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Abstract

In recent yearsdriven by the need to downsize to the molecular |ea@Vvanes in
technology has madkemanufacture ohanoscale devices possibiethis thesis | will
investigatethe theoreticalelectronic and thermal propertiesatarbon based class of
nanoscale materialsby examining the possibility of wusing fullerenes and
decachlorofullereness building blockstowards viable molecular scale devicés
particularl have looked atvaysto enhance the electronic communication between
fullerenes through introducing exohedral variemthich | foundto havea positive
effect on theelectronic and thermoelectric propertigbie methods used in this work
are based on density functiontbeory combinedwith quantum transport calculations
using Greens functions

Fullerenes are promising building blocksr nanascale electronics, as they have
relatively largesphericalsurfaceareaand are geometricallgymmetric.If fullerene
based thermoelectricity is to become a viable technology, then fullerenes exhibiting
both positive and negative Seebeck coefficiemis be neededand therefore | also
calculate the thermoelectric properties of the naturally occurring full€2éeknown

as the buckyball together with an exohedral example namely C50CI10.

Ceo is known to have a negative Seebeck coeffioodi@which varies in the range of

18 to-23 pV/K and therefore in thishesisl address the challenge of identifying a
fullerene with a positive Seebeclcoefficient. | investigated the thermoelectric
properties of singlkenolecule junctions of the exohedral fullereng@1o connected to

gold electrodes and found thathidsa positive Seebeck coefficient. Furthermore, in



common with Go, the Seebeck coefficient can be increased by placing more than one
CsoCligin series.

For a single 6Clio, | find S=+8 pV/K and for two GoCligd s i nl fisde&Sr+80e s
UV/K. | also find that the §&Clio monomer and dimer have power factors of 0.5%10
W/m.K? and 6.0x10 W/m.K? respectively. These results demonstrate that exohedral
fullerenes could provide a new class of thermoelectric materials with desirable
properties, which complement those af-carbon fullerenes, thereby enabling the
boosting of the thermovoltage in-éllllerene tandem structures.

| calculatethe structural and electronicand thermoelectricpropertiesof carbon
nanotubepeapods.n contrastwith carboronly peapodsthe magnitudeof this effect

is sersitive to the orientationandspacingof thefullerenesandexohedral fullerenes

as a consequencea rotation or translationof the Cs¢Cl1o can causethe zerobias
electricalconductancéo switch,as a result of thahenewpossibilitiesof engineering

thetransporpropertiesof carbonnanotubepeapods.
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Chapter 1

1.1. Introduction

Carbon is an elementhich can form a number afifferent allotrogs ranging from
amorphougo crystalline.Diamond and fullerenes are common allotropic fowhsch
arepurely crystalline in nature. Carbon is the sixth element of the periodic table and
listed as the first element at the top of columnahdits name came originally from
Latin carbo which means aband its symbol is C. It is the fourth most abundant
chemical element in the universe by mass after hydrogen, helium, and oxygen. Each
carbon atom has six electrons; the first two electrons occupistbebital revolving
around nucleusvhich has six protons andix neutrons. fiey are strongly bound
electrons whereas the remaining fave valencelectrons in the next energetic orkstal
which are2s, 2paremore weakly bound as shown in Figurel.1[1,2Carbon atoms

with sp-hybridisation (fo more information about carbep-hybridisation sel]) will

form either fullereng (zerodimension), carbon nanotub&NT (onedimension),

graphene (twalimensiors) or graphiteand diamondthreedimensiors) [2,4].

2s 2p orbital, contains the @ 1s orbital, contains the core
T /“ ">( electrons
T =
e ! ‘/

Carbon nucleus, contains six
protons and neutrons




Figure 1.1 Carbon atom which has selectrons, twelectrons in 1s orbital which are called
core electrons and the rest four electrons occupied the 2s 2p orbital which called valence

electrons.

Carbon has received a huge intetkst to thediscovery and synthesisf fullerenesand
the subsequent identification earbonnanotubesand graphenewhich hasled to
intensive experimental and theoretical studiekingthis field of research one of the

most exciting areas in materials sciefe®,7,8]

Using geometryd fold a graphene sheet one can produce the atomic structure of the
fullerenes and carbon nanotubes studied in this thesis and therefore | will now give a

short introductiorio graphene.

Graphene

Graphene is asp-hybridised state of carbon and the valeeleetrons occupy the
28 and2p? orbitalswhich form covalent bond®]. The formation ofp? hybridised

bonds is illustrated in Figurke labelow.

®: B — %@D 3

pf+p1 Z

Figure 1.1aThe shape of thep?-hybridised orbital$1]



The wave functions dheouter electrons can mix with each other and the occupation
of 2¢* and2p? orbitals leds to the formation of covalent bonds forming between the

carbon atoms.

Graphendas revealed some unique electric and phypicaierties since it was
isolated in 2004, for instance high mobility of carriers at room temperature and
potential for a wide range of applications. Graphene is a single layer of carbon atoms

which can forma two-dimensional honeycomb crystal structurex@mgonal lattice)

[9l.

The graphenelattice

Graphene has a honeycoiatice represented in Figure2lusing a balandstick

model . The balls represent calbohdsn at oms a
between atoms. The carboarbon bond length is approximatalyi & 1. 42 . The
honeycomb lattice can be characterized as a Bravais lattice with afaagisaboms,

indicatedas AandBinFigure2l and t hese contribute a to
unit cell to the electronic properties of graphene. The underlying Bravais lattice is a
hexagonal lattice and the primitive unit cell can be consideredjaitateral

parallelogram with sidé Vo & ¢8 ¢A. The primitive uni vectors as defined

in Figure 1.4 are

. No .0 . No .
() ——Nh-h () —h— PP
¢ GQ q C



With |ai1| = |az| = a. Each carbo atom is bonded to its three nearest neighbours and
the vectors describing the separation between a types A atom and the nearest

neighbour ype B atoms as shown in Figure 1.2 are
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With |Ri| = |R2] = |R3| =aci ¢

>
SSesH
L..

Figure. 12 The honeycomb lattice of graphene. The primitinit cell is the equilateral
parallelogram (dashed lines) with a basis of two atoms denoted as A and B.

The planar honeycomb structure of graphene has been observed experimentally and is
shown in Figurel.3. Graphene can be considered the mother of caHssy-
hybridisedallotropes. As illustrated in Figufe3, wrapping gaphene into a sphere

producedullerenes folding into a cylinder producesrbonnanotubes. As a result,

10



understanding the electronic properties of graphene is of central importance in

explaining, for example, the electronic properties of cafoterenes.

Figure 1.3 Two-dimensionagraphene can be considered the building block of several carbon
allotropes in all dimensions, includinte zerodimengonal fullerene C60 (buckyball) and
one dimensional nanotubes.

In graphene, thsorbital interacts with th@pxand2pyorbitalsto form threesp2
hybrid orbitals with the electron arrangement shown in FigukeThesp2
i nteractions r es ulonds,whch ardrtheesteongesbtypeé sf cal | ed

coval ent -loodshive thE dlestroids localized along the plane congecti

11



carbon atoms and are responsible for the great strength and mechanical properties of
graphene and CNTs. TRpze | ect rons f or ms -®andsawheent bond
the electron cloud is distributed normal to the plane connecting carbon aton2pzThe
electrons are weakly bound to the nuclei and, hence, are relatively delocalized. These
delocalized electrons are the ones responsible for the electronic properties of graphene

and CNTs and as such will occupy much of our attention.

Carbon Nanotubes

Thecarbon nanotube (CNT) was discovered accidentally by Sumio lifima

19917,17. There are two families of CNTs, namely singlall CNTs and multwall

CNTs (MWCNT). A singlewall CNT is a hollow cylindrical structure of carbon

atoms with a diameter thainmges from about 0.5 to 5 nm and lengths of the order of
micrometres to centimeters. A MWCNT is similar in structure to a siwgleCNT

but has multiple nested or concentric cylindrical walls with the spacing between walls
comparable to the interlayerapng in graphite, approximately 0.34 nm. Carbon
nanotubes are considered 1D nanomateasislectrons move along their length

confined within the 1 dimensional CNT waqi.

Chirality in carbon nanotubes

Chirality is the key concept used to identify and describe the different configurations

of CNTs and their resulting electronic band structure. Since the concept of chirality is

12



of fundamental importance | will introduce the concept before discussing ow it
applied to describe CNT structure. The term chirality is derived from the Greek term
for hand, and it is used to describe the reflection symmetry between an object and its
mirror image. Formally, a chiral object is an object that is not superimpozakike

mirror image; and conversely, an achiral object is an object that is superimposable on

its mirror image.

a) Chiral b) Armchair C) Zigzag

Figure 14 The three types of singleall CNT: (a) A chiral CNT, (b) an arrhair CNT, and
(c) a zigzag CNT.

13



Buckyballs

The fullerenes can be used as an electric insulator because the abselectafic
coupling between the molecules. The molecules in fullerenes are held together by
covalent bonds and the force existing between individual molecules is due to weak van
der Waals forces which give it a soft and slippery texture. The brittleness of fullerenes
is dueto the weak crystalline structure resulting from covalent bonds which can form
between the molecules. The smallest fullerene discovered asigmall buckyball
clusters in which no two pentagons are sharing a common edge. There are many
members of buckydils clusters but the most stals the buckyball €, which issimilar

to a soccer ball having twenty hexagons and twelve pentagenss @ naturally
occurring material found in soot and co&he first fullereneCeo was synthesized in

1985 by R. Smalley, R. Curl, J. Heath, S. C. O'Brien, and Kroto at Rice University

[13.14,15] Figure 1.5showsfullereneCeo.

Hexagonal

Pentagonal

Figure 1.5 Structureof fullereneCso, Which containgpentagonal and hexagonal rings. The bond

lengths between a hexagon and a pentagon areAlatil between two hexagons A4

14



Cso molecules represent one of the purest formsaobon knownwith no dangling

bords that would directly interact with issirroundings.

Ceo satisfes the isolated pentagon rule IR&lerenes are kinetically much more stable than
their pentagorrounterpartsand consists of hexagons and 12 pentagons. Due to presence
of adjacent pentagonseéhas unusual properties and highurgature. One unique
property of GoClyo is that they are highly soluble in organic solvents and hybridized
carbon atoms are have3sgarbon bonds with chlorine.s€has additional magnetic,
electronic and mechanical properties due to high curvature ofcolal structure.
CsoClio wasfound, isolated and identififdom the soot of graphite adischarge in the
presence of CGJ but the yield is very lowCso includes members that belonging to
fullerene family along with smaller non IPR fullerenes. £@Gtaphite results in
formation of Geand G4 and these components can be changed under methanol and mild

conditions [21].

