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ABSTRACTFUNCTIONALIZATION OF GRAPHENE ANDSTOICHIOMETRIC GRAPHENE DERIVATIVESHasan �ahinPh.D. in Materials S
ien
e and Nanote
hnologySupervisor: Prof. Dr. Salim Ç�ra
�De
ember, 2011Re
ent developments in experimental te
hniques have made the design andprodu
tion of materials at nanos
ale possible. In parti
ular, graphene has beenthe fo
us of resear
h in diverse �elds owing to high mobility 
arrier transport andother ex
eptional properties. Over the past four years experimental studies havedemonstrated that 
hemi
al 
onversion of graphene to its stoi
hiometri
 deriva-tives is possible by hydrogenation, �uorination and 
hlorination. The aim of thisthesis is to predi
t stable stoi
hiometri
 graphene derivatives and explore theirme
hani
al, ele
troni
 and magneti
 properties. Moreover, the fun
tionalizationof graphene and its derivatives are a
hieved, whereby their physi
al propertiesare modi�ed to derive novel materials. Our predi
tions revealing stable 2D singlelayer 
onformers, whi
h 
an be used as novel nano
oeting materials, are obtainedfrom state-of-the art �rst-prin
iples Density Fun
tional 
al
ulations of total en-ergy, phonons, transition state analysis and ab-initio mole
ular dynami
s.An extensive theoreti
al study on the stability of hydrogenated graphene(CnH), fully hydrogenated graphane i.e graphane (CH), and their quasi one-dimensional nanoribbons is performed. The formation of meshes of dehydro-genated domains on graphane resulted in geometry spe
i�
 magneti
 stru
turesshowing interesting magneti
 intera
tions. Creation of H and CH va
an
ies,as well as adsorption of transition metal atoms give rise to signi�
ant spin-polarization in graphane nanoribbons. It is shown that as a result of one-sidedor two-sided �uorination of graphene one 
an obtain nanostru
tures with diverseele
troni
 and magneti
 properties. Fully �uorinated graphene or �uorographeneCF is a stable, sti� and non-magneti
 semi
ondu
tor. Additionally, this 
on-former of bu
kled graphene is fun
tionalized by alkali, non-metal, metalloid andtransition metal atoms, and ea
h group leads to diverse adsorption properties.iv



vAdsorption of 
hlorine to graphene is dramati
ally di�erent from those ofhydrogen and �uorine. While the binding energy of 
hlorine is signi�
ant, itsmigration on the surfa
e of perfe
t graphene takes pla
e almost without barrier.This is 
ru
ial for energy harvesting on graphene surfa
e. Energy optimizationand phonon 
al
ulations indi
ate that the 
hair 
on�guration of fully 
hlorinatedgraphene (
hlorographene) is energeti
ally most favorable and stable. It is anonmagneti
 semi
ondu
tor with 1.2 eV dire
t band gap, whi
h 
an be tuned byapplied uniform strain.Graphene by itself 
an be fun
tionalized by 
reating meshes of va
an
iesor adatoms 
onserving spe
i�
 symmetries. Under these 
ir
umstan
es linearly
rossing bands and hen
e the massless Dira
 Fermion behavior 
an be maintained.Finally, it is demonstrated that multilayer, even single layer graphene 
onsti-tute an ex
ellent nanos
ale 
oating, whi
h 
an prevent a rea
tive metal surfa
efrom oxidation without 
hanging the size and other physi
al properties. Graphene
an sti
k to �at metal surfa
es and hinders free oxygen atom and mole
ule frompenetrating to the metal surfa
e. Single layer �uorographene 
an be used also forthe same purposes.Design of novel nanomaterials, in parti
ular biologi
al mole
ules and 
om-plexes using �rst-prin
iples methods derived from quantum theory indi
ates anew dire
tion in theory, whi
h promises a produ
tive hybridization with experi-mental studies.

Keywords: Graphene, Stoi
hiometri
 Graphene Derivatives, Nano
oating, Fluo-rographene, Graphane, Chlorographene.



ÖZETGRAF�N�N FONKS�YONELLE�T�R�LMES� VESTOK�YOMETR�K GRAF�N TÜREVLER�Hasan �ahinMalzeme Bilimi ve Nanoteknoloji, DoktoraTez Yöneti
isi: Prof. Dr. Salim Ç�ra
�Aral�k, 2011Deneysel tekniklerdeki son geli³meler nano boyutlu malzemelerin dizayn�n� veüretimini mümkün k�lm�³t�r. Özellikle gra�n, yüksek h�zlarda elektron ta³�n�m�ve di�ger üstün özellikleri dolay�s�yla çe³itli ara³t�rma alanlar�n�n ilgi oda�g� olmu³-tur. Geçti�gimiz dört y�l boyun
a yap�lan deneysel çal�³malar gra�nin hidrojen-lenmesi, �orlanmas� ve klorlanmas� yolu ile stokiyometrik türevlerine kimyasaldönü³türülebile
e�gini göstermi³tir. Bu tez çal�³mas�n�n ama
� olas� gra�n türev-lerinin varl��g�n� öngörerek bunlar�n mekanik, elektronik ve manyetik özellik-lerinin ara³t�r�lmas�d�r. Ayr�
a, modi�ye edilmi³ �ziksel özelliklere sahip yenimalzemeler elde etmeye olanak sa�glayan, gra�n ve türevlerinin i³levselle³tirilmesimümkündür. Yeni nano kaplama malzemeleri olarak kullan�labile
ek sa�glam ikiboyutlu malzemelerin varl��g�na i³aret eden sonuçlar�m�z toplam enerji, fonon,geçi³ durumu ve moleküler dinamik için üst seviyede temel ilkeler yo�gunlukfonksiyoneli kuram� kapsam�nda yürütülen hesaplardan elde edilmi³tir.Hidrojenlenmi³ gra�n (CnH), grafan olarak adland�r�lan tümüyle hidrojen-lenmi³ gra�n (CH) ve bunlar�n bir boyutlu nano³eritlerinin kapsaml� analiziyap�lm�³t�r. Grafan üzerinde dehidrojene edilmi³ bölgelerin geometrisine ba�gl�olarak ilginç manyetik etkile³melere sahip oldu�gu gösterilmi³tir. Grafan üzerindeH ve CH kusurlar�n�n olu³turulmas� ve ayr�
a geçi³ metali atomlar�n�n ba�glanmas�yolu ile grafan nano³eritlerde dikkate de�ger miktarda spin polarizasyonu sa�glar.Ayr�
a gra�nin tek ve çift yüzeyinin �orlanmas� sonu
u olarak çe³itli elektronikve manyetik özelliklere sahip olan nanoyap�lar�n elde edilebile
e�gi gösterilmi³tir.Florogra�n olarak bilinen, tümüyle �orlanm�³ gra�n, s�glam, gerilmelere kar³�dayan�kl� ve manyetik olmayan bir yar�iletken malzemedir. Florogra�nin alkali,metal olamayan, metaloid ve geçi³ metali ile i³levselle³tirilmi³tir ve her bir atomgrubun farkl� ba�glanma karakteristiklerine sahiptir.vi



viiKlor atomunun gra�ne absorbe olmas� hidrojen ve �uor atomuna göre oldukçafarkl�d�r. Klor atomunun gra�ne ba�glanmas� çok güçlü olmas�na ra�gmen, yüzeyüzerindeki hareketi neredeyse bariyersizdir. Bu, gra�n yüzeyinde enerji eldeedilmesi için büyük öneme sahiptir. Enerji optimizasyonlar� ve fonon hesapla-malar�, tümüyle klorlanm�³ gra�nin (klorogra�n) 
hair halinin enerjetik olaraken ter
ih edilebilir ve sa�glam yap� oldu�gunu göstermi³tir. Klorogra�n, germeyoluyla de�gi³tirilebilir olan 1.2 eV yasak band aral��g�na sahip ve manyetik ol-mayan yar�iletkendirGra�n tek ba³�na belli simetrilere uyan yap�sal kusurlar ve adsorbe edilmi³atom gruplar� ile i³levselle³tirilebilirdir. Bu yap�larda lineer olarak çak�³an bant-lar�n varl��g� da korunabilmektedir. Hatta belli durumlar için kütlesiz Dira
 fer-miyonu davran�³� bile elde edilmektedir.Son olarak, çok tabakal� ve hatta tek tabakal� gra�n malzemelerin, reaktifmetal yuzeylerinin boyut ve di�ger �ziksel özelliklerini de�gi³tirmeksizin koruyan,mükemmel nano ölçek kaplama malzemeleri oldu�gu gösterilmi³tir. Gra�n düzmetal yüzeylere yap�³abilir ve serbest oksijen atomunun ve molekülünün metalyüzeye s�zmas�na engel olur. Tek tabaka �orogra�n de benzer amaçlar için kul-lan�labilirdir.Özellikle biyolojik molküller ve kompleksler gibi yeni nanomalzemelerin kuan-tum teorisinden türeyen yo�gunluk fonksiyoneli kuram� ile dizayn edilmesi teoriaç�s�ndan yeni bir do�grultuya i³aret etmektedir.

Anahtar söz
ükler : Gra�n, Stokiyometrik Gra�n Türevleri, Nanokaplama, Floro-gra�n, Grafan, Klorogra�n.
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Chapter 1
Introdu
tion
The industrial revolution of the late eighteenth 
entury had a major impa
t onalmost every aspe
t of industry, ma
hinery and daily life in a manner that veryfew other developments in the world have. Subsequent te
hnologi
al and s
ienti�
developments opened the way of realization of novel materials that are the partsof devi
es operating at one millionth of a meter. However, ability to measure anddesign at mi
ro-s
ale not only led to the emergen
e of mi
ros
opi
 devi
es but alsoprovide equipments to explore the world at the smaller dimensions. Nowadays,in the rapidly developing �eld of nanote
hnology, resear
hers are taking 
ontrolof atoms and mole
ules individually, manipulating them and putting them touse with an extraordinary degree of pre
ision. Over the last de
ade, nanos
ien
eand emerging nanote
hnologies have been dominated by honey
omb stru
tured
arbon based materials in di�erent dimensionality, su
h as fullerenes, single andmulti walled 
arbon nanotubes, graphene and its nanoribbons. In parti
ular,graphene, a two dimensional (2D) honey
omb stru
ture of 
arbon, has been ana
tive �eld of resear
h for last seven years.In this thesis we mainly fo
us on the use of graphene and graphene-based
hemi
al derivatives as nano-s
ale 
oating materials that 
an prote
t rea
tive sur-fa
es underneath by posing a high energy barrier surfa
e. The rea
tion of materialsurfa
es with foreign atoms and 
ontrolling damages from 
orrosion have been the1



CHAPTER 1. INTRODUCTION 2subje
t of intensive resear
h for de
ades. While the prote
tive 
oatings of rea
-tive surfa
es at ma
ros
ale resulted in the 
hange of size and physi
al properties,prote
tion against 
orrosion at nanos
ale has required new paradigms using ul-trathin and nano
omposite 
oatings. Graphene, being not only the thinnest everbut also the strongest material, has the potential for nano-
oating appli
ations.When sti
ks to or grown on various surfa
es, graphene adds only 3-6 Å to the sizeof underlying sample and forms an ele
tri
ally and thermally 
ondu
tive 
oatingon it. Moreover, graphene has ex
eptional thermal and 
hemi
al stability; it isstable up to temperatures higher than 1500 C under inert environment. It is alsostable under many 
onditions where other substrates would undergo rapid 
hem-i
al rea
tions ending with degradation. With these properties graphene keep thepromises of being an ex
ellent 
andidate for a nanos
ale prote
tion layer against
orrosion.Although graphene is one of the most me
hani
ally strong material having awide range of extraordinary properties, pra
ti
al devi
e appli
ations are limitedby it's metalli
 behavior and tenden
y to intera
t with environment. E�orts tomanufa
ture of 
hemi
ally modi�ed graphene 
omposites with tailored ele
troni
,opti
al, and 
hemi
al properties present an ex
iting new dire
tion in graphene re-sear
h. In parti
ular, band gap engineering of graphene through 
hemi
al modi�-
ation su
h as oxygenation, and hydrogenation is appealing for ele
troni
 appli
a-tions sin
e it fa
ilitates the s
alable fabri
ation of graphene-based devi
es withoutdisturbing the strong honey
omb latti
e. However, due to the 
omplex atomi
stru
ture of grapheneoxides and thermal instabilities of hydrogenated grapheneseven at low temperatures, sear
h for the novel graphene-based materials is still
ontinuing. Re
ent studies have also revealed that oxygenated, hydrogenatedand �uorinated derivatives of graphene having diverse ele
troni
 and me
hani
properties 
an be synthesized. Easy manufa
turability, high-quality insulatingbehavior and extraordinary me
hani
al strength of �uorographene (CF) have in-spired intense resear
h on other halogen de
orated graphene derivatives. In thisthesis we also present ele
troni
, magneti
, me
hani
 and vibrational properties ofCH, CF and CCl. It was shown that these derivatives are as strong as graphene,quite �exibile and stable at high temperatures. From the te
hnologi
al point of



CHAPTER 1. INTRODUCTION 3view, graphene 
omposites having saturated surfa
es are also good 
andidates for
hemi
ally stable and me
hani
ally strong prote
tion layer. Sin
e �uorographeneis the most stable derivative among the experimentally realized materials we alsoexamine the performan
e of CF as a 
oating material.The thesis begins with this brief introdu
tion, followed by a 
hapter on thebasi
s of density fun
tional theory and stability analysis of nanos
ale materialswithin the framework of ab initio methods. In Chapter III, it is predi
ted thatea
h hydrogen va
an
y 
reated at the surfa
e of hydrogenated graphene, namelygraphane, results in a lo
al unpaired spin. For domains of hydrogen va
an
ies thesituation is, however 
omplex and depends on the size and geometry of domains,as well as whether the domains are single or double-sided. Owing to the dif-ferent 
hara
ters of ex
hange 
oupling in di�erent ranges and interplay betweenunpaired spin and the binding geometry of hydrogen, va
an
y domains 
an attainsizable net magneti
 moments.In Chapter IV, the ele
troni
 and magneti
 properties of graphane nanorib-bons are investigated. It is found that zigzag and arm
hair graphane nanorib-bons with H-passivated edges are nonmagneti
 semi
ondu
tors. While bare arm-
hair nanoribbons are also nonmagneti
, adja
ent dangling bonds of bare zigzagnanoribbons have antiferromagneti
 ordering at the same edge. Band gaps ofthe H-passivated zigzag and arm
hair nanoribbons exponentially depend on theirwidth. Detailed analysis of adsorption of C, O, Si, Ti, V, Fe, Ge and Pt atoms onthe graphane ribbon surfa
e reveal that fun
tionalization of graphane nanorib-bons is possible via these adatoms.In Chapter V, �uorination of graphene are investigated. Analysis of �uori-nated graphenes shows that di�erent CnF stru
tures 
an form at di�erent level ofF 
overage. Cal
ulated properties of these stru
tures, su
h as latti
e parameter,
dCC distan
e, band gap, density of states, work fun
tion, in plane sti�ness C,Poisson's ratio and surfa
e 
harge, are shown to depend on the level of 
overage.Perfe
t �uorographene stru
ture is a sti�, nonmagneti
 wide band gap nanoma-terial having substantial surfa
e 
harge, but attains signi�
ant lo
al magneti
moment through F-va
an
y defe
ts. Moreover, unlike graphane, half �uorinated



CHAPTER 1. INTRODUCTION 4graphene with only one side �uorinated is found to be stable, whi
h 
an be fur-ther fun
tionalized by the adsorption of adatoms to other side. It is also notedthat relevant data reported in various experiments do not appear to agree withthe properties 
al
ulated any one of the stable CnF stru
tures. This �nding letsus to 
on
lude that domains of various CnF stru
tures 
an form in the 
ourseof the �uorination of graphene. Therefore, the experimental data may re�e
ta weighted average of diverse CnF stru
tures together with extended defe
ts ingrain boundaries.In Chapter VI, analysis of the intera
tion of 
hlorine atoms with grapheneand the presen
e of possible 
hllorinated graphene derivatives are presented. Itis found that di�ering from hydrogen and �uorine adatoms, while the bindingof single 
hlorine atom to graphene is signi�
ant, its migration on the surfa
eof perfe
t graphene takes pla
e almost without barrier. It is also found thatstrong Cl-Cl 
oupling in one sided high 
hlorine 
overage of graphene hindersthe formation of boat, arm
hair and zigzag 
on�guration. While the bonding ofsingle 
hlorine atom leads to ioni
 bonding and negligible lo
al distortion in theplanar graphene, full 
hlorine 
overage (
hlorographene) where one 
hlorine atomis bonded alternatingly to ea
h 
arbon atom from di�erent sides gives rise to thebu
kling and 
ovalent sp3-bonding. Phonon and ele
troni
 energy stru
ture of
hlorographene, a stoi
hiometri
 graphene derivative, largely deviate from thoseof graphene. Energy optimization and phonon 
al
ulations indi
ate that the
hair 
on�guration of fully 
hlorinated graphene (
hloragraphene) is energeti
allyfavorable and stable stru
ture. It is a semi
ondu
tor with 1.2 eV dire
t band gap,whi
h 
an be tuned by applied uniform strain. However, Cl va
an
y defe
ts 
anlead to disso
iations of bound Cl atoms at high temperature.In Chapter VII, it is demonstrated that 
ontinuous 
oating of pristinegraphene on rea
tive surfa
es 
an provide for an ex
ellent prote
tion from ox-idation of rea
tive surfa
es at nanos
ale. The binding of oxygen atom at low
oordinated 
arbon atoms is rather high, but their barrier to penetrate to the re-a
tive surfa
e under graphene is low. Therefore dis
ontinuities in graphene 
oat-ing or defe
ts, su
h as va
an
ies or holes weaken the prote
tion from oxidation by
reating spots on the 
oating with low oxidation barrier. This limitation 
an be
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ir
umvented by 
oating of bilayer or preferably graphene sheets 
omprising a fewgraphene layers, whi
h provides even more e�e
tive prote
tion. At ma
ros
ale,results are suggested that graphene additives 
an improve the strength of antiox-idant paints. Graphene 
oating, whi
h is thin at the atomi
 s
ale 
an also serveas a natural barrier between environment and solid surfa
es for other atoms.In Chapter VIII, fun
tionalization of graphene via nanomeshes is investigated.Crystal stru
ture of graphene and its symmetry properties are investigated bymeans of tight-binding model of π ele
trons. It is predi
ted that adatom andhole patterned graphene nanomeshes 
an have metalli
 and semi
ondu
tor behav-ior. In parti
ular the meshes providing six and threefold rotational symmetiresmaintain the Dira
 fermions. It is also shown that depending on the mesh sizeand adsorbate atoms, velo
ity of the fermions and the magneti
 ground state ofthe stru
ture 
an be tuned. Zigzag and arm
hair edged hole arrays of meshes
an also be in di�erent states ranging from metalli
 to semi
ondu
ting in
ludingsemimetalli
 state with the bands 
rossing linearly at the Fermi level.Finally, the �ndings on the fun
tionalized graphene stru
tures and stoi
hio-metri
 graphene derivatives are 
on
luded in Chapter XI.



Chapter 2
Computational Methodology
This 
hapter of the thesis is devoted to the basi
s of 
omputational many-bodytheory, relevant approximate fun
tionals and the stability analysis of the stru
-tures via determination of phonon spe
tra.2.1 Density Fun
tional TheoryDensity fun
tional theory (DFT) is an extremely su

essful quantum me
hani
alapproa
h modelling method for the des
ription of ground state properties of met-als, semi
ondu
tors and insulators. With this theory, the properties of a many-ele
tron system 
an be determined by using fun
tionals, i.e. fun
tions of anotherfun
tion, whi
h in this 
ase is the spatially dependent ele
tron density.[1, 2℄ Hen
ethe name density fun
tional theory 
omes from the use of fun
tionals of the ele
-tron density. DFT is among the most popular and versatile methods availablein 
ondensed-matter physi
s, 
omputational physi
s, and 
omputational 
hem-istry. The su

ess of DFT not only en
ompasses standard bulk materials but also
omplex mole
ules.The main idea of DFT is to des
ribe the ground state of an intera
ting sys-tem of fermions as a fun
tional of the ele
troni
 density instead of many body6
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tion. For su
h a system satis�es the rule of 
onservation of the num-ber of ele
trons, behavior of the entire many-body system be
omes dependentonly on three spatial 
oordinates. From 
omputational point of view, DFT al-lows resear
hers to deal with mu
h larger and 
omplex systems by using less
omputational sour
es.2.2 Ex
hange-Correlation PotentialsWhile DFT in prin
iple gives a good des
ription of ground state properties, theaxa
t form of ex
hange-
orrelation potential that des
ribes all ele
tron-ele
tronintera
tions is not known. Therefore the e�e
ts of Pauli prin
iple and theCoulomb potential on ele
tron-ele
tron intera
tions have to be approximated bythe appropriate fun
tionals in terms of the ele
tron density. However, there arewell-established approximations to the ex
hange-
orrelation potential exist whi
hpermit the 
al
ulation of 
ertain physi
al quantities quite a

urately: Lo
al Den-sity Approximation and the Generalized Gradient Approximation.2.2.1 Lo
al Density ApproximationLo
al density approximation (LDA) is one of the most widely used approximationto ex
hange- 
orrelation potential. LDA assumes that ex
hange-
orrelation en-ergy is equal to that of uniformly distributed ele
tron gas at the same 
oordinateand the fun
tional is a fun
tion of 
oordinates. Thus the inhomogeneous systemof a mole
ular or 
rystal stru
ture is approximated by using lo
al density of thehomogen ele
tron gas.For a spin unpolarized system, ex
hange-
orrelation energy 
an be written as
ELDA

xc (ρ) =

∫
ρ(r)[ǫx + ǫc]dr (2.1)where ρ(r), ǫx and ǫc are the ground state 
harge density, ex
hange energy and
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orrelation energy, respe
tively. A similar lo
al density fun
tional for spin polar-ized system, namely lo
al spin density approximation (LSDA), 
an be written byusing spin dependent ele
tron density ρ(r) = ρ↓(r) + ρ↑(r).Lots of the ground state properties su
h as latti
e 
onstant, sti�ness, bulkmoduli, band stru
ture well approximated LDA. However, while the potentialsof �nite systems approximated by LDA de
ay exponentially, in the real systemsthis de
rease is mu
h slower in a Coulombi
 manner.2.2.2 Generalized Gradient ApproximationFor the stru
tures having rapidly 
hanging 
harge densities, the ex
hange-
orrelation energy deviates signi�
antly from the uniform result and LDA ap-proximation may be
ome poor. Beyond the LDA, Generalized gradient approxi-mation (GGA) takes into a

ount the gradient and higher order spatial derivativesof the ele
tron density to 
orre
t for this deviation. Ex
hange-
orrelation energyapproximated by GGA is in the form of
EGGA

xc (ρ) =

∫
ρ(r)[ǫx(ρ(r), ~∇ρ(r)) + ǫc(ρ(r), ~∇ρ(r))]dr (2.2)where ρ(r), ǫx(ρ(r), ~∇ρ(r)) and ǫc(ρ(r), ~∇ρ(r)) are the ground state 
hargedensity, ex
hange energy and 
orrelation energy, respe
tively.2.3 Cal
ulation of Phonon Spe
traIn addition to ground state propoerties it is also possible to 
al
ulate a lot ofex
ited state properties of the stru
tures within the framework of DFT. Determi-nation of vibrational dispersion spe
tra of the stru
tures is quite important forthe 
hara
terization of predi
ted novel materials. Espe
ially the 
al
ulation ofalmost perfe
t phonon spe
tra is possible within the rea
h of DFT.
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al
ulations performed within the frameworkof DFT, the Hellmann- Feynman[3℄ theorem, that relates the derivatives of totalenergy and Hamiltonian by a simple parameter, has a great importan
e. Sin
ethe ground state evolves as a fun
tion of ioni
 motions, the total energy of astru
ture 
an be seen as a fun
tion of atomi
 positions. When the parameterin the Hellman-Feynman theorem is 
hoosen to be the spatial 
oordinate of thenu
lei, it is possible to 
al
ulate all the for
es in the stru
ture. Fundamentalquantities 
an be formalized as followsenergy
E = Etot(Ri) (2.3)for
e on a nu
lei lo
ating at Ri

Fi =
dE

dRi

(2.4)for
e 
onstants
Cij =

dF

dRj
(2.5)By using the vibrational properties obtained from the simple formulation pre-sented above it is also possible to 
al
ulate the diele
tri
 
onstants, e�e
tive
harges, ele
tron-phonon intera
tions, spe
i�
 heat and entropy of the systems.In this thesis, there are two main 
omputational method used for the 
al
ulationof phonon spe
tra: small displa
ement method and density fun
tional perturba-tion theory.



CHAPTER 2. COMPUTATIONAL METHODOLOGY 102.3.1 Small Displa
ement MethodFor the 
al
ulation of the frequen
ies of phonons for any arbitrary 
hoi
e of q-ve
tor in the Brillouin zone small displa
ement method (SDM) provides a verysimple and quite useful model by treating the 
rystalline and mole
ular stru
turesas system of balls 
onne
ted by springs. Propagation of latti
e vibration wavesthrough the stru
ture 
an start with an initial perturbation on the atoms and ismediated by the ele
trons. Des
ription of the atomi
 vibrations of a 
rystal or amole
ule is simply based on a potential energy term expanded around the atomi
equilibrium positions. As long as the atoms remain 
lose to their equilibriumpositions, energy of the system 
an be des
ribed by using harmoni
 approximationas follows
Uharm = Eground +

1

2

∑
Φlsα,l

′
tβRlsαRl

′
tβ (2.6)where Φlsα,l′ tβ is the for
e 
onstant matrix, Rlsα is the displa
ement of s atomin unit
ell l, and α and β are 
artesian 
oordinates. Therefore the for
e 
onstantmatrix that relates the for
e on ea
h atomi
 site Flsα to atomi
 displa
ements atneighboring sites Rl′ tβ as

Flsα =
dUharm

dRlsα

= −
∑

Φlsα,l′ tβRl′ tβ (2.7)and the for
e 
onstant matrix is simply given as
Φlsα,l′ tβ =

d2Uharm

dRlsαdRl′ tβ

(2.8)It is seen that for
es and displa
ements are linearly dependent ea
hother aslong as the atomi
 displa
ements are small enough.From the viewpoint of 
omputational methodology, it is seen that the atomi
displa
ements kept in the range of 0.01-0.04 Å give reasonably good results.Therefore the 
hara
teristi
s of the vibrational motion at ea
h atomi
 site is



CHAPTER 2. COMPUTATIONAL METHODOLOGY 11determined by �nding the eigenvalues of the dynami
al matrix whose elementsare Flsα

D =
1√

msmt

∑
Φlsα,l′ tβRl′ tβe

iq·T (2.9)It appears that the for
e 
onstant matrix 
an also be used to determinationof the elements of dynami
al matrix for any q-ve
tor in the Brillouin zone. Sin
e
al
ulations are performed for super
ells by using periodi
 boundary 
onditions,the super
ells must be 
hoosen large enough to provide that the for
es take negli-gible values at the boundary of the 
ell. For most of the metals, due to the larges
reening provided by ele
trons this 
onvergen
e 
ondition is satis�ed for smallersuper
ells.In the framework of small displa
ement method, phonon frequen
ies of a givenstru
ture 
an be observed via 
onstru
tion of the for
e 
onstant matrix uponsmall displa
ement of the atoms in the periodi
ally repeating super
ells.[4℄ Fromthe phonon frequen
ies in 
rystals it also possible to determine various thermo-dynami
 quantities; Helmholtz free energy, entropy, spe
i�
 heat and internalenergy of the harmoni
 
rystal.2.3.2 Density Fun
tional Perturbation MethodFor the 
al
ulation of phonon spe
tra of ioni
 
ompounds the 
onvergen
e 
anbe problemati
 due to the motions of 
harged atoms. Sin
e the displa
ement of
harges 
reates dipoles that intera
ts with long range for
es, for
e on the neigh-boring atoms de
rease as r−3. Hen
e, the long range polarization �elds are arti�-
ially suppressed in super
ells resulting in a vanishing LO- TO splitting. This isespe
ially due to the wrong LO frequen
ies. Su
h a slow de
rease requires veryextended super
ells for the treatment of ioni
 
ompounds within small displa
e-ment method.Espe
ially for the ioni
 
rystals density fun
tional perturbation theory
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ompared to SDM. Due to the presen
e of ma
ro-s
opi
 ele
tri
 �eld generated by dipols, longitudinal and transversal opti
alphonon bran
hes are splitted at gamma point and therefore the so 
alled LO-TO splitting 
an be in
luded in DFPT 
al
ulations.A net dipol moment in the ioni
 
ompound 
an appear for the small valueswave ve
tor q i.e. at the vi
inity of Γ point. A

ordingly the non-analyti
al partof the dynami
al matrix in the limit of small q 
an be written as follows
D =

4πe2

Ω
√
msmt

(q · Z∗
s )(q · Z∗

t )

q · ǫ∞ · q (2.10)where Z∗ is the Born e�e
tive 
harge tensor and ǫ∞ is the high frequen
ystati
 diele
tri
 tensor.Cal
ulation of phonon spe
tra of 
rystal stru
tures in the framework of DFPTis also provide an elegant strategy. A DFPT 
al
ulation starts from the groundstate results obtained from the primitive unit 
ell of given material and the prob-lem of dealing with large super
ells is avoided. The response to arbitrary andin�nitesimally small displa
ements of the atoms in the unit
ell and the 
hangesin the ioni
 potential is 
al
ulated for ea
h q by means of perturbation theory.[5℄As a result of Hellmann-Feynman theorem perturbations yielding linear orderdeviations in the ele
tron density also 
ause a se
ond order perturbation in totalenergy. Therefore the linear order variation in the ele
tron density 
an be 
al
u-lated using only unperturbed wavefun
tions of the ground state 
rystal. For the
ase of linear perturbation on 
harge density 
aused by phonon motion, for
e onea
h atom 
an be 
al
ulated for any waveve
tor q without 
onstru
ting extendedsuper
ells.



