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Abstra
tTill re
ently, graphene was nothing but a theoreti
al 
on
ept. Nev-ertheless, a 
ouple of years ago, resear
hers managed to a
tually preparegraphene samples. Owing to its unusual ele
troni
 properties and greatpromises for appli
ations in nanoele
troni
s, this two-dimensional ma-terial has stirred a huge ex
itement in the s
ienti�
 
ommunity. How-ever, graphene is a zero-gap semi
ondu
tor preventing its use in mostof �eld 
ontrolled appli
ations su
h as �eld-e�e
t transistors (FETs).Many e�orts are therefore devoted to the patterning and 
hara
teriza-tion of graphene quantum dots and nanoribbons in whi
h energy gapsmay open due to the ele
troni
 
on�nement imposed by the edges. Inthis dissertation, the ele
troni
 and transport properties of graphene andgraphene nanoribbons are explored by means of ab initio te
hniques.Spe
ial attention is devoted to the impa
t of topologi
al imperfe
tions,su
h as point-defe
ts and edge re
onstru
tions. In parti
ular, we providetheoreti
al 
lues about the most stable defe
t topologies and we unveilthe me
hanisms that rule their ele
troni
 stru
ture, 
hemi
al rea
tivityand s
attering properties. Our fore
asts are expe
ted to be observedexperimentally.
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Chapter 1Prefa
eGraphene is the name given to the two-dimensional sheet of sp2bonded 
arbon atoms pa
ked into an honey
omb stru
ture. Till re
ently,graphene was nothing but a theoreti
al material, but resear
hers man-aged to a
tually isolate a graphene sample, a 
ouple of years ago, allow-ing the measurement of its ele
tri
al properties [1, 2, 3℄. The unusualfeatures reported stirred a huge ex
itement in the s
ienti�
 
ommunityand graphene rapidly be
ame the 
enter of an intense resear
h a
tivity.Owing to its geometry and the two dimensional 
on�nement of its ele
-trons, graphene has revealed many new physi
al phenomena and showngreat promises for appli
ations in nanoele
troni
s. [4℄. Indeed, the easeto tune the type and 
on
entration of 
harge 
arriers, as well as theextremely high 
arriers mobilities and 
oheren
e lengths experimentallyreported make graphene attra
tive for high frequen
y integrated 
ir
uits.Furthermore, its high stability, extreme �exibility and large thermal 
on-du
tivity are highly desirable for appli
ation in devi
es that operate inextreme 
onditions (high temperature, high pressure, irradiation). How-ever, graphene is a zero-gap semi
ondu
tor preventing the a
hievementof high Ion/Ioff 
urrent ratio in �eld 
ontrolled appli
ations, su
h as�eld-e�e
t transistors (FET). Many e�orts are therefore devoted to thepatterning and 
hara
terization of graphene quantum dots and nanorib-bons.Graphene nanoribbonsIn 
ontrast with graphene whi
h is a semi-metal, quasi 1D grapheneribbons are semi-
ondu
ting owing to the ele
troni
 
on�nement imposedby the edges. Re
ently, signi�
ant progresses have been a
hieved in thesynthesis of narrow graphene nanoribbons allowing the realization of
arbon based �eld-e�e
t devi
es [5, 6℄. Though large Ion/Ioff 
urrent1



2 Chapter 1. PREFACEratio (> 105) have been reported, the performan
es of su
h devi
es haveto be signi�
antly improved for the GNRs to be 
onsidered as reliable
omplements to the sili
on-based te
hnology. At the same time, 
hemi
aldoping and introdu
tion of dedi
ated defe
ts in graphene based materialsare being a
tively explored as a potential sour
e of innovation to tailorthe ele
troni
 properties of these nanostru
tures.The properties of these novel 
lass of hybrid 
arbon-based nanomate-rials remain to be fully 
hara
terized. With this respe
t, numeri
al stud-ies that expli
itly a

ount for the a
tual topology of the GNRs 
hannelwill surely help and fa
ilitate the improvement of the devi
es 
hara
ter-isti
s. The work presented hereafter parti
ipates to this e�ort and aimsto improve the understanding of the physi
al me
hanism ruling the ele
-troni
 and transport properties of defe
tive graphene nanoribbons.Quantum modellingUnderstanding and modeling the ele
troni
 transport in nanos
opi
devi
es is not at all an obvious task and 
ertainly requires the use of dedi-
ated tools. At short length s
ales, the quantum me
hani
al wave natureof the ele
trons plays a 
ru
ial role and the semi-
lassi
al models are notvalid anymore. Besides, in most operating 
onditions, the potential biasthat is imposed potentially brings the ele
troni
 population away fromits equilibrium 
on�guration. Addressing the transport problem at theatomi
 s
ale therefore requires a quantum theory of out-of-equilibriumsystems.Due to the nature of intera
tions between the parti
les, the equationsof quantum me
hani
 
annot be solved analyti
ally, with the notable ex-
eption of some highly prototypi
al systems. Therefore, to solve thequantum me
hani
al equatins, we must turn to numeri
al simulations.Within the large set of quantum modelling methods that have been devel-oped over the last few de
ades, the �rst-prin
iples, or ab initio te
hniquesrefer to the methods that do not need any a priori assumption regardingthe properties of the system under investigation. Most of the resultspresented throughout this dissertation have been 
omputed within su
han ab initio framework.Outline of dissertationIn Chapter 2, we outline some 
on
epts of quantum me
hani
s thatare relevant to the solution of the transport problem. In many situations,



3the out-of-equilibrium 
onditions asso
iated with the transport problemonly bring small 
orre
tions to the ground-state (GS) ele
troni
 den-sity. A good pra
ti
e is thus to rely on the GS ele
troni
 density as theguess density for the transport 
al
ulations. Therefore, the framework ofDensity Fun
tional Theory (DFT) that provides a �rm theoreti
al ba
k-ground for the 
al
ulation of the GS ele
troni
 density is reviewed inthe beginning of Chapter 2. In the perspe
tive of transport 
al
ulations,the implementation of the DFT equations in terms of a lo
alized basisset presents some 
onvenien
e. Some te
hni
al 
onsiderations regardingsu
h an implementation are then outlined and the Siesta 
omputationals
heme is introdu
ed [7℄. Finally, the des
ription of the ele
tri
 
ur-rent within the Non-Equilibrium Green's fun
tion formalism (NEGF) isdes
ribed. Though the NEGF allows to a

ount for the ele
troni
 
or-relation, it is worth mentioning that we fo
us on the des
ription of the
oherent propagation of 
arriers. To 
on
lude, we present an overview ofthe a
tual pro
edure implemented within the Smeagol pa
kage for the
al
ulation of the ele
tri
 
urrent [8℄ and we dis
uss the impli
it approx-imations used throughout our dissertation.In Chapter 3, the ele
troni
 stru
tures of graphene and graphenenanoribbons are investigated by means of tight-binding and ab initiote
hniques. A parti
ular attention is devoted to the me
hanisms thatrule the opening of energy gaps in the band stru
ture of GNRs. Whilethe energy gaps mainly originate from the quantum 
on�nement im-posed by the boundaries, additional e�e
ts su
h as the relaxation andre
onstru
tion of the edges are reported to have a 
ru
ial role in deter-mining the ele
troni
 properties of low energy ele
trons. Besides, theedge free energies asso
iated with di�erent re
onstru
ted edge patternsare 
omputed allowing us to draw some important 
on
lusions regard-ing the relative stability of the di�erent edge patterns. Finally, we showthat the Clar's sextet theory may be su

essfully applied to GNRs inorder to rationalized, to some extent, the 
lose 
onne
tion between theGNRs topology and its ele
troni
, magneti
 and stability 
hara
teristi
s.Some se
tions of this 
hapter have been published as part of a reviewpaper [9℄. Besides, the dis
ussion regarding the re
onstru
tion of GNRsat the edges is part of a forth
oming publi
ation that should 
ompletethe previous studies presented in Refs. [10, 11, 12℄.As supported by several experimental observations [13, 14, 15, 16℄,defe
ts are unavoidable in 
arbon nanostru
tures and are likely to playan important role regarding the ele
troni
, magneti
 and transport prop-erties of nanoribbons. In Chapter 4, the impa
t of point-defe
ts on the



4 Chapter 1. PREFACEele
troni
 states of GNRs is investigated. In parti
ular, we fo
us on theele
troni
 stru
tures, formation energies and re
onstru
tion me
hanismsof the va
an
ies and 
arbon adatoms. Not only these defe
ts are presentat thermal equilibrium, they are also of te
hnologi
al interest sin
e their
on
entration 
an be tuned by irradiation of the GNR samples. Owingto the high mobility of point defe
ts on the graphene plane, our resultssuggest that the main pinning me
hanism for va
an
ies and adatoms isthe re
ombination with the edge. Finally, the 
omputed formation en-ergies outline the poor robustness of the zigzag shapes edges regardingthe introdu
tion of defe
ts.The study of quantum 
harge transport phenomena in a
tual defe
-tive GNRs is of parti
ular interest for the engineering of novel fun
tionaldevi
es that would 
omplement the Sili
on based CMOS te
hnology. InChapter 5, the 
ondu
tan
e patterns of various bulk and edge defe
ts are
omputed. The transport properties are predi
ted to strongly depend onthe position, geometry and 
hemi
al rea
tivity of the defe
ts. The im-pa
t of a single defe
t appears to range from a vanishing ba
ks
atteringe�e
t to the full suppression of 
ondu
tion by the holes or ele
trons. Be-sides our results highlight the 
ru
ial role played by the ele
troni
 stateslo
alized along the zigzag edges in preserving the ballisti
 
ondu
tan
eof zigzag shaped GNRs. This a

ount for a strong di�eren
e betweenthe 
ondu
tan
e patterns of zigzag and arm
hair ribbons. Finally, wereport a tight-binding investigation of the ele
troni
 transport proper-ties of mesos
opi
 arm
hair shaped GNRs. The 
onsideration of longribbons (up to 5µm) allows us to rationalize the 
ondu
tan
e gaps ob-served experimentally. In addition, we propose the full hydrogenation ofthe edge as a new route to tune the robustness of the ele
troni
 
ondu
-tan
e against edge roughness. The dis
ussion regarding the role playedby the edge states should be introdu
ed in a forth
oming publi
ation.The investigation regarding the 
ondu
tan
e s
aling in long arm
hairGNRs has been re
ently a

epted for publi
ation.



Chapter 2Ele
troni
 transport :
on
epts and theory2.1 Introdu
tionAt short length-s
ales, where the devi
es behavior is 
hara
terizedby 
oherent tunneling, the semi-
lassi
al transport models are not validanymore and the quantum me
hani
al wave nature of the ele
trons has tobe 
onsidered. However, owing to the �ow of 
arriers through the devi
e,the transport problem 
an not be solved using the methods 
ommonlyen
ountered in quantum 
hemistry, where mole
ules are 
onsidered as
losed systems, or in 
ondensed matter physi
s, where advantage is takenfrom the periodi
ity of solids. Instead, a quantum theory that a

ountfor the in�ows and out�ow of 
arriers is needed.Besides, in most operating 
onditions, the external bias that is im-posed in order to maintain the 
arriers �ow brings the a
tive region awayfrom its equilibrium 
on�gurations and impedes the use of a single Fermidistribution fun
tion to 
hara
terize its ele
troni
 population. Therefore,addressing the transport problem at short length-s
ales requires a quan-tum theory for open systems in an out-of-equilibrium 
on�guration.The transport setupThe physi
al system on whi
h we fo
us throughout this work is de-pi
ted in Fig. 2.1. It is 
omposed of a �nite nanos
ale 
luster (e.g. amole
ule or any set of atoms) fun
tionalized to two bulk ele
trodes. Theele
trodes are assumed to be semi-in�nite, periodi
, defe
t-free (i.e. pris-tine 
rystals). The ele
troni
 states are thus largely delo
alized insidethe ele
trode and form 
ontinuous sets of allowed energy levels. The5
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Figure 2.1: S
hemati
 representation of a two-terminal transport setup 
on-ne
ted to an external battery. The devi
e, itself, is made from a �nite nanos
ale
luster fun
tionalized to two bulk ele
trodes assumed to be at thermal equilib-rium .ele
trodes are assumed to remain at the thermal equilibrium even if agiven potential bias (VBias) is applied a
ross the devi
e. Under this lat-ter assumption, the ele
troni
 distribution of the ele
trons deep insidethe 
onta
t is ruled by the Fermi distribution fun
tion,
f(E) =

1

1 + exp(E−µ
kbT

)
, (2.1)whi
h depends on the temperature (T) and the ele
tro
hemi
al potentialof the material (µ). On the other hand, the atomi
 
luster is assumedto be �nite and su�
iently short in size in order to keep away all thepolaroni
 e�e
ts that may appear when the length of the sample ex
eedsthe ele
troni
 mean free path [17, 18℄. Besides, we fo
us our dissertationonto those nanos
ale systems where strong 
orrelation e�e
ts are negli-gible. In parti
ular, we will assume that the 
arrier equilibration o

ursex
lusively deep into the ele
trodes and that the transport of 
arriersthrough the devi
e is mostly 
oherent.The isolated 
luster presents well 
on�ned ele
troni
 states with noele
troni
 dispersion. The dis
rete energy levels are populated by aninteger number of ele
trons. When the nanos
ale 
luster is 
onta
tedto the ele
trodes, some of the 
on�ned ele
troni
 orbitals 
ouple withthe ele
troni
 states belonging to the ele
trodes. As the 
luster orbitalsspread inside the ele
trodes, the ele
troni
 motion through the systembrings the jun
tion at the equilibrium. At the same time, a broadeningof the dis
rete energy levels is indu
ed by the 
oupling with the ele
-trodes. At the equilibrium, the ele
troni
 distribution of the 
omplete
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tion 7system (leads + 
luster) is ruled by a single Fermi ele
troni
 distributionfun
tion. In this situation no ele
tron �ows through the devi
e.In order to establish an ele
tri
 
urrent from one ele
trode (the sour
eele
trode) to the other (the drain ele
trode), the devi
e has to be intro-du
ed in an external 
ir
uit 
ontaining a battery that may externally�x the ele
tro-
hemi
al potentials of the ele
trodes. The appli
ation ofa bias brings the system out-of-equilibrium and an ele
tri
 
urrent mayeventually �ow through the devi
e. The sour
e ele
trode, whose energylevels have been raised up, keeps inje
ting ele
trons into the devi
e inan attempt to bring it ba
k in equilibrium. On the 
ontrary, the drainele
trode keeps pumping ele
trons from the devi
e for the same reasons.In the general 
ase, the ele
troni
 distribution fun
tion of the devi
e andthe ele
tri
 
urrents are time-dependent. However, hereafter, we 
on-sider only the 
ase of a steady-state 
urrent �ow through the jun
tion.One may reasonably assume this situation is rea
hed when the batterymaintains the sour
e and drain ele
trodes at a di�erent potential forsu�
iently long time.This pi
torial presentation of the devi
e setup highlights several as-pe
ts of the transport problem. First, the 
oupling between the ele
-trodes and the nanos
ale devi
e is 
ru
ial in determining the 
hemi
alpotential at equilibrium. Indeed, it �xes the redistribution of the 
hargewithin the jun
tion and the alignment of the dis
rete energy levels withrespe
t to the ele
trodes energy band stru
tures. These aspe
ts 
an bea

urately des
ribed within a quantum theory of the equilibrium. Se
-ond, the ele
trostati
 potential pro�le and the out-of-equilibrium ele
-troni
 density depend dire
tly on the applied voltage. The estimation ofthe I-V 
urve therefore involves to a

urately a

ount for the in�ow andout�ow of 
arriers that bring the mole
ular stru
ture out-of-equilibrium.Outline of 
hapterIn this introdu
tion, the physi
al system of interest has been pre-sented and the transport problem de�ned. The next se
tions aim topresent the method used to formulate the quantum transport. A parti
-ular attention is devoted to the derivation of a 
omputationally tra
tables
heme where the in�ow and out�ow of 
arriers is expressed in terms ofGreen's fun
tion.Sin
e the equilibrium situation is often a good starting point in orderto address the general issue of atomi
 systems out-of-equilibrium. Themain 
on
epts of the Density Fun
tional Theory (DFT) that allows to
ompute the ground-state ele
troni
 density of systems of ele
trons andnu
lei, are introdu
ed in Se
tion 2.2. Some aspe
ts spe
i�
 to the im-



8 Chapter 2. CONCEPTS AND THEORYplementation of the DFT with lo
alized basis sets, as done in the Siestasimulation 
ode [7℄, are dis
ussed in Se
tion 2.3. In Se
tion 2.4, the 
oher-ent transport of 
arriers from one ele
trode to the other is des
ribed bothin terms of stationary s
attering states and Green's fun
tions. Finally, inSe
tion 2.5, we present the self-
onsistent s
heme re
ently implementedin the Smeagol pa
kage [8℄ in order to 
ompute the out-of-equilibriumele
troni
 density and the 
oherent ele
tri
 
urrent in nanos
ale devi
es.2.2 The ground-state ele
troni
 densityOver the years, the density fun
tional theory (DFT) [19, 20℄ hasproved to be a powerful framework for the des
ription of many ground-state properties of both bulk and nanos
opi
 materials. This se
tionintrodu
es the way how DFT ta
kles the des
ription of systems made ofele
trons and nu
lei.2.2.1 The many-body problemIn non-relativisti
 quantum me
hani
s, the theoreti
al treatment ofthe motion of parti
les relies on the S
hrödinger equation. For one parti-
le in a time-independent potential, it is 
ommonly written in the form,
HΨ = EΨ , (2.2)with

H = − ~
2

2m
∇2 + V (r) , (2.3)where m is the parti
le mass and V (r) the external potential. Togetherwith appropriate boundary 
onditions, the S
hrödinger equation formsa well-de�ned problem whi
h, in the 
ase of a single parti
le, is easilytra
table and leads to well de�ned solutions. In the 
ase of a system ofele
trons and nu
lei, the Hamiltonian 
an be written as,

H =
∑

i

−~
2∇2

i

2Mi
+

1

2

∑

i6=j

ZiZje
2

|Ri −Rj |
−
∑

k

~
2∇2

k

2m

+
1

2

∑

k 6=l

e2

|rk − rl|
−
∑

k,i

Zie
2

|rk − Ri|
, (2.4)where Ri/j, rk/l, Zi/j , Mi/j and m are the nu
lei and ele
trons 
oordi-nates, the nu
lear 
harges and masses, and the ele
tron mass, respe
-tively. In Eq. 2.4, three 
oupling terms (i.e. terms involving the 
oor-dinates of two parti
les) appear in addition to the kineti
 energy opera-tors. These 
orrespond to the ion-ion, ele
tron-ele
tron and ion-ele
tron
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tion 2.2. The ground-state ele
troni
 density 9intera
tions. Though the problem is still well-de�ned, when the system
ontains a large number of intera
ting parti
les, the intera
tion termsmake the S
hrödinger equation too 
omplex for an exa
t solution. Addi-tional approximations have thus to be introdu
ed in order to ta
kle themotion of ele
trons and nu
lei in mole
ules and solids.In a �rst attempt to simplify the general problem, two major approx-imations may be done.(i) The large masses of the nu
lei, appearing in the nu
lei kineti
 en-ergy operator, imply 
hara
teristi
 velo
ities mu
h smaller than theones of ele
trons. One may then argues that the ele
troni
 
on�g-uration will "instantaneously" rea
ts to the motion of the nu
lei.On this basis, it is 
ommonly assumed that the adaptation of theele
troni
 density will not give rise to ele
troni
 transitions and willremain adiabati
. In this 
ase, the �rst two terms of Eq. 2.4 maybe treated independently of the others. It 
onstitutes the so-
alledBorn-Oppenheimer approximation [21℄.(ii) Among all the ele
trons of the system, only a small fra
tion ef-fe
tively determines most of the material properties, these are thevalen
e ele
trons. From this point of view, one 
an eliminate theexpli
it 
onsideration of the 
ore ele
trons by assuming them mov-ing rigidly with the nu
lei. The nu
lei-ele
tron intera
tion is thenrepla
ed by an arti�
ial, weaker potential whose aim is to mimi
the Coulomb attra
tion of the nu
lei properly s
reened by the 
oreele
trons, and whi
h a
ts on a set of pseudo-wave-fun
tion ratherthan the true valen
e wave-fun
tions. This 
onstitutes the pseudo-potential approximation [22, 23℄.Upon these two approximations, the many-body Hamiltonian takesthe form,
H = T e + V e−e + V ext (2.5)with

T e =
∑

k′

−~
2∇2

k′

2m
, V e−e =

1

2

∑

k′ 6=l′

e2

|rk′ − rl′ |
, V ext =

∑

i

V pseudo
i (r−Ri) .The k′ and l′ indexes are restri
ted to the valen
e ele
trons, and the nu
leipositions are 
onsidered as external parameters. At this stage, we areleft with an Hamiltonian still 
ontaining the 
oupling terms asso
iatedwith the ele
tron-ele
tron intera
tions. This makes the problem stillintra
table. A desirable way to over
ome this issue should be to �nd a
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tory expression for this intera
tion in terms of an e�e
tive one-parti
le potential,
V e−e ≃

∑

k

V eff (rk) . (2.6)In this 
ase, assuming the separability of the many-body wave-fun
tions,the problem redu
es to a set of de
oupled equations, ea
h one beingtra
table,
Ψ(r1, ..., rn) = ψ1(r1)ψ2(r2)....ψn(rn) , (2.7)with
[T e + V ext + V eff ]ψi(rk) = ǫi ψi(rk) . (2.8)The Hartree method is one of the simple re
asting of the many-bodyproblem in a set of single-parti
le equations is the Hartree method [24℄.The idea behind the method is to 
onsider ea
h parti
le as moving inde-pendently in the mean �eld due to all the others. The resulting expres-sion for the e�e
tive one-ele
tron potential is

V eff (rk) =
∑

i 6= k
i occupied

e2
∫

dri
|ψi(ri)|2
|rk − ri|

(2.9)
= e2

∫

dr
n(r)

|rk − r| − e2
∫

dr
|ψk(r)|2
|rk − r| . (2.10)Equivalently, the e�e
tive potential may be viewed as originating fromthe intera
tion of the kth-ele
tron with the ground-state ele
troni
 den-sity, redu
ed by the intera
tion of the kth-ele
tron with itself. The �rstterm on the right of Eq. 2.10 is 
alled the Hartree potential.Despite its simpli
ity, this model intera
tion gives some insight aboutthe properties of simple metals. However, to treat the large variety ofmaterials we have to go beyond this approximation. One 
an show thatby introdu
ing the Pauli ex
lusion prin
iple in the previous model andfor
ing the antisymmetry of the many-body wave-fun
tion, the qualityof the model intera
tion is signi�
antly in
reased, leading to the so 
alledHartree-Fo
k approximation [25, 26℄.The density fun
tional theory, whi
h is des
ribed hereafter, is amethod whi
h provides another improved re
asting of the many-bodyproblem in an equivalent one-body des
ription.



Se
tion 2.2. The ground-state ele
troni
 density 112.2.2 A fun
tional of the ele
troni
 densityThe density fun
tional theory has been very popular for 
al
ulationsin solid-state physi
s for a while. This is both due to many su

essful
omparisons with experimental results and a reasonable 
omputationaltime with respe
t to other methods. The theoreti
al footing of the den-sity fun
tional theory is made of two theorems.(i) The theorem of Hohenberg and Kohn [19℄ applies to systems ofintera
ting ele
trons in an external potential. It states that, insu
h systems, the external potential is uniquely determined by theground-state ele
troni
 density. In other words, the external po-tential, and by extension the Hamiltonian and the ele
troni
 en-ergy, are fun
tionals of the ele
troni
 density. Using the variationalproperty of the ele
tron energy operator, this result allows to re-formulate the sear
h of the ground-state ele
troni
 
on�gurationof a many ele
trons system as a fun
tional minimization over theele
tron density. Expli
itly, for a system of N ele
trons, the energyfun
tional that has to be minimized is,
Eel[n] = 〈Ψ∗|T e|Ψ〉 +

∫

drV ext(r)n(r) + 〈Ψ∗|V e−e|Ψ〉 (2.11)with the 
onstraint,
∫

drn(r) =

∫

dr1, ..., drN Ψ∗(r1, ..., rN )Ψ(r1, ..., rN ) = N .(2.12)(ii) The theorem of Kohn and Sham [20℄ provides a way to 
al
ulatethe ground-state ele
troni
 density asso
iated with a set of inter-a
ting ele
trons in an external potential (V ext). It shows that theHohenberg and Kohn energy fun
tional is minimized both by theele
troni
 density of the intera
ting ele
trons moving in the poten-tial V ext and by the ele
troni
 density of non-intera
ting ele
tronsmoving in an e�e
tive potential, 
alled the Kohn-Sham potential
V KS. This e�e
tive potential is,

V KS(r) = V ext(r) +

∫

dr′
n(r′)

|r′ − r| + V xc[n] . (2.13)In this formulation, all the physi
s related to the ele
tron-ele
tronintera
tion is stored in what is 
alled the ex
hange-
orrelation po-tential V xc. One has to note that this potential is a fun
tional ofthe ele
tron density whi
h is not known a priori.



12 Chapter 2. CONCEPTS AND THEORYIn the following, the name Density Fun
tional Theory will refer tothe re
asting of the many-body problem into a set of single parti
leKS equations that has to be solved self-
onsistently. With this respe
t,the Density Fun
tional Theory results from the 
ombined used of theHohenberg and Kohn [19℄, and, Kohn and Sham [20℄ theorems.2.2.3 The self-
onsistent solution s
hemeAssuming that the ex
hange-
orrelation fun
tional V xc is known, thetwo theorems introdu
ed in Se
tion 2.2.2 allow to set up a self-
onsistentpro
edure in order to ta
kle the initial many-body problem. The solutionof the system made of non-intera
ting ele
trons moving in the Kohn-Sham potential is easy to 
ompute. It is a Slater determinant built uponthe one ele
tron wave-fun
tions that are solutions of the one ele
tronS
hrödinger equation:
[
~

2∇2
k

2m
+ V KS(r)]ψk)(r) = ǫk ψk(r) . (2.14)Due to the dependen
e of the ex
hange-
orrelation fun
tional with re-spe
t to the "unknown" ele
troni
 density, Eq. 2.14 has to be solvedself-
onsistently until the ele
tron density, build as

n(r) =
∑

k occupied

ψ∗
k(r)ψk(r) , (2.15)is 
onverged. The solution s
heme involves the iterative improvement ofthe solution by the use, at ea
h step, of the 
al
ulated KS states for the
onstru
tion of the new potential. The Hohenberg and Kohn theoremstates that this pro
edure, when 
onvergen
e is rea
hed, gives the exa
tground state ele
troni
 density of the initial many-body problem.2.2.4 The ex
hange-
orrelation potentialThe main theoreti
al di�
ulty in the density fun
tional theory isthe treatment of the ex
hange-
orrelation (XC) energy sin
e its exa
tform is unknown. However, 
oming ba
k to the Hohenberg and Kohntheorem and Eq. 2.11, the physi
al 
ontent of the XC energy is readilyidenti�ed. Let's rewrite the ele
troni
 energy fun
tional as the sum offour 
ontributions,

Eel[n] = 〈Ψ∗|T e
0 |Ψ〉+

∫

drV ext(r)n(r)+e2
∫

drdr′
n(r)n(r′)

|r − r′| +Exc[n(r)] .(2.16)



Se
tion 2.2. The ground-state ele
troni
 density 13The four terms are : (i) a kineti
 term, taken as the kineti
 energy of thenon-intera
ting ele
tron gas of the same density, (ii) the 
ontribution ofthe external potential whi
h eventually 
ontains the pseudo-potentials ofall the ions, (iii) the Hartree energy whi
h a

ounts for the intera
tionof ea
h ele
tron with the total ele
troni
 
loud, and (iv) a remainingpie
e whi
h a

ounts for all the ele
tron-ele
tron intera
tions that arenot in
luded in the Hartree potential. This last pie
e (Exc[n(r)]) is theXC energy fun
tional, from whi
h the XC potential is derived,
Vxc(r) =

δExc[n(r)]

δn(r)
. (2.17)By deriving an adiabati
 
onne
tion between the Hamiltonian of theintera
ting ele
trons gas (Eq. 2.5) and the 
orresponding Kohn-ShamHamiltonian (Eqs. 2.13 and 2.14), it 
an be shown that the Exc[n(r)]fun
tional is an integral of the ele
troni
 density multiplied by an XCenergy density [27℄, (ǫxc),

Exc[n(r)] =

∫

dr′n(r′)ǫxc(r′, n(r)) . (2.18)While some mathemati
al properties of the XC energy density are knownexa
tly, its exa
t formulation remains unknown and the a
tual implemen-tation of the DFT have to rely on approximated fun
tionals.2.2.5 Approximated XC fun
tionalsThe simplest and most 
ommonly used approximation of the ex
hange-
orrelation fun
tional is the lo
al density approximation (LDA). Thislatter assumes a simpli�ed dependen
e of the ǫxc fun
tional [27, 28, 29℄,
ǫxc
lda = ǫxc(r′, n(r′)) . (2.19)In this form, the XC fun
tional does not depend anymore on the ele
-troni
 density in the whole spa
e but is purely lo
al. Within the most
ommon implementations, ǫxc is splited in its ex
hange and 
orrela-tion parts whi
h are independently approximated. The ex
hange part(ǫx(r′, n(r′)) is obtained from the ex
hange energy of the homogeneousele
tron gas for whi
h an exa
t analyti
al expression is known, while esti-mations of the 
orrelation part are obtained from a

urate Monte-Carlosimulations. The LDA fun
tional provides an a

urate des
ription of theatomi
 stru
ture, as well as the elasti
 and vibrational properties of mostsystems. However, the strong approximation, that is lo
ality, implies anoverestimation of the binding energies of mole
ules and solids, that 
an
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h ≈ 0.5 eV/atom.The natural step beyond the lo
al density approximation is to takeinto a

ount the dependen
e of ǫxc with respe
t to the gradient andlapla
ian of the density. This is a
hieved in the generalized gradientapproximation (GGA) [30, 31, 32℄ where the following form of the lo
alex
hange-
orrelation energy is assumed,
ǫxc
gga = ǫxc(r′, n(r′),∇n(r′),∇2n(r′)) . (2.20)The GGA fun
tional brings large improvements with respe
t to the lo-
al density approximation. For instan
e, energy barriers, adsorptionand binding energies are des
ribed in a more realisti
 way. However,semi-lo
al GGA fun
tionals still su�er some limitations. First, though
ommon GGA fun
tionals produ
e reliable results for all main typesof 
hemi
al bonds, these fails to 
apture the essen
e of the long rangevan der Waals intera
tion. This latter 
omes from the 
orrelated mo-tion of ele
trons between distant atoms or mole
ules that appears owingto long range Coulomb intera
tion. Se
ond, though su�
ient for thestru
tural and ele
troni
 investigation of most solids, the semi-lo
al ap-proximation is still too limited in order to generally insure the so-
alled
hemi
al a

ura
y, that is binding energies with an a

ura
y better than50 meV/atom [33, 34, 35℄. Third, usual lo
al and semi-lo
al ex
hange-
orrelation fun
tionals are rather versatile in predi
ting the magneti
 be-havior of solids. Indeed, the appearan
e of magneti
 order results froma subtle 
ompetition between ex
hange and kineti
 energy e�e
ts. BothLDA and GGA fun
tionals are known to underestimate the Coulombrepulsion a�e
ting the balan
e between ele
troni
 ex
hange and kineti
energy. The GGA fun
tional has been used for all the DFT 
al
ulationspresented in this work. The aforementioned drawba
ks should not signif-i
antly a�e
t the investigation of the stru
tural, ele
troni
 and transportproperties of graphene based nanostru
tures.A number of fully non-lo
al ex
hange-
orrelation fun
tionals havealso been developed. These in
lude the average density approximation(ADA) and the weighted density approximation (WDA) that depend notonly on the lo
al ele
troni
 density (n(r′)) but also on the density in someregion around ea
h point r′ [29℄. Finally, one also has to mention the ex-isten
e of orbital-dependent fun
tionals where the dependen
e of ǫxc withrespe
t to the ele
troni
 density is spited between the partial ele
troni
densities asso
iated with parti
ular subset of ele
troni
 orbitals. In this
lass, one �nds methods that involve LDA- or GGA-fun
tionals 
oupled
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tion 2.2. The ground-state ele
troni
 density 15with an additional term that depends on the KS-orbitals. The addi-tional term may aim to 
orre
t the unphysi
al self-intera
tion of the ini-tial fun
tional, as in the self-intera
tion 
orre
tion (SIC) s
heme [36, 37℄,or to add some physi
al information about the ele
troni
 
orrelations inthe form of an Hubbard 
orre
tion (LDA+U) [38, 39℄. These 
orre
teds
hemes leads to a signi�
antly improved des
ription of the magneti
behavior of solids [40℄.2.2.6 Matrix representationUp to now, the 
omputational aspe
ts related to the solution of theKS equation (2.14) have not been ta
kled. The usual approa
h to solvethe KS problem is to rely on a basis set of �nite size for the expansion ofthe KS orbitals and to use the asso
iated matrix representation of the op-erators in order to re
ast the KS equation into an eigenvalue problem. In
ombination with the self-
onsistent s
heme introdu
ed in Se
tion 2.2.3,it forms a 
omplete method for the 
al
ulation of the ground-state total-energy and ground state ele
troni
 density within the DFT. A more ex-tended review of the modern DFT implementation s
hemes is providedelsewhere [41℄.Various basis sets are 
ommonly used to a

urately 
ompute the oneparti
le states involved in the fully self-
onsistent DFT. Ea
h of thempresent spe
i�
 advantages and drawba
ks.(i) On one hand, sin
e they are the solutions of the KS equation inpresen
e of a 
onstant external potential, plane-waves (PW) ap-pear to be the natural 
hoi
e for the des
ription of nearly freeele
trons. Moreover, plane waves form a 
omplete, orthogonal, ba-sis set that allows to naturally take into a

ount the periodi
ityof 
rystals. The 
ombination of PW with the pseudo-potentialapproximation provides therefore powerful methods for the de-s
ription of periodi
 
rystals. Finally, the 
ompleteness of thePW basis set is easily 
ontrolled by the progressive introdu
tionof plane waves of higher kineti
 energy. This is a major advan-tage, sin
e it allows to determine the size of the basis set needed toassess the desired 
omputational a

ura
y. However, plane-wavesare not very e�
ient neither for the des
ription of �nite or in-homogeneous systems nor for the all-ele
tron 
al
ulations. Indeed,plane-waves are poorly suited to expand lo
alized states and a largenumber of waves are required to des
ribe the rapidly os
illatingwave-fun
tions in the 
ore region.



16 Chapter 2. CONCEPTS AND THEORY(ii) The real spa
e methods are alternative 
hoi
es for the solution ofthe Poisson and S
hrödinger equations. In 
ontrast to plane-waves,real spa
e methods are advantageous for �nite, non-homogeneous,non-periodi
 systems. Moreover, the spatial nature of the methodsallows to handle more easily non-lo
al potential and to use adaptivegrid to ta
kle the hard potentials and heterogeneities.(iii) On the other hand, linear 
ombination of atomi
-like orbitals soundsto be the natural way to des
ribe the binding in mole
ules and 
rys-tals. Indeed, the set of atomi
 orbitals 
entered on the atoms of thematerial may be viewed as the minimal basis set for the ele
troni
stru
ture 
al
ulations. In addition to the limited number of orbitalsneeded to des
ribe the ele
troni
 stru
ture, one major advantageof the lo
alized nature of the basis fun
tions is the sparse form ofthe Hamiltonian matrix that simpli�es greatly its diagonalization.However, this approa
h su�ers the la
k of systemati
 method toinsure the a

ura
y of the basis sets. Indeed, a given set of atomi
like orbitals may be very e�
ient for the des
ription of some atomi

on�gurations and quite poor for others. Spe
ial attention hasthus to be paid in order to insure the 
ompleteness and relativetransferability of the basis sets.2.2.7 Beyond the mean-�eld approximationAt this point, the many-body problem has been presented and theway to over
ome it within the DFT has been des
ribed. The DFT pro-vides a 
onvenient re
asting of the original many-body problem into aset of single-parti
le equations that have to be solved self-
onsistently.The unapproximated DFT allows to 
ompute exa
tly the ground-stateele
troni
 density and total energy asso
iated with the initial many-bodyproblem. This is su�
ient when one is interested in the stru
tural prop-erties of atomi
 systems and a

ounts for most of the su

esses of thetheory. However, it has to be reminded that, in 
ontrast to the ele
troni
density, the KS eigenstates and energies are mean-�eld approximationsof the exa
t solutions of the S
hrödinger equation. Therefore, there is no�rm theoreti
al justi�
ation for their identi�
ation with the a
tual ele
-troni
 states and ex
itation spe
tra observed in experiments. Thoughthe DFT has proved to produ
e quite a

urate results in predi
ting thedispersion relations of valen
e and 
ondu
tion bands in most of systems,the theory presents some pathologies in des
ribing the system responsesto external probes and ex
itations. One of these pathologies is known asthe band gap problem and a

ounts for the failure of DFT when determin-
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troni
 density 17ing the energy band gap (Egap) of semi
ondu
tors and insulators. This isan important drawba
k for the investigation of the transport propertiesof nanos
ale systems where the ele
troni
 gap often plays a 
ru
ial rolein determining the potential lands
ape felt by the propagating ele
trons.Regarding the ex
ited states, the physi
al informations related tothe ex
itation spe
tra are 
ontained within the one- and two-ele
tronsGreen's fun
tions rather than the ele
troni
 density. The Many-BodyPerturbation Theory (MBPT), that 
onsiders expli
itly these Green'sfun
tions, is a method to improves the des
ription of the ex
ited ele
-troni
 states within the DFT s
heme. In this theory, the ele
troni
 
orre-lation is not anymore des
ribed by the ex
hange-
orrelation potential butrather by a self-energy operator (Σxc) that is non-lo
al, non-hermitianand energy dependent. The 
ommon implementations of this theory relyon the approximation of the self-energy operator as the produ
t of thesingle-parti
le Green's fun
tion (G(r, r′, E)) by the dynami
ally s
reenedCoulomb intera
tion (W (r, r′, E)) and are 
alled GW approximations.Further des
ription of the MBPT and its approximations 
an be foundelsewhere [42, 43, 44℄.Alternative methods to the Density Fun
tional Theory, that do notsu�er the drawba
ks of the mean-�eld approximation, also exist for thesolution of the many-body S
hrödinger equation. For example, QuantumMonte Carlo (QMC) [45℄, as well as Con�guration Intera
tion (CI) [46℄,and Coupled-Cluster (CC) [46, 47℄ methods expli
itly a

ount for themany-parti
le nature of the wave-fun
tions. All these methods are mu
hmore a

urate than the LDA and GGA implementations of the DFT butat the expense of larger 
omputational demand.In this work, the Density Fun
tional Theory is used for the inves-tigation of the energeti
s and stru
tural properties of graphene-basednanostru
tures. These properties are known to be well des
ribed withinthe DFT. Therefore, the geometries and 
ohesive energies presented here-after are dire
tly meaningful. On the 
ontrary, the 
omputed energy gapsare largely underestimated owing to the well known band gap problem.Hopefully, most of the physi
al interpretations proposed in this wok areindependent of the Egap value, and the band gap problem should nota�e
t the 
on
lusions drawn from the DFT 
omputed band-stru
ture.Further 
omparison of the band stru
tures of graphene and graphenenanoribbons 
omputed within the DFT and DFT+MBPT frameworksare provided in Chapter 3.



