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Resumo

A busca por novos materiais bidimensionais com propriedades adequadas para aplicações tec-
nológicas reúne um interesse cada vez maior dentro da comunidade de matéria condensada. De
fato, é de grande importância a utilização de métodos teóricos para investigar as propriedades
eletrônicas e estruturais desses materiais, dado que os mesmos podem apresentar uma série de
propriedades exóticas com grande interesse físico e químico. Uma das teorias de maior sucesso
nessa área é a teoria do funcional da densidade, que permite a investigação de nanomateriais
sem a utilização de parâmetros empíricos e com excelente eficiência computacional. Buscamos
nessa tese empregar a teoria do funcional da densidade para estudar a versão bidimensional
do antimônio (o antimoneno) através de diferentes pontos de vista: Primeiro, estudamos as
transições eletrônicas e estruturais sofridas por poucas camadas de antimoneno funcionalizadas
por diferentes grupos químicos. Em segundo lugar, investigamos os mecanismos para emergência
de bandas planas na estrutura de bandas eletrônicas de bicamadas de antimoneno giradas. Em
seguida, também utilizamos dinâmica molecular livre de parâmetros empíricos para estudar os
efeitos de baixa temperatura nos modos de vibração de uma monocamada de antimoneno. Por
último, em colaboração com o laboratório de Nanoscopia da UFMG, estudamos as transições
eletrônicas e estruturais sofridas por heteroestruturas de grafeno/nitreto de boro hexagonal ao
serem pressionadas em experimentos de microscopia de força atômica. De forma geral, obser-
vamos diversas propriedades interessantes que ratificam o antimoneno como um nanomaterial
promissor para aplicações tecnológicas e como plataforma para investigar propriedades físicas
exóticas.

Palavras-chave: DFT. Antimoneno. Bandas flat. Grafeno.



Abstract

The search for new two-dimensional materials with properties suitable for technological applica-
tions is attracting growing interest among condensed matter physicists. It is very important to
use theoretical methods to investigate the electronic and structural properties of these materials,
given that they can present a series of exotic properties that are of great physical and chemical
interest. One of the most successful theories in this area is the density functional theory, which
allows the investigation of nanomaterials without the use of any empirical parameters and with
excellent computational efficiency. In this thesis, we seek to use the density functional theory
to study the two-dimensional version of antimony (antimonene) from several points of view:
First, we studied the electronic and structural transitions undergone by few layers antimonene
functionalized by different chemical groups. Second, we investigated the mechanisms for flat
band emergence on the twisted antimonene bilayer electronic bandstructure. Then, we also used
ab initio molecular dynamics to study the effects of low temperature on the vibration modes of
the antimonene monolayer. Finally, in collaboration with the Nanoscopy laboratory at UFMG,
we studied the electronic and structural transitions undergone by graphene/hexagonal boron
nitride heterostructures compressed in atomic force microscopy experiments. In general, we
observed several interesting properties that confirm antimonene as a promising nanomaterial for
technological applications and as a platform to investigate exotic physical properties.

Keywords: DFT. Antimonene. Flat bands. Graphene.
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Introduction

“If time was on my side, I’d still

have none to waste”

Believe - Eminem

After almost 20 years since the synthesis of graphene [1], it is formidable how much
we have learned about the physical properties of materials at the two-dimensional scale. Yet,
there is an ever growing interest in the so called nanomaterials, not only in the discovery
of novel compounds, but also in the modulation of their electronic, optical and structural
properties through nanomanipulation. The reasoning behind this race is clear: the amount of
new fundamental physical phenomena and technological applications provided by 2D materials
is endless. Graphene, for instance, is promised to yield a wide range of applications such as
ultra-sensitive chemical sensors, quantum dot devices, thin-film transistors, conductive films as
well as biomedical and microelectronics applications [2–7]. Moreover, recent results showed
again the capacity of graphene to surprise: Yuan Cao et. al. [8] reported the observation of
unconventional superconductivity in a two-dimensional superlattice of twisted graphene bilayers.
When the two sheets of graphene have a relative angle of approximately 1.1° (the first “magic”
angle), flat bands emerge in the vicinity of the Fermi level in the electronic band structure,
giving rise to correlated insulating states at half filling which can be tuned using electrostatic
doping to zero-resistance states at 1.7 K. These correlated states are consistent with Mott-like
insulator states, a consequence of electrons being localized in a superlattice generated by the
moiré pattern [9]. The existence of such exotic properties in twisted graphene bilayers paves the
way for the investigation of different kinds of 2D materials in similar situations. The van der
Waals heterostructures - 2D materials obtained by the stacking of individual layers bonded by van
der Waals forces - provide a never-ending playground to explore new physics [10, 11]. Exciton
superlattices in twisted transition metal dichalcogenides [12, 13], topological polaritons and
photonic superlattices in 2D twisted metal oxides [14], modulation of van der Waals potential in
twisted hexagonal boron nitride (hBN) bilayers [15], and interlayer magnetism in the stacked 2D
magnetic semiconductors [16] are only a few examples of how the moiré pattern in 2D materials
can give rise to exotic and interesting physical phenomena. Part of this thesis is dedicated to
extend the investigation of the flat band mechanism in novel 2D materials.

Alternatively, manipulation of the surface chemistry of 2D materials can also lead to
interesting electronic and structural transitions. Adsorption of chemical groups on the top and/or
bottom layers of 2D materials such as graphene and hBN few layers can favor the formation
of 2D diamond-like structure under pressure [17, 18]. Moreover, chemical functionalization
of graphene with fluorine (Fluorographene) [19], hydrogen (graphane) [20], and oxygen [21]
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atoms can drastically change their electronic properties, becoming insulators that can be used in
nanodevices [10]. On the other hand, Xihong Peng and Qun We [22] reported theoretical evidence
of a different kind of structural and electronic modulation: Functionalization of phosphorene with
OH, O, H, F, and Cl induced disruption of the covalent bonds, acting as a chemical scissor to cut
phosphorene. The electronic structure of the final phosphorus nanochains ranges from insulator
(fully hydrogenated case) to one-dimensional Dirac material (without any functionalization) in
which the charge carriers are massless Fermions. In light of these results, we dedicated a major
part of this thesis to investigate the electronic and structural transitions of 2D heterostructures
under pressure and the chemical functionalization effects on novel 2D materials.

Furthermore, an important aspect of nanodevices development is to understand the
temperature effects in their physical properties. Temperature-dependent Raman spectroscopy pro-
vides a crucial way of investigating the normal mode frequency of two-dimensional nanomaterial.
Indeed, Damien Tristant et. al. [23] reported frequency downshifts to the Raman active modes of
black phosphorus as well line width increases with increasing temperature. Tian Lan et. al. [24]
performed similar measurements on rutile titanium dioxide (TiO2) from 100 to 1150 K where
they could discriminate the quasiharmonic effects of the thermal expansion from the anharmonic
effects of the phonon-phonon interactions. From the theoretical point of view, one of the most
successful ways of studying the temperature effects on the phonon modes is via the velocity
autocorrelation function [23–26]. Using molecular dynamics, one can calculate the velocity
of each timestep of the simulation, calculate the velocity autocorrelation function and obtain
the phonon spectra through the Fourier transform. By combining theoretical and experimental
methods, one can understand and hopefully manipulate the phonon scattering in 2D materials,
which could result in better thermoelectric devices and improved heat dissipation on nanoscale
transistors. As such, we will use this theoretical technique to investigate the low-temperature
effects on the phonon bandstructure of novel 2D materials.

Finally, we can summarize the general objectives of this thesis in the following topics:

• Investigate the electronic and structural properties of promising 2D material antimonene
through chemical functionalization;

• Study the flat band emergence mechanism in this new material and ways to tune the
resulting flat bands;

• Explore the low-temperature effects on the phonon bandstructure of antimonene mono-
layer;

• And finally, investigate the electronic and structural transitions in two-dimensional het-
erostructures under pressure.

This thesis is organized as follows: In chapter 1 we discuss all the basic theoretical
foundations for the investigation of the electronic and structural properties of 2D materials. In
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chapter 2 we introduce the antimonene phases and properties, with a general description of bulk
and two-dimensional structures. In chapter 3 we start investigating electronic and structural
transitions induced by the chemical functionalization of antimonene few layers. In chapter
4 we investigate the flat band emergence on twisted antimonene bilayers. In chapter 5 we
use molecular dynamics to study the low-temperature effects on the phonon bandstructure of
antimonene monolayer. In chapter 6, the electronic and structural transition of compressed
graphene/hexagonal boron nitride heterostructures are investigated. Finally, in chapter 7 we
present our conclusions and future perspectives.
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1 Electronic structure methods

“Time is never time at all

You can never ever leave

Without leaving a piece of youth”

Tonight, Tonight - The Smashing

Pumpkins

In this chapter, we will discuss the theoretical methods to investigate the electronic and
structural properties of 2D materials. We are interested in nanoscale systems, so a dive into the
realm of quantum mechanics is necessary. Our descriptions start from the fundamental problem
of the solid-state description: solving the Schroedinger equation for an interacting electron
system.

1.1 The interacting electron problem

In a nutshell, the properties of atoms, molecules and solids can be investigated solving
the Schroedinger equation for the electrons and nuclei, which defines a interacting quantum
many-body problem:

Ĥ Ψ({ri};{Rα}) = EΨ, (1.1)

where Ĥ is the hamiltonian operator, Ψ is the wavefunction of all atomic and electronic
coordinates represented by Rα and ri respectively. To solve the above equation, one needs to use
several approximations. The first one is to consider the non-relativistic hamiltonian, composed
of the sum of the kinetic energy and Coulomb interaction of the electrons and nuclei [27, 28]:

Ĥ =−1
2

N

∑
i=1

∇
2
i −

1
2

M

∑
α=1

1
Mα

∇
2
α +

1
2

N

∑
j 6=1

N

∑
i=1

1
|ri− r j|

+
1
2

M

∑
α 6=β

M

∑
β=1

ZαZβ

|Rα −Rβ |
−

N

∑
i=1

M

∑
α=1

Zα

|ri−Rα |

= T̂e + T̂N +V̂ee +V̂NN +V̂Ne

(1.2)

where T̂e is the electron kinetic energy operator, T̂N is the nucleus kinetic operator, Mα is the
nuclear mass indexed by α at the position Rα , V̂ee is the electron-electron repulsive potential
operator, V̂NN is the nuclei repulsive potential operator, and V̂Ne is the attractive potential energy
between electron and nucleus. The i and j indices refer to electrons and α and β to nuclei. Using
atomic units, the electron mass, charge, and Planck constant are unitary.

A second step toward the simplification of the equation 1.2 is the Born-Oppenheimer
approximation. It states that since the electron mass is almost two thousand times smaller than
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that of the proton, they move much faster than the nuclei and therefore we can decouple the
movement and fix the nuclei:

Ĥ = T̂e +V̂ee +V̂Ne +V̂NN = Ĥele +V̂NN . (1.3)

We can now solve separately the electron part of the hamiltonian, in which the resulting
wavefunction will depend explicitly on the electron coordinates and parametrically on the nuclei
coordinates:

ĤeleΦele({ri};{Rα}) = EeleΦele({ri};{Rα}). (1.4)

The total energy of the system can be defined as [27]:

Etotal = Eele +
1
2

M

∑
α 6=β

M

∑
β=1

ZαZβ

|Rα −Rβ |
, (1.5)

where Eele is the total electronic energy, which provides a potential to the nuclei movement.

Even with these approximations, obtaining the electron wavefunction is a complex
problem. The main challenge comes from the repulsive interaction between the N electrons in
the Schroedinger equation for molecules or solids. The first approach to this problem is through
the independent particle approximation: Each electron moves independently in an effective
potential which brings the effect of the remaining electrons. In this approximation, the problem
of calculating the electron wavefunction Φele for N electrons divides in searching for a set of
solutions {φi} for N one-electron equations.

The electron wavefunction must also satisfy the symmetrization postulate, which states
that the wavefunction of fermions (such as electrons) must obey the Fermi-Dirac distribution and
be antisymmetric under coordinates exchange:

Φ(x1, ...,xi, ...,x j, ...,xN) =−Φ(x1, ...,x j, ...,xi, ...,xN). (1.6)

One can construct the total electron wave function as a combination of Slater determinants
which forms a complete base:

|Φ〉= c0 |Ψ0〉+∑
ra

cr
a |Ψr

a〉+ ∑
a<b
r<s

crs
ab |Ψ

rs
ab〉+ . . . , (1.7)

where |Ψ0〉 is the ground state Slater determinant constructed from the set of N one electron
states:

|Ψ0〉=
1√
N!

∣∣∣∣∣∣∣∣∣∣
φi(x1) φ j(x1) . . . φk(x1)

φi(x2) φ j(x2) . . . φk(x2)
...

...
...

