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Resumo

Neste trabalho utilizamos métodos computacionais ab initio, baseados na Teo-

ria do Funcional da Densidade (DFT), para simular em nı́vel atomı́stico propriedades

estruturais, eletrônicas e magnéticas de nanoestruturas de grafeno. Estudamos nanoflo-

cos de grafeno (GNFs) em estado pristino e GNFs com defeitos intrı́nsecos (mono-

vacância, divacância e Stone-Wales). Escolhemos GNFs com diferentes terminações e

formas, e estudamos também empilhamentos duplos - biflocos - em diferentes composi-

ções. Empregamos dois enfoques diferentes de DFT, a aproximação de gradiente gen-

eralizado simples no nı́vel teórico de Perdew-Burke-Ernzerhof (PBE), e PBE hı́brida

(PBEh), incorporando uma fração de troca de Hartree-Fock. Todos os cálculos foram

realizados através do código ”all-electron” AIMS, incluindo correções de van der Waals.

Nossos GNFs foram escolhidos com simetrias especı́ficas: D2h, D3h e D6h, e com

diferentes bordas, ”armchair” (AC), zigue-zague (ZZ) e misturas das duas. Os flocos

hexagonais D6h apresentam um ”gap” de energia e não apresentam spin, enquanto

flocos perfeitos com bordas zigue-zague e mistas apresentam spin intrı́nseco. Esse

spin não nulo é devido à diferença no numero de átomos entre uma e outra subrede

do grafeno (”Lieb’s imbalance”). Defeitos em materiais de carbono são frequentes, e

têm sido estudados experimental e teoricamente. Aqui, estudamos a monovacância,

através de modelos de ”cluster” e supercélulas, e obtemos para esse defeito o momento

magnético de µ = 2µB, (µB é o magneton de Bohr). Mostramos que as diferenças entre

resultados anteriores são oriundas do erro de auto-interação presente na DFT simples,

amenizado através do uso de PBEh.

Através da mesma metodologia estudamos a interação de nanoestruturas de

grafeno com moléculas de água, focalizando em propriedades estruturais. A grafite

é um material hidrofóbico, mas a nanoestrutura poderia favorecer a interação com a

água. Obtemos que pequenos agregados de água são adsorvidos na superfı́cie de GNFs

e biflocos, entretanto a inclusão desses agregados na região interna dos biflocos é al-

tamente desfavorável. Assim podemos esperar que essas nanoestruturas empilhadas

sejam também hidrofóbicas.

v
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Abstract

In this work, computational ab initio methods based on density functional the-

ory (DFT) are used to simulate on an atomistic level the structural, electronic and mag-

netic properties of graphene nanostructures. We study pristine graphene nanoflakes

(GNFs), and GNFs with intrinsic defects (monovacancy, divacancy, Stone-Wales). We

design GNFs with different terminations and shapes and also studied stacked forms

-biflakes- in different compositions. We employed two DFT approaches, plain general-

ized gradient approximation in the Perdew-Burke-Ernzerhof (PBE) level of the theory,

and hybrid PBE (PBEh) incorporating a fraction of Hartree-Fock exchange. All cal-

culations were performed with the all-electron code AIMS, including van der Waals

corrections.

Our GNFs were chosen from three symmetry groups: D2h, D3h and D6h, and

with different edges, armchair (AC), zigzag (ZZ) and a mixture of both. Our chosen

D6h- hexagonal flakes present an energy gap and no spin, while perfect trigonal zigzag

and mixed edges GNFs have an intrinsic spin. This non-zero spin is due to the graphene

sublattice imbalance (Lieb’s imbalance). Defects are common in carbon materials, and

have been experimentally and theoretically studied in graphene. Here, the single va-

cancy in graphene was studied, by cluster and supercell approaches, finding that the

vacancy induces a magnetic moment µ = 2µB (Bohr magneton). We show that conflict-

ing results for the magnetic moment coming from theoretical studies come from the

self-interaction error present in plain PBE, cured through the use of PBEh.

Using the same methodology we studied the interaction of carbon nanostruc-

tures with water molecules, focusing on structural properties. Graphite is a hydropho-

bic material but nanostructuring could favor the interaction with water. We obtained

that small water groups are adsorbed on the surface of GNFs and biflakes, however the

inclusion of these groups in the internal region of biflakes is highly unfavorable, thus

we can expect these stacked nanostructures to be also hydrophobic.

Keywords: Density Functional Theory; Graphene Nanostructure; water groups.
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Chapter 1

Introduction

Carbon has been proved as one of the most versatile elements, presenting very

interesting properties for the scientific community. The fundamental mechanisms by

which carbon interacts with itself and other elements is still a wide research area.

Carbon-carbon interactions yield a host of compounds, each with unique properties.

Those compounds, of the same single element but differing in the atomic crystallo-

graphic arrangement, are named allotropes. The best known carbon allotropes are the

three dimensional crystalline structures: diamond and graphite. In the last decade,

some relatively new allotropes have been added to the list of carbon-based materials,

and their synthesis allowed to improve the knowledge about carbon-carbon interac-

tion: carbon nanotubes, fullerenes, and graphene [1]. Those novel allotropes promise

to revolutionize technologies and give birth to new industries.

In diamond, carbon atoms arrange in a face-centered cubic lattice with two

atoms in the unit cell. The bond network is built from four identical sp3-tetrahedral

hybrid orbitals, and the strong covalent C-C-bonds make diamond an extremely strong

and rigid material. Diamond is an insulator with an optical band gap corresponding

to ultraviolet wavelength resulting in its clear and colourless appearance. Graphite

on the other hand is a semimetal with good in-plane conductance giving its opaque

grey-black appearance with a slight metallic shimmer. Its structure differs from the di-

amond structure as it is a layered material (see Figure 1.1). Each layer is formed by

carbon atoms arranged in a honeycomb lattice, where the C-C atoms form in-plane sp2

bonds. The remaining pz orbitals are oriented perpendicular to the plane and form

2D-delocalized π bonds [2]. The carbon planes are stacked on top of each other and

bonded by weak van der Waals forces. This weak inter-plane bonding makes graphite

soft enough to draw a line on a paper. The very different nature of the in-plane and

out-of-plane bonding leads to highly anisotropic electronic, mechanical, thermal and

1
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a) Diamond b) Graphite c) Graphene

A

B

Figure 1.1: Different carbon structures: The three dimensional carbon crystals (a)
diamond and (b) graphite, (c) and two-dimensional graphene.

acoustic properties, because electrons as well as phonons propagate quickly parallel to

the graphite planes, but travel much slower from one plane to the other.

A single graphite sheet is named graphene. In one of the earliest graphene re-

lated studies, graphene was used as a theoretical model to gain a deeper understanding

of the graphite band structure: Wallace [3] was the first to show a linear dispersion in

the band structure of the single plane, characterizing graphene as a zero gap semicon-

ductor. At that time, two-dimensional crystals such as graphene were expected to be

thermodynamically unstable and therefore served as theoretical model systems only

[1]. After Novoselov et al. [4] succeeded in isolating a single layer of graphene, this

has generated an enormous amount of research in the solid state community. Many

extraordinary properties have been reported, such as electronic transport, high Young

modulus and excellent thermal conductivity.

Great progress in the fabrication of nanographene-based lower dimensional stru-

ctures has been achieved by chemical approaches, for example synthesis of structurally

well-defined graphene nanoribbons [1, 5, 6]. Interestingly, the electronic properties of

graphene change in a nontrivial manner when it approaches lower dimensions that are

completely different from graphene. Further confinement towards graphene ”quan-

tum dots” turns out to be a challenge that triggers the intense studies of graphene

nanoflakes (GNFs). Preliminary studies indicated that GNFs, zero-dimensional (0D)

forms of graphene, have a range of properties that differ from those of (2D) graphene

and (1D) nanoribbons, and offer great potential for a set of electronic and magnetic ap-

plications. In fact, understanding the properties of GNFs is significant because the ba-

sic functional components of future electronics or spintronic devices will be at nanome-

ter scale, and we need trend of increased performance with miniaturization [7, 8].

The synthetic approaches towards GNFs fall into two broad categories: top-

down and bottom-up methods. Top-down methods involve the decomposition and

exfoliation of cheap, readily available bulk graphene-based materials, most commonly
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graphite, in harsh conditions. Such methods usually require multiple steps involving

concentrated acids, strong oxidizing agents, and high temperatures. These methods

lack precise control of the morphology and size distribution of the particles produced.

On the other hand, bottom-up methods, involve the synthesis of quantum dots from

polycyclic aromatic compounds or other molecules with aromatic structures. Although

complex, these methods allow for excellent control of the properties of the final prod-

uct [9].

Here we will present a theoretical study of hydrogen-passivated GNFs of dif-

ferent symmetry and with different edges, that is, different conformation of the outer

carbon-carbon-hydrogen bonds. We will then follow to the study of interaction with

water molecules. As part of the interest in studying this interaction, we can include a

recent direction of investigation towards undertanding the role of carbon nostructures

in soil fertility, namely what is called Anthropogenic Dark Earth (ADE) [10–12] or, in

portuguese, Terra Preta do Índio which we will refer here as TPI.

Tropical rainforests are highly important for the global climate regulation and

for global biodiversity. However, these ecosystems are characterized by poor nutrient

concentration, and highly weathered soils. Thus, they are fragile ecosystems prone to

loss of ecosystem services when anthropogenically disturbed. TPI is the local name

for certain dark earths in the Brazilian Amazon region, which were created by pre-

Columbian Indians starting around 2500 to 2000 BP (∼ 500− 0 BC) and abandoned

after the colonization of Europeans. This very fertile soils with a dark coloration occur

in a variety of landscape and soil contexts, in patches ranging in size from less than

a hectare to many square kilometers. For the formation of the dark Amazonian soil,

incorporation of pyrogenic carbon, organic phosphorus and calcium is the key element

of this system. Crops yields on TPI are higher than those obtained in adjacent soil

and maintain this advantage for many years, in a region that normally does not sup-

port more than one crop cycle without the massive application of fertilizers, that is, in

adjacent regions the soil presents low nutrient retention due to heavy rains and high

temperature typical of the zone [10–12].

Many questions are still unanswered with respect to the origin, distribution,

and properties of TPI. The key aspect of the fertile sites is the presence of about 70

times more carbon content [10] than common soil. Recent studies [14] have also shown

that TPI displays a granular characteristic, and that the carbon is concentrated in these

grains. As found by transmission electron microscopy (TEM) analysis, the TPI-carbon

grain exhibits two well characterized zones, core grain and surface (external part).

Structural information was obtained by Raman Resonance spectroscopy [15], and the

major spectroscopic signature can be related to the presence of D6h-symmetry carbon
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systems, with sp2 hybridized carbon nanocrystallites. Ribeiro-Soares et al. [15] ana-

lyzed several samples, which show a Raman peak between 1000 and 1800 cm−1. This

result indicates the presence of disordered graphite in the analyzed samples. The Ra-

man spectrum shows two bands G and D, the first being associated with stretching

modes of sp2 C-C and the D band is related to breathing-like motion of an aromatic

structure. This band appears also in disordered structures or finite size nanograins

[16]. The in-plane crystallite size (La) in the core of the carbon grain is ∼ 5− 8 nm,

while at the surface the width is ∼ 2− 5 nm. The dominant structure of the TPI-

carbon is convenient to promote a balance that ensures the reactivity of the soil. A

critical value of ∼ 2− 8 nm for graphitic crystallites implies an active structure [14]. A

well-balanced proportion of particle sizes provides better water holding capacity and

adequate root development in physical aspect.

It is intriguing to understand the interaction of carbon nanostructures with wa-

ter due to the resistance of these structured grains to the abundant water flow in Ama-

zonian regions. This is what we try to simulate here in a simplified model, applying ab

initio methods, and focusing on structural properties of different hexagonal, trigonal

and irregular single flakes, as well as homogeneous and heterogeneous stacked GNFs.

We choose (non-magnetic) hexagonal armchair and zigzag GNFs for studying the in-

teraction with small number (1-6) water molecule groups. The interaction with water

also was simulated with stacked GNFs, and with defective GNFs.

On the other hand, also defects in large nanoflakes or extended graphene have

been intensely studied in the past decade [17–46], and in particular when magnetic

properties are altered. We focus on one of the basic intrinsic defects, the single vacancy,

and in this case we direct our focus also to electronic and magnetic properties.

All calculations in this work are performed within Density Functional Theory

(DFT), with the generalized gradient approximation on the Perdew-Burke-Ernzerhof

(PBE) level of theory, and also with hybrid PBE (PBEh) incorporating a fraction of

Hartree-Fock exchange. We use the all-electron FHI-aims code [47], with or without

spin-polarization: the code employs numeric atomic orbitals obtained from ab-initio

all-electron calculations for isolated atoms, and can be used with finite or infinite pe-

riodic models.

The methodology used in this work is described in Chapter 2. We start the

presentation of our results in Chapter 3, through the study of electronic and magnetic

properties of single GNFs. Then we move to the study of the magnetic properties of

the vacancy defect in graphene, shown in Chapter 4, and in Chapter 5 we look at the

interaction of graphene nano-flakes with water molecules.



Chapter 2

Methodology

Matter is composed of a collection of interacting atoms, that can be bound in a

disordered amorphous fashion or arranged periodically into a bulk crystal (3D or 2D),

surface or wire. They can also form molecules and clusters or a mixture like a molecule

absorbed on a surface. The different phases of matter can be described in quantum

mechanics as a set of atomic nuclei Nn and electrons Ne interacting via electrostatic

forces. In the following, we discuss the approach used throughout this work to gain

insight into material properties by approximations to the many-body problem.

2.1 The Many-Body Schrödinger Equation

The non-relativistic quantum mechanical description of an N -particle system is

governed by the many-body Schrödinger equation

ĤΨ = EΨ , (2.1)

where Ĥ is the many-body Hamiltonian of the system, E the energy and Ψ the many-

particle wave function. Although the mathematical form of the Schrödinger equation is

known, an analytic solution is only possible in certain special cases, e.g. the hydrogen

atom. The many-body Hamiltonian (Ĥ) is a coupled electronic and nuclear problem.

H = −
N∑
i=1

~
2

2mi
∇2
i −

M∑
I=1

~
2

2MI
∇2
I −

e2

4πε0

N∑
i=1

M∑
I=1

ZI
|ri −RI |

+
e2

4πε0

N∑
i=1

N∑
j>i

1∣∣∣ri − rj
∣∣∣ +

e2

4πε0

M∑
I=1

M∑
J>I

ZIZJ∣∣∣RI −RJ
∣∣∣ ,

(2.2)

5
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The electronic contributions in Eq.2.2, T̂ e (kinetic energy of the electron) and

V ee (Coulomb interactions between electrons), and the nuclear contributions, T̂ n (ki-

netic energy of the nuclei) and V nn (Coulomb interactions between nuclei), are coupled

through the Coulomb interaction between nuclei and electrons V ne (Coulomb interac-

tions between nuclei and electrons). The Schrödinger equation (Eq.2.1) thus takes the

form

(T̂ e +V ee + T̂ n +V nn +V en)Ψη = EηΨη , (2.3)

where Ψη = Ψη(RI ,ri) is the many-body wave function that depends on the coordinates

of all electons ri and nuclei RI . The ground state wave function Ψ0 is a (Ne + Nn) ×3

dimensional object and E0 is the corresponding ground state energy.

2.1.1 The Born-Oppenheimer Approximation

The first approximation we apply is the Born-Oppenheimer approximation. The

underlying idea is to reduce the complexity of the many-body problem by separating

the electronic problem from the nuclear one. In the Born-Oppenheimer approximation

the electrons are calculated in an external potential (V ext) generated by a fixed nuclear

configuration. The electronic Hamiltonian (Ĥe) within the BO approximation has the

form

He = T e +V ee +V ext , (2.4)

The external potential (V ext) is generated by the Coulomb attraction between

electrons and nuclei given by (V ne) in Eq. 2.2 with the ion positions R = RJ kept fixed.

The electronic Schrödinger equation then reads

He({ri ,R})φν ({ri ,R}) = Eeνφν({ri ,R}) , (2.5)

where φν are the eigenfunctions of the electronic Hamiltonian and Eeν its eigenvalues.

The electronic spectrum parametrically depends on R. For any fixed nuclear config-

uration (R), the eigenfunctions φν ({ri ,R}) of He form a complete basis set. In the BO

approximation the wave function Ψη of the many-body Schrödinger equation (Eq. 2.3)

can be approximated by an expansion in terms of the electronic eigenfunctions

Ψη(R,ri) =
∑
ν

Cνη(R)φν({ri ,R}) , (2.6)
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where the expansion coefficients Cνη(R) depend on the ionic configuration. The BO

approximation holds when we can assume that the electrons adjust to the nuclear

positions almost instantaneously. This is a valid assumption for systems with well-

separated adiabatic electronic states, in which the movement of the nuclei (e.g. because

of phonons or vibrations) does not lead to electronic transition.

2.2 Basic Concepts of Density-Functional Theory

In solid state physics, materials science or quantum chemistry, the electronic

structure theory is applied to gain information about material properties. One of the

most successful and popular quantum mechanical approaches is density-functional

theory (DFT). It is routinely applied for calculating ground-state properties, such as

cohesive energies, phase stabilities or the electronic structure of solids and surfaces.

2.2.1 The Hohenberg-Kohn Theorems

The Hohenberg-Kohn theorems [48] are the foundation of density-functional

theory (DFT), which formally introduces the electron density as basic variable. The

electronic many-body problem (Eq.2.4) is reformulated in terms of the ground state

density n0(r) instead of the ground state wave function Ψ0({ri}). The advantage is that

n0(r) depends on only 3 and not 3Ne spatial coordinates, but still contains all the in-

formations needed to determine the ground state. The ground state density is defined

as

no(r) =Ne

∫
d3r2...

∫
d3rNe |Ψ0(r,r2, ...,rNe )|

2 , (2.7)

Ne is the number of electrons and Ψ0 is the normalised ground state wave function.

The first Hohenberg-Kohn theorem states that there is a one to one mapping

between n0(r), Ψ0({ri}) and the external potential (V ext) (see Eq. 2.4). In other words,

the V ext uniquely defines the density.

E[n(r)] =
∫
d3rn(r)V ext +F [n(r)] , (2.8)

here the F [n(r)] is called the Hohenberg-Kohn functional. It contains the electron ki-

netic energy and the electron-electron interaction as functionals of n(r), but it is inde-

pendent of the external potential.
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F [n(r)] = T e[n(r)] +Eee[n(r)] , (2.9)

The second Hohenberg-Kohn theorem states that for any V ext the ground state

density (n0(r)) minimises the energy functional E[n(r)]. The minimised density of Eq.

