in-plane orbitals (Mo d,d,>_,» and chalcogen p;p,).

Further amplifying this electronic tunability, a recent study demonstrates that surface
functionalization, atom doping, and strain engineering provide additional avenues to continuously
modulate the band structure of TMM nanowires. These approaches can push their band gaps
from metallic through narrow semiconductor regimes and even inducing magnetic transitions in
certain compositions [9]. In summary, TMM nanowires offer an exceptional electronic duality:
selecting sulfur or selenium yields metallic conduction, whereas tellurium incorporation opens
narrow, tunable band gaps. This metal-semiconductor duality, together with precise control
over band-gap width by choosing the chalcogen or transition metal, positions TMM nanowires
as versatile platforms for one-dimensional devices. These characteristics make them suited for
integrated nanoscale architectures. In the following, we will further explore this aspect presenting

original situations which highlight the electronic versatility of TMMs.

3.2 Mole - MoSe heterostructure

In the previous section, we explored four one-dimensional nanowires of transition metal
monochalcogenides (TMMs): MoSe and MoS exhibited metallic behavior, while MoTe and
WTe were semiconductors with a small energy gap. We now investigate a heterostructure
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Figura 10 — Band structures of MoTe, WTe, MoS and MoSe nanowires and its respective projected
density of states. In I' — Z path, red and black solid lines represent distinct spin
components. Blue and orange solid lines, in PDOS panels, represent transition-metal
(Mo or W) and chalcogen (S, Se or Te), respectively.

composed of a metallic MoSe segment embedded in a semiconducting Mole matrix. The
MoSe segment corresponds to three repetitions of the unit cell of an isolated nanowire, totaling
36 atoms (12 atoms per cell). In contrast, two configurations of the MoTe matrix are used:
seven repetitions of MoTe triangles, totaling 84 atoms, and seventeen repetitions, totaling 204
atoms. The MoTe-MoSe heterostructure are shown in Fig. 11. The aim here is to assess whether
these asymmetric configurations ensure a semiconductor region sufficiently extended to support
electronic confinement, while maintaining a well-defined semiconductor domain, as present in
the isolated MoTe nanowire, for comparison. The interface between these segments acts as a

chemically and structurally modulated region where discrete electronic states emerge.

The feasibility of these chalcogenide substitutions is supported by experimental and
theoretical evidence. Spectroscopic and DFT studies on TMDs show that controlled substitution of
chalcogen atoms in MoX, (X =S, Se, Te) modifies band alignment and orbital hybridization. Wang,
Chen, and Wu et al. [28] reviewed atomic substitution strategies in low-dimensional transition
metal chalcogenides, including 1D systems, highlighting the impact of atomic substitution on
band structure and morphology, which can influence electronic distribution in low-dimensional
systems. Rehman et al. [29] conducted selective substitution experiments of Te by Se in MoTe,,

forming ternary alloys with tunable semiconducting behavior. Their experimental results showed
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Figura 11 — Structute of a MoSe segment inserted into a semiconducting MoTe nanowire. Blue,
gray and red spheres represent Mo, Te and Se, respectively.

that substitution modifies the electronic gap and charge distribution, thereby demonstrating the
potential of chemical engineering to control electronic properties in low-dimensional systems.
Although focused on 2D layers, their findings are relevant to confined segments in nanowires. These
studies confirm that chemical modulations can alter electronic properties and provide conceptual
support for the formation of discrete states in confined systems. Complementing these findings,
Lin et al. [13] demonstrated experimentally that TMM nanowires can incorporate multiple
chalcogen elements (S, Se, W) in controlled proportions, forming flexible multichalcogenide
alloys. Using STEM and DFT, they showed that the chalcogen composition directly influences the
electronic density of states and can be tuned via chemical alloying. This experimental evidence
reinforces the feasibility of modulating the electronic structure of 1D TMM systems through

chalcogen ratio engineering.

We now present band structures and the density of states (DOS) of the MoTe—MoSe
heterostructure, which confirms that discrete peaks near the Fermi level emerge directly from
the MoSe region when embedded in a MoTe nanowire. Two configurations were analyzed: a
simple unit cell with 120 atoms and an expanded cell with 240 atoms, both containing a fixed
defect of 36 MoSe atoms. Those systems were divided in two regions. Region 1 contains the
MoSe defect, with the inclusion of the first MoTe atoms neighboring the defect to capture the
effects at the interface between the wires, while region 2 is the remainder of the Mole nanowire.
The results indicate that some flat bands are present in the energy gap region, with emphasis on
the two bands above the Fermi level. The presence of these discrete levels is attributed to the
MoSe segment. To investigate this, we first examine the MoTe-MoSe nanowire containing 120
atoms, with band structure and total DOS per atom for each region presented in Fig. 12. In the
DOS, we clearly see that region 1 dominates the discrete states belonging to the flat band in the
energy gap (two highlighted bands above the Fermi level and two bands just below, in the range
of approximately -0.05 eV).