φi(xN) φ j(xN) . . . φk(xN)

∣∣∣∣∣∣∣∣∣∣
, (1.8)

and |Ψr
a〉 is the excited determinant, in which the occupied orbital φa was replaced by the virtual

orbital φr.
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1.2 The Hartree-Fock method

If one truncates the infinite series 1.7 in the first term, only the ground state Slater
determinant (equation 1.8) will be used to describe the electron wave function and to solve the
Schroedinger equation. This is the essence of the Hartree-Fock (HF) method. Let us assume that
each φi(x1) is a spin-orbital function, obtained by the product of an position function ψσ

i (r j) and
a spin variable function αi(σ j). For simplicity, let us consider a spin-independent hamiltonian,
for which the total electronic energy is given by:

〈Φ|Ĥ |Φ〉= ∑
i,σ

∫
d3rψ

σ∗
i (r)

[
−1

2
∇

2 + vext(r)
]

ψ
σ
i (r)+VNN

+
1
2 ∑

i, j,σiσ j

∫
d3rd3r′ψσi∗

i (r)ψσ j∗
j (r′)

1
|r− r′|

ψ
σi
i (r)ψσ j

j (r′)

−1
2 ∑

i, j,σ

∫
d3rd3r′ψσ∗

i (r)ψσ∗
j (r′)

1
|r− r′|

ψ
σ
j (r)ψ

σ
i (r
′)

(1.9)

where the two first terms groups the one particle mean values which involve sums over all orbitals
and the mean value of the potential energy of the nuclei (VNN). The third and fourth terms are
the “direct” and exchange interactions among the electrons, respectively, which are both double
sums. We kept the i = j terms because they cancel out in the direct and exchange sums, allowing
us to obtain the electron density from summing over all orbitals. The minimization of the total
energy with respect to the ψi orbitals, while keeping the orthogonality among them, leads to the
Hartree-Fock equations:

Ĥ i
HFψ

σ
i (r) =

[
−1

2
∇

2 +Vext(r)+VH(r)+V̂ i,σ
x (r)

]
ψ

σ
i (r) = ε

σ
i ψ

σ
i (r) (1.10)

where VH(r) is the direct potential (or Hartree potential) and Vext(r) is the exchange potential
which comes from the antisymmetrization of the wavefunctions, acting to keep electrons with
the same spin apart. The direct potential is the average Coulomb repulsion between the electron
described by ψi and the other electrons. Although this average potential allows the separation of
the problem in N independent problems, the correlation effect in the electrons is lost since the
exact Coulomb repulsion changes when the other electrons move. In order to include correlation
effects in the electronic hamiltonian, one must go beyond the HF method, that is, include
more terms of the series in 1.7, a method called Configuration Interaction (CI). However, the
computational cost of CI increases fast, being limited to very simple systems.

1.3 The density functional theory

The density functional theory (DFT) is an ab initio formalism (free of empirical parame-
ters) to the description of the ground state of matter. The main advantages of DFT over HF and
CI is the relatively low computational cost even for big systems and the inclusion of correlation
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effects. The fundamental idea of DFT is that the properties of a many-body interacting system can
be described as a functional of the electron ground state density n0. The theory was proposed by
Pierre Hohenberg, Walter Kohn, and Lu Jeu Sham [29, 30] and is based on the Hohenberg-Kohn
theorems and the Kohn-Sham equations, that we shall describe in the next subsections.

1.3.1 The Hohenberg-Kohn theorem

The two theorems demonstrated by Hohenberg and Kohn can be stated as [29]:

Theorem 1.3.1. For any interacting particle system in an external field Vext(r), the potential

Vext(r) is solely defined by the density of the ground state n0(r), excepted by a additive constant.

Theorem 1.3.2. One can define an energy functional E[n] in terms of the density n(r), valid for

any external potential Vext(r). For a specific Vext(r), the exact ground state energy is an global

minimum of E[n], and the ground state density n0(r) minimizes this functional.

The proof of these theorems can be found extensively in literature [29, 31–33], therefore
we will focus only on the main consequences. We can summarize the physical implications of
these theorems in three important points [31]:

1. The ground state wavefunction is a unique functional of the ground state electron density.

Ψ0(r1,r2, . . . ,rN) = Ψ0([n0(r)]). (1.11)

As a consequence, the expected value of the ground state over any observable Ô is a
functional of n0(r),

O0 = O[n0] = 〈Ψ[n0]|Ô|Ψ[n0]〉 . (1.12)

2. The ground state energy E0,

E0 = E[n0] = 〈Ψ[n0]|Ĥ |Ψ[n0]〉 , (1.13)

has the variational property
E[n0]≤ E[n′], (1.14)

where n0 is the ground state density, n′ is any other density, Ĥ = T̂ + V̂ee + V̂ is the
hamiltonian, T̂ is the kinetic energy, V̂ee is the interaction energy between the electrons
and V̂ is the potential energy of the external field due to the positively charged nuclei.
Therefore, the ground state electron density minimizes the total energy of the many-body
system.

3. The kinetic energy and interaction energy of a non-relativistic Coulomb system are de-
scribed using universal operators, and E[n] can be written as

E[n] = T [n]+Vee[n]+V [n] = F [n]+V [n], (1.15)
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where F [n] is a universal operator of the type 1.12 and independent of the external potential.
However, this potential energy due to an external potential vext(r) can be written explicitly
as

V [n] =
∫

n(r)vext(r)d3r (1.16)

is non-universal, that is, it depends on the system to be studied. Therefore, once the system
is specified, the functional V [n] is known.

Despite a great theoretical advance, the theorems of Hohenberg and Kohn do not provide
a systematic method for solving the many-body problem. We must then look into the formalism
derived by Kohn and Sham [30]: The single-body auxiliary system.

1.3.2 The Kohn-Sham equations

The Kohn-Sham (KS) equations [30] map into the problem of many interacting electrons
to a problem of non-interacting electrons moving in an effective potential due to all the other
electrons. First, we rewrite the electronic density as

n(r) = ∑
σ

n(r,σ) = ∑
σ

Nσ

∑
i=1
|ψσ

i (r)|2, (1.17)

the kinetic energy of the non-interacting system as

Ts =−
1
2 ∑

σ

Nσ

∑
i=1
〈ψσ

i |∇2|ψσ
i 〉=

1
2 ∑

σ

Nσ

∑
i=1

∫
d3r|∇ψ

σ
i (r)|2, (1.18)

and the Coulomb energy associated with the electron density n(r) as

EH [n] =
1
2

∫
d3rd3r′

n(r)n(r′)
|r− r′|

. (1.19)

KS’s approach to the interacting system is to rewrite the total energy functional of the system in
the form:

EKS = Ts[n]+
∫

d3rVext(r)n(r)+EH [n]+ENN +Exc[n], (1.20)

where all the correlation and exchange effects are grouped under the term Exc[n]:

Exc[n] = Tc[n]+Vc[n]+Vx[n], (1.21)

where Tc[n] is the contribution to the kinetic energy of the correlated system, Vc[n] and Vx[n] is
the electronic correlation potential and exchange interaction, respectively.

By minimizing the equation 1.20 with respect to density n(r,σ), one can obtain the
solution for the KS auxiliary system for the ground state. However, Ts is expressed explicitly as
an orbital functional, and all other terms are considered density functionals, so we must use the
chain rule to derive the variational equation:

δEKS

δψσ∗
i (r)

=
δTs

δψσ∗
i (r)

+

[
δEext

δn(r,σ)
+

δEH

δn(r,σ)
+

δExc

δn(r,σ)

]
δn(r,σ)

δψσ∗
i (r)

= 0 (1.22)
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subject to the condition of orthonormality

〈ψσ
i |ψσ ′

j 〉= δi, jδσ ,σ ′. (1.23)

The minimization process leads to the effective hamiltonian:

Ĥ σ
KS(r) =−

1
2

∇
2 +V σ

KS(r), (1.24)

with

V σ
KS =Vext(r)+

δEH

δn(r,σ)
+

δExc

δn(r,σ)

=Vext(r)+VH(r)+V σ
xc .

(1.25)

Once the independent particle equations are obtained, the potential must be calculated
self-consistently with the resulting density. If it were possible to know the exact exchange and
correlation functional, then the hamiltonian 1.24 would lead to the exact ground state energy and
density. Fig. 1.1 illustrates the cycle for calculating physical observables in the KS formalism.

Figure 1.1 – DFT self-consistent cycle

However, an explicit expression for the Exc[n] is unknown. To be able to apply all
the formalism developed, one must assume new approximations to the exchange-correlation
functional: The local density approximation (LDA).

1.3.3 Approximations in the DFT

In their original work, Kohn and Sham argued that in certain cases a metal could be
approximately treated as a homogeneous ideal gas. In this limit, it is known that the exchange
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and correlation energy has a local character and therefore they proposed that the exchange and
correlation energy density εxc([n],r) is the same as that in a homogeneous electron gas with the
same density at a point r. Then Exc[n] can be written as

ELDA
xc [n] =

∫
d3rn(r)εhom

xc (n(r)). (1.26)

This approximation is known as the local density approximation (LDA) and is one of the
most common approaches to treat the exchange-correlation functional since εhom

xc (n(r)) can be
obtained by numerical methods such as Monte Carlo [34]. There is also an approach to improve
the results obtained by the LDA in certain systems. In the generalized gradient approximation
(GGA) it is proposed to modify the behavior of the functions including the dependence on the
density gradient, leading to:

EGGA
xc [n] =

∫
d3rn(r)εxc(n(r), |∇n(r)|). (1.27)

One of the most used approaches nowadays and which obtains excellent results is the
functional GGA-PBE, proposed by Perdew, Burk, and Enzenholf in 1996 [35].

1.4 Molecular dynamics

In one of the projects of this thesis, we also performed ab initio molecular dynamics
(AIMD) calculations. Via numerical solutions to Newton’s equation of motion, one can use
molecular dynamics to simulate the temporal evolution of a system. The equation of motion for
a set of nuclei treated as classical masses are

MIR̈I =−
∂E
∂RI

= FI[{RJ}], (1.28)

where E[{RJ}] are the interacting energy depending of the particle positions {RJ}. Several
different algorithms can be used to solve the discretized equation with discrete time steps, such
as the Verlet algorithm [36]. At each time step t, the idea is to update the atomic position of each
nucleus to the next time step t + ∆t depending on the forces acting on it at the present time step
(see the derivation on Appendix A):

RI(t +∆t) = 2RI(t)−RI(t−∆t)+
(∆t)2

MI
FI[{RJ}]. (1.29)

Classical molecular dynamics uses predefined (usually empirical) potentials to describe
the interatomic interaction. However, molecular dynamics simulations with forces derived directly
from the DFT formalism are possible thanks to advances in electronic structure calculations.

MD calculations are usually performed in a closed system in a microcanonical ensemble,
where the energy (E), number of particles (N), and volume (V) are kept fixed (NVE). However,
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we will be using a different ensemble for the calculations in this thesis: Using the canonical
ensemble, one can use the Nosé thermostat [37] to control the temperature over the simulation
time steps.

1.5 Pseudopotentials

After the development of the HK theorems, the KS equations, and the appropriate
approximations for the exchange and correlation functional, we can finally carry out the electronic
structure calculations in a systematic way. However, the high computational cost for large systems
is still a challenge that must be addressed. In the pseudopotential approximation, the strong
Coulomb potential of the nuclei and the effects of the electrons strongly bounded to the nucleus
are replaced by an effective ionic potential acting on the valence electrons. The justification for
this approximation is that the electrons close to the nucleus are so strongly bound to it that they
do not effectively participate in chemical bonds. In this way, the electronic structure calculations
become simpler and more efficient.

1.5.1 Norm-conserving pseudopotentials

The concept of the norm-conserving pseudopotentials was established by Hamann,
Schlüter and Chiang [38] to define a category of pseudopotentials with a list of desirable
properties:

1. Real eigenvalues and pseudo eigenvalues must be equal for a given atomic configuration;

2. The real wave function and the pseudo wave function (PP) must be the same for r > rc,
with rc being the cutoff radius that separates the nucleus from the valence electrons:

ψ
PP(r) = ψ

real(r) r > rc; (1.30)

3. the integrals from 0 to r of the charge density and the pseudo charge density must be equal
for r > rc for each valence state:

r∫
0

|ψPP(r)|2dr =
r∫

0

|ψreal(r)|2dr r > rc; (1.31)

4. the logarithmic derivatives of the real wave function and the pseudo wavefunction and
their respective first derivatives must be equal for r > rc.

Such properties are crucial to ensure good transferability of the pseudopotential to a
variety of chemical environments. Fig. 1.2 illustrates property 2 for the pseudo-wave function,
and also shows an example of a pseudopotential and its comparison with the Coulomb potential.



Chapter 1. Electronic structure methods 23

Figure 1.2 – Comparison between the wave function and the real Coulomb potential with the
pseudo wavefunction and the pseudopotential.

