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Abstract

Graphene nangibbons (GNRs) are promising materials for
applicatiors in the field of nanotechnologywhich requires detailed
control of the material at the atomic level. Therefore, a detailed
characterisation with atomic resolution is essential. Recently, the
improvements of Electron Energy Loss Spectroscopy (EELS)
techniqgue mde observationof electronic states in a single atom
possible.The interpreation of EELSspectrais through fingerprint
matching compared to the speein from the reference material
however, sofar there is no report tondicate the detailed spectral
feature based on systematic investigation fthe EELS spect of
GNRs. In this project,in order to demonstratethe characteristic
spectral features for fingerprintab initio EELS calculationsfor
GNRs were performed for different atomc sites, edge shapes,
ribbon widths andedge modificatios. As a resulttheoreticalEELS
spectra showd the different spectral features fogach condition
These relations indicaté is possible to convert experimental data
into the local atomic arrangement and chemibahding statesn
GNRs.
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1. Introduction

1.1. Previous study of GNRs

Graphene is a carbon material that is only one atom thick and the
basic structural element of all other graphitic materials such as
carbon nanotubes, and fullerene$f graphene is rounded into a
cylindrical shape, it will bea carbam nanotube If graphene is rolled
into a sphericalshape, it will be a fullereneln recent years, the
biggest attention idocused on graphenelhis is because graphene
have the highest mechanical strength [1], extraordinary high
thermal conductivity [2] and ultrahigh carrier mobility [3]. In
particular,graphenes a zeregap semiconductof4] and is expected

to be a technological alterni@e to silicon semiconductorsFor
semiconducting application, bangap opening is requiredOne of

the solutionsis cutting graphenento narrowstrips, which isknown
asgraphene nangsibbons (GNRs) GNRs are promising materiad in

the field of nanotechnologynd the properties of GNRs arknown

to besensitive to local atomiconfigurations[5] [6] [7]. Therefore
elemental identification and electronic state analysis at dha@mic
scale is becoming increasingly important.So far, te atomic
configurations at graphene edges have been investigated by
transmission electron microscopy8] [9] and scanningprobe
techniques[10], but the electronic properties of these edge states

have not yet been detmined with atomic resolution.
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1.2. State-of-the-art approach to the

electronic states

Electron Energy Loss Spectroscopy (EELS)an effective approach
to investigate the electronic structure odrbonmateriak with high
spatial and energy resolutio®EELS is a spectroscopic technique to
obtain structural, chemical and electronic information about a
samplein the STEM (Scanning Transmission Electron Microscaope)
Figure 1.1 shows a schematic diagram of a STHMsed EELS
system. he electron beam passekrough the sample andome of
the electrons interact with the sampl€he total amount of energy
loss is measured as Electron Energy Loss Spectriime structure
in an EELS spectrum originate from the transition from a core
level to unoccupied stateJhis is known asEnergyLossNear Edge
Structure (ELNES) It includes the detailed information ofna

electronic structure of a material.

Recenty, an experimental study of atomby-atom EELS
measuremerst for graphene edges was reportédil]. Using low-
voltage aberrationcorrected STEM, they obtained the singtatom
spectum successfully without damaging the specimenby the
electron beam.As a result,the detection of differeh electronic
states in individuakarbon atoms has become possibldhey showed
that the EELS spectrumof eachcarbon atom depends on the local
atomic structureas seen irFigure 1.2(d). In particular, they showed
that EELS peakssensitively reflect the electronic states derived
from the local atomic structuran the edge sitesIn order to
understand these spectaacurdely, the supportfrom the theoretical
calculatiors are needed.In particular, comparing several theoretical

spectra which have been collected systematically will be an
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extremely effective method tonterpret the detailed information,

such as the atomic stcture and electronic stasdrom the spectrum.
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Figure 1.1: Schematic diagramof STEM-based EELS system
[12]
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Figure 1.2: Graphene edge spectroscopy1l1]. (a) ADF image

of single graphene layer at the edge region, and (b)atomic
positions are marked by circles in a smoothed image. Scale
bars are 0.5nm. (d)ELNES of carbon K(1s) spectra taken at
the colour-coordinated atom, respectively. These different
states of atomic coordination are marked by coloured arrows

in (a) and (b) andillustrated in (c).

1.3. Purpose of this study

In this project, we calculate theoretical EELS by means tloé
CASTEP first-principles modelling code[13] and show that the
spectrd featuredepend on edge shapebbon width, atomicsite and
chemical modification. Moreover, we clarifythat the EELS data
obtained systematically cabhe used asa fingerprint ofthe GNRSs.
These data will be able to contribute to the analysis of future
experimenal work on GNRs and also expected to help the material

design of the electronic device based on GNRs.



2. Basic Theory

This chapter outlinesthe method required of theoretical EELS
calculation.First, the relationship between the EELS signal and the
electronic state calculations idiscussed Next, Density Functional
Theory (DFT)used forthe electronic state calculations psesenéd.

The DFT code usedin this thesisis CASTEP, which uses a plane
wave pseudopotential code and employs periodic boundary

conditions.

2.1. CASTEP EELS

The EELS spectra are obtained from tpartial differential cross

section—— which is expresseds|[14]
Q. P Poa—F
'QTJA\ % “ rm rr] _ r']" (21)

Where"Oé(—ﬁ represent the loss function including information

about the energy loss process for an electremjhd is the
dielectric function, and  and 5 are the momentum and angular
frequency ofthe scattered electron, respectivelxm is the sold
angle Qis the electron chargeand @ is the Bohr radiusThe loss

function can be described as following:
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p
_ r]Flb _ r]Flb _ r]Flb (2.2)

where- ARy is the real part and AR is the imaginary pariof
the dielectric function In the energy region of the corkevel
excitation, -x p, - L p are obtained[15]. Therefore, the loss

function is written as followind 14]

v p L

Od - Ao R Nhd
TAQ P o~ (2.3)
o 0QQ ® w01 25 O © :

whered0Q 8 dOrepresent transition matrix elements includibye
core statexdand the final state [on an atomic statéO andO are
the energies ofthe core state and final staderespectively. Final
states and energies are gained from DFT calculation by CASTEP
and the core states areeconstructed usingPAW (Projector
Augmented Wave) approach [16]. The DFT method will be
discus®d in the next section.

2.2. Density Functional Theory

Density Functional Theory (DFTproved by Hohenberg and Kohn
[17] could be applied by means of construction of the actual
calculation method by Kohn and Shanmhe Kohni Sham equation

can beexpressed afFl8]
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o : :
—1 0w 3 O3 (2.4)

ca
where w is called the KohnSham potential and written as

following

O b D (2.5)

wherew is the external potentialelectronnuclearinteraction, @
is the Hartree energfclassicalelectronelectroninteractiong, @ is
the exchagecorrelation energy (quantum electrovelectron

interactions) w andw are expressed as following

6 i — Al
3 1s (2.6)
and
10
6 — (2.7)
where” 1 is the electronic charge densigt a pointi , computed
as” i 51 s,andO is the energy of exchange amdrrelation

of an interacting systemlt is not simple to express the exchange
and correlation rigorously. Thereforefor this part, it would be

appropriate to rely on approximations.
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2.3. Local Density Approximation

In order to smplify the manyelectron systemby the density
functional method,the exchangeorrelation energy musbe given
The accurate value ofthe exchangeorrelation energycan be
obtairned only in the case ofhomogeneous electron gd$iEG) by
means ofusing Quantum Monte Carlo (QMC) calculatiof49].
Therefore the exchangeorrelation energy is assumed the following
functional fornms [18]:

0 mOX MmOAO (2.8)

X mO X m O (2.9)

wherem O is electroric density,X mO isthe exchangeorrelation
energyat a point rX MmO is the exchange&orrelation energy at
a point r in the homogeneous electron gdse Equatiors 2.8 and
2.9 representhe exchangecorrelation energy aé pointr is treated
as that of the homogeneous electron gas whiths the same
electron density at a point rThis approximationis called local
densty approximation (LDA)[20], and at first wasconsideredto
work well only in a systemwhere the electron density is slowly
varying. However, in practice, the LDA has been outstandingly
successful in real systems with inhomogeneous electdensity.
The reason for the successand the limitations weraiscussedin

detail by Gunnarssoet al [21].
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2.4. BlochGs theorem andplane wave

basis set

In order to perform the electronic statecalculations in solids a
method tohandleinfinite crystal structure idurtherrequired. In the
crystal, the distance between atoms is periodic. Therefore, the
external potentialat a point rfelt by the electrons is expressed as

follows.

61 61 Y (2.10)

where'Yis the crystal periodln a system with periodic boundary
condition, by using the Blods theorem[22], it is possible to
obtain the solution of the Scadinger equationThe wave function

is written as

3 i Q806 i (2.11)
whered i is aperiodic function Therefore itcan be expndedas
a set of plane waves

14 1 I o D 8
0 I w 00Q (2.12)

where G is the reciprocal lattice vectorsx "O is the Fourier
expansion coefficient for the reciprocal lattice vector. By
substituting equation 22 into equation 211, the wavefunction is

expresseds follows:
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(2.13)

Hence thewavefunction is written as a sum of plane waves.