18 Chapter 2. CONCEPTS AND THEORY2.3 DFT in terms of Numeri
al atomi
 orbitals:the Siesta methodMany software pa
kages provide implementations of the density fun
-tional theory. They di�er in their robustness, a

ura
y and requirementsin terms of 
omputational time and memory. Moreover, some are mostdedi
ated to the des
ription of mole
ules and �nite systems while oth-ers are spe
i�
ally designed for 
rystals. The system of interest, as wellas the required a

ura
y have thus to be taken into a

ount within the
hoi
e of a spe
i�
 implementation.In the perspe
tive of transport 
al
ulations, the use of a lo
alized ba-sis set, su
h as atomi
-like orbitals, presents some 
onvenien
e. Indeed,the lo
alized nature of the basis fun
tions involve a dire
t 
orresponden
ebetween well de�ned spatial regions and subsets of basis fun
tions. Thisallows to split the in�nite matri
es (i.e. the operators) into blo
ks re-lated to the ele
trodes and blo
ks related to the devi
e. Moreover, sin
etypi
al two probes transport setups often requires to a

ount for severalhundreds of atoms, a large 
omputational gain is asso
iated with the useof e�
ient lo
alized basis sets. In 
on
lusion, an implementation relyingon su
h basis set (the Siesta method [7℄) has been 
hosen for this study.In addition, the a

ura
y of our 
al
ulations has been assessed by 
om-parison with results produ
ed within a robust PW s
heme (the Abinitpa
kage [48℄).The Siesta method is a fully self-
onsistent DFT method whi
h useslinear 
ombinations of numeri
al atomi
 orbitals (NAOs). It allows totreat the ex
hange-
orrelation part of the energy both within LDA andGGA, and 
an handle various type of norm-
onserving pseudo-potentials.In this se
tion, some spe
i�
ities of the Siesta method are presented.2.3.1 The numeri
al atomi
 orbitalsThe Siesta method relies on stri
tly 
on�ned basis orbitals. Beyond auser de�ned radius, the orbitals are zero. Moreover, the basis are atomi
like, whi
h means that they are produ
ts of radial fun
tions times spher-i
al harmoni
s. A typi
al basis set is 
omposed of orbitals (
ommonlybetween 5 and 20 orbitals per atom) 
entered on the atomi
 positions{Ri, i = 1, ...., N}, N being the number of atom entering the 
al
ulation.I.e.
φi

lm,k(r) = φi
l,k(|r − Ri|)Ylm(r̂), (2.21)where i labels the atoms, and, l,m refer to the angular and magneti
moment of the spheri
al harmoni
. In addition, the su�x k is used to



Se
tion 2.3. the Siesta method 19distinguish the di�erent radial fun
tions asso
iated with the same spher-i
al harmoni
 (Ylm(r̂)). Following the nomen
lature of quantum 
hem-istry the use of several basis fun
tion with the same angular dependen
egenerates what is 
alled "multiple-ζ" basis set.The minimal (single-ζ) basis set1 is made of the valen
e eigenfun
-tions of the pseudo-atom introdu
ed within a spheri
al potential well ofradius rc. In other words, the radial fun
tions are taken as the numeri
aleigenfun
tions of,
(

− 1

2r

d2

dr2
r +

l(l + 1)

2r2
+ Vl(r) + V well

l (r)

)

φl(r) = (ǫl + ∆ǫwell
l )φl(r) ,(2.22)with φi

l(r) = 0 for r ≥ rc. Here Vl(r) is the l-
omponent of the pseudo-potential. V well
l (r) and ∆ǫwell

l are the 
on�ning potential and the asso-
iated energy shift of the pseudo-atomi
 eigenvalue. On one hand, small
uto� radii (rc) lead to well 
on�ned orbitals and fast 
al
ulations. Onthe other hand, these indu
e large displa
ement of the atomi
 energylevels (large ∆ǫl) and limit the quality of the model. Therefore, a 
om-promise has to be found. A good pra
ti
e 
onsists in in
reasing all the(rc) together up to the desired a

ura
y. This 
an be done by �xing ansmaller and smaller upper limit to the allowed energy shift (∆ǫ).Starting with the minimal basis set, more 
omplete set may be 
on-stru
ted by adding radial and angular �exibility. The Siesta s
hemefor adding radial degree of freedom [49℄ is based on the "split-valen
e"te
hnique whi
h is standard in quantum 
hemistry [50℄. The idea is to
omplement the original orbital (φζ1
l (r)) by a se
ond orbital (φζ2

l (r)),that a

ount only for the slow-de
aying tail of φζ1
l (r). Pra
ti
ally, theinitial orbital φζ1

l (r) is 
omplemented by an orbital φ2
l (r), that obeys,

φ2
l (r) =

{

rl(al − blr
2) r < rs

l

φζ1
l (r) r ≥ rs

l

. (2.23)The parameters al and bl are �xed by applying 
ontinuity 
onditions on
φζ2

l (r). An additional variable rs
l appears here, whi
h allows to determinethe relative norm of φζ1

l (r) and φζ2
l (r). This parameter rs

l should bevariationally optimized.To a

ount for the distortion of the atomi
 valen
e orbitals in the
rystal, it is often ne
essary to in
lude in the basis set more angulardegrees of freedom than just the atomi
 valen
e orbitals. Two s
hemes1Other s
hemes exist for the generation of a minimal basis set to be used by Siestabut this one is the standard pro
edure implemented in the Siesta pa
kage



20 Chapter 2. CONCEPTS AND THEORYallow to realize this extension. The simplest one is to in
lude the pseudo-atomi
 eigenfun
tions of higher momentum into the basis set. However,for most pseudo-potentials, these states of higher momentum are un-bound. Therefore, the orbitals obtained by Eq. 2.22 present large spatialextensions and their shape are mainly determined by the 
on�nement po-tential. Consequently, one understand that this pro
edure often presentpoor e�
ien
y. The other method 
onsists in in
luding the polarizationorbitals obtained from the valen
e atomi
 orbitals of highest angularmomentum. The polarization is done by applying a small ele
tri
 �eldusing �rst-order perturbation theory. This latter pro
edure appears tobe more e�
ient than the previous one. As a rule of thumb, it hasbeen 
he
ked that a variationally optimized basis set of double-ζ pluspolarization orbitals quality produ
es a

urate results for most systems.It is worth noting that this standard, robust s
heme may be easilyimproved [51, 52℄. A �rst possibility is to repla
e the in�nite spheri
alpotential well used to 
on�ne the pseudo-atomi
 orbital by a soft 
on-�nement potential. The variational optimization of the soft 
on�nementpotential dire
tly leads to improvement in the pseudo-atomi
 orbital def-inition. However, su
h s
heme has not been used in this work.2.3.2 The ele
troni
 HamiltonianOn
e the basis set has been determined, the matrix representation ofthe KS equation has to be 
omputed in order to allow the self-
onsistentsolution s
heme to be pro
essed using matri
es algebra.Within the pseudo-potential approximation, the KS equation may bewritten as,
Ĥe = T̂ e +

∑

i

V̂ pseudo
i (r) + V̂ Hart + V̂ xc(r) , (2.24)where V̂ pseudo(r) is the pseudo-potential 
entered on the ith atomi
 posi-tion, and V̂ Hart is the Hartree potential. In Siesta, the pseudo-potentialsare read in their general semi-lo
al form and transformed following theusual pres
ription of Kleinman and Bylander [53℄. Expli
itly, it meansthat the pseudo-potentials are �rst 
onsidered in the form,

V̂ pseudo(r) = |Yl,m〉Vl(r)〈Yl,m| , (2.25)where the Vl(r)s are the lo
al radial potentials a

ounting for the pseudo-potential approximation. Then, these are expressed as the sum of a fullylo
al term and a non-lo
al potential. The KB non-lo
al formulation de-
omposes the pseudo-potential in terms of the pseudo-atomi
 eigenstates
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al potential. I.e.
V̂ pseudo(r) = Vlocal(r) +

∑

l,m

∑

n=1,Nkb

|∆Vlφlmn〉〈φlmn∆Vl|
〈φlmn|∆Vl|φlmn〉

, (2.26)where ∆Vl = Vl(r) − Vlocal(r), and |∆Vlφlmn〉 are 
alled the Kleinman-Bylander proje
tors. Sin
e the pseudo-potentials have to reprodu
e ex-a
tly the ioni
 potential out of the 
ore region, these proje
tors areatomi
-like fun
tions stri
tly lo
alized within a sphere of radius rcore.Their similarity to the numeri
al atomi
 basis fun
tions makes their ma-trix elements easy to treat as two-
enter integrals. The lo
al part is then
onstru
ted as a positive 
harge distribution whose integral give the ion
harge. Sin
e this part is represented on a real-spa
e grid, its arbitraryde�nition is used in order to insure its smoothness and limit the size ofthe grid use for its representation.With these developments, the ele
troni
 Hamiltonian may be ex-pressed as,
Ĥe = T̂ e +

∑

i

V̂ local
i (r) +

∑

i

V̂ KB
i + V̂ Hart + V̂ xc(r) , (2.27)where∑i V̂

local
i a

ounts for the lo
al 
omponents of the pseudo-potentialsin their KB form, and ∑i V̂

KB
i is the non-lo
al part due to the KBproje
tors. To take full bene�t from the lo
alized nature of the basisfun
tions, an additional transformation may be performed in order toeliminate the long range intera
tions asso
iated with the V̂ local

i and al-low the expression of Ĥe in a sparse matrix form. To rea
h this goal,the lo
al potentials V̂ local
i are s
reened by the atomi
 potentials (V̂ atom

i )asso
iated with the atomi
 density ρatom
i . This latter is easily obtainedby the appropriate population of the pseudo-atomi
 orbitals (the basisfun
tions). Sin
e, by de�nition, these pseudo-atomi
 orbitals are 
on-�ned within an spheri
al volume, the s
reened neutral-atom potential

V̂ NA
i ,

V̂ NA
i = V̂ local

i + V̂ atom
i (2.28)is also limited to this volume. Finally, in order to re
over the originalele
troni
 Hamiltonian, the potentials (V̂ atom

i ) are subtra
ted from theHartree term. De�ning ∆ρ as the di�eren
e between the self-
onsistentele
troni
 density and the atomi
 densities,
∆ρ = ρscf −

∑

i

ρatom
i , (2.29)



22 Chapter 2. CONCEPTS AND THEORYand ∆V Hart as the ele
trostati
 potential generated by ∆ρ, the ele
troni
Hamiltonian may then be expressed as,
Ĥe = T̂ e +

∑

i

V̂ KB
i +

∑

i

V̂ NA
i (r) + ∆̂V Hart + V̂ xc(r) . (2.30)This last expression is the one used in the Siesta pa
kage to 
omputethe KS single-parti
le eigenstates. Owing to the expansion of the KSeigenstates in terms of atomi
 basis fun
tions, the KS equation has thematrix form,

H.cm = ǫm.S.cm , (2.31)with
ψm(r) =

∑

µ=1,Nbasis

φmu(r)cµ,m , (2.32)whi
h is nothing else than a generalized eigenvalue equation, solvableeither by dire
t diagonalization of by iteration te
hniques.In brief, we have des
ribed how the original Kohn-Sham equation isimplemented within the Siesta pa
kage in order to take bene�t from thelo
alized nature of NAOs. This s
heme has been widely used throughoutthis work, and has proved to be e�
ient for the geometry optimizationand ele
troni
 density 
al
ulation of systems 
omposed of up to sevenhundred atoms.2.4 The ele
tri
 
urrentThe purpose of this se
tion is to survey the theory that underlies the
oherent quantum transport in nanos
ale devi
es. We have 
hosen tointrodu
e the 
on
epts progressively and to limit our des
ription to thetheoreti
al aspe
ts that are dire
tly related to the simulations performedin this work. As su
h, it may yet be mentioned that this se
tion as well asthe subsequent 
hapters of this manus
ript will fo
us on the des
riptionof the 
oherent transport only. All the non-
oherent e�e
ts (e.g. theele
tron-ele
tron, and ele
tron-phonon intera
tions) are kept for futureinvestigation.2.4.1 The semi-
lassi
al approa
hThe understanding of 
harge transport at the mesos
opi
 level hasboth taken bene�t from the evolution of the semi
ondu
tor industry anddriven major progresses in mi
roele
troni
 devi
e. As a 
onsequen
e, thefundamental developments have been 
losely related to the te
hnologi
al
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tri
 
urrent 23needs. In semi
ondu
tor, 
arriers 
an be reasonably des
ribed as semi-
lassi
al parti
les within the e�e
tive mass or the k.p approximationsand semi-
lassi
al transport models have been used for long to give a �rstunderstanding of the observed transport properties. In this se
tion, webrie�y present the Boltzmann transport equation whi
h is the theoreti
algrounding of most of semi-
lassi
al methods.With great intuition, the Boltzmann kineti
 theory and previous Li-ouville's work introdu
e a 
onne
tion between the regime of dynami
sand the one of thermodynami
s in order to des
ribe the properties ofatomi
 gasses. Early in the years 1870, Boltzmann introdu
ed the 
on-
ept of single-parti
le probability distribution fun
tion (usually denotedas f(r,p, t)) and proposed the well known Boltzmann transport equation(BTE) to rule its time evolution,
df(r,p, t)

dt
=

∂f

∂t
+ ∇rf .

dr

dt
+ ∇pf .

dp

dt

=
∂f

∂t
+ ∇rf .

p

m
+ ∇pf .∇rV (r, t)

=
∂f

∂t

∣

∣

∣

∣

coll

, (2.33)where the quantity ∂f
∂t |coll des
ribes the e�e
t of all the 
ollisions in theele
tron gas and a

ounts for the s
attering pro
esses. Note that thisequation derives dire
tly from the Liouville's theorem whi
h rules theparti
les �ux 
onservation in phase spa
e. Within the k.p approximationand under the assumption of an ele
trostati
 potential, Eq. 2.33 simpli�esto,

∂f

∂t
+

1

~
∇rf .∇kE(k) +

q

~
∇kf .E(r, t) =

∂f

∂t

∣

∣

∣

∣

coll

. (2.34)Moreover, it 
an be shown that in the absen
e of external �elds andupon proper de�nition of the 
ollision term, the BTE equation involvesthe evolution of f(r,p, t) towards to the Fermi-Dira
 distribution fun
-tion. As it is, to solve the integro-di�erential BTE is a highly di�
ultnumeri
al task. In pra
ti
e, the 
ommon usage is to approa
h the BTEsolutions using limited expansion of the equation with respe
t to small
hange of the momentum. These expansions lead to various useful equa-tions in
luding the popular drift-di�usion equation whi
h has generatedmany su

esses in the understanding of semi
ondu
tor devi
es.However, the Boltzmann distribution fun
tion is a 
lassi
al obje
t(the r̂ and p̂ observables do not 
ommute in quantum me
hani
) and theappli
ation of BTE fails at the extremely short length-s
ales and veryhigh frequen
ies where the wave nature of ele
trons gives rise to the un-
ertainty prin
iples. E.g. quantum e�e
ts su
h as the quantization of
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troni
 
harge or the phase 
oherent propagation of ele
trons, whi
hgive rise respe
tively to the Coulomb blo
kade e�e
t and the quantiza-tion of the 
ondu
tan
e, are not a

essible within the Boltzmann kineti
theory.2.4.2 Phase-
oherent quantum transport:The Landauer-Büttiker formalismThe modeling of transport at extremely short length s
ales fa
es thelimitations of the Boltzmann transport equation and a quantum me
han-i
al des
ription of the ele
trons is thus needed. The formally simplestapproa
h to this problem is the well-known theory pioneered by Lan-dauer [54, 55℄ and Büttiker [56, 57℄. They proposed and elegant wayto address the phase 
oherent quantum transport. In this approa
h,the 
urrent is view as "a 
onsequen
e of the inje
tion of 
arriers at the
onta
ts and their probability to rea
h the other end" [54℄.The quantum of 
ondu
tan
e :We start by 
onsidering the simple and highly prototypi
al devi
emade of a unique ballisti
 
hannel of length L (e.g. a region with 
onstantor periodi
 potential and no s
attering) atta
hed to two large 
onta
tsassumed to be at thermal equilibrium and 
hara
terized by the Fermidistribution fun
tions fl and fr. In this 
ase, sin
e the 
hannel is purelyballisti
, the probability of transmission is equal to one for all the ele
troninje
ted in the 
enter part2. The Hamiltonian of the system may bewritten as,
[

− ~
2

2m
∇2 + U(r)

]

Ψ(r) = EΨ(r) , (2.35)where U(r) is the potential whi
h realizes the ele
troni
 
on�nementin the x and y dire
tions and is 
onstant along the z-axis. The freepropagating nature of ele
trons along the z-axis allows to write the wave-fun
tions as,
Ψ(r) = Ψnk(r) = eikz.χn(x, y) with E = En(k) =

~
2k2

2m
+ ǫn (2.36)where ǫn is the quantized energy asso
iated to the eigenmodes χn(x, y)of the 
on�ning potential. Finally, the group velo
ity of an ele
tron in a2Experimentally, this prototypi
al situation 
an be approa
hed by the realizationof a very tight 
onstri
tion in a 2D ele
tron gas
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i�
 mode is given by,
v±n (E) = ±1

~

∣

∣

∣

∣

dEn(k)

dk

∣

∣

∣

∣

En(k)=E

, (2.37)where the ± su�x is added in order to distinguish the right and leftpropagating modes, whose group velo
ities ful�ll v+
n (E) = −v−n (E).We assume further that the 
onta
ts are perfe
t absorbers, whi
hmeans that any ele
trons 
oming from the ballisti
 region 
an enter the
onta
t with a negligible probability of re�e
tion3. The two 
onta
tsinje
t �ux of ele
trons in the devi
e; some are re�e
ted at the interfa
ebetween the 
onta
t and the ballisti
 region, the others are transmittedand go on, without s
attering, through the ballisti
 region to the other
onta
t. Sin
e there is no ba
k-s
attering inside the 
hannel and the 
on-ta
ts are re�e
tion-less, the right/left propagating modes of the ballisti
region may be thought as being populated only by propagating statesin
ident from the left/right 
onta
ts. These latter are 
hara
terized bythe fl/fr distribution fun
tions.Sin
e an ele
troni
 density (nkm = 1

L) is asso
iated to ea
h state inthe ballisti
 region, the 
urrent I± = env± in
ident from the left/right
onta
ts may be expressed as
I± = 2e

∑

k,m

nkm.v
±
km.f

l/r(Em(k))

= ± 2e

L~

∑

k,m

∣

∣

∣

∣

dEm(k)

dk

∣

∣

∣

∣

.f l/r(Em(k))

= ±2e

h

∑

m

∫ ∞

−∞
dk

∣

∣

∣

∣

dEm(k)

dk

∣

∣

∣

∣

.f l/r(Em(k))

= ±2e

h

∑

m

∫ ∞

−∞
dE f l/r(E)

= ±2e

h

∫ ∞

−∞
dEM(E) f l/r(E) . (2.38)where the fa
tor 2 a

ounts for the spin degenera
y and the fun
tion

M(E) 
orresponds to the 
ounting of the χn(x, y) eigenmodes availableat the in
ident energy E.At the equilibrium, the two 
onta
ts present the same distributionfun
tions and the I+ and I− 
urrents 
an
el ea
h other. On the 
ontrary,3While apparently very 
rude, both experien
e and numeri
al simulations showthat this approximation is in agreement with the reality as long as the energy of thees
aping ele
tron is not too 
lose to the bottom of the energy band of the 
onta
t
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onta
ts are maintained at two di�erent ele
tro-
hemi
al po-tentials (µl and µr), a net ele
tri
 
urrent is expe
ted to appear throughthe ballisti
 
hannel. It is given by the di�eren
e between I+ and I−.At T = 0K, the Fermi-Dira
 distribution fun
tion is a step fun
tion, andthe 
urrent expression be
omes,
I =

2e

h

[∫ µl

−∞
M(E) dE −

∫ µr

−∞
M(E) dE

]

=
2e

h

∫ µl

µr

M(E) dE . (2.39)In the 
ase of one single χn(x, y) in the energy range de�ned by the Fermidistribution fun
tions [µr, µl], the 
urrent expression 
an be further re-du
ed to,
I =

2e2

h
.
(µl − µr)

e
=

2e2

h
.Vbias , (2.40)where Vbias is the voltage drop between the left and right ele
trodes.This development highlight the existen
e of a 
ondu
tan
e G0 = (2e2

h ) =
12.9 [kΩ], known as the quantum of 
ondu
tan
e, asso
iated with everyballisti
 
hannel 
onne
ted to re�e
tion-less 
onta
ts. This quantum of
ondu
tan
e has been measured early in the 1960s [58℄. The experimenthas used quantum point 
onta
ts to 
reate a 
onstri
tion mu
h shorterthan the ele
tron mean free path between two wide metalli
 
onta
ts.Note that the appellation quantum of 
ondu
tan
e does not mean thatall the measured 
ondu
tan
es have to be integer multiples ofG0. Indeed,this is no more the 
ase in the presen
e of s
attering 
enters or at �nitetemperature.A general approa
h of the s
attering :The simple approa
h presented in the last se
tion 
an be generalizedin order to ta
kle the 
oherent ele
troni
 transport in nanodevi
es. Thesystem we would like to des
ribe is represented in Fig. 2.41, where it hasbeen 
onveniently divided into three parts: (i) the left and (ii) right leadsthat are assumed to be made of perfe
t, defe
t-free 
rystalline materials,and (iii) a 
entral region that 
an be any kind of set of atoms. This re-gion, whi
h potentially 
orresponds to the a
tive part of the devi
e, 
ouldthus be a single atom, a mole
ule, a se
tion of 
arbon nanotubes or evena bulk slab. Besides, the 
entral part and the leads may either havethe same 
ross-se
tion dimensionality (e.g. a two-dimensional slab ofmagneti
 material between two non-magneti
 semi-in�nite leads) or not(e.g. a single mole
ule stret
hed between two massive gold ele
trodes).However, we will assume hereafter that an a

ount of the system dimen-sionalities 
an be a
hieved by re
asting the problem into an equivalent
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Figure 2.2: S
hemati
 representation of the two-terminal transport setup.[Top panel℄ The devi
e is 
onta
ted to two semi-in�nite bulk ele
trodes as-sumed to be at thermal equilibrium. [Bottom panel℄ Blo
k-de
omposition ofthe Hamiltonian into sub-matri
es asso
iated with the 
entral region and theprin
ipal layers of the semi-in�nite leads. HD 
ontains all the intera
tions insidethe 
entral region. HLD and HDR des
ribe the 
oupling between the 
entralregion and the leads. H0 a

ounts for all the intera
tions inside the prin
ipallayers (PLs) of the leads. H1 des
ribes the 
oupling between nearest-neighborsPLs. .
one whi
h presents a translational symmetry along the dire
tions per-pendi
ular to the transport axis. In this way, the Blo
h theorem holdsalong the transverse plane and the original transport problem 
an be
onveniently divided into a set of independent problems asso
iated ea
hwith one transverse k-point.In order to fa
ilitate the following dis
ussions, it is 
onvenient to de-s
ribe the system by means of prin
ipal layers. A prin
ipal layer (PL) isthe smallest set of atoms that represents a unit 
ell of the semi-in�nite
rystal forming the leads and whi
h intera
ts only with the nearest-neighbors PLs. Therefore, owing to the de
omposition onto a set oflo
alized basis fun
tions, the Hamiltonian of the system under 
onsider-
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an be written as,
H = φ̂†k





















... ... ... ...
H−1 H0 H1 0 ...

0 H−1 H0 HLD 0 ...
... 0 HDL HD HDR 0 ...

... 0 HRD H0 H1 0
... 0 H−1 H0 H1

... ... ... ...





















φ̂k . (2.41)
Here, H0 is the [n∗n℄ matrix that des
ribes all the intera
tions within theprin
ipal layers. Similarly (HD) is the [m ∗m] matrix des
ribing the in-tera
tions within the 
entral region. Here, n and m are the total numberof basis set lo
alized within a prin
ipal layer and the the 
entral region,respe
tively. Finally, the intera
tions between nearest-neighboring PLsare 
ontained in the [n ∗ n] H1 matrix, and the intera
tions between the
entral part and the left (right) lead is des
ribed in the [n ∗m] ([m ∗ n])
HLD (HDR) matrix. Besides, if the system preserves the time-reversalsymmetry, H−1 = H†

1, HDL = H†
DL and HDR = H†

RD. It is worth men-tioning that in the 
ase of non-orthogonal lo
alized orbitals, the overlapmatrix (S) adopts the same form as the Hamiltonian (H).Open boundary 
onditions and s
attering states :With this notation in terms of PLs, the time-independent S
hrödingerequation of the isolated 
onta
t [ H|ψ〉 = E S|ψ〉 ℄ will assume the form,
K−1Cα−1 +K0 Cα +K1 Cα+1 = 0 , (2.42)where Cm is a ve
tor of length n, and α label the su

essive PLs. Here,we have introdu
e the K matri
es de�ned as,

K0 = H0 − ES0

K1 = H1 − ES1

K−1 = H−1 −ES−1 . (2.43)Note that, for some appli
ation, it is also 
ommon to write the Eq. 2.42in the so-
alled transfer-matrix form [59, 60, 61, 62, 63℄,
(

− (K1)
−1 .K0 − (K1)

−1 .K−1

1 0

)

.

(

Cα

Cα+1

)

=

T .
(

Cα

Cα+1

)

=

(

Cα−1

Cα

)

, (2.44)
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urrent 29where T is 
alled the transfer-matrix.Sin
e deep inside the 
onta
ts, the leads are periodi
 along the trans-port dire
tion, the ele
troni
 s
attering states of the system have to obeythe asymptoti
 behavior of propagating Blo
h states. The S
hrödingerEq. 2.42 inside the 
onta
t 
an therefore be re-expressed into the follow-ing eigenvalue problem:
(

− (K1)
−1 .K0 − (K1)

−1 .K−1

1 0

)

.

(

Cα

Cα+1

)

= eikd

(

Cα

Cα+1

)

,(2.45)where d is the length of the PLs along the dire
tion of transport. Solvingthis equation for both leads, yields two sets of 2n 
omplex waves-ve
tors(kL/R
j : j = 1, ..., 2m) and their asso
iated bulk 
omplex state-ve
tors(φL/R
kj

). These propagating (and de
aying) Blo
h states are the basisfun
tions on whi
h the transport problem is developed. By 
onvenien
e,we order the wave-ve
tors su
h that the �rstm states are in
oming to thes
attering region, and the other m outgoing from the s
attering region.Finally, the open boundary 
onditions of our original transport problem
an be des
ribed in terms of the bulk states φL/R
j by imposing the properasymptoti
 form on the stationary s
attering states of H:

ΨL
kj

(r) =

{

φL
kj

+
∑2m

i=m+1 rij φ
L
ki

rz ∈ L
∑2m

i=m+1 tij φ
R
ki

rz ∈ R (2.46)where the transmission (tij) and re�e
tion (rij) amplitudes have beenintrodu
ed. Here, ΨL
kj

are the s
attering states that are in
ident fromthe left 
onta
t. These are 
hara
terized by kj in an asymptoti
 sense,i.e. these originate from the bulk states φkj
. A similar expression iseasily derived for the s
attering states ΨR

kj
that are in
ident from theright 
onta
t. The transmission and re�e
tion amplitudes found here,are the usual quantities of the s
attering theory and 
an be 
omputed,for example, by use of the transfer matrix te
hniques [59, 60, 61, 62℄.Computing the 
urrent :In the presen
e of 
oherent pro
esses only, a good strategy for the
al
ulation of the expe
tation value of every operators is to rely on theequilibrium distribution fun
tions f l/r to populate the ΨL/R stationarys
attering states. Following this pres
ription for the population of theele
troni
 states, the out-of-equilibrium density operator of the system
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onstru
ted as,
ρ̂ =

m
∑

j=1

[

|ΨL
kj
〉〈ΨL

kj
| .fL(E) + |ΨR

kj
〉〈ΨR

kj
| .fR(E)

]

, (2.47)where the fL/R (whi
h are the Fermi ele
troni
 distribution of the leftand right leads) have been used to �x the ele
troni
 population of the
ΨL/R s
attering states. The expe
tation value of the 
urrent densityoperators in the absen
e of a magneti
 �eld Ĵ(r),

Ĵ(r)Ψ(r) =
e~

2im
[Ψ∗(r)∇rΨ(r) − Ψ(r)∇rΨ

∗(r)] , (2.48)may then be 
al
ulated as,
J(r) = Tr

[

ρ̂ . Ĵ
]

. (2.49)Using the Landauer-Büttiker expression of the non-equilibrium densityoperator, the 
urrent density 
an be expressed as,
J(r) =

e~

2im





∑

j

WL
kj

(r).fL +
∑

j

WR
kj

(r).fR



 , (2.50)with
W

L/R
kj

(r) =
(

Ψ
L/R
kj

(r)
)∗

∇rΨ(r)
L/R
kj

− Ψ(r)
L/R
kj

(

∇rΨ
L/R
kj

(r)
)∗

. (2.51)All the ingredients are now gathered to 
ompute the total 
urrentthrough the devi
e. It is given by the integration of the 
urrent densityover the 
ross se
tion of the devi
e at a given position along the z-axis,
I(z) =

∫

S⊥,z

dS⊥,z J(r) . (2.52)Sin
e the 
urrent has to be 
onserved in the transport dire
tion, theintegration value 
an be performed at every 
ross se
tion (S⊥,z) alongthe z-axis. Of 
ourse, the easiest 
hoi
e is to perform the integrationin the leads where the asymptoti
 behavior of the s
attering states isknown. After some algebra, and using the orthogonality relations ofthe Blo
h states in the leads, one 
an obtain the well-known Landauer-Büttiker formula for the total 
urrent through the devi
e in terms of thetransmission amplitudes,
I =

2e

h

∫

dE T (E)
[

fL(E) − fR(E)
] (2.53)
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urrent 31where the transmission fun
tion of the system T (E) has been de�ned as,
T (E) =

m
∑

i=1

2m
∑

j=m=1

|ti,j(E)|2
|(vR

j (E))|
|(vL

i (E)| . (2.54)Here, vi and vj are the group velo
ity of the in
ident (φL
ki
) and trans-mitted (φR

kj
) bulk states, respe
tively. The transmission fun
tion de�nedin Eq. 2.54 is a 
onvenient quantity to ta
kle the transport problem.Indeed, in the Landauer-Büttiker approa
h the steady-state ele
tri
 
ur-rent of a given system is 
ompletely determined by the knowledge of itstransmission fun
tion sin
e the ele
troni
 distribution in the leads areassumed to be the Fermi equilibrium distribution.Note, that, up to now, the s
attering potential for a given bias be-tween the 
onta
ts has been assumed to be known, though no way hasbeen provided to 
ompute it. This is however, not a limitation of theLandauer-Büttiker theory. Indeed, pres
riptions have been assumed forthe 
al
ulation of the non-equilibrium ele
troni
 density in terms of thes
attering states whi
h are themselves of easy a

ess. So that, the DFTself-
onsistent solution s
heme 
ould be applied in order to allow the
al
ulation of the s
attering potential.2.4.3 Phase-
oherent quantum transport :The Green's Fun
tion FormalismAnother approa
h to solve the quantum transport problem is theGreen's fun
tion formalism [64, 65, 66, 67℄. It is worth mentioning thatthe use of Green's fun
tions, though 
onvenient, is not needed to ta
klethe problem of the 
oherent ele
troni
 transport in nanos
ale devi
e.Indeed, the Green's fun
tion (GF) te
hnique leads to the same expres-sion as the Landauer-Büttiker formalism for the net 
oherent 
urrent(Eq. 2.53). But the real power of the Green's fun
tions appears when in-
oherent pro
esses su
h as the ele
tron-ele
tron, or the ele
tron-phonon
ouplings are taken into a

ount. However, we do not address these sub-je
ts in this work, so that we limit ourselves to the des
ription of theequilibrium GF formalism.The Green's fun
tion :Hereafter, we will 
onsider again the parti
ular transport setup de-pi
ted in Fig. 2.2. Two semi-in�nite, defe
t-free, ele
trodes are 
oupledto a 
entral region, where all the s
attering pro
esses take pla
e. We are



32 Chapter 2. CONCEPTS AND THEORYthus dealing with an in�nite hermitian problem whose solutions are nota

essible by appli
ation of the Blo
h theorem owing to the 
entral regionthat breaks the symmetry. However, the problem 
an be solved by 
om-puting the retarded Green's fun
tion of the single-parti
le S
hrödingerequation. Roughly speaking, this fun
tion gives the response at any pointof the system due to a parti
ular ex
itation at any other. The retardedGreen's fun
tion of the full system (GR(E)) is de�ned as follows,
[(E + iδ) −H]Gr(E) = I (2.55)where I is an in�nite-dimensional identity matrix, (E+ iδ) is the energy
omplemented with an in�nitesimal imaginary part in order to insurethe 
ausality. H and S are the in�nite dimensional matrix Hamiltonianand overlap matrix.Another useful expression of the retarded GF is in terms of the 
omplete,orthonormal, set of eigenfun
tions {|Ψn(E)〉} of the de�ning operator,
H|Ψn(E)〉 = E|Ψn(E)〉 , (2.56)

Gr(E) = [(E + iδ) −H]−1 =

∫

dE′
∑

n

|Ψn(E′)〉〈Ψn(E′)|
E − E′ + iδ

. (2.57)In addition to the retarded Green's fun
tion (Gr), it is 
onvenient formany situations to introdu
e the system spe
tral fun
tion (A), de�nedas
A(E) = i

(

G(E) − G†(E)
)

= 2π
∑

n

|Ψn(E)〉〈Ψn(E)| . (2.58)As shown from the last equality, the spe
tral fun
tion is a meaningfulquantity. Its tra
e represent the density of states and within a spatialrepresentation, its diagonal elements 
orrespond to the lo
al density ofstates (LDOS).Finally, it is interesting to mention some properties of the GF asso
i-ated with the perturbation theory, sin
e it allows to set up a dire
t linkbetween the retarded GF and the s
attering theory. First, we note thatthe retarded GF gives the response of the system to a 
onstant pertur-bation (f) of the S
hrödinger equation. As an example, the solution ofthe equation,
(H− (E + δi)) |ψ(E)〉 = |f〉 (2.59)is given by

|ψ(E)〉 = −Gr(E) |f〉 . (2.60)
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urrent 33where Gr = [H − (E + δi)]−1. This also applies for a perturbationof the potential (V ). Assuming, that the solutions of the unperturbedS
hrödinger equation are known, (H0 |Ψ0
n〉 = En |Ψ0

n〉), the solutions ofthe perturbed S
hrödinger equation,
(

H0 + V − (E + δi)
)

|ψ(r)〉 = 0 , (2.61)are given by,
|ψ(E)〉 = |ψ0(E)〉 +G0(E)V |ψ(E)〉 ; (2.62)or equivalently,
|ψ(E)〉 = |ψ0(E)〉 +G(E)V |ψ0(E)〉 ; (2.63)where the G0(E) and G(E) fun
tions are the retarded GFs of the un-perturbed and perturbed system, respe
tively. It is instru
tive, to applythese relations, 
alled the Lippmann-S
hinger equations, to the s
atter-ing problem. Indeed, this allows to straightforwardly 
onne
t the bulkpropagating states of the isolated leads (|φL

kj
〉), to the stationary s
at-tering states of the 
omplete system (|ΨL

kj
〉). Assuming that the pertur-bation of the system (V ) 
orresponds to the 
oupling between the leadsand the 
entral region (i.e V = HLD + HDL + HDR + HRD, using thenotation introdu
ed in Eq. 2.41), the Lippmann-S
hwinger Eq. 2.63 gives

|ΨL
kj
〉 = |φL

kj
〉 +G(Ekj

)V |φL
kj
〉 . (2.64)Open boundary 
onditions and leads self-energies :We now apply the Green's fun
tion formalism to the transport prob-lem illustrated in Fig. 2.2. Similarly to what has been done in Se
-tion 2.4.2, we rely on a des
ription in terms of lo
alized basis set, and weassume a virtual partition of the left and right leads in PLs. Finally, weare interested in the retarded Green's fun
tion of the system. Thoughthe matrix that has to be inverted is in�nite-dimensional, the Green'sfun
tion formalism allows to a

ount naturally for the open boundary
onditions that rule the asymptoti
 behavior of the transport problem.In what follows, we will see that the Green's fun
tion of the 
entralpart 
an be easily 
al
ulated separately, without 
al
ulating the wholeGreen's fun
tion. From the de�nition of the retarded Green's fun
tion,
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



ǫ+SL −HL ǫ+SLD −HLD 0
ǫ+SDL −HDL ǫ+SD −HD ǫ+SDR −HDR

0 ǫ+SRD −HRD ǫ+SR −HR



 (2.65)
.





GL GLD GLR

GDL GD GDR

GRL GRD GR



 = I (2.66)with,
ǫ+ = (E + δi) (2.67)where the Hamiltonian, overlap and Green's matri
es have been dividedinto sub-matri
es 
orresponding to the left/right leads and the 
entralregion. The HL/R sub-matri
es a

ount for all the intera
tions inside theleft and right leads. These blo
ks are thus in�nite-dimensional [∞∗∞],as well as SL/R and GL/R. On the 
ontrary, the sub-matri
es in whi
h weare interested (i.e. SD, HD and GD) have the dimension [m ∗m], where

m is the number of degrees of freedom (i.e orbitals) in the 
entral region.Finally, the sub-matri
es HLD, and HDR, that represent the intera
tionsbetween the leads and the 
entral region, have the dimension [∞∗m] and
[m ∗∞], respe
tively. However, these sub-matri
es (HLD and HDR) area
tually zero with the ex
eption of the bottom/top n lines that representthe 
oupling between the last PL and the 
entral region (i.e. the HLDand HDR matri
es introdu
ed in Eq. 2.41 ). Here, n is the number ofdegrees of freedom (i.e orbitals) in the PL.Sele
ting the three blo
k-equations that involve GD, the followingsystem of equations is readily derived,

(

ǫ+SL −HL

)

.GLD + (SLD −HLD) .GD = 0(2.68)
(SDL −HDL) .GLD +

(

ǫ+SD −HD

)

.GD + (SDR −HDR) .GRD = 0(2.69)
(SRD −HRD) .GD + (SR −HR) .GRD = 0

.(2.70)Substituting the Eqs. 2.68 and 2.69 into Eq. 2.70, we obtain an expli
itexpression for the sub-matrix GD whi
h is the part we are a
tually in-terested in. The matrix (GD) has the form,
Gr

D(E) =
[

ǫ+ SD −Heff
D (E)

]−1 (2.71)
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Heff

D (E) = [HD − Σr
L(E) − Σr

R(E)] (2.72)where the 
on
ept of the retarded self-energies asso
iated with the leftand right leads has been introdu
ed,
Σr

L(E) =
[

ǫ+SDL −HDL

]

.G0r
L .
[

ǫ+SLD −HLD

]

Σr
R(E) =

[

ǫ+SDR −HDR

]

.G0r
R .
[

ǫ+SRD −HRD

]

. (2.73)Here, G0r
L and G0r

R are the retarded Green's fun
tion asso
iated with theisolated leads,
G0r

L/R =
[

ǫ+SL/R −HL/R

]−1
. (2.74)Though it might seem that we have not gained mu
h sin
e this lastequation still 
ontains in�nite matri
es, this is not exa
t. Indeed, theself-energy 
an be 
omputed easily by exploiting the fa
t that the in-tera
tion between the 
entral region and the leads only involves a �nitenumber of atoms 
lose to the interfa
e. Besides, owing to the sparsityof {HDL,SLD,HDR,SRD}, only the n lines of G0r

L/R that 
orrespond tothe surfa
e PL are a
tually needed in Eq. 2.73. This sub-matrix, thatwe 
all G0r
L/R has the �nite dimension [n∗n] and 
an be 
omputed eithersemi-analyti
ally or by re
ursion methods. This point is further detailedin Se
tion 2.5.1.To 
on
lude, we have seen that the Green's fun
tion expressed inEq. 2.71 is de�ned within the 
entral region only while the e�e
t of the
onta
t have been mapped into 
omplex self-energies. We note that theimaginary part of the self-energies a

ounts from the �nite lifetime ofthe ele
troni
 states inside the 
entral region. Indeed, due to the inter-a
tions with the 
onta
t, eigenstates 
an leak out from the 
entral region.Spe
tral fun
tion and density matrix :In order to set-up a 
omplete formalism, an expli
it expression forthe out-of-equilibrium density matrix in the 
entral region is needed. Inthe absen
e of inelasti
 pro
esses, su
h an expression 
an be derived inseveral ways. A possible route is to properly translate the expression pro-posed in Se
tion 2.4.2, in terms of the retarded Green's fun
tion. This
an be done owing to the 
onne
tion drawn by the Lippmann-S
hwingerequations. Another appealing way, is to rely on the general expressionderived within the Non-Equilibrium Green's Fun
tion (NEGF) formal-ism [65℄. Interestingly, both approa
hes produ
e exa
tly the same result.Here, we dedu
e the form of the out-of-equilibrium density matrix fromthe physi
al meaning of the spe
tral fun
tion [68℄.
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tral fun
tion is by de�nition 
losely related to the density-of-states (see Eq. 2.58). Using the proje
tor operator PD, that proje
tsonto the 
entral region, we de�ne the spe
tral fun
tion of the 
entralregion as AD = PDAPD. At equilibrium (µL = µR = µD) the 
ompletesystem is 
hara
terized by a single Fermi-Dira
 distribution fun
tion andthe ele
troni
 density 
an be expressed as,
ρ =

1

2π

∫

dE ADf(E − µD) . (2.75)This expression is not anymore valid when a bias is applied between theele
trodes (µL − µR 6= 0). However, in 
ase of 
oherent propagationof 
arriers, one 
an use equilibrium distribution fun
tions in order totreat the out-of-equilibrium situation. As presented previously in Se
-tion 2.4.2, ea
h s
attering eigenstates 
an be 
onsidered in equilibriumwith one of the two reservoir 
hara
terized by µL and µR. Here below, weshow that AD 
an be de
omposed in two 
omponents AL and AR, thatare asso
iated with the s
attering states in
oming from the left and rightleads, respe
tively. Upon the assumption of 
oherent transport only, anexpression for the out-of-equilibrium density matrix 
an thus be derived.The spe
tral fun
tion of the devi
e 
an be de
omposed in two parts
AL and AR,

AD = i (GD −G†
D) = iGD(G†−1

D −G−1
D )G†

D

= GDΓLG
†
D +GDΓRG

†
D

= AL +AR . (2.76)Here, the broadening ΓL/R = i
[

Σr
L/R − Σr†

L/R

] have been introdu
ed.These a

ount for the non-hermi
ity of the self-energy operators. Atthis point, it is worth mentioning that we have negle
ted the in�nitesimalimaginary part introdu
ed in Eq. 2.55, in order to insure the 
ausality ofthe retarded Green's fun
tion. As a 
onsequen
e, the se
ond equality inEq. 2.76 is not true when there are ele
troni
 states stri
tly lo
alized inthe devi
e region that do not 
ouple with the ele
trodes. In su
h 
ase,
ΓL = ΓR = 0, and the information about the lo
alized states is neither
ontained in AL, nor in AR.Using the Lippmann-S
hwinger equation (2.63), one 
an show thatthe two parts of the devi
e spe
tral fun
tion are built up from statesoriginating from the left and right ele
trodes respe
tively. Indeed, the
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urrent 37part AL 
an be expressed as,
AL = 2π

∑

j

PD|ΨL
j 〉〈ΨL

j |PD

= 2π
∑

j

PD

(

|φL
j 〉 +GVL |φL

j 〉
)

(

〈φL
j | + 〈φL

j |V †
LG

†
)