1.6 Implementation

Once the fundamental theoretical formalism was established, we need to address the
different ways one can numerically implement it. In this thesis, we used two of the most common
ways to apply DFT methods: The Linear Combination of Atomic Orbitals (LCAO) and the plane
waves (PW) method.

1.6.1 The LCAO method

In the LCAO formulation, the basis functions used to solve the HK equations are defined
as atomic or atomic-like functions. As such, this basis provides a physical motivated description
of the electronic states in materials. The LCAO code that we will use in this thesis is the SIESTA
(Spanish Initiative for Electronic Simulations With a Thousand of Atoms) [39]. In the LCAO
method, which in employed in the SIESTA code, the calculations of molecular properties are
done by expressing the KS orbitals as a linear combination of atom-centered basis functions:

ψi(r) =
κ

∑
ν=1

Cν iφν . (1.32)

Among the possible functional forms for the basis functions φν , the most commonly
used are Slater-type orbitals, Gaussian functions, and numerical basis functions. Therefore, using
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the expansion 1.32 in the KS equations we have

Ĥ ψi(r) =Eiψi(r)

∑
µ

CµiĤ φµ(r) =Ei ∑
µ

Cµiφµ .
(1.33)

If we multiply by φ∗ν and integrate it over the entire space, we can rewrite the equation
1.33 as

∑
µ

[∫
d3rφ

∗
ν (r)Ĥ φµ(r)−Ei

∫
d3rφ

∗
ν (r)φµ(r)

]
Cµi = 0 (1.34)

and we can write the this equation in matrix form:

∑
µ

(
Hνµ −EiSνµ

)
Cµi = 0, (1.35)

where we define the elements of the overlap matrix as

Sνµ = 〈φν |φµ〉=
∫

d3rφ
∗
ν (r)φ µ(r), (1.36)

and Hνµ as the matrix elements of the KS hamiltonian given by 1.24 calculated on the basis
1.32

Hνµ = 〈φν |Hνµ |φµ〉=
∫

d3rφ
∗
ν (r)Ĥ φµ(r). (1.37)

The procedure proceeds through matrix diagonalization, leading to eigenvalues and
eigenvectors, from which a new density is obtained. This new density defines another hamilto-
nian, where new matrices are calculated, and the cycle continues in a self-consistent way until
convergence is obtained. One of the main advantages of the LCAO method over PW is the
relatively low computational cost even for big systems, favoring the investigation of supercell
systems, defects, and twisted systems without the need for large superclusters.

1.6.2 The plane wave method

Another approach to spawn the KS wavefunctions is using the PW method. The Bloch
theorem [40] states that the wavefunction of an electron in a periodic potential can be written as

ψi,k(r) = ui(r)eik·r, (1.38)

where u j(r) has the same periodicity of the crystal, eik·r is a wave-like function, i indicates the
band index, and k is a continuous wavevector that lives in the first Brillouin zone. We can express
u j(r) in terms of discrete plane wave set with reciprocal lattice vectors G:

ui(r) = ∑
G

ci,GeiG·r, (1.39)
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where G ·R = 2πm, m is an integer, R are the crystal lattice vectors and ci,G are the plane wave
coefficients. Finally, combining equations 1.39 and 1.38, we obtain the linear combination of
plane waves which will form the basis set to KS wavefunctions:

ψi,k(r) = ∑
G

ci,k+Gei(k+G)·r. (1.40)

Similar to the LCAO, calculation of the hamiltonian using 1.40 for the wavefunctions
will lead to matrix equations that can be solved self-consistently until convergence (see Fig.
1.1). The numerical implementations of the PW method are abundant, we will use the VASP
(Vienna Ab initio Simulation Package) code [41]. A few of the advantages of the PW method
over the LCAO is the simplicity in the basis definition, where one can define a basis set that
is independent of the type of crystal and treat all the space equally. PW also offers extremely
efficient Ab initio molecular dynamics algorithms [42].

Once all the basic theoretical foundations have been laid, we start the investigation of
the electronic and structural properties of novel two-dimensional nanomaterials. Before entering
the main results of this thesis, we will introduce the system of interest in the next chapter: The
antimony-based nanomaterials.
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2 Antimony (Sb)

“Sem estresse, trabalho só me

engrandece

Que nem Super Mario, depois do

cogumelo”

Linhas de soco - Rincon Sapiência

A major part of this work is dedicated to the study of the electronic and structural
properties of antimony (Sb) based nanomaterials. As such, a general introduction to Sb properties
and different phases is necessary. In this chapter we will discuss the different Sb phases, and the
two-dimensional Sb counterpart - Antimonene - and its properties.

The group 5A (group VA or V or 15) of the periodic table contains the pnictogens - nitro-
gen (N), phosphorus (P), arsenic (As), antimony (Sb), and bismuth (Bi). The name “pnictogens”
is derived from the greek word pnigein, which means “choke” or “stifle” - common effects of
beading pure Nitrogen gas [43]. They all have five electrons on their highest-energy orbitals, that
is 2 electrons in the s subshell and 3 unpaired electrons in the p subshell (ns2np3). They also
compose multiple one-element layered structures that represent great interest among solid state
physicists. Among them, antimony (and its sub-structures) has been drawing increasing atten-
tion due to its interesting properties and advantages to others. Sb present interesting electronic
properties regarding application on novel 2D electronics such as layer-dependent semi-metal to
semiconductor and topological transitions [44–48], high carrier mobility [49], and strain-tunable
indirect-to-direct band gap and topological transitions [44, 45, 50]. Additionally, applications
on sustainable energy and catalysis are also receiving a lot of attention recently, where Sb may
be included as an anode material in next-generation Li- and Ni-o batteries [51–53] or play an
important roll in electro-catalysis [54, 55], photovoltaics [56], supercapacitors [57], and thermo-
electrics [58]. First, let us start with the general properties of the thick or three-dimensional (3D)
(Bulk) form of antimony.

2.1 Bulk antimony

Similar to the other members of the VA group, Sb has several different allotropes: one
stable form called grey Sb (or β -Sb) and three metastable forms, which are explosive, black, and
yellow. All the Sb structures used in this work are derived from β -Sb, therefore we will discuss
only the properties of this structure and its 2D counterpart in this chapter.
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Figure 2.1 – β -phase bulk antimony. (a) Top and side view of the ABC stacked bulk antimony.
(b) Electronic bandstructure of bulk Sb with SOC [59]. Blue spheres represent Sb
atoms. The Fermi level is set to zero.

At ambient conditions, the most stable form of Sb crystallizes in a rhombohedral A7
structure with space group R3̄m [60]. The A7 structure can be regarded as a diagonally distorted
fcc NaCl structure. The crystal can also be viewed as hexagonal atomic layers with an ABC
stacking along the (111) direction as shown in Fig.2.1-(a). In each of the layers, the Sb atoms form
three equidistant covalent bonds where the calculated atomic distance (at the DFT GGA-PBE
level) is 2.90 and the angle between bonds is 95.70°. The interlayer distance (di) is 2.27 and the
distance between the top and bottom atom inside a monolayer is 1.53 . The lattice parameter
calculated to bulk Sb is 4.38 . Each of the ABC layers is called an antimonene monolayer. Also,
the bulk has been described as a pseudolayered structure [61] due to a relatively large binding
energy derived from the interaction of lone pair orbitals in adjacent layers [45].

Antimony is known to have a considerable spin orbit coupling (SOC) (only losing
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to Bismuth in the group). It is also predicted to be a topological semimetal (TS) [48, 62],
which means that the valence bands of the Sb bulk (Fig.2.1-(b)) are topologically non trivial.
Moreover, G. Bian et. al. [46] experimentally observed helical surface bands in an Sb film (≈ 79
) using angle-resolved photoemission spectroscopy (ARPES) . Interestingly, different topological
transitions are predicted to take place in Sb narrower films as shown in Fig. 2.2, which is a
motivation to investigate the nanostructures as we shall discuss in the next sections.

Figure 2.2 – Diagram showing the different topological phases of Sb as a function of the thick-
ness, ranging from trivial semiconductor to topological semimetal. Figure obtained
from [48].

2.2 Two dimensional antimony

Decreasing the thickness of Sb film reveals several interesting electronic transitions as
shown in Fig. 2.2. Theoretical results show that around 7.8 nm (or 22 antimonene layers) a
transition from the TS to a topological insulator phase (TI) happens. Furthermore, a quantum spin
Hall (QSH) phase emerges at 2.7 nm (8 antimonene layers) followed by a topologically trivial
semiconductor phase under 1.0 nm (3 antimonene layers) [48]. Several experimental techniques
[63] - micromechanical exfoliation [64], van der Waals epitaxy [65], liquid-phase exfoliation
[66, 67], molecular beam epitaxy [64], electromechanical exfoliation [64] are examples - may
provide high quality few-layer antimonene samples where these properties can be investigated.
Sung Hwan Kim et. al. [47] performed scanning tunneling microscopy/spectroscopy (STM/STS)
in ultrathin Sb film grown on Bi2Te2Se by a thermal effusion cell at room temperature. The
authors identified the trivial to QSH transition (3 to 4 layers), and they observed robust edge
electronic states for the 4 and 5 layers in contrast with the 3 layer films. Although trivial
topologically, the structures of the extreme left of the diagram on Fig.2.2 present quite remarkable
properties and it will inevitably end on the thinnest possible Sb film: The antimonene monolayer
which we will discuss in the next section.
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2.3 The antimonene monolayer

The thinnest Sb film possible - the antimonene monolayer - is predicted to be a buckled
hexagonal structure [44, 45] as one can see in Fig. 2.3-(a). It has a lattice parameter of 4.10 , a
distance between the top and bottom atoms of 1.66 , and it is a trivial indirect semiconductor
as shown in the electronic bandstructure in Fig.2.3-(b). However, several ways of tuning the
electronic structure of antimonene were reported in the literature.

Figure 2.3 – The antimonene monolayer. (a) Top and side view of the antimonene monolayer.
(b) Calcukated electronic bandstructure of antimonene at the DFT-GGA level. The
Fermi level is set to zero.

D.M. Hoat et. al. [68] presented theoretical evidences of electronic modulation of the
bandgap using strain. They reported an indirect to direct band gap transition with 4% tensile
strain within the dynamical stability range observed in the phonon spectra. The reported strain
also enhanced the optical absorption in a wide energy range (from infrared to ultraviolet) as
well the thermoelectric properties, showing great versatility of antimonene for technological
applications. Furthermore, Mingwen Zhao et. al. [50] reported strain-driven band inversion in
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atimonene monolayers . The aplication of a biaxial tensile strain of 14.5% was sufficient to
reduce the buckling height of the lattice, modifying the hybridization of the px, py, and pz, and
leading to a topological insulator phase [50]. On the other hand, electronic structure modulation
on antimonene monolayer can be achieved by methods other than strain, such as chemical
oxidation. Indeed, Shengli Zhang et. al. [69] reported theoretical calculations where several
antimonene oxides - antimonene supercells with different concentrations of adsorbed oxygen -
were investigated. These structures are predicted to have a direct band gap, covering the range of
0 to 2.28 eV and high carrier mobility. Moreover, the fully oxidized antimonene is expected to
be a 2D topological insulator with a global bandgap of 0.177 eV, with a nontrivial Z2 topological
invariant in the bulk and topological edge states.

Although antimonene can be directly exfoliated from few layers [70], the relatively
stronger interlayer interaction [44] makes the process slightly more difficult when compared to
graphene and other 2D materials. However, several routes to manipulate and synthesize high-
quality antimonene monolayers are being reported. Xu Wu et. al. [71] synthesized antimonene
monolayer on 2D transition-metal-dichalcogenide PdTe2 by molecular beam epitaxy. Using
similar techniques, Tianchao Niu et. al. [72] reported the synthesis of antimonene on dielectric
copper oxide. These results are important steps to the integration of novel two-dimensional
nanomaterials with current semiconductor technologies. Additionally, Yan Shao et. al. [73]
reported epitaxial growth of flat antimonene monolayer on Ag(111) substrate, while Shuo Sun et.
al. [74] went in the opposite direction, reporting the synthesis of an antimonene monolayer with
a three-heights-buckling configuration overlaid on SbAg2 surface alloy-covered Ag(111).

Altogether, antimonene few- and monolayer are promising candidates for several techno-
logical applications as well as an excellent playground to explore fundamental physics. In the
next three chapters, we will explore some of these interesting properties from different points
of view: Chemical functionalization of the few layers with different agents, electronic band
structure modulation induced by rotation of bilayers, and low-temperature effects on the phonon
bandstructure of monolayers.
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3.1 Introduction

In this chapter, we shall investigate the possibility of formation of ordered Sb nanoribbons
upon chemical functionalization.

