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Abstract

Till recently, graphene was nothing but a theoretical concept. Nev-
ertheless, a couple of years ago, researchers managed to actually prepare
graphene samples. Owing to its unusual electronic properties and great
promises for applications in nanoelectronics, this two-dimensional ma-
terial has stirred a huge excitement in the scientific community. How-
ever, graphene is a zero-gap semiconductor preventing its use in most
of field controlled applications such as field-effect transistors (FETSs).
Many efforts are therefore devoted to the patterning and characteriza-
tion of graphene quantum dots and nanoribbons in which energy gaps
may open due to the electronic confinement imposed by the edges. In
this dissertation, the electronic and transport properties of graphene and
graphene nanoribbons are explored by means of ab initio techniques.
Special attention is devoted to the impact of topological imperfections,
such as point-defects and edge reconstructions. In particular, we provide
theoretical clues about the most stable defect topologies and we unveil
the mechanisms that rule their electronic structure, chemical reactivity
and scattering properties. Our forecasts are expected to be observed
experimentally.
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Chapter 1

Preface

Graphene is the name given to the two-dimensional sheet of sp?
bonded carbon atoms packed into an honeycomb structure. Till recently,
graphene was nothing but a theoretical material, but researchers man-
aged to actually isolate a graphene sample, a couple of years ago, allow-
ing the measurement of its electrical properties [1, 2, 3]. The unusual
features reported stirred a huge excitement in the scientific community
and graphene rapidly became the center of an intense research activity.
Owing to its geometry and the two dimensional confinement of its elec-
trons, graphene has revealed many new physical phenomena and shown
great promises for applications in nanoelectronics. [4]. Indeed, the ease
to tune the type and concentration of charge carriers, as well as the
extremely high carriers mobilities and coherence lengths experimentally
reported make graphene attractive for high frequency integrated circuits.
Furthermore, its high stability, extreme flexibility and large thermal con-
ductivity are highly desirable for application in devices that operate in
extreme conditions (high temperature, high pressure, irradiation). How-
ever, graphene is a zero-gap semiconductor preventing the achievement
of high Iy, /Iof¢ current ratio in field controlled applications, such as
field-effect transistors (FET). Many efforts are therefore devoted to the
patterning and characterization of graphene quantum dots and nanorib-
bons.

Graphene nanoribbons

In contrast with graphene which is a semi-metal, quasi 1D graphene
ribbons are semi-conducting owing to the electronic confinement imposed
by the edges. Recently, significant progresses have been achieved in the
synthesis of narrow graphene nanoribbons allowing the realization of
carbon based field-effect devices [5, 6]. Though large I,,/I,¢f current

1



2 Chapter 1. PREFACE

ratio (> 10°) have been reported, the performances of such devices have
to be significantly improved for the GNRs to be considered as reliable
complements to the silicon-based technology. At the same time, chemical
doping and introduction of dedicated defects in graphene based materials
are being actively explored as a potential source of innovation to tailor
the electronic properties of these nanostructures.

The properties of these novel class of hybrid carbon-based nanomate-
rials remain to be fully characterized. With this respect, numerical stud-
ies that explicitly account for the actual topology of the GNRs channel
will surely help and facilitate the improvement of the devices character-
istics. The work presented hereafter participates to this effort and aims
to improve the understanding of the physical mechanism ruling the elec-
tronic and transport properties of defective graphene nanoribbons.

Quantum modelling

Understanding and modeling the electronic transport in nanoscopic
devices is not at all an obvious task and certainly requires the use of dedi-
cated tools. At short length scales, the quantum mechanical wave nature
of the electrons plays a crucial role and the semi-classical models are not
valid anymore. Besides, in most operating conditions, the potential bias
that is imposed potentially brings the electronic population away from
its equilibrium configuration. Addressing the transport problem at the
atomic scale therefore requires a quantum theory of out-of-equilibrium
systems.

Due to the nature of interactions between the particles, the equations
of quantum mechanic cannot be solved analytically, with the notable ex-
ception of some highly prototypical systems. Therefore, to solve the
quantum mechanical equatins, we must turn to numerical simulations.
Within the large set of quantum modelling methods that have been devel-
oped over the last few decades, the first-principles, or ab initio techniques
refer to the methods that do not need any a priori assumption regarding
the properties of the system under investigation. Most of the results
presented throughout this dissertation have been computed within such
an ab initio framework.

Outline of dissertation

In Chapter 2, we outline some concepts of quantum mechanics that
are relevant to the solution of the transport problem. In many situations,



the out-of-equilibrium conditions associated with the transport problem
only bring small corrections to the ground-state (GS) electronic den-
sity. A good practice is thus to rely on the GS electronic density as the
guess density for the transport calculations. Therefore, the framework of
Density Functional Theory (DFT) that provides a firm theoretical back-
ground for the calculation of the GS electronic density is reviewed in
the beginning of Chapter 2. In the perspective of transport calculations,
the implementation of the DFT equations in terms of a localized basis
set presents some convenience. Some technical considerations regarding
such an implementation are then outlined and the Siesta computational
scheme is introduced [7]. Finally, the description of the electric cur-
rent within the Non-Equilibrium Green’s function formalism (NEGF) is
described. Though the NEGF allows to account for the electronic cor-
relation, it is worth mentioning that we focus on the description of the
coherent propagation of carriers. To conclude, we present an overview of
the actual procedure implemented within the Smeagol package for the
calculation of the electric current [8] and we discuss the implicit approx-
imations used throughout our dissertation.

In Chapter 3, the electronic structures of graphene and graphene
nanoribbons are investigated by means of tight-binding and ab initio
techniques. A particular attention is devoted to the mechanisms that
rule the opening of energy gaps in the band structure of GNRs. While
the energy gaps mainly originate from the quantum confinement im-
posed by the boundaries, additional effects such as the relaxation and
reconstruction of the edges are reported to have a crucial role in deter-
mining the electronic properties of low energy electrons. Besides, the
edge free energies associated with different reconstructed edge patterns
are computed allowing us to draw some important conclusions regard-
ing the relative stability of the different edge patterns. Finally, we show
that the Clar’s sextet theory may be successfully applied to GNRs in
order to rationalized, to some extent, the close connection between the
GNRs topology and its electronic, magnetic and stability characteristics.
Some sections of this chapter have been published as part of a review
paper [9]. Besides, the discussion regarding the reconstruction of GNRs
at the edges is part of a forthcoming publication that should complete
the previous studies presented in Refs. [10, 11, 12].

As supported by several experimental observations [13, 14, 15, 16],
defects are unavoidable in carbon nanostructures and are likely to play
an important role regarding the electronic, magnetic and transport prop-
erties of nanoribbons. In Chapter 4, the impact of point-defects on the
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electronic states of GNRs is investigated. In particular, we focus on the
electronic structures, formation energies and reconstruction mechanisms
of the vacancies and carbon adatoms. Not only these defects are present
at thermal equilibrium, they are also of technological interest since their
concentration can be tuned by irradiation of the GNR samples. Owing
to the high mobility of point defects on the graphene plane, our results
suggest that the main pinning mechanism for vacancies and adatoms is
the recombination with the edge. Finally, the computed formation en-
ergies outline the poor robustness of the zigzag shapes edges regarding
the introduction of defects.

The study of quantum charge transport phenomena in actual defec-
tive GNRs is of particular interest for the engineering of novel functional
devices that would complement the Silicon based CMOS technology. In
Chapter 5, the conductance patterns of various bulk and edge defects are
computed. The transport properties are predicted to strongly depend on
the position, geometry and chemical reactivity of the defects. The im-
pact of a single defect appears to range from a vanishing backscattering
effect to the full suppression of conduction by the holes or electrons. Be-
sides our results highlight the crucial role played by the electronic states
localized along the zigzag edges in preserving the ballistic conductance
of zigzag shaped GNRs. This account for a strong difference between
the conductance patterns of zigzag and armchair ribbons. Finally, we
report a tight-binding investigation of the electronic transport proper-
ties of mesoscopic armchair shaped GNRs. The consideration of long
ribbons (up to 5um) allows us to rationalize the conductance gaps ob-
served experimentally. In addition, we propose the full hydrogenation of
the edge as a new route to tune the robustness of the electronic conduc-
tance against edge roughness. The discussion regarding the role played
by the edge states should be introduced in a forthcoming publication.
The investigation regarding the conductance scaling in long armchair
GNRs has been recently accepted for publication.



Chapter 2

Electronic transport :
concepts and theory

2.1 Introduction

At short length-scales, where the devices behavior is characterized
by coherent tunneling, the semi-classical transport models are not valid
anymore and the quantum mechanical wave nature of the electrons has to
be considered. However, owing to the flow of carriers through the device,
the transport problem can not be solved using the methods commonly
encountered in quantum chemistry, where molecules are considered as
closed systems, or in condensed matter physics, where advantage is taken
from the periodicity of solids. Instead, a quantum theory that account
for the inflows and outflow of carriers is needed.

Besides, in most operating conditions, the external bias that is im-
posed in order to maintain the carriers flow brings the active region away
from its equilibrium configurations and impedes the use of a single Fermi
distribution function to characterize its electronic population. Therefore,
addressing the transport problem at short length-scales requires a quan-
tum theory for open systems in an out-of-equilibrium configuration.

The transport setup

The physical system on which we focus throughout this work is de-
picted in Fig. 2.1. It is composed of a finite nanoscale cluster (e.g. a
molecule or any set of atoms) functionalized to two bulk electrodes. The
electrodes are assumed to be semi-infinite, periodic, defect-free (i.e. pris-
tine crystals). The electronic states are thus largely delocalized inside
the electrode and form continuous sets of allowed energy levels. The
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HL C:} HR

1
I Vbias

Figure 2.1: Schematic representation of a two-terminal transport setup con-
nected to an external battery. The device, itself, is made from a finite nanoscale
cluster functionalized to two bulk electrodes assumed to be at thermal equilib-
rium

electrodes are assumed to remain at the thermal equilibrium even if a
given potential bias (Vp;4s) is applied across the device. Under this lat-
ter assumption, the electronic distribution of the electrons deep inside
the contact is ruled by the Fermi distribution function,

1
1 +exp(€—b_T’ﬁ)

f(E) : (2.1)

which depends on the temperature (T) and the electrochemical potential
of the material (). On the other hand, the atomic cluster is assumed
to be finite and sufficiently short in size in order to keep away all the
polaronic effects that may appear when the length of the sample exceeds
the electronic mean free path [17, 18]. Besides, we focus our dissertation
onto those nanoscale systems where strong correlation effects are negli-
gible. In particular, we will assume that the carrier equilibration occurs
exclusively deep into the electrodes and that the transport of carriers
through the device is mostly coherent.

The isolated cluster presents well confined electronic states with no
electronic dispersion. The discrete energy levels are populated by an
integer number of electrons. When the nanoscale cluster is contacted
to the electrodes, some of the confined electronic orbitals couple with
the electronic states belonging to the electrodes. As the cluster orbitals
spread inside the electrodes, the electronic motion through the system
brings the junction at the equilibrium. At the same time, a broadening
of the discrete energy levels is induced by the coupling with the elec-
trodes. At the equilibrium, the electronic distribution of the complete
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system (leads + cluster) is ruled by a single Fermi electronic distribution
function. In this situation no electron flows through the device.

In order to establish an electric current from one electrode (the source
electrode) to the other (the drain electrode), the device has to be intro-
duced in an external circuit containing a battery that may externally
fix the electro-chemical potentials of the electrodes. The application of
a bias brings the system out-of-equilibrium and an electric current may
eventually flow through the device. The source electrode, whose energy
levels have been raised up, keeps injecting electrons into the device in
an attempt to bring it back in equilibrium. On the contrary, the drain
electrode keeps pumping electrons from the device for the same reasons.
In the general case, the electronic distribution function of the device and
the electric currents are time-dependent. However, hereafter, we con-
sider only the case of a steady-state current flow through the junction.
One may reasonably assume this situation is reached when the battery
maintains the source and drain electrodes at a different potential for
sufficiently long time.

This pictorial presentation of the device setup highlights several as-
pects of the transport problem. First, the coupling between the elec-
trodes and the nanoscale device is crucial in determining the chemical
potential at equilibrium. Indeed, it fixes the redistribution of the charge
within the junction and the alignment of the discrete energy levels with
respect to the electrodes energy band structures. These aspects can be
accurately described within a quantum theory of the equilibrium. Sec-
ond, the electrostatic potential profile and the out-of-equilibrium elec-
tronic density depend directly on the applied voltage. The estimation of
the I-V curve therefore involves to accurately account for the inflow and
outflow of carriers that bring the molecular structure out-of-equilibrium.

Outline of chapter

In this introduction, the physical system of interest has been pre-
sented and the transport problem defined. The next sections aim to
present the method used to formulate the quantum transport. A partic-
ular attention is devoted to the derivation of a computationally tractable
scheme where the inflow and outflow of carriers is expressed in terms of
Green’s function.

Since the equilibrium situation is often a good starting point in order
to address the general issue of atomic systems out-of-equilibrium. The
main concepts of the Density Functional Theory (DFT) that allows to
compute the ground-state electronic density of systems of electrons and
nuclei, are introduced in Section 2.2. Some aspects specific to the im-
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plementation of the DFT with localized basis sets, as done in the Siesta
simulation code |7], are discussed in Section 2.3. In Section 2.4, the coher-
ent transport of carriers from one electrode to the other is described both
in terms of stationary scattering states and Green’s functions. Finally, in
Section 2.5, we present the self-consistent scheme recently implemented
in the Smeagol package [8] in order to compute the out-of-equilibrium
electronic density and the coherent electric current in nanoscale devices.

2.2 The ground-state electronic density

Over the years, the density functional theory (DFT) [19, 20] has
proved to be a powerful framework for the description of many ground-
state properties of both bulk and nanoscopic materials. This section
introduces the way how DFT tackles the description of systems made of
electrons and nuclei.

2.2.1 The many-body problem

In non-relativistic quantum mechanics, the theoretical treatment of
the motion of particles relies on the Schréodinger equation. For one parti-
cle in a time-independent potential, it is commonly written in the form,

HVU = EV (2.2)

with
n _,

H_——V +V(r), (2.3)
where m is the particle mass and V( ) the external potential. Together
with appropriate boundary conditions, the Schrédinger equation forms
a well-defined problem which, in the case of a single particle, is easily
tractable and leads to well defined solutions. In the case of a system of
electrons and nuclei, the Hamiltonian can be written as,

K22 1 Z:7Z€? w2V
H:;_ZMi + §Z\Ri—]Rjy_; 2mk
Z |I'k -1 Z |Fk - R |’ (24)

k;él

where Ry, i1, Zi/j, Mi/; and m are the nuclei and electrons coordi-
nates, the nuclear charges and masses, and the electron mass, respec-
tively. In Eq. 2.4, three coupling terms (i.e. terms involving the coor-
dinates of two particles) appear in addition to the kinetic energy opera-
tors. These correspond to the ion-ion, electron-electron and ion-electron
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interactions. Though the problem is still well-defined, when the system
contains a large number of interacting particles, the interaction terms
make the Schrédinger equation too complex for an exact solution. Addi-
tional approximations have thus to be introduced in order to tackle the
motion of electrons and nuclei in molecules and solids.

In a first attempt to simplify the general problem, two major approx-
imations may be done.

(i) The large masses of the nuclei, appearing in the nuclei kinetic en-
ergy operator, imply characteristic velocities much smaller than the
ones of electrons. One may then argues that the electronic config-
uration will "instantaneously" reacts to the motion of the nuclei.
On this basis, it is commonly assumed that the adaptation of the
electronic density will not give rise to electronic transitions and will
remain adiabatic. In this case, the first two terms of Eq. 2.4 may
be treated independently of the others. It constitutes the so-called
Born-Oppenheimer approximation [21].

(ii) Among all the electrons of the system, only a small fraction ef-
fectively determines most of the material properties, these are the
valence electrons. From this point of view, one can eliminate the
explicit consideration of the core electrons by assuming them mov-
ing rigidly with the nuclei. The nuclei-electron interaction is then
replaced by an artificial, weaker potential whose aim is to mimic
the Coulomb attraction of the nuclei properly screened by the core
electrons, and which acts on a set of pseudo-wave-function rather
than the true valence wave-functions. This constitutes the pseudo-
potential approximation [22, 23].

Upon these two approximations, the many-body Hamiltonian takes
the form,

H=T¢+Veeqyert (2.5)
with
e h2vz’ e—e 1 62 ext pseudo
M e VT S S e VT R R,
k' kAU i

The k' and I’ indexes are restricted to the valence electrons, and the nuclei
positions are considered as external parameters. At this stage, we are
left with an Hamiltonian still containing the coupling terms associated
with the electron-electron interactions. This makes the problem still
intractable. A desirable way to overcome this issue should be to find a



10 Chapter 2. CONCEPTS AND THEORY

satisfactory expression for this interaction in terms of an effective one-
particle potential,

Ve~ Y Vel (xy) (2.6)
k

In this case, assuming the separability of the many-body wave-functions,
the problem reduces to a set of decoupled equations, each one being
tractable,

\Il(rl, ...,I‘n) = Ibl(rl)lbg(rg)...ﬂ/}n(rn) y (27)
with
[T+ V4 Vi) = e i) - (28)

The Hartree method is one of the simple recasting of the many-body
problem in a set of single-particle equations is the Hartree method [24].
The idea behind the method is to consider each particle as moving inde-
pendently in the mean field due to all the others. The resulting expres-
sion for the effective one-electron potential is

()2
vell(e,) = Z e’ /dri% (2.9)

1 occupied
2
= ¢ /dr|rn(r)r| —e? /dr%. (2.10)
k — k—

Equivalently, the effective potential may be viewed as originating from
the interaction of the k"-electron with the ground-state electronic den-
sity, reduced by the interaction of the k*-electron with itself. The first
term on the right of Eq. 2.10 is called the Hartree potential.

Despite its simplicity, this model interaction gives some insight about
the properties of simple metals. However, to treat the large variety of
materials we have to go beyond this approximation. One can show that
by introducing the Pauli exclusion principle in the previous model and
forcing the antisymmetry of the many-body wave-function, the quality
of the model interaction is significantly increased, leading to the so called
Hartree-Fock approximation [25, 26].

The density functional theory, which is described hereafter, is a
method which provides another improved recasting of the many-body
problem in an equivalent one-body description.
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2.2.2 A functional of the electronic density

The density functional theory has been very popular for calculations
in solid-state physics for a while. This is both due to many successful
comparisons with experimental results and a reasonable computational
time with respect to other methods. The theoretical footing of the den-
sity functional theory is made of two theorems.

(1)

(i)

The theorem of Hohenberg and Kohn [19] applies to systems of
interacting electrons in an external potential. It states that, in
such systems, the external potential is uniquely determined by the
ground-state electronic density. In other words, the external po-
tential, and by extension the Hamiltonian and the electronic en-
ergy, are functionals of the electronic density. Using the variational
property of the electron energy operator, this result allows to re-
formulate the search of the ground-state electronic configuration
of a many electrons system as a functional minimization over the
electron density. Explicitly, for a system of IV electrons, the energy
functional that has to be minimized is,

Ed[n] = (U*T°|V) + /dr Vet (r)n(r) + (U [VEeT)  (2.11)
with the constraint,

/drn(r) = /drl,...,drN U*(ry,...,rn)¥(ry,...ty) = N
(2.12)

The theorem of Kohn and Sham [20] provides a way to calculate
the ground-state electronic density associated with a set of inter-
acting electrons in an external potential (V*'). It shows that the
Hohenberg and Kohn energy functional is minimized both by the
electronic density of the interacting electrons moving in the poten-
tial V¢ and by the electronic density of non-interacting electrons
moving in an effective potential, called the Kohn-Sham potential
VES_ This effective potential is,

/
VES(r) = vert(r) + /dr' |Tf(r )| +Vn] . (2.13)
r—r
In this formulation, all the physics related to the electron-electron
interaction is stored in what is called the exchange-correlation po-
tential V*¢. One has to note that this potential is a functional of
the electron density which is not known a prior.
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In the following, the name Density Functional Theory will refer to
the recasting of the many-body problem into a set of single particle
KS equations that has to be solved self-consistently. With this respect,
the Density Functional Theory results from the combined used of the
Hohenberg and Kohn [19], and, Kohn and Sham [20] theorems.

2.2.3 The self-consistent solution scheme

Assuming that the exchange-correlation functional V*¢ is known, the
two theorems introduced in Section 2.2.2 allow to set up a self-consistent
procedure in order to tackle the initial many-body problem. The solution
of the system made of non-interacting electrons moving in the Kohn-
Sham potential is easy to compute. It is a Slater determinant built upon
the one electron wave-functions that are solutions of the one electron
Schrédinger equation:

hv? KS

[k VRS ) () = e () (214)
Due to the dependence of the exchange-correlation functional with re-
spect to the "unknown" electronic density, Eq. 2.14 has to be solved
self-consistently until the electron density, build as

n(r)= Y i), (2.15)

k occupied

is converged. The solution scheme involves the iterative improvement of
the solution by the use, at each step, of the calculated KS states for the
construction of the new potential. The Hohenberg and Kohn theorem
states that this procedure, when convergence is reached, gives the exact
ground state electronic density of the initial many-body problem.

2.2.4 The exchange-correlation potential

The main theoretical difficulty in the density functional theory is
the treatment of the exchange-correlation (XC) energy since its exact
form is unknown. However, coming back to the Hohenberg and Kohn
theorem and Eq. 2.11, the physical content of the XC energy is readily
identified. Let’s rewrite the electronic energy functional as the sum of
four contributions,

el _ * | e r Vet (v \n(r 62 r r/n(r)n(r/) Tl (1
Efn] = (W T510)+ [ drVet(eny+e [ ded e [(;12).
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The four terms are : (i) a kinetic term, taken as the kinetic energy of the
non-interacting electron gas of the same density, (ii) the contribution of
the external potential which eventually contains the pseudo-potentials of
all the ions, (iii) the Hartree energy which accounts for the interaction
of each electron with the total electronic cloud, and (iv) a remaining
piece which accounts for all the electron-electron interactions that are
not included in the Hartree potential. This last piece (E.[n(r)]) is the
XC energy functional, from which the XC potential is derived,

By deriving an adiabatic connection between the Hamiltonian of the
interacting electrons gas (Eq. 2.5) and the corresponding Kohn-Sham
Hamiltonian (Eqgs. 2.13 and 2.14), it can be shown that the E,.[n(r)]
functional is an integral of the electronic density multiplied by an XC
energy density [27], (¢¢),

E*¢[n(r)] = / dr'n(r")e"(r',n(r)) . (2.18)

While some mathematical properties of the XC energy density are known
exactly, its exact formulation remains unknown and the actual implemen-
tation of the DFT have to rely on approximated functionals.

2.2.5 Approximated XC functionals

The simplest and most commonly used approximation of the exchange-
correlation functional is the local density approzimation (LDA). This
latter assumes a simplified dependence of the €* functional [27, 28, 29],

€5, = €, n(r')) . (2.19)

In this form, the XC functional does not depend anymore on the elec-
tronic density in the whole space but is purely local. Within the most
common implementations, €*¢ is splited in its exchange and correla-
tion parts which are independently approximated. The exchange part
(e*(r’,n(r")) is obtained from the exchange energy of the homogeneous
electron gas for which an exact analytical expression is known, while esti-
mations of the correlation part are obtained from accurate Monte-Carlo
simulations. The LDA functional provides an accurate description of the
atomic structure, as well as the elastic and vibrational properties of most
systems. However, the strong approximation, that is locality, implies an
overestimation of the binding energies of molecules and solids, that can
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reach ~ 0.5 eV /atom.

The natural step beyond the local density approrimation is to take
into account the dependence of €*“ with respect to the gradient and
laplacian of the density. This is achieved in the generalized gradient
approzimation (GGA) [30, 31, 32] where the following form of the local
exchange-correlation energy is assumed,

€g0a = e(r',n(r'), Vn(r'), V?n(r')) . (2.20)
The GGA functional brings large improvements with respect to the lo-
cal density approrimation. For instance, energy barriers, adsorption
and binding energies are described in a more realistic way. However,
semi-local GGA functionals still suffer some limitations. First, though
common GGA functionals produce reliable results for all main types
of chemical bonds, these fails to capture the essence of the long range
van der Waals interaction. This latter comes from the correlated mo-
tion of electrons between distant atoms or molecules that appears owing
to long range Coulomb interaction. Second, though sufficient for the
structural and electronic investigation of most solids, the semi-local ap-
proximation is still too limited in order to generally insure the so-called
chemical accuracy, that is binding energies with an accuracy better than
50 meV /atom [33, 34, 35]. Third, usual local and semi-local exchange-
correlation functionals are rather versatile in predicting the magnetic be-
havior of solids. Indeed, the appearance of magnetic order results from
a subtle competition between exchange and kinetic energy effects. Both
LDA and GGA functionals are known to underestimate the Coulomb
repulsion affecting the balance between electronic exchange and kinetic
energy. The GGA functional has been used for all the DFT calculations
presented in this work. The aforementioned drawbacks should not signif-
icantly affect the investigation of the structural, electronic and transport
properties of graphene based nanostructures.

A number of fully non-local exchange-correlation functionals have
also been developed. These include the average density approximation
(ADA) and the weighted density approximation (WDA) that depend not
only on the local electronic density (n(r’)) but also on the density in some
region around each point r’ [29]. Finally, one also has to mention the ex-
istence of orbital-dependent functionals where the dependence of €*¢ with
respect to the electronic density is spited between the partial electronic
densities associated with particular subset of electronic orbitals. In this
class, one finds methods that involve LDA- or GGA-functionals coupled
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with an additional term that depends on the KS-orbitals. The addi-
tional term may aim to correct the unphysical self-interaction of the ini-
tial functional, as in the self-interaction correction (SIC) scheme [36, 37],
or to add some physical information about the electronic correlations in
the form of an Hubbard correction (LDA-+U) [38, 39]. These corrected
schemes leads to a significantly improved description of the magnetic
behavior of solids [40].

2.2.6 Matrix representation

Up to now, the computational aspects related to the solution of the
KS equation (2.14) have not been tackled. The usual approach to solve
the KS problem is to rely on a basis set of finite size for the expansion of
the KS orbitals and to use the associated matrix representation of the op-
erators in order to recast the KS equation into an eigenvalue problem. In
combination with the self-consistent scheme introduced in Section 2.2.3,
it forms a complete method for the calculation of the ground-state total-
energy and ground state electronic density within the DFT. A more ex-
tended review of the modern DFT implementation schemes is provided
elsewhere [41].

Various basis sets are commonly used to accurately compute the one
particle states involved in the fully self-consistent DFT. Each of them
present specific advantages and drawbacks.

(i) On one hand, since they are the solutions of the KS equation in
presence of a constant external potential, plane-waves (PW) ap-
pear to be the natural choice for the description of nearly free
electrons. Moreover, plane waves form a complete, orthogonal, ba-
sis set that allows to naturally take into account the periodicity
of crystals. The combination of PW with the pseudo-potential
approximation provides therefore powerful methods for the de-
scription of periodic crystals. Finally, the completeness of the
PW basis set is easily controlled by the progressive introduction
of plane waves of higher kinetic energy. This is a major advan-
tage, since it allows to determine the size of the basis set needed to
assess the desired computational accuracy. However, plane-waves
are not very efficient neither for the description of finite or in-
homogeneous systems nor for the all-electron calculations. Indeed,
plane-waves are poorly suited to expand localized states and a large
number of waves are required to describe the rapidly oscillating
wave-functions in the core region.
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(ii) The real space methods are alternative choices for the solution of
the Poisson and Schrodinger equations. In contrast to plane-waves,
real space methods are advantageous for finite, non-homogeneous,
non-periodic systems. Moreover, the spatial nature of the methods
allows to handle more easily non-local potential and to use adaptive
grid to tackle the hard potentials and heterogeneities.

(iii) On the other hand, linear combination of atomic-like orbitals sounds
to be the natural way to describe the binding in molecules and crys-
tals. Indeed, the set of atomic orbitals centered on the atoms of the
material may be viewed as the minimal basis set for the electronic
structure calculations. In addition to the limited number of orbitals
needed to describe the electronic structure, one major advantage
of the localized nature of the basis functions is the sparse form of
the Hamiltonian matrix that simplifies greatly its diagonalization.

However, this approach suffers the lack of systematic method to
insure the accuracy of the basis sets. Indeed, a given set of atomic
like orbitals may be very efficient for the description of some atomic
configurations and quite poor for others. Special attention has
thus to be paid in order to insure the completeness and relative
transferability of the basis sets.

2.2.7 Beyond the mean-field approximation

At this point, the many-body problem has been presented and the
way to overcome it within the DFT has been described. The DFT pro-
vides a convenient recasting of the original many-body problem into a
set of single-particle equations that have to be solved self-consistently.
The unapproximated DFT allows to compute exactly the ground-state
electronic density and total energy associated with the initial many-body
problem. This is sufficient when one is interested in the structural prop-
erties of atomic systems and accounts for most of the successes of the
theory. However, it has to be reminded that, in contrast to the electronic
density, the KS eigenstates and energies are mean-field approximations
of the exact solutions of the Schréodinger equation. Therefore, there is no
firm theoretical justification for their identification with the actual elec-
tronic states and excitation spectra observed in experiments. Though
the DFT has proved to produce quite accurate results in predicting the
dispersion relations of valence and conduction bands in most of systems,
the theory presents some pathologies in describing the system responses
to external probes and excitations. One of these pathologies is known as
the band gap problem and accounts for the failure of DFT when determin-
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ing the energy band gap (Egqp) of semiconductors and insulators. This is
an important drawback for the investigation of the transport properties
of nanoscale systems where the electronic gap often plays a crucial role
in determining the potential landscape felt by the propagating electrons.

Regarding the excited states, the physical informations related to
the excitation spectra are contained within the one- and two-electrons
Green’s functions rather than the electronic density. The Many-Body
Perturbation Theory (MBPT), that considers explicitly these Green’s
functions, is a method to improves the description of the excited elec-
tronic states within the DFT scheme. In this theory, the electronic corre-
lation is not anymore described by the exchange-correlation potential but
rather by a self-energy operator (X,.) that is non-local, non-hermitian
and energy dependent. The common implementations of this theory rely
on the approximation of the self-energy operator as the product of the
single-particle Green’s function (G(r,r’, E')) by the dynamically screened
Coulomb interaction (W (r,r’, E)) and are called GW approximations.
Further description of the MBPT and its approximations can be found
elsewhere [42, 43, 44].

Alternative methods to the Density Functional Theory, that do not
suffer the drawbacks of the mean-field approximation, also exist for the
solution of the many-body Schrédinger equation. For example, Quantum
Monte Carlo (QMC) [45], as well as Configuration Interaction (CI) [46],
and Coupled-Cluster (CC) [46, 47] methods explicitly account for the
many-particle nature of the wave-functions. All these methods are much
more accurate than the LDA and GGA implementations of the DFT but
at the expense of larger computational demand.

In this work, the Density Functional Theory is used for the inves-
tigation of the energetics and structural properties of graphene-based
nanostructures. These properties are known to be well described within
the DFT. Therefore, the geometries and cohesive energies presented here-
after are directly meaningful. On the contrary, the computed energy gaps
are largely underestimated owing to the well known band gap problem.
Hopefully, most of the physical interpretations proposed in this wok are
independent of the Ey,, value, and the band gap problem should not
affect the conclusions drawn from the DFT computed band-structure.
Further comparison of the band structures of graphene and graphene
nanoribbons computed within the DFT and DFT+MBPT frameworks
are provided in Chapter 3.
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2.3 DFT in terms of Numerical atomic orbitals:
the Siesta method

Many software packages provide implementations of the density func-
tional theory. They differ in their robustness, accuracy and requirements
in terms of computational time and memory. Moreover, some are most
dedicated to the description of molecules and finite systems while oth-
ers are specifically designed for crystals. The system of interest, as well
as the required accuracy have thus to be taken into account within the
choice of a specific implementation.

In the perspective of transport calculations, the use of a localized ba-
sis set, such as atomic-like orbitals, presents some convenience. Indeed,
the localized nature of the basis functions involve a direct correspondence
between well defined spatial regions and subsets of basis functions. This
allows to split the infinite matrices (i.e. the operators) into blocks re-
lated to the electrodes and blocks related to the device. Moreover, since
typical two probes transport setups often requires to account for several
hundreds of atoms, a large computational gain is associated with the use
of efficient localized basis sets. In conclusion, an implementation relying
on such basis set (the Siesta method [7]) has been chosen for this study.
In addition, the accuracy of our calculations has been assessed by com-
parison with results produced within a robust PW scheme (the Abinit
package [48]).

The Siesta method is a fully self-consistent DFT method which uses
linear combinations of numerical atomic orbitals (NAOs). It allows to
treat the exchange-correlation part of the energy both within LDA and
GGA, and can handle various type of norm-conserving pseudo-potentials.
In this section, some specificities of the Siesta method are presented.

2.3.1 The numerical atomic orbitals

The Siesta method relies on strictly confined basis orbitals. Beyond a
user defined radius, the orbitals are zero. Moreover, the basis are atomic
like, which means that they are products of radial functions times spher-
ical harmonics. A typical basis set is composed of orbitals (commonly
between 5 and 20 orbitals per atom) centered on the atomic positions
{R;,i=1,..., N}, N being the number of atom entering the calculation.
Le.

Dl (1) = 01 (Ir — Ri])Yim (£), (2.21)

where i labels the atoms, and, [, m refer to the angular and magnetic
moment of the spherical harmonic. In addition, the suffix k£ is used to
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distinguish the different radial functions associated with the same spher-
ical harmonic (Y}, (f)). Following the nomenclature of quantum chem-
istry the use of several basis function with the same angular dependence
generates what is called "multiple-(" basis set.