PD

= GDΓLG
†
D . (2.77)Sin
e the same applies for the part AR, we have shown that, in theabsen
e of inelasti
 pro
esses, the out-of-equilibrium density matrix ofthe 
entral region 
an be expressed as,

ρ =
1

2π

∫

dE [ALf(E − µL) −ARf(E − µR)] , (2.78)where the s
attering states in
oming from the left (right) are populateda

ording to the equilibrium Fermi distribution of the left (right) ele
-trode.In summary, we have shown that an expression for the out-of-equi-librium density matrix 
an be derived from the de
omposition of thespe
tral fun
tion into its 
omponent originating from the left and rightele
trode. However, this derivation do not a

ount for the presen
e oflo
alized states in the s
attering region. Sin
e these states do not 
ouplewith the left or right lead, it is un
lear how to populate these lo
al-ized states whose eigenenergy (ǫloc) lies between the left and right Fermilevels (i.e. ǫloc ∈ [µL, µR]). Though su
h situation is seldom en
oun-tered in pra
ti
e, the treatment of low-energy lo
alized states is an im-portant issue that limits the generality of the method presented above.Intuitively, one minds that the o

upan
y of these states should be de-termined by the non-
oherent s
attering pro
esses that insure a small
oupling between the lo
alized states and the leads. Su
h pro
esses arenot modelled within the 
oherent approa
h derived here, the treatmentof lo
alized states would therefore require additional information on their�lling.Computing the 
urrent :At this point, a 
omplete s
heme has been built in terms of theGreen's fun
tions and the ele
tri
 
urrent I through the devi
e 
an be
omputed. Indeed, on
e the density operator is de�ned, it is possible toevaluate the 
urrent operator. After some manipulations, one 
an derivethe following expression for the ele
tri
 
urrent through the jun
tion [69℄,
I =

e

h

∫

dE Tr
[

ΓLG
r†
DΓRG

r
D

]

[f(E − µL) − f(E − µR)] . (2.79)
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e the quantity [ΓLG
r†
DΓRG

r
D] may be interpreted as a transmissionmatrix [54℄, the expression (2.79) is fully equivalent to the Landauerformula.2.5 Computing the Green's fun
tions:The Smeagol methodThe Green's fun
tion formalism outlined here above has been re
entlyimplemented in several 
omputational 
odes. Throughout this work, thetransport 
al
ulations have been performed with the Smeagol [8℄ pa
kagebased on the density fun
tional theory 
ode Siesta [7℄. In this se
tion,we brie�y des
ribe some aspe
ts of this parti
ular implementation.2.5.1 Cal
ulation of the 
onta
t self-energiesIn Se
tion 2.4.3, we have shown that the 
omputation of the Green'sfun
tion for the 
entral region relies on the proper evaluation of theself-energies asso
iates with the left and right ele
trodes. Sin
e, theselatter have to be 
omputed for ea
h transverse k-ve
tors, and at severalenergies, a stable and e�
ient 
omputational algorithm is 
ru
ial for the
ode performan
e.The main 
omputational 
ost in 
al
ulating the 
onta
t self-energiesis related to the evaluation of the retarded Green's fun
tion of the iso-lated leads. Within the Smeagol pa
kage, these are 
onstru
ted followinga semi-analyti
al [8, 63, 70℄ s
heme that is brie�y presented here after.Globally, the s
heme is 
omposed of three steps. First, the Blo
h statesof the in�nite system are derived. Se
ond, these are used in order to buildthe retarded Green's fun
tion 
orresponding to the in�nite leads. Then,appropriate boundary 
onditions are applied in order for the Green'sfun
tion to vanish at the free surfa
e of the semi-in�nite leads.(a) Owing to the division of the leads in PLs, the Hamiltonian and theoverlap matri
es are arranged in the trigonal form des
ribed in Eq. 2.41.In this formulation, H0 and S0 a

ount for all the intera
tions and overlapintegrals inside one PLs. H1 and S1 are the o�-diagonal blo
ks that
orrespond to the intera
tions and overlap integrals between the nearest-neighbors PLs. In order to simplify the notation, we also introdu
e thematri
es Kα = Hα − ESα with (α = 0, 1,−1). In the 
ase of an in�niteperiodi
 lead, the Blo
h theorem applies along the transport dire
tion(z-axis) and the bulk ele
troni
 states 
an be mapped into Blo
h states,

Ψz = eikzφk , (2.80)
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tion 2.5. The Smeagol method 39where z = n ∗ d is an integer multiple of the PL length (d) and k is thewave-ve
tor along the z-axis. A method for the 
al
ulation of the set φkhas been proposed in Se
tion 2.4.2. In brief, the S
hrödinger equation
an be re-expressed in the form,
[

K−1 e
−ikd +K0 +K1 e

ikd
]

φk = 0 . (2.81)Besides, this equation 
an be 
onveniently mapped into an eigenvalue
al
ulation with the aid of the transfer-matrix (see Ref. [63℄),
T =

(

−(K1)
−1.K0 −(K1)

−1K−1

I 0

)

. (2.82)The eigenvalues of T are the 2n roots eikld that de�nes the 
omplexwave-ve
tors of the Blo
h states at energy E. The upper part (i.e. the
n �rst elements) of the 2n eigenve
tors are the expansion 
omponents ofthe Blo
h ele
troni
 fun
tions over the lo
alized basis fun
tions. In orderto simplify the following dis
ussion, we assume that the eigenve
tors areordered su
h that the ele
troni
 states with indi
es ranging from 1 to
n 
orresponds to Blo
h waves propagating/de
aying in the right dire
-tion. On the 
ontrary, the indi
es ranging from n+1 to 2n are asso
iatedwith Blo
h waves propagating/de
aying in the left dire
tion. Finally, it isworth mentioning that the solution of the eigenvalue problem (Eq. 2.82)assumes that K1 is invertible. Moreover, the stability of the algorithmrequires that K1 is not ill de�ned. Therefore, a regularization pro
edureof K1 is highly desirable. Though this point is 
ru
ial for the a

ura
yand stability of the 
ode (see Refs. [8, 63, 70℄), we will not enter thesedetails here and assume that the K1 matrix has been properly modi�edin order to be neither singular nor ill-
onditioned.(b) In order to 
onstru
t the retarded Green's fun
tion of the in�-nite leads, one notes that the Green's fun
tion (Gzz′) is a simple wave-fun
tion for all z ≤ z′. Sin
e it also has to be retarded, and 
ontinuousat z = z′, one may assume the following form,

Gzz′ =

{ ∑n
l=1 φkl

eikl(z−z′) αkl
, z ≥ z′

∑2n
l=n+1 φkl

eikl(z−z′) αkl
, z ≤ z′

(2.83)where the αkl

oe�
ients have to be determined. Folding these expres-sions into the S
hrödinger Eq. 2.81, one 
an show that,

αkl
= φ̃†kl

V −1 , (2.84)
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V = (H†

1 −ES†
1)

[

n
∑

l=1

φkl
eikl(z−z′)φ̃†kl

−
2n
∑

l=n+1

φkl
eikl(z−z′)φ̃†kl

]

, (2.85)where the set of φ̃†kl
is made from the duals of φkl

(i.e. φ̃†kl
φkm

= δlm).(
) Finally, the Green's fun
tion of the semi-in�nite leads, 
an be ob-tained from the Green's fun
tion of the in�nite leads by subtra
ting from
Gzz′ a linear 
ombination of eigenve
tors that insure the annihilation ofthe Green's fun
tion at the free surfa
e. Consider, for example, the leftlead whi
h extends from z = −∞ to z = z0 − 1. The subtra
tion of theterm,

∆z(z
′ − z0) =

n
∑

l=1

2n
∑

h=n+1

(

φkh
eikl(z−z0)φ̃†kl

)

.
(

φkl
eikl(z0−z′)φ̃†kl

)

V −1(2.86)from Gzz′ gives a new retarded Green's fun
tion whi
h vanishes at theprin
ipal layer z = z0, taken as the surfa
e. In this way, the retardedGreen's fun
tion of the semi-in�nite leads have been 
omputed and allthe ingredients are gathered for the 
al
ulation of the self-energies. We�nally note that, the derivation of the self-energies proposed here above,assumes that the entire leads are undisturbed by the 
entral region. Thismeans that the interfa
es at whi
h the surfa
e Greens fun
tions are 
om-puted, have to be su�
iently far away from the s
attering region in orderfor the s
attering potential to be zero into the leads. Upon this assump-tion, the leads self-energies have to be 
omputed only on
e and remainvalid throughout the self-
onsistent determination of the s
attering po-tential.2.5.2 The out-of-equilibrium density matrixBefore to summarize the self-
onsistent pro
edure used for the 
al-
ulation of the out-of-equilibrium s
attering potential, we brie�y 
omeba
k to the out-of-equilibrium density matrix,
ρ =

1

2π

∫ ∞

−∞
dE [fL(E − µL)AL(E) + fR(E − µR)AR(E)] (2.87)where f(E) is the equilibrium Fermi ele
troni
 distribution, and µL/Rare the 
hemi
al potentials inside the left and right leads, respe
tively. Itis worth noting that the integration in Eq. 2.87 is not a trivial 
omputa-tional task sin
e the integral is unbound and the spe
tral fun
tions AL/R
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Figure 2.3: The 
losed 
ontour (CIm +CRe) used to 
ompute the equilibrium
omponent of the ele
troni
 density matrix. Filled blue dots a

ount for thepoles of the Fermi distribution fun
tion en
losed in the 
omplex integrationpart.are not analyti
al. However, the 
omputational 
ost of the integration
an be signi�
antly redu
ed by rewriting the integral (2.87) as the sumof two 
ontributions, ρequ and ρ∆,
ρ =

1

2π

∫ ∞

−∞
dE [f(E − µL)AL(E) + f(E − µR)AR(E)]

+ [f(E − µL)AR(E) − f(E − µL)AR(E)]

=
1

2π

∫ ∞

−∞
dE ADfL(E − µL)

+
1

2π

∫ ∞

−∞
dE AR(E) (f(E − µR) − f(E − µL))

= ρequ + ρ∆ . (2.88)The �rst term (ρequ) a

ounts for the "equilibrium" 
omponent of theele
troni
 density. Indeed, it 
orrespond to what should be obtained ifboth leads have the same 
hemi
al potential (µL = µR). All poles of thedevi
e spe
tral fun
tion (AD) are lying on the real axis and the fun
-tion is analyti
al elsewhere. Therefore, though unbound, the integrationof AD 
an be performed in the 
omplex plane using 
ontour integralte
hniques. The 
ontour used in Smeagol is depi
ted in Fig. 2.3, where
Ebottom is 
hosen below the deepest valen
e ele
troni
 state. For �nitetemperatures, the 
ontour en
loses some poles of the Fermi distributionfun
tion lo
ated at {zα = i(2α + 1)πkBT , with α = 1, ..., nα}. The
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omputed as,
1

2π

∫ ∞

−∞
dE AD(E)fL(E − µL) =

−
∫

Cup

dz AD(z)fL(z − µL) − 2πkBT

nα
∑

α=1

AD(zα) . (2.89)The se
ond term in Eq. 2.88 a

ounts for the 
orre
tions indu
ed bythe out-of-equilibrium 
onditions. The spe
tral fun
tions AL/R are notanalyti
al and the integration 
annot be obtained using 
omplex 
on-tours te
hniques. However, the integration is bounded by the two Fermidistribution fun
tions and 
an be evaluated on a �ne energy. Here, weremind that the formula (2.89) do not a

ount for the 
ontribution to thedensity of the ele
troni
 states that are lo
alized within the s
atteringdevi
e and do not 
ouple with the leads. In the presen
e of su
h states,Eq. 2.89 is not valid anymore and additional informations have to besupplied.2.5.3 The self-
onsistent pro
edureFinally, we des
ribe the self-
onsistent pro
edure implemented in theSmeagol pa
kage aiming at the 
al
ulation of the out-of-equilibrium ele
-troni
 density and ele
tri
 
urrent.The main feature of the Green's fun
tions DFT-based s
hemes is toextend the s
ope of the standard DFT 
odes based on lo
alized basis sets,by 
al
ulating the out-of-equilibrium density matrix. As su
h, it is worthmentioning that, though the out-of-equilibrium ele
troni
 density doesnot minimize the density fun
tional, these s
hemes rely on the Kohn-Sham Hamiltonian as the single parti
le Hamiltonian. Therefore, theself-
onsisten
y is very similar to the one en
ountered in standard DFT
odes. The self-
onsistent pro
edure 
an be summarized in the diagramdepi
ted in Fig. 2.4.In many situations, the non-equilibrium 
ondition only brings small
orre
tions to the ground-state ele
troni
 density, it is therefore a goodpra
ti
e to use a DFT 
omputed ground-state ele
troni
 density as theguess input density for the non-equilibrium 
al
ulations. This latter thenpro
eeds in two steps. First, the ele
troni
 stru
ture 
orresponding tothe in�nite leads is 
omputed, in order for the 
onta
t self-energies to bebuild over the proper range of energies (i.e. the full bandwidth of the ma-terial). This step has to be done only on
e sin
e the leads are assumedto remain in their equilibrium states. Se
ond, the out-of-equilibriumdensity matrix is 
omputed in a self-
onsistent way. The self-
onsistent
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Figure 2.4: Diagram of the self-
onsistent 
y
le for the 
omputation of theout-of-equilibrium density matrix and ele
tri
 
urrent. Blue frames 
orrespondto the preliminary DFT 
al
ulation aiming at produ
ing a good initial guessfor the out-of-equilibrium ele
troni
 density. Green frames des
ribe to thepreliminary 
al
ulation of the leads self-energies. Red frames 
orrespond tothe main step of the a
tual self-
onsistent 
y
le.
y
le is a

omplished by getting the Hartree (ele
trostati
) potential asa solution of the Poisson's equation with appropriate boundary 
ondi-tions. Though the Poisson's equation 
an be solved in the real spa
e, itis 
ommon to use fast-Fourier transform algorithms that are 
omputa-tionally e�
ient. This latter method is used in Smeagol. A
tually, theele
trostati
 potential is 
al
ulated for a virtual periodi
 system obtained
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tive Hamiltonian Heff
D (E) along the transport di-re
tion. Besides, a saw-like term, whose drop is identi
al to the biasapplied, is added to the Hartree potential in order to re
over the 
orre
tvoltage drop a
ross the devi
e. Finally, when 
onvergen
e is rea
hed,the ele
tri
 
urrent is 
omputed as a by produ
t of the retarded Green'sfun
tion.2.6 Solving the transport problem :a
hievements and limitationsOver the last de
ade, most of ab initio 
al
ulations of 
ondu
tan
ein nanos
ale jun
tions have rely on the use of the Landauer approa
hon top of the Density Fun
tional Theory [71, 72, 73, 74℄. Though thissingle-parti
le framework has proven to be reliable for the des
riptionof point 
onta
ts and some mole
ular jun
tions [75, 76, 77, 78℄, in thevast majority of situations, the predi
ted 
ondu
tan
e ex
eeds experi-mentally measured values by several order of magnitudes [79, 80, 81℄.On the one hand, this dis
repan
y raises questions about the theoryand its underlying approximations. On the other hand, it is importantto remind that predi
ting the 
ondu
tan
e of nanos
ale devi
es may behighly sensitive to the atomi
 arrangement of the a
tual devi
e. Sin
ethe 
onta
t stru
ture between leads and a
tive region is experimentallydi�
ult to 
ontrol and 
hara
terize, the 
omparison between theoreti
alpredi
tions and experimental measurements is plagued by un
ertaintyabout the system geometry.2.6.1 Experimental 
hara
terizationSeveral re
ent studies have attempted to redu
e the gap between thetheory and experiments. Obviously, the development of methods able toa
hieve a detailed mi
ros
opi
 
hara
terization of the nanos
ale devi
esis needed. Few years ago, Inelasti
 Ele
tron Tunneling Spe
tros
opy(IETS) has appeared as the �rst experimental tool for the 
hara
teriza-tion of nanos
ale and mole
ular jun
tions [82, 83, 84℄. IETS is based onthe analysis of the inelasti
 s
attering of 
arriers by lo
alized vibrationalmodes. Indeed, su
h inelasti
 pro
esses 
ome with identi�able �nger-prints in the se
ond derivative of the 
urrent with respe
t to the biasvoltage. Though IETS gives 
ru
ial insights into the 
hemi
al 
omposi-tion and bonding 
hara
teristi
 of the jun
tion, the experimental setuprequires liquid helium temperatures and ex
eptional stability of the jun
-tion, limiting the range of IETS appli
ability. Another method that is
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urrently being investigated in order to 
hara
terize nanos
ale jun
tionsis Surfa
e-Enhan
ed Raman S
attering (SERS) [85, 86℄.2.6.2 Thermal �u
tuationsOn the theoreti
al side, re
ent developments aim to a

ount for thethermal �u
tuations of 
ondu
tan
e [87, 81℄ and to over
ome the limi-tation of the 
ommonly used single-parti
le approximation [88, 89, 90,91, 92, 81, 93, 94, 95℄. Re
ently, several studies have emphasized thelarge �u
tuation of 
ondu
tan
e resulting from small modi�
ation of theatomi
 
on�gurations [96, 97, 98, 99, 100, 81℄. As an example, it hasbeen reported that the 
ondu
tion of mole
ular jun
tions with thiol-Au interfa
es vary over orders of magnitude depending on the interfa
egeometry [97, 98, 99, 100℄. Besides, advan
ed 
omputational s
hemesthat 
ouple the 
harge transport 
al
ulation with a mole
ular dynami
simulation have allowed to 
at
h the essen
e of the 
ondu
tan
e �u
tua-tion [87, 81℄. Though these studies a

urately a

ount for the dispersionreported in experimental 
ondu
tan
e measurements, they fail in predi
t-ing the measured average 
ondu
tan
e. Theoreti
ally 
omputed valuesof the 
ondu
tan
e are typi
ally a few times larger than those observedin experiments.2.6.3 Renormalization of the ele
troni
 levelsRe
ently, the dis
repan
y between 
omputed and measured valueshas been partly attributed to the use of approximated ex
hange-
orre-lation (x
) fun
tionals [88℄ and to 
orrelation e�e
ts that are beyondthe single-parti
le approximation [88, 90, 91, 92, 81, 93℄. A reliabledes
ription of the ele
troni
 transport in nanos
ale jun
tions, �rst ofall, requires a reliable des
ription of the energeti
 lands
ape a
ross thejun
tion. When a nanostru
ture is 
onta
ted with metal ele
trodes sev-eral physi
al phenomena involving many-ele
tron pro
esses 
ontributein determining the energeti
 lands
ape. Some of them are 
orre
tly de-s
ribed at the mean-�eld Kohn-Sham level, others are not. First, theself-
onsistent intera
tion between the devi
e and the ele
trodes leads toa redistribution of the ele
troni
 density that may be highly sensitive tothe XC fun
tional. Se
ond, the 
oupling between the ele
troni
 stateslo
alized within the devi
e and the propagating Blo
h states stronglydepends on the energeti
 spe
trum of the devi
e. Besides, the broaden-ing of the devi
e energy levels and their alignment with respe
t to theele
trode band stru
tures play a 
ru
ial role in determining the low bias
ondu
tan
e of the jun
tion. With this respe
t, the use of LDA KS-



46 Chapter 2. CONCEPTS AND THEORYeigenenergies, that are plagued by the well-known energy-gap problemmay be an important sour
e of errors in the 
ondu
tan
e 
al
ulation.Finally, the proper des
ription of the ele
trostati
 e�e
ts at the jun
tioninterfa
e is beyond the single-parti
le s
heme. Indeed, the 
orrelationenergy asso
iated with the polarization of the metalli
 
onta
ts upon re-moval or addition of ele
trons in the devi
e strongly a�e
ts the positionof the a�nity and ionization levels of the jun
tion.The aforementioned studies have attempted to assess the impa
t ofsu
h phenomena on the ele
troni
 transport in mole
ular and nanos
alejun
tions. Globally, in the 
ase of mole
ules weakly 
oupled to metalli
ele
trodes, the many-body e�e
ts have been shown to a

ount for a renor-malization of the jun
tion energy levels at the metal-mole
ule interfa
eleading to signi�
ant improvements of the predi
ted 
ondu
tan
e. As anexample, an appropriate shift of the ionization and a�nity levels has al-lowed to 
ompute 
ondu
tan
e of aromati
 mole
ules weakly 
oupled tometalli
 substrates in good agreement with experiments. In 
ontrast, inthe absen
e of well-de�ned metal-mole
ule interfa
e, the renormalizationof the energy levels does not strongly modify the qualitative pi
ture pro-vided by the mean-�eld approximation. In fully metalli
 jun
tions (e.g.metalli
 atomi
 wires), the 
hanges in energy are small and mainly a
-
ount for small modi�
ation of the 
arriers velo
ities. In semi-
ondu
tingjun
tions (e.g. semi-
ondu
ting 
arbon nanotubes), the renormalizationof the energy levels globally a
ts as a rigid energy-shift of the uno

upiedele
troni
 states.2.6.4 Inelasti
 s
atteringFinally, a few re
ent studies have investigated the impa
t of non-
oherent s
attering and dissipative e�e
ts on the transport properties ofnanos
ale jun
tions [95, 94, 90, 88℄. Sin
e these are inelasti
 in essen
e,ele
tron-phonon and ele
tron-ele
tron intera
tions results in the spreadof the spe
tral weight and the redistribution of the 
ondu
tan
e 
han-nels to di�erent energies. This may play a important role in ele
troni
transport by opening new di�usive 
ondu
tion 
hannels and prevent-ing the propagation of 
oherent ele
trons. Pra
ti
ally, most of theseresults have been obtained within the Non-Equilibrium Green's Fun
-tion (NEGF) formalism properly 
ombined with (i) the Hedin's GWapproximation (GWA) to a

ount for the ele
troni
 
orrelation and (ii)the self-
onsistent Born approximation (SCBA) to in
lude the ele
tron-phonon intera
tion. It is worth mentioning that su
h approa
hes 
omewith a huge 
omputational demand that strongly restri
t the size of the
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h 47systems studied. Therefore, su
h a detailed des
ription of the ele
troni
transport has been derived only for small prototypi
al nanojun
tions.2.7 Our approa
hSeveral pioneering studies have underlined the important role of many-body pro
esses in determining the 
ondu
tan
e patterns of nanojun
-tions. However, it is highly 
omputationally demanding to a

ount forsu
h 
omplex phenomena within ab initio 
al
ulations, impli
itly impos-ing a stringent limit on the size of the systems 
onsidered. Therefore,the 
urrent exploration of the ele
troni
 transport in nanos
ale jun
-tions mainly relies on two 
omplementary approa
hes. On one hand, alarge theoreti
al e�ort is dedi
ated to the improvement of the physi
almodels of ele
troni
 transport at the atomi
 s
ale. Among other things,this in
ludes the analysis of the inelasti
 e�e
ts and the derivation of atrue out-of-equilibrium 
omputational s
heme. On the other hand, mu
hwork has still to be done in order to understand, at least qualitatively,the impa
t of the jun
tion stru
ture and shape on the transport prop-erties of the devi
e. For example, the elasti
 s
attering by point-defe
tsand impurities is expe
ted to be the dominant s
attering me
hanismin many systems for whi
h the approximation of 
oherent transport istherefore qualitatively 
onvenient. This work 
learly parti
ipates to thislatter approa
h. All the transport 
al
ulations presented in the next
hapters rely on the mean-�eld KS approa
h and the approximationof 
oherent transport only. We fore
ast that this s
heme provides aqualitatively meaningful pi
ture of the intrinsi
 transport properties of
arbon based nanostru
tures su
h as graphene nanoribbons. Obviously,the 
ondu
tan
e patterns 
omputed from the Kohn-Sham eigenenergiesare pledge by the well-known energy-gap problem. However, in the ab-sen
e of metal-semi-
ondu
ting interfa
e, this should not signi�
antlya�e
t the physi
al interpretation of the transport results. Besides, the
arriers mobilities experimentally measured on graphene �akes are re-ported to be globally temperature independent, suggesting the mobilityin graphene to be mainly limited by impurity s
attering in nowadays sam-ples [101, 1, 102, 2℄. Finally, theoreti
al predi
tion highlights the edgeroughness s
attering as the dominant s
attering me
hanism in graphenenanoribbons, even at room temperature [103℄.





Chapter 3Quantum 
on�nement ingraphene nanoribbons3.1 Introdu
tionCarbon is the fourth most abundant 
hemi
al element by mass inthe universe and is known to man sin
e antiquity. Due to its ease toform various stable 
ovalent bonds with small atoms, in
luding 
arbonitself, it forms a huge number of di�erent stru
tures among whi
h mostof the organi
 
ompounds. Consequently, 
arbon nanomaterials reveala ri
h polymorphism of various allotropes exhibiting ea
h possible di-mensionality : fullerene mole
ule (0D), nanotubes and graphene ribbons(1D), graphite platelets (2D) and nano-diamond (3D) are sele
ted exam-ples. Be
ause of this extraordinary versatility of nanomaterials, 
arbonnanostru
tures exhibiting di�erent physi
al and 
hemi
al properties areplaying an important role in nanos
ien
e and nanote
hnology.The fundamental building blo
k of the 
arbon nanostru
tures (ex-
ept for sp3-bonded diamond) is the graphene sheet. Graphene is thename given to the perfe
t in�nite two-dimensional sheet of sp2-bonded
arbon atoms pa
ked into an honey
omb stru
ture. For long time, thisprototypi
al two-dimensional solid has been used to des
ribe propertiesof many 
arbon-based materials, in
luding graphite (where a large num-ber of graphene sheets are sta
ked), nanotubes (where graphene sheetsare rolled up into nanometer-sized 
ylinders), large fullerenes (wheregraphene sheets 
ontain at least 12 pentagons displaying a spheri
alshape), and ribbons (where graphene is 
ut into strips).Till re
ently, graphene was nothing but a theoreti
al 
on
ept sin
eplanar graphene was presumed to be unstable with respe
t to the for-mation of 
urved stru
tures su
h as fullerenes and nanotubes. However,49
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ouple of years ago, resear
hers managed to a
tually prepare grapheneby me
hani
al exfoliation (repeated peeling or mi
ro-me
hani
al 
leav-age) of bulk graphite (highly oriented pyrolyti
 graphite, HOPG) [1, 2℄or by epitaxial growth through thermal de
omposition of SiC [3℄. Thedis
overy of su
h simple methods to prepare single atomi
 layer of 
ar-bon on top of a substrate suitable for the measurement of its ele
tri
alproperties has generated a renewed interest in what was 
onsidered tobe a prototypi
al, yet theoreti
al, two dimensional system. Graphenedisplays indeed, unusual ele
troni
 properties arising from 
on�nementof ele
trons in two dimensions and pe
uliar geometri
al symmetries.Old theoreti
al studies of graphene [104, 105℄ reveal that the spe-
i�
 linear ele
troni
 band dispersion near the Brillouin zone 
orners(Dira
 point) gives rise to ele
trons and holes that propagate as if theywere massless fermions, with a velo
ity of the order of one hundredth ofthe speed of light. Charge ex
itations 
lose to the Fermi level 
an thusbe formally des
ribed as massless relativisti
 parti
les obeying a Dira
equation, whereas a new degree of freedom re�e
ting inherent symmetries(sub-latti
e degenera
y) appears in the ele
troni
 states: the pseudospin.Be
ause of the resulting pseudospin symmetry, ele
troni
 states turn outto be parti
ularly insensitive to external sour
es of long-range elasti
 dis-order, and as a result, 
harge mobilities in graphene layers as large as105 
m2V−1s−1 have been reported 
lose to the Dira
 point [1℄. In ad-dition, in suspended graphene, the minimum 
ondu
tivity at the Dira
point approa
hes a universal (geometry independent) value of 4e2/πh atlow temperature [106℄. Low temperature ele
tron mobility approa
hing2 × 105 
m2V−1s−1 were measured for 
arrier density below 5 × 109
m−2. Su
h values 
annot be rea
hed in 
onventional semi
ondu
tors.In addition, graphene has been shown to exhibit anomalous quantumtransport properties su
h as integer quantum Hall e�e
t [102, 101℄, butalso one of the most exoti
 and 
ounter-intuitive 
onsequen
es of quan-tum ele
trodynami
s : the unimpeded penetration of relativisti
 parti-
les through high and wide potential barriers, known as the Klein para-dox [107℄. These dis
overies have stirred a lot of interest in the s
ienti�

ommunity as well as in international media. The ex
itement behindthis dis
overy has two main driving for
es: basi
 s
ien
e and te
hnologi-
al impli
ations [108℄. Be
ause of its high ele
troni
 mobility, stru
tural�exibility, and 
apability of being 
hemi
ally and/or stru
turally p- orn-doped-graphene is 
onsidered as a potential breakthrough in 
arbon-based nano-ele
troni
s.The �rst se
tion of this 
hapter reviews the ele
troni
 stru
ture ofgraphene. The band stru
ture of graphene is derived analyti
ally andthe 
lose relation between the low energy ele
trons and the massless



Se
tion 3.2. Ele
troni
 properties of graphene 51Dira
 fermions is highlighted. This se
tion is mainly inspired by theRefs [4, 109℄. The se
ond se
tion aims to show how the properties ofgraphene are 
onserved or modi�ed in quasi-1D stru
tures, known asgraphene nano-ribbons (GNRs). In parti
ular, the me
hanisms that rulethe opening of energy gaps are detailed and the similarities betweenGNRs and 
arbon nanotubes (CNT) are highlighted. This se
tion takesmu
h from the Refs [110, 111, 112, 113℄. Finally, third se
tion fo
useson the stru
ture and stability of the GNR edges. Sin
e the topologyof the edges determines the low energy ele
troni
 stru
ture of GNRs,the relative stability of the di�erent edge re
onstru
tion is of 
ru
ial im-portan
e to a
hieve the experimental 
ontrol ne
essary for te
hnologi
alappli
ations. The results presented in this last se
tion 
omplete the for-mer study of T. Wassmann et al. [10℄ and are part of a forth
omingpubli
ation.3.2 Ele
troni
 properties of grapheneGraphene is the ideal bi-dimensional (2D) allotropi
 form of 
arbonin whi
h the atoms are periodi
ally arranged in an in�nite hexagonalnetwork (Fig. 3.1(a)). Su
h an atomi
 stru
ture is 
hara
terized by twotypes of bonds and exhibits the so-
alled planar sp2 hybridization of theC atoms. Indeed, among the four valen
e orbitals of the 
arbon atom(the 2s, 2px, 2py and 2pz orbitals, where z refers to the dire
tion perpen-di
ular to the sheet), the (s,px,py) orbitals 
ombine to form the in-plane
σ (bonding or o

upied) and σ∗ (anti-bonding or uno

upied) orbitals.Su
h orbitals are even with respe
t to the planar symmetry. The σ bondsare strong 
ovalent bonds responsible for most of the binding energy andfor the elasti
 properties of the graphene sheet (Fig. 3.1(a)). The remain-ing pz orbital, pointing out of the graphene sheet (Fig. 3.1(a)), presentsan odd parity with respe
t to the honey
omb plane and 
annot 
ouplewith the σ states. The lateral intera
tion with neighboring pz orbitals
reates the delo
alized π (bonding) and π∗ (anti-bonding) orbitals [104℄.Graphite is 
omprised of 
oherently sta
ked layers of graphene. Two(three) layers are needed to de�ne the unit 
ell in Bernal [AB℄ (rhombohe-dral [ABC℄) graphite sin
e the su

essive sheets are translated from ea
hother by a C-C distan
e (aCC=1.42 Å). The three-dimensional stru
tureof graphite is therefore held together by weak interlayer van der Waalsfor
es in
luding some ele
troni
 delo
alization [114℄. The π bonds, per-pendi
ular to the graphene sheet, are responsible for this weak intera
-tion between 
arbon layers in graphite.



52 Chapter 3. QUANTUM CONFINEMENT IN GNRS

Figure 3.1: Illustration of the 
arbon valen
e orbitals (a): the three σ orbitalswithin the graphene plane and the π orbital perpendi
ular to the plane. The
σ bonds in the 
arbon hexagonal network strongly 
onne
t the 
arbon atomsand are responsible for the binding energy and the elasti
 properties of thegraphene sheet. The π bonds are perpendi
ular to the surfa
e of the sheet.The 
orresponding bonding and the anti-bonding σ bands are separated by alarge energy gap of ∼ 12eV (b), while the bonding and anti-bonding π stateslie in the vi
inity of the Fermi level (EF ). Consequently, the σ bonds arefrequently negle
ted for the predi
tion of the ele
troni
 properties of graphenearound the Fermi energy.3.2.1 Tight-binding model of grapheneThe ele
troni
 stru
ture of graphene 
an be des
ribed using a rathersimple tight-binding Hamiltonian, leading to analyti
al solutions for itseigenvalues and related eigenstates [109℄. Sin
e the bonding and anti-bonding σ bands are well separated in energy (by more than 12 eV at
Γ), they are frequently negle
ted in semi-empiri
al 
al
ulations as theyare too far away from the Fermi level to play a role (Fig. 3.1(b)). Onlythe remaining two π bands are thus needed to des
ribe the low energyele
troni
 properties of graphene [104℄ and graphite [105℄. Indeed, thebonding (π) and anti-bonding (π∗) orbitals do form wide ele
troni
 va-len
e and 
ondu
tion bands (Fig. 3.1(b)) whi
h 
ross the Fermi level athigh-symmetry points in the Brillouin zone of graphene, as dis
ussed inthe following.The graphene plane is an hexagonal latti
e with two atoms (A andB) in the primitive 
ell de�ned by the latti
e ve
tors (a1,a2),

a1 =
a

2
(3,

√
3), a2 =

a

2
(3,−

√
3) (3.1)where a is the C-C inter-atomi
 distan
e (∼ 1.42 Å). Consequently, thegraphene latti
e is made from two inter-penetrated triangular sub-latti
e
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ontaining only one type of atoms (A or B). Graphene presents thus abipartite topology where the dire
t neighbors of atoms of the sub-latti
eA are atoms of the sub-latti
e B. One de�nes {e1, e2, e3} as the ve
torsthat 
onne
t ea
h atom of the sub-latti
e A to its nearest neighbors,
e1 = (a, 0), e2 =

a

2
(−1,

√
3), e2 =

a

2
(−1,−

√
3) . (3.2)The re
ipro
al latti
e ve
tors (~b1,~b2) are derived from the dire
t latti
eve
tors by use of the relation ai · bj = 2π.δij ,

b1 =
2π

3a
(1,

√
3), b2 =

2π

3a
(1,−

√
3) . (3.3)Consequently, the �rst Brillouin zone is hexagonal. As detailed in Fig. 3.2(b),the three main points of high symmetry are labelled Γ, K and M .When 
arbon atoms are pla
ed onto the graphene hexagonal latti
e(Fig. 3.2(a)), the ele
troni
 wave-fun
tions from di�erent atoms overlap.However, su
h an overlap between the pz orbitals and the s or the pxand py ele
trons is stri
tly zero by symmetry. Consequently, the pz ele
-trons, whi
h form the π bonds in graphene, 
an be treated independentlyfrom the other valen
e ele
trons. Within this π-band approximation, theatoms are uniquely de�ned by one orbital per atom site [104℄.

Figure 3.2: Graphene honey
omb latti
e and its Brillouin zone. (a) Bipartitelatti
e stru
ture of graphene 
hara
terized by the unit ve
tors a1 and a2 andthe nearest neighbor ve
tors e1,2,3. (b) Corresponding �rst Brillouin zone withits high symmetry points Γ, M , K and K ′. Orange and blue 
ir
les represent
arbon atoms belonging to di�erent sub-latti
e in the graphene stru
ture.To derive the ele
troni
 spe
trum of graphene, the 
orrespondingS
hrödinger equation has to be solved. Within the so-
alled orthog-onal tight-binding (TB) s
heme, where the overlap integrals between
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ted, it amounts to diagonalizing theHamiltonian,
Ĥ =

∑

R

(

ǫa â
†
RâR + ǫb b̂

†
R+e1

b̂R+e1

)

+

∑

R

∑

i=1,3

−t
(

b̂†R+ei
âR + â†Rb̂R+ei

)

, (3.4)where t is the nearest neighbor hopping energy, ǫa/b are the on-site en-ergies, and {â†R/b̂†R} and {âR/b̂R} are the 
reation and annihilation op-erators for ele
trons on site R of sub-latti
es A and B. Here, the atomi
intera
tions have been restri
ted to �rst-nearest-neighbors only. Sin
eall 
arbon atoms are equivalent in graphene, one 
an set ǫa = ǫb = 0without loosing information. Owing to the latti
e periodi
ity, the 
re-ation/annihilation operators may be written as Blo
h sums,
âR =

1√
N

∑

k∈BZ

eik.R âk and b̂R+ei
=

1√
N

∑

k∈BZ

eik.(R+ei) b̂k , (3.5)where N is the number of primitive 
ells in the solid. Inserting theseexpressions into Eq. 3.4 with ǫa = ǫb = 0, one gets
Ĥ =

∑

k∈BZ

(

hk b̂
†
k
âk + h∗k â

†
k
b̂k

) (3.6)
=

∑

k∈BZ

(â†k b̂
†
k).

(

0 hk∗

hk 0

)

.

(

âk
b̂k

)

, (3.7)with
hk = −t

∑

i=1,3

e−ik.ei = |hk|eiθk . (3.8)For ea
h 
rystal momentum that belongs to the �rst hexagonal Bril-louin zone, the set of allowed ele
troni
 energies and states is thus ob-tained by a 2x2 matrix diagonalization. This diagonalization 
an beobtained by means of a rotation in the sub-latti
e spa
e,
(

ĉ†k,c

ĉ†
k,v

)

=
1√
2

(

+e−i
θk
2 +ei

θk
2

+e−i
θk
2 −ei

θk
2

)

.

(

â†
k

b̂†
k

)

. (3.9)The newly de�ned ĉk,v and ĉk,c operators operate therefore in the sub-latti
e spa
e. The ele
troni
 spe
trum is �nally given by,
Ĥ =

∑

k∈BZ1

(ĉ†k,c ĉ
†
k,v).

(

ǫk,c 0
0 ǫk,v

)

.

(

ĉk,c

ĉk,v

)

, (3.10)
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ǫk,c/v = ± |hk|

= ± t

√

√

√

√1 + 4.cos

(√
3

2
aky

)

.cos

(

3

2
akx

)

+ 4.cos2

(√
3

2
aky

)

.(3.11)With one pz ele
tron per atom in the π-π∗ model1, the negativeenergy bran
h in Eq. 3.11 is fully o

upied, while the positive bran
his empty. These o

upied and uno

upied bands 
ross at the K or K ′points whi
h are 
onne
ted by time reversal symmetry. It is easy to verifythat ǫ(k=K) = ǫ(k=K′) = 0. The Fermi level EF (or 
harge neutralitypoint) is therefore the zero-energy referen
e in Fig. 3.3 and the Fermisurfa
e is de�ned by the set of K and K ′ points. Sin
e o

upied anduno

upied bands do 
ross, the graphene sheet displays a metalli
 (zerogap) 
hara
ter. However, as the Fermi surfa
e is of zero dimension (sin
eit is redu
ed to a dis
rete and �nite set of points), the term semi-metalwith no overlap or zero-gap semi
ondu
tor is usually used.In addition, the π-band ele
troni
 dispersion for graphene near the
orners of the 2D hexagonal Brillouin zone is found to be linear. As il-lustrated in Fig. 3.3, the low-energy ele
troni
 stru
ture of graphene 
anthus be approximated by "
ones" lo
ated at the 
orners of the Brillouinzone. Within these 
ones, the ele
troni
 properties of graphene are ap-propriately des
ribed by an e�e
tive massless Dira
 fermion model withlinear dispersion and ele
tron-hole symmetry. The two nonequivalentBrillouin zone 
orners (K and K ′) where the apex of the 
ones tou
h atthe Fermi energy are referred as the Dira
 points.Finally, expanding Eq. 3.11 around the 
harge neutrality points (Kand K ′) expli
itly yields the linear energy-momentum relation obeyedby the low energy ele
trons,
ǫk,c/v = ±vF |κ| + O2 , (3.12)where κ = k− K and vF = 3ta

2 is the ele
troni
 group velo
ity.This simple orthogonal tight-binding model [104℄ yields valen
e (π)and 
ondu
tion (π∗) bands whi
h are symmetri
 with respe
t to EF .This is due to the 
rude approximations used herewith. In fa
t, theele
tron-hole symmetry is broken if additional physi
al informations arein
luded within the model. This 
an be a
hieved by the introdu
tionof non-zero overlap integrals between the pz orbitals of nearest neighbor1the three other ele
trons (s, px , py) �ll the low-lying σ bands
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Figure 3.3: (a) Graphene π and π∗ ele
troni
 bands. Within the nearestneighbors tight-binding approa
h, the π and π∗ bands are symmetri
 withrespe
t to the valen
e and 
ondu
tion bands. (b) Linear dispersion relation
lose to the K (white dots) and K ′ (bla
k dots) points of the �rst 2D Brillouinzone.sites. A more 
omplete TB parameterization, that in
ludes the hoppingterms up to the se
ond-nearest neighbors would lead to analogous re-sults [115℄, as well as more a

urate �rst-prin
iples 
al
ulations [109℄.By sake of 
omparison, and in order to assess the a

ura
y of the model,the a

urate band stru
ture of graphene reported by P. E. Trevisanuttoin Ref. [116℄ is depi
ted in Fig. 3.4. In good agreement with the TBpredi
tions, the π and π∗ bands 
omputed by means of DFT are quasi-linear (linear very 
lose to K or K ′ and near the Fermi energy), in
ontrast with the quadrati
 dependen
e of the energy on the momentumobeyed by ele
trons at band edges in 
onventional semi
ondu
tors. Be-sides, though the in
lusion of many-body GW self-energy a

ounts fora renormalization of the Fermi velo
ity with an 17% in
rease, the GW
orre
tion does not open an energy gap in the graphene band stru
ture.3.2.2 Conne
tion with the 2D massless Dira
 equationGraphene is highly spe
i�
 for its linear energy-momentum relationand pe
uliar ele
troni
 properties that are spe
i�
 to a 2D gas of par-ti
les des
ribed by the relativisti
 Dira
 equation rather than the non-relativisti
 S
hrödinger equation. In graphene, 
harge 
arriers mimi
relativisti
 parti
les with zero mass and an e�e
tive speed of light.The formal analogy between the non-relativisti
 S
hrödinger equa-
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Figure 3.4: Representation of the energy-momentum relation in graphenealong the Γ-K-M-Γ path of the Brillouin zone. Solid thi
k lines: band stru
ture
omputed by means of DFT KS eigenenergies. Cir
les and dashed lines: bandstru
ture a

ounting for the many-body GW self-energy 
orre
tions. Pi
tureadapted from Ref. [116℄
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troni
 properties of graphene and therelativisti
 Dira
 equation is readily seen after a linear expansion of thefull TB Hamiltonian around the K and K ′ Dira
 points. Relying onthe operators â†
K/K′ , b̂†K/K′, âK/K′ and b̂K/K′ to des
ribe the low energyele
troni
 states, the expansion of the Hamiltonian up to the linear orderin κ yields,2.

h̃(K + κ) = −t
(

1 + e−i(K+κ).(e2−e1) + e−i(K+κ).(e3−e1)
)

≈ −3at

2
(iκx + κy) (3.13)

h̃(K′ + κ) ≈ −3at

2
(iκx − κy) , (3.14)and,

H̃ = −vF

[

φ̃
†
K

(

0 (−iκx + κy)
(iκx + κy) 0

)

φ̃K

+φ̃
†
K′

(

0 (−iκx − κy)
(iκx − κy) 0

)

φ̃K′

]

, (3.15)where φ̃
†
K = (ã†K b̃†K). By use of the Pauli matri
es (σx, σy), Eq. 3.15�nally redu
es to the expression,

H̃ = −vF

[

φ̃
†
K(σxκx + σyκy)φ̃K + φ̃

†
K′(σxκx − σyκy)φ̃K′

]

= −vF

[

φ̃
†
K σ.κ φ̃K + φ̃

†
K′ σ∗.κ φ̃K′

]

, (3.16)with σ= (σx, σy) and σ†= (σx,−σy). From this expression it appearsthat the low energy ele
troni
 states (ΨK/K ′
(κ)) are ruled by two 
opiesof the 2D massless Dira
 equation, one holding for the 
rystal momentumaround K and the other for the 
rystal momentum around K ′,

− vF (σ.κ) Ψ(κ) = EΨ(κ) . (3.17)2Though it is not expli
itly mentioned in most arti
les in the literature, a unitarytransformation Û is often introdu
ed here in order to limit the appearan
e of phasefa
tors within the linear expansion of Hk;
Û =

„

1 0

0 e−ik.e1

«

,whi
h operates in the sub-latti
e spa
e su
h that,
H̃k =

„

0 h̃∗
k

h̃k 0

«

= Û . Ĥk . Û
† and „

ãk

b̃k

«

= Û .