The ordered transition from two- to one-dimensional (1D) structures – a restructuring
which makes layers evolve into ribbons – is a cornerstone to the observation of physical phe-
nomena and a challenge in the manipulation of matter at nanoscale. Half-metallicity in carbon
ribbons induced by transverse in-plane electric fields, for instance, is associated exclusively to
zig-zag edges [75]. As a consequence, protocols have been reported for a controlled synthesis
of carbon ribbons, focusing on chemical routes within a bottom-up strategy [76, 77]. Edge
geometry also plays a crucial role in ribbons built from other nanostructures. Depending on
the crystallographic orientation of edges, antimonene nanoribbons may have magnetic ground
states [61], and passivated ribbons may be direct or indirect band gap semiconductors [78].
Indeed, antimony two-dimensional (2D) structures [79, 80] have been attracting attention due to
their topological insulator behavior under strain [81], the topological semi-metallicity of their
few-layer counterpart, which, depending on the thickness, changes into a topological insula-
tor state [48], and due to their potential applications in optoelectronic devices [64, 79, 82–84].
The present work concerns this material: We report calculations which show that oxidation of
few-layer antimonene may lead to an atomic restructuring with formation of ordered multilayer
zig-zag nanoribbons. The widths are uniquely determined by the number of layers of the initial
structure, allowing the synthesis of ultranarrow ribbons and chains. These results definitely put
antimony in a central position within the 2D research scenario and draw attention to its 1D
ribbon counterparts. However, the rich phenomenology that has been predicted for such ribbons,
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including existence of distinct magnetic phases and modulation of electronic behavior, requires
precisely ordered edges in order to be experimentally detected.

3.2 Objectives

This brings the objectives of this chapter: we will focus on the description of a mech-
anism which emerges in a first principles approach when antimonene layers are completely
functionalized with oxidizing agents, such as fluorine atoms or OH radicals. Briefly, we can
summarize our goals in the following topics:

• We will study the chemical functionalization effect on antimonene from one to eight layers;

• We will also investigate the effects of semi-functionalization (chemical groups adsorbed
only on the top layer);

• We will verify the replicability of this mechanism to other two-dimensional nanomaterials.

3.3 Computational details

We employed the SIESTA [39] implementation of the pseudopotential spin density
functional theory, expanding the Kohn-Sham eigenfunctions in a finite range double-ζ basis set
augmented by polarization functions (DZP basis set). To make sure we correctly described the
pseudolayered character of the antimonene stacking, we compared three distinct approaches for
the exchange-correlation functional: Local Density Approximation (LDA) with the Ceperley-
Alder parametrization [34], Gradient Generalized Approximation (GGA) within the Perdew-
Burke-Ernzerhof (PBE) parametrization [35], and a van der Waals density functional approach
[85]. The results were basically the same, and the results presented in our work are all related
to the GGA-PBE approach.The overall restructuring process and electronic modulation were
similar for all different exchange-correlation approximations tested, with small differences only
on the geometrical aspects such as lattice parameter and stacking distance (all within a 5%
difference approximately). As such, the results presented in our work are all related to the
GGA-PBE approach. A mesh cutoff of 400 Ry defined the grid for real space integrations, and
the geometries were considered relaxed when the maximum force component in any atom was
less then 10 meV/Å . To sample the Brillouin zone, we defined a k-grid cutoff of 120 Å in all
calculations.
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Figure 3.1 – Oxidation-driven formation of ordered antimonene multiribbons. (a) Initial, inter-
mediate and final steps in the geometric relaxation of a -OH functionalized bilayer
antimonene. The oxidation with hydroxyl groups induces the formation of interlayer
bonds and the disruption of lateral Sb-Sb bonds. The arrows in the intermediate step
emphasize these trends. The result is a multilayer one-hexagon-width zig-zag ribbon,
shown in side and front views in the right panel. (b) Front view of the restructuring
process emphasizing the edge sliding which leads to a perfect alignment of zig-zag
edges. For clarity purposes, we omitted the neighboring atoms. (c) The four-layer
antimonene case: initial geometry and two views of the final structure corresponding
to a 10.61-Å-width multilayer ribbon. Antimony, oxygen and hydrogen atoms are
represented by blue, red and white circles, respectively.

3.4 Results and discussion

3.4.1 The restructuring process

Figs. 3.1-(a) and 3.1-(c), on the left, show the models for two- and four-layer antimone
fully oxidized with OH radicals. We found analogous results for F, so we will skip them. The
initial geometries, with the z-axis defined as stacking direction, present the extra species placed
in a covalent distance from the topmost and bottommost Sb atoms in previously optimized
antimonene structures. The middle panel in Fig. 3.1-(a) shows an intermediate step in the
geometric relaxation, in which the layers approach each other along z-direction, generating
interlayer bonds. Simultaneously, lateral displacements, indicated by arrows in the figure , tend
to disrupt the Sb-Sb bonds in the in-plane x-direction, while a sliding of zig-zag Sb-SbOH-Sb
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terminations along the y-direction tend to align the edges, forming a sequence of periodic bucked
hexagons. Fig. 3.1-(b) shows this latter restructuring omitting neighboring atoms for clarity
purposes. The result is a complete transition to an array of zig-zag nanoribbons, as the right
panel in Fig. 3.1-(a) and 3.1-(c) show: each ribbon has periodicity along the y-direction, the
stacking is along the x-direction, and the ribbon width is measured along the z-direction. The
ribbon width is, therefore, fixed by the initial number of layers, being a single-hexagon size (5.47
) for a bilayer-originated structure and increasing by a half-hexagon size for each additional
layer in the initial sample. Our calculations suggest that this phenomenology occurs for initial
structures up to eight layers, which result in a 25.61-Å-width ribbon.

Structural and energetic aspects support the classification of the final structures as
multilayer ribbon systems. Indeed, as indicated in Fig. 3.1-(a) and 3.1-(c), the distances Lf

between ribbon layers are, respectively, 2.13 and 2.23 Å, close to the interlayer distance in the
original geometry (L0 = 2.37 Å), while the Sb-Sb bond length formed during the restructuring
process is 2.89 Å, again consistent with the covalent bond in the initial structure, which was
2.90 Å. The interlayer distance is measured as the smallest vertical distance between Sb atoms –
since these atoms are not aligned, the smallest Sb-Sb distance in adjacent layers is larger, 3.26 Å,
which is enough to charatecterize it as non-covalent.

3.4.2 How strong are interlayer interactions?

The nature of the interlayer interaction may be quantitatively characterized by evaluating
the order of magnitude of the binding energy. In fact, by calculating the total energy as a
function of the distance L between layers, we estimated the bulk binding energy to be 163
meV/atom, which is higher, for instance, than that found for MoS2 (60 meV/atom) [86]. As for
the multilayer ribbons, especifically the one-hexagon-width ribbon originated from the oxidized
bilayer antimonene, a similar set of calculations yields a binding energy of 189 meV/atom, larger
than the Sb bulk value, but keeping the same order of magnitude. Fig. 3.2-(c) summarizes these
results, and suggests that the layer interaction in the ribbon system is similar to that found in the
stacked bulk, with van der Waals and orbital overlap contributions. The ribbons can be further
characterized by determining hole and electron effective masses and carrier mobilities using
an approach based on the calculation of the stretching moduli and deformation potentials [87].
We found relatively small effective masses (0.229 and 0.143 me for isolated ribbons originated
from mono- and bilayer antimonene, respectively). However, due to edge effects, deformation
potentials are large, yielding relatively small carrier mobilities (in the range 101 – 102 cm2V-1s-1,
see appendix ?? for details and calculation methods).
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Figure 3.2 – Binding energy and electronic properties of the resulting antimonene ribbons. (a)
Band gaps of the isolated ribbons as a function of the width of the final ribbon. The
numbers close to the points indicate the number of antimonene layers in the initial
structures. (b) Band structures and corresponding projected density of states (PDOS)
for the multilayer ribbon (upper plot) and an isolated ribbon (lowerplot). The Fermi
level is set to zero in both plots and is indicated by dashed lines. The ribbons are
along the Y-direction and the stacking direction is the X-axis.(c) Total energy as a
function of the distance between layers for bulk antimonene (redsquares) and for
the multilayer ribbon (MLR) system originated from the bilayer antimonene (black
circles). The binding energie sare 163 and 189 meV, respectively.

3.4.3 The final electronic structure

The electronic structure also gives a picture consistent with this idea. Fig. 3.2-(b) shows
the band structures and corresponding projected density of states of the one-hexagon-width
system for the multilayer ribbon (upper panel) and for an isolated ribbon (lower panel). In both,
the ribbon axis is along the Y-direction, and the states close to the Fermi level (set to zero) come
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predominantly from the 5p states of antimony. Quantum confinement is responsible for a band
gap of 1.73 eV in the isolated case. This band gap decreases for wider ribbons, as expected –
for the system originated from the three-, four- and seven-layer antimonene the values are 1.45,
1.39 and 1.37 eV, respectively, as shown in Fig. 3.2-(a). All band gaps are direct in the isolated
structures, as reported for passivated zig-zag Sb ribbons. The change in the electronic structure
upon stacking, a clear feature shown in the upper panel of Fig. 3.2-(b), reflects the pseudolayered
character of Sb systems and is also present in the 2D antimonene case [61].

3.4.4 The monolayer case

A special case concerns the monolayer antimonene. As mentioned in chapter 2, its
complete oxidation with O atoms has been described in the literature [69]. The result is still
the buckled hexagonal lattice, with a larger lattice parameter (4.73 Å). The Sb-O bond in this
structure has a strong polar character due to high electronegativity of Sb compared to O and the
availability of the electron lone pair in Sb [69]. We have also carried out calculations for this
case and we found similar results: a lattice parameter within 5% relative to the value reported
in literature, and no disruption of in-plane Sb-Sb bonds. However, we did find that a change of
the oxidizing specie may induce the same phenomenology previously described for two-, three-
and four-layer antimonene, this time leading to the narrowest possible ribbon or stripe, that is, a
layered (or pseudolayered) Sb zig-zag chain. Fig. 3.3-(a) shows the initial OH-functionalized
Sb monolayer and the resulting chains. Their stacking induce a semimetallicity in the otherwise
direct band gap behavior, as shown in Fig. 3.3-(b).

Figure 3.3 – The case of monolayer antimonene. (a) Initial and final structures for antimonene
functionalized with -OH groups. The relaxation leads to multilayer zig-zag chains,
the narrowest possible 1D structures. (b) Band structures of the multilayer sys-
tem (left) and of the isolated chain (right). The semimetallicity of the multilayer
configuration evolves to a semiconducting behavior in the isolated case.

Having established the mechanism to generate ordered ribbons, four relevant questions
must be addressed: How would such ribbons be important to the material science field?; Would
it be possible to extend the proposed mechanism to other materials?; and, How to experimentally
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realize the proposed ribbon formation mechanism?; and, finally, does a single-side function-
alization yields the same phenomenology? The answer to the first question is twofold. First,
antimonene ribbons are related intriguing physical phenomena. Application of strain and/or
transverse electric field combined with effects induced by the spin orbit coupling may lead
to modulation of electronic properties [81], and behaviors dictated by topological order [48].
It leads, therefore, to a rich physical phenomenology which may shed light on the electronic
behavior at nanoscale. Secondly, the band gap range found in antimonene ribbons may pave the
way for applications related to optical properties as well as to nanoelectronic devices [82].

3.4.5 The arsenene case

Figure 3.4 – The case of arsenene. (a) Initial geometry for bilayer arsenene functionalized with
-OH groups. Arsenic, oxygen and hydrogen atoms are denoted by green, red and
white circles, respectively. (b) Two views of the final structure. The system evolves to
a multilayer ribbon configuration following the same path described for antimonene.
(c) Band structures for the multilayer ribbon (upper plot) and for an isolated ribbon
(lower plot).

For the second question, we have conducted additional calculations to investigate the
arsenene case, and the answer is affirmative. Arsenic and antimony have similar bulk structures.
Like in antimonene, strain-induced topological transitions in the electronic behavior is present in
arsenene [88, 89], band gaps in arsenene ribbons depend on edge termination [90], and few-layer
samples may be prepared in a liquid phase exfoliation procedure [91]. In Figs. 3.4-(a)-(b), we
show that functionalization with OH groups turns a bilayer arsenene into a one-hexagon-width
multilayer ribbon, exactly like in the antimonene case. As shown in Fig. 3.4-(c), the ribbon
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system is semiconducting with a direct band gap of 0.12 eV (upper plot), and this value increases
to 1.99 eV in the isolated ribbon (lower plot).

As for the third question, Zhang et al [69] suggest a series of experiments which could
lead to fully oxidized antimonene samples, including protocols similar to those employed in
graphene chemistry to yield graphane [88]. Besides, experiments in which 2D nanostructures are
submitted to pressure in presence of chemical groups have been reported in the literature [92,93],
and the results indicate emergence of materials in which a covalent interlayer binding is mediated
by functionalization. In particular, experiments conducted in pressure vessels [17] may expose
both sides of the samples to the oxidizing agent. If performed with few-layer antimonene, the
pressure may facilitate the restructuring mechanism and the oxidizing agents may be generated
from the medium at both surfaces of the sample.