Figure 4.1 Optimized geometries fors&€Dsn fullerene G ‘left), gptimized geometries for

exohedralfullerene GoClio (middle) and fullerene C60 (right)

15



Csois the isomeric structure of carbavhich abou271 classical fullerene isomers of
Cso, that is optimized after using functional theory of first principle density. The
exohedral subsidization of fullerenes iCli0 and when bonds are removed
chemically, they are known as open cage fullerenes. Electronic and spectroscopic
properties of G reveal the derivatives that are presentedsa8 (see their

optimized in figure 1.y The ground state ofsghasa Dz (with six pentagon
adjacencies3ymmetry and a spheroid shape that is highly aromatic and the singlet
nanoaromatic is presented as@Co(with five pentagon adjacencie$he isomers of
Cso are Dhand . Chemical properties of C50 makesitsceptibleéo additional
reactions including chlorination, dimerization and polymerization. The active sites for
chemical reactions are explained as pentagentagon functions dpand Gp. It also
has high electronic affinity that makesahelectron acceptor in phavoltaic

applications [20].

In this thesis | shall examirexohedral fullerenes aradiding some changes in fullerenes
to formed fromexohedral fullerenesnamelyCso, Cso and GoClio. Thesenanagsized
objects could be usexs anchor groups in molecular electronic circuits @nadtilised

asthermoelectrienaterials

Fullerenesand carbon nanotubesare fundamentalbuilding blocks for engineering
exotic nanostructuresuchas carbon nanotube peapods (CNE#§Ps areof interest,
becausaanostructurewith tailoredelectronicpropertiegoromiseto underpina range
of future low-power andhigh-density devices.This sugeststhatit maybefruitful to
look beyondcarboronly CNPs for engineeringtransportpropertiesof CNTs and

thereforein this thesis we explore an alternative class of CNPs formed by

16



encapsulatingCs¢Clio as a figure 1.81 demonstrat¢hat of new classesof CNT

peapodwith switchableelectronigoroperties.

Figure 1.8 Optimized geometries fors€ClioU@CNT) left and right and @Clic€E @CNT i n t he

middle

1.2. Molecular Electronics

The major topic of this thesis is to investigate the electronic and thermoelectric
properties of some isolated fullerenes [22] and then calculatqugrgumtransport
properties of fullerenes and exohedral fullerenes. A huge amount of research work has
already been directed in to finding a reliable technique to manipulate electronic
components on a molecular scale and use molecules as an active region to design the
eledronics devices in 1959 when Richard Feynman presented a talk entitled $There'
plenty of room at the bottom," wherle discussed the possibility of manoeuvring
substances atom by atom. Based these motivational studies scientists made ways to
create new tsuctures with improved properties, dependent upon their size and

miniaturization [23]. In 1965, Gordon Moore predicted in hicsal | ed Moor eds

17



[24], stating that the number of transistors per chip would double eve?y¢ hdonths

and furthermore he ggested that th&end could be continuing for ten yed&5].
However,it lasted for nearly four decadegth rapid development and lasted for
nearly four decades with rapid developmditten, the transistor becomes the essential
building block of allelectronic devices and becomes recognised as one of the most
important inventions of the last centuries. The transistor isaifew tens of nanometers

in size.This trend and thisastonishing developmehtsled todensities oimore than

two billion transstors per ®U in modern commercial processors, the size of each
transistor is not me than few nanometres [26,27]. This gives manufactures
possibilities to produce smaller and faster devices with more energy efficiemtebot o

the biggest obstacles molecular electronics remains to find a reliable method to
contact each end of the molecule to the electrodes, presentinglecigallenge to
research workers. \@r the past few years, many studies have been directed to
investigate the electronic propegi®f molecules using several techniques, such as
break junction, scanning probe tips, nanoprobes and nanolithograpt31][28he
molecular electronics field is used to bridge the gap between physics and chemistry and
hence allows theory and experiment wrk sideby-side. This led to establish
collaboration between theory and experiment in two senses, firstly it is very difficult for
researchers to measure the size because
difficult to study the behaviourfanolecules from the point of view of the orientation

or connection to electrodedowever,this can be resolved by modelling the structure
using Density Functional Theory and providing an explanation of the experimental data
from theoretical calculationssecondly theorists can predict the molecular structure

before the experiment is carried datirthermore, the molecular electronics field might

18
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lead to synthesis and discovery of new materigterefore,the most versatile and
promising materials of intest recently are carbon based low dimensional materials

such @ graphene and its derivatives for example fullerenes and carbon nanotubes.

1.3.Outline of the thesis

This thesis strives to demonstrate predictiaith a family of carbon structures and
thus investigate the electronic and thermoelectric properties of some of them.

Furthermore, | will examine one of these structures to design a sensing device.

One of the main result is that the direct conversion of temperature difference to electric
voltageand the conversion of electric voltage into temperature difference is known as
thermoelectric effect. A thermoelectric device is used for this purpose which creates
voltage when there is temperature difference on each Sichdarly, the temperature
difference is created when electric voltage is applied to it. The temperature difference
causes the charge carriers to move and diffuse from the hot side to the colder side.
Generally this effect is used to measure temperature differegeasegrate electricity or

to change the temperature of an object.

The thermoelectric effect is associated with three separate effects namely the Seebeck
effect, Peltier effect and Thomson effect and sometimes it is generally known as Peltier
Seebeck effectloule heating, on the other hand describes the heat which is generated
because of passing curremtowever,the Joule heating is not thermodynamically

reversible contrary to PeltkSeebeck and Thomson effects.

19



As a build upof this thesis the first step is the introduction of fullerenes and their
electronic and thermoelectric properties. In Chapter 2 and 3, | will introduce the theory
starting discussion on Density Functional Theory and SIESTA DFT package. After,
Gr e e n @t®n, Mathnds used for quantum transport calculations are introduced.
Next, overview on scattering theory, in Chaptdrwill use these two methods to study

and compare betweensd-Ceo and GoClio molecules and their electronic properties.
Then, in chater 5 | will describe my research work oro@nd GoClio which will
present some of the results on the conductanceo@@ GoCliomolecule against the
changes in the system geometry and how they are employed in electronic devices.
Afterwards the thenoelectric properties of single, doublexS and GoClio-s have been
described where we observed an increase or decrease of thermopower when going from
one to two fullerenes and towards the end | will provide a thermoelectric material with
a positive Seaeck coefficient of opposite sign to that ofoCFinally, in Chapters, |

will summarize findings and conclusiotiengive recommendations for future research
work in this topic.One interesting study would be using buckyballs and exohedral
buckyballs inpeapods systemsas in the appendix, which should increase their

electronic communication.

20



Chapter 2

Density Functional Theory

2.1.Introduction

Density Functional Theory (DFT) is widely used by physicists and chemists to
investigate the grounstate properties of interacting maparticle systems such as
atoms, molecules and crysalt is actually a computational quantum mechanical
modelling method and it is used to transfdira manybody system intmne ofnon
interading fermions in an effective fieldl'ypically the manybody system is used for
those physical problems pertaining to microscopic level systems and these systems are
generally made of numerous interacting particles.other words, the electrical
propertes of many interacting particleystens can be described as a functiohthe
groundstate density of the syste®2,33. DFT is a reliable methodologwhich has
been applied to a large variety of molecular systeiitts a huge number of books and
articles in the literature giving detailed descriptions of the principles of DFTitand
application[32-37]. The importance of DF€an also be recognised by the fact that
1998 Nobel Prize in Chemistrwasawarded to Walter Kan for his development of
density functional theoryThe beginnings of DFT were founded upon the Themas
Fermi model back in the 1920s which provided ltlasic steps to obtain the density
functional forthetotal energy based on wavefuncti¢®®,37-39]. Futher improvement
wasmade by Hartree, Dirac, Fock and Slater and nearly four decadehafiéromas
Fermi work.TheHohenbergkohn theorems and KokEham methodfurther paved the

foundationd32,34,35,3842].

21



In this chapter drief introduction to DFTis givenoutlining the main formalism as a
method of finding the solution of the noalativistic manyparticletime independent
Schrodingerequation(TISE), since the properties of a maalectron system can be
determined by using functionals of the ¢en density A brief summary othe DFT
COdSHESTAO has al s o whieghdavebebnused extersieety throughout

thisresearclwork as a theoretical tool to optimise the structures.

2.2.The Schrddinger Equation ai@riational Principle

If the analytic solution of Schrodinger equation cannot be found then a mathematical
trick known aghevariational principle is used that allows estimating the energy of the
ground state of a systerAny given nonrelativistic many particles system can be

descibed by the time independent, noglativistic Schrodinger equation:
( b APAPYMBHY O bhoB b AP HY B [V (2.1)

here( representsime-independenHamiltonian operator of a system consistindgNef
electrors and M-nuclei which describes the interaction of particles with each other,
where is the wavefunction of th@ state of the system ai@lis the numerical value
of the energy of th& state described by . The Hamiltonian operator of clua system

can be written as a sum of five terms giver] 3834,43:

22
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(2.2)
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here’ @ 1 "Blenote thé\-electrons whilé A T & run over theM-nucleiin the system
4 AT & are the mass of eleoh and nucleus respectively

QAT @ are the electron and nuclear charge respectively

ibA T "R represent theosition of the electrons and nuclei respectively, ands the

Laplacian operatowhich is defined in Cartesiaroordinates as:

! ! !

To T Ta

In (2.2, thefirst two terms namely’Y and”Y represent theiketic energy of &ctrons

and nuclei respectively whilthe last three terms represent theeptial part of the

Hamiltonian. The'Y term defines the attractive electrostatic interaction between

electrons and nuclethe electronelectron’Y and nuclearnuclear,”Y describe the

repulsive part of the potential respectivgdp,34,37,40,44.

TheBorn-Oppenheimer approximatidkkmown as thelamped nucleapproximatiorcan

be applied due to the fact tlaiout 99.9% of atom's mass is concentrated in the nucleus

(for example,the hydrogen nucleus weighs approximatel\0Q& imes more than an

electron) and thewuclei can be considered as a fixed point relativehi electrons

23



hovering around the nucleus. this case, ithe nuclei of the treated atoms are fixed
their kinetic energy is zer@nd they do not contribute the full wavefunction anymore.