The result already indicates that the emergence of discrete states inside the band gap can be

unambiguously attributed to the defect. However, to avoid any distortions from a disproportionately
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Figura 12 — Band structure of MoTe-MoSe heterostructure with DOS per atom contributions
from region 1 and 2.

large defect relative to the nanowire, we built a more extensive 240-atom supercell, integrating
the 36 atoms from the MoSe defect into a large wire containing 204 atoms. In the MoTe-MoSe
supercell, the results, displayed in Fig. 13, show even more dominance of the defect to flat bands
near the Fermi level, reinforcing the interpretation that it is responsible for the emergence of

these discrete levels in the gap region.
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Figura 13 — Band structure of MoTe-MoSe extended heterostructure with DOS per atom contri-
butions from region 1 and 2.

The physics behind the result can be better interpreted if we consider the metallic region
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(MoSe segment) as a defect in the semiconducting MoTe nanowire. As it is well known, if defect
introduce states into the gap region of a semiconductor, these states are localized within the defect
region, which means that they present an exponential decay (spatially) away from the defect.
Interestingly, discrete states spatially localized characterize the so-called quantum dots. Usually,
they are produced via three-dimensional confinement. However, in low-dimensional systems,
such as carbon nanotubes, the quantum dots behavior can be achieved by the intercalation of a
small portion of a metallic nanotube into a semiconductor one, such as in the (6,4)/(5,5)/(6,4)
junction proposed and theoretically investigated by L. Chico et. al. [30]. Similar behavior was
predicted in the case of a bent semiconducting carbon nanotube [31]. In this case, the flattened
bent region act as the "metallic"defect inserted into the semiconducting nanotube (by flattening
the tube, a semiconductor-metal transition takes place.) Our proposal for the TMMs is similar,
and our calculations indicate an analogous phenomenology, with discrete states separated by ~
0.1 eV.

In summary, the MoSe—MoTe hybrid system demonstrates that chemical and structural
modulations in 1D TMM nanowires can induce confined electronic states. These discrete levels,
arising from local discontinuities, highlight the potential of compositional engineering to tailor
electronic properties in low-dimensional systems — a concept that will be further explored in the
next section, which investigates how uniaxial strain in MoSe nanowires can drive a transition

from metallic to semiconducting behavior as the lattice parameter increases.

3.3 Electronic Modulation by Uniaxial Strain in MoSe Nanowires

The manipulation of electronic properties through strain in transition-metal dichalco-
genides has proven to be a promising path for flexible nanoelectronic devices [32] [33] [34].
Furthermore, specific investigations into transition-metal monochalcogenides present strain as a
key factor in modulating stability and electronic properties [35]. MoTe nanowires synthesized
within carbon nanotubes (CNTs) exhibit unique mechanical and electronic properties due to
strain induced by confinement [14]. In this section, we are interested in the specific case of MoSe,
whose metallic behavior was previously shown in this chapter, focusing on the effects of uniaxial

stretching and compression, and the transition between metallic and semiconductor regimes.

Through DFT calculations, we analyzed how strain alters the behavior of MoSe nanowires,
which have a relaxed wire lattice parameter of approximately 4.50 A. The lattice parameter was
varied from 3.90 A to 5.20 A, with the total energy of the system recorded to generate Fig. 14.
As expected, the total energy of the nanowire is minimal when there is no strain and increases as
we move away from the relaxed wire lattice parameter. In this process, an interesting behavior is
observed: during the increase in strain, a transition from metal (4.90 A) to semiconductor (5.00

A) is observed.

As seen before (in Fig. 10), the relaxed MoSe nanowire exhibits a metallic character,

with bands crossing the Fermi level, reflecting strong overlap between Mo-4d and Se-4p orbitals.
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Figura 14 — Total energy as a function of applied uniaxial strain. Each marker is annotated with
its corresponding lattice parameter in angstroms, ranging from 3.90 A to 5.20 A. The
curve reaches a minimum in zero strain, indicating the equilibrium lattice constant.