2.8 is n0(r)

E0 = E[n0(r)] ≤ E[n(r)] , (2.10)

The Hohenberg Kohn theorems allow for an iterative improvement of an ini-

tially chosen trial density by minimizing E[n(r)]. However, the major challenge is that

F [n(r)] is unknown.

2.2.2 The Kohn-Sham Equations

The Hohenberg-Kohn theorems in Sec.2.2.1 provide the mathematical basis of

density-functional theory (DFT). However, the Hohenberg-Kohn functional, F [n(r)]

whose minimisation gives the ground state energy and density, has to be built. One

challenge is the kinetic energy T e[n(r)] of the electrons, because an explicit expression

in terms of the electron density is not known. Kohn and Sham cast the calculation

of the ground state energy into a set of single particle Schrödinger equations. Their

approach is based on a non-interacting system of electrons, which can be described by

a Slater determinant of one-particle orbitals, also-called Kohn-Sham orbitals φi(r)s.

The main idea of the Kohn-Sham approach is to map the real physical system

into a non-interacting reference system. The interaction of the electrons is described

by the many-body Hamiltonian in Eq.2.5 where, all electrons interact with each other.

The system can be converted into a system of non-interacting electrons governed by

an effective potential vef f . This potential is an effective interaction that guarantees

that the orbitals corresponding to the non-interacting electrons give the same density

as the density of the interacting system. Since the density is uniquely determined by

the external potential the density of the Kohn-Sham system has to equal that of the

fully interacting system. However, the wave function of the fully interacting and the

non-interacting system are different.

The Hohenberg-Kohn functional contains Eee[n(r)] the electron-electron inter-

action, and the kinetic energy T e[n(r)] of the electrons. Unfortunately, the functional



Chapter 2. Methodology 9

form of this two terms is unknown. The electron-electron interaction term can be sep-

arated in the classical Coulomb repulsion EH and a non-classical part Encl[n(r)] con-

taining all other contributions

Eee[n(r)] = EH [n(r)] +Encl[n(r)] , (2.11)

Eee[n(r)] =
e2

2

∫ ∫
d3rd3r ′

n(r)n(r’)
|r− r’|

+Encl[n(r)] , (2.12)

The kinetic energy term can be separated in a known part, the kinetic energy of

the non-interacting reference system and in an unknown part

T e[n(r)] = T s[n(r)] + T c[n(r)] , (2.13)

T e[n(r)] = − ~
2

2m

N∑
i=1

∫
d3rϕ∗(ri)∇2ϕ(ri) + T c[n(r)] , (2.14)

The Hohenberg-Kohn functional can then be rewritten as

F [n(r)] = T s[n(r)] +EH [n(r)] +Encl[n(r)] + T c[n(r)] , (2.15)

F [n(r)] = T s[n(r)] +EH [n(r)] +EXC[n(r)] , (2.16)

The exchange-correlation functional (EXC) contains the difference between the

real, interacting system and the non-interacting, single particle system. So the EXC can

be defined as

EXC[n(r)] ≡ T e[n(r)]− T s[n(r)] +Eee[n(r)]−EH [n(r)] , (2.17)

The two dominant terms T s[n(r)] and EH [n(r)] can be calculated and are often

much higher in energy than EXC . Although EXC is not easier to approximate than

F [n(r)], the error relative to the total energy made by approximations is smaller. The

energy functional E[n(r)] can now be rewritten containing all known terms and the

unknown exchange-correlation energy as
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E[n(r)] = T s[n(r)] +EH [n(r)] +
∫
d3rn(r)vext(r) +EXC[n(r)] , (2.18)

All terms in Eq.2.18 are functionals of the density except for T s which is explic-

itly expressed as a functional of the non-interacting wave function, and is unknown as

an explicit function of n(r). The Hamiltonian Hs can be written as a sum of effective

one particle Hamiltonians hs(r)i

Hs(r) =
Ne∑
i=1

he(ri) = − ~
2

2m

Ne∑
i=1

∇2 +
Ne∑
i=1

vef f (ri) , (2.19)

ϕi(r) are the eigenfunctions of the one-electron Hamiltonian hs(r). They are obtained

by solving the one-electron Schrödinger equation

(
− ~

2

2m
∇2 + vef f

)
ϕi(r) = εiϕi(r) , (2.20)

The equation 2.20 defines the Kohn-Sham equation. The Kohn-Sham density

nKS(r) is given by the occupied ϕi(r)

nKS(r) =
Nocc∑
i=1

|ϕi(r)|2 , (2.21)

The minimisation problem of the interacting many-body system is replaced by

the Kohn-Sham equations 2.20. Using the Rayleigh-Ritz principle and varying the wave

function under an additional orthonormalisation constraint one finds the effective po-

tential as

vef f =
δEXC[n(r)]
δn(r)

+V H +V ext , (2.22)

The effective potential vef f [n(r)] depends on the density, therefore the Kohn-

Sham equations have to be solved self-consistently. The self-consistency cycle starts

with an initial guess for nKS(r) ; next the corresponding effective potential vef f can

be obtained, then Eq. 2.20 is solved for ϕi(r). From these orbitals a new density is

calculated and used as a trial density to calculate the new vef f and start again. The

process is repeated until the trial density and vef f equal the new density and the newly

obtained vef f . However, the exact forms of EXC is unknown. The DFT total energy Etot
is typically calculated using the sum over the Kohn-Sham eigenvalues ei .
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Etot[n(r)] =
Nel∑
i

εi −EH [n(r)] +EXC[n(r)] +
∫
d3r

δEXC[n(r)]
δn(r)

n(r) , (2.23)

2.2.3 Approximations for the Exchange-Correlation Functional

In the following sections, we will discuss approximations for the exchange-

correlation functional (EXC ) necessary in any real application since the true functional

is not available. The Kohn-Sham approach maps the many-body problem exactly onto

a one-electron problem. It is possible to solve the problem if approximations for EXC
can be found. Exact solutions are available for very few systems, but good approxima-

tions can be applied to a large class of problems. The search for better functionals is an

active field of research.

2.2.3.1 Local-Density Approximation (LDA)

In the pioneering paper by Kohn and Sham in 1965 an approximation for the

exchange-correlation functional (EXC) was proposed the local density approximation

(LDA). The idea of Kohn and Sham was to approximate the exchange-correlation func-

tional (EXC) of an heterogenous electronic system as locally homogenous and use EXC
corresponding to the homogenous electron gas at point r in space. Assuming a slowly

varying electron density (n(r)), they expressed

ELDAxc [n(r)] =
∫
n(r)εxc−LDA[n(r)]d3r , (2.24)

where εxc−LDA[n(r)] denotes the exchange-correlation energy per electron of the ho-

mogenous electron gas. εxc−LDA[n(r)] can be written as a sum of the exchange and

correlation contributions

εxc−LDA[n(r)] = εx−LDA[n(r)] + εc−LDA[n(r)] , (2.25)

The exchange part εxc−LDA[n(r)] of the homogeneous electron gas was evaluated

analytically by Dirac [49].

εx−LDA[n(r)] =
3
4

3

√
3n(r)
π
≈ 0.458

rs
, (2.26)
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where rs is the mean inter-electronic distance expressed in atomic units [49].

For the correlation part the low- and high-density limits are known, but an analytic ex-

pression for the range between the limits is not known. However, for the homogeneous

electron gas, excellent parametrisations of accurate quantum Monte Carlo (QMC) cal-

culations exist [50]. The LDA appears to be oversimplified, in particular for strongly

varying densities, as one might expect in real materials. Nonetheless, LDA forms the

basis for most of the widely used approximations to EXC .

2.2.3.2 Generalised Gradient Approximation (GGA)

The LDA only takes the density at a given point r into account. One of the

first extension to the LDA was the generalised gradient approximation (GGA). In the

GGA, the treatment of inhomogeneities in the electron density is refined by a first order

Taylor series with respect to density gradients

EXC ≈ EXC−GGA[n(r)] =
∫
dr3n(r)εxc−GGA[n(r), | ∇n(r) |] , (2.27)

EXC−GGA[n(r)] =
∫
dr3n(r)εx−homFXC(n(r), | ∇n(r) |) , (2.28)

where FXC is a dimensionless enhancement factor. As before, the exchange- correlation

energy per electron εxc−GGA is split into an exchange and correlation contribution. The

exchange contribution is the same as in the LDA (Eq.2.26). Unlike the LDA, the func-

tional form of GGAs and thus FXC is not unique. As a result, a large number of GGAs

have been proposed. A comprehensive comparison of different GGAs have been given

for example by Korth and Grimme [51].

The GGA suggested by Perdew et al.[52] is used throughout this work. The aim

of the Perdew-Burke-Ernzerhof (PBE) generalised gradient approximation is to satisfy

as many formal constraints and known limits as possible, sacrificing only those being

energetically less important.

2.2.3.3 Hybrid Functionals

In the approximations for the exchange-correlation functional (EXC) discussed

so far, a spurious self-interaction error remains. The self-interaction error (SIE) [53], as

the name suggests, is the spurious interaction of the electron density with itself. For ex-

ample, the Hamiltonian of an one electron system depends only on the kinetic energy
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and the potential due to the nuclei. In the Kohn-Sham framework the energy of such

a system is given by Eq. 2.18 and contains two additional terms, the Hartree term and

the exchange-correlation functional (EXC). The exact exchange-correlation functional

(EXC) would cancel the self-interaction introduced by the Hartree term. However, in

most DFT approximations to the exchange- correlation functional (EXC) leave a spu-

rious self-interaction error. This is different from the Hartree-Fock approximation,

where the self-interaction error is cancelled by the exchange term

EHx = −1
2

∑
i,j

∫ ∫
d3rd3r ′

e2

|r− r’|
ϕ∗(ri)ϕ(r’i)ϕ

∗(rj )ϕ(r’j ) , (2.29)

However, Hartree-Fock theory neglects correlation except those required by the

Pauli exclusion principle. This leads to sizeable errors in the description of chemical

bonding, for instance [53]. Combining DFT with Hartree-Fock exact-exchange is a

pragmatic approach to deal with the SIE problem. These so-called hybrid functionals

were first introduced by Becke [54]. His main idea was to replace a fraction of the

DFT exchange EDFTX energy by the exact exchange EHFX energy. In this work, we use

the PBEh hybrid functional [55], therefore the discussion focuses on PBEh. For hybrid

functionals, EXC is reformulated as

E
hyb
XC = αEHFX + (1−α)EP BEX +EP BEC , (2.30)

where α specifies the fraction of exact exchange EHFX . This approach works well for a

varity of systems reaching from semiconductors to molecules and mitigates the effects

of the self-interaction error reasonably well. In the case of α = 0 it fully recovers the

PBE functional, and α = 0.25 gives the PBE0 exchange-correlation hybrid functional

[55].

2.2.4 The FHI-aims package

In our work all calculations are performed using the FHI-aims [47] code, which

includes all electrons. This is a characteristic of fundamental importance in our case,

since we will use core-level energies explicitly for level alignment of different graphene

nanoflakes with the crystal. In addition to that, FHI-aims offers the possibility to calcu-

late infinite periodic as well as finite systems with the same approximations, e.g., basis

sets, integration grid, allowing us the study of extended graphene and finite graphene

flakes at the same level of accuracy.
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The Kohn-Sham equations 2.20 are solved self-consistently. Usually the first

step is to expand the Kohn-Sham orbitals ϕi(r) into a set of basis functions φj(r)

ϕi(r) =
∑
j

Ci,jφj(r) , (2.31)

In order to achieve this for bulk solids, surfaces or low-dimensional systems,

the choice of basis functions is crucial. FHI-aims is based on numeric atom-centered

orbitals (NAOs) basis functions of the following form

φj(r) =
uj(r)

r
Ylm(Ω) , (2.32)

where Ylm(Ω) are spherical harmonics and uj(r) is a radial part function. The radial

shape uj(r) is numerically tabulated and therefore flexible and is obtained by solving a

radial Schrödinger-like equation.

2.2.4.1 Basis set

The FHI-aims basis sets are defined by numerically determined radial functions

corresponding to different angular momentum channels. Each radial function is ob-

tained by solving a radial Schrödinger equation and is subject to a confinement po-

tential. It ensures that the radial function is strictly zero beyond the confining radius.

Table 2.1 summarizes the parameters of optimal radial functions for hydrogen, carbon

and oxygen atoms that are used as basis sets throughout this work.
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Table 2.1: Radial functions used for H, C and O. The first line (“minimal”) denotes
the radial functions of the occupied orbitals of spherically symmetric free atoms as
computed in DFT-LDA or -PBE (noble-gas configuration of the core and quantum
numbers of the additional valence radial functions). “H(nl, z)” denotes a hydrogen-
like basis function for the bare Coulomb potential z/r, including its radial and angular

momentum quantum numbers, n and l.

H C O

minimal 1s [He]+ 2s2p [He]+ 2s2p

Tier 1 H(2s, 2.1) H(2p, 1.7) H(2p,1.8)

H(2p, 3.5) H(3d, 6.0) H(3d,7.6)

— H(2s, 4.9) H(3s,6.4)

Tier 2 H(1s,0.85) H(4f,9.8) H(4f,11.6)

H(2p,3.7) H(3p,5.2) H(3p,6.2)

H(2s,1.2) H(3s,4.3) H(3d,5.6)

H(3d,7.0) H(5g,14.4) H(5g,17.6)

Tier 3 H(4f,11.2) H(2p,5.6) O2+(2p)

... ... ...

We employ tight integration grids and tier2 basis sets [56], as we display in

table 2.1. Regarding optimization process, all the atom positions are relaxed until

the Hellmann-Feynman forces are smaller than 10−3 eV/Å. These settings are used to

simulate both finite and periodic systems. Specifically, for periodic cells, we use the

Monkhorst-Pack [57] (Γ -point included) scheme for sampling the Brillouin Zone, with

a [6× 6× 1] grid. The Gaussian smearing is 0.01 eV for all calculations.

2.2.5 Van-der-Waals Contribution in DFT

Materials as well as molecules are stabilised by primary interatomic bonds, such

as covalent, ionic or metallic bonds. Dispersive interactions are essential to undertand

such systems, for which we employ the Tkatchenko-Scheffler van-der-Waals corrections

(TS-vdW)[58]. The exchange-correlation functionals introduced in Sec.2.2.3 do not

include the long range vdW correction. The dispersion correction that we use in this

thesis is based on a non-empirical method that includes a pairwise sum: dispersive

correction energy, Edisp, added to the interatomic energy term, is given by

Edisp = −
∑
J>I

fdamp(RIJ ,R
0
IJ )C6IJR

−6
IJ , (2.33)

where C6IJ is the disperssion coefficient for the IJ pair of atoms, RIJ is the interatomic

distance, R0
IJ is the sum of equilibrium vdW radii for the pair, and fdamp is a damping
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function [59]. Both parameters C6IJ [n(r)] and R0
IJ [n(r)] are functionals of the electron

density n(r), as they take into account the relative volume of each atom in the system,

based on Hirshfeld partitioning [60].

The challenge is finding a good estimate for the C6,IJ coefficient. These coeffi-

cients are heteromolecular and can be written as,

C6IJ =
3
π

∫ ∞
0
αI (iw)αJ (iw)dw , (2.34)

where αI,J (iw) is the frequency-dependt polarisability of atoms I and J. This expression

can be approximated by homonuclear parameter (C6II ,C6JJ ) and their static polaris-

abilities (α0
I and α0

J ),

In the TS-vdW approach, the homonuclear C6 coefficients become density-depe-

ndent. To this end an effective volume for an atom in a crystal or molecule is defined

by

VI =
∫
wI (r)n(r)dr3 , (2.35)

where n(r) is the total electron density and wI (r) is the Hirshfeld atomic partitiong

weight, which is defined as,

wI (r) =
n
f ree
I (r)∑
J n

f ree
J (r)

, (2.36)

n
f ree
I (r) is the electron density of the free atom i and the sum goes over all atoms in

the system. The electron densities for the free atom as well as for the full system are

calculated within DFT. Finally, the effective C6 coefficients (Cef f6,II ) can be expressed

in terms of the Cf ree6,II coefficient of the free atom (obtained from a database) and the

Hirshfeld volume

C
ef f
6,II =

 VI

V
f ree
I

2

C
f ree
6,II (2.37)

The C6/R
2
IJ terms of the TS-vdW scheme are derived from the self consistent electronic

density, and thus adapt to their environment.
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Graphene nanostructures

Several finite-size graphene nanoflakes with different shape (e.g., trigonal, rect-

angular, hexagonal, etc) were already investigated by theoretical and experimental

studies. The physical and chemical properties of these nanographene vary depend-

ing on the edge type and the nanographene size. For instance, the effect of electron

confinement leads to size-dependent electronic properties in graphene nanostructures

[61] however, interestingly, properties of similar-size graphene nanoflakes are also de-

pendent on the shape, and on the type of edges, zig-zag or armchair [62]. The main

possible directions zig-zag (ZZ) and armchair (AC) edges in the graphene backbone

are illustrated in Figure 3.1 (there is a continuum of chiral edge directions in angles

between the ZZ and AC directions, and they also are considered in this work), and

the electronic properties of graphene flakes change in a non trivial manner when ap-

proaching lower dimensions, being completely different from graphene. These specific

properties will be discussed in more detail in this work, since they have implications

in the systems chosen for our study.

The character of the edges has also direct impact on magnetic properties: non-

trivial π-electron driven magnetism can be induced in finite nanoflakes due to what is

known as sublattice imbalance, or Lieb’s rule, as already reported in the literature in

two independent and almost simultaneous papers [63, 64] (Lieb’s theorem [65]). More

specifically, graphene organizes in a bipartite hexagonal lattice, formed by two inter-

connected sublattices A and B, and each atom belonging to sublattice A is connected

to the atoms in sublattice B only, and vice-versa. Thus, the total spin of the ground

state follows Lieb’s theorem, 2S = NA −NB, with NA and NB being the number of car-

bon atoms belonging to the A and B sublattices. For instance, ZZ graphene nanorib-

bons (ZGNRs) with opposing zig zag edges have different sublattice termination at the

edges, ZZ(A) or ZZ(B), which has direct consequences on the electronic properties [1].

17
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AC

ZZ

ZZ

Figure 3.1: Representation of possible cuts for zigzag (ZZ) and armchair (AC) edges.