2.5. Cut-off energy

The equation 213 expanded by plane wavess the sum for
reciprocal latticevectors G. Ideally, it is desirable to deal witlan
infinite number of reciprocal lattice vectors, however it is
impossibleand the sum must be limiteby the cutoff energyO

O is defined

280 @

3 (0 (2.14)

This is reasonable because €68 "G° H, < "0OsC 1. (See section
3.2)

2.6. k-point sampling

In the periodic system, thentegralk over the infinite systemn the
real space can be converted intdve integrals over the first
Brillouin zone inreciprocal spaceln this project, the Monkhorst
Pack scheme[23] is used to approximatethe integrals inthe
Brillouin zoneby a summation over discretemaling points, called

k-points. (See section 3.4)

10
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2.7. Pseudopotential approximation

In order to further reduce the computational expense of the
calculation, CASTEP code uses a pseudopotential method (see
section 3.1). The pseudopotential is an approximatedeptoal,
which uses a potential function for the valence electron potential
without directly dealing with the inner core electrons (=Carbon 1s
in this thesis) near the nucleus. This is because in many properties
or chemical reactions, inner core electrons mot play an important
role. The valence wave function oscillates rapidly and has some
nodes in the core region because it must be orthogonal to the core
state. However, when a pseudopotential is generated, these nodes
are removed. As a result, a smoothdanodeless wave function is
obtained, so that the cwtff energy can be reduced significantly.
This leads to the reductions of the computational demand of a

calculation without aecting the results.

However, in the EELS calculation, the calculation of ttere level
state is required for the evaluation of the transition matrix element
in the equation 2.3. For that reason, the pseudofunction is
transformed to the all electron wavefunction using the PAW method.
Using the reconstructed wavefunction, the colevel can be

described, which enable the EELS signal to be calculated.

11
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2.8. Alternative methods of

calculating EELS

Besides CASTEP, severalodesare known for calculating EELS
using DFT.For instance WIEN2k [24] is an allelectron DFT code
and has shown the best agreement with experiméigwever, in

exchangefor the high accuracythe calculationsrequire the most

computational time.

Some codes use th®V-X Umethod, asused in thesingleatom

analysis by Suenagaet al [11]. This is less computetime-

consuming than other DFT methsed u e t o using- XU exc
correlation potentiagl but on the other hand,the calculation

accuray is sacrificed to some extentThe details of the
computational treatments dhe DV- XU met hod have been

by Adachiet al[25].

In terms of CASTEP,unlike abovementioned programsit is not
possible to calculate the absolute value of the lemsrgy and the
chemical shiftbecause of the use gfseudopotential However, it
is possible to calculatavith relatively high speed in spite dieing
an ab initio calculation and taking into account the exchange
correlation potential Moreover, CASTEP EELS providesresults
with high accuracyChe R. Seabournet al [26] have reported that
it is possible to obtain the spectmaith CASTEP EELSwith almost

the same levebf the accuracyasusing WIEN2Kk.
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3. Theoretical Modelling

3.1. Pseudopotentiaé

In EELS calculatios, whenusing the CASTEP code, an omhe-fly
pseudopotential is required for PAW reconstruction. The
pseudopotentiais generated otthe-fly from a definition string In
order to determine the appropriate stringhe pseudopotential
convergence andhe lattice constantwere tested fordiamond and
graphite moded. As a result,the core radiusand qgctuning [27]
required for generatinghese pseudopotentialsvere determined to
bel.4v and7, respectively Table 3.1 shows the results of the tests
The latticeconstant calculated by using thpseudopotential agrese
with the experimental datp28] [29] very well, and furthermorethe
pseudopotential possesses sufficiently good convergerase no
artificial ghoststatesappeared The string obtained isexpressed as

follows.
"1]1.4|9.187]11.025|12.862N:21L (qc=7)[]"

wherethe first integer is the angular momentum quantum number of
the local channel. The nextumberis the core radiusRc. The next
three integers are the suggested -oft energies for ficoarseo,
Aimediund and fifined precision with this psudopotential.The next
secion indicates the electrongeated as valence, specified by the
principal and orbital angular momentum numbers n and |, i.e. 20:21
means treat 2s and 2p electrons as valernidg indicates the norm

conservation.
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Lattice constant Error
(A) (%) d Etot/d IOg( Ecut)
Diamond 3.550 -0.48 -0.029
In-plane 2.454 -0.20
Graphite -0.067
Perpendicular 6.635 -0.11

Table 3.1: Lattice constants and the lattice constant error in
diamond and graphite model. dEtot/dlog(Ecut) represent the
pseudopotential convergence.

In this project, the noratonservation was used because originaly
theoretical study by both EELS and Raman has been planned. (The
ultrasoft pseudopotentials are not supported in Raman calculation
by CASTEP.) dL6indicates that this state is the local channel. The
figc=70 in round brackets specifies the -qaning for the

pseudopotential.

Figure 3.1 shows the wavefunctions obtained by the all electron
DFT calculations for constructions of pseudowavefunctions and the
pseudowavefunctiom generated by using the above strinighe all
electron wavefunction of 2s oscilladeinside the core radius Rec.
This oscillation maintains the orthogonality between 1s and 2s
electrons. Beyond the Rc, the pseudowavefunctions agree with the
all electron waefunctions. Inside Rc, the pseudowavefunctions are
smoother than the all electron wavefunction. In this project, we use

this string for carbon atom in various structures consistently.

In the case ofperforming EELS calculations, the pseudopotential
for an excited state is needed because the incident elecheams
exciteelectrons in materials. Hence, the excited pseudopotential for
carbon atoms excited by incident electron beams is constructed for

the atomicconfiguration1s'2s’2p® subtracted electron from 1s level.

14
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Figure 3.1: All electron and pseudowavefunctions for carbon
atom. The core radius Rc=1.4 au.
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3 Theoretical Modelling

3.2. Cut off energy

In this section we present the results of simulations tfe lattice
constantof graphite and diamond as seen kmgure 3.2(a) (b) and
Figure 3.3(a) respectively.Figure 3.2(c) and Figure 3.3(b) show a
metric for how well converged the total energy of the simulated cell
is with respect to theut off energy @E:.//dlog(Ecyi)) for graphite
and diamond The simulaions were carried out usinghorm-
conservingpseudopotentialand LDA approximation These results
show that each lattice constant is in good agreementwith
experimental dataat a level ofless than 0.% errorat 700eVand
that the total energyis sufficiently converged with respect to eut

off energyat 700eV.

16



3 Theoretical Modelling

2.456

o

N
n
o
7]

In-plane

2.454

Lattice constant (A)

2.453
600 650 700 750
Cut-off energy (eV)

6.80
6.75
6.70
6.65

X

Exp.=6.642
Vertical

6.60
6.55

Lattice constant (A)

6.50
600 650 700 750
Cut-off energy (eV)

0.0

(c) 600 650 0 750
-0.2
-0.4
-0.6

-0.8

dEtot / dlog(Ecut)

-1.0

Cut-off energy (eV)

Figure 3.2: Lattice constant of graphite (a) in-plane and (b)
along vertical direction for the graphite layer. (c) Metric for
how well converged the total energy of the simulated cell is
with respect to thecut off energy for graphite.
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Figure 3.3: (a) Lattice constant of diamond. (b) Metric for
how well converged the total energy of the simulated cell is
with respect to thecut off energy for diamond.
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3.3. Supercell size

This section describesow the size othe supercell was decidedn
order to achieve EELS spectrat iis necessary to obtain the
electronc structure ofthe excited state For this purposethe core
hole should be ioluded in the calculation CASTEP imposse
periodic boundary conditions to perform simulatiors, and it is
thereforenecessary to makeéhe supercellbig enoughto minimise
the interaction with neighbourng excited atoms. Figure 3.4 shows
the illustration of the interactions among excited atoms.confirm
the effect of the interaction EELS were to be calculated for

diamond and graphite for different sigef supercels. For EELS

spectra, all the calculation was performed by CASTEP. For the

exchangecorrelation functional, the Local Density Approximation

(LDA) method was usedThe Fermi energy is set to zero. The

smearing width is 0.2 eV.