CHAPTER 2. COMPUTATIONAL METHODOLOGY 132.4 Graphene: Computational AnalysisLast two de
ades, nanos
ien
e and emerging nanote
hnologies have been domi-nated by honey
omb stru
tured 
arbon based materials in di�erent dimensional-ity, su
h as fullerenes, single and multi walled 
arbon nanotubes, graphene and itsribbons. In parti
ular, graphene, a two dimensional (2D) honey
omb stru
ture of
arbon, has been an a
tive �eld of resear
h.[6℄ Be
ause of unique symmetry, ele
-tron and hole bands of graphene show linear band 
rossing at the Fermi level[7℄resulting in a massless Dira
 Fermion like behavior of 
harge 
arriers.The fabri
ation of graphene sheets[6℄ and observation of their unusual prop-erties su
h as a half-integer quantum-Hall e�e
t have attra
ted mu
h interest inele
troni
 transport properties of this type of two dimensional graphiti
 materials.Observed gapless energy spe
trum and high mobility ele
tron transport[8, 9, 10℄are the most remarkable features of graphene. It was shown by tight-binding
al
ulations 
onsidering the π bands that in the ele
troni
 energy dispersion ofgraphene, energy is linearly dependent on the wave ve
tor around the Fermilevel[7℄ whi
h makes it a unique material.As a result, Klein paradox, an interesting result of quantum ele
trodynami
swas expe
ted to be observed in graphene.[6, 8℄ Moreover, it was shown that half-integer quantization of Hall 
ondu
tan
e[8, 9, 10℄ 
an be observed in graphene.Unusual ele
troni
 and magneti
 properties of graphene, su
h as high 
arriermobility, ambipolar e�e
t, have promised variety of appli
ations. In addition tosome early works on 
rystalline order in planar stru
tures, possibility of very largeone-atom-thi
k two dimensional (2D) 
rystals with intrinsi
 ripples is reportedtheoreti
ally[8, 11℄ and experimentally.[8, 9℄ Not only extended 2D graphenesheets but also quasi-one-dimensional graphene ribbons with arm
hair or zigzagedges have shown unusual ele
troni
,[12, 13℄ magneti
[14, 15℄ and quantum trans-port properties.[16, 17, 18, 19℄
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Figure 2.1: (a) Top view of honey
omb stru
ture of graphene. Bravais latti
eve
tors for both stru
ture are given with |~a1| = |~a2| = a. Hexagonal unit
ellin
luding two 
arbon atoms is delineated by dashed area. (b) Side view for thesp2 
oordinated 
arbon atoms of graphene. (
) Atomi
 
on�guration of zigzagand arm
hair graphene nanoribbons.2.4.1 Atomi
 Stru
tureGraphene has a 2D hexagonal latti
e in whi
h C atoms are arranged to form aplanar (PL) honey
omb stru
ture as shown in Fig.2.1. A

ordingly, it has a sixfold rotation axis, C6 at the 
enter of the hexagon, whi
h is perpendi
ular tothe atomi
 plane. Hexagonal latti
e has a two-atom basis in the primitive unit
ell, 
orresponding to A- and B-sublatti
es. That is three alternating atoms ofea
h hexagon belong to one of the two sublatti
es. In graphene planar geometryis assured by the formation of strong π-bonding between two nearest neighbor
pz-orbitals perpendi
ular to the graphene plane. The resulting π- and π∗-bandsdetermine also relevant ele
troni
 properties. In addition, there are strong yet�exible, 
ovalent σ-bonds derived from the planar hybrid sp2 orbitals betweenadja
ent C atoms. Nearest C atoms are separated by 1.42 Å and the magnitudeof the hexagonal Bravais latti
e ve
tor is 2.46 Å. Brie�y, the planar sp2 hybridiza-tion and perpendi
ular pz orbitals underlie planar geometry, unusual me
hani
alstrength and ele
troni
 stru
ture of graphene.However, in two of our studies,[20, 21℄ it is revealed that graphene-like twodimensional honey
omb stru
ture of Group IV elements and their binary 
om-pounds, as well as the 
ompounds of Group III-V elements 
an also be possible
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ompounds 
ontaining one of the �rst rowelements, B, C or N have planar stable stru
tures. On the other hand, in the hon-ey
omb stru
tures of Si, Ge and other binary 
ompounds the alternating atomsof hexagons are bu
kled, sin
e the stability is maintained by pu
kering.2.4.2 Ele
troni
 Stru
turePropagation of ele
tron waves through the honey
omb latti
e attributes ex
ep-tional features to graphene.[6, 8℄ Condu
tion of ele
trons within one-atom-thi
klayer with minute s
attering makes the observation of quantum e�e
ts possibleeven at room temperature.[10℄ In graphene Dira
 fermions have a high Fermivelo
ity, vF = c/300. Due to its high 
arrier mobility, graphene based ballis-ti
 transistors operating at room temperature have already been fabri
ated. Inaddition to these unusual ele
troni
 properties of graphene, the observation ofanomalous quantum Hall e�e
t and the possibility of Klein paradox are features,whi
h attra
t the interest of resear
hers. Ele
troni
 properties of graphene andgraphene-based stru
tures have re
ently been reviewed.[11℄ Experimental inves-tigations have reported the observation of half-integer quantum Hall e�e
t for
arriers in graphene and possible magneto-ele
troni
 devi
e appli
ations.[9℄ Mostof the unique properties of graphene are related to its monolayer latti
e stru
ture,linearly 
rossed π bands at Fermi level with ele
tron-hole symmetry.Here, we start with a brief dis
ussion of hexagonal symmetry and apply sim-ple tight binding model of π-orbitals to reveal the e�e
t of latti
e symmetry onthe band 
rossing.[7℄ Graphene has the spa
e group P6/mmm and point groupsymmetry D6h. At the-Γ point, the group of the wave ve
tor is isomorphi
 to thepoint group D6h. However, irredu
ible representation of the wave ve
tor pointgroup turns into D2h and D3h at high symmetry points M and K (or K ′), respe
-tively. It was shown that the tight binding Hamiltonian with nearest neighborhopping parameter, t = 2.7 eV
H =

∑
i

ǫic
†
i ci + t

∑
i,j

(c†icj +H.c). (2.11)
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Figure 2.2: (a) Ele
troni
 band stru
ture of graphene obtained by �rst prin
i-ples method. High symmetry points and the orbital 
hara
ter of the bands aredelineated. (b) Three dimensional band stru
ture, obtained by tight-binding ap-proximation, for valen
e and 
ondu
tion bands and the Dira
 points lo
ating atthe K symmetry points. Nearest neighbor hopping parameter is taken to be 2.7eV.
well approximates the π-bands of perfe
t graphene.[7℄ Here c†i (ci) is the 
re-ation (annihilation) operator of a π ele
tron at the latti
e site i. The �rst termis the on-site energy of ea
h 
arbon atom and equals to energy of the 2pz orbital.Energy eigenvalues of graphene and other two hypotheti
al 
rystal having squareand hexagonal latti
es with single atom in the 
ell are 
al
ulated and the 
ontourplots their energy band gap in BZ are shown in Fig.2.2. For graphene, energy dis-persion is linear at the vi
inity of the K- symmetry (Dira
) points and the Fermivelo
ity, whi
h is linearly dependent to nearest neighbor intera
tion parameter,
an be given by the expression vF = 3td/2h̄.[11℄Re
ently, we showed that the honey
omb stru
ture with linear band 
rossingsat Dira
 points is also 
ommon to Si and Ge.[21, 20℄ and binary 
ompoundsbetween di�erent Group IV elements and Group III-V elements,[20℄ whi
h arestable in either in�nite periodi
 form or in �nite size, are presented in Fig. ??.In these hexagonal latti
e stru
tures (PL or LB) relevant ele
troni
 energy bandsaround the Fermi level are derived from π and π∗-bands. In elemental honey
omb
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tures, su
h as graphene, Si and Ge, these bands have linear 
rossings at twoin-equivalent K- and K ′-points of BZ, 
alled Dira
 points and hen
e they aresemimetalli
. Be
ause of their linear dispersion of E(k), the 
harge 
arriers nearthe Dira
 points behave as massless Dira
 Fermions. By �tting the π-and π∗-bands at k = K+ q to the expression,
E(q) ≃ vFh̄|q|+O(q2) (2.12)and negle
ting the se
ond order terms with respe
t to q2, one 
an estimate theFermi velo
ity for both Si and Ge as vF ∼ 106 m/s. We note that vF 
al
ulatedfor 2D LB honey
omb stru
tures of Si and Ge are rather high and 
lose to that
al
ulated for graphene using the tight-binding bands. It is also worth notingthat be
ause of the ele
tron-hole symmetry at K- and K ′-points of BZ, 2D LB Siand Ge are ambipolar for E(q)= EF ± δE, δE being small. Among these, Si andGe in honey
omb stru
ture are semimetal and have linear band 
rossing at theFermi level whi
h attributes massless Fermion 
hara
ter to 
harge 
arriers as ingraphene.2.4.3 Transport PropertiesIn re
ent experimental studies graphene nanoribbons (GNRs) with narrow widths(10-70 nm) have been realized.[22℄ Li et al report produ
ing ultra narrow ribbonswith widths down to a few nanometers.[23℄ In addition to high 
arrier mobili-ties that are higher than those in 
ommer
ial sili
on wafers, existen
e of width-dependent energy band gaps makes the graphene nanoribbons a potentially usefulstru
ture for various appli
ations. The width dependen
e of the band gap andtransport properties in quasi-one dimensional narrow GNRs have been studiedtheoreti
ally.[24, 25, 26, 27, 28, 12℄ Graphene nanoribbons having r zigzag rows(r-ZGNRs) are predi
ted as semi
ondu
tors having a narrowing band gap with thein
reasing width of the ribbon. Arm
hair-edged ribbons (AGNRs) are also semi-
ondu
ting with dire
t band gaps.[24℄ DFT 
al
ulations predi
t a high densityof states around the valen
e and 
ondu
tion band edges of ZGNRs, whi
h derive
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alized at the edges of the ribbon, and lead to non-zero magneti
 moments on the 
arbon atoms. Due to the edge e�e
ts, grapheneribbons show di�erent one dimensional transport properties from those of 
arbonnanotubes. In parti
ular ZGNRs, known to have large spin polarizations at theopposite edges of the ribbon, may be utilized to 
reate spin-dependent e�e
tssu
h as spin polarized 
urrents without the need of ferromagneti
 ele
trodes orother magneti
 entities.Modi�
ation of ele
troni
 stru
ture by impurities, adatoms and external�elds is another potential of graphene and graphiti
 stru
tures for appli
ationsin nanoele
troni
s. E�e
ts on ele
troni
 properties and magneti
 behavior ofgraphene by the adsorption of foreign atoms has been 
onsidered in some previousworks.[16, 17, 29℄ Sizeable gap opening by hydrogen adsorption to Stone-Walesdefe
t sites of graphene has been reported.[18℄ In the 
ase of substitutional boronatom many of the ele
troni
 properties have been studied and it is suggested thatGNRs may be used as spin �lter devi
es.[30℄In our two di�erent studies,[19, 31℄ the 
hara
teristi
s of quantum transportproperties of ele
trons �owing through the re
tangular and triangular shapedgraphene nano�akes were investigated. The spin-dependent transport propertiesof the graphene �ake are 
al
ulated based on non-equilibrium Green's fun
tionformalism as implemented in pa
kage AtomistixToolKit. Ballisti
 
ondu
tan
espe
trum of the �ake is given within Landauer- Büttiker formalism as
G(E) = G0

∑
σ

Tσ(E) (2.13)where G0 = e2/h is the 
ondu
tan
e quantum and Tσ (σ = up, down) arethe spin-dependent transmission spe
tra. For ea
h spin state σ the transmissionprobabilities are 
al
ulated as
Tσ(E) = Tr[ΓLG

rΓRG
a]σ, (2.14)where Gr and Ga are the retarded and advan
ed Green's fun
tions, ΓL and ΓR
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onta
t broadening fun
tions asso
iated with the left and right ele
trodes,respe
tively. The broadening fun
tions are anti-Hermitian 
omponents of the self-energy terms of the 
onta
ts, ΣL and ΣR, whi
h depend on the ele
trode's surfa
eGreen's fun
tion and the 
onta
t-mole
ule (graphene �ake) bonding:
ΓL,R = i(ΣL,R − Σ†

L,R)/2 (2.15)The spatially-separated spin-states of the graphene �ake are anti
ipated tobreak the spin symmetry in these 
ondu
tan
e 
al
ulations when 
onta
ts to theele
trodes are not symmetri
 at the arm
hair edges.2.4.3.1 Graphene NanoribbonsAt the �rst stages of this thesis, quantum transport properties of narrow graphene�akes and their fun
tionalization with vanadium atoms were studied. Re
tangu-lar graphene �akes are stable, having geometri
 and ele
troni
 stru
tures quitesimilar to that of extended graphene nanoribbons as shown in Fig.2.3(a). It wasshown that a spin- polarized 
urrent 
an be produ
ed by pure, hydrogenated re
t-angular graphene �akes by exploiting the spatially-separated edge states of the�ake using asymmetri
, non-magneti
 
onta
ts. Fun
tionalization of the graphene�ake with magneti
 adatoms su
h as vanadium also leads to spin-polarized 
ur-rents even with symmetri
 
onta
ts as shown in Fig.2.3(b). Sharp dis
ontinuitiesin the transmission spe
tra presented in Fig.2.3(
) arise from the Fano resonan
esof lo
alized states in the �ake.2.4.3.2 Triangular Graphene FlakesQuantum transport properties of triangular graphene �akes with zigzag edgesby using �rst prin
iples 
al
ulations. Triangular graphene �akes shown in Fig.2.4(a-
) have large magneti
 moments whi
h vary with the number of hydrogenatoms terminating its edge atoms and s
ale with its size. Ele
troni
 transmissionand 
urrent-voltage 
hara
teristi
s of these �akes, when 
onta
ted with metalli
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Figure 2.4: (Color online) Atomi
 stru
ture and isosurfa
e of 
harge density dif-feren
e of spin-up (↑) and spin-down (↓) states for 4-(upper row) and 5-triangle(lower row) graphene �akes: Bare, singly- and doubly-hydrogenated edges. Cal-
ulated net magneti
 moments of the �akes are given in terms of Bohr magneton(µB). Di�eren
e 
harge density of spin-up and spin-down states is shown byred (dark) and blue (light) isosurfa
e, respe
tively. Ele
trode-devi
e geometryand 
onvention for forward and reverse bias applied to triangular graphene �akes(TGFs).(a) Energy level spe
tra within ±1 eV range of Fermi level (EF ), theHOMO-LUMO gap (∆) and isosurfa
e of HOMO and LUMO orbitals. (b-
) Cal-
ulated I-V 
urves for hydrogenated and bare triangular graphene �akes (TGFs).Results of 4-TGF and 5-TGF are presented, respe
tively. Spin-up (↑) and spin-down (↓) 
urrents are shown by red (dark) and blue (light) lines, respe
tively.Solid and dashed lines denote forward and reverse bias 
al
ulations, respe
tively.Transmission 
urves of spin-up and spin-down under zero bias are also shownby insets. Transmission spe
tra of singly-H and bare TGFs are plotted up tomaximum value of 0.03 and 0.4, respe
tively. Fermi levels are set to zero.
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trodes, reveal spin valve and remarkable re
ti�
ation features as shown inFig. 2.4(e). The transition from ferromagneti
 to antiferromagneti
 state underbias voltage 
an, however, terminate the spin polarizing e�e
ts for spe
i�
 �akes.Geometry and size dependent transport properties of graphene �akes may be
ru
ial for spintroni
 nanodevi
e appli
ations.2.4.4 Vibrational Spe
traAnalysis of phonon modes provides a more reliable test for a stru
ture optimizedby using ab initio methods. If there is an instability related with a phononmode with k in BZ, the square of frequen
y, Ω(k) obtained from the dynami
almatrix be
omes negative yielding imaginary frequen
y. Then this parti
ular mode
annot generate restoring for
e to exe
ute latti
e vibration and hen
e the systemis vulnerable to go away from its original 
on�guration. Here results of SDMphonon 
al
ulations shown in Fig. 2.5 are performed by taking into a

ount theintera
tions in (7x7x1) large super
ells 
onsisting of 98 atoms. However for theDFPT 
al
ulation use of single unit
ell is enough.Graphene honey
omb latti
e have six di�erent phonon bran
hes: three a
ous-ti
al (A) and three opti
al (O). It is seen that around 1600 cm−1, LO and TOeigenmodes are degenerate at Γ point. Sin
e stru
ture have a 
ovalent 
hara
terboth the SDM and DFPT �nds degenera
y of LO and TO at gamma. How-ever, among the three a
ousti
al modes, in-plane TA and LA eigenmodes havelinear dispersion around the Γ point. As it is mentioned in earlier works[32℄ on2D stru
tures, out-of-plane ZA eigenmode have quadrati
 phonon dispersion inthe vi
inity of Γ-point. Here, the 
al
ulated value for out-of-plane opti
al eigen-mode ZO is around 900 cm−1. Existen
e of strong ele
tron-phonon 
oupling inTO eigenmode at the K-point and E2g modes at Γ -point is the reason of theKohn anomaly at these points. Therefore, s
attering by phonon with the energiesthat 
orresponds to these modes 
an 
ause noti
eable de
rease in transmissionspe
trum.[32℄ It is well known that as k→0 phonon dispersions of LA and TAbran
hes are linear, but that of ZA bran
h is quadrati
 sin
e transversal for
esde
ay rapidly. Among these, the LA and TA phonon bran
hes are heat 
arrying
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Chapter 3
Making Graphene Magneti

In this part of the thesis, using �rst prin
iples 
al
ulations, we show that ea
hhydrogen va
an
y 
reated at graphane surfa
e results in a lo
al unpaired spin.For domains of hydrogen va
an
ies the situation is, however 
omplex and dependson the size and geometry of domains, as well as whether the domains are single-or double-sided. In single-sided domains, hydrogen atoms at the other side arerelo
ated to pair the spins of adja
ent 
arbon atoms by forming π-bonds. Owingto the di�erent 
hara
ters of ex
hange 
oupling in di�erent ranges and interplaybetween unpaired spin and the binding geometry of hydrogen, va
an
y domains
an attain sizable net magneti
 moments. The results pertaining to this 
hapterare published in Ref.[[36℄℄ and �gures are reprodu
ed with permission of thepublisher.3.1 MotivationGraphene[6℄, a truly two-dimensional (2D) 
rystal of honey
omb stru
ture, hassparked 
onsiderable interest not only be
ause of its 
harge 
arriers behavinglike massless Dira
 fermions[8, 9, 37℄, but also the unusual magneti
 proper-ties displayed by its �akes and nanoribbons[23, 38, 39, 40, 19℄. In additionto numerous experimental and theoreti
al studies on the physi
al properties of24
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Figure 3.1: (Color online) (a) Top and side views of atomi
 stru
ture showing ofgraphane primitive unit 
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kling ofalternating 
arbon atoms, A and B, in honey
omb stru
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ate C and H atoms, respe
tively. (b) Energy band stru
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al
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orre
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)Cal
ulated phonon bands and density of states DOS proje
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CHAPTER 3. MAKING GRAPHENE MAGNETIC 26graphene, e�orts have been also devoted to synthesize various types of derivativesof graphene. More re
ently, a 2D hydro
arbon material in the family of honey-
omb stru
ture, namely graphane is synthesized[41℄. Interesting properties su
has reversible hydrogenation-dehydrogenation with 
hanging temperature[41℄, theele
troni
 stru
ture with a wide band gap[42℄ have been revealed soon after itssynthesis. In this part of my thesis, we reveal that graphane 
an be magnetizedby dehydrogenation of domains on its surfa
es. Large magneti
 moments 
an beattained in a small domain on the graphane sheet, depending on whether thedefe
t region is one-sided or two-sided. Our predi
tions are obtained from thestate-of-the-art spin polarized �rst-prin
iples plane-wave 
al
ulations[43, 44, 45℄within the LDA[46, 47℄ non
ollinear 
al
ulations in
luding spin-orbit intera
tion,using (11×11×1) super
ells.3.2 Graphane: Fully Hydrogenated GrapheneGraphane, in its 
hair 
onformation as illustrated in Fig. 3.1(a), is derived by theadsorption of a single hydrogen atom to ea
h 
arbon atom alternating betweenthe top (A) and bottom (B) side in the honey
omb stru
ture. A 
harge of 0.1ele
trons is transferred from H to C leaving behind positively 
harged H atomson both sides of a double layer of negatively 
harged (-0.1 ele
trons) C atoms.Graphane having a 2D quadruple stru
ture has the work fun
tion Φ=4.97 eV,whi
h is ∼ 0.2 eV larger than that of graphene. In 
ontrast to semimetalli
graphene, graphane is a semi
ondu
tor with a wide dire
t band gap of 3.42 eV
al
ulated by LDA but 
orre
ted to be 5.97 eV with GW0 self-energy method, asshown in Fig. 3.1(b). Doubly degenerate states at the Γ-point at the top of thevalen
e band are derived from 2px- and 2py-orbitals of 
arbon atoms. The edge ofthe 
ondu
tion band is 
omposed mainly from C-pz orbitals. Cal
ulated phononbands all having positive frequen
ies 
on�rm the stability of 2D graphane. Highfrequen
y vibration modes asso
iated with C-H bonds are well separated fromthe rest of the spe
trum, in Fig. 3.1(
).



CHAPTER 3. MAKING GRAPHENE MAGNETIC 273.3 Va
an
y Formation on GraphaneThe 
reation of a single H-va
an
y at the hydrogen 
overed surfa
es gives riseto the spin polarization in the non-magneti
 perfe
t graphane. Desorption ofa single H atom from graphane is an endothermi
 rea
tion with 4.79 eV energy.Various te
hniques, su
h as laser beam resonating with surfa
e-hydrogen bond[48℄and stripping with ioni
 vapor[49℄ 
an be used to 
reate H-va
an
y(ies). Upondesorption of a single hydrogen atom, lo
al bonding through sp3 hybrid orbital isretransformed into planar sp2 and perpendi
ular pz (π) orbitals. At the va
an
ysite one unpaired ele
tron a

ommodated by the dangling pz orbital 
ontributesto the magnetization by one µB (i.e. Bohr magneton). The ex
hange intera
tionbetween two H-va
an
ies 
al
ulated in a (11x11x1) super
ell is found to be non-magneti
 for the �rst and se
ond nearest neighbor distan
es due to spin pairings.Sin
e the π-π intera
tion vanishes for farther distan
es, antiferromagneti
 (AFM)state between two H-va
an
ies for the third and fourth nearest neigbor distan
e isenergeti
ally favorable. The o

urren
e of long range spin intera
tions in 
arbonbased stru
tures was explained before by the superex
hange[50℄ and magneti
 tailintera
tion[51℄.3.3.1 Single-sided Va
an
y DomainsAs for the islands of H-va
an
ies at the single (top) side of graphane, we 
onsidervarious geometri
al domains, where H atoms at their edges and inside are removedas seen in Fig.3.2. For a triangular domain spe
i�ed as∆s
2 at the top side, H atomsatta
hed to three 
arbon atoms lo
ated at ea
h edge are removed. Hydrogenatom whi
h is normally adsorbed on the 
entral C atom at the bottom sidemoves to the 
orner. Under these 
ir
umstan
es, spins of three hydrogen-free Catoms are antiferromagneti
ally ordered to yield a net magneti
 moment of 1 µB.Non
ollinear 
al
ulations with spin-orbit intera
tion �x the dire
tions of spins,whi
h are tilted relative to the normal to the graphane plane. For∆s

4, a triangulardomain has ten H atoms removed from the top side of graphane. While part ofsix H atoms are atta
hed to 
arbon atoms from bottom are relo
ated, remaining
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ies, where all H atoms atta
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luding edges, are removed.The triangles are spe
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n with n indi
ating the maximum number ofC atoms at one edge and s signi�es the single-sided dehydrogenation. Similarsymbols are used also for hexagonal, Hs
2 and lane Ls

n (n =4,5) domains. Totalmagneti
 moment µT and its 
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larity π-bonds formed after the relo
ation of bottom Hatoms are indi
ated only for ∆s
4, Ls

4 and Ls
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CHAPTER 3. MAKING GRAPHENE MAGNETIC 29two H atoms are released by forming H2 mole
ule. At the end spins are pairedand the net magneti
 moment of the domain be
omes vanished. Generally, fora small single-sided domain, µT=0 if Nt, the total number of H atoms stripped,is an even number so that adja
ent π-orbitals form spin paired π-bonds. In this
ase, H atoms below the domain are relo
ated (without fa
ing any energy barrier)to pair adja
ent π-orbitals to form maximum number of π-bonds. At the end, alarge bu
kled regions inside the domain tends to be �attened and re
onstru
ted tomake nonmagneti
 graphene-like planar stru
ture. In the 
ase of ∆s
5, while spinsare paired through the formation of π-bonding between two adja
ent C atomsfollowing the relo
ation H atoms at the bottom side, the unpaired spins at the
orner atoms are aligned in the same dire
tion to yield a net magneti
 moment of

µT=3 µB. The tenden
y to pair the spins of adja
ent C atoms to form π-bondsare seen better in lane domains. Let us 
onsider Ls
4 and Ls

5 in Fig.3.2. Be
ause ofrelo
ation of H atoms at the bottom side, two pairs of nearest neighbor C atomsform π-bonds and hen
e pair their spins. At the end, Ls
4 has µT=0. For Ls

5 havingodd number of H-va
an
y, while two pairs of C atoms are bound by two π-bonds,C atom at the 
enter has an unpaired spin and attains µT=1 µB. In a similarmanner, the hexagonal domain Hs
2 has total of seven C atoms at its 
enter and
orners, all H atoms stripped from top side. At the bottom side, H atoms arerelo
ated and hen
e the spins of adja
ent C atoms are paired to result in a totalnet magneti
 moment of µ=1 µB.3.3.2 Double-sided Va
an
y DomainsWe next show in Fig.3.3 that the magneti
 moment of graphane 
an be tuned by
hanging the size and geometry of a given double-sided H-va
an
y domain. In this
ase the situation is not 
omplex and allows us to �gure out the magneti
 momentof the entire stru
ture easily. Based on non
ollinear 
al
ulations in
luding thespin-orbit 
oupling, the dire
tion of the unpaired spins on the A-type C atomsfreed from H atoms is found to be opposite to that of the spins of B -type Catoms. However, instead of AFM spin ordering, lowest energy state of lane defe
ts
onsisting of even number of C atoms is NM due to the entirely paired pz orbitals.
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Figure 3.3: (Color online) Net magneti
 moments in Bohr magneton within thetriangular ∆d
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h aredelineated by dash-dotted lines and have n 
arbon atoms at their edges. Here
d signi�es the double-sided dehydrogenation. Random shaped domain in
ludingboth one and two-sided H-va
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y parts is also illustrated.
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luding lane defe
ts with equal number ofA- and B -type 
arbon atoms are found to be NM. The resulting net magneti
moment of a double-sided H-va
an
y domains 
an be given by µT = (Nt−Nb)µB,where Nt and Nb denote the number of stripped H atoms from the top and bottomsides, respe
tively. A

ordingly, the net magneti
 moment indu
ed in ∆d
2, ∆d

3, ∆d
4and ∆d

5 domains are 2, 3, 4 and 5 the µB respe
tively. The same argument 
anbe applied to re
tangular Rd
n, hexagonal Hd

n and lane Ld
n domains. Even themagneti
 moment of a domain having arbitrary shape in
luding various single-sided and double-sided H-va
an
y parts, as indi
ated in Fig.3.3, 
an be retrievedby the arguments dis
ussed above. Non-integer value of µT o

urs due to severedistortion of stru
ture. We also note that our results regarding to the unpairedspin of a domain and their net magneti
 moment are in 
omplian
e with Lieb'stheorem[52℄, whi
h distinguishes A- and B -sublatti
es in honey
omb stru
ture.In 
on
lusion, we showed that the intera
tion between unpaired spins asso
i-ated with H va
an
ies in graphane gives rise to interesting magneti
 stru
tures.We revealed simple physi
al me
hanisms underlying the magnetism of single-sided and double-sided va
an
y domains. For single-sided domains, owing tothe tenden
y to pair the spins of π-orbitals of adja
ent C atoms, some of theadsorbed H atoms at the bottom side are relo
ated. At the end, the net mag-neti
 moments 
an be attained in va
an
y domains depending on their size andshape. For double-sided domains, intera
tions underlying the generation of netmagneti
 moment are relatively straightforward and are in good agreement withLieb's theorem. Sin
e the ex
hange 
oupling between di�erent domains are hin-dered by domain walls, very dense data storage 
an be a
hieved through uniform
overage of identi
al domains. It is also noted that a graphane �ake 
omprisinga domain with large magneti
 moment 
an be utilized as a non-toxi
 marker forimaging purposes. While magneti
 2D systems attra
t a great deal of attentiondue to their tunable properties at nanos
ale, our results suggest that the size andordering of magneti
 moments of hydrogen va
an
y domains with thin walls 
anbe used for future data storage and spintroni
s appli
ations.