In this chapter we show first our results for the electronic and magnetic prop-

erties obtained for graphene nanoflakes (GNFs). Three specific groups of GNFs are

considered, hexagonal, trigonal and irregularly shaped. In these groups we include

GNFs with different edge terminations, armchair and zigzag. The topological differ-

ences between the GNFs have significant consequences in the electronic properties.

For example, in the case of hexagonal GNFs, we obtained similar trends for the en-

ergy gaps of all GNFs with PBE and PBEh. However, for trigonal and irregular zigzag

GNFs the difference in the electronic character with the level of theory is pronounced.

Within PBE calculations, all trigonal and irregular GNFs turn out to be semi-metallic.

It is precisely in these type of flakes that the role of the exchange-correlation functional

on the electronic structure is more pronounced: at the PBEh level of theory, an energy

gap opens, and the semi-metallic character is not observed anymore.

After that we present our results for the stacking of two GNFs, in the graphitic

Bernal AB structure, here called biflakes. We performed two types of stacking: homo-

geneous and heterogeneous stacking, that is, with different flakes. We focus there on

the structural properties, obtained through the PBE functional.

3.1 Graphene nano-flakes (GNFs)

The properties of nanographene are closely related to that of polycyclic aro-

matic hydrocarbon (PAHs). PAHs are composed of fused aromatic rings, a feature with

almost unlimited possibilities that can lead to a rich diversity of compounds. It is also
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well known that the character of the saturated border, arm-chair or zigzag, is very im-

portant for the electronic structure [66, 67]. These properties arise entirely from the

π electrons, and as in PAHs remain unaltered when hidrogen saturation of the dan-

gling σ bonds occurs. PAHs present high chemical stability, and their nanostructuring

can be realized with the help of well-developed carbon chemistry bottom-up methods

[68, 69]. These methods allowed the synthesis and characterization of C222H42 as the

largest example up to date [5], and an interesting structure so-called coronoid C216H42,

containing 216 sp2 carbons, which can be viewed as C222H42 PAH with a ’hole’ of ap-

proximately 0.6 nm of diameter [70]. Furthermore, PAHs have been used as building

blocks for atomically precise nanoribbon fabrication [71] and, in principle, may form

the basis for a bottom-up approach to realize arbitrarily complex carbon nanostruc-

tures.

Many of the PAHs have a closed-shell electronic configuration in their ground

state. Among these, Coronene C24H12 and hexa-peri-hexabenzocoronene C42H18 (see

Figure 3.2 (a) and (f) respectively) are-not-so small molecules, and at the same time

thermally stable compounds, [72] consisting of 6 and 12 edge-fused benzene rings, re-

spectively. These PAHs can be uniformly enlarged, and thus the central carbon ring ex-

periences the same chemical environment as in graphene. However, there are types of

PAHs which possess high-spin, open-shell radical character in their ground state [73].

The smallest member in this family, for example, phenalenyl (Figure 3.3(a)), which

arises from triangular fusion of three benzene rings, is one of the most fundamental

delocalized neutral radicals [74]: in the neutral ground state it contains an odd num-

ber of carbon atoms, with an odd number of π electrons, which makes it a ’radical’.

Because of its simple and highly symmetric structure, it serves as a building block for

molecules. The extension of benzene rings in a trigonal fashion can lead to several

π-conjugated phenalenyl derivatives such as triangulene, Figure 3.3 (b), π-extended

triangulene system [75] Figure 3.3 (c), and even larger systems, as in Figure 3.3 (d).

In our study we include GNFs with zig-zag (ZZ), arm-chair (AC) and mixed

ZZ/AC (M) edges. This allows us to classify them into three different groups, with spe-

cific point-group symmetries. We show in Figure 3.2 the hexagonal basic models for the

perfect GNFs with D6h point-group symmetry: (HZZ)-C24H12, (HZZ)-C58H18, (HZZ)-

C96H24, (HZZ)-C150H30, (HZZ)-C216H36 and (HAC)-C42H18, (HAC)-C114H30, (HAC)-

C222H42 fully aromatic. The trigonal zig-zag (TZZ) edged GNFs with D3h point-group

symmetry are shown in Figure 3.3 (a-d), (TZZ)-C13H9, (TZZ)-C46H18, (TZZ)-C118H30.

We will then extend our analysis to the mixed edge dependences by considering addi-

tional structures, shown in Figure 3.3 (e-g), (TM)-C154H36 with D3h point-group sym-

metry and (M)-C102H28 with D2h point-group symmetry. Within this same group we

include the lengthened D2h (LAC)-C145H34, fully aromatic.
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Our AC structures range in size from 48 to 222 carbon atoms (∼ 1.2 to ∼ 2.8 nm

in average diameter) and ZZ structures range from 24 to 216 carbon atoms (∼ 1.0 to ∼
2.7 nm in average diameter). For all these GNFs we performed geometry optimization

with the PBE and PBE-sp functionals, and we find the resulting atomic structures are

completely planar.

a)

b)
c)

d)

e)

f)

g)

h)

ℒ = 11
ℒ = 10

ℒ = 9
ℒ =7

ℒ =7

ℒ =5

ℒ = 4

ℒ =3

Figure 3.2: Hexagonal zigzag HZZ-GNFs, and armchair HAC-GNFs, D6h symmetry
point-group hollow-centered. Left panel a) HZZ-C24H12 (coronene); b) HZZ-C58H18
(circumcoronene); c) HZZ-C96H24; d) HZZ-C150H30; and e) HZZ-C216H36. Right panel
f) HAC-C48H12 (hexabenzocoronene); g) HAC-C114H30; and h) HAC-C222H42. We
highlight the longer length of cis-single-double bond lines for the flake, the Conju-

gation Length L.
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a)

b)

c)

d)

e)

f)

g)

ℒ =9

Figure 3.3: Trigonal zigzag TZZ-GNFs, and mixed GNFs. Left panel a) TZZ-C13H9
(Phenalenyl), b) TZZ-C22H12 (Triangulene), π-extended triangulene systems c) TZZ-
C46H18, and d) TZZ-C118H30 D3h symmetry point-group and C-centered. Right panel,
armchair and mixed GNFs, e) LAC-C144H36, D2h, f) and g) mixed zig-zag and arm-
chair edges character, f) M-C102H28, D2h, and g) TM-C145H33 D6h symmetry point-
group. In e) we highlight the longer length of cis-single-double bond lines for the

flake, the Conjugation Length L.

3.1.1 Electronic properties

We pass now to the fundamental difference between extended graphene and

nanoflakes, that is, the introduction of an energy gap. An extensive number of stud-

ies for predicting the dependence of the energy gap on shape, size, and edge type for

graphene nanoflakes can be found in the literature, e.g. [76–81] carried out, mainly

by two theoretical approaches: the nearest-neighbor tight-binding approximation (TB)

and DFT. The TB model [76, 79] allows for simulating a very large number of atoms
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(hundred to million atoms), not feasible through DFT with normal computer capaci-

ties. The largest number of carbon atoms already used for the gap analysis through DFT

has been reported by Hu et. al. [77] who simulated structures with 11700 carbon atoms.

However, these calculations can be reduced by the addition of some parametrized

terms, called density functional tight-binding DFTB [81]. Apart from that, a quasi-

particle GW approach using many-body perturbation theory, employing some ele-

ments extracted from DFT calculations, also has been published by Li et al. [82]. How-

ever, we remark that the behavior of the gap with size has been analyzed in different

ways in these previous work, in the sense that size is defined in different ways.

Starting with the TB calculations, Zhang et al. [79] reported results for zigzag-

and armchair edged hexagonal graphene quantum dots, where the size of a dot is de-

fined by N, the number of hexagonal units along the edge (encircling the dot). They

found that for armchair graphene flakes the HOMO-LUMO energy gap falls off as 1/N .

Specifically they obtained that the energy gap decreases like 4.9/N for AC-GNFs struc-

ture. However, they do not report any energy gap tendency for all hexagonal zig-zag

edged dots. Within the same theoretical framework, Güçlü et. al. [76] have found that

the gap decays as the inverse of the square root of number of atoms N, including -again-

just AC-GNFs. Passing now to DFT results, Hu, et al. [77] relate the HOMO-LUMO gap

(Eg ) with respect to L (diameter of hexagonal GNFs). They find two mathematical ex-

pressions, by linear squares fitting, Eg = 3.37
L for AC-GNFs and Eg = −0.62 + 3.97

L for

ZZ-GNFs, respectively. If we think of an extended system, where the parameter L (di-

ameter) tends to infinity, therefore the Eg should go to zero (graphene), the function

obtained for the ZZ-GNFs has a finite negative valor -0.62 (eV). The authors interpret

this negative value as the negative intercept, and relate that ZZ-GNFs exhibiting metal-

lic characters when the diameter is larger than 6.4 nm. From these theoretical results,

there is a consensus regarding the energy, which decays as the parameter (such as L

or N) increases, and for ZZ-GNFs the Eg goes to zero more faster than AC-GNFs [78].

However, the definition of the parameter seems a little random and dependent on the

perfect geometry of GNFs, limiting its applicability. An example is the work of Singh

et. al. [61] who studied various GNFs with different shapes and number of carbon

atoms, without any particular relation of edge structure with energy gap.

3.1.1.1 PBE functional

As said before, we have used DFT on plain and hybrid forms. Turning thus to

our results for the electronic properties of non-magnetic GNFs (see next section for

magnetic structures), we first analyze results at the PBE level of theory for all flakes,

(HAC- and HZZ-, TZZ- and finally M- GNFs). Generally speaking, for H-GNFs the
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energy gap decreases gradually as the flake size rises. We show in Figure 3.4 the energy

level spectra close to the Fermi energy for the hexagonal flakes and in Figure 3.5 our

results for the H-L gap with respect to the longest conjugation length L (see Figures

3.2 and 3.3) in each hexagonal flake, both ZZ and AC. We define L by the longest

’diameter’ across the flake along a zig-zag path, which is the equivalent to L along a

fully conjugated polyacetyle chain. Adopting this strategy, we see that the two families

show similar trends and the dependence is very close to 1/L. We could not go the full

size of flakes calculated in Ref [77], sice we are using a full ab initio all-electron code,

however we suggest here a strategy for following the H-L gap.
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HZZ-C96H24 HZZ-C150H30

Eg=1.36 eV Eg=0.99 eV Eg=0.73 eV

HZZ-C216H36

HAC-C48H18 HAC-C114H30 HAC-C222H42a) c)b)

Eg= 2.34 eV Eg=1.54 eV Eg=1.10 eV

d) f)e)

Figure 3.4: Electronic energy levels for hexagonal H-clusters in the region near the
Fermi level, results from PBE. Solid (dotted) lines indicate occupied (unoccupied)
states. Upper panel a) HAC-C48H18, b) HAC-C114H30, and HAC-C222H42. Lower
paner d) HZZ-C96H24, e) HZZ-C150H30, and f) HZZ-C216H36. Energies aligned to

the Fermi energy of the perfect crystal, graphene, by the C-1s2 average energy.
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Figure 3.5: Evolution of the HOMO-LUMO gap of hexagonal armchair and zigzag
GNFs as a function of conjugation length L (see Figures 3.2 and 3.3). The function of

the fit line is aLb, with a = 8.22± 0.77 and b = −0.92± 0.06.

We move now to results for the trigonal-shaped clusters with zigzag edges and

D3h symmetry shown in Figure 3.6. We see immediately that (with PBE) we have a

near-zero energy gap. The trigonal clusters with zigzag edges have the aforementioned

non-balanced number of atoms from A-B sublattices, which leads to this interesting

pattern in the energy spectrum. In Figure 3.6(upper panel) we show the energy levels

for three TZZ-GNFs in the region near the Fermi level, clearly different from H-GNFs.

We performed a detailed analysis studying different TZZ sizes using PBE. The first

finding is that for TZZ we always see a gap closure in TZZ, with distinctive numbers

of almost-degenerate states for each size. As shown by earlier studies [83, 84], mostly

done through tight-binding simulations, the degeneracy of these Fermi-energy states

depends on the sublattice imbalance. In particular, for TZZ-C118H30 (Figure 3.6) the

sublattice imbalance is eight, which gives eight almost-degenerate states. These states

are separated from the remainder of occupied and unoccupied states by an ”energy

gap”, which decreases as the TZZ-cluster becomes larger. The energy spread for these

states is, for this flake, of the order of ∼ 50 meV, that is, they are almost degenerate.

This degeneracy, as discussed later, will lead to the net spin of the clusters. So far, our

DFT-PBE results are in fair agreement with results from the tight-binding formalism

[83, 84].
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TZZ-C13H9 TZZ-C46H18 TZZ-C118H30a) c)b)

~2.1 eV ~1.9 eV
~1.2 eV

~1.2 eV~1.9 eV~2.1 eV

TM-C154H36 M-C102H28 LAC-C144H34

∼0.5 eV

∼0.5 eV
∼0.8 eV

∼0.7 eV
Eg=1.29 eV

d) f)e)

Figure 3.6: Electronic energy levels for trigonal T-GNFs and irregular IR-GNFs in the
region near the Fermi level, results from PBE functional. Solid (dotted) lines indicate
occupied (unoccupied) states. Upper panel a) TZZ-C13H9, b) TZZ-C46H18, and TZZ-
C118H30. Lower panel d) TM-C154H36, e) M-C102H28 and f)LAC-C144H34. The Fermi
level area in the spectrum is highlighted in light gris color. for the semimetallic flakes:
the half-filled dots indicate the almost degenerate states, with non-integer occupation.
Energies aligned to the Fermi energy of the perfect crystal, graphene, by the C-1s2

average energy.

The energy spectrum of TM-, M- and LAC-GNFs are shown in Figure 3.6 (lower

panel). Here we can see that the energy gap of mixed-edges nanoflakes is also zero,

due to edge and corner states. Here the variation of the energy gap is not related to the

GNFs size since it is always related to the edge character.
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3.1.1.2 PBEh Hybrid functional

Up to this point, we have seen that there is a strong dependence between elec-

tronic properties and the size of the GNFs. Along with this, the correct description of

the electronic levels is affected by the level of theory used in the simulations of GNFs.

One alternative in the DFT framework is the inclution of the Hartree-Fock exchange

via hybrid functionals, which provides a rather good description. An additional ob-

stacle is however that there is no universal value for the fraction of the Hartree–Fock

exchange, it is usually system dependent [85, 86].

In the case of these GNFs it can vary with size, and shape; following the strategy

suggested in Ref.[85] we searched, for some of the GNFs, for the internally-consistent

α-fraction that gives the Koopmans ionization potential from the HOMO energy. We

show in Table 3.1 results for the HOMO-LUMO gap obtained for selected flakes with

the different functionals, PBE, PBE0 and ic-PBEh, compared also to results from the

literature [82]. We see that the gap obtained with ic-PBEh is much more consistent

with results from many-body calculations. The cost of the hybrid functional is however

much too heavy to allow for full search of α for all systems we studied here. As we

will also show in Chapter 4, we find that α = 0.25 (PBE0), will be the proper choice for

simulating graphene, and defects in graphene. Since we will focus mostly on structural

properties when dealing with water interaction, we will here restrict our simulations

to PBE and PBE0. As such, these results should not be interpreted as quantitative for

the energy gap of the flakes, only qualitative insights will be gained.

Table 3.1: Highest occupied molecular orbital (HOMO) energy and HOMO-LUMO (H-
L) energy gap (eV) of hexagonal arm-chair and ziz-zag GNFs, computed with selected
DFT functionals. For the C114H30 and C96H24 flakes, GW calculation was not feasible;

(*) values to match the energy gap from Ref. [82]

GNFs PBE PBE0 ic-PBEh G0W0@LDA∗

HOMO H-L HOMO H-L α HOMO H-L H-L

AC-C48H24 -5.05 2.47 -5.73 3.79 0.68 -6.95 6.11 5.56

AC-C114H30 -4.64 1.54 -5.17 2.53 0.58∗ -5.89 3.89 3.83

ZZ-C24H12 -5.24 2.87 -5.947 4.26 0.71 -7.29 6.85 6.43

ZZ-C54H18 -4.82 1.91 -5.39 3.00 0.68 -6.43 4.96 4.64

ZZ-C96H24 -4.60 1.35 -5.09 2.26 0.60∗ -5.81 3.59 3.60

In the following, we will mainly focus on HAC-C114H30, HAC-C222H42, HZZ-

C150H30, HZZ-C216H36 and TZZ-C118H30, and mixed edges TM-C154H36, and non-

regular shape clusters M-C102H28, using PBE and PBE0.
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HAC-C114H30 HAC-C222H42 HZZ-C216H36HZZ-C150H30

Eg=2.53 eV Eg=1.89 eV Eg=1.75 eV Eg=1.38 eV

Figure 3.7: Electronic energy levels for hexagonal H-clusters in the region near the
Fermi level, results from PBE0 functional. Solid (dotted) lines indicate occupied
(unoccupied) states. Left panel HAC-C114H30 and HAC-C222H42, right panel HZZ-
C150H30 and HZZ-C216H36. Energies aligned to the Fermi energy of the perfect crystal

by the C-1s2 average energy.

To begin, in Figure 3.7 we show the energy spectra for the largest two hexagonal

clusters with different edges, and in Figure 3.8 the isosurfaces for HOMO and LUMO

states. Both states are two-fold degenerate. Already at the PBE level we have a sizeable

HOMO-LUMO gap coming from the confinement effect, however it is worth noting that

a quite significant increase is seen when we adopt PBE0. As is well known [87, 88] this

significant increase in the HOMO-LUMO gap is seen for finite systems when a fraction

of exact exchange is included via the hybrid functional approach; as said above, here

these HOMO-LUMO gaps do not represent the actual gaps expected for GNFs [82, 85],

due to our choice of α-factor, but just the cluster confinement effect. We might expect

that the behavior of the electronic gap also follows the same trend with different α

values seen for other π-conjugated systems [85].
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Figure 3.8: Isosurfaces for the molecular orbitals (HOMO and LUMO) at the fron-
tier energies from the PBE0 calculations. Comparison between the largest simulated

hexagonal GNFs simulated.

When we move from PBE to PBE0 results, we observe that for both clusters the

increase in HOMO-LUMO gaps is in the range of ∼ 0.9 eV. Thus, we can conclude that

the specific shape of small hexagonal clusters, be it with AC- or ZZ edges, does not play

an important role for the energy spectrum near the frontier levels. However we see a
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Figure 3.9: Electronic energy levels for the trigonal clusters TZZ-C118H30, TM-
C154H36, and irregular M-C102H28 in the region near the Fermi level, results from
PBE0 functional. Solid (dotted) lines indicate occupied (unoccupied) states. Energies
aligned to the Fermi energy of the perfect crystal by the C-1s2 average energy. Isosur-

faces for the molecular orbitals at the frontier energies from the PBE0 calculations.

difference with respect to the charge density distribution: as shown in Figure 3.8, for

HZZ-C150H30, the molecular orbitals localize mostly at the edges (this trend is more

easily seen for the larger clusters), while for HAC-C114H30 they spread throughout the

whole structure.