The outcome of this assumption is that the Hamiltonian of the electron system reduces
the Hamiltonian to thelectronic Hamiltoniaf ~ which in the fixed nuclear picture

can be rewritten g82,34,37,4446)]:

o a
( S P e 2P
Cl o T -¢ b ¢ G b B
(2.3)
For suchasystem, the Schrodinger equatioro r 6 enluacnhpeeidd i s gi ven
( 0O (2.4)

depends on the electron coordinates, while the nugheat entes only

paranetrically and desnot explicitly appear in

The wavefunction itself is not an observable quantity while its modulus squared can be

written as:

tP s pfpfMh s ObOp80p (2.5)

The virtue of density functionaheory is that it expresses the physical quantities in terms of

the grounestate density. The electronic density of a general many body state, characterized

by a wave functiofY (I,,1,,..I:...), is defined as

24



r(r) =fdedr,..dr.. Y (r, 1.5 (2.6)

This represents the probability that electrons21, é N are found in the volume
elementsOp b 8 &b . Since by their natureelectrons are indistinguishable, this
probability is unchangeable if the coordinates of any two electrons (heme j) are

swapped43]:

bl I8 il b bl 8 blfs b 2.7)

Since éectrons are fermions with spof a half then mustbe antisymmetric with

respect to the interchange of the spatial and the spin coordinates of any two electrons:
php B bhplB Mo php B PhplB o (2.8)
A logical consequence of the probability interpretation ofwhgefunction is that the

integral of equatiorf2.6) over the full range of all variables equals ofkereforethe

probability of finding theN-electron aywhere in space must beity,

E(

8 s b sP®EEWPD p (2.9)

A wavefunction which satisfies equati¢®9) is anormalizedwavefunction

25



Hartree and HartreEock etc. are the theories which have been developed to solve the
Schrddinger equation since it has no exact solutibes& theories were based on an
important theoretical principle called thariational principle ofthe wavefunction
where a suitabl&ial wavefunctions Is used.This principle is useful to study the
ground state, bus not very useful for thetgdy of excitedstates When a system is in

the state , the expectation value of the energy is giverj38:37,40,43:

(2.10)

This means the energg obtained fromthe expectation value of the Hamiltonian

operator from any  (presumd wavefunction)which is an upper bound to the true

groundstate energy . If is normalized according to equatid2.9), and
equals to the ground state ( ). This mean® equals to the exact

ground state enerd , now we can rewrite equati¢@.10) for the ground state as:

o O ( % Op (2.1)

The normalized can show thalO O orO ‘O . Thereforethe best

choice ofO is the one in whicl® is minimized[34,35,3T.
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2.3.The Thomad~ermi(T-F) Model

For obtaining information about the electronic structheeearliest attempts to use the
electron density rather than the wavefunctia@re made when quantum mechanics was
emerging itself. Thavork of Llewellyn Thomas in 1926 an@nricoFermi in 1928wvas

the earliest attempts whweated independently the same idea of trying to construct a
model to approximate the kinetic andtgntial energy as a functiaf the electron
density.The T-F model is a quantum mechanical modiefined by the energy function

for the ground state level of the system with a specific number of orbitals in the atom
and particular charge. Therefore, ithgfirst attempt to use the electron density instead
of the wavefunction to solve the ground stater8dimger equation for many body
systemg38,39,43,47,4B Despitethe factthat electrons are distributed raniformly

in an atom,it is assumed that thegre distributed uniformly (based on the uniform
el ectron gas) i n each alymaHildtheelectranaansity o f
¢ ibp coudbevaried r om @V to the next. By using

energy which is given by:

"Y ¢ip 6 &£ip 7 b (2.12)

HereCris constant and is given by

6 — o 7T cqXPC
¢ 1p represents the electron density

An approximatiorcan also be proposéd determine the internal potential enefyy

27
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due to the attractive interaction felectrors with M-nuclei:

Y ¢ ibw ip Ob (2.13)

wherew ip is the potential energy of an electron due to the nucleus electric field

(external potentialand isgiven by:

P 4o (2.14)

here @ and ‘Q are electron number anthe electron chargepproximately The

approximate electreelectron repulsive energy is given by:

~ g I opab (2.15)

The equation$2.12), (2.13) and(2.15) with 'Y  term give the TF model:

O ¢ip Y Y Y Y (2.16)
The fourth term’Y in equation(2.16) is the nucleanuclearrepulsion and it is an

important determined constantboth cases either the nuclei are bimggdor not, foM-

nuclei in the system, it is given §$2,34,38,39,48.

Y —-B B —0 Q (2.17)
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2.4.The Hohenberdohn Theorems

DFT is based on Hohenbekphntheorems proposed Ihjohenberg and Kohn in 1964
wherethe electron density ip is usedo calculate the ground state enefg8y,48,49.
Theorem (1}¥tates that for any interactingany particle systemvith anappliedexternal
potentialw  ip, the density is uniquely determined. In other words, it demonstrates
that the densitg ip may be used instead of the potential as a basic function uniquely
characterising the systerand be stated as the ground state density ip which
uniquely determines the potential up @ arbitrary constan{37,41,48,50. This
theorem is proven for densities with rdagenerate ground states and the proof is
elementary and by contradiction. Let us consitey different external potentials

@ ip andw ip  which differ by more than a constant ayidld the same
ground state density ip. Clearly the above two potentials correspond to distinct

Hamiltonians which aré© ip andO ip , these Hamiltomansgive rise

to distinct wavefunctions which are ip and ip

Sincethe ground stateés sameand according to the variational principle there is no

wavefunction that gives energy less thiat of ip forO ip , that
is:
o O . O C0p O NG >) (2.18)
For nondegenerate ground state and because of the identical ground state densities for

two Hamiltonians, the equatid@.18) becomes:
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(2.19)
w b ¢ ip0Ob
By exchanging the labels in equati@19), we have:
o O
(@] b O Qb w b (2.20)
w b ¢ ip0Obp
Adding (2.19) and(2.20) gives
0O 0o & 0 6o O (2.21)

This clearly shows a contradiction and thereftre theorem has been proven by

reductio ad absurdum.

Theoem (2)provides a variational ansatz for obtainingip , i.e. searching fog ip

so as taminimisethe energylt states that, in terms of the dengityip , a universal
functional for theenergyO ¢ ip can be definedlhe exact ground state energy of the
systemin particular (0 B ) is the global minimum value of this fut@nal and the
densitye¢ ip which minimizes the functionand represents the exact ground state
densitye  ip [32]. Proof @), the first theorenstates that the total energysyfstem

is a functional of the density ip andis given by[32,37,41,48,5D
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Yib Yt ®© Bt (22

In this equation the kinetic energy is given by finst two terms (O ¢ b ) as
Y ) andthe electronelectron interaction energyY( ) is the same forthe whole
sydgem. ThusO ¢ b is a universal functionallescribed as the Holy Grail of
density functional theoryAssuming that the systeisiin the ground state, the energy

can beuniquelydefinedby the ground state density ip suchas:

00 O 00t b O 0 b (2.23)

Accordingto the variational principlany different density will correspond to a higher
energy because tlggound state energyorrespondingo the ground state densit/the
minimum energy:

600 O 0t b O 0 ' b 0 *0b
(2.24)

00t b O OO
In (2.22) the total energgan be minimizedvith respect to variations ithe density

function whenthe functionalO ¢ b is known. Thisleads to finihg the exact

ground state properties of the systemcefor most practical calculations, the direct
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minimization will not provide the ground state energy, but bysimpler procedure due

to KohnSham.

2.5.Kohn-Sham Method and Se@@onsistent Field SFC

This is well known thaDFT avoids the interaictg many particle problem. However
over the interacting systethe noninteracting system has omggeatadvantagesince
finding the groundstate energy fosuchsystem igelativelyeasier. In 1965, Kohn and
Shamdiscovered the possibility replace the original Hamiltonian of the systenahy

effective Hamiltonian© ) of the norrinteracting system in an effectivexternal

potential b . This givesrise to the same ground state density as the original

system The KohnrSham methods considered as an ansatz becdbsee is no clear
recipe forcalculatingthis. Howeverit is a lot easier to solvéhan thenon-interacting
problem. Hohenberohn theory is applicabl® both interacting and neimteracting
systemsThe KohrSham method is based on the Hohenl&gn universal density

[37,40,41,5]

O &t YEP Y i (2.25)

For noninteracting electronthe Hohenbergohn functional is reduced to only the
kinetic energy. The energy functional of the KeBinam ansat©® ¢ ip ,incontrast

to (2.22), isgiven by:
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O ¢ip Y € b O ¢b w b &b

0 ¢ b (2.26)

“Y is the kinetic energy of the nanteractirg system and is different froifty  (for
interaction system) in equati¢@.22), while'O s the classical electrostatic energy
or classical selfinteraction energy of the electron gas associated with densiby.
The fourth ternO is the exchangeorrelation energy functional and given by:

i b &b 2.7
g EP %P % Y &b (2.27)

In equation(2.26) the firstthree termsan be cast into functional form. tontrast
howeverthere is no exact functional form f@ . Recently much research work has
been directed into findinglzetter approximation t® . Currently, the functionals can
investigate and predict the physical propemieswide range of solid state systems and
molecules. For the last three terms in&ipn(2.26), wetakethe functional derivatives

to construct the effective single particle potendial ® :

O E P O ¢ b
6 b & b = o ¢ (2.2)
Te b Te b
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Now, this potentiatan be usetb givethe Hamiltonian of the single patrticle:
O Y W (2.29)
The Schrédinger equation beconpestty simple when thislamiltonianis used

Yoo 0 (2.30)

Equation (230) is known as Khn-Sham equation. The ground state density
correspondto the ground state wavefunction  which minimizes the KohfSham
functional subject to the orthonormalization constraints 1 ;itis foundby a

self-consistent calculatiof82,35,45,5P

O and O can be accurately determinénl DFT wherea seltconsistent field
procedures used Howeverw cannot be calculated until the correct ground state
density is knownIn additionto that he correct density cannot be obtained from the
Kohn-Sham wavefunctions until equatiq2.30) is solved with the correcto

Thereforethe circular problencan be solvethy carryng out a sekconsistent cyclas

shown in figure 2.134,43,53.
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Calculate the effective potential "
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diaponalization of the Hamilionian
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[ Is the solotion self-consistent? ]
Yes No
¥ b
Calculate total enerzy Drensity mixing to
amni force, and then exit generate 2™ ()

Figure 2.1 A Schematic illustration of the setdinsistent DFT cycle

The procedure is shown in figuBel, wherethe first step isd generate the pseudo
potential. The pseudpotential represents the electrostatic interaction between the
valence electrons anlde nuclei and core electroie basis set withselected kinetic

energy cutoff to be inserted in the basas$ is built up in the next stephiis needed to

expand the dengittunctional quantities.
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The energy functional is fully determinédthe density is knownA trial electronic

densitye b is madeas an initial gues® calculate the following quantity:

"0 0 & b O & 5 (2.31)

.f—}‘ﬂﬁzqnd the effective potentiab arethencalculatedand he lateris used to

solve the KohfSham equatiof2.30). This leads to finahe electron Hamiltonian and
after that it is diagonalised in order tnd the eigenfunctions and the new electron
densitye b . Hopefully, his ¢ b will be closer to true ground state and is

checked.