3.4.6 The single-side case

Figure 3.5 – Single-side OH-functionalized (a) bilayer and (b) five-layer antimonene. Initial
and final geometries are shonw on the left and in the middle panels, respectively.
Front views of the final geometries are shown on the right. Important to observe
that interlayer bonds are formed only in the first two layers and disruption of lateral
bonds are restricted to the first layer.

Finally, we have also addressed the fourth question – the single-side functinalization
problem – through first-principles calculations. We found a partial restructuring. In fact, for all
structures considered, including antimonene bilayer and multilayer systems up to eight layers,
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interlayer bonds were formed only between the first two layers, and disruption of lateral bonds
were observed only in the first layer. The resulting geometries for bi- and five-layer cases may be
viewed in Fig. 3.5. We added the initial (left) and final (right) configurations, which ilustrates the
above-mentioned phenomenology. More specifically, the interlayer distance (L1 in Fig. 3.5-(a))
is 1.51 Å, which is small compared with the double-side functionalization (1.93 Å), and it is not
enough to disrupt Sb-Sb bonds. These results are related to those observed by X. Peng and Q.
Wei [22] and also by D. W. Bouklvalov et al [94] in monolayer phosphorene. They observed the
so-called chemical scissors effect, which is responsible for the bond disruption in monolayer
systems with orthorhombic symmetry.

3.5 Conclusion

In summary, our work shows that antimonene and arsenene multilayers may undergo
a structural transformation upon functionalization with oxidizing agents. This transformation
recovers the Sb-sp3 original network, except at the chemically stabilized edges, and is char-
acterized by the formation of well-ordered multilayer zig-zag nanoribbons whose widths are
precisely determined by the initial number of Sb layers. With this process, it is possible to
achieve ultranarrow structures and the electronic structure is strongly dependent on both the
ribbon width and the number of stacked ribbons, suggesting potential applications in nano and
optoelectronic devices. Since our work establishes a route for controlled synthesis of ordered
ribbons, it provides a connection between a variety of theoretical predictions concerning physical
mechanisms in antimonene structures and their experimental realization. These results were
published in Journal of Physics: Condensed Matter 32.16 (2020): 165302, where I’m the first
author of the paper.
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4.1 Introduction

In this chapter, we will discuss the possibility of flat band emergence on twisted an-
timonene bilayers for “non-magic” angles and how to tune the resulting bandstructure using
non-covalent bonding.

The experimental observation of unconventional superconductivity in twisted bilayers
graphene (TBG) [95] established a new milestone in the investigation of two-dimensional (2D)
materials. After that, observation of insulating states [96], magnetism [97], and optically induced
flat bands [98] showed that rotated multilayer graphene structures are a rich playground for
fundamental physics, in which the existence of Bloch flat bands plays [99] a crucial role. One of
the most important aspects of these findings is the strong rotation angle dependence, which is
behind the existence of the so-called “magic angles” [100] for the observation of TBGs exotic
properties. In these angles, the interlayer interactions become strong and the competition between
kinetic and Coulomb potential changes the density of states giving rise to flat bands in the vicinity
of the Fermi level. In addition, results for twisted double bilayer graphene (tDBG) [101] showed
a strong stacking dependence of the flat bands in angles slightly higher than 1.1◦, which suggests
that it is possible to “functionalize” the TBG with controlled incorporation of 2D layers [102].
Besides graphene, other 2D van der Waals materials, such as hexagonal boron nitride (hBN), can
also present interesting electronic modulation due to layer rotation. Indeed, theoretical results
have shown the emergence of flat Bloch bands in twisted bilayer hBN without the magic angle
mechanism [103] . In this case, different regions of moiré superlattice are characterized by
different stacking patterns and, if the twisted angle is small enough, electronic states arising
from these patterns could fall into the insulator gap and form non-dispersive bands with spatially
localized wavefunctions. A common feature in all these systems is that the phenomenology
occurs only for very small angles - 1.1◦ for TBG, less than 2.13◦ for tDTGB, and less than 3◦ for
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hBN. Consequently, the theoretical descriptions of these states rely on tight-binding approaches
or continuous models [104–109] which give important insights into the electronic structure and
allow for the exploitation of its angular dependence.

There is yet another class of 2D materials in which the idiosyncrasies of the twisted
configurations may show up with important particularities. The β phase honeycomb structures
of the pnictogens As, Sb, and Bi are characterized by relatively stronger interlayer interactions,
which classify these materials as pseudolayered compounds [61]. May these interactions drive
localized out-of-plane deformations in rotated structures with separated regions of well defined
stacking patterns? If this is the case, is it possible to establish an interplay between geometric
distortions and electronic localization underlying the flat band phenomenology in these materials?

4.2 Objectives

In order to address the above questions, we define the following objectives to this chapter:

• We will seach for any sign of flat band emergence on the electronic bandstructure of
twisted antimonene bilayers using several moiré superlattice;

• From the geometrically optimized moiré superlattices, we will investigate the importance
of the interlayer displacements on the different stacking regions for each twisted structure;

• Lastly, we will use non-covalent bonding of electron donor molecules to modulate the
electronic bandstructure of the moiré superlattice.

4.3 Computational details

We employed the SIESTA [39] implementation of the pseudopotential spin DFT for-
malism [29, 30], expanding the Kohn-Sham eigenfunctions in a finite range double-ζ basis set
augmented by polarization functions (DZP basis set). We made use of the Gradient Generalized
Approximation (GGA) within the Perdew-Burke-Ernzerhof (PBE) parametrization [35] for the
exchange-correlation functional. We tested the flat-band phenomenology against a van der Waals
density functional approach [85] and found overall similar electronic modulation. We employed
a mesh cutoff of 450 Ry to define the grid for real space integrations, and the geometries were
considered relaxed when the maximum force component in any atom was less than 10 meV/Å.
To sample the Brillouin zone, we defined a k-grid using the Monkhorst-Pack scheme with
3x3x1, 7x7x1, 12x12x1 and 15x15x1 meshes for the 6.01◦, 9.43◦, 13.17◦, and 21.79◦ structures,
respectively.
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4.4 Results and discussion

4.4.1 The twisted structures

Figure 4.1 – Bilayer antimonene: Optimized structures for (a) AB, (b) AA and (c) AC stacking
orders in side view (upper panel), top view (middle panel) and in perspective
(bottom panel). Top views of the relaxed rotated bilayer antimonene structures with
twist angles of (d) 21.79◦, (e) 13.17◦, (f) 9.43◦, and (g) 6.01◦. In the top views, the
primitive cells are indicated by red lines.

Figs. 4.1-(a) - (c) show top and side views of bilayer antimonene built upon the β -phase
in three stacking orders, AB, AA and AC, respectively. The AC stacking may be constructed
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from the AB by translating the top layer of two-thirds and one-third in the direction of each
in plane lattice vector, respectively. The same procedure in the bottom layer leads to the AA
stacking. Important to the reasoning we shall pursue in this project, the relative orientation of the
atoms in different layers, as the side views in Fig. 4.1 clearly show, implies a strong dependence
of the interlayer distance with the stacking order: 2.38, 3.28, and 4.30 for AB, AA, and AC,
respectively, as determined by DFT calculations within our implementation scheme, which also
indicate the AB as the energetically most favorable bilayer stacking, followed by AA and AC
(0.018 and 0.039 eV/atom relative to AB, respectively).

Therefore, in our models, we started from the AB stacking, and we built four moiré
superlattices with twist angles of 21.79◦, 13.17◦, 9.43◦, and 6.01◦. The models comprise 28, 76,
148 and 364 atoms, respectively. For each of them, we performed a full geometry optimization.
We show in Figs. 4.1-(d) - (g) the top views of the resulting structures, which allow for a clear
identification of AA domains. The distance between these domains constitute the moiré length –
we found 10.9, 17.9, 25.1, and 39.5 in each case, respectively.

4.4.2 The twisted electronic band structure

Next, we characterized the electron states for each moiré superlattice by determining
the DFT band structures, as shown in Fig. 4.2. The semiconducting behaviour with indirect
energy gap is a common feature. A sizable reduction of the bandgap upon decreasing twist
angle is clearly seen - the energy difference between the bottom of the conduction band and
the occupied band indicated by a blue curve in the figure varies from ∼1.0 eV (21.79◦) to
∼0.4 eV (6.01◦). Concerning the flat band formation, the effect of the twist angle shows up as a
notable modulation of the valence band maximum (VBM, highlighted in blue in all figures) from
dispersive (Fig. 4.2-(a) with 21.79◦) to completely flat (Fig. 4.2-(c) with 6.01◦). In this respect,
the results are similar to those reported for the other pnictogens, phosphorous and arsenic, both
β -phase bilayers [110, 111]. Fig. 4.2 indicates that the band evolution can be addressed in three
steps: (I) The VBM for 21.79◦ is still slightly dispersive and mixed with other valence bands
(Fig. 4.2-(a)); (II) For 13.17◦, a great decrease in the VBM band dispersion leads to quasi-flat
isolated bands in the proximity of the other valence bands (Fig. 4.2-(b)); (III) For 9.43◦ and 6.01◦

(Figs. 4.2-(c) and (d), respectively), well-defined dispersionless bands within the bandgap are
clearly distinguished in the band structures.

This is interesting since unconventional superconductivity [95] and insulating strongly
correlated states [96] are ascribed to the existence of flat bands below the Fermi level in twisted
structures, but only for very small magic angles. The emergence of flat bands in the relatively
greater twist angles shown in Fig. 4.2 is mostly due to two important physical aspects of
antimonene which we shall discuss in the next section: the strong interlayer interactions and the
atomic displacements in the different stacking patterns across the superlattice.



Chapter 4. Flat-band phenenomelogy in twisted antimonene bilayers 44

Figure 4.2 – The flat band emergence: Band structure for the twist angles (a) 21.79◦, (b) 13.17◦,
(c) 9.43◦, and (d) 6.01◦. The valence band maximum is highlighted in blue for
visualization purposes. The Fermi level is set to zero.

4.4.3 Electronic localization and interlayer displacements

To pursue a further understanding on the nature of the flat bands, we reproduce in Fig.
4.3-(a) the band structure for the 9.43◦ twisted Sb bilayer, presenting also the projected density
of states (PDOS). The predominant contribution to the flat bands comes from pz orbitals due
to the expected hybridization scheme in hexagonal structures and the consequent role of the
alignment of pz orbitals in the interlayer orbital overlap, which defines the strength of interlayer
interactions.

This points out to the importance of geometric aspects in defining these interactions. To
characterize these aspects in greater detail, we first show that, similar to the phenomenology
reported for hBN [103], the electronic density associated to the flat bands is well localized in
real space. Indeed, Fig. 4.3-(b) presents an electron density isosurface plot corresponding to
the flat band (indicated by the blue curve in Fig 3(a)), clearly showing its localized character,
which, as we shall show, is related to well separated AB stacking patterns within the superlattice.
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Figure 4.3 – Orbital character and localization for the 9.43◦ case: (a) Band structure for the
bilayer antimonene twisted in 9.43◦ and projected density of states. (b) Top and
side views of the corresponding relaxed structure (antimony atoms represented by
blue spheres) superimposed to the isosurface plot of the charge density associated
to the flat band highlighted in blue in the band structure. The isosurface value is of
0.00015 electron/Bohr3.
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Figure 4.4 – Stacking patterns in Sb superlattices: From left to right, the relaxed geometries
for antimonene bilayers twisted in (a) 21.79◦, (b) 13.17◦, (c) 9.43◦, and (d) 6.01◦.
Green, blue, and red spheres represent atoms with vertical distances typical of those
of the AA, AC, and AB stacking configurations, respectively.

Moreover, the bottom panel of Fig. 4.3-(b) suggests a crucial peculiarity of the pnictogen case:
out-of-plane displacements for small angles in the vicinity of the AB stacking patterns, which
enhances the electronic density in the interlayer region. The phenomenology can be clearly
visualized in Fig. 4.4, and relies on the fact that, in the lowest energy AB configuration of the
Sb bilayer, the interlayer distance is smaller than those of the other stackings (2.38, 3.28, and
4.30 for AB, AA and AC, respectively). Figs. 4.4-(a) - (d) show the four twisted configurations
in a representation in which the green, blue and red spheres represent Sb atoms with interlayer
distances characteristic of the AA, AC and AB stackings, respectively. For large twist angles,as
shown in Fig. 4.4-(a) for 21.79◦, the moiré length is small and the stacking patterns are poorly
defined. As a consequence, the interlayer distance is rather uniform along the structure and
matches that of the AA pattern. On the other hand, when the moiré length is high enough to
create and isolate well defined regions with AB, AA and AC patterns, as shown in Figs 4.4-(b) -
(d) for 13.17◦, 9.43◦, 6.01◦, respectively, out-of-plane displacements may be stabilized in the
AB and AC regions. This must have profound consequences in the tunneling between layers,
which is associated with flat bands [100].