With the increase to 4.90 A (left panel in Fig. 15), a noticeable decrease in the density of states
near the Fermi level is observed, indicating the progressive isolation of electronic states and the
onset of gap opening toward a semiconductor regime. Finally, upon reaching 5.00 A (right panel
in Fig. 15), a clear separation between the valence band maximum (VBM) and the conduction
band minimum (CBM) is observed, with a direct gap AE = 0.34 €V at the I" point, confirming
the semiconductor character. The progressive expansion of the lattice parameter increases the
Mo-Se interatomic distance, weakening the orbital interaction that sustains the metallic character.
The narrowing of the DOS, observed from 4.51 Ato4.90A, anticipates the isolation of states
near the Fermi level. The transition to semiconductor at 5.00 A reflects the point where orbital

overlap can no longer sustain metallic transport, opening a direct gap of 0.34 V.

The analysis reveals that 1D MoSe transitions from metallic to semiconductor under
increasing uniaxial strain, with the transition occurring between 4.90 A and 5.00 A of the lattice
parameter. This ability to modulate the gap through mechanical deformation opens up possibilities
for “straintronics” in MoSe-based nanodevices, where conductivity can be controlled reversibly

and precisely.

3.4 Influence of possible substrates on WTe Nanowires

TMMs nanowires have emerged as promising platforms for quantum applications due
to their tunable electronic properties and low-dimensional confinement. Among them, WTe
stands out as a narrow band-gap semiconductor. Recent studies reinforce its multifunctional
versatility, addressing its electronic structure from first principles, quantum confinement and

edge effects [6], electronic transport [15], and substrate-induced modulation [36]. Collectively,
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Figura 15 — Band structures of MoSe nanowire with 4.90 and 5.00 A lattice parameter, showing
the transition from metal to semiconductor.

these works position WTe as a robust and adaptable platform for quantum engineering.

Among the mechanisms capable of exploiting this versatility, proximity to specific
substrates stands out, as they can act as sources of structural, electronic, or magnetic perturbation.
In this section, we analyze three hybrid systems composed of WTe nanowires interacting via van
der Waals with different materials: silane, PtS; monolayer, and Crlz monolayer. The minimum
distance between WTe and the substrates is close to 3.50 A. The analysis is based on band
structure and DOS diagrams obtained from DFT calculations, which reveal how each substrate

influences the electronic behavior of the nanowire in the vicinity of to the Fermi level.

3.4.1 Silane

In the first configuration, WTe interacts via van der Waals forces with silane molecules.
Silane (SiHy) is the simplest compound in the silicon hydride family, analogous to methane but
with a silicon central atom. When functionalized, as in the case of the Si;O3C7;H;g molecule (Fig.
16 a), oxygen atoms bond directly to silicon, forming Si-O bridges that enable connection with
organic groups. Silane molecules are relevant in the present study because they may functionalize
SiO, substrates, TMMs nanowires can then be deposited onto this platform and interact directly
with these molecules. In the relaxed structure formed by WTe + silane, shown in Fig. 16 b, one
silane molecule is positioned every two repetitions of the nanowire’s unit cell. The corresponding
band structure (Fig. 16 ¢) remains essentially unchanged compared to the isolated WTe nanowire,

with gap opening between conduction and valence states. The DOS panel reveals that the states
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in the Fermi level region are only from the WTe nanowire, with no relevant contributions from
the silane. This indicates that silane can act as a passive substrate for WTe, with weak electronic
interaction with WTe. The absence of significant polarization or interface states suggests that
silane does not strongly perturb the system, allowing the nanowire to maintain its intrinsic
characteristics. Such a configuration is advantageous in devices where the substrate should only

provide mechanical support without interfering with electronic functionality.

The passive behavior of silane as a substrate has been widely explored in the context
of self-assembled monolayers (SAMs), where organosilanes form stable covalent bonds with
hydroxylated surfaces, enabling the deposition of thin films or nanostructures [37] [38]. In
particular, functionalized silanes such as aminosilanes have been used to control the nucleation
and growth of silicon nanowires [39]. These studies reinforce the role of silane derivatives not
only as passive supports but also as active agents in the structural and electronic modulation
of hybrid systems. Although commonly used as a neutral substrate, under certain conditions
silane can actively interfere with the electronic structure of transition metal systems [40] [41].
Additionally, the use of organosilanes in pattern formation and selective growth of thin films
has been demonstrated in studies of transition metal—silane complexes, which highlight how
silane derivatives can influence bonding and surface interactions [37]. The versatility of silane
chemistry thus supports its application in nanodevices where substrate properties must be finely

tuned to preserve or enhance the functionality of the active material.

c)