„

âk

b̂k

«

.
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tions are easily dedu
ed from the Hamilto-nian 3.15 and take the forms,
ΨK

± (κ) =
1√
2

(

e−i θκ
2

±ei θκ
2

)

, (3.18)and
ΨK ′

± (κ) =
1√
2

(

ei
θκ
2

±e−i θκ
2

)

, (3.19)where the ± sign refers to the positive and negative eigenenergies, thatis the π∗ (
ondu
tion) and π (valen
e) bands. Note that if the phase(θ) appearing in the Hamiltonian is rotated by 2π, the eigenfun
tions
hange sign. The phase shift of π under the rotation of the Hamiltonianis 
hara
teristi
 of spinors. Moreover, sin
e the Hamiltonian 
ommuteswith the heli
ity operators χ̂ = 1
2σ. κ

|κ|
, it is 
ommon in the grapheneliterature to regard the two 
omponents wave-fun
tions (ΨK/K ′

(κ)) asone two-
omponent (pseudo)spinor,
χ̂ΨK

± (κ) = ±1

2
ΨK

± (κ) . (3.20)This implies that the ele
trons (holes) in the valen
e (
ondu
tion) band,have a positive (negative) heli
ity. Or equivalently, that the pseudo-spinof ele
trons (holes) points in the dire
tion of (opposite to) the wave-ve
tor. Several unusual transport properties of graphene derive from thelinear dispersion and the 
hiral nature of the quasi-parti
les as introdu
edtheoreti
ally in Eqs. 3.17-3.20.3.2.3 Ele
troni
 transport near the Dira
 pointSin
e its ele
trons move ballisti
ally over submi
ron distan
es evenat high 
arriers 
on
entrations and in the presen
e of 
hemi
al doping,graphene is frequently presented as a potential 
andidate for future ele
-troni
s. In parti
ular, the high mobility of low energy 
harge 
arriersin graphene should be an advantage for the realization of ultra-highfrequen
y transistors and high speed inter
onne
ts. Most of the trans-port measurements reported in the literature have been performed onsingle-layer graphene �eld e�e
t transistors (FETs) as a fun
tion of gatevoltage [101℄. Graphene FETs are fabri
ated with standard lithographyand et
hing te
hniques using me
hani
ally 
leaved graphene �akes [2℄.A degenerated doped sili
on substrate 
ommonly serves as the gate.While graphene samples are typi
ally p-doped by adsorbates in ambi-ent 
onditions, graphene itself appears to be a pronoun
ed ambipolar
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h 
harge 
arriers 
an be 
ontinuously tuned up to 1013
m−2 ele
trons and holes densities. Resistivity measurements performedon a single-layer graphene FET reveal that the 
ondu
tion is symmet-ri
 about the Dira
 point. In the high-density regime, the mobility isroughly 
arrier-density and temperature-independent. Reported mobil-ity values range from 2,000 to 20,000 cm2/V s, with the high end rep-resenting a long mean free path of ∼ 0.3 µm, 
omparable to that ofsingle-wall 
arbon nanotubes (as des
ribed in the following se
tions). Itsweak temperature dependen
e indi
ates impurity or defe
t s
attering asthe dominant mobility-limiting me
hanism and provides room for futureimprovement. Possible sour
es of s
attering in
lude adsorbates and de-fe
ts in the graphene latti
e and ionized impurities in the SiO2 substrate.In addition, transport measurements also reveal a remarkable property of2D 
arriers in graphene. Although the 
arrier density approa
hes zero atthe Dira
 point, the 2D resistivity ρxx or 
ondu
tivity σxx remains �nite.Su
h behavior, dubbed "minimum" 
ondu
tivity, has been observed inmany devi
es with ρxx ranging from 2 to 7 kΩ [102, 101℄. Slightly largervalues of ρxx from 6 to 9 kΩ are also reported for bi-layer graphene [107℄.In addition to its 
ondu
tivity that never falls below a minimum valueof e2/h, graphene has also revealed other unusual transport phenomena
hara
teristi
 of two-dimensional Dira
 fermions, su
h as an anomalousinteger quantum Hall e�e
t, a 
y
lotron mass m of massless 
arriers withan energy E in graphene that is des
ribed by E = mc∗2, and Shubnikov-de Haas os
illations in graphene whi
h exhibit a phase shift of π due toBerry's phase [102, 101℄. However, the a

urate des
ription of these un-usual transport phenomena is beyond the s
ope of the present manus
riptand 
an be �nd elsewhere [4℄.3.3 Ele
troni
 properties of graphene nanorib-bonsIts high ele
tron mobility and long 
oheren
e length have made graphenethe subje
t of intense studies for nanos
ale ele
troni
 appli
ations, evenfor the implementation of room-temperature ballisti
 (dissipation-free)ele
troni
s. However, a major issue in the development of graphene-based �eld-e�e
t transistors is the inability to ele
trostati
ally 
on�neele
trons in graphene, be
ause a single layer of graphite remains metalli
even at the 
harge neutrality point. In order to over
ome this problem,a way to open a gap in the ele
troni
 stru
ture of graphene needs tobe found. A straightforward solution is to pattern the graphene sheetinto narrow ribbons. Thanks to re
ent progresses in the synthesis of sin-
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Figure 3.5: Honey
omb latti
e of graphene (a) with both the zigzag (red) andthe arm
hair (green) dire
tions. Graphene nanoribbons 
ut in the ideal sheetalong these two highly symmetri
 dire
tions are 
alled aGNRs (b) and zGNRs(
), respe
tively.gle graphite layers on 
onventional devi
e setups, graphene nanoribbons(GNRs) with varying widths have been synthesized and 
hara
terizedexperimentally [117, 5, 118℄.Graphene nanoribbons (GNRs) are elongated stripes of graphenewith a �nite width that 
an be obtained by 
utting the graphene planealong a given dire
tion. Another appealing point of view, 
onsists in
onsidering GNRs as unfolded in�nite CNTs. Due to the honey
ombstru
ture of graphene, there are two basi
 shapes for graphene edges,namely the zigzag and arm
hair ones (see Fig. 3.5). Depending on the
utting dire
tion, or equivalently on the axis dire
tion of the tubes, theedges of the GNRs may then present an arm
hair shape (
hiral angle
φ = 0), a zigzag shape (φ = π/6) or a 
omplex shape made of a mixtureof arm
hair and zigzag shaped fragments (0 < φ < π/6).The atomi
 stru
ture of nanoribbons with arm
hair and zigzag edgesis further illustrated in Fig. 3.6 along with their unit 
ells. Followingprevious 
onvention [111, 112, 119, 120, 121, 122, 123, 124, 125, 126, 110,127℄, GNRs with arm
hair (zigzag) edges on both sides are 
hara
terizedby the number of dimer lines (zigzag lines) a
ross the ribbon width.In the following, N -aGNR and N -zGNR will refer to su
h prototypi
alarm
hair and zigzag GNRs, N being respe
tively the number of dimerand zigzag lines. Besides, if not otherwise stated, the 
arbon atoms atthe edges are assumed to be mono-hydrogenated. Of 
ourse, these ideallyshaped edges do not 
orrespond to the experimental observations [128,129, 130℄ where GNRs 
urrently have a high degree of roughness at theedges. Some aspe
t of this edge disorder will be presented later on.
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Figure 3.6: Carbon N -zGNR (a) and N -aGNR (b) 
omposed of N arm
hairand zigzag lines, respe
tively. Bla
k and white dots identify 
arbon atoms be-longing to the two di�erent graphene sub-latti
es (A and B). The red re
tanglerepresents the 1D unit-
ell of the 
orresponding GNR. Atoms labeling followsthe 
ounting of zigzag 
hains (a) or dimer lines (b), from 1, 2, 3, 4, ... to N -1,N.3.3.1 Bands folding approximationSin
e GNRs are just geometri
ally terminated single graphite layers,their ele
troni
 stru
tures have been predi
ted for long time by imposingappropriate boundary 
onditions on the S
hrödinger's equation withinthe simple single-band tight-binding approximation [111, 112, 123, 124,125, 126℄.Starting from the band stru
ture of the 2D graphene plane, a roughidea of the band stru
ture of graphene ribbons 
an be easily obtainedby applying the band folding prin
iples. As illustrated in Fig. 3.7, this
onsists in proje
ting the bands of bulk graphene onto the one dimen-sional Brillouin zone of the graphene ribbon. As shown in Fig. 3.8, theproje
ted band stru
tures do preserve the linear dispersion relation ob-served in graphene around the Dira
 points (K and K ′). The apex of theDira
 
ones whi
h are responsible of the system metalli
ity are folded on
k = 0 and k = ±2π

3 in the 
ase of aGNRs and zGNRs respe
tively.In nanoribbons, the presen
e of the edges involves the 
on�nementof the ele
trons in the dire
tion perpendi
ular to ribbon axis. Owing tothe quantum me
hani
al 
onstri
tion of ele
troni
 wave-fun
tions, theallowed wave-ve
tors are dis
retized along the 
on�ning dire
tion. As a
onsequen
e, the graphene ele
troni
 spe
trum is broken into sub-bandsand a gap 
an possibly open. As detailed in Fig. 3.9, the allowed waveve
tors of GNRs form lines in the re
ipro
al spa
e. Negle
ting the edge
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Figure 3.7: Band folding approximation. (a) Honey
omb network of graphenewith the two dire
tions of the ele
troni
 
on�nement (a and z bla
k arrows) forthe zigzag and arm
hair ribbons, respe
tively. (b) The �rst hexagonal Brillouinzone of graphene is folded into the �rst re
tangular Brillouin zone (red), de�nedby the a∗ and z∗ dire
tions. This re
tangular Brillouin zone 
orresponds in there
ipro
al spa
e to the unit 
ell 
onstru
ted using the a and z ve
tors in realspa
e as illustrated in (a).

Figure 3.8: Energy band stru
ture of graphene proje
ted on the zigzag (a) andarm
hair (b) axis. The linear dispersion relations are 
onserved and lo
alizedat k = 0 for aGNRs and at k = 2π
3

for zGNRs.relaxation e�e
ts, one 
an thus approximate the ele
troni
 band stru
tureof a spe
i�
 GNRs by the superposition of the graphene energy bandsalong these lines. This highlights the dependen
e of the ribbon ele
troni
stru
ture with respe
t to both its orientation and its width. Dependingon the e�e
tive or avoided 
rossing of the sub-bands with the Dira
 points
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Figure 3.9: (left) Dire
tion of ele
troni
 
on�nement in the GNRs, (right)Brillouin zone of graphene superimposed by a representation of the lines ofallowed k-points in the simple band-folding topologi
al approximation. The
ases of arm
hair and zigzag ribbons are illustrated in the top and bottompanels respe
tively.(K and K ′), a spe
i�
 GNR may be either metalli
 or semi
ondu
tor.Consequently, GNRs 
an be 
onveniently 
ompared to 
arbon nanotubes: a metalli
 
hara
ter is found for all the zigzag GNRs while a band gapos
illating as a fun
tion of the ribbon width is predi
ted in the 
ase ofarm
hair GNRs.3.3.2 Ele
troni
 stru
ture of the arm
hair ribbonsAs detailed previously, the quantum 
onstri
tion of ele
troni
 wave-fun
tions within the ribbon has a strong impa
t on the low energy ele
-troni
 stru
tures of GNRs. However, other e�e
ts, su
h as the relax-ation of the edges (hydrogenated or not), may also play an importantrole around the Fermi level. In this se
tion, the ele
troni
 stru
ture ofarm
hair ribbons is derived emphasizing the separate 
ontributions ofele
troni
 
on�nement and edge related e�e
ts.Within the simplest TB approximation the Hamiltonian of a GNRwith hydrogenated edges is readily formulated as
H =

∑

i

ǫiĉ
†
i ĉi +

∑

〈i,j〉

γij ĉ
†
i ĉj (3.21)where ǫi is the on-site energy of the ith 
arbon atom, 〈i, j〉 denotes all
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Figure 3.10: Energy band stru
tures of arm
hair nanoribbons for variouswidth (N=15,16,17). Top, band stru
tures 
omputed within the TB model with
onstant hopping energy between nearest neighbors. Bottom, band stru
tures
omputed within the DFT framework.pairs of nearest neighbors π-orbitals, γij 
orresponds to the hoppingenergy between the ith and jth π-orbitals, and ĉi is the ele
tron 
reationoperator asso
iated with the ith 
arbon site.Owing to the periodi
ity along the ribbon axis, the ĉi and ĉ†i operatorsmay be expressed as Blo
h sums,
ĉi =

1√
N

∑

k

eikRi ĉk(i) (3.22)where Ri is the position of the ith 
arbon site, and ĉk(i) is one of the
{

ĉ1A
k , ĉ1B

k , ĉ2A
k , ĉ2B

k , ..., ĉNB
k

} operators, named by referen
e to the unit
ell sites {1A, 1B , ... NA, NB} illustrated in Fig. 3.6.Folding Eq. (3.22) into the Eq. (3.21), the Hamiltonian of arm
hairGNRs is easily expressed in terms of the basis set {ĉ1A
k , ĉ1B

k , ĉ2A
k , ĉ2B

k ,
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..., ĉNB

k

},
H =

∑

k∈BZ

Hk , (3.23)with,
Hk = φ̂†k





















ǫ1 γ
‖
1 .e

ik a
2 0 γ⊥12 0 ...

γ
‖
1 .e

−ik a
2 ǫ1 γ⊥12 0 0 ...

0 γ⊥12 ǫ2 γ
‖
2 .e

ik a
2 0 ...

γ⊥12 0 γ
‖
2 .e

−ik a
2 ǫ2 γ⊥23 ...

0 0 0 γ⊥23 ǫ3 ...
... ... ... ... ... ...





















φ̂k(3.24)and,
φ̂k =

[

ĉ1A
k , ĉ1B

k , ĉ2A
k , ĉ2B

k , · · · , ĉNA
k , ĉNB

k

]T
. (3.25)The energy band stru
tures of arm
hair ribbons are then 
al
ulatedby diagonalizing the Hamiltonian (3.24). The result is illustrated inFig. 3.10 for three di�erent ribbon widths. Note that the topologi
alapproximation (ǫi = 0 and γ

‖
i = γ⊥ij = γ = 2.7 eV) has been used forthe 
al
ulation, whi
h is equivalent to assume that the bulk graphenegeometry is 
onserved in the ribbon, even at the mono-hydrogenatededges. In agreement with the predi
tion of the band-folding approxima-tion, a dire
t gap appears at k = 0 and the energy dispersion around Γis reminis
ent of the Dira
 
ones.The 
al
ulated band stru
tures 
on�rm the 
ru
ial role of the rib-bon width upon the energy gap. While two third of the arm
hair rib-bons exhibit a semi-
ondu
ting behavior, the remaining third keeps thegraphene semi-metalli
 behavior. At k = 0, the eigenvalues of the tight-binding Hamiltonian 
an be extra
ted analyti
ally, leading to an energygap (∆N ) whi
h is width dependent :

∆N =















∆3ℓ = |γ0|
(

4cos πℓ
3ℓ+1 − 2

)

∆3ℓ+1 = |γ0|
(

2 − 4cosπ(ℓ+1)
3ℓ+2

)

∆3ℓ+2 = 0

(3.26)with ∆3ℓ > ∆3ℓ+1 > ∆3ℓ+2 = 0. Here N and l are integers and N refersto the ribbon width.As a 
onsequen
e, the present tight-binding approa
h predi
ts that
N -aGNRs are metalli
 for every N = 3ℓ + 2 (where ℓ is a positive inte-ger), and semi-
ondu
ting in the other 
ases. However, su
h simple TB
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Figure 3.11: Evolution of the 
arbon-
arbon bond length (dC−C) a
ross the17-aGNR ribbon width as 
omputed by an ab initio geometry optimization.In red, length of the 
arbon-
arbon tilted with respe
t to the ribbon axis. Inbla
k, length of the 
arbon-
arbon parallel to the ribbon axismodel with one orbital per site and 
onstant site energies and hoppingintegrals between nearest neighbors does not a

ount for the relaxationof the hydrogen passivated 
arbon atoms at the edge whi
h is observed inmost of large aromati
 mole
ules. Indeed, the 
arbon atoms at the edgesof the ribbon are passivated by hydrogen atoms (by some foreign atomsor mole
ules in general) so that one may expe
t the on-site energies atthe edges to be di�erent from those in the middle of the GNR. The bond-ing distan
es between 
arbon atoms at the edges are expe
ted to 
hangea

ordingly (see Fig. 3.11) leading to a shortening of the inter-atomi
 dis-tan
e and an in
rease of the hopping integral between π-orbitals. Theintrodu
tion of these modi�ed on-site and hopping energies at the edgeswithin the above TB model leads to the opening of small extra-gaps at
k = 0 even for the 3ℓ + 2-GNRs. The relaxation of the edge impliesthus the semi-
ondu
ting behavior of all the aGNRs [110, 127℄. Theseresults 
ompare well with ab initio 
al
ulations. For a ribbon of ∼2nm with a metalli
 behavior predi
ted by the topologi
al tight-bindingmodel, the ab initio estimated band gap is o� ∼0.05 eV (see Fig. 3.10).Furthermore the band stru
tures 
omputed either by means of adjustedTB or ab initio te
hniques are in ex
ellent agreement with the experi-mental observation regarding the quantization energy (i.e. the energyspa
ing between the one dimensional sub-bands) and the energy split-ting between the bands originating from the K and K′ high symmetrypoints [131℄. Finally, it has to be noted that the ab initio energy gap arefurther in
reased when the ele
tron-ele
tron 
orrelations are taken into
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ount by means of GW 
orre
tions [132℄. However, 
onsidering thise�e
t, the energy gaps still de
rease as the widths of the aGNR in
rease,rea
hing the zero-gap value of graphene for the in�nite width.

Figure 3.12: Energy band stru
ture of 17-aGNR (left panel). Representationsof the low energy ele
troni
 states (right panel). (a-d) Representations of thedensity of states asso
iated with Blo
h wave-fun
tions either 
omputed at the
Γ or at the X high symmetry points as mentioned by letters in the left panel.Finally, for sake of 
omparison with the 
ase of zigzag shaped GNRswhi
h is detailed hereafter, the lo
al density of states asso
iated withsome low energy ele
troni
 states are plotted in Fig. 3.12. In spite ofthe edge relaxation, the low energy density of states (both o

upied anduno

upied) is spread a
ross the 
omplete ribbon width and no edgestates are reported. This is in striking 
ontrast with the situation inzGNRs3.3.3 Ele
troni
 stru
ture of the zigzag ribbonsIn this se
tion, the same approa
h as presented herein for the aGNRsis applied to the zigzag shaped ribbon. The tight-binding derivation ofthe low energy band stru
ture is presented and 
ompared with DFT
al
ulations.
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ount the periodi
ity of the rib-bon, the tight-binding Hamiltonian is readily expressed as a Blo
h sum(H =
∑

k ∈BZ Hk). In the 
ase of zGNRs, the ribbon topology leads tothe following expression for Hk,
Hk = γ0φ̂

†
k

















ǫ1 2 cos(ka
2 ) 0 0 0 ...

2 cos(ka
2 ) ǫ2 1 0 0 ...

0 1 ǫ3 2 cos(ka
2 ) 0 ...

0 0 2 cos(ka
2 ) ǫ4 1 ...

0 0 0 1 ǫ5 ...
... ... ... ... ... ...

















φ̂k(3.27)where φ̂k =
[

ĉ1A
k , ĉ1B

k , ĉ2A
k , ĉ2B

k , · · · , ĉNA
k , ĉNB

k

]T .In a �rst approximation, the topologi
al approximation (ǫi = ǫ = 0and γij = γ = 2.7eV ) is used. The energy band stru
tures of zigzag rib-bons are then obtained by diagonalizing the Hamiltonian of Eq. (3.27)on a regular grid of k-point along the 1D Brillouin zone. In agreementwith the predi
tion of the band-folding approximation, a dispersion re-lation reminis
ent of the Dira
 
ones appears around k = ±2π/3 (seeFig. 3.13(a)). However, an unpredi
ted feature appears independently ofthe ribbon width : the highest valen
e and lowest 
ondu
tion bands formtwo partially �at bands at the Fermi level that extend on one third of theBZ (2π/3 ≤ |k| ≤ π) indu
ing a sharp peak in the density of states at EF .Owing to the presen
e of these pe
uliar �at bands, the zigzag GNRs arethus predi
ted to remain metalli
 independently of the ribbon widths.This is 
on�rmed by the energy band stru
tures 
omputed within thespin-degenerated DFT framework (see Fig. 3.13(b)). Besides, the energygaps between the o

upied and uno

upied bulk states (all states withthe ex
eption of those asso
iated with the partially �at bands) presenta monotoni
 de
rease when in
reasing the ribbon width.The origin of the quasi-�at bands is easy to understand analyti
ally,as �rst demonstrated by Fujita and 
o-workers [113℄. Considering a semi-in�nite graphene plane with a zigzag-shaped edge, the translational sym-metry of the semi-in�nite graphene sheet along the edge allows to applythe Blo
h theorem in the edge dire
tion. One 
an thus asso
iate therelative weights {ci = (..., eik(n−1), eikn, eik(n+1), ...) } with the Blo
hwave-fun
tion on the su

essive edge sites. Here, n indexes the edgesites as depi
ted in Fig. 3.14. For the ele
troni
 wave-fun
tion to be ex-a
t at E = 0, the topologi
al tight-binding approximation (i.e. 
onstanton-site energies and hopping integrals) imposes that for all atomi
 site
β: ∑αHαβ.cα = 0, where the sum runs only over the nearest neigh-
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Figure 3.13: Energy band stru
ture of zigzag nanoribbons (8-zGNR). Notethat, 
ontrarily to the 
ase of arm
hair ribbons, the band stru
ture does not
hange periodi
ally with the ribbon width. (a) band stru
ture 
omputed withinthe TB model with 
onstant hopping energy between nearest neighbors. (b)band stru
ture 
omputed within the DFT framework.bor atomi
 sites. Applied to all atomi
 sites, this 
ondition gives a

essto the 
omponents of the (ǫ = 0) wave-fun
tion inside the semi-in�niteplane. E.g. when applied to the atomi
 sites indi
ated by a 
ross inFig. 3.14, the 
ondition ∑αHαβ.cα = 0 produ
es the following systemof equations,






0 = eik(n+1) + eikn + x

0 = eik(n) + eik(n−1) + y
0 = x+ y + z

. (3.28)From whi
h the wave fun
tion 
omponents x, y, z are found to be x =
Dke

ik(n+1/2), y = Dke
ik(n−1/2) and z = D2

ke
ikn with Dk = −2cos(k/2).Finally, the 
harge density appears to be proportional to D2(m−1)

k onthe atomi
 sites belonging to the mth zigzag 
hain 
ounted from theedges. Sin
e the 
harge density should not diverge within the semi-in�nite graphene sheet, the 
ondition |Dk| ≤ 1 applies. This 
riterionde�nes the region of the Brillouin zone (2π/3 ≤ |k| ≤ π) where the �atband appears. The edge states thus penetrate progressively the semi-in�nite graphene sheet for wave-ve
tors going from π to 2π/3.These analyti
al results are in good agreement with the low-energyele
troni
 density distribution obtained with ab initio 
al
ulations (see
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Figure 3.14: Analyti
 form of the edge state in semi-in�nite graphene planes.The bold line represents the zigzag edge. The bla
k 
ir
les represent the 
hargedensity on the atomi
 site belonging to the edge sub-latti
e. The red 
rossdenotes the sites where E = 0 
onditions are applied.Fig. 3.17). Note that, in 
ontrast with the 
ase of arm
hair GNRs, themodi�
ation of the 
arbon-
arbon bonding distan
e at the edges (seeFig. 3.15) does not lead to signi�
ant 
hanges in the low energy ele
-troni
 stru
tures. Indeed, the partially �at bands at the Fermi energyoriginate from topologi
al reasons and are insensitive to the exa
t valueof the hopping energy a
ross the ribbon width. The ab initio 
omputedeigenstates around the Fermi level reveal that these ele
troni
 states aremainly lo
ated at the zigzag edges of the GNR, and penetrates progres-sively into the ribbon for wave-ve
tors going from k = π to k = 2π/3.In the ribbon, however, some dispersion appears before k = 2π/3 sin
ethe edge states 
oming from the opposite edges meet within the ribbon,overlap and form bonding and anti-bounding states. Previous theoreti
alworks whi
h have investigated the appearan
e of edge states for GNRswith general edge shapes (i.e. made of a su

ession of arm
hair andzigzag fragments), predi
t that sequen
es of four zigzag sites at the edgeare su�
ient to given rise to edge states [111℄. Experimentally, STMand STS measurements [133℄ seems to 
orroborate the presen
e of edgestates along homogeneous zigzag edges and around zigzag-like defe
ts inarm
hair edge.Another important feature related to zGNRs 
onsists of the pres-en
e of magneti
 order (spin degree of freedom) along the zigzag shapededges. As mentioned above, the zigzag topology indu
es narrow-band
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Figure 3.15: Evolution of the 
arbon-
arbon bond length (dC−C) a
ross the8-zGNR ribbon width as 
omputed by an ab initio geometry optimization. Inred, length of the 
arbon-
arbon perpendi
ular to the ribbon axis. In bla
k,length of the 
arbon-
arbon tilted with respe
t to the ribbon axisedge states at the Fermi energy allowing possible magneti
 order alongthe edges [112, 121, 122, 110, 127℄. Be
ause the edge states lead toa sharp peak in the density of states at the Fermi level, zGNRs ex-hibit a Curie-like temperature dependen
e of the Pauli paramagneti
sus
eptibility [112℄. Consequently, a 
rossover is predi
ted from high-temperature diamagneti
 to low-temperature paramagneti
 behavior inthe magneti
 sus
eptibility in zGNRs [112℄.Upon in
lusion of the spin degrees of freedom in the ab initio 
al
ulation,the zGNRs are predi
ted to have a magneti
 insulating ground state withferromagneti
 order along the edges and anti-parallel spin orientation be-tween the edges (Fig. 3.16). The di�eren
e in total energy per edge atombetween non-spin-polarized and spin-polarized edge states is of the or-der of a few tens of meV [110℄. For example, the ele
troni
 ground stateof the ideal 8-zGNR reveals anti-parallel (↑↓) spin orientations betweenthe edges (Fig. 3.16(a)) leading to a semi-
ondu
ting band stru
ture (0.5eV band gap) with full spin degenera
y. On the other hand, the mag-neti
 
on�guration with parallel (↑↑) spin orientations between the edges(Fig. 3.16(b)) is found to be meta-stable (11 meV/edge-atom higher inenergy). This 
on�guration displays a metalli
 behavior, as the π∗↑ and
π↓ bands are 
rossing at the Fermi energy, and presents a total magneti
moment of 0.51 µB per edge atom.Consequently, when the spin degree of freedom are taken into a
-
ount, the presen
e of energy gaps for ele
trons in zGNRs 
an be ex-
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Figure 3.16: Spin polarized ele
troni
 stru
ture of zigzag nanoribbons (8-zGNR). (a) ↑↓ 
on�guration (ground-state): upon the in
lusion of the spindegree of freedom, the ribbon presents ferromagneti
 order along its axis andanti-parallel 
oupling between the edges. (b) ↑↑ 
on�guration (11 meV/edge-atom higher in energy): the ribbon present ferromagneti
 order along its axisand parallel 
oupling between the edges. On the left, energy band stru
ture
omputed within the spin-DFT framework. On the right, Spin polarized ele
-troni
 densities (ρ↑ − ρ↓) iso-surfa
esplained in terms of the staggered sub-latti
e potentials resulting fromthe magneti
 ordering [134℄. Su
h a situation is realized be
ause thespin-polarized edge-states on opposite edges o

upy di�erent sub-latti
es.Sin
e the strength of the staggered potentials in the middle of the ribbonde
reases as the ribbon width in
reases, the band gaps of zigzag GNRsare inversely proportional to the zGNRs width. Finally, it is worth not-ing that the band stru
ture of zGNRs is slightly modi�ed by the GW
orre
tion asso
iated with the ele
tron-ele
tron 
orrelation. Indeed, asdetailed in Ref. [132℄, the self-energy 
orre
tions enlarge the energy gapsof all zGNRs and slightly in
rease the dispersion of the bands asso
iatedwith the edge states.3.3.4 SummaryIn summary, as for 2-D graphene, su
h a simple topologi
al tight-binding model is found to des
ribe low energy properties with a degree ofapproximation high enough for many appli
ations and is widely employedfor studying transport properties in GNRs [111, 135, 136, 137, 138, 139℄.However, ab initio 
al
ulations [110℄ reveal that GNRs with hydrogenpassivated arm
hair or zigzag shaped edges both have nonzero band gaps
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Figure 3.17: Low energy ele
troni
 states of zGNRs. Energy band stru
tureof 8-zGNR (
entral panels) surrounded by representations of the low energyele
troni
 states. (a-d) Representations of the density of states asso
iated withBlo
h wave-fun
tions either 
omputed at the Γ or at the X high symmetrypoints as mentioned by letters in the 
entral panel. Top panel, the 8-zGNRin its ground state (↑↓) magneti
 
on�guration. Bottom panel, the 8-zGNR in(↑↓) magneti
 
on�guration.
independently of their width. In arm
hair ribbons, this is due to thenoti
eable modi�
ation of the bonding 
hara
teristi
s between atoms atthe edges [120, 123℄. In zigzag ribbons, the gap opening originates inthe sub-latti
e potential indu
ed by the magneti
 order.
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tion 3.4. Stru
ture and stability of graphene edges 753.4 Stru
ture and stability of graphene edgesAs illustrated in the previous se
tions, the atomi
 stru
ture of theedges is responsible to a large extent for the ele
troni
 properties ofgraphene nanoribbons. This applies for many nanos
ale materials wherethe surfa
es and edges �x the symmetry inside the "bulk" and determinethe 
orresponding low energy ele
troni
 stru
ture. In GNRs, the edgesalso turn out to rule the appearan
e of �at π bands at the Fermi level andferromagneti
 ordering of π ele
trons along the ribbon axis. Aiming atfuture appli
ations of graphene in ele
troni
 and/or spintroni
 devi
es,the pre
ise 
ontrol of the edges is thus 
ru
ial.One one hand, a large portion of the theoreti
al studies of grapheneis devoted to the physi
s of the edges (see e.g. Ref. [10, 11, 110, 111,122, 127, 140, 141, 142, 143℄). However, very few works 
onsider thepossibility for the edge to relax towards other geometries than the stan-dard mono-hydrogenated zigzag and arm
hair patterns [10, 11℄. Onthe other hand, experimental studies of the edge are even more raredue to the di�
ulty to resolve atomi
ally the graphene at the edges.For example, in most of experimental studies whi
h 
hara
terize thegraphene boundaries using S
anning Tunneling Mi
ros
opy (STM) orAtomi
 For
e Mi
ros
opy (AFM), graphene is not atomi
ally resolvedat the edges, and the 
rystallographi
 orientation of the edges is deter-mined with respe
t to the atomi
 s
ale 
ontrast observed within the bulkof the samples [128, 144, 145, 146℄. Re
ently, alternative 
hara
terizationroutes based on Transmission Ele
tron Aberration-
orre
ted Mi
ros
ope(TEAM) have been proposed [130, 147℄. But, though impressive pi
-tures have been produ
ed, the detailed atomi
 geometries of grapheneedges still remains a matter of interpretation. In addition, while TEAMmi
ros
opes provide a

ess to the stru
ture and dynami
 of the atomi
network, the ele
tron beam (typi
ally ∼ 80 keV) a
ts as an energy bathso that it is di�
ult to estimate in what extent the observed stru
tures
orrespond to stable geometries in ambient 
onditions.The la
k of edge 
hara
terization 
ontinues to prevent a deep under-standing of many experimental results. For example, despite theoreti
al
al
ulations that predi
t nearly �at bands around the Fermi level for thezigzag edges, the experimental measurements reveal a semi-
ondu
tingbehavior for all tested GNRs. Besides, the measured transport propertiesof a
tual ribbons seem to be independent of their 
rystallographi
 orien-tation [6, 117, 148, 149℄. Many reasons related to the samples preparation(e.g. presen
e of adsorbates, substrate e�e
ts,...) or to the appearan
eof mobility gaps indu
ed by edge disorder have been proposed to ex-plain this disagreement between theory and experiments [139, 150, 151℄.
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tual edge stru
ture at given ex-perimental 
onditions would surely help in solving this issue.In this se
tion, the relative stability of zigzag and arm
hair edges isinvestigated by means of ab initio 
al
ulations. We report spin polar-ized DFT 
al
ulations of the formation energy and ele
troni
 stru
tureof various hydrogen-terminated edge patterns. The ribbons studied areperiodi
 and present the same atomi
 stru
ture on both edges. Theab initio 
al
ulation of the total energies relies on the generalized gradi-ent approximation (GGA) to des
ribe the ex
hange-
orrelation part ofthe Hamiltonian and a numeri
al atomi
 orbital (NAO) basis set of DZPquality has been used to expand the wave-fun
tions in 
onjun
tion withTrouiller-Martin norm-
onserving pseudo-potentials3.3.4.1 Edge formation energiesMany edge patterns have been 
onsidered, these are illustrated inFigs. 3.18-3.21. The pristine zigzag and arm
hair patterns with varioushydrogen 
overage of the 
arbon atoms on the edges have been in
ludedin the study. Hereafter, these stru
tures are labelled as zn1n2...nx and
am1m2...mx respe
tively, where ni and mi refer to the number of hydro-gen atoms 
ovalently bonded to the ith edge side, and x is the numberof adja
ent edge-sites within the unit-
ell of length a (see Figs. 3.18 and3.19). As an example, z211 refers to a GNR with zigzag shaped edgeswhose unit 
ell is build from a sequen
e of three elementary zigzag units.The 
arbon atoms on the edges of the �rst zigzag unit are doubly hy-drogenated, the other ones are saturated by one hydrogen per 
arbonsite.In addition to these zigzag and arm
hair patterns, other re
onstru
-tions of the edges have been 
onsidered. The z(57)ij stru
ture depi
tedin Fig. 3.20(b) is a re
onstru
tion of the zigzag edge where two adja
enthexagons of the edge transform in a pentagon and an heptagon. Thisedge pattern would 
orrespond to a 
ut through a line of Stone-Wales3In order to get a

urate energies, the double-ζ plus polarization basis set hasbeen 
omplemented by the 3s numeri
al atomi
 orbital for 
arbon atoms. Further-more, sin
e NAOs basis sets su�er a la
k of systemati
 variational 
onvergen
e, it isimportant to 
arefully 
he
k the validity of the basis set. In parti
ular, while minimalbasis sets are sometimes appropriate for semi-quantitative 
al
ulations of ele
troni
properties around the Fermi level, a high degree of a

ura
y and a well 
onvergedbasis set are required to ta
kle the relative stability of edges stru
tures with di�er-ent stoi
hiometries. In order to test the a

ura
y and 
ompleteness of the basis setused throughout this study, the 
omputed relative edge formation energies have been
ompared with values obtained within the PAW 
omputational s
heme. As detailedhereafter, the agreement between the NAOs and PAW results allows us to be 
on�dentwith respe
t to the 
ompleteness of the NAOs basis set.
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Figure 3.18: S
hemati
 representation and ele
troni
 band stru
ture of vari-ous possible edge re
onstru
tions for the zigzag graphene ribbons. The atomi
stru
tures depi
ted are periodi
 along the ribbon edge. The length of the unit
ell is represented by a line segment. The 
arbon network is represented withinthe Clar's sextet notation (bla
k lines), the hydrogen atoms are the �lled red
ir
les. The ele
troni
 band stru
ture are represented along the one dimen-sional unit 
ell between the Γ and X spe
ial points. The α and β 
ollinearspin orientations 
orrespond to the solid blue and dotted red lines. All theband stru
tures present full spin degenera
y. In 
ase of relevan
e, the energydi�eren
es ∆↑↑ = E↑↑ − E↑↓ are mentioned. Note that the band stru
turesrepresented are all asso
iated with the ↑↓ magneti
 
on�guration.defe
ts [152℄ and should allow to 
onne
t the graphene plane with aHae
kelite stru
ture [153℄. It has re
ently been proposed as a possiblespontaneous re
onstru
tion of the z00 edge [11℄. The z(600)ijkl stru
ture
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Figure 3.19: S
hemati
 representation and ele
troni
 band stru
ture of var-ious possible edge re
onstru
tions for the arm
hair graphene ribbons. Theatomi
 stru
tures depi
ted are periodi
 along the ribbon edge. The length ofthe unit 
ell is represented by a line segment. The 
arbon network is repre-sented within the Clar's sextet notation (bla
k lines), the hydrogen atoms arethe �lled red 
ir
les. The ele
troni
 band stru
ture are represented along theone dimensional unit 
ell between the Γ and X spe
ial points. The α and β
ollinear spin orientations 
orrespond to the solid blue and dotted red lines. Allthe band stru
tures present full spin degenera
y.In 
ase of relevan
e, the en-ergy di�eren
es ∆↑↑ = E↑↑−E↑↓ are mentioned. Note that the band stru
turesrepresented are all asso
iated with the ↑↓ magneti
 
on�guration.(see Fig. 3.20(a)) has also been reported re
ently [10℄. Its geometry 
or-responds to a zigzag edge from whi
h two third of the 
arbon atoms onthe edges have been removed giving rise to a saw blade pattern. The
z(TDP )aij... stru
ture (see Fig. 3.20(
)) is a new re
onstru
tion that wepropose here. It may be obtained from the periodi
 adsorption of ad-
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ture and stability of graphene edges 79atoms along the zigzag edges and involves an sp3 hybridization of several
arbon atoms at the edge. Geometri
ally, this hypotheti
al stru
ture
onsists in the periodi
 repeat of triangular di-pyramids (TDP) of 
ar-bon atoms along the zigzag edge. Within the z(TDP )aij... notation, the asupers
ript refers to the number of hydrogen atoms bonded to the apexof the pyramids and the ij... subs
ripts des
ribe the hydrogenation levelof the 
arbon sites at the GNR edge.The a(677)ij edge pattern (see Fig. 3.21(b)) has been proposed re-
ently as a probable stru
ture 
ompeting with the standard arm
hairedge [11℄. This pattern is similar in nature with the a(57)ij (see Fig. 3.21(
))sin
e they both 
orresponds to a re
onstru
tion of the edge by a Stone-Wales-like me
hanism (i.e. the 90◦ rotation of 
arbon-
arbon σ-bond) [152℄.Note that the a(57) stru
ture is highly interesting sin
e its spe
i�
 topol-ogy would allow to 
onne
t arm
hair and zigzag ribbons side by side.Finally, the a(56)i stru
ture (see Fig. 3.21(
)) is slightly di�erent sin
eits formation requires the di�usion of 
arbon atoms in order to obtainthe alternation of hexagons and pentagons along the edge.We now turn to the stability analysis. At zero temperature andfor isolated systems, it is quite 
ommon to rely on the edge formationenergies (ξH2
),
ξH2