4.4.4 Non-covalent flat band modulation

Once the flat band phenomenology has been established, a question arises on the possible
modulation of its energy position. A possible strategy may be based on non-covalent func-
tionalization with electron acceptor molecules. In fact, Abellan G. et al [112] have reported
the efficiency of this mechanism in tailoring the electronic properties of few layer antimonene
through formation of stable complexes involving, for instance, tetracyanoquinodimethane (TCNQ
- C12H4N4) molecules. Therefore, we performed calculations for TCNQ interacting with bi-
layer antimonene twisted by 13.17◦. We considered adsorption onto sites with stacking patterns
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characteristic of the AA, AB and AC configurations.

Figure 4.5 – The Sb + TCNQ case: (a) Relaxed structures for the 13.17◦ twisted antimonene
bilayer with the TCNQ molecule adsorbed initially onto the AB (left) and AC (right)
regions. The blue, green, red, and yellow spheres represents the Sb, C, N and H
atoms respectively. (b) Bandstructure and projected density of states for the AB
(left) and AC (right) cases. The electronic states shown in the bandstructure on
the left are not spin polarized. In the bandstructure shown on the right, green and
black curves represent the two spin components. The blue and red curves of the
PDOS plots represent projections on the TCNQ molecule and on the Sb atoms,
respectively.

Figs. 4.5-(a) - (b) show, respectively, the relaxed geometries (upper panels) and band
structures with the corresponding projected density of states (bottom panels) for the AB (left) and
AC (right) cases. We omitted the AA electronic characterization since it is very similar to the AB
case. For the AB case, the TCNQ molecule shifts to a region between the AB and AA patterns
during the geometric optimization, as shown in the left panel of Fig. 4.5-(a). For all relative
positions, we verified the strong charge transfer nature of the interaction, which defines the low
energy features of the spectra. In the AC configuration, shown in the right part of the figure, this
brings an antimonene flat band to the Fermi level, while the states associated to the molecule
become spin polarized and can be clearly identified above and below the Fermi level. For the
other configurations, as shown on the left of Fig. 4.5-(a) for the AB case, flat states are found at
energies ± 0.1 eV from the Fermi level, and present a high degree of hybridization between
antimonene and the molecule. Adsorption on the AC pattern is energetically more favourable by
0.044 and 0.127 eV when compared to AB and AA patterns, respectively. This phenomenology



Chapter 4. Flat-band phenenomelogy in twisted antimonene bilayers 48

is not restricted to a specific twist angle: We observed similar trends - the shift of flat states to
the Fermi level - in calculations performed for a twist angle of 6.01◦.

4.5 Conclusions

In conclusion, through first-principles calculations, we demonstrated a rich interplay
between structural and electronic aspects involved in flat band formation in twisted antimonene
bilayers. The phenomenology has similar aspects to those observed in polar compounds, such
as hBN, with well-separated stacking patterns determining the localization of flat bands. How-
ever, due to strong interlayer interactions in pnictogen compounds, which greatly distinguishes
interlayer distances in different stacking patterns, the process in the Sb bilayer involves large
out-of-plane deformations, which, in turn, allows for electron localization and the emergence of
flat bands in relatively higher twist angles when compared to other 2D material. Moreover, using
well-established techniques for noncovalent functionalization with electron acceptor molecules,
it is possible to modulate the energy position of the flat bands, positioning them close to the
Fermi level. Altogether, our work reinforces the idea that antimonene is an important material for
the exploitation of fundamental physical phenomena, such as strongly correlated insulating states
and superconductivity. We published these results in RSC advances 11.45 (2021): 27855-27859,
where I’m the first author of the paper.
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5 Low temperature effects on antimonene

monolayer phonon bandstructure
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Carro rebaixado, o som 'tá no talo
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Cleane - Criolo

5.1 Introduction

In this chapter, we will discuss the low temperature effects on the vibrational modes of
the antimonene monolayer using ab initio molecular dynamics calculations. This project was
developed during a doctoral exchange in the United States with Prof. Vincent Meunier at the
Rensselaer Polytechnic Institute.

The continuing pursuit for new two-dimensional nanomaterials with physical and chem-
ical properties suitable for technological applications has led to the discovery that atomically
thin group-V semiconductors such as P, As, Sb, and Bi present desirable properties that make
them suitable for integration in nanodevices [113–117]. For example, the most stable allotrope
of P is called black phosphorus (BP) with a layered puckered honeycomb structure. BP has
attracted increasing attention due to its tunable direct bandgap [118, 119], relatively high carrier
mobility [120], and anisotropic thermal conductivity [23]. However, one of BP’s major disadvan-
tage is its low stability due to poor resistance to oxidation at room temperature [121]. As alredy
mentioned, antimonene also presents compelling physical properties such as layer-dependent
band-gap transitions [44, 122], and thickness/strain dependent topological transitions [48, 50],
making it a suitable candidate for quantum nanodevices [115, 123].

Recent experimental Raman studies have demonstrated that few-layer antimonene
presents strong anharmonic effects on the phonon bandstructure in the high-temperature (HT)
regime - from 300 to 600 K, which is an important range in device operation [124]. The analysis
of the experiment establishes the existence of a linear phonon frequency dependence with tem-
perature, for both EG and A1G phonon modes. The frequency versus temperature dependence is
markedly higher than of several other two-dimensional nanomaterials such as graphene, hBN,
MoS2, and BP [124]. To date, no theoretical or experimental evidence is available on the low-
temperature anharmonic effects on antinomenene phonon bandstructure, which is also important
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in developing antimonene-based quantum nanodevices in a broader range of temperatures. Fur-
ther, it remains unclear, based on existent experimental data alone, if the strong anharmonicity
stems from out-of-plane interactions or from intralayer interactions.

5.2 Objectives

The main objectives of this chapter are:

• Use the velocity autocorrelation method to calculate the power spectra of the antimonene
monolayer projected on the Γ point to shed light on the magnitude of the anharmonic
effects on the low-temperature regime - 25 K to 300 K on the phonon frequencies;

• Compare the low-temperature anharmonic effects to the high-temperature case and with
other two-dimensional nanomaterials;

5.3 Computational details

The phonon bandstructure was obtained using Phonopy code and VASP [125–128]
plane-wave DFT calculations with the GGA - PBE [35] exchange correlation function. Pro-
jector augmented wave psedupotential [129] was used with an energy cutoff of 500 eV for all
calculations and tolerance for the electronic loop was set to 10−5eV. We used a 4x4 antimony
monolayer supercell with 12Åvacuum region, 4x4x1 Γ centred K-points sampling and Gaussin
smaering of 0.01eV/Å. The Ab Initio MD was carried with a 3x3 supercell, 3x3x1 Γ centred
K-points sampling, and 0.5 f s time-step for 40ps. We fixed the temperatures ranging from 25 K
to 600 K using a Nosé-Hoover chain thermostat [37, 130, 131].

5.4 Results and discussion

5.4.1 The antimonene phonon bandstructure

The transition from bulk to few-layer antimonene leads to some of the most interesting
properties regarding its application for nanodevices. Besides semi-conductor to metal and
topological transitions, one particularly important transition is seen directly on the phonon
frequencies. Raman spectra for bulk antimony feature two frequency peaks, the EG and A1G,
around 110 and 151 cm−1, respectively. A strong shift is observed as the thickness of the
antimony flake hits the few-layer level - reaching around 140 and 166 cm−1 for a 5 nm flake, for
EG and A1G, respectively [65]. The antimonene monolayer has a hexagonal buckled structure
with lattice parameter a = 4.10 , as one can see in the right side of Fig. 5.1-(a).
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Figure 5.1 – (a) Brillouin zone with the path along the high symmetry points (left) and the
Antimonene monolayer geometry (right) with the lattice parameter a = 4.32 A and
the unit cell represented by the red lines.(b) The antimonene phonon bandstructure
at the DFT level. The A1G and EG vibrational modes are represented in the inset
where the arrows points to the direction of the atomic movement.

Using Phonopy and VASP codes, we obtained the antimonene monolayer phonon disper-
sion following the path in the high-symmetry points of the Brillouin zone as shown in the left
hand-side of Fig. 5.1-(a). The results are shown in Fig. 5.1-(b) together with the representation of
the phonon vibrational modes. We found the 161 and 199 cm−1 for or EG and A1G,respectively,
which follows the same trend of shift to higher frequencies observed in the experimental data
and also close to that reported in the literature [45]. There are two degenerate in-plane optical
modes at 161 cm−1 and one optical out-of-plane mode at 199cm−1 which are visualized in
Fig. 5.1-(b), where the arrows point to the direction of motion. It is important to notice that the
phonon frequencies obtained by the DFT method within the harmonic approximation miss any
temperature and non-linear effects. This means that anharmonic effects such as scattering and
three phonon processes do not contribute to the phonon bandstructures shown in Fig. 5.1-(b).
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5.4.2 The power spectra from molecular dynamics

Within the computational material science community, one of the most widely used
methods to investigate anharmonicity (and, in turn, temperature dependence of the phonon
frequencies) is the velocity auto-correlation function (VACF) [23–26]. From the trajectories of ab

initio molecular dynamics calculations performed on a supercell using the canonical ensemble,
one can obtain the velocities at each time-step t for each of the N atoms and then project the
result onto any commensurable k point in the unit cell atoms using:

vk
i (t) = ∑

ρ

vρN(t)e−ik·X0, (5.1)

where the sum ρ goes over all the unit cell replicates in the supercell and X0 is the initial atomic
position of the atoms. The power spectra are obtained by the absolute value of the Fourier
transform of the VACF [23]:

P(ω) = m

∣∣∣∣∣
∫ +∞

−∞
∑
N

〈
vK

i (t) ·vK
i (t + τ)

〉
e−iωτdτ

∣∣∣∣∣ , (5.2)

where m, ω , and τ are the atomic mass, phonon frequency, and time-step, respectively. By
analysing the shifts of peaks in the power spectra for different temperatures, one can determine
the magnitude of anharmonic effects compared with the phonon bandstructure obtained by
standard harmonic approximations.

In order to obtain the temperature-dependent phonon frequency and include anharmonic
effects, we performed the AIMD calculations, collected the trajectories of the supercell for
each time step during the 40.0 ps of the simulation and calculated the velocity. We ran several
simulations with temperatures between 50 K and 300 K - at 50 K intervals, as well as 25 K
and 600 K - and calculated the power spectra for each of them. Firstly, Fig. 5.2-(a) shows the
power spectra calculated using all the velocity components (vx, vy and vz) in equation 5.2. One
can see a strong shift for both vibrational modes, even at temperatures in which the peaks are
broadened. The broadening we calculate has two major contributions: (1) an intrinsic one due to
the physical process and (2) a numerical contribution due to the finite-time of the simulation.
The latter effect can be controlled by monitoring how the broadening converges with longer and
longer simulation times. Fig. 5.2-(b) and (c) show the power spectra using only the vx and vz

components, respectively, confirming the in-plane and out-of-plane character of the EG and A1G,
respectively.

5.4.3 Frequency vs temperature

In order to qualitatively describe the linear shift observed in the calculations, we first
fitted a Lorentz function for each of the spectra to obtain the frequency peak value, and then used
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Figure 5.2 – Spectral function for temperatures ranging from 25 K to 600 K calculated using all
the velocity components (a), only the x componente (b), and only the z component
(c). Linear fit for the EG and A1G frequencies with temperature using all the velocity
components.

this peak in a linear fit described by [132]:

ω(T ) = ω0 +χT (5.3)

where ω0 is the frequency at the origin (0 K) and χ is the first-order temperature coefficient. The
fit is show in Fig.5.2-(d) together with the χ values of 0.02057cm−1K−1 and 0.02035cm−1K−1

for the EG and A1G, respectively. Firstly, we see that the values for both vibrational modes differ
by only 2.2%. The χ found by fitting the experimental Raman spectra at higher temperatures for
few-layer antimonene are -0.025 cm−1K−1 and -0.027cm−1K−1 for the EG and A1G, respectively,
[124], differing by approximately 7% among each other and similar to the results presented here.
Second, we notice that our χ values are higher than other two-dimensional nanomaterials such as
graphene, MoS2 and BP as one can see in the Table 1, indicating a stronger anharmonic response.
Recent results in the literature have pointed out that the χ value in a number of layered materials
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is associated with the van der Waals interlayer interaction [133, 134]. However, comparison
between the present DFT results and experiment indicates that the major contribution to χ

originates from intra-layer interactions.