The minimal (single-¢) basis set! is made of the valence eigenfunc-
tions of the pseudo-atom introduced within a spherical potential well of
radius r.. In other words, the radial functions are taken as the numerical
eigenfunctions of,

1 d? I(1+1)
2r err 212

F V) V0 ) ) = G+ Aot
(2.22)
with ¢f(r) = 0 for r > r.. Here V/(r) is the l-component of the pseudo-
potential. V;*¢!!(r) and Ae®! are the confining potential and the asso-
ciated energy shift of the pseudo-atomic eigenvalue. On one hand, small
cutoff radii (r.) lead to well confined orbitals and fast calculations. On
the other hand, these induce large displacement of the atomic energy
levels (large A¢;) and limit the quality of the model. Therefore, a com-
promise has to be found. A good practice consists in increasing all the
(re) together up to the desired accuracy. This can be done by fixing an
smaller and smaller upper limit to the allowed energy shift (Ae).
Starting with the minimal basis set, more complete set may be con-
structed by adding radial and angular flexibility. The Siesta scheme
for adding radial degree of freedom [49] is based on the "split-valence"
technique which is standard in quantum chemistry [50]. The idea is to
complement the original orbital ((;Sla(r)) by a second orbital (QSZCQ(T)),
that account only for the slow-decaying tail of gblcl(r). Practically, the

initial orbital qﬁla(r) is complemented by an orbital ¢7(r), that obeys,

! —b 2 s
P(r) = {;f(f(lr) i) :;Z , (2.23)

The parameters q; and b; are fixed by applying continuity conditions on
¢l<2 (r). An additional variable r; appears here, which allows to determine
the relative norm of qSlCl(r) and ¢l<2(r). This parameter rj should be
variationally optimized.

To account for the distortion of the atomic valence orbitals in the
crystal, it is often necessary to include in the basis set more angular
degrees of freedom than just the atomic valence orbitals. Two schemes

!Other schemes exist for the generation of a minimal basis set to be used by Siesta
but this one is the standard procedure implemented in the Siesta package
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allow to realize this extension. The simplest one is to include the pseudo-
atomic eigenfunctions of higher momentum into the basis set. However,
for most pseudo-potentials, these states of higher momentum are un-
bound. Therefore, the orbitals obtained by Eq. 2.22 present large spatial
extensions and their shape are mainly determined by the confinement po-
tential. Consequently, one understand that this procedure often present
poor efficiency. The other method consists in including the polarization
orbitals obtained from the valence atomic orbitals of highest angular
momentum. The polarization is done by applying a small electric field
using first-order perturbation theory. This latter procedure appears to
be more efficient than the previous one. As a rule of thumb, it has
been checked that a variationally optimized basis set of double-( plus
polarization orbitals quality produces accurate results for most systems.

It is worth noting that this standard, robust scheme may be easily
improved [51, 52|. A first possibility is to replace the infinite spherical
potential well used to confine the pseudo-atomic orbital by a soft con-
finement potential. The variational optimization of the soft confinement
potential directly leads to improvement in the pseudo-atomic orbital def-
inition. However, such scheme has not been used in this work.

2.3.2 The electronic Hamiltonian

Once the basis set has been determined, the matrix representation of
the KS equation has to be computed in order to allow the self-consistent
solution scheme to be processed using matrices algebra.

Within the pseudo-potential approximation, the KS equation may be
written as,

HE =Te + Y ypeendoqr) 4 yHart 4 yee(y) | (2.24)

where V/Pseudo (r) is the pseudo-potential centered on the i** atomic posi-
tion, and VHart ig the Hartree potential. In Siesta, the pseudo-potentials
are read in their general semi-local form and transformed following the
usual prescription of Kleinman and Bylander [53]. Explicitly, it means
that the pseudo-potentials are first considered in the form,

veseudo(py = |y, Vi(r) (Yim! | (2.25)

where the Vj(r)s are the local radial potentials accounting for the pseudo-
potential approximation. Then, these are expressed as the sum of a fully
local term and a non-local potential. The KB non-local formulation de-
composes the pseudo-potential in terms of the pseudo-atomic eigenstates
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(¢rmn ) of the semi-local potential. T.e.

> Aw¢lmn <¢lmnAV’
Vpseudo Voca + ’ , 2.26
( ) local L %; n ;\7 ¢lmn’AV’¢lmn> ( )

where AV, = Vi(r) — Vieeai(r), and |AV¢yp,y) are called the Kleinman-
Bylander projectors. Since the pseudo-potentials have to reproduce ex-
actly the ionic potential out of the core region, these projectors are
atomic-like functions strictly localized within a sphere of radius 7eope-
Their similarity to the numerical atomic basis functions makes their ma-
trix elements easy to treat as two-center integrals. The local part is then
constructed as a positive charge distribution whose integral give the ion
charge. Since this part is represented on a real-space grid, its arbitrary
definition is used in order to insure its smoothness and limit the size of
the grid use for its representation.

With these developments, the electronic Hamiltonian may be ex-
pressed as,

e — Te + Z Vilocal(r) + Z ‘A/iKB + VHart + ch(r) ’ (2-27)

where ), Vilocal accounts for the local components of the pseudo-potentials
in their KB form, and ), XA/Z-KB is the non-local part due to the KB
projectors. To take full benefit from the localized nature of the basis
functions, an additional transformation may be performed in order to
eliminate the long range interactions associated with the V;%°® and al-
low the expression of He in a sparse matrix form. To reach this goal,
the local potentials Vlocal are screened by the atomic potentials (Vi“tom)
associated with the atomic density p?™. This latter is easily obtained
by the appropriate population of the pseudo-atomic orbitals (the basis
functions). Since, by definition, these pseudo-atomic orbitals are con-
fined within an spherical volume, the screened neutral-atom potential
A

VNA Vlocal + Vatom (228)

is also limited to this volume. Finally, in order to recover the original
electronic Hamiltonian, the potentials (V™) are subtracted from the
Hartree term. Defining Ap as the difference between the self-consistent
electronic density and the atomic densities,

Z patom (2-29)
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and AVt a5 the electrostatic potential generated by Ap, the electronic
Hamiltonian may then be expressed as,

He =T+ > VEP 4> V@) + AvAot L veeir) . (2.30)

This last expression is the one used in the Siesta package to compute
the KS single-particle eigenstates. Owing to the expansion of the KS
eigenstates in terms of atomic basis functions, the KS equation has the
matrix form,

H.c,, =em-Scp (2.31)

with
Un(@) = Y Smul®)um (2.32)
:u':LNbasis
which is nothing else than a generalized eigenvalue equation, solvable
either by direct diagonalization of by iteration techniques.

In brief, we have described how the original Kohn-Sham equation is
implemented within the Siesta package in order to take benefit from the
localized nature of NAOs. This scheme has been widely used throughout
this work, and has proved to be efficient for the geometry optimization
and electronic density calculation of systems composed of up to seven
hundred atoms.

2.4 The electric current

The purpose of this section is to survey the theory that underlies the
coherent quantum transport in nanoscale devices. We have chosen to
introduce the concepts progressively and to limit our description to the
theoretical aspects that are directly related to the simulations performed
in this work. As such, it may yet be mentioned that this section as well as
the subsequent chapters of this manuscript will focus on the description
of the coherent transport only. All the non-coherent effects (e.g. the
electron-electron, and electron-phonon interactions) are kept for future
investigation.

2.4.1 The semi-classical approach

The understanding of charge transport at the mesoscopic level has
both taken benefit from the evolution of the semiconductor industry and
driven major progresses in microelectronic device. As a consequence, the
fundamental developments have been closely related to the technological
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needs. In semiconductor, carriers can be reasonably described as semi-
classical particles within the effective mass or the k.p approximations
and semi-classical transport models have been used for long to give a first
understanding of the observed transport properties. In this section, we
briefly present the Boltzmann transport equation which is the theoretical
grounding of most of semi-classical methods.

With great intuition, the Boltzmann kinetic theory and previous Li-
ouville’s work introduce a connection between the regime of dynamics
and the one of thermodynamics in order to describe the properties of
atomic gasses. Farly in the years 1870, Boltzmann introduced the con-
cept of single-particle probability distribution function (usually denoted
as f(r,p,t)) and proposed the well known Boltzmann transport equation
(BTE) to rule its time evolution,

df(r,p,t) _ Of dr dp
dt - 8t+vrf'dt+vpf'dt
_ of P
= 875%—V,rf.m+fo.VrV(r,7§)
_of
= o , (2.33)

coll

where the quantity %\call describes the effect of all the collisions in the
electron gas and accounts for the scattering processes. Note that this
equation derives directly from the Liouville’s theorem which rules the
particles flux conservation in phase space. Within the k.p approximation
and under the assumption of an electrostatic potential, Eq. 2.33 simplifies

to,
of 1 q _of
E + ﬁvrf . VkE(k) + ﬁka . E(I‘,t) = _875

Moreover, it can be shown that in the absence of external fields and
upon proper definition of the collision term, the BTE equation involves
the evolution of f(r,p,t) towards to the Fermi-Dirac distribution func-
tion. As it is, to solve the integro-differential BTE is a highly difficult
numerical task. In practice, the common usage is to approach the BTE
solutions using limited expansion of the equation with respect to small
change of the momentum. These expansions lead to various useful equa-
tions including the popular drift-diffusion equation which has generated
many successes in the understanding of semiconductor devices.
However, the Boltzmann distribution function is a classical object
(the # and p observables do not commute in quantum mechanic) and the
application of BTE fails at the extremely short length-scales and very
high frequencies where the wave nature of electrons gives rise to the un-
certainty principles. E.g. quantum effects such as the quantization of

. (2.34)

coll
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electronic charge or the phase coherent propagation of electrons, which
give rise respectively to the Coulomb blockade effect and the quantiza-
tion of the conductance, are not accessible within the Boltzmann kinetic
theory.

2.4.2 Phase-coherent quantum transport:
The Landauer-Biittiker formalism

The modeling of transport at extremely short length scales faces the
limitations of the Boltzmann transport equation and a quantum mechan-
ical description of the electrons is thus needed. The formally simplest
approach to this problem is the well-known theory pioneered by Lan-
dauer [54, 55| and Biittiker [56, 57]. They proposed and elegant way
to address the phase coherent quantum transport. In this approach,
the current is view as "a consequence of the injection of carriers at the
contacts and their probability to reach the other end" [54].

The quantum of conductance :

We start by considering the simple and highly prototypical device
made of a unique ballistic channel of length L (e.g. a region with constant
or periodic potential and no scattering) attached to two large contacts
assumed to be at thermal equilibrium and characterized by the Fermi
distribution functions f; and f,. In this case, since the channel is purely
ballistic, the probability of transmission is equal to one for all the electron
injected in the center part?. The Hamiltonian of the system may be
written as,

h2
[——VQ + U(r)} U(r) = EV(r), (2.35)
2m
where U(r) is the potential which realizes the electronic confinement
in the x and y directions and is constant along the z-axis. The free
propagating nature of electrons along the z-axis allows to write the wave-
functions as,

, h?k?
U(r) = Ui(r) = e x,(z,y) with E = E,(k) = 5 T en (2.36)
m
where ¢, is the quantized energy associated to the eigenmodes y,(x,y)
of the confining potential. Finally, the group velocity of an electron in a

2Experimentally, this prototypical situation can be approached by the realization
of a very tight constriction in a 2D electron gas
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specific mode is given by,

V() = £ |2En(k)

- ' o , (2.37)

En(k)=E

where the + suffix is added in order to distinguish the right and left
propagating modes, whose group velocities fulfill v (E) = —v,, (F).

We assume further that the contacts are perfect absorbers, which
means that any electrons coming from the ballistic region can enter the
contact with a negligible probability of reflection®. The two contacts
inject flux of electrons in the device; some are reflected at the interface
between the contact and the ballistic region, the others are transmitted
and go on, without scattering, through the ballistic region to the other
contact. Since there is no back-scattering inside the channel and the con-
tacts are reflection-less, the right/left propagating modes of the ballistic
region may be thought as being populated only by propagating states
incident from the left/right contacts. These latter are characterized by
the f;/f, distribution functions.

Since an electronic density (ng, = %) is associated to each state in
the ballistic region, the current I* = env® incident from the left /right
contacts may be expressed as

= = 2e ) gm0 S (B(k))

k,m

= w5 S| e
- 52 i |0, g, 0
= i%Z/oodEfl/r(E)

= i% OOdEM(E)fl/T(E). (2.38)

— 00

where the factor 2 accounts for the spin degeneracy and the function
M(FE) corresponds to the counting of the x,(z,y) eigenmodes available
at the incident energy FE.

At the equilibrium, the two contacts present the same distribution
functions and the It and I~ currents cancel each other. On the contrary,

3While apparently very crude, both experience and numerical simulations show
that this approximation is in agreement with the reality as long as the energy of the
escaping electron is not too close to the bottom of the energy band of the contact
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if the two contacts are maintained at two different electro-chemical po-
tentials (y; and p.,.), a net electric current is expected to appear through
the ballistic channel. It is given by the difference between I and I~.
At T = 0K, the Fermi-Dirac distribution function is a step function, and
the current expression becomes,

= 2—; [ " M(E) dE - /; M(E) dE] _ %/M M(E)dE . (2.39)

—00
In the case of one single x,,(z,y) in the energy range defined by the Fermi
distribution functions [u,, 1], the current expression can be further re-
duced to,

2¢* (u —pr) _ 27
I = — ——F = — Vhias » 2.40
; . Vo (2.40)

where Vj;.s 18 the voltage drop between the left and right electrodes.
This development highlight the existence of a conductance Gy = (%) =
12.9 [k€], known as the quantum of conductance, associated with every
ballistic channel connected to reflection-less contacts. This quantum of
conductance has been measured early in the 1960° [58]. The experiment
has used quantum point contacts to create a constriction much shorter
than the electron mean free path between two wide metallic contacts.
Note that the appellation quantum of conductance does not mean that
all the measured conductances have to be integer multiples of Gy. Indeed,
this is no more the case in the presence of scattering centers or at finite

temperature.

A general approach of the scattering :

The simple approach presented in the last section can be generalized
in order to tackle the coherent electronic transport in nanodevices. The
system we would like to describe is represented in Fig. 2.41, where it has
been conveniently divided into three parts: (i) the left and (ii) right leads
that are assumed to be made of perfect, defect-free crystalline materials,
and (iii) a central region that can be any kind of set of atoms. This re-
gion, which potentially corresponds to the active part of the device, could
thus be a single atom, a molecule, a section of carbon nanotubes or even
a bulk slab. Besides, the central part and the leads may either have
the same cross-section dimensionality (e.g. a two-dimensional slab of
magnetic material between two non-magnetic semi-infinite leads) or not
(e.g. a single molecule stretched between two massive gold electrodes).
However, we will assume hereafter that an account of the system dimen-
sionalities can be achieved by recasting the problem into an equivalent
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Figure 2.2: Schematic representation of the two-terminal transport setup.
[Top panel] The device is contacted to two semi-infinite bulk electrodes as-
sumed to be at thermal equilibrium. [Bottom panel] Block-decomposition of
the Hamiltonian into sub-matrices associated with the central region and the
principal layers of the semi-infinite leads. Hp contains all the interactions inside
the central region. Hyp and Hppr describe the coupling between the central
region and the leads. Hy accounts for all the interactions inside the principal
layers (PLs) of the leads. H; describes the coupling between nearest-neighbors
PLs.

one which presents a translational symmetry along the directions per-
pendicular to the transport axis. In this way, the Bloch theorem holds
along the transverse plane and the original transport problem can be
conveniently divided into a set of independent problems associated each
with one transverse k-point.

In order to facilitate the following discussions, it is convenient to de-
scribe the system by means of principal layers. A principal layer (PL) is
the smallest set of atoms that represents a unit cell of the semi-infinite
crystal forming the leads and which interacts only with the nearest-
neighbors PLs. Therefore, owing to the decomposition onto a set of
localized basis functions, the Hamiltonian of the system under consider-
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ation can be written as,

H_{ H, H, 0
R 0 H 4y Hy Hpp 0 X

H = ¢L 0 Hpr Hp Hpr 0 .. or - (2.41)
0 Hpp Hy H 0
0 H., H, H

Here, Hy is the [n*n] matrix that describes all the interactions within the
principal layers. Similarly (Hp) is the [m % m] matrix describing the in-
teractions within the central region. Here, n and m are the total number
of basis set localized within a principal layer and the the central region,
respectively. Finally, the interactions between nearest-neighboring PLs
are contained in the [n xn| Hj matrix, and the interactions between the
central part and the left (right) lead is described in the [n *m] ([m * n])
Hpp (Hpgr) matrix. Besides, if the system preserves the time-reversal
symmetry, H_; = HI, Hpr = H}L)L and Hpgr = HI%D' It is worth men-
tioning that in the case of non-orthogonal localized orbitals, the overlap
matrix (S) adopts the same form as the Hamiltonian (H).

Open boundary conditions and scattering states :

With this notation in terms of PLs, the time-independent Schrodinger
equation of the isolated contact | H|y) = E S|¢) | will assume the form,

K 1Ch 1+ KoCou+Ki1Coy1=0, (2.42)

where (), is a vector of length n, and « label the successive PLs. Here,
we have introduce the K matrices defined as,

Ko = Hy— ES,
K, = H,—ES;
K, = H_,—ES_. (2.43)

Note that, for some application, it is also common to write the Eq. 2.42
in the so-called transfer-matrix form [59, 60, 61, 62, 63],

< —(K1)11 Ky —(K1)01 K >< Ciil ) _

(&)=(%) e
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where T is called the transfer-matrix.

Since deep inside the contacts, the leads are periodic along the trans-
port direction, the electronic scattering states of the system have to obey
the asymptotic behavior of propagating Bloch states. The Schrédinger
Eq. 2.42 inside the contact can therefore be re-expressed into the follow-
ing eigenvalue problem:

( —(Kl)ll.Ko —(Kl)Ol K >< Cf:jl > :eikd< CC:L ) ’

(2.45)
where d is the length of the PLs along the direction of transport. Solving
this equation for both leads, yields two sets of 2n complex waves-vectors
(kjl.'/ R j = 1,...,2m) and their associated bulk complex state-vectors
( ij/ R). These propagating (and decaying) Bloch states are the basis
functions on which the transport problem is developed. By convenience,
we order the wave-vectors such that the first m states are incoming to the
scattering region, and the other m outgoing from the scattering region.
Finally, the open boundary conditions of our original transport problem
can be described in terms of the bulk states qﬁf/ " by imposing the proper

asymptotic form on the stationary scattering states of H:

U (r) = %, +Zz a1 Tij Ok, 12 €L
' Zz m-+1 ZJ ¢k r, € R
(2.46)

where the transmission (¢;j) and reflection (7;;) amplitudes have been
introduced. Here, \Ilﬁj are the scattering states that are incident from
the left contact. These are characterized by k; in an asymptotic sense,
i.e. these originate from the bulk states ¢j;. A similar expression is
easily derived for the scattering states \I!R that are incident from the
right contact. The transmission and reﬂect1on amplitudes found here,
are the usual quantities of the scattering theory and can be computed,
for example, by use of the transfer matrix techniques [59, 60, 61, 62].

Computing the current :

In the presence of coherent processes only, a good strategy for the
calculation of the expectation value of every operators is to rely on the
equilibrium distribution functions fY" to populate the UL/E stationary
scattering states. Following this prescription for the population of the
electronic states, the out-of-equilibrium density operator of the system
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is constructed as,

p=3 [WENCE] FEE) + iR SR, (247)

J=1

where the fL/f (which are the Fermi electronic distribution of the left
and right leads) have been used to fix the electronic population of the
WE/R scattering states. The expectation value of the current density
operators in the absence of a magnetic field J(r),

Jr)U(r) = — [U*(r)V, ¥(r) — ¥(r)V, ¥ (r)] , (2.48)
may then be calculated as,
I(r) =Tr [p.j] . (2.49)

Using the Landauer-Biittiker expression of the non-equilibrium density
operator, the current density can be expressed as,

22m ZWk r). ff Y Wil (2.50)
j

with

L/R L/R L/R L/R L/R *
W ) = (xykj/ (r)) Vel (o)) - w(r)y (v /B )) . (2.51)

All the ingredients are now gathered to compute the total current
through the device. It is given by the integration of the current density
over the cross section of the device at a given position along the z-axis,

I(z) = /5 S, . J(r). (2.52)

Since the current has to be conserved in the transport direction, the
integration value can be performed at every cross section (S| .) along
the z-axis. Of course, the easiest choice is to perform the integration
in the leads where the asymptotic behavior of the scattering states is
known. After some algebra, and using the orthogonality relations of
the Bloch states in the leads, one can obtain the well-known Landauer-
Biittiker formula for the total current through the device in terms of the
transmission amplitudes,

2

1= [ dET(B) [fH(B) - f(B)] (2.53)
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where the transmission function of the system T'(F) has been defined as,
m  2m oB
=3 > mmpt e s
o ameall |(vi* (B)]

Here, v; and v; are the group velocity of the incident ((;Sé) and trans-
mitted (¢£.) bulk states, respectively. The transmission function defined
in Eq. 2.54 is a convenient quantity to tackle the transport problem.
Indeed, in the Landauer-Biittiker approach the steady-state electric cur-
rent of a given system is completely determined by the knowledge of its
transmission function since the electronic distribution in the leads are
assumed to be the Fermi equilibrium distribution.

Note, that, up to now, the scattering potential for a given bias be-
tween the contacts has been assumed to be known, though no way has
been provided to compute it. This is however, not a limitation of the
Landauer-Biittiker theory. Indeed, prescriptions have been assumed for
the calculation of the non-equilibrium electronic density in terms of the
scattering states which are themselves of easy access. So that, the DFT
self-consistent solution scheme could be applied in order to allow the
calculation of the scattering potential.

2.4.3 Phase-coherent quantum transport :
The Green’s Function Formalism

Another approach to solve the quantum transport problem is the
Green’s function formalism [64, 65, 66, 67]. It is worth mentioning that
the use of Green’s functions, though convenient, is not needed to tackle
the problem of the coherent electronic transport in nanoscale device.
Indeed, the Green’s function (GF) technique leads to the same expres-
sion as the Landauer-Biittiker formalism for the net coherent current
(Eq. 2.53). But the real power of the Green’s functions appears when in-
coherent processes such as the electron-electron, or the electron-phonon
couplings are taken into account. However, we do not address these sub-
jects in this work, so that we limit ourselves to the description of the
equilibrium GF formalism.

The Green’s function :

Hereafter, we will consider again the particular transport setup de-
picted in Fig. 2.2. Two semi-infinite, defect-free, electrodes are coupled
to a central region, where all the scattering processes take place. We are
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thus dealing with an infinite hermitian problem whose solutions are not
accessible by application of the Bloch theorem owing to the central region
that breaks the symmetry. However, the problem can be solved by com-
puting the retarded Green’s function of the single-particle Schrédinger
equation. Roughly speaking, this function gives the response at any point
of the system due to a particular excitation at any other. The retarded
Green’s function of the full system (G*(E)) is defined as follows,

(E+i6) —H|G"(E) =T (2.55)

where 7 is an infinite-dimensional identity matrix, (E +id) is the energy
complemented with an infinitesimal imaginary part in order to insure
the causality. H and S are the infinite dimensional matrix Hamiltonian
and overlap matrix.

Another useful expression of the retarded GF is in terms of the complete,
orthonormal, set of eigenfunctions {|¥, (E))} of the defining operator,

H|Un(E)) = E|Wn(E)) (2.56)

G'(E)=[(E +id) — /dE’Z ’\PE E’+£5 iy (2.57)

In addition to the retarded Green’s function (G"), it is convenient for
many situations to introduce the system spectral function (A), defined
as

AE) =i (G(B) - GH(B)) = 2n 3 [Wa(E)(Wa(B)| . (258)

As shown from the last equality, the spectral function is a meaningful
quantity. Its trace represent the density of states and within a spatial
representation, its diagonal elements correspond to the local density of
states (LDOS).

Finally, it is interesting to mention some properties of the GF associ-
ated with the perturbation theory, since it allows to set up a direct link
between the retarded GF and the scattering theory. First, we note that
the retarded GF gives the response of the system to a constant pertur-
bation (f) of the Schrodinger equation. As an example, the solution of
the equation,

(H = (E+60)) [4(E)) = |f) (2.59)
is given by
[Y(E)) = =G"(E)[[) - (2.60)
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where G" = [H — (E + di)]~!. This also applies for a perturbation
of the potential (V). Assuming, that the solutions of the unperturbed
Schridinger equation are known, (H° [¥9) = E,, [¥9)), the solutions of
the perturbed Schrodinger equation,

(HO+V — (E +6)) [(r)) =0, (2.61)
are given by,
[W(E)) = [W°(E)) + G (B) V]H(E)) ; (2.62)
or equivalently,
[V (B)) = [¢*(B)) + GE) VIV (B)) ; (2.63)

where the GO(E) and G(E) functions are the retarded GFs of the un-
perturbed and perturbed system, respectively. It is instructive, to apply
these relations, called the Lippmann-Schinger equations, to the scatter-
ing problem. Indeed, this allows to straightforwardly connect the bulk
propagating states of the isolated leads (|¢£j>), to the stationary scat-
tering states of the complete system (|\IJ£J>) Assuming that the pertur-
bation of the system (V') corresponds to the coupling between the leads
and the central region (i.e V. = Hyp + Hpp + Hpr + Hrp, using the
notation introduced in Eq. 2.41), the Lippmann-Schwinger Eq. 2.63 gives

Vi) = |ok,) + G(Ex,) VIoE,) - (2.64)

Open boundary conditions and leads self-energies :

We now apply the Green’s function formalism to the transport prob-
lem illustrated in Fig. 2.2. Similarly to what has been done in Sec-
tion 2.4.2, we rely on a description in terms of localized basis set, and we
assume a virtual partition of the left and right leads in PLs. Finally, we
are interested in the retarded Green’s function of the system. Though
the matrix that has to be inverted is infinite-dimensional, the Green’s
function formalism allows to account naturally for the open boundary
conditions that rule the asymptotic behavior of the transport problem.
In what follows, we will see that the Green’s function of the central
part can be easily calculated separately, without calculating the whole
Green’s function. From the definition of the retarded Green’s function,
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we obtain,
etSr —Hp, e*Srp — Hip 0
E—’—SDL —HprL €+SD — Hp €+SDR —Hpr (2.65)
0 e"Spp — Hrp € Sr—Hr
Gr Gip Yrr
Gor. Gp Gpr | =21 (2.66)
Grr Yrp Gr
with,
e = (E + 6i) (2.67)

where the Hamiltonian, overlap and Green’s matrices have been divided
into sub-matrices corresponding to the left/right leads and the central
region. The Hy,/p sub-matrices account for all the interactions inside the
left and right leads. These blocks are thus infinite-dimensional [co * 0o,
as well as Sy /g and G /g. On the contrary, the sub-matrices in which we
are interested (i.e. Sp, Hp and Gp) have the dimension [m % m|, where
m is the number of degrees of freedom (i.e orbitals) in the central region.
Finally, the sub-matrices Hyp, and Hpg, that represent the interactions
between the leads and the central region, have the dimension [coxm] and
[m * oo], respectively. However, these sub-matrices (Hrp and Hpgr) are
actually zero with the exception of the bottom/top n lines that represent
the coupling between the last PL and the central region (i.e. the Hpp
and Hppr matrices introduced in Eq. 2.41 ). Here, n is the number of
degrees of freedom (i.e orbitals) in the PL.

Selecting the three block-equations that involve G p, the following
system of equations is readily derived,

('St —H1) .Grp + (Sep — Hip) .Gp =0

(2.68)

(Spr —Hpr) .Grp + (€"Sp — Hp) .Gp + (Spr — Hpr) -Grp =0
(2.69)

(Skp —Hrp) .Gp + (Sk —HR) .Grp =0
(2.70)

Substituting the Eqgs. 2.68 and 2.69 into Eq. 2.70, we obtain an explicit
expression for the sub-matrix Gp which is the part we are actually in-
terested in. The matrix (Gp) has the form,

G (E) = [e+ Sp— HYI(E) o (2.71)
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with,

Hi{!(E) = [Hp - £}(E) - Sp(E)] (2.72)
where the concept of the retarded self-energies associated with the left
and right leads has been introduced,

Y1 (E) = [€+SDL — HDL] g%r [€+SLD — 'HLD]
SR(E) = [e"Spr—Hpr| GF.[€"Srp —Hrp] . (2.73)

Here, Q%r and Q?{ are the retarded Green’s function associated with the
isolated leads, .
g?;R: [€+SL/R_HL/R] . (274)

Though it might seem that we have not gained much since this last
equation still contains infinite matrices, this is not exact. Indeed, the
self-energy can be computed easily by exploiting the fact that the in-
teraction between the central region and the leads only involves a finite
number of atoms close to the interface. Besides, owing to the sparsity
of {Hpr,Sp, Hpr,SrD}, only the n lines of QRTR that correspond to
the surface PL are actually needed in Eq. 2.73. This sub-matrix, that
we call G%r  has the finite dimension [n +n] and can be computed either
semi-analytically or by recursion methods. This point is further detailed
in Section 2.5.1.

To conclude, we have seen that the Green’s function expressed in
Eq. 2.71 is defined within the central region only while the effect of the
contact have been mapped into complex self-energies. We note that the
imaginary part of the self-energies accounts from the finite lifetime of
the electronic states inside the central region. Indeed, due to the inter-
actions with the contact, eigenstates can leak out from the central region.

Spectral function and density matrix :

In order to set-up a complete formalism, an explicit expression for
the out-of-equilibrium density matrix in the central region is needed. In
the absence of inelastic processes, such an expression can be derived in
several ways. A possible route is to properly translate the expression pro-
posed in Section 2.4.2, in terms of the retarded Green’s function. This
can be done owing to the connection drawn by the Lippmann-Schwinger
equations. Another appealing way, is to rely on the general expression
derived within the Non-Equilibrium Green’s Function (NEGF) formal-
ism [65]. Interestingly, both approaches produce exactly the same result.
Here, we deduce the form of the out-of-equilibrium density matrix from
the physical meaning of the spectral function [68].
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The spectral function is by definition closely related to the density-
of-states (see Eq. 2.58). Using the projector operator Pp, that projects
onto the central region, we define the spectral function of the central
region as Ap = PpAPp. At equilibrium (p; = pr = pp) the complete
system is characterized by a single Fermi-Dirac distribution function and
the electronic density can be expressed as,

=y / dE Apf(E — up) . (2.75)

This expression is not anymore valid when a bias is applied between the
electrodes (ur — ur # 0). However, in case of coherent propagation
of carriers, one can use equilibrium distribution functions in order to
treat the out-of-equilibrium situation. As presented previously in Sec-
tion 2.4.2, each scattering eigenstates can be considered in equilibrium
with one of the two reservoir characterized by uz, and pugr. Here below, we
show that Ap can be decomposed in two components Ay and Ag, that
are associated with the scattering states incoming from the left and right
leads, respectively. Upon the assumption of coherent transport only, an
expression for the out-of-equilibrium density matrix can thus be derived.

The spectral function of the device can be decomposed in two parts
A L and A R,

Ap = i(Gp—-Gh)=iGpGL' —aphHah,
= GDFLGTD —i—GDFRGTD
= AL + AR . (276)

Here, the broadening I'y/p = ¢ [EZ/R — ] have been introduced.

L/R
These account for the non-hermicity of the/self—energy operators. At
this point, it is worth mentioning that we have neglected the infinitesimal
imaginary part introduced in Eq. 2.55, in order to insure the causality of
the retarded Green’s function. As a consequence, the second equality in
Eq. 2.76 is not true when there are electronic states strictly localized in
the device region that do not couple with the electrodes. In such case,
I' = I'r = 0, and the information about the localized states is neither
contained in Ay, nor in Ag.

Using the Lippmann-Schwinger equation (2.63), one can show that
the two parts of the device spectral function are built up from states
originating from the left and right electrodes respectively. Indeed, the



Section 2.4. The electric current 37

part Aj, can be expressed as,

AL = 2r ) Pp|lUl)(wh|pp
j

= 2r > Po (I6f) + G Vi Iob) (01 + 0fIv]GT) Py
J
= GpliGl . (2.77)

Since the same applies for the part Agr, we have shown that, in the
absence of inelastic processes, the out-of-equilibrium density matrix of
the central region can be expressed as,

o= [ dE (ALf(E =) — Apf(E—pp) . (278)

:271'

where the scattering states incoming from the left (right) are populated
according to the equilibrium Fermi distribution of the left (right) elec-
trode.

In summary, we have shown that an expression for the out-of-equi-
librium density matrix can be derived from the decomposition of the
spectral function into its component originating from the left and right
electrode. However, this derivation do not account for the presence of
localized states in the scattering region. Since these states do not couple
with the left or right lead, it is unclear how to populate these local-
ized states whose eigenenergy (€j,.) lies between the left and right Fermi
levels (i.e. € € [pr,pr]). Though such situation is seldom encoun-
tered in practice, the treatment of low-energy localized states is an im-
portant issue that limits the generality of the method presented above.
Intuitively, one minds that the occupancy of these states should be de-
termined by the non-coherent scattering processes that insure a small
coupling between the localized states and the leads. Such processes are
not modelled within the coherent approach derived here, the treatment
of localized states would therefore require additional information on their
filling.

Computing the current :

At this point, a complete scheme has been built in terms of the
Green’s functions and the electric current I through the device can be
computed. Indeed, once the density operator is defined, it is possible to
evaluate the current operator. After some manipulations, one can derive
the following expression for the electric current through the junction [69],

I= %/dETr [PLG;)TPRGTD [f(E—p) — f(E—pr) . (2.79)
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Since the quantity [I' LGBLF rGp] may be interpreted as a transmission
matrix [54], the expression (2.79) is fully equivalent to the Landauer
formula.

2.5 Computing the Green’s functions:
The Smeagol method

The Green’s function formalism outlined here above has been recently
implemented in several computational codes. Throughout this work, the
transport calculations have been performed with the Smeagol 8] package
based on the density functional theory code Siesta |7]. In this section,
we briefly describe some aspects of this particular implementation.

2.5.1 Calculation of the contact self-energies

In Section 2.4.3, we have shown that the computation of the Green’s
function for the central region relies on the proper evaluation of the
self-energies associates with the left and right electrodes. Since, these
latter have to be computed for each transverse k-vectors, and at several
energies, a stable and efficient computational algorithm is crucial for the
code performance.