Large interaction Small interaction

(b)

Figure 3.4: Illustration of the interaction among neighbouring
excited atoms. The red circles indicate excited atoms.
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3.3.1. EELSspectra of carbon in

diamond

Figure 3.5(b) shows theEELS spectraof diamondfor different size
of supercel$. Figure 3.5(a) shows a experinental EELS spectrum
for the sake of comparison which has two distinct peaks
approximately 15eV away from each other ampdateau between
them. In Figure 3.5(b), the spectum of the two atom model looks
quite different from the othersas expectedAnd then the spectra
show a clear trendand converge as the size ofthe supercell
increases This is because the interaction betweereighbouing
excited atomsdecreass. The spectum calculatedwith a 32 atoms
supercell show the featuresof the experimental speatm and no
significant change for 54 and 64 atoms mode€l$is indicates that
the lattice of the 32 atommodel ishig enough andhe size of the

lattice is 6.150v in each direction In this casethis result shows

thatthe size of supercell needed is approximately &t least.
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Figure 3.5: (a) Experimental EELS spectrum of diamond
taken from [30]. (b) Calculated EELS spectra of carbonin
diamond for different supercell size.
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3.3.2. EELSspectra of carbon in
graphite

Figure 3.6(b) shows theEELS spectra of @arbon in graphite for
different sizes of supercels. These spectra are remarkably different
from the EELS spectra of carbon in diamond, reflecting the
differences of the atomic and electronic structur&sgure 3.6(a)
shows an experimental EELS spectrum foosmparison which has
two main features: the sharp * peak and the broadl * peak
including a plateau The °~ *peak is caused by transitions from the
carbon 1s core level to thanti-bonding state of” bonding and the

0 *peak is caused by transitions fromet carbon 1s core level to the
anti-bondingstate ofli bonding.In Figure 3.6(b), these spectraalso
show a clear trend andonverge as the size of the supercell
increases This is because the interaction betweaeighbouing
excited atoms decreasein the sameway as the case ofdiamond
The spectrumcalculatedwith a 36 atom supercell show the main
featuresand no significant change for 64 and 100 atoms models
This indicates that the lattice ofé3atoms model is big enough and
the size of the latticés 7.363v in-planedirection. In this case this
result shows that the size of supercell needed is approximately

at least.
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Figure 3.6: (a) Experimental EELS spectrum of graphite
taken from [30]. (b) Calculated EELS spectra of carbonin
graphite for different supercell size.
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3.3.3. Conclusion

In this chapter, EELS calculatiors with different cell size for
diamond and graphite werperformedin order toinvestigatethe
effect of the interaction betweemeighbourng excited atoms.As a
result,in the EELS calculationgor carbon materialsthe minimum
cell size to ignore the effect ofthe interaction wasmore than
approximately7 v. Hence in all subsequentalculations, the unit

cell was always chosen to be larger than this
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3.4. k-point sampling

In order todeterminethe sampling number of -boint, the EELS
calculations for both diamond and graphene were perfornieglure
3.7 displays a series of EELS spectra calculated for aatdm
diamond model for different numbsrof k-points. Figure 3.8 shows
the structuralmodel of graphenand Figure 3.9 displays a series of
EELS spectra calculated fothe graphene model for different
numbes of k-points. For the 54-atom diamond model, the
convergence of the EELS spectrum is completeab§x6x6 k-point
mesh with kpoint spacing of0.020 ¢ ~ !. For the 18-atom
graphene modelthe convergenceof the EELS spectrum iachieved
by a 8x8x1 k-point mesh withk-point spacingof 0.020 ¢ ~™*. From
these results, th&-point spacingrequired forEELS calculatiors of

carbon materiais preferablyless than0.020 ¢ ~™*

10x10x10

9x9x9

H 8x8x8
Z
2 7x7x7
7]
E V!
6x6x6
i
5x5x5
\r
4x4x4
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Energy (eV)

Figure 3.7: EELS spectraof 54-atom diamond model.
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Figure 3.8: Structural model of graphene (3x3 supercell of
graphene)
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Figure 3.9: EELS spectra of graphene for different numbers
of k-points.
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4. Atomistic structure and

magnetism of GNRs

Graphenenanoribbons are dividedinto two classes Figure 5.1
shows GNRs with (a) armchair (AGNR) and (b) zigzag edge
(ZGNR). The width N of a ribbon is commonly measured by the
number of dimers or zigzag linegd31l]. Several theoretical
investigations of the edge structure and the stability in GNRs have
been carried outand the most stable structures were reporfdd]
[33]. However, in the experiments, the GNRs whiatte not the most
stable have been observed as well, including -passivated edge

structure[8].

Therefore, n this section,we will focus on the clean zigzag and
armchair edge as the basic structure at firsand then reveal the
features atthe atomic level. In addition,we also investigatehe
effect on both the structure and the magnetism by the edge
modification such ashydrogen modification reconstructed edge

and theKlein edge.
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@) =

(b)

Figure 4.1. Graphene nano-ribbons with (a) armchair and (b)
zigzag edge for width N.

4.1. Armchair GNRs

In this section, the featuseof the atomistic structureof AGNRs
with and without hydrogen passivaticare reported.AGNRs do not

showthe magnetic structureegardlessf the edge modification
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4 Atomistic structure and magnetism of GNRs

4.1.1. Non-passivation

Figure 4.2 shows the relaxed structuweof the ribbon width with
N=5-9. In thesestructures, each grey spheres represents the position
of carbon atomsSolid lines represenfi bonds.A carbon atom in
the interior region of GNRs has two interchain bonds and one
intrachain bow with its nearest neighbour#t the edge atom, it has
one intrachain bond and one interchain boriche edge relaxation
contracts the intrachain bonds at the edge by . X®mparedto the
bond in the bulk. The bond length is reduced to 1v23which is
close to tle triple bond of acetylene (1.24). The presence of triple
bonds at the edge of armchair ribbonhave been reported in
previous studies[34], therefore it is considered reasonable to
presumethat these short bonds are triple bonds. This structural
chamge is independent of thebbon width investigatedor N=5 to 9.
This effect comes from the lack of a bonding counterpart in an
interchain bond, which generates both the dangling bondUof
or bital at t he edge and the nonbondir
edge. Figure 4.3 shows the bondength change from the edge to
internal sitein 9-AGNR. The blue circle indicatesntrachain bond
lengthandthe red triangle indicasethe interchairbond length The
dashed line indicate the bond lengthin graphene The horizontal
axis is the bond number which is indicated at N=9 ribborFigure
4.2. Moving away from the edge, the short bond at the edge
especially interchain bondsonverges to the bond of bulk graphene

rapidly.
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N=7

N=8

1

Figure 4.2: The relaxed structure of N-AGNR. In N=9 the blue
numeral indicate the bond number of intrachain bonds and
the red numeral indicates the bond number of interchain
bonds.
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Figure 4.3: The bond-length change from the edge to internal
site in 9-AGNR. The blue circle indicates intrachain bond
length and the red triangle indicates interchain bond length.
The dashed line indicates the bond length ibulk graphene.

4.1.2. Hydrogen passivation

Figure 4.4 shows the relaxed structureof (a) mono-hydrogenated
5-AGNR, (b) dihydrogenated5-AGNR, and (c) the side view of
dihydrogenatedb-AGNR. Dark circle denote carbon atoms and open
circles represent hydrogen atomSolid lines represent aextion of
a unit cell in plane with the ribbons The two ed@s of the each
structure have the same configurationsthe monehydrogenated
GNRs are inplane andeach edgecarbon atom is bonded to a
hydrogen atomCompared to the edge interchain bonds of the-non
passivated AGNR, hte length of the edge interchain bond$ the

mono-hydrogenated AGNRs expandedo 1.37v, which is close to

the double bond otthylene (.34v). In the dihydrogenated GNRSs,
each edgecarbonatom form sp3 hybridised orbitalsinstead ofsp2

hybridised orbitals andhas bondsvith two hydrogen atoms and two
neighboring carbon atomd&.he planewhich two hydrogen atoms and

one edgecarbon atom make is perpendicular to theaphee sheet.
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The length of the edge interchain bonds of the dihydrogenated
AGNR is expanded to 1.58, which is close to thesingle bond of
ethane (1.52v).

Figure 4.5 shows the computed totanergy differences of the

system
w0 0O O (4.1)
(] O T ¢ O (4.2)
where O is the energy of the unit celbf GNRs including
passivated hydrogen atomst ¢& O is the energy in the

hydrogen reservoir and the notation n means the number of
hydrogen atoms per each edge atdm.case of dding three or more
hydrogen atoms to an edge carbon atowe confirmedhydrogen
desorption occurln the unit cell, there are four edge carbon atoms,
therefore he maximum hydrogen molecules in theservoirare set

to four. O is the energy ofthe isolatedhydrogen méecule
(=-30.962 eV). The system contains 10 carbon atoms and 8
hydrogen atoms.O can be used to determine the stability of
hydrogen passivationBy the hydrogenation on the edge carbon
atom of nonpassivated AGNR, ta@l energy of hydrogenated
AGNRs is stabilized energetically. In this system, the most stable

structure is found to be dihydrogenated AGNRs.
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(a) n=1 (b) n=2 (c) n=2 (side view)

Figure 4.4: The structure of (a) mono-hydrogenated 5-AGNR,
(b) dihydrogenated 5-AGNR and (c) the side view of
dihydrogenated 5-AGNR.