Table 1 – The first-order temperature coefficient χ was calculated from the velocity autocorrela-
tion function in this work and the experimental values obtained from the temperature-
dependent Raman spectra for other 2D materials.

materials Raman modes χ (cm−1K−1) Reference
Sb monolayer A1G EG -0.02057 -0.02035 This Work
Sb nanosheets A1G EG -0.027 -0.025 [124]
Sb2O3 α−1 Ag β -Ag -0.025 -0.023 [135]
Monolayer graphene Bilayer graphene G mode -0.016 -0.015 [136]
MoS2 A1g E2g

1 -0.012 -0.013 [137]
BP A1g A2g B2g -0.010 –0.014 -0.013 [138]
SnSe B3g Ag2 Ag3 -0.033 -0.037 -0.015 [139]

Another important aspect we can observe in Fig. 5.2-(a), (b), and (c) is that difference
between the frequency peak for the lowest temperature (25 K) and the harmmonic calculation
in the DFT-level (vertical black dashed line). As one can see, the phonon frequency for 25 K
is still lower than harmonic approximation frequencies for the EG and higher for the A1G. The
2.0 cm−1 and 2.5 cm−1 difference for the EG and A1G, respectively, was expected in light of the
fact that the molecular dynamics calculations allow non-linear behavior, including anharmonic
effects. Similar results using analogous methodologies were also found in other two-dimensional
nanomaterials such as BP monolayers [23] for temperatures as low as 4K with a discrepancy of
about 1.5cm−1, which reinforces that low temperature anharmonic effects can not be disregarded
in these atomically thin group-V semiconductors.

5.5 Conclusion

We performed first-principles molecular dynamics calculations and used the velocity
autocorrelation function to investigate the temperature effects on the phonon frequencies of the
antimonene monolayer. We found the same trend of strong frequency blueshift observed for high-
temperature antimonene few-layers obtained by Raman spectroscopy for both vibrational modes
EG and A1G. Moreover, we found a linear dependence between the frequency and temperature
for both vibrational modes, and our results for the linear temperature coefficient χ are close to
the few-layers results, indicating that further investigation should be addressed in the role of the
interlayer interaction on the χ value. We plan to submit a paper with these results in the next
weeks.
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transitions on two-dimensional nanomateri-
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6.1 Introduction

By this point, we only discussed the electronic and structural properties of antimony-
based (and arsenene) nanomaterials. However, we also investigated the pressure-induced transi-
tions on another two-dimensional system: Graphene/hexagonal boron nitride (hBN) heterostruc-
tures. This project was started in my master’s and finished during the first year of my PhD. The
full list of experimental and theoretical collaborators for this project can be seen in [140].

Applying pressure in few-layers graphene is one of the most promising ways of obtaining
2D diamond-like structures. These nanodiamonds gather a lot of research interest due to the
possibility of combining diamond’s unique properties, such as hardness [141] and heat conduction
[142], to the striking properties emerging from the reduced dimensionality. In the past thirteen
years, several different structures have been theoretically proposed [143–146] in which stability is
achieved by surface functionalization at both top and bottom surfaces - usually called “diamane”
[143] for bilayers and “diamondoids” [147] for ticker layers. Martins et al. [17] proposed a
different structure, called “diamondene”, in which the chemical groups are covalently bounded
only on the top surface while the bottom exhibits a periodic array of dangling bonds. Interestingly,
these unpaired electrons and their periodic distribution give rise to two spin-polarized bands,
making diamondene an excellent playground for spintronics [17, 145]. Martins et al. [17] also
performed high-pressure Raman experiments on CVD graphene samples, monitoring the bond-
stretching G mode’s frequency with laser energy. The authors observed a sp2-sp3 transition for 5
and 7.5 GPa in bilayer chemical vapor deposition (CVD) graphene for two different samples
when water was used as pressure transmitting medium (PTM). Intriguingly, these results were
absent in pressured graphene monolayer or in bilayer graphene compressed in mineral oil up to 13
GPa - indicating a crucial role of the water in the reduction of critical pressure. Besides graphene,
compression-induced transitions are also reported in the literature for other two-dimensional
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material: hBN bilayers. Barboza et al. [18] observed insulating to conducting transitions on
hBN bilayers compressed in an atomic force microscopy experiment. The authors proposed a
structural transition (following the electronic one) in which the final structure, called bonitrol, is a
2D ferromagnetic diamond-like sp3-hybridized BN system. On the other hand, the association of
different 2D materials into van der Waals heterostructures has also been the subject of intensive
research in the last few years [10, 148–151]. In this subject, graphene and hBN present as an
excellent pair: Their weak electronic coupling between adjacent layers and the flat interlayer
morphology on graphene/hBN heterostructures enable the investigation of exotic electronic
properties such as fractal quantum Hall effects and superconductivity [8, 152]. Moreover, the
role of pressure in the coupling magnitude between the layers as well as the resultant structural
transition can lead to interesting phenomena as already discussed for the electronic transitions
on a few layers of graphene [17] and hBN [18].

6.2 Objectives

We can summarize the main objectives of this chapter as:

• Use DFT to investigate the electronic and structural transitions induced by pressure on
graphene/hBN heterostructures;

• Explain the behavior of the measured charge injection as a function of applied pressure
using the simulated covalent structures in the different pressure ranges.

In the next section, we will briefly describe the experimental setup and the results that
motivate this project.

6.3 Experimental details

6.3.1 Effective charging efficiency in compressed graphene/hBN heterostructures

To experimentally study the pressure effects on grahpene/hBN heterostructures, atomic
force microscopy (AFM) and electrostatic force microscopy (EFM) were carried out. Fig. 6.1-(a)
shows a topographic image of a typical trilayer graphene (TLG) + BN heterostructure sample,
which was made by transferring a mechanically exfoliated trilayer graphene atop a mechanically
exfoliated hBN flake (in greenish shades) that was deposited onto a conventional p-doped Si/SiOX

substrate (blue-violet shares) [153]. It is important to mention that since the crystallographic
orientation of each h-BN flake is unknown, one should expect random values for the relative
angle between graphene and hBN flakes after sample fabrication.

After the morphological characterization, a biased electrostatic force microscopy tip
is employed to simultaneously apply forces and inject charges onto a given heterostructure
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Figure 6.1 – Relative charging efficiency on graphene/hBN heterostructures. (a) Topographic
AFM image showing a multilayered h-BN flake (in green-yellow shades) deposited
onto a SiOx surface (violet-blue). A trilayer graphene flake was also transferred
onto the h-BN flake. (b) Graph of the relative charging efficiency as a function of
the applied tip compression force for each graphene/hBN heterostructure (MLG +
BN - red squares, BLG + BN - green circles and TLG + BN - blue diamonds) [140].

(monolayer graphene (MLG) + BN, bilayer graphene (BLG) + BN and trilayer graphene (TLG)
+ BN)). Subsequently, EFM imaging monitors the frequency shift ∆ω of the cantilever frequency,
which is proportional to the amount of injected charges q (q∝ ∆ω1/2) [18, 145, 154]. In order
to make the visualization easier among all the samples, we define a relative charging efficiency
η (η = (∆ω/∆ωmax)1/2, where ∆ωmax is the maximum frequency shift observed for a given
sample). We summarize the results in Fig.6.1-(b) for relative charging efficiency as function
of applied tip compression force for MLG + BN (red), BLG + BN (green), and TLG + BN
(blue). From Fig. 6.1-(b), one can observe two distinct behaviors: (a) A monotonically decrease
of the relative charging efficiency with the increase of the pressure for the monolayer case; (b)
an initial decrease of the η until a force around 200 N, followed by an increase of the relative
charging efficiency for both BLG and TLG cases. These results provide indications of pressure-
induced conductor/non-conductor (MLG) and conductor/non-conductor/conductor (BLG and
TLG) transitions. Therefore, the goal of this subproject is to use DFT to understand the final
structural morphology of the graphene/hBN heterostructures and their electronic properties.

6.4 Computational details

First principles calculations were performed within the pseudopotential spin density
functional theory formalism [29, 30] as implemented in the SIESTA program [39]. To ex-
pand the Kohn-Sham eigenfunctions a finite range double-ζ basis set plus polarization func-
tions, the so-called DZP basis set, was used. Norm-conserving pseudopotentials [155] in the
Kleinman-Bylander factorized form [156] and the generalized gradient approximation within the
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Perdew-Burke-Ernzerhof (PBE) parametrization [35] for the exchange-correlation functional
were employed. The grid for real space integrations was defined by a mesh cutoff of 400 Ry,
and a force tolerance of 10 meV/Å in the atomic position optimizations was set. To sample the
Brillouin zone, a k-grid cutoff of 120 Å was defined in all calculations. With these parameters,
the convergence in total energy is of the order of 0.1 meV.

6.4.1 Pressure protocol

To obtain the sp3 hybridized structures, we used a pressure protocol in which several
calculations were performed varying the interlayer distance d (See Fig.6.2 for the graphene
three-layer + hBN) and limiting the movement of specific atoms in the z direction. In this “hard
wall” protocol, we started with a distance of d = 3.3 and performed 10 different calculations
decreasing dCC by 0.1 . The initial Carbon-Oxygen and Oxygen-Hydrogen distances was dCO =
1.5 and dOH = 1 in all the calculation. We imposed a movement constraint during the structural
optimization,in which the z components of the top (bottom) atoms were made equal to zero if the
forces in the +z (-z) direction were non zero and the z coordinates were outside the predefined
range (the “hard wall range”). The value of pressure could be determined using the constrained
forces in one of the surfaces at the end of the optimization process.‘

Figure 6.2 – Pressure protocol. Side view of the three-layer graphene + hBN showing the inter-
layer distance d, Carbon-Oxygen distance dCO and Oxygen-Hydrogen distance dOH.
We performed several calculations varying the graphene interlayer distance ranging
from 3.3 to 2.2 in 0.1 steps and restricting the movement in the z direction of
the C atoms in the top layer and B/N atoms in the bottom layer. Carbon, Nitrogen,
Boron, Oxygen, and Hydrogen atoms are represented by grey, blue, green, red, and
ligh blue spheres, respectively.
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6.5 Results and discussion

6.5.1 The AA and AB structures

We considered several different structures to represent the possible final morphologies
of graphene/hBN heterostructures. For each, we performed an initial geometrical optimization
setting the interlayer distance d within the covalent bond range and applied the hard wall protocol
described in section 6.4.1. Then, we reached the final structures upon a second optimization, in
which we let the system relax freely.

Figure 6.3 – The AB case. (a) Two views of the graphene/h-BN in the zero-angle case. (b)
The corresponding band structure, with blue and red lines denoting the two spin
components.

The first model that we considered was the perfect aligned graphene/hBN sheets, i.e.,
AA and AB stacking. Fig. 6.3-(a) shows two views of the final structure obtained for the AB
stacking between the graphene and hBN sheets. As one can see, a complete sp3 hybridization
characterizes all the carbon and boron bonds, while the nitrogen atoms in the bottommost
layer remain three-fold coordinated. The resulting ordered array of dangling bonds gives rise
to dispersive bands crossing the Fermi level rendering the metallic character of the material as
shown in Fig. 6.3-(b). We obtained similar results for the AA stacking, which do not agree with
the observed decrease of charge injection efficiency upon pressure. Indeed, as should be expected,
to realistically represent the deposition of one material on top of the other, our models should
include a non-zero relative angle between graphene and hBN layers due to the random nature of
the relative orientation of deposited layers in the experimental procedure. These structures will
be detailed in the next section.
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6.5.2 The moiré structures

Since the relative angle between the graphene/hBN flakes are unknown and the perfect
aligned cases do not agree with the experimental data, we considered two different models that
could capture these features: graphene/hBN heterostructures with two different twist angles,
21.79° and 13.17° for the monolayer case and 21.79° for bi- and three-layer. The reasoning
behind these angles is two-fold: First, we need to impose periodic boundary conditions (PBC)
in our calculations, therefore these twist angles generates a moiré pattern (large scale periodic
interference patterns). Besides 21.79° and 13.17°, graphene and hBN systems also generates
moiré patterns for other angles such as 9.43°, 7.34 °, 6.00°, and 5.09° [32]. This brings the second
reason: The smallest angles have bigger moiré length, which means that the system would be big
and computationally expensive to describe. The unit cells of the 21.79° and 13.17° MLG+BN
have 42 and 114 atoms, respectively, and a moiré length of 6.64 for the 21.79° and 10.94 for
the 13.17°. For the BGL and TGL + BN, we used only the 21.79° because the number of atoms
increased quickly for these systems - the TGL+BN with 13.17° would have 228 atoms in the
unit cell. Once established the models, we follow to the next subsection to describe the results
for the BGL + BN case.

6.5.3 The twisted monolayer case

Applying the geometrical optimization described above, we observed the formation
of stable covalent heterostructures in both cases, as shown in Fig. 6.5-(a). The structures are
characterized by layer corrugation and a disordered pattern of interlayer bonds, which have a
profound effect on the electronic structure. Fig. 6.5-(b) shows both band structures, where the
localization induced by disorder leads to a spectral gap opening for both geometries. The 13.17°
case have a small bandgap (0.13 eV) when compared with the 21.79° case (1.27 eV). However,
the mobility band gap, the energy range between the highest occupied dispersive band and the
lowest unoccupied dispersive band, is large (greater than 2eV) due to the flatness of all non-
occupied bands within this energy range. Therefore, due to such predicted gap opening, the DFT
calculations suggest a decrease in the charge injection efficiency as a function of pressure [145],
in agreement with the experimental results in Fig. 6.1-(b).