Chapter 4
Graphane Nanoribbons
In this part of the thesis, we investigate the ele
troni
 and magneti
 properties ofgraphane nanoribbons. We �nd that zigzag and arm
hair graphane nanoribbonswith H-passivated edges are nonmagneti
 semi
ondu
tors. While bare arm
hairribbons are also nonmagneti
, adja
ent dangling bonds of bare zigzag ribbonshave antiferromagneti
 ordering at the same edge. Band gaps of the H-passivatedzigzag and arm
hair nanoribbons exponentially depend on their width. Detailedanalysis of adsorption of C, O, Si, Ti, V, Fe, Ge and Pt atoms on the graphaneribbon surfa
e reveal that fun
tionalization of graphane ribbons is possible viathese adatoms. It is found that C, O, V and Pt atoms have tenden
y to repla
eH atoms of graphane. We showed that signi�
ant spin polarizations in graphane
an be a
hieved through 
reation of domains of H-va
an
ies and CH-diva
an
ies.The results pertaining to this 
hapter are published in Ref.[[53℄℄ and �gures arereprodu
ed with permission of the publisher.4.1 MotivationAfter the synthesis of two dimensional (2D) graphene[6, 8, 9, 10℄, its nanorib-bons (NRs) have been a subje
t of interest both experimentally[22, 23℄ andtheoreti
ally.[26, 54, 25, 28, 12℄ Advan
es in experimental te
hniques is paving the32
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eptional ele
tri
al, opti
al and magneti
 fun
tionalitiesof these nanometer-sized materials to future ele
troni
 te
hnology.Further to numerous theoreti
al and experimental works on graphene and itsNRs, resear
h e�orts have been also devoted to synthesize its various derivatives.Notably, the synthesis of a 2D hydro
arbon in honey
omb stru
ture,[41℄ namelygraphane, followed its predi
tion through theoreti
al works.[42℄ Detailed analysisof hydrogenation pro
esses of graphene leading to graphane and the existen
eof hydrogen (H) frustrations dis
ussed very re
ently.[55℄ Furthermore, it was re-ported that graphane NRs are having more favorable formation energies thanexperimentally available graphene ribbons. [56℄ Re
ently, we reported the pos-sibility of obtaining magnetization through dehydrogenation of domains on 2Dgraphane.[36℄ Modi�
ation of ele
troni
 stru
ture of graphane by introdu
ing ei-ther a hydroxyl group or a H-va
an
y was also investigated with GW self-energy
al
ulations. [57℄ Although there are several re
ent studies on graphane, ele
tri
aland magneti
 properties of its NRs have remained unexplored.Re
ent advan
es in graphane have motivated us to explore the properties ofzigzag and arm
hair graphane NRs. In this thesis, using �rst-prin
iples planewave method within the density fun
tional theory (DFT) we investigated theele
troni
 and magneti
 properties of bare and H- passivated graphane NRs. Wealso explored the e�e
ts of spe
i�
 imperfe
tions on these properties. These arevarious foreign atoms adsorbed on the surfa
es of graphane NRs, va
an
ies andedge roughness. We found that these imperfe
tions 
an attribute interestingfun
tionalities by modifying the ele
troni
 and magneti
 properties of graphaneNRs.We performed �rst-prin
iples 
al
ulations[58℄ within DFT using proje
tor aug-mented wave (PAW) potentials[46℄ and approximate ex
hange-
orrelation fun
-tional by spin polarized lo
al density approximation[47℄ (LDA)as outlined inChapter 2. Kineti
 energy 
uto� h̄2|k + G|2/2m for plane-wave basis set istaken as 500 eV. In the self-
onsistent potential and total energy 
al
ulationsof 2D graphane a set of (35x35x1) k-point sampling is used for Brillouin zone(BZ) integration. The 
onvergen
e 
riterion of self 
onsistent 
al
ulations for



CHAPTER 4. GRAPHANE NANORIBBONS 34ioni
 relaxations is 10−5 eV between two 
onse
utive steps. By using the 
on-jugate gradient method, all atomi
 positions and unit 
ells are optimized untilthe atomi
 for
es are less than 0.03 eV/Å. Pressures on the latti
e unit 
ell arede
reased to values less than 1.0 kBar.In order to 
orre
t the energy bands and band gap values obtained by LDA,frequen
y-dependent GW0 
al
ulations are 
arried out.[45℄ S
reened Coulombpotential W, is kept �xed at initial DFT value W0 and Green's fun
tion G, is it-erated �ve times. GW0 self-energy 
al
ulations are 
arried out with 15 Å va
uumspa
ing, default 
ut-o� potential, 160 bands and 64 grid points.Graphane NRs are treated by the super
ell geometry within periodi
 boundary
onditions. To hinder intera
tions between adja
ent graphane NRs at least 15Å va
uum spa
ing is pla
ed between them. In spe
i�
 
ases double unit 
ell isused in our 
al
ulations to allow the possible antiferromagneti
 (AFM) orderingsalong the ribbon edges. Re
ipro
al spa
e integrations are 
arried out with 1x1x15Monkhorst-Pa
k k-point grids.4.2 Two Dimensional GraphaneFor a better understanding of graphane NRs we start with 2D graphane whi
h isderived from the hydrogenation of graphene, where ea
h 
arbon atom is saturatedby a single hydrogen atom. A

ordingly, the primitive 
ell of graphane 
onsistsof two 
arbon and two hydrogen atoms. Chair like 
on�guration of in�nite sheetof 2D graphane is formed, whereby ea
h 
arbon atoms of A- and B-type sub-latti
es are saturated by hydrogen atoms from above and below, respe
tively, asdes
ribed in Fig. 4.1(a). This is known as the most favorable and stable hydro-
arbon 
onformation.[42, 36℄ The planar graphene honey
omb stru
ture, whi
h isstabilized by planar sp2-hybrid orbitals and π-bonding between adja
ent perpen-di
ular pz-orbitals is pu
kered (bu
kled) as a result of the adsorption of H atoms,whereby a single C atom is bound to three adja
ent C atoms and a single Hatom through 'tetrahedrally 
oordinated' sp3-like hybrid orbitals. The bu
kling,
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Figure 4.1: (Color online) (a) Top and perspe
tive view of the atomi
 stru
tureof in�nite 2D graphane sheet having honey
omb stru
ture. Two sublatti
es ofgraphane are indi
ated by A and B. Bla
k (dark) and blue (light) balls are for
arbon and hydrogen atoms, respe
tively. (b) Charge density 
ontour plots ofdiamond and graphane are shown on a plane passing through C-C-C-C and H-C-C-H bonds, respe
tively. The tetrahedral angle of the diamond θC = 109.47o.Arrows indi
ate the dire
tion of in
reasing 
harge density. The 
al
ulated valuesof θC and θH , namely C-C-C and H-C-C bond angles in graphane respe
tively,are given in Table 4.1. Contour spa
ings are 0.0286 e/Å3. (
) The LDA energyband stru
ture where the orbital 
hara
ter of spe
i�
 bands is also given. Theband gap is shaded yellow/gray.



CHAPTER 4. GRAPHANE NANORIBBONS 36
δ, i.e. the perpendi
ular distan
e between A-type and B-type 
arbon sublatti
es,is 
al
ulated to be 0.45 Å. As a result, the latti
e 
onstant of graphene in
reasesfrom 2.46 Å to 2.51 Å and hen
e the C-C and C-H bond distan
es be
ome 1.52and 1.12 Å, respe
tively, as indi
ated in Fig. 4.1(a). The 
harge density 
ontourplots given in Fig. 4.1(b) indi
ates that the 
harge distribution in graphane es-pe
ially around the C-C bond is reminis
ent of that in tetrahedrally 
oordinateddiamond. In graphane, the angle of θH between H-C and C-C bonds and θC be-tween adja
ent C-C bonds are 107.35o and 111.51o respe
tively. The mean valueof these angles is equal to the tetrahedral angle θC of diamond. The maximum ofthe C-C bond 
harge in diamond and in graphane are found to be ∼ 0.282 and
∼ 0.286 e/Å3, respe
tively.The 
ohesive energy of graphane (per unit 
ell) relative to free C and H atomsis obtained from Ec = 2× EH

T + 2× EC
T −EGra

T , where EH
T and EC

T are the totalenergies of single free C, and free H, whereas EGra
T is the total energy of graphane.The 
ohesive energy depends whether the energies of magneti
 or nonmagneti
states of free C and free H atoms are 
onsidered. Here the 
ohesive energy per unit
ell of graphane is 
al
ulated to be 23.57 (27.65) eV by 
onsidering the magneti
(nonmagneti
) states of free atoms. As for the average C-H bond energy, one 
anuse the formula EC−H = (−EGra

T + EGre
T + 2 × EH

T )/2 where EGre
T is the totalenergy of graphene. The 
al
ulated value is 2.84 (3.74 for nonmagneti
 
ase).We reported[36℄ that the desorption of a single H atom from the graphane isan endothermi
 rea
tion with an energy of 4.79 eV. When 
ompared with theenergy of C-H bond, the desorption energy of single H is larger, sin
e the singleH removal 
reates re
onstru
tion of nearby atoms whi
h further redu
es the totalenergy of the system.Due to sp3-saturation of C atoms, 2D graphane is a nonmagneti
 semi
on-du
tor with a dire
t band gap of 3.42 eV as shown in Fig. 4.1(
). However, thisband gap, whi
h is underestimated within DFT, is 
orre
ted by GW0 approxi-mation to be
ome 5.97 eV.[36, 57℄ While the top of the valen
e band originatesfrom px- and py-orbitals of C atoms, the bottom of the 
ondu
tion band has C-pzorbital 
hara
ter. Earlier, we also 
al
ulate[36℄ the phonon modes of in�nite 2Dgraphane, whi
h yield all real frequen
ies in BZ. Having all frequen
ies positive
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Table 4.1: Comparison of the 
al
ulated quantities of graphene and graphane.Latti
e 
onstant, a; C-C bond distan
e, dC−C ; C-H bond distan
e, dC−H ;the bu
kling, δ [see Fig. 4.1(a)℄; angle between adja
ent C-C bonds, θC [seeFig. 4.1(b)℄; angle between adja
ent C-H and C-C bonds, θH ; energy band gap
al
ulated by LDA, ELDA

g ; energy band gap 
orre
ted by GW0, EGW0

g ; 
ohesiveenergy Enm
c , (Em

c ) obtained with respe
t to nonmagneti
 (magneti
) free atomenergies; the C-H bond energy, Enm
C−H (Em

C−H) obtained with respe
t to nonmag-neti
 (magneti
) free atom energies; photoele
tri
 threshold (work fun
tion), Φ;in-plane sti�ness, C and Poison ratio, ν.
Material a dC−C dC−H δ θC θH ELDA

g EGW0

g Enm
c Em

c Enm
C−H Em

C−H Φ C ν(1x1) unit 
ell (Å) (Å) (Å) (Å) (deg) (deg) (eV ) (eV ) (eV ) (eV ) ( eV ) (eV ) (eV ) (J/m2)Graphene 2.46 1.42 - - 120 - 0.00 0.00 20.16 17.87 - - 4.77 335[?℄ 0.16Graphane 2.51 1.52 1.12 0.45 111.51 107.35 3.42 5.97 27.65 23.57 3.74 2.84 4.97 243[?℄ 0.07indi
ate the stability of graphane stru
ture.An ex
eptional feature of graphane is related with its interesting 
harging
on�guration. While graphene has a 
ovalent bonding, upon the saturation ofea
h C atom by a single H atom, a 
harge of δQ ∼ 0.1 ele
trons is transferredfrom H to C. At the end, the negatively 
harged bilayer of 
arbon atoms be
omessandwi
hed between positively 
harged H layers. Graphane having this 
harg-ing has the photoele
tri
 threshold (work fun
tion) 
al
ulated to be Φ=4.97 eV,whi
h is 0.2 eV larger than that of graphene. In Table 4.1, we presented the 
al
u-lated values related with stru
ture, energy bands, photoele
tri
 threshold et
. ofgraphane and graphene for the sake of 
omparison. To be 
omplete Table 4.1 alsoin
ludes 
al
ulated elasti
 
onstants su
h as in-plane sti�ness[59℄ C [= 1
A
(∂

2ET

∂ǫ2
),where ET is the total energy of the system under strain, ǫ is the uniaxial strainand A is the area of the unit 
ell℄ and Poisson's ratio[20℄ ν.4.3 Graphane NanoribbonsThe ribbons 
ut from a 2D graphane are stru
tures providing important fea-tures for various te
hnologi
al appli
ations. Two major families of graphane NRsare distinguished depending on their orientations; namely arm
hair, and zigzag
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Figure 4.2: (Color online) (a) Atomi
 stru
ture of bare arm
hair graphane NRhaving N=11. The double unit 
ell of the ribbon is delineated by red/dashed lineswith the latti
e 
onstant 2a. Large/bla
k and small/light blue balls indi
ate 
ar-bon and hydrogen atoms. Energy band stru
ture 
orresponding to the arm
hairNR and 
harge density of sele
ted bands are shown in the panels at the righthandside. (b) Atomi
 stru
ture of bare zigzag graphane NR having N=6 with doubleunit 
ell delineated by red/dashed lines and with latti
e 
onstant 2a. Energyband stru
ture and isosurfa
e 
harge density of sele
ted states 
orresponding tozigzag NR are indi
ated. Bands shown by red/dotted lines are derived from edgestates. Zero of energy is set to the Fermi level, shown by dash-dotted lines, ofthe ribbons with H-passivated edges. In spin polarized 
al
ulations double unit
ell is used to allow antiferromagneti
 order along the edges.
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∆E = 0.125E = 0

FM-AFM

E = 0 

AFM-FM

∆E = 0.125Figure 4.3: (Color online) Total energies of possible magneti
 orderings at theedges of bare zigzag graphane ribbons. Cal
ulations are performed in double unit
ell delineated by red/dashed lines. Spin up and spin down states are shown bygreen/dark and grey/light isosurfa
es of the di�eren
e 
harge density, ∆ρ.graphane NRs. Apart from the orientation, graphane NRs are 
hara
terized bytheir widths. For arm
hair graphane NRs, the width, N , is de�ned by the num-ber of C-C dimers in the unit 
ell whi
h are parallel to the axis of the ribbon;for zigzag graphane NRs, N denotes the number of zigzag 
arbon 
hains alongthe ribbon axis. The ele
troni
 stru
ture 
hanges depending on whether the dan-gling bonds of 
arbon atoms at the edge are free (bare) or passivated by single Hatoms. In Fig. 4.2(a) and 4.2(b) we show the atomi
 and ele
troni
 stru
ture ofarm
hair and zigzag graphane NRs with N=11 and N=6, respe
tively.Bare arm
hair NR is a nonmagneti
 indire
t band gap semi
ondu
tor, sin
ethe ele
trons at the dangling orbitals are paired. The band gap of 2D graphaneis redu
ed due to the bands of edge states of dangling bonds o

urring in theband gap. The 
harge density analysis of these edge state bands presented inFig. 4.2(a) 
learly shows that they are lo
alized at the edges of the NR. Uponhydrogen passivation of the threefold 
oordinated edge atoms, the edge statebands in the gap disappear and the dire
t band gap opens up.
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hair graphane NRs, the dangling bonds of the threefold 
oordi-nated 
arbon atoms at both edges of zigzag graphane NRs give rise to edge statesin the band gap. Owing to relatively large distan
e between adja
ent danglingbonds and hen
e their relatively smaller 
oupling, they have minute dispersion.Charge density isosurfa
es of these edge states 
on�rm their lo
alization at theedges. Also, owing to their weak 
oupling the spins of adja
ent dangling bonds
annot be paired. Consequently, ea
h 
arbon atom at the zigzag edge attainsa magneti
 moment of 1 Bohr magneton (µB). The ordering of these magneti
moments is however dramati
ally di�erent from that of the zigzag graphene NRs.The signi�
ant 
oupling between two spin states at di�erent edges gives rise toantiferromagneti
 (AFM) ordering along the graphene edge.The physi
al origin of the magneti
 intera
tions between the edges of graphiti
fragments was treated earlier.[60℄ For zigzag graphene ribbon, 
olle
tive alignmentof the magneti
 moments along the same ribbon edge through the ferromagneti
(FM) intera
tion, but AFM ordering between opposite edges is attributed to mag-neti
 tail intera
tions. The magneti
 ordering of a wide zigzag graphane NRs (∼2 nm) are examined in a super
ell 
omprising two unit 
ells, whereby antiferro-magneti
 ordering between adja
ent dangling bonds at the same edge is allowed.We 
onsider four di�erent orderings, su
h as AFM-AFM (where, respe
tively, theordering of magneti
 moments at the atoms lo
ated at di�erent and same edgeare antiferromagneti
), FM-AFM, AFM-FM and FM-FM as des
ribed in Fig. 4.3.Here the di�eren
e 
harge density is de�ned as the ∆ρ = ρ(↑) − ρ(↓) where ρ↑(↓)is spin up (down) 
harge. Sin
e the magneti
 intera
tion between two edges isvanished, AFM-AFM and FM-AFM orderings have the same total energy 
orre-sponding to the ground state. These orderings are 125 meV energeti
ally morefavorable than the AFM-FM and FM-FM orderings. From this analysis it is re-vealed that AFM spin alignment between adja
ent atoms at the same edge ispreferred by the zigzag graphane NRs. FM ordering between two spins has 62.5meV higher energy. For zigzag NR with N=6, the magneti
 
oupling betweentwo edges is negligible and hen
e either AFM-AFM or FM-AFM orderings havethe same energy and they are ground states. However, when the width of theribbon is less than 12 Å the degenera
y of AFM-AFM and FM-AFM states is
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Figure 4.4: (Color online) Variation of the energy band gap of H-passivated zigzagand arm
hair NRs of graphane as a fun
tion of width given by N . The variationof the band gap with N is �tted to the 
urve given by 
ontinuous line. (See text)broken. The bare zigzag NR is an indire
t and antiferromagneti
 semi
ondu
torwith an indire
t band gap relatively smaller than that of 2D graphane. However,it be
omes nonmagneti
, dire
t band gap semi
ondu
tor upon passivation of thedangling bonds. Also the magneti
 edge states disappear and band gap be
omeslarger.The value of band gap of graphane NRs 
an di�er from that of parent 2Dstru
ture due to a 
ombined e�e
ts of quantum 
on�nement, edge state bands aswell as folding in the dire
tion perpendi
ular to the NR axis. Here we examinedthe variation of the band gap with N and observed that the quantum 
on�nemente�e
t, in fa
t, o

urs in graphane NRs, even if it is not as emphasized as thatfound in graphene NRs. In Fig. 4.4, H-passivated arm
hair and zigzag graphaneNRs displays a quantum 
on�nement e�e
t, namely the band gap redu
ing within
reasing width or N . This behavior is �tted to an expression as:
Egap(N) = 3.42 eV + α exp(−Nβ) (4.1)Here α and β are �tting parameters. The values of α and β are found to
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Table 4.2: Summary of the 
al
ulated quantities for adatoms adsorbed on aH-passivated arm
hair graphane NR. The �rst and se
ond lines in ea
h row as-so
iated with a given adatom adsorbed to edge site and the sites near the 
enterof the graphane NRs, respe
tively. dH , the adatom-nearest hydrogen distan
e;
dC , the nearest adatom 
arbon distan
e; Eb, adatom binding energy; µT , mag-neti
 moment per super
ell; ρ∗, ex
ess 
harge on the adatom (where negative signindi
ates ex
ess ele
trons); Φ, photoele
tri
 threshold (work fun
tion); p, dipolemoment; Ei energies of lo
alized states asso
iated with adatoms. Lo
alized statesare measured from the top of the valen
e band. The o

upied ones are indi
atedby bold numerals and their spin alignments are denoted by either ↑ or ↓. Up to�rst seven adatom states of Ei are shown.
Atom Site dH dC Eb µT ρ∗ Φ p Ei(Å) (Å) (eV ) (µB) (e) (eV ) (e×Å) ↑: Spin-up, ↓: Spin-down StatesC E → E1 1.27 2.05 1.10 2.00 -0.28 3.85 0.02 0.45↑, 0.88↑, 2.17↓, 2.88↓, 3.53↑, 3.64↓

TH → M1 1.12 1.45 3.99 0.00 -0.18 4.02 0.34 0.72, 1.52O E → E4 0.98 1.42 5.67 0.00 -1.23 4.63 0.19 -0.87, -0.50, -0.22, 0.00, 4.80
TH → M1 0.98 1.43 5.89 0.00 -1.27 4.59 0.11 -1.16, -1.02, -0.66, 4.08Si E → E3 1.88 2.65 0.54 2.00 0.03 3.42 0.03 1.20↑, 1.34↑, 2.36↑, 2.43↓, 2.56↓, 2.95↓
TH → TH 1.84 3.00 0.68 2.00 -0.02 3.59 0.42 1.23↑, 1.24↑, 1.93↑, 2.42↓, 2.45↓, 2.46↓Ti E → E2 1.97 2.16 0.81 2.00 0.19 2.65 0.27 1.77↑, 2.30↓, 2.34↑, 2.43↑, 2.81↑, 2.89↑, 3.11↑
TC → TC 1.95 2.52 0.89 3.91 0.31 2.16 0.92 2.18↑, 2.48↑, 2.49↑, 2.95↑, 3.18↓, 3.27↑, 3.28↑V E → E1 1.99 2.40 0.54 5.00 0.14 2.56 0.22 1.49↑, 2.10↑, 2.38↑, 2.43↑, 2.50↑, 2.70↑, 3.16↓
TC → M3 1.71 2.07 1.24 3.00 0.93 3.13 0.43 0.10↑, 0.49↓, 1.45↑, 1.60↑, 1.84↑, 2.20↑, 3.03↓Fe E → E2 1.90 2.15 0.57 4.00 0.05 3.21 0.36 -0.42↑, -0.27↑, -0.08↑, -0.03↑, 0.03↑, 1.48↓, 1.59↑
HO → HO 1.95 2.83 0.65 4.00 0.07 2.98 0.53 -1.15↓, -0.75↑, -0.57↑, -0.41↑, -0.34↑, 0.09↑ , 1.39↑Ge E → E3 1.96 2.71 0.48 2.00 0.00 3.38 0.03 1.27↑, 1.38↑, 2.25↑, 2.41↓, 2.52↓, 2.81↓
TH → TH 1.91 3.06 0.62 2.00 -0.02 3.55 0.36 1.30↑, 1.31↑, 1.89↑, 2.38↑, 2.42↑, 2.43↑Pt E → E5 1.56 2.00 3.79 0.00 -0.13 4.57 -0.09 -0.78, -0.36, -0.13, 0.13, 2.76
TH → M2 1.54 2.04 3.50 0.00 -0.18 4.30 0.34 -0.36, -0.21, 0.38, 2.58, 3.43be 1.18 eV and 0.19 for zigzag graphane NRs (2.15 eV and 0.14 for arm
hairgraphane NRs). The band gaps of both types of graphane NRs go to 3.42 eV as

N → ∞. Considering the GW0 
orre
ted value of the band gap, 5.97 eV, theabove �tting 
an be expressed as Egap(N) = 5.97 + α exp(−Nβ) assuming thatthe same s
issor operation is appli
able for graphane NRs. Apparently, the bandgap values of graphane NRs 
al
ulated using DFT are underestimated and hen
etheir values are expe
ted to o

ur ∼ 2.5 eV larger than presented in Fig. 4.4.Unfortunately, GW0 self-energy 
orre
tions 
annot be performed for graphaneNRs due to large 
omputational time. We note that the variation of band gap isrelevant for N < 22 for zigzag graphane NRs and N < 30 for arm
hair graphaneNRs.
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tionalization of Graphane NRs by AdatomsAdsorption of adatoms is widely used and an e�
ient way to provide new fun
-tionalities to stru
tures in nanos
ale appli
ations.[19, 40, 61℄ Adsorption of C,O, Si, Ge, Pt, V, Fe and Ti adatoms on graphane ribbons is investigated byusing (1x1x6) super
ell of H-passivated arm
hair NR having N=8. Adsorptiongeometry is determined by 
al
ulating the lowest binding energy 
orrespondingto the optimized stru
tures. To this end, the binding energies of adatoms at fourinitial sites des
ribed in Fig. 4.5: These are edge site E; hollow site HO, top siteof the 
arbon TC and top site of the hydrogen atom TH in the middle of NR.The stable binding sites are determined upon stru
ture relaxation. In the same�gure the positions of adatoms after relaxation are also shown. Binding energies(Eb) of these atoms are 
al
ulated by using the expression
Eb = −ET [NR + A] + ET [NR] + ET [A] (4.2)in terms of the total energies of the optimized stru
ture of NR with adatom,