=
1

2a

(

EGNR −NCEBulk −NH
EH2

2

) (3.29)in order to 
ompare the relative stability of systems with di�erent numberof 
arbon and hydrogen atoms inside. Here, a 
orresponds to the lengthof the GNR unit 
ell. EGNR, EBulk and EH2
are respe
tively the totalenergies of the GNR unit 
ell, the energy asso
iated with one 
arbonatom in the pristine graphene plane and the total energy of the isolated

H2 mole
ule. NC and NH are the numbers of 
arbon and hydrogen atomsin the GNR unit 
ell. The ab initio 
omputed values of ξH2
asso
iatedwith the various re
onstru
tions of the zigzag and arm
hair edges arereported in tables 3.1 and 3.2 for ribbons of ∼ 2 nm width (i.e. 8-zGNRsand 17-aGNRs).By 
omparing the edge formation energies ξH2

, the relative stabilityof the isolated systems 
an be determined. The 
omputed energies revealthat, in su
h 
onditions, the most stable edge is the z(600)2222 pattern.This is in striking 
ontrast with the re
ent proposals for the most sta-ble GNRs edges [11, 10℄. These results 
on�rm, however, that neitherthe standard zigzag nor the standard arm
hair edges present the lowestedge formation energy. The z(600)2222 
on�guration is followed dire
tlyby the a22 pattern (∼ 10 meV above in energy), and then by the a11,
z21, z211, and z2111 
on�gurations (more than 100 meV above in energy).
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Figure 3.20: S
hemati
 representation and ele
troni
 band stru
ture of vari-ous possible edge re
onstru
tions for the zigzag graphene ribbons. The atomi
stru
tures depi
ted are periodi
 along the ribbon edge. The length of the unit
ell is represented by a line segment. The 
arbon network is represented withinthe Clar's sextet notation (bla
k lines), the hydrogen atoms are the �lled red
ir
les. The ele
troni
 band stru
ture are represented along the one dimen-sional unit 
ell between the Γ and X spe
ial points. The α and β 
ollinear spinorientations 
orrespond to the solid blue and dotted red lines. All the bandstru
tures present full spin degenera
y. Examples of z(600)ijkl (a), z(57)ij (b)and z(tdp)a
ij... (
) re
onstru
tions of the zigzag edges. The C-C involved in thetriangular di-pyramid arrangement are 
olored in light blue (d) Stru
tural de-tails of the triangular di-pyramid arrangement. In 
ase of relevan
e, the energydi�eren
es ∆↑↑ = E↑↑ − E↑↓ are mentioned. Note that the band stru
turesrepresented are all asso
iated with the ↑↓ magneti
 
on�guration.
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Figure 3.21: S
hemati
 representation and ele
troni
 band stru
ture of var-ious possible edge re
onstru
tions for the arm
hair graphene ribbons. Theatomi
 stru
tures depi
ted are periodi
 along the ribbon edge. The length ofthe unit 
ell is represented by a line segment. The 
arbon network is repre-sented within the Clar's sextet notation (bla
k lines), the hydrogen atoms arethe �lled red 
ir
les. The ele
troni
 band stru
ture are represented along theone dimensional unit 
ell between the Γ and X spe
ial points. The α and β
ollinear spin orientations 
orrespond to the solid blue and dotted red lines.All the band stru
tures present full spin degenera
y. Examples of a(56)i (a),
a(677)ij (b) and a(57)ij (
) re
onstru
tions of the arm
hair edge. In 
ase ofrelevan
e, the energy di�eren
es ∆↑↑ = E↑↑ − E↑↓ are mentioned. Note thatthe band stru
tures represented are all asso
iated with the ↑↓ magneti
 
on�g-uration.
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hair and zigzag shapes with various hydro-gen 
overages of the 
arbon atoms on the edge. In the next se
tion, the
on
epts of aromati
ity will bring some additional 
lari�
ations on the
lose 
onne
tions between the ribbon topology, its relative stability andits ele
troni
/magneti
 properties.
ρH (Å−1) ξH2

(eV/Å)NAOs PAWs
z0 0.000 1.175 1.167
z1 0.403 0.078 0.078
z2 0.798 0.170 0.192
z21 0.601 0.003 0.017
z211 0.536 -0.005
z2111 0.503 0.012
z(57)00 0.000 1.047 1.147
z(57)11 0.410 0.342
z(57)21 0.611 0.344
z(57)22 0.816 0.243
z(600)0000 0.000 1.340
z(600)1111 0.535 0.032
z(600)1221 0.803 0.023
z(600)2112 0.802 0.014
z(600)2222 1.070 -0.130
z(TDP )000 0.000 2.357
z(TDP )011 0.402 1.273 1.099
z(TDP )022 0.795 2.033
z(TDP )100 0.403 1.796
z(TDP )111 0.806 0.772
z(TDP )122 1.193 1.915
z(TDP )1111 0.672 0.441
z(TDP )11111 0.605 0.309
z(TDP )111111 0.565 0.247Table 3.1: Edge formation energy and hydrogen density (ρH = NH

2a
) for thevarious re
onstru
tions of zigzag ribbons. Comparison between the values 
al-
ulated within the NAOs and PAWs 
omputational s
hemes.
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ρH (Å−1) ξH2

(eV/Å)NAOs PAWs
a00 0.000 1.059 0.999
a10 0.232 0.644
a11 0.464 0.022 0.026
a21 0.695 0.177
a22 0.928 -0.119 -0.083
a1100 0.232 0.519
a(56)0 0.000 1.394
a(56)1 0.237 0.715
a(56)2 0.476 0.405 0.386
a(677)00 0.000 1.170
a(677)11 0.476 0.440
a(677)22 0.948 0.240
a(57)00 0.000 1.954
a(57)11 0.447 0.661
a(57)21 0.668 0.832
a(57)22 0.889 0.741Table 3.2: Edge formation energy and hydrogen density (ρH = NH

2a
) for thevarious re
onstru
tions of arm
hair ribbons. Comparison between the values
al
ulated within the NAOs and PAWs 
omputational s
hemes.3.4.2 Gibbs free energiesThough the edge formation energies ξH2

bring some insights on therelative stability of GNRs, ξH2
does not a

ount for the gas phase en-vironment presents in most of experimental and appli
ation situations.At given 
onditions of pressure (P ) and temperature (T ), the relativestability of di�erent 
ondensed systems in a multi
omponent gas phaseenvironment is ruled out by their surfa
e/edge free energies. A detailedmethodology for the DFT 
al
ulation of surfa
e free energy is given inRef. [154℄. In the two dimensional 
ases 
onsidered here, in presen
e ofmole
ular H2 gas at partial pressure PH2

, one 
an de�ne the GNRs edgefree energy as,
GH2

(T, P ) =
1

2a

(

GGNR(T, P ) −NCGBulk(T, P ) − NH

2
µH2

(T, PH2
)

)(3.30)where GGNR is the Gibbs free energy per unit 
ell of the GNRs, GBulk isthe Gibbs free energy per atom of the bulk graphene plane, NC and NH
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arbon and hydrogen atoms within the GNR unit 
ell,and µH2
is the 
hemi
al potential of mole
ular H2 gas [µH2

(T, PH2
) =

GH2
(T, PH2

)℄.As presented hereafter, the GH2
formula 
an be reformulated in su
ha way to refer only to energies easily tra
table within the DFT s
hemeand data tabulated in standard thermodynami
 tables. The 
hemi
alpotential of an ideal gas 
an be written as,

µX(T, PX) = µX(T, P ◦
X) + kBT ln(

PX

P ◦
) . (3.31)This allows us to 
al
ulate µH2

at any pressure knowing the value of
µH2

(T, P ◦). Furthermore, sin
e µ is nothing but a Gibb's free energy,the 
hemi
al potential of mole
ular H2 gas 
an be expressed as,
µH2

(T, PH2
) = µH2

(0, P ◦
H2

) +
[

µH2
(T, P ◦

H2
) − µH2

(0, P ◦
H2

)
]

+kBT ln(
PH2

P ◦
) ,

= µH2
(0, P ◦

H2
) +

[

H◦
H2

(T ) −H◦
H2

(0) − TS◦
H2

(T )
]

+kBT ln(
PH2

P ◦
) , (3.32)where H◦, S◦ are the enthalpy and entropy at the pressure of refer-en
e usually taken as P ◦ = 1 bar. The values of H◦ and S◦ are tab-ulated for most 
hemi
al 
omponents in thermodynami
al tables (e.g.in Ref. [155℄). The value of µH2

(0, P ◦
H2

), whi
h is the enthalpy of the
H2 mole
ule at T = 0 K, 
ommonly serves as the energy referen
e inthermodynami
. One 
an 
onveniently de�ne the 
hemi
al potential onthe DFT energy s
ale as,

µdft
H2

(T, PH2
) = Edft

H2
(T = 0) +

[

H◦
H2

(T ) −H◦
H2

(0) − TS◦
H2

(T )
]

+kNT ln(
PX

P ◦
) (3.33)

= Edft
H2

(T = 0) + µrel
H2

(T, PH2
) . (3.34)Finally, the GNRs edge free energy 
an be rewritten as,

Gdft
H2

(T, P ) =
1

2a

(

Gdft
GNR(T, P ) −NCG

dft
Bulk(T, P ) − NH

2
µdft

H2
(T, PH2

)

)

,

≃ 1

2a

(

Gdft
GNR(0, P ) −NCG

dft
Bulk(0, P ) − NH

2
µdft

H2
(T, PH2

)

)

,

≃ 1

2a

(

Edft
GNR(0, P ) −NCE

dft
Bulk(0, P ) − NH

2
µdft

H2
(T, PH2

)

)

,

≃ ξH2
−
(

NH

2L

)

µrel
H2

2
, (3.35)
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ture and stability of graphene edges 85where the se
ond equality is true under the assumption that the temper-ature dependen
e of GGNR and GBulk is negligible with respe
t to thatof the gas phase. Note that mole
ular dynami
s 
al
ulations 
an provide
orre
tions in order to go beyond the athermal limit. However, we willrestri
t our 
al
ulations to this "athermal" approximation. Traditionally,in phase diagrams, GH2
T, P is plotted as a fun
tion of µrel. Using the re-lation (3.35), we have 
omputed the phase diagrams asso
iated with there
onstru
tion of the zigzag and arm
hair graphene boundaries. Theseare plotted in Fig. 3.22. For 
omparison, we note that at ambient 
on-ditions (P = 1 bar and T = 300 K), the partial pressure PH2

is about
5.10−7 bar whi
h leads to a value of µrel

H2
(300K) ∼ −0.69 eV.

Figure 3.22: Formation energies (GH2
) as a fun
tion of the 
hemi
al potential

µH2
for all the edge 
on�gurations investigated in the present work. The leftand right panels detail the 
ase of re
onstru
ted arm
hair and zigzag edges,respe
tively. The red lines 
orrespond to edge 
on�gurations whi
h appear tobe the most stable for some values of the 
hemi
al potential. The verti
al bla
klines indi
ate the limits of the stability regions. The other edge 
on�gurationsare represented with by turquoise lines. The dotted blue line 
orresponds tothe z(TDP )1

11111
edge 
on�guration.The 
urves of GH2

as a fun
tion µH2
asso
iated with the di�erentre
onstru
tions of the edges are plotted in Fig. 3.22. The arm
hair andzigzag ribbons are further 
ompared in Fig. 3.23. At a given 
hemi
alpotential µH2

, the most stable ribbon 
on�guration is the one with thelowest edge free energy. In addition, to the total energies, the ele
troni
band stru
tures of the various GNRs have also been 
omputed, and aredepi
ted in Figs. 3.18-3.21.
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Figure 3.23: Formation energies (Gdft
H2

) as a fun
tion of the 
hemi
al potential
µH2

for all the edge 
on�gurations investigated in the present work. The blueand orange lines 
orrespond respe
tively to arm
hair and zigzag 
on�gurations.The verti
al bla
k lines indi
ate the limits of the stability regions.Various 
on
lusions 
an be drawn from the data presented here above(Figs. 3.18-3.23. First, one notes that, depending on their edge pro-�le, zigzag and arm
hair GNRs may exhibit either a semi-
ondu
ting ormetalli
 behavior. Furthermore, the topology of the edge rules the pres-en
e of partially �lled ele
troni
 states at the edges and the appearan
e ofmagneti
 ordering along the ribbon axis. Se
ond, our analysis in terms ofthe edge free energy strongly 
ontrasts with the widely spread idea thatarm
hair shaped edges are globally more stable. Indeed, our results evi-den
e the strong dependen
e of the most stable edge stru
ture on the ex-perimental 
onditions. At 300K, for standard and high hydrogen partialpressure (PH2
> 5.10−10 bar), three edge 
on�gurations are parti
ularlyrelevant, namely the z211, a22 and z(600)1111 patterns. Third, the most
ommonly studied a11 and z1 edge stru
tures appear to be stable onlyat low and very low hydrogen 
on
entrations (PH2

< 5.10−10 bar). Fur-thermore, this observation extends to all the edge topologies that involvepartially �lled states along the edges, eviden
ing the poor robustness ofsu
h states upon the GNRs fun
tionalization. Finally, at high hydro-gen 
on
entrations, GH2
be
omes negative suggesting that graphene is
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tion 3.4. Stru
ture and stability of graphene edges 87not anymore the most stable 
arbon 
on�guration. Indeed, in su
h ex-treme 
onditions, the high pressure of hydrogen allows the stabilizationof various hydrogenated allotropes. By sake of 
omparison, the energyasso
iated with the 
omplete hydrogenation of the graphene plane (i.e.the formation energy of graphane) is reported in Fig. 3.23 (green lines).Note that, in the 
ase of graphane, the formation energy is a surfa
eproperty expressed in [eV/Å2
].3.4.3 Interpretation in terms of the Clar sextet theoryThe 
on
ept of aromati
ity has long been used in the 
hemi
al lit-erature. Many experimental and theoreti
al studies using di�erent ap-proa
hes and methods have 
ontributed to build a uni�ed des
ription ofboth the lo
al and global 
hara
teristi
s of aromati
ity. One of the out-standing 
ontributions in this �eld was made by Clar in the 1970s. Heproposed an interpretation of the ele
troni
 stru
ture of poly
y
li
 aro-mati
 hydro
arbons (PAHs) based on the formal arrangement of delo
al-ized π-ele
trons in aromati
 sextets [156, 157℄. Here, an aromati
 sextet(sometimes 
alled benzenoid aromati
 ring) is de�ned as the benzene-like arrangement of six delo
alized π-ele
trons on a ring. In terms ofresonan
e theory, it 
an viewed as the resonan
e between two hexagonalrings with alternating single and double bonds (see Fig. 3.24). Clar'stheory des
ribes the π-ele
troni
 system of hydro
arbons on the basisof the resonan
e stru
ture that maximizes the number of aromati
 sex-tets drawn for the system. (i.e. a

ording to Clar, the most stableisomers of a given hydro
arbon are those with the highest numbers ofaromati
 sextets). Notably, this satisfa
torily des
ribes the observed sta-bility of large PAHs and provides reliable indi
ations on their magneti
behavior [158, 159, 160℄. While, Clar's 
on
epts originate from an intu-itive interpretation of experimental fa
ts, there have been many worksgrounding their theoreti
al justi�
ation [161, 162℄. Within the Hu
kelframework for example, it is reported that the preferred resonan
e stru
-tures of PAHs are those that maximize the number of isolated aromati
sextets.Similarly to large PAHs, various properties of 
arbon nanosystems
an be understood to a large extent by the analyze of the π-ele
troni
stru
ture. Re
ently, the Clar's rules have been shown to provide a sat-isfa
tory des
ription of the ele
troni
 and 
hemi
al properties of 
arbonnanotubes [163, 164℄. Su
h simple 
on
epts of organi
 
hemistry havealso been used to rationalize the stability and ele
troni
 properties ofGNRs [12, 10℄. Here, we extend the previous studies and we des
ribeboth the edge stability and the ele
troni
 properties of re
onstru
ted
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Figure 3.24: (a) Representation of the benzenoid aromati
 ring within thestandard Clar's sextet s
heme. (b) Three equivalent representations of thebulk graphene as the ideal 
ase of aromati
ity. All the π ele
trons belong to abenzenoid ring and the sextet density ρsx = 1

3
.arm
hair and zigzag GNRs in terms of Clar sextet theory.Within Clar's theory, graphene is the ideal 2D 
ase of delo
alized

π-ele
trons. Indeed, graphene 
an be viewed as the resonan
e betweenthree stru
tures where all π-ele
trons belong to an aromati
 sextet (rep-resented by 
ir
les in Fig. 3.24). In ea
h resonan
e stru
ture, one third ofthe hexagonal rings is benzenoid and no double bonds have to be drawn.Here, we use the sextet density ρsx = (# sextets/# hexagons) to 
har-a
terize the benzenoid (aromati
) 
hara
ter of GNRs. An example offull benzenoid stru
ture is given by the graphene plane where (ρsx = 1
3).In Figs. 3.18 to 3.21, the edge pro�les are drawn in a representation thatmaximizes the number of aromati
 sextets. The Clar's representationsof the standard arm
hair (a22) and zigzag (z1) edge pro�les appear to be
ompletely di�erent, illustrating the two extreme 
ases of fully benzenoid(ρsx(a22) = 1

3 ) and non-benzenoid (ρsx(z1) = 0) systems.
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ording to Clar's rule, the z1 edge pro�le is thus expe
ted to be lessstable than other edge shapes 
ompatible with a fully benzenoid GNR.From this point of view, the z1 edge shape is not a favorable boundarypro�le for the hexagonal network of π-ele
trons and may be seen as agood 
andidate for re
onstru
tion. As reported in Fig. 3.18, periodi
hydrogenation of the zigzag edge modi�es the aromati
 
hara
ter of thezGNRs. The z21, z211 and z2111 edge pro�les restore a partial aromati
itywithin the ribbon (ρsx(z21) = 1
4 , ρsx(z211) = 1

3 , ρsx(z21) = 1
4 ). A

ordingto Clar's rule, the z211 pro�le is then expe
ted to be the most stablezigzag edge pro�le.In 
ontrast with the z1 edge pro�le, the a11 and a22 pro�les are 
om-patible with the bonding pattern of the in�nite graphene plane. Conse-quently, one may expe
t the a11 and a22 edge to be stable and relativelyinert. This is globally true for all the edge stru
tures that preserve thearm
hair boundary of the π−π∗ ele
troni
 network (i.e. a22, a11, a1100,

a00). Note that while the a(56) edge is 
ompatible with the fully ben-zenoid 
hara
ter of the GNR, the large edge strains introdu
ed by thepentagonal terminations makes this edge pro�le less stable. These predi
-tions are in good agreement with the ab initio 
omputed edge-formationenergies presented in Table 3.1.In addition, as pointed out by T. Wassmann and 
o-workers [10℄, wenote that all the "aromati
" edge stru
tures (those with a sextet density
ρsx = 1

3) do not produ
e edge states and 
onsequently do not give riseto magneti
 order along the edges. This situation 
an be understoodin terms of the Clar's 
on
epts as well. When the sextet density inthe vi
inity of the edge is smaller than the one of bulk graphene, thelow energy ele
troni
 stru
ture of the ribbon results from a 
ompetitionbetween the bulk, where the aromati
ity prevails, and the edge, whereall 
arbon atoms tends to form four saturated bonds. It is pre
isely su
ha 
ompetition, whi
h, by for
ing some edge atoms to be over- or under-saturated gives rise to these ele
troni
 defe
ts, i.e. the edge states.Finally, Clar's stru
tures also allow us to rationalized the dependen
eof the ele
troni
 properties of GNRs with respe
t to their width. It iswell known that the ele
troni
 properties of standard a11-GNRs, su
h astheir energy gap, �u
tuate periodi
ally with the ribbon width. On onehand, the monotoni
 de
rease of the energy gap for in
reasing widthsis the dire
t manifestation of the ele
troni
 
on�nement in the dire
tionperpendi
ular to the ribbon axis. On the other hand, the periodi
 patternsuperimposed to this monotoni
 de
rease is due a periodi
 variation ofthe ele
troni
 stru
ture at the ribbon termination as highlighted by theClar's representation. Here, we show that this periodi
 behavior happensfor all the benzenoid or partially benzenoid GNRs.



90 Chapter 3. QUANTUM CONFINEMENT IN GNRS

Figure 3.25: Clar's representations of [z1]-, [z21]-, and [a11]- GNRs of variouswidths. (a) [z1]-GNRs of widths (N = 4 and N = 5). (b) [z21]-GNRs of widths(N = 4 and N = 5). (
) [a11]-GNRs of widths (N = 6, N = 7 and N = 8).The Clar's representation of GNRs with z1, z21 and a11 edge pro-�les are depi
ted for di�erent ribbon widths in Fig. 3.25. We note thatthe representation of the (partially) benzenoid GNRs (i.e. z21 and a11)depends on the ribbon width. Varying the width of these GNRs thusimplies a modi�
ation of the aromati
ity along the ribbon edges. Onthe 
ontrary, the representation of the non-benzenoid GNRs (e.g. z1)is independent of their width. The ribbons keep a non-benzenoid 
har-a
ter for all widths. As shown in Fig. 3.26, the variations of the edgearomati
ity have an important impa
t on the ele
troni
 properties of theribbons. The energy gap of the [a11]-GNRs and [z21]-GNRs exhibits anos
illating behavior with respe
t to 
hanges of the ribbon width. Thelarger gaps are observed for the fully benzenoid stru
tures.These results demonstrate that, simple bonding theories, su
h asthe Clar's sextet theory, 
an be easily extended in order to bring some
lari�
ation on the stability and ele
troni
 properties of the grapheneedges. Though they 
annot be used to make quantitative predi
tions,these 
on
epts of aromati
ity would probably help in the sear
h for themost stable edge patterns in various 
hemi
al environments.
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Figure 3.26: Energy gaps of GNRs of in
reasing width. The abs
issa refers tothe number of zigzag/dimer lines of 
arbon atoms a
ross the GNR width. The
ases of [z21]-GNRs and [a11]-GNRs are plotted on the left and right panelsrespe
tively.3.5 Con
lusionsIn summary, the ele
troni
 properties of graphene and graphene nanorib-bons (GNRs) have been reviewed. A parti
ular attention has been de-voted to the me
hanisms that rule the formation of sub-bands and theopening of energy gaps in GNRs. Though the quantum 
on�nement ofthe ele
troni
 wave-fun
tions is the main origin of the appearan
e of en-ergy gaps that de
rease with the width of the ribbon, additional e�e
tsoriginating in the topology and the re
onstru
tion of the GNR edgeshave been reported.Regarding the ele
troni
 stru
ture of the mono-hydrogenated arm-
hair and zigzag ribbons (a11 and z1), our results agree well with theprevious study of Son et al. [110℄. The relaxation of the edge is shownto play a 
ru
ial role in determining the low energy ele
troni
 stru
tureof the a11 patterned ribbon by for
ing the opening of energy gaps thatos
illates with the ribbon width. Owing to the presen
e of magneti
allyordered states along the zigzag shaped edges, two magneti
 
on�gura-tions are reported for the z1 ribbons 
orresponding to the parallel (↑↑)and anti-parallel (↑↓) 
oupling of the magneti
 moments between theedges. The anti-parallel (↑↓) 
on�guration is reported to be the groundstate and present a semi
ondu
ting 
hara
ter. In 
ontrast, the parallel
on�guration, that is higher in energy by a few meV, is reported to bemetalli
.Furthermore, the ele
troni
 and energeti
 properties of various re-
onstru
ted edge patterns have been unveiled by means of spin-polarizedDFT 
al
ulations. Though the interest of the s
ienti�
 
ommunity has
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used on the properties of the standard (a11 and z1) edge pat-terns, the 
omputed edge free energies reveal that these latter are stableat very low hydrogen 
on
entrations, suggesting that, in most experi-mental 
onditions, the standard edges do re
onstru
t. Though the moststable edge stru
tures are likely to be dependent on the a
tual 
hemi
alenvironment, our study highlights the z211, a22 and z(600)2222 edge pat-terns as the most probable 
andidates for the edge re
onstru
tion. Onenotes that none of these patterns do present magneti
 order along theedges.Finally, we have shown that the ele
troni
 and stability properties ofhydrogen-terminated graphene ribbons 
an be, to some extent, rational-ized by applying the Clar's rules of aromati
ity.



Chapter 4Topologi
al defe
ts inGraphene NanoribbonsIntrodu
tionDisorder is ubiquitous in graphene. Graphene is a two-dimensionalsystem whi
h limits intrinsi
ally the order of the 
arbon atoms. In agree-ment with the Hohenberg-Mermin-Wagner theorem [165℄, thermal �u
-tuations are expe
ted to destroy the long range positional order in twodimensional systems. True hexagonal order is thus stri
tly possible onlyat zero temperature in free standing graphene. Therefore, disorder isalways expe
ted in a
tual samples, and topologi
al defe
ts have beenobserved by many resear
h groups [13, 14, 15, 147℄. As an example,Fig. 4.1, reports High-Resolution Transmission Ele
troni
 Mi
ros
opy(HR-TEM) images that eviden
e the presen
e of meta-stable defe
ts inthe graphene layer.Interestingly, the introdu
tion of topologi
al defe
ts in the honey-
omb network also o�ers the opportunity to tailor the ele
troni
 proper-ties of graphene 
an in many di�erent ways. The sour
es of disorder ingraphene are many and vary from the e�e
ts of the substrate, the impa
tof dopant or impurities on the substrate, to the introdu
tion of adsorbedmole
ules, substitutional doping or irradiation indu
ed defe
ts in thegraphene plane. An experimental eviden
e of topologi
al defe
ts indu
edby irradiation is reported in Fig. 4.2. HR-TEM images reveal the 
re-ation of pentagon-heptagon pair in the graphiti
 network after irradationof the samples. Previous theoreti
al studies have ta
kled the depositionof metal atoms [166, 167℄, the adsorption of mole
ules [168, 169, 170℄,the substitutional in
orporation of boron and/or nitrogen dopants inthe stru
ture [171, 172℄. In this 
hapter, we will fo
us on the defe
ts93
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Figure 4.1: Experimental eviden
e for the presen
e of atomi
 defe
ts in thegraphene layer. Meta-stable defe
ts found in HR-TEM image sequen
es. (a-
)Re
onstru
ted va
an
y: (a) original image and (b) with atomi
 
on�guration;a pentagon is indi
ated in green. (
) The unperturbed latti
e is re
overed 4slater. (d and e) Defe
t image and 
on�guration 
onsisting of four pentagons(green) and heptagons (red). S
ale bars are 2 Å. Pi
tures from Ref. [147℄indu
ed by irradiation of the graphene nanoribbons. This is furthermotivated by the re
ent observation of ferro-magnetism in irradiatedgraphite [173, 174, 175℄.Irradiation indu
ed defe
tsVarious kinds of topologi
al defe
ts are reported at room temper-ature in sp2 
arbon allotropes. These are extended defe
ts su
h asgraphene edges and 
ra
ks, or point-defe
ts su
h as va
an
ies, adatomsand odd-membered 
arbon rings (heptagons and pentagons). As illus-trated in various theoreti
al [176, 177, 178, 179, 180℄ and experimentalstudies [14, 147℄, 
ombinations of defe
ts, su
h as pairs or small 
lustersof defe
ts, are also frequently en
ountered. One intuitively minds that ifa 
arbon atom is displa
ed from its original position in the sp2 network,the resulting system will 
ontain not only a va
an
y but also an adatom.This 
ombination of a va
an
y and an adatom is 
ommonly named aFrenkel pair [180℄. In a similar way, if pentagons and heptagons are in-trodu
ed in the planar sp2 latti
e (either by addition/removal of atomsor by rotation of 
arbon-
arbon bonds), the relaxed 
arbon network willtend to redu
e the defe
t indu
ed distortion by 
ounterbalan
ing the ef-fe
ts of pentagons by nearby heptagons giving rise to small 
lusters of
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Figure 4.2: Experimental eviden
e for the presen
e of atomi
 defe
ts in thegraphene layer. In situ observation of a topologi
al defe
t indu
ed by irradia-tion in a graphene layer. (a and b), HR-TEM images of a single graphene layerwith a topologi
al defe
t indu
ed by ele
tron irradiation (before (a) and after(b)). An edge dislo
ation is unambiguously visible at the middle of the net-work where one zig-zag 
hain is missing through it. The missing zig-zag 
hain isshown s
hemati
ally in the bottom part of ea
h panel. (
) An atomisti
 modelof the pentagon-heptagon pair in the graphiti
 network. (d) A simulated HR-TEM image shows a good 
omparison with the HR-TEM image shown in (b).S
ale bar is 2 nm long. Images from A. Hashimoto et al. [13℄
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al defe
ts, we will fo
us here onva
an
ies and adatoms. Not only these are present at thermal equilib-rium, they are also of parti
ular relevan
e for te
hnologi
al appli
ationsof GNRs sin
e they 
an be indu
ed by proton irradiation of the graphenesamples, whi
h o�ers the opportunity to tune their number and 
on-
entration. Upon 
ollision of light ions, e.g. H or He, with graphiti
stru
tures, the main damage is the 
reation of Frenkel pairs [181, 182℄.Moreover, for an ion energy of a few MeV, the number of defe
ts 
reatedis mu
h larger than the number of implanted ions. As an example, pa-rameterized energeti
 ion stopping 
al
ulations [176, 183℄ indi
ate thatone 2.25 MeV H-ion gives rise to 15 pairs of va
an
ies and interstitialsin highly oriented pyrolyti
 graphite. However, va
an
ies and adatoms,as well as H ions are highly mobile in graphene [176, 177, 178, 179℄and their vast majority is expe
ted to re
ombine or form 
lusters whi
hare predi
ted to be more stable. As a 
onsequen
e, the most abundantdefe
ts expe
ted in irradiated graphene samples are meta-stable va
an-
ies and adatoms, H-va
an
ies and H-adatom 
omplexes, as well as voids(di-/tri-va
an
ies) and small 
arbon 
lusters [176℄.Defe
t indu
ed magnetismNew light nonmetalli
 magnet with a Curie point above the roomtemperature have long generated a high s
ienti�
 and te
hnologi
al in-terest. The re
ent experimental observation of room temperature ferro-magnetism in irradiated graphite has thus stimulated a large resear
he�ort aiming to understand the magneti
 properties of 
arbon based sys-tems [173, 174, 175℄. Up to re
ently, the graphiti
 samples were thoughtto be traditional diamagneti
 materials. The debate around the origin ofmagnetism in these systems was initiated in 2000 with the observation ofmagnetization hysteresis loops in highly oriented pyrolyti
 graphite sam-ples [184℄. Today, while the origin of magnetism in graphene-like systemsis still a
tively investigated [16, 185℄, it is 
ommonly a

epted that topo-logi
al defe
ts su
h as under-
oordinated atoms and zigzag edges are atthe heart of the me
hanismsm. On one hand, point defe
ts su
h as va-
an
ies and 
arbon adatoms are reported to 
ome with lo
al magneti
moments. The ferro-/anti-ferro-magneti
 order whi
h arises from theirintera
tion is then 
alled atomi
 magnetism. On the other hand, atomsat the edges of graphiti
 fragments either passivated or not may give riseto ele
troni
 states with large degenera
ies at the Fermi energy. Uponmagneti
 instability, a ferro-/anti-ferro-magneti
 order may develop asit is the 
ase along the edge (z1) of the zigzag graphene nanoribbons.
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alled superatomi
 magnetism. While seemingly di�erent, bothpro
esses share the same simple physi
al origin. The topologi
al defe
ts
ome with lo
alized ele
troni
 orbitals and generate �nite densities ofstates at the Fermi energy. As su
h, the defe
tive graphene stru
turesare prone to �at band magneti
 instability.A 
onsiderable number of works have re
ently addressed the defe
t-mediated magnetism in graphene with the help of both the tight-bindingand mean �eld Hubbard approximations [143, 186, 187, 188℄. The resultof these works is a set of simple rules whi
h links the spatial arrangementof the defe
ts to the emerging magneti
 order. In 
omplian
e with se
-ond Lieb's theorem [189℄ about half-�lled bipartite latti
e, the total spin(Stot) of a given defe
tive stru
ture depends on its sub-latti
e imbalan
e(i.e. Stot = |NA −NB|, where NA/B refers to the number of sites withinthe sub-latti
es). A well balan
ed bipartite latti
e (su
h as 2D-grapheneor graphene ribbons) should therefore present a vanishing total magneti
moment in its ground-state 
on�guration, whi
h is indeed the 
ase. How-ever, while Lieb's theorem provides meaningful predi
tions for the totalspin, it does not pre
lude the appearan
e of spin density distributionsin the systems with total spin Stot = 0. For su
h systems, the Hubbardmodel solutions are globally 
hara
terized by the anti-parallel 
oupling ofthe magneti
 moments on the two atomi
 sub-latti
es. As a 
onsequen
e,magnetism is predi
ted to lo
ally develop in the nanometer-size regions
hara
terized by the dominan
e of topologi
al defe
ts in one of the sub-latti
es. In su
h a situation, it is predi
ted that semi-
ondu
ting ribbonsbehave like diluted magneti
 semi
ondu
tor and present giant Zeemansplitting under the appli
ation of an external magneti
 �eld su
h that
gµBH ≥ kBT [188℄.While the literature on the subje
t is abundant, most of previousstudies rely on the topologi
al nature of defe
ts and does not a

ountfor the possible defe
t re
onstru
tions. In parti
ular, the hopping inte-grals are generally not modi�ed in order to take into a

ount the mod-i�
ation in the 
arbon-
arbon bond lengths. In the following se
tions,the ele
troni
 and magneti
 stru
tures of graphene nanoribbons in thepresen
e of topologi
al defe
ts are investigated within the framework ofspin-polarized density fun
tional theory. In order to improve the a

u-ra
y of the theoreti
al predi
tions, 
areful atomi
 stru
tural relaxationsare performed and the me
hanism of defe
t-indu
ed magnetism are un-veiled.In this 
hapter, the stru
tural, ele
troni
 and magneti
 propertiesof GNRs in the presen
e of topologi
al defe
ts are investigated. In se
-tion 4.1, the stru
ture and stability of va
an
ies and adatoms in GNRsare detailed and 
ompared with the graphene 
ase. In agreement with
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al
ulations, these defe
ts are reported to 
ome witha magneti
 moment, indu
ing lo
ally a spin polarized 
harge density. Inaddition, our results highlight the strong impa
t of su
h point defe
tson the magneti
 properties of zigzag GNRs. In se
tion 4.2, the re
om-bination of primary defe
ts with the GNR edges and the formation ofsmall defe
t 
lusters is investigated. Owing the high mobility of pri-mary defe
ts, the ab initio 
omputed defe
t formation energies suggestthat point-defe
ts are like to 
ontribute to the roughness of the edges.In se
tion 4.3, the 
hemi
al rea
tivity of the defe
ts is assessed. Thelarge stabilization of defe
ts upon hydrogenation highlights the a
tiverole played by defe
ts in the 
hemi
al fun
tionalization of graphene rib-bons. Finally, the relative stability of both bulk and edge defe
ts isdis
ussed in se
tion 4.4. The formation energies of the primary defe
tsare further 
ompared with those of various edge re
onstru
tions a
tuallyobserved in low voltage aberration-
orre
ted transmission ele
tron mi
ro-s
opy (TEAM) experiments. Finally, the 
omputed formation energiesof defe
ts at the arm
hair and zigzag edges suggest that the arm
hairedges are more robust than the zigzag edge with respe
t to the introdu
-tion of topologi
al defe
ts.The results presented in this 
hapter, in parti
ular the dis
ussionregarding the relative stability of topologi
al defe
ts in GNRs, will beare parts of a forth
oming publi
ation.4.1 Va
an
ies and adatoms as primary defe
tsAs dis
ussed in the introdu
tion, the most probable primary defe
tsin realisti
 irradiated graphene samples are va
an
ies and adatoms. Here,we fo
us on their stru
tural, ele
troni
 and magneti
 properties. The
al
ulations presented hereafter have been performed within the spin-polarized DFT as implemented in the Siesta pa
kage [190℄.A 
ommon issue in modelling isolated defe
ts in bulk systems is thede�nition of appropriate boundary 
onditions. Either the defe
t is intro-du
ed in a �nite simulation box without periodi
 boundary 
onditions ora periodi
 model is used, where defe
ts are periodi
ally repeated. In thenon-periodi
 approa
h, the system size has to be taken large enough inorder for the spurious surfa
e e�e
ts to not modify the ele
troni
 densityaround the defe
t. In the periodi
 approa
h, the size of the unit 
ell hasto be large enough for the translated defe
ts to not intera
t between ea
hothers. Here, the later approa
h, 
alled super-
ell te
hnique, has beenadopted.
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Figure 4.3: Illustration of the spin density distribution (ρα − ρβ) indu
ed byva
an
ies (a) and adatoms (b) in the graphene plane. Blue and Red surfa
es
orrespond to an ex
ess of spin α and spin β ele
trons, respe
tively.In what follows, va
an
ies and adatoms are introdu
ed within zigzagand arm
hair GNRs and their behavior is 
ompared to the one reportedpreviously for the defe
tive graphene sheet. The lateral dimensions ofthe 
omputational 
ells (i.e. those not involved in the system periodi
-ity, (ax,ay) for GNRs and (ax) for graphene) have been �xed in orderto insure 25 Å of va
uum between parallel ribbons and planes. The nu-meri
al atomi
 orbital basis set des
ribed in se
tion 3.4.1 has been usedin 
onjun
tion with norm-
onserving pseudo-potentials. The ele
troni
states are populated using a Fermi-Dira
 distribution with an ele
troni
temperature of 250K. The integration over the 1D Brillouin zone is re-pla
ed by a summation over a regular grid 
orresponding to 40 k -pointsfor the GNRs unit 
ells (40x40 k -points for the graphene unit 
ell). Thegeometries are fully relaxed, until for
es on the atoms and the unit 
ellare below 0.01 eV/Å and 0.05 eV/Å, respe
tively. The small spin-orbit
oupling of 
arbon atoms is negle
ted and independent 
ollinear spinorientations, labeled α and β, are 
onsidered.4.1.1 Primary defe
ts in grapheneThough they have been widely dis
ussed in the literature, we 
al-
ulate the stru
tural and magneti
 properties of va
an
ies and adatomsagain for sake of 
omparison.(a) Va
an
y - A va
an
y is 
reated by moving a 
arbon site fromthe atomi
 network. Upon relaxation, the defe
tive 7x7 graphene super-
ell undergoes a Jahn-Teller distortion. Two of the unsaturated 
arbonatoms 
ome 
loser and form a weak 
ovalent bond (dC1−C2
= 1.93 Å
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ompared to the 1.42 Å of the ideal graphene), indu
ing a pentagon likerearrangement. The third unsaturated 
arbon atom moves out of theplane of about 0.24 Å [176, 179℄. Consequently, the initial D3h symme-try of the hexagonal network is lost in favor to the Cs symmetry [191℄.The resulting ground-state ele
troni
 stru
ture is magneti
, with a mag-neti
 moment of 1.4 µB . The spin density distribution is illustrated inFig. 4.3(a).(b) Adatom - A 
arbon adatom is 
reated by adding an extra 
arbonatom on the graphene plane. After relaxation, the additional atom, ini-tially lo
ated 1Å above an asymmetri
 position on the graphene plane,adsorbs in a bridge-like position (i.e. on top of a C-C bond that linkstwo atoms of the graphene sheet). The ground-state ele
troni
 stru
turepresent a spin density distribution with a magneti
 moment of 0.54 µB .The spin density distribution (see Fig. 4.3(b)) reveals the large 
ontri-bution of the p-orbitals of the adatom to the magneti
 moment.In order to 
hara
terize the energeti
s of defe
ts, the va
an
y andadatom formation energies have been 
omputed. Taking the pristinegraphene as the energy referen
e, the defe
t formation energies are givenby:
ξ =

(

Etot −NC .E
C
graph

)

, (4.1)where Etot is the total energy of the defe
tive graphene super-
ell, EC
graphis the energy per 
arbon atom of the pristine graphene plane, and NC isthe number of 
arbon atoms in the defe
tive super-
ell. The 
al
ulatedenergies are of 7.7 and 6.7 eV for the va
an
y and adatom in graphene,respe
tively1.The presen
e of va
an
ies and adatoms also leads to strong 
hangesin the lo
al stru
ture of low energy 
arriers. The band stru
tures plottedin Fig. 4.4 highlight the appearan
e of nearly �at bands (low ele
troni
group velo
ity) around the Fermi level [191℄. Those bands originatefrom the presen
e of quasi-lo
alized states (ψd(r))) around the defe
ts.As shown in Figs. 4.4(d,e), defe
ts may give rise to di�erent types ofele
troni
 states. Some are dire
tly asso
iated with the dangling bonds.These are stri
tly lo
alized and present very small 
oupling with the π-