The main computational cost in calculating the contact self-energies
is related to the evaluation of the retarded Green’s function of the iso-
lated leads. Within the Smeagol package, these are constructed following
a semi-analytical [8, 63, 70] scheme that is briefly presented here after.
Globally, the scheme is composed of three steps. First, the Bloch states
of the infinite system are derived. Second, these are used in order to build
the retarded Green’s function corresponding to the infinite leads. Then,
appropriate boundary conditions are applied in order for the Green’s
function to vanish at the free surface of the semi-infinite leads.

(a) Owing to the division of the leads in PLs, the Hamiltonian and the
overlap matrices are arranged in the trigonal form described in Eq. 2.41.
In this formulation, Hy and Sy account for all the interactions and overlap
integrals inside one PLs. H; and S; are the off-diagonal blocks that
correspond to the interactions and overlap integrals between the nearest-
neighbors PLs. In order to simplify the notation, we also introduce the
matrices K, = H, — ES, with (e = 0,1, —1). In the case of an infinite
periodic lead, the Bloch theorem applies along the transport direction
(z-axis) and the bulk electronic states can be mapped into Bloch states,

U, =e* g (2.80)
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where z = n * d is an integer multiple of the PL length (d) and k is the
wave-vector along the z-axis. A method for the calculation of the set ¢y
has been proposed in Section 2.4.2. In brief, the Schrodinger equation
can be re-expressed in the form,

[K,l e~k | Ko+ Ky eikd] dp =0 . (2.81)

Besides, this equation can be conveniently mapped into an eigenvalue
calculation with the aid of the transfer-matrix (see Ref. [63]),

T_ < —(Kli__l-Ko —(K1)0_1K1 ) _ (2.82)

The eigenvalues of 7 are the 2n roots e*d that defines the complex
wave-vectors of the Bloch states at energy E. The upper part (i.e. the
n first elements) of the 2n eigenvectors are the expansion components of
the Bloch electronic functions over the localized basis functions. In order
to simplify the following discussion, we assume that the eigenvectors are
ordered such that the electronic states with indices ranging from 1 to
n corresponds to Bloch waves propagating/decaying in the right direc-
tion. On the contrary, the indices ranging from n+1 to 2n are associated
with Bloch waves propagating/decaying in the left direction. Finally, it is
worth mentioning that the solution of the eigenvalue problem (Eq. 2.82)
assumes that K is invertible. Moreover, the stability of the algorithm
requires that K is not ill defined. Therefore, a regularization procedure
of K7 is highly desirable. Though this point is crucial for the accuracy
and stability of the code (see Refs. [8, 63, 70]), we will not enter these
details here and assume that the K7 matrix has been properly modified
in order to be neither singular nor ill-conditioned.

(b) In order to construct the retarded Green’s function of the infi-
nite leads, one notes that the Green’s function (G,./) is a simple wave-
function for all z < 2. Since it also has to be retarded, and continuous
at z = 2/, one may assume the following form,

G _ Z’ln:l ¢klelkl('27z ) akl 9 z 2 Z/ 2 83
zz! — 2n ik (z—2") / ( . )
l=n+1 ¢kl6 ag,, 2=z

where the ay, coefficients have to be determined. Folding these expres-
sions into the Schrodinger Eq. 2.81, one can show that,

g, = &LlV*l , (2.84)
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with,

n 2n
V= (H] - ES]) | re™Egl — > g eigl 1 (2.85)
=1 l=n+1

where the set of &Ll is made from the duals of ¢y, (i.e. &Ll Gk, = Olm)-

(c) Finally, the Green’s function of the semi-infinite leads, can be ob-
tained from the Green’s function of the infinite leads by subtracting from
G ..+ a linear combination of eigenvectors that insure the annihilation of
the Green’s function at the free surface. Consider, for example, the left

lead which extends from z = —o0 to 2z = zg — 1. The subtraction of the
term,
n 2n ' ~ ‘ ~
A2 — z) = Z Z (¢khelkl(fz°)¢;tl> : (¢kl62kl(zrz )‘%) vt
=1 h=n+1
(2.86)

from G, gives a new retarded Green’s function which vanishes at the
principal layer z = 2, taken as the surface. In this way, the retarded
Green’s function of the semi-infinite leads have been computed and all
the ingredients are gathered for the calculation of the self-energies. We
finally note that, the derivation of the self-energies proposed here above,
assumes that the entire leads are undisturbed by the central region. This
means that the interfaces at which the surface Greens functions are com-
puted, have to be sufficiently far away from the scattering region in order
for the scattering potential to be zero into the leads. Upon this assump-
tion, the leads self-energies have to be computed only once and remain
valid throughout the self-consistent determination of the scattering po-
tential.

2.5.2 The out-of-equilibrium density matrix

Before to summarize the self-consistent procedure used for the cal-
culation of the out-of-equilibrium scattering potential, we briefly come
back to the out-of-equilibrium density matrix,

=5 Z 4E [f1(E — u)AL(E) + fr(E — pr)A(E)]  (2.87)

where f(E) is the equilibrium Fermi electronic distribution, and py /g
are the chemical potentials inside the left and right leads, respectively. It
is worth noting that the integration in Eq. 2.87 is not a trivial computa-
tional task since the integral is unbound and the spectral functions Ay, g



Section 2.5. The Smeagol method 41

[Re]

5
o
g
3
B
i te-e-e)
o>

Figure 2.3: The closed contour (Cr,, + Cge) used to compute the equilibrium
component of the electronic density matrix. Filled blue dots account for the
poles of the Fermi distribution function enclosed in the complex integration
part.

are not analytical. However, the computational cost of the integration
can be significantly reduced by rewriting the integral (2.87) as the sum
of two contributions, peq, and pa,

p = 5o [ dE (B - ) AL(E) + S - ) An(B)
+F(B = pi)AR(E) — F(E — ) An(E)]
= %/ dE Ap fr.(E — pr)

+% /_Z dE AR(E) (f(E — pr) — f(E — ur))

= Pequ T PA - (288)

The first term (peqy) accounts for the "equilibrium" component of the
electronic density. Indeed, it correspond to what should be obtained if
both leads have the same chemical potential (7, = pr). All poles of the
device spectral function (Ap) are lying on the real axis and the func-
tion is analytical elsewhere. Therefore, though unbound, the integration
of Ap can be performed in the complex plane using contour integral
techniques. The contour used in Smeagol is depicted in Fig. 2.3, where
FEpottom 18 chosen below the deepest valence electronic state. For finite
temperatures, the contour encloses some poles of the Fermi distribution
function located at {z, = i(2a + 1) wkpT, with o = 1,...,ns}. The
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residue theorem thus applies. Finally, the integral is computed as,

o [ B AD(E) (B~ 1) =
—/C dz AD(Z)fL(Z — ,uL) — Qﬂ'kBTZaAD(Za) . (2.89)
up a=1

The second term in Eq. 2.88 accounts for the corrections induced by
the out-of-equilibrium conditions. The spectral functions Ay /g are not
analytical and the integration cannot be obtained using complex con-
tours techniques. However, the integration is bounded by the two Fermi
distribution functions and can be evaluated on a fine energy. Here, we
remind that the formula (2.89) do not account for the contribution to the
density of the electronic states that are localized within the scattering
device and do not couple with the leads. In the presence of such states,
Eq. 2.89 is not valid anymore and additional informations have to be
supplied.

2.5.3 The self-consistent procedure

Finally, we describe the self-consistent procedure implemented in the
Smeagol package aiming at the calculation of the out-of-equilibrium elec-
tronic density and electric current.

The main feature of the Green’s functions DFT-based schemes is to
extend the scope of the standard DFT codes based on localized basis sets,
by calculating the out-of-equilibrium density matrix. As such, it is worth
mentioning that, though the out-of-equilibrium electronic density does
not minimize the density functional, these schemes rely on the Kohn-
Sham Hamiltonian as the single particle Hamiltonian. Therefore, the
self-consistency is very similar to the one encountered in standard DFT
codes. The self-consistent procedure can be summarized in the diagram
depicted in Fig. 2.4.

In many situations, the non-equilibrium condition only brings small
corrections to the ground-state electronic density, it is therefore a good
practice to use a DFT computed ground-state electronic density as the
guess input density for the non-equilibrium calculations. This latter then
proceeds in two steps. First, the electronic structure corresponding to
the infinite leads is computed, in order for the contact self-energies to be
build over the proper range of energies (i.e. the full bandwidth of the ma-
terial). This step has to be done only once since the leads are assumed
to remain in their equilibrium states. Second, the out-of-equilibrium
density matrix is computed in a self-consistent way. The self-consistent
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Figure 2.4: Diagram of the self-consistent cycle for the computation of the
out-of-equilibrium density matrix and electric current. Blue frames correspond
to the preliminary DFT calculation aiming at producing a good initial guess
for the out-of-equilibrium electronic density. Green frames describe to the
preliminary calculation of the leads self-energies. Red frames correspond to
the main step of the actual self-consistent cycle.

cycle is accomplished by getting the Hartree (electrostatic) potential as
a solution of the Poisson’s equation with appropriate boundary condi-
tions. Though the Poisson’s equation can be solved in the real space, it
is common to use fast-Fourier transform algorithms that are computa-
tionally efficient. This latter method is used in Smeagol. Actually, the
electrostatic potential is calculated for a virtual periodic system obtained
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by repeating the effective Hamiltonian H;f ! (E) along the transport di-
rection. Besides, a saw-like term, whose drop is identical to the bias
applied, is added to the Hartree potential in order to recover the correct
voltage drop across the device. Finally, when convergence is reached,
the electric current is computed as a by product of the retarded Green’s
function.

2.6 Solving the transport problem :
achievements and limitations

Over the last decade, most of ab initio calculations of conductance
in nanoscale junctions have rely on the use of the Landauer approach
on top of the Density Functional Theory [71, 72, 73, 74]. Though this
single-particle framework has proven to be reliable for the description
of point contacts and some molecular junctions [75, 76, 77, 78], in the
vast majority of situations, the predicted conductance exceeds experi-
mentally measured values by several order of magnitudes [79, 80, 81].
On the one hand, this discrepancy raises questions about the theory
and its underlying approximations. On the other hand, it is important
to remind that predicting the conductance of nanoscale devices may be
highly sensitive to the atomic arrangement of the actual device. Since
the contact structure between leads and active region is experimentally
difficult to control and characterize, the comparison between theoretical
predictions and experimental measurements is plagued by uncertainty
about the system geometry.

2.6.1 Experimental characterization

Several recent studies have attempted to reduce the gap between the
theory and experiments. Obviously, the development of methods able to
achieve a detailed microscopic characterization of the nanoscale devices
is needed. Few years ago, Inelastic Electron Tunneling Spectroscopy
(IETS) has appeared as the first experimental tool for the characteriza-
tion of nanoscale and molecular junctions [82, 83, 84]. IETS is based on
the analysis of the inelastic scattering of carriers by localized vibrational
modes. Indeed, such inelastic processes come with identifiable finger-
prints in the second derivative of the current with respect to the bias
voltage. Though TETS gives crucial insights into the chemical composi-
tion and bonding characteristic of the junction, the experimental setup
requires liquid helium temperatures and exceptional stability of the junc-
tion, limiting the range of IETS applicability. Another method that is
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currently being investigated in order to characterize nanoscale junctions
is Surface-Enhanced Raman Scattering (SERS) [85, 86].

2.6.2 Thermal fluctuations

On the theoretical side, recent developments aim to account for the
thermal fluctuations of conductance [87, 81] and to overcome the limi-
tation of the commonly used single-particle approximation [88, 89, 90,
91, 92, 81, 93, 94, 95]. Recently, several studies have emphasized the
large fluctuation of conductance resulting from small modification of the
atomic configurations [96, 97, 98, 99, 100, 81]. As an example, it has
been reported that the conduction of molecular junctions with thiol-
Au interfaces vary over orders of magnitude depending on the interface
geometry [97, 98, 99, 100]. Besides, advanced computational schemes
that couple the charge transport calculation with a molecular dynamic
simulation have allowed to catch the essence of the conductance fluctua-
tion [87, 81]. Though these studies accurately account for the dispersion
reported in experimental conductance measurements, they fail in predict-
ing the measured average conductance. Theoretically computed values
of the conductance are typically a few times larger than those observed
in experiments.

2.6.3 Renormalization of the electronic levels

Recently, the discrepancy between computed and measured values
has been partly attributed to the use of approximated exchange-corre-
lation (xc) functionals [88] and to correlation effects that are beyond
the single-particle approximation [88, 90, 91, 92, 81, 93]. A reliable
description of the electronic transport in nanoscale junctions, first of
all, requires a reliable description of the energetic landscape across the
junction. When a nanostructure is contacted with metal electrodes sev-
eral physical phenomena involving many-electron processes contribute
in determining the energetic landscape. Some of them are correctly de-
scribed at the mean-field Kohn-Sham level, others are not. First, the
self-consistent interaction between the device and the electrodes leads to
a redistribution of the electronic density that may be highly sensitive to
the XC functional. Second, the coupling between the electronic states
localized within the device and the propagating Bloch states strongly
depends on the energetic spectrum of the device. Besides, the broaden-
ing of the device energy levels and their alignment with respect to the
electrode band structures play a crucial role in determining the low bias
conductance of the junction. With this respect, the use of LDA KS-
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eigenenergies, that are plagued by the well-known energy-gap problem
may be an important source of errors in the conductance calculation.
Finally, the proper description of the electrostatic effects at the junction
interface is beyond the single-particle scheme. Indeed, the correlation
energy associated with the polarization of the metallic contacts upon re-
moval or addition of electrons in the device strongly affects the position
of the affinity and ionization levels of the junction.

The aforementioned studies have attempted to assess the impact of
such phenomena on the electronic transport in molecular and nanoscale
junctions. Globally, in the case of molecules weakly coupled to metallic
electrodes, the many-body effects have been shown to account for a renor-
malization of the junction energy levels at the metal-molecule interface
leading to significant improvements of the predicted conductance. As an
example, an appropriate shift of the ionization and affinity levels has al-
lowed to compute conductance of aromatic molecules weakly coupled to
metallic substrates in good agreement with experiments. In contrast, in
the absence of well-defined metal-molecule interface, the renormalization
of the energy levels does not strongly modify the qualitative picture pro-
vided by the mean-field approximation. In fully metallic junctions (e.g.
metallic atomic wires), the changes in energy are small and mainly ac-
count for small modification of the carriers velocities. In semi-conducting
junctions (e.g. semi-conducting carbon nanotubes), the renormalization
of the energy levels globally acts as a rigid energy-shift of the unoccupied
electronic states.

2.6.4 Inelastic scattering

Finally, a few recent studies have investigated the impact of non-
coherent scattering and dissipative effects on the transport properties of
nanoscale junctions [95, 94, 90, 88|. Since these are inelastic in essence,
electron-phonon and electron-electron interactions results in the spread
of the spectral weight and the redistribution of the conductance chan-
nels to different energies. This may play a important role in electronic
transport by opening new diffusive conduction channels and prevent-
ing the propagation of coherent electrons. Practically, most of these
results have been obtained within the Non-Equilibrium Green’s Func-
tion (NEGF) formalism properly combined with (i) the Hedin’s GW
approximation (GWA) to account for the electronic correlation and (ii)
the self-consistent Born approximation (SCBA) to include the electron-
phonon interaction. It is worth mentioning that such approaches come
with a huge computational demand that strongly restrict the size of the
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systems studied. Therefore, such a detailed description of the electronic
transport has been derived only for small prototypical nanojunctions.

2.7 Owur approach

Several pioneering studies have underlined the important role of many-
body processes in determining the conductance patterns of nanojunc-
tions. However, it is highly computationally demanding to account for
such complex phenomena within ab initio calculations, implicitly impos-
ing a stringent limit on the size of the systems considered. Therefore,
the current exploration of the electronic transport in nanoscale junc-
tions mainly relies on two complementary approaches. On one hand, a
large theoretical effort is dedicated to the improvement of the physical
models of electronic transport at the atomic scale. Among other things,
this includes the analysis of the inelastic effects and the derivation of a
true out-of-equilibrium computational scheme. On the other hand, much
work has still to be done in order to understand, at least qualitatively,
the impact of the junction structure and shape on the transport prop-
erties of the device. For example, the elastic scattering by point-defects
and impurities is expected to be the dominant scattering mechanism
in many systems for which the approximation of coherent transport is
therefore qualitatively convenient. This work clearly participates to this
latter approach. All the transport calculations presented in the next
chapters rely on the mean-field KS approach and the approximation
of coherent transport only. We forecast that this scheme provides a
qualitatively meaningful picture of the intrinsic transport properties of
carbon based nanostructures such as graphene nanoribbons. Obviously,
the conductance patterns computed from the Kohn-Sham eigenenergies
are pledge by the well-known energy-gap problem. However, in the ab-
sence of metal-semi-conducting interface, this should not significantly
affect the physical interpretation of the transport results. Besides, the
carriers mobilities experimentally measured on graphene flakes are re-
ported to be globally temperature independent, suggesting the mobility
in graphene to be mainly limited by impurity scattering in nowadays sam-
ples [101, 1, 102, 2]. Finally, theoretical prediction highlights the edge
roughness scattering as the dominant scattering mechanism in graphene
nanoribbons, even at room temperature [103].






Chapter 3

Quantum confinement in
graphene nanoribbons

3.1 Introduction

Carbon is the fourth most abundant chemical element by mass in
the universe and is known to man since antiquity. Due to its ease to
form various stable covalent bonds with small atoms, including carbon
itself, it forms a huge number of different structures among which most
of the organic compounds. Consequently, carbon nanomaterials reveal
a rich polymorphism of various allotropes exhibiting each possible di-
mensionality : fullerene molecule (0D), nanotubes and graphene ribbons
(1D), graphite platelets (2D) and nano-diamond (3D) are selected exam-
ples. Because of this extraordinary versatility of nanomaterials, carbon
nanostructures exhibiting different physical and chemical properties are
playing an important role in nanoscience and nanotechnology.

The fundamental building block of the carbon nanostructures (ex-
cept for sp3-bonded diamond) is the graphene sheet. Graphene is the
name given to the perfect infinite two-dimensional sheet of sp?-bonded
carbon atoms packed into an honeycomb structure. For long time, this
prototypical two-dimensional solid has been used to describe properties
of many carbon-based materials, including graphite (where a large num-
ber of graphene sheets are stacked), nanotubes (where graphene sheets
are rolled up into nanometer-sized cylinders), large fullerenes (where
graphene sheets contain at least 12 pentagons displaying a spherical
shape), and ribbons (where graphene is cut into strips).

Till recently, graphene was nothing but a theoretical concept since
planar graphene was presumed to be unstable with respect to the for-
mation of curved structures such as fullerenes and nanotubes. However,

49
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a couple of years ago, researchers managed to actually prepare graphene
by mechanical exfoliation (repeated peeling or micro-mechanical cleav-
age) of bulk graphite (highly oriented pyrolytic graphite, HOPG) [1, 2]
or by epitaxial growth through thermal decomposition of SiC [3]. The
discovery of such simple methods to prepare single atomic layer of car-
bon on top of a substrate suitable for the measurement of its electrical
properties has generated a renewed interest in what was considered to
be a prototypical, yet theoretical, two dimensional system. Graphene
displays indeed, unusual electronic properties arising from confinement
of electrons in two dimensions and peculiar geometrical symmetries.

Old theoretical studies of graphene [104, 105] reveal that the spe-
cific linear electronic band dispersion near the Brillouin zone corners
(Dirac point) gives rise to electrons and holes that propagate as if they
were massless fermions, with a velocity of the order of one hundredth of
the speed of light. Charge excitations close to the Fermi level can thus
be formally described as massless relativistic particles obeying a Dirac
equation, whereas a new degree of freedom reflecting inherent symmetries
(sub-lattice degeneracy) appears in the electronic states: the pseudospin.
Because of the resulting pseudospin symmetry, electronic states turn out
to be particularly insensitive to external sources of long-range elastic dis-
order, and as a result, charge mobilities in graphene layers as large as
105 em?V~1s~! have been reported close to the Dirac point [1]. In ad-
dition, in suspended graphene, the minimum conductivity at the Dirac
point approaches a universal (geometry independent) value of 4e?/7h at
low temperature [106]. Low temperature electron mobility approaching
2 x 10° cm?V~!s7! were measured for carrier density below 5 x 10°
ecm~2. Such values cannot be reached in conventional semiconductors.
In addition, graphene has been shown to exhibit anomalous quantum
transport properties such as integer quantum Hall effect [102, 101], but
also one of the most exotic and counter-intuitive consequences of quan-
tum electrodynamics : the unimpeded penetration of relativistic parti-
cles through high and wide potential barriers, known as the Klein para-
dox [107]. These discoveries have stirred a lot of interest in the scientific
community as well as in international media. The excitement behind
this discovery has two main driving forces: basic science and technologi-
cal implications [108]. Because of its high electronic mobility, structural
flexibility, and capability of being chemically and/or structurally p- or
n-doped-graphene is considered as a potential breakthrough in carbon-
based nano-electronics.

The first section of this chapter reviews the electronic structure of
graphene. The band structure of graphene is derived analytically and
the close relation between the low energy electrons and the massless
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Dirac fermions is highlighted. This section is mainly inspired by the
Refs [4, 109]. The second section aims to show how the properties of
graphene are conserved or modified in quasi-1D structures, known as
graphene nano-ribbons (GNRs). In particular, the mechanisms that rule
the opening of energy gaps are detailed and the similarities between
GNRs and carbon nanotubes (CNT) are highlighted. This section takes
much from the Refs [110, 111, 112, 113]. Finally, third section focuses
on the structure and stability of the GNR edges. Since the topology
of the edges determines the low energy electronic structure of GNRs,
the relative stability of the different edge reconstruction is of crucial im-
portance to achieve the experimental control necessary for technological
applications. The results presented in this last section complete the for-
mer study of T. Wassmann et al. [10] and are part of a forthcoming
publication.

3.2 Electronic properties of graphene

Graphene is the ideal bi-dimensional (2D) allotropic form of carbon
in which the atoms are periodically arranged in an infinite hexagonal
network (Fig. 3.1(a)). Such an atomic structure is characterized by two
types of bonds and exhibits the so-called planar sp? hybridization of the
C atoms. Indeed, among the four valence orbitals of the carbon atom
(the 2s, 2p,, 2p, and 2p, orbitals, where z refers to the direction perpen-
dicular to the sheet), the (s,ps,p,) orbitals combine to form the in-plane
o (bonding or occupied) and ¢* (anti-bonding or unoccupied) orbitals.
Such orbitals are even with respect to the planar symmetry. The ¢ bonds
are strong covalent bonds responsible for most of the binding energy and
for the elastic properties of the graphene sheet (Fig. 3.1(a)). The remain-
ing p, orbital, pointing out of the graphene sheet (Fig. 3.1(a)), presents
an odd parity with respect to the honeycomb plane and cannot couple
with the o states. The lateral interaction with neighboring p, orbitals
creates the delocalized 7 (bonding) and 7* (anti-bonding) orbitals [104].
Graphite is comprised of coherently stacked layers of graphene. Two
(three) layers are needed to define the unit cell in Bernal [AB| (rhombohe-
dral [ABC]) graphite since the successive sheets are translated from each
other by a C-C distance (acc=1.42 A). The three-dimensional structure
of graphite is therefore held together by weak interlayer van der Waals
forces including some electronic delocalization [114]. The 7 bonds, per-
pendicular to the graphene sheet, are responsible for this weak interac-
tion between carbon layers in graphite.
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Figure 3.1: Tllustration of the carbon valence orbitals (a): the three o orbitals
within the graphene plane and the 7 orbital perpendicular to the plane. The
o bonds in the carbon hexagonal network strongly connect the carbon atoms
and are responsible for the binding energy and the elastic properties of the
graphene sheet. The 7 bonds are perpendicular to the surface of the sheet.
The corresponding bonding and the anti-bonding o bands are separated by a
large energy gap of ~ 12eV (b), while the bonding and anti-bonding 7 states
lie in the vicinity of the Fermi level (Er). Consequently, the o bonds are
frequently neglected for the prediction of the electronic properties of graphene
around the Fermi energy.

3.2.1 Tight-binding model of graphene

The electronic structure of graphene can be described using a rather
simple tight-binding Hamiltonian, leading to analytical solutions for its
eigenvalues and related eigenstates [109]. Since the bonding and anti-
bonding o bands are well separated in energy (by more than 12 eV at
'), they are frequently neglected in semi-empirical calculations as they
are too far away from the Fermi level to play a role (Fig. 3.1(b)). Only
the remaining two m bands are thus needed to describe the low energy
electronic properties of graphene [104] and graphite [105]. Indeed, the
bonding (7) and anti-bonding (7*) orbitals do form wide electronic va-
lence and conduction bands (Fig. 3.1(b)) which cross the Fermi level at
high-symmetry points in the Brillouin zone of graphene, as discussed in
the following.

The graphene plane is an hexagonal lattice with two atoms (A and
B) in the primitive cell defined by the lattice vectors (aj, as),

a = 3(3, V3), ap= 3(3, —V/3) (3.1)

where ¢ is the C-C inter-atomic distance (~ 1.42 A). Consequently, the
graphene lattice is made from two inter-penetrated triangular sub-lattice
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containing only one type of atoms (A or B). Graphene presents thus a
bipartite topology where the direct neighbors of atoms of the sub-lattice
A are atoms of the sub-lattice B. One defines {e;, eq, es} as the vectors
that connect each atom of the sub-lattice A to its nearest neighbors,
a a

€1 = (G,O), €2 = 5(_17\/5)7 €2 = 5(_17 _\/g) : (32)
The reciprocal lattice vectors (51, gg) are derived from the direct lattice
vectors by use of the relation a; - b; = 27.9;5,

by = g—Z(Lﬁ), by — z—Z(1,—¢§) . (3.3)

Consequently, the first Brillouin zone is hexagonal. As detailed in Fig. 3.2(b),
the three main points of high symmetry are labelled I'; K and M.

When carbon atoms are placed onto the graphene hexagonal lattice
(Fig. 3.2(a)), the electronic wave-functions from different atoms overlap.
However, such an overlap between the p, orbitals and the s or the p,
and p, electrons is strictly zero by symmetry. Consequently, the p. elec-
trons, which form the 7 bonds in graphene, can be treated independently
from the other valence electrons. Within this 7-band approximation, the
atoms are uniquely defined by one orbital per atom site [104].

(a) (b)

Figure 3.2: Graphene honeycomb lattice and its Brillouin zone. (a) Bipartite
lattice structure of graphene characterized by the unit vectors a; and ap and
the nearest neighbor vectors eq 2 3. (b) Corresponding first Brillouin zone with
its high symmetry points I';, M, K and K’. Orange and blue circles represent
carbon atoms belonging to different sub-lattice in the graphene structure.

To derive the electronic spectrum of graphene, the corresponding
Schrédinger equation has to be solved. Within the so-called orthog-
onal tight-binding (TB) scheme, where the overlap integrals between
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neighboring p, orbitals are neglected, it amounts to diagonalizing the
Hamiltonian,

H= Z <€a&de + EblA);r;{_i_ellA)R_Fel) +

R
Z Z —t <6k+eidR + &I{BR+GZ') , (3.4)

R i=1,3

where ¢ is the nearest neighbor hopping energy, €,/, are the on-site en-
ergies, and {&}; / IA)};} and {agr /br} are the creation and annihilation op-
erators for electrons on site R of sub-lattices A and B. Here, the atomic
interactions have been restricted to first-nearest-neighbors only. Since
all carbon atoms are equivalent in graphene, one can set ¢, = ¢, = 0
without loosing information. Owing to the lattice periodicity, the cre-
ation/annihilation operators may be written as Bloch sums,

. 1 KR ; 1 ik.(Rte;) 7,
AR = —— Z e ax and bR+ei e — Z e ‘ bk ) (35)
VN "hy VN ke BZ

where N is the number of primitive cells in the solid. Inserting these
expressions into Eq. 3.4 with ¢, = ¢, = 0, one gets

=Y <hk bl + i aLBk) (3.6)
ke BZ
_ ot 0 Iy ax
= Z(akbk).<hk 0 >'<bk>’ (3.7)
ke BZ
with ' A
he=—t Y e ™% = |Iyle’® . (3.8)
i=1,3

For each crystal momentum that belongs to the first hexagonal Bril-
louin zone, the set of allowed electronic energies and states is thus ob-
tained by a 2x2 matrix diagonalization. This diagonalization can be
obtained by means of a rotation in the sub-lattice space,

R 0 0 .
CLc _ 1 +6il?k +elfk . ELL . (3.9)
Che V2 \ 4T by,

The newly defined ¢y, and ¢ . operators operate therefore in the sub-
lattice space. The electronic spectrum is finally given by,

2 NN €k,c 0 ék,c
H= > (¢, ck’v).< 0 s >< b > , (3.10)

keBZy
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with

Ck,c/v :l:|hk|

= =£t,|1+4.cos (?al@) .COS <;ak$> + 4.cos? (?al@) .

(3.11)

With one p, electron per atom in the 7-7* model', the negative
energy branch in Eq. 3.11 is fully occupied, while the positive branch
is empty. These occupied and unoccupied bands cross at the K or K’
points which are connected by time reversal symmetry. It is easy to verify
that eyx—k) = €k=k’) = 0. The Fermi level Er (or charge neutrality
point) is therefore the zero-energy reference in Fig. 3.3 and the Fermi
surface is defined by the set of K and K’ points. Since occupied and
unoccupied bands do cross, the graphene sheet displays a metallic (zero
gap) character. However, as the Fermi surface is of zero dimension (since
it is reduced to a discrete and finite set of points), the term semi-metal
with no overlap or zero-gap semiconductor is usually used.

In addition, the m-band electronic dispersion for graphene near the
corners of the 2D hexagonal Brillouin zone is found to be linear. As il-
lustrated in Fig. 3.3, the low-energy electronic structure of graphene can
thus be approximated by "cones" located at the corners of the Brillouin
zone. Within these cones, the electronic properties of graphene are ap-
propriately described by an effective massless Dirac fermion model with
linear dispersion and electron-hole symmetry. The two nonequivalent
Brillouin zone corners (K and K') where the apex of the cones touch at
the Fermi energy are referred as the Dirac points.

Finally, expanding Eq. 3.11 around the charge neutrality points (K
and K') explicitly yields the linear energy-momentum relation obeyed
by the low energy electrons,

ko = Fvp|k| + O% (3.12)
where Kk =k — K and vp = 3%“ is the electronic group velocity.

This simple orthogonal tight-binding model [104] yields valence ()
and conduction (7*) bands which are symmetric with respect to Ep.
This is due to the crude approximations used herewith. In fact, the
electron-hole symmetry is broken if additional physical informations are
included within the model. This can be achieved by the introduction
of non-zero overlap integrals between the p, orbitals of nearest neighbor

'the three other electrons (s, p., p,) fill the low-lying ¢ bands
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(a) (b)

Figure 3.3: (a) Graphene m and 7* electronic bands. Within the nearest
neighbors tight-binding approach, the 7= and 7* bands are symmetric with
respect to the valence and conduction bands. (b) Linear dispersion relation
close to the K (white dots) and K’ (black dots) points of the first 2D Brillouin
zone.

sites. A more complete TB parameterization, that includes the hopping
terms up to the second-nearest neighbors would lead to analogous re-
sults [115], as well as more accurate first-principles calculations [109].
By sake of comparison, and in order to assess the accuracy of the model,
the accurate band structure of graphene reported by P. E. Trevisanutto
in Ref. [116] is depicted in Fig. 3.4. In good agreement with the TB
predictions, the m and 7* bands computed by means of DFT are quasi-
linear (linear very close to K or K’ and near the Fermi energy), in
contrast with the quadratic dependence of the energy on the momentum
obeyed by electrons at band edges in conventional semiconductors. Be-
sides, though the inclusion of many-body GW self-energy accounts for
a renormalization of the Fermi velocity with an 17% increase, the GW
correction does not open an energy gap in the graphene band structure.

3.2.2 Connection with the 2D massless Dirac equation

Graphene is highly specific for its linear energy-momentum relation
and peculiar electronic properties that are specific to a 2D gas of par-
ticles described by the relativistic Dirac equation rather than the non-
relativistic Schrédinger equation. In graphene, charge carriers mimic
relativistic particles with zero mass and an effective speed of light.

The formal analogy between the non-relativistic Schrodinger equa-
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Figure 3.4: Representation of the energy-momentum relation in graphene
along the I'"K-M-T" path of the Brillouin zone. Solid thick lines: band structure
computed by means of DFT KS eigenenergies. Circles and dashed lines: band
structure accounting for the many-body GW self-energy corrections. Picture
adapted from Ref. [116]
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tion that rules the low energy electronic properties of graphene and the
relativistic Dirac equation is readily seen after a linear expansion of the
full TB Hamiltonian around the K and K’ Dirac points. Relying on
the operators dI{/K,, IS}L{/K,, ax /x and BK/K/ to describe the low energy
electronic states, the expansion of the Hamiltonian up to the linear order
in K yields,?.

WK +Kr) = —t <1 | o i(K+K).(e2—e1) _i_efi(KqLK).(egfel))
3at
e (ihg + Ky) (3.13)
= 3at
WK + k) ~ _% (irg — Ky) (3.14)

and,

iy + Ky)

i < ( ! (_m”ﬁo_ ) )éK] . (3.15)

iKy — Ky)

Y e

where q’;l{ = (d}{ IN)I{) By use of the Pauli matrices (o, 0y), Eq. 3.15
finally reduces to the expression,

H = —up [@I{(Uz“x + Uy“y)‘isK + QBI{'(%’% - Jy“y)‘isK']
= —UF [QEL 0.k Py + (EI{/ o*.K Py ] ; (3.16)

with o= (04,0,) and o'= (0, —0,). From this expression it appears
that the low energy electronic states (*/5"(k)) are ruled by two copies
of the 2D massless Dirac equation, one holding for the crystal momentum
around K and the other for the crystal momentum around K’,

—vp (0.k) U(K) = EU(k). (3.17)

2Though it is not explicitly mentioned in most articles in the literature, a unitary
transformation U is often introduced here in order to limit the appearance of phase
factors within the linear expansion of Hy;

- 1 0
U= < 0 efikel ) ’

which operates in the sub-lattice space such that,

(0 hi\_ o5 o i\ [
A= (2B it wma ()i ()
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The low energy wave-functions are easily deduced from the Hamilto-
nian 3.15 and take the forms,

-0k
1 e 2
(k) = NG ( it ) , (3.18)

and

-0k
’ 1 627
i (k) = — . , 3.19

+ ( ) \/5 ( zlzefl%i ) ( )

where the + sign refers to the positive and negative eigenenergies, that
is the 7* (conduction) and 7 (valence) bands. Note that if the phase
(0) appearing in the Hamiltonian is rotated by 2w, the eigenfunctions
change sign. The phase shift of 7 under the rotation of the Hamiltonian
is characteristic of spinors. Moreover, since the Hamiltonian commutes
with the helicity operators y = %J.l—zl, it is common in the graphene
literature to regard the two components wave-functions (¥5/%'(k)) as
one two-component (pseudo)spinor,

YU (k) = %mf(m) : (3.20)

This implies that the electrons (holes) in the valence (conduction) band,
have a positive (negative) helicity. Or equivalently, that the pseudo-spin
of electrons (holes) points in the direction of (opposite to) the wave-
vector. Several unusual transport properties of graphene derive from the
linear dispersion and the chiral nature of the quasi-particles as introduced
theoretically in Egs. 3.17-3.20.