The end of the loojs, for self-consistencyif this new updated electron density b
agrees numerically with the densky b used to build the Hamiltonian at the
beginning of the SCF cycléfter exit, all the desired converged guantities, such as the
totd energy, the electronic band structure, density of statesare calculated
Otherwise, the new density b does not agree with the starting density P,
one generates a new input density and starts another SCF cycle: boéavtdensity
dependent Hamiltonian, solve and compute the density, and check fooisgitency
[34,48,54.

A complicated mampody system can be mapped onto a set of simplenteracting
equations exactly if the exchange correlation functional is kreseording toKohn-
Sham approach. However, the exchaogeelation functional is not known exactly so

approximations need to be made.
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2.6.The Exchang&orrelation Potential

AlthoughDFT is very reliable angrovenmethod, bufor kinetic energy functional and
the exchangeorrelation functional in terms of the density it sidles an approximation
Much research work has been diredtefind reliable expressions for those functionals.
ThelLocal Density Approximation (LDA&re he most commonly exchangerrelation
functional approximations, which depds only on the densityhe more complicated
however are Generalised Gradient Approximation (GGAyhich includes the
derivative of the density and also contains information atbe@nvironmentnd hence

it is semilocal.

Local Density Approximation (LDA)

It is possible to calculatéé¢ functionalO functional in a homogenous electron gas to
approximate the many body partigloblemas a simplesystenmbased on Kohtsham
method[42]. By slowly varying the densitgf a system, theO functional at point
ibcan be considered as actinguinniform densityO can beepresentedby a uniform

electron ga®© ¢ b withadensitg b .

LDA typically will not work for those systems which are dominated by electron
electron interaction An assumption, however is mathat the density isonsidered

constant in the local region around any considered position and it is giy8i,84:

O &b O &tbibop 2.2)
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It is possible t@plitthe exchangeorrelation energ® ¢ b intotwo termssuch
as the sum of the exchan@ ¢ b and the correlatioenergiesO )
which can be foundeparately as

0 € b 0 E b 0 S o) (2.33)

Thefirst term can be foundnalytically. t is well known (se¢37,43) and is given

by:

0O ¢ b - — 7 (2.39)

However,(O ¢ b ) cannotbeobtairedanalytically, but numerical methedan

be used to calculate it accurat€lyne most common and accurate methodpvagosed

by Ceperly andAlder (CA) [55] using quantum Mont€arlo simulationsThere are
several differentinterpretationsof the Monte Carlo data, for example, the most used
was calculated byPerdew andZunger (PZ),who fitted this numerical data tan
analytical expression and obtainéd,57:

T Yrdro@d Mrppe Mrmnmqéd QQ p

rp ™TCqOo . ~ (2$)
g P pRULCOD TWOAT o

Ao .

herei is the averagéistance betweethe electronsn the homogenous electron gas

and defined as— 7* .
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It can be seen thahé LDA is a simple and vleknown powerful functional ands
considered to be accurate for graphene and carbon nanotubes or where the electron
dersity is not rapidly changindn case ofatoms withd andf orbitals, alarger error is
expectedThis functionato some extent has many pitfalls, for example the band gap in
semiconductors and insulators is usually not accurate vatig@error gypically in the

range of 0.5 to 2eV or 180%). Therefore,it is highly advsable to seek better

functionals[56,58,59.

Generalized Gradient Approximation (GGA)

All systemsare considereds the homogenous systemd.DA, but the real systems

are inhomogeneou# step may be taken beyond the LDA and extend it by including
the cerivative information of the density into the exchaigerelationfunctional n

order to take this into accourithis is doneby including the gradient and the higher
spatial derivatives of the total charge densityé(b 98 & b $8) into the
approximation. Sucha functional is calledthe generalized gradient approximation
(GGA). It has to be calculated along with the correlation contributions using numerical
methodsbecausehere is no closed expression for the exchange part dfimniconal.
Exactly as in the case of the LDA many parameterizations exist for the exehange

correlation energies in the GGA0-63].
The proposed functional form whidk presentedoy Perdew,Burke andErnzerhof

(PBE) [6Q] is discussed in this sectiofihere are two separaexpressionsn this

parametazation,the first expression is the exchar@@e ¢ b andis given by:

39



O ¢ _£BPO ¢ b "Oi Obh (2.36)

"Oi is called the enhancement factor,

I mnhr 18 pwup

i s¢& b ICQ¢ b sisthedimensionless density gradient, wh&e and
. T . : -
Q T_"_is the Thomadermi screening wavenumber whereass the local
Seitz radius
The second expression is the correlation en€rgy ¢ b and given by:

O ¢ _ O ¢ b ..& b Obh (2.37)

where | p a& ™ , 0 s¢& PIQ ¢ bsis another dimensionless

density gradient, TSt @ @ x @ndd < —.
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The two most commonlysed approximations fdhe approximation ofexchange
correlation energies in the DRre LDA and GGA as discussed abovinhere are
several other functionals, which go beyond LDA and GBAwever there is nba
singlerobust theory of the validity of these functionals. It is determined via testing the
functional for various materialgver awide range of systems and comparing results

with reliable experimental data.

2.7.SIESTA

In this research worklacalculations werecarried ouby the implementation of DFh

the SIESTA code SIESTA is anacronym derived fronthe Spanish|nitiative for

Electronic Simulations with Thousands ofAtoms It is used to obtain the relaxed
geometry of the structurediscussechere and also to carry out the calculations to
investigate their electronic properties. It is a-selfisistent density funtional theory

technique ando perform efficient calculation®t uses normconserving pseudo
potentials ané L inearCombination ofAtomic Orbital Basisset (LCAOB). For more
theoretical detailsthe reader is referred {®4]. There are two dierentmodes to

perform DFT simulations using SIEST&5,64. One mode i conventional self
consistent yel d disal\pdhe KbhiSkaentequations amd thé o d t
secondiby direct minimizati on [6@.fThisssectoondli yed e

describsomeo f S| ESTAOGs components and how t hey
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The pseudgotential approximation

The distribution of the valence electroms any system i very gooddescriptionof
physical propertie®f that systemThe spreadf electrons around the nuclease
generally categoized as core and valence electrohsvestigating the electronic
propertiess typically expensive in terms of time and computer menforya system
containinga large number of atoms containingmplex potentias. It is possible to
reduce the number of electrons involved in the simulatynintroducing an
approximatiorknown asa pseudepotential or effective potentialhis way an effort is
made taeplace the complicated effects of the motion ofihrevalenceelectrongcore
electrons) of amtomandthe nucleus bypseudepotential. Actually the core electrons
do not participate in chemical boimg) sincethey are spatially localised about the
nucleus, and there & weak overlap of their wa¥enctionswith the core electron
wavefunctions from neighbouring aton@nly the valenceslectrons contribute to the
formation of the molecular orbitdlecauseonly theseelectron states overlap in most
systemsilt is therefore understandatiteassume that the core electroasbe removed
and replaced by pseugmtential. The coulombicpotential term for the core electrons
in Schrodinger equatiois replacel by a modified effective potential terrgermi in
1934 and Hellmann in 193&troduced the firspseudepotential approximatio66-
69]. Someadvantages of using pseudotentials in the computational calculatiare

discussed here. It can be used
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- Toreduce the number of the electrons which are participiatihg calculations
by not considering the core electrons for calculations and this significantly

reduces both time and memory required to run thieiéib simulation.

- To reduce the total energy scale by not considering the core electrons from
calculaton making the numerical calculation of energy differences between

atomic configurations much more stable.

- To exactly match the true valence wduactions outside of the core or efff
radiusm, but are nodeless inside, and replacing the true valencefuasteons
by pseudewavefunctions. These pseud@vefunctions can be expanded using

a much smaller number of the plane wave basis states.

- To add easily the relativistic effects into thespudepotential whilst further

treating the valence electrons ioglativistically.

When the KohrSham equation is solved, firstly the energy eigenvalues for the pseudo
potential must be matched those that would be found from the real potemtider o
obtan a reasonable pseug@otential Secondlythe long range effect of the pseudo
potential must be the same as that of the real potefktis is resolved by ensure that

the two potentials are coincided outside of the core rasys (

The pseudgpotential is different than the real potentiathin the core radiuand how

once the KohfSham equation is solved using the psepdtential, the resulting
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pseudewavefunction will not match the real wavefunction insise The pseude
potental is constructed in such a way that there are no radial nodes in the pseudo
wavefunction inside the core region, and clearly that the pseagtefunctions and
pseudepotentialcoincidewith their real correspondingutside of the core region, as

shown infigure 2.2.