Figure 4.5: The total-energy differences of the system
including both AGNR consisted of 10 carbon atoms and 8
hydrogen atoms
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4.2. Zigzag GNRs

In this section, the features of the atomistic structuresZGMNRs
with non-passivation, self-passivation, hydrogen passivationand
Klein edge are reported. Especially, in terms of hydrogen

modification, energetic stability is reported.

4.2.1. Non-passivation

The structural relaxation with spin polarisation is performed in the
ribbon width with N=37. Figure 4.6 shows therelaxed structure of
N-ZGNR. A carbon atom in the interior region of GNRs has two
intrachain bonds and oneinterchain bond with its nearest
neighbours. At the edge atom, it haslynntrachain bonds.The
edge relaxation contracts the intrachain bonds at the edge byv0.04
comparedto the bond in the bulk. As a resulipterchain bonds
expand This structural change is independent of the ribbon width
with N=3 to 7. This effect comesfrom the lack of a bonding
counterpart in an interchain bond, which generatelsoth the
dangling bond ofli orbital atthe edge and the nonbonding part of
t he ° or bi t aHigura4.6 shdwse thes Wbgdength change
from the edge to internal site in-ZGNR. The blue circle indicates
intrachainbond length and the red triangle indicates the interchain
bond length. The dashed linendicates the bond length imulk
grapheneThe horizontal axis is the bond number which is indicated
at N=7 ribbon in Figure 4.6. Moving away from the edgehoth the
short bondof the intrachain bondand the long bond of interchain

bondconverge to the bond of bulk graphene rapidly.
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N=4

N=6

Figure 4.6: The relaxed structure of N-ZGNR. In N=7 the blue
numeral indicates the bond number of intrachain bonds and
the red numeral indicates the bond number of interchain
bonds. The dashed lines indicate the unit cells.

35



4 Atomistic structure and magnetism of GNRs

1.5
‘< 1.45 A
=
% S —
S 1.4
-g . ® intrachain
8 1.35 A interchain
------- graphene
1.3
0 1 2 3 4 5
Bond Number

Figure 4.7: The bond-length change from the edge to internal
site in 7-ZGNR. The blue circle indicates intrachain bond
length and the red triangle indicates interchain bond length.
The dashed line indicates the bond length imulk graphene.

N=3 N=5 N=7

2 E (eVledge carbon atom -0.09 -0.11 -0.11

Integratedabsolutespin density 2 556 2741 2801
(electronsh )

Table 4.1: Stabilised Energy by spin polarisation 2E and
integrated spin density for ribbon width N = 3, 5, 7.The spin
densities are for the unit cells shown inFigure 4.6.
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Regarding spin polarisation, the different spin configurations and
the relative energiesra investigated. As a resulhé spin moment
on thecarbonatoms on one edge afeund to beantialigned to the
spin moment on the opposite edgad it is energeticallyavourable.
The total magnetisation of the ribbon is zero anbe spin
configuration isan antiferromagnetic (AF).Figure 4.8 shows the
isovalue surface of the spin density & 5 and 7#ZGNRs. The
isovalueis 0.06 A1 AAMOI whére+ is Bohr radius The spin
polarised electronic states localise on the botges and the spin
configuratiors are independent of the ribbon widthable4.1 shows
the stabilised energy per edge carbon atom by spin polarisa&kn
and the integated spin densityThis magnetic order stabilisethe
energy by approximately).1l eV per edge carbonatom within the
ribbon width N=37. The integrated spin density shows the
dependence on the ribbon width and increase slightly as the widths

become wider.
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N=5

Figure 4.8: Isovalue surface of the spin densitycalculated
from spin-polarised simulationin AGNR with different widths
N=3, 5, 7 The isovalueis 0.06"Hi "HH I 1 Colour code: red,
a spin density; blue, E spin density.
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4.2.2. Self-passivation

Fromthe energetic point of view, twameighbouringhexagons of the
bare zigzag edgenay reconstruct and transforto the structure of a
pentagon and a heptagoihis edgestructureis known as Stone
Wales (SW) defec{35] and energeticallyfavourableover thebare
zigzag edg€g36] [37]. Figure 4.9 shows therelaxed structureof 7-
GNR with (a) bare zigzag edge and) reconstructededge The
structural relaxatiosa on reconstructed ZGNRre performed in the
ribbon width with N=37. These structuresare stabilised in non
magnetic ground statand by 0.4 eV per edge carbon atofmhe
edge structures have triple bonds in thenmagsts as well as bare
AGNRs. The length of the bond is 1.24independent ofthe ribbon
width investigated N=37. The structure of reconstructed ZGNR is
favourable due to the presence ofthese triple bonds instead of

dangling bonds in bare zigzag edges.
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Figure 4.9: Schematics of 7-GNRs with (a) bare zigzag edge
and (b) reconstructed edge

4.2.3. Hydrogen passivation

Figure 4.10 shows (Left) the relaxed structumeand (Right) spin
densty plot (Isovalue is 0.06 electron®/) of (a) nonpassivated 5
ZGNR as a reference(b) monohydrogenated 5-ZGNR, (c)
dihydrogenate®-ZGNR, and ¢) the side view ofdihydrogenated-
ZGNR. The two edges of theeach structurehave the same
configurations.The monehydrogenated GNRs are-plane and each
edge carbon atom is bonded to a hydrogen atorn the
dihydrogenated GNRseach carbonedge atom has bondsvith two

hydrogen atoms and two neighboring carbon atoitse plane vwich
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two hydrogen atoms and one carbon atom make is perpendicular to

the grapheae sheet.

Regarding spin polarisation, the different spin configurations and
the relative energies are investigated. As a resuhl, mono
hydrogenated 2GNR, the spin moment omhe C atoms on one edge
are antialigned to the spin moment on the opposite eslgme as
non-passivated ZGNRsThe total magnetisation of the ribbon is
zero andthe spin configuration is raantiferromagnetic (AF). Té
dihydrogenated &2GNR is found to be non-magnetic The
decreasingirend of spin densitywith the number of the addition of
hydrogen is confirmedcleady. Table 4.2 shows the stabilised
energy per edge carbon atom by spin polarisationE and the

integrated spin density.

Figure 4.11 shows the computed totanergy differences of the
systemgiven by equation4.1. In the present case, total energy of
the system is described below.

O O ¢ £€0 (4.3)
where O is the energy of the unit cell of GNR&cluding
passivatedhydrogen atoms ¢ € O is the energy in the

hydrogen reservoir and the notation n means the number of
hydrogen atoms per each edge atdm.case of adding three or more
hydrogen atoms to an edge carbon atom we confirthedchydrogen
desorption occurln the unit cell, there aréewo edge carbon atoms,
therefore the maximum hydrogen molecules in teservoirare set

to two. O is the energy of hydrogen molecule-30.962 eV).
The systen contains 10 carbon atoms andh4drogen atomsO

can be used to detmine the stability of hydrogen passivatioBy
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4 Atomistic structure and magnetism of GNRs

the hydrogenation on the edge carbon atom of-passivatedZGNR,
total energy of hydrogenatedGNRs is stabilized energeticallyln
this system, the most stable structuredibydrogenated GNRs.

(b)
n=1

Non-magnetism

(d)
n=2

(side view)

Figure 4.10: (Left) Atomic configurations and (Right) spin
density plot (Isovalue is 0.03 electrons%) for 5-ZGNRs with
(a)Non-passivation as a reference (b) Mono-hydrogenation,
(c)Di-hydrogenation, and (d)side view of atomic configuration
of di-hydrogenated 5ZGNR. Dashed lines represent a section
of a unit cell in the ribbon plane. U (b) spin are represented
by red (blue).
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n=0 n=1 n=2
ZE
(eV/edge C atom) -0.11 -0.11 0
Integratedabsolutespin density 2741 0.585 0
(electrons )
\iagnetism AFM AFM magﬁgtism

Table 4.2: Stabilised energies by spin polarisationZE and
integrated spin density for the different number of hydrogen
atoms added on the edge carbon atomThe spin densitiesare
for the unit cells shown inFigure 4.10.

Figure 4.11: The total-energy differences of the system
including both ZGNR consisted of 10 carbon atoms and4
hydrogen atoms.
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4.2.4. Klein edge GNRs

Klein edge [38] is defined as @& atomic configuration of zigzag
edge which each carbon atom is bonded amw additional carbon
atom. Klein edge has been experimentally identidd by different
techniques, such ashigh resolution transmission electron
microscopy [8], scanningtunnelling microscopy [39], and atom
resolved EELS spectroscodyl]. Figure4.12 (a) showsschematics
of GNR with the bare Klein edgeThe bae Klein edge isnot
favouredenergeticallybecausethe edge aoms have dangling bonds.
Figure 4.12 (b) shows the reconstructed Klein edgen which
geometry optimisationis performed with the bare Klein edge
structure. The twaeighbouringbare Klein edgs transforma five-
membere ring including the triple bond at the armresAs a result,
this edge reconstructions found to lower its energy by 0.35
eV/atom.