ET [NR + A]; bare NR, ET [NR] and free adatom, ET [A]. Owing to the largegraphane ribbon unit 
ell, k-point sampling is done only along the axis of theribbon. All the energies are 
al
ulated in the same unit 
ell and obtained fromthe lowest ground-state total energies (either magneti
 or nonmagneti
). Initially,at least 2 Å distan
e between adatom and outermost graphane atom is providedto �nd the relaxation site of adatom on the ribbon.An atom adsorbed on NR may give rise to resonan
e states in the valen
eand 
ondu
tion bands, and also lo
alized states in the band gap. Owing to theperiodi
 boundary 
onditions, the energy states asso
iated with these adatomsmay form energy bands. Sin
e we 
onsider a super
ell 
onsisting of six unit 
ellof H-passivated arm
hair NR, the adatom-adatom distan
e is large and prevents
oupling between adja
ent adatoms. In this respe
t, the �at bands asso
iatedwith adatoms 
an mimi
 either resonan
e or lo
alized states relevant for dilutedoping.In Table 4.2, we present nearest neighbor distan
es between adatom and H(dH) and C (dC), binding energy (Eb), total magneti
 moment of the system
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harge transfer between adatom and adsorbate (ρ∗). Sin
e the inversionsymmetry of graphane 
an be broken by the adsorption of an atom, a net ele
tri
-dipole moment 
an be indu
ed thereof. Thus ele
tri
 dipole moment values p,indu
ed by adatom are also listed in Table 4.2. Photoele
tri
 threshold of theadatom+graphane system perpendi
ular to the plane of NR, Φ, is 
al
ulated bythe di�eren
e of the ele
trostati
 potential at distan
es where the gradient of itis negligible and the Fermi level of the adsorbed system. It should be noted thatboth p and Φ is relevant only for uniform 
overage of graphane. For a diluteimpurity these 
al
ulated values 
onverge to that of arm
hair graphane. Whenthe width of arm
hair NR is large enough, one expe
ts the photoele
tri
 threshold,
Φ, and dipole moment, p, to 
onverge to 4.97 eV and 0 eÅ, respe
tively.[36℄We found that some atoms, su
h as C, O, V and Pt that are adsorbed onthe H-passivated arm
hair NR surfa
e show a tenden
y to remove H atoms fromgraphane surfa
e. Sin
e the single atoms of C, O, V and Pt have rather highbinding energy, it seems possible to 
reate graphene domains on graphane bystriping H atoms but 
overing the domain by adsorbed atoms. Independent oftheir initial position, C and O atoms are adsorbed to 
arbon atoms of graphaneby repla
ing H atoms. A typi
al binding 
on�guration of C and O is indi
ated asM1 in Fig. 4.5. Adsorption of C and O atoms o

ur at the middle of ribbon withstrong binding energies of 5.89 and 3.99 eV, respe
tively. The resulting system isnonmagneti
. Binding stru
tures of Pt and V, whi
h also remove H atom fromthe host C atom of graphane, are also shown in the same �gure.Although H has very low binding energy (and hen
e is not shown in Table 4.2),it may be important for striping H atoms from graphane. Upon all geometryrelaxations from di�erent initial 
onditions, single adsorbed H atom prefers tobind on top of H atom of graphane and forms H2 mole
ule whi
h is weakly boundto the nearest C atom. The binding energy of H2 mole
ule is 
al
ulated to be
∼ 36 meV.
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Figure 4.5: (Color online) S
hemati
 representations of possible positions ofadatoms on a large H-passivated arm
hair graphane ribbon. Positions of adatomsobtained after the stru
ture optimization through minimization of total energyand for
es exerting on the atoms are also shown.
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an
ies in Graphane NRsIn our re
ent study[36℄, we showed that a graphane, whi
h has a nonmagneti
(NM) ground state, 
an be made magneti
 simply by removing hydrogen atomsfrom the uniform hydrogen layers adsorbed on its both sides. It was found that themagnetization depends on whether the defe
t region is one-sided or two-sided. Itwas also shown that in 
ertain 
ir
umstan
es remarkably large magneti
 moments
an be attained in a small domain on the sheet of graphane. Experimentally,removal of surfa
e hydrogen atoms by using laser beam resonating with surfa
e-atom bond[48℄ and ioni
 vapor appli
ation[49℄ are reported before. Sin
e it isrevealed that the double-sided va
an
ies give higher magneti
 moments we fo
uson these type of va
an
ies on the ribbons.In this se
tion we 
onsider six di�erent types of va
an
ies in a bare arm
hairNR with N=15. Upon desorption of a single hydrogen atom, as shown in Fig. 4.6,lo
al bonding through sp3-hybrid orbital is retransformed into planar sp2- andperpendi
ular pz-orbitals. At the va
an
y site one ele
tron a

ommodated by thedangling pz-orbital be
omes unpaired and hen
e 
ontributes to the magnetizationby 1 µB. We also 
al
ulated that a single H-va
an
y lo
ated at the 
enter of theNR has 70 meV lower energy than that lo
ated near the edge of the ribbon.The situation is rather intriguing for the magnetization of large domains ofhydrogen va
an
ies. As in the 
ase of single H-va
an
y, leading to transformationof sp3-bonding into planar sp2-bonding, triangular ∆, and re
tangular squareshaped large graphene islands 
an be 
reated by removing H atoms hen
e by
reating H-va
an
y domains. As shown in Fig. 4.6, hydrogen desorbed triangle-shaped island 
onsisting of n 
arbon atom at its ea
h edge is de�ned as ∆n-typeH-va
an
y. Therefore, a ∆n-type va
an
y domain 
an be obtained by removing
n(n + 1)/2 H atom from top side and n(n − 1)/2 H atom from down side ofthe graphane ribbon. This means that n(n+ 1)/2 pz-orbital ele
trons freed fromA-type and n(n−1)/2 pz-orbital ele
trons freed from B-type sublatti
e C atoms.A

ording to the Lieb's theorem [52℄ net magneti
 moment of su
h a system
an be 
al
ulated from the di�eren
e between the sublatti
e atoms. For triangleva
an
ies this di�eren
e is simply equal to n and thus the ∆n-va
an
y domain
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Figure 4.6: (Color online) Atomi
 stru
tures 
orresponding to single-H, double-sided triangular shaped ∆2 and ∆3, double-sided re
tangular shaped, CH and C2H 2 va
an
ies and resulting di�eren
e 
harge ∆ρ = ρ(↑) − ρ(↓), surfa
es for a barearm
hair graphane NR. Large/bla
k and small/light blue-gray balls indi
ate Cand H atoms, respe
tively. Only a small part whi
h in
ludes va
an
y region andits nearby atoms, of the arm
hair NR with N=15 is shown. density.
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 moment with nµB. However, the square-type domains does notyield large magneti
 moments and have values between 0 and 2 µB. It is seen thatmagneti
 intera
tions in double-sided triangular and square H-va
an
y domainsresulting in net magneti
 moments are relatively straightforward and are in goodagreement with Lieb's theorem.We also 
onsider CH- and C2H2-va
an
ies, the synthesis of them are relativelyeasier than 
reating only H-va
an
ies. In our study, these va
an
ies are �rst
reated in a NR by removing involved atoms and subsequently their stru
tures areoptimized. Cal
ulated values of magneti
 moments of the stru
ture are presentedin Fig. 4.6. After the 
reation of a CH-va
an
y on a graphane ribbon, geometri
stru
ture rearranges itself via Jahn-Teller-like distortion in the latti
e. Chargedensity plot in Fig. 4.6 shows the unpaired up and down spin ele
tron stateslo
ated on the region surrounding the va
an
y. It is seen that a bare arm
hairNR, whi
h is nonmagneti
 semi
ondu
tor when it is defe
t free, attains permanentmagneti
 moment in the presen
e of CH-va
an
ies. While CH-type va
an
y makessmall 
hanges in the geometri
 stru
ture, Stone-Wales type deformation o

ursafter formation of the C2H2-va
an
y. Sin
e ele
trons are paired in C2H2-va
an
y,the ground state is again nonmagneti
 and thus there is no visible di�eren
e
harge density in Fig. 4.6. From the point view of Lieb's theorem, removal of aCH 
ouple 
reates an absen
e in the number of pz-orbital ele
tron belonging to aA-type (or B-type) sublatti
e. Upon the 
reation of C2H2-va
an
y, both the A-and B-type sublatti
es lose one ele
tron and thus the di�eren
e is zero resulting ina nonmagneti
 ground state. Our results are 
onsistent with the re
ently reportedvalues for CH-va
an
ies in in�nite sheets of graphane.[62℄



CHAPTER 4. GRAPHANE NANORIBBONS 494.6 Edge RoughnessEarlier, it was shown that the edge roughness of graphene NRs 
an a�e
t theirele
troni
 and me
hani
al properties. In parti
ular, it was revealed that pe-riodi
ally repeating edge pro�les 
an be treated within the superlatti
e stru
-ture, whi
h result in 
on�nement of spin states in zigzag NRs.[63℄ Band align-ments of these superlatti
e stru
tures have been studied both experimentally andtheoreti
ally.[64℄ Here we investigated the e�e
t of periodi
ally repeating edgeroughness of a bare zigzag NR. While one edge of NR is kept �at, periodi
allyrepeating undulations are 
arved at the other edge. The same stru
ture 
anbe viewed as periodi
ally repeating heterostru
tures of wide (N=8) and narrow(N=6) segments of zigzag graphane NRs. Atomi
 and ele
troni
 band stru
tureof this superlatti
e, whi
h mimi
s the edge roughness are shown in Fig. 4.7. Herewe note that in�nite bare zigzag NR with N=8 has a band gap of 0.8 eV, whilethe band gap of in�nite bare zigzag NR with N=6 is relatively wider and 0.9eV. As pointed out in Se
. IV, wide band gap of H-passivated graphane NRs isredu
ed to 0.8-0.9 eV be
ause of edge states of unpassivated dangling bonds ofbare graphane NRs, whi
h appear in the band gap. These edge states in Fig. 4.7of the superlatti
e o

ur as several 
losely lying �at bands below and above theFermi level separated by a superlatti
e band gap of ∼0.8 eV. The 
hara
ter ofvarious bands are revealed by plotting the 
harge density isosurfa
es of variousstates. Charge density isosurfa
es of the highest �lled spin up and spin downedge state indi
ates lo
alization at the �at edge. As for the 
harge distributionof the lower lying valen
e states is rather uniform along the narrow region. Thestates of the �at band at the edge of the 
ondu
tion band is 
on�ned in the widesegment of the superlatti
e sin
e they 
annot �nd a mat
hing state in the nar-row region. As a proof of the 
on
ept, it is shown that ele
troni
 states 
an be
on�ned at spe
i�
 regions of periodi
 edge roughness. Of 
ourse, 
on�nement,superlatti
e band gap et
. depend on the stru
tural parameters of superlatti
esand need detailed investigation.Resear
h on re
ently synthesized graphane revealed interesting ele
troni
 and
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Figure 4.7: (Color online) Energy band diagram and band proje
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CHAPTER 4. GRAPHANE NANORIBBONS 51magneti
 properties of this two dimensional honey
omb stru
ture. Graphane at-tains a sp3-like bonding through 
overing of its both sides by hydrogen atom.This bonding is rather di�erent from the sp2-bonding of graphene and attributesa number of additional properties to graphane. For example, in 
ontrast tosemimetalli
 graphene with linear band 
rossing at the Fermi level, graphaneis a nonmagneti
, wide band semi
ondu
tor.The arm
hair and zigzag graphane NRs of graphane display important num-ber of properties and hen
e 
onstitute basi
 stru
tures to fabri
ate various de-vi
es. Both zigzag and arm
hair graphane NRs are wide band gap semi
ondu
torwhen their edges are passivated with hydrogen. The band gaps vary exponen-tially with their widths. For narrow graphane NRs the band gap is large dueto quantum 
on�nement e�e
t, but approa
hes to the band gap of graphane asthe width in
reases. Unpaired, unpassivated dangling bonds at the edges have1 Bohr magneton magneti
 moment and have antiferromagneti
 
oupling withadja
ent dangling bonds. These graphane NRs 
an be fun
tionalized to attainadditional properties through H-passivation of their edges, adatom adsorption, va-
an
y 
reation, edge pro�ling and superlatti
e formation. In parti
ular, graphaneNRs attain magneti
 moment through the 
reation of H va
an
y at the surfa
esof graphane. This property 
an be utilized to a
hieve interesting fun
tionalitiesthrough de
oration and patterning of H-va
an
ies on the graphane NRs. The pos-sibility of generation of large magneti
 moments at small domains of H-va
an
iesmakes graphane based stru
tures promising fordata storage and nanospintroni
sappli
ations. These fun
tionalities 
an be further extended by adsorbing adatomsto 
arbon atoms deprived from hydrogen.In 
on
lusion, the present study demonstrates that graphane NRs 
an bean important basi
 nanomaterial and presents interesting properties for futurete
hnologi
al appli
ations.



Chapter 5
Fluorinated Graphene
5.1 MotivationRe
ent synthesis of �uorinated graphene introdu
ed interesting stable deriva-tives of graphene. In parti
ular, �uorographene (CF), namely fully �uorinated
hair 
onformation, is found to display 
ru
ial features, su
h as high me
hani
alstrength, 
harged surfa
es, lo
al magneti
 moments due to va
an
y defe
ts anda wide band gap rapidly redu
ing with uniform strain. These properties, as wellas stru
tural parameters and ele
troni
 densities of states are found to s
ale with�uorine 
overage. However, most of the experimental data reported to date nei-ther for CF, nor for other CnF stru
tures 
omplies with the results obtained from�rst-prin
iples 
al
ulations. In this study, we attempt to 
larify the sour
es ofdisagreements. The results pertaining to this 
hapter are published in Ref.[[65℄℄and �gures are reprodu
ed with permission of the publisher.A
tive resear
h on graphene[6℄ revealed not only numerous ex
eptional proper-ties [8, 10, 9℄ but also have prepared a ground for the dis
overy of several graphenebased materials. Preparation of freestanding graphene sheets with nonuniformoxygen 
overage have been a
hieved.[66, 67℄ More re
ently the synthesis of two-dimensional hydro
arbon in honey
omb stru
ture, so 
alled graphane [41℄ (CH),showing diverse ele
troni
, magneti
 and me
hani
al properties [42, 36, 53, 68℄ is52
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ording to Pauling s
ale F has ele
tronegativity of 3.98, whi
h is higherthan those of C(2.55), H(2.20) and O(3.44), and hen
e �uorination of grapheneis expe
ted to result in a material, whi
h may be even more interesting thanboth graphene oxide and CH. Before the �rst synthesis of graphene, �uorinatedgraphite has been treated theoreti
ally. [69, 70℄ Owing to promising propertiesrevealed for CH, �uorinated graphene stru
tures are now attra
ting 
onsider-able interest [71, 72, 73, 74, 75, 76, 77℄ despite un
ertainties in their 
hemi
al
ompositions and atomi
 stru
tures. In an e�ort to identify the stru
tures of�uorinated samples, previous theoreti
al models attempted to dedu
e the lowestenergy stru
tures. [69, 71℄ In addition, band gaps of di�erent stru
tures 
al
u-lated within Density Fun
tional Theory (DFT) are 
ompared with the valuesrevealed through spe
i�
 measurements.[73, 74℄ However, neither the stabilityof proposed stru
tures are questioned, nor underestimation of band gaps withinDFT has been a subje
t matter. Raman spe
trum by itself, has been limited inspe
ifying CnF stru
tures.[74℄In this part of my thesis, we �rst determined stable CnF stru
tures for n ≤ 4.Then we revealed spe
i�
 properties (su
h as internal stru
tural parameters, elas-ti
 
onstants, formation and binding energies, energy band gap and photoele
tri
threshold) for those stable stru
tures as signatures to identify the derivativesprobed experimentally. We pla
ed an emphasis on fully �uorinated graphene or�uorographene (CF), in whi
h D and G Raman peaks of bare graphene disappearafter long �uorination period.[73, 74℄ Present study reveals that the properties,su
h as stru
tural parameters, binding energy, band gap and phonon modes ofvarious �uorinated stru
tures are strongly dependent on the binding stru
ture ofF atoms and their 
omposition. Some of these properties are found to roughlys
ale with F 
overage. While the stable C2F 
hair stru
ture is metalli
, CF is anonmagneti
 insulator with a band gap, Eg, being mu
h larger than 3 eV, i.e. avalue attributed experimentally to fully �uorinated graphene. In view of the 
al-
ulated di�usion 
onstant, Raman a
tive modes and other properties, availableexperimental data suggest that domains (or grains) of various CnF stru
tures withextended and imperfe
t grain boundaries 
an 
oexist after �uorination pro
ess.
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e the measured properties are averaged from diverse perfe
t and imperfe
tregions.Our predi
tions are obtained from �rst-prin
iples plane wave 
al
ulations[43,44℄ within DFT, whi
h is demonstrated to yield rather a

urate results for 
arbonbased materials. Cal
ulations are performed using spin-polarized lo
al densityapproximation (LDA)[47℄ and proje
tor augmented wave (PAW) potentials.[46℄Kineti
 energy 
uto� h̄2|k+G|2/2m for plane-wave basis set is taken as 500 eV.In the self-
onsistent potential and total energy 
al
ulations of �uorographenea set of (25x25x1) k-point sampling is used for Brillouin zone (BZ) integration.The 
onvergen
e 
riterion of self 
onsistent 
al
ulations for ioni
 relaxations is
10−5 eV between two 
onse
utive steps. By using the 
onjugate gradient method,all atomi
 positions and unit 
ells are optimized until the atomi
 for
es are lessthan 0.03 eV/Å. Pressures on the latti
e unit 
ell are de
reased to values lessthan 0.5 kBar. The energy band gap, whi
h is usually underestimated in DFT,is 
orre
ted by frequen
y-dependent GW0 
al
ulations.[45℄ In GW0 
orre
tionss
reened Coulomb potential, W, is kept �xed to initial DFT value W0 and Green'sfun
tion, G, is iterated four times. Various tests are performed regarding va
uumspa
ing, kineti
 energy 
ut-o� energy, number of bands, k-points and grid points.Finally, the band gap of CF is found 7.49 eV after GW0 
orre
tion, whi
h is
arried out by using (12x12x1) k-points in BZ, 15 Å va
uum spa
ing, default
ut-o� potential for GW0, 192 bands and 64 grid points. Phonon frequen
ies andphonon eigenve
tors are 
al
ulated using the Density Fun
tional PerturbationTheory (DFPT).[5℄5.2 Stru
tures of �uorinated grapheneEa
h 
arbon atom of graphene 
an bind only one F atom and through 
overage(or de
oration) of one or two sides of graphene, one 
an a
hieve diverse CnFstru
tures. Uniform F 
overage is spe
i�ed by Θ = 1/n (namely one F adatomper n C atoms), whereby Θ = 0.5 
orresponds to half �uorination and Θ = 1 is�uorographene CF. The adsorption of a single F atom to graphene is pre
ursor



CHAPTER 5. FLUORINATED GRAPHENE 55for �uorination. When pla
ed at diverse sites of a (4 × 4) super
ell of graphene,simple F atom moves to the top site of a 
arbon atom and remains adsorbed there.The resulting stru
ture is nonmagneti
 and its binding energy is Eb=2.71 eV inequilibrium, that is a rather strong binding unlike many other adatoms adsorbedto graphene. An energy barrier, QB =∼0.45 eV, o

urs along its minimum en-ergy migration path. Our 
al
ulations related with the minimum energy path of asingle F atom follow hexagons of underlying graphene. Namely, F atom migratesfrom the highest binding energy site, i.e. top site (on top of 
arbon atom) to thenext top site through bridge site (bridge position between two adja
ent 
arbonatoms of graphene). The 
orresponding di�usion 
onstant for a single F atom,
D = νae−QB/kBT is 
al
ulated in terms of the latti
e 
onstant, a = 2.55 Å and
hara
teristi
 jump frequen
y ν ≈39 THz. Experiments present eviden
es thatenergy barriers on the order of 0.5 eV would make the adatoms mobile.[74℄ More-over, this energy barrier is further lowered even it is 
ollapsed in the presen
e of ase
ond F atom at the 
lose proximity. Consequently, this situation together withthe tenden
y towards 
lustering favors that CnF grains (or domains) of di�erent
n on graphene 
an form in the 
ourse of �uorination. We note that the energybarrier for the di�usion of a single 
arbon adatom adsorbed on the bridge sitesof graphene was 
al
ulated to be in the similar energy range. Carbon adatomson graphene were found to be rather mobile. That energy barrier for single Cadatom was found to de
rease, even to 
ollapse at the 
lose proximity of a se
ondadatom.[78℄In earlier theoreti
al studies, [69, 71, 73℄ the total energies and/or bindingenergies were taken as 
riteria for whether a given CnF stru
ture exists. Even ifa CnF stru
ture seems to be in a minimum on the Born- Oppenheimer surfa
e,its stability is meti
ulously examined by 
al
ulating frequen
ies of all phononmodes in BZ. Here we 
al
ulated phonon dispersions of most of optimized CnFstru
tures. We found C4F, C2F boat, C2F 
hair (See Fig. 5.1) and CF 
hair(See Fig. 5.2) stru
tures have positive frequen
ies throughout the Brillouin zoneindi
ating their stability.Some of phonon bran
hes of CnF stru
tures (for example, CF boat) haveimaginary frequen
ies and hen
e are unstable, in spite of the fa
t that their
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oFigure 5.1: (Color online) Atomi
 stru
ture and 
al
ulated phonon bands (i.e.phonon frequen
ies, Ω(k) versus wave ve
tor, k) of various optimized CnF stru
-tures 
al
ulated along the symmetry dire
tions of BZ. Carbon and �uorine atomsare indi
ated by bla
k (dark) and blue (light) balls, respe
tively. (a) C2F Chairstru
ture. (b) C2F Boat stru
ture. (
) C4F stru
ture. Units are Å for stru
turalparameters and 
m−1 for frequen
ies.
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Table 5.1: Comparison of the 
al
ulated properties of four stable, �uorinatedgraphene stru
tures (namely CF, C2F 
hair, C2F boat and C4F) with those ofgraphene and CH. Latti
e 
onstant, a = b (a 6= b for re
tangular latti
e); C-Cbond distan
e, dCC (se
ond entries with slash di�er from the previous one); C-Xbond distan
e (X indi
ating H (F) atom for CH (CF)), dCX ; the bu
kling, δ; anglebetween adja
ent C-C bonds, αC ; angle between adja
ent C-X and C-C bonds,
αX ; total energy per 
ell 
omprising 8 
arbon atoms ET ; formation energy per Xatom relative to graphene, Ef ; binding energy per X atom relative to graphene,
Eb (the value in parenthesis Eb′ ex
ludes the X-X 
oupling); desorption energy, Ed(see the text for formal de�nitions); energy band gap 
al
ulated by LDA, ELDA

g ;energy band gap 
orre
ted by GW0, EGW0

g ; photoele
tri
 threshold, Φ; in-planesti�ness, C; Poison ratio, ν. All materials are treated in hexagonal latti
e, ex
eptC2F boat having re
tangular latti
e.
Material a (b) dCC dCX δ αC αX ELDA

g EGW0

g ET Ef Eb(Eb′ ) Ed Φ C ν(Å) (Å) (Å) (Å) (deg) (deg) (eV ) (eV ) ( eV ) (eV ) (eV ) (eV ) (eV ) (J/m2)Graphene 2.46 1.42 - 0.00 120 - 0.00 0.00 -80.73 - - - 4.77 335 0.16CH 2.51 1.52 1.12 0.45 112 107 3.42 5.97 -110.56 0.39 2.8(2.5) 4.8 4.97 243 0.07CF 2.55 1.55 1.37 0.49 111 108 2.96 7.49 -113.32 2.04 3.6(2.9) 5.3 7.94 250 0.14C2F 
hair 2.52 1.48 1.47 0.29 116 101 metal metal -89.22 0.09 1.7(0.9) 1.2 8.6/5.6 280 0.18C2F boat 2.54(4.36) 1.51/1.61 1.40 0.42 114/118 100/101 1.57 5.68 -92.48 0.91 2.5(1.6) 2.4 7.9/5.1 286(268) 0.05C4F 4.92 1.49/1.39 1.43 0.34 114/119 104 2.93 5.99 -87.68 1.44 3.0(2.7) 3.5 8.1/5.6 298 0.12stru
tures 
an be optimized. The possibility that these unstable stru
tures 
ano

ur at �nite and small sizes is, however, not ex
luded. For stable stru
tures,the gap between opti
al and a
ousti
al bran
hes is 
ollapsed, sin
e the opti
albran
hes asso
iated with the modes of C-F bonds o

ur at lower frequen
ies.This situation is in 
ontrast with the phonon spe
trum of graphane, [36℄ whereopti
al modes related with C-H bonds appear above the a
ousti
al bran
hes at
∼ 2900 
m−1.The formation energy of �uorination is de�ned as Ef = (nF2

ET,F2
+ ET,Gr −

ET,CnF )/nF in terms of the total ground state energies of optimized stru
tures ofgraphene and �uorinated graphenes at di�erent 
omposition, respe
tively, ET,Gr,
ET,CnF , and the total ground state energy of single 
arbon atom, ET,C , of F2mole
ule and F atom, ET,F2

and ET,F . Similarly, the binding energy of F atomrelative to graphene in
luding F-F 
oupling is Eb = (ET,Gr+nFET,F−ET,CnF )/nFand without F-F 
oupling Eb
′ = (ET,Gr + ET,nFF − ET,CnF )/nF . Here ET,nFF is
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Figure 5.2: (Color online) (a) Atomi
 stru
ture of �uorographene CF. a and bare the latti
e ve
tors (|a| = |b|) of hexagonal stru
ture; dCC (dCF ) is the C-C (C-F) bond distan
e; δ is the bu
kling. (b) Phonon frequen
ies versus waveve
tor k, i.e. Ω(k) of optimized CF 
al
ulated along symmetry dire
tions in BZ.(
) Symmetries, frequen
ies and des
riptions of Raman a
tive modes of CF. (d)Cal
ulated Raman a
tive modes of graphene, CH, CF and C4F are indi
ated onthe frequen
y axis. Those modes indi
ated by "+" are observed experimentally.There is no experimental Raman data in the shaded regions. Units are Å forstru
tural parameters and 
m−1 for frequen
ies.