)
!
[ L
4 ot
pree
(r)~§ /
PS
\_/

Figure 2.2 Schematic illustration of the comparison betweemavefunction in the
Coulomb potential of the nucleus (dashed blue) and the one in the pseteddial
(red). The real wavefunction and pseuwslavefunction match above a certain cutoff

radius m(the core radius)

The pseudgpotentials are considered within the scheme of the orthogonalized plane
wave (OPW) atomic calculatioriBhe obtained pseuduaotentials are strongly repulsive

near the nuclei and the corresponding wavefunctions generally present the correct shape
outside of the atomic coenddiffer from the correct eigenfunctions by a normalization
factor[68]. In 1979, D. R. Hamann, Mschliiter and C. Chiang proposed a model (HSC
model) to avoid these probleraadallowsto obtainpseudewavefunctions whiclare

the same as the real wavefunctions outside of a chosen core ragieng the

eigenvalue agree with the real energy eigenvau€his property is welknown as
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norm-conservation which assures that electrostatic potential caused by pseudo and real
charge densities are equal when . (outside of the core radiugp9. There isa
special type of alntio pseudepotential which is the norrmaonserving pseudpotential
(Pseudepotentials with angular momentum dependenice)their fully nonlocal
(KleinmanBylander,1982 form, which is used within SIESTA codé6,67]. For an

isolated atom, the true adlectron valence wavefunctions can be expressed as:

B - B & B (2.39)

here¢ i ¢ @ are the quantum numbers, whé  pltf88, & 18 & p and

G oF8 & In equation 2.8, the firstterm isthe radial harmonic wavefunction and
second terms the spherical harmonic wavefunction. The first Y is the
solution to the radiaSchrodingerequation which contains the -@lectron potential

@ , it includes all interactions with the remaining core and valence electrons
in the atomThe radialSchrédingeequation can be wtén ag70]:

pr o . aa p : C .
- - w l Y 1
GTi Gi (2.39)

From equatior(2.39) the size of the system will redubg removing the core electrons
andreplacing all of the electrons potentia ) by the pseudpotential ¢ ),

whilst thevalence electrons feel the same interaction as if they were still present. This
will change the solution dR.39) to the radial pseuswavefunction'Y ). The logial

steps of finding this pseudmotential are firstlyto construct the pseuewavefunctions
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from the all-electron wavefunction and then secondly to determinate the pseudo

potential by taking theaverseof the radialSchrédingeequation given by:

ad
o - PP Ty (2.40)
Cl ¢y Ti

Now there is a need to explamow the radial pseudpotential is calculatedalthough

there are many different ways of parameterising the psemastefunction.

Troullier-Martine methods another pseudpotential used in SEISTA which &pplied
[70,71, where the pseudaavefunction is defined whem »1 as a function of a

polynomial in» :

~
5

A L - A R (2.41)

and it is shown as the following equation:

Y QiQ i
Yoo — (2.22)
i C® QIQ i
The following conditions (the conditions must be obeyed by the radial part of the

pseudewavefunction, equation 23 must be satisfed by pseudepotentials to be

classified as norrconserving pseudpotentials:

1- The valence eigenvalues of the true-eddictron potential and the pseudo
potential are the same. It is a certain condition which guarantees that for single
atomic configuration, the true alectron potential and the pseupaotential

will give the sameigenenergies
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- - (2.43)

The valence eigenfunctions of the trueedéictron potential and the pseuplatential
must besamefor a chosen core radiussf and when» w This condition isa
guarantee that in the bonding region (core region) and away from the core, the

wavefunctions match as well
Y Y oMel 1 (2.44)

The pseudavavefunction should be smooth and nodelaessrder to obtaira smooth
pseudepotential This can beachievel by taking the first four derivatives continuous

at the cutoff radiuswy) for the pseudavavefunction.

QY b QY b o o

\

2- The total charge of the true and pseudehdttron eigenfunctions whes i

are the same.

iY B S i Y B pOoMmEi i (2.45)

By substituting equatiorf2.43) into the invertedSchrddingerequation (2.41) the
unknown coefficient can be calculated which dives the explicit of the pgmidatial

as:
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o d on b "B N b 2.46
Ein n cr| Q0 i (2.46)

In equation(2.47) the pseudgotential is defined ascreenedoseudepotential asit
includes effects of the core and the valence electrons. In order to make the resulting
pseudepotential reliable, it should be transferable (i.e. it is possible to use it in
molecules and other complicated environments) and to acthiesy any screening from

the valence electrons has to be removed by subtracting the Hartree and exchange

correlation potentialsTherefore it is possible to write the ion pseymigential as:

® & b ® & B S A (2.47)

Localised Atomic Orbital Basis Sets (LAOBS)

The type of the basis function employed in the calculai®ase of the most impeant
aspects of the SIESTA codi usesa basis set composed lotalisedatomic orbitals
which comparewell with other DFTschemesvhich may use a plane wavefunction
basis sef66]. LAOBs providea closer representation of the chemical bond; they can
allow orderN calculations to be performed and also it gives a dasd fromwhich
generate tightbinding Hamiltonian. SIESTA uses confined orbitals, i.e. orbitals are
constrained to be zero outside of a certain radiutoff radiusi ). This produces the

desired sparse form of the Hamiltonian as the overlap between basi®rignis
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reduced. The atomic orbitals inside this radius are products of a numerical radial

function and a spherical harmonic.

The sngle-¢ (also called minimalis the simplest form of the atomic basis set for an
atom (labelled as 1) which representsirgle basis function per electron orbiaid is

given by he following equation:

P -Y B & b (2.49)

Here te single basis functic b consists of two parts, the first part is the radial
Y and the second part is the spherical harmé: cMinimal or single zeta basis set
areconstructed by using one basis function ofhetgpe occupied in the separatems

that comprise a molecule. If at least @agypeorbital is occupied in the atom, then the
complete set3p-type of the functions must be included in the basis set. For example,
in the carbon atom, the electron configuratiopiis¢i ¢ny , therefore, a minimal basis
set for carbon atom consists@ffgi hcny hey AT &) orbitals which means the total

basis functions are five as shown in table 2.1.

Multiple-g are called fgher accuracy basis setad theyare formedoy adding another

radial wavefunctions for eacincluded electron orbital. Double basis sstare
constructed by using two basis functions of each tgpeach atomFor carbon atom,

a double zeta basis contains ten basis functions corresponding to ten orbitals which are
pi bpi heifgi heny ey fen ey heny AT &) . For further accuracypolarisation

effects are included indoubleg polarised basis setsobtained by including

wavefunctions with different angular momenta corresponding to orbitals which are
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unoccupied in the atom. A polarization function sy éhigher angular momentum
orbital used in a basis set which is unoccupied in the separatedratoimstancethe
hydrogen atom has only one occupied orbital type thatype. Therefore, ip-type or
d-type basis functions were added to the hydrogem they would be known as
polarization functions. Carbon atswith polarization functioaincluded-type andf-
type basis functions.

HY 1s
C% 1s,2s,2p2p,2p:
CI*/ pi hgi hery Ron) g ot Fom) Fony Fony

Table 2.1 Examples of tihadial basis sets functions per atom used in SIESTA code for

different precisions of the split valence basis sets.

Single-{
Double-¢
Single-{’ | Double-¢ Polarised
Atom/Basis Funetions SZ) 02 (SZP) Polarised
(DZP)
H? /1s 1 2 4 5
C®/1s 2s 2p,2py 2D, 4 8 9 13

Thesplit valence basis setformed wherthe core electrons (neralence electrons) of

an atom are less affected by the chenecaironment than the valence electroreke
carbon atomfor examplea split valence double zeta basis set would consist of a single
pi orbital, along withci hci andcr) heny i g hen hen orbitals, for a total 017

basis functonslike Chlorine The basis functions in a splitleace double zeta basis set

aredenoted

pi i hoi o fen o e fen kN fof fot for fony Fory fon hon om
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In case of moleculesnolecular orbitals can bepresented as Linear Combinations of

Atomic Orbitals (LCAGMO) given by:

e B o [ (2.49)

wheree represents the molecular orbitals (basis functic s@are atomic orbitalsee

are numerical coefficients anhds the total number of the atomic orbitals.

Basis Set Superposih Eror Correction (BSSE) and

Counterpoise Correction (CP)

In the case of localized basis sets, as it is in SIESTA, there is basis set superposition error
(BSSE) present and we havedarrect for different basis sets of the two configuratidns.
guantum chemistry, calculations using finite basis sets are susceptible to BSSE. As the atoms
of interacting molecules (or of different parts of the same molecule) approach one another,
their kasis functions overlap. Each monomer "borrows" functions from other nearby
components, effectively increasing its basis set and improving the calculation of derived
properties such as energy. If the total energy is minimized as a function of the system
geametry, the shortange energies from the mixed basis sets must be compared with the long
range energies from the unmixed sets, and this mismatch introduces an error. Other than using

infinite basis sets, two methods exist to eliminate the BSSE.
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In this research workhe SIESTA implementation of DFmeans thathe BSSE occurs
when using the linear combination of the atomic orbitals formalism which consists of a
finite basis set centred on the nuclei, when ataraslose enough to each otrser that
theirbasis functions will overlap. This might cause artificial strengthening of the atomic
interaction and artificial shortening of the atomic distances and therefore this can affect

the total energy of the system.

A technique to eliminate theSSE in molecukr complexes composed of two geometric
configurations sacalled the counterpoise correction (CP) schewss proposedby
Boys and Bernardn 1970[72,74. Suppose thaivo molecular systems labelled 0:s
ancd are separated by a distarYeTheoverallenergy of the supersysteYC: of

the interaction may be expressed &:

YC Y ©C Y G © (250

whereG AT ‘G are the energies of the isolated subsystems.
The formof equation 2.5 showsthe counterpoise correctipn?). Figure 2.2ighlights

the counterpoise correction for a dimer whichouanco.

TEVEvRY
Sl | Sds
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Figure 2.3lllustrating the Counterpoise method to calculate the binding energy. (a)
Represents the badgnctions for total system where atoare white colour and the

basis functions of the atonase black (b) and (c) show the basis function for the
individual monomers whereas (d) and (e) represent the counterpoise correction, every

single molecule isvaluated with the same basis function as the total systenj73|(a)

Partsa, b and ¢n figure 2.3represent the two isolated molecules with their individual
and corresponding basis functions while the shaded gray at@atsd and e represent

the dhost states (basis set functions which have no electrons or protons). The BSSE is
obtained byrecalculatingusing the mixed basis sets realised by introducing the ghost
orbitals, and then subtracting the error from the uncorrected energy to calculate the

binding energyC  given by:

c o © © (2.51)

where’ O FO AT G are the total energy of (a), (d) and (e) systems in figude 2.
respectively. This is an important concept that has been successfully implemented

many systemso givereliable and realistic resulf$3,76,77].