As mentioned, it is not possible to perform calculations in random relative orientations
because is necessary to impose PBC. Nevertheless, is expected that they would lead to even more
disordered structures. Models for similar disordered systems, with tetrahedrally bonded atoms,
show that their electronic structure may be defined by short-range order [157], which would still
lead to semiconducting behaviors. Additional calculations performed for the heterostructures
with 21.79° indicate that interlayer bonds are not formed for initial distances greater than 2.7 .
In this low-pressure regime, the observed high charge efficiency is ascribed to the conductive
properties of graphene. In the next subsection, we now turn our attention to the electronic and
structural transitions for two- and three-layer graphene/hBN heterostructures.
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Figure 6.4 – Monolayer graphene/hBN (MLG + BN) heterostructures. (a) Side and top views
of the optimized heterostructures for two relative angles: 21.79° (left) and 13.17°
(right). (b)Band structures of the MLG þ BN heterostructures. Blue and red lines
represent spin components and Fermi levels are set to zero. The bandgaps are 1.23
and 0.13 eV for 21.79° and 13.17° cases, respectively.

6.5.4 The twisted two- and three-layer cases

The same methodology was applied in the BLG and TLG + BN heterostructures and we
found an even richer phenomenology that is summarized in Fig. 6.5 for the 21.79° structures.
We can describe the hybridization process in three steps: (i) At a distance of 2.7 , the graphene
layers bonds to each other, resulting in a final geometry identical to the already described
diamondol structure [17, 145] (Fig. 6.5-(a) left, OH-functionalized 2D diamond layer) atop a
hBN bilayer. The corresponding bandstructure (Fig. 6.5-(a) right) has a semiconductor behavior,
roughly approximated by the superposition of the band structure of diamondol (a ferromagnetic
semiconductor) and hBN bilayer (an insulator). (ii) The second step takes place at a smaller
interlayer distance d = 2.3 , where the upper hBN layer covalently binds with the diamondol
structure, forming a three-layer heterostructure atop of a hBN monolayer, as Fig. 6.5-(b) shows.
The existence of a twist angle between graphene and hBN makes the system keeps the semicon-
ducting behavior with an even bigger band gap (1.21 eV) as the right panel of Fig. 6.5-(b) shows.
Interestingly, the system resembles the twisted monolayer case described in the previous section,
with localized states dominating the low-energy region of the electronic spectrum. However, a
striking difference exists among them: the larger rigidity of the upper diamond-like structure
compared with the monolayer graphene case may lead to a less corrugated covalently bounded
hBN layer in experimental conditions. A consequence is that a third structure may arise at an
even higher-pressure regime. (iii) Indeed, for smaller distances in the 21.79 prototype system
the rehybridization process also reaches the second (bottom) hBN layer, which has the same
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Figure 6.5 – BLG + BN and TLG + BN heterostructures. (a) BLG-BN heterostructure: optimized
geometry (left) in the first rehybridization step, with a diamondol-like structure
atop a h-BN bilayer, and the corresponding semiconducting (bandgap of 0.77 eV)
band structure (right). (b) Converged structure and band structure in the second
rehybridization step. The top h-BN layer covalently binds to the diamondol, opening
up the bandgap to 1.21 eV. (c) Final heterostructure, completely rehybridized (left).
Conducting states characterize its band structure, shown in the right panel. (d)
TLG-BN heterostructure: Optimized geometry (left) in the first rehybridization
step, with a three-layer diamondol-like structure atop a h-BN bilayer. The bandgap
of 1.09 eV characterizes the band structure shown on the right. (e) Converged
structure and band structure in the second rehybridization step. The top h-BN layer
covalently binds to the three-layer diamondol opening up the bandgap to 1.29 eV. (f)
Final heterostructure, completely rehybridized (left). As before, conducting states
characterize the band structure, shown in the right panel. The Fermi level is set to
zero in all plots. The relative angle between graphene and h-BN is 21.79°.

orientation as the top hBN (AB stacking). The resulting structure is shown in Fig. 6.5-(c), where
a semiconductor to metal transition takes place - due to the alignment of the hBN layer, an
array of dangling bonds in the bottom layer is responsible for the introduction of dispersive and
conductive states [18]. The description is similar to the bonitrol case, a metallic 2D diamond-like
structure formed by compressing hBN bilayer which is also characterized by the presence of
defective and dispersive bands [18]. The formation of this structure in the experimental setup
would trigger an increase in the charging efficiency in the high-pressure regime, as observed in
Fig. 6.1-(b).

As for the TLG + BN case, we observed the same trends discussed for the bilayer case for
both structural and electronic transitions as shown in Fig. 6.5-(d) to -(f): (i) An initial transition
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leads to the formation of a three-layer diamondol with semiconducting behavior; (ii) Decreasing
the interlayer distance, i.e., increasing the pressure, the upper hBN layer covalently binds with
the diamondol-like structure, forming a heterostructure with a bigger band gap; (iii) Lastly, both
hBN layers form sp3 bonds, resulting in the final rehybridized structure with conductor behavior.
The BLG and TLG + BN cases reinforce the argument that thicker sp3 diamond-like systems
favor more ordered structures since the corrugation of the bottommost hBN layer is 14% larger
in the MLG + BN case.

Overall, the DFT calculations indicate that, as pressure increases in the AFM/EFM
experiments, a first transition - the formation of two semiconducting structures - initially causes
a decrease in the charge injection efficiency, while a second transition - the formation of the
conducting structure - would increase the charge injection efficiency.

6.6 Conclusion

Altogether, experimental evidence of electronic transition in graphene and hBN het-
erostructures was reported by Prof. Ana Paula Barboza (UFOP) and Prof. Bernardo Neves
(UFMG) experimental group (See [140] for the full list of collaborators), in which AFM/EFM
experiments show an initial decrease of the charging efficiency for mono-, bi-, and three-layer
graphene atop an hBN flake suggesting a transition to a semiconductor system. The presented
DFT calculations for twisted heterostructures predict the formation of covalent bonds between
the graphene and topmost hBN layer (and the diamondol with the topmost hBN for bi- and
three-layers graphene), which present semiconductor behavior - in qualitative agreement with
experiments. In the higher pressure regime, an inversion happens and the charging efficiency
increases. In this regime, the calculations show that the bottommost hBN layer binds with the
graphene/hBN covalent structure giving rise to dispersive bands crossing the Fermi level for
both bi- and three-layer graphene. The formation of these metallic structures agrees with the
increasing charging efficiency reported in the AFM/EFM experiment. All these results were
published in Carbon 155 (2019): 108-113., where I shared the first authorship with Prof. Ana
Paula Barboza (UFOP).
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7 Final conclusion and perspectives

“Chegar aqui de onde eu vim

É desafiar a lei da gravidade

Pobre morre ou é preso, nessa

idade”

Junho de 94 - Djonga

In this thesis, we performed first principle calculations to investigate the electronic and
structural properties of novel two-dimensional nanomaterials such as antimonene, arsenene, and
graphene/hBN heterostructures. We can summarize the general idea of each project with four
questions. The first question we answered was “How the structural and electronic properties
of antimonene few layers would change if we functionalize it with different chemical groups?”
Interestingly, we found an oxidation-induced process of 2D to quasi-1D transitions for up to eight
antimonene layers. The final quasi-1D structures are stacked nanoribbons with widths controlled
by the number of initial layers and precisely ordered edges. Controlling the edge morphology,
oxide agent, and width of the nanoribbon can lead to interesting applications in nanoelectronics.

As for the second question, we asked “How would the flat band mechanism behave in
other twisted nanomaterials, such as antimonene bilayers?” We found that due to the relatively
stronger interlayer interaction on antimonene, flat bands can emerge for twist angles as high as
9.43°as a consequence of atomic displacements along the different stacking patterns on the moiré
superlattice. These results put antimonene as a new candidate for exotic physics investigation
without need of the small fine tune of the twist angles.

For the third question, we were interested in the anharmonic effects on antimonene, so
we asked “How the low temperature affects the vibrational modes of the antimonene monolayer?”
To clarify that, we performed ab initio molecular dynamics calculations for several temperatures
below 300K and calculated the power spectra from the velocity autocorrelation function. We
found a linear frequency shift for the low-temperature regime, in the same order of magnitude
as other two-dimensional nanomaterials. Our results complement the understanding of the
vibrational properties of antimonene over a wide range of temperatures, which is important for
nanodevice applications and development.

Lastly, we focused on a different two-dimensional system to answer the following
question: “Why the charge efficiency decreases monotonically for a graphene/hBN heterostruc-
ture under pressure, and why does it increase again for two and three graphene layers/hBN
heterostructures at the high-pressure limit?” We performed several calculations using twisted
graphene/hBN structures and found that due to the covalent bonding of the graphene/hBN layer,
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a new diamond-like structure would be formed with semiconductor electronic behavior. The
two and three graphene cases go through a similar process: First, the graphene layer forms a
diamondene structure (opening the bandgap) at the top of the hBN flake; then the diamond-like
structure binds to the first hBN layer increasing the bandgap; Finally, the second hBN layer
binds with the graphene/hBN diamond-like structure, making the system a conductor again. The
formation of covalent structures during the pressuring process explains the charge efficiency
behavior observed in the atomic force microscopy experiment with a remarkable agreement.

As for future perspective, we can list a few interesting points: (i) Investigate the spin-orbit
coupling on heavier twisted two-dimensional nanomaterials such as bismuthene; (ii) Extend
the oxidation-induced transition to other novel nanomaterials; (iii) Study the magnetic and
correlation effects on narrow gap two-dimensional correlated antimony based semiconductors;
(iv) investigate point defects (such as Nitrogen-Vacancy center) in the two-dimensional diamond-
like structures.
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APPENDIX A – The Verlet algorithm

To obtain the basic formula for the Verlet algorithm [36] we write the Taylor series
expansion for RI(t +∆t):

RI(t +∆t) = RI(t)+∆t
dRI

dt
+

(∆t)2

2!
d2RI

dt2 +O[∆t3]. (A.1)

and similarly for RI(t−∆t)

RI(t−∆t) = RI(t)−∆t
dRI

dt
+

(∆t)2

2!
d2RI

dt2 +O[∆t3]. (A.2)

Keeping only the second order terms, adding the two above equations, and using equation
1.28:

RI(t +∆t)+RI(t−∆t) = 2RI(t)+
(∆t)2

MI
FI[{RJ}], (A.3)

or

RI(t +∆t) = 2RI(t)−RI(t−∆t)+
(∆t)2

MI
FI[{RJ}], (A.4)

and in vector form:

RI(t +∆t) = 2RI(t)−RI(t−∆t)+
(∆t)2

MI
FI[{RJ}. (A.5)
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APPENDIX B – Mobility calculations

To calculate the mobility of the antimonene ribbons we first calculated the electron and
hole effective masses by fitting a parabolic curve in the valence band maximum (VBM) and
conduction band minimum (CBM) (Fig. B-(b)) for the monolayer antimonene nanochain:

Figure B.1 – (a) The electronic bandstructure of the antimonene nanochain obtained from the
monolayer . (b) The secod order fit for the VBM (top) and CBM (bottom). Units
are omitted.

We calculated the effective masses for the hole and electron using:

1
m∗

=
1
}2

∂ 2E
∂k2 , (B.1)

and obtained mh
* = 0.229 me and me

* = 0.125 me for the hole and electron effective mass,
respectively. We calculated the mobility by using deformation potential formalism for 1D
systems [87, 158]:

µ =
e}2C√

2kbT |m∗|3/2E2
1

(B.2)

in which the elastic modulus C is defined as the second derivative of the total energy E relative
to the applied strain ε divided by the area S0 of the optimized structure. The strain is give by
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the relative change of the lattice vector, ε = L−L0
L0

. The deformation potential E1 is the derivative
∂Eb
∂ε

, in which Eb is the energy of the top of the valence bands for holes or the bottom of the
conduction band for electrons. Finally, we adopted the temperature T = 300 K in the calculations.

We performed several calculations varying the lattice parameter (i.e. applying strain in
the nanochain):

Figure B.2 – (a) The total energy (minus the ground state total energy) calculated for each
nanochain under the strain ε . (b) The VBM (top) and CBM (bottom) energies for
several strain ε . Units are omitted.

Using the second order fit for the total energy versus strain curves (Fig. B.2-(a)) we can
calculate the elastic modulus C. Using the linear fit for the energy band versus strain (Fig. B.2-(b))
we can calculate the deformation potential E1. We summarize all the calculated parameters for
the nanorribons generated by the mono- and bilayer antimonene and for the nanoribbon obtained
from the arsenene bilayer in the table 2:

Table 2 – All parameters obtained for the mobility calculations.
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