3.2.3 Electronic transport near the Dirac point

Since its electrons move ballistically over submicron distances even
at high carriers concentrations and in the presence of chemical doping,
graphene is frequently presented as a potential candidate for future elec-
tronics. In particular, the high mobility of low energy charge carriers
in graphene should be an advantage for the realization of ultra-high
frequency transistors and high speed interconnects. Most of the trans-
port measurements reported in the literature have been performed on
single-layer graphene field effect transistors (FETs) as a function of gate
voltage [101]. Graphene FETs are fabricated with standard lithography
and etching techniques using mechanically cleaved graphene flakes [2].
A degenerated doped silicon substrate commonly serves as the gate.
While graphene samples are typically p-doped by adsorbates in ambi-
ent conditions, graphene itself appears to be a pronounced ambipolar
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material in which charge carriers can be continuously tuned up to 10'3

cm ™2 electrons and holes densities. Resistivity measurements performed
on a single-layer graphene FET reveal that the conduction is symmet-
ric about the Dirac point. In the high-density regime, the mobility is
roughly carrier-density and temperature-independent. Reported mobil-
ity values range from 2,000 to 20,000 em?/V's, with the high end rep-
resenting a long mean free path of ~ 0.3 wm, comparable to that of
single-wall carbon nanotubes (as described in the following sections). Its
weak temperature dependence indicates impurity or defect scattering as
the dominant mobility-limiting mechanism and provides room for future
improvement. Possible sources of scattering include adsorbates and de-
fects in the graphene lattice and ionized impurities in the SiO9 substrate.
In addition, transport measurements also reveal a remarkable property of
2D carriers in graphene. Although the carrier density approaches zero at
the Dirac point, the 2D resistivity p., or conductivity o, remains finite.
Such behavior, dubbed "minimum" conductivity, has been observed in
many devices with p,, ranging from 2 to 7 k€ [102, 101]. Slightly larger
values of p,, from 6 to 9 kQ) are also reported for bi-layer graphene [107].
In addition to its conductivity that never falls below a minimum value
of €2 /h, graphene has also revealed other unusual transport phenomena,
characteristic of two-dimensional Dirac fermions, such as an anomalous
integer quantum Hall effect, a cyclotron mass m of massless carriers with
an energy E in graphene that is described by E = mc*?, and Shubnikov-
de Haas oscillations in graphene which exhibit a phase shift of = due to
Berry’s phase [102, 101]. However, the accurate description of these un-
usual transport phenomena is beyond the scope of the present manuscript
and can be find elsewhere [4].

3.3 Electronic properties of graphene nanorib-
bons

Its high electron mobility and long coherence length have made graphene
the subject of intense studies for nanoscale electronic applications, even
for the implementation of room-temperature ballistic (dissipation-free)
electronics. However, a major issue in the development of graphene-
based field-effect transistors is the inability to electrostatically confine
electrons in graphene, because a single layer of graphite remains metallic
even at the charge neutrality point. In order to overcome this problem,

a way to open a gap in the electronic structure of graphene needs to
be found. A straightforward solution is to pattern the graphene sheet
into narrow ribbons. Thanks to recent progresses in the synthesis of sin-
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Figure 3.5: Honeycomb lattice of graphene (a) with both the zigzag (red) and
the armchair (green) directions. Graphene nanoribbons cut in the ideal sheet
along these two highly symmetric directions are called aGNRs (b) and zGNRs
(c), respectively.

gle graphite layers on conventional device setups, graphene nanoribbons
(GNRs) with varying widths have been synthesized and characterized
experimentally [117, 5, 118].

Graphene nanoribbons (GNRs) are elongated stripes of graphene
with a finite width that can be obtained by cutting the graphene plane
along a given direction. Another appealing point of view, consists in
considering GNRs as unfolded infinite CNTs. Due to the honeycomb
structure of graphene, there are two basic shapes for graphene edges,
namely the zigzag and armchair ones (see Fig. 3.5). Depending on the
cutting direction, or equivalently on the axis direction of the tubes, the
edges of the GNRs may then present an armchair shape (chiral angle
¢ = 0), a zigzag shape (¢ = 7/6) or a complex shape made of a mixture
of armchair and zigzag shaped fragments (0 < ¢ < 7/6).

The atomic structure of nanoribbons with armchair and zigzag edges
is further illustrated in Fig. 3.6 along with their unit cells. Following
previous convention [111, 112, 119, 120, 121, 122, 123, 124, 125, 126, 110,
127], GNRs with armchair (zigzag) edges on both sides are characterized
by the number of dimer lines (zigzag lines) across the ribbon width.
In the following, N-aGNR and N-zGNR will refer to such prototypical
armchair and zigzag GNRs, N being respectively the number of dimer
and zigzag lines. Besides, if not otherwise stated, the carbon atoms at
the edges are assumed to be mono-hydrogenated. Of course, these ideally
shaped edges do not correspond to the experimental observations [128,
129, 130] where GNRs currently have a high degree of roughness at the
edges. Some aspect of this edge disorder will be presented later on.
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Figure 3.6: Carbon N-zGNR (a) and N-aGNR (b) composed of N armchair
and zigzag lines, respectively. Black and white dots identify carbon atoms be-
longing to the two different graphene sub-lattices (A and B). The red rectangle
represents the 1D unit-cell of the corresponding GNR. Atoms labeling follows
the counting of zigzag chains (a) or dimer lines (b), from 1, 2, 3, 4, ... to N-1,
N.

3.3.1 Bands folding approximation

Since GNRs are just geometrically terminated single graphite layers,
their electronic structures have been predicted for long time by imposing
appropriate boundary conditions on the Schrédinger’s equation within
the simple single-band tight-binding approximation [111, 112, 123, 124,
125, 126].

Starting from the band structure of the 2D graphene plane, a rough
idea of the band structure of graphene ribbons can be easily obtained
by applying the band folding principles. As illustrated in Fig. 3.7, this
consists in projecting the bands of bulk graphene onto the one dimen-
sional Brillouin zone of the graphene ribbon. As shown in Fig. 3.8, the
projected band structures do preserve the linear dispersion relation ob-
served in graphene around the Dirac points (K and K'). The apex of the
Dirac cones which are responsible of the system metallicity are folded on
k=0and k= :l:%7T in the case of aGNRs and zGNRs respectively.

In nanoribbons, the presence of the edges involves the confinement
of the electrons in the direction perpendicular to ribbon axis. Owing to
the quantum mechanical constriction of electronic wave-functions, the
allowed wave-vectors are discretized along the confining direction. As a
consequence, the graphene electronic spectrum is broken into sub-bands
and a gap can possibly open. As detailed in Fig. 3.9, the allowed wave
vectors of GNRs form lines in the reciprocal space. Neglecting the edge
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Figure 3.7: Band folding approximation. (a) Honeycomb network of graphene
with the two directions of the electronic confinement (a and z black arrows) for
the zigzag and armchair ribbons, respectively. (b) The first hexagonal Brillouin
zone of graphene is folded into the first rectangular Brillouin zone (red), defined
by the a* and z* directions. This rectangular Brillouin zone corresponds in the
reciprocal space to the unit cell constructed using the a and z vectors in real
space as illustrated in (a).
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Figure 3.8: Energy band structure of graphene projected on the zigzag (a) and
armchair (b) axis. The linear dispersion relations are conserved and localized
at k = 0 for aGNRs and at k = %’T for zGNRs.

relaxation effects, one can thus approximate the electronic band structure
of a specific GNRs by the superposition of the graphene energy bands
along these lines. This highlights the dependence of the ribbon electronic
structure with respect to both its orientation and its width. Depending
on the effective or avoided crossing of the sub-bands with the Dirac points
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Figure 3.9: (left) Direction of electronic confinement in the GNRs, (right)
Brillouin zone of graphene superimposed by a representation of the lines of
allowed k-points in the simple band-folding topological approximation. The
cases of armchair and zigzag ribbons are illustrated in the top and bottom
panels respectively.

(K and K'), a specific GNR may be either metallic or semiconductor.
Consequently, GNRs can be conveniently compared to carbon nanotubes
. a metallic character is found for all the zigzag GNRs while a band gap
oscillating as a function of the ribbon width is predicted in the case of
armchair GNRs.

3.3.2 Electronic structure of the armchair ribbons

As detailed previously, the quantum constriction of electronic wave-
functions within the ribbon has a strong impact on the low energy elec-
tronic structures of GNRs. However, other effects, such as the relax-
ation of the edges (hydrogenated or not), may also play an important
role around the Fermi level. In this section, the electronic structure of
armchair ribbons is derived emphasizing the separate contributions of
electronic confinement and edge related effects.

Within the simplest TB approximation the Hamiltonian of a GNR
with hydrogenated edges is readily formulated as

H = Z elé;rél + Z%jé;-réj (3.21)
i (3,5)

where ¢; is the on-site energy of the it carbon atom, (i, ;) denotes all
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Figure 3.10: Energy band structures of armchair nanoribbons for various
width (N=15,16,17). Top, band structures computed within the TB model with
constant hopping energy between nearest neighbors. Bottom, band structures
computed within the DFT framework.

pairs of nearest neighbors m-orbitals, «;; corresponds to the hopping
energy between the i*" and j** 7w-orbitals, and ¢ is the electron creation
operator associated with the i** carbon site.

Owing to the periodicity along the ribbon axis, the ¢; and éj operators
may be expressed as Bloch sums,

A~

& kRig, (i) (3.22)

1
:\/—N;e

where R; is the position of the " carbon site, and é(i) is one of the

{é}CA, éiB , ézA, éiB R é]kv B} operators, named by reference to the unit

cell sites {14, 1p, ... N4, Np} illustrated in Fig. 3.6.
Folding Eq. (3.22) into the Eq. (3.21), the Hamiltonian of armchair

GNRs is easily expressed in terms of the basis set {é}ﬁA, é}cB, é%A, éiB,
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ANB
A
H= > M, (3.23)
keBZ
with,
a et 0 Vs 0
7'1'-67%% €1 Vi 0 0
7 L Il ik .
Hy = ¢L 0 Vi | ez'kg Vg2 (1 3
712 0 Vo€ 2 €2 V23
0 0 0 72L3 €3
(3.24)
and,
b = [ehA, el 24 3B .. eNA eNBT (3.25)

The energy band structures of armchair ribbons are then calculated
by diagonalizing the Hamiltonian (3.24). The result is illustrated in
Fig. 3.10 for three different ribbon widths. Note that the topological
approximation (¢; = 0 and %“ = 72# = v = 2.7 eV) has been used for
the calculation, which is equivalent to assume that the bulk graphene
geometry is conserved in the ribbon, even at the mono-hydrogenated
edges. In agreement with the prediction of the band-folding approxima-
tion, a direct gap appears at £k = 0 and the energy dispersion around I'
is reminiscent of the Dirac cones.

The calculated band structures confirm the crucial role of the rib-
bon width upon the energy gap. While two third of the armchair rib-
bons exhibit a semi-conducting behavior, the remaining third keeps the
graphene semi-metallic behavior. At k = 0, the eigenvalues of the tight-
binding Hamiltonian can be extracted analytically, leading to an energy
gap (Apy) which is width dependent :

Az = |yl (4cosz7e — 2)
AN =19 Asgerr =l (2- 4COSW§5::__;)> (3.26)
Azppp =0

with Agy > Agpy1 > Agpyo = 0. Here NV and [ are integers and N refers
to the ribbon width.

As a consequence, the present tight-binding approach predicts that
N-aGNRs are metallic for every N = 3¢ 4+ 2 (where £ is a positive inte-
ger), and semi-conducting in the other cases. However, such simple TB
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Figure 3.11: Evolution of the carbon-carbon bond length (d-—¢) across the
17-aGNR ribbon width as computed by an ab initio geometry optimization.
In red, length of the carbon-carbon tilted with respect to the ribbon axis. In
black, length of the carbon-carbon parallel to the ribbon axis

model with one orbital per site and constant site energies and hopping
integrals between nearest neighbors does not account for the relaxation
of the hydrogen passivated carbon atoms at the edge which is observed in
most of large aromatic molecules. Indeed, the carbon atoms at the edges
of the ribbon are passivated by hydrogen atoms (by some foreign atoms
or molecules in general) so that one may expect the on-site energies at
the edges to be different from those in the middle of the GNR. The bond-
ing distances between carbon atoms at the edges are expected to change
accordingly (see Fig. 3.11) leading to a shortening of the inter-atomic dis-
tance and an increase of the hopping integral between m-orbitals. The
introduction of these modified on-site and hopping energies at the edges
within the above TB model leads to the opening of small extra-gaps at
k = 0 even for the 3¢ + 2-GNRs. The relaxation of the edge implies
thus the semi-conducting behavior of all the aGNRs [110, 127]. These
results compare well with ab initio calculations. For a ribbon of ~2
nm with a metallic behavior predicted by the topological tight-binding
model, the ab initio estimated band gap is off ~0.05 eV (see Fig. 3.10).
Furthermore the band structures computed either by means of adjusted
TB or ab initio techniques are in excellent agreement with the experi-
mental observation regarding the quantization energy (i.e. the energy
spacing between the one dimensional sub-bands) and the energy split-
ting between the bands originating from the K and K’ high symmetry
points [131]. Finally, it has to be noted that the ab initio energy gap are
further increased when the electron-electron correlations are taken into
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account by means of GW corrections [132]. However, considering this
effect, the energy gaps still decrease as the widths of the aGNR increase,
reaching the zero-gap value of graphene for the infinite width.
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Figure 3.12: Energy band structure of 17-aGNR, (left panel). Representations
of the low energy electronic states (right panel). (a-d) Representations of the
density of states associated with Bloch wave-functions either computed at the
I" or at the X high symmetry points as mentioned by letters in the left panel.

Finally, for sake of comparison with the case of zigzag shaped GNRs
which is detailed hereafter, the local density of states associated with
some low energy electronic states are plotted in Fig. 3.12. In spite of
the edge relaxation, the low energy density of states (both occupied and
unoccupied) is spread across the complete ribbon width and no edge

states are reported. This is in striking contrast with the situation in
zGNRs

3.3.3 Electronic structure of the zigzag ribbons

In this section, the same approach as presented herein for the aGNRs
is applied to the zigzag shaped ribbon. The tight-binding derivation of
the low energy band structure is presented and compared with DFT
calculations.
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As detailed before, by taking into account the periodicity of the rib-
bon, the tight-binding Hamiltonian is readily expressed as a Bloch sum
(H =31 c Bz Hi)- In the case of zGNRs, the ribbon topology leads to
the following expression for Hy,

€ 2 cos(2) 0 0 0
2 cos(22) €2 1 0 0
ka
o 0 1 €3 2cos(5) 0 -
Hi = Y09 0 0 2 COS(%) €4 1 o
0 0 0 1 €5
(3.27)
where &y = [e}4 )7, 4, &7 o4 &)

In a first approximation, the topological approximation (¢; = ¢ = 0
and v;; = = 2.7eV) is used. The energy band structures of zigzag rib-
bons are then obtained by diagonalizing the Hamiltonian of Eq. (3.27)
on a regular grid of k-point along the 1D Brillouin zone. In agreement
with the prediction of the band-folding approximation, a dispersion re-
lation reminiscent of the Dirac cones appears around k = +27/3 (see
Fig. 3.13(a)). However, an unpredicted feature appears independently of
the ribbon width : the highest valence and lowest conduction bands form
two partially flat bands at the Fermi level that extend on one third of the
BZ (27/3 < |k| < 7) inducing a sharp peak in the density of states at Ep.
Owing to the presence of these peculiar flat bands, the zigzag GNRs are
thus predicted to remain metallic independently of the ribbon widths.
This is confirmed by the energy band structures computed within the
spin-degenerated DFT framework (see Fig. 3.13(b)). Besides, the energy
gaps between the occupied and unoccupied bulk states (all states with
the exception of those associated with the partially flat bands) present
a monotonic decrease when increasing the ribbon width.

The origin of the quasi-flat bands is easy to understand analytically,
as first demonstrated by Fujita and co-workers [113]|. Considering a semi-
infinite graphene plane with a zigzag-shaped edge, the translational sym-
metry of the semi-infinite graphene sheet along the edge allows to apply
the Bloch theorem in the edge direction. One can thus associate the
relative weights {¢; = (..., e¥(*=1) ¢gikn oik(n+1) Y 1 with the Bloch
wave-function on the successive edge sites. Here, n indexes the edge
sites as depicted in Fig. 3.14. For the electronic wave-function to be ex-
act at £ = 0, the topological tight-binding approximation (i.e. constant
on-site energies and hopping integrals) imposes that for all atomic site
B: >, Hap-ca = 0, where the sum runs only over the nearest neigh-
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Figure 3.13: Energy band structure of zigzag nanoribbons (8-zGNR). Note
that, contrarily to the case of armchair ribbons, the band structure does not
change periodically with the ribbon width. (a) band structure computed within
the TB model with constant hopping energy between nearest neighbors. (b)
band structure computed within the DFT framework.

bor atomic sites. Applied to all atomic sites, this condition gives access
to the components of the (e = 0) wave-function inside the semi-infinite
plane. E.g. when applied to the atomic sites indicated by a cross in
Fig. 3.14, the condition ) Hyg.co = 0 produces the following system
of equations,

0 = eik(nt1) | gikn 4 o

0= ezk(n) + eik(nfl) +y . (3.28)

O=x4+y+=2

From which the wave function components z, y, z are found to be z =
Dye*nH1/2) 1y = Dyet*=1/2) and z = D?e* with Dy = —2cos(k/2).
Finally, the charge density appears to be proportional to Dz(m_l) on
the atomic sites belonging to the m! zigzag chain counted from the
edges. Since the charge density should not diverge within the semi-
infinite graphene sheet, the condition |Dg| < 1 applies. This criterion
defines the region of the Brillouin zone (27/3 < |k| < 7) where the flat
band appears. The edge states thus penetrate progressively the semi-
infinite graphene sheet for wave-vectors going from 7 to 27/3.

These analytical results are in good agreement with the low-energy

electronic density distribution obtained with ab initio calculations (see
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eik(n+1)

Figure 3.14: Analytic form of the edge state in semi-infinite graphene planes.
The bold line represents the zigzag edge. The black circles represent the charge
density on the atomic site belonging to the edge sub-lattice. The red cross
denotes the sites where E = 0 conditions are applied.

Fig. 3.17). Note that, in contrast with the case of armchair GNRs, the
modification of the carbon-carbon bonding distance at the edges (see
Fig. 3.15) does not lead to significant changes in the low energy elec-
tronic structures. Indeed, the partially flat bands at the Fermi energy
originate from topological reasons and are insensitive to the exact value
of the hopping energy across the ribbon width. The ab nitio computed
eigenstates around the Fermi level reveal that these electronic states are
mainly located at the zigzag edges of the GNR, and penetrates progres-
sively into the ribbon for wave-vectors going from k = 7 to k = 27/3.
In the ribbon, however, some dispersion appears before k = 27/3 since
the edge states coming from the opposite edges meet within the ribbon,
overlap and form bonding and anti-bounding states. Previous theoretical
works which have investigated the appearance of edge states for GNRs
with general edge shapes (i.e. made of a succession of armchair and
zigzag fragments), predict that sequences of four zigzag sites at the edge
are sufficient to given rise to edge states [111]. Experimentally, STM
and STS measurements [133] seems to corroborate the presence of edge
states along homogeneous zigzag edges and around zigzag-like defects in
armchair edge.

Another important feature related to zGNRs consists of the pres-
ence of magnetic order (spin degree of freedom) along the zigzag shaped
edges. As mentioned above, the zigzag topology induces narrow-band



72 Chapter 3. QUANTUM CONFINEMENT IN GNRS

1.45¢ BN M
N 7/
\ 7/
— \ /
50 L _
= ~E-----u"
= 143
Q
@)
o
OOtilted bonds
1.41f =-m perpendicular bonds
1 8

Index of zigzag lines

Figure 3.15: Evolution of the carbon-carbon bond length (dc_¢) across the
8-zGNR ribbon width as computed by an ab initio geometry optimization. In
red, length of the carbon-carbon perpendicular to the ribbon axis. In black,
length of the carbon-carbon tilted with respect to the ribbon axis

edge states at the Fermi energy allowing possible magnetic order along
the edges [112, 121, 122, 110, 127]. Because the edge states lead to
a sharp peak in the density of states at the Fermi level, zGNRs ex-
hibit a Curie-like temperature dependence of the Pauli paramagnetic
susceptibility [112]. Consequently, a crossover is predicted from high-
temperature diamagnetic to low-temperature paramagnetic behavior in
the magnetic susceptibility in zGNRs [112].

Upon inclusion of the spin degrees of freedom in the ab initio calculation,
the zGNRs are predicted to have a magnetic insulating ground state with
ferromagnetic order along the edges and anti-parallel spin orientation be-
tween the edges (Fig. 3.16). The difference in total energy per edge atom
between non-spin-polarized and spin-polarized edge states is of the or-
der of a few tens of meV [110]. For example, the electronic ground state
of the ideal 8-zGNR reveals anti-parallel (T]) spin orientations between
the edges (Fig. 3.16(a)) leading to a semi-conducting band structure (0.5
eV band gap) with full spin degeneracy. On the other hand, the mag-
netic configuration with parallel (11) spin orientations between the edges
(Fig. 3.16(b)) is found to be meta-stable (11 meV /edge-atom higher in
energy). This configuration displays a metallic behavior, as the 7'('? and
7| bands are crossing at the Fermi energy, and presents a total magnetic
moment of 0.51 up per edge atom.

Consequently, when the spin degree of freedom are taken into ac-
count, the presence of energy gaps for electrons in zGNRs can be ex-
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Figure 3.16: Spin polarized electronic structure of zigzag nanoribbons (8-
zGNR). (a) 1] configuration (ground-state): upon the inclusion of the spin
degree of freedom, the ribbon presents ferromagnetic order along its axis and
anti-parallel coupling between the edges. (b) 171 configuration (11 meV/edge-
atom higher in energy): the ribbon present ferromagnetic order along its axis
and parallel coupling between the edges. On the left, energy band structure
computed within the spin-DFT framework. On the right, Spin polarized elec-
tronic densities (p; — p;) iso-surfaces

plained in terms of the staggered sub-lattice potentials resulting from
the magnetic ordering [134]. Such a situation is realized because the
spin-polarized edge-states on opposite edges occupy different sub-lattices.
Since the strength of the staggered potentials in the middle of the ribbon
decreases as the ribbon width increases, the band gaps of zigzag GNRs
are inversely proportional to the zGNRs width. Finally, it is worth not-
ing that the band structure of zGNRs is slightly modified by the GW
correction associated with the electron-electron correlation. Indeed, as
detailed in Ref. [132], the self-energy corrections enlarge the energy gaps
of all zGNRs and slightly increase the dispersion of the bands associated
with the edge states.

3.3.4 Summary

In summary, as for 2-D graphene, such a simple topological tight-
binding model is found to describe low energy properties with a degree of
approximation high enough for many applications and is widely employed
for studying transport properties in GNRs [111, 135, 136, 137, 138, 139].
However, ab initio calculations [110] reveal that GNRs with hydrogen
passivated armchair or zigzag shaped edges both have nonzero band gaps
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Figure 3.17: Low energy electronic states of zZGNRs. Energy band structure
of 8zGNR (central panels) surrounded by representations of the low energy
electronic states. (a-d) Representations of the density of states associated with
Bloch wave-functions either computed at the I" or at the X high symmetry
points as mentioned by letters in the central panel. Top panel, the 8-zGNR
in its ground state (1|) magnetic configuration. Bottom panel, the 8-zGNR in
(1]) magnetic configuration.

independently of their width. In armchair ribbons, this is due to the
noticeable modification of the bonding characteristics between atoms at
the edges [120, 123]. In zigzag ribbons, the gap opening originates in
the sub-lattice potential induced by the magnetic order.
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3.4 Structure and stability of graphene edges

As illustrated in the previous sections, the atomic structure of the
edges is responsible to a large extent for the electronic properties of
graphene nanoribbons. This applies for many nanoscale materials where
the surfaces and edges fix the symmetry inside the "bulk" and determine
the corresponding low energy electronic structure. In GNRs, the edges
also turn out to rule the appearance of flat = bands at the Fermi level and
ferromagnetic ordering of 7 electrons along the ribbon axis. Aiming at
future applications of graphene in electronic and/or spintronic devices,
the precise control of the edges is thus crucial.

One one hand, a large portion of the theoretical studies of graphene
is devoted to the physics of the edges (see e.g. Ref. [10, 11, 110, 111,
122, 127, 140, 141, 142, 143]). However, very few works consider the
possibility for the edge to relax towards other geometries than the stan-
dard mono-hydrogenated zigzag and armchair patterns [10, 11]. On
the other hand, experimental studies of the edge are even more rare
due to the difficulty to resolve atomically the graphene at the edges.
For example, in most of experimental studies which characterize the
graphene boundaries using Scanning Tunneling Microscopy (STM) or
Atomic Force Microscopy (AFM), graphene is not atomically resolved
at the edges, and the crystallographic orientation of the edges is deter-
mined with respect to the atomic scale contrast observed within the bulk
of the samples [128, 144, 145, 146]. Recently, alternative characterization
routes based on Transmission Electron Aberration-corrected Microscope
(TEAM) have been proposed [130, 147]. But, though impressive pic-
tures have been produced, the detailed atomic geometries of graphene
edges still remains a matter of interpretation. In addition, while TEAM
microscopes provide access to the structure and dynamic of the atomic
network, the electron beam (typically ~ 80 keV) acts as an energy bath
so that it is difficult to estimate in what extent the observed structures
correspond to stable geometries in ambient conditions.

The lack of edge characterization continues to prevent a deep under-
standing of many experimental results. For example, despite theoretical
calculations that predict nearly flat bands around the Fermi level for the
zigzag edges, the experimental measurements reveal a semi-conducting
behavior for all tested GNRs. Besides, the measured transport properties
of actual ribbons seem to be independent of their crystallographic orien-
tation [6, 117, 148, 149]. Many reasons related to the samples preparation
(e.g. presence of adsorbates, substrate effects,...) or to the appearance
of mobility gaps induced by edge disorder have been proposed to ex-
plain this disagreement between theory and experiments [139, 150, 151].
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However, being able to determine the actual edge structure at given ex-
perimental conditions would surely help in solving this issue.

In this section, the relative stability of zigzag and armchair edges is
investigated by means of ab initio calculations. We report spin polar-
ized DFT calculations of the formation energy and electronic structure
of various hydrogen-terminated edge patterns. The ribbons studied are
periodic and present the same atomic structure on both edges. The
ab initio calculation of the total energies relies on the generalized gradi-
ent approximation (GGA) to describe the exchange-correlation part of
the Hamiltonian and a numerical atomic orbital (NAQO) basis set of DZP
quality has been used to expand the wave-functions in conjunction with
Trouiller-Martin norm-conserving pseudo-potentials®.

3.4.1 Edge formation energies

Many edge patterns have been considered, these are illustrated in
Figs. 3.18-3.21. The pristine zigzag and armchair patterns with various
hydrogen coverage of the carbon atoms on the edges have been included
in the study. Hereafter, these structures are labelled as zp,n,. .n, and
Gmyms...m, Tespectively, where n; and m; refer to the number of hydro-
gen atoms covalently bonded to the i*" edge side, and x is the number
of adjacent edge-sites within the unit-cell of length a (see Figs. 3.18 and
3.19). As an example, z911 refers to a GNR with zigzag shaped edges
whose unit cell is build from a sequence of three elementary zigzag units.
The carbon atoms on the edges of the first zigzag unit are doubly hy-
drogenated, the other ones are saturated by one hydrogen per carbon
site.

In addition to these zigzag and armchair patterns, other reconstruc-
tions of the edges have been considered. The z(57);; structure depicted
in Fig. 3.20(b) is a reconstruction of the zigzag edge where two adjacent
hexagons of the edge transform in a pentagon and an heptagon. This
edge pattern would correspond to a cut through a line of Stone-Wales

3In order to get accurate energies, the double-¢ plus polarization basis set has
been complemented by the 3s numerical atomic orbital for carbon atoms. Further-
more, since NAOs basis sets suffer a lack of systematic variational convergence, it is
important to carefully check the validity of the basis set. In particular, while minimal
basis sets are sometimes appropriate for semi-quantitative calculations of electronic
properties around the Fermi level, a high degree of accuracy and a well converged
basis set are required to tackle the relative stability of edges structures with differ-
ent stoichiometries. In order to test the accuracy and completeness of the basis set
used throughout this study, the computed relative edge formation energies have been
compared with values obtained within the PAW computational scheme. As detailed
hereafter, the agreement between the NAOs and PAW results allows us to be confident
with respect to the completeness of the NAOs basis set.
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Figure 3.18: Schematic representation and electronic band structure of vari-
ous possible edge reconstructions for the zigzag graphene ribbons. The atomic
structures depicted are periodic along the ribbon edge. The length of the unit
cell is represented by a line segment. The carbon network is represented within
the Clar’s sextet notation (black lines), the hydrogen atoms are the filled red
circles. The electronic band structure are represented along the one dimen-
sional unit cell between the I' and X special points. The a and ( collinear
spin orientations correspond to the solid blue and dotted red lines. All the
band structures present full spin degeneracy. In case of relevance, the energy
differences A4y = Ey — E4| are mentioned. Note that the band structures
represented are all associated with the T| magnetic configuration.

defects [152] and should allow to connect the graphene plane with a
Haeckelite structure [153]. It has recently been proposed as a possible
spontaneous reconstruction of the zgy edge [11]. The 2(600);;x; structure
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Figure 3.19: Schematic representation and electronic band structure of var-
ious possible edge reconstructions for the armchair graphene ribbons. The
atomic structures depicted are periodic along the ribbon edge. The length of
the unit cell is represented by a line segment. The carbon network is repre-
sented within the Clar’s sextet notation (black lines), the hydrogen atoms are
the filled red circles. The electronic band structure are represented along the
one dimensional unit cell between the I' and X special points. The « and
collinear spin orientations correspond to the solid blue and dotted red lines. All
the band structures present full spin degeneracy.In case of relevance, the en-
ergy differences Ay = E4y — £y are mentioned. Note that the band structures
represented are all associated with the 1| magnetic configuration.

(see Fig. 3.20(a)) has also been reported recently [10]. Its geometry cor-
responds to a zigzag edge from which two third of the carbon atoms on
the edges have been removed giving rise to a saw blade pattern. The
z(TDP)}; structure (see Fig. 3.20(c)) is a new reconstruction that we
propose here. It may be obtained from the periodic adsorption of ad-
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atoms along the zigzag edges and involves an sp? hybridization of several
carbon atoms at the edge. Geometrically, this hypothetical structure
consists in the periodic repeat of triangular di-pyramids (TDP) of car-
bon atoms along the zigzag edge. Within the z(TDP);?j___ notation, the a
superscript refers to the number of hydrogen atoms bonded to the apex
of the pyramids and the ij... subscripts describe the hydrogenation level
of the carbon sites at the GNR edge.

The a(677);; edge pattern (see Fig. 3.21(b)) has been proposed re-
cently as a probable structure competing with the standard armchair
edge [11]. This pattern is similar in nature with the a(57);; (see Fig. 3.21(c))
since they both corresponds to a reconstruction of the edge by a Stone-
Wales-like mechanism (i.e. the 90° rotation of carbon-carbon o-bond) [152].
Note that the a(57) structure is highly interesting since its specific topol-
ogy would allow to connect armchair and zigzag ribbons side by side.
Finally, the a(56); structure (see Fig. 3.21(c)) is slightly different since
its formation requires the diffusion of carbon atoms in order to obtain
the alternation of hexagons and pentagons along the edge.

We now turn to the stability analysis. At zero temperature and
for isolated systems, it is quite common to rely on the edge formation

energies (¢i1),

1

)
§my = % <EGNR — NcEBui — Nu ;2> (3.29)

in order to compare the relative stability of systems with different number
of carbon and hydrogen atoms inside. Here, a corresponds to the length
of the GNR unit cell. Egngr, Epur and Ep, are respectively the total
energies of the GNR unit cell, the energy associated with one carbon
atom in the pristine graphene plane and the total energy of the isolated
Hy molecule. N¢ and Ny are the numbers of carbon and hydrogen atoms
in the GNR unit cell. The ab initio computed values of £p, associated
with the various reconstructions of the zigzag and armchair edges are
reported in tables 3.1 and 3.2 for ribbons of ~ 2 nm width (i.e. 8-zGNRs
and 17-aGNRs).