π∗ bands of graphene (states labelled d1, d4, e1, e2, e5 and e6). Others1Another way, 
ommonly used to 
hara
terize the energy of va
an
ies and adatomsin graphene is to refer to the energy of the isolated 
arbon atom in its triplet state.By moving one atom of the sp2 network far away from the graphene plane (i.e. untilthe total energy 
onverges), one 
omputes a va
an
y formation energy of 15.7 eV.Similarly, by moving an isolated 
arbon atom up to its adsorption on the grapheneplane, the 
omputed adsorption energy is −1.2 eV.
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Figure 4.4: [Top panel℄ Ele
troni
 energy band stru
ture of pristine (a)and defe
tive graphene in
luding a va
an
y (b) and an adatom (
). A 7x7graphene super-
ells (either pristine or with one defe
t) have been used for theab initio 
al
ulations. [Bottom panel℄ Representation of the low energy ele
-troni
 states indu
ed by these defe
ts. Blue and red surfa
es are asso
iated withpositive and negative values of the ele
troni
 wave-fun
tion. Quasi-lo
alizedele
troni
 states indu
ed by a va
an
y (d) and an adatom (e).do not present the dangling bonds symmetry and extend over severalnanometers owing to the 
ontribution of the pz orbitals of the graphenenetwork [186, 192, 193, 194℄. These states are said quasi-lo
alized.Finally, we note that both defe
ts 
ome with a fra
tional magneti
moment. This may be explained by the self-doping (i.e. 
harge transfer
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Figure 4.5: Representation of the ele
trostati
 potential (i.e. sum of thehartree potential and the lo
al pseudo-potential) of graphene in the presen
e ofa va
an
y. One notes the in
rease of the potential in the vi
inity of the defe
t,depi
ting the 
harge transfer from the bulk graphene to the quasi-lo
alizeddefe
t states.from the bulk graphene to the quasi-lo
alized ψd(r) states) whi
h arisesfrom assymetri
 distribution of defe
t-indu
ed states around the Fermilevel [192℄. As illustrated in Fig. 4.5 for the 
ase of a va
an
y, in thepresen
e of adatoms and va
an
ies, the self-doping e�e
t is 
hara
terizedby an in
rease of the potential in the nanos
ale region surrounding thedefe
ts.All these results are in good agreement with previous studies per-formed both with lo
alized basis set and within plane-waves and PAWs
hemes [191, 176, 186℄. This supports the use of our double-ζ plus polar-ization basis set for the investigation of topologi
al defe
ts in graphenenanostru
tures.4.1.2 Primary defe
ts in GNRsWe now fo
us on the defe
tive graphene nanoribbons. Va
an
iesand 
arbon-adatoms are introdu
ed within hydrogen passivated 8-zGNRand 17-aGNR whose width are ∼ 18 Å. One-dimensional super-
ells are
onsidered, leading to a distan
e of ∼ 20 Å between nearest-neighboringdefe
ts and a defe
t 
on
entration of ∼ 0.6%.The 
omputed band stru
tures of pristine 8-zGNR and 17-aGNR isreported in Fig. 4.6. The ground state 
on�guration of 8-zGNR reveals
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Figure 4.6: Ele
troni
 band stru
tures of 17-aGNR and 8-zGNR. (a) Semi-
ondu
ting band stru
ture (Egap(Γ) = 0.1 eV) of 17-aGNR. (b) Semi-
ondu
ting band stru
ture (Egap(Γ) = 0.5 eV) of 8-zGNR in its ground-state
on�guration (↑↓ spin orientations between the edges). (
) Metalli
 band stru
-ture of 8-zGNR in its meta-stable ↑↑ 
on�guration.an anti-parallel (↑↓) spin orientations between the edges leading to asemi-
ondu
ting band stru
ture (0.5 eV band gap) with full spin de-genera
y. In addition, 8-zGNRs may also present a parallel (↑↑) spinorientations between the edges. This 
on�guration is found to be meta-stable (11 meV/edge-atom higher in energy). The 8-zGNR then displaysa metalli
 behavior, as the π∗α and πβ bands are 
rossing at the Fermienergy, and presents a total magneti
 moment of 0.51 µB per edge atom.Finally, the ground state ele
troni
 stru
ture of the pristine 17-aGNRdoes not present any edge states. The asso
iated ele
troni
 band stru
-ture presents a 
omplete spin-α/spin-β degenera
y and an energy bandgap of 0.1 eV. These results are in good agreement with the previousstudy of Son et al. [127℄.(a) Va
an
y - Upon the introdu
tion of a va
an
y in the GNRs super-
ells (see Figs. 4.7 and 4.8), the systems undergo a similar re
onstru
tionas in graphene. A Jahn-Teller distortion of the honey
omb stru
ture isobserved and the ground-state ele
troni
 density appears to be lo
allyspin-polarized. In GNRs, however, several defe
ts 
on�gurations arefound to be meta-stable. Indeed, the Cs symmetry of the re
onstru
tedva
an
y leads to nonequivalent orientations ("parallel", "perpendi
ular"and "tilted") of the va
an
y mirror plane with respe
t to the ribbonaxis. Figure 4.7 illustrates the nonequivalent va
an
y orientations inboth zigzag and arm
hair GNRs.In addition, the intera
tion between the magneti
 moment lo
alized
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Figure 4.7: S
hemati
 atomi
 representations of the nonequivalent va
an
yorientations in GNRs. (top panel) Tilted, parallel, and tilted' nonequivalentre
onstru
tions of va
an
y in arm
hair-GNRs. (bottom panel) Perpendi
ular,and tilted nonequivalent re
onstru
tions of va
an
y in zigzag-GNRs.on the defe
t and the spin ordered edge states of zGNRs gives rise tovarious possible magneti
 
on�gurations. We �nd that four magneti

on�gurations 
orrespond to a lo
al minimum of the energy and aretherefore meta-stable in the eyes of the ab initio 
omputed total energies.In the following, these are labeled XY , where X refers to the parallel (↑↑)or anti-parallel (↑↓) spin orientations between the ribbon edges while Yrefers to the parallel (P ) or anti-parallel (AP ) spin orientation betweenthe defe
t and the nearest edge. As an example, Fig. 4.8 details the fourmeta-stable 
on�gurations of a zigzag shaped GNR resulting from theintrodu
tion of a titled va
an
y.The spin density distribution indu
ed by the va
an
y is found toa�e
t the energeti
 of the inter-edge magneti
 
ouplings. Indeed, theenhan
ed ex
hange energy gain of the anti-parallel (↑↓) 
on�gurationoriginates from the 
onstru
tive interferen
e between the magneti
 tailsof the ele
troni
 states lo
alized at the edges and is therefore sensitive tothe presen
e of any destru
tive spin density distribution a
ross the rib-bon [122℄. On the one hand, by breaking the bipartite 
hara
ter of the
arbon network, the va
an
y lo
ally destroys the staggered sub-latti
epotentials asso
iated with the anti-parallel (↑↓) magneti
 ordering. On
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Figure 4.8: Magneti
 
on�gurations of a va
an
y in a zigzag ribbon (8-zGNR).Spin polarized ele
troni
 densities (ρα − ρβ) iso-surfa
es for the four meta-stable magneti
 
on�gurations asso
iated with a tilted va
an
y. Blue and rediso-surfa
es 
orrespond to an ex
ess of spin-α and spin-β respe
tively.the other hand, the va
an
y indu
es a spin density distribution whi
h
on�i
ts with the ground-state magneti
 order of the pristine ribbon.Both me
hanisms impede the extra stabilization of the anti-parallel (↑↓)
on�guration and favor the parallel (↑↑) 
oupling between the edgeswhi
h does not give rise to signi�
ant spin density distribution awayfrom the ribbon edges.The ab initio 
omputed formation energies asso
iated with the di�er-ent geometry and magneti
 
on�gurations are reported in Table 4.1. Inorder to isolate the energeti
 of defe
ts, the formation energies (ξdefect)are 
omputed as,
ξdefect =

[

(Etot − EGNR) − ∆NC .E
C
graph

(

−∆NH .
EH2

2

)]

= ξtot − ξGNR . (4.2)That is the di�eren
e between the formation energies asso
iated with thedefe
tive and pristine graphene ribbon. Here, Etot and EGNR are thetotal energies of the defe
tive and pristine GNR super-
ells. DeltaNCand ∆NH a

ount for the di�erent number of 
arbon and hydrogenatoms within the defe
tive and pristine GNR super-
ells. Finally, EC
graphand EH2

are the energies asso
iated with a 
arbon atom in the pristinegraphene plane and with the H2 mole
ule, respe
tively.The 
omputed formation energies are very 
lose to the one obtainedpreviously for the graphene plane. Nevertheless, the 
omparison of thevalues detailed in Table 4.1 gives some insights into the behavior of va-
an
ies. First, the data reveals that the tilted (parallel) orientation isthe more stable within zigzag (arm
hair) GNRs. These orientations are



106 Chapter 4. TOPOLOGICAL DEFECTS IN GNRSaGNR zGNRPara. 7.601 Perp. (↑↓)AP 7.760 (↑↑)AP 7.675Tilted 7.696 (↑↓)P 7.732 (↑↑)P 7.690Tilted' 7.705 Tilted (↑↓)AP 7.716 (↑↑)AP 7.658
(↑↓)P 7.678 (↑↑)P 7.586Table 4.1: Relative stability of the meta-stable 
on�gurations of va
an
ies inarm
hair and zigzag GNRs: Ab initio 
omputed formation energies (ξ). Valuesare reported in eV.asso
iated with the formation of a stronger 
arbon-
arbon bond dur-ing the re
onstru
tion pro
ess. It 
an intuitively be understood that,for geometri
al reasons, ribbons adapt more easily to the strains in thedire
tion perpendi
ular to the axis. As a result, zigzag (arm
hair) rib-bons present a small shrinking of their width (∼ 1.0%) around tilted(parallel) va
an
ies. Conversely, a small stret
hing (∼ 0.7%) appearsin the 
ase of the perpendi
ular and diagonal orientations. The energygains (∆θE) asso
iated with the preferred orientation are of 89 meV and

95 meV within the zigzag and arm
hair GNRs, respe
tively. Se
ond,while the energy di�eren
e ∆↑↑E between the parallel (↑↑) and anti-parallel (↑↓) spin 
on�gurations is of 88 meV in pristine 8-zGNR, thisvalue is strongly redu
ed in the presen
e of a va
an
y. Our 
al
ulationsgive ∆↑↑E = −2 meV in the presen
e of a va
an
y. Interestingly, thismeans that in the presen
e of bulk defe
ts, the parallel (↑↑) spin orien-tation between the edges may be
ome the ground-state 
on�guration.While this result stri
tly holds for the 
ase of periodi
 arrays of va
an-
ies, it may probably be extended to randomly disordered 
on�gurations.Indeed, the value of ∆↑↑E is roughly independent of the spin orientationon the va
an
y. The e�e
t should therefore remain the same whateverthe magneti
 
oupling between the set of defe
ts.Finally, we report that the presen
e of va
an
ies in the graphene rib-bons has a 
ru
ial impa
t on the ele
troni
 stru
ture. The introdu
tionof a va
an
y in the GNRs super-
ell indu
es quasi-�at bands aroundthe Fermi energy and indu
es a rigid energy shift of the π-π∗ ele
troni
bands. By looking at the low energy ele
troni
 states, 
ontributions fromthe π-π∗ defe
t states 
an be identi�ed within the [−0.5, 0.5] eV energywindow around the Fermi level. The ele
troni
 states asso
iated withthe sp2-like dangling bonds appears at lower and higher energies (seeFig. 4.9 for an example). As a 
onsequen
e, analogous 
harge transferas in the graphene plane is reported.
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Figure 4.9: [Top panel℄ Ele
troni
 energy band stru
tures of 8-zGNR, pristine(a) and in the presen
e of va
an
ies (b). 8x1x1 GNR super-
ells (either pristineor with one defe
t) have been used for the ab initio 
al
ulations. (
) Represen-tation of the ele
trostati
 potential of the defe
tive super-
ell (i.e. sum of thehartree potential and the lo
al pseudo-potential) integrated along the axis per-pendi
ular to the zGNR plane. It is worth noting the in
rease of the potentialin the 
lose vi
inity of the defe
t, illustrating the 
harge transfer from the bulkgraphene to the quasi-lo
alized defe
t states. [Bottom panel℄ Representation ofthe low energy ele
troni
 states indu
ed by the va
an
y. Blue and red surfa
esare asso
iated with positive and negative values of the ele
troni
 wave-fun
tion.
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Figure 4.10: S
hemati
 atomi
 representations of the nonequivalent adsorp-tion sites for 
arbon adatom in GNRs. (top panel) parallel, and tilted nonequiv-alent 
arbon-
arbon bonds in arm
hair-GNRs. (bottom panel) perpendi
ular,and tilted nonequivalent 
arbon-
arbon bonds in zigzag-GNRs.(b) Adatom - Upon relaxation, the additional 
arbon (initially lo-
ated 1Å over an asymmetri
 position on the graphene plane) stabilizes ina bridge-like position. As expe
ted due to the presen
e of unsaturateddangling bonds, the adatom indu
es a polarization of the neighboringele
troni
 density. This behavior is similar to the one reported in se
-tion 4.1.1 for the graphene plane. The situation is however slightly more
ompli
ated in graphene ribbons sin
e inequivalent adsorption sites arepresent. As detailed in Fig. 4.10, the 
arbon-
arbon bond hosting theadatom may be either parallel, perpendi
ular or tilted with respe
t tothe ribbon axis. Besides, sin
e adatoms indu
e lo
al magneti
 moments,their intera
tion with the magneti
ally ordered edges-states gives riseto various meta-stable 
on�gurations in zigzag GNRs. As detailed inFig. 4.11, these are labeled using the aforementioned XY syntax.The 
omputed adsorption energies relative to various 
on�gurationsof adatom in zigzag and arm
hair ribbons are reported in Table 4.2. A
areful 
omparison of the adsorption energies �rst reveals a better sta-bilization of the adatom when lo
ated upon strong 
arbon-
arbon bond.
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Figure 4.11: Magneti
 
on�gurations of adatoms in zigzag ribbon. Spin po-larized ele
troni
 densities (ρα − ρβ) iso-surfa
es for the four meta-stable mag-neti
 
on�gurations asso
iated with a tilted adatom in 8-zGNR. Blue and rediso-surfa
es 
orrespond to an ex
ess of spin α and spin β respe
tively.aGNR zGNRPara.* 6.727 Perp. (↑↓)AP 6.855 (↑↑)AP 6.770Tilted** 6.683 (↑↓)P 6.877 (↑↑)P 6.753Tilted (↑↓)AP 6.726 (↑↑)AP 6.612
(↑↓)P 6.706 (↑↑)P 6.614*weak C-C bond, **strong C-C bond.Table 4.2: Relative stability of the meta-stable 
on�gurations of adatoms inarm
hair and zigzag GNRs: Ab initio 
omputed formation energies (ξ). Valuesare reported in eV.In zGNRs, the tilted 
arbon-
arbon bonds, whi
h are smaller than theperpendi
ular ones, are asso
iated with smaller adsorption energies. Sim-ilarly, smaller adsorption energies are always reported for smaller bondsin aGNRs. Se
ond, in the same way as va
an
ies do, 
arbon adatomsmodify the energeti
s of the inter-edge magneti
 
oupling in zGNRs. Thelo
al magneti
 moment interferes with the ground-state spin density dis-tribution (i.e. the ↑↓ 
oupling between the edges) and 
ontributes tofurther stabilize the ↑↑ magneti
 
on�guration. As a result, the energydi�eren
e ∆↑↑E = (E↑↑ − E↑↓) is strongly redu
ed in the presen
e ofan adatom. In the presen
e of an adatom at the 
enter of the ribbon,the parallel spin orientation between the edges be
omes the ground-state
on�guration as ∆↑↑E = −9 meV.Consequently, the 
arbon adatom is found to have a large impa
t onthe low energy ele
troni
 stru
ture of the graphene ribbons. Additional



110 Chapter 4. TOPOLOGICAL DEFECTS IN GNRS

Figure 4.12: [Top panel℄ Ele
troni
 energy band stru
ture of 17-aGNR (a)pristine, (b) in the presen
e of adatoms. 5x1x1 GNR super-
ells (either pristineor with one defe
t) have been used for the ab initio 
al
ulations. (
) Represen-tation of the ele
trostati
 potential of the defe
tive super-
ell (i.e. sum of thehartree potential and the lo
al pseudo-potential) integrated along the axis per-pendi
ular to the aGNR plane. It is worth noting the in
rease of the potentialin the 
lose vi
inity of the defe
t, illustrating the 
harge transfer from the bulkgraphene to the quasi-lo
alized defe
t states. [Bottom panel℄ Representation ofthe low energy ele
troni
 states indu
ed by the va
an
y. Blue and red surfa
esare asso
iated with positive and negative values of the ele
troni
 wave-fun
tion.
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ts 111ele
troni
 energy bands indu
ed by the quasi-lo
alized defe
t states arereported around the Fermi level. While the ele
troni
 
ontributions 
om-ing from the sp2-like dangling bond are lo
ated around 1 eV below theFermi energy, the unpaired π-orbital of the adatom as well as othersquasi-lo
alized states give rise to �at energy bands in the [−0.5, 0.5] eVenergy window. As des
ribed previously, these ele
troni
 states involvea small 
harge transfer from the ribbon to the defe
t indu
ed ele
troni
states. As an example, the 
ase of adatoms adsorbed on a 17-aGNR isdetailed in Fig. 4.12.4.2 Migration of defe
tsIn graphene ribbons, the lo
al atomi
 environment range from the
D3h hexagonal symmetry around the GNR axis to the Cs symmetryat the edges. The stru
tural and ele
troni
 properties of va
an
ies andadatoms are thus expe
ted to vary with the defe
t position a
ross theribbon width.4.2.1 Relative stability of bulk and edge defe
tsHereafter, we 
ompare the stru
tural and ele
troni
 properties of va-
an
ies and adatoms for di�erent positions (see Fig. 4.13 for the labellingof the defe
t positions). The aim of this se
tion 
onsists in �nding sometrends about the stability of point-defe
ts in GNRs.Figure 4.13 presents the 
omputed relative energy of defe
ts as afun
tion of their positions. The zigzag and arm
hair ground-state 
on�g-urations are reported as 
ir
les and squares respe
tively, while the errorbars a

ount for the meta-stable 
on�gurations higher in energy. Awayfrom the GNR edges, topologi
al defe
ts behave like in the graphenesheet and the formation energy slightly de
rease when moving from theribbon axis towards the ribbon edges. At the same time, an in
reaseof the energy dispersion asso
iated with the meta-stable 
on�gurationsis reported. Indeed, the energy gain asso
iated with the preferred va-
an
y orientation in the zigzag ribbon ranges from ∆θE(p8) = 55 meVin the ribbon 
enter up to ∆θE(p3) = 355 meV 
loser to the edge. Sim-ilar values are found in arm
hair ribbon (i.e. ∆θE(p8) = 95 meV and
∆θE(p4) = 390 meV).In the dire
t proximity of the ribbon boundary, va
an
ies and ad-atoms de�nitely loose their bulk-like behavior and re
ombine with theedges. As shown in Fig. 4.13, defe
ts then undergo an improved stabi-lization and smaller defe
t formation energies are predi
ted.
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Figure 4.13: [Top panel℄ Labels of the di�erent 
arbon sites a
ross the widthof a 17-aGNR (on the left), (on the right) and a 8-zGNR (on the right). [Bottompanel℄ Relative energies of defe
tive zigzag and arm
hair GNR as a fun
tionof the defe
t position a
ross the ribbon width. 8x1x1 (5x1x1) super-
ells of8-zGNR (17-aGNR) have been used for the ab initio 
al
ulations.
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tion 4.2. Migration of defe
ts 1134.2.2 Energy barriersThe variation of the defe
t formation energy a
ross the GNRs sug-gests a probable migration of bulk -like defe
ts towards the ribbon edges.The a
tual migration of va
an
ies and adatoms depends on the energybarriers (Ebarrier) en
ountered along the migration path. Two methodsare 
ommonly used to estimate these barriers. The Nudged Elasti
 Bandmethod (NEB) [195℄ and the a
tivation-relaxation te
hnique (ART) [196℄both allow to 
ompute saddle points and minimum energy paths betweensuggested equilibrium 
on�gurations. We did not perform su
h 
al
ula-tions here sin
e many previous studies have reported 
al
ulations of these
Ebarrier for both the adatom and va
an
y in graphene.The theoreti
ally 
omputed energy barriers for the migration of ad-atoms on the graphene plane is Eth

barrier = 0.47 eV [177, 178℄. Su
h a lowenergy barrier means that adatoms are highly mobile on the sp2 
arbonplane and will most probably be pinned by other defe
ts. Su
h a lowvalue also explains the di�
ulty to experimentally observe adatoms onthe graphene plane. Con
erning the migration of va
an
ies, the theoret-i
al predi
tion is about Eth
barrier = 1.4 eV [176, 179, 197, 198, 199℄, whi
his very di�erent from the value of Eexp

barrier = 3.1 eV [182℄ dedu
ed fromexperimental results. However, it is 
ommonly thought that experimen-tal results are, in fa
t, asso
iated with the the di�usion of di-va
an
iesrather than mono-va
an
ies. While this has to be further investigated,it should explain the disagreement between theoreti
al predi
tions anda
tual measurements. One 
an thus reasonably assume that primarydefe
ts are mobile on the graphene plane at room temperature.If defe
ts are mobile, then they are likely to di�use until pinned in amore stable 
on�guration or annihilated by re
ombination with anotherdefe
t (e.g. an adatom that meets a va
an
y). In graphene ribbons,pinning/re
ombination at the graphene boundary would therefore be animportant pro
ess in determining the most probable ele
troni
 stru
tureof defe
tive ribbons. Besides, one 
annot ex
lude the formation of small
lusters of defe
ts within the ribbon bulk, su
h as holes made from a fewva
an
ies or small 
arbon 
lusters on the GNRs surfa
e.In what follows, the stru
tural and ele
troni
 properties of va
an
iesand adatoms re
ombined with the graphene edges is detailed and theformation of small 
lusters of defe
t is dis
ussed.4.2.3 Defe
ts at the edgesIn graphene ribbons, the stru
ture of the edges is known to have amajor impa
t on the ele
troni
 properties, as previously illustrated in
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onsequen
e, the 
ontrol of the edge stru
ture wouldbe a highly desirable a
hievement for the development of new 
arbon-based ele
troni
 
omponents. In this se
tion, the a
tual 
ontribution ofthe primary defe
ts (i.e. va
an
ies and adatoms) to the edges disorderis investigated. In parti
ular, the stru
tural and ele
troni
 propertiesof the defe
ts re
ombined at the edges are detailed. We show that there
ombination of va
an
ies and adatoms with the graphene boundariesinvolves the appearan
e of sp3-like re
onstru
tion of the edges and theintrodu
tion of odd-membered 
arbon rings into the honey
omb network.As a 
onsequen
e, the ele
troni
 properties of va
an
ies and adatomsessentially di�er from those in the bulk as the defe
t merges with theedge.

Figure 4.14: Atomi
 representations of the ground-state geometries of va-
an
ies and adatoms re
ombined at the graphene edges. (a) Va
an
y at thearm
hair edge, (b) adatom at the arm
hair edge, (
) va
an
y at the zigzagedge, (d) adatom at the zigzag edge. The transparent surfa
es 
orrespond tospin polarized ele
troni
 densities (ρα − ρβ) iso-surfa
es. Blue and red 
olorsare asso
iated with an ex
ess of spin-α and spin-β, respe
tively.(a) Va
an
y - In the proximity of the ribbon edges, the 
arbon net-work does not present the lo
al D3h symmetry anymore. Consequently,the re
onstru
tion of the atomi
 network upon the removal of a 
arbonatom is di�erent from that reported in bulk graphene.In order to �nd the most stable va
an
y 
on�guration, di�erent start-ing geometries have been 
onsidered (by removing di�erent 
arbon atomsand breaking the remaining symmetries). After relaxation of the de-



Se
tion 4.2. Migration of defe
ts 115fe
tive super-
ells, the most-stable geometries are those represented inFigs. 4.14(a,
). While the va
an
y in zGNR still presents a danglingbond and 
omes with a spin polarized density distribution, the re
on-stru
tion of the arm
hair edge implies the saturation of all the 
arbonatoms. Consequently, no spin polarization is reported. In this 
ase,the re
onstru
tion involves the formation of a pentagon of 
arbon atomsas shown in Fig. 4.14(a). The 
omputed va
an
y formation energies are
0.855 and 2.239 eV for the arm
hair and zigzag edges respe
tively. Thesevalues represent a signi�
ant redu
tion with respe
t to those of the bulkva
an
ies.

Figure 4.15: [Top panel℄ Ele
troni
 energy band stru
tures of 8-zGNR (a)pristine and (b) in the presen
e of an edge va
an
y. 8x1x1 GNR super-
ells(either pristine or with one defe
t) have been used for the ab initio 
al
ulations.(
) Representations of the ele
trostati
 potential of the defe
tive super-
ell (i.e.sum of the hartree potential and the lo
al pseudo-potential) integrated alongthe axis perpendi
ular to the zGNR plane. [Bottom panel℄ Representation ofthe low energy ele
troni
 states indu
ed by the va
an
y. Blue and red surfa
esare asso
iated with positive and negative values of the ele
troni
 wave-fun
tion.Besides the stru
tural 
ontrast with their bulk 
ounterpart, va
an-
ies at the edges a�e
t di�erently the low energy ele
troni
 stru
ture ofthe GNRs. This statement is detailed in Fig. 4.15 for the zigzag edge.Within the [−0.5, 0.5] eV energy window, the GNR ele
troni
 states are
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an
y at the edge. The only signi�
ant
ontribution from the defe
t ele
troni
 states to the low energy ele
troni
stru
ture appears at ±1 eV. It will be shown latter that this di�eren
ebetween bulk and edge va
an
ies is 
ru
ial when determining their ele
-troni
 s
attering pro�les.(b) Adatom - The same happens for the 
arbon adatom re
ombinedwith the GNR edge. The proximity of the edge allows the 
arbon to moveaway from the bridge-like 
on�guration and to re
ombine in an sp3-like
on�guration. In zGNR, the re
onstru
ted adatom stabilizes on top ofa 
arbon atom at the edge (see Fig. 4.14(d)) and forms what we have
alled previously a triangular di-pyramid (TDP) with two unsaturated
sp3 orbitals at the apexes. Though the two sp3 orbitals are not involve instrong σ bonds, they intera
t together in an bonding/anti-bonding wayleading to a non magneti
 defe
t 
on�guration. The geometry of the ad-atom re
ombined at the arm
hair edge is 
lose to the bridge 
on�guration(see Fig. 4.14(b)). However, upon relaxation, the adatom undergoes aslight displa
ement along the ribbon axis. As a 
onsequen
e, the bridgesymmetry is broken and the adatom looses its sp2 hybridization in favorof an sp2/sp3 mixed 
on�guration. At equilibrium, the sp2- and π-likeadatoms dangling bonds are not orthogonal anymore and the ele
troni
density around the defe
t is not spin-polarized. The 
omputed adatomformation energies are of 5.591 and 4.869 eV for the arm
hair and zigzagedges, respe
tively. Again, these values represent signi�
ant redu
tionswith respe
t to the bulk adatom formation energies. In a way similar tothe one reported for the edge va
an
y, the impa
t of the adatom on theele
troni
 band stru
ture is strongly redu
ed when re
ombined with thearm
hair or zigzag edges. The situation in arm
hair ribbons is detailedin Fig. 4.16.In 
on
lusion, we have shown that the pinning of va
an
ies and ad-atoms by the edges leads to the formation of sp3 like tetrahedra and oddmembered 
arbon rings. Besides the perturbation indu
ed by the defe
tson the π-π∗ ele
troni
 stru
ture of the ribbon is globally redu
ed uponthe edge re
onstru
tion.4.2.4 Clusters of defe
tsAs mentioned previously, low energy barriers are reported for the mi-gration of primary defe
ts on the sp2 
arbon plane and these defe
ts areexpe
ted to di�use at room temperature until they are pinned by otherdefe
ts. This 
an be either by intera
tion with an extended defe
t (e.g.GNR edges) or by 
ombination with other point-defe
ts (e.g. va
an-
ies and adatoms). The predominant me
hanism will probably depend
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Figure 4.16: [Top panel℄ Ele
troni
 energy band stru
ture of 17-aGNR (a)pristine and (b) in the presen
e of an edge adatom. 5x1x1 GNR super-
ells(either pristine or with one defe
t) have been used for the ab initio 
al
ulations.(
) Representation of the ele
trostati
 potential of the defe
tive super-
ell (i.e.sum of the hartree potential and the lo
al pseudo-potential) integrated alongthe axis perpendi
ular to the aGNR plane. One notes the in
rease of thepotential in the 
lose vi
inity of the defe
t, what illustrates the 
harge transferfrom the bulk graphene to the quasi-lo
alized defe
t states. [Bottom panel℄Representation of the low energy ele
troni
 states indu
ed by the va
an
y.Blue and red surfa
es are asso
iated with positive and negative values of theele
troni
 wave-fun
tion.
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t density as well as the relative stabil-ity of the re
ombined defe
ts. In this se
tion, we fo
us on the formationof the smallest 
lusters of defe
ts (i.e. the di-va
an
y and 
arbon dimer).(a) Di-va
an
y - A di-va
an
y is formed when two va
an
ies 
omesu�
iently 
loser to intera
t and �nally 
oales
e [200℄. Upon relaxation,the atomi
 stru
ture presents two pentagonal 
arbon rings whose par-allel 
arbon-
arbon bonds are su�
iently strong (1.65 Å) to ensure thesaturation of the va
an
y dangling bonds (see Fig. 4.17(a)). Besides,upon 
oales
en
e, the va
an
ies loose their lo
alized magneti
 moments.In graphene ribbons, di-va
an
ies present di�erent geometries de-pending on the relative orientations (i.e. parallel, tilted and perpendi
u-lar) of the defe
t mirror plane with respe
t to the ribbon axis. For thesame reasons as those reported for single va
an
ies, the tilted and parallelorientations are respe
tively the most stable within zigzag and arm
hairribbons. The presen
e of the di-va
an
y is found to have an impa
t onthe energeti
s of the inter-edge magneti
 
oupling in zigzag ribbons. Sim-ilarly to what has been reported for the va
an
y, the energy di�eren
e
∆E↑↑ = E↑↑ − E↑↓ is strongly redu
ed. In the 
ase of di-va
an
y at the
enter of 8-zGNR, the 
omputed value is ∆E↑↑ = 24 meV to be 
omparedwith ∆E↑↑ = 88 meV in pristine zGNR. The 
omputed formation en-ergies of the di-va
an
y in its ground-state 
on�gurations are 6.858 and
6.743 eV in arm
hair and zigzag ribbons respe
tively. This representsan energy gain of ∼ 7eV with respe
t to the situation of two isolatedva
an
ies. It is thus likely that va
an
ies will form 
lusters within thegraphene ribbons.

Figure 4.17: Atomi
 representations of the ground-state geometries of bulkdi-va
an
ies (a) and 
arbon dimers (b) in graphene ribbons. Note that thesegeometries are independent of the ribbon orientation.
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tion 4.3. Hydrogenation and 
hemi
al rea
tivity 119(b) Carbon dimer - The smallest 
arbon 
luster is the 
arbon dimer.In order to �nd the ground state 
on�guration, various initial geometrieshave been tested. After relaxation, the 
on�guration with the smallestenergy is the linear pile up depi
ted in Fig. 4.17(b). Though the systemstill presents dangling bonds, no lo
al magnetization is found. Thissuggests that the dangling bonds asso
iated with the upper 
arbon atomare not orthogonal and form bonding and anti-bonding ele
troni
 states.The formation energy asso
iated with the 
arbon dimer is of 7.192 eV(7.515 eV) in zigzag (arm
hair) GNRs. While being larger than most ofthe formation energies reported up to now, this represents a large energygain with respe
t to the 
ase of two isolated adatoms and highlights thehigh probability of �nding 
arbon 
lusters adsorbed on graphene ribbons.4.3 Hydrogenation and 
hemi
al rea
tivityDefe
ts have a large in�uen
e on the 
hemistry of graphene. As wehave shown in the previous se
tion, the prototypi
al defe
ts that areva
an
ies and adatoms 
ome with unsaturated dangling bonds. There-fore, defe
ts are likely to be highly rea
tive sites and, in ambient 
ondi-tions, one may expe
t these dangling bonds to be saturated by gaseousmole
ules. For example, it has been reported that stru
tural defe
ts playa 
entral role for the rea
tion of mole
ular oxygen with graphite [201,202℄. Here we use hydrogenation as an example of 
hemisorption onboth the bulk and edge primary defe
ts in order to assess their 
hemi
alrea
tivity.(a) Hydrogenated va
an
y - When an hydrogen atom en
ountersa bare bulk va
an
y, the hydrogen bonds with the out-of-plane 
arbonatom. Upon relaxation, the new 
arbon-hydrogen bond form a tiltedprotrusion with respe
t to the ribbon plane (see Fig. 4.18(a)). This 
on-�guration is non-magneti
, 
ontrasting with the unsaturated defe
t. Theformation energy of the hydrogenated va
an
y is lowered by ∼ 2 eV withrespe
t to the bare va
an
y, emphasizing the high 
hemi
al rea
tivity ofthe va
an
y site.Similar energy gains are reported upon the hydrogenation of the edgeva
an
y. In zigzag ribbons, the absorption of an hydrogen atom on theedge va
an
y allows to restore lo
ally the saturation of all the 
arbonatoms (see Fig. 4.18(d)) and the defe
t formation energy de
reases downto ξ = 0.005 eV. On the 
ontrary, the removal of the hydrogen atom fromthe edge va
an
y implies the formation of a pentagon of 
arbon atoms
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Figure 4.18: Atomi
 representations of the ground-state geometries of va
an-
ies for various hydrogenation levels. (a) mono-hydrogenated bulk va
an
y (b)dehydrogenated va
an
y at the arm
hair edge, (
) dehydrogenated va
an
y atthe zigzag edge, (d) di-hydrogenated va
an
y at the zigzag edge. The trans-parent surfa
es 
orrespond to spin polarized ele
troni
 densities (ρα − ρβ) iso-surfa
es. Blue and red 
olors are asso
iated with an ex
ess of spin-α and spin-βrespe
tively.



Se
tion 4.3. Hydrogenation and 
hemi
al rea
tivity 121and leads to a higher formation energy (see Fig. 4.18(
)). Indeed, whilesuppressing the dangling bond, the new 
arbon-
arbon bond (1.72 Å) istoo weak to 
ompensate the distortion indu
ed along the ribbon axis.As a 
onsequen
e, the 
omputed formation energy is of 2.811 eV whi
his higher than the value reported for the bare edge va
an
y. In arm-
hair ribbons, the removal of the out-of-plane hydrogen atom from theedge va
an
y also implies the formation of a mono-hydrogenated pen-tagon at the edge (see Fig. 4.18(b)). While the lo
al saturation of all
arbon atoms is preserved, this 
on�guration is however asso
iated witha higher formation energy (ξ = 1.948 eV). This is due to the appearan
eof quasi-lo
alized ele
troni
 states around the Fermi energy that werenot reported in the 
ase of the bare va
an
y.(b) Hydrogenated adatom - Sin
e 
arbon is tetravalent and presentsa high a�nity to bond with hydrogen, 
arbon adatoms are expe
ted tobe further stabilized upon both mono- and di-hydrogenation. The ge-ometries of the mono- and di-hydrogenated bulk adatoms are des
ribedin Figs. 4.19(a,b). Upon stru
tural optimization, a pile up geometry isfound for the mono-hydrogenated adatom. The adatom keeps its bridge-like position and the upper hydrogen stabilizes on its top. Finally, the
arbon adatom keeps an unpaired pz orbital whi
h is parallel to thegraphene plane giving rise to the ground-state ele
troni
 spin-densitydistribution represented in Fig. 4.19(a). The adsorption of a se
ond hy-drogen 
ompletes the saturation of the adatom and the ground stateele
troni
 density is not spin-polarized anymore. The 
omputed forma-tion energies indi
ate an energy gain of ∼ 2 and ∼ 2.7 eV for the �rst,and se
ond hydrogenation, respe
tively.The ground-state geometries of the hydrogenated and di-hydrogenated
arbon adatoms at the zigzag edge are reported in Figs. 4.19(e,f). Uponthe adsorption of an hydrogen on the upper 
arbon atom, the symmetryof the di-pyramid with respe
t to the graphene plane is lost. The upper
arbon atom adopts an sp2-like 
on�guration and moves slightly in thedire
tion of the ribbon edge. Finally, the pz orbital of the adatom mixeswith the π band of the ribbon and no signi�
ant spin polarization isobserved on the defe
t. Again a stabilization of ∼ 2 eV is found for thehydrogenation. While it does not modify signi�
antly the defe
t geom-etry, the adsorption of a se
ond hydrogen on the 
arbon adatom allowsthe 
omplete saturation of the 
arbon network and a further stabilizationof ∼ 1 eV is reported. The ground-states geometries of the adatom atthe arm
hair edge are represented in Figs. 4.19(
,d). Upon hydrogena-tion, the 
arbon adatom looses one of its dangling bonds and a more
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Figure 4.19: Atomi
 representations of the ground-state geometries of 
arbonadatoms for various hydrogenation levels. (a) mono-hydrogenated bulk adatom(b) di-hydrogenated textitbulk adatom, (
) mono-hydrogenated adatom at thearm
hair edge, (d) di-hydrogenated adatom at the arm
hair edge, (e) mono-hydrogenated adatom at the zigzag edge, (f) di-hydrogenated adatom at thezigzag edge. The transparent surfa
es 
orrespond to spin polarized ele
troni
densities (ρα − ρβ) iso-surfa
es. Blue and red 
olors are asso
iated with anex
ess of spin-α and spin-β respe
tively.