We pass now to the results coming from PBE0 for TZZ- and TM-GNFs: we ob-

serve in Figure 3.9 that the effect on the electronic spectrum is not just quantitative but
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qualitative, showing that the choice of exchange-correlation functional is critical for

the theoretical investigation of the electronic properties. Again, the relevant point is

that these characteristic Fermi-energy states split when a fraction of exact-exchange is

included. For TZZ-C118H30 with PBE0 an energy gap of 0.3 eV opens, and the edge-

localized states remain deeper in energy as we show in Figure 3.9. Similar results are

obtained for TZZ-C46H18, with a larger opening to 0.44 eV. We can include within this

same group GNFs with non-regular shape and mixed edges, since they have almost-

degenerate zero-energy states, similarly to TZZ-GNFs. Following the same trend, an

energy gap opens and those almost-degenerate states are rearranged as occupied and

unoccupied energy levels. Indicatively Figure 3.9 displays the energy spectrum and

frontier molecular orbitals for M-C102H28. Hence, our PBEh results suggest that the

almost-degeneracy of states may be an artifact of the level of theory applied.

Already at this point we see a clear distinction between the hollow-centered,D6h

clusters and the C-atom centered, trigonal D3h cluster, and also GNFs with non-regular

shape and mixed edges, that lead us to the next important effect, namely the magnetic

properties. Let us first look into the origin of magnetism in finite graphene fragments,

as a function of their shape and size.

3.1.2 Magnetic properties

We include now spin-polarization in our calculations. In the case of hexagonal

clusters the sublattice imbalance does not exist (the number of sites belonging to the

two sublattices is equal NA=NB), so the spin should be zero regardless of the type of

edges. Indeed, we verify that none of the states show spin splitting, for both PBE

and PBE0 functionals. Our results herein are in agreement with earlier theoretical

results [63, 64, 89, 90]. In contrast, for trigonal clusters we find the expected results

that perfect TZZ-clusters with D3h point-group symmetry have an intrinsic spin. As

reported above, almost-degenerate states appear close to the Fermi energy at the PBE

level of calculation. However, when spin polarization is included (PBE-sp), one can

see that it lifts the degeneracy, and opens an energy gap ( Figure 3.10). The system is

in fact stabilized by spin-polarization. For example, for Triangulene, where the two

sublattices are non equivalent, NA=12 and NB=10, the net spin is S=1 (triplet ground

state), or equivalently, a magnetic moment of 2 µB. Similarly, that counting rule can be

applied for larger TZZ-GNFs, so our calculated net magnetic moments for N2-, N3-

N5-, and N9-TZZ-GNFs (according Figure 3.3) are 1, 2, 4, and 8 µB, respectively.

In particular for TZZ-C118H30 the spin splitting between HOMO-up and LUMO-

dn levels is 0.48 eV (see Figure 3.10), and the net spin is S=4. Our results are in
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ss=0.48 eV ss=1.87 eV

TZZ-C118H30a) b)

Figure 3.10: (a) Electronic energy levels for TZZ-C118H30 including spin polarization.
Highlighted the spin splitting between HOMO-up and LUMO-dn. Left panel, results
from PBE-sp, right panel results from PBE0-sp, the spin splitting is 0.48 and 1.87
eV, respectively. The occupation of the eight frontier states is represented by arrows.
Energy aligned to the Fermi energy of the perfect crystal C-1s2 average energy. (b)

Isosurface for the total spin density (0.03 Å−3).

agreement with Wang et al. [64] which have shown, using benzenoid graph theory

and first-principles calculations within local spin-density approximation (LSDA), that

zigzag-edged D3h trigonal GNFs have nonzero net spin which increases linearly as a

function of the edge size. Moreover, a substantial increase (1.87 eV) in the spin split-

ting between HOMO-up and LUMO-dn spin level is obtained from PBE0-sp results,

due to the inclusion of exact-exchange. The gap becomes smaller when the size of flake

becomes larger. This is reasonable due to less confinement for samples with larger size.

In Figure 3.10(b) we display now an isosurface for the total spin density for the

flake TZZ-C118H30. One can see that states at all the carbon atoms are spin-polarized,

regardless of whether they reside on the A or B sublattice. However, the polarization

of atoms of the A sublattice, especially at the edges, is much stronger than that of the

B sublattice.

Taking these results into account we checked different values for α (up to 0.65)

in Eq. 2.30. We obtained similar behavior, magnetic moment 8µB, for PBE-sp, PBE0-sp

and αPBEh-sp functionals. The spin splitting HOMO-up and LUMO-dn levels soars to

5.3 eV for α=0.65, however frontier states have similar characteristics of charge density

distribution. We also verify the possible existence of spin-selective semiconducting

behavior (band gap of one spin larger than of the other), and it is not present for the

clusters studied. These results confirm that for the perfect clusters the net spin does not

depend on the exact-exchange fraction, however the spin splitting is already different.
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Figure 3.11: Electronic energy levels for M-C118H30 (upper panel) and for TM-
C154H36 (lower panel), including spin polarization. Highlighted the spin splitting
between HOMO-up and LUMO-dn. Left, results from PBE-sp and right, results from
PBE0-sp. The occupation of the frontier states is represented by arrows. Energy
aligned to the Fermi energy of the perfect crystal C-1s2 average energy. (c) and (d)

Isosurfaces for the total spin density (0.03 Å−3).

Continuing, it is particularly interesting to analyze the flakes C154H36 with D6h

symmetry and C102H28 withD2h symmetry, because they have mixed ZZ/AC edges and

as we see in Figure 3.11 almost-degenerate states appear at the Fermi energy at the PBE

level of calculation. When we pass to PBE-sp, as expected, a net spin S = 1 is obtained

for both flakes, where the two almost degenerate states split. The same spin is obtained

because the mixed edges give the same sublattice imbalance for both flakes, however,

the spin splitting is higher for C102H28 (0.375) eV than C154H36 (0.252) eV at PBE-sp

level of theory, as can be see in Figure 3.11. Following the same line of analysis, the

inclusion of exact-exchange was done via PBE0-sp functional. A substantial increase in

the spin splitting between HOMO-up and LUMO-dn spin level is obtained from PBE0-

sp results, however without affecting the total magnetic moment of the system, as also
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seen in the case of trigonal flakes. We remark that the spin density in all these cases

concentrates on the ZZ edges.

Up to this point, results have been reported for isolated nanoflakes. The analysis

of electronic and magnetic properties was carried out using basically two functionals,

one of them being the Generalized Gradient Approximation (GGA-PBE) and the other

a hybrid functional based on GGA-PBE. With both approaches the electronic and mag-

netic properties present the same qualitative behavior.

For the next steps of the investigation the study of interactions between two

nanoflakes (and water molecules) will be performed using the PBE functional, since we

will be mostly interested in structural properties. We now pass to results for biflakes

of graphene.

3.2 Bilayer Graphene nanoflakes (BGNFs)

In this section, we present results of the structural properties obtained with

PBE, and PBE sp. Indeed, since we will simulate structures with different edges, it

is necessary during the optimization of the geometry of these systems to include spin

polarization. Due to the size of the systems we restrict the simulations to medium-sized

flakes, with ∼ 100 carbon atoms.

The bilayer systems are built by stacking [91] two identical flakes (homogeneous

stacking), as shown in Figure 3.12 (a) and (b), or two flakes differing from each other

by either size or type edge (heterogeneous stacking) see Figure 3.12 (c). We simulated

the Bernal-stacked (or AB) form, where half of the atoms lie directly over the center

of a hexagon in the lower layer, and half of the atoms lie over an atom [92]. In the

following, biflake systems are labeled according to both their edge and shape types.

Conforming to this, we consider homogeneously stacked biflakes obtained by coupling

two HZZ-GNFs or two HAC-GNFs, hereafter labeled hoBF; and the heterogeneously

stacked biflake (heBF), obtained by coupling a HAC with the M-GNF.

The stability of an individual stacked biflake is defined by the binding energy

Eb and is calculated as

Eb = E[bif lake]− (E[f lake1] +E[f lake2]) , (3.1)

where here E[bif lake] and E[f lake] denote the optimized total energy of the stacked

flakes and each individual, isolated GNF.
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Figure 3.12: Optimized ground-state geometries for homogeneous stacking (a) hoBF-
AC-C114H30-C114H30, and (b) hoBF-ZZ-C96H24-C96H24, and (c) heterogeneous stack-
ing heBF-AC-M-C114H30-C102H28. Carbon and hydrogen atoms are represented by
gray and white circles, respectively. Here the light gray circles represent the lower
flake and the dark gray cicles represent the upper flake. The center areas in the GNFs

are highlighted in light blue color.

Using the TS van der Waals-corrected PBE for describing the π-stacking inter-

action, we fully optimized all structures, homogeneus hoBF-[C96H24 ||C96H24] and -

[C114H30 ||C114H30], and heterogenous heBF-[C114H30 ||C102H28], as shown in Figure

3.12(a-c). In order to verify how the C-C bond length is affected during the stacking

process of optimization, we select a number of carbon atoms at the center of the flakes

of the optimized structures. The selected areas are highlighted in Figure 3.12, and the

C-C bond lengths keep almost unperturbed, resulting an average C-C bond distance

of 1.422 Å. The C-C bond lengths begin to alternate toward the C-H edges of the GNF,

as a consequence of decreasing π-conjugation and reach values between 1.36 Å for the

cisoid bonds and 1.45 Å for the adjacent transoid bonds. We obtained the C-C bond

lengths of the central hexagon of both of these biflakes models to be 1.42 Å, which is in

good agreement with the experimental C-C bond length of 1.42 Å for bulk graphite as

well as in our simulated graphene structure. The interlayer distance d ranges between

3.38 to 3.41 Å, being larger the distance at the edge of the GNFs. The distances between

the central selected area, dCA−CB, is 3.38 Å in both biflake systems. We find that the

DFT+vdW method reasonably reproduces the experimental interlayer distance [93] of

bulk graphite (3.35 Å).

The experimental interlayer binding energy in hexagonal graphite has been esti-

mated by different experimental methods and ranges between 0.035 and 0.052 eV/atom

[93, 94]. In our finite systems, the formation energies calculated by Eq. 3.1 yield -5.69
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Table 3.2: Average interplanar equilibrium distance (d) (not including the hydrogen
atoms), binding energy (Eb), and electronic HOMO-LUMO energy gap for biflakes,

computed with the PBE and PBE-sp functional, see Figures 3.12 and 3.13

System d (Å) Eb(eV ) Eb (eV/atom) H-L gap
hoBF-AC 3.38 -6.85 -0.028 1.26
hoBF-ZZ 3.35 -5.69 -0.029 1.15

heBF-AC-M 3.39 -6.44 -0.029 0.37

eV for hoBF-ZZ, -6.85 eV for hoBF-AC, and -6.44 eV for heBF, thus the binding energy

per atom is ∼ 0.030 eV/atom. These values agree with previous theoretical simula-

tions, for flakes with similar number of carbon atoms, but different edges. For instance,

Xu et. al. [95] reported by DFTB-D empirical method, a formation energy per atom of

0.03 eV, regardless of cluster size. What is important to stress here is that the vast ma-

jority of the outcomes, conclusions, and suggestions reported in the literature concern

models dominated by zigzag edges. In our models with different edges, the formation

energy per atom is invariant 0.03 eV (we have also values for a larger biflakes, C150H30,

and the same energies are seen). In Table 3.2 we summarize the inter-planar stacking

distance, and the binding energy found for each optimized biflake structure.

Eg=1.15 eVEg=1.26 eV ss=0.37 eV

hoBF-ACa) c)b) hoBF-ZZ heBF-AC-M

Figure 3.13: Electronic energy levels for hoBF-AC-C114H30-C114H30, hoBF-ZZ-
C96H24-C96H24, and heBF-AC-M-C102H28-C114H30, in the region near the Fermi level,
results from PBE-sp functional. Solid (dotted) lines indicate occupied (unoccupied)

states.
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Figure 3.14: Isosurfaces for the molecular orbitals (HOMO, HOMO-1, LUMO, and
LUMO+1) for biflakes, from the PBE-sp calculations.

In these structures, the shape and edges of the flakes can strongly influence the

confined states. We show in Figure 3.13 the energy levels in the frontier region, and in

accordance with our analysis for single GNFs just the heBF-AC-M structure presents

nonzero spin polarization. The discussion in section 3.1.1 tells us that the electronic

structure of GNFs depends crucially on its edge shape, and the nonbonding edge state

is created in the zigzag edge region. Since the edge state localized in the zig-zag edge

region is spin polarized, its localized spin contributes to the magnetism.



Chapter 3. Graphene nano-flakes (GNFs) 38

Regarding homogeneous biflakes, for hoBF-ZZ there is a clear mixing of orbitals

between two HOMOs belonging to each of the flakes (see Figure 3.14(b)). This partic-

ular stacking feature is seen for the hoBF-AC, and it is very interesting since we do not

have for the individual flakes this edge-effect on the frontier orbitals. For both biflakes

we see the expected reduction of the HOMO-LUMO gap, of the order of 0.2 eV.

For the heBF-AC-M, the frontier molecular orbitals HOMO, HOMO-1, LUMO,

and LUMO+1 are illustrated in Figure 3.14(c). As expected from the energy of eigen-

states for the isolated flakes, shown in Figures 3.8 and 3.9, here the fronties levels are

fully concentrated on the M-flake, and the gap is in practice not altered. Thus, the

magnetic moment is kept, with complete spin splitting of the edge states.

3.3 Conclusions

We have studied the structural, electronic and magnetic properties of graphene

nanoflakes. We choose symmetry flakes (D6h, D3h and D2h) with regular and irregu-

lar edges classified in three types: zig-zag, armchair and mixed. Using PBE and PBEh

functionals, we see for hexagonal flakes a similar behavior related to electronic prop-

erties, all D6h-flakes show an energy gap. The D3h-flakes with zig-zag and mixed edges

show different behavior when moving from PBE to PBEh: with PBE the D3h ZZ and

mixed edges do not show an energy gap, however when we include a fraction of ex-

change the energy gap opens.

In the case of structural properties of stacked flakes, we obtained energetic sta-

ble structures, and similar formation energy for all cases, homogeneous and hetero-

geneous biflakes. The study of electronic properties of bilayer GNFs reveals strong

noncovalent interactions between π-conjugated systems. These systems are not neces-

sarily planar structures and may have a curved structure, which was obtained for the

case of heterogeneous stacking.

We will show in Chapter 5 our results for the interaction of water molecules with

graphene flakes, pristine and with intrinsic simple defects, and pristine biflakes, focus-

ing on non-magnetic structures. Before that, we will move to the study of a particularly

interesting defect, the single vacancy in extended graphene.
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Magnetism from the vacancy in

graphene

Native point defects are a research topic of great interest in the area of materials:

since a perfect material simply does not exist, defects are unavoidable. For example, a

vacancy is a lattice position that is vacant because the atom is missing, which can be

created when the solid is formed or by an intentional experimental process. This defect

causes a strong perturbation in the crystal and will also impose a similar perturbation

on the electronic structure, so there shall appear deep midgap levels, or strongly local-

ized states within the conduction or valence bands. The study of such a system is more

complicated than the perfect crystal, since we do not have translational symmetry.

A single vacancy is indeed the simplest intrinsic defect in a crystal, and has

been seen in graphene with atomic resolution through, e.g. transmission electron mi-

croscopy (TEM)[23, 96] and scanning tunneling microscopy (STM). [41] STM and its

variable-bias variant, scanning tunneling spectroscopy (STS), are powerful tools for re-

vealing the atomic and electronic structure of surfaces. In the case of the vacancy, when

the atom is removed, two scenarios are possible: either the disrupted bonds remain as

dangling bonds or the structure undergoes a bond reconstruction through a Jahn-Teller

rearrangement, and e.g. in 3D semiconductors we find a localized state and deep gap

levels [97–101]. Graphene on the other hand has notable 2D properties with the co-

valent bonding introducing two intrinsically different state types σ and π, these last

relevant for the Fermi-energy and Dirac point properties. The π-states are diffuse in

the 2D planar (x,y) directions, but very localized on the z-direction with an in-plane

node. As such, long range 2D electron-electron interaction is enhanced. In addition,

the hexagonal structure with two sublattices creates for the π states the special band

structure with the Dirac point. We might thus expect special properties also for the

39
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vacancy in graphene. There is controversy from the experimental side about the recon-

struction, [37, 45] however a clear symmetry is found for the defect, and in particular

from scanning tunneling microscopy [41, 45] it is found also that the defect level is

resonant at the Dirac point, and induces magnetism.

Unlike other methods reported for vacancy creation, Zhang et al., [45] synthe-

sized graphene with a high density of single vacancies on Rh foils using chemical vapor

deposition (CVD) method, and the study of a vacancy in graphene in a planar struc-

ture was achieved. In that configuration, they measure the two spin-split DOS peaks

of the π magnetism in graphene. The spin splitting resolution is more localized than

the resonance peak, the two spin-polarized peaks couple into a single one at ∼ 0.6 nm

away from the vacancy, implying that electron-electron interactions are very relevant.

The energy separation of the two peaks vary from about 20 to about 60 meV.

Various theoretical methods are in principle applicable to study the electronic

structure of defects in solids. One of them is the tight-binding (TB) method using a

local basis set, for which the Hamiltonian matrix elements can decrease rapidly with

increasing distance (neighboring in the lattice). Thus, instead of having to diagonalize

the full Hamiltonian matrix, most of the matrix elements vanish and only a sparse

matrix has to be diagonalized. Based on TB and DFT methods a number of theoretical

studies of the electronic and magnetic properties of the vacancy in graphene have been

reported in the past decade [19, 21, 25, 26, 29, 30, 32–35, 38, 45, 46]. In particular,

first-principles calculations based on density functional theory (DFT) [19, 21, 25, 26,

29, 30, 33, 34, 38, 45, 46] yielded widely varying results for the magnetic moment, in

the range of 1.04−2.0 µB. Generally speaking, within the DFT methodology, the major

differences between the reported results are in the choice of the exchange-correlation

functional. Some authors [21] have used the local density approximation (LDA), while

others [19] have used generalized gradient approximations (GGAs). In addition to that,

the theoretical model to simulate a vacancy is very important.