By comparing the edge formation energies £p,, the relative stability
of the isolated systems can be determined. The computed energies reveal
that, in such conditions, the most stable edge is the z(600)2292 pattern.
This is in striking contrast with the recent proposals for the most sta-
ble GNRs edges [11, 10]. These results confirm, however, that neither
the standard zigzag nor the standard armchair edges present the lowest
edge formation energy. The z(600)2222 configuration is followed directly
by the ass pattern (~ 10 meV above in energy), and then by the a1,
z91, 2911, and 22111 configurations (more than 100 meV above in energy).
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Figure 3.20: Schematic representation and electronic band structure of vari-
ous possible edge reconstructions for the zigzag graphene ribbons. The atomic
structures depicted are periodic along the ribbon edge. The length of the unit
cell is represented by a line segment. The carbon network is represented within
the Clar’s sextet notation (black lines), the hydrogen atoms are the filled red
circles. The electronic band structure are represented along the one dimen-
sional unit cell between the I' and X special points. The o and [ collinear spin
orientations correspond to the solid blue and dotted red lines. All the band
structures present full spin degeneracy. Examples of z(600);;. (a), 2(57):; (b)
and z(tdp)¢; (c) reconstructions of the zigzag edges. The C-C involved in the
triangular di-pyramid arrangement are colored in light blue (d) Structural de-
tails of the triangular di-pyramid arrangement. In case of relevance, the energy
differences A4y = Ey — E4| are mentioned. Note that the band structures
represented are all associated with the T| magnetic configuration.
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Figure 3.21: Schematic representation and electronic band structure of var-
ious possible edge reconstructions for the armchair graphene ribbons. The
atomic structures depicted are periodic along the ribbon edge. The length of
the unit cell is represented by a line segment. The carbon network is repre-
sented within the Clar’s sextet notation (black lines), the hydrogen atoms are
the filled red circles. The electronic band structure are represented along the
one dimensional unit cell between the I' and X special points. The « and (3
collinear spin orientations correspond to the solid blue and dotted red lines.
All the band structures present full spin degeneracy. Examples of a(56); (a),
a(677);; (b) and a(57);; (c) reconstructions of the armchair edge. In case of
relevance, the energy differences A1y = Epp — Ey| are mentioned. Note that
the band structures represented are all associated with the 1] magnetic config-
uration.
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These are the standard armchair and zigzag shapes with various hydro-
gen coverages of the carbon atoms on the edge. In the next section, the
concepts of aromaticity will bring some additional clarifications on the
close connections between the ribbon topology, its relative stability and

its electronic/magnetic properties.

pr (A7) n, (eV/A)

NAOs PAWs

20 0.000 1.175  1.167

2 0.403 0.078  0.078

29 0.798 0.170  0.192

291 0.601 0.003  0.017
2911 0.536  -0.005
22111 0.503 0.012

2(57)00 0.000 1.047  1.147
2(57)11 0.410 0.342
2(57)a1 0.611 0.344
2(57)20 0.816 0.243
2(600)0000 0.000 1.340
2(600)1111 0.535 0.032
2(600)1221 0.803 0.023
2(600)2112 0.802 0.014
2(600)2222 1.070 -0.130
z(TDP)3, 0.000 2.357

z(TDP)Y, 0.402 1.273  1.099
2(TDP)Y, 0.795 2.033
2(TDP)}, 0.403 1.796
2(TDP)} 0.806 0.772
z(TDP)3, 1.193 1.915
2(TDP)}y, 0.672 0.441
2(TDP)} 0.605 0.309
2(TDP)}yy;;  0.565 0.247

Table 3.1: Edge formation energy and hydrogen density (pg = 1\2[—5) for the
various reconstructions of zigzag ribbons. Comparison between the values cal-

culated within the NAOs and PAWs computational schemes.
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pr (A7) ¢p, (eV/A)

o7
o7

)

2 0.668 0.832
22 0.889 0.741

—_

NAOs PAWs
aoo 0.000 1.059  0.999
aio 0.232 0.644
ail 0.464 0.022  0.026
as1 0.695 0.177
a2 0.928 -0.119 -0.083
a1100 0.232 0.519
a(56) 0.000  1.394
a(56)1 0237  0.715
a(56); 0476  0.405  0.386
a(677)oo  0.000 1.170
a(677)1; 0476 0.440
a(677)2 0948  0.240
a(57)o0 0.000 1.954
a(57)11 0.447  0.661
(

(

)
57)1

)

)

=

Table 3.2: Edge formation energy and hydrogen density (pg = 1\2[—5) for the
various reconstructions of armchair ribbons. Comparison between the values
calculated within the NAOs and PAWs computational schemes.

3.4.2 Gibbs free energies

Though the edge formation energies £y, bring some insights on the
relative stability of GNRs, £, does not account for the gas phase en-
vironment presents in most of experimental and application situations.
At given conditions of pressure (P) and temperature (7)), the relative
stability of different condensed systems in a multicomponent gas phase
environment is ruled out by their surface/edge free energies. A detailed
methodology for the DFT calculation of surface free energy is given in
Ref. [154]. In the two dimensional cases considered here, in presence of
molecular Hy gas at partial pressure Pp,, one can define the GNRs edge
free energy as,

1 N
G, (T, P) = %a <GGNR(T, P) — N¢Gpu(T, P) — THMHQ (T, PH2)>
(3.30)
where Ggng is the Gibbs free energy per unit cell of the GNRs, Gy is

the Gibbs free energy per atom of the bulk graphene plane, No and Np
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are the numbers of carbon and hydrogen atoms within the GNR unit cell,
and g7, is the chemical potential of molecular Hy gas |up, (T, Py,) =
GH2 (T’ PHQ)]

As presented hereafter, the G, formula can be reformulated in such
a way to refer only to energies easily tractable within the DF'T scheme
and data tabulated in standard thermodynamic tables. The chemical
potential of an ideal gas can be written as,

5 P
wx (T, Px) = px (T, Pg) +kBTln(P—)§). (3.31)
This allows us to calculate pp, at any pressure knowing the value of
wr, (T, P°). Furthermore, since p is nothing but a Gibb’s free energy,

the chemical potential of molecular Hs gas can be expressed as,

M H, (T7 PH2) = MH2(07 Pﬁ[g) + [MH2(T7 Plifg) - MH2(07P132)]

P
+kpT In( ]f;) ,
= (0, Pg,) + [Hyp, (T) — Hyp, (0) — T'Sg, (T)]
P
+kgT In( Pfff) , (3.32)

where H°, S° are the enthalpy and entropy at the pressure of refer-
ence usually taken as P° = 1 bar. The values of H° and S° are tab-
ulated for most chemical components in thermodynamical tables (e.g.
in Ref. [155]). The value of yup, (0, Pg,), which is the enthalpy of the
Hy molecule at T = 0 K, commonly serves as the energy reference in
thermodynamic. One can conveniently define the chemical potential on
the DF'T energy scale as,

dj d o o o
Wi (T, Pry) = Efj(T = 0) + [Hy,(T) = Hyy, (0) = TS3,(T)]
P
+knTIn( Pff ) (3.33)
= B, (T = 0) + iy (T, Prr,) (3:34)
Finally, the GNRs edge free energy can be rewritten as,
dft 1 dft dft Ny
GUlr,P) = P GHt (T, P) — NoGYt (T, P) — Tulj,;(T, Pu,) ) ,

12

1 d d Ny q
2 (GC{;\/R(OvP) - NCGE];qilk(O’P) o T:ulﬁ(Tv Pu,) ),

12

1 dft dft
2 <EC§CNR(07P) - NCEBfulk(QP) - —MHQ(T7 PH2) )

rel
€, — <NH> adil (3.35)
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where the second equality is true under the assumption that the temper-
ature dependence of Ggyr and G gy is negligible with respect to that
of the gas phase. Note that molecular dynamics calculations can provide
corrections in order to go beyond the athermal limit. However, we will
restrict our calculations to this "athermal" approximation. Traditionally,
in phase diagrams, Gy, T, P is plotted as a function of x"¢. Using the re-
lation (3.35), we have computed the phase diagrams associated with the
reconstruction of the zigzag and armchair graphene boundaries. These
are plotted in Fig. 3.22. For comparison, we note that at ambient con-
ditions (P = 1 bar and 7" = 300 K), the partial pressure Py, is about
5.10~7 bar which leads to a value of u}’fé(?)OOK) ~ —0.69 eV.
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Figure 3.22: Formation energies (G, ) as a function of the chemical potential
wm, for all the edge configurations investigated in the present work. The left
and right panels detail the case of reconstructed armchair and zigzag edges,
respectively. The red lines correspond to edge configurations which appear to
be the most stable for some values of the chemical potential. The vertical black
lines indicate the limits of the stability regions. The other edge configurations
are represented with by turquoise lines. The dotted blue line corresponds to
the z2(TDP)},,;, edge configuration.

The curves of Gy, as a function pp, associated with the different
reconstructions of the edges are plotted in Fig. 3.22. The armchair and
zigzag ribbons are further compared in Fig. 3.23. At a given chemical
potential pp,, the most stable ribbon configuration is the one with the
lowest edge free energy. In addition, to the total energies, the electronic
band structures of the various GNRs have also been computed, and are
depicted in Figs. 3.18-3.21.



86 Chapter 3. QUANTUM CONFINEMENT IN GNRS

Of-----1---------------1 \-- -----------
-0,4
-0,8
12} |
B a11 a22
-1,6 || 1 1 1 1 1 [N
6 -5 4 3 2 -1 0 1 2 3
u ref,H2 (eV)

Figure 3.23: Formation energies (Gfﬁ) as a function of the chemical potential
wm, for all the edge configurations investigated in the present work. The blue
and orange lines correspond respectively to armchair and zigzag configurations.
The vertical black lines indicate the limits of the stability regions.

Various conclusions can be drawn from the data presented here above
(Figs. 3.18-3.23. First, one notes that, depending on their edge pro-
file, zigzag and armchair GNRs may exhibit either a semi-conducting or
metallic behavior. Furthermore, the topology of the edge rules the pres-
ence of partially filled electronic states at the edges and the appearance of
magnetic ordering along the ribbon axis. Second, our analysis in terms of
the edge free energy strongly contrasts with the widely spread idea that
armchair shaped edges are globally more stable. Indeed, our results evi-
dence the strong dependence of the most stable edge structure on the ex-
perimental conditions. At 300K, for standard and high hydrogen partial
pressure (P, > 5.1071Y bar), three edge configurations are particularly
relevant, namely the 2911, ase and z(600)1111 patterns. Third, the most
commonly studied a;; and z; edge structures appear to be stable only
at low and very low hydrogen concentrations (P, < 5.107!° bar). Fur-
thermore, this observation extends to all the edge topologies that involve
partially filled states along the edges, evidencing the poor robustness of
such states upon the GNRs functionalization. Finally, at high hydro-
gen concentrations, Gpg, becomes negative suggesting that graphene is
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not anymore the most stable carbon configuration. Indeed, in such ex-
treme conditions, the high pressure of hydrogen allows the stabilization
of various hydrogenated allotropes. By sake of comparison, the energy
associated with the complete hydrogenation of the graphene plane (i.e.
the formation energy of graphane) is reported in Fig. 3.23 (green lines).
Note that, in the case of graphane, the formation energy is a surface
property expressed in [eV/ AQ].

3.4.3 Interpretation in terms of the Clar sextet theory

The concept of aromaticity has long been used in the chemical lit-
erature. Many experimental and theoretical studies using different ap-
proaches and methods have contributed to build a unified description of
both the local and global characteristics of aromaticity. One of the out-
standing contributions in this field was made by Clar in the 1970s. He
proposed an interpretation of the electronic structure of polycyclic aro-
matic hydrocarbons (PAHs) based on the formal arrangement of delocal-
ized m-electrons in aromatic sextets [156, 157]. Here, an aromatic sextet
(sometimes called benzenoid aromatic ring) is defined as the benzene-
like arrangement of six delocalized m-electrons on a ring. In terms of
resonance theory, it can viewed as the resonance between two hexagonal
rings with alternating single and double bonds (see Fig. 3.24). Clar’s
theory describes the m-electronic system of hydrocarbons on the basis
of the resonance structure that maximizes the number of aromatic sex-
tets drawn for the system. (i.e. according to Clar, the most stable
isomers of a given hydrocarbon are those with the highest numbers of
aromatic sextets). Notably, this satisfactorily describes the observed sta-
bility of large PAHs and provides reliable indications on their magnetic
behavior [158, 159, 160]. While, Clar’s concepts originate from an intu-
itive interpretation of experimental facts, there have been many works
grounding their theoretical justification [161, 162]. Within the Huckel
framework for example, it is reported that the preferred resonance struc-
tures of PAHs are those that maximize the number of isolated aromatic
sextets.

Similarly to large PAHs, various properties of carbon nanosystems
can be understood to a large extent by the analyze of the m-electronic
structure. Recently, the Clar’s rules have been shown to provide a sat-
isfactory description of the electronic and chemical properties of carbon
nanotubes [163, 164]. Such simple concepts of organic chemistry have
also been used to rationalize the stability and electronic properties of
GNRs [12, 10]. Here, we extend the previous studies and we describe
both the edge stability and the electronic properties of reconstructed
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Figure 3.24: (a) Representation of the benzenoid aromatic ring within the
standard Clar’s sextet scheme. (b) Three equivalent representations of the
bulk graphene as the ideal case of aromaticity. All the 7 electrons belong to a

benzenoid ring and the sextet density ps, = 3.

armchair and zigzag GNRs in terms of Clar sextet theory.

Within Clar’s theory, graphene is the ideal 2D case of delocalized
m-electrons. Indeed, graphene can be viewed as the resonance between
three structures where all m-electrons belong to an aromatic sextet (rep-
resented by circles in Fig. 3.24). In each resonance structure, one third of
the hexagonal rings is benzenoid and no double bonds have to be drawn.
Here, we use the sextet density ps, = (# sextets/# hexagons) to char-
acterize the benzenoid (aromatic) character of GNRs. An example of
full benzenoid structure is given by the graphene plane where (ps, = %)
In Figs. 3.18 to 3.21, the edge profiles are drawn in a representation that
maximizes the number of aromatic sextets. The Clar’s representations
of the standard armchair (as2) and zigzag (z1) edge profiles appear to be
completely different, illustrating the two extreme cases of fully benzenoid

(psa(aze) = %) and non-benzenoid (psy(z1) = 0) systems.
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According to Clar’s rule, the z; edge profile is thus expected to be less
stable than other edge shapes compatible with a fully benzenoid GNR.
From this point of view, the z; edge shape is not a favorable boundary
profile for the hexagonal network of m-electrons and may be seen as a
good candidate for reconstruction. As reported in Fig. 3.18, periodic
hydrogenation of the zigzag edge modifies the aromatic character of the
zGNRs. The 291, 2911 and 29111 edge profiles restore a partial aromaticity
within the ribbon (ps(221) = 1, pse(2211) = 3, psz(221) = 1). According
to Clar’s rule, the z911 profile is then expected to be the most stable
zigrag edge profile.

In contrast with the z; edge profile, the a1 and age profiles are com-
patible with the bonding pattern of the infinite graphene plane. Conse-
quently, one may expect the a1; and age edge to be stable and relatively
inert. This is globally true for all the edge structures that preserve the
armchair boundary of the m — 7* electronic network (i.e. a9, ai1, ai100,
agp). Note that while the a(56) edge is compatible with the fully ben-
zenoid character of the GNR, the large edge strains introduced by the
pentagonal terminations makes this edge profile less stable. These predic-
tions are in good agreement with the ab initio computed edge-formation
energies presented in Table 3.1.

In addition, as pointed out by T. Wassmann and co-workers [10], we
note that all the "aromatic"” edge structures (those with a sextet density
Psz = %) do not produce edge states and consequently do not give rise
to magnetic order along the edges. This situation can be understood
in terms of the Clar’s concepts as well. When the sextet density in
the vicinity of the edge is smaller than the one of bulk graphene, the
low energy electronic structure of the ribbon results from a competition
between the bulk, where the aromaticity prevails, and the edge, where
all carbon atoms tends to form four saturated bonds. It is precisely such
a competition, which, by forcing some edge atoms to be over- or under-
saturated gives rise to these electronic defects, i.e. the edge states.

Finally, Clar’s structures also allow us to rationalized the dependence
of the electronic properties of GNRs with respect to their width. It is
well known that the electronic properties of standard a;1-GNRs, such as
their energy gap, fluctuate periodically with the ribbon width. On one
hand, the monotonic decrease of the energy gap for increasing widths
is the direct manifestation of the electronic confinement in the direction
perpendicular to the ribbon axis. On the other hand, the periodic pattern
superimposed to this monotonic decrease is due a periodic variation of
the electronic structure at the ribbon termination as highlighted by the
Clar’s representation. Here, we show that this periodic behavior happens
for all the benzenoid or partially benzenoid GNRs.
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Figure 3.25: Clar’s representations of [z;]-, [z21]-, and [a11]- GNRs of various
widths. (a) [21]-GNRs of widths (N =4 and N = 5). (b) [221]-GNRs of widths
(N =4and N =5). (¢) [a11]-GNRs of widths (N =6, N =7 and N = 8).

The Clar’s representation of GNRs with zy, z91 and a1 edge pro-
files are depicted for different ribbon widths in Fig. 3.25. We note that
the representation of the (partially) benzenoid GNRs (i.e. 291 and a11)
depends on the ribbon width. Varying the width of these GNRs thus
implies a modification of the aromaticity along the ribbon edges. On
the contrary, the representation of the non-benzenoid GNRs (e.g. 21)
is independent of their width. The ribbons keep a non-benzenoid char-
acter for all widths. As shown in Fig. 3.26, the variations of the edge
aromaticity have an important impact on the electronic properties of the
ribbons. The energy gap of the [a11]-GNRs and [291]-GNRs exhibits an
oscillating behavior with respect to changes of the ribbon width. The
larger gaps are observed for the fully benzenoid structures.

These results demonstrate that, simple bonding theories, such as
the Clar’s sextet theory, can be easily extended in order to bring some
clarification on the stability and electronic properties of the graphene
edges. Though they cannot be used to make quantitative predictions,
these concepts of aromaticity would probably help in the search for the
most stable edge patterns in various chemical environments.
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Figure 3.26: Energy gaps of GNRs of increasing width. The abscissa refers to
the number of zigzag/dimer lines of carbon atoms across the GNR width. The
cases of [221]-GNRs and [a11]-GNRs are plotted on the left and right panels
respectively.

3.5 Conclusions

In summary, the electronic properties of graphene and graphene nanorib-
bons (GNRs) have been reviewed. A particular attention has been de-
voted to the mechanisms that rule the formation of sub-bands and the
opening of energy gaps in GNRs. Though the quantum confinement of
the electronic wave-functions is the main origin of the appearance of en-
ergy gaps that decrease with the width of the ribbon, additional effects
originating in the topology and the reconstruction of the GNR edges
have been reported.

Regarding the electronic structure of the mono-hydrogenated arm-
chair and zigzag ribbons (aj; and z1), our results agree well with the
previous study of Son et al. [110]. The relaxation of the edge is shown
to play a crucial role in determining the low energy electronic structure
of the a;; patterned ribbon by forcing the opening of energy gaps that
oscillates with the ribbon width. Owing to the presence of magnetically
ordered states along the zigzag shaped edges, two magnetic configura-
tions are reported for the z; ribbons corresponding to the parallel (17)
and anti-parallel (T]) coupling of the magnetic moments between the
edges. The anti-parallel (1) configuration is reported to be the ground
state and present a semiconducting character. In contrast, the parallel
configuration, that is higher in energy by a few meV, is reported to be
metallic.

Furthermore, the electronic and energetic properties of various re-
constructed edge patterns have been unveiled by means of spin-polarized
DFT calculations. Though the interest of the scientific community has
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been focused on the properties of the standard (a;; and z1) edge pat-
terns, the computed edge free energies reveal that these latter are stable
at very low hydrogen concentrations, suggesting that, in most experi-
mental conditions, the standard edges do reconstruct. Though the most
stable edge structures are likely to be dependent on the actual chemical
environment, our study highlights the 2911, ass and z(600)2200 edge pat-
terns as the most probable candidates for the edge reconstruction. One
notes that none of these patterns do present magnetic order along the
edges.

Finally, we have shown that the electronic and stability properties of
hydrogen-terminated graphene ribbons can be, to some extent, rational-
ized by applying the Clar’s rules of aromaticity.



Chapter 4

Topological defects in
Graphene Nanoribbons

Introduction

Disorder is ubiquitous in graphene. Graphene is a two-dimensional
system which limits intrinsically the order of the carbon atoms. In agree-
ment with the Hohenberg-Mermin-Wagner theorem [165], thermal fluc-
tuations are expected to destroy the long range positional order in two
dimensional systems. True hexagonal order is thus strictly possible only
at zero temperature in free standing graphene. Therefore, disorder is
always expected in actual samples, and topological defects have been
observed by many research groups [13, 14, 15, 147|. As an example,
Fig. 4.1, reports High-Resolution Transmission Electronic Microscopy
(HR-TEM) images that evidence the presence of meta-stable defects in
the graphene layer.

Interestingly, the introduction of topological defects in the honey-
comb network also offers the opportunity to tailor the electronic proper-
ties of graphene can in many different ways. The sources of disorder in
graphene are many and vary from the effects of the substrate, the impact
of dopant or impurities on the substrate, to the introduction of adsorbed
molecules, substitutional doping or irradiation induced defects in the
graphene plane. An experimental evidence of topological defects induced
by irradiation is reported in Fig. 4.2. HR-TEM images reveal the cre-
ation of pentagon-heptagon pair in the graphitic network after irradation
of the samples. Previous theoretical studies have tackled the deposition
of metal atoms [166, 167|, the adsorption of molecules [168, 169, 170],
the substitutional incorporation of boron and/or nitrogen dopants in
the structure [171, 172|. In this chapter, we will focus on the defects

93
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Figure 4.1: Experimental evidence for the presence of atomic defects in the
graphene layer. Meta-stable defects found in HR-TEM image sequences. (a-c)
Reconstructed vacancy: (a) original image and (b) with atomic configuration;
a pentagon is indicated in green. (c¢) The unperturbed lattice is recovered 4s
later. (d and e) Defect image and configuration consisting of four pentagons
(green) and heptagons (red). Scale bars are 2 A. Pictures from Ref. [147]

induced by irradiation of the graphene nanoribbons. This is further
motivated by the recent observation of ferro-magnetism in irradiated
graphite [173, 174, 175].

Irradiation induced defects

Various kinds of topological defects are reported at room temper-
ature in sp? carbon allotropes. These are extended defects such as
graphene edges and cracks, or point-defects such as vacancies, adatoms
and odd-membered carbon rings (heptagons and pentagons). As illus-
trated in various theoretical [176, 177, 178, 179, 180] and experimental
studies [14, 147], combinations of defects, such as pairs or small clusters
of defects, are also frequently encountered. One intuitively minds that if
a carbon atom is displaced from its original position in the sp® network,
the resulting system will contain not only a vacancy but also an adatom.
This combination of a vacancy and an adatom is commonly named a
Frenkel pair [180]. In a similar way, if pentagons and heptagons are in-
troduced in the planar sp? lattice (either by addition/removal of atoms
or by rotation of carbon-carbon bonds), the relaxed carbon network will
tend to reduce the defect induced distortion by counterbalancing the ef-
fects of pentagons by nearby heptagons giving rise to small clusters of
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Figure 4.2: Experimental evidence for the presence of atomic defects in the
graphene layer. In situ observation of a topological defect induced by irradia-
tion in a graphene layer. (a and b), HR-TEM images of a single graphene layer
with a topological defect induced by electron irradiation (before (a) and after
(b)). An edge dislocation is unambiguously visible at the middle of the net-
work where one zig-zag chain is missing through it. The missing zig-zag chain is
shown schematically in the bottom part of each panel. (¢) An atomistic model
of the pentagon-heptagon pair in the graphitic network. (d) A simulated HR-
TEM image shows a good comparison with the HR-TEM image shown in (b).
Scale bar is 2 nm long. Images from A. Hashimoto et al. [13]
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odd membered rings.

Among the large variety of topological defects, we will focus here on
vacancies and adatoms. Not only these are present at thermal equilib-
rium, they are also of particular relevance for technological applications
of GNRs since they can be induced by proton irradiation of the graphene
samples, which offers the opportunity to tune their number and con-
centration. Upon collision of light ions, e.g. H or He, with graphitic
structures, the main damage is the creation of Frenkel pairs [181, 182].
Moreover, for an ion energy of a few MeV, the number of defects created
is much larger than the number of implanted ions. As an example, pa-
rameterized energetic ion stopping calculations [176, 183] indicate that
one 2.25 MeV H-ion gives rise to 15 pairs of vacancies and interstitials
in highly oriented pyrolytic graphite. However, vacancies and adatoms,
as well as H ions are highly mobile in graphene [176, 177, 178, 179]
and their vast majority is expected to recombine or form clusters which
are predicted to be more stable. As a consequence, the most abundant
defects expected in irradiated graphene samples are meta-stable vacan-
cies and adatoms, H-vacancies and H-adatom complexes, as well as voids
(di-/tri-vacancies) and small carbon clusters [176].

Defect induced magnetism

New light nonmetallic magnet with a Curie point above the room
temperature have long generated a high scientific and technological in-
terest. The recent experimental observation of room temperature ferro-
magnetism in irradiated graphite has thus stimulated a large research
effort aiming to understand the magnetic properties of carbon based sys-
tems [173, 174, 175]. Up to recently, the graphitic samples were thought
to be traditional diamagnetic materials. The debate around the origin of
magnetism in these systems was initiated in 2000 with the observation of
magnetization hysteresis loops in highly oriented pyrolytic graphite sam-
ples [184]. Today, while the origin of magnetism in graphene-like systems
is still actively investigated [16, 185], it is commonly accepted that topo-
logical defects such as under-coordinated atoms and zigzag edges are at
the heart of the mechanismsm. On one hand, point defects such as va-
cancies and carbon adatoms are reported to come with local magnetic
moments. The ferro-/anti-ferro-magnetic order which arises from their
interaction is then called atomic magnetism. On the other hand, atoms
at the edges of graphitic fragments either passivated or not may give rise
to electronic states with large degeneracies at the Fermi energy. Upon
magnetic instability, a ferro-/anti-ferro-magnetic order may develop as
it is the case along the edge (z1) of the zigzag graphene nanoribbons.
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This is called superatomic magnetism. While seemingly different, both
processes share the same simple physical origin. The topological defects
come with localized electronic orbitals and generate finite densities of
states at the Fermi energy. As such, the defective graphene structures
are prone to flat band magnetic instability.

A considerable number of works have recently addressed the defect-
mediated magnetism in graphene with the help of both the tight-binding
and mean field Hubbard approximations [143, 186, 187, 188]. The result
of these works is a set of simple rules which links the spatial arrangement
of the defects to the emerging magnetic order. In compliance with sec-
ond Lieb’s theorem [189] about half-filled bipartite lattice, the total spin
(Stot) of a given defective structure depends on its sub-lattice imbalance
(i-e. Siot = |[Na — Np|, where N4, p refers to the number of sites within
the sub-lattices). A well balanced bipartite lattice (such as 2D-graphene
or graphene ribbons) should therefore present a vanishing total magnetic
moment in its ground-state configuration, which is indeed the case. How-
ever, while Lieb’s theorem provides meaningful predictions for the total
spin, it does not preclude the appearance of spin density distributions
in the systems with total spin S, = 0. For such systems, the Hubbard
model solutions are globally characterized by the anti-parallel coupling of
the magnetic moments on the two atomic sub-lattices. As a consequence,
magnetism is predicted to locally develop in the nanometer-size regions
characterized by the dominance of topological defects in one of the sub-
lattices. In such a situation, it is predicted that semi-conducting ribbons
behave like diluted magnetic semiconductor and present giant Zeeman
splitting under the application of an external magnetic field such that
gupH > kpT [188].

While the literature on the subject is abundant, most of previous
studies rely on the topological nature of defects and does not account
for the possible defect reconstructions. In particular, the hopping inte-
grals are generally not modified in order to take into account the mod-
ification in the carbon-carbon bond lengths. In the following sections,
the electronic and magnetic structures of graphene nanoribbons in the
presence of topological defects are investigated within the framework of
spin-polarized density functional theory. In order to improve the accu-
racy of the theoretical predictions, careful atomic structural relaxations
are performed and the mechanism of defect-induced magnetism are un-
veiled.

In this chapter, the structural, electronic and magnetic properties
of GNRs in the presence of topological defects are investigated. In sec-
tion 4.1, the structure and stability of vacancies and adatoms in GNRs
are detailed and compared with the graphene case. In agreement with
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previous ab initio calculations, these defects are reported to come with
a magnetic moment, inducing locally a spin polarized charge density. In
addition, our results highlight the strong impact of such point defects
on the magnetic properties of zigzag GNRs. In section 4.2, the recom-
bination of primary defects with the GNR edges and the formation of
small defect clusters is investigated. Owing the high mobility of pri-
mary defects, the ab initio computed defect formation energies suggest
that point-defects are like to contribute to the roughness of the edges.
In section 4.3, the chemical reactivity of the defects is assessed. The
large stabilization of defects upon hydrogenation highlights the active
role played by defects in the chemical functionalization of graphene rib-
bons. Finally, the relative stability of both bulk and edge defects is
discussed in section 4.4. The formation energies of the primary defects
are further compared with those of various edge reconstructions actually
observed in low voltage aberration-corrected transmission electron micro-
scopy (TEAM) experiments. Finally, the computed formation energies
of defects at the armchair and zigzag edges suggest that the armchair
edges are more robust than the zigzag edge with respect to the introduc-
tion of topological defects.

The results presented in this chapter, in particular the discussion
regarding the relative stability of topological defects in GNRs, will be
are parts of a forthcoming publication.

4.1 Vacancies and adatoms as primary defects

As discussed in the introduction, the most probable primary defects
in realistic irradiated graphene samples are vacancies and adatoms. Here,
we focus on their structural, electronic and magnetic properties. The
calculations presented hereafter have been performed within the spin-
polarized DFT as implemented in the Siesta package [190].

A common issue in modelling isolated defects in bulk systems is the
definition of appropriate boundary conditions. Either the defect is intro-
duced in a finite simulation box without periodic boundary conditions or
a periodic model is used, where defects are periodically repeated. In the
non-periodic approach, the system size has to be taken large enough in
order for the spurious surface effects to not modify the electronic density
around the defect. In the periodic approach, the size of the unit cell has
to be large enough for the translated defects to not interact between each
others. Here, the later approach, called super-cell technique, has been
adopted.
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Figure 4.3: Illustration of the spin density distribution (p, — pg) induced by
vacancies (a) and adatoms (b) in the graphene plane. Blue and Red surfaces
correspond to an excess of spin « and spin 3 electrons, respectively.

In what follows, vacancies and adatoms are introduced within zigzag
and armchair GNRs and their behavior is compared to the one reported
previously for the defective graphene sheet. The lateral dimensions of
the computational cells (i.e. those not involved in the system periodic-
ity, (az,a,) for GNRs and (a,) for graphene) have been fixed in order
to insure 25 A of vacuum between parallel ribbons and planes. The nu-
merical atomic orbital basis set described in section 3.4.1 has been used
in conjunction with norm-conserving pseudo-potentials. The electronic
states are populated using a Fermi-Dirac distribution with an electronic
temperature of 250K. The integration over the 1D Brillouin zone is re-
placed by a summation over a regular grid corresponding to 40 k-points
for the GNRs unit cells (40x40 k-points for the graphene unit cell). The
geometries are fully relaxed, until forces on the atoms and the unit cell
are below 0.01 eV/A and 0.05 eV /A, respectively. The small spin-orbit
coupling of carbon atoms is neglected and independent collinear spin
orientations, labeled a and (3, are considered.

4.1.1 Primary defects in graphene

Though they have been widely discussed in the literature, we cal-
culate the structural and magnetic properties of vacancies and adatoms
again for sake of comparison.

(a) Vacancy - A vacancy is created by moving a carbon site from
the atomic network. Upon relaxation, the defective 7x7 graphene super-
cell undergoes a Jahn-Teller distortion. Two of the unsaturated carbon
atoms come closer and form a weak covalent bond (do,_c, = 1.93 A
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compared to the 1.42 A of the ideal graphene), inducing a pentagon like
rearrangement. The third unsaturated carbon atom moves out of the
plane of about 0.24 A [176, 179]. Consequently, the initial Dy, symme-
try of the hexagonal network is lost in favor to the Cy symmetry [191].
The resulting ground-state electronic structure is magnetic, with a mag-
netic moment of 1.4 pup. The spin density distribution is illustrated in
Fig. 4.3(a).

(b) Adatom - A carbon adatom is created by adding an extra carbon
atom on the graphene plane. After relaxation, the additional atom, ini-
tially located 1A above an asymmetric position on the graphene plane,
adsorbs in a bridge-like position (i.e. on top of a C-C bond that links
two atoms of the graphene sheet). The ground-state electronic structure
present a spin density distribution with a magnetic moment of 0.54 up.
The spin density distribution (see Fig. 4.3(b)) reveals the large contri-
bution of the p-orbitals of the adatom to the magnetic moment.

In order to characterize the energetics of defects, the vacancy and
adatom formation energies have been computed. Taking the pristine
graphene as the energy reference, the defect formation energies are given
by:

¢ = (B — N¢.ES0pn) (4.1)

raph

where E! is the total energy of the defective graphene super-cell, Egc;, aph
is the energy per carbon atom of the pristine graphene plane, and N¢ is
the number of carbon atoms in the defective super-cell. The calculated
energies are of 7.7 and 6.7 eV for the vacancy and adatom in graphene,
respectively!.

The presence of vacancies and adatoms also leads to strong changes
in the local structure of low energy carriers. The band structures plotted
in Fig. 4.4 highlight the appearance of nearly flat bands (low electronic
group velocity) around the Fermi level [191]. Those bands originate
from the presence of quasi-localized states (¢4(r))) around the defects.
As shown in Figs. 4.4(d,e), defects may give rise to different types of
electronic states. Some are directly associated with the dangling bonds.
These are strictly localized and present very small coupling with the -
7* bands of graphene (states labelled d1, d4, el, e2, €5 and e6). Others

! Another way, commonly used to characterize the energy of vacancies and adatoms
in graphene is to refer to the energy of the isolated carbon atom in its triplet state.
By moving one atom of the sp? network far away from the graphene plane (i.e. until
the total energy converges), one computes a vacancy formation energy of 15.7 eV.
Similarly, by moving an isolated carbon atom up to its adsorption on the graphene
plane, the computed adsorption energy is —1.2 eV.
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Figure 4.4: [Top panel] Electronic energy band structure of pristine (a)
and defective graphene including a vacancy (b) and an adatom (c). A 7x7
graphene super-cells (either pristine or with one defect) have been used for the
ab initio calculations. [Bottom panel] Representation of the low energy elec-
tronic states induced by these defects. Blue and red surfaces are associated with
positive and negative values of the electronic wave-function. Quasi-localized
electronic states induced by a vacancy (d) and an adatom (e).

do not present the dangling bonds symmetry and extend over several
nanometers owing to the contribution of the p, orbitals of the graphene
network [186, 192, 193, 194]. These states are said quasi-localized.