Se
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onstru
tions of the edges 123symmetri
 
on�guration is found. A lo
al magneti
 moment due to thepresen
e of a single unpaired pz orbital appears on the defe
t. Upon di-hydrogenation, the saturation of the 
arbon adatom is a
hieved and thelo
al magneti
 moment disappears. Energy gains of ∼ 1.9 and ∼ 1.6 eVare reported for the �rst, and se
ond hydrogenation, respe
tively.In 
on
lusion, the adsorption of hydrogen atoms has been used asa test 
ase in order to assess the 
hemi
al a
tivity of topologi
al de-fe
ts in GNRs. It has been shown that the topologi
al defe
ts a
t ashighly rea
tive 
enters and play a key role in the 
hemi
al fun
tional-ization of graphene ribbons. Besides, our 
al
ulations reveal that mostof the 
onsidered defe
ts lose their magneti
 moment upon hydrogena-tion. This highlights the poor stability of defe
t indu
ed magnetism upon
hemisorption. In addition, the 
omparison of the defe
t formation en-ergies reported above reveals that fully hydrogenated va
an
ies and ad-atoms at the edge are the most stable primary defe
t 
on�gurations inboth arm
hair and zigzag graphene ribbons. Indeed, the 
omputed for-mation energies of the hydrogenated edge defe
ts are signi�
antly lowerthan those reported for the hydrogenated bulk defe
ts as well as thoseasso
iated with the di-va
an
y and 
arbon dimer. As a 
onsequen
e one
an expe
t the re
ombination at the edges to be the main me
hanismfor pinning mobile primary defe
t in narrow GNRs.4.4 Further re
onstru
tions of the edgesWhile the presen
e of defe
ts along the edges is likely to be unavoid-able, very few is known is about the a
tual stru
tures and ele
troni
properties of defe
tive edges. In parti
ular, the experimental investi-gation of the graphene boundaries has lagged behind due to intrinsi
di�
ulties in a
hieving atomi
 s
ale resolution of the a
tual edge pro�leswith the traditional s
anning tunneling (STM) and atomi
 for
e (AFM)mi
ros
opies. As a 
onsequen
e, the obvious questions "What are themost probable defe
ts at the edge ?" and "What are their impa
t on theele
troni
 properties of GNRs?" are still open.Nevertheless, re
ent developments of the low voltage aberration-
or-re
ted transmission ele
tron mi
ros
opy (TEAM) allowed to a
hieve sig-ni�
ant improvements in the resolution and 
hara
terization of graphenefragments. In parti
ular, two re
ent papers gave insights into the vari-ety of re
onstru
tions at the graphene boundaries [130, 147℄. As a mainresult, these studies revealed the presen
e of both odd-membered ringand atomi
 roughness at the edges of a
tual GNRs. Motivated by these
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Figure 4.20: Atomi
 representations of the Penta, Hepta, Dip, D656, D757and D575 edge topologies. [Top panel℄ Defe
ts along the arm
hair edge. [Bot-tom panel℄ Defe
ts along the zigzag edge. The transparent surfa
es 
orrespondto spin polarized ele
troni
 densities (ρα−ρβ) iso-surfa
es. Blue and red 
olorsare asso
iated with an ex
ess of spin-α and spin-β respe
tively.
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tion 4.4. Further re
onstru
tions of the edges 125pi
torial results and by other s
anning tunneling (STM) [203, 204℄ andele
troni
 transmission (TEM) [129, 205℄ mi
ros
opy studies, we reporthere the formation energies of various defe
ts dire
tly inspired by theexperiments (see Fig. 4.20).The defe
t topologiesD757 andD575 are 
ombinations of odd-membe-red rings of 
arbon atoms. In those stru
tures, the distortions indu
ed bypentagons and heptagons are expe
ted to 
ompensate partially leadingto an in
reased stability. By sake of 
omparison, and in order to isolatedtheir e�e
ts, point-defe
ts 
onsisting in single pentagon and heptagonof 
arbon atoms have also been 
onsidered (i.e. defe
ts labelled penta,
hepta and D656). Finally, the defe
t topologies labelled Dip aim toa

ount for the atomi
 roughness of the edges.The 
omputed formation energies are gathered in Table 4.3 and 
om-pared with the values reported in the previous se
tions. On the one hand,the energeti
 of bulk defe
ts is very similar in both arm
hair and zigzagshaped ribbons. This is not surprising sin
e the in�uen
e of the edgetopology be
omes insigni�
ant as defe
ts are introdu
ed far away fromthe ribbon boundaries. On the other hand, the arm
hair edge seems tobe more robust than the zigzag edge with respe
t to the introdu
tion oftopologi
al defe
ts. Indeed, the 
omputed formation energy of an hy-drogenated va
an
y at the zigzag edge is of 0.005 eV only. Even moresurprising is the negative energy asso
iated with the formation of Dip-likedefe
ts. Su
h low formation energies are not found for the arm
hair edge.We note that these observations are 
oherent with the results presentedin 
hapter 3 about the relative stability of the re
onstru
ted zigzag andarm
hair ribbons. The introdu
tion of defe
ts along the arm
hair edgeslo
ally destroys the bezenoid stru
ture of the edge. This pro
ess is notenergeti
ally favorable sin
e it limits the aromati
 stabilization of the
pi-ele
trons. On the 
ontrary, the zigzag edges are not at all benzenoidand su
h 
onsiderations do not apply.Finally, the nature of the 
harge transfer (i.e. a

eptor, donor orneutral) indu
ed by the defe
ts, as well as their magneti
 
hara
teristi
sare summarized in Table 4.3. Though the origin of the 
harge transferbetween the 
arbon network and the point-defe
ts (i.e. the self-doping)is further investigated in Chap. 5, one already notes that topologi
aldefe
ts may a
t as a

eptor and donor depending on their 
on�guration.The most stable bulk and edge defe
ts (i.e. those re
ombined or fully-hydrogenated) do not 
ome with an ele
troni
 density that is lo
ally spin-polarized. Our results therefore predi
t that the observation of defe
t-indu
ed magnetism in graphene ribbons is limited to the 
ase where asigni�
ant amount of primary defe
ts are not re
ombined. With thisrespe
t, the presen
e of the ribbon edges, whi
h fa
ilitate the defe
t
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ombination, should impede the observation of magnetism asso
iatedwith point-defe
ts. 17-aGNR [eV℄ 8-zGNR [eV℄Bulk Va
an
ies and adatoms :adatom 6.683 µB a

ept. 6.697 µB a

ept.adatom + H 4.774 µB neutral 4.697 µB neutraladatom + H2 2.041 � neutral 1.980 � neutralva
an
y 7.601 µB a

ept. 7.671 µB a

ept.va
an
y + H 5.452 � a

ept. 5.618 � a

ept.Small 
lusters :
arbon dimer 7.515 � � 7.192 no µB �di-va
an
y 6.858 � donor 6.743 no µB donorEdge Va
an
ies and adatoms :adatom 5.591 � a

ept. 4.869 � neutraladatom + H 3.715 µB neutral 2.597 � neutraladatom + H2 1.156 � neutral 1.302 � donorva
an
y 0.855 � neutral 2.389 µB neutralva
an
y + H 0.005 � neutralva
an
y - H 1.948 � a

ept. 2.811 � neutralExperimental defe
ts :penta 1.948 � a

ept. 2.811 �hepta 0.839 µB donor 2.381 � a

ept.D757 1.598 � donor 2.062 � a

ept.D575 3.379 � a

ept.D656 0.573 µB a

ept.Dip 0.268 � neutral -0.712 � neutralTable 4.3: Ab initio 
omputed formation energies asso
iated with varioustopologi
al defe
ts in both 8-zGNR and 17-aGNR. The energy 
omputationrelies on 8x1x1 and 5x1x1 super-
ells for the zigzag and arm
hair 
ases, respe
-tively. The symbol µB (�) refers to the presen
e (absen
e) of a spin-polarizedele
troni
 density distribution indu
ed by the defe
t. Finally, the 
harge trans-fer between the topologi
al defe
ts and the graphene ribbon is mentioned.Con
lusionIn this 
hapter, the stru
tural, ele
troni
, and magneti
 propertiesof va
an
ies and adatoms in graphene nanoribbons have been unveiled.Our results highlight the large stabilization of defe
ts upon both the re-
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ombination at the edges and the formation of defe
t 
lusters. On theone hand, the di-hydrogenated adatoms and the di-va
an
y are reportedas the most stable defe
t 
on�gurations within the graphene plane. Onthe other hand, the re
ombination of the point-defe
ts at the arm
hairand zigzag ribbon edge leads to the formation of sp3 like tetrahedra andodd membered 
arbon rings that are even more stable. Therefore, uponmigration, va
an
ies and adatoms are likely to 
ontribute to the re
on-stru
tion of the graphene boundaries. Besides, one observes that theperturbation indu
ed by the defe
ts on the low energy ele
troni
 stru
-ture is globally redu
e upon the re
ombination at the edge. Similarly,though the isolated defe
ts are reported to 
ome with lo
al magneti
moments and to indu
e a lo
ally spin-polarized ele
troni
 density in thegraphene network, no magneti
 behavior is reported for the most prob-able 
on�gurations of the defe
tive edges. Finally, the 
omparison ofthe arm
hair and zigzag edges highlights the robustness of the arm
hairedges with respe
t to the formation of topologi
al defe
ts. This seemsto be the natural 
onsequen
e of the absen
e of aromati
 stabilizationalong the zigzag shaped boundaries.





Chapter 5Quantum transport ingraphene nanoribbons5.1 Introdu
tionThe re
ent progresses in the synthesis and 
hara
terization of singlesheet of graphite has initiated a 
onsiderable experimental and theoreti-
al resear
h e�ort aiming to understand and 
ontrol the transport prop-erties of this outstanding material. As a truly 2D 
rystal where ele
tronsand holes behave like massless Dira
 fermions, graphene o�ers the op-portunity to observe many new transport phenomena, su
h as ele
tronmobilities up to 150 times greater than in sili
on, anomalous quantumHall e�e
t at room temperature, quantum 
ondu
tivity that never fallbelows a minimum value, absen
e of weak lo
alization, or unimpededtunnelling of ele
trons through high and wide energy barriers [4℄.In addition to being a dire
t window onto the physi
s of low-dimen-sional systems, graphene also shows promises as a future material fornanoele
troni
s. Graphene is easy to pro
ess, 
an be patterned withexisting lithographi
 te
hnologies and is therefore 
ompatible with theindustry-standard pro
esses. It reveals extremely high stability, �exi-bility, and presents a thermal 
ondu
tivity predi
ted to be twi
e as bigas that of diamond. Within graphene, the type and 
on
entration of
harge 
arrier is easily tuned by a gate ele
trode. Appli
ations in highfrequen
y integrated 
ir
uits would take advantage of the graphene's ex-tremely high 
arriers mobilities and low s
attering. Finally, the abilityto realize spin inje
tion and the observation of very long spin relaxationslengths suggest potential uses in spintroni
 devi
es.While graphene is a zero-gap semi
ondu
tor, signi�
ant progress hasbeen a
hieved in the synthesis of narrow graphene nanoribbons allowing129



130 Chapter 5. QUANTUM TRANSPORT IN GNRSthe realization of 
arbon based �eld-e�e
t devi
es. Lithographi
 pattern-ing of graphene sheets has proven to be e�
ient for the fabri
ation ofGNRs down to widths of ∼ 20 nm [117, 206, 118℄. While lithographi
patterning is one of the simplest way to produ
es GNRs, the resulting
arbon samples are 
hara
terized by an important roughness on the edge
∼ 5 nm. Therefore, 
hemi
al methods have been developed that allowsto produ
e ribbons with width below 10 nm that exhibit ultra-smoothedges [207, 208, 148, 209, 210℄. The 
hemi
al route is based on expand-able graphite (i.e. graphite inter
alation 
ompounds) that is exfoliatedunder the in�uen
e of heat and broken into ribbons by soni
ation. Unfor-tunately, this highly reliable method allows to produ
es only a very smallquantity of nanoribbons. The use of 
hemi
al vapor deposition (CVD)has been reported for massive produ
tion (grams per day) of GNRs [211℄.While the method is highly su

essful for produ
ing long and highly 
rys-talline metalli
 ribbons, another way has to be found for bulk produ
-tion of semi-
ondu
ting GNRs. Very re
ently, two methods have beenreported that bring some hope for a larger-s
ale produ
tion [206, 212℄.These rely on unzipping multi-walled 
arbon nanotube (CNT) either bythe 
hemi
al oxidation of the CNTs 
arbon-
arbon bonds or by an Ar-gon plasma et
hing method. The GNRs produ
ed by plasma et
hing arehighly appealing sin
e they present smooth edges and a narrow widthdistribution (from 10 to 20 nm). Importantly, unzipping CNTs with well-de�ned stru
tures opens the road towards a better 
ontrol of the withand edge pattern of the a
tual ribbons. For the �ve past years, theseexperimental a
hievements greatly feed the interest for 
arbon based�eld-e�e
t transistors.Most 
ommonly, GNRs-based �eld-e�e
t transistors are built fromgraphene ribbons dispersed on a SiO2/Si 
hip. The bottom Si layer ishighly doped and a
t as a ba
k gate, while the top SiO2 layer serves asgate diele
tri
. The devi
e sour
e and drain are made of metalli
 
onta
tmost frequently in Palladium. A prototypi
al devi
e setup is illustratedin Fig. 5.1. At room temperature, large on-o� 
urrent ratios (Ion/Ioff >
105) have been reported for narrow GNRs (width < 10 nm) even for lowsour
e-drain bias (VSD < 1 V). In addition, ele
tron mobilities rangingfrom a few hundred to > 1000 cm2/V s for GNRs wider than 20 nm havebeen measured [148, 6℄.Though graphene ribbons 
ombines many attra
ting features, thea
tual performan
es of GNRs-FET have to be signi�
antly improved inorder to 
ompete with the sili
on-based te
hnology. In this respe
t, var-ious fundamental questions still need to be addressed. For example, theintrinsi
 
arrier mobility in narrow ribbons remain essentially unknown.Though it is very likely that defe
ts, and edge roughness will appears
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Figure 5.1: (a) S
hemati
 representation of a GNR-Field E�e
t Transistorwhere the GNR 
hannel is 
onta
ted by two metalli
 ele
trodes (sour
e anddrain are in Pd) and the p-doped Sili
on substrate a
ts as the ba
k gate ele
-trode. (b) AFM image of a
tual GNRs-FET devi
es with di�erent 
hannellengths. Pi
tures from Ref. [148℄along the GNR 
hannel indu
ing lo
al 
hanges in the a
tual ele
troni
stru
ture of the ribbon, very few is known about the impa
t on the 
ar-riers propagation. One 
ommonly guess that the roughness of the edges
auses an in
reased s
attering-indu
ed resistivity in the narrow ribbons,but there is no �rm theoreti
al justi�
ation for su
h a me
hanism. Moreintriguingly, though theory predi
ts a dependen
e of the energy gaps ofnarrow ribbons with respe
t to their 
rystallographi
 orientation, thisbehavior is not eviden
ed by transport measurements.In view of these open issues, numeri
al studies that expli
itly takeinto a

ount the presen
e of imperfe
tions will surely help in designingappropriate routes for GNRs-FET fabri
ation and fa
ilitate the improve-ment of devi
es 
hara
teristi
s. In this 
hapter, we fo
us on the ele
troni
transport properties of pristine and defe
tive graphene ribbons. In par-ti
ular, ab initio tools are used to investigate the impa
t of topologi
aldefe
ts on the intrinsi
 
ondu
tan
e properties of prototypi
al arm
hairand zigzag shaped ribbons.Though the results presented in Chapter 3 
learly indi
ate that thethermodynami
al stability of the a11 and z1 edge pro�les is restri
ted tospe
i�
 experimental 
onditions (i.e. low hydrogen 
ontent in the envi-ronment), the study presented here below highlights physi
al pro
essesthat are 
ommon to all GNRs. The s
ope of our results should thereforeextent beyond the spe
i�
 ribbon geometries 
onsidered in this 
hapter.In addition, as the z1 topology gives rise to ele
troni
 states lo
alized at



132 Chapter 5. QUANTUM TRANSPORT IN GNRSthe edge while the a11 pro�le does not, our results should give insightsinto the ele
troni
 transport properties of both magneti
ally ordered anddiamagneti
 GNRs.5.2 Modeling setup

Figure 5.2: [Top panel℄ S
hemati
 representation of the setup used to 
omputethe intrinsi
 transport properties of graphene ribbons in the presen
e of anisolated defe
t. The 
entral part that 
ontains the defe
t is made of a super-
ell large enough to insure the s
reening of the defe
t indu
ed 
harge transfer.Left and right leads are semi-in�nite pristine GNRs. [Bottom panel℄ Planaraverage of the Hartree potential as a fun
tion of the position along transportdire
tion.Coherent quantum transport in mesos
opi
 and low dimensional sys-tems are 
ommonly investigated either with the Kubo-Greenwood [213℄or the Landauer-Büttiker formalisms [214℄. Deriving from the �u
tuation-dissipation theorem, the �rst approa
h allows to evaluate the intrinsi

ondu
tion regimes, and gives a dire
t a

ess to the fundamental trans-port length s
ales, su
h as the elasti
 mean free path (le) and the lo-
alization length (η). When le be
omes longer than the length of the
ondu
tion 
hannel in between voltage probes, the 
arriers propagateballisti
ally and 
onta
t e�e
ts prevail. In su
h a situation the Landauer-Büttiker formalism be
omes more appropriate, sin
e it provides dire
ta

ess to the energy resolved transmission properties and allows to read-ily derive the 
ondu
tan
e pro�les for open systems and arbitrary inter-fa
e geometries. Besides, its formal extensions (Non Equilibrium Green's
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tions-NEGF and Keldysh formalism) further enable to investigatequantum transport in situations far from the equilibrium, of relevan
e forhigh-bias regimes or situations with dominating 
ontribution of Coulombintera
tions. Interestingly, to investigate 
oherent quantum transport ina ribbon of length L with re�e
tion-less 
onta
ts (ideal 
onta
t) to ex-ternal reservoirs, both transport formalisms are formally fully equivalentat zero bias. In the present work, the ele
troni
 transport propertiesof defe
tive graphene nanoribbons are examined within the Landauer-Büttiker formalisms [214℄.Though most of the theoreti
al e�orts to solve the problem of 
on-du
tan
e in defe
tive systems has been made so far within simple tight-binding approximations (one onsite energy per 
arbon site and overlapintegrals restri
ted to nearest-neighbors 
arbon atoms), we use fully self-
onsistent ab initio te
hniques to 
ompute the s
attering pro�les of de-fe
ts. If not otherwise stated, the ab initio 
ondu
tan
es presented in thefollowing have been obtained within the Green's fun
tions framework asimplemented in the Smeagol 
ode [8℄. The one-parti
le Hamiltonian ob-tained from DFT 
al
ulations are used as a starting point for the solutionof the 
oherent quantum transport equation. The modelling setup forGNRs is illustrated in Fig. 5.2. The region of interest (i.e. the one whereall the s
attering pro
esses take pla
e) is 
onne
ted to two semi-in�niteleads. In order to simulate open boundary 
onditions, the self-energiesasso
iated with the leads are then in
luded within the self-
onsistent 
al-
ulation of the potential. Finally, the ele
troni
 transmission fun
tionsare evaluated by using the Fisher-Lee relation,
T (E) = tr{ΓL(E)Gr†

D (E)ΓR(E)Gr
D(E)} (5.1)where Gr

D = {EI−HD−ΣL−ΣR}−1 is the one parti
le Green's fun
tionof the devi
e, ΣR/L are the self-energies a

ounting for the 
oupling withthe right (left) ele
trodes, and ΓR/L = ΣR/L − Σ†
R/L are the broadeningfun
tions asso
iated with right (left) ele
trodes.Sin
e we are interested in the intrinsi
 
ondu
tan
e of defe
tive rib-bons, perfe
t ribbon-based leads are 
onsidered. In su
h a way, there isno symmetry mismat
h at the interfa
e between the two leads and thes
attering region. Due to the presen
e of a defe
t, the size of the 
entralregion has to be 
arefully 
onverged in order to avoid dis
ontinuity in thepotential pro�le at the interfa
e. Hereafter, s
attering regions of ∼ 35 Ålong are 
onsidered.Convergen
e studies have shown that su
h lengths allow to a

uratelys
reen the ele
trostati
 potential of the topologi
al defe
ts. Within thes
attering region, the atomi
 positions have been fully optimized within
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 boundary approximation until the for
es on the atoms andthe unit 
ell are below 0.01 eV/Å and 0.05 eV/Å respe
tively. Note thatin order to insure a perfe
t mat
h between the s
attering region and theleads, the �rst and last GNRs 
ells of the s
attering region have beenmoved as rigid blo
ks during the geometry optimization. The modellingof re�e
tion-less 
onta
t is thus a
hieved and 
arriers 
an move in/outthe 
entral region without signi�
ant ba
k-s
attering.5.3 Quantum transport in pristine GNRs

Figure 5.3: Atomi
 stru
tures, ele
troni
 band stru
tures and quantum 
on-du
tan
es (ele
troni
 transmission) of various graphene nanoribbons. (a) 16-arm
hair GNR, (b) 17-arm
hair GNR, (
 and d) 8-zigzag GNR with anti-parallel (↑↓) and parallel (↑↑) spin orientations between the two magneti
 edges.The spin-dependent transport has been evaluated for both magneti
 
on�gu-rations of the 8-zGNR (
-d) but it is only noti
eable for the parallel (↑↑) spinorientation. The majority (α-spin) and minority (β-spin) spin orientations arerepresented in bla
k and red, respe
tively.For a graphene ribbon of length L in between metalli
 
onta
t reser-voirs, the transport regime is ballisti
 if the measured 
ondu
tan
e is
L-independent, and only given by the energy-dependent number of avail-able quantum 
hannels N(E) times the 
ondu
tan
e quantum G0 =
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e2/h, that is G(α/β)(E) = e2/h×N(α/β)(E), where (α/β) a

ount for thespin degrees of freedom. This o

urs only in 
ase of perfe
t (re�e
tion-less) or ohmi
 
onta
ts between the nanostru
ture and metalli
 voltageprobes. In this regime, the expe
ted energy-dependent 
ondu
tan
e spe
-trum is easily dedu
ed, from band stru
ture 
al
ulations, by 
ounting thenumber of 
hannels at a given energy. As a 
onsequen
e, quantum trans-port properties of GNRs are expe
ted to strongly depend on whethertheir edges exhibit the arm
hair or the zigzag 
on�gurations.As mentioned earlier (see Chapter 3), the gaps of the N−aGNRsdepend on N , separating the ribbons in three di�erent 
ategories (allexhibiting dire
t band gaps at Γ). The band stru
tures and the 
orre-sponding quantum 
ondu
tan
es of two arm
hair GNRs are illustratedin Figs. 5.3(a-b). The 16-aGNR is a semi
ondu
tor with a gap of ∼0.8 eV, thus indu
ing a quite large energy interval where no transmis-sion is allowed (Fig. 5.3(a)). The opening of a small energy gap at theFermi energy produ
ed by the re
onstru
tion of the arm
hair edges 
anbe observed in the 17-aGNR. Around, this region of zero 
ondu
tan
ethe linear ele
troni
 energy bands provide one quanta (= 2e2/h, the fa
-tor 2 a

ount for the spin degenera
y) to the 
ondu
tan
e and lead toa plateau of 
ondu
tan
e around the 
harge neutrality point. A verysmall external ele
tri
 �eld would thus indu
e an ele
troni
 transmissionthrough one 
hannel. Note that this single-
hannel window, whi
h isglobally the same as in zigzag-shaped ribbon, de
reases rapidly for GNRof larger width. At higher energies, the 
ondu
tan
e in
reases as more
hannels be
ome available for the 
ondu
tion.Identi
ally, nanoribbons with zigzag shaped edges exhibit dire
t bandgaps whi
h de
rease with in
reasing width. However, in zGNRs, thequantum transport is dominated by edge states whi
h are expe
ted to bespin-polarized owing to their high degenera
y. The band stru
tures andthe spin-dependent quantum 
ondu
tan
es of a 8-zGNR are illustrated inFigs. 5.3(
-d) for both the ferromagneti
 (↑↑) and anti-ferromagneti
 (↑↓)
ouplings between the edges. The antiferromagneti
 (↑↓) spin 
on�gura-tion of the 8-zGNR 
onserves the semi-
ondu
ting behavior of the GNRfamily, and its ele
troni
 transmission fun
tion displays a gap of 0.3 eVaround the Fermi energy (Fig. 5.3(
)). One note that the presen
e of thespin-polarized edge states do not lead to a spin polarized transmissiondue to the symmetry between the edges with opposite magnetization. Inorder to obtain net spin inje
tion, the symmetry has to be broken [215℄.This may be realized by the in
orporation of defe
ts (su
h as va
an
iesor adatoms) or by the presen
e of roughness at the edge.The ferromagneti
 (↑↑) spin 
on�guration of 8-zGNR is metalli
 andshows a non-zero ele
troni
 transmission fun
tion at the Fermi energy



136 Chapter 5. QUANTUM TRANSPORT IN GNRS(Fig. 5.3(d)) The spin-dependent 
ondu
tan
e 
al
ulation reveals thatthe transmission of the π ele
trons with α-spin orientation is favored foran energy region around −0.35 eV below the 
harge neutrality point. The
π∗ ele
trons with β-spin orientation are more easily transmitted around
+0.35 eV above the Fermi energy. One note here that, the presen
e of thespin polarized 
hannels suggests that doped ferromagneti
 (↑↑) zGNRsmay serve as spin inje
tors.In 
on
lusion, the intrinsi
 
ondu
tan
e of pristine GNRs is 
om-pletely determined by the energy-dependent number of 
ondu
tion 
han-nels. The transport properties should therefore present the same versa-tility as the ele
troni
 energy band stru
tures. In parti
ular, the ribbonwidth and the atomi
 
on�guration at the edges are predi
ted to havea strong impa
t on the low bias 
ondu
tan
e of GNRs. At this point,it is important to noti
e that the ab initio values predi
ted for the 
on-du
tan
e are the uppermost theoreti
al limits that would be experimen-tally measured. In pra
ti
al situations, lower values are observed sin
ethe transmission at the interfa
e between the voltage probes (metalli
leads) and the ribbons is fundamentally limited by interfa
e symme-try mismat
h, indu
ing Bragg-type ba
k-s
attering. Additionally, lo
alstru
tural defe
ts or imperfe
tions at the edge, whi
h usually 
annot beavoided experimentally, introdu
e intrinsi
 ba
k-s
attering along the rib-bon that redu
es its transmission 
apability. The 
onsequen
es of su
hba
k-s
attering are investigated in the next se
tions.5.4 Quasi-lo
alized states and ba
k-s
atteringNanoribbons intrinsi
ally have defe
ts in the bulk and at the edgesthat may 
ome with quasi-lo
alized states in the low energy region. Assu
h, defe
ts are expe
ted to have a large impa
t on the ele
troni
 trans-port properties and to in�uen
e the merits of GNRs for their use inmi
ro-ele
troni
 appli
ations. In this se
tion, we fo
us on the 
ase of thebulk and edge mono-va
an
y. Their 
ondu
tan
e pattern are 
omputedby means of ab initio te
hniques and the fundamental me
hanisms in
harge of the 
ondu
tan
e redu
tion are highlighted.In the presen
e of a single va
an
y, previous TB 
al
ulations [216℄predi
t the appearan
e of dips in the 
ondu
tan
e of GNRs positionedsymmetri
ally with respe
t to the Fermi energy. We show that theab initio 
omputed 
ondu
tan
e patterns di�ers from the TB predi
-tion. Large ele
tron-hole asymmetries and �nite spin 
ondu
tan
e areeviden
ed for both the bulk and edge va
an
ies.
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Figure 5.4: E�e
t of a bulk va
an
y on the 
ondu
tan
e of a 8-zGNR. (a)The 
ondu
tan
e as a fun
tion of the in
ident energy. Blue and red plain lines
orrespond to the α- and β-spin ele
trons, respe
tively. Dotted lines representthe 
ondu
tan
e of the pristine ribbon. (b) Density of states (DOS) of thepristine (grey area) and defe
tive (plain lines) 8-zGNR. The DOS of the α- and
β-spin ele
trons are represented with aids of negative and positive half-planes,respe
tively. (
) Density of states proje
ted (PDOS) onto three 
arbon atomsof the pristine ribbon (grey area) and onto the three 
arbon atoms forming theva
an
y (plain lines). The PDOS of the α- and β-spin ele
trons are representednegative and positive values, respe
tively. (d) Representation of the transmis-sion eigen
hannels for the α-spin (top) and β-spin (bottom) ele
trons 
omingfrom the right lead with an energy of E = −0.65 eV. The two-dimensional repre-sentation of the 
harge density asso
iated with the transmission eigen
hannelsis obtained by its integration along the axis perpendi
ular to the ribbon plane.
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tan
e pattern of the bulk va
an
yIn the presen
e of a single va
an
y, the ab initio 
omputed 
ondu
-tan
e of 
arbon nanotubes shows four dips around the Fermi energyas reported by Choi and 
oworkers [217℄. Three dips are very narrow.These are due to the resonant ba
k-s
attering of the in
oming ele
tronsby the broken σ bonds. The fourth one is broad and asso
iated with aquasi-lo
alized defe
t state that presents a π-like parity.As shown in Figs. 5.4(a-
), the situation is very similar in the 
ase ofGNRs with single va
an
y, though more 
omplex. The broken σ bondsgive rise to very narrow dips at energies above (+0.22 eV) and below(−1.09 eV) the Fermi energy. These σ states are essentially orthogo-nal to the π-π∗ orbitals and the 
oupling between these states and the
ondu
tion 
hannel is very small. This explains the tiny energy disper-sion of the asso
iated dip in the ele
troni
 transmission fun
tion (seeFig. 5.4(a)). On the other hand, the broad de
rease of the 
ondu
tan
ethat appears −0.3 eV below the Fermi energy is asso
iated with a quasi-lo
alized states that presents a pi-like parity with respe
t to the ribbonplane.

Figure 5.5: E�e
t of a bulk va
an
y on the 
ondu
tan
e of a 8-zGNR.Representation of the two transmission eigen
hannels (TEC) for α-spin (top)and β-spin (bottom) ele
trons 
oming from the right lead with an energy of
E = −0.45 eV. The two-dimensional representation of the 
harge density asso-
iated with the transmission eigen
hannels is obtained by its integration alongthe axis perpendi
ular to the ribbon plane.
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omposition in terms of eigen
hannelsIn order to gain insight into the me
hanisms that limit the 
ondu
-tan
e at these energies, we have 
omputed the transmission eigen
han-nels (TEC) for various energies within the single 
hannel energy window(i.e. [−1.1, 1.1] eV). Sin
e we are dealing with an open system, periodi
boundary 
onditions do not apply anymore and the relevant ele
troni
states within the 
entral region are those eigenstates that verify the s
at-tering boundary 
onditions. Though the Green's fun
tion is the funda-mental quantity in our 
al
ulation, the 
omputation of the transmissioneigen
hannels allows to interpret the 
ondu
tan
e patterns in terms ofs
attering states. Indeed, the transmission eigen
hannels are nothingelse but a 
onvenient unitary transformation of the in
oming s
atteringstates at a given energy that provides a way to de
ompose the transmis-sion into non-mixing 
hannels (in the sense that the transmission of thesum of two eigen
hannels is given by the sum of the individual transmis-sions). The eigen
hannels in
oming from the right lead with energies of
−0.3 and −0.22 eV are plotted in Figs. 5.4(d) and 5.5.At 0.3 eV below the Fermi level, the eigen
hannels 
learly indi
atethat 
arriers inje
ted at this energy are ba
k-s
attered by the va
an
yindu
ed potential. At this energy the propagating ele
trons intera
t witha quasi-lo
alized state that presents a π-like parity. At 0.22 eV belowthe Fermi energy, the de
omposition of the transmission fun
tion in non-mixing 
hannels highlights the 
ru
ial impa
t of the edge states. Indeed,as shown in Fig. 5.5, from the four eigen
hannels (two for ea
h spinorientation) available for the ele
troni
 
ondu
tion in pristine zGNRs,two are destroyed by the va
an
y while the two others that 
losely remindthe edge states of zGNRs are not a�e
ted and 
ontribute for one quantum( e2

h ) to the 
ondu
tan
e.The present result 
an be understood in terms of the ele
troni
 bandstru
ture of the pristine ribbon. Dire
tly below (above) the Fermi level,two eigen
hannels are available for the ele
troni
 
ondu
tion. Both aremade from the highest o

upied (lowest uno

upied) π-band (π∗-band)but one arises from the states lo
alized at the ribbon edges, while theother originates from the π-π bonds within the bulk of the ribbon. As a
onsequen
e, the ele
trons inje
ted within the bulk -like bands are proneto be s
attered by the bulk defe
ts and to remain globally insensitive tothe s
attering potential at the edges. Similarly, the ele
trons originatingfrom the edge states are insensitive to the perturbation of the potentialwithin the ribbon bulk but are s
attered by defe
ts at the edges. In thissense, the separation of the highest o

upied (lowest uno

upied) π-band(π∗-band) into 
omponents originating from the bulk and from the edge



140 Chapter 5. QUANTUM TRANSPORT IN GNRSof the ribbon strengthens the robustness of the low energy 
ondu
tan
ewith respe
t to the disorder.Condu
tan
e pattern of the edge va
an
ySu
h analysis is further 
on�rmed by the 
al
ulation of the 
ondu
-tan
e pro�le asso
iated with the edge va
an
y. As shown in Figs. 5.6(a-
), when va
an
ies are re
ombined with the zigzag boundary, their im-pa
t on the 
ondu
tan
e of low energy 
arriers is 
onsequently de
reased.Lo
alized ele
troni
 states asso
iated with the broken σ-bond are re-ported away from the Fermi level (i.e. at ±1.09 eV) and no quasi-lo
alized ele
troni
 states with π-like parity perturbs the 
ondu
tan
epattern within the single 
hannel energy window. The only signi�
ante�e
t is the suppression of the transmission asso
iated with the eigen-
hannels lo
alized at the defe
tive zigzag edge, as shown in Fig. 5.6(d).As a 
onsequen
e the 
ondu
tan
e of low energy 
arriers is redu
ed to(G = 3.e
2

h ). Finally, as a 
onsequen
e of the ferromagneti
 order alongthe zigzag edges, the 
ondu
tan
e pro�le of the edge va
an
y is spinpolarized, meaning that zigzag nanoribbons with defe
tive edges 
ouldbe used for spin inje
tion into graphene. However, while su
h systemstheoreti
ally appear as an appealing devi
e for spin-inje
tion, their ex-perimental relevan
e is not at all obvious as it requires one of the zigzagedges to exhibit a long range perfe
t 
rystallinity.5.5 Defe
t positions and s
atteringWith respe
t to their ele
troni
 and transport properties grapheneribbons are often 
ompared with the 
arbon nanotubes. Indeed, grapheneribbons may be regarded as unrolled nanotubes and their ele
troni
stru
tures present many similarities. The behavior of low energy ele
-trons is mainly determined by the 
on�nement e�e
ts in both systems,giving rise to similar dependen
e of the ele
troni
 energy gaps with re-spe
t to the width/diameter and 
rystallographi
 orientation of GNRsand CNTs.However, though nanotubes have many mirror planes parallel to thetube axis, implying equivalent atomi
 sites all around the tube 
ir
um-feren
e, the ribbons only present two mirroring planes. One 
ontainsthe ribbon plane and �xes the parity of the π and σ bonds, the se
ondis perpendi
ular, 
ontains the ribbon axis, and re�e
ts one ribbon edgeon the other one. As a 
onsequen
e, the atomi
 sites a
ross the ribbonwidth are non-equivalent. In this se
tion, the bonding/anti-bonding en-ergies of the quasi-lo
alized states are shown to be strongly a�e
ted by
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Figure 5.6: E�e
t of an edge va
an
y on the 
ondu
tan
e of a 8-zGNR. (a)The 
ondu
tan
e as a fun
tion of the in
ident energy. Blue and red plain lines
orrespond to the α- and β-spin ele
trons, respe
tively. Dotted lines representthe 
ondu
tan
e of the pristine ribbon. (b) Density of states (DOS) of thepristine (grey area) and defe
tive (plain lines) 8-zGNR. The DOS of the α- and
β-spin ele
trons are represented with negative and positive values, respe
tively.(
) Density of states proje
ted (PDOS) onto three 
arbon atoms of the pristineribbon (grey area) and onto the three 
arbon atoms forming va
an
y (plainlines). The PDOS of the α- and β-spin ele
trons are represented with negativeand positive values, respe
tively. (d) Representation of the transmission eigen-
hannels for α- and β-spin 
arriers 
oming from the right lead with an energyof E = −0.45 eV. The two-dimensional representation of the 
harge densityasso
iated with the transmission eigen
hannels is obtained by its integrationalong the axis perpendi
ular to the ribbon plane.
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al defe
t. In addition, prevented s
atteringdue to symmetry reasons is reported when the defe
t 
on�guration pre-serves the "axial" mirror symmetry. Note that a similar behavior hasbeen reported in doped GNRs [218℄. These pe
uliar geometri
al aspe
tsof the ele
troni
 transport in defe
tive graphene ribbons are illustratedhereafter for the 
ase of 
arbon adatom adsorbed on 17-aGNRs.The s
attering pro�les of adatoms at various positions within theaGNR are reported in Figs. 5.7(a-e). As des
ribed previously, the de-fe
t indu
es various dips in the transmission fun
tion due to the ba
k-s
attering of in
ident ele
trons by the 
orresponding quasi-lo
alized states.The energies at whi
h these dips o

ur are determined by the binding en-ergies of the defe
t indu
ed ele
troni
 states. As illustrated in Figs. 5.7(b-
) bulk adatoms introdu
e two quasi-lo
alized ele
troni
 states within thesingle-
hannel energy window. The lower one (at −0.65 eV) is asso
iatedwith the sp2 dangling bond of the adatom and has a limited overlap withthe π 
ondu
tion 
hannel leading to the well de�ned s
attering energy.In 
ontrast, the upper dip (at −0.5 eV) 
orresponds to a defe
t indu
edstates with a π-like parity that intera
ts widely with the propagatingele
trons and leads to a broad de
rease of the 
ondu
tan
e. In addition,by 
omparing Figs. 5.7(b) and 5.7(
), one noti
es the dependen
e of theresonant energy of the π-like quasi-lo
alized state with respe
t to thedefe
t position. Even more surprising is the large variation of the 
ou-pling strength between the defe
t states and the 
ondu
tion 
hannel. Asreported previously in Chapter 4, the re
ombination of the adatom withthe arm
hair edge redu
es the defe
t-indu
ed perturbation of the GNRs
ondu
tan
e sin
e the π-like quasi-lo
alized ele
troni
 states disappearwhen the re
onstru
tion of the defe
t o

urs.The �u
tuation of the 
ondu
tan
e pattern with respe
t to the defe
tposition highlights the high sensitivity of the GNRs transport propertiesto the presen
e of a random distribution of defe
ts a
ross the ribbonwidth. Indeed, in the 
ase of adatom within aGNRs, su
h a distributionwould lead to a uniform de
rease of the 
ondu
tan
e of the low energyele
trons. This theoreti
al predi
tion strongly 
ontrasts with the 
ase ofCNTs, where ea
h kind of defe
ts leads to a series of well de�ned dip inthe 
ondu
tion 
hannel.Finally, we turn to the analysis of the 
ondu
tan
e pro�le reportedin Fig.5.7(a) that 
orresponds to an adatom exa
tly at the 
enter of theribbon. Intriguingly, this defe
t 
on�guration does not lead to any re-du
tion of the ele
troni
 transmission probability. The defe
t-indu
edpotential seems thus to have no in�uen
e on the propagation of in
om-ing ele
trons. This 
an be explained by analyzing the symmetries of the
ondu
tion eigen
hannel and the defe
t quasi-lo
alized states. Sin
e the
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Figure 5.7: E�e
t of an adatom on the 
ondu
tan
e of a 17-aGNR. (a-e) The
ondu
tan
e as a fun
tion of the in
ident energy for various positions of thedefe
t. Blue and red plain lines 
orrespond to the α- and β-spin ele
trons,respe
tively. Dotted lines represent the 
ondu
tan
e of the pristine ribbon.(f) Representation of a portion of 17-aGNR illustrating the investigated defe
t
on�gurations. (g-h) Representation of the two adatom-indu
ed quasi-lo
alizedstates reported within the single 
hannel energy window. (i) Representationof the transmission eigen
hannel asso
iated with the low energy propagatingele
trons. Red and blue surfa
es indi
ates positive and negative lobes of theele
troni
 states.