CHAPTER 5. FLUORINATED GRAPHENE 59the total energy of suspended single or double layers of F o

upying the same po-sitions as in CnF. The desorption energy, Ed is the energy required to remove onesingle F atom from the surfa
e of CnF. nF2
and nF are numbers of F2 mole
ulesand F atoms, respe
tively. The total energies are 
al
ulated in periodi
ally re-peating super
ells 
omprising 8 
arbon atoms and keeping all the parametersof 
al
ulations des
ribed above using spin-polarized as well as spin unpolarizedLDA. Lowest (magneti
 or nonmagneti
) total energy is used as ground statetotal energy.Fluorographene (CF), where F atoms are bound to ea
h C atom of graphenealternatingly from top and bottom sides is energeti
ally most favorable stru
ture.Upon full �uorination, the planar honey
omb stru
ture of C atoms be
omes bu
k-led (pu
kered) and C-C bond length in
reases by ∼10%. At the end, while planar

sp2-bonding of graphene is dehybridized, the bu
kled 
on�guration is maintainedby sp3-like rehybridization. In Table 5.1, the 
al
ulated latti
e 
onstants, internalstru
tural parameters, relevant binding energies and energy band gaps of stableCnF stru
tures are 
ompared with those of bare graphene and CH.[36℄ Notably,internal parameters (su
h as δ, C-C bond length) as well as latti
e 
onstants ofvarious CnF stru
tures vary with F 
overage, Θ. CF, has highest values for Ef ,
Eb, Eb

′ and Ed given in Table 5.1; those of C4F are se
ond highest among stableCnF stru
tures.Sin
e Raman spe
trum 
an 
onvey information for a parti
ular stru
ture andhen
e 
an set its signature, 
al
ulated Raman a
tive modes of stable C4F andCF stru
tures together with those of graphene and CH are also indi
ated inFig. 5.2 (
) and (d). It is known that the only 
hara
teristi
 Raman a
tivemode of graphene at 1594 
m−1 is observed so far. [34, 35℄ Similarly, for CHthe mode at ∼1342 
m−1 is observed.[41℄ One of two Raman a
tive modes ofC4F at 1645 
m−1 seems to be observed.[73℄ In 
omplian
e with the theory, [35℄phonon bran
hes of all these observed modes exhibit a kink stru
ture. However,none of the Raman a
tive modes of CF revealed in Fig. 5.2 has been observedyet. Raman spe
tros
opy in the low frequen
y range may be useful in identifyingexperimental stru
tures.
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troni
 Stru
turesEnergy bands, whi
h are 
al
ulated for the optimized C4F, C2F boat, C2F 
hairand CF 
hair stru
tures are presented in Fig. 5.3 and Fig. 5.4 stru
tures, respe
-tively. The orbital proje
ted densities of states (PDOS) together with the totaldensities of states of these optimized stru
tures are also presented. Analysis ofthe ele
troni
 stru
ture 
an also provide data to reveal the observed stru
ture of�uorinated graphene. As seen in Table 5.1, stable CnF stru
tures have LDA bandgaps ranging from 0 eV to 2.96 eV. Surprisingly, C2F 
hair stru
ture is found tobe a metal owing to the odd number of valan
e ele
trons in the primitive unit
ell. Even if various measurements on the band gap of �uorinated graphene liein the energy range from 68 meV[72℄ to 3 eV,[74℄ these 
al
ulated band gaps areunderestimated by LDA. In
identally, the band gaps 
hange signi�
antly afterthey are 
orre
ted by various self-energy methods. In fa
t, the 
orre
tion usingGW0 self-energy method predi
ts a rather wide band gap of 7.49 eV for CF.The 
orre
ted band gaps for C2F boat stru
ture and C4F are 5.68 eV and 5.99eV, respe
tively. It should be noted that the GW0 self-energy method has beensu

essful in predi
ting the band gaps of 3D semi
ondu
tors.[79℄While predi
ting mu
h larger band gap for CF, the measured band gap of ∼3eV reported by Nair et al.[74℄ marks the serious dis
repan
y between theory andexperiment. The 
hara
ter of the band stru
ture of CF are revealed from theanalysis of proje
ted density of states as well as 
harge densities of spe
i�
 bandsin Fig. 5.4 (b). Condu
tion band edge 
onsists of the antibonding 
ombinationof pz-orbitals of F and C atoms. The pz-orbitals of C atoms by themselves,are 
ombined to form π-bands. The bands at the edge of the valen
e band arederived from the 
ombination of C-px + py and F-px + py orbitals. The total
ontribution of C orbitals to the valen
e band 
an be viewed as the 
ontributionof four tetrahedrally 
oordinated sp3-like hybrid orbitals of s- and p-orbitals ofC atoms. However, the deviation from tetrahedral 
oordination in
reases when
n in
reases or single side is �uorinated. As a matter of fa
t, the total densityof states presented in Fig. 5.3 and Fig. 5.4 mark 
ru
ial di�eren
es. In thisrespe
t, spe
tros
opy data is expe
ted to yield signi�
ant information regarding
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tures of �uorinated graphenes.The 
ontour plots of the total 
harge density, ρT , in the F-C-C-F plane sug-gests the formation of strong 
ovalent C-C bonds from the bonding 
ombinationof two C-sp3 hybrid orbitals. The di�eren
e 
harge density, ∆ρ (whi
h is ob-tained by subtra
ting the 
harges of free C and free F atoms situated at theirrespe
tive positions in CF), indi
ates 
harge transfer to the middle of C-C bondand to F atom, revealing the bond 
harge between C atoms and ioni
 
hara
terof C-F bond. However, the value of 
harge transfer is not unique, but diversi-�es among di�erent methods of analysis.[80, 81℄ Nevertheless, the dire
tion of
al
ulated 
harge transfer is in 
omplian
e with the Pauling ioni
ity s
ale and is
orroborated by 
al
ulated Born e�e
tive 
harges, whi
h have in-plane (‖) andout-of-plane (⊥) 
omponents on C atoms, Z∗
C,‖ = 0.30, Z∗

C,⊥ = 0.35 and on Fatoms Z∗
F,‖ = −0.30, Z∗

F,⊥ = −0.35.Finally, we note that perfe
t CF is a nonmagneti
 insulator. However, a singleisolated F va
an
y attains a net magneti
 moment of 1 Bohr magneton (µB) andlo
alized defe
t states in the band gap. Creation of an unpaired π- ele
tron uponF va
an
y is the sour
e of magneti
 moment. However, the ex
hange intera
tionbetween two F-va
an
ies 
al
ulated in a (7x7x1) super
ell is found to be non-magneti
 for the �rst nearest neighbor distan
es due to spin pairings. Similar tographane,[36, 53℄ it is also possible to attain large magneti
 moments on F-va
antdomains in CF stru
tures.5.4 Elasti
 Properties of CFHaving analyzed the stability of various CnF stru
tures with n =1,2 and 4, wenext investigate their me
hani
al properties. The elasti
 properties of this stru
-ture 
an 
onveniently be 
hara
terized by its Young's modulus and Poison's ratio.However, the in-plane sti�ness C is known to be a better measure of the strengthof single layer honey
omb stru
tures, sin
e the thi
kness of the layer h 
annot bede�ned unambiguously. De�ning A0 as the equilibrium area of a CnF stru
tures,
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ates theplasti
 range. Two 
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al strains in the elasti
 range are labeled as ǫc1 and ǫc2.(b) Variation of the band gaps with ǫ. LDA and GW0 
al
ulations are 
arried outusing 5x5 super
ell having the latti
e parameter of 
0=5a, and ∆c is its stret
hingthe in-plane sti�ness is obtained as C = (δE2
s/δǫ

2)/A0, in terms of strain energy
Es and uniaxial strain ǫ.[68℄ The values of in-plane sti�ness C, and Poisson's ratio
ν, 
al
ulated for stable CnF stru
tures are given in Table 5.1 together with thevalues 
al
ulated for graphene and graphane. For example, the 
al
ulated valuesof CF are C=250 J/m2 and ν=0.14. It is noted that C in
reases with n. For CF(i.e. n = 1), the in-plane sti�ness is 
lose to that 
al
ulated for CH. It appearsthat either the intera
tion between C-F bonds in CF (or the intera
tion betweenC-H bonds in CH) does not have signi�
ant 
ontribution to the in-plane sti�ness.The main e�e
t o

urs through dehybridization of sp2 bonds of graphene throughthe formation C-F bonds (or C-H bonds).A value of Young's modulus around 0.77 TPa 
an be 
al
ulated by estimatingthe thi
kness of CF as h=3.84 Å, namely the sum of the thi
kness of graphene(3.35 Å) and bu
kling, δ (0.49 Å). This value is smaller, but 
omparable with thevalue proposed for graphene, i.e. ∼ 1 TPa. Here the 
ontribution of C-F bondsto the thi
kness of CF is negle
ted, sin
e the intera
tion between C-F bonds hasonly negligible e�e
ts on the strength of CF.In Fig. 5.5 the variation of strain energy Es and its derivative, δEs/δǫ, withstrain, ǫ are presented in both elasti
 and plasti
 regions. Two 
riti
al strain



CHAPTER 5. FLUORINATED GRAPHENE 65values, ǫc1 and ǫc2 , are dedu
ed. The �rst one, ǫc1 , is the point where the derivative
urve attains its maximum value. This means that the stru
ture 
an be expandedunder smaller tension for higher values of strain. This point also 
orresponds tophonon instability[68℄ where the longitudinal a
ousti
 modes start to be
omeimaginary for ǫ > ǫc1 . The se
ond 
riti
al point, ǫc2 (≃ 0.29), 
orresponds to theyielding point. Until this point the honey
omb like stru
ture is preserved, butbeyond it the plasti
 deformation sets in. We note that for ǫc1 < ǫ < ǫc2 the systemis a
tually in a metastable state, where the plasti
 deformation is delayed. Underthe long wavelength perturbations, va
an
y defe
ts and high ambient temperature
ǫc2 approa
hes to ǫc1 . In fa
t, our further mole
ular dynami
s simulations showthat ǫc2 → 0.17 at 300K and to 0.16 at 600K. In the presen
e of periodi
allyrepeating F-va
an
y and C+F-diva
an
y, the value of ǫc2 is also lowered to 0.21and 0.14, respe
tively. Apart from phonon instability o

urring at high ǫ, theband gap is strongly a�e
ted under uniform expansion. In Fig. 5.5(b) we showthe variation of LDA and GW0- 
orre
ted band gaps under uniform expansion.The LDA gap slightly in
reases until ǫ = 0.05 and then de
reases steadily within
reasing ǫ. The GW0-
orre
ted band gap essentially de
reases with in
reasingstrain. For example, its value de
reases by 38% for ǫ = 0.20.Present analysis of �uorinated graphenes shows that di�erent CnF stru
tures
an form at di�erent level of F 
overage. Cal
ulated properties of these stru
-tures, su
h as latti
e parameter, dCC distan
e, band gap, density of states, workfun
tion, in plane sti�ness C, Poisson's ratio and surfa
e 
harge, are shown todepend on n or 
overage Θ. Relevant data reported in various experiments do notappear to agree with the properties 
al
ulated any one of the stable CnF stru
-tures. This �nding lets us to 
on
lude that domains of various CnF stru
tures
an form in the 
ourse of the �uorination of graphene. Therefore, the experi-mental data may re�e
t a weighted average of diverse CnF stru
tures togetherwith extended defe
ts in grain boundaries. In this respe
t, imaging of �uorinatedgraphene surfa
es by s
anning tunneling and atomi
 for
e mi
ros
opy, as wellas x-ray photoemission spe
tros
opy is expe
ted to shed light on the puzzlingin
onsisten
y between theory and experiment.



CHAPTER 5. FLUORINATED GRAPHENE 66Finally, our results show a wide range of interesting features of CnF stru
-tures. For example, a perfe
t CF stru
ture as des
ribed in Fig. 5.2 is a sti�,nonmagneti
 wide band gap nanomaterial having substantial surfa
e 
harge, butattains signi�
ant lo
al magneti
 moment through F-va
an
y defe
ts. Moreover,unlike graphane, half �uorinated graphene with only one side �uorinated is foundto be stable, whi
h 
an be further fun
tionalized by the adsorption of adatoms toother side. For example, hydrogen atoms adsorbed to other side attain positive
harge and hen
e permanent transversal ele
tri
 �eld, whi
h 
an be utilized toengineer ele
troni
 properties.



Chapter 6
Chlorinated Graphene
In this part of the thesis, �rst prin
iples 
al
ulations performed to study the in-tera
tion of 
hlorine atoms with graphene and to predi
t the existen
e of possible
hlorinated graphene derivatives. Di�ering from hydrogen and �uorine adatoms,while the binding of single 
hlorine atom to graphene is signi�
ant, its migrationon the surfa
e of perfe
t graphene takes pla
e almost without barrier. We alsofound that strong Cl-Cl 
oupling in one sided high 
hlorine 
overage of graphenehinders the formation of boat, arm
hair and zigzag 
on�guration. While thebonding of single 
hlorine atom leads to ioni
 bonding and negligible lo
al dis-tortion in the planar graphene, full 
hlorine 
overage (
hlorographene) where one
hlorine atom is bonded alternatingly to ea
h 
arbon atom from di�erent sidesgives rise to the bu
kling and 
ovalent sp3-bonding. We found 
hlorographene agraphene derivative, whose phonon and ele
troni
 energy stru
ture largely deviatefrom those of graphene. Energy optimization and phonon 
al
ulations indi
atethat the 
hair 
on�guration of fully 
hlorinated graphene (
hloragraphene) is en-ergeti
ally most favorable and stable stru
ture. It is a semi
ondu
tor with 1.2eV dire
t band gap, whi
h 
an be tuned by applied uniform strain. The resultspertaining to this 
hapter submitted for publi
ation in Physi
al Review B inRef.[[82℄℄.

67



CHAPTER 6. CHLORINATED GRAPHENE 686.1 MotivationThe dis
overy of graphene[6, 8℄ has started enormous resear
h a
tivity in the�eld of graphene-based nanos
ale devi
es. Although graphene is one of the mostme
hani
ally strong material having a wide range of extraordinary properties,[6, 8, 10℄ pra
ti
al devi
e appli
ations are limited by it's metalli
 behavior andextreme sensitivity to surfa
e adsorbates.E�orts to manufa
ture 
hemi
ally modi�ed graphene 
omposites with tailoredele
troni
, opti
al, and 
hemi
al properties present an ex
iting new dire
tion ingraphene resear
h. In parti
ular, band gap engineering of graphene through 
hem-i
al modi�
ation su
h as oxygenation,[66℄ and hydrogenation[41, 55, 36, 53, 68, 83℄is appealing for ele
troni
 appli
ations, sin
e the s
alable fabri
ation of graphene-based devi
es without disturbing the strong honey
omb latti
e is made possible.However, due to the 
omplex atomi
 stru
ture of grapheneoxides (GOs) and ther-mal instabilities of hydrogenated graphenes (CHs) even at low temperatures,[41,55, 36℄ sear
h for the novel graphene-based materials is still 
ontinuing.Over the past three years experimental[74, 72, 84, 76℄ and theoreti
al[75, 77,65℄ studies have demonstrated that 
hemi
al 
onversion of graphene to �uoro-graphene (CF) is possible. In addition to early studies on the atomi
 
omposi-tion and band stru
ture of �uoro
arbon materials,[69, 70℄ it was reported thatthe monolayer CF has quite di�erent vibrational spe
tra and Raman 
hara
ter-isti
s as 
ompared to hydrogenated graphene analogues.[75℄ We also investigatedthe ele
troni
 and elasti
 properties of possible �uorinated graphene materialsand attempted to 
larify the dis
repan
y between theoreti
al and experimentalresults.[65℄ Easy synthesis, high-quality insulating behavior and extraordinaryme
hani
al strength of �uorographene (CF) have inspired intense resear
h onother halogen de
orated graphene derivatives.In addition to three known derivatives of graphene: GO, CH and CF, thesu

essful synthesis of 
hlorinated graphene was also a
hieved very re
ently.[85℄It is experimentally demonstrated that nondestru
tive and patternable 
onversionof graphene is possible by using photo
hemi
al 
hlorination te
hnique.[85℄ To our



CHAPTER 6. CHLORINATED GRAPHENE 69knowledge there is only a few studies[85, 77, 86, 87℄ on the 
hlorinated grapheneand 
omprehensive resear
h on its 
hara
teristi
 properties is sparse.In this thesis we present a detailed analysis of 
hlorination of graphene. Al-though the possibility of 
overing graphene surfa
es with 
hlorine atoms has beenreported, analysis of stru
tural, ele
troni
 and magneti
 properties as a fun
tionof Cl 
overage is la
king. Our main motivation is to reveal how the proper-ties of graphene are modi�ed with Cl 
overage. To this end we investigatedthe 
hlorination of graphene starting from single Cl adsorption to full 
overageleading to 
hlorographene, namely CCl. At low 
overage with diminishing Cl-Cl
oupling, the binding of Cl to graphene is signi�
ant, but adsorbed Cl atomsmigrate on the surfa
e of graphene pra
ti
ally without an energy barrier. Wefound the non bonding 
hair 
onformation of 
hlorographene (CCl), whi
h wereexamined earlier[77, 86℄ unstable. On the other hand, the 
hair 
onformationof the 
hlorographene, whi
h is found to be most favorable energeti
ally amongvarious stru
tures, is stabilized upon the bu
kling of graphene. It is a non-magneti
 semi
ondu
tor with 1.2 eV dire
t band gap. Our results re
on
ile thedis
repan
y between earlier an experimental study[85℄ obtaining semi
ondu
tingproperties upon the 
hlorination of graphene and theoreti
al studies predi
tingmetalli
 state.[77℄To investigate me
hani
al, ele
troni
 magneti
 properties of 
hlorinatedgraphene 
hlorographene we 
arried out �rst-prin
iples density fun
tional the-ory (DFT) 
al
ulations within the lo
al density approximation (LDA)[47℄ forthe ex
hange-
orrelation fun
tional using proje
tor augmented wave (PAW)potentials.[46℄ For the sake of 
omparison, we also performed 
al
ulations withGeneralized Gradient Approximation[88℄(GGA) together with Van der Waals(vdW) 
orre
tion, (GGA+vdW)[89℄ Numeri
al 
al
ulations are performed usingVASP,[43, 44℄ Kineti
 energy 
uto�, Ecut = h̄2|k+G|2/2m, for plane-wave basisset is taken as 500 eV. A va
uum spa
ing of at least 15 Å is pla
ed between adja-
ent layers to hinder the layer-layer intera
tions. The 
onvergen
e 
riterion of self
onsistent 
al
ulations for ioni
 relaxations is 10−5 eV between two 
onse
utivesteps. Stru
tural optimizations were performed using a 
onjugate gradient algo-rithm until the Hellmann-Feynman for
es on all atoms are less than 0.03 eV/Å.



CHAPTER 6. CHLORINATED GRAPHENE 70Pressures on the latti
e unit 
ell are de
reased to values less than 1.0 kBar. Theadsorption of a single Cl atom to graphene surfa
e is treated using the super-
ell geometry, where single Cl is adsorbed to ea
h (4x4) super
ell. To minimizeva
an
y-va
an
y intera
tion in the study of defe
ts, relatively larger super
ells,namely (6x6) graphene super
ell is used. In the self-
onsistent potential and totalenergy 
al
ulations using a (4x4) super
ell of 
lorographene, a set of (13x13x1)k-point sampling is used for Brillouin zone (BZ) integration. The sampling ofBZ is then s
aled a

ording to the size of the super
ell. Ground state ele
troni
stru
tures are 
al
ulated by applying a dipole 
orre
tion to eliminate the arti�
ialele
trostati
 �eld between periodi
 super
ells. For the 
harge transfer analysis,the e�e
tive 
harge on atoms are obtained by Bader method.[80℄The stabilities of stru
tures having various Cl 
overage are examined by the
al
ulation of phonon frequen
ies for q-wave ve
tors over BZ by using bothsmall displa
ement method (SDM)[4℄ and density fun
tional perturbation the-ory (DFPT).[5℄ We used 196-atom super
ell of 
hlorographene, q-point samplinggrid of 3x3x1 and 0.01 Å displa
ements in 
al
ulations using SDM. DFPT partof the phonon 
al
ulations were performed by using 6x6x1 grid of q-points for
hlorographene unit
ell. A given stru
ture 
onsidered stable, if vibration frequen-
ies are positive for all q-points.The energy band gap, whi
h is usually underestimated by DFT, is 
orre
tedby frequen
y-dependent GW0 
al
ulations.[45℄ In GWo 
orre
tions s
reenedCoulomb potential W, is kept �xed to initial DFT value Wo and Green's fun
tionG, is iterated four times. Finally, the band gap of CCl is 
al
ulated by using(12x12x1) k-points in BZ, 20 Å va
uum spa
ing, default 
ut-o� potential forGWo, 160 bands and 64 grid points.The binding energy of a single adatom X (X=H, F, Cl) to the graphene super-
ell is 
al
ulated a

ording to the expression, Eb = ET [Gr]+ET [X ]−ET [Gr+X ],in terms of the ground state total energies of bare graphene ET [Gr], free X atom
ET [X ], and X adsorbed to graphen ET [Gr+X ]. A

ordingly, Eb > 0 for a boundstate. Similarly the formation energy per adatom for the 
overage of graphene



CHAPTER 6. CHLORINATED GRAPHENE 71

0

20

40

60

80

E
n

er
g

y
  

(m
eV

)

Position on Graphene 

HT B T

92 meV

13 meV

H

T

B

E=13 meV
Q E=92 meV

Q

ν

x
y

z H

B
Ε 
BΕ 

H

= 1.69 
ν

Cl (pz)Cl (px py)

Gr (pz)

Gr (px py)

Spin Up Spin Down

-4

-2

0

2

4

B
a
n

d
 E

n
er

g
y
 (

eV
)

(a)

(b) (c)

(d) (e)

Figure 6.1: (Color online) (a) Variation in energy for a single Cl adatom migratingalong the path Top(T)- Bridge(B)-Hollow(H)-Top sites on a hexagon graphene ina (4x4) super
ell. At ea
h point on the energy 
urve, x- and y-positions adsorbedCl atom are �xed, its z-height, as well as positions of all C atoms in the (4x4)super
ell are optimized by minimizing total energy and atomi
 for
es. Zero ofenergy is set to the energy of T-site. The di�usion path with the lowest energybarrier of Q=13 meV between two adja
ent T-sites are marked with thi
k red/dashed lines. (b) Energy lands
ape of a single Cl adatom adsorbed to graphene.Dark (light) 
olors represents the top (hollow) sites. (
) Potential energy 
ontourplots of Cl atom adsorbed to the T-site. The 
al
ulation of jump frequen
yof Cl atom ν, is obtained from this plot. (d) Band stru
ture of a single Cladsorbed to ea
h (4x4) super
ell of graphene and 
orresponding total (TDOS)and orbital de
omposed (PDOS) densities of states. The zero of band energy isset to the Fermi level. Up-spin and down-spin bands are 
olored with blue andred, respe
tively.



CHAPTER 6. CHLORINATED GRAPHENE 72by adatom X (i.e. X=H hydrogenation; X=�uorination; X=Cl 
hlorination pro-
esses) relative to X2 mole
ule is de�ned as Ef = (nX2
ET [X2]+ET [Gr]−ET [Gr+

X ]/nX , where ET [X2] is the ground state total energy of X2 mole
ule. nCl (nCl2)is the number of Cl atoms (Cl2 mole
ules) per super
ell. For an exothermi
 pro-
ess Ef > 0. The 
ohesive energy of graphene fully 
overed with X, CX relativeto free C and X atoms is de�ned as Ecoh = 2ET [X ] + 2ET [C] − ET [CX ], where
ET [CX ] is the total ground state energy (per unit 
ell) of CX. By de�nition
Ecoh > 0 indi
ates binding relative to individual 
onstituent atoms.6.2 Adsorption of Single ChlorineUnderstanding of the adsorption pro
ess of a single Cl adatom on graphene isessential for the investigation of its 
hlorinated graphene derivatives. A single Clatom adsorbed to graphene is represented by a system where a single Cl adsorbedto ea
h (4x4) super
ell. Based on the analysis dis
ussed in the next se
tion wefound the size of (4x4) super
ell is su�
ient to approximately dis
ard the Cl-Cl
oupling. A

ording to the Pauling s
ale of ele
tronegativity (H: 2.20, C: 2.55,Cl: 3.16 and F: 3.98) the binding of Cl atoms to graphene 
an be expe
tedto be stronger than that of hydrogen adatoms (0.98 eV) and weaker than the�uorine adatoms (2.71 eV). Three di�erent adsorption sites 
an be foreseen forthe adsorption of Cl on graphene as des
ribed in Fig. 6.1. These are the hollow(H) site above the 
enter of hexagon, the top (T) site on top of C atoms, thebridge (B) site above the 
enter of C-C bonds. Among these sites, the strongestbinding of single Cl to graphene is attained at T-site with a binding energy of
Eb=1.10 eV (GGA+vDW value 1.16 eV). The length of Cl-C bond is found tobe dC l−C=2.54 Å. The binding energy of an isolated Cl2 mole
ule is 
al
ulatedto be 3.58 eV. Then the adsorption of 
hlorine on graphene is an endothermi
pro
ess and hen
e it 
an be a
hieved by, for example, the assistan
e of lightabsorption.[85℄The variation of the energy of adsorbed Cl atom at the symmetry pointsand along the symmetry dire
tions are shown in Fig. 6.1 (a). Using this energy
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Figure 6.2: (Color online) The intera
tion energy between two Cl atoms adsorbedto the same side of a (6x6) super
ell of graphene. The zero of energy is set tothe energy of Cl2 plus graphene. nn denotes the neatrest neighbor in graphenelatti
e
urve we reveal the energy barriers to be over
ame by the adsorbate migratingor di�using on the surfa
e of graphene. The minimum energy barrier o

urs atB-site between two adja
ent T-site. The relevant energy barriers are shown onthe 
al
ulated energy lands
aping presented in Fig. 6.1. This analysis suggeststhat a di�using Cl atom 
an take a path of minimum energy barrier above theedges of hexagon from T-site to T-site through the barrier of Q=13 meV at B-site. We note that this barrier is very low and allows Cl atom to migrate on thesurfa
e of graphene as if it rolls along the edges of hexagon. This is a remarkablesituation, where the migration or di�usion of Cl o

urs with almost no barrier, butit remains bound to the surfa
e. This property of Cl adatom on graphene heraldsnumber of possible appli
ations, su
h as superlow sliding fri
tion, sensors anddevi
es for energy harvesting.[90℄ The binding energy of an isolated Cl2 mole
uleis 
al
ulated to be 3.58 eV. Then the adsorption of 
hlorine on graphene is anendothermi
 pro
ess and hen
e it 
an be a
hieved by, for example, the assistan
eof light absorption.[85℄The di�usion 
onstant at a given temperature 
an be obtained from a simple



CHAPTER 6. CHLORINATED GRAPHENE 74expression, D = νa2exp(−Q/kBT ) in terms of energy barrier Q, latti
e 
onstant
a and the 
hara
teristi
 jump frequen
y ν. The 
hara
teristi
 jump frequen
y
an be dedu
ed from the potential energy plot in Fig. 6.1 (
) to be νT→B=0.97and νT→H=1.68 THz. Using these values the di�usion 
onstant at T=300 K (600K) is 
al
ulated for the barrier Q=13 meV to be D=3.57 (4.57) cm2/s.When single Cl is adsorbed to graphene, 0.44 e is transferred from graphene toCl adatom a

ording to Bader analysis.[80℄ Analysis of 
harge density indi
ates anioni
 
hara
ter for the Cl-C bond. However, As we will dis
uss in the next se
tion,
harge transfer from C to Cl and hen
e the 
hara
ter of the bonding 
hanges intwo sided adsorption. The negative 
harge on Cl indu
es a dipole moment ofp=0.67 e· Å between for graphene uniformly 
overed with Cl. Work fun
tion ofbare graphene whi
h is 4.49 eV in
reases to 6.53 eV upon Cl adsorption.While single Cl adatom on the surfa
e of graphene 
an be viewed as an impu-rity leading to lo
alized (or resonan
e) states, our model representing the adsorp-tion using a (4x4) superlatti
e gives rise to an energy band stru
ture, where dis-persion of bands related with adsorbate 
an be taken as the measure of adsorbate-adsorbate 
oupling. The band stru
ture of a single Cl adsorbed to ea
h (4x4)super
ell of graphene presented in Fig. 6.1 (d) has �lled 
hlorine states appearingas �at bands. Be
ause of 7 valen
e ele
trons and hen
e a single un�lled 3p orbitalo

urring below the Fermi level EF of graphene, Cl adsorbed graphene is metal-lized and be
omes magneti
 with µ=0.56 µB due to broken spin degenera
y. Thelinearly 
rossing bands of bare graphene is raised above EF . Sin
e the trigonalsymmetry is 
onserved even after the adsorption of Cl, the 
rossing bands do notopen a gap. The orbital de
omposed density of states in Fig. 6.1 (e) show thatthe �at bands below EF are derived mainly from Cl-3px and Cl-3py orbitals. Wealso examined the band stru
ture of single Cl adsorbed to (5x5) and (6x6) super-
ells. Ex
ept the band folding and slightly enhan
ed �atness of bands originatingfrom adsorbate, the overall features, in parti
ular the magneti
 moments wereun
hanged. We therefore 
on
lude that a Cl adsorbed to ea
h (4x4) super
ell 
anmimi
 su

essfully the single Cl adsorbate on a graphene surfa
e.