0.4k 4 .
r Z  Total DOS

Figura 16 — a) Functionalized silane. White, black, red and pink spheres represent hydrogen,
carbon, oxygen and silicon, respectively. b) WTe nanowire with functionalized silane,
and c) its respective band structure and DOS panels. In the nanowire, cyan sphere
represents W and gray represents Te.
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342 PtS,

Now, we investigated how the platinum disulfide (PtS,) monolayer affects the characteris-
tics of WTe nanowire. PtS,, with top view shown in Figure 17a, is a 2D semiconductor material
with an indirect gap (Fig. 17 ¢). The WTe-PtS; system is shown in Fig. 17 b. The combination of
the two structures occurs with a wire length equal to 28.3 A(six repetitions of the wire unit cell).
Studies of heterostructures with PtS; indicate that it can act as a functional support, capable of
modifying the electronic structure of the main material [42]. The WTe—PtS; presents signs of
partial reorganization of electronic states, as seen in Fig. 17 d. The DOS panel shows that the
bands near to Fermi level are dominated by WTe states. However, PtS, induces a spin splitting in
the WTe bands with energy bands crossing the Fermi level. As the energy increases, the WTe
contribution decreases, and in the range 0.55 to 1 eV, PtS, states dominate. It is important to
emphasize that the DOS of PtS2 begins below the states associated with the 2D material, in the
energy range of 0.50 eV in I' — Z path. This is due to chosen path, since we are interested in the
properties of the wire and, consequently, what happens in the space reciprocal to its axis. The
DOS captures all the states in this energy range of the Brillouin zone, so these states in the range
0.50 to 0.56 €V belong to points not shown in Fig. 17 d). Therefore, our calculations indicate that
the interaction with PtS; strongly affects the electronic structure of WTe, inducing a metallic
behavior and lifting spin degeneracies. Atomic Mulliken poputation analysis indicates a charge
transfer of approximately 0.13 electrons per unit cell from WTe to PtS,. Although moderate in
magnitude, it is sufficient to shift the Fermi level of WTe and induce the spin splitting observed
in the bands near the Fermi energy, underscoring the role of PtS; as a functional support capable

of partially reorganizing the nanowire’s electronic states.

343 Crls

Finally, we consider a WTe nanowire placed near a Crl3 monolayer, a 2D ferromagnetic
material (Fig. 18a) [43] [44]. Crl3 can modulate the magnetic and electronic properties of adjacent
materials through proximity effects and strain engineering [45] [46] [47]. Wu et al. [45] showed
that Crl; monolayer exhibits strain-tunable magnetic and electronic properties, enabling control
over neighboring systems. Wang et al. [46] explored heterostructures involving Crls and other 2D
materials, revealing its potential for band engineering and spin control in flexible devices. Yang
et al. [47] demonstrated that adsorption of transition-metal atoms on Crl3 monolayers enhances
ferromagnetism and tunes electronic properties, reinforcing its role in spintronic applications. The
combination between WTe and Crlz, showed in Fig. 18b), occurs with a wire length equal to 14.95
A(three repetitions of the wire unit cell). The band structure of Crl3 (Fig. 18c) exhibits distinct
spin channels, with energetically separated bands due to exchange coupling. In WTe—Crl3 system
(Fig. 18b), this interaction produces a pronounced spin polarization, significantly altering the
WTe electronic structure (Fig. 18d). Both spin components now cross the Fermi level, resulting

in substrate-induced metallic behavior. The Mulliken population analysis revels a charge transfer
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Figura 17 — a) PtS; monolayer with c) its respective band structure. Pink and yellow spheres
represents platinum and sulfur, respectively. b) WTe nanowire with PtS,. In the
nanowire, cyan sphere represents W and gray represents Te. d) Band structure and
DOS of WTe + PtS.

of about 0.03 electrons per unit cell from WTe to Crls. This modest yet non-negligible value
supports the strong spin polarization imposed by the ferromagnetic substrate and explains the
emergence of metallic behavior in both spin channels via proximity to Crlz. The strong magnetic
coupling enables control of carrier spin, opening possibilities for spin valves, magnetic memories,

and qubits with tunable polarization.