Finally, we note that both defects come with a fractional magnetic
moment. This may be explained by the self-doping (i.e. charge transfer
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[arb. unit]

Figure 4.5: Representation of the electrostatic potential (i.e. sum of the
hartree potential and the local pseudo-potential) of graphene in the presence of
a vacancy. One notes the increase of the potential in the vicinity of the defect,
depicting the charge transfer from the bulk graphene to the quasi-localized
defect states.

from the bulk graphene to the quasi-localized 14(r) states) which arises
from assymetric distribution of defect-induced states around the Fermi
level [192]. As illustrated in Fig. 4.5 for the case of a vacancy, in the
presence of adatoms and vacancies, the self-doping effect is characterized
by an increase of the potential in the nanoscale region surrounding the
defects.

All these results are in good agreement with previous studies per-
formed both with localized basis set and within plane-waves and PAW
schemes [191, 176, 186]. This supports the use of our double-¢ plus polar-
ization basis set for the investigation of topological defects in graphene
nanostructures.

4.1.2 Primary defects in GNRs

We now focus on the defective graphene nanoribbons. Vacancies
and carbon-adatoms are introduced within hydrogen passivated 8-zGNR
and 17-aGNR whose width are ~ 18 A. One-dimensional super-cells are
considered, leading to a distance of ~ 20 A between nearest-neighboring
defects and a defect concentration of ~ 0.6%.

The computed band structures of pristine 8-zGNR and 17-aGNR is
reported in Fig. 4.6. The ground state configuration of 8-zGNR reveals
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Figure 4.6: Electronic band structures of 17-aGNR, and 8-zGNR. (a) Semi-
conducting band structure (Egq,(I') = 0.1 eV) of 17-aGNR. (b) Semi-
conducting band structure (Eyq,(I') = 0.5 eV) of 8-zGNR in its ground-state
configuration (1| spin orientations between the edges). (c¢) Metallic band struc-
ture of 8-zGNR in its meta-stable 71 configuration.

an anti-parallel (1]) spin orientations between the edges leading to a
semi-conducting band structure (0.5 eV band gap) with full spin de-
generacy. In addition, 8-zGNRs may also present a parallel (1) spin
orientations between the edges. This configuration is found to be meta-
stable (11 meV /edge-atom higher in energy). The 8-zGNR then displays
a metallic behavior, as the 7, and w3 bands are crossing at the Fermi
energy, and presents a total magnetic moment of 0.51 up per edge atom.
Finally, the ground state electronic structure of the pristine 17-aGNR
does not present any edge states. The associated electronic band struc-
ture presents a complete spin-a/spin-/3 degeneracy and an energy band
gap of 0.1 eV. These results are in good agreement with the previous
study of Son et al. [127].

(a) Vacancy - Upon the introduction of a vacancy in the GNRs super-
cells (see Figs. 4.7 and 4.8), the systems undergo a similar reconstruction
as in graphene. A Jahn-Teller distortion of the honeycomb structure is
observed and the ground-state electronic density appears to be locally
spin-polarized. In GNRs, however, several defects configurations are
found to be meta-stable. Indeed, the Cs symmetry of the reconstructed
vacancy leads to nonequivalent orientations ("parallel", "perpendicular"
and "tilted") of the vacancy mirror plane with respect to the ribbon
axis. Figure 4.7 illustrates the nonequivalent vacancy orientations in
both zigzag and armchair GNRs.

In addition, the interaction between the magnetic moment localized
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Perpendicular

Figure 4.7: Schematic atomic representations of the nonequivalent vacancy
orientations in GNRs. (top panel) Tilted, parallel, and tilted’ nonequivalent
reconstructions of vacancy in armchair-GNRs. (bottom panel) Perpendicular,
and tilted nonequivalent reconstructions of vacancy in zigzag-GNRs.

on the defect and the spin ordered edge states of zZGNRs gives rise to
various possible magnetic configurations. We find that four magnetic
configurations correspond to a local minimum of the energy and are
therefore meta-stable in the eyes of the ab initio computed total energies.
In the following, these are labeled Xy, where X refers to the parallel (17)
or anti-parallel (1]) spin orientations between the ribbon edges while Y
refers to the parallel (P) or anti-parallel (AP) spin orientation between
the defect and the nearest edge. As an example, Fig. 4.8 details the four
meta-stable configurations of a zigzag shaped GNR resulting from the
introduction of a titled vacancy.

The spin density distribution induced by the vacancy is found to
affect the energetic of the inter-edge magnetic couplings. Indeed, the
enhanced exchange energy gain of the anti-parallel (T]) configuration
originates from the constructive interference between the magnetic tails
of the electronic states localized at the edges and is therefore sensitive to
the presence of any destructive spin density distribution across the rib-
bon [122]. On the one hand, by breaking the bipartite character of the
carbon network, the vacancy locally destroys the staggered sub-lattice
potentials associated with the anti-parallel (7]) magnetic ordering. On
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Figure 4.8: Magnetic configurations of a vacancy in a zigzag ribbon (8-zGNR).
Spin polarized electronic densities (po — pg) iso-surfaces for the four meta-
stable magnetic configurations associated with a tilted vacancy. Blue and red
iso-surfaces correspond to an excess of spin-a and spin-3 respectively.

the other hand, the vacancy induces a spin density distribution which
conflicts with the ground-state magnetic order of the pristine ribbon.
Both mechanisms impede the extra stabilization of the anti-parallel (T])
configuration and favor the parallel (17) coupling between the edges
which does not give rise to significant spin density distribution away
from the ribbon edges.

The ab initio computed formation energies associated with the differ-
ent geometry and magnetic configurations are reported in Table 4.1. In
order to isolate the energetic of defects, the formation energies (£%fect)
are computed as,

FE
gdefect _ (Etot _EGNR) . ANC'EgCraph <—ANH ;{2>:|

— gtOt _ gGNR ) (42)

That is the difference between the formation energies associated with the
defective and pristine graphene ribbon. Here, E® and ECNE are the
total energies of the defective and pristine GNR super-cells. DeltaN¢o
and ANpg account for the different number of carbon and hydrogen
atoms within the defective and pristine GNR super-cells. Finally, Egcr aph
and Ep, are the energies associated with a carbon atom in the pristine
graphene plane and with the Hy molecule, respectively.

The computed formation energies are very close to the one obtained
previously for the graphene plane. Nevertheless, the comparison of the
values detailed in Table 4.1 gives some insights into the behavior of va-
cancies. First, the data reveals that the tilted (parallel) orientation is

the more stable within zigzag (armchair) GNRs. These orientations are
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aGNR 7GNR
Para.  7.601  Perp. (Tl)ap T7.760 (TT)ap 7.675
Tilted  7.696 (th)p 7732 (e  7.690
Tilted’  7.705 Tilted (T])ap 7.716 (11)ap 7.658
(1l)p 7.678 (11)p 7.586

Table 4.1: Relative stability of the meta-stable configurations of vacancies in
armchair and zigzag GNRs: Ab initio computed formation energies (£). Values
are reported in eV.

associated with the formation of a stronger carbon-carbon bond dur-
ing the reconstruction process. It can intuitively be understood that,
for geometrical reasons, ribbons adapt more easily to the strains in the
direction perpendicular to the axis. As a result, zigzag (armchair) rib-
bons present a small shrinking of their width (~ 1.0%) around tilted
(parallel) vacancies. Conversely, a small stretching (~ 0.7%) appears
in the case of the perpendicular and diagonal orientations. The energy
gains (ApE) associated with the preferred orientation are of 89 meV and
95 meV within the zigzag and armchair GNRs, respectively. Second,
while the energy difference Ay E between the parallel (11) and anti-
parallel (1]) spin configurations is of 88 meV in pristine 8-zGNR, this
value is strongly reduced in the presence of a vacancy. Our calculations
give A1 = —2 meV in the presence of a vacancy. Interestingly, this
means that in the presence of bulk defects, the parallel (171) spin orien-
tation between the edges may become the ground-state configuration.
While this result strictly holds for the case of periodic arrays of vacan-
cies, it may probably be extended to randomly disordered configurations.
Indeed, the value of A1 E is roughly independent of the spin orientation
on the vacancy. The effect should therefore remain the same whatever
the magnetic coupling between the set of defects.

Finally, we report that the presence of vacancies in the graphene rib-
bons has a crucial impact on the electronic structure. The introduction
of a vacancy in the GNRs super-cell induces quasi-flat bands around
the Fermi energy and induces a rigid energy shift of the w-7* electronic
bands. By looking at the low energy electronic states, contributions from
the m-7* defect states can be identified within the [—0.5,0.5] €V energy
window around the Fermi level. The electronic states associated with
the sp?-like dangling bonds appears at lower and higher energies (see
Fig. 4.9 for an example). As a consequence, analogous charge transfer
as in the graphene plane is reported.
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Figure 4.9: [Top panel] Electronic energy band structures of 8-zGNR, pristine
(a) and in the presence of vacancies (b). 8x1x1 GNR super-cells (either pristine
or with one defect) have been used for the ab initio calculations. (c) Represen-
tation of the electrostatic potential of the defective super-cell (i.e. sum of the
hartree potential and the local pseudo-potential) integrated along the axis per-
pendicular to the zGNR plane. It is worth noting the increase of the potential
in the close vicinity of the defect, illustrating the charge transfer from the bulk
graphene to the quasi-localized defect states. [Bottom panel] Representation of
the low energy electronic states induced by the vacancy. Blue and red surfaces
are associated with positive and negative values of the electronic wave-function.
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Figure 4.10: Schematic atomic representations of the nonequivalent adsorp-
tion sites for carbon adatom in GNRs. (top panel) parallel, and tilted nonequiv-
alent carbon-carbon bonds in armchair-GNRs. (bottom panel) perpendicular,
and tilted nonequivalent carbon-carbon bonds in zigzag-GNRs.

(b) Adatom - Upon relaxation, the additional carbon (initially lo-
cated 1A over an asymmetric position on the graphene plane) stabilizes in
a bridge-like position. As expected due to the presence of unsaturated
dangling bonds, the adatom induces a polarization of the neighboring
electronic density. This behavior is similar to the one reported in sec-
tion 4.1.1 for the graphene plane. The situation is however slightly more
complicated in graphene ribbons since inequivalent adsorption sites are
present. As detailed in Fig. 4.10, the carbon-carbon bond hosting the
adatom may be either parallel, perpendicular or tilted with respect to
the ribbon axis. Besides, since adatoms induce local magnetic moments,
their interaction with the magnetically ordered edges-states gives rise
to various meta-stable configurations in zigzag GNRs. As detailed in
Fig. 4.11, these are labeled using the aforementioned Xy syntax.

The computed adsorption energies relative to various configurations
of adatom in zigzag and armchair ribbons are reported in Table 4.2. A
careful comparison of the adsorption energies first reveals a better sta-
bilization of the adatom when located upon strong carbon-carbon bond.
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Nap e Map e
Figure 4.11: Magnetic configurations of adatoms in zigzag ribbon. Spin po-
larized electronic densities (po — pg) iso-surfaces for the four meta-stable mag-

netic configurations associated with a tilted adatom in 8-zGNR. Blue and red
iso-surfaces correspond to an excess of spin « and spin 3 respectively.

aGNR zGNR
Para.*  6.727  Perp. (Tl)ap 6.855 (TT)ap 6.770
Tilted** 6.683 (1)p 6877 (T1p  6.753
Tilted (1])ap 6.726 (11)ap 6.612
(1)p 6706 (11)p  6.614

‘ *weak C-C bond, **strong C-C bond. ‘

Table 4.2: Relative stability of the meta-stable configurations of adatoms in
armchair and zigzag GNRs: Ab initio computed formation energies (£). Values
are reported in eV.

In zGNRs, the tilted carbon-carbon bonds, which are smaller than the
perpendicular ones, are associated with smaller adsorption energies. Sim-
ilarly, smaller adsorption energies are always reported for smaller bonds
in aGNRs. Second, in the same way as vacancies do, carbon adatoms
modify the energetics of the inter-edge magnetic coupling in zGNRs. The
local magnetic moment interferes with the ground-state spin density dis-
tribution (i.e. the 7| coupling between the edges) and contributes to
further stabilize the 1T magnetic configuration. As a result, the energy
difference AjE = (Eyy — Ey)) is strongly reduced in the presence of
an adatom. In the presence of an adatom at the center of the ribbon,
the parallel spin orientation between the edges becomes the ground-state
configuration as A4 = —9 meV.

Consequently, the carbon adatom is found to have a large impact on
the low energy electronic structure of the graphene ribbons. Additional
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Figure 4.12: [Top panel] Electronic energy band structure of 17-aGNR (a)
pristine, (b) in the presence of adatoms. 5x1x1 GNR, super-cells (either pristine
or with one defect) have been used for the ab initio calculations. (c) Represen-
tation of the electrostatic potential of the defective super-cell (i.e. sum of the
hartree potential and the local pseudo-potential) integrated along the axis per-
pendicular to the aGNR plane. It is worth noting the increase of the potential
in the close vicinity of the defect, illustrating the charge transfer from the bulk
graphene to the quasi-localized defect states. [Bottom panel] Representation of
the low energy electronic states induced by the vacancy. Blue and red surfaces
are associated with positive and negative values of the electronic wave-function.
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electronic energy bands induced by the quasi-localized defect states are
reported around the Fermi level. While the electronic contributions com-
ing from the sp’like dangling bond are located around 1 eV below the
Fermi energy, the unpaired m-orbital of the adatom as well as others
quasi-localized states give rise to flat energy bands in the [—0.5,0.5] eV
energy window. As described previously, these electronic states involve
a small charge transfer from the ribbon to the defect induced electronic
states. As an example, the case of adatoms adsorbed on a 17-aGNR is
detailed in Fig. 4.12.

4.2 Migration of defects

In graphene ribbons, the local atomic environment range from the
Dj3p, hexagonal symmetry around the GNR axis to the Cg symmetry
at the edges. The structural and electronic properties of vacancies and
adatoms are thus expected to vary with the defect position across the
ribbon width.

4.2.1 Relative stability of bulk and edge defects

Hereafter, we compare the structural and electronic properties of va-
cancies and adatoms for different positions (see Fig. 4.13 for the labelling
of the defect positions). The aim of this section consists in finding some
trends about the stability of point-defects in GNRs.

Figure 4.13 presents the computed relative energy of defects as a
function of their positions. The zigzag and armchair ground-state config-
urations are reported as circles and squares respectively, while the error
bars account for the meta-stable configurations higher in energy. Away
from the GNR edges, topological defects behave like in the graphene
sheet and the formation energy slightly decrease when moving from the
ribbon axis towards the ribbon edges. At the same time, an increase
of the energy dispersion associated with the meta-stable configurations
is reported. Indeed, the energy gain associated with the preferred va-
cancy orientation in the zigzag ribbon ranges from AyE(pg) = 55 meV
in the ribbon center up to AgE(p3) = 355 meV closer to the edge. Sim-
ilar values are found in armchair ribbon (i.e. ApE(pg) = 95 meV and
AgE(p4) =390 meV)

In the direct proximity of the ribbon boundary, vacancies and ad-
atoms definitely loose their bulk-like behavior and recombine with the
edges. As shown in Fig. 4.13, defects then undergo an improved stabi-
lization and smaller defect formation energies are predicted.
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Figure 4.13: [Top panel| Labels of the different carbon sites across the width
of a 17-aGNR (on the left), (on the right) and a 8-zGNR (on the right). [Bottom
panel] Relative energies of defective zigzag and armchair GNR as a function
of the defect position across the ribbon width. 8x1x1 (5x1x1) super-cells of
8-zGNR (17-aGNR) have been used for the ab initio calculations.
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4.2.2 Energy barriers

The variation of the defect formation energy across the GNRs sug-
gests a probable migration of bulk-like defects towards the ribbon edges.
The actual migration of vacancies and adatoms depends on the energy
barriers (FEpgrrier) encountered along the migration path. Two methods
are commonly used to estimate these barriers. The Nudged Elastic Band
method (NEB) [195] and the activation-relaxation technique (ART) [196]
both allow to compute saddle points and minimum energy paths between
suggested equilibrium configurations. We did not perform such calcula-
tions here since many previous studies have reported calculations of these
Eparrier for both the adatom and vacancy in graphene.

The theoretically computed energy barriers for the migration of ad-
atoms on the graphene plane is EEZMST = 0.47 eV [177, 178]. Such a low
energy barrier means that adatoms are highly mobile on the sp? carbon
plane and will most probably be pinned by other defects. Such a low
value also explains the difficulty to experimentally observe adatoms on
the graphene plane. Concerning the migration of vacancies, the theoret-
ical prediction is about E* =14 €V [176, 179, 197, 198, 199], which

barrier

is very different from the value of E;? . = 3.1 eV [182] deduced from
experimental results. However, it is commonly thought that experimen-
tal results are, in fact, associated with the the diffusion of di-vacancies
rather than mono-vacancies. While this has to be further investigated,
it should explain the disagreement between theoretical predictions and
actual measurements. One can thus reasonably assume that primary
defects are mobile on the graphene plane at room temperature.

If defects are mobile, then they are likely to diffuse until pinned in a
more stable configuration or annihilated by recombination with another
defect (e.g. an adatom that meets a vacancy). In graphene ribbons,
pinning/recombination at the graphene boundary would therefore be an
important process in determining the most probable electronic structure
of defective ribbons. Besides, one cannot exclude the formation of small
clusters of defects within the ribbon bulk, such as holes made from a few
vacancies or small carbon clusters on the GNRs surface.

In what follows, the structural and electronic properties of vacancies
and adatoms recombined with the graphene edges is detailed and the
formation of small clusters of defect is discussed.

4.2.3 Defects at the edges

In graphene ribbons, the structure of the edges is known to have a
major impact on the electronic properties, as previously illustrated in
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Chapter 3. As a consequence, the control of the edge structure would
be a highly desirable achievement for the development of new carbon-
based electronic components. In this section, the actual contribution of
the primary defects (i.e. vacancies and adatoms) to the edges disorder
is investigated. In particular, the structural and electronic properties
of the defects recombined at the edges are detailed. We show that the
recombination of vacancies and adatoms with the graphene boundaries
involves the appearance of sp3-like reconstruction of the edges and the
introduction of odd-membered carbon rings into the honeycomb network.
As a consequence, the electronic properties of vacancies and adatoms
essentially differ from those in the bulk as the defect merges with the
edge.

o SBCE-o-ea 40—00—04.-‘0-00-
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Figure 4.14: Atomic representations of the ground-state geometries of va-
cancies and adatoms recombined at the graphene edges. (a) Vacancy at the
armchair edge, (b) adatom at the armchair edge, (c) vacancy at the zigzag
edge, (d) adatom at the zigzag edge. The transparent surfaces correspond to
spin polarized electronic densities (po — pg) iso-surfaces. Blue and red colors
are associated with an excess of spin-a and spin-3, respectively.

(a) Vacancy - In the proximity of the ribbon edges, the carbon net-
work does not present the local Ds;, symmetry anymore. Consequently,
the reconstruction of the atomic network upon the removal of a carbon
atom is different from that reported in bulk graphene.

In order to find the most stable vacancy configuration, different start-
ing geometries have been considered (by removing different carbon atoms
and breaking the remaining symmetries). After relaxation of the de-
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fective super-cells, the most-stable geometries are those represented in
Figs. 4.14(a,c). While the vacancy in zGNR still presents a dangling
bond and comes with a spin polarized density distribution, the recon-
struction of the armchair edge implies the saturation of all the carbon
atoms. Consequently, no spin polarization is reported. In this case,
the reconstruction involves the formation of a pentagon of carbon atoms
as shown in Fig. 4.14(a). The computed vacancy formation energies are
0.855 and 2.239 eV for the armchair and zigzag edges respectively. These
values represent a significant reduction with respect to those of the bulk
vacancies.
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Figure 4.15: [Top panel] Electronic energy band structures of 8-zGNR (a)
pristine and (b) in the presence of an edge vacancy. 8x1x1 GNR super-cells
(either pristine or with one defect) have been used for the ab initio calculations.
(c) Representations of the electrostatic potential of the defective super-cell (i.e.
sum of the hartree potential and the local pseudo-potential) integrated along
the axis perpendicular to the zGNR plane. [Bottom panel|] Representation of
the low energy electronic states induced by the vacancy. Blue and red surfaces
are associated with positive and negative values of the electronic wave-function.

Besides the structural contrast with their bulk counterpart, vacan-
cies at the edges affect differently the low energy electronic structure of
the GNRs. This statement is detailed in Fig. 4.15 for the zigzag edge.
Within the [—0.5,0.5] eV energy window, the GNR electronic states are
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globally unperturbed by the vacancy at the edge. The only significant
contribution from the defect electronic states to the low energy electronic
structure appears at +1 eV. It will be shown latter that this difference
between bulk and edge vacancies is crucial when determining their elec-
tronic scattering profiles.

(b) Adatom - The same happens for the carbon adatom recombined
with the GNR edge. The proximity of the edge allows the carbon to move
away from the bridge-like configuration and to recombine in an sp3-like
configuration. In zGNR, the reconstructed adatom stabilizes on top of
a carbon atom at the edge (see Fig. 4.14(d)) and forms what we have
called previously a triangular di-pyramid (TDP) with two unsaturated
sp3 orbitals at the apexes. Though the two sp?® orbitals are not involve in
strong o bonds, they interact together in an bonding/anti-bonding way
leading to a non magnetic defect configuration. The geometry of the ad-
atom recombined at the armchair edge is close to the bridge configuration
(see Fig. 4.14(b)). However, upon relaxation, the adatom undergoes a
slight displacement along the ribbon axis. As a consequence, the bridge
symmetry is broken and the adatom looses its sp? hybridization in favor
of an sp?/sp® mixed configuration. At equilibrium, the sp?- and -like
adatoms dangling bonds are not orthogonal anymore and the electronic
density around the defect is not spin-polarized. The computed adatom
formation energies are of 5.591 and 4.869 eV for the armchair and zigzag
edges, respectively. Again, these values represent significant reductions
with respect to the bulk adatom formation energies. In a way similar to
the one reported for the edge vacancy, the impact of the adatom on the
electronic band structure is strongly reduced when recombined with the
armchair or zigzag edges. The situation in armchair ribbons is detailed
in Fig. 4.16.

In conclusion, we have shown that the pinning of vacancies and ad-
atoms by the edges leads to the formation of sp? like tetrahedra and odd
membered carbon rings. Besides the perturbation induced by the defects
on the 7-7* electronic structure of the ribbon is globally reduced upon
the edge reconstruction.

4.2.4 Clusters of defects

As mentioned previously, low energy barriers are reported for the mi-
gration of primary defects on the sp? carbon plane and these defects are
expected to diffuse at room temperature until they are pinned by other
defects. This can be either by interaction with an extended defect (e.g.
GNR edges) or by combination with other point-defects (e.g. vacan-
cies and adatoms). The predominant mechanism will probably depend
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Figure 4.16: [Top panel] Electronic energy band structure of 17-aGNR (a)
pristine and (b) in the presence of an edge adatom. 5x1x1 GNR super-cells
(either pristine or with one defect) have been used for the ab initio calculations.
(c) Representation of the electrostatic potential of the defective super-cell (i.e.
sum of the hartree potential and the local pseudo-potential) integrated along
the axis perpendicular to the aGNR. plane. One notes the increase of the
potential in the close vicinity of the defect, what illustrates the charge transfer
from the bulk graphene to the quasi-localized defect states. [Bottom panel]
Representation of the low energy electronic states induced by the vacancy.
Blue and red surfaces are associated with positive and negative values of the
electronic wave-function.
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on the ribbon width, the defect density as well as the relative stabil-
ity of the recombined defects. In this section, we focus on the formation
of the smallest clusters of defects (i.e. the di-vacancy and carbon dimer).

(a) Di-vacancy - A di-vacancy is formed when two vacancies come
sufficiently closer to interact and finally coalesce [200]. Upon relaxation,
the atomic structure presents two pentagonal carbon rings whose par-
allel carbon-carbon bonds are sufficiently strong (1.65 A) to ensure the
saturation of the vacancy dangling bonds (see Fig. 4.17(a)). Besides,
upon coalescence, the vacancies loose their localized magnetic moments.

In graphene ribbons, di-vacancies present different geometries de-
pending on the relative orientations (i.e. parallel, tilted and perpendicu-
lar) of the defect mirror plane with respect to the ribbon axis. For the
same reasons as those reported for single vacancies, the tilted and parallel
orientations are respectively the most stable within zigzag and armchair
ribbons. The presence of the di-vacancy is found to have an impact on
the energetics of the inter-edge magnetic coupling in zigzag ribbons. Sim-
ilarly to what has been reported for the vacancy, the energy difference
AFEy = FEyp — Ey) is strongly reduced. In the case of di-vacancy at the
center of 8-zGNR, the computed value is AE} = 24 meV to be compared
with AE;+ = 88 meV in pristine zGNR. The computed formation en-
ergies of the di-vacancy in its ground-state configurations are 6.858 and
6.743 €V in armchair and zigzag ribbons respectively. This represents
an energy gain of ~ 7eV with respect to the situation of two isolated
vacancies. It is thus likely that vacancies will form clusters within the
graphene ribbons.

Wééé -co-"Lﬁ-to—co—
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Figure 4.17: Atomic representations of the ground-state geometries of bulk
di-vacancies (a) and carbon dimers (b) in graphene ribbons. Note that these
geometries are independent of the ribbon orientation.
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(b) Carbon dimer - The smallest carbon cluster is the carbon dimer.
In order to find the ground state configuration, various initial geometries
have been tested. After relaxation, the configuration with the smallest
energy is the linear pile up depicted in Fig. 4.17(b). Though the system
still presents dangling bonds, no local magnetization is found. This
suggests that the dangling bonds associated with the upper carbon atom
are not orthogonal and form bonding and anti-bonding electronic states.
The formation energy associated with the carbon dimer is of 7.192 eV
(7.515 €V) in zigzag (armchair) GNRs. While being larger than most of
the formation energies reported up to now, this represents a large energy
gain with respect to the case of two isolated adatoms and highlights the
high probability of finding carbon clusters adsorbed on graphene ribbons.

4.3 Hydrogenation and chemical reactivity

Defects have a large influence on the chemistry of graphene. As we
have shown in the previous section, the prototypical defects that are
vacancies and adatoms come with unsaturated dangling bonds. There-
fore, defects are likely to be highly reactive sites and, in ambient condi-
tions, one may expect these dangling bonds to be saturated by gaseous
molecules. For example, it has been reported that structural defects play
a central role for the reaction of molecular oxygen with graphite [201,
202]. Here we use hydrogenation as an example of chemisorption on
both the bulk and edge primary defects in order to assess their chemical
reactivity.

(a) Hydrogenated vacancy - When an hydrogen atom encounters
a bare bulk vacancy, the hydrogen bonds with the out-of-plane carbon
atom. Upon relaxation, the new carbon-hydrogen bond form a tilted
protrusion with respect to the ribbon plane (see Fig. 4.18(a)). This con-
figuration is non-magnetic, contrasting with the unsaturated defect. The
formation energy of the hydrogenated vacancy is lowered by ~ 2 eV with
respect to the bare vacancy, emphasizing the high chemical reactivity of
the vacancy site.

Similar energy gains are reported upon the hydrogenation of the edge
vacancy. In zigzag ribbons, the absorption of an hydrogen atom on the
edge vacancy allows to restore locally the saturation of all the carbon
atoms (see Fig. 4.18(d)) and the defect formation energy decreases down
to & = 0.005 eV. On the contrary, the removal of the hydrogen atom from
the edge vacancy implies the formation of a pentagon of carbon atoms
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Figure 4.18: Atomic representations of the ground-state geometries of vacan-
cies for various hydrogenation levels. (a) mono-hydrogenated bulk vacancy (b)
dehydrogenated vacancy at the armchair edge, (¢) dehydrogenated vacancy at
the zigzag edge, (d) di-hydrogenated vacancy at the zigzag edge. The trans-
parent surfaces correspond to spin polarized electronic densities (po, — pg) iso-
surfaces. Blue and red colors are associated with an excess of spin-a and spin-3
respectively.
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and leads to a higher formation energy (see Fig. 4.18(c)). Indeed, while
suppressing the dangling bond, the new carbon-carbon bond (1.72 A) is
too weak to compensate the distortion induced along the ribbon axis.
As a consequence, the computed formation energy is of 2.811 eV which
is higher than the value reported for the bare edge vacancy. In arm-
chair ribbons, the removal of the out-of-plane hydrogen atom from the
edge vacancy also implies the formation of a mono-hydrogenated pen-
tagon at the edge (see Fig. 4.18(b)). While the local saturation of all
carbon atoms is preserved, this configuration is however associated with
a higher formation energy (£ = 1.948 eV). This is due to the appearance
of quasi-localized electronic states around the Fermi energy that were
not reported in the case of the bare vacancy.

(b) Hydrogenated adatom - Since carbon is tetravalent and presents
a high affinity to bond with hydrogen, carbon adatoms are expected to
be further stabilized upon both mono- and di-hydrogenation. The ge-
ometries of the mono- and di-hydrogenated bulk adatoms are described
in Figs. 4.19(a,b). Upon structural optimization, a pile up geometry is
found for the mono-hydrogenated adatom. The adatom keeps its bridge-
like position and the upper hydrogen stabilizes on its top. Finally, the
carbon adatom keeps an unpaired p, orbital which is parallel to the
graphene plane giving rise to the ground-state electronic spin-density
distribution represented in Fig. 4.19(a). The adsorption of a second hy-
drogen completes the saturation of the adatom and the ground state
electronic density is not spin-polarized anymore. The computed forma-
tion energies indicate an energy gain of ~ 2 and ~ 2.7 eV for the first,
and second hydrogenation, respectively.

The ground-state geometries of the hydrogenated and di-hydrogenated
carbon adatoms at the zigzag edge are reported in Figs. 4.19(e,f). Upon
the adsorption of an hydrogen on the upper carbon atom, the symmetry
of the di-pyramid with respect to the graphene plane is lost. The upper
carbon atom adopts an sp?like configuration and moves slightly in the
direction of the ribbon edge. Finally, the p, orbital of the adatom mixes
with the 7 band of the ribbon and no significant spin polarization is
observed on the defect. Again a stabilization of ~ 2 €V is found for the
hydrogenation. While it does not modify significantly the defect geom-
etry, the adsorption of a second hydrogen on the carbon adatom allows
the complete saturation of the carbon network and a further stabilization
of ~ 1 eV is reported. The ground-states geometries of the adatom at
the armchair edge are represented in Figs. 4.19(¢,d). Upon hydrogena-
tion, the carbon adatom looses one of its dangling bonds and a more
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Figure 4.19: Atomic representations of the ground-state geometries of carbon
adatoms for various hydrogenation levels. (a) mono-hydrogenated bulk adatom
(b) di-hydrogenated textitbulk adatom, (¢) mono-hydrogenated adatom at the
armchair edge, (d) di-hydrogenated adatom at the armchair edge, (e) mono-
hydrogenated adatom at the zigzag edge, (f) di-hydrogenated adatom at the
zigzag edge. The transparent surfaces correspond to spin polarized electronic
densities (po — pg) iso-surfaces. Blue and red colors are associated with an
excess of spin-a and spin-( respectively.
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symmetric configuration is found. A local magnetic moment due to the
presence of a single unpaired p, orbital appears on the defect. Upon di-
hydrogenation, the saturation of the carbon adatom is achieved and the
local magnetic moment disappears. Energy gains of ~ 1.9 and ~ 1.6 eV
are reported for the first, and second hydrogenation, respectively.

In conclusion, the adsorption of hydrogen atoms has been used as
a test case in order to assess the chemical activity of topological de-
fects in GNRs. It has been shown that the topological defects act as
highly reactive centers and play a key role in the chemical functional-
ization of graphene ribbons. Besides, our calculations reveal that most
of the considered defects lose their magnetic moment upon hydrogena-
tion. This highlights the poor stability of defect induced magnetism upon
chemisorption. In addition, the comparison of the defect formation en-
ergies reported above reveals that fully hydrogenated vacancies and ad-
atoms at the edge are the most stable primary defect configurations in
both armchair and zigzag graphene ribbons. Indeed, the computed for-
mation energies of the hydrogenated edge defects are significantly lower
than those reported for the hydrogenated bulk defects as well as those
associated with the di-vacancy and carbon dimer. As a consequence one
can expect the recombination at the edges to be the main mechanism
for pinning mobile primary defect in narrow GNRs.

4.4 Further reconstructions of the edges

While the presence of defects along the edges is likely to be unavoid-
able, very few is known is about the actual structures and electronic
properties of defective edges. In particular, the experimental investi-
gation of the graphene boundaries has lagged behind due to intrinsic
difficulties in achieving atomic scale resolution of the actual edge profiles
with the traditional scanning tunneling (STM) and atomic force (AFM)
microscopies. As a consequence, the obvious questions "What are the
most probable defects at the edge ?" and "What are their impact on the
electronic properties of GNRs?" are still open.

Nevertheless, recent developments of the low voltage aberration-cor-
rected transmission electron microscopy (TEAM) allowed to achieve sig-
nificant improvements in the resolution and characterization of graphene
fragments. In particular, two recent papers gave insights into the vari-
ety of reconstructions at the graphene boundaries [130, 147|. As a main
result, these studies revealed the presence of both odd-membered ring
and atomic roughness at the edges of actual GNRs. Motivated by these
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Figure 4.20: Atomic representations of the Penta, Hepta, Dip, Dgsg, D757
and Ds75 edge topologies. [Top panel] Defects along the armchair edge. [Bot-
tom panel] Defects along the zigzag edge. The transparent surfaces correspond
to spin polarized electronic densities (po — pg) iso-surfaces. Blue and red colors
are associated with an excess of spin-a and spin-3 respectively.
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pictorial results and by other scanning tunneling (STM) [203, 204]| and
electronic transmission (TEM) [129, 205] microscopy studies, we report
here the formation energies of various defects directly inspired by the
experiments (see Fig. 4.20).