Structure Optimisation

In this thesisthe SIESTA code is used to obtain the ground state energy of different
atomic configurations, and then obtain the relaxed structure of the systems. SIESTA
can provide the energy as a function of the atomic coordinates (position of atoms). The

structure optimiation which isalso known as geometry optimisatia@ontainsthree
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options; relaxing atomic coordinates, allowirggriodic cell shapes and volura¢o
change For full optimisation, the three options can be employed toggetit@ach then

will lead to the minimum energy of the atoms in the systemba®huilibrium lattice
parameters of the systems. Performing the relaxation of thacapmsitions allovg

atoms to move until the residual force between all atoms is smaller than the required
conwergenceolerancen eV/A. In structural optimisation the key quantisythe force

which could be calculated numerically by taking the approximate numerical derivatives
of the total energy with respect to the positions. This method is applied in SIEBIDA

the HellmanAFeynman theorerf78]. Consider a Hamiltoniai® , which depends on

position"? of an atom and , is the wavefunctionthen the Schroédinger equation

can be written as:

0, » O (2.52)

The HellmanAFeynman theorem relates the derivative of the total energy which can be

obtained by calculating the expectation value of the derivative of the Hamilt@njan
with respect to®. This can be written as the following:
T

T_'O b "O b 2}
ry 179

|

T . . .
ﬁ b) OD b) DT,\?OD b) b) OD b)

<
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b} b} b] OD b] (0] b} T_ b}
4 4 4
'OT_ b} b} b) T_OD b} DT_"OD ]
Ty T’y Ty
) b} h
¢ Lo Lo (2.59)
T,\p DT,\p D b} .

Since the acting force (F) is the derivative of the total energy with the respedt to

can be written as:

! R (2.5
E, E

Although, the wavefunction does depend on the atomic coordinates, due to

normalisation, the terms containing the wavefunction derivatives with respégt to

vanish, yielding the HellmanReynman theorem.

55



Chapter 3
Gr e e n 0 s ard8imgleElectamlransport

3.1.Introduction

In this chapteratheory of single particle transpasgtdiscussedwhich formsthe main
numerical toofor studying transport throughuckyballs Theaimis to understandhe
electricaland thermoelectricgdroperties of molecular junctionghere a molecule (or
sufficiently small structure) is bound to bulk electrodes. The coupling strength between
the leads and the molecule is usually small compared to theeletiiode o intra-
molecue bond strengthd'he electronic properties are no longer well described by the
band structureince this system is not periodidencea general approach is needed to
understand the scattering process in the electrode junction and the molecular bridge.

This can be achieved through the Green's function formalésuoribed below

First this chapter describesbrief overview of the Landauer formula. Following this,
the simplest formula of a retarded Green's function for adonensional tight binding
chan is discussedAfterwardsthe periodicity of this lattice at a single connectisn
broken toshow that the Green's function is related directly to the transmission
coefficient across the scattering regiblegligible interaction between carriers ahe

absence of inelastic processeeassumed inite method m@sented in this chapter.
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3.2.The Landauer Formula

The standard way to describlastictransport phenomena in mesoscopic systiertne
Landauer formuland is applicable for phase coherent systems, whetescribe the
electronic flow a single wavefunction is suffici¢i®,80]. It relates the conductance of

a mesoscopic sample to the transmission properties of electrons passing through it. The
method sed to calculate the transmission properties wildlseussed later in this

Chapter.

Laft Contact Left Lead Right Lead Right Contact
Eer—
Iln )
Scattering
My Region — Hr
t

< -

r

Figure 3.1: A 1-dimensionalmesoscopic scatterer connected to contacts by ballistic
leads. The chemical potengah theleft and rightcontactsare’ and‘ respectively.

If an incident wave packet hits the scatterer from the left, it will be transmattéte

right with probability”yY 8 & and reflected with probability ds 11 .
Since incident electrons must be either reflected or transmittedbapilgy

conservation implieyY Y p.

In figure 3.1 al-dimensionalmesoscopic scatterés connected to the two contacts,
which behave as electron reservoirs, by means ofdeal ballistic leadsAll inelastic
relaxation processes are limited to tieservoirg[81]. The chemical potentiaia the

reservoir aré ‘ ‘ ‘ 1 'O Q] wm which areslightly differentand
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will drive electrons from the left reservoir to the rigime Initially, the solution for one
open channelill be discussd (i.e. where only one electron is allowed to travel in a
given direction).

The first step is tanaly® the incidentlectric curreng (95 generated by the

chemical potentiadlifferenceto calculate the current in such a system

T ‘ﬁ)'o Q T—; : (3.1)

0 W
7 P T

hereQis the electronic charge
U is the group velocity
T & Gs the density of state®©O(U )er unit lengthin the lead in the energy window

defined by the chemical potentials of the contacts:

S - T & Q
00 Y — o 3.2
00 o CT %0 (3.2

where the factor of 2 accounts for spin.

In one dimensioh, éT 0 P c and' ? o PTou  which will simplify equation

(3.1) to:

:,_‘] w (3.3

1 «is the voltageassociated with the chemicpbtential mismatchlt is clearfrom

equation(3.3) that in the absence of a scattering region, the conductance of a quantum

wire with one open channel 50 anhich is approximately7.5° “Yor alternatively
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a resistancef 12.9Qx). Typically it appears on the circuit boards of everyday electrical

appliancesnd therefore it can be said thasiteasonablguantity;

Now the current collected in the right contat® ) will be, if a scattering region is

consideed
10 1"0°"Y ,,—Q"\?( W — =="Y : (3.4)

This is the weltknown Landauer formula that relatéise conductancd: ) of a

mesoscopic scatterer to the transmission probalgilNyof the electrons traveling
through it.The linear response conductamdescribed by thjdhence it only holds for

small bias voltage$, w Tmandvoltage different between electrode

Bi ttiker hasgeneralizedhe aboveformulato the case of more than one open channel
[80]. The transmission coefficient has beaeplaced by the sum of all the transmission
amplitudesn this case which idescribing electrons incoming from the left contact and
arriving to the right contact. The Laager formulahat isequation(3.3) for the open

channels hence becomes:

170 cQ Q... .

In equation 8.5) & is the transmission amplitude describing scattering fromiQhe

channel of the left lead to tfi@ channel of the right leadhereflection amplitudes
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i can also be introduceditiv the definition ofthe transmission amplitudeshich

describe scattering processes where the particle is scattered fr@ndhannel of the
left lead to theQ channel of the same leadln "“Ymatrix can be definedambining
reflection and transmission amplitudasnnectingstates coming from the left lead to

the right lead and vice versa:

v U0 (3.6)

herei and®descrbe electrons coming from the left, whileandoO describe electrons

coming from the right. Alsa , & iband0 are matrices for more than one channel, and
could be complex (in the presence of a magnetic fietdekample)as suggested by
equation 8.5). The Y matrix must be unitary;YY ‘Oas required bycharge
conservatiorwhich a central object of scattering theory.the linear response regime
it is useful in describing transpott is also usefuin other problems, such as adiabatic

pumping[82].

It is well knownsince the early ¥centurythat there is a strongpnnection between
heat, current, temperature and voltagth the discovery of the Seebeck, Peltier and
Thompson effectsDue to a tenperature differencéne electric current is produced
described bySeebeck effectPeltier and Thompson effects describe the heating or
cooling of a current carrying conducti83]. Due to a temperaturéd and potential

drop Yo across the system, bothazhe and heaturrents could be caused to flow
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For both the charg@l) and hea{X) currents in thdinear bias and temperature regime

the generalised LandauBf ttiker formulae is shown which is usedo find an
expressions of the thermoelectgoefficients of a two termal device A system
corsisting of a scattering region connected to two leads which are in turn connected to
two electron reservoirgAccording to achemical potential and‘ , tempeatured

andd , and Fermi distribubn functiondefine exch reservoif83]:

QOAY O p Q ° (3.7)

It is reasonable to assurtteatthe reservoirs are connected to the leads in a way such
that there is no scattering thieir interface, so all scatterirgffects are caused by the
central scattering regioithe right moving charge current of a singistkte emanating

from the left reservoir can be written in terms of the number of electrons per unit length
n, Fermi distribution "Q, group velocity’ ard transmission coefficienT of the
scattering region.Here 4 representghe transmissiomprobability, and 2> is the
temperature)

D £¢0Q 07Q "YOQ Q07 (3.8)

By summing over all positiviestates and converting to the integral fahma total charge

current from the right moving states can be foumdtheren = 1/L for the density of

electronsaand’ S

10Q ., . 0 . . Q.
— YOQ Q00 20 "Q'0 Q0 (3.9)

O Q R 0

c:|©
O|o
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For the left moving states

Q
"O o, "Y!O “Q !O 'Q !O
(3.10)

The total current moving to the rigisthence

Q
0O 0 0O — YO Q0 Q0 QO
Q (3.11)

Thefamous LandaueBi ttiker formulais given in equation3(11).

For the heat energycurrent asimilar derivation can be carried out of the same system
by starting with the relatiok  O¢€ rather thadO & Q. The result contains two

extra energy term$rowever

N N N -, YO O ‘ Q0O O ' Q0 QO (312
where:
vy v
—v . — v
Q0O p Q h Q0O p Q °— (3.13
‘ ‘ y ¢ f y
and —h — (3.14
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3.3.0neDimension

It is useful to calculate the scattering matrix for a simpledmensionalstructure
before preseimg the generalized methodology wive a clear outline of the
methodologyused in this thesidn the derivation Green's functiorsused,so for a
simple one dimengnal discretised latticedhe form of Gree@s functionis discussed
first (sectionperfect 1D lattick Afterwardsthe calculations fothe scattering matrix of

aonedimensional scatterer will be discussed (sectiDrscatteriny

Perfect OnedDimensional Lattice

The form of the Greends -tlimemgonhal ohain withoen a si
site energieg- ) is discussedn this sectionalong withhopping parameters [ ) as

shown in Figure3.2.

Figure 3.2: Tightbinding approximation of a or@imensional periodic lattice with en

site energies and couplings’ .