3.4.4 Comparative analysis

The comparison between the three systems reveals how different substrates can selectively
modulate the properties of WTe nanowires. Silane preserves the wire’s original state, acting
as a neutral support; PtS, induces metallicity and spin splitting; and Crlz imposes strong spin
polarization, enabling magnetic functionalities, while also inducing transition to metallic state.
These results demonstrate that substrate choice is not merely structural but a strategic parameter
in quantum engineering, allowing the design of devices with tailored electronic and magnetic
properties. Importantly, the results reinforces the versatility of TMM nanowires. In fact, they may

present strong modulation of electronic ana magnetic properties induced by substrate effects.
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Total DOS

Figura 18 —a) Crl3 monolayer with c) its respective band structure. Purple and blue spheres
represents iodine and chromium, respectively. b) WTe nanowire with Crl,3. In the
nanowire, cyan sphere represents W and gray represents Te. d) Band structure and
DOS of WTe + Crls.
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4 MOTE NANOWIRES ARRANGED IN HONEYCOMB AND KAGOME LATTICES

So far, the investigation of one-dimensional nanowire systems has revealed a wide range of
electronic behaviors, strongly influenced by the composition, structural integrity, and surrounding
environment. Metallic and semiconducting nanowires exhibit distinct conduction mechanisms,
with band structures modulated by external factors such as strain, defects, and proximity to other
materials. Imperfections like vacancies and distortions can introduce localized states or alter
carrier mobility, while mechanical strain and nearby layers — such as functional substrates or
magnetic monolayers — can induce band shifts, gap openings, or spin polarization splitting.
These findings underscore the high tunability of 1D nanowire systems and their sensitivity to both
intrinsic and extrinsic perturbations. Motivated by these insights, we now explore configurations
in which nanowires are arranged into ordered two- and three-dimensional networks. Such
architectures enable collective electronic phenomena driven by geometry, orbital overlap, and

long-range coupling — even in the absence of direct covalent bonding.

In this context, MoTe nanowires have attracted intense attention due to their structural
flexibility [9] , unique electronic properties [26], and potential in flexible electronics [14],
spintronics [11], and catalysis [42]. Theoretical and experimental work has revealed that
compositions such as MoTe can exist both in a pure 1D phase and in 1D/2D heterostructures,
giving them versatility for integration into two- or three-dimensional networks [13] [15] [26].
Lim et al. [15] demonstrated via chemical vapor deposition (CVD) on sapphire substrates that
MoTe nanowires can be grown into ordered 2D and 3D networks, revealing substantial electronic
coupling between adjacent wires, even in the absence of covalent bonding. Their work highlights
two fundamental insights: substrate-driven growth enables precise control over wire morphology,
size, and orientation, and significant interwire hopping can emerge even in the absence of covalent
bonds. Building on these findings, this chapter investigates the feasibility of realizing prototypical
lattice electronic behaviors - Dirac cones and flat bands - in non-covalent MoTe assemblies. Using
first-principles DFT calculations, we explore nanowires arranged in honeycomb and kagome
geometries. By projecting the band structures onto the Mo-4d and Te-5p orbitals, we elucidate
the pivotal role of spin—orbit coupling (SOC) in modulating orbital hybridization and electronic
dispersion. Our results reveal that SOC-induced shifts generate distinct kagome manifolds and
Dirac states, despite the absence of covalent interwire connections. These results were previously
published on Journal of Physics: Condensed Matter [48].

Our first-principles approach is based on DFT [23,24] within the SIESTA implementation
[25]. SIESTA makes use of norm-conserving pseudopotentials and double-zeta polarized (DZP)
basis set - our basis includes 15 functions for Mo and 13 functions for Te. Exchange-correlation
interactions are treated within the Generalized Gradient Approximation in the Perdew-Burke-
Erzenholf parameterization (GGA-PBE) [27]. The geometries were optimized with a toleran ’ce

in the maximum force component in any atom of 0.002 eV'A. To validate our results, selected
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band structure calculations, including SOC, were replicated with Quantum Espresso [49-51]
using a 75 Ry plane-wave cutoff and the same GGA-PBE functional, yielding excellent agreement
with the SIESTA data.

4.1 Isolated nanowire, 2D and 3D arrangements

We begin with the basic Mole nanowire arrangements described by H. E. Lim et al. [15],
shown in Fig. 19: isolated wire, 2D and 3D lattices. The MoTle nanowire presents a lattice
parameter along its axis of 4.63 A, similar to that reported for wires grown inside CNTs [14]
and those obtained from 2H-Mole , [10]. As seen previously, we found a semiconducting
behavior for the isolated wire, with an indirect band gap of ~ 0.22 ¢V/, as shown in Fig. 19. In
contrast to isolated nanowire, the band structures of the 2D and 3D networks present a partially
occupied conduction band. These two networks mentioned reveal an important aspect to our
future discussion: the in-plane dispersions suggest relatively high interwire electronic hoppings,
as it is particularly evident in the triangular case (3D). In the next sections, we show how this

feature can be used to produce and modulate electronic states in other lattices.