Figure 4.12: Schematics of GNRs with (a) bare Klein edge and
(b) reconstructed edge
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Figure 4.13 shows the relaxed structures of GNRs wift#) mono-
hydrogenatedKlein edge, (c) dihydrogenated Klein edge ande)(
trinydrogenated kein edge (b), (d), (f) showthe side view of(a),
(c), (e), respectively. Figure4.14 shows the computed totanergy
differencesof the system for the case of hydrogen passivagoren
by equation4.l1l. In the present case, total energy of the system is

described below:

(0] (0] T €0 (4.4)
where O is the energy of the unit cell of GNR&cluding
passivated hydrogeratoms 1 € O is the energy in the

hydrogen reservoir and the notation n means the number of
hydrogen atoms per each edge atoimm case of addingfour
hydrogen atoms to an edge carbon atom we confirmed it is
energetically unfavorable. In the unit cell, there atwo edge
carbon atoms, therefore the maximum hydrogen molecules in the
reservoir are set to four.O is the energy of hydrogen
molecule (=30.962 eV). The system contains8 carbon and 8
hydrogen atoms% can be used to determine theability of
hydrogen passivation. In this system, the most stadtleictureis
trinydrogenated Klein edge structyrewhich stabilised in non

magnetic ground state
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4 Atomistic structure and magnetism of GNRs

(@) (b)

n=1 n=1
(side view)
(c) (d)
n=2 n=2
(side view)
(e) (f)
n=3 n=3
(side view)

Figure 4.13: Schematics of GNRs with &) mono-hydrogenated
Klein edge, (c) dihydrogenated Klein edge and ¢)
trihnydrogenated Klein edge. (b), (d), (f) show the side view of
(a), (c), (e), respectivelyDashed line represents a section of a
unit cell in the ribbon plane.

46



4 Atomistic structure and magnetism of GNRs

AE (eV)
L N

Figure 4.14: The total-energy differences of the system
including both GNR consisted of 8 carbon atoms and 8
hydrogen atoms.

4.3. Conclusions

In conclusion, we have reported the systematic study of atomic
structures of GNRsADb initio DFT calculations indicate that the
ribbon edgs are stabilised by full saturation of all carbon dangling
bonds in each system such as armchair and zigzag order to

compare these different edge structures, the edge energy is defined

O 00 0 O
% (2.15)
where 0 , 0 , . are the number of carbon atoms, hydrogen
atoms, and edge carbon atoms per unit cefspectively O is

the total energy per uncell in the ground state.
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4 Atomistic structure and magnetism of GNRs

O = -158.530 eV/atom ani@® = -15.481 eV/atom are
total energies of a carbon atom in garphene and a hydrogen atom in
the H, molecule. These edge energies caomparewith different
structures and previous da{d2] [33] [36] [7]. Figure 4.15 shows

the edge energies of the ribbons without hydrogen atoms. Energies
are plotted as a function of the ribbon widthThese energies are
nearly independent of the ribbon widths and the geeic stabilities

can bedetermined by the edge shapEnergy of zigzag ribbons is
approximatelyl eV higher than the otherd.his can be understood
that zigzag edg® have dangling bonds and the others have triple
bonds instead of dangling bond%able 4.3 shows thesummaryof

the edge energiesand magnetismfor all different edge shapes
within this work and Figure 4.16 shows the corresponding edge
energies in a graph for easy comparisdiese results indicate that
the armchair ribbon bytwo hydrogen atoms is the most stable
within this work. With regard tomagnetc properties only ZGNRs
unsaturated by hydrogen exhibit the magnetism

(antiferromagnetism).
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4 Atomistic structure and magnetism of GNRs
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Figure 4.15: The edge energies of the ribbonswithout
hydrogen passivation Energies are plotted as a faction of
the ribbon widths. Zigazag, Recz and Armchair represent
ZGNRs, reconstructed ZGNRs and AGNRSs, respectively.

stable
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Figure 4.16: The edge energies of the ribbons for all structure
within this work. K, z, a, recz represent GNRs with Klein
edge, zigzag edge, armchair edge, reconstructezigzag edge,
respectively. H represent hydrogen atoms added on an edge
carbon atoms. The small edge energy indicateshat the edge
formation is more stable.
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4 Atomistic structure and magnetisaf GNRs

Edge @ergy (eV/atom)| Magnetism
Zigzag 3.469 AF
Zigzag+H 0.223 AF
Zigzag+2H -0.078 Non
Armchair 2.287 Non
Armchair+H 0.050 Non
Armchair+2H -0.357 Non
Reconstructed Zigzag 2.574 Non
Klein+H 2.928 Non
Klein+2H 1.166 Non
Klein+3H 0.753 Non

Table 4.3: Summary of the edge energiesand magnetism
Edge energies are calculated by dividing the total energy by
the number of edge carbon atoms.The small edge energy
indicates that the edge formation is more stable.
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5. Electronic structure and
EELS spectra of GNRs

In this chapter we will focus our attention on the unoccupied
electronic states oflGNRs As shown inchapter4, the atomistic
structures of GNRs areptimisedfor the different edge structures
and modifications.This sectiondeals withthe theoretical EELS for
GNRs which were relaxed In particular,we have investigatedhe
dependence of the edge structure, including armchair, zigzag, and
Klein edges, the core excitation on the differentatomic sites, and

the passivationwhich has been examined for different width N.

In addition, in order to understand electronic state in detaile
report the polarised EELS whichare obtain by polarisingthe
orientaion of the incident electron beam. Since GNRs are
anisotropc materials, it is strongly reflected in the high
directionality of its orbitals It is thereforepossible to disussthe

origin of some EELS features in terms of*and” *orbitals.

For the condtions of EELS calculations all the calculationin this
work was performed by CASTEP. For the exchangerrelation
functional, the La@al Density Approximation (LDA)method was
used.For each GNRs modebhased on the results of the Chapter 3,
the ribbon length is built more than 7v and the layers were
separated by A vacuum spacesand along the ribbon width
direction, over 5 vacuum spaces was installddee Appendix B)

The Brillouin zones of the GNR wunit cell are sampled by



5 Electronic structure and EELS spectra of GNRs

MonkhorstPack grids of tk form 1 x k x1, whichk is set so that
the maximumspacing between k points in the periodic direction y is
0.020 ¢~ . For EELS spectrathe Fermi energy was set to zero
and smearing width is 0.2 eV The intensity of spectra were

normalised by using #harea in the range @pproximately0-60eV.

5.1. Armchair GNRs (AGNRYS)

The theoretical EELS calculations are performed fdifferent
ribbon width with non-passivaton and hydrogen passivian in
AGNRs. In this section we report the calculated EELS spectaad
the dependence on the atomic site, ribbon width and the edge

modification.

5.1.1. Non-passivation

The relaxed structures of nemassivated AGNRs with different
width N = 59 were showed irFigure 4.2. The characteristicfeature

is a triple bondwhich eliminates the dangling bondat the edge
First, by performing EELS calculations systematically, we
demonstratethe relationship between the EELS spectrum and the
ribbon width. Next, we payattention to theedge structurevhich is
characteristic oinon-passivatedAGNRs, andanalysein detail.

52



5 Electronic structure and EELS spectra of GNRs

5.1.1.1. Ribbon width

Figure 5.1 shows the results ofotal EELS spectra wh 5 different
ribbon widths. Each spectrum isobtained by averaging the
corresponding spectra faahe symmetryindependentcarbon atoms
and the chmical shifts are not taken into account in the individual
spectra As a consequence, the total spectra may contdiaut 2eV
ambiguity at mostf40]. The top plot indicateshe calculated EELS
spectrum ofan infinite sheet ofgraphene for reference purpacse
The features ofeach curve converge slowly to the EELspectum

of the graphenesheetasthe ribbon width becomewider. Therefore,

in the spectra of the ribben the secondpeaks around 2 eV anthe
peaks around -1 eV can be identified as the * p e a kisg and
peaksrespectively. Note tha the first peak around 0 eV appean
EELS 9ectrafor all ribbon widths although there are no similar
signal bebw the ~ * gpaphleke These peaks can be predicted to
come from the edge chon atomsbecause these first peaks are the
new featurein the ribbons andalso the intersities of these peaks
decreaseasthe ribbon width become wideNext, we will focus on
the ribbon width N=9 asan example AGNR in order to undertake
the detailed analysis(The atomic resolved EELS spectra of N85

are shown in Appendix A.)
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5 Electronic structure and EELS spectra of GNRs

* : * : :
n 9 | | Graphene

Intensity (a.u.)

Energy (eV)

Figure 5.1: EELS spectra of AGNRs for various widths N=5-9.
The top line is the EELS spectrum of an infinite sheet of

graphene.