The Hamiltonian is constructed with the-site energies-() along the diagonal and is
of infinite extent, and the hopping elementg () along the first ofidiagonal. The

Hamiltonianin matrix form is given as
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Within the tight-binding approximation and substituting equatidl%) and the

wavefunction intdhe Schrodinger equatiol® O TC
- 7 : E E F 2 ¢
£ E E 2 2 E B E.. B s E,
”r,vlz (> o - r i i i E ?ﬁ & rny
B m  [° O - r n o BEaxe x AT
M moom 7 0 - [ m Ean A Ana (3.16)
OF T 13 Tt e o - r By & ond
B E 3 72 2 E E E 3 72
OF F 72 72 72 E Z KOs g O OgQ

For rowameef the hamiltonianO the Schrodinger equatiaran be writteras:

[ o - w I T (3.17)

For any functiony to be a wave function it must satisfy the Schrodinger equation
given above in3.17). The wavefunction for this perfect lattice takes the form of a
propagating Bloch state (equati(118)), normalised by its group veloci(y ) in order

for it to carry unit current fluxAfter substitutinginto equation 3.17) (assuming that

r 1%, ifr is real) it leads to onalimensional energy dispersion relatiagiven in

equation(3.19)):
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y —0Q (3.18)

0 - gAI'® (3.19)

The quantum numbe(Q is introduced which iscommonly referred to as the
wavenumber. The retard@Ir e e n 6 s M fili niscthte Botution to an equation very

similar to that of the Schringer equatiorandis closely related to the waxfanctiorn

O Omdm

‘'ma phx O - mdm T ma ph (3.20)

j=x

Here

T n ph QR a

1 Tho0R G

The response of a system at a paintue to an excitation at a poiat describeshe
retarded Greds function,m ¢hx . Such an excitatiofis expectedo give rise to two

waves, traveling outwards from the point of excitation, with amplitddmd" as

shown in fgure3.3.
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Right decaying
Imaginary part < 0

Left decaying
Imaginary part > 0

Left moving Right moving
Negative group velocity Positive group velocity
z=1z 5
Excitation point V4

Figure 3.3: The structure of Retarded Green's Function of an infiniteddmensional
lattice. The excitation at & causes wave to propagate left and right (the blue modes
are the open channels) with amplitudesand’ respectively, while the red represent

the decaying modes.

These waves can be expressed as:
waig o 88 (3:21)

This solution satisfies equatidB.20) at every pointexcept atx & . The Green's
function must be continuous (equati®22)) to overcome this, sthe two equations

are equatedtd

M M (322
1Q " Q (3.23)
R0 (3.24)

Substituting equatio(B8.11) into (3.21) gives
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It is simplyclear thathe power of complex exponent is always positive, therefore the

latter equation can be written such as
Mo T Q Q h b (3.27)

The Gr een 320 shauld bet considered define the constaht. Ocan be

writtenas >-n , or >—n (whered =2-is the group velocity), and substitute in

t he Greend2),héngencti on (
0O —— "Q 1Q 1 & (3.28)

If the functionis integratecbver a small distance, centred @n of widthq , then

0 ——=— "0 0 Q4 p (3.29)
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hencethe retarded Green's function:
"~ p .

From differentiatingthe dispersion relatiothe group velocityvas founded which can

be given as

pl 00 ¢ i Q¢

21 7Q 2 (334

68



Howeveran alternatesolution can be found to this probldi®1,84,85]. Above, the
retarded Green's functiom, G has been showiThe advance(br sourcelGreen's

function,m &hX , is an equally valid solution:

(3.35)

The retarded Green's functidescribe®utgoing waves from the excitation po{at

&), howeverthe advanced Green's function describes two incoming waves that
disappear at the excitation poiiihe retarded Greerfgnctionis used in this wdk and

for the sake of simplicity, the is droppedfrom its representation. Sm G

=M G

OneDimensional Scattering

Consider the case wheked pieces of one dimensional tight binding sémfinite leads
areconnected by a coupling elemént ). As shown in figure.4 both lead have equal
onsite potentialg- ) and hopping elements [ ). This system is deceptive because,
though it looks simpleall onedimensional setups can be reduced back to this topology.
Thereforethe analytical solutions for the transmission and reflection coefficients would

be very valuable.
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Figure 3.4: Simple tightbinding model of a one dimensional scatterer attadleshe

dimensional leads.

TheHamiltonianfor this structure takehe form of an infinite matrix.

F EF nm nm mw nm om om

r‘YE EZ [ T T T T L

AU - 7 omo omoTmoT

O AT Tt rz -¢ J) T T T x O w

rTmom 0 [ momA 0 (3.36)
on nm n n [° - | Ty

LS LS | SRS | SRS | SR (R~

on m nm nm n n E RO

‘O andO denote Hamiltonians for the leads which are the gpfimite equivalent of
the Hamiltonianshown in equation3(7) andw denotes the coupling parametEar
reall , the dispersion relation corresponding to the |@atisduced abo& was given in

equation 8.19) and the groupelocity was given in equatio.G2):

o0 - gAIT® (3.37)
and
pr_©
of 0 (3.38)
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The Green's function of the systemeds to be defined order to obtain the

scattering amplitudesndcan be written as:

0O 00 0 O 0 © (3.39)

Equation 8.39) is singular if the energ@is equal to an eigenvalue of the Hamiltonian
"O To circumvent this problem, it gractical to consider the limit:
© 1 ED "Ov Q-

(3.40)

here— is a positive number an® ("O) is the retardedadvanced) Green's function.
Only theretarded Green's functiorsused in this thesesnd hence choose tpesitive
sign.The retarded Green's function for an infinite, one dimensional chain with the same

patameters is defined in equatidh37):

(3.41)

the labels of the sites in the chaired , & The appropriate boundacpnditionsneed
to be definedn order to obtain the Green's function of a serfinite lead.The chain
must terminate at a given poifi) in this case, the lattice is semfinite, so that all
points for which’Q "Qare missingTo mathematically represent this conditibican

be achieved by adding a wdarection to the Green's functioithe wavefunctionis:
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42
a0 (342

At the boundaryd a "Q p)the Green's functiois the sum of equation8.41)

and B.42) (m M w ) will have the following simple form:

?— (3.43)

In case of decoupled leafls 1) the total Green's function of the system will simply

be given by the decoupled Green's function:

Q
r

2
<
|

y
M & (3.44)

T
- Q
[

Q

o

If the interaction is switched othen in order toobtainthe Green's function of the

coupled systeniQ. Now Dyson's equatiois used

0 M@ (3.45)

the operatow describing the interaction connecting the two leads will have the form:

(3.46)
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The solution® Dyson's equation, equatia®45) reads:

(3.47)

In this case theemaining stepsi to calculate the transmissi¢® and reflection i()
amplitudes fronthe Green's function equation given in equat®47). The FisheiLee
relation can be used for this purposéhich relates the scattering amplitudes of a

scattering problem to th@reen's function of the problem and it ref8ts,89:

i O p (3.48)
and

® "0;0 0 (3.49)

These amplitudes correspond to particles incident from thdfl¢iftose particles are

considereccoming fromthe right the similar expressions could lbecovered for the

transmissior{0) and reflectionip) amplitudes.

After having the fulkcattering matrix the Landauer formula atjon @3.4) can be used
to calculate the zero bias conductance. The proc€dymehich this analytical solution
for the conductance of a owlémensional scatterewas found can be generalizén

more complex geometries. So to briefly summarize the steps:
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1. In the first steghe Green's functiowas calculatedlescribing the surface sites
of the leads.

2. FromDyson's equatiothe total Green's function in the presence of a scatterer
IS obtained.

3. The Fisheilee relation gives the scattering matrix from the Green's function.

4. The zerebias conductancean be found using the Landauer formula

It must be noted thahe setup considered in this sectionks simple but iis quite
generalas well.By using a technique called decimatightypes of scattering regions

can be reduced back to the case of two one dimensional leads.

3.4.Generalization of the Scattering Formalism

A more generalized approach to transport calculations following the derivafion
Lambertet alare discussed in this sectif87-89]. In the first steghe surface Green's
function of crystalline leads is computed, thenreduce the dimensionality of the
scatering region the technigue of decimation is introduced and finally by means of a

generalization of the Fishésee relatiorthe scattering amplitudes are recovered.

Hamiltonian and Green's Function of the Leads

Firsty the termlead needs to be defined and it can be definedrageneral, it is a
perfect crystalline object that acts as a perfect wpde for carrying excitatiorfsom
reservoirs to the scattering regioft. general seminfinite crystalline electrode of

arbitrary canplexity is discussed in this sectiofihe structure of the Hamiltonian is a
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generalization of the ordimensional electrode Hamiltonian in equatiBri$) because

of the fact that the leads are crystallikgure3.5 shows the general system.

Figure 3.5: Schematic representation of a senfinite generalized leadStates
described by the Hamiltonid® are connected via generalized hoppingiatrixO.
The direction z is defined to be parallel to the axis of the chain. One can assign for each

slicea label z

A Hamiltonianfor each repeating layer of the bulk electr§@e), and a coupling matrix
are usedo describe the hopping parameters between these EQgrmstead of site

energies.

For such a systemtte Hamiltonian has the form:

E E nmnnmn g o

HE FOnmnmnq T &

Tt 00O g

o &1 Mo 00 M g (3.50)

AT m 710 © 0 nn ng '
AT T 11 T['O O O ne#

T T qgnnoOBE

O T g n nn B EQ
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where’'O andO are in general complex matrices and the only restriction is thalih
Hamiltonian("O should be HermitianThefirst goal is to calculate the Green's function
of such a lead for gener@ and™O in this sectionTo calculate the Green's functian
is necessaryo calculate the spectrum of the Hamiltonian by solving ttler@&linger

eguation of the lead:

oW Ow  Ouw oy (3.51)

the wavefunctionw describes thé&ayerd. The system is infinitely periodic in thee
direction oy, so the orsite wavefunctiory , can be represented in Blo&brm;
consisting of a product of a propagating plane wawd a wavefunctiofz ), which

is perpendialar to the transport directio(t). If the layer Hamiltonian('O), has
dimensiond) 0 (or in other words consists Of site energies and their respective
hopping elements), then the perpendiculavefianction 5 ), will havel degrees of
freedom and take the form ofpa 0 dimensimal vector. So the wavefunctiag

takes the form:

i

QK (3.52)

In equation3.52 ¢ is an arbitrary normalization parametdf.equation 3.52 is

substitutednto the Schrédinger equati@iven in @8.51), it will yield:

D Q0 Q 0 Ok ™ (3.53)
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The eigenvalues@ O QJ], whered phB 8 ) needs to be calculated after
selecting values of o find the band structure for such a problémthis caseddenotes
the band indexThere will bed solutions to theigervalueproblemfor each value of
"Qand sd) energy valuesThereforeit is relatively simple to build up a band structure

by selecting multiple values f&@

The problem is approached from the opposite diredsi@nscattering problenmstead
of finding the values oDat a givenQ the values olis foundat a giveriO. The wave

vectorsareobtainedby introducing the functioandthe energy is the input:

— Q B ©OE§ Q — (3.54)

and wherit is combined with 3.53):

Q (3.55)

The equation(2.55) will yield ¢0 eigenvaluegQ ) and eigenvectors ), of size
0 for a layer Hamiltoniar("O) of size0d 0 . According totheir propagatingor
decayingnatureand whether they are left goidg Hoor right goingdt  Hbthese
statescan be sorted into four categoriekit Ihas areal value ofQ, and is decaying

state is propagatirifjit has an imaginaryalueof Q. If the imaginary part of the wave
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number is positive then it is a left decaying state, if it has a negative imaginary part it is
a right decaying staté.ccording to the group velocity of the st#te propagating states

are sorteds defined in4.56):

0 —— (3.56)

It is a right propagating staifethe state has positive group velocfty ), otherwise it

is a left propagating stat@hey have been summarised in table

Table 3.1: Sorting the eigenstates inkeft and right propagating or decaying states
according to the wave number and group velocity.