Figura 19 — Structures of transition-metal monochalcogenide systems: isolated nanowire, 2D and
3D lattices. The respective band structures are shown in the bottom panels. Cyan and
gray spheres represent Mo and Te atoms, respectively. Band structures are presented
without (red lines) and with (black lines) spin-orbit coupling.
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4.2 Kagome lattice

First, we turn to the case in which the MoTe nanowires are arranged in a kagome lattice.
We address the question on the possibility to achieve the kagome idiosyncrasies in the electronic
behavior even in this non-covalent configuration. We considered the relaxed structure shown
in Fig. 20(a), with the lattice parameter set to 22.10 A. Given the substrate-driven growth of
nanowires, we envisage a scenario in which such structures could be produced if the synthesis
were conducted in association with specific molecules. These molecules would adhere to the
substrate through van der Walls (vdW) forces and interact, also non-covalently, with the Te
atoms of neighbor wires. As illustration, Fig. 20(b) shows that, for the choice of coronene as

the auxiliary molecule, ideal vdW distances lead to a kagome structure with a lattice parameter

equal to 22.10 A.

(a) (b)
Figura 20 — (a) MoTe nanowires arranged in a kagome structure with a lattice parameter of 22.10
A: cyan and gray circles represent Mo and Te atoms, respectively. (b) Schematic

illustration of coronene molecules deposited on the substrate to assist nanowire
growth in the kagome structure.

The question posed in the introduction of this chapter can now be answered with DFT
electronic structure calculations including atomic relaxations and SOC interaction for the model
lattice shown in Fig. 20(a). We focus our analyses on two-dimensional paths in the Brillouin zone.
In the k, direction, the dispersions will always be large due to the covalent bonds along the axis
of the nanowires. The band structure, shown in Fig. 21, does reveal a pair of kagome manifolds
clearly seen above and below the Fermi energy, which is set to zero. In the fatband scheme, orange
and blue circles (lines) indicate contributions from Te p-orbitals and Mo d-orbitals, respectively.
Therefore, the set of unoccupied kagome bands comes from Te orbitals; more specifically, as
shown in the projected density of states (PDOS) presented in the right panel of Fig. 21, it is the
in-plane p, and p, orbitals that are responsible for the largest contributions. On the other hand,
the occupied manifold is mostly contributed by Mo d-orbitals, with minor hybridization with Te
p-orbitals. Again, this aspect is quantified in the PDOS plot of the right panel: the in-plane Mo

d-orbitals (d, and d;2_,2) are the most important orbitals to these states.
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Figura 21 — Band structure and projection of the density of states for the nanowires arranged in
kagome structure. The calculations include SOC and are presented in the fatband
scheme. Orange and blue colors represent contributions from the Te-5p and Mo-4d
orbitals, respectively. The PDOS scales (in arbitrary units) are the same in the two
panels.

We devised a series of calculations to shed light on the above electronic structure. Firstly,
we focused on the question “what is the role of spin-orbit interaction to the formation of the
kagome bands?". The answer reveals an important aspect of the MoTe nanowire physics: the
Mo d-orbital kagome set is completely originated from this interaction. Indeed, Fig. 22 shows
the DFT band structure calculated without SOC. Concerning the kagome manifolds, there is no
change in the Te p-bands in the conduction region, and a drastic effect in the Mo d-set, which,
in fact, can no longer be identified. By comparing the projected density of states presented in
the right panel of Fig. 22 with that of Fig. 21, it is reasonable to conclude that SOC induces
an energy shift in the contributions originated from Mo in-plane states (dyy, d,2_,2), leaving

unaffected those of d,2, in accordance with the intra-atomic SOC Hamiltonian

A
Hsoc = %La - Sa s 4.1)

with atom index a and SOC coupling \,) and the fact that m = 0 for d,2, while m = —2,2 for
dyy and dxz_yz [52]. Detached from d,» contributions, hybrid in-plane states become able to
form unperturbed kagome states, as seen in the energy range from —0.1 to — 0.02 eV of the
band structure shown in Fig. 21. Comparing the band structures with and without SOC we can
estimate the energy shifts in the range of 80 to 100 meV. Therefore, a first conclusion is that
the Te in-plane p-orbitals form kagome states in the conduction band, while the Mo d-kagome

manifold is SOC-induced in the valence region.