144 Chapter 5. QUANTUM TRANSPORT IN GNRS"axial" mirror plane is preserved, both the eigen
hannel and the quasi-lo
alized states have to present a well de�ned parity with respe
t to theseplanes. As shown in Figs. 5.7(g-i), though the transmission eigen
hannelpresents an odd parity a
ross the ribbon width. In 
ontrast, the defe
tindu
ed states whose energies are in the single 
hannel window, presentan even parity. As a 
onsequen
e, the in
oming ele
trons never over-lap with the defe
t indu
ed states and the transmission fun
tion is notperturbed.In 
on
lusion, owing to their geometry, the 
ondu
tan
e patternsof defe
tive graphene ribbons are shown to depend drasti
ally on thedefe
t position. This is related to the variation of the binding energiesof defe
t-indu
ed quasi-lo
alized states. This phenomenon, whi
h is notpresent in CNT, should in
rease the sensibility of the GNRs transportproperties with respe
t to random distribution of defe
ts. On the otherhand, su
h a distribution of defe
ts pinned within the GNR bulk 
ouldprovide a way to engineer the energy band gaps in GNRs. In addition,the transport properties of defe
tive GNRs are found to vary dependingon the symmetries of the defe
tive ribbon.5.6 Condu
tan
e patterns of various topologi
aldefe
tsIn the previous se
tions, the me
hanisms ruling the impa
t of thetopologi
al defe
ts on the transport properties of GNRs have been un-veiled. We now review and 
ompare the 
ondu
tan
e patterns of thevarious defe
t topologies that may originate from the presen
e of (eitherbare or re
ombined) primary defe
ts in graphene ribbons. The di�erentdefe
t geometries that have been des
ribed in the previous 
hapter arehere 
onsidered with respe
t to their s
attering properties.The se
tion is organized as follow: the 
ase of defe
tive zigzag ribbonsin the ground-state anti-parallel (↑↓) spin 
on�guration is �rst detailed.Then the parallel (↑↑) and anti-parallel (↑↓) spin orientations betweenthe zigzag edges are 
ompared. Finally, arm
hair ribbons are ta
kled.5.6.1 Quantum 
ondu
tan
e of semi-
ondu
ting zGNRsIn se
tion 5.4, we have highligthed the role played by the ele
troni
states lo
alized at the edges in determining the 
ondu
tan
e of the lowenergy 
arriers in zigzag ribbons. The 
ru
ial role of the edge statesis 
on�rmed here. The 
ondu
tan
e of semi-
ondu
ting 8-zGNRs withvarious types of isolated bulk and edge defe
ts have been 
omputed. As
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e patterns of various topologi
al defe
ts 145a main result, we report that, independently of the defe
t introdu
ed inthe system, the zGNRs always present at least one ballisti
 
ondu
tion
hannel in the vi
inity of the 
harge neutrality point. This appears tobe due to the "prote
ting" e�e
t of the ele
troni
 states lo
alized at theedges.(a) Bulk defe
ts - The 
ondu
tan
e pro�les of semi-
ondu
ting zGNRsin the presen
e of bulk primary defe
ts are reported in Fig. 5.8(a). Forall the zGNRs 
on�gurations, the presen
e of the isolated bulk defe
tintrodu
e dips into the 
ondu
tan
e at the energies where in
ident ele
-trons and holes are ba
k-s
attered by quasi-lo
alized states. Besides itappears that va
an
ies and adatoms di�ers with respe
t to their impa
ton the ele
troni
 transmission. This is espe
ially striking when 
ompar-ing the most stable defe
t 
on�gurations (i.e. the di-va
an
y and thedi-hydrogenated adatom). While the va
an
ies indu
e quasi-lo
alizedstates that limit the ele
troni
 transmission through the bulk transmis-sion eigen
hannels in the dire
ts proximity of the Fermi level, this is notthe 
ase in the presen
e of adatoms. In parti
ular, the hydrogenatedand di-hydrogenated adatoms presents ele
troni
 states far away fromthe Fermi energy and the low energy 
ondu
tion 
hannels remain undis-turbed in the presen
e of these defe
ts.In order to further identify the origin of this di�eren
e, the densityof states proje
ted onto the adatom and the va
an
y, have been 
om-puted. These are depi
ted in Fig. 5.8(b). The proje
tion reveals thatthe low energy ele
troni
 states indu
ed by the adatom 
ome mainlyfrom the top 
arbon atom (i.e. the one out-of-plane) while the basal 
ar-bon atoms do not 
ontribute to the DOS at these energies. This unveilsthe poor 
oupling between the quasi-lo
alized states and the propagating
π-ele
trons. Moreover, these 
ontributions to the DOS disappear uponhydrogenation of the defe
t. On the 
ontrary, the quasi-lo
alized statesindu
ed by the va
an
y originate from the π-ele
trons of the ribbon. Inaddition, these defe
t-indu
ed states remain stable with respe
t to thehydrogenation pro
ess. This explains the global di�eren
e between thes
attering pro�les of bulk adatoms and va
an
ies.Finally, we note that the presen
e of quasi-lo
alized states 
lose tothe 
harge neutrality point seems to indu
e a small transfer of 
hargebetween the ribbon and the defe
t. This pro
ess is 
alled self-doping.Depending on the sign (positive or negative) of the 
harge transferredfrom the bulk to the lo
alized states, defe
ts are 
ommonly labelled asdonor or a

eptor, respe
tively. In 
ase of bulk va
an
ies and adatomsin semi-
ondu
ting zGNRs, the analysis of the ele
trostati
 potentialindi
ates an a

eptor 
hara
ter for all the topologi
al defe
ts with theex
eption of the hydrogenated and di-hydrogenated adatoms that are
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Figure 5.8: E�e
t of various bulk defe
ts on the 
ondu
tan
e of a semi-
ondu
ting 8-zGNR. (a) The 
ondu
tan
e as a fun
tion of the in
ident energyfor various defe
t 
on�guration. Blue and red plain lines 
orrespond to the α-and β-spin ele
trons, respe
tively. Dotted lines represent the 
ondu
tan
e ofthe pristine ribbon. [Left panel℄ 8-zGNR in the presen
e of an isolated adatom,a mono-hydrogenated adatom and a di-hydrogenated adatom. [Right panel℄8-zGNR in the presen
e of an isolated va
an
y, a hydrogenated va
an
y and adi-va
an
y. (b) Density of states (DOS) proje
ted onto the bulk adatom andva
an
y defe
ts. Blue and red plain lines 
orrespond to the 
ontribution of thebasal 
arbon atom (those lying within the GNR plane) to the α- and β-spinDOS, respe
tively. Blue and red dotted lines 
orrespond to the 
ontribution ofthe out-of-plane 
arbon adatom. Grey areas indi
ate the 
ontribution of thebasal 
arbon atom in the 
ase of pristine 8-zGNR. Note that the most stabledefe
t 
on�gurations are note with an asterisk (**) sign.
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e patterns of various topologi
al defe
ts 147reported to be neutral.(b) Edge defe
ts - In the presen
e of a defe
t at the zigzag edge, theele
troni
 
ondu
tion through the eigen
hannels asso
iated with stateslo
alized along the defe
tive edge is prevented. The main 
hara
teristi
sof the 
ondu
tan
e pro�les of zigzag ribbons with edge defe
ts are eas-ily extra
ted from the 
ondu
tan
e patterns depi
ted in Figs. 5.9(a,b).First, the eigen
hannels lo
alized along the defe
tive edges are 
hara
ter-ized by the 
omplete ba
k-s
attering of the ele
trons and holes in
omingwith a low energy (i.e. [−0.6 < E < 0.4] eV). On the 
ontrary, theeigen
hannels made from the ele
troni
 states lo
alized along the pris-tine edge 
ontribute for one quantum to the low energy ele
troni
 
on-du
tan
e. Se
ond, in the absen
e of defe
t-indu
ed quasi-lo
alized statesthat extend within the ribbon, the bulk transmission eigen
hannels also
ontribute to one quantum of 
ondu
tan
e throughout the single 
hannelenergy window (i.e. [−1.2 < E < 1.2] eV). However, if su
h extendeddefe
t-indu
ed states are present, dips are found in the transmissionowing to resonant ba
k-s
attering by the quasi-lo
alized states. Third,regarding the most stable defe
t 
on�gurations, one notes that, the hy-drogenated va
an
y only has a signi�
ant impa
t on the edge eigen
han-nels while the di-hydrogenated adatom and the Dip defe
ts also impingethe propagation of 
arriers through the edge eigen
hannels.Finally, the analysis of the ele
trostati
 potential reveals that mostof the edge defe
ts do not 
ome with a transfer of 
harge between theribbon and the defe
t. However, due probably to topologi
al reasons,the D757, D575 and Hepta defe
ts 
on�gurations are asso
iated with asmall a

eptor 
hara
ter. More intriguingly, the di-hydrogenated adatomindu
es a small donor e�e
t. As shown in Fig. 5.9(
), this is asso
iatedwith the presen
e of partially �lled states lo
alized within the energygap.5.6.2 Quantum 
ondu
tan
e of metalli
 zGNRsThe ground-state 
on�guration of zigzag graphene ribbons shows ananti-parallel 
oupling (↑↓) between the edges and the opening of a gapdue to the staggered sub-latti
e potentials. However, we ave shown pre-viously that another 
on�guration that presents parallel spin orientationsbetween the edges is reported only ∼ 11 meV/unit-
ell higher in energy.Furthermore, the stability analysis reported in se
tion 4.1 reveals thatthis latter 
on�guration may eventually be
ome the most stable one inthe presen
e of defe
ts. It is therefore appealing to investigate the ele
-troni
 transport properties of the (↑↑) zigzag ribbons in the presen
e of
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Figure 5.9: E�e
t of various edge defe
ts on the 
ondu
tan
e of a semi-
ondu
ting 8-zGNR. The 
ondu
tan
e as a fun
tion of the in
ident energyfor various defe
t 
on�gurations : (a) odd-membered rings at the edge, and(b) adatoms and va
an
ies at the edge. Blue and red plain lines 
orrespondto the α- and β-spin ele
trons, respe
tively. Dotted lines represent the 
on-du
tan
e of the pristine ribbon. (
) Density of states (DOS) proje
ted ontothe di-hydrogenated edge adatom. Blue and red plain lines 
orrespond to the
ontribution of the basal 
arbon atom (those lying within the GNR plane) tothe α- and β-spin DOS, respe
tively. Grey areas indi
ate the 
ontribution ofthe basal 
arbon atoms in 
ase of pristine 8-zGNR. Note that the most stabledefe
t 
on�gurations are note with an asterisk (**) sign.
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tion 5.6. Condu
tan
e patterns of various topologi
al defe
ts 149topologi
al defe
ts.

Figure 5.10: E�e
t of various bulk defe
ts on the 
ondu
tan
e of a metalli
8-zGNR (i.e. within the ↑↑ spin 
on�guration). The 
ondu
tan
e as a fun
-tion of the in
ident energy for various positions of the defe
t. Blue and redplain lines 
orrespond to the α- and β-spin ele
trons, respe
tively. Dottedlines represent the 
ondu
tan
e of the pristine ribbon. [Left panel℄ 8-zGNRin the presen
e of an isolated adatom, a mono-hydrogenated adatom and adi-hydrogenated adatom. [Right panel℄ 8-zGNR in the presen
e of an isolatedva
an
y, a hydrogenated va
an
y and a di-va
an
y. Note that the most stabledefe
t 
on�gurations are note with an asterisk (**) sign.In this se
tion, we will show that in the presen
e of both bulk andedge defe
ts, the two main 
hara
teristi
s of the zigzag ribbons within the
↑↑ spin 
on�guration (i.e. metalli
ity and spin-polarized transmission ofthe low energy 
arriers) are preserved. In addition, the impa
t of theele
troni
 states lo
alized at the edge is on
e more emphasized.(a) Bulk defe
ts - The 
omputed 
ondu
tan
e patterns of various bulkva
an
ies and adatoms are presented in Fig. 5.10. Similarly to the 
aseof the ↑↓ spin 
on�guration, the adatoms have a lesser impa
t than theva
an
ies on the transmission fun
tion of low energy 
arriers. Thoughthe quasi-lo
alized states asso
iated with the adatoms give rise to nar-row dips in the transmission fun
tion, a quasi-uniform de
rease of the
ondu
tan
e asso
iated with the π ele
trons with β-spin orientation isfound in the presen
e of a va
an
y. As shown previously, va
an
ies indu
equasi-lo
alized states that strongly intera
t with the π ele
trons whosetransmission is therefore a�e
ted. This e�e
t impa
t the β-spin ele
tronsin
oming within a a broad energy range [−1.1,−0.4] eV. As a result, al-though the ribbon always keeps its metalli
 behavior independently of thes
attering potential indu
ed by the defe
t, the 
ondu
tan
e is strongly



150 Chapter 5. QUANTUM TRANSPORT IN GNRSspin-polarized at the Fermi energy in the presen
e of va
an
ies. Finally,we note that similarly to the 
ase of the ↑↓ spin 
on�guration, ballisti

ondu
tion 
hannels are always reported at the energies −0.35 eV and
+0.35 eV. These are the energies where the ele
troni
 states lo
alized atthe edges are reported.

Figure 5.11: E�e
t of various edge defe
ts on the 
ondu
tan
e of a metalli
8-zGNR (i.e. within the ↑↑ spin 
on�guration). The 
ondu
tan
e as a fun
tionof the in
ident energy for various positions of the defe
t: (a) odd-memberedring at the edges, and (b) adatoms and va
an
ies at the edge. Blue and redplain lines 
orrespond to the α- and β-spin ele
trons, respe
tively. Dotted linesrepresent the 
ondu
tan
e of the pristine ribbon. Note that the most stabledefe
t 
on�gurations are note with an asterisk (**) sign.(b) Edge defe
ts - The situation within metalli
 zGNRs is very similarto the one reported within semi-
ondu
ting zGNRs. The presen
e ofdefe
ts along the edge a

ounts for the suppression of one 
ondu
tion
hannel asso
iated with the edge state. Besides, depending on the defe
t-indu
ed quasi-lo
alized states, the propagation of 
arriers through the
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e patterns of various topologi
al defe
ts 151bulk eigen
hannels may or not be a�e
ted. Regarding the most stabledefe
t 
on�gurations, the impa
t of the hydrogenated va
an
y is mainlyrestri
ted to the edge 
ondu
tion 
hannel, while the Dip defe
t and, evenmore, the di-hydrogenated adatom do a�e
t the propagation of 
arrierswithin the 
omplete single-
hannel energy window.5.6.3 Quantum 
ondu
tan
e of aGNRsThough the predi
tion of ferro-magnetism order along the zigzag-shaped edges has triggered a large interest in view of the possible appli-
ations in spintroni
 devi
es, it should be reminded that the most stableedge pro�les at ambient 
onditions are predi
ted not to present partially�lled ele
troni
 states lo
alized at the edge. From our point-of-view,this situation is therefore the most relevant for pra
ti
al appli
ations ofGNRs in future ele
troni
 devi
es.

Figure 5.12: E�e
t of various bulk defe
ts on the 
ondu
tan
e of a semi-
ondu
ting 17-aGNR. The 
ondu
tan
e as a fun
tion of the in
ident energy forvarious positions of the defe
t. Blue and red plain lines 
orrespond to the α-and β-spin ele
trons, respe
tively. Dotted lines represent the 
ondu
tan
e ofthe pristine ribbon. [Left panel℄ 8-aGNR in the presen
e of an isolated adatom,a mono-hydrogenated adatom and a di-hydrogenated adatom. [Right panel℄ 17-aGNR in the presen
e of an isolated va
an
y, a hydrogenated va
an
y and adi-va
an
y. Note that the most stable defe
t 
on�gurations are noted with anasterisk (**) sign.In this se
tion, we show that the transmission properties of low energy
arriers in aGNRs are highly sensible to the presen
e of bulk defe
ts. Thisis due to the absen
e of the "prote
tive" ele
troni
 states at the edgesthat insure the ballisti
 
ondu
tion in zGNRs. However, the impa
t of
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ts on the 
ondu
tan
e is signi�
antly redu
ed with respe
t totheir bulk 
ounterpart.(a) Bulk defe
ts - The 
ondu
tan
e pro�le of 17-aGNRs with a singlebulk defe
t has been 
omputed for various adatoms and va
an
ies 
on-�gurations. The transmission fun
tion reported in Fig. 5.12 presents thetypi
al 
hara
teristi
 of the va
an
y and adatom defe
ts. The π ele
tronsare the most a�e
ted. The overlap between the quasi-lo
alized states andthe propagating π eigen
hannels is relatively small in the presen
e of ad-atoms, leading to well de�ned dips into the transmission fun
tion. Onthe 
ontrary, the va
an
y-indu
ed ele
troni
 states widely 
ouple withthe π eigen
hannels de
reasing the ele
troni
 transmission of π ele
tronsover a wide energy range. The impa
t of bulk defe
ts is therefore verysimilar to the one en
ountered in zGNRs.The main di�eren
es between the transmission fun
tions of defe
tivezigzag and arm
hair ribbon dire
tly re�e
t the absen
e of edge statesalong the arm
hair edges. Though the impa
t of defe
t-indu
ed ba
ks
at-tering was limited in zGNRs owing to the splitting of the 
ondu
tionbetween bulk and edge eigen
hannels, this is no more the 
ase in aGNRswhere a single eigen
hannel is available for the propagation of ele
tronsin
oming with an energy in the [−0.7, 0.7] eV range. As a 
onsequen
e,the defe
t indu
ed re�e
tion of in
oming ele
trons 
auses the redu
tionof the total transmission fun
tion down to zero.Finally, the analysis of the ele
trostati
 potential indi
ates similar
harge transfer between bulk and the honey
omb latti
e as in the 
ase ofzGNRs. Bulk defe
ts 
ome with an a

eptor 
hara
ter with the ex
eptionof the (di)hydrogenated adatom that remains neutral.(b) Edge defe
ts - The impa
t of various edge defe
t 
on�gurationson the ele
troni
 transmission fun
tion is detailed in Fig. 5.13. Upon there
ombination with the edge most of the defe
t indu
ed quasi-lo
alizedstates are pushed away from the Fermi level, limiting the impa
t of de-fe
ts on the low energy transmission fun
tion. This is parti
ularly strik-ing regarding the most-stable adatom and va
an
y 
on�gurations (i.e.the bare va
an
y and the di-hydrogenated adatom). This statement ishowever not valid in the presen
e of mono-hydrogenated pentagons andheptagons. As reported in Fig. 5.13, these edge patterns indu
e quasi-lo
alized states in the vi
inity of the Fermi energy.Finally, the analysis of the self-doping e�e
t reveals that most edgedefe
ts remain neutral. However, the bare adatom as well as the de-hydrogenated va
an
y and the D656 defe
t 
on�guration are reported as
harge a

eptors while the heptagon defe
t presents a donor 
hara
ter.
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Figure 5.13: E�e
t of various edge defe
ts on the 
ondu
tan
e of a semi-
ondu
ting 17-aGNR. The 
ondu
tan
e as a fun
tion of the in
ident energy forvarious positions of the defe
t : (a) odd-membered rings at the edge, and (b)adatoms and va
an
ies at the edge. Blue and red plain lines 
orrespond to the
α- and β-spin ele
trons, respe
tively. Dote represent the 
ondu
tan
e of thepristine ribbon. Note that the most stable defe
t 
on�gurations are noted withan asterisk (**) sign.
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on
lusionCondu
tan
e pro�les of both zigzag and arm
hair GNRs in the pres-en
e of various topologi
al defe
ts have been 
omputed within an ab initio framework.Con
erning the zigzag shaped ribbons, the ele
troni
 states lo
alizedalong the edges have been shown to have a strong impa
t on the transmis-sion of low energy ele
trons and holes. Indeed, edge states a
t as a pro-te
ting layer and preserve the ballisti
 propagation of low energy 
arriersin the presen
e of single defe
ts. In this respe
t, our ab initio 
al
ulationsstrengthen previous tight-binding simulations ofD. Areskin and 
o-workersthat predi
t the o

urren
e of ballisti
 transport in long disorder zGNRs [219℄.However, our results highlight the appearan
e of large defe
t-indu
edba
k-s
attering within the single-
hannel energy window. This is instriking 
ontrast with the above mentioned TB simulations that predi
ta G ∼ G0 
ondu
tan
e for these 
hannels, even in the presen
e of edgedisorder. Finally, our results suggests that the 
ondu
tan
e of zGNRs inthe ferromagneti
 (↑↑) spin 
on�guration preserve its metalli
 and spinpolarized 
hara
teristi
s independently of the presen
e of edge and bulkdefe
ts. Su
h magneti
ally order GNRs should therefore provide a ro-bust way to inje
t spin-polarized ele
trons in graphene. However, theexperimental relevan
e of this system has still to be established.Con
erning the 
ondu
tan
e pro�les of defe
tive arm
hair ribbons,our results highlight the 
ru
ial impa
t of bulk defe
ts. This opens aroute for the engineering of the 
ondu
tion gap by the proper introdu
-tion of bulk defe
ts in arm
hair shaped ribbons. On the 
ontrary, theproper re
ombination of topologi
al defe
ts with the arm
hair edges hasbeen shown to restore a high ele
troni
 transmission around the Fermienergy.Finally, the analysis of variation of the ele
trostati
 potential alongthe ribbons has revealed that topologi
al defe
ts may either remain neu-tral or indu
e donor and a

eptor doping of the ribbons depending ontheir topologies.5.7 Condu
tan
e s
aling at the mesos
opi
 s
aleIn the previous se
tions, the me
hanisms ruling the de
rease of the
ondu
tan
e in defe
tive GNRs have been unveiled. The transport sig-nature due to a single defe
t at low energy turns out to range from a fullsuppression of either hole or ele
tron 
ondu
tion, to a vanishingly small
orre
tion of the 
ondu
tan
e pro�le for other types of defe
t topology.In this se
tion, a di�erent point-of-view is adopted. In order to fur-ther substantiate the e�e
t of edge defe
ts on the a
tual mesos
opi
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Figure 5.14: S
hemati
 representation of the pentagon (a), heptagon (b),
D757 (
), and Dip defe
ts (d) 
onsidered in our mesos
opi
 
al
ulations.transport properties of arm
hair ribbons, a di�erent approa
h, whi
hrelies on the ground-state equilibrium Hamiltonian, is used to ta
klethe transport properties of long ribbons with random distribution of de-fe
ts at the edges. This non-self 
onsistent 
omputation of the ele
troni
transmission fun
tion 
an be implemented either in a tight-binding orfully ab initio �avor [220, 221℄. In the latter 
ase, ground-state 
al
ula-tions are �rst performed to obtain the Hamiltonian and overlap matri
esasso
iated with short nanoribbon se
tions. Then, long disordered sys-tems are built up by randomly assembling elementary parts 
ontaininga single or a few defe
ts together with se
tions of pristine nanoribbons.Finally, standard de
imation te
hniques are used for the 
al
ulation ofGreen fun
tions and transmission probabilities [220℄.The defe
ts illustrated in Fig. 5.14 are 
onsidered in our mesos
opi

al
ulations. For that purpose, defe
ts have been introdu
ed at the edgeof a wide 34-aGNR whose width (∼ 4 nm) is into the experimental range.One dimensional super-
ells of ∼ 30 Å, relaxed until the for
es on theatoms and the unit 
ell are below 0.01 eV/Å and 0.05 eV/Å respe
tively,have been used as the building blo
ks of our mesos
opi
 study.The 
ondu
tan
e signatures of the isolated defe
ts are shown inFig. 5.15. It is worth noting that, in order to save 
omputational time,the spin degrees of freedom do not have been taken into a

ount for these
al
ulations. However, this should not a�e
t the validity of the resultssin
e neither the arm
hair a11 edges nor the 
onsidered defe
ts do indu
ea spin-polarized ele
troni
 density distribution. A strong a

eptor anddonor 
hara
ter appears respe
tively for the pentagon and heptagon de-fe
ts (see Figs. 5.15(a,b)), indi
ating an e�e
tive defe
t-driven doping.In 
ontrast, the double heptagon and pentagon (d757) exhibits only twonarrow 
ondu
tan
e suppression dips (Fig. 5.15(
)), symmetri
 with re-spe
t to the 
harge neutrality point. The 
ondu
tan
e pattern related tothe Dip defe
t is depi
ted in Fig. 5.15(d). Albeit some impa
t is reportedin the higher energy sub-bands, the 
ondu
tion remains very robust in
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Figure 5.15: E�e
ts of the pentagon (a), heptagon (b), D757 (
), and Dip(d) defe
ts on the ele
troni
 and transport properties of a arm
hair GNR. (e-f) Impa
t of the di-hydrogenation on the properties of the pentagon (e) andheptagon(f) defe
ts. Condu
tan
es (top) and densities of states (bottom) of34-aGNR as a fun
tion of the in
ident energy: pristine ribbon (bla
k dottedline), single topologi
al defe
t (red line), average and minimal 
ondu
tan
e for50 nm long GNRs 
ontaining 30 defe
ts (blue and green lines respe
tively),
omputed over 20 di�erent defe
t 
on�gurations.the �rst plateau. For all defe
tive GNRs, total densities of states (DOS)are 
al
ulated, invariably revealing the presen
e of quasi-bound states at
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tion of the aGNR is a�e
ted bythe presen
e of the defe
t.The high 
hemi
al rea
tivity of the pentagon and heptagon defe
tsis further explored by assuming a di-hydrogenation of the 
arbon atomsitting at the edge. The resulting 
ondu
tan
e pro�les for the new defe
ts(see Figs. 5.15(e,f)) strongly di�er from the mono-hydrogenated 
ases(see Figs. 5.15(a,b)). Indeed, in the presen
e of additional passivation,the 
ondu
tan
e is fully restored for the pentagon defe
t whereas thesignature for the heptagon defe
t be
omes similar to that of the doubleheptagon and pentagon (d757). In both 
ases, the initial strong redu
tionof ele
tron or hole 
ondu
tan
e is markedly suppressed. This 
learlysuggests a possibility to tune the transport properties from a metalli
to a truly insulating state (or vi
e versa) upon varying the 
overageof mono atomi
 hydrogen, as re
ently dis
ussed experimentally for 2Dgraphene [222℄.The Clar's sextet representation [156, 157℄ (Fig. 5.15(insets)) pro-vides a pi
torial s
heme to understand the impa
t of edge defe
ts [12℄ onthe transport properties. Clar's theory des
ribes the π-ele
troni
 systemof hydro
arbons on the basis of the resonan
e stru
tures that maximizethe number of benzenoid sextets drawn for the system. With this re-spe
t, perfe
t aGNRs are 
onsidered as fully benzenoid systems sin
e all
π-orbital of the ribbon are involved in a benzenoid sextet. However, inthe presen
e of defe
ts non passivated odd-membered rings, the bondingat the edge of aGNRs 
an be seen as the superposition of two mirroringKekulé stru
tures that partially destroy the benzenoid 
hara
ter of theaGNRs (Figs. 5.15(a,b)). By in
reasing the lo
alization of π ele
tronsin 
arbon-
arbon double bonds, su
h defe
ts destroy the lo
al aromati
-ity at the ribbon edge and are thus expe
ted to have a large e�e
t onthe π-π⋆ 
ondu
tion 
hannels. On the 
ontrary, the di-hydrogenationof the pentagon and heptagon defe
ts restores the 
omplete benzenoid
hara
ter of the ribbon as illustrated by Clar's sextet representations(Figs. 5.15(e,f)).To further substantiate the e�e
t of these topologi
al defe
ts on themesos
opi
 transport properties, one needs to explore the behavior oflong disordered aGNRs with random distribution of edge defe
ts. InFig. 5.15, the 
ondu
tan
e of 500 nm long disordered aGNRs 
ontaining30 defe
ts (blue lines and green area) are superimposed to the singledefe
t results (red lines). Expli
itly, the blue and green lines 
orrespondrespe
tively to the average and minimal 
ondu
tan
e 
omputed from aset of 20 di�erent defe
ts 
on�gurations. The light green areas a

ountfor the �u
tuations between the 
on�gurations. The original 
ondu
-tan
e �ngerprints of the 
onsidered defe
ts are further exa
erbated when
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ed, resulting for D1 (D2) in an almostfully suppressed hole (ele
tron) 
ondu
tion for low defe
t density.

Figure 5.16: Condu
tan
e of a single defe
t obtained by the simple topologi
alTB Hamiltonian (solid line) and by the adjusted TB Hamiltonian (red line) forthe pentagon (a), heptagon (b) and Dip (
) defe
ts. Ball-and-sti
k models ofthe defe
ts are illustrated in the right panel.Ab initio transport 
al
ulations are highly 
omputationally demand-ing and the elaboration of an a

urate TB model is therefore extremelyuseful for a
hieving a 
omplete mesos
opi
 study. Though most of previ-ous studies rely on a simple topologi
al nearest-neighbor TB Hamiltonianto derive the 
ondu
tan
e patterns of mesos
opi
 GNRs, when 
omparedto ab initio results, this turns out to yield a wrong des
ription of trans-port properties in the 
ase of non-neutral defe
ts. Figure 5.16 shows the
ondu
tan
e pro�les of three di�erent defe
ts 
omputed either within atopologi
al TB model (bla
k solid lines) or within an adjusted TB model(red solid lines). Though the agreement between ab initio and topologi-
al TB results is good for the Dip defe
t, strong dis
repan
ies are foundfor pentagon and heptagon defe
ts. In the latter 
ases, the topologi
almodel leads to a severe underestimation of the ba
ks
attering e�
ien
y.In 
ontrast, the adjustment of the TB parameters allows to reprodu
ethe 
ondu
tan
e evaluated by means of the full DFT Hamiltonian [223℄.In this work, the renormalized onsite and hopping energies have beenreadily extra
ted from the self-
onsistent ab initio Hamiltonian. Theadjusted TB parameters are detailed in Fig. 5.17. On one hand, the�ne tuning of the on-site energies allows to deal with the defe
t-indu
ed
harge transfer. On the other hand, the variation of the hopping param-
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Figure 5.17: S
hemati
 representation of three edge topologies and the as-so
iated adjusted tight-binding parameters: (a) pristine arm
hair edge, (b)pentagon defe
t and (
) heptagon defe
t. Bla
k dots and lines represent un-adjusted onsite energies (ε = 0 eV) and hopping integrals (γ = −2.7 eV),respe
tively. All values are given in eV.eters a

ounts for the lo
al modi�
ations of the inter-atomi
 distan
e.By redu
ing the 
omputational 
osts, the TB te
hnique enables the in-vestigation of disordered ribbons with lengths up to several mi
rometers.Within this adjusted TB model, the transport properties of disor-dered aGNRs are investigated by 
onsidering lengths varying up to L=5
µm and random distribution of defe
ts with a density of 6× 10−2 nm−1.Figures 5.18(a-d) display the 
ondu
tan
e of long disordered aGNRs (av-eraged over 100 di�erent 
on�gurations), as a fun
tion of energy andribbon length. Besides, the regions of the (L,E)-plane where the 
on-du
tan
e is experimentally insigni�
ant (i.e. G(E) ≤ 0.01G0) are delin-eated by white lines. This allows us to determine the length dependent
ondu
tion gaps.In the presen
e of 
harged defe
ts (i.e. pentagon and heptagondefe
ts), the 
ondu
tan
e s
aling behavior of long disordered aGNRspresents a striking ele
tron-hole asymmetry. Figures 5.18(a,b) 
learlyshow that depending on the energy at whi
h 
arriers are inje
ted, theele
troni
 transport ranges from ballisti
 to lo
alized regimes. In pen-tagon defe
ted aGNRs (Fig. 5.18(a)), the propagation of ele
trons inthe �rst plateau remains quasi-ballisti
 up to a length L > 5µm. Asa 
onsequen
e of the a

eptor 
hara
ter of pentagon defe
ts, the hole
ondu
tion, in the same energy window, is almost fully suppressed forlength L < 0.5µm. In 
ontrast, in the presen
e of heptagon defe
ts(Fig. 5.18(b)), holes in the �rst plateau remains 
ondu
tive up to length
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Figure 5.18: Condu
tan
e of a 35-aGNR with a 6×10−2 nm−1 density of (a)pentagon defe
ts and , (b) heptagon defe
ts, (
) Dip defe
ts, and, (d) mix ofpentagon, heptagon, and Dip defe
ts. The 
ondu
tan
e is given as a fun
tionof the 
arrier energy (E) and the length of the ribbon (L). G(L,E) has beenaveraged over 100 di�erent defe
t distributions. The white lines delineate the
(L,E) regions for whi
h the 
ondu
tan
e value G ≤ 0.01G0 (
riterion for theexperimental 
ondu
tion gap [117℄).
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L > 5µm, while the donor 
hara
ter of the heptagon defe
ts involves thesuppression of ele
tron 
ondu
tion in the same energy window. Obvi-ously, su
h disordered edge defe
t pro�les with a single defe
t type arerather unlikely, but it shows however that spe
ta
ular �u
tuations oftransport length s
ales o

ur in some spe
i�
 situations.The 
omparison with more realisti
 defe
t distributions is rather in-stru
tive. Figures 5.18(
,d) detail the 
ondu
tan
e s
aling in the pres-en
e of a random distribution of Dip defe
ts, and a mix of three typesof defe
ts (pentagons, heptagons and Dip defe
ts) for the same edgedefe
t density. For both defe
t distributions, the 
ondu
tan
e de
ay israther homogeneous within the �rst ele
tron and hole plateaus. How-ever, while the marked ele
tron-hole asymmetries asso
iated with thepentagons and heptagons defe
ts 
ompensate ea
h other, the presen
eof odd membered rings 
ontinues to 
ru
ially impa
t the ele
tron andhole lo
alization. This appears evident by looking at the white line inthe (L,E)-plane. The presen
e of defe
ts that are non 
ompliant withthe benzenoid 
hara
ter of aGNRs (i.e. pentagons and heptagons) thusappears to strongly impinge the ballisti
 propagation of 
arriers, evenfor the low defe
t 
on
entration 
onsidered here. This is further empha-sized by the estimated lo
alization lengths that are reported in Fig. 5.19as a fun
tion of the 
arrier energy. While the distribution of Dip de-fe
ts gives rise to a lo
alization length ξ ∼ 1µm for low energy 
arriers,the introdu
tion of 
harged defe
ts strongly redu
es the average valuein the [−0.5, 0.5] eV energy window. Note that the �u
tuations of ξ in
orresponden
e of the van Hove singularities for Dip defe
ts are due tothe in
reased s
attering indu
ed by the high density-of-states at thesepoints. In the 
ase of the mixed disorder, these �u
tuations are absent or
onsiderably redu
ed owing to the strong smearing e�e
t that disorderprodu
es in the density-of-states.5.8 Con
lusionsIn this 
hapter, The quantum transport properties of defe
tive gra-phene nanoribbons have been investigated by means of state-of-the-artab initio 
al
ulations. In agreement with previous 
al
ulations [127, 224℄,the main me
hanism that limit the 
arriers propagation in the presen
eof lo
al defe
ts is the resonant ba
k-s
attering of the in
oming 
arriers bythe defe
t indu
ed quasi-lo
alized states. As a 
onsequen
e, the presen
eof an isolated defe
t introdu
es dips in the transmission at the energiesthat are resonant with the defe
t indu
ed quasi-lo
alized states. The
ondu
tan
e patterns of various bulk and edge defe
t 
on�gurations have
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Figure 5.19: Lo
alization length ξ for a 35-aGNR with a 6 × 10−2 nm−1density of Dip defe
ts (blue line) and a mix of {pentagon, heptagon, Dip}defe
ts. The verti
al dashed lines 
orrespond to the position of the van Hovesingularities. In some energy regions, ξ is very short (below 100 nm) and it
annot be extra
ted from the data. In this 
ase, we set ξ = 0. As alreadyarguable from Fig. 5.18, the lo
alization length for the Dip defe
ts is up toalmost one order of magnitude longer than in the 
ase of mixed defe
ts.been 
omputed. The impa
t of single defe
t is reported to range from avanishing 
ontribution of ba
ks
attering to the 
omplete suppression ofa transmission 
hannel, depending on the defe
t topology and the ribbongeometry.Within zigzag shaped GNRs, the 
ondu
tion of low energy 
arriersis splitted between bulk and edge transmission eigen
hannels. There-fore, in the presen
e of a single bulk defe
t, the edge eigen
hannels maystill insure the ballisti
 
ondu
tion of low energy 
arriers. Similarly, thepresen
e of a single point defe
ts on one edge, do not impinge the bal-listi
 propagation of 
arriers trough the other edge and bulk eigen
han-nels. In this latter 
on�guration, the 
omputed transmission fun
tion ofthe zGNRs is widely spin-polarized, whatever the nature of the defe
t.Though appealing for the realization of spin-inje
tion devi
es, su
h 
har-a
teristi
 requires a perfe
t 
ristallinity along the undefe
ted edge, whatis likely to be not the 
ase in a
tual GNRs samples.Within arm
hair shaped GNRs, a single 
hannel is available for thepropagation of low energy 
arriers (i.e. no edge state is reported alongthe arm
hair edge). As a 
onsequen
e, aGNRs are reported to be highlysensitive to the presen
e of bulk defe
ts that 
ome with quasi-lo
alizedstates within the π-π∗ energy window. For example, the presen
e of asingle bulk va
an
y largely impinge the propagation of ele
trons withinthe [−0.5, 0.0] eV energy range. When re
ombined at the edge the im-
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t of most isolated point defe
t is redu
ed as the re
ombination pro
esslimits the appearan
e of defe
t indu
ed quasi-lo
alized states. Neverthe-less, topologi
al defe
ts su
h as pentagons and heptagons are predi
tedto destroy the ele
tron and hole 
ondu
tion 
hannels, respe
tively. How-ever, we have shown that hydrogenation of the arm
hair edge allows toimprove the 
ondu
tan
e robustness of aGNRs.Besides, the mesos
opi
 
ondu
tan
e of large aGNRs has been inves-tigated by means of an a

urately parameterized tight-binding model.The 
ondu
tion gaps driven by defe
t-indu
ed lo
alization e�e
ts, havebeen shown to not only depend on the defe
t density and ribbon lengthbut also on the geometry and 
hemi
al rea
tivity of edge imperfe
tions.Finaly, one note that the above analysis is drawn from physi
al pro-
esses that are general in essen
e. The s
ope of the results should there-fore extend beyond the edge pro�les 
onsidered in this study. In parti
-ular, we fore
ast similar �u
tuations of the 
ondu
tan
e to be reportedfor other GNRs whose ground-state π-ele
troni
 stru
ture is aromati
a

ording to Clar's rule [10℄.





Chapter 6Con
lusionOwing to the important role that 
arbon allotropes are promised toplay in nanos
ien
e and nanote
hnology, the synthesis and 
hara
teri-zation of 
arbon nanostru
tures is a �eld of intense resear
h a
tivity.Obviously, the �ne understanding of fundamental pro
esses in low di-mensional nanomaterials requires both advan
ed quantum simulationsand dedi
ated experiments. The present dissertation reports on the ele
-troni
 and transport properties of re
onstru
ted and defe
tive graphenenanoribbons by means of ab initio te
hniques. In parti
ular, our studyrelies on the density fun
tional theory to make a

urate predi
tions re-garding the total energies and ele
troni
 densities of the GNRs. Theselatter are then used to investigate the 
oherent propagation of 
arrierswithin the Green's fun
tion framework.SummaryIn this dissertation, various out
omes regarding the ele
troni
 andtransport properties of graphene nanoribbons have been presented. Theseare expe
ted to be explored experimentally. Our dis
ussion about therelative stability of the re
onstru
ted edges outlines the 
ru
ial impa
tof the 
hemi
al environment in determining the most stable edge 
on-�guration. In agreement with previous studies [10, 11℄, we �nd that themono-hydrogenated zigzag and arm
hair edge patterns are likely to un-dergo re
onstru
tions in ambient 
onditions. Besides, the 
omputed freeenergies suggest the a22, z211 and z(600)2222 patterns as the most prob-able edge 
on�gurations. Sin
e the topology of the edges determines thelow energy ele
troni
 stru
ture of GNRs, this latter original result shouldbe of some te
hnologi
al importan
e. In parti
ular, it provides a possi-ble explanation for the absen
e of experimental eviden
e of magneti
allyordered states along the zigzag shaped edges. Besides, extending the165



166 Chapter 6. CONCLUSIONarguments presented in Refs. [10, 12℄, we show that the 
lose 
onne
tionbetween the GNR topology and its low energy ele
troni
 properties 
anbe rationalized in terms of the Clar's sextet theory.Regarding the 
on�gurations of point-defe
ts in GNRs, we reportthat adatoms and va
an
ies are likely to re
ombine with the grapheneboundaries a

ounting for the introdu
tion of odd-membered ring alongthe edges. Upon migration, va
an
ies and adatoms seem thus to 
on-tribute to the re
onstru
tion of the graphene edges. Besides, while va
an-
ies and adatoms are reported to introdu
e lo
al magneti
 moments inthe graphene plane, no magneti
 behavior is found when they are re
om-bined at the edge. The re
ombination me
hanism is thus likely to impedethe observation of defe
t indu
ed magnetism in narrow GNRs. Finally,the very small formation energies reported for defe
ts re
ombined at thezigzag edge highlights the poor robustness of the mono-hydrogenatedzGNRs with respe
t to the formation of edge roughness.Regarding the transport properties of GNRs, in agreement with pre-vious studies [217, 224℄, we report that resonant ba
ks
attering of thein
ident 
arriers by the defe
t indu
ed quasi-lo
alized states is the dom-inant me
hanism a

ounting for the redu
tion of the 
ondu
tan
e in thepresen
e of defe
ts. The impa
t of a single defe
t is found to range frominsigni�
ant ba
ks
attering to the 
omplete suppression of 
ondu
tan
e
hannels depending on the e�e
tive 
oupling between the defe
t's quasi-lo
alized state and the 
ondu
tan
e 
hannels. Furthermore, our 
al
u-lations reveal the large impa
t of the edge states with respe
t to thepropagation of the low energy ele
trons. In the presen
e of edge states,additional spin-polarized 
ondu
tion 
hannels are reported around theFermi level, fa
ilitating the propagation of low energy 
arriers. Besides,owing to the magneti
 behavior of these 
hannels, spin polarized 
ondu
-tan
e patterns are reported in the presen
e of asymmetri
 defe
t 
on�g-urations between the edges. Though it suggests that defe
tive zGNRs
ould be used for spin inje
tion into graphene, one notes that the exper-imental relevan
e of su
h GNR 
on�guration is not at all obvious.In 
ontrast, in the absen
e of edge states, a single 
ondu
tion 
hannelis available for the propagation of low energy 
arriers in GNRs. In su
h
on�gurations, the transport properties of GNRs are highly sensible tothe presen
e of defe
ts that intera
t with the π−π∗ ele
troni
 
hannels.As an example, the presen
e of a single bulk va
an
y is reported to sup-press the ele
tron 
ondu
tion within the [−0.5, 0.0] eV energy window.Finally, we have investigated the 
ondu
tan
e s
aling of defe
tive aGNRs



167at the mesos
opi
 s
ale. A

urately parameterized tight-binding modelshave allowed us to study long aGNRs (up to 5µm). The 
ondu
tion gapsdriven by defe
t-indu
ed lo
alization e�e
ts have been shown to stronglydepend on the topology and 
hemi
al rea
tivity of the edge defe
ts. Asa 
onsequen
e, our results outline the full hydrogenation of the edgesas a way to in
rease the robustness of GNRs again roughness indu
eds
attering.Further workAs demonstrated within this dissertation, the understanding of thefundamental properties of nanostru
tures 
ertainly requires the 
onfronta-tion between quantum modelling predi
tions and experimental observa-tions. Throughout this work, we tried to produ
e answers to topi
alquestions regarding the ele
troni
 and transport properties of defe
tivegraphene nanoribbons by means of ab initio te
hniques: What are thea
tual edge 
on�guration of GNRs?, What are the most probable defe
tsin GNRs?, Are the defe
ts responsible for the 
ondu
tion gap measuredin GNRs?, Are the GNRs good 
anditates for appli
ation in spintroni
devi
es?, What are the a
tual performan
e limits of GNRs in terms of
arriers mobility and frequen
y dependent response?,.... Obviously, ourwork did not de�nitely 
lose these questions and this topi
 would deservefurther investigations. Here below, we report a very brief list of resear
htopi
s that are, to our opinion, of a parti
ular interest.Our study fo
ussed on the intrinsi
 
ondu
tan
e patterns of GNRsat equilibrium. However, the transport properties of a
tual devi
es arelikely to be strongly a�e
ted by the interfa
es between the GNR based
hannel and the devi
e terminals. Obviously, the interfa
es between theGNR and the metalli
 leads are a sour
e of additional ba
k-s
attering.Besides, the GNR based 
hannel is unlikely to remain at equilibrium inoperating 
onditions. The potential pro�le that will results from the biasbetween the metalli
 leads may potentially lead to signi�
ant modi�
a-tions of the 
ondu
tan
e patterns. Finally, the substrate is also in 
loseintera
tion with the GNR 
hannel. On the one hand, the transversalele
tri
 �eld applied to 
ontrol the 
arriers population may modify theele
troni
 stru
ture of GNR's defe
ts. On the other hand, the presen
eof defe
ts and impurities on the substrate is thought to strongly a�e
tthe performan
e of a
tual devi
es. In parti
ular, the trapping of 
harge
arriers by defe
ts in the substrate is proposed as the main origin for thepoor signal to noise ratio reported in GNRs. With this respe
t, the inves-
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y dependent behavior of 
onta
ted GNRs wouldundoubtedly help to improve the performan
es of the a
tual GNRs baseddevi
es.The investigation of the ele
troni
 and transport properties of 
arbonnanostru
tures is a huge, highly diversi�ed and rapidly evolving area.Various systems 
losely related to the defe
tive graphene nanoribbonswould also deserve a parti
ular attention. Re
ent experimental measure-ments have shown that the properties of graphene nanoribbons 
an be
onveniently tuned by 
hemi
al doping. Though the 
ovalent bonding ofgas mole
ules along the edges has been proposed as a possible s
heme,questions remains regarding the a
tual doping me
hanism. The stabilityanalysis presented in Se
tion 3.4 
ould be su

essfully extended to assessthe stru
ture and stability of 
hemi
ally doped GNRs. Similarly, the
ontrolled hydrogenation and oxidation of graphene materials has beenre
ently explored in order to monitor the metal/insulator transition inthese materials. These a
hievements are a possible sour
e of innovationregarding the realization of ele
troni
 appli
ations and the study pre-sented here above 
ould be straightforwardly extended in order to unveilthe transport properties of these materials.
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