CHAPTER 6. CHLORINATED GRAPHENE 756.3 Coverage of Graphene by Chlorine AdatomsThe Cl 
overage is de�ned as the ratio of the number of Cl atoms NCl to the num-ber of 
arbon atoms NC in a super
ell; namely Θ = NCl/NC. The intera
tionbetween two adsorbed Cl as a fun
tion of their separation is important to under-stand the 
overage dependent properties and stability of Cl 
overed graphene. Tothis end we 
onsider two Cl atoms adsorbed to the (6x6) super
ell of grapheneand 
al
ulate the total energies as a fun
tion of the separation between them.Chlorine atoms are pla
ed at spe
i�
 adsorption sites by �xing their x- and y-
oordinates, but their z-
oordinates, as well as the positions of other C atoms inthe super
ell are relaxed. In Fig. 6.2 we show how the Cl-Cl intera
tion 
hangeswith their separation. The Cl-Cl 
oupling is pra
ti
ally negligible when theirseparation greater or equal to 3.6 Å 
orresponding to fourth nearest neighbor.For smaller separations 
orresponding to third nearest neighbor separation ofgraphene, they form Cl2 mole
ule and desorb from graphene surfa
e, sin
e Cl-Cl intera
tion energy be
omes stronger than the sum of the binding energies oftwo Cl atoms to graphene (2.20 eV). A

ordingly, the gain of energy throughthe formation of Cl2 is 1.26 eV per mole
ule. This explains also why 
hlorina-tion of graphene is endothermi
. There is a weak VdW intera
tion between baregraphene and Cl2 mole
ule. The maximum intera
tion of 144 meV o

urs whenthe mole
ule is parallel to a C-C bond and 3 Å above it.Next we examine how the ele
troni
 stru
ture 
hanges with one sided uniform
overage. In Fig. 6.3 we show the band stru
tures 
al
ulated for single Cl atomadsorbed to (nxn) super
ell for n=2,3,5 and 6. Here n=2 and n=3 
orrespondto Θ=0.125 and 0.056. The phonon 
al
ulations for these two 
overage valuesare found stable, sin
e the frequen
ies phonon modes are positive for any k-pointin BZ. The smallest separation between Cl atoms is larger than the thresholddistan
e of 2.8 Å even for Θ=0.125. We see that with in
reasing Θ the disper-sion of Cl bands in
reases and the linearly 
rossing bands start to split due toin
reasing Cl-Cl 
oupling and breaking of trigonal symmetry. The magneti
 mo-ments also in
reases with 
overage, sin
e the splitting of spin-up and spin downbands in
reases. We found µ=0.68 µB and µ=0.64 µB for Θ=0.125 and 0.556,
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ture of a single Cl atom adsorbedto ea
h (nxn) super
ell of graphene for n=2,3,5 and 6, whi
h 
orrespond to theone-sided uniform 
overage Θ = 1/2n2. For n ≥ 2 the 
oupling between adja
entadsorbates is not su�
ient to form Cl2 mole
ule. Whereas for n = 1 (or Θ=0.5)the 
oupling is signi�
ant and form Cl2. The units of magneti
 moments µ isBohr magneton per (nxn) super
ell.respe
tively. On the other hand, a single Cl adsorption to ea
h (1x1) unit 
ell ofgraphene (whi
h 
orresponds to Θ=0.5) is unstable due to Cl-Cl distan
e smallerthan 2.86 Å. Sin
e the uniformly 
hlorinated graphene is found to be metalli
for any 
overage studied here, the experimental studies measuring a band gap of
∼0.05 eV should 
orrespond to two sided 
overage.To understand the formation of 
hlorinated domains on graphene, and hen
eto analyze the kineti
s of Cl 
overage, we examined the adsorption of se
ond Clatom at di�erent sites at the 
lose proximity of the �rst one in (4x4) super
ell.When a Cl is pla
ed on top of a 
arbon atom, se
ond Cl 
an be adsorbed on sixrelevant sites on the hexagonal 
arbon ring as shown in Fig. 6.4.Among the various possible 
ases, the ortho top-bottom arrangement is themost favorable one. While adsorption of a single Cl atom yields 0.05 Å bu
kling
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e, in ortho top-bottom 
on�guration, sp3 type bonding o

urswith 0.46 Å bu
kling between nearest C atoms. In Fig. 6.4(b) the 
ontour plotsof total 
harge density on the planes passing through the bonds 
learly explain theioni
 Cl-C bond formed by the adsorption of single Cl and mainly 
ovalent sp3-bonding of ortho top-bottom 
on�guration. While the 
harge density between Cland C atoms is very low in the former, the bond 
harge is enhan
ed in the latter.As a manifestation of the di�eren
es between two types of bonds we 
omparetheir binding energies and lengths. While the bond length and binding energy ofthe single Cl-C bond are d=2.54 Å and Eb=1.10 eV, respe
tively, the bond lengthand binding energy are d=1.90 Å and Eb=1.71 eV per bond, respe
tively. Thebinding energies per bond in the 
ase of para and meta top-bottom 
on�gurationsare Eb=1.29 eV and Eb=1.41 eV, respe
tively.The situation is however di�erent for one sided (top-top) 
on�gurations. Forthe three one sided 
on�guration, namely ortho, para and meta top-top 
on�g-urations in Fig. 6.2 the Cl-Cl distan
es are within the third neighbors. Owingto the strong Cl-Cl 
oupling, formation of Cl2 mole
ule is favorable energeti
ally.A

ordingly, unlike the half �uorinated graphene[65℄ (C2F), densely one-sided
hlorinated graphene with the 
overage Θ=0.5, namely CCl2 
annot be realized.Next, we 
on
entrate on the 
hemi
al 
onversion of graphene to a fully 
hlo-rinated graphene stru
ture (Θ=1.0), 
alled 
hlorographene. In addition to well-known boat and non bonding 
hair 
onformations one 
an also 
onsider zigzagand arm
hair stoi
hiometri
 
hlorographene 
on�gurations shown in Fig. 6.5.Here, boat, nonbonding 
hair and zigzag 
onformations are treated using (2x2)super
ell; a (4x4) super
ell is required for the arm
hair 
onformations. As a
onsequen
e of the strong Cl-Cl intera
tion, boat, zigzag and arm
hair 
on�gu-rations of Cl atoms 
annot remain stable on graphene. As for the nonbonding
onformations, where Cl atoms are pla
ed at the T-site alternatingly at both sideof graphene, earlier theoreti
al studies[77, 86℄ have reported metalli
 behaviorand high 
ohesive energy. Even if the stru
ture optimization using 
onjugategradient method using the unit 
ell of graphene �nds the nonbonding 
hair stru
-ture stable, present study reveals a large expansion of latti
e from 2.46 Å to2.53 Å weak attra
tive intera
tion of 50 meV per 
ell between graphene and Cl
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Figure 6.4: (Color online) (a) The atomi
 stru
ture two Cl atoms adsorbed toa (4x4) super
ell of graphene. In three di�erent 
on�guration illustrated by toppanels, namely ortho top-bottom, para top-bottom and meta top-bottom twoadsorbed Cl atoms are stable. ∆E indi
ates their energies relative to the totalenergy of the ortho top-bottom 
on�guration. Double sided adsorption imposes alo
al bu
kling in planar graphene. Three one-sided 
on�gurations, ortho top-top,para top- top and meta top-top are not allowed; Cl atoms 
annot be bound tographene, they rather form Cl2 mole
ule. (b) Contour plot of the total 
hargedensity of a single Cl-C bond and two Cl-C bonds in ortho top-bottom 
on�gu-ration. Contours spa
ings between 0.025e/Å3 and 1.0 e/Å3 are 0.025 e/Å3. TheCl-C bonds of ortho top-bottom 
on�guration is reminis
ent of the bonds formedfrom sp3 hybridization, where C atoms are lo
ally bu
kled and bond 
harges area

umulated between Cl and C atoms indi
ating a 
ovalent 
hara
ter. Whereasthe single Cl-C bond is ioni
 with minute lo
al bu
kling of graphene.
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Figure 6.5: (Color online) (a) Atomi
 stru
tures of boat, nonbonding 
hair, zigzagand arm
hair 
onformations. Large green and small gay balls represent Cl and Catoms. (b) Side view of nonbonding 
hair 
onformation and its 
al
ulated phonondispersion 
urves. Low frequen
y phonon modes shown by red lines are relatedto adsorbed Cl atoms. These modes have imaginary frequen
ies and hen
e theyare unstable.
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Table 6.1: Cal
ulated values for CX stru
tures (where X=H,F,Cl); latti
e 
on-stant (a), C-C distan
e (dCC), C-X distan
e (dCX), thi
kness of the layer (t),photoele
tri
 threshold (Φ), 
harge transfer from C to X (∆ρ), 
ohesive energyper unit 
ell (Ecoh), formation energy (Ef), desorption energy of a single X atomfrom the CX surfa
e (Edes), dire
t band gap (Eg), band gap 
orre
ted with GWo

EGWo

g , in-plane sti�ness (C), Raman a
tive modes.
a dCC dCX t Φ ∆ρ Ecoh Ef EX

des Eg EGWo

g C R-active ModesMaterial (CX) Å Å Å Å eV e eV eV eV eV eV J/m2 cm−1Graphene 2.46 1.42 - - 4.49 - -17.87 - - - - 335 1600CH 2.51 1.52 1.12 2.68 4.79 0.06 23.60 +0.39 4.79 3.42 5.97 243 1162, 1164, 1341, 2806CF 2.55 1.55 1.37 3.22 7.93 -0.61 25.31 +2.04 5.46 2.96 7.49 250 245, 681, 1264, 1305CCl 2.84 1.72 1.73 3.96 3.67 -0.13 19.60 -0.95 1.28 1.21 4.33 186 105, 398, 715, 1042monolayers in Fig. 6.5 (b). Moreover, the 
al
ulated phonon dispersions havingimaginary frequen
ies (near M and K high symmetry points of BZ) of Cl in-plane and out-of-plane modes pra
ti
ally isolated from graphene modes indi
atethat nonbonding 
hair stru
ture is unstable. In fa
t, a minute displa
ement orperturbation of atoms in Cl plane results in the 
lustering of Cl atoms, if non-bonding 
hair stru
ture is treated in a (4x4) super
ell. It appears that stru
tureoptimization in earlier studies 
arried out in single 
ell resulted in an erroneousstability.6.4 Stable Fully Chlorinationated Graphene: Chloro-graphene6.4.1 Stru
tural PropertiesOur analysis indi
ates that like graphane and �uorographene, the 
hair stru
ture
hlorographene CCl, where one 
hlorine atom is atta
hed to ea
h 
arbon atomalternatingly from top and bottom sides is energeti
ally most favorable and stablestru
ture. The atomi
 stru
ture together with stru
tural parameters obtainedafter stru
ture optimization are given in Fig. 6.6 (a). In the rest of thesis wename this stable stru
ture as 
hlorographene or CCl. It has hexagonal latti
e
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e group P − 3m1. The remarkable situation is that the planar and
sp2-bonded graphene is bu
kled by δ=0.49 Å. This way the lo
al 
on�gurationof three folded sp2-bonding has 
hanged to four folded sp3-bonding, reminis
entof tetrahedrally 
oordinated diamond stru
tures. Formation of four folded sp3-bonding through bu
kling is essential for the stabilization of CCl, despite theC-C distan
e in
reased from 1.42 Å to 1.72 Å. While the C-Cl ioni
 bond in theadsorption of single Cl adatom is 2.54 Å, it transforms to a 
ovalent bond by
ontra
ting to 1.73 Åin 
hlorographene. The latter bond 
an be 
ontrasted withthe Cl-graphene distan
e in nonbonding 
hair stru
ture.In Table 6.1 we 
ompare the stru
tural parameters, relevant energies like 
o-hesive energy, formation energy and desorption energy of graphene, CH, CF andCCl, all 
al
ulated by using LDA. Cohesive energy (Ecoh) is an indi
ation of thestability of a material with respe
t to similar stru
tures. It is seen that Chloro-graphene has CCl has lowest Ecoh per unit 
ell among other possible graphenederivatives. Whether the synthesis of 
hlorographene from graphene and Cl2mole
ule 
an be a
hieved spontaneously is dedu
ed from the formation energy
Ef . By de�nition the negative formation energy 
al
ulated for CCl indi
atesthat the synthesis is endothermi
 and 
annot take pla
e spontaneously. However,on
e CCl is synthesized a desorption energy of 1.28 eV is required to take a singleCl atom out.6.4.2 Vibrational Properties and Raman Spe
traChair 
on�guration of 
hlorographene (CCl) posses D3d point group symmetry.Phonon dispersion for CCl is shown in Fig. 6.6(b). It is seen that all the phononmodes have positive frequen
ies and hen
e the predi
ted stru
ture of 
hloro-graphene is stable. Though the 
hlorographene belongs to the same spa
e groupwith CH and CF,[65, 75℄ the phonon frequen
ies are lowered (softened) due to thesaturation of C atoms with heavy Cl atoms. Both Cl and C atoms 
ontributesalmost equally to the a
ousti
 modes. Unlike the phonons of nonbonding 
hairstru
ture, Cl 
ontributes to all phonon bran
hes. Therefore, the phonon spe
-trum of 
hlorgraphene di�ers from the spe
trum of graphene. While LA and TA
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Figure 6.6: (Color online) (a) Top, side and tilted views for the atomi
 stru
-ture of 
hlorographene layer having hexagonal latti
e and honey
omb stru
ture.Carbon and 
hlorine atoms are indi
ated by gray (dark) and green (light) balls,respe
tively. Cal
ulated stru
tural parameters are indi
ated. (b) Phonon bandsof 
hlorographene 
al
ulated using by SDM[4℄ and DFTPT[5℄ methods are pre-sented.



CHAPTER 6. CHLORINATED GRAPHENE 83modes have linearly dependent to phonon wave ve
tor, ZA mode has a quadrati
dispersion in the vi
inity of Γ-point.[65, 75℄ As 
ompared to single layer graphene,LO and TO (ZO) opti
al modes are softened from 1600 (900) to 1061 (421) cm−1due the existen
e of surrounding Cl layers. It appears both that SDM and DFPTagree and only slightly di�er at M and K point for opti
al phonon bran
hes nearat 500 cm−1.Group theory analysis shows that the de
omposition of the vibration repre-sentation at the Γ- point is Γ = 2A1g+2A2u+4Eg+4Eu. Among these, the modesat 105, 398, 715 and 1042 cm−1 are bond stret
hing modes and are Raman-a
tive.Raman mode A1g at 1042 (398) is entirely due to the out-of-plane vibration ofC and Cl atoms moving in the same (opposite) dire
tion with respe
t to ea
hother. The observation of these Raman a
tive modes are expe
ted to shed lighton the Cl 
overage and the stru
ture of 
hlorinated graphene. The observation of
hara
teristi
 D-peak at 1330, G-peak at 1587 and 2D-peak at 2654 cm−1 from
hlorinated graphene indi
ates low 
overage of Cl.[85℄ Sin
e the Raman measure-ments were performed in the range of 1250-3500 cm−1, possible Raman-a
tivepeaks originating from 
hlorine atoms may not have been observed.Phonon frequen
ies, whi
h are 
al
ulated to be positive at all k-points of BZindi
ate that CCl is stable at T=0K. Our MD 
al
ulations at T=500 K indi
atethat CCl is also stable at room temperature. However, the stru
ture disso
iatesinto Cl2 and graphene at 1000 K.6.4.3 Ele
troni
 PropertiesWe present the band stru
ture and orbital de
omposed density of states of fully
hlorinated graphene CCl in Fig. 6.7. As a 
onsequen
e transition from sp2- toof sp3-type bonding and dramati
 mixing with Cl orbitals through Cl-C 
ovalentbonds, linearly 
rossing semimetalli
 bands of graphene 
hanges dramati
allyand turn to a nonmagneti
 semi
ondu
tor with a dire
t band gap of 1.21 eV(GGA+vdW value: 1.55 eV) at the 
enter of BZ. The two-fold degenerate bandsat the top of valen
e band are mainly 
omposed of the pxy valen
e orbitals of
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CHAPTER 6. CHLORINATED GRAPHENE 85Cl and C atoms and belong to the Eg irredu
ible representation. However, non-degenerate 
ondu
tion band edge is formed by the hybridization of C-pxy, C-pz,C-s and Cl-pz and belongs to the A2u irredu
ible representation. Cal
ulated val-ues relevant for the ele
troni
 properties of CCl are given together with thoseof graphene, CH and CF in Table 6.1. CCl has the lowest band gap (1.21 eV)among graphene derivatives, i.e. graphane (3.42 eV) and �uorographane (2.96eV). Our 
al
ulations also reveals that the experimentally observed energy gap of0.045 eV may arise from the partially 
hlorinated regions. While graphane have apositively 
harged surfa
e due to the ele
tron transferred from H to C atoms, Cllayers of CCl are negatively 
harged sin
e 0.13 ele
trons (GGA+vdW value: 0.10ele
trons) are transferred from C to Cl atoms. We note that the e�e
tive 
hargeis redu
ed from 0.42 to 013 ele
trons by going from ioni
 C-Cl bond in single Cladsorption to the 
ovalent C-Cl bond of 
hlorographene. This 
orroborates ourarguments related with the 
hange of 
hara
ter of bonding in CCl.Sin
e DFT usually underestimates the band gaps, the band gap of 3D bulk
rystals are su

essfully 
orre
ted by GWo self-energy method. In the presentthesis we apply GWo method to 
orre
t valan
e and 
ondu
tion bands and hen
ethe band gap of CCl. We found the 
orre
ted band gap 4.33 eV. This is a dramati
in
rease. Similar situation o

urred for the 
orre
tion of band gaps 
arried outfor single layer stru
tures, su
h as BN[91℄, CF[65℄ and MoS2[92℄. In parti
ular,while LDA predi
ted band gap of single layer MoS2 agrees with experiment, GWo
orre
tion yielded very large band gap. This situation led us to question whetherGWo 
orre
tion is suitable for single layer stru
tures. Nevertheless, we hope thatthe paradoxi
al situation and hen
e the suitability of GWo 
orre
tion will beresolved with new experimental data on the band gap. It is also found that it ispossible to lower the photoele
tri
 threshold of graphene from 4.49 eV to 3.67 eVby 
overing its surfa
es with 
hlorine atoms. In 
ontrast, as one noti
es in Table6.1, both �uorinated[65℄ and hydrogenated[36, 75℄ derivatives of graphene havephotoele
tri
 thresholds higher than graphene and CCl. The lower photoele
tri
threshold provide materials highly emissive surfa
es and this fa
ile photoemissionfeature is desirable for fast laser appli
ations.[93, 94℄
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hani
al PropertiesEarlier studies have shown that graphane[68, 53℄ and �uorographene[65, 75℄derivatives are strong materials 
omparable with graphene. Among the threegraphene derivatives 
hlorographene is the thi
kest one and we 
an expe
t somedi�erent me
hani
al properties. We will dis
uss the stru
tural rigidity of 
hloro-graphene within the harmoni
 range of the elasti
 deformation, where the stru
-ture responded to strain ǫ linearly and reversibly. Under elasti
 range, in-planesti�ness C would be a good measure of the response of material. Here we use theexpression to 
al
ulate in-plane sti�ness, C = (1/A0) · (d2ES/dǫ
2), where A0 isthe equilibrium area of the super
ell and the strain energy is de�ned as the totalenergy at a given uniform strain minus the total energy at zero strain, namely

Es = ET (ǫ)−ET (ǫ = 0). Here the strain in one dire
tion is ǫ = ∆c/co, where c0is the equilibrium latti
e 
onstant of super
ell and ∆c is its stret
hing. For CClwe 
al
ulated C as 186 J/m2 whi
h identi�es it as strong as CH and CF.In Fig. 6.8(a) we show the variation of the strain energy Es and the derivativeof strain energy dEs/dǫ with the applied uniform strain. It is linear for small ǫ inthe harmoni
 range. The elasti
 deformation o

urs until the maximum, wherebythe stru
ture attains its initial state when the applied strain is lifted. Beyond themaximum the stru
tural instabilities sets in with irreversible deformations. Theregion beyond the maximum is 
alled plasti
 region. This region It seen that CClundergoes instability, under 0.15 expansion of the latti
e. Whereas, the 
riti
alexpansion values are 0.20 and 0.24 for CF and CH, respe
tively.We also 
al
ulated the e�e
t of elasti
 strain on the band gap of CCl, CF andCH. It is obvious that the CH and CCl have similar response to elasti
 strain.Their band gap in
rease �rst, then de
reases. In 
ontrast, initially the band gapof CF does not show any signi�
ant in
rease with in
reasing strain; for smallstrain it is almost unaltered, but de
reases rapidly for large strain. Be
ause ofits smaller band gap, the metallization of CCl o

urs earlier in the 
ourse ofexpansion.
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tsDepending on the synthesis te
hniques and laboratory 
onditions diverse defe
tsand va
an
ies 
an be formed on the 
rystal stru
ture. In our previous works on CFand CH, we have found that the various types of va
an
ies 
an also be utilized tomodify the ele
troni
 and magneti
 properties of graphene derivatives.[65, 36, 95℄In parti
ular, one 
an attain magneti
 moments by 
reating va
an
ies of X inCX 
onformers. In the 
ase of CCl, the desorption of a single Cl atom requires1.28 eV energy and hen
e the va
an
y of Cl 
reation is easier with respe
t to CHand CF. In this thesis we investigated various va
an
ies in CCl as illustrated inFig. 6.9In the top panels of Fig. 6.9 we show ClN) va
an
ies for N=1-4. The groundstate of a single Cl va
an
y of CCl, Cl(1) is found to be nonmagneti
. Themagneti
 state with µ=1.0 µB magneti
 moment o

urs only 40 meV above theground state. In 
ontrast, the single va
an
ies of CF and CH are known to bemagneti
 and have magneti
 moment µ=1.00 µB. However, for the Cl2 va
an
y,Cl-free 
arbon atoms are dimerized and make sp2-type bonding and therefore theground state is nonmagneti
 as in CF and CH. Similar to single Cl va
an
y 
ase,Cl3 va
an
y has a nonmagneti
 ground state. Finally we 
al
ulated 0.44 µB forCl4 va
an
y. In the present 
ase, the deviations from the Lieb's theorem o

ursdue to strong 
oupling between Cl adatoms.In the middle panels of Fig. 6.9 (CCl)N va
an
ies or holes with N=1-4 areshown. These type of va
an
ies may be obtained in single layer stru
tures atthe grain boundaries by irradiation with heavy atoms. The optimized stru
tureof (CCl)1 va
an
y has a magneti
 ground state of µ= 1.0 µB. This situation isin 
omplian
e with the Lieb's theorem[52℄ due to unpaired ele
tron of missingC atom. However the fragmentation for (CCl)2, (CCl)3 and (CCl)4 va
an
ies ineven 6x6 super
ells, also 
al
ulated. Su
h an easy fragmentation pro
ess maypermit the synthesis of narrow nanoribbons with suitably tailored edges.While the energy optimization based on 
onjugate gradient indi
ates that theabove types of va
an
ies and holes are stable, the ab-initio MD 
al
ulations result
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iation of Cl2 from the holes or the domains of CCl. Moreover, if a singleCl va
an
y is found at one side of CCl, another Cl va
an
y 
an also formed atthe other side. Interestingly, a pair of Cl va
an
ies at di�erent sites and aboveadja
ent 
arbon atoms appear to be stable at 500K.In summary, this 
hapter, intera
tion of 
hlorine atoms with graphene and thepossible 
hllorinated graphene derivatives are investigated. It is found that whilethe binding of single 
hlorine atom to graphene is signi�
ant, its migration onthe surfa
e of perfe
t graphene takes pla
e almost without barrier. However, it iseasy for two Cl atoms at 
lose proximity to form Cl2 mole
ule and to desorb formthe surfa
e. The energy optimization and phonon 
al
ulations indi
ate that the
hair 
on�guration of fully 
hlorinated graphene (
hloragraphene) is energeti
allyfavorable and stable stru
ture. Ele
troni
 properties of the 
hlorographene asemi
ondu
tor with 1.2 eV bandgap 
an be tuned rapidly via applied strain.However, the va
an
y defe
ts in fully 
hlorinated graphene give rise to stru
turalinstabilities.



CHAPTER 6. CHLORINATED GRAPHENE 90
Cl  defect Cl  defect Cl  defect Cl  defect2 3 4

CCl  defect (CCl)  defect (CCl)  defect (CCl)  defect2 3 4

µ = 1.00 

µ = 0.00 µ = 0.00 µ = 0.0 µ = 0.44 

fragmentation fragmentation fragmentation

Fragmentation due to (CCl)   defect
2

Figure 6.9: (Color online) Top Panels: Atomi
 stru
ture of various types ofdefe
ts, ClN N=1-4 and their 
al
ulated magneti
 moments. Middle Panels:(CCl)N defe
ts with N=1-4 and their 
al
ulated magneti
 moments. (
) BottomPanels: Fragmentation of the stru
ture CCl having a single (CCl)N hole in thesuper
ell.



Chapter 7
Graphene Nano
oatings
In this 
hapter, it is demonstrated that graphene 
oating 
an provide an e�
ientprote
tion from oxidation by posing a high energy barrier to the path of oxygenatom, whi
h 
ould have penetrated from the top of graphene to the rea
tivesurfa
e underneath. Graphene bilayer, whi
h blo
ks the di�usion of oxygen witha relatively higher energy barrier provides even better prote
tion from oxidation.While an oxygen mole
ule is weakly bound to bare graphene surfa
e and hen
ebe
omes rather ina
tive, it 
an easily disso
iates into two oxygen atoms adsorbedto low 
oordinated 
arbon atoms at the edges of a va
an
y. For these oxygenatoms the oxidation barrier is redu
ed and hen
e the prote
tion from oxidationprovided by graphene 
oatings is weakened. Our predi
tions obtained from thestate of the art �rst-prin
iples 
al
ulations of ele
troni
 stru
ture, phonon densityof states and rea
tion path will unravel how a graphene 
an be used as a 
orrosionresistant 
oating and guide further studies aiming at developing more e�
ientnano
oatings.

91



CHAPTER 7. GRAPHENE NANOCOATINGS 927.1 MotivationThe rea
tion of material surfa
es with oxygen and 
ontrolling damages from
orrosion have been the subje
t of intensive resear
h for de
ades. While pro-te
tive ma
ros
ale 
oatings give rise to the modi�
ation of the sizes and someother physi
al properties of rea
tive surfa
es, progress made to date has revealedseveral advantages of nanos
ale 
oatings in prote
tion from 
orrosion and wear.Graphene,[6℄ being not only the thinnest ever but also the strongest material,has the potential for nano-
oating appli
ations.[96℄ When sti
ks to or grown onvarious surfa
es, graphene adds only negligible thi
kness to the size of the un-derlying sample and forms an ele
tri
ally and thermally 
ondu
tive 
oating onit.[96℄ Moreover, graphene has ex
eptional me
hani
al, thermal and 
hemi
al sta-bility. Experimentally, the graphene 
oatings on Cu, Cu/Ni alloy, Pt and Irsurfa
es have been exploited.[96, 97℄ XPS and SEM images presented eviden
esthat Cu and Cu/Ni surfa
es 
an be prote
ted from oxidation through graphene
oating.[96℄ However, despite these re
ent progresses, very little is known howand why graphene layer 
onstitutes a prote
tive 
oating on rea
tive surfa
es andwhat are its limitations.In this study we show that graphene 
an easily be oxidized by oxygen atomswhi
h form strong 
hemi
al bonds on its surfa
e. Despite that the graphene
oating 
an prote
t solid surfa
es from oxidation by posing a high energy barrierto any adsorbed oxygen atom di�using from the top of graphene to the interfa
ebetween graphene and the rea
tive surfa
e underneath. Be
ause of this barrierperpendi
ular di�usivity of oxygen atom is pra
ti
ally zero as 
ompared to itslateral di�usivity. Although an oxygen mole
ule is weakly bound to grapheneand does not have any dire
t role in the oxidation, it 
an be indire
tly involvedby disso
iating into two atomi
 oxygens. These oxygen atoms form relativelystronger 
hemi
al bonds with twofold 
oordinated 
arbons but en
ounter mu
hlower oxidation barrier when di�use towards the rea
tive surfa
e. Poor prote
tionfrom oxidation at defe
t sites 
an be 
ir
umvented by multilayer graphene 
oating.In 
ontrast, BN, an ioni
 single layer honey
omb stru
ture does provide prote
tionnot as good as graphene.
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Figure 7.1: Oxidation of the Al(111) surfa
e: (a) Atomi
 
on�guration of anoxygen atom adsorbed to Al(111) surfa
e, whi
h is represented by a 4-layer slab.Oxygen and Al atoms are illustrated by small-red and large-blue balls with nu-merals indi
ating their layer numbers from the top. Al atoms at the fourth layerare hidden below the �rst layer atoms. (b) Density of states (DOS) proje
ted to
s- and p-orbitals of adsorbed O, surfa
e and subsurfa
e layers of Al(111) slab.Zero of energy is set to Fermi energy.



CHAPTER 7. GRAPHENE NANOCOATINGS 94Our study pro
eeds in three 
omplimentary and sequential steps: In the �rststep we examine the intera
tion of O2 and O atoms with a bare rea
tive metalsurfa
e and with a bare pristine graphene, where importnt features are dis
overed.Se
ond step deals with the sti
king of graphene to a �at, unoxidized surfa
e, whi
his vulnerable to oxidation. In the third step, we show how graphene 
oating hin-ders oxygen atoms from di�usion towards the prote
ted surfa
e. Our results areobtained by performing �rst-prin
iples, spin-polarized 
al
ulations[43, 44℄ withinDensity Fun
tional Theory. We used Generalized Gradient Approximation[88℄in
luding Van der Waals (vdW) 
orre
tion[89℄ and PAW potentials.[46℄ To min-imize the 
oupling between adsorbed atoms or mole
ules, the binding energiesand rea
tion paths are 
al
ulated using large (4x4) or (6x6) super
ells. For the
oated surfa
es a grid of 25x25x1 k-points is used. The 
onvergen
e 
riterionof self 
onsistent 
al
ulations for ioni
 relaxations is taken 10−5 eV between two
onse
utive steps. By using the 
onjugate gradient method, atomi
 positions andlatti
e 
onstants are optimized until the atomi
 for
es are less than 0.05 eV/Å.The energeti
s of various paths of O or O2 are 
al
ulated by for
ing them todispla
e from above to below. The amount of displa
ement is spe
i�ed as inden-tation in the �gures. In some 
ases, the rea
tion paths of O are �xed, but therest of atoms are relaxed to estimate the asso
iated energy barriers. The pathof minimum energy barrier is determined by relaxing 
arbon atoms, as well aslateral x- and y-
oordinates of O or O2 at ea
h step of indentation.7.2 Oxidation of Al Surfa
e and GrapheneSin
e we are not 
on
erned with sample spe
i�
 details of oxidation behaviors ofthe prote
ted surfa
es, Al(111) surfa
e is taken here only as a prototype metalsurfa
e vulnerable to oxidation when exposed to atmosphere, but is prote
ted bypla
ing a graphene sheet between its surfa
e and atmosphere. Al(111) surfa
ealone is represented by a 4-layer Al(111) slab as des
ribed in Fig. 7.1. It hasmetalli
 and nonmagneti
 ground state, and its states at the Fermi level are
omposed of mainly 3pxy- and partially 3s-orbitals of Al atoms. The work fun
tionfor this slab is 
al
ulated to be 4.06 eV, whi
h is 
omparable to the experimental
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ate favorable path forthe di�usion of oxygen atom on the graphene surfa
e. (b) Oxygen atom ad-sorbed at the bridge site of a (4x4) super
ell of graphene 
onsisting of 32 
arbonatoms. (
) Ele
troni
 energy band stru
ture 
orresponding to (b) together withthe 
harge densities of spe
i�
 
ondu
tion and valen
e band states. Upon ox-idation the linearly 
rossing π and π∗ states of semimetalli
 bare graphene aremodi�ed and opened a band gap of 0.58 eV. (d) Density of phonon modes ofa pristine graphene (shaded area) and those of oxygen adsorbed to the bridgesite of the (4x4) super
ell of graphene (red line) are 
al
ulated from the �rstprin
iples.[98℄ Relevant lo
alized phonon modes are indi
ated by insets.