A second critical parameter is the distance between the individual wires, which defines the
lattice parameter and controls the neighboring hopping magnitudes. As mentioned, the structure
shown in Fig. 20 can be realized with a proper treatment of the substrate, possibly with inclusion

of a molecule of the size of coronene during growth. If a slightly smaller molecule is used, the
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Figura 22 — Band structure (without SOC) and corresponding PDOS for the MoTe kagome
structure with lattice parameter 22.10 A. The PDOS scales are the same in the two
panels. In the fatband scheme, orange and blue lines represent contributions from
Te-5p and Mo-4d orbitals, respectively.

lattice parameter may be reduced to 18.44 A, which corresponds to the equilibrium parameter for
the MoTe nanowires in a kagome configuration. The smaller interwire distance brings important
consequences to the electronic structure. As shown in Fig. 23(a) (without SOC), the two sets
of kagome states, those originated from in-plane Te p- and Mo d-orbitals, are now found to be
coupled. This is the result of a nonzero hopping between Te and Mo in-plane hybrid orbitals.
By comparing Fig. 23(a) (wihout SOC) and (b) (with SOC), it becomes clear that the effect
of SOC is particularly strong in the valence region. Distinct from the expanded lattice case of
Fig. 21, the combination of additional hoppings and SOC which characterizes this case induces
great distortions in the shape of Dirac and flat bands below the Fermi level. Shifts in the Mo d-
contributions are accompanied by enhancement of dispersions even in portions dominated by Te
p-orbitals (orange lines in the figure), which is the result of the strong hybridization between p
and d orbitals.

So far, we have presented the results carried out with the SIESTA implementation of
the DFT formalism. To ensure robustness to our results, we show, in Fig. 24, test calculations
performed with the Quantum Espresso package, which makes use of a plane wave basis set. We
choose two cases: Mole nanowires arranged in a kagome lattice in the relaxed lattice parameter
of 18.44 A(left panel) and in the extended structure (right panel - lattice parameter of 22.10 A).
In both band structures, SOC is included. In fact, there is a remarkable agreement with Figs.
212(c) and 233(c), developed with the SIESTA implementation.

4.3 Honeycomb lattice

Now, we address the issue on the characterization of electronic states when the MoTe
nanowires are arranged in a honeycomb structure. We applied basically the same methodology as

before, combining relaxations with band structures calculations. For the structure represented
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(b)

Figura 23 — (a) Band structure (without SOC) for the MoTe kagome structure with the relaxed
lattice parameter of 18.44 A. (b) Same as (c) expect for the inclusion of SOC. In
the fatband scheme, orange and blue lines represent contributions from Te-5p and
Mo-4d orbitals, respectively.

02k 1 A
— Y
> 01 T
(D] | ] i
~ Do
R | AN S S -
= L
=
Ny ————
| |
I' MK T Z

Figura 24 — Band structures (including SOC) for MoTe nanowires in kagome lattices with lattice
parameter of 18.44 A(left panel) and 22.10 A(right panel).

in Fig. 25(a), we found a lattice parameter of 15.47 A, resulting in minimal distances between
nanowires of 3.55 A. In Fig. 25(b), the band structure without SOC interaction reveals a pair
of Dirac bands strongly concentrated in the Te p-orbitals, and the emergence of a flat band
very close to the Fermi level. The flat band comes almost entirely from in-plane Mo d- and
Te p-orbitals, with small contributions from Mo d,2 orbitals. Fig. 25(c) details the electronic
behavior upon inclusion of SOC interaction. As before, SOC affects the in-plane Mo d-orbitals,
leaving unaffected the bands originated from Te. In fact, the Dirac point formed by the crossing
of bands with p, p, character can still be found at £/ ~ 0.1 eV/. However, SOC-induced energy
shifts strongly alter the flat band, which acquires a dispersive feature, especially in the I’ — M
and K — I directions. In the M — K direction, the dispersion is relatively small, with a width of
0.01 eV, 80% smaller than that of the pair of Dirac bands.

How does this scenario change if the lattice is expanded? By increasing the lattice constant
by 20 %, we found the band structures shown in Fig. 26 (a) (without SOC) and (b) (with SOC). In
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Figura 25 — (a) MoTe nanowires arranged in honeycomb structure with relaxed lattice parameter
of 15.47 A. (b) Corresponding band structure without SOC and (c) with SOC. In (c)
the PDOS is also shown in the two right panels, both in the same scale. In the band
structures, orange and blue lines of the fatband scheme indicate Te-5p and Mo-4d
contributions, respectively.

the conduction band, both results indicate the pair of Dirac bands, almost exclusively originated
from Te p-orbitals. Once again, the SOC effect is drastic in the Mo in-plane d-bands, which may
be found in the occupied region of the spectrum. By introducing SOC, shifts in the in-plane Mo
d-orbitals become responsible for a second set of Dirac bands that emerge in the valence region
in the energy range from ~ -0.1 eV to the Fermi level at zero energy. As before, we estimated the
energy shifts to be in the range 80 to 100 meV. A small gap of 0.01 eV is found at the K point

separating the two bands of this manifold.