5.1.1.2. Atomic resolved and

polarised spectroscopy

Figure 5.2 shows (a) therelaxedstructure of thenon-passivated9-
AGNR and (b) the atomic resolve&#ELS spectra. In this case,
independent EELS calculations weperformedwith the corehole
inserted nto one of the five distinct atoms in different
environmens (labelled by the number 1 to 5 The EELS
calculations were performed for each atom. Eagpectrum was
normalised by thearea under the EELS spectra so that total

integrated EELS =1A total spedrum is obtained by averaging over
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5 Electronic structure and EELS spectra of GNRs

the individual spectra.Figure 5.3 shows the results of EELS
calculaions with polarised el e ct r i and orientation n the
direction of the (a) X, (b) Y and (c) Z-axis respectively.In bulk
graphene,only wh e n t he direction of im@appli ed
plane of graphene sheetransitioninto the anti-bondingstates ofl
symmetry in X-Y plane can be allowed. When the direcdn of
applied el ect r i ctrangittoh thto ithe an#Z-boradixg s ,
states of isallewed Hemever, noapassivated AGNRs
have the triple bonds at the edge and are expected to be allowed
transition into the anti-bondings t at es of yin the X-™met r
plane.In Figure 5.2, the four paks are labelled by P1 to P4 ihe
total spectrum.Theseatomic resolvedspectra showhe first peak at
the edge carbon atonflabelled by the number )1 makes a big
contribution to the pak P1lin the total spectrumln Figure5.3, this
first peak from the edge atom is observed in (a)-dfrection.
Therefore this peak can be assigned to the transition theoantt
bonding = state of the tride bonds in XY plane. The peak
corresponding to the peaR2is present in the spectra of each atom
and appeas in the (c) Zdirection. Therefore the peak P2an be
assigned to” *peak. In Figure 5.3, the peals P3 and P4mainly
appearin the (a) Xdirection and (b) Y¥direction respectively
Therefore thee peaks can be assigned tai* peak Particularly,
considering the polarisation dirton, the peak P3 and P4mostly

comefrom the interchaimndthe intrachain bondsrespectively
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Figure 5.2: (a) The relaxed structure of non-passivated 9-
AGNR and (b) EELS spectrum for eachcore-hole atom. The
top plot shows the total spectrum averaged over all possible
core-hole sites.
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5 Electronic structure and EELS spectra of GNRs
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Figure 5.3: Polarised EELS spectra with the direction (a) X-
axis, (b) Y-axis, (c) Z-axis. The top plots show the total
spectra averaged over all possible cordole sites.
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5 Electronic structure and EELS spectra of GNRs

5.1.2. Hydrogen passivation

The relaxed structures oAGNRs with the different number of
hydrogen atoms bonded to the edge carbon atom are shown in
Figure 4.4. In this section, by performing EELS calculations
systematically, we demonstrate the effect of hydrogen modification
at the edge on the EELS spectra, and analyse the resutesrms of

the electronic states.

Figure 5.4 shows the total spectra dWwo different widths in mone
hydrogerated AGNRs. The* a’'nd 0 * peak are Bgl early
contrast with the case of bare AGNRthe spectral dependence on

ribbon width is extremely small. The EELS spectrum largely

reflects the state of the edge structure in the narrow ribl@cause

the proportion of the edge structure is relatively larglwever, in

the hydrogenat®é AGNR, the spectral change is small even in a

narrow ribbon N = 5. This can be understood from the féxt the

distortion of the hexagaoal structureat the edge is small because

the triple bond is eliminated by the addition of hydrogeiom.

Figure 5.5 shows the total EELS spectra &&AGNR with non
passivation for reference purposes, mempdrogenation and di
hydrogenation. The number of hydrogen atoms bonded to each edge
carbon atom has a dramatinfluence on the EELS spectra. Each
spectrum can be clearly distinguished. Especially, the first peak at

the nonpassivated ribbons destroyedby adding hydrogen atom on

the edge carbon atomlin di-hydrogenated ribbon, two prominent

peaks appear between* and 0~ peaks. They are
features. In order to proceed with a detailed analysis, we focus on

atomresolved EELS spectra in each spectrum.
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5 Electronic structure and EELS spectra of GNRs
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Figure 5.4: Total EELS spectra of 5and 8-AGNR with mono-
hydrogenation.
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Figure 5.5: Total EELS spectra of 8-AGNR with non-
passivation for reference purposes mono-hydrogenation and
di-hydrogenation.
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5 Electronic structure and EELS spectra of GNRs

5.1.2.1. Mono-hydrogenation

Figure 5.6 (a) shows theaelaxedstructure of monehydrogenated 5
AGNR. The threedistinct atomic sitesn different environments of
this supercell are labelled as 1, 2 and 3. The X anrdx¥s are in
plane and the Zaxis is perpendicular to the graphene namiwbons.
(b) shows the results of EELS calculations foosre-hole on atoms
labelled 1, 2 and 3 with unpolarised electric field. The top plot is
the total EELS spectim which is obtained by averagin over the

individual spectra.

Figure5.7 (a), (b) and ) show the results of EELS calculations for
corehole on 1, 2 and 3 with polarised electric field and the
orientation in the direction of the X, Y and-Zxis respectively.
When the direction of applied electric field is X and Y axis,
transition into the0* orbitals is allowed. When the direction of
applied electric field is Z axis, transition into thanti-bonding
st at e % orlwthls i$ allowed. The 0* peaks n Figure 5.6 (b)
obtained from the different atomic sitesan be observed in X and Y
direction in Figure 5.7 as expected. The peakiselow U* peak,
approximately below 7eV, are shown inFigure 5.7 (c). Due to
polarisation in the Zdirection, hese peaks can be assigned a
transition into theanti-bonding " * states However, in this area, a
new peak which isét observed in bare AGNR appears at
approximately4 eV in X and Y-direction as seen irFigure 5.7
(a)(b). These peaks are assigned to tlve of bonding between
carbon and hydrogen atoms because it is a new feature at the edge

carbon atom and appears only in¥Xplane.

Figure 5.8 shows the projected denstpf-states (PDOS) for excited
edge carbon atom in hydrogepassivated5-AGNR. In order to
compare the peaks, the atemasolved EELS spectrum for theame

atom is shown in the upper ploAs seen in Eq 2.1 and 2.3, the
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5 Electronic structure and EELS spectra of GNRs

EELS signal isproportionalto a product of the DOS term and the
transition matrix element. Therefore the DOS make a strong
contribution to the EELS spectra. Moreover, only thelgnsityof -
states needsto be considered in this thesis due to the dipole
selection rule. In Figure 5.8 the EELS spectrum reflects the peak
separations andntensities of p orbitals in PDOS very well. This
indicates that from the experimental point of view, EELS can probe
the unoccupied PDOS directly, and from the theoretical point of
view, the further information of the EELS peak can be obtained by
referenceto the PDOS.

Below approximately 3 eV in PDOS, these bands are contributed by
the only p orbitals. Above approximately 3 eV, these bands are
contributed byhybrid orbitals formed by the mixture of s and p
orbitals. Namely, in the EELS spectrum, the peak®lolw
approximately3 eV are the transition into th&nti-bonding " * states
composed of only p orbitals and the two large peaks above
approximately3 eV are the transition into thanti-bondingl* states
composed ofhybrid orbitals formed by the mixture of s and p
orbitals. These data of unoccupied electronic states indicates the
origins of the EELS peak<learly and shows that there is good

evidence that the peak assignments are reasonable.
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(a)

Intensity (a.u.)

Energy (eV)

Figure 5.6: (a) A relaxed structure of monohydrogenated 5
AGNR (b) the atom-resolved EELS spectrum. The top line
shows the total spectrumaveraged over all possible coréole
sites.
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Figure 5.7: Polarised EELS spectra with @) X-axis, (b) Y-axis,
(c) Z-axis. The top plots show the total spectra averaged over
all possible corehole sites
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Figure 5.8: (Above) Theoretical EELS spectrum and (Below)
projected density-of-states (PDOS) for excited edge carbon
atom in mono-hydrogenated 5-AGNR.