As for other point defects in solids, we can choose two different approaches,

cluster models or periodic boundary conditions (PBC). In the cluster approach, a finite

cut of the crystal is taken and the defect is included at the center; the bonds at the sur-

face of the cluster are saturated in a proper way, and we assume the defect environment

in the bulk is properly simulated. In periodic boundary conditions we build a supercell

(SC), that is we build a periodic crystal in which each cell includes the defect enclosed

in a suitably chosen number of crystal unit cells. Once the supercell size is chosen it is

repeated in space to form a crystal with the defects periodically arranged. In the cluster

model we must be careful about defect interaction with cluster edge states, which in
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the case of graphene can be critical [63, 64]. As for the SC modeling, we must remem-

ber that we will study defects periodically arranged [102], that is, we study an array of

defects that may induce spurious defect interactions.

We find that, for the isolated vacancy defect, we can predict it introduces a mag-

netic moment of 2µB. We emphasize that the origin of the magnetic moment coming

from theoretical simulations has to be carefully checked, however we note that it is

critical to include a fraction of exact exchange to correctly describe the magnetic prop-

erties. Moreover, we find that periodic arrays of the defect can bring in interesting

long-range spin dispersion effects [103, 104].

4.1 Methodology

Both the cluster model and PBC have already been applied to study the vacancy

in graphene [19, 21, 25, 26, 29, 30, 33, 34, 38, 40, 45, 46]. In PBC, supercells consist-

ing of a few dozen to a few hundred atoms have been used, with different theoretical

formalisms, employing the highly efficient and thoroughly tested computer codes de-

veloped for periodic solids. However, it must be kept in mind that the use of supercells

implies that the isolated defect is replaced by a periodic array of defects, which may

result in artificial interactions between the defects, that cannot be neglected. Another

important issue in the specific case of graphene is the supercell symmetry, due to the

Dirac-point zone-folding behavior [19, 105, 106] that we discuss further down. On the

other hand, when employing a cluster of a certain number of carbon atoms, one is not

sure if the cluster is big enough to reproduce features such as electron delocalization.

Moreover, the cluster has to be chosen to be big enough to avoid defect-edge interaction,

which is not present in bulk crystals. The advantage of employing a cluster rather than

the supercell approach is that one simulates completely isolated defects. Here due to

the σ -π electronic structure of graphene, we build clusters by a hydrogen-saturated cut

of a graphene sheet, namely a graphene nano-flake (GNF), which we choose according

to size and symmetry.

Concerning infinite systems (PBC), the electronic properties of graphene orig-

inate from its very special crystal structure. The graphene honeycomb lattice can be

seen as two triangular sublattices, lattice A and B with one C atom in each, as shown

in Figure 4.4(a). The two sublattices are bonded by sp2 hybridization of the 2s, the 2px
and 2py carbon orbitals forming strong in-plane σ bonds. The remaining 2pz orbital

is oriented perpendicular to the graphene (xy)-plane, and form π-bonds resulting in

delocalized 2D states across the graphene plane, also crossing the sublattices.
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Figure 4.1: Schematic diagram of the carbon sites (A and B) in graphene structure.

The unit cell of graphene is defined by the primitive translation vectors ~a1 and

~a2,

~a1 = aî (4.1)

~a2 = a
1
2
î + a

√
3

2
ĵ (4.2)

To begin our study, we performed structural optimization of the lattice con-

stant for graphene using the PBE exchange-correlation functional, which yielded a lat-

tice constant close to the experimental value [1], a = 2.466 Å; the carbon-carbon bond

length dC−C is 1.424 Å and the C-C-C angle is found to be 120◦. These structural pa-

rameters are very similar to those found in previous theoretical studies using different

functionals [1].

In the following the problems of the supercell description for the specific case

of graphene are detailed.

According to the energy band-folding picture, when the periodicity is (3n× 3n)

(n integer), the folding of Dirac points into the Γ point produces four degenerate states

the at Γ point. In contrast, for the (3n + 1) × (3n + 1) SC, the Dirac points are folded to

the K and K ′ points [19, 105, 106]. Figure 4.2 shows a detailed band structure through

the k-path of high symmetry Γ , M, K and Γ in the first Brillouin zone. One can no-

tice that for the (3n × 3n)SC the K and K ′ folds into Γ3SC and Γ folds into K3SC point,

whereas for K4SC folds into K and Γ4SC folds into Γ point. For the specific 3n family,

because of the folding, we will have degenerate, fully delocalized π-character states of
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a)                           (3x3)SC b)                           (4x4)SC c)                           (5x5)SC

d)                           (6x6)SC e)                           (7x7)SC f)                           (8x8)SC

Figure 4.2: Energy band structures (band-folding) for the three families, (3n) × (3n),
(3n − 1) × (3n − 1) and (3n + 1) × (3n + 1), calculated with the PBE functional, through
the k-path points of high symmetry labeled as Γ , M, and K in the Brillouin zone. (a)

The 3× 3, (b) 4× 4, (c) 5× 5, (d) 6× 6, (e) 7× 7, and (f) 8× 8 graphene supercells.

different original symmetry crossing the Fermi energy at the SC Γ -point. These delo-

calized states interfere with localized defect states, through the long-range interaction

property of the Γ -point, and is avoided when we adopt either one of the other families.

In calculations for defective or disordered supercells, one often wishes to make mean-

ingful connection to bands in the primitive BZ. The electronic structure of structurally

related materials should exhibit variations over a general scenario but should not be

completely different, this will be exemplified in the next section, when we analyze de-

fects in graphene. Still for supercells, due to the π-symmetry of the relevant states at

the Fermi region, we also have to take into account the possibility of long-range in-

teraction between defects coming from parity in the zig-zag direction, as will be seen

here.

For the cluster modeling, concerning the defect-edge interactions and focusing

on the π-states, when we have flakes with zig-zag edges we can (depending on the flake

symmetry) bring in Lieb’s imbalance states [65] that will group at the Fermi energy. A

detailed analysis was done in the previous chapter, with respect to the type of edge

present in the different flakes. Our results show that for TZZ-flakes or flakes with an

imbalance in the number of Carbon atoms, almost degenerate near-zero energy edge

states are found. These states are not realistic concerning the modeling of infinite

graphene (no Lieb’s imbalance), so we should not adopt such flakes for use as clusters.
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Figure 4.3: a) Energy band structures for graphene calculated with the PBE and PBE0
functionals. b) Focus on the Dirac point region. Solid thick line PBE and dashed
line PBE0, the Femi velocities are 0.98 × 106m/s and 1.13 × 106m/s for PBE and PBE0

functionals, respectively.

We here will require that the structural conformation of the perfect cluster in-

volves at least a C3 symmetry operation, matching the C3 rotation axis for regular

graphene. We include GNFs with arm-chair (AC) and zig-zag (ZZ) edges. We show in

Figure 3.8 the two basic models for the perfect clusters, hexagonal D6h (HAC)- C114H30

and (HZZ)-C150H30. Although taking into account the exact exchange is much too

expensive computer-wise, so we cannot go much further in size, to analyze if the simu-

lated vacancy magnetic properties depend on the size of the cluster we have included

slightly larger clusters (HAC)- C222H42 (obtained by progressively incrementing the

number of aromatic rings at the periphery), (HZZ)- C150H30 and (HZZ)- C216H36 clus-

ter.

Now we pass to the electronic structure, since we are interested in the magnetic

properties. First we analyse how the inclusion of exact exchange affects the results for

the electronic properties of graphene. The band structure of pristine graphene at the

level of PBE and PBE0, using the PBE lattice parameter given above, is shown in Figure

4.3. The lowest band n = 1 arises from a bonding state of σ character, and the two bands

that are degenerate at Γ , labeled n = 3,4, represent a σ -like bonding state. The single

band labeled n = 2 intersecting the other two is also a state with bonding π character.

The π∗ antisymmetric combination, n = 8, has the reverse dispertion and lies higher in

energy. It is almost the mirror image of the π bonding state with respect to the Fermi

level, and merges with the n = 2 band at the Fermi energy.

The energy-momentum dispersion of theπ (bonding) andπ∗ (antibonding) states

(bands) around the K high-symmetry point of the BZ is approximately linear, from
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both functionals, as we show in Figure 4.3. However if we compare DFT-PBE (solid

lines) and DFT-PBE0 (dashed lines), we see that the exact-exchange potential affects

the band shape. Relevant effects are a lowering of the σ -bands and an increase of the

gaps at M (4.0 to 5.6 eV) and at Γ (10.0 to 12 eV).

We now center on the Dirac point (K) region (Figure 4.3(b)), specifically the

Fermi velocity and the work function (WF). That the route we adopt here is to analyse

our results for the Fermi velocity of graphene, using the PBEh hybrid functional with

different exact exchange factors. There are theoretical results for the Fermi velocity vF
coming from GW methodology [107, 108], and experimental results [109] for the Work

Function EWF , which we can use as a basis for comparison. The work of Trevisanutto

et al.,[107] arrives at ∼ vF = 1.12×106m/s, that of Yang et al.,[108] ∼ vF = 1.15×106m/s;

they both start from LDA, which gives a much lower value for vF (∼ 0.85 × 106m/s in

this last); our PBE starting point already gives us vF = 0.98 × 106m/s, increasing with

inclusion of exact exchange: α = 0.15,vF = 1.16× 106m/s; α = 0.20,vF = 1.22× 106m/s;

α = 0.25,vF = 1.3 × 106m/s. As found already in the quoted papers, the results come

very close also to experimental data for the Fermi velocity (vF = 1.1 × 106m/s). Turn-

ing to the work function, where we mostly find experimental data [109], the results

from the literature are consistently around ∼ 4.5− 4.6eV ; our theoretical result for the

pure PBE starting point is WF = 4.24eV , but increase slightly with the exchange fac-

tor: α = 0.15,WF = 4.31eV ; α = 0.20,WF = 4.33eV ; α = 0.25,WF = 4.35eV . Thus, we

find that the result for the work function is improved, and the Fermi velocity is reason-

ably well described using the factor already present in the much-adopted PBE0 hybrid

functional. In the following, we will then compare results obtained through PBE and

PBE0.

We adopt both the cluster approach, choosing hexagonal clusters with arm-chair

and zig-zag edges, and periodic conditions with symmetrical cells from the different

families: (5× 5), (6× 6), (7× 7) and (8× 8), as also a different symmetry cell (6× 9). Re-

garding the geometry optimization, it is important to note that all structures were fully

relaxed without any symmetry restriction using the PBE functional. The electronic and

magnetic properties were obtained through use of the PBE0 hybrid functional, and the

results from PBE are analysed and shown for comparison.

4.2 Theoretical results from the literature

Most previous DFT calculations for the vacancy in graphene have been per-

formed in the generalized gradient approximation. Theoretical studies of a vacancy

in sp2-carbon systems were carried out by several authors [19, 21, 25, 29, 30, 33, 34,
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40, 46, 82, 104, 110], where the most used model was PBC, the cluster approximation

appearing only on a couple of works [21, 26, 43]. The theoretical information found in

the literature leads us to summarize the most relevant aspect from DFT results namely

that there was no consensus about the magnetic moment originating from the vacancy

defect. Ma et al [30] reported a magnetic moment of ∼ 1.4 µB for a vacancy simulated

in a (8×8)SC with PBE-sp functional. Using the same functional Palacios and Ynduráin

[34], performed a detailed analysis of the dependence of the vacancy magnetic moment

with the supercell size used. They found already a magnetic moment of ∼ 1.7 µB in

a (6 × 6)SC, but this value decreases to ∼ 1.0 µB as the supercell size increases, tend-

ing to 1.0 µB in the low-density limit. All their analyses include supercells belonging

to the 3N family, being the largest a (15 × 15)SC with 450 atoms. In an earlier work,

Yazyev and Helm [46] calculated an increase in the magnetic moment, from 1.12 to

1.53 µB, when the distance between vacancies increases, indeed highlighting the mag-

netic moment dependence with defect-defect interaction. In addition Singh and Kroll

[40] show a variable value of the magnetic moment, as its concentration decreases,

without a relative tendency and without any specification about supercell symmetry

simulated. Among these three works, the main difference is the array of defects. In

the recent literature, the option to simulate a vacancy in (3n × 3n) is the most used

[19, 33, 38]. However, in all cases the non-integer value of magnetic moment comes

from the crossing of delocalized bands at the Fermi level energy, which is explicitly

seen in the reported band structures.

Regarding the cluster approximation, the work of El-Barbary et al., [21] were one

of the first to study a vacancy in graphene. They used a C111H26 cluster with C2v sym-

metry, and clusters C120H27 and C190H37 with D3h symmetry (these latter containing

an odd number of hydrogen atoms at the edge, i.e. possible edge states). Exchange and

correlation are treated in the local density approximation, which show that the spin-

polarized state is higher in energy by ∼ 0.5 eV. They conclude that the ground-state of

the vacancy in graphene is spin free (by an imposition of fixed-spin during the calcula-

tion). Another interesting and complete work found in the literature is that from Wang

and Pantelides [43]. Using the PBE functional, they reported results not just for cluster

and periodic systems, including nanoribbons. For a HZZ-cluster they found a magnetic

moment of 2µB, however for a small cluster they found 0µB ground state, with an ener-

getic preference of 75 meV over a 2µB state. Ma et al., [30] found that the null magnetic

moment is due to non-planarity of the vacancy. It was proposed by Padmanabhan and

Nanda [33] that indeed the two configurations are very close in energy, the out-of-plane

(zero-spin) configuration being metastable, but of possible existence depending of the

surrounding medium. The increase of the size of the cluster allowed them to suggest

that the total energy difference between 0 and 2µB states becomes smaller, indicating
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a) V:(6x6)SC

b) V:(8x8)SC

1.727 nm

1.970 nm

Figure 4.4: a) Vacancy defect in the (6× 6) and b) (8× 8) graphene SCs.

that the magnetic moment of a vacancy may reach 2µB. Li [26] using HZZ-clusters and

spin unrestricted/restricted DFT calculations with the B3LYP [54] functional, reported

that the magnetic ground states is more stable than non-magnetic state, by ∼ 0.8 eV.

As already commented in the Introduction, in the past years several works were

dedicated to this study. We see that theoretical results are however not identical, and

depend on the specific model or methodology adopted.

4.3 Our results

We will in the following show and analyse results obtained with cluster and

periodic models. We will align all energy levels by the Carbon-1s2 eigenvalue, and

set this value from the results for the periodic calculation for pristine graphene. In so

doing, even for the cluster level spectra we will have at E = 0 the Fermi level (from the

perfect crystal).

We compute the formation energy of the defect, and electronic and magnetic

properties. The geometry optimization calculations are done using the PBE functional.

The formation energy of a vacancy EVF is calculated as

EVF = E(Cn−1Hm) +E(carbon)−E(CnHm) , (4.3)

where here E(CnHm) is the total energy of the perfect cluster, E(carbon) is the average

energy of a single carbon atom in graphene, and E(Cn−1Hm) the total energy for the

relaxed defect cluster. A similar computation is used in the case of periodic conditions.
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Discussing first the results for the geometrical structure, as is consensual, we see

the occurrence of Jahn-Teller distortion [111] for the surrounding atoms, with two of

the three (here named C1 and C2, see Figure 4.5) reconstructing, and realizing a (weak)

complete σ -π bond, while the remaining (C3) atom carries the σ and π dangling bonds.

When the calculation is performed without spin-polarization, the C3 atom is projected

out-plane, by ∼ 0.5 Å, and the surrounding atoms are displaced below the plane by

∼ 0.2 Å, resulting in a local rippling, similar to previously reported theoretical results

[17, 21, 30, 38, 110, 112]. Moving to results from PBE with spin polarization, after the

relaxation the structures are completely flat: the defect is back to full planar morphol-

ogy, i.e. the C3 atom does not display out-plane displacement. We find that it exhibits

a planar Jahn-Teller distortion, and the point-group symmetry becomes C2v . The re-

construction seen in Refs. [19, 25, 29, 30, 33, 34, 40, 43, 46] is recovered here, with

two of the three affected carbon atoms binding to each other, and one single carbon

with dangling bonds remains. For all SCs structures, the spin-polarized flat structure

is more stable by ∼ 0.07 eV.

We show next our results for the cluster models. Figure 4.5 shows the geometric

structures of the vacancy in six different clusters, optimized with PBE and spin polar-

ization. The cluster symmetry is broken, from D6h (hexagonal) to C2v . Again we see

a Jahn-Teller reconstruction. The bond lengths depend on the size of cluster as well

as the size of the supercell. Specifically, we obtain that the short bond length (dC1−C2)

takes values that vary between 1.67 − 1.93 Å for the cluster models and 1.90 − 2.11 Å

for PBC, whereas the long bond length (dC1(2)−C3) has a slight variation 2.56 − 2.58 Å

in both models. The formation energy from PBE-sp results is approximately 7.6 eV in

agreement with earlier theoretical results [21, 26, 110, 112, 113].

The removal of one π-orbital creates a lattice-imbalance in the hexagonal clus-

ters, with direct effect on the magnetization. As discussed in the previous chapter,

perfect clusters with sublattice imbalance have non-zero spin magnetic moments, in

accordance to Lieb’s theorem. Considering this “counting rules”, the magnetic moment

of the vacancy in graphene is predicted to be 1µB. However, one has to keep in mind

that Lieb’s theorem refers only to π orbitals and the contribution from the σ -dangling

orbital is not considered.

In the case of a vacancy in hexagonal clusters, we obtain a magnetic moment of

2µB already using PBE-sp in agreement with Wang and Pantelides [43]. This value

of magnetic moment can be understood through the energy spectra in Figure 4.6,

where we include results for the armchair-edged C222H42 and zigzag-edged C150H30

and C216H36 cluster. The defect states with different localized character are clearly

identified: the lowest-energy occupied defect state (coming from atomic σ -orbitals),
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b) V:HAC-C114 c) V:HAC-C222

C1 C2

C3

a) Vacancy

d) V:HZZ-C96 e) V:HZZ-C150 f) V:HZZ-C216

Figure 4.5: Vacancy in graphene a) visualization of the atoms in the close vicinity.
Model clusters: fully optimized structures with PBE-sp b) V:HAC-C114H30, c) V:HAC-
C222H42, d) V:HZZ-C96H24, e) V:HZZ-C150H30 and f) V:HZZ-C216H36. All structures
remain flat after the structural relaxation and the three carbon atoms, C1, C2 and C3
form a symmetric isosceles triangle with two long bond (dC1(2)−C3) and one short bond

(dC1−C2), as comparared with the ∼ 2.46 Å for the undistorted structure.

which we will call Vσ , has higher localization, shows a spin-splitting of ∼ 2.0 eV al-

ready at PBE level, and contributes 1µB to the magnetization in all cluster models (see

Figure 4.6). The defect state coming from π-orbitals which we will call here Vπ is more

spread over the cluster: the occupied spin orbital is the frontier HOMO level, and the

spin-splitting is much lower, goes ∼ 0.2 eV to ∼ 0.16 eV. Even so, the Vπ contribution

is the same, and for the hexagonal clusters the final magnetic moment is 2µB.