4.4 Conclusions

In summary, our calculations indicate that MoTe nanowires may be suitable building
blocks to achieve typical electronic behaviors of specific lattices. These behaviors include Dirac
states and flat bands. The relatively large hopping integrals, even in non-covalent configurations
and which may be modulated by changing the interwire distance, and the spin-orbit coupling are
important ingredients behind the phenomenology. The nanowire lattices offer the possibility of
modulation of the electronic states by suitably doping the systems, which may be achieved by

intercalating donor or acceptor atoms or molecules in the lattices.
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Figura 26 — Band structures and corresponding PDOS (a) with SOC and (b) without SOC for
MoTe nanowires in an extended honeycomb structure ( lattice parameter increased
by 20% relative to the relaxed one). Orange and blue colors in the fatband scheme
represent contributions from the Te-5p and Mo-4d orbitals, respectively. The PDOS
scales (in arbitrary units) are the same in all plots.
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5 GENERAL CONCLUSIONS

Throughout this thesis, we have conducted a comprehensive investigation into the
structural and electronic properties of one-dimensional TMM nanowires, ranging from isolated
systems to two- and three-dimensional arrangements with specific geometries, such as kagome and
honeycomb networks. The approach combined first-principles calculations, structural relaxations,
and detailed analyses of electronic band structures and projected densities of states, enabling
direct correlations between chemical composition, lattice topology, and emergent electronic

phenomena.

In Chapter3, we demonstrated that isolated nanowires exhibit a remarkable electronic
duality: MoS and MoSe behave as genuine metals, whereas MoTe and WTe are narrow-gap
indirect semiconductors, with gaps on the order of 0.1-0.2eV. This versatility stems from the
choice of transition metal and chalcogen, allowing fine control over both the width and nature of
the gap. We also explored a heterostructure consisting of a metallic MoSe segment embedded in a
semiconducting MoTe matrix, where discrete, flat electronic states appear within the gap, localized
in the metallic region and confined by the semiconducting host. This result highlights the potential
of chemical and structural engineering to create localized states in 1D systems. Furthermore, we
showed that uniaxial strain in MoSe nanowires can drive a controlled metal-to-semiconductor
transition, with a direct gap of 0.34eV opening at ~ 10% elongation, demonstrating the feasibility
of reversible “‘straintronic” devices. Finally, we examined the influence of different substrates
on WTe nanowires: silane acts as a neutral support, preserving the intrinsic properties; PtS;
maintains the band topology but induces spin splitting; and Crl3 imposes strong spin polarization,

turning WTe metallic and enabling spintronic functionalities.

In Chapter4, we advanced to ordered architectures of Mole nanowires in 2D and 3D
networks, showing that even without direct covalent bonds, these configurations can sustain
phenomena typical of crystalline solids, such as Dirac cones and flat bands. In the kagome lattice,
we found that the Mo d-orbital kagome manifold is entirely induced by spin—orbit coupling
(SOC), while the Te p-orbital kagome states remain robust. Varying the lattice parameter strongly
modulates p—d coupling, altering the shape and dispersion of flat bands and Dirac cones. In the
honeycomb lattice, we observed the coexistence of Dirac bands and flat bands near the Fermi
level, with SOC selectively affecting Mo d orbitals and potentially generating a second set of
Dirac cones in the valence region. In both cases, inter-wire distance and lattice geometry proved

to be critical parameters for controlling the electronic spectrum.

Taken together, the results of this thesis demonstrate that lattice topology, inter-wire
spacing, and chemical composition are equally important control parameters in defining the
electronic spectrum. Spin—orbit coupling emerges as a key element for inducing and tuning
electronic states in nanowire-based architectures, and non-covalent arrangements can sustain

complex electronic phenomena provided there is sufficient orbital overlap. These conclusions
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not only deepen the fundamental understanding of low-dimensional systems but also point
toward applications in electronics, spintronics, and quantum devices, where precise manipulation
of Dirac states, flat bands, and spin—orbit interactions is desired. Future work may explore
external fields, controlled doping, and interaction with functional substrates to further expand the

accessible property space.
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