5.1.2.2. Di-hydrogenation

Figure 5.9 shows (a) the relaxed structure of the-hidrogen
passivated8-AGNR and (b) the atomic resolved EELS spectra. In
this case, independent cotmles were inserted intdour distinct
atomic sites in different environments. The EELS calculations were

performed for each atomic site. Each spectrum was normalised by

the area under the EELS spectra so that total integrated EELS =1. A

total spectrum is obtained by averaging ovee timdividual spectra.
Figure 5.10 shows the results of EELS calculations with polarised
el ectric yeld and orientati d¥vandn

(c) Z-axis respectively.
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5 Electronic structure and EELS spectra of GNRs

The T and a * peaks ar e cl early obs
spectrum as seen ilRigure5.9(b). As expected, liese peak also can

be seen in the direction of Z axis andYK plane in Figure 5.10,
respectivel y. The two peaks between
Al and A2 in the total spectrum. These peaks mainly come from the

edge site at om. I n the spectrum at t
peak vanishes due to the sp3 carbon atom bonded to two hydrogen

and two carbon atoms. Then, i nstead o
is observed around 2.5eV. These peaks also can be seen in all three
directions of X, Y and Z, respectively irFigure 5.10. These

directions correspondto the orientations of two < bonds

connected to the edge carbon atom. Moreotteese peaksare not

seen in thespectra of nofpassivated AGNRstherefore this double

peak is attributHbbnding Inlhe topl spedtrumo, f C

this double pealcorrespondt o t he shoul der o f t he
peak Al. Around 53eV, in the spectrum of edge carbon atom, a
prominent peak corresponding to A2 appears. This peak is attributed

t o t he afthe pdgeadarbon atomecause the peak is mainly

seen in Xand Y direction inFigure 5.10, and has redshifted from

2.9eV at the other atomic site$his shift can be understoobly the

fact that the bondength at the edge site becomésnger due tothe
hydrogensaturationon the edge carbon atam
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(b) ANAN
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Figure 5.9: (a) Relaxed structure of di-hydrogenated 8-AGNR
(b) the atom-resolved EELS spectra.The top plot showsthe
total spectrum averaged over all possible coréhole sites
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Figure 5.10: Polarised EELS spectra of dihydrogenated 8-
AGNR with (a) X-axis, (b) Y-axis, (c) Z-axis. The top plots
show the total specta averaged over all possible coréole
sites.
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5.2. Zigzag GNRs (ZGNRYS)

The theoretical EELS calculations are performed for different
ribbon width with nonpassivation self-passivation, hydrogen
passivationand Klein edgen ZGNRs. In this section, we reporhé
calculated EELS spectra and the dependence on the atomic site,

ribbon width and the edge modification.

In chapter 4 it was confirmed thathe magnetism iZGNRs with
non-passivation and monbydrogen passivatioremerge However,
the effect of spin polasation on EELS spectrawas very small
Figure 5.11 displays the EELS spectra for the edge atom in -non
passivated ZGNRs as an exampléelhe solid red line and the black
dashed line represent EELS with nepin-polarisation and spin
polarisaton, respectively.These two spectra are almost identical
although some small discrepancy exists. Thereforthe EELS

calculationsin this chaptedond& include the spin polarisation.

5.2.1. Non-passivation

The relaxed structures of nemassivatedZGNRs with different
width N = 3-7 are shown in Figure 4.6. The characteristic ighe
dangling bond at the edg&.he edge carbon atoms of bare ZGNRs
are more active than that of baPd&5NRs due to the presence of this
dangling bond. First, Y performing EELS <calculations
systamatically, we demonstrate the relationship between the EELS
spectrum and the ribbon width. Next, we pay attention to the edge
structure which is characteristic ofon-passivatedZGNRs, and

analyse in detail.
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=== Non spin-polarised
----- Spin-polarised
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Figure 5.11: The EELS spectra for the edge atom in non
passivated 4ZGNRs. The solid red line and the black dashed
line represent EELS with non-spin-polarisation and spin-
polarisation, respectively.

5.2.1.1. Ribbon width

Figure 6.7 shows the total EELS spectra calculated for four
different widths. The top plot indicates the calculatedELS
spectrum of graphene foreference purpose Unlike the AGNRs
case, he total EELS spectra of ZGN&Ronvergeslowly to the EELS
spectum of graphene asthe ribbon width beconmse wider. This
could be understood as thstrong effectof the dangling bondsat
the edge In the sgctra of the ribbos, the peaks & approximately
1-2 eV and the peaks around1l eV can be identified as the *
peaks andl* peaks respectively. Note tha the first peak around 0
eV appears inREELS spectrafor all ribbon widths although thereis
no similars i g n al bel ow graphene. Fhesp peaksn ben
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5 Electronic structure and EELS spectra of GNRs

predicted to come from the edge carbon atoms because these first
peaks are the new feature in the ribbons and also the intensities of
these peakgelatively decrease as the ribbon width become wider.
Next, we will focus on the ribbon width NFas an exampleZGNR

in order to undertake the detailed analys(3he atomic resolved
EELS spectra of N=3 and-8 are shown in Appendix A.)
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Figure 5.12: EELS spectra of ZGNRs with different widths
N=3-6. The top line isthe EELS spectrum of graphenesheet
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5.2.1.2. Atomic resolved and

Polarise d spectroscopy

Figure5.13 shows (a) the relaxed structure of the npassivaéd 4-

ZGNR and (b) the atomic reswdd EELS spectra. In this case,
independent coroles insertinto one of thefour distinct atoms in
differentenvironmens. The EELS calculations were performed with

the each excited atonhabelledby the number 1 to 4Eachspectrum

was normalised by thareaunder the EELS spectra so that total
integrated EELS =1A total spectrumis obtained by averaging over

the individual spectra.Figure 5.14 shows the results of EELS
calculaions with polarised el e ct r i and orientation n the

direction of the (a) X, (b) Y and (c) Z-axis respectively.In bulk

graphene, wWwen the direction of applied el
axis, transition into the anti-bonding states of 0 symmetry are

allowed. When the direction otheappl i ed el ectric yel d

transitiors into theanti-bondings t at es of " albowedmet ry ar

In Figure 5.13, the atomic resolved spectrugshows the first peak at
edge carbon atom make large contribution to the first peakn the
total spectrumas expected For non-passivated ZGNR, the presence
of the edge state and dangling lbrstatein the vicinity of the
Fermi energywas reported34]. Therefore this peak can be assigned
to the transition intahe unoccupiedstatewhich isa mixture ofthe
edge state andhe dangling bondstate.In Figure 5.14, this first
peak at the edge atom imainly observed in ¢) Z-direction.
However, asmall peak is also observed in (X}direction and (b)
Y-direction. These peaksin X-Y plane can be assigned to the
transition into unoccupied dangling bond stateecause they
disappearcompletely by terminating dangling bonds with hydrogen
atomsas seen inFigure 5.19 (a) and (b) The peak around 2 to6

eV are present in the spectra of eacite and appeain the (c) Z
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direction. Therefore thee peaks can be assigned t6 *peak. The
peaks around 7 to 10 ¥ appearin the (a) Xdirection and (b) ¥

direction. Therefore thee peaks can be assigned td *peak.
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Figure 5.13: (a) The relaxed structure of non-passivated 4-
ZGNR and (b) EELS spectrum for eachcore-hole atom. The
top plot shows the total spectrumaveraged over all possible
core-hole sites
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Figure 5.14: (a) Polarised EELS spectra with @) X-axis, (b)
Y-axis and (c) Z-axis. The top plots show the total spectra
averaged over all possible corehole sites
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5.2.2. Self-passivation

Figure 5.15(a) shows the relaxed structure o reconstructed 5
ZGNR. The ten cdon atoms in different environments of this
supercell are labelled as number 1 to 10. The X anrdx¥s are in
plane and the Zaxis is perpendicular to the graphene namimbon.
Figure 5.15(b) shows the results oindependentEELS calculations
for atoms1 to 10 with unpolarised electric field. Thep@lot is the
total EELS spectrm which was obtained by averaging over the
individual spectra.Figure 5.16 (a), (b) and (c) show the results of
independentEELS calculations foratoms 1 to 10 now with a
polarisng electric fieldoriented in the direction of the X, Y and Z
axis respectively. Theop plot is the tothpolarisedEELS spectum
for each orientationwhich was obtained by averaging over the

individual site-resolvedspectra.

In Figure 5.15 (b), the four peaks are labelled b$1 to S4 in the
total spectrum.The features of this curve are very similar to the
spectrum of norpassivated AGNRsThese atomic resolved spectra
show the first peak at the edge carbon atom make a big contribution
to the peakSl at the total spectrumln Figure 5.16, this first peak
at the edge atom is observed time X-direction. Therefore this peak
can be assigned to the transition inamti-bonding “* state of the
triple bonds in XY plane. Thepeakscorresponding to the pea®2
are presentin the spectrafor a corehole atall atomic sites and
appearin the Z-direction polarised spectrumas shown inFigure
5.16 (c). Therefore the peak P2 can be assignedeoa” *peak. The
peaks S3 and S4 appearin the Figure 5.16 for X-direction
polarisation and forY-direction polarisation Therefore the peak
S3 andS4 can be assigned tme U *peaks andin particular, the peak
S4 has a largecontribution from innercarbonatomslabelled4 to 7.
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Figure 5.15: (a) A relaxed structure of reconstructed 5-ZGNR
and (b) the atom-resolved EELS spectra.The top plot shows
the total spectrum averaged over all possible corehole sites
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Figure 5.16: Polarised EELS spectra with @) X-axis, (b) Y-

axis,

() Z-axis. The top plots show the total

averagda over all possible corehole sites
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5.2.3. Hydrogen passivation

The relaxed structures oEZGNRs with the different number of
hydrogen atoms bonded to the edge carbon atamma shownin
Figure 4.10. In this section, B performing EELS caulations
systematically,we demonstratehe effect of hydrogen modification
at the edge on the EELS spectand analyse the results in terms of
the electronic states.