We turn thus to our results using the symmetric supercell models, for which the

band structures are shown in Figure 4.7. We see first that in all cases we also find non-

integer magnetic moments, µV = 1.55µB for the (5×5), µV = 1.49µB for the (6×6), µV =

1.30µB for the (7×7) and µV = 1.38µB for the (8×8) supercells, coming from the crossing

of the bands at the Fermi energy. We stress however that the picture is qualitatively

different when moving from the 3n to the 3n± 1 supercells. In the first case, the bands

crossing the Fermi energy and seen in previous works [19, 29, 33, 34, 38] are rather
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a)            V:HZZ-C150H30 b)             V:HZZ-C216H36 c)             V:HAC-C222H42
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Figure 4.6: Electronic energy levels (a-c) for the vacancy-cluster defect in the region
near the Fermi energy, results from spin-polarized PBE. Solid(dotted) lines indicate
occupied (unoccupied) states. Panel (a) HZZ-C150H30, (b) HZZ-C216H36, (c) HAC-
C222H42. Energies aligned to the Fermi energy of the perfect crystal by the C-1s2

average energy.

delocalized, not strictly defect-localized states. Indeed, while for the disruption of the

σ -states we see quite localized defect states (flat bands) which we will call Vσ , with

a sizeable spin-splitting (∼ 2 eV) in all models, the effect on the π-electrons for the

(6×6) SC is more spread-out and affects a numbers of states (or bands), in particular the

folded bands from the (K, K’) unit-cell points, that we call here dπ and d’π see Figure

4.8 (in that figure the isosurfaces are shown already for the PBE0 results discussed later,

but the character is the same). The band anti-crossing with the vacancy localized lπ

states occurs close to ΓSC giving the defect state a disperse character. The lπ are in this

case affected first by the symmetry-folding and further by the parity of the supercell,

interacting through the zig-zag connection; their influence on the final spin is not direct

(both up- and down-spin states fully occupied) however the impact on the spin-density

is seen. Looking now at our results for the (7 × 7) SC, free from the symmetry-folding

problems and parity connection, we see that the delocalized bands are now at KSC
point, and the Fermi-level crossing point the state have localized character. The defect-

related band which we will call Vπ is the one causing the final (non-integer) magnetic

moment; as for the (8×8) SC, we also have no symmetry-folding thus the Vπ state is the

one crossing the Fermi energy, however we have parity connection and the lπ states also

contribute to the final magnetic moment. Moving to the non-symmetrical (6×9) SC, we

still have symmetry folding to the Γ -point and the results present the same character

found for the (6× 6), and a magnetic moment of µV = 1.40µB. In summary, the defect-

related states in these supercells show not only different total magnetic moment, but
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Figure 4.7: Band structure for the vacancy defect in the region near the Fermi energy,
results from spin-polarized PBE. Solid(dotted) lines indicate occupied (unoccupied)
states. (a) periodic conditions (5×5) cell, (b) periodic conditions (6×6) cell, (c) periodic
conditions (7×7) cell, (d) periodic conditions (8×8) cell. Energies aligned to the Fermi

energy of the perfect crystal by the C-1s2 average energy.

also very different character, and one cannot correlate the variations of µV to simple

defect-defect distance, since these symmetry-related effects are very relevant.

At this point, we have conflicting results coming from the simulation of the

same defect with the same formalism, just different theoretical models: from hexagonal

clusters we obtain µV = 2µB, and from the SCs µV ∼ 1.5µB, varying with the chosen

supercell, as seen in the extensive literature for the vacancy using PBC.

We now go to the final step of this work, which regards the effect of inclusion of

the exact-exchange in the xc functional.

In the case of hexagonal clusters the actual value of µV does not change µV =

2µB, and we see in Figure 4.9 that the main impact is the spin-splitting found for the
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Figure 4.8: Isosurfaces for relevant defect states of the vacancy in graphene obtained
through PBE for the (a) 6× 6 and (b) 7× 7 SCs at the ΓSC point. Left(right) panel spin-
up (spin-down) levels, the occupied and unoccupied levels are graphically separated

by the double lines.
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Figure 4.9: Electronic energy levels (a-d) for the vacancy-cluster defect in the region
near the Fermi energy, results from spin-polarized PBE0. Solid(dotted) lines indicate
occupied (unoccupied) states. Panel (a) HZZ-C150H30, (b) HZZ-C216H36, (c) HAC-
C222H42. Energies aligned to the Fermi energy of the perfect crystal by the C-1s2

average energy.

defect levels, that for the Vπ state goes from ∼ 0.2 eV to ∼ 1.2 eV. The isosurfaces for

these specific states are shown in Figure 4.10 where we can see the distinct localiza-

tion character of the σ and π states. It is to be noted that using the PBE0 α-fraction

we observe, for all clusters, that the defect gives rise to a “midgap” state (Vπ) pinned

at EF = 0, as seen by Ugeda et al., [41] and in accordance with previous theoretical

predictions [35, 36], which is not the case using PBE. We pass next to the more im-

pactant effect, seen for all SCs and shown in Figure 4.11: we find that inclusion of

the Hartree-Fock exchange eliminates the band-crossing at the Fermi energy in all su-

percells, enhancing the spin-splitting for the involved states and restoring the vacancy

magnetic moment, µV = 2µB.

Even if the magnetic moment is now the same found for the clusters, defect-

defect interaction is still seen by the band anticrossing structure and should not be

neglected, and the cell symmetry impacts the defect eigenstate densities. However,

another important result coming from the inclusion of HF exchange comes from the

improved character of these eigenstates: we can see that, from the PBE to PBE0 band

structure, the width of the Vπ acceptor band decays by ∼ 55−60%, indicating increased

localization, as expected from the mitigation of the self-interaction error [85]. We note

that acceptor Vπ↑ and donor Vπ↓ levels show a different localization character (band

curvature close to the KSC point) as detected in experimental results [45], and finally

that increasing the defect-defect distance, from the (7× 7) to the (8× 8) SC both levels

approach the Fermi energy.
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polarized PBE functional.
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Figure 4.11: Band structure for the vacancy defect in the region near the Fermi energy,
results from spin-polarized PBE0 using periodic boundary conditions. Solid(dotted)
lines indicate occupied (unoccupied) states. (a) (5 × 5), (b) (6 × 6), (c) (7 × 7), and (d)
(8 × 8) SCs. Energies aligned to the Fermi energy of the perfect crystal by the C-1s2

average energy.

A careful analysis of our results, from cluster and periodic boundary conditions

and with the inclusion of HF exchange, leads us to predict an integer magnetic mo-

ment of µV = 2µB for the isolated vacancy defect. The characteristic Vσ level, seen in

different DFT studies, shows a large spin splitting of very similar magnitude in our dif-

ferent simulations. For the defect π-states, we also see a characteristic acceptor level in

the cluster and supercells, pinned to the Fermi energy, responsible for the final integer

magnetic moment. The confinement effect in the cluster models places the donor level

much below, however from periodic conditions, in the (3n ± 1) cells, we see this level

approaching the Fermi energy.

We turn now to the specific results obtained for the (6×6) SC: the plot in Figure

4.12, showing the spin density across the cell, highlights the delocalized effect of this
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a) VG(6x6)

b) VG(7x7)

c) VG(6x9)

Figure 4.12: (Color online) Isosurfaces for the spin density (0.05Å−3) produced by the
array of vacancies in graphene obtained through PBE0 at the ΓSC point for (a) 6×6, (b)

7× 7 and (c) 6× 9 SCs.
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3n-array of defects compared to the immediately one-unit larger (7 × 7) SC. The high

spin-density centered on the vacancy site comes from the difference in density between

the lπ up and down states, while the overall delocalization comes from the mixed d′↔ l

character. We show also the spin density found for the (6×9) SC, where we still see the

same density along the zigzag direction in the shorter distance, while along the larger

defect-defect distance, which has no parity connection, the density is much lower. We

suggest this symmetry-derived behavior could be explored by designing chosen arrays

of point defects.

Collecting our results from cluster and periodic boundary conditions, we see

that with the inclusion of XC we can predict an integer magnetic moment of µV = 2µB
for the isolated vacancy defect. The characteristic Vσ level, seen in different DFT stud-

ies, shows a large spin splitting of very similar magnitude in our different simulations,

∼ 5.0 eV. For the defect π-states, we also see a characteristic acceptor level in the clus-

ter and (3n±1) cells, pinned to the Fermi energy, responsible for the final integer mag-

netic moment. The confinement effect in the cluster models places the donor level

much below, however from periodic conditions, in the (3n ± 1) cells, we see this level

approaching the Fermi energy. This can be related to the experimental results of STS

seen by Zhang et al., [45], and commented in the Introduction of this Chapter: depend-

ing on the sign of the pulse, one will detect the acceptor level (quite flat already with

the (8 × 8)SC approximation) or the donor level (broader band). From the flatness of

the acceptor band already at rather small sizes of supercells we can estimate that the

localization is more compact than of the donor state.

4.4 Conclusions

In summary, we have studied the vacancy defect in graphene through different

approaches, and analysed the effects on the obtained electronic and magnetic structure.

We used both cluster and periodic supercell models, and different exchange-correlation

functionals, PBE and hybrid DFT-HF with a fraction of Hartree-Fock exchange α cho-

sen to properly describe the electronic properties of graphene close to the Fermi energy,

specifically PBE0 α = 0.25. Our main conclusion is that inclusion of the proper fraction

of Hartree-Fock exchange is crucial for the description of the system, and allows us to

arrive at the value of µV = 2µB for the magnetic moment of the isolated vacancy defect,

after careful analysis of all adopted models.

The results from the different simulation models show that, due to the specific

symmetry and bilattice properties of graphene, symmetry-related coupling effects have



Chapter 4. 58

to be carefully probed when using periodic boundary conditions to describe the iso-

lated defect. In addition, we find that the spin density created by an array of vacancies

can show interesting directional properties.
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Water interaction with GNFs

Water per se is one of the topics of highest interest in the scientific commu-

nity [114, 115]. For instance, small water clusters in the gas phase have received con-

siderable attention as they can represent prototype systems to help unravel the com-

plex structural properties of liquid water and ice. This is why the water hexamer has

received particular attention, being the configuration that presents the transition be-

tween planar and three-dimensional structure [114, 116–119]. At the same time, un-

derstanding the interaction of carbon materials with various molecules is a topic of

interest in order to appreciate their potential applications in various fields [120]. As

said in the Introduction we are here interested in understanding the characteristic of

the Antrophogenic Dark Earth or Terra Preta de Índio (TPI) and the interaction with

water. The TPI grains are composted by nanocrystallites system and had been pro-

posed to show a ”fractal-like” distribution structure [14], and is stable in presence of

water. Our study is a first approach to the understanding of these properties, using for

that first-principles analysis of the interaction of chosen graphene nanostructures with

water molecules.

Binding of molecules on surfaces can be either chemical or physical in nature,

i.e. chemisorption or physisorption, respectively [121]. Chemical binding typically im-

plies a change in the electronic structure of both the molecule and the carbon surface,

through charge transfer between the substrate and adsorbate, or due to a covalent inter-

action, where orbitals deriving from the adsorbate and the substrate form new bond-

ing combinations. On the other hand, physical interaction usually involves decorating

functional species onto graphene sheets via π −π stacking, hydrogen bonding and/or

electrostatic interactions [122–125]. This physical process can arise through interac-

tion of the permanent surface dipole with a permanent molecular dipole if it exists,

through the interaction of the permanent dipole with an induced dipole or through

59
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interaction between fluctuating dipoles both in the adsorbate and the substrate. The

latter contribution relates to the dispersion or van der Waals (vdW) interactions that

we already commented on the biflake stacking processes [121]. Since water is almost

always present in the environment, extensive studies have been done to understand the

interaction of water molecules with graphene [95, 126–130]. Leenarts et. al. [126] re-

ported results for a small water group adsorbed on graphene, using DFT without vdW

corrections, finding that graphene is very hydrophobic. Water molecules interacting at

both sides of a graphene layer were investigated by Freitas et. al. [127] employing dif-

ferents levels of DFT. The authors reported similar conclusions as already obtained by

Leenarts et al, and the interaction of water molecules in both sides of the layer (instead

of just one side) does not reveal significant energetic changes.

Confined water molecules show many exotic physical and chemical properties,

which allows to create new structural configurations. The behaviour of water molecules

at surfaces, and low-dimensional confining is of importance for numerous biological,

geological [131], and materials science systems [132]. In particular, by transmission

electron microscopy (TEM) measurements Algara-Siller et. al. [133] reported exper-

imental evidence for the formation of two dimensional (2D) ice with a novel lattice

structure in graphene nanocapillaries. The authors showed that 2D ice appears as a

layered structure with a square arrangement of oxygen atoms, observed up to three

stacked layers. However, the interpretation of the observations has been questioned

[134, 135] and it has even been suggested that the square lattice structure observed is

not that of ice but rather induced by a common contaminant [135]. These observations

and discussions have inspired great interest in further investigations confined 2D ice,

using advanced experimental and computational techniques [136, 137]. For instance,

periodic confinement of water in a graphitic structure was reported by Torres-Rojas

and Baqueros [138], through DFT calculations of the structural and electronic prop-

erties of water hexamers intercalated in graphite. Varying the stacking configuration,

the authors found that all proposed configurations are stable, without any significant

change in the in-plane carbon distance, as well as the distances in the water hexamer

when intercalated. One alternative to simulate this kind of systems is through molecu-

lar cluster modeling [130, 139, 140]. Rohini et al. [140] reported results of intercalation

of water groups within stacked carbon molecules, in the framework of DFT. Following

the same theoretical line and including molecular dynamics calculations, Kim et. al.

[130] investigated the two-dimensional icy water group between graphene layers by

two modeling approaches.

We are interested in understanding the interaction of water with graphene nanos-

tructures, and will simulate this interaction for small water molecule groups with sin-

gle GNFs and biflakes. As such, we will first show results for these water molecule
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groups. We then proceed to the results for a single water interacting with defects on

GNFs (vacancy, divacancy and Stone-Wales). Finally we will show our results for water

interaction with biflakes.

5.1 Small water clusters

Several theoretical [114, 119, 131, 141–144] and experimental [131, 144] studies

have been dedicated to determine the geometries and energies of water clusters. In fact,

the available literature about water clusters is extensive and increasing. Therefore,

for briefness, we limit ourselves to cite herein only the studies closely related to our

investigation.

Water as a single unit has already been much studied, as an important system

for studying dipole and polarization effects. The characteristic bent shape of the water

molecule and the electronegativity of oxygen make electrostatic interaction very im-

portant [145], thus the polarizability of the water molecule is an important issue to be

considered. For instance, Santra et al. [143] using GGA and hybrid functionals, investi-

gated the deformation of one water molecule, finding that the energy cost of stretching

one of the O-H bonds is underestimated by PBE and B3LYP [54] functionals, however

the PBE0 hybrid functional allows a better energy description. Following the same line

of research, recently Gillan et. al. [114] have made a complete and extensive review on

the DFT description of water systems, by referring to a wide range of published work.

The authors emphasize that the choice of semi-local or hybrid functionals employed in

dispersion-inclusive methods is crucial.

When there is more than one molecule of water in contact with another, group-

ing can happen in different energetically stable configurations by hydrogen bonding.

We can mention two characteristics of hydrogen bonds: First, they are strong compared

to the other intermolecular forces for small molecules, playing a major role in deter-

mining the properties of water. Second, the hydrogen bond forms only when certain

conditions are met; it requires one atom to act as a hydrogen “donor” and an adjacent

atom to act as an “acceptor”. The donor atom must be a highly electronegative atom

bonded to a hydrogen atom, for example, oxygen (O) atoms. The acceptor atom must

likewise be highly electronegative (again O atoms) and possess a “lone pair” of elec-

trons (two electrons that are not involved in covalent bonding). The donor causes its

hydrogen atom to have a partial positive charge, which is then attracted to the nega-

tively charged lone pair on the acceptor [143].
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The water dimer is the simplest (H2O)n group, n = 2, but it does not necessarily

reveals information for the next larger water arrangements. We need larger groups of

water to look at this preference. The smallest water cyclic structure can be found in

the water trimer, which has one weaker and two stronger hydrogen bonds, because of

repulsion from the two up O-H bond. It is well known that the dimer and trimer water

groups present one isomer each [119, 146], however when n ≥4, the clusters present a

variable number of isomers that rapidly increase with the group size n [119, 146].

The hexamer holds a special place in the experimental [147] and theoretical

[114, 118, 148] studies of water. Experimental studies identified the prism, cage, book,

and cyclic isomers based on the comparison of calculated and observed spectral prop-

erties [147]. Theoretical results based on CCSD(T) [117, 118, 149] and diffusion Monte

Carlo (DMC) calculations [150] report that these low-lying minimum-energy structures

are, ordering from lowest to highest, prism < cage < book < ring. The ring configura-

tion was also seen [118] to present two characteristic isomers: cyclic chair and cyclic

boat.

With that in mind, we report a study of binding energies, and structural prop-

erties of H bonds between H2O molecules of small water groups. Those properties are

evaluated using PBE and PBE0 functionals, both including the van-der-Waals (vdW)

interactions. Our study is not a deep study of clustering of water molecules, we do

not perform any sampling of different starting points for the simulation and so on,

and the description of water in liquid or ice structures is not addressed. We do not

include any constrained geometry optimization, and perform full relaxations of geom-

etry. This allows us to have structural information of the small water groups optimized

in the vacuum as well as on the carbon surface and thus a better understanding of the

interaction between small water groups and carbon flakes.

For the isolated water molecule, the resulting hydrogen-oxygen bond distance is

0.97 (0.96) Å, and the (H-O-H) angle is 104.2◦ (104.9◦) for PBE (PBE0) functionals, in

close agremeent with experimental results. As is know, hydrogen atoms end up with a

partial positive charge and the oxygen atom with a partial negative charge.