CHAPTER 7. GRAPHENE NANOCOATINGS 96value of 4.24 eV measured experimentally[99℄ for Al(111) surfa
e. We 
al
ulatethat an oxygen atom strongly bound to the Al(111) surfa
e with 7.71 eV bindingenergy at the f

 site and 7.24 eV for h
p site. Fig. 7.1 (b) presents the densitiesof ele
troni
 states proje
ted to adsorbate O, surfa
e and subsurfa
e layers ofAl(111) slab. Apparently, 2p-orbitals of adsorbed O mix with the 3p and 3s-orbitals of Al substrate in a wide energy range to form a strong bond. Oxygenmole
ule by itself intera
t strongly with Al(111) surfa
e; it disso
iates into atomi
oxygens, whi
h in turn are adsorbed at f

 and h
p sites.Bare graphene 
an also be easily oxidized, whereby oxygen atoms are adsorbedat the bridge site positions above any C-C bond of graphene and be
ome nega-tively 
harged. The binding energy is 
al
ulated to be 2.56 eV at the bridge site,hen
e O atoms at the top- or hollow- (i.e. 
enter of hexagon) site in Fig. 7.2 movefavorably to the bridge site. In Fig. 7.2 (
) single O adatom adsorbed to a (4x4)graphene super
ell opens a gap of 0.58 eV. This explains why domains of dark(metalli
) graphene surfa
e be
omes re�e
ting (insulator) upon oxidation.[100℄Adsorbed oxygen atom give rise to several lo
alized phonon modes shown in Fig.7.2 (d), whi
h will be used in estimating the 
hara
terized frequen
y and the dif-fusivity thereof. Reversible oxidation-deoxidation of graphene through heating or
harging has been pointed out as potential ele
troni
 devi
e appli
ation.[100, 101℄Reversibility is a strong eviden
e that graphene surfa
e remain 
hemi
ally stablein the 
ourse of oxidation-deoxidation; neither bond breaking nor modi�
ation ofhoney
omb stru
ture does o

ur. However, the situation is dramati
ally di�erentfor several other surfa
es, su
h as Si, Fe, Te, Al, Cu et
, where the 
hemi
alstability is destroyed upon oxidation.[102, 103, 104, 96℄In 
ontrast to oxygen atom, an oxygen mole
ule has a weak binding withgraphene. We 
al
ulated its binding energy to be 115 meV, and magneti
 moment1.90 µB, slightly smaller than the magneti
 moment of free O2. Hen
e, an O2mole
ule with su
h a weak binding energy to bare graphene 
annot have anysigni�
ant e�e
t on the oxidation of the prote
ted surfa
e, though the situation
an be di�erent for the defe
ted graphene as we will show later. On the otherhand, a free O atom approa
hing another O atom already adsorbed on grapheneforms a strong bond with the latter releasing ∼ 4.13 eV energy, and eventually
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Figure 7.3: Cal
ulation of energy barriers in various paths of O2 and O movingfrom the top to bottom side of a suspended graphene, whi
h may be relevantfor the oxidation: (a) O2, whi
h moves perpendi
ular to graphene surfa
e andis for
ed to pass from the top to bottom side of graphene along a verti
al linethrough the hole at the 
enter of a hexagon. (b) The energy barrier for a singleoxygen atom for
ed to pass from the top to bottom side of graphene along averti
al line through the hole at the 
enter of a hexagon. (
) An oxygen atomadsorbed at the bridge site above the graphene plane is for
ed to pass to thebottom side. Positions of 
arbon atoms as well as the lateral x- and y-
oordinatesof oxygen are optimized for ea
h value of indentation. The path followed in (
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ule is formed thereof. This may explain why deoxidation of grapheneo

urs so easily[100℄ at the STM tip at 100◦ C, despite the strong binding energyof O atom. Note that two adsorbed O at 
lose proximity 
an also form an O2mole
ule by releasing an energy of 1.6 eV, if they 
an over
ome an energy barrier.7.3 Prote
tion of Al Surfa
e by Graphene CoatingNext we explore the prote
tion of a rea
tive surfa
e, su
h as Al(111) by sti
king orgrowing graphene on it. Sti
king of graphene on various metals surfa
es in
ludingAl(111) surfa
e has been studied earlier.[105℄ Even though Al(111) surfa
e arenot in registry with graphene honey
omb stru
ture and has hexagonal latti
e
onstants ∼ 10% larger than those of graphene, sti
king of graphene on thissurfa
e 
an be a
hieved. In order to present an estimation value for the sti
kingenergy of graphene to Al(111) surfa
e one has to 
ompress Al(111) slab laterallyand expand graphene latti
e in order to a
hieve the registry for the optimizationof �nal stru
tures using periodi
 boundary 
ondition. Despite the strain energyspent to obtain the latti
e registry, the sti
king o

urs with a signi�
ant bindingenergy of 2.67 eV per (4x4) super
ell or (∼166 meV per 
ell). The sti
king ofgraphene pat
hes to the Al(111) surfa
e in random orientation is a 
omplex andsto
hasti
 pro
ess, and 
an even lead to the formation of bubbles, sin
e low
oordinated edge atoms have stronger binding with Al(111) surfa
e. Even if theaverage binding energy per 
arbon atom is small, it would require signi�
antenergy to peal o� the strong but �exible graphene layer from the surfa
e.If graphene pat
hes are pla
ed randomly on Al(111), they may not be severelystrained to maintain the latti
e registry. Therefore, we rather 
onsider unstrainedgraphene and 
ompensate the latti
e mis�t by laterally 
ompressing Al(111) slab.This way we a
hieve the latti
e registry and use the periodi
 boundary 
onditions.Under these 
ir
umstan
es, the sti
king energy of graphene to this 
ompressedAl(111) slab, whi
h is 
al
ulated to be 2.38 eV per (4x4) super 
ell (or ∼ 148meV per 
ell) is not signi�
antly a�e
ted. Additionally, the binding energy of Oatom to the 
ompressed Al(111) surfa
e (7.15 eV) is still very high. Thus, despite
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ompression di
tated by the periodi
 boundary 
onditions, the 
ompressedAl(111) slab is still su�
iently rea
tive to mimi
 a surfa
e to be prote
ted bygraphene 
oating.Now we address the main issue pertaining to how a graphene 
oating, whi
hby itself is also vulnerable to oxidation 
an prote
t a rea
tive metal surfa
e. To
larify the me
hanism of prote
tion from oxidation we �rst examine how an O2mole
ule or O atom 
an pass from one side of bare and suspended grapheneto the other side. The energeti
s and energy barriers involved in the 
ourse ofthese pro
esses are 
al
ulated in a (4x4) super
ell of bare graphene with spe
i�

arbon atoms are �xed to prevent the suspended layer from displa
ement. Energyvariations on di�erent rea
tion paths are summarized in Fig. 7.3. An oxygenmole
ule following the minimum energy path needs to over
ome a barrier of 10.12eV in Fig. 7.3 (a). However, on
e O2 over
ome this barrier, it disso
iates intotwo O atoms; one O adsorbed above, the other adsorbed below at the bridgesites. Apparently, graphene a
ts as a membrane, that blo
ks the passage of O2.If an O atom were for
ed to move along a �xed verti
al path passing throughthe hole at the 
enter of hexagon (i.e. a seemingly possible di�usion path) theenergy barrier would be even higher, i.e. 16.34 eV in Fig. 7.3 (b). The pathshown in Fig. 7.3 (
) starts from the adsorbed oxygen atom at the top bridgeside, i.e. the minimum energy 
on�guration of O atom adsorbed on pristinegraphene. At ea
h stage of indentation, 
arbon atoms, as well as x- and y-lateral
oordinates of O atom are optimized to minimize the energy. As seen from thesnapshots of atomi
 
on�guration 
orresponding to various stages, the passageof O take pla
e around the same bridge bond, whereby O atom swit
hes fromtop to bottom side of graphene by gradually �attening C-O-C bridge bond. Theenergy barrier, whi
h is over
ame by an O atom to pass from the top side to thebottom is 
al
ulated to be Q =5.98 eV. To reveal whether the (4x4) super
ell mayimpose 
onstraints on the 
al
ulated energy barrier, we 
al
ulated the barrier ina relatively larger, (6x6) graphene super
ell to be 5.65 eV. The 
al
ulated energybarrier is not a�e
ted from the size of the super
ell and is high enough to blo
kdi�usion and hen
e to hinder oxidation of the surfa
e underneath. This path isidenti�ed as the path of minimum energy barrier for O atom passing from the
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Figure 7.4: (a) Variation of energy of an oxygen atom passing (indenting) fromthe top side of single graphene layer to its bottom side and eventually adsorbingto Al(111) surfa
e underneath. Oxygen atom is initially adsorbed at the bridgesite above graphene surfa
e and follows the path of minimum energy barrier
Qox. Various stages from A (whi
h 
orresponds to an oxygen atom adsorbed tographene at the bridge site above) through C (i.e. the point of maximum energywhere O passes from above to bottom part of graphene) and E (eventually oxygenadsorbed to Al(111) surfa
e) show that the surfa
e of the metal is oxidized if anenergy barrier ofQox =5.93 eV is over
ame. (b) Prote
tion of Al(111) surfa
e fromoxidation by a graphene bilayer and the variation of energy of oxygen adsorbedat the bridge site of �rst graphene layer 
orresponding to the stage A. Di�usingO has to over
ome Qox =6.81 eV at B. At C oxygen atom is swit
hed to thebridge site at the bottom side of �rst graphene. At E the di�using O swit
hes tose
ond graphene layer and is adsorbed its bridge site. A se
ond energy barrier of
Q

′

ox = 5.20 eV is needed to be over
ome for O atom to oxidize the metal surfa
e.



CHAPTER 7. GRAPHENE NANOCOATINGS 101top to bottom of bare suspended graphene.In the presen
e of the Al(111) slab underneath the prote
tive graphene 
oat-ing, we elaborate and further optimize the rea
tion path in Fig. 7.3 (
) as themost likely pathway of oxidation. The variation of the energy of an O atom mov-ing along the rea
tion path is shown in Fig. 7.4 (a). The energy barrier alongthis rea
tion path is Qox ∼ 5.93 eV and o

urs as O is swit
hing from top sideto bottom side of graphene. On
e the di�using O atom over
omes this barrier,it goes to Al(111) surfa
e via the bridge site below without almost any barrierand oxidizes the metal surfa
e. This energy barrier Qox, to be over
ame by thedi�using O atom is rather high and hen
e the prote
tion of graphene againstoxidation appears to be very robust. The signi�
an
e of high Qox 
an be dedu
edby 
omparing the di�usivity of O moving on graphene surfa
e D‖ with that ofO atom penetrating the graphene 
oating to oxidize the Al(111) surfa
e, D⊥.
D‖ = a2νeQ/kBT 
an be estimated in terms of the energy barrier Q =0.60 eVin Fig. 7.2, latti
e 
onstant a=1.43 Åand the 
hara
teristi
 vibration frequen
yextra
ted from the 
al
ulated lo
alized phonon modes of O in 7.2 to be ν =∼ 22terahertz. A

ordingly, the di�usivity of O penetrating the graphene 
oating isestimated to be D⊥ = D‖ × 10−87, whi
h is really negligible.7.3.1 Bilayer Graphene CoatingThe e�e
tiveness of the prote
tion 
an be further in
reased by 
oating withgraphene bilayer. In Fig. 7.4 (b) the variation of energy of di�using O atomfrom outermost graphene layer to the metal surfa
e via se
ond graphene layerfollowing the minimum energy rea
tion path is shown. Apparently, the oxidationbarrier is raised by 0.88 eV due to to the 
oating by graphene bilayer. Rele-vant stages in the 
ourse of di�usion of O starting above the �rst graphene layerthrough the se
ond graphene layer and eventually ending at the surfa
e of Al(111)surfa
e are also indi
ated in Fig. 7.4 (b). While the oxidation barrier Qox =6.81eV o

urs when the di�using O swit
hes from the top to the bottom side of �rstgraphene layer, there are additional barriers blo
king the di�usion of O atoms.For example, the energy barriers for swit
hing from the bottom bridge site of
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Figure 7.5: (a) Evolutions of energeti
s and atomi
 stru
ture with the indentationof the oxygen atom, whi
h is initially adsorbed at the edge of a single va
an
y. (b)Evolutions of energeti
s and atomi
 stru
ture of two oxygen atoms resulting fromthe disso
iation of O2 mole
ule at the edge of a single va
an
y and the indentationof one of oxygen atoms from the top to bottom site of a suspended graphene. (
)The di�usion of one of adsorbed oxygen atoms in (b) towards the Al(111) surfa
eresulting in its oxidation. Red, gray and blue balls indi
ate, respe
tively O, Cand Al atoms.



CHAPTER 7. GRAPHENE NANOCOATINGS 103�rst layer graphene to the top bridge site of se
ond graphene layer is ∼ 1 eV.If this small barrier is over
ame, the adsorbed O atom be
omes atta
hed to these
ond graphene layer and is still separated from rea
tive surfa
e. To pro
eedwith di�usion to rea
h at the Al(111) surfa
e one follows similar 
ourse as in Fig.7.4 (a).Clearly, the 
oating of rea
tive surfa
es by sheets 
omprising more than twolayers of graphene will further in
rease the e�e
tiveness of prote
tion. Sequentialbarriers posed at ea
h graphene layer in
rease the 
han
e that the di�using O
an be trapped between any two barriers. On the other hand, the size of theprote
ted sample will be modi�ed by ea
h additional graphene layer adding ∼ 3distan
e between O and Al surfa
e, even if this may be 
onsidered negligible.Prote
tion by graphene sheets 
omprising a few layers are expe
ted to be e�e
tivealso to suppress the e�e
ts of any lo
al heating or energy transfer to the outermostgraphene. For example, as pointed out at the beginning a free oxygen at the 
loseproximity of an adsorbed oxygen on graphene 
an form O2, whereby an energy of
∼ 4.13 eV is released. When deposited to the graphene, this energy may 
reate alo
al, nonequilibrium phonon distribution, whi
h was shown to dissipate withinpi
o se
onds.[106, 38℄ Su
h a short time interval is enough to a

ommodate severaljumps of atoms. Hen
e a lo
al heating due to a 
hemi
al pro
ess may promote thedi�usion of other adsorbed oxygen atoms from the prote
tive 
oating towards therea
tive surfa
e. Under these 
ir
umstan
es while single layer graphene 
oatingfails to hinder oxidation, multilayer graphene 
oating 
an blo
k the di�using hotoxygen atoms.7.3.2 Va
an
y E�e
tThe above arguments related with the prote
tion against oxidation relies on thefa
t that graphene 
oating is 
ontinuous and defe
t free. If 
oating 
onsistsof graphene pat
hes, rea
tive surfa
es 
annot be 
overed at the zones betweenpat
hes, where they be
ome dire
tly exposed to atomi
 oxygens.[96℄ The holes orva
an
ies[107, 108℄ of graphene are also spots, where oxygen atoms would pene-trate the metal surfa
e without or relatively smaller energy barrier. In fa
t, the
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hing of graphite following the disso
iation of O2 by produ
ing CO and CO2have been pointed out.[26, 109℄ Here we 
onsider the penetration of oxygen atomnear a va
an
y in graphene. Three important features of our work are s
hemat-i
ally summarized in Fig. 7.5. An oxygen atom 
an favorably bound to 
arbonatoms at the edge of single va
an
y in Fig. 7.5 (a). The ground state is exother-mi
 and releases 7.65 eV, whereby O atom substitute the va
ant 
arbon atom. InFig. 7.5 (b) an O2 mole
ule 
an disso
iate in two O atoms at the 
lose proximityof a va
an
y in graphene. Subsequently, while one O atom is atta
hed to oneof three twofold 
oordinated 
arbon atoms at the edge of the va
an
y, the otherone bridges between the remaining two and hen
e 
ompletes the hexagon. In thisexothermi
 pro
ess 7.83 eV energy is released in addition to the energy spent indisso
iation pro
ess. This shows that va
an
ies of graphene are a
tive sites to
atalyze the disso
iation of O2 mole
ules. Fig. 7.5 (
) shows that the barrier inthe di�usion of a spe
i�
 O atom adsorbed at the edge of a va
an
y is dramati-
ally lowered (Qox ∼ 2 eV) and hen
e the prote
tion from oxidation is weakened.Su
h a situation shall o

ur at the grain boundaries and holes of graphene and
on�rms the experiment[96℄ that defe
ts or dis
ontinuities in 
overing a rea
tivesurfa
e by graphene may result in the weakening of the oxidation prote
tion.Similar pro
esses have been also 
on�rmed at the edges of relatively larger holes.This serious limitation 
aused by defe
ts 
an be avoided by multilayer 
oatings.Finally, BN single layer, another ioni
 honey
omb stru
ture almost latti
emat
hed to graphene 
an be used also as a prote
tive 
oating against oxidation,but owing to relatively smaller barrier of Qox =4.80 eV it 
an provide prote
tionnot as good as graphene.In 
on
lusion, we demonstrated that 
ontinuous 
oating of pristine grapheneon rea
tive surfa
es 
an provide for an ex
ellent prote
tion from oxidation ofrea
tive surfa
es at nanos
ale. The binding of oxygen atom at low 
oordinated
arbon atoms is rather high, but their barrier to penetrate to the rea
tive surfa
eunder graphene is low. Therefore dis
ontinuities in graphene 
oating or defe
ts,su
h as va
an
ies or holes weaken the prote
tion from oxidation by 
reating spotson the 
oating with low oxidation barrier. This limitation 
an be 
ir
umventedby 
oating of bilayer or preferably graphene sheets 
omprising a few graphene
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h provides even more e�e
tive prote
tion. At ma
ros
ale, our resultssuggests that graphene additives 
an improve the strength of antioxidant paints.Graphene 
oating, whi
h is thin at the atomi
 s
ale 
an also serve as a naturalbarrier between environment and solid surfa
es for other atoms.



Chapter 8
Graphene Nanomeshes
In this 
hapter the stru
tural, me
hani
al and ele
troni
 properties of defe
t-patterned graphene nanomeshes in
luding diverse morphologies of adatoms andholes are investigated by means of �rst-prin
iples 
al
ulations within density fun
-tional theory. It is found that various patterns of adatom groups yield metalli
or semimetalli
, even semi
ondu
ting behavior and spe
i�
 patterns 
an be in amagneti
 state. Even though the patterns of single adatoms dramati
ally alterthe ele
troni
 stru
ture of graphene, adatom groups of spe
i�
 symmetry 
anmaintain the Dira
 fermion behavior. Nanoholes forming nanomesh are also in-vestigated. Depending on the interplay between the repeat periodi
ity and thegeometry of the hole, the nanomesh 
an be in di�erent states ranging from metal-li
 to semi
ondu
ting in
luding semimetalli
 state with the bands 
rossing linearlyat the Fermi level. We showed that forming periodi
ally repeating superstru
turesin graphene matrix 
an develop a promising te
hnique to engineer nanomaterialswith desired ele
troni
 and magneti
 properties. The results pertaining to this
hapter are published in Ref.[[95℄℄ and �gures are reprodu
ed with permission ofthe publisher.

106



CHAPTER 8. GRAPHENE NANOMESHES 1078.1 MotivationPropagation of ele
tron waves through the honey
omb latti
e attributes ex
ep-tional features to graphene.[11℄ Condu
tion of ele
trons within one-atom-thi
klayer with minute s
attering makes the observation of quantum e�e
ts possi-ble even at room temperature.[10℄ Experimental investigations have reported theobservation of half-integer quantum Hall e�e
t for 
arriers in graphene and pos-sible magneto-ele
troni
 devi
e appli
ations.[9℄ Most of the unique properties ofgraphene are related to its monolayer latti
e stru
ture, linearly 
rossed π bandsat Fermi level with ele
tron-hole symmetry. Re
ently, we showed that the hon-ey
omb stru
ture with linear band 
rossings at Dira
 points is also 
ommon toSi and Ge.[21, 20℄In an e�ort to make semimetalli
 graphene suitable for ele
troni
 appli
ations,it has been fun
tionalized to generate band gaps. It was theoreti
ally shown thatit is possible to indu
e band-gap opening produ
ed by the adsorption of atomi
hydrogen on graphene by 
hoosing spe
i�
 adsorption periodi
ity. [110℄ It wasalso experimentally shown that B- and N-doped graphenes 
an be synthesized toexhibit p- and n-type semi
ondu
ting properties that 
an be systemati
ally tunedwith the dopant 
on
entration.[111℄ E�e
t of hydrogenation and the transitionmetal atom adsorption on the transport properties of graphene was also investi-gated theoreti
ally.[19, 31℄ Using symmetry arguments and tight binding 
al
u-lations it was shown that the periodi
 stru
ture of defe
ts (su
h as B and N im-purities) on graphene 
an exhibit semimetalli
 and semi
ondu
tor behavior.[112℄Moreover, weak perturbation potential forming a large hexagonal latti
e in a twodimensional ele
tron gas was shown to lead a massless Dira
 fermion Hamiltonianwith linearly 
rossing bands at Dira
 points.[113, 114, 115℄A majority of the 
urrent studies on graphene is devoted to its 
hemi
al mod-i�
ation to 
reate derivatives with di�erent stru
tures and properties. So farthree known derivatives of graphene have been su

essfully a
hieved in 
hemi
alrea
tions: graphene oxide (GO), [66℄ graphane (CH)[41, 42, 36, 55℄ and re
ently�uorographene (CF).[74, 72, 65℄ Although GO is a wide band gap material that isimportant for devi
e appli
ations, its atomi
 stru
ture, wherein the 
arbon atoms
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orated with epoxides, al
ohols and 
arboxyli
 a
id groups, is not suitablefor nanos
ale manipulations. CH obtained by exposing 
arbon honey
omb stru
-ture to hydrogen plasma, is another example of the graphene-based 
hemi
alderivative. Upon the hydrogenation, semimetalli
 graphene is 
onverted into aninsulator. CF, the two dimensional 
ounterpart of te�on, is the most re
ent fo
usof graphene resear
h.Mu
h re
ently, the fabri
ation of large graphene sheets having high-densityarray of nanos
ale holes, 
alled graphene nanomeshes (GNMs),[116℄ has beenthe landmark in 
ontrolling the ele
troni
 properties at nanos
ale. Additionally,the formation of one-dimensional periodi
 Stone-Wales type defe
ts produ
ingmetalli
 nanowires on graphene matrix has also been reported.[117℄ These re
entadvan
es have made mesh 
on�guration a 
ontrollable parameters to monitorphysi
al properties of nanostru
tures. [116, 117, 118℄ Earlier, interesting e�e
tsof periodi
ally repeating holes in the ele
troni
 and me
hani
al properties ofgraphene nanoribbons were predi
ted from the �rst-prin
iples 
al
ulations.[107℄In this part of the thesis, we apply super
ell method to reveal the ele
troni
,magneti
 and me
hani
al properties of graphene whi
h is patterned by variousadsorbates or holes. The atomi
 stru
ture of all adsorbates and holes are obtainedafter extensive stru
ture optimization. These periodi
ally repeating superstru
-tures or nanomeshes display properties whi
h are rather di�erent from those ofgraphene. We showed that not all patterns of adsorbates or hole with a 2Dhexagonal latti
e on graphene have linear band 
rossing, but only those whi
hhave a spe
i�
 rotation symmetries. However, depending on the size of patternsor holes and the repeat periodi
ity, a GNM 
an be in di�erent states ranging fromto semi
ondu
ting in
luding semimetalli
 with linear band 
rossing at the Fermilevel.