Figure 5.17 shows the otal EELS spectra of -ZGNR with non
passivation for reference purposes monohydrogenation anddi-
hydrogenation.The number of hydrogen atoms bondedeaachedge
carbon atom has a dmetic influence on the EELS spectr&ach
spectrum can be clearly distinguished. Especially, the first peak at
the nonpassivated ribbon is greatly decreased by mono
hydrogenation.Additionally, the first peak vanishesompletely by
adding one more hydrogen atonm smono-hydrogenatededgecarbon
atom. In di-hydrogenated ribbon, twoprominent peak appear
between” *and 0 *peaks. They are also identifiable featuresin
order to proceed with a detailed analysis, VWecus on atom

resolved EELS spectra i@each spectrum
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Figure 5.17: Total EELS spectra of 3ZGNR with non-
passivation for reference purposes mono-hydrogenation and
di-hydrogenation.

5.2.3.1. Mono-hydrogenation

Figure 5.18 shows (a) the relaxed structure of the monohydrogen
passivated ZGNR and (b) the atomic resolved EELS spectra. In
this case, thendependent coroles areinserted into three distinct
atomic sitesin differentenvironmens. The EELS calculations were
performed for eachatomic site. Each spectrumwas normalised by
the areaunder the EELS spectra so that total integrated EELSA=1.
total spectrumis obtained by averaging over the individualte
resolvedspectra.Figure 5.19 showsthe polarisedresults of EELS
calculaions with the polarised el ect r i orientgde indthe
direction of the (a) X, (b) Y and (c) Z-axis respectively.In
graphenesheetwhen the direction of applied

Y axis, transitioninto theanti-bonding 0* statesare allowed. When
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the direction of appl!l iteadsitiend iptec the i ¢ vy el

anti-bonding” * statesareallowed.

The~ *and( *peak are clearly observdd the total EELSspectum
as seen irFigure5.18. Thesepeaks also can be seen in tlpolarised
spectrafor directions of Z axis and XY plane in Figure 5.19,
respectively. The peak below ™ * pes& in total spectrum is
consideredthe transition into the unoccupied edge state and the
intensity is extremelyredued due to the eliminationof dangling
bonds by hydrogen passivationThe peaks(dashedcircle) between
the " *and( *peaks arelabellediiMo in the total spectrum iFigure
5.18. These Mpeaks are predicted to be attributable tothe
transition intoC-H anti-bonding state becausethese pealks are not
present in non-passivated ZGNRs However, the atonresolved
EELS spetra showthattheseM-peaksalsorelateto two sites other
than the edge atorwhere hydrogen atombBave beermadded Hence
the M-peaks cannobe assigned to puré {C-H). Here, we focus on
the polarised EELS in order to perform a detailed analydishese
peaks In Figure 5.19 (a) X-direction, the peaksdashed circle)
belongingto thesame area as th®-peaksare observed at the edge
atom. Thesepeakscan be attributedto pure 0 {C-H) due to the
direction of GH bonding andare the identifiable feature for
monadhydrogenated GNRsMeanwhile the peaks belonging to the
same area as thMl-peaksare observedat all three site inFigure
5.19 (c) Z-direction. These peaks are consideradtributableto = *
peaks due to the direction of polarisationBased on the above
analysis the peaks labelled iM0O in the total spectrum can be
assigned to the unoccupied mixture state ofand G (C-H).

Figure 5.20 shows the projected denstpf-states (PDOS) for
excited edge carbon atom in monohydrogeassivated3-ZGNR. In
order to compare the peaks, the atoesolved EELS spectrum for

the same atom is shown in the upper pléts discussedin the
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previous sectiorb.1.2, by reference to PDOS, the origins of*and
two U *peakscan be confirmed by atomic orbitals, and the validity

of the peak assignments can be supported.

(a)
(b)
5 3
£ 2
W\/\W
-5 0 5 10 15 20 25

Energy (eV)

Figure 5.18: (a) A relaxed structure of mono-hydrogen
passivated 3ZGNR and (b) the atomresolved EELS spectra.
The top plot shows the total spectrum averaged over all
possible corehole sites.
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Figure 5.19: Polarised EELS spectraof monohydrogenated 5-
ZGNR with (a) X-axis, (b) Y-axis, (c) Z-axis. The top plot
shows the total spectrumaveraged over all possible coréole
sites. The dashed circle indicates purel {C-H) peaks.
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Figure 5.20: (Above) Theoretical EELS spectrum and (Below)
projected density-of-states (PDOS) for excited edge carbon
atom in mono-hydrogen passivated 3ZGNR.
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5.2.3.2. Di-hydrogenation

Figure 5.21 shows (a) the relaxed structure of thlihydrogen
passivated ZGNR and (b) the atomic resolved EELS spectra. In
this case,independent cordoles wereinserted into threedistinct
atomic sitesin differentenvironmens. The EELS calculations were
performed for eachatomic site. Each spectrumwas normalised by
the areaunder the EELS spectra so that total integrated EELSA=1.
total spectrumis obtained by averaging over thedividual spectra.
Figure 5.22 showsthe results of EELS calculdaions with polarised

el ect r and orieetatidnn thedirection ofthe (a)X, (b) Y and

(c) Z-axis respectively.

The ~ *and 0 * peak are clearly observedin the total EELS
spectum as seen irFigure5.21. These peaks also can be seen in the
direction of Z axis and XY plane inFigure5.22, respectively.The
two peaks between *andd *peak are labelled by D1 and D2 in the
total spectrum. These peaks mainly come frome edge site atom.
The = *peak vanishesat the edgesite due to the sp3 carbon atom
bonded to two hydrogen and two carbon atorife two prominent
peaks corresponding to D1 and D&ppearbelowthe 0 *peak.These
peakscan beseen in (a) Xdirection and (c) Zdirection in Figure
5.22. These directions @rrespondto the directios of two C-H
bondsconnected to the edge carbon at@nd assigned tal {C-H)
peak The D1 peak isalsorelated totwo innercarbonsitesalthough
the contribution is smallThe correspondingpeaks attheseatoms
are observed onlyn Figure 5.22 (¢) Z-direction. Therefore, these
peaks can be assigned to split*peak.Judging from these results
the D1 peakin total spectrum can be assigned to the unoccupied
mixture state of° *and 0*(C-H). The D2 peak can be assigned to

purel {C-H) peak
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Figure 5.21: (a) Relaxed structure of di-hydrogenated 3-

ZGNR (b) the atom-resolved EELS spectra. The top plot

shows the total spectrumaveraged over all possible coréole
sites.
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Figure 5.22: Polarised EELS spectra of dihydrogenated 5-
ZGNR with (a) X-axis, (b) Y-axis, (c) Z-axis. The top plots
show the total specta averaged over all pssible corehole
sites.
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5.2.4. Klein edge GNRs

As described in seodn 4.2.4, the trihydrogenatededge is the most
stable Klein edge In this section, we report the EELS spectra of
this most stableKlein edge structureFigure 5.23 shows (a) the
relaxed structure of the-ZGNR with trihydrogenated Klein edge
and (b) the atomic resolved EELS spectra. In this case, the-core
hole was inserted intéour distinct atoms in diferent environments.
The EELS calculations were performed for each atoBach
spectrumwas normalised by thareaunder the EELS spectra so that
total integrated EELS =1A total spectrum is obtained by averaging
over the individual spectraFigure 5.24 shows the results of EELS
cal cul ati ons wi t h pol ari sed el ectric

direction of the (a) X, (b) Y and (c)-Axis respectively.

The (* peakis clearly observedn the total EELS spectim as seen
in Figure 5.23. These peaks also can be seen in th& Xlane in
Figure 5.24. The first strong peaks at inner carbon sitabelled 3

and 4 are assigned to oo peaks. The
EELS spectrum is composed otiepgakese -~ *
ata ound 2 eV in total EELS spectrum c

The two peaks b*ee¢awarelabelletd by¥alrandK?2 in

the total spectrum. These peaks mainly come from edge site atom.

At the spectrum from the edgetsie , t he " * sibecaue v ani s
the edge atomis sp3 carbon atonbonded tothree hydrogenatoms

andone carbon atomThe two prominent peakcorresponding tK1

andK2 appearbelowthe 0* peak. These peaks can be seerthe X-

Y plane and mainly (c) Z-direction in Figure 5.24, respectively

These directions correspontb the directions of two €4 bonds

connected to the edge carbon atom and assigned*¢{6-H) peak.

The K1 and K2 peakare also related to thenner carbon sites The

corresponding peaks at these atoms are observed orffygiure 5.24
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(c)Zdi recti on. Therefore, t hese peaks
peak. Judgingfrom these results, th&k1l and K2 peak in total
spectrum can be assigned tansition intothe unoccupied mixture

state dfC-H)boadn d

(a)

Intensity (a.u.)

Energy (eV)

Figure 5.23: (a) A relaxed structure of 3-ZGNR with
trihnydrogenated Klein edge and (b) the atom-resolved EELS
spectra. The top line is the total spectrum.
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Figure 5.24: Polarised EELS spectra with the direction (a) %
axis, (b) Y-axis, (c)Z-axis.
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