The defect topologies D757 and Ds75 are combinations of odd-membe-
red rings of carbon atoms. In those structures, the distortions induced by
pentagons and heptagons are expected to compensate partially leading
to an increased stability. By sake of comparison, and in order to isolated
their effects, point-defects consisting in single pentagon and heptagon
of carbon atoms have also been considered (i.e. defects labelled penta,
hepta and Dgsg). Finally, the defect topologies labelled Dip aim to
account for the atomic roughness of the edges.

The computed formation energies are gathered in Table 4.3 and com-
pared with the values reported in the previous sections. On the one hand,
the energetic of bulk defects is very similar in both armchair and zigzag
shaped ribbons. This is not surprising since the influence of the edge
topology becomes insignificant as defects are introduced far away from
the ribbon boundaries. On the other hand, the armchair edge seems to
be more robust than the zigzag edge with respect to the introduction of
topological defects. Indeed, the computed formation energy of an hy-
drogenated vacancy at the zigzag edge is of 0.005 eV only. Even more
surprising is the negative energy associated with the formation of Dip-like
defects. Such low formation energies are not found for the armchair edge.
We note that these observations are coherent with the results presented
in chapter 3 about the relative stability of the reconstructed zigzag and
armchair ribbons. The introduction of defects along the armchair edges
locally destroys the bezenoid structure of the edge. This process is not
energetically favorable since it limits the aromatic stabilization of the
pi-electrons. On the contrary, the zigzag edges are not at all benzenoid
and such considerations do not apply.

Finally, the nature of the charge transfer (i.e. acceptor, donor or
neutral) induced by the defects, as well as their magnetic characteristics
are summarized in Table 4.3. Though the origin of the charge transfer
between the carbon network and the point-defects (i.e. the self-doping)
is further investigated in Chap. 5, one already notes that topological
defects may act as acceptor and donor depending on their configuration.
The most stable bulk and edge defects (i.e. those recombined or fully-
hydrogenated) do not come with an electronic density that is locally spin-
polarized. Our results therefore predict that the observation of defect-
induced magnetism in graphene ribbons is limited to the case where a
significant amount of primary defects are not recombined. With this
respect, the presence of the ribbon edges, which facilitate the defect
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recombination, should impede the observation of magnetism associated
with point-defects.

17-aGNR [eV] 8-zGNR [eV]
Bulk Vacancies and adatoms :
adatom 6.683 up accept. 6.697 0B accept.
adatom + H  4.774 up neutral 4.697 uB neutral
adatom + Hy 2.041 —  neutral 1.980 — neutral
vacancy 7.601 wup accept. T.671 1:] accept.
vacancy + H 5452 - accept. 5.618 - accept.
Small clusters :
carbon dimer 7.515 - - 7.192 no up -
di-vacancy 6.858 —  domor 6.743 noup donor
Edge Vacancies and adatoms :
adatom 5.591  —  accept. 4.869 - neutral
adatom + H  3.715 up mneutral  2.597 - neutral
adatom + Hy 1.156 —  mneutral 1.302 - donor
vacancy 0.855 —  neutral 2.389 0B neutral
vacancy + H 0.005 - neutral
vacancy - H 1.948 - accept. 2.811 - neutral
Ezperimental defects :
penta 1.948 - accept. 2.811 -
hepta 0.839 pup donor  2.381 - accept.
D757 1.598 - donor  2.062 - accept.
D575 3.379 - accept.
Degse 0.573 up accept.
Dip 0.268 —  neutral -0.712 - neutral

Table 4.3: Ab initio computed formation energies associated with various
topological defects in both 8zGNR and 17-aGNR. The energy computation
relies on 8x1x1 and 5x1x1 super-cells for the zigzag and armchair cases, respec-
tively. The symbol up (-) refers to the presence (absence) of a spin-polarized
electronic density distribution induced by the defect. Finally, the charge trans-
fer between the topological defects and the graphene ribbon is mentioned.

Conclusion

In this chapter, the structural, electronic, and magnetic properties
of vacancies and adatoms in graphene nanoribbons have been unveiled.
Our results highlight the large stabilization of defects upon both the re-
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combination at the edges and the formation of defect clusters. On the
one hand, the di-hydrogenated adatoms and the di-vacancy are reported
as the most stable defect configurations within the graphene plane. On
the other hand, the recombination of the point-defects at the armchair
and zigzag ribbon edge leads to the formation of sp3 like tetrahedra and
odd membered carbon rings that are even more stable. Therefore, upon
migration, vacancies and adatoms are likely to contribute to the recon-
struction of the graphene boundaries. Besides, one observes that the
perturbation induced by the defects on the low energy electronic struc-
ture is globally reduce upon the recombination at the edge. Similarly,
though the isolated defects are reported to come with local magnetic
moments and to induce a locally spin-polarized electronic density in the
graphene network, no magnetic behavior is reported for the most prob-
able configurations of the defective edges. Finally, the comparison of
the armchair and zigzag edges highlights the robustness of the armchair
edges with respect to the formation of topological defects. This seems
to be the natural consequence of the absence of aromatic stabilization
along the zigzag shaped boundaries.






Chapter 5

Quantum transport in
graphene nanoribbons

5.1 Introduction

The recent progresses in the synthesis and characterization of single
sheet of graphite has initiated a considerable experimental and theoreti-
cal research effort aiming to understand and control the transport prop-
erties of this outstanding material. As a truly 2D crystal where electrons
and holes behave like massless Dirac fermions, graphene offers the op-
portunity to observe many new transport phenomena, such as electron
mobilities up to 150 times greater than in silicon, anomalous quantum
Hall effect at room temperature, quantum conductivity that never fall
belows a minimum value, absence of weak localization, or unimpeded
tunnelling of electrons through high and wide energy barriers [4].

In addition to being a direct window onto the physics of low-dimen-
sional systems, graphene also shows promises as a future material for
nanoelectronics. Graphene is easy to process, can be patterned with
existing lithographic technologies and is therefore compatible with the
industry-standard processes. It reveals extremely high stability, flexi-
bility, and presents a thermal conductivity predicted to be twice as big
as that of diamond. Within graphene, the type and concentration of
charge carrier is easily tuned by a gate electrode. Applications in high
frequency integrated circuits would take advantage of the graphene’s ex-
tremely high carriers mobilities and low scattering. Finally, the ability
to realize spin injection and the observation of very long spin relaxations
lengths suggest potential uses in spintronic devices.

While graphene is a zero-gap semiconductor, significant progress has
been achieved in the synthesis of narrow graphene nanoribbons allowing

129
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the realization of carbon based field-effect devices. Lithographic pattern-
ing of graphene sheets has proven to be efficient for the fabrication of
GNRs down to widths of ~ 20 nm [117, 206, 118]. While lithographic
patterning is one of the simplest way to produces GNRs, the resulting
carbon samples are characterized by an important roughness on the edge
~ 5 nm. Therefore, chemical methods have been developed that allows
to produce ribbons with width below 10 nm that exhibit ultra-smooth
edges [207, 208, 148, 209, 210]. The chemical route is based on expand-
able graphite (i.e. graphite intercalation compounds) that is exfoliated
under the influence of heat and broken into ribbons by sonication. Unfor-
tunately, this highly reliable method allows to produces only a very small
quantity of nanoribbons. The use of chemical vapor deposition (CVD)
has been reported for massive production (grams per day) of GNRs [211].
While the method is highly successful for producing long and highly crys-
talline metallic ribbons, another way has to be found for bulk produc-
tion of semi-conducting GNRs. Very recently, two methods have been
reported that bring some hope for a larger-scale production [206, 212].
These rely on unzipping multi-walled carbon nanotube (CNT) either by
the chemical oxidation of the CNTs carbon-carbon bonds or by an Ar-
gon plasma etching method. The GNRs produced by plasma etching are
highly appealing since they present smooth edges and a narrow width
distribution (from 10 to 20 nm). Importantly, unzipping CNTs with well-
defined structures opens the road towards a better control of the with
and edge pattern of the actual ribbons. For the five past years, these
experimental achievements greatly feed the interest for carbon based
field-effect transistors.

Most commonly, GNRs-based field-effect transistors are built from
graphene ribbons dispersed on a SiO2/Si chip. The bottom Si layer is
highly doped and act as a back gate, while the top SiO4 layer serves as
gate dielectric. The device source and drain are made of metallic contact
most frequently in Palladium. A prototypical device setup is illustrated
in Fig. 5.1. At room temperature, large on-off current ratios (Ion/loff >
10°) have been reported for narrow GNRs (width < 10 nm) even for low
source-drain bias (Vgp < 1 V). In addition, electron mobilities ranging
from a few hundred to > 1000 em?/V s for GNRs wider than 20 nm have
been measured [148, 6].

Though graphene ribbons combines many attracting features, the
actual performances of GNRs-FET have to be significantly improved in
order to compete with the silicon-based technology. In this respect, var-
ious fundamental questions still need to be addressed. For example, the
intrinsic carrier mobility in narrow ribbons remain essentially unknown.
Though it is very likely that defects, and edge roughness will appears
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Figure 5.1: (a) Schematic representation of a GNR-Field Effect Transistor
where the GNR channel is contacted by two metallic electrodes (source and
drain are in Pd) and the p-doped Silicon substrate acts as the back gate elec-
trode. (b) AFM image of actual GNRs-FET devices with different channel
lengths. Pictures from Ref. [148§]

along the GNR channel inducing local changes in the actual electronic
structure of the ribbon, very few is known about the impact on the car-
riers propagation. One commonly guess that the roughness of the edges
causes an increased scattering-induced resistivity in the narrow ribbons,
but there is no firm theoretical justification for such a mechanism. More
intriguingly, though theory predicts a dependence of the energy gaps of
narrow ribbons with respect to their crystallographic orientation, this
behavior is not evidenced by transport measurements.

In view of these open issues, numerical studies that explicitly take
into account the presence of imperfections will surely help in designing
appropriate routes for GNRs-FET fabrication and facilitate the improve-
ment of devices characteristics. In this chapter, we focus on the electronic
transport properties of pristine and defective graphene ribbons. In par-
ticular, ab initio tools are used to investigate the impact of topological
defects on the intrinsic conductance properties of prototypical armchair
and zigzag shaped ribbons.

Though the results presented in Chapter 3 clearly indicate that the
thermodynamical stability of the a7 and z; edge profiles is restricted to
specific experimental conditions (i.e. low hydrogen content in the envi-
ronment), the study presented here below highlights physical processes
that are common to all GNRs. The scope of our results should therefore
extent beyond the specific ribbon geometries considered in this chapter.
In addition, as the z; topology gives rise to electronic states localized at
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the edge while the a1y profile does not, our results should give insights
into the electronic transport properties of both magnetically ordered and
diamagnetic GNRs.

5.2 Modeling setup

Hartree pot.

Figure 5.2: [Top panel] Schematic representation of the setup used to compute
the intrinsic transport properties of graphene ribbons in the presence of an
isolated defect. The central part that contains the defect is made of a super-
cell large enough to insure the screening of the defect induced charge transfer.
Left and right leads are semi-infinite pristine GNRs. [Bottom panel] Planar
average of the Hartree potential as a function of the position along transport
direction.

Coherent quantum transport in mesoscopic and low dimensional sys-
tems are commonly investigated either with the Kubo-Greenwood [213]
or the Landauer-Biittiker formalisms [214]. Deriving from the fluctuation-
dissipation theorem, the first approach allows to evaluate the intrinsic
conduction regimes, and gives a direct access to the fundamental trans-
port length scales, such as the elastic mean free path (I.) and the lo-
calization length (n). When [, becomes longer than the length of the
conduction channel in between voltage probes, the carriers propagate
ballistically and contact effects prevail. In such a situation the Landauer-
Biittiker formalism becomes more appropriate, since it provides direct
access to the energy resolved transmission properties and allows to read-
ily derive the conductance profiles for open systems and arbitrary inter-
face geometries. Besides, its formal extensions (Non Equilibrium Green’s
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Functions-NEGF and Keldysh formalism) further enable to investigate
quantum transport in situations far from the equilibrium, of relevance for
high-bias regimes or situations with dominating contribution of Coulomb
interactions. Interestingly, to investigate coherent quantum transport in
a ribbon of length L with reflection-less contacts (ideal contact) to ex-
ternal reservoirs, both transport formalisms are formally fully equivalent
at zero bias. In the present work, the electronic transport properties
of defective graphene nanoribbons are examined within the Landauer-
Biittiker formalisms [214].

Though most of the theoretical efforts to solve the problem of con-
ductance in defective systems has been made so far within simple tight-
binding approximations (one onsite energy per carbon site and overlap
integrals restricted to nearest-neighbors carbon atoms), we use fully self-
consistent ab initio techniques to compute the scattering profiles of de-
fects. If not otherwise stated, the ab initio conductances presented in the
following have been obtained within the Green’s functions framework as
implemented in the Smeagol code [8]. The one-particle Hamiltonian ob-
tained from DFT calculations are used as a starting point for the solution
of the coherent quantum transport equation. The modelling setup for
GNRs is illustrated in Fig. 5.2. The region of interest (i.e. the one where
all the scattering processes take place) is connected to two semi-infinite
leads. In order to simulate open boundary conditions, the self-energies
associated with the leads are then included within the self-consistent cal-
culation of the potential. Finally, the electronic transmission functions
are evaluated by using the Fisher-Lee relation,

T(E) = tr{',(E)G}} (E)T r(E)Gp(E)} (5.1)

where G, = {EI—Hp—Y—Yx} ! is the one particle Green’s function
of the device, X/, are the self-energies accounting for the coupling with

the right (left) electrodes, and '/, = X g/, — ZTR/ are the broadening

L
functions associated with right (left) electrodes.

Since we are interested in the intrinsic conductance of defective rib-
bons, perfect ribbon-based leads are considered. In such a way, there is
no symmetry mismatch at the interface between the two leads and the
scattering region. Due to the presence of a defect, the size of the central
region has to be carefully converged in order to avoid discontinuity in the
potential profile at the interface. Hereafter, scattering regions of ~ 35 A
long are considered.

Convergence studies have shown that such lengths allow to accurately
screen the electrostatic potential of the topological defects. Within the
scattering region, the atomic positions have been fully optimized within
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the periodic boundary approximation until the forces on the atoms and
the unit cell are below 0.01 éV/A and 0.05 eV /A respectively. Note that
in order to insure a perfect match between the scattering region and the
leads, the first and last GNRs cells of the scattering region have been
moved as rigid blocks during the geometry optimization. The modelling
of reflection-less contact is thus achieved and carriers can move in/out
the central region without significant back-scattering.

5.3 Quantum transport in pristine GNRs
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Figure 5.3: Atomic structures, electronic band structures and quantum con-
ductances (electronic transmission) of various graphene nanoribbons. (a) 16-
armchair GNR, (b) 17-armchair GNR, (¢ and d) 8-zigzag GNR with anti-
parallel (1) and parallel (1) spin orientations between the two magnetic edges.
The spin-dependent transport has been evaluated for both magnetic configu-
rations of the 8-zGNR (c-d) but it is only noticeable for the parallel (17) spin
orientation. The majority («-spin) and minority (/3-spin) spin orientations are
represented in black and red, respectively.

For a graphene ribbon of length L in between metallic contact reser-
voirs, the transport regime is ballistic if the measured conductance is
L-independent, and only given by the energy-dependent number of avail-
able quantum channels N(F) times the conductance quantum Gy =



Section 5.3. Quantum transport in pristine GNRs 135

e?/h, that is G (/) (E) = €*/hx N(o/3) (E), where (a/[3) account for the
spin degrees of freedom. This occurs only in case of perfect (reflection-
less) or ohmic contacts between the nanostructure and metallic voltage
probes. In this regime, the expected energy-dependent conductance spec-
trum is easily deduced, from band structure calculations, by counting the
number of channels at a given energy. As a consequence, quantum trans-
port properties of GNRs are expected to strongly depend on whether
their edges exhibit the armchair or the zigzag configurations.

As mentioned earlier (see Chapter 3), the gaps of the N—aGNRs
depend on N, separating the ribbons in three different categories (all
exhibiting direct band gaps at I'). The band structures and the corre-
sponding quantum conductances of two armchair GNRs are illustrated
in Figs. 5.3(a-b). The 16-aGNR is a semiconductor with a gap of ~
0.8 eV, thus inducing a quite large energy interval where no transmis-
sion is allowed (Fig. 5.3(a)). The opening of a small energy gap at the
Fermi energy produced by the reconstruction of the armchair edges can
be observed in the 17-aGNR. Around, this region of zero conductance
the linear electronic energy bands provide one quanta (= 2¢2/h, the fac-
tor 2 account for the spin degeneracy) to the conductance and lead to
a plateau of conductance around the charge neutrality point. A very
small external electric field would thus induce an electronic transmission
through one channel. Note that this single-channel window, which is
globally the same as in zigzag-shaped ribbon, decreases rapidly for GNR
of larger width. At higher energies, the conductance increases as more
channels become available for the conduction.

Identically, nanoribbons with zigzag shaped edges exhibit direct band
gaps which decrease with increasing width. However, in zGNRs, the
quantum transport is dominated by edge states which are expected to be
spin-polarized owing to their high degeneracy. The band structures and
the spin-dependent quantum conductances of a 8-zGNR are illustrated in
Figs. 5.3(c-d) for both the ferromagnetic (17) and anti-ferromagnetic (1))
couplings between the edges. The antiferromagnetic (7]) spin configura-
tion of the 8-zGNR conserves the semi-conducting behavior of the GNR
family, and its electronic transmission function displays a gap of 0.3 eV
around the Fermi energy (Fig. 5.3(c)). One note that the presence of the
spin-polarized edge states do not lead to a spin polarized transmission
due to the symmetry between the edges with opposite magnetization. In
order to obtain net spin injection, the symmetry has to be broken [215].
This may be realized by the incorporation of defects (such as vacancies
or adatoms) or by the presence of roughness at the edge.

The ferromagnetic (11) spin configuration of 8-zGNR is metallic and
shows a non-zero electronic transmission function at the Fermi energy
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(Fig. 5.3(d)) The spin-dependent conductance calculation reveals that
the transmission of the 7 electrons with a-spin orientation is favored for
an energy region around —0.35 eV below the charge neutrality point. The
7* electrons with §-spin orientation are more easily transmitted around
+0.35 eV above the Fermi energy. One note here that, the presence of the
spin polarized channels suggests that doped ferromagnetic (17) zGNRs
may serve as spin injectors.

In conclusion, the intrinsic conductance of pristine GNRs is com-
pletely determined by the energy-dependent number of conduction chan-
nels. The transport properties should therefore present the same versa-
tility as the electronic energy band structures. In particular, the ribbon
width and the atomic configuration at the edges are predicted to have
a strong impact on the low bias conductance of GNRs. At this point,
it is important to notice that the ab initio values predicted for the con-
ductance are the uppermost theoretical limits that would be experimen-
tally measured. In practical situations, lower values are observed since
the transmission at the interface between the voltage probes (metallic
leads) and the ribbons is fundamentally limited by interface symme-
try mismatch, inducing Bragg-type back-scattering. Additionally, local
structural defects or imperfections at the edge, which usually cannot be
avoided experimentally, introduce intrinsic back-scattering along the rib-
bon that reduces its transmission capability. The consequences of such
back-scattering are investigated in the next sections.

5.4 Quasi-localized states and back-scattering

Nanoribbons intrinsically have defects in the bulk and at the edges
that may come with quasi-localized states in the low energy region. As
such, defects are expected to have a large impact on the electronic trans-
port properties and to influence the merits of GNRs for their use in
micro-electronic applications. In this section, we focus on the case of the
bulk and edge mono-vacancy. Their conductance pattern are computed
by means of ab initio techniques and the fundamental mechanisms in
charge of the conductance reduction are highlighted.

In the presence of a single vacancy, previous TB calculations [216]
predict the appearance of dips in the conductance of GNRs positioned
symmetrically with respect to the Fermi energy. We show that the
ab initio computed conductance patterns differs from the TB predic-
tion. Large electron-hole asymmetries and finite spin conductance are
evidenced for both the bulk and edge vacancies.
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Figure 5.4: Effect of a bulk vacancy on the conductance of a 8-zGNR. (a)
The conductance as a function of the incident energy. Blue and red plain lines
correspond to the a- and (-spin electrons, respectively. Dotted lines represent
the conductance of the pristine ribbon. (b) Density of states (DOS) of the
pristine (grey area) and defective (plain lines) 8-zGNR. The DOS of the a- and
(-spin electrons are represented with aids of negative and positive half-planes,
respectively. (c) Density of states projected (PDOS) onto three carbon atoms
of the pristine ribbon (grey area) and onto the three carbon atoms forming the
vacancy (plain lines). The PDOS of the a- and S3-spin electrons are represented
negative and positive values, respectively. (d) Representation of the transmis-
sion eigenchannels for the a-spin (top) and (-spin (bottom) electrons coming
from the right lead with an energy of £ = —0.65 eV. The two-dimensional repre-
sentation of the charge density associated with the transmission eigenchannels
is obtained by its integration along the axis perpendicular to the ribbon plane.
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Conductance pattern of the bulk vacancy

In the presence of a single vacancy, the ab initio computed conduc-
tance of carbon nanotubes shows four dips around the Fermi energy
as reported by Choi and coworkers [217|. Three dips are very narrow.
These are due to the resonant back-scattering of the incoming electrons
by the broken ¢ bonds. The fourth one is broad and associated with a
quasi-localized defect state that presents a m-like parity.

As shown in Figs. 5.4(a-c), the situation is very similar in the case of
GNRs with single vacancy, though more complex. The broken ¢ bonds
give rise to very narrow dips at energies above (+0.22 eV) and below
(—1.09 eV) the Fermi energy. These o states are essentially orthogo-
nal to the m-7* orbitals and the coupling between these states and the
conduction channel is very small. This explains the tiny energy disper-
sion of the associated dip in the electronic transmission function (see
Fig. 5.4(a)). On the other hand, the broad decrease of the conductance
that appears —0.3 €V below the Fermi energy is associated with a quasi-
localized states that presents a pi-like parity with respect to the ribbon
plane.

" A L 2 \ A
TEC'y (-0.45€V) TEC?; (-0. )

Figure 5.5: Effect of a bulk vacancy on the conductance of a 8-zGNR.
Representation of the two transmission eigenchannels (TEC) for a-spin (top)
and [-spin (bottom) electrons coming from the right lead with an energy of
E = —0.45 eV. The two-dimensional representation of the charge density asso-
ciated with the transmission eigenchannels is obtained by its integration along
the axis perpendicular to the ribbon plane.



Section 5.4. Quasi-localized states and back-scattering 139

Decomposition in terms of eigenchannels

In order to gain insight into the mechanisms that limit the conduc-
tance at these energies, we have computed the transmission eigenchan-
nels (TEC) for various energies within the single channel energy window
(i.e. [-1.1,1.1] eV). Since we are dealing with an open system, periodic
boundary conditions do not apply anymore and the relevant electronic
states within the central region are those eigenstates that verify the scat-
tering boundary conditions. Though the Green’s function is the funda-
mental quantity in our calculation, the computation of the transmission
eigenchannels allows to interpret the conductance patterns in terms of
scattering states. Indeed, the transmission eigenchannels are nothing
else but a convenient unitary transformation of the incoming scattering
states at a given energy that provides a way to decompose the transmis-
sion into non-mixing channels (in the sense that the transmission of the
sum of two eigenchannels is given by the sum of the individual transmis-
sions). The eigenchannels incoming from the right lead with energies of
—0.3 and —0.22 eV are plotted in Figs. 5.4(d) and 5.5.

At 0.3 eV below the Fermi level, the eigenchannels clearly indicate
that carriers injected at this energy are back-scattered by the vacancy
induced potential. At this energy the propagating electrons interact with
a quasi-localized state that presents a m-like parity. At 0.22 eV below
the Fermi energy, the decomposition of the transmission function in non-
mixing channels highlights the crucial impact of the edge states. Indeed,
as shown in Fig. 5.5, from the four eigenchannels (two for each spin
orientation) available for the electronic conduction in pristine zGNRs,
two are destroyed by the vacancy while the two others that closely remind
the edge states of zZGNRs are not affected and contribute for one quantum
(%) to the conductance.

The present result can be understood in terms of the electronic band
structure of the pristine ribbon. Directly below (above) the Fermi level,
two eigenchannels are available for the electronic conduction. Both are
made from the highest occupied (lowest unoccupied) m-band (7*-band)
but one arises from the states localized at the ribbon edges, while the
other originates from the 7-7 bonds within the bulk of the ribbon. As a
consequence, the electrons injected within the bulk-like bands are prone
to be scattered by the bulk defects and to remain globally insensitive to
the scattering potential at the edges. Similarly, the electrons originating
from the edge states are insensitive to the perturbation of the potential
within the ribbon bulk but are scattered by defects at the edges. In this
sense, the separation of the highest occupied (lowest unoccupied) m-band
(m*-band) into components originating from the bulk and from the edge
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of the ribbon strengthens the robustness of the low energy conductance
with respect to the disorder.

Conductance pattern of the edge vacancy

Such analysis is further confirmed by the calculation of the conduc-
tance profile associated with the edge vacancy. As shown in Figs. 5.6(a-
¢), when vacancies are recombined with the zigzag boundary, their im-
pact on the conductance of low energy carriers is consequently decreased.
Localized electronic states associated with the broken o-bond are re-
ported away from the Fermi level (i.e. at +1.09 eV) and no quasi-
localized electronic states with m-like parity perturbs the conductance
pattern within the single channel energy window. The only significant
effect is the suppression of the transmission associated with the eigen-
channels localized at the defective zigzag edge, as shown in Fig. 5.6(d).
As a consequence the conductance of low energy carriers is reduced to
(G = 3%) Finally, as a consequence of the ferromagnetic order along
the zigzag edges, the conductance profile of the edge vacancy is spin
polarized, meaning that zigzag nanoribbons with defective edges could
be used for spin injection into graphene. However, while such systems
theoretically appear as an appealing device for spin-injection, their ex-
perimental relevance is not at all obvious as it requires one of the zigzag
edges to exhibit a long range perfect crystallinity.

5.5 Defect positions and scattering

With respect to their electronic and transport properties graphene
ribbons are often compared with the carbon nanotubes. Indeed, graphene
ribbons may be regarded as unrolled nanotubes and their electronic
structures present many similarities. The behavior of low energy elec-
trons is mainly determined by the confinement effects in both systems,
giving rise to similar dependence of the electronic energy gaps with re-
spect to the width/diameter and crystallographic orientation of GNRs
and CNTs.

However, though nanotubes have many mirror planes parallel to the
tube axis, implying equivalent atomic sites all around the tube circum-
ference, the ribbons only present two mirroring planes. One contains
the ribbon plane and fixes the parity of the 7 and ¢ bonds, the second
is perpendicular, contains the ribbon axis, and reflects one ribbon edge
on the other one. As a consequence, the atomic sites across the ribbon
width are non-equivalent. In this section, the bonding/anti-bonding en-
ergies of the quasi-localized states are shown to be strongly affected by
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Figure 5.6: Effect of an edge vacancy on the conductance of a 8-zGNR. (a)
The conductance as a function of the incident energy. Blue and red plain lines
correspond to the a- and (-spin electrons, respectively. Dotted lines represent
the conductance of the pristine ribbon. (b) Density of states (DOS) of the
pristine (grey area) and defective (plain lines) 8-zGNR. The DOS of the a- and
(-spin electrons are represented with negative and positive values, respectively.
(c) Density of states projected (PDOS) onto three carbon atoms of the pristine
ribbon (grey area) and onto the three carbon atoms forming vacancy (plain
lines). The PDOS of the o~ and (3-spin electrons are represented with negative
and positive values, respectively. (d) Representation of the transmission eigen-
channels for a- and (-spin carriers coming from the right lead with an energy
of B = —0.45 eV. The two-dimensional representation of the charge density
associated with the transmission eigenchannels is obtained by its integration
along the axis perpendicular to the ribbon plane.
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the position of the topological defect. In addition, prevented scattering
due to symmetry reasons is reported when the defect configuration pre-
serves the "axial" mirror symmetry. Note that a similar behavior has
been reported in doped GNRs [218]. These peculiar geometrical aspects
of the electronic transport in defective graphene ribbons are illustrated
hereafter for the case of carbon adatom adsorbed on 17-aGNRs.

The scattering profiles of adatoms at various positions within the
aGNR are reported in Figs. 5.7(a-e). As described previously, the de-
fect induces various dips in the transmission function due to the back-
scattering of incident electrons by the corresponding quasi-localized states.
The energies at which these dips occur are determined by the binding en-
ergies of the defect induced electronic states. As illustrated in Figs. 5.7(b-
¢) bulk adatoms introduce two quasi-localized electronic states within the
single-channel energy window. The lower one (at —0.65 eV) is associated
with the sp? dangling bond of the adatom and has a limited overlap with
the m conduction channel leading to the well defined scattering energy.
In contrast, the upper dip (at —0.5 €V) corresponds to a defect induced
states with a m-like parity that interacts widely with the propagating
electrons and leads to a broad decrease of the conductance. In addition,
by comparing Figs. 5.7(b) and 5.7(c), one notices the dependence of the
resonant energy of the m-like quasi-localized state with respect to the
defect position. Even more surprising is the large variation of the cou-
pling strength between the defect states and the conduction channel. As
reported previously in Chapter 4, the recombination of the adatom with
the armchair edge reduces the defect-induced perturbation of the GNRs
conductance since the w-like quasi-localized electronic states disappear
when the reconstruction of the defect occurs.

The fluctuation of the conductance pattern with respect to the defect
position highlights the high sensitivity of the GNRs transport properties
to the presence of a random distribution of defects across the ribbon
width. Indeed, in the case of adatom within aGNRs, such a distribution
would lead to a uniform decrease of the conductance of the low energy
electrons. This theoretical prediction strongly contrasts with the case of
CNTs, where each kind of defects leads to a series of well defined dip in
the conduction channel.

Finally, we turn to the analysis of the conductance profile reported
in Fig.5.7(a) that corresponds to an adatom exactly at the center of the
ribbon. Intriguingly, this defect configuration does not lead to any re-
duction of the electronic transmission probability. The defect-induced
potential seems thus to have no influence on the propagation of incom-
ing electrons. This can be explained by analyzing the symmetries of the
conduction eigenchannel and the defect quasi-localized states. Since the
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Figure 5.7: Effect of an adatom on the conductance of a 17-aGNR. (a-e) The
conductance as a function of the incident energy for various positions of the
defect. Blue and red plain lines correspond to the a- and [-spin electrons,
respectively. Dotted lines represent the conductance of the pristine ribbon.
(f) Representation of a portion of 17-aGNR illustrating the investigated defect
configurations. (g-h) Representation of the two adatom-induced quasi-localized
states reported within the single channel energy window. (i) Representation
of the transmission eigenchannel associated with the low energy propagating

electrons. Red and blue surfaces indicates positive and negative lobes of the
electronic states.
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"axial" mirror plane is preserved, both the eigenchannel and the quasi-
localized states have to present a well defined parity with respect to these
planes. As shown in Figs. 5.7(g-1), though the transmission eigenchannel
presents an odd parity across the ribbon width. In contrast, the defect
induced states whose energies are in the single channel window, present
an even parity. As a consequence, the incoming electrons never over-
lap with the defect induced states and the transmission function is not
perturbed.

In conclusion, owing to their geometry, the conductance patterns
of defective graphene ribbons are shown to depend drastically on the
defect position. This is related to the variation of the binding energies
of defect-induced quasi-localized states. This phenomenon, which is not
present in CNT, should increase the sensibility of the GNRs transport
properties with respect to random distribution of defects. On the other
hand, such a distribution of defects pinned within the GNR bulk could
provide a way to engineer the energy band gaps in GNRs. In addition,
the transport properties of defective GNRs are found to vary depending
on the symmetries of the defective ribbon.

5.6 Conductance patterns of various topological
defects

In the previous sections, the mechanisms ruling the impact of the
topological defects on the transport properties of GNRs have been un-
veiled. We now review and compare the conductance patterns of the
various defect topologies that may originate from the presence of (either
bare or recombined) primary defects in graphene ribbons. The different
defect geometries that have been described in the previous chapter are
here considered with respect to their scattering properties.

The section is organized as follow: the case of defective zigzag ribbons
in the ground-state anti-parallel (T]) spin configuration is first detailed.
Then the parallel (11) and anti-parallel (T]) spin orientations between
the zigzag edges are compared. Finally, armchair ribbons are tackled.

5.6.1 Quantum conductance of semi-conducting zGNRs

In section 5.4, we have highligthed the role played by the electronic
states localized at the edges in determining the conductance of the low
energy carriers in zigzag ribbons. The crucial role of the edge states
is confirmed here. The conductance of semi-conducting 8-zGNRs with
various types of isolated bulk and edge defects have been computed. As
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a main result, we report that, independently of the defect introduced in
the system, the zGNRs always present at least one ballistic conduction
channel in the vicinity of the charge neutrality point. This appears to
be due to the "protecting" effect of the electronic states localized at the
edges.

(a) Bulk defects - The conductance profiles of semi-conducting zGNRs
in the presence of bulk primary defects are reported in Fig. 5.8(a). For
all the zGNRs configurations, the presence of the isolated bulk defect
introduce dips into the conductance at the energies where incident elec-
trons and holes are back-scattered by quasi-localized states. Besides it
appears that vacancies and adatoms differs with respect to their impact
on the electronic transmission. This is especially striking when compar-
ing the most stable defect configurations (i.e. the di-vacancy and the
di-hydrogenated adatom). While the vacancies induce quasi-localized
states that limit the electronic transmission through the bulk transmis-
sion eigenchannels in the directs proximity of the Fermi level, this is not
the case in the presence of adatoms. In particular, the hydrogenated
and di-hydrogenated adatoms presents electronic states far away from
the Fermi energy and the low energy conduction channels remain undis-
turbed in the presence of these defects.