In Figure 5.1 we show the optimized structures for free (H2O)n groups. Starting

with the dimer, the molecular structure leads to hydrogen bonding, in which a hydro-

gen atom is in a line between the oxygen atom on its own molecule and the oxygen on

the other molecule. For the trimer, each molecule uses one hydrogen atom to form a

hydrogen bond with its neighbor. The other hydrogen atoms are pointing out of the

plane defined by the oxygen atoms, and alternate their direction as much as possible in

order to minimize the interaction between hydrogen atoms of neighboring molecules.
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Figure 5.1: Optimized geometries of the molecular groups of H2O: dimer, trimer,
tetramer, pentamer and hexamer, obtained using PBE functional.

As said above, for the tetramer up to the hexamer there are several different arrange-

ments. We did not analyze all possibilities, because our goal here is to compare with

the adsorbed structures. As so, we optimized the geometries starting in all cases from

a planar arrangement of O-atoms, but at O-O distances not longer than double that

obtained for the trimer. The resulting final structure is O-O planar for the tetramer, in

the case of the pentamer we have one O-atom out of the O-O plane of the other four,

and for the hexamer we find a cyclic boat structure. These water groups were found to

exhibit two types of OH bonds, O-H free and O-H bridged (dO−H ), with the length of

the bridged O-H bond decreasing monotonically with the group size.

The four structural parameters (see Figure 5.1) of the H2O clusters that we eval-

uated are: (i) distance between adjacent oxygen atoms involved in a H bond, (dO−O); (ii)
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distance between the donor H and the acceptor O, (dO−H ); (iii) internal H-H distance,

(dH−H ) and (iv) H-O-H angle. In Table 5.1 all values obtained from the PBE and PBE0

functionals are listed. Comparing results from PBE and PBE0 we note that the H-H

and O-H distances show deviations of ∼ 0.02− 0.03 Å. In addition to that, the spe-

cific feature of the small cyclic groups is that the average O-O distances between the

H2O molecules shorten as the group size increases. This trend is captured with both

functionals with ∼ 0.22 Å shortening from dimer to hexamer.

The binding energy (the H-bond strength) between the H2O molecules in the

clusters is computed as

Eb = E[(H2O)n]−nE[H2O] , (5.1)

where E[H2O] is the total energy of a water molecule in vacuum, and E[(H2O)n] the

total energy of the group.

Total energies and interaction energies are known to be more sensitive to the

approximation to the electron exchange and correlation potential than the geometrical

parameters [143]. Our results for binding energies and the average binding energies

per molecule in a cluster configuration are also listed in Table 5.1. The binding energy

increases as the clusters grow because more hydrogen bonds can be formed, and the

angles between the different H bonds in larger clusters approach those of the ideal

tetrahedral bond angle in the ice structure. Our results follow the same trend with

previous theoretical calculations at CCSD(T), [151] SCC-DFTB [130] and DFT [114]

level of theory.

We see that from PBE+TS and PBE0+TS results that the description has a sim-

ilar trend, for both funcionals the binding energy increases with the number of water

molecules. As seen above, the deviations in structure between the two levels of theory

are energetically minimal, which is noteworthy given the enormous difference in com-

putational resources required for the optimizations. For our present purposes, these

differences on the structures are acceptable and it seems reasonable to assume that the

PBE functional is able to describe correctly the structures of interest.
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Table 5.1: Structural parameters: The average distances H-bonding (dH−H ), Oxygen-
Oxigen(dO−O) and H-OH bond, (dO−H ), and H-O-H angle, according to figure 5.1.

No. of H2O dH−H (Å) dO−O (Å) dO−H (Å) H-O-H angle (◦)

PBE+TS 2 2.41 2.89 1.93 104.6

3 2.08 ± 0.005 2.74 ± 0.003 1.86 ± 0.006 105.4

4 2.16 ± 0.008 2.70± 0.002 1.72± 0.005 105.6

5 2.23± 0.004 2.67±0.003 1.67±0.004 105.4

6 2.26± 0.007 2.67± 0.000 1.67±0.000 105.4

PBE0+TS 2 2.43 2.9 1.93 105.2

3 2.10 ± 0.005 2.77± 0.003 1.88± 0.006 106.1

4 2.18 ± 0.012 2.71 ± 0 1.74± 0.002 106.2

5 2.25 ± 0.004 2.68 ±0.002 1.70±0.002 105.9

6 2.29 ± 0.007 2.68± 0.000 1.69±0.002 105.9

Table 5.2: The total binding energy (Eb) per group and the average per molecule for
dimer, trimer, tetramer, pentamer and hexamer water groups, according to figure 5.1.

No. of H2O Eb (eV) Eb (eV)/mol EvdWb (eV) EvdWb (eV)/mol

PBE+TS 2 -0.238 -0.119 -0.012 -0.006

3 -0.745 -0.248 -0.035 -0.012

4 -1.306 -0.326 -0.073 -0.018

5 -1.785 -0.357 -0.090 -0.018

6 -2.150 -0.358 -0.108 -0.018

PBE0+TS 2 -0.228 -0.114 -0.011 -0.006

3 -0.713 -0.237 -0.030 -0.010

4 -1.246 -0.311 -0.064 -0.016

5 -1.710 -0.342 -0.080 -0.016

6 -2.054 -0.342 -0.095 -0.015

5.2 Water molecule interaction with the surface of GNFs

5.2.1 Pristine flakes

First we have explored the interaction of a water molecule on AC- and ZZ-GNFs.

Previous theoretical studies of water adsorption on pure graphene (no substrate in-

cluded) have found the most favorable configuration of water adsorption, i.e., the ori-

entation of the dipole with respect to graphene plane, by comparing the adsorption

energy for each different configuration, without optimization [126, 129, 152]. In our
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Figure 5.2: Geometry relaxation of H2O on C114H30 at the hollow site. Initially (left
panel) three different initial configurations for water molecule; a) hydrogen atoms
pointing down carbon surface, b) oxygen atom pointing toward carbon surface, and c)
water molecule parallel to carbon surface. Final (right panel) atomic structures after

geometry relaxation.

case, we started from three different initial configurations of the water molecule on

the hollow site of HAC-C114H30: i) the H-O bonds pointing towards the flake, ii) the

oxygen atom pointing towards the flake, and iii) the H-O bonds parallel to the flake

surface, according to Figure 5.2. After geometry relaxation, for all initial configura-

tions we obtained that the final orientation is the same, with the water molecule at 3.33

Å ( measured from the oxygen atom) from the center of the C-surface, and with the

H-atoms pointing to the GNF, indicating that the water dipole is strongly interacting

with the HAC-C114H30 surface. Even though the literature reports that the most favor-

able site is the hollow, just for testing we included other possible sites top and bridge.

Again, we find that the final water position obtained after a full optimization is the

hollow site.

According to Leenaerts et. al., when vdW corrections are omitted, the OH-

down and O-down structure are calculated to be of comparable stability [126, 127]

(binding energy ∼ 0.03 eV), but when the corrections are included the H-O bonds

pointing down configuration is preferred. Thus, the preference we obtain for the OH-

down structure is due to the polarization of the carbon surface and in accord with the

literature [128], even when more sophisticated approaches are used [153, 154].

Passing now to the energetic analysis, the interaction energies between the water

molecule and GNFs are calculated as

Eint = E[H2O+ f lake]−E[f lake]−E[H2O] , (5.2)

where E[H2O+ f lake] is the total energy of a water molecule on GNF, E[H2O] the total

energy of the water molecule in the gas phase, and E[f lake] is the total energy of the
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Figure 5.3: Fully optimized geometry for one water molecule adsorbed on the carbon
surface. (a) and (b) HAC-GNFs and (c-e) HZZ-GNFs with unrestricted geometry.
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isolated GNF. We start with the case of one water molecule on the hollow site of two

HAC-GNFs,(HAC-C114H30 and HAC-C222H42). For both HAC-GNFs the interaction

energy is ∼ −0.210 eV. After the optimization the final structures are non-planar, as

we see in Figure 5.3. This results lead us to adopt a restriction on the geometry of the

system to address the energetic of water interaction with (much) larger flakes, which

would require a much longer computer time. Specifically we keep the C-H atoms fixed

at the edge of HAC-C114H30 during the entire optimization process. At this point, we

get a clear difference on the final optimized structure: for the unrestricted case, the

final structure showed a sizeable curvature, while the restricted structure remains flat

without any apparent influence of the water molecule. The resulting adsorption energy

are only slightly different, −0.208 eV (unrestricted) and −0.182 eV (restricted).

We next included in our study hexagonal clusters with zig-zag edges. Initially,

the water molecule is located at the hollow site, with the oxygen atom pointing to-

ward the cluster, without any geometrical restriction on the atoms. After full opti-

mization, the dipole moment of the water molecule rotates over 180◦, similarly to the

HAC-C114H30, the water molecule is adsorbed at 3.28 Å (3.33 Å on HAC). The interac-

tion energy is −0.184 eV, and the final structure exhibits no curvature, as we show in

Figure 5.3 (a-c). This different behavior for the small flakes behaviour comes from the

flexibility of the AC edges, not present in the ZZ geometry [155].

5.2.2 Water molecule on defected nanoflakes

Up to now, we concentrated on the water molecule interaction with pristine

flakes, which will be also used to compare with water in biflakes. However, as said

in the last chapter, defects in the conjugation of graphene are unavoidable, and this is

also the case for flakes. We will here look at the interaction of a single water molecule

with the three intrinsic defects monovacancy, divacancy (DV) and Stone-Wales (SW).

These specific structures have characteristic symmetries and we select GNFs

with the same point-group symmetries of the defects, thereby for SW and DVs defects

we will use a D2h symmetry flake LAC-C144H36 (see Figure 3.3).

Unlike other point defects, a SW defect does not involve any removed or added

atoms, and has also been observed in graphene [31]. This defect is well-known and

common in sp2 carbon-based materials, and is formed when two hexagons change in a

pair of pentagons and heptagons, by a rotation at 90◦ of the two carbon atoms with re-

spect to the midpoint of the C1-C2 bond (see Figure 5.4(a)). This causes local changes

of geometries, without breaking of sp2 hybridization. We find that the rotated C1-

C2 bond length is compressed from 1.42 Å to 1.34 Å, correlating well with previous
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findings [112]. As we see in Figure 5.4 (b) a full symmetry between two 5-membered

and 7-membered cycles in SW defects is obtained. Since these defects do not destroy

the sp2 hybridization, the flake does not exhibit a tendency to buckle, which can be

understood because the strain, induced through creation of the SW defect, can be re-

leased by expansion parallel to the rotated C1-C2 defect center. Ma et. al.[28] have

reported in a theoretical study that in graphene a SW defect could produce a slight

out-of-plane deformation. In that situation, the carbon bonds in the close neighboring

of the SW defect are no more fully sp2 hybridized but become partially sp3-like hy-

bridized. This theoretical prediction would imply that the new orbital hybridization

could induce spin-orbit coupling as it has been predicted for the case of ripples [156].

However, such out-of-plane deformations have not been obtained in our calculations.

Additional calculations have been done for a SW defect in a flake about 2.2 nm wide,

specifically HAC-C222H42 (D6h-symmetry), and after structural relaxation the defective

flake remains planar.

The formation energy ESWF of the SW rearrangement is calculated by

ESWF = ESW −Eperf , (5.3)

where Eperf is the total energy of the perfect C144H34 and ESW total energy for the de-

fective cluster. The rearrangement energies are found to be ESWF ∼ 4.2 eV, in agreement

with available first-principle results [157], involving a periodic array of SW defects.

The reported values for SW defect formation energies in graphene [27, 28, 158] vary

substantially: from around 5 eV [Ref. [39]] to 6.3 eV [Ref. [159]]. This discrepancy may

in part arise from differences in boundary conditions and defect interactions. However,

this interaction is avoided since we are working with a finite system model. Concerning

to electronic properties of SW in GNFs, it is clear that all structural changes produced

by the defect are reflected in the alteration of electronic properties of LAC-C144H34,

introducing defect levels in the energy gap (Figure 5.5).

Double-vacancies (DVs) may naturally appear as stable defects during growth or

can be created on purpose by electron or ion irradiation [42, 110]. They are the source

of defect-localized states with energies close to Fermi level, as was shown for the case

of semiconducting armchair ribbonns [160].

For a DV the two sublattices are balanced and we will have no Lieb’s imbalance,

but there are σ and π dangling bonds. As such sizeable local lattice distortions are

likely to occur, leading to the formation of polygonal rings other than hexagons, be-

cause of the associated reconstruction. The geometry optimization for DV lead to the
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b) SW:LAC-C144H34 c) DV:LAC-C144H34a) Perfect structure

C1

C2

Figure 5.4: Defects in GNFs a) visualization of the atoms that will be affected by
the defect: C1 and C2 carbon atoms are rotated (SW) or removed (DV). Fully opti-
mized structures with PBE, b) Stone Wales, SW:LAC-C144H34, and c) Double-vacancy,

DV:LAC-C144H34. All structures remain flat after the structural relaxation.

LAC-C144H34a) c)b) SW: LAC DV: LAC

Eg=1.29 eV Eg= 0.86 eV

Eg= 0.31 eV

Figure 5.5: Electronic energy levels calculated by DFT at the PBE levels; the Fermi
level area of perfect LAC-C144H34 in the spectrum is highlighted in light gris color
: a) perfect LAC-C144H34, b) Divacancy DV:LAC, and c) Stone Wales defect SW:LAC.
HOMO-LUMO gaps indicated. Energies aligned to the Fermi energy of the perfect

flake by the C-1s2 average energy.
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a)      H2O+DV:C144H34 b)      H2O+SW:C144H34 c)      H2O+V:C114H30

Figure 5.6: Optimization structure of water molecule with defected nanoflakes inter-
action. a) Divacancy, b) Stone-Wales defect, and c) vacancy defect.

formation of two five membered rings in a pentagon-octagon-pentagon (5-8-5) struc-

ture, as shown in Figure 5.4(c) where the bonds length of C-C go from 1.39 Å to 1.66

Å in the defect region. For the rearranged of structure, which is completely planar,

the most characteristic feature is a twofold symmetry involving a complex electronic

pattern, seen according to the STM images for DVs in graphene [42] as well as results

obtained with smaller molecules [44] and captured also here.

Our results indicate that the formation energy of a DV in GNFs is 6.86 eV, in

agreement with previous results [26, 112]. This energy is higher than the energy of

SW rearrangement, because the latter is simple isomerization. The final DV structure

recombines all bonds, there are no dangling bonds left.

We will now focus on the interaction of the water molecule with these defects,

however, we will try to simulate more generally, and not only this particular GNF as the

host. To do that, the adsorption of the molecules was simulated imposing a restriction

on the C-H atoms at the edges, that is kept fixed, and thus the particular reaction of

the flake edges will not be taken into account, allowing to investigate what would be

the reaction of larger flakes.

We see that the water molecule prefers to be absorbed in the hollow sites of

the DV and SW defects and the final orientation of the water molecule, relative to the

carbon plane, is the same already obtained in perfect flakes. However, the presence of

the vacancy defect modifies the final adsorption configuration of the water molecule,

which is attracted by the dangling bond of the (C3), as we see in Figure 5.6.
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The binding energy of the water molecule on top of the all-bonded defects SW

and DV, included in Table 5.3, is higher but still very similar to that for pristine flake,

again coming mostly from vdW interaction. In the case of the monovancy, we see

increased binding energy, that now comes also from stronger non-vdW interaction with

the electrons in the dangling bonds, but we do not see spontaneous reaction of the

molecule with the defect. We thus, in the following, will concentrate on pristine flakes.

5.3 Water groups on GNFs and BGNFs

Here we will analyse the interaction of water molecules and groups with GNFs,

also stacked biflakes, focusing on the balance between water-water and water-substrate

bonding.

Different works on small groups of water on graphene [126, 127] or on one small

carbon molecule (coronene) [130, 140], report that there are more than one configura-

tion of minimum. In all those works, the final configurations are obtained by imposing

a geometry (e.g., an already initially optimized water cluster is localized on the carbon

surface) throughout the process of structural relaxation. Here, the initial geometries

for the adsorption of a set of water molecules on the model systems are generated by

placing the water molecules in different sites of the flake: hollow, top and bridge. Also,

the hydrogen atoms are pointing on the carbon surface or not, trying to generate a ran-

dom distribution. However, the O-O distance is chosen in such a way that it is not more

than double that in water configurations in gas phase. This allows us to guarantee the

formation of groups, and avoid the formation of different ”isolated” isomers on the

same flake. The initial distance of the oxygen atoms from the carbon surface is 2.5 Å.

From that specific set up the geometry optimization is performed. For HAC-

GNFs we again fix the C-H bond edges of the flake, to that a larger surface can be sim-

ulated. However, we do not impose any geometric constraints on the water molecules,

which allows them to find the structural minimum regardless of the initial orientation.

In order to analyze the interaction between carbon surface and water clusters,

we start by the structural description of the simplest water cluster, the dimer (Fig-

ure 5.7). Our PBE result suggests that it has an asymmetric structure with the two

water molecules at different heights above the flake (∼ 0.1 Å). The water molecule do-

nating the H bond is more tightly bound and closer to the carbon surface (generally by

about 0.4 Å) than the water molecule accepting the H bond.
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We have also simulated adsorption of the water trimer, tetramer and pentamer.

For tetramer and pentamer, most molecules in these clusters both accept and donate H-

bonds and are bonded directly above hollow site of the flake. There is one molecule in

both rings which is exclusively a H-bond acceptor and one H-atom points out of the car-

bon surface, as seen in Figure 5.7. The hexamer groups are more complicated because

a few different stable structures are available, which could be formed. Here, probably

due to the interaction with the carbon surface we only observed cyclic planar water

hexamers on the carbon surface. In this hexamer configuration three water molecules

are located near the most favorable adsorption hollow-site whereas the other three wa-

ter molecules are almost positioned at the ontop site. In this final configuration, the

oxygens atoms are all on the same plane, parallel to the flake, and the water molecules

accept and donate just a single H bond. The adsorbed cyclic hexamer, therefore, has

an H-bonding configuration that is different from that of hexamer in gas phase. This

difference points to the implied balance between water–water and water–substrate in-

teractions in leading the structure of these systems.

For all water group configurations, the water molecules tend to be placed as

close as possible to the hollow ring site in carbon flake. This is not always possible,

since the distance between water molecules varies as the number of grouped molecules

varies. When the flat arrangement of a water cluster is obtained, by the interaction

with the carbon surface, the intermolecular distances change in relation to gas phase:

the O-O distance and O-H bond are increased. Our PBE results give the O-O distance

increased by ∼ 0.2 Å, and the O-H bonds just by ∼ 0.02 Å.