CHAPTER 8. GRAPHENE NANOMESHES 1098.2 Tight Binding Approximation and DFTThe present study revealed 
ru
ial e�e
ts of the point group symmetry ofnanomesh on the resulting properties. Here, we start with a brief dis
ussionof hexagonal symmetry and apply simple tight binding model of π-orbitals toreveal the e�e
t of latti
e symmetry on the band 
rossing.[119, 7℄ Graphene hasthe spa
e group P6/mmm and point group symmetry D6h. At the-Γ point, thegroup of the wave ve
tor is isomorphi
 to the point group D6h.[120℄ However,irredu
ible representation of the wave ve
tor point group turns into D2h and D3hat high symmetry points M and K (or K ′), respe
tively. It was shown that thetight binding Hamiltonian with nearest neighbor hopping parameter, t = 2.7 eV
H =

∑
i

ǫic
†
i ci + t

∑
i,j

(c†icj +H.c). (8.1)well approximates the π-bands of perfe
t graphene.[119, 7℄ Here c†i (ci) is the
reation (annihilation) operator of a π ele
tron at the latti
e site i. The �rstterm is the on-site energy of ea
h 
arbon atom and equals to energy of the 2pzorbital. Energy eigenvalues of graphene and other two hypotheti
al 
rystal havingsquare and hexagonal latti
es with single atom in the 
ell are 
al
ulated and the
ontour plots their energy band gap in BZ are shown in Fig.8.1. For graphene,energy dispersion is linear at the vi
inity of the K- symmetry (Dira
) points andthe Fermi velo
ity, whi
h is linearly dependent to nearest neighbor intera
tionparameter, 
an be given by the expression vF = 3td/2h̄. [11℄Hypotheti
al square latti
e has semimetalli
 band stru
ture as in Fig. 8.1(b).In the re
ipro
al spa
e the band gap is 
losed along the boundaries of squares.However, di�ering from graphene, these bands do not have linear dispersion. Thestru
ture having hexagonal latti
e with single π-orbital per unit
ell is shown inFig.8.1(
). Su
h a stru
ture having a single π-orbital in ea
h unit
ell may alsobe realized by adatom saturation of one type (A- or B-type) 
arbon atoms ofgraphene. In this 
ase, stru
ture has three-fold rotation symmetry and hen
esix nearest neighbors. In this 
ase, while saturation yields a dramati
 
hange in
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Figure 8.1: Contour plots for band gap. (a) Perfe
t graphene. (b) A 
rystalhaving square latti
e with single atom in the unit 
ell. (
) A 
rystal havinghexagonal latti
e with a single atom in the unit 
ell. Band 
rossing o

urs alongthe yellow/light 
ontours on whi
h the band gap be
omes zero. Band gap takesits maximum value at brown/dark 
ontours.the ele
troni
 stru
ture, linear band 
rossings at Fermi level still o

ur at thepoints on a 
ir
le of radius R = 4π
3
√
3
in BZ. As shown in Fig. 8.1(
), this 
ir
lepasses through the 
orners of hexagonal BZ of graphene. The Fermi velo
ity is
al
ulated to be in the order of 106 m/s in the vi
inity of band 
rossing points.While the tight binding model allowed us to understand the general featuresof the band gap in di�erent latti
es, it fails to a

ount for the re
onstru
tionand rebonding near the defe
t. In the rest of the thesis we perform 
al
ula-tions from the �rst-prin
iples to investigate various types of defe
ts. To this endwe 
arried out spin-polarized plane wave 
al
ulations[43, 44℄ using lo
al densityapproximation (LDA)[47℄ and proje
tor augmented wave (PAW)[46℄ potential.Patterns of defe
ts are treated using super
ell geometry, where a minimum of 10Å va
uum spa
ing is kept between the adja
ent graphene layers. Kineti
 energy
uto�, Brillouin zone (BZ) sampling are determined after extensive 
onvergen
eanalysis. For the plane-wave basis set, the kineti
 energy 
uto� is taken to be

h̄2|k + G|2/2m = 500 eV. For partial o

upan
ies Methfessel-Paxton smearing
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Figure 8.2: Spin-polarized energy band stru
ture of a periodi
 patterns 
onsistingof the (4x4) super
ells ea
h having a single (a) hydrogen; (b) �uorine; (
) oxy-gen; (d) manganese adatom. (e) A similar hydrogen pattern forming the (2x2)super
ell on graphene host matrix allowing signi�
ant 
oupling between adatoms.(f-h) Periodi
 patterns of two, eight and six hydrogen atoms in the (4x4) graphenesuper
ell, respe
tively. Isosurfa
e of 
harge density of bands 
rossing near the K-point are shown by insets. For the sake of 
omparison, linearly 
rossing π and
π∗-bands of perfe
t graphene host matrix are also superimposed in the band stru
-tures. The zero of energy is set at the Fermi level EF . The band gaps are shadedin yellow. All the bands presented in BZ 
orresponding to the (4x4) super
ell.method[121℄ is used. The 
onvergen
e 
riterion of self-
onsistent �eld 
al
ula-tions is 10−5 eV for total energy values. By using the 
onjugate gradient method,all atomi
 positions and the size of unit
ell were optimized until the atomi
 for
eswere less than 0.05 eV/Å. Pressures on the latti
e unit 
ell are de
reased to valuesless than 1 kB.8.3 Adatom Patterned Graphene NanomeshesIn this se
tion we show how a periodi
 de
oration of graphene by adatoms modi�esthe ele
troni
 stru
ture. Here we 
onsidered H, F, O and Mn adatoms, whi
h areadsorbed at di�erent sites and form a (4x4) super
ells on graphene host matrixas shown in Fig.8.2(a)-(d). We did not 
onsider the interstitial or substitutionalde
oration, sin
e experimental studies treating various foreign atoms, su
h as N,



CHAPTER 8. GRAPHENE NANOMESHES 112O,H, F, C, Co, Fe and Gd, Au and Pt, revealed that these atoms prefer to beadsorbed at various sites on the surfa
e of graphene, but none of them is adsorbedat the interstitial sites, nor is substituted for 
arbon atom [111, 66, 74, 41℄Owing to the unpaired ele
tron, a single hydrogen adatom adsorbed to the(4x4) super
ell has a spin polarized, semi
ondu
ting ground state with a netmagneti
 moment of µ=1 µB. Upon the adsorption of a hydrogen atom bandstru
ture of graphene 
hanges dramati
ally. Instead of linear 
rossing of π and
π∗-bands at Fermi level, dispersionless impurity bands o

urs with 0.1 eV indire
tband gap. Similar to hydrogen atom, the most favorable adsorption site for a Fatom on graphene is the top site of 
arbon atoms. Upon the adsorption of a Fatom, sp2 bondings of three C-C bonds below F atom are dehybridized and formtetrahedrally 
oordinated four sp3 type bondings. Di�ering from the de
orationof H adatom, ground state is nonmagneti
 and as a result of odd number ofele
trons F de
orated graphene be
omes metalized as shown in Fig. 8.2(b). Theband 
rossing at the K-points does not o

ur, sin
e F adsorbed at the top of Catom 
hanges the sixfold rotation symmetry to the threefold rotation symmetry.Oxygen atom favors the bridge site between two underlying C atoms. Uponthe adsorption of an oxygen at the bridge site two underlying C atoms be
omebu
kled by 0.36 Å. C-C and C-O bonds are 
al
ulated to be 1.51 and 1.44 Å,respe
tively. Resulting stru
ture is a nonmagneti
 semi
ondu
tor with 0.63 eVdire
t band gap (Fig. 8.2(
)). Valen
e and 
ondu
tion band edges o

urs betweenthe K- and Γ-points. The adatom at the bridge site breaks the six fold rotationsymmetry and hen
e hinders the linear band 
rossing.The situation is di�erent in the 
ase of Mn, whi
h is adsorbed above the 
enterof a hexagon in graphene matrix and indu
es negligible deformation. Only sixnearest C atoms raise slightly to higher (0.02 Å) position relative to the plane.Lo
alized, non-bonding Mn-3d orbitals form �at bands near the Fermi level. Onthe other hand, the sixfold rotation symmetry is maintained even after Mn atomadsorbed at the hollow site above the 
enter of hexagon. A

ordingly, the metalli
stru
ture with a net magneti
 moment of 5 µB per 
ell allows linear 
rossing ofgraphene bands at the K-points in Fig. 8.2(d).
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ussed the e�e
t of periodi
 de
oration by single adatoms, we next
onsider the periodi
 patterns of adatom groups. In Fig. 8.2(e) we show ele
troni
band stru
ture 
orresponding to relatively denser hydrogen 
overage (C:H=8).Su
h a nanomesh 
reated by one-sided de
oration of four hydrogen atoms in the(4x4) super
ell gives rise to a relatively dispersive bands and a net magneti
 mo-ment of 4 µB per super
ell. Sin
e the six fold rotation symmetry of graphene isbroken by adsorbed H atoms, linear 
rossing of bands do not o

ur. In a de
o-ration involving two sides of graphene, where two adja
ent C atoms of di�erentsublatti
es are saturated from di�erent sides as shown in Fig. 8.2 (f). Sin
ean equal number of A- and B-sublatti
e atoms are saturated, the stru
ture isnonmagneti
 semi
ondu
tor with a band gap of 0.8 eV. Another pattern derivedfrom a graphane like domain 
onsisting of 8 H atoms in Fig. 8.2(g) results ina band gap of 0.7 eV at Γ-point, but larger gap of 1 eV at the K-point. Thisnanomesh presents an ele
troni
 stru
ture rather di�erent both from grapheneand graphane. The ele
troni
 stru
ture is, however, di�erent for a pattern of sixH atoms, whi
h saturate six 
arbon atoms at the 
orner a hexagon alternatinglyfrom di�erent sites; namely three of them adsorbed to A-sublatti
e from oneside, remaining three adsorbed to B-sublatti
e from the other side. Even thoughsixfold rotation symmetry has 
hanged to S6 symmetry, both point group sym-metries allow linear band 
rossing as seen in Fig. 8.2(h). This 
ase demonstratesthe 
ru
ial role played by the intrinsi
 symmetry of the pattern in determiningthe ele
troni
 stru
ture. [114, 112, 113℄Let us now take a 
loser look at the triangular patterns of adatom groupsthat have hexagonal symmetry. In Fig. 8.3, we plot these π- and π∗-bands in thevi
inity (∆k=0.03 Å−1) of K-symmetry point for di�erent patterns on super
ellsof di�erent sizes; namely the (4x4) and (8x8) (C128 and C32) super
ells. H6 andH12 patterns whi
h have 0.06 and 0.09 eV band gap at K-point, indi
ates thatthe band gap opening in
reases with in
reasing pattern size and hen
e in
reasing
oupling. In the (8x8) super
ell the intera
tion between periodi
ally repeatingH6patterns is hindered and hen
e linear 
rossing of π- and π∗-bands at K-symmetrypoint similar to bare graphene is attained. By expressing these bands as k = K+qand by negle
ting the se
ond order terms with respe
t to q2, the dispersion of
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tures showing the e�e
ts of the 
oupling between variouspatterns as a fun
tion of their size and the size of mesh (super
ell). The linearly
rossing of π- and π∗-bands of graphene are shown by red/dashed lines.the energy bands 
an be given as E(q) ≃ vFh̄|q|. Here the Fermi velo
ity vF is
al
ulated as 0.7x106 m/s (i.e. ∼ 0.6 of the Fermi velo
ity 
al
ulated for Dira
Fermions in perfe
t graphene).We also present an example of O6 pattern analogous to H12 de
oration of(4x4) super
ell (C32H12) of graphene in Fig. 8.3. In this pattern three O atomsare bound alternatingly to bridge site at one site, the remaining three to othersite. Here it is seen that denser O patterns are not favored due to strong O-Orepulsion. Linear 
rossing of bands at K-point 
an also be a
hieved by O adatomsforming a periodi
ally repeating O6 pattern. Small band gap in Fig. 8.3 
an be
losed if the super
ell size is in
reased to hinder 
oupling between them. Thisexample implies that the patterns similar to that done by using H atoms 
anbe 
reated by the passivation of p-orbital ele
trons with O atoms. In the 
aseof �uorination of (4x4) graphene by F6 de
oration, similar to H6, linear π and
π∗-bands gets 
loser with very small (0.01 eV) band gap at K-point. Finally, theisosurfa
e 
harge densities of these linearly 
rossing bands near K-point indi
atesthat they mainly originate from graphene π-orbitals with small mixing from theadatom (see Fig. 8.2 (h)).



CHAPTER 8. GRAPHENE NANOMESHES 1158.4 Hole Patterned Graphene NanomeshesSimilar to adatom patterns on graphene, nanomeshes generated from the holesperiodi
ally patterned on graphene matrix exhibit also interesting features. This
on
lusion drawn from theoreti
al 
al
ulations are in line with the �ndings ob-tained from the fabri
ation of GNMs by means of blo
k-
opolymer assistednanopatterning pro
ess. It has been shown that GNMs having high-density peri-odi
 array of holes display promising advantages relative to existing graphenedevi
es.[116, 117℄ Thanks to the advan
es in the preparation of high qualitynanos
ale hard masks[116, 117℄ in laboratory 
onditions, theoreti
al studies inthis �eld be
ome more relevant for appli
ations. Here we 
arry out 
al
ulationsfor the holes having 1-2 nm repeat period and 2-10 Å diameter. In Fig. 8.4(a)we des
ribe the geometri
 parameters of Cn hole defe
ts forming a hexagonallatti
e, where n denotes number of C atoms removed from graphene matrix tomake a hole. For nanoholes, we de�ne the hole size as the maximum diameterof the Cn hole defe
ted region. After the 
reation of a C1 defe
t (i.e. singleC va
an
y), Jahn-Teller type distortion 
hanges the positions of surrounding Catoms slightly. The resulting stru
ture attains a net magneti
 moment of 1 µB.The origin of magnetism in defe
ted graphene sheets and the 
hara
ter of ele
-troni
 states indu
ed by the va
an
y resulting in �at bands around Fermi levelhave been investigated by some re
ent studies.[52, 122℄ Upon the removal of Catoms (n>1) graphene is re
onstru
ted to result in a signi�
ant modi�
ation inatomi
 
on�guration around the hole. For example, after the relaxation of atomi
stru
ture, C2 defe
ted region be
omes an o
tagon-shaped hole surrounded by 2pentagons and 6 hexagons. Similarly, as a result of Stone-Wales type trans-formation, ea
h C4 defe
t region also turns into a nonagon-shaped hole. As itwas reported experimentally,[123℄ a hole region is surrounded by pentagonal andhexagonal rings of C atoms to keep the �atness of the sheet. While the honey-
omb latti
e symmetry of the graphene matrix does not 
hange 
onsiderably forlarger defe
ts C6 and C24, hole region of C12 takes almost a 
ir
ular shape sur-rounded by regular pentagons and hexagons. Apparently, the trend in the shapeof the hole region is determined by whether the edges of domain are zigzag orarm
hair shaped.
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CHAPTER 8. GRAPHENE NANOMESHES 118The energy band stru
tures of graphene nanomeshes exhibit interesting varia-tions with respe
t to their sizes, diameters and shapes of nanohole as illustrated inFig.8.4 (b). While nanomesh of C1 defe
t have metalli
 behavior, periodi
 stru
-ture of C2 defe
t be
omes indire
t band gap semi
ondu
tor of 0.65 eV. However,
π and π∗-bands above the Fermi level still very 
lose to ea
h other (0.09 eV gap)at the K-point. C4 defe
ted GNM has metalli
 behavior. The situation be
omeseven more remarkable for larger defe
ts C6, C12 and C24. GNMs in
luding eitherC6 or C24 hole have zigzag edges and are metals with antiferromagneti
 (AFM)ground state. We note that the defe
t indu
ed �at ele
troni
 bands around theFermi level o

ur if the ele
tron spins be
ome unpaired. On the other hand, there
onstru
tion or the dimerization of 
arbon dangling bonds around the defe
t
an 
ause the �at bands in the gap to disappear. Interestingly, nanomeshes ofC6 and C24 holes, whi
h are metalli
, be
ome semimetal upon the saturationof dangling bonds of 
arbon atoms around the hole by hydrogen atoms. Thismetal-semimetal transformation 
an have appli
ations in graphene-based nano-ele
troni
s. On the other hand, GNM of C6 turns semi
ondu
ting with a bandgap of 0.1 eV upon the termination of the dangling bonds of C atoms around thehole by B and N alternatingly to from a B3N3 hexagon. The band opening isexplained by the breaking of sixfold symmetry due to B3N3 hexagon. The forma-tion extended BnNn honey
omb stru
ture 
an be a
hieved dire
tly in the 
ourseof epitaxial growth of graphene and single layer BN.[124℄As for GNM with C12, it is a nonmagneti
 semimetal be
ause of 
arbon atomsat the edge are dimerized. The analysis of the orbital 
hara
ter of linearly 
rossing
π- and π∗-bands nearK-point using isosurfa
e 
harge densities suggests that thesebands originate from bonding and antibonding 
ombinations of π- orbitals at thene
k and around C6 hole. Here we dis
uss an important aspe
t of GNMs withC12, that the size of the hexagonal super
ell or repeat periodi
ity of C12 is 
ru
ialfor the resulting ele
troni
 stru
ture. Fig. 8.5 shows band stru
tures of GNMsin
luding single C12 hole in the super
ell of (nxn) where n=4...11. For n=4, GNMhas the ne
k region 
onsisting of single hexagon is a semimetal. For n=5, GNM isa metal and has a ne
k region whi
h is relatively ti
ker, but its C-C bond anglesstrongly deviate from 120o. Surprisingly, GNM with n=6 is a semi
ondu
tor



CHAPTER 8. GRAPHENE NANOMESHES 119having 1.3 eV band gap. The bond angles still 
ontinue to deviate from thoseof graphene. However, from n=7 on the bond angles at the ne
k region startto be graphene like with regular honey
omb stru
ture. Both GNMs with n=7and 8 are semimetals and have π- and π∗-bands whi
h linearly 
ross at Fermilevel at the K-point. Isosurfa
e 
harge densities of these bands near K-pointsdemonstrate that they, in fa
t, originate from the 
ombination of graphene π-orbitals. As n in
reases, GNM exhibit the similar trend for n=6-9; namely itis semi
ondu
tor for n=9, but semimetals for n=10 and 11. This variation ofband gaps is reminis
ent of the family behavior of graphene nanoribbons and isrelated to the variation of the thi
kness of ne
ks between periodi
ally repeatingC12 holes. Here, even if the six fold rotation symmetry is 
onserved, the band gapopens for every n=3xN with N being an integer ≥ 2. However, this gap be
omessmaller and eventually is 
losed as n → ∞. We also note that the family likebehavior of GNMs is related with the edge stru
ture of the hole. In regard tothe size of GNM of C12, we note also that the latti
e 
onstants of 
orresponding(nxn) super
ell is modi�ed with size. For example, for n=11, the latti
e 
onstantof super
ell is 
ontra
ted by 1%, the 
ontra
tion is 4% for n=5 and 40% for n=4.Finally, in addition to triangular defe
t patterns, we also dis
uss the ele
troni
stru
ture of holes arranged in a re
tangular latti
e. In Fig. 8.6 we show theele
troni
 band stru
tures of C12 nanomeshes realized by the super
ells of (3x6),(4x8) and (5x10). While C12 holes in a small re
tangular super
ells with smallrepeat periodi
ity (leading to signi�
ant 
oupling) be
ome semi
ondu
ting, thesemimetalli
 nature indigenous to graphene is a
hieved in large super
ells. Asshown in Fig. 8.6(
), even if the rotation symmetry required for band 
rossingis absent, graphene-like Blo
h wave fun
tions in the re
tangular mesh of sparsepatterns of C12 holes show a semimetalli
 behavior. This indi
ates that as thesize of the super
ell be
omes larger and the ne
k gets wider relative to the sizeof the hole, the symmetry requirement ne
essary for the linear band 
rossing 
anbe relaxed.
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hani
al Properties of NanomeshesHoney
omb stru
ture with sp2 bonding underlies the unusual me
hani
al prop-erties providing very high in-plane strength, but transversal �exibility. Here weinvestigate how the me
hani
al properties of nanomeshes generated with pat-terns of adatoms or holes. We fo
used on the harmoni
 range of the elasti
deformation, where the stru
ture responded to strain ǫ linearly. Here ǫ the elon-gation per unit length. The strain energy is de�ned as Es = ET (ǫ)− ET (ǫ = 0);namely, the total energy at a given strain ǫ minus the total energy at zero strain.Normally, the Young's modulus is the value, whi
h 
hara
terizes the me
hani-
al strength of a bulk material. Owing to ambiguities in de�ning the Young'smodulus of two dimensional stru
tures like a GNM, one 
an use in-plane sti�ness
C = (1/A0) ·(∂2ES/∂ǫ

2) in terms of the equilibrium area of the super
ell, A0.[125℄We 
al
ulated the in-plane sti�ness of graphene, and nanomeshes 
onsisting ofC32H6 , BN substituted graphene (i.e C26[(BN)3℄ and C6 hole in graphene using(4x4) super
ell in Fig. 8.3. The sti�ness of bare graphene is 
al
ulated to be 334N/m, whi
h is in good agreement with the experimental value of 340±50 N/m.Furthermore, the in-plane sti�ness values of nanomeshes generated on graphenethrough B3N3 substitution, H6 adatom pattern and C6 hole are 308 N/m, 283N/m and 167 N/m, respe
tively. Apparently, the bare graphene matrix is weak-ened by the formation of any of these nanomeshes. In addition to the 
al
ulationof in-plane sti�ness, we extend our analysis to in
lude the plasti
 deformationregion, where the honey
omb like stru
ture is destroyed after the yielding point(i.e. on set of plasti
 deformation), and GNM undergoes a massive stru
turaldeformation. Our preliminary simulations indi
ate that the yielding strain of C6hole GNM is signi�
antly lower than the yielding strains of both C26[(BN)3℄ andC32H6 GNMs.While graphene and its various derivatives, GO, CH and CF, are importantnanomaterials with diverse ele
troni
, magneti
 and me
hani
al properties, theirproperties 
an be modi�ed and multiplied using di�erent methods of fun
tion-alization. The most pronoun
ing property of graphene, namely linearly 
rossing
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) Re
tangular patterns of C12 holes repeated in (3x6), (4x8) and(5x10) graphene super
ells. Atomi
 stru
ture of nanomeshes are given by inset.(d) Semimetalli
 ele
troni
 stru
ture and isosurfa
e 
harge densities of valen
e(V) and 
ondu
tion (C) bands of (5x10) nanomesh are also shown.bands at the Fermi level and ele
tron-hole symmetry arising therefrom is usu-ally destroyed, when graphene is fun
tionalized through dopant or va
an
y de-fe
ts. In this work we demonstrated that the ele
tron-hole symmetry, even Dira
Fermion behavior 
an be re
overed for periodi
ally repeating superstru
tures ornanomeshes having spe
ial point group symmetry. In this study we 
onsiderednanomeshes, whi
h are generated by the de
oration of adatoms, adatom groupsor holes, whi
h repeats periodi
ally in graphene matrix. We found that typesof adatoms and their patterns, the geometry of the holes of 
arbon atoms, thesizes and latti
e symmetries of nanomesh provide us with several parameters toengineer the ele
troni
 and magneti
 properties of the nanomesh. In parti
ular,we showed that by varying only the size of the nanomesh in
luding a spe
i�
 holeone 
an tune between metalli
 and semi
ondu
ting state in
luding semimetal withlinearly 
rossing bands. This is reminis
ent of the family behavior of graphenenanoribbons.



Chapter 9
Con
lusion
This dissertation is devoted to the investigation of fun
tionalized graphene mate-rials and the predi
tion of novel stoi
hiometri
 graphene derivatives. Graphene'ssurfa
es are quite suitable for 
hemi
al modi�
ations and it 
an be 
onverted to amaterial having entirely di�erent ele
troni
, magneti
, vibrational and me
hani-
al properties. Very re
ent experimental studies have demonstrated that 
hemi
al
onversion of graphene to its stoi
hiometri
 derivatives is possible by hydrogena-tion, �uorination and 
hlorination. Latest developments in experimental te
h-niques have also shown that wellknown 
hara
teristi
 properties of graphene 
anbe tuned by 
reation graphene nanomeshes having periodi
ally ordered impruitiesor holes.At the begining of thesis work, we dealt with the hydrogenated graphene,namely graphane. It was shown that the intera
tion between unpaired spinsasso
iated with H va
an
ies in graphane gives rise to interesting magneti
 stru
-tures. Simple physi
al me
hanisms underlying the magnetism of single-sided anddouble-sided va
an
y domains were explained. At the end, the net magneti
 mo-ments 
an be attained in va
an
y domains depending on their size and shape. Ourresults provide an elegant method for the magnetization of graphene by meansof hydrogenation. While magneti
 2D systems attra
t a great deal of attentiondue to their tunable properties at nanos
ale, our results suggest that the size andordering of magneti
 moments of hydrogen va
an
y domains with thin walls 
an122



CHAPTER 9. CONCLUSION 123be used for future data storage and spintroni
s appli
ations.Ultra-narrow nanoribbon forms graphene-like stru
tures, as a one-dimensionalmedia, are essential for graphene based-nanodevi
e appli
ations. Our 
al
ulationsrevealed that of graphane nanoribbons have a number of important features andhen
e 
onstitute basi
 stru
tures to fabri
ate various devi
es. It was found thatboth the zigzag and arm
hair edged graphane nanoribbons are nonmagneti
 wideband gap semi
ondu
tors. There is a strong dependen
e between band gap andribbon width and the lots of the properties of graphene naoribbons 
an be tunedthrough H-passivation of their edges, adatom adsorption, va
an
y 
reation, edgepro�ling and superlatti
e formation. In 
on
lusion, the present study demon-strates that hydrogenated graphene nanoribbons 
an be an important basi
 nano-material and presents interesting properties for future te
hnologi
al appli
ations.Fluorographene is the two-dimensional and several-atom-thi
k 
ounterpartof Te�on. Its graphene-like 
hemi
al inertness, thermal stability even at hightemperatures and wide bandgap have attra
ted 
onsiderable interest on this ma-terial. Our analysis on �uorinated graphenes shows that di�erent CnF stru
tures
an form at di�erent level of F 
overage. Relevant data reported in various ex-periments do not appear to agree with the properties 
al
ulated any one of thestable CnF stru
tures. This �nding lets us to 
on
lude that domains of variousCnF stru
tures 
an form in the 
ourse of the �uorination of graphene. Therefore,the experimental data may re�e
t a weighted average of diverse CnF stru
turestogether with extended defe
ts in grain boundaries. Our results show a widerange of interesting features of CnF stru
tures. For example, a perfe
t CF stru
-ture is a sti�, nonmagneti
 wide band gap nanomaterial having substantial surfa
e
harge. Moreover, unlike hydrogenated graphenes, one side �uorinated graphenesare found to be stable, whi
h 
an be further fun
tionalized by the adsorption ofadatoms to other side. Lastly, the stability of the �uorinated surfa
e of �uoro-graphene and its intera
tion with foreign adsorbates were examined. It was foundthat atoms of nonmetals, alkali metals, alkaline earth metals, transition metalsand metalloids 
an be grouped with respe
t to their adsorption on �uorographene.Interestingly, while the the alkali atoms Na and K bind very strongly to the �u-orographene surfa
e without disturbing its 
rystal stru
ture, their di�usion take



CHAPTER 9. CONCLUSION 124pla
e almost without barrier.The most re
ent graphene derivative is the 
hlorinated graphene. Graphene'ssu

esfull 
hlorination was reported only a few months ago. Motivated with there
ent works on photo
hlorination of graphene, we 
arried out a �rst prin
ipleinvestigation of 
hlorination of graphene starting from single Cl adatom to fully
hlorinated graphene. We found that at one sided 
hlorination adsorbed Cl atoms
an migrate on the surfa
e of graphene almost with no barrier. Formation of Cl2mole
ule from two individual migrating adatoms is energeti
ally favorable. Onthe other hand, the 
on�guration, where two Cl atoms whi
h are adsorbed toadja
ent 
arbon atoms in di�erent sites are stable. On
e the bare graphene isfully 
hlorinated from both side resulting in its bu
kling, the resulting 
onfor-mation named as 
hlorographene, is a stable stru
ture with various ex
eptionalproperties. With its 1.21 eV dire
t band gap, sti� me
hani
al properties andrapid response to homogeneous strain this new material 
an be used in diverseappli
ations. However, this material may not be stable if it 
ontains va
an
ydefe
ts. The results obtained in this part of the thesis 
orre
t some erroneous
on
lusions drawn in earlier studies and illuminates some ambiguous points ofexperimental observation.Nanos
ale 
oatings have gained importan
e in the re
ent times due to theemergen
e of nanos
ale devi
es that are quite sensitive to enviromental fa
tors.Extremely strong latti
e stru
ture of graphene 
an be 
onsidered as an ideal
oating material. As a nano
oating appli
ation of graphene, we demonstratedthat 
ontinuous 
oating of pristine graphene on rea
tive surfa
es 
an provide foran ex
ellent prote
tion from oxidation of rea
tive surfa
es at nanos
ale. Thebinding of oxygen atom at low 
oordinated 
arbon atoms is rather high, but theirbarrier to penetrate to the rea
tive surfa
e under graphene is low. Thereforedis
ontinuities in graphene 
oating or defe
ts, su
h as va
an
ies or holes weakenthe prote
tion from oxidation by 
reating spots on the 
oating with low oxidationbarrier. This limitation 
an be 
ir
umvented by 
oating of bilayer or preferablygraphene sheets 
omprising a few graphene layers, whi
h provides even moree�e
tive prote
tion. At ma
ros
ale, our results suggests that graphene additives
an improve the strength of antioxidant paints. Graphene 
oating, whi
h is thin



CHAPTER 9. CONCLUSION 125at the atomi
 s
ale 
an also serve as a natural barrier between environment andsolid surfa
es for other atoms.Graphene's ex
eptional features originates from the hexagonal symmetryand these 
an be tuned by various fun
tionalization te
hniques. Though thesemimetalli
 graphene, whi
h has a zero band gap, allows relativisti
 
arrier mo-bility, from the viewpoint of requirements for nanodevi
es it be
omes useless asa semi
ondu
tor to amplify or swit
h ele
troni
 signals. However, the inert andstrong monolayer stru
ture of graphene provides an ideal playground for its fun
-tionalization. In the last part of my thesis, motivated by the re
ently reportedstate of the art methods for fabri
ating high density periodi
 nanos
ale defe
ts ingraphene, the stru
tural, me
hani
al and ele
troni
 properties of defe
t-patternedgraphene nanomeshes are investigated. It is found that various patterns of adatomgroups yield metalli
 or semimetalli
, even semi
ondu
ting behavior and spe
i�
patterns 
an be in a magneti
 state. Even though the patterns of single adatomsdramati
ally alter the ele
troni
 stru
ture of graphene, adatom groups of spe-
i�
 symmetry 
an maintain the Dira
 fermion behavior. Nanoholes formingnanomesh are also investigated. Depending on the interplay between the repeatperiodi
ity and the geometry of the hole, the nanomesh 
an be in di�erent statesranging from metalli
 to semi
ondu
ting in
luding semimetalli
 state with thebands 
rossing linearly at the Fermi level. We showed that forming periodi
allyrepeating superstru
tures in graphene matrix 
an develop a promising te
hniqueto engineer nanomaterials with desired ele
troni
 and magneti
 properties.The subje
t matter of my thesis is the investigation of stru
tural, ele
troni
,magneti
, me
hani
al and vibrational properties of various stoi
hiometri
 deriva-tives of graphene. Our studies reveal a lot of important features su
h as tunablebandgap, tunable magnetization, strong and �exible latti
e stru
ture and straindependent features of hydrogenated, �uorinated and 
hlorinated graphenes. Thestudies presented here fo
uses on the materials that have been synthesized injust a few years, and will shed light on the enormous potential of fun
tionalizedgraphenes and graphene derivatives.
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