In order to further identify the origin of this difference, the density
of states projected onto the adatom and the vacancy, have been com-
puted. These are depicted in Fig. 5.8(b). The projection reveals that
the low energy electronic states induced by the adatom come mainly
from the top carbon atom (i.e. the one out-of-plane) while the basal car-
bon atoms do not contribute to the DOS at these energies. This unveils
the poor coupling between the quasi-localized states and the propagating
m-electrons. Moreover, these contributions to the DOS disappear upon
hydrogenation of the defect. On the contrary, the quasi-localized states
induced by the vacancy originate from the m-electrons of the ribbon. In
addition, these defect-induced states remain stable with respect to the
hydrogenation process. This explains the global difference between the
scattering profiles of bulk adatoms and vacancies.

Finally, we note that the presence of quasi-localized states close to
the charge neutrality point seems to induce a small transfer of charge
between the ribbon and the defect. This process is called self-doping.
Depending on the sign (positive or negative) of the charge transferred
from the bulk to the localized states, defects are commonly labelled as
donor or acceptor, respectively. In case of bulk vacancies and adatoms
in semi-conducting zGNRs, the analysis of the electrostatic potential
indicates an acceptor character for all the topological defects with the
exception of the hydrogenated and di-hydrogenated adatoms that are
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Figure 5.8: Effect of various bulk defects on the conductance of a semi-
conducting 8-zGNR. (a) The conductance as a function of the incident energy
for various defect configuration. Blue and red plain lines correspond to the a-
and [-spin electrons, respectively. Dotted lines represent the conductance of
the pristine ribbon. [Left panel] 8-zGNR in the presence of an isolated adatom,
a mono-hydrogenated adatom and a di-hydrogenated adatom. [Right panel]
8-zGNR in the presence of an isolated vacancy, a hydrogenated vacancy and a
di-vacancy. (b) Density of states (DOS) projected onto the bulk adatom and
vacancy defects. Blue and red plain lines correspond to the contribution of the
basal carbon atom (those lying within the GNR plane) to the a- and (-spin
DOS, respectively. Blue and red dotted lines correspond to the contribution of
the out-of-plane carbon adatom. Grey areas indicate the contribution of the
basal carbon atom in the case of pristine 8-zGNR. Note that the most stable
defect configurations are note with an asterisk (**) sign.
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reported to be neutral.

(b) Edge defects - In the presence of a defect at the zigzag edge, the
electronic conduction through the eigenchannels associated with states
localized along the defective edge is prevented. The main characteristics
of the conductance profiles of zigzag ribbons with edge defects are eas-
ily extracted from the conductance patterns depicted in Figs. 5.9(a,b).
First, the eigenchannels localized along the defective edges are character-
ized by the complete back-scattering of the electrons and holes incoming
with a low energy (i.e. [-0.6 < E < 0.4] eV). On the contrary, the
eigenchannels made from the electronic states localized along the pris-
tine edge contribute for one quantum to the low energy electronic con-
ductance. Second, in the absence of defect-induced quasi-localized states
that extend within the ribbon, the bulk transmission eigenchannels also
contribute to one quantum of conductance throughout the single channel
energy window (i.e. [-1.2 < F < 1.2] eV). However, if such extended
defect-induced states are present, dips are found in the transmission
owing to resonant back-scattering by the quasi-localized states. Third,
regarding the most stable defect configurations, one notes that, the hy-
drogenated vacancy only has a significant impact on the edge eigenchan-
nels while the di-hydrogenated adatom and the Dip defects also impinge
the propagation of carriers through the edge eigenchannels.

Finally, the analysis of the electrostatic potential reveals that most
of the edge defects do not come with a transfer of charge between the
ribbon and the defect. However, due probably to topological reasons,
the D757, Ds7s and Hepta defects configurations are associated with a
small acceptor character. More intriguingly, the di-hydrogenated adatom
induces a small donor effect. As shown in Fig. 5.9(c), this is associated
with the presence of partially filled states localized within the energy

gap.

5.6.2 Quantum conductance of metallic zGNRs

The ground-state configuration of zigzag graphene ribbons shows an
anti-parallel coupling (1]) between the edges and the opening of a gap
due to the staggered sub-lattice potentials. However, we ave shown pre-
viously that another configuration that presents parallel spin orientations
between the edges is reported only ~ 11 meV /unit-cell higher in energy.
Furthermore, the stability analysis reported in section 4.1 reveals that
this latter configuration may eventually become the most stable one in
the presence of defects. It is therefore appealing to investigate the elec-
tronic transport properties of the (17) zigzag ribbons in the presence of
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Figure 5.9: Effect of various edge defects on the conductance of a semi-
conducting 8-zGNR. The conductance as a function of the incident energy
for various defect configurations : (a) odd-membered rings at the edge, and
(b) adatoms and vacancies at the edge. Blue and red plain lines correspond
to the a- and (-spin electrons, respectively. Dotted lines represent the con-
ductance of the pristine ribbon. (c¢) Density of states (DOS) projected onto
the di-hydrogenated edge adatom. Blue and red plain lines correspond to the
contribution of the basal carbon atom (those lying within the GNR, plane) to
the a- and B-spin DOS, respectively. Grey areas indicate the contribution of
the basal carbon atoms in case of pristine 8-zGNR. Note that the most stable
defect configurations are note with an asterisk (**) sign.
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Figure 5.10: Effect of various bulk defects on the conductance of a metallic
8-zGNR (i.e. within the 17 spin configuration). The conductance as a func-
tion of the incident energy for various positions of the defect. Blue and red
plain lines correspond to the a- and (-spin electrons, respectively. Dotted
lines represent the conductance of the pristine ribbon. [Left panel] 8-zGNR
in the presence of an isolated adatom, a mono-hydrogenated adatom and a
di-hydrogenated adatom. [Right panel] 8-zGNR in the presence of an isolated
vacancy, a hydrogenated vacancy and a di-vacancy. Note that the most stable
defect configurations are note with an asterisk (**) sign.

In this section, we will show that in the presence of both bulk and
edge defects, the two main characteristics of the zigzag ribbons within the
11 spin configuration (i.e. metallicity and spin-polarized transmission of
the low energy carriers) are preserved. In addition, the impact of the
electronic states localized at the edge is once more emphasized.

(a) Bulk defects - The computed conductance patterns of various bulk
vacancies and adatoms are presented in Fig. 5.10. Similarly to the case
of the 7| spin configuration, the adatoms have a lesser impact than the
vacancies on the transmission function of low energy carriers. Though
the quasi-localized states associated with the adatoms give rise to nar-
row dips in the transmission function, a quasi-uniform decrease of the
conductance associated with the 7 electrons with (-spin orientation is
found in the presence of a vacancy. Asshown previously, vacancies induce
quasi-localized states that strongly interact with the 7 electrons whose
transmission is therefore affected. This effect impact the 8-spin electrons
incoming within a a broad energy range [—1.1, —0.4] eV. As a result, al-
though the ribbon always keeps its metallic behavior independently of the
scattering potential induced by the defect, the conductance is strongly
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spin-polarized at the Fermi energy in the presence of vacancies. Finally,
we note that similarly to the case of the T| spin configuration, ballistic
conduction channels are always reported at the energies —0.35 eV and
40.35 eV. These are the energies where the electronic states localized at
the edges are reported.
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Figure 5.11: Effect of various edge defects on the conductance of a metallic
8-zGNR (i.e. within the 17 spin configuration). The conductance as a function
of the incident energy for various positions of the defect: (a) odd-membered
ring at the edges, and (b) adatoms and vacancies at the edge. Blue and red
plain lines correspond to the a- and (-spin electrons, respectively. Dotted lines
represent the conductance of the pristine ribbon. Note that the most stable
defect configurations are note with an asterisk (**) sign.

(b) Edge defects - The situation within metallic ZGNRs is very similar
to the one reported within semi-conducting zGNRs. The presence of
defects along the edge accounts for the suppression of one conduction
channel associated with the edge state. Besides, depending on the defect-
induced quasi-localized states, the propagation of carriers through the
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bulk eigenchannels may or not be affected. Regarding the most stable
defect configurations, the impact of the hydrogenated vacancy is mainly
restricted to the edge conduction channel, while the Dip defect and, even
more, the di-hydrogenated adatom do affect the propagation of carriers
within the complete single-channel energy window.

5.6.3 Quantum conductance of aGNRs

Though the prediction of ferro-magnetism order along the zigzag-
shaped edges has triggered a large interest in view of the possible appli-
cations in spintronic devices, it should be reminded that the most stable
edge profiles at ambient conditions are predicted not to present partially
filled electronic states localized at the edge. From our point-of-view,
this situation is therefore the most relevant for practical applications of
GNRs in future electronic devices.
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Figure 5.12: Effect of various bulk defects on the conductance of a semi-
conducting 17-aGNR. The conductance as a function of the incident energy for
various positions of the defect. Blue and red plain lines correspond to the a-
and (-spin electrons, respectively. Dotted lines represent the conductance of
the pristine ribbon. [Left panel] 8-aGNR in the presence of an isolated adatom,
a mono-hydrogenated adatom and a di-hydrogenated adatom. [Right panel] 17-
aGNR in the presence of an isolated vacancy, a hydrogenated vacancy and a
di-vacancy. Note that the most stable defect configurations are noted with an
asterisk (**) sign.

In this section, we show that the transmission properties of low energy
carriers in aGNRs are highly sensible to the presence of bulk defects. This
is due to the absence of the "protective" electronic states at the edges
that insure the ballistic conduction in zGNRs. However, the impact of



152 Chapter 5. QUANTUM TRANSPORT IN GNRS

edge defects on the conductance is significantly reduced with respect to
their bulk counterpart.

(a) Bulk defects - The conductance profile of 17-aGNRs with a single
bulk defect has been computed for various adatoms and vacancies con-
figurations. The transmission function reported in Fig. 5.12 presents the
typical characteristic of the vacancy and adatom defects. The 7 electrons
are the most affected. The overlap between the quasi-localized states and
the propagating m eigenchannels is relatively small in the presence of ad-
atoms, leading to well defined dips into the transmission function. On
the contrary, the vacancy-induced electronic states widely couple with
the m eigenchannels decreasing the electronic transmission of 7 electrons
over a wide energy range. The impact of bulk defects is therefore very
similar to the one encountered in zGNRs.

The main differences between the transmission functions of defective
zigzag and armchair ribbon directly reflect the absence of edge states
along the armchair edges. Though the impact of defect-induced backscat-
tering was limited in zGNRs owing to the splitting of the conduction
between bulk and edge eigenchannels, this is no more the case in aGNRs
where a single eigenchannel is available for the propagation of electrons
incoming with an energy in the [—0.7,0.7] eV range. As a consequence,
the defect induced reflection of incoming electrons causes the reduction
of the total transmission function down to zero.

Finally, the analysis of the electrostatic potential indicates similar
charge transfer between bulk and the honeycomb lattice as in the case of
zGNRs. Bulk defects come with an acceptor character with the exception
of the (di)hydrogenated adatom that remains neutral.

(b) Edge defects - The impact of various edge defect configurations
on the electronic transmission function is detailed in Fig. 5.13. Upon the
recombination with the edge most of the defect induced quasi-localized
states are pushed away from the Fermi level, limiting the impact of de-
fects on the low energy transmission function. This is particularly strik-
ing regarding the most-stable adatom and vacancy configurations (i.e.
the bare vacancy and the di-hydrogenated adatom). This statement is
however not valid in the presence of mono-hydrogenated pentagons and
heptagons. As reported in Fig. 5.13, these edge patterns induce quasi-
localized states in the vicinity of the Fermi energy.

Finally, the analysis of the self-doping effect reveals that most edge
defects remain neutral. However, the bare adatom as well as the de-
hydrogenated vacancy and the Dgsg defect configuration are reported as
charge acceptors while the heptagon defect presents a donor character.
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Figure 5.13: Effect of various edge defects on the conductance of a semi-
conducting 17-aGNR. The conductance as a function of the incident energy for
various positions of the defect : (a) odd-membered rings at the edge, and (b)
adatoms and vacancies at the edge. Blue and red plain lines correspond to the
a- and (-spin electrons, respectively. Dote represent the conductance of the
pristine ribbon. Note that the most stable defect configurations are noted with

an asterisk (**) sign.
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5.6.4 In conclusion

Conductance profiles of both zigzag and armchair GNRs in the pres-
ence of various topological defects have been computed within an ab initio framework.
Concerning the zigzag shaped ribbons, the electronic states localized
along the edges have been shown to have a strong impact on the transmis-
sion of low energy electrons and holes. Indeed, edge states act as a pro-
tecting layer and preserve the ballistic propagation of low energy carriers
in the presence of single defects. In this respect, our ab initio calculations
strengthen previous tight-binding simulations of D. Areskin and co-workers
that predict the occurrence of ballistic transport in long disorder zGNRs [219].
However, our results highlight the appearance of large defect-induced
back-scattering within the single-channel energy window. This is in
striking contrast with the above mentioned TB simulations that predict
a G ~ Gy conductance for these channels, even in the presence of edge
disorder. Finally, our results suggests that the conductance of zGNRs in
the ferromagnetic (17) spin configuration preserve its metallic and spin
polarized characteristics independently of the presence of edge and bulk
defects. Such magnetically order GNRs should therefore provide a ro-
bust way to inject spin-polarized electrons in graphene. However, the
experimental relevance of this system has still to be established.

Concerning the conductance profiles of defective armchair ribbons,
our results highlight the crucial impact of bulk defects. This opens a
route for the engineering of the conduction gap by the proper introduc-
tion of bulk defects in armchair shaped ribbons. On the contrary, the
proper recombination of topological defects with the armchair edges has
been shown to restore a high electronic transmission around the Fermi
energy.

Finally, the analysis of variation of the electrostatic potential along
the ribbons has revealed that topological defects may either remain neu-
tral or induce donor and acceptor doping of the ribbons depending on
their topologies.

5.7 Conductance scaling at the mesoscopic scale

In the previous sections, the mechanisms ruling the decrease of the
conductance in defective GNRs have been unveiled. The transport sig-
nature due to a single defect at low energy turns out to range from a full
suppression of either hole or electron conduction, to a vanishingly small
correction of the conductance profile for other types of defect topology.

In this section, a different point-of-view is adopted. In order to fur-
ther substantiate the effect of edge defects on the actual mesoscopic
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Figure 5.14: Schematic representation of the pentagon (a), heptagon (b),
D757 (¢), and Dip defects (d) considered in our mesoscopic calculations.

transport properties of armchair ribbons, a different approach, which
relies on the ground-state equilibrium Hamiltonian, is used to tackle
the transport properties of long ribbons with random distribution of de-
fects at the edges. This non-self consistent computation of the electronic
transmission function can be implemented either in a tight-binding or
fully ab initio flavor [220, 221]. In the latter case, ground-state calcula-
tions are first performed to obtain the Hamiltonian and overlap matrices
associated with short nanoribbon sections. Then, long disordered sys-
tems are built up by randomly assembling elementary parts containing
a single or a few defects together with sections of pristine nanoribbons.
Finally, standard decimation techniques are used for the calculation of
Green functions and transmission probabilities [220].

The defects illustrated in Fig. 5.14 are considered in our mesoscopic
calculations. For that purpose, defects have been introduced at the edge
of a wide 34-aGNR whose width (~ 4 nm) is into the experimental range.
One dimensional super-cells of ~ 30 A, relaxed until the forces on the
atoms and the unit cell are below 0.01 eV/ A and 0.05 eV/ A respectively,
have been used as the building blocks of our mesoscopic study.

The conductance signatures of the isolated defects are shown in
Fig. 5.15. It is worth noting that, in order to save computational time,
the spin degrees of freedom do not have been taken into account for these
calculations. However, this should not affect the validity of the results
since neither the armchair a;; edges nor the considered defects do induce
a spin-polarized electronic density distribution. A strong acceptor and
donor character appears respectively for the pentagon and heptagon de-
fects (see Figs. 5.15(a,b)), indicating an effective defect-driven doping.
In contrast, the double heptagon and pentagon (d757) exhibits only two
narrow conductance suppression dips (Fig. 5.15(c)), symmetric with re-
spect to the charge neutrality point. The conductance pattern related to
the Dip defect is depicted in Fig. 5.15(d). Albeit some impact is reported
in the higher energy sub-bands, the conduction remains very robust in
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Figure 5.15: Effects of the pentagon (a), heptagon (b), D757 (c), and Dip
(d) defects on the electronic and transport properties of a armchair GNR. (e-
f) Impact of the di-hydrogenation on the properties of the pentagon (e) and
heptagon(f) defects. Conductances (top) and densities of states (bottom) of
34-aGNR as a function of the incident energy: pristine ribbon (black dotted
line), single topological defect (red line), average and minimal conductance for
50 nm long GNRs containing 30 defects (blue and green lines respectively),
computed over 20 different defect configurations.

the first plateau. For all defective GNRs, total densities of states (DOS)
are calculated, invariably revealing the presence of quasi-bound states at
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the energies where the transmission function of the aGNR is affected by
the presence of the defect.

The high chemical reactivity of the pentagon and heptagon defects
is further explored by assuming a di-hydrogenation of the carbon atom
sitting at the edge. The resulting conductance profiles for the new defects
(see Figs. 5.15(e,f)) strongly differ from the mono-hydrogenated cases
(see Figs. 5.15(a,b)). Indeed, in the presence of additional passivation,
the conductance is fully restored for the pentagon defect whereas the
signature for the heptagon defect becomes similar to that of the double
heptagon and pentagon (dr7s7). In both cases, the initial strong reduction
of electron or hole conductance is markedly suppressed. This clearly
suggests a possibility to tune the transport properties from a metallic
to a truly insulating state (or vice versa) upon varying the coverage
of mono atomic hydrogen, as recently discussed experimentally for 2D
graphene [222].

The Clar’s sextet representation [156, 157] (Fig. 5.15(insets)) pro-
vides a pictorial scheme to understand the impact of edge defects [12] on
the transport properties. Clar’s theory describes the m-electronic system
of hydrocarbons on the basis of the resonance structures that maximize
the number of benzenoid sextets drawn for the system. With this re-
spect, perfect aGNRs are considered as fully benzenoid systems since all
m-orbital of the ribbon are involved in a benzenoid sextet. However, in
the presence of defects non passivated odd-membered rings, the bonding
at the edge of aGNRs can be seen as the superposition of two mirroring
Kekulé structures that partially destroy the benzenoid character of the
aGNRs (Figs. 5.15(a,b)). By increasing the localization of 7 electrons
in carbon-carbon double bonds, such defects destroy the local aromatic-
ity at the ribbon edge and are thus expected to have a large effect on
the m-7* conduction channels. On the contrary, the di-hydrogenation
of the pentagon and heptagon defects restores the complete benzenoid
character of the ribbon as illustrated by Clar’s sextet representations
(Figs. 5.15(e,f)).

To further substantiate the effect of these topological defects on the
mesoscopic transport properties, one needs to explore the behavior of
long disordered aGNRs with random distribution of edge defects. In
Fig. 5.15, the conductance of 500 nm long disordered aGNRs containing
30 defects (blue lines and green area) are superimposed to the single
defect results (red lines). Explicitly, the blue and green lines correspond
respectively to the average and minimal conductance computed from a
set of 20 different defects configurations. The light green areas account
for the fluctuations between the configurations. The original conduc-
tance fingerprints of the considered defects are further exacerbated when
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longitudinal disorder is introduced, resulting for D1 (Ds) in an almost
fully suppressed hole (electron) conduction for low defect density.

S —

06 04 0
E (eV)

Figure 5.16: Conductance of a single defect obtained by the simple topological
TB Hamiltonian (solid line) and by the adjusted TB Hamiltonian (red line) for
the pentagon (a), heptagon (b) and Dip (c) defects. Ball-and-stick models of
the defects are illustrated in the right panel.

Ab initio transport calculations are highly computationally demand-
ing and the elaboration of an accurate TB model is therefore extremely
useful for achieving a complete mesoscopic study. Though most of previ-
ous studies rely on a simple topological nearest-neighbor TB Hamiltonian
to derive the conductance patterns of mesoscopic GNRs, when compared
to ab initio results, this turns out to yield a wrong description of trans-
port properties in the case of non-neutral defects. Figure 5.16 shows the
conductance profiles of three different defects computed either within a
topological TB model (black solid lines) or within an adjusted TB model
(red solid lines). Though the agreement between ab initio and topologi-
cal TB results is good for the Dip defect, strong discrepancies are found
for pentagon and heptagon defects. In the latter cases, the topological
model leads to a severe underestimation of the backscattering efficiency.
In contrast, the adjustment of the TB parameters allows to reproduce
the conductance evaluated by means of the full DFT Hamiltonian [223].
In this work, the renormalized onsite and hopping energies have been
readily extracted from the self-consistent ab initio Hamiltonian. The
adjusted TB parameters are detailed in Fig. 5.17. On one hand, the
fine tuning of the on-site energies allows to deal with the defect-induced
charge transfer. On the other hand, the variation of the hopping param-
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Figure 5.17: Schematic representation of three edge topologies and the as-
sociated adjusted tight-binding parameters: (a) pristine armchair edge, (b)
pentagon defect and (¢) heptagon defect. Black dots and lines represent un-
adjusted onsite energies (¢ = 0 e€V) and hopping integrals (y = —2.7 €V),
respectively. All values are given in eV.

eters accounts for the local modifications of the inter-atomic distance.
By reducing the computational costs, the TB technique enables the in-
vestigation of disordered ribbons with lengths up to several micrometers.

Within this adjusted TB model, the transport properties of disor-
dered aGNRs are investigated by considering lengths varying up to L=>5
pm and random distribution of defects with a density of 6 x 1072 nm™!.
Figures 5.18(a-d) display the conductance of long disordered aGNRs (av-
eraged over 100 different configurations), as a function of energy and
ribbon length. Besides, the regions of the (L, E)-plane where the con-
ductance is experimentally insignificant (i.e. G(E) < 0.01Gy) are delin-
eated by white lines. This allows us to determine the length dependent
conduction gaps.

In the presence of charged defects (i.e. pentagon and heptagon
defects), the conductance scaling behavior of long disordered aGNRs
presents a striking electron-hole asymmetry. Figures 5.18(a,b) clearly
show that depending on the energy at which carriers are injected, the
electronic transport ranges from ballistic to localized regimes. In pen-
tagon defected aGNRs (Fig. 5.18(a)), the propagation of electrons in
the first plateau remains quasi-ballistic up to a length L > 5um. As
a consequence of the acceptor character of pentagon defects, the hole
conduction, in the same energy window, is almost fully suppressed for
length L. < 0.5um. In contrast, in the presence of heptagon defects
(Fig. 5.18(b)), holes in the first plateau remains conductive up to length
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Figure 5.18: Conductance of a 35-aGNR with a 6 x 1072 nm~! density of (a)
pentagon defects and , (b) heptagon defects, (c) Dip defects, and, (d) mix of
pentagon, heptagon, and Dip defects. The conductance is given as a function
of the carrier energy (F) and the length of the ribbon (L). G(L, E) has been
averaged over 100 different defect distributions. The white lines delineate the
(L, E) regions for which the conductance value G < 0.01Gq (criterion for the
experimental conduction gap [117]).
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L > 5um, while the donor character of the heptagon defects involves the
suppression of electron conduction in the same energy window. Obvi-
ously, such disordered edge defect profiles with a single defect type are
rather unlikely, but it shows however that spectacular fluctuations of
transport length scales occur in some specific situations.

The comparison with more realistic defect distributions is rather in-
structive. Figures 5.18(c,d) detail the conductance scaling in the pres-
ence of a random distribution of Dip defects, and a mix of three types
of defects (pentagons, heptagons and Dip defects) for the same edge
defect density. For both defect distributions, the conductance decay is
rather homogeneous within the first electron and hole plateaus. How-
ever, while the marked electron-hole asymmetries associated with the
pentagons and heptagons defects compensate each other, the presence
of odd membered rings continues to crucially impact the electron and
hole localization. This appears evident by looking at the white line in
the (L, E)-plane. The presence of defects that are non compliant with
the benzenoid character of aGNRs (i.e. pentagons and heptagons) thus
appears to strongly impinge the ballistic propagation of carriers, even
for the low defect concentration considered here. This is further empha-
sized by the estimated localization lengths that are reported in Fig. 5.19
as a function of the carrier energy. While the distribution of Dip de-
fects gives rise to a localization length & ~ 1um for low energy carriers,
the introduction of charged defects strongly reduces the average value
in the [—0.5,0.5] eV energy window. Note that the fluctuations of £ in
correspondence of the van Hove singularities for Dip defects are due to
the increased scattering induced by the high density-of-states at these
points. In the case of the mixed disorder, these fluctuations are absent or
considerably reduced owing to the strong smearing effect that disorder
produces in the density-of-states.

5.8 Conclusions

In this chapter, The quantum transport properties of defective gra-
phene nanoribbons have been investigated by means of state-of-the-art
ab initio calculations. In agreement with previous calculations [127, 224],
the main mechanism that limit the carriers propagation in the presence
of local defects is the resonant back-scattering of the incoming carriers by
the defect induced quasi-localized states. As a consequence, the presence
of an isolated defect introduces dips in the transmission at the energies
that are resonant with the defect induced quasi-localized states. The
conductance patterns of various bulk and edge defect configurations have
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Figure 5.19: Localization length ¢ for a 35-aGNR with a 6 x 1072 nm~!
density of Dip defects (blue line) and a mix of {pentagon, heptagon, Dip}
defects. The vertical dashed lines correspond to the position of the van Hove
singularities. In some energy regions, £ is very short (below 100 nm) and it
cannot be extracted from the data. In this case, we set & = 0. As already
arguable from Fig. 5.18, the localization length for the Dip defects is up to
almost one order of magnitude longer than in the case of mixed defects.

been computed. The impact of single defect is reported to range from a
vanishing contribution of backscattering to the complete suppression of
a transmission channel, depending on the defect topology and the ribbon
geometry.

Within zigzag shaped GNRs, the conduction of low energy carriers
is splitted between bulk and edge transmission eigenchannels. There-
fore, in the presence of a single bulk defect, the edge eigenchannels may
still insure the ballistic conduction of low energy carriers. Similarly, the
presence of a single point defects on one edge, do not impinge the bal-
listic propagation of carriers trough the other edge and bulk eigenchan-
nels. In this latter configuration, the computed transmission function of
the zGNRs is widely spin-polarized, whatever the nature of the defect.
Though appealing for the realization of spin-injection devices, such char-
acteristic requires a perfect cristallinity along the undefected edge, what
is likely to be not the case in actual GNRs samples.

Within armchair shaped GNRs, a single channel is available for the
propagation of low energy carriers (i.e. no edge state is reported along
the armchair edge). As a consequence, aGNRs are reported to be highly
sensitive to the presence of bulk defects that come with quasi-localized
states within the m-7* energy window. For example, the presence of a
single bulk vacancy largely impinge the propagation of electrons within
the [—0.5,0.0] eV energy range. When recombined at the edge the im-
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pact of most isolated point defect is reduced as the recombination process
limits the appearance of defect induced quasi-localized states. Neverthe-
less, topological defects such as pentagons and heptagons are predicted
to destroy the electron and hole conduction channels, respectively. How-
ever, we have shown that hydrogenation of the armchair edge allows to
improve the conductance robustness of aGNRs.

Besides, the mesoscopic conductance of large aGNRs has been inves-
tigated by means of an accurately parameterized tight-binding model.
The conduction gaps driven by defect-induced localization effects, have
been shown to not only depend on the defect density and ribbon length
but also on the geometry and chemical reactivity of edge imperfections.

Finaly, one note that the above analysis is drawn from physical pro-
cesses that are general in essence. The scope of the results should there-
fore extend beyond the edge profiles considered in this study. In partic-
ular, we forecast similar fluctuations of the conductance to be reported
for other GNRs whose ground-state m-electronic structure is aromatic
according to Clar’s rule [10].
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Conclusion

Owing to the important role that carbon allotropes are promised to
play in nanoscience and nanotechnology, the synthesis and characteri-
zation of carbon nanostructures is a field of intense research activity.
Obviously, the fine understanding of fundamental processes in low di-
mensional nanomaterials requires both advanced quantum simulations
and dedicated experiments. The present dissertation reports on the elec-
tronic and transport properties of reconstructed and defective graphene
nanoribbons by means of ab initio techniques. In particular, our study
relies on the density functional theory to make accurate predictions re-
garding the total energies and electronic densities of the GNRs. These
latter are then used to investigate the coherent propagation of carriers
within the Green’s function framework.

Summary

In this dissertation, various outcomes regarding the electronic and
transport properties of graphene nanoribbons have been presented. These
are expected to be explored experimentally. Our discussion about the
relative stability of the reconstructed edges outlines the crucial impact
of the chemical environment in determining the most stable edge con-
figuration. In agreement with previous studies [10, 11], we find that the
mono-hydrogenated zigzag and armchair edge patterns are likely to un-
dergo reconstructions in ambient conditions. Besides, the computed free
energies suggest the age, 2211 and z(600)2200 patterns as the most prob-
able edge configurations. Since the topology of the edges determines the
low energy electronic structure of GNRs, this latter original result should
be of some technological importance. In particular, it provides a possi-
ble explanation for the absence of experimental evidence of magnetically
ordered states along the zigzag shaped edges. Besides, extending the
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arguments presented in Refs. [10, 12], we show that the close connection
between the GNR topology and its low energy electronic properties can
be rationalized in terms of the Clar’s sextet theory.

Regarding the configurations of point-defects in GNRs, we report
that adatoms and vacancies are likely to recombine with the graphene
boundaries accounting for the introduction of odd-membered ring along
the edges. Upon migration, vacancies and adatoms seem thus to con-
tribute to the reconstruction of the graphene edges. Besides, while vacan-
cies and adatoms are reported to introduce local magnetic moments in
the graphene plane, no magnetic behavior is found when they are recom-
bined at the edge. The recombination mechanism is thus likely to impede
the observation of defect induced magnetism in narrow GNRs. Finally,
the very small formation energies reported for defects recombined at the
zigzag edge highlights the poor robustness of the mono-hydrogenated
zGNRs with respect to the formation of edge roughness.

Regarding the transport properties of GNRs, in agreement with pre-
vious studies [217, 224], we report that resonant backscattering of the
incident carriers by the defect induced quasi-localized states is the dom-
inant mechanism accounting for the reduction of the conductance in the
presence of defects. The impact of a single defect is found to range from
insignificant backscattering to the complete suppression of conductance
channels depending on the effective coupling between the defect’s quasi-
localized state and the conductance channels. Furthermore, our calcu-
lations reveal the large impact of the edge states with respect to the
propagation of the low energy electrons. In the presence of edge states,
additional spin-polarized conduction channels are reported around the
Fermi level, facilitating the propagation of low energy carriers. Besides,
owing to the magnetic behavior of these channels, spin polarized conduc-
tance patterns are reported in the presence of asymmetric defect config-
urations between the edges. Though it suggests that defective zGNRs
could be used for spin injection into graphene, one notes that the exper-
imental relevance of such GNR configuration is not at all obvious.

In contrast, in the absence of edge states, a single conduction channel
is available for the propagation of low energy carriers in GNRs. In such
configurations, the transport properties of GNRs are highly sensible to
the presence of defects that interact with the m — 7* electronic channels.
As an example, the presence of a single bulk vacancy is reported to sup-
press the electron conduction within the [—0.5, 0.0] €V energy window.
Finally, we have investigated the conductance scaling of defective aGNRs
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at the mesoscopic scale. Accurately parameterized tight-binding models
have allowed us to study long aGNRs (up to 5um). The conduction gaps
driven by defect-induced localization effects have been shown to strongly
depend on the topology and chemical reactivity of the edge defects. As
a consequence, our results outline the full hydrogenation of the edges
as a way to increase the robustness of GNRs again roughness induced
scattering.

Further work

As demonstrated within this dissertation, the understanding of the
fundamental properties of nanostructures certainly requires the confronta-
tion between quantum modelling predictions and experimental observa-
tions. Throughout this work, we tried to produce answers to topical
questions regarding the electronic and transport properties of defective
graphene nanoribbons by means of ab initio techniques: What are the
actual edge configuration of GNRs?, What are the most probable defects
in GNRs?, Are the defects responsible for the conduction gap measured
m GNRs? Are the GNRs good canditates for application in spintronic
devices?, What are the actual performance limits of GNRs in terms of
carriers mobility and frequency dependent response?,.... Obviously, our
work did not definitely close these questions and this topic would deserve
further investigations. Here below, we report a very brief list of research
topics that are, to our opinion, of a particular interest.

Our study focussed on the intrinsic conductance patterns of GNRs
at equilibrium. However, the transport properties of actual devices are
likely to be strongly affected by the interfaces between the GNR based
channel and the device terminals. Obviously, the interfaces between the
GNR and the metallic leads are a source of additional back-scattering.
Besides, the GNR based channel is unlikely to remain at equilibrium in
operating conditions. The potential profile that will results from the bias
between the metallic leads may potentially lead to significant modifica-
tions of the conductance patterns. Finally, the substrate is also in close
interaction with the GNR channel. On the one hand, the transversal
electric field applied to control the carriers population may modify the
electronic structure of GNR’s defects. On the other hand, the presence
of defects and impurities on the substrate is thought to strongly affect
the performance of actual devices. In particular, the trapping of charge
carriers by defects in the substrate is proposed as the main origin for the
poor signal to noise ratio reported in GNRs. With this respect, the inves-
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tigation of the frequency dependent behavior of contacted GNRs would
undoubtedly help to improve the performances of the actual GNRs based
devices.

The investigation of the electronic and transport properties of carbon
nanostructures is a huge, highly diversified and rapidly evolving area.
Various systems closely related to the defective graphene nanoribbons
would also deserve a particular attention. Recent experimental measure-
ments have shown that the properties of graphene nanoribbons can be
conveniently tuned by chemical doping. Though the covalent bonding of
gas molecules along the edges has been proposed as a possible scheme,
questions remains regarding the actual doping mechanism. The stability
analysis presented in Section 3.4 could be successfully extended to assess
the structure and stability of chemically doped GNRs. Similarly, the
controlled hydrogenation and oxidation of graphene materials has been
recently explored in order to monitor the metal/insulator transition in
these materials. These achievements are a possible source of innovation
regarding the realization of electronic applications and the study pre-
sented here above could be straightforwardly extended in order to unveil
the transport properties of these materials.
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