We have calculated the adsorption energies by Eq.5.2. In this case the contribu-

tion from the water group was taken from the relaxed aggregate in vacuum, that is, not

from the aggregate geometries in the adsorbed configurations.

The calculated binding energies are presented in Table 5.3. To gain an insight

into the role of the vdW interactions in these systems, the total binding energy Etotb
was decomposed into a vdW contribution from TS-vdW results, as in Table 5.1. The

data shows that for all systems considered in our study, the vdW contribution EvdWb is

almost 80 % of the total binding energy: this indicates that the vdW interactions are

indeed the driving force leading to a stable molecular adsorption, which increases with

the number of water molecules adsorbed on GNFs. We also remark that the binding

energy per molecule is allways one order of magnitude higher than the thermal energy

available at room temperature, so we can expect the structures to be stable (not static)

at normal conditions.
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d)      (H2O)4+C114H30

a)     (H2O)+C114H30

e)      (H2O)5+C114H30

b)      (H2O)2+C114H30

f)      (H2O)6+C114H30

c)      (H2O)3+C114H30

Figure 5.7: Optimized structures of water clusters (H2O)n=1−6 on the surface of a sin-
gle C114H30 flake. Top and side view for each one of systems.

We pass now to the study of surface interactions with biflakes: this study allows

for evaluating the interaction of water aggregates on stacked carbon nanostructures,

thus, we present results for different combinations: (H2O)n| hoBF-AC |(H2O)n, n = 3,4

and (H2O)3|heBF-AC-M. In the case of hoBF-AC, the water molecules are placed on

both sides of the system, while for heBF-AC-M three water molecules are just located

on the M-GNF surface. We chose these two systems in order to study the influence of

both the stacking and of zig-zag edges on the adsorption of water groups.

In the three simulations we adopted as the initial configuration a random distri-

bution of the three water molecules on the carbon surface. Three different distances,

between the three water aggregates, can be observed in Figure 5.8. For water molecules
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on heBF-AC-M, the oxygen-oxygen distances are 4.85, 5.85 and 6.95 Å, respectively. A

similar random water configuration was adopted for the homogeneous biflake surface.

We just recall that in a water trimer the equilibrium bond distance between oxygen

atoms is 2.74 Å, so we are assuming that initially there is no interaction between the

water molecules. The perpendicular distance dC−O from the carbon surface to the oxy-

gen atoms is ∼ 4.0 Å, without any particular orientation for the water molecules on the

surfaces. The optimized structures are displayed in Figure 5.8. During the relaxation

steps of geometry, we notice that the water molecules are attracted to the carbon sur-

face to reach a distance ∼ 3.4 Å (between the oxygen atoms and the surface). Once this

separation is reached, the water molecules are grouped together and form the trimer

configuration, by intermolecular hydrogen bonding. In both sides of hoBF-AC each

of the molecules move to the hollow site of the nearest benzene ring, leaving the ran-

dom initial position. It is interesting to note that for the case of the water-trimer on

heBF-AC-M-surface, these molecules tend to move away from the zig-zag border, and

aggregate in the central area.

From our results, the final intermolecular hydrogen bonding distance dO−H is

∼ 1.9 Å and ∼ 2.79 Å dO−O for oxygen atoms, keeping the gas-phase configuration in

both biflake systems. The hydrogen bond length between the three water molecules is

∼ 2.06 Å, which is 0.02 Å shorter than the bond length of the isolated water trimer.

Although in the case of a single water adsorbed on GNFs both OH bonds point to the

carbon surface, the optimized structure of (H2O)3 |hoBF −AC| (H2O)3 and (H2O)3 |heBF|
display again that only one OH bond points to the carbon surface, as for the interaction

with single flakes. It is interesting to note that if the initial geometry of three water

molecules is placed with the hydrogen pointing perpendicular to the carbon surface,

the final result is the same as that with the OH bond parallel to the surface. The final

configuration of the water-trimer with both hoBF and heBF carbon surface is similar to

that reported in the literature, where a water-trimer is adsorbed on graphene simulated

by periodical boundary conditions [126].

The interaction energy for a water trimer adsorbate on both sides of hoBF and

heBF are -0.896 and -0.456 eV, respectively. These interaction energies show that both

systems are energetically stable, and the interaction energy per water molecule has

approximately the same value ∼ −0.150 eV, similar to our results for the interaction

energy of a water trimer on the surface of the single flake (-0.155 eV/mol). Thus, these

results allows concluding that there is no interaction between the water trimers across

the hoBF.

For comparison purposes we repeated the entire procedure for four water mole-

cules on hoBF-AC, with the same initial geometry used for the case of the tetramer
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on the single C114H30 flake. The tetramer cluster is again formed on the hoBF-AC,

adsorbed at ∼ 3.3 Å from the C-surface to the oxygen plane (the final structure is

shown in Figure 5.8). We note that the O-O distance is 2.72 Å (for all O-O), and the

O-H bond is ∼ 1.74 Å, indicating that the variations is in the same order of magnitude

of that obtained for a trimer.

a) b) c)

d

d

hoBF-AC

d) e) f)

d

hoBF-AC

g) h) i)

Figure 5.8: Snapshots during the relaxation steps of three and four water molecules
on heterobiflake and homogegeneousbiflake. Three water molecules on one side of
heBF-AC-M: (a) the initial, (b) intermediate, and (c) final configuration. Three water
molecules on both sides of hoBF-AC: (d) initial, and (e) final configuration; (f) water
trimer zoom, d ∼ 3.4 Å. Four water molecules on one side of hoBF-AC: (g) initial, and

(h) final configuration.
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Table 5.3: Interaction energy for water groups on single flakes and biflakes, at the surface, in the internal region (metastable configuration) and
at the edge (final configuration). Total binding energy (Etotb ) and (Eb) per water molecule; van der Waals interaction energy EvdWb and (EvdWb ) per

water molecule.

System Etotb (eV) Etotb (eV)/mol EvdWb (eV) EvdWb (eV)/mol
Single flakes H2O+C114H30 -0.182 - -0.143 -

H2O+C150H30 -0.178 - -0.144 -
2(H2O) +C114H30 -0.341 -0.170 -0.276 -0.138
3(H2O) +C114H30 -0.466 -0.155 -0.405 -0.136
4(H2O) +C114H30 -0.552 -0.138 -0.508 -0.127
5(H2O) +C114H30 -0.683 -0.137 -0.639 -0.128
6(H2O) +C114H30 -0.840 -0.140 -0.778 -0.129

Biflakes surface 3(H2O)+heBF-AC-M -0.456 -0.152 -0.420 -0.140
4(H2O)+hoBF-AC -0.647 -0.161 -0.570 -0.142
6(H2O)+hoBF-AC -0.896 -0.150 -0.834 -0.140

Biflake (in) H2O+hoBF-ZZ 2.069 - 1.275 -
Biflakes edge H2O+hoBF-ZZ -0.184 - -0.090 -

H2O+hoBF-AC -0.222 - -0.102 -
H2O+heBF-AC-M -0.205 - -0.139 -
4(H2O)+hoBF-AC -0.495 -0.124 -0.184 -0.046

Defects H2O+DV-C144H34 -0.202 - -0.151 -
H2O+SW-C144H34 -0.193 - -0.149 -
H2O+V-C114H30 -0.230 - -0.157
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5.3.1 Water molecules intercalated in biflakes

At this point we move to the possibility of water intercalation between the GNFs,

which might have three final results: water stability inside, biflake instability due to

the presence of water, or water expulsion from the biflake. We did not insert a full,

complete water ”layer” between the flakes, just one molecule, and then a tetramer.

a) b) c)

g)e) f)

d)

h)

Figure 5.9: Three selected snapshots during the relaxation steps of one water molecule
intercalated in homo- and heterogeneous flakes: initial, intermediate and final geome-

tries. Upper panel for H2O with hoBF-AC and lower panel with heBF-AC-M.

a) b) d)c)

Figure 5.10: Snapshot during the relaxation steps of four water molecule intercalated
in homogeneous biflake H2O-HoBi-ZZ. a) Initial and b) final configuration for one
water molecule at highly symmetric position. d)Initial and e) final configuration for

one water molecule at non-symmetric position.
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a) b) c) d)

Figure 5.11: Snapshot during the relaxation steps of four water molecules inside of
homogeneous biflakes. a) Initial configuration, b) and c) intermediate geometries and

d) final configuration.

Recalling that the HZZ flakes remain completely planar whereas HAC flakes are

bent after the water molecule adsorption, it is very interesting to study the interaction

of water molecules with different biflake systems: hoBF-AC, hoBF-ZZ and heBF-AC-M.

The main differences between the biflake systems, hoBF and heBF, are the symmetry

and the edge types, because de number of carbon atoms is similar, N ∼ 220. These

two features allow us to study water molecule interaction inside two different border

conditions, that is, to investigate whether or not the edges are relevant for the inter-

action. First, we analyze the interaction of one water molecule inside the optimized

biflakes hoBF and heBF. After that we will move to the second configuration, (H2O)4

inside hoBF-AC.

In previous theoretical studies molecular confinement was analysed for two fi-

nite carbon-molecules stackings [130, 139, 140] (coronene and dodecabenzocoronene),

with water molecules. In these cases, the two carbon molecules were stacked with a

large separation distance, which was reduced gradually. Here, our starting configura-

tions are built from already stacked flakes, one water molecule is positioned approxi-

mately at the center of each biflake. In Figure 5.9 we show the initial configurations for

both hoBF and heBF. For the case of heBF the water molecule is localized almost in the

center of the system, with the oxygen atom on top of a C-atom of one of the flakes, at

∼ 5.7 Å from the ZZ-edges and ∼ 7.4 Å from AC-edges, while the distance for one wa-

ter molecule inside of the hoBF-AC, from the center to the edge, is just ∼ 7.4 Å because

of the symmety of the system.

During the geometry optimization process, we note that initially the water mole-

cule occupies an adsorption site at the center of the biflakes, while the carbon atoms

around the water molecule suffer a visible elongation in the perpendicular plane (see

Figure 5.9). This separation between the flakes increases by ∼ 0.7 Å for hoBF-AC and

∼ 0.8 Å for heBF-AC-M. After that, the competition between the water molecule dipole
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and the van der Waals contribution from flake stacking is evident. To address this

characteristic property of π −π stacked system, we include in our simulation also the

interaction of one water molecule stacked in the hoBF-ZZ.

Following the same procedure adopted for the other biflakes, one water molecule

was located in the center of the hoBF-ZZ. However in this specific case, after a full op-

timization the system goes to a metastable configuration, as shown in Figure 5.10(b).

This is possibly due to the strong interaction between the biflake borders in this case,

and the symmetrical placement of the molecule. However, when the water molecule is

slightly displaced from the symmetric position, the system exhibits the same behavior

as that already obtained for the other H2O and hoBFs interaction systems. In all cases,

the water molecule is repelled from the center of biflakes and remains adsorbed at the

edge of the biflakes, as we show in Figure 5.9. The water molecule is adsorbed in a

characteristic position on all biflakes: one hydrogen from the water molecule points

towards one of the hydrogen-atoms belonging to the GNF, at a distance of ∼ 2.2 Å.

From this characteristic configuration of one water molecule, we can obtain the

information about the nature of the interaction between the two systems. As we men-

tioned before, two are the main sources involved in the interaction, vdW and polar.

The interaction energies were calculated as the differences between the total energy

of the final configuration and the total energy of biflakes and a water molecule in the

vacuum. All these values are similar listed in Table 5.3, and we see that now the van

der Waals contribution is smaller.

Considering now the configurations of four water molecules inside hoBF-AC,

and recalling that each water molecule is capable of forming strong hydrogen-bonds

with the other water molecules, we intercalate four molecules inside the homogeneous

stacked flakes, at an almost equal distance relative to the edge of the biflake. In the ini-

tial configuration, the molecules occupy hollow sites of one of the stacked flake, or on

top of a carbon site, depends on reference framework (see Figure 5.11 (a)). Four inter-

mediate geometries are discussed here for the C114H30 |(H2O)4|C114H30 system, as we

show in Figure 5.11. We started with the structure Figure 5.11 (b) in which the corre-

sponding central carbon atoms again suffer a distortion in the perpendicular direction

to the water plane. After that, all water molecules start to leave the initial configura-

tion, to form a group arrangement. Though the cluster arrangement is not completely

the same as found for the isolated or on-surface arrangements, i.e. a square of oxygen

atoms, there exists a bonding between water molecules. We see next the expulsion of

the water group from the center of the biflakes, as seen for the single molecule. At the

final configuration the four water molecules are adsorbed at the biflake edge. The wa-

ter molecules tend to group and we see that the distance between the molecules with
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their first neighboring molecules is similar to the distances present in an isolated water

group, and the charactesitic donor and acceptor atoms are also identified.

Looking for the nature of the energy interaction, the Table 5.3 reports the energy

differences of all simulated water molecules interacting with biflakes. We see that the

interaction of the water molecule that is closer to the biflake edge, is due to van der

Waals contributions, while for the group of four waters of at the edge hoBF-AC the

contribution of van der Waals is only ∼ 40% percent of the total binding energy.

We can deduce that this interaction of the tetramer is indirect, the ”edge mole-

cule” of the group interacting with the flake edge, and the remaining interaction comes

from the hydrogen bonds inside the group.

5.4 Conclusions

The weakly bonded molecular aggregates involve no covalent interactions, origi-

nating from the interaction between induced or permanent dipoles. These may be dom-

inated by the electrostatic, induction, or dispersion interactions. Such no covalently

bonded assemblies can be further classified according to the nature of interactions in-

volved. In the case of water groups, the individual water molecules are held together

by hydrogen bond/dipolar interactions, whereas aggregates of the water molecules and

carbon flakes are bound by π and CH-bond interactions with a significant contribution

from the dispersion interactions.

Interaction of small water groups with carbon flakes is by the van der Waals

interaction, being almost 80 % of the total binding energy. We see the hydrophobic

character of C-sp2 material from water grouping over the carbon flakes.

In the case of stacked carbon flakes and water molecules, we note that three

no covalent interactions compete: van der Waals interaction between carbon flakes,

H-bond/dipolar interactions among water molecules, and van der Waals interaction

between water molecules and carbon flakes. These interactions are seen for all config-

urations. When the water molecules were localized in the internal region of biflakes,

after a full optimization, the molecules are repelled, forced out, but remain adsorbed

at the biflake edge. The water-water interaction is strong and the vdW flake-flake in-

teraction is very strong, thus the carbon nanostructure is maintained after expelling

the water molecules, or in other words, we recover the hydrophobicity of graphite for

these (ideal) nanostructures interacting with small water groups.
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Regarding TPI that is stable in the presence of abundant water, we can indicate

that even with the insertion of water in the edges, provoked by external conditions, the

nanocrystals would tend to be stable expelling the molecules of the internal part but

on the other hand keeping the water on the outside.

.
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Conclusions

In this work, we show a theoretical study based on density functional theory,

of the structural, electronic and magnetic properties of isolated graphene nanostruc-

tures, nano-flakes (GNFs) isolated and stacked. We also consider the interaction of

small water groups with GNFs and carbon nanostructures, in this case focusing on the

structural properties.

For isolated GNFs, the analysis of electronic and magnetic properties was car-

ried out using basically two functionals, one of them being the Generalized Gradient

Approximation (GGA-PBE) and the other a hybrid functional based on GGA-PBE. With

both approaches the electronic and magnetic properties present the same qualitative

behavior. Specifically, we found for hexagonal GNFs that the energy gap decreases

gradually as the flake size rises, and that one can relate the gap to the longest conjuga-

tion length L of a given flake. We saw that, for both hexagonal armchair and zig-zag

edges, the families show similar trends, and the dependence is very close to 1/L.

Regarding biflakes our study reveals strong noncovalent interaction between

these π-conjugated systems. For both homogeneous and heterogeneous stacking we

obtained energetically stable configurations. The electronic properties are also affected

and by the interaction we see the expected reduction of the HOMO-LUMO gap, of the

order of 0.2 eV.

Our study of the vacancy defect in graphene was done through different ap-

proaches, focusing on effects on the electronic and magnetic structure. To do that, we

used both cluster and periodic supercell models, and different exchange-correlation

functionals, PBE and hybrid DFT-HF with a fraction α of Hartree-Fock exchange cho-

sen to properly describe the electronic properties of graphene close to the Fermi energy,

83



Chapter X. Conclusions 84

specifically PBE0 α = 0.25. The inclusion of Hartree-Fock exchange is crucial and, al-

lows us to arrive at the value of µV = 2µB for the magnetic moment of the isolated

vacancy defect, after careful analysis of all adopted models. In addition, we find that

the spin density created by an array of vacancies can show interesting directional prop-

erties.

Finally, our understanding of the interaction of water with graphene nanostruc-

tures reveals that the role of the vdW interactions in these systems is very important.

The total data obtained shows that for all systems considered in our study, the vdW

contribution EvdWb is almost 80 % of the total binding energy: this indicates that the

vdW interactions are indeed the driving force leading to a stable molecular adsorption,

which increases with the number of water molecules adsorbed on GNFs. We also re-

mark that the binding energy per molecule is allways one order of magnitude higher

than the thermal energy available at room temperature, so we can expect the structures

to be stable (even if not static) at normal conditions.

Concerning the stability of stacked graphene nano-flakes in the presence of

water, we found that, for our ideal models of one biflake with inserted small water

groups, the van der Waals interaction between flakes in stronger and conflicting with

the molecule-flake interactions, and acts to expel the group from the internal region,

keeping intact the stacked structure and retaining the group in close vicinity, but at the

edges.

The results we presented for the vacancy in graphene are relevant for the study

of other defects in this highly interesting system. As for the study of the interaction

of graphene nanostructures with water, our work is just the beginning and we hope it

will promote further investigation.
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[68] K. Müllen and J. P. Rabe, “Nanographenes as Active Components of Single-

Molecule Electronics and How a Scanning Tunneling Microscope Puts Them To

Work,” Acc. Chem. Res. , vol. 41, pp. 511–520, 2008.

[69] L. Zhi and K. Mullen, “A bottom-up approach from molecular nanographenes

to unconventional carbon materials,” J. Mater. Chem. , vol. 18, pp. 1472–1484,

2008.

[70] U. Beser, M. Kastler, A. Maghsoumi, M. Wagner, C. Castiglioni, M. Tommasini,
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