Left Right
Decaying im (k) >0 Im (k) <0
Propagating (k) = 0,0 <0 m () =0,v,' >0

From onwardshe wave number€Q which belong to the left propagating/decaying

set of wave numbersvill be denotedby "Q for convenience,and the mht
propagatingdecaying wave numbers will remain plairy Thereforels  is a wave
functionwhichisassoci ated t o Ba ifisr iagshstd'c isataetde taon da
Hencetheremust be exactly the same numlen of left and right going statég™O is
invertible.For singularO, the matrix in(3.55) camot be constructed, since it relies of

the inversion ofO. To overcome this problenhoweverany one of several methods

can be usedn the first methodhe cecimation techniquis usedo create an effective,
nonsingularo [10]. In another technique singulafO is populat& with small random

numbers, hence introducing an explicit numerical error. Teahniqueis quite
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reasonable as the introducedmerical error can be as small as the numerical error
introduced by decimation. Another solution is to rewrite equg8d&i®) such that there

iS no need to invef©:

Q (3.57)

However,solving this generalizedigen-problem is more computationally expensive.
Any of the aforementioned methods work reasonably in tackling the problem of a
singular'O matrix, and so can the condition that themest be exactly the same number

(0 ) of left and right going states, wheth€ is singular or not.

At a given wave numbegfQ the olutions to the eigeproblem equation3(53) will

form an orthogonal basiset. The eigenstatéls ) obtained by seing the eigen

problem equation355) at agiven energy(O), howeverwill not generally form an
orthogonal set of states. This is crudmcausevhen constructing the Green's function
the nonorthogonalityis to be dealt withlt is, therefore, necessary to introduce the duals

to andB insuch away that they obey:

B B B B | (3.58)

This yields the generalized completeness relation:
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(3.59)

After gettingthe whole set of eigenstates at a given endtgyecomes possible to
calculate the Green's function first for the infinite system and then, by satisfying the
appropriate boundary conditions, for the sémfinite leads at their surfacéhe Green's

function can be builtfrom the mixture of the eigestatesfs and 3 since it

satisfies the Schrodinger equation widen ¢ , it:

-
v ~

I’y B Q 1 h CX G

e (3.60)
T B Q 1T h a &
w

In (3.60) the U -component vectofis and]  are to be determinedhe structural

similarities betweel(3.60) and equatioif3.21) and also that all the degrees of freedom

in the transverse direction are contained in the veBtorsand|

The task now is to obtain tthevectors. Ador a 1d Greens functigtheequation(3.60)
must be continuous &t Uand should fulfill theGreen's equatior820).

The first condition is expressed as:

B 1 B 1 (3.61)
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and the second:

O OB 7 0Q 1 OB Q 1 O

O OB 7 OB Q7 Ok Q 7 0Q 1

0Q 7 O

OB Q1 OB Q 1

and since, from th8chrddinger equatior849), it is knownthat:

O 0 '0Q 0Q & m (3.62)

This yieldsto:

Ok Q7 E Q 7 0 (3.63)
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Now by making usef the dual vectors defined in eqieet (3.58). Multiplying equation

(363 by yields

B B 9 5 (3.64)

similarly multiplying byl gives:

BB 5 9 (3.65)

Using the continuity equatior3.61) and equations3(64) and 8.65), the Green's

eguation (equatio(B8.61)) becomes:

OB Q B B Q B B 1 (S (3.66)

From which it follows:

o B QB B Q B
(3.67)

This immediately gives us an expressionsdfor
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5 0B (3.68)

where’ is defined as:

’ Ok Q B E Q & (3.69)

Thewave number'Q) refers to both left and right type ofsts. Substituting equation

(368)into 3.60)t he Greends functisgededof an i nfinit

s
v ~

(4 B Q B ’ h 0‘ G

M cp (3.70)
"5 B R4 od
w

As with the one dimensional caises required toadd a wave function to the Green's
function in order to satisfy the boundary conditions at the edge of thénleader to
get the Green's function for a seimfinite lead.The Green's funath must vanish at a

given place ¢ &), is a boundary coritibn here In order to achieve this we add:

B Q B B © B (3871

R
Tothe Green's function, equatia®{0),m ™ . This yields the surface Green's

function for a seminfinite lead goindeft:

MO Kk Q@ kB kK Q &K ! (3.72)

and going right:
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MmO kK k kB Q & (3.73)

Using the numerical approach in equat{8m5), a versatilemethodhas been yielded
for calculating the surfacGreen's functions (equatiors72) and .73)) for a sem

infinite crystalline electrode. The next step is to apply this to a scattering problem.

Effective Hamiltonian of the Scattering Region

For a givencoupling matrix between the surfaces of the sifinnite leads, the Dyson
equation 8.45) can be used to calculate the Green's function of the scakergever,

the scattering region is not generally described simply as a coupling matrix between the
surfaces. Therefore, it is useful to use the decimation method to reduce the Hamiltonian
down to such a structur@0-92]. Some ¢her methods have been developssl

discussed ifi93,94, but in this thesis the decimation methedised

Consider agaithe Schrddinger equation:

Ow (3.74)

If separatd from the equation3 74) the’ Q degree of freedom in the system:

O w Ow Oy h 0 Q (3.75)

Now the componenij can be examined by using the latter equation wRer
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O u Ouw Oy (3.76)

From equation3.76) j can be expressed:as

0y
W o 0 (3.77)

If equation 8.77) is substituted into equatioB.{5) then

o o W Guh @0 (3.78)

This isan effective Schroédinger equation where the number of degrees of freedom is
decreasd by one compared t8.74). Hence a new effective Hamiltonigi®) can be

introduced suclas:

00 (3.79)

Produced by simple Gaussian eliminatidhis Hamiltonan is the decimated
Hamiltonian showing anotable feature obeing energy depende which suits the
method presented in therevious section very welB2]. The Hamiltonian describing

the system in general would take the famthout the decimation method:
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O W T
O w O w
w

- 0 (3.80)

Here,”O andO denote the semnfinite leads,O  denotes the Hamiltonian of the
scatterer ando and w are the coupling Hamiltonians, which couple the original
scattering region to the leads. After decimation, we produce an effectively equivalent

Hamiltonian:

o .. (3.81)

w denotes an effective coupling Hamiltonian, which now describes the whole scattering

process.

Similar tothe onedimensional caseow the same stegsn be appliedusing the Dyson
equation (equation3(45)). Hence, the Green's functidor the whole system is
described by the surfacGreen's functions (equation3.72) and (3.73)) and the

effective coupng Hamiltonian from equatior3(81):

@ M (3.82)

Scattering Matrix

86



We nowproceedo the calculation of the scattering amplitudes. A generalization of the
FisherLee relation[86,88,9%, assuming that states are normalized to carry unit flux,

will give the transmission amplitude from the left lead to the right lead as:

(3.83)

In this case3 is a right moving state vector in the right lead &d is a right

moving state vector in the left lead. The corresponding group velocities are dénoted

andt respectively. The reflection amplitudes in the left lead similarly reads:

++|++|

(3.84)

Herel3 is a left moving state vector in the left lead &d is a right moving
state vector in the left lead. In both cases,is the’ operator defined by equation

(3.69) for the left lead.

Similarly we can define the scattering amplitudes for particles coming from the right:

(3.85)

87



P B O’ OB (3.86)

T
¥
Here the definitions are idécal, but for the obvious notatidhat what was left in the

previous case is now right and vice versa.

So now a scattering matrioan be builandit is possible tacalculate the conductance
usingthe Landauer formule8(5) presented in sectiosx. ' © and’O  isverygeneral

and since this method is valid for any choice of the Hamiltorifans
Calculation in Practice

So far in this chaptethe method presented is quisasonableand has been used in

many areas of mesoscopic transport in the last decade. It has been successfully applied
to molecular electronics [88,96,97], spintronics [88,9§ and mesoscopic
superconductivity{99-101]. For finite bias employing the neaquilibrium Green's
function techniqueghe same method has also been extend€]. A Hamiltonian,

which describethesystem, can be created manually or can be an output ofierical

calculation, such as HF, DFT code or density functional-tigiding method.

3.5.GenericFeatures of the Tramsssion Coefficient

Before continuingwith the use of simple toy models, ibwld be useful to briefly study
a few key featureshat might have beerexpeced to see in the more complicated

transport curves of real systemsr Ehis, the decimation method describe@guation
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(3.75) has been usdd reduce the discussed systems down to an effective Hamiltonian
with the structureshown in figure 3.4. From there, it is simply a matter of using the
Green's function (equatio(B.47)) to calculate the transmission coefficient using
equation(3.49) and then the transmission probability. Three features will be studied:
Breit-Wigner Resonancd403, Fano Resonanc§$04,109 and antiresonares due to

guantum interferende.06,107].

Breit-Wigner Resonance

The simplest feature to understand is the BMigner resonance. This is a Lorentzian
peak in the transmission probability which occurs mvthe energy of the incident wave
resonates with an energy level within the scatterer. Figueshows the simplest
example of such a system. Two esienensional seminfinite crystalline chains with
site energieg- ) and hopping elemen(g[ ) are coupled to a scatting region with a

single site energf+ ) by hopping elementg| ).

Figure 3.6: Simple model to study Fano resonance. Twedimensional sernfinite

crystalline chains coupled to a scatting region of site energy hopping elemenig .

The red line in figur&.9 shows the transmission probability for this system when
- L[ 1 and| 181 p The width of the resonance is defined by the coupling

component and its location by the site energy. Typically, the scatterer has many
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energy levels, but in a sufficiently weakly coupled system, they are easy to identify.
Resonances corresponding to the HOMO and LUMO levels of the system are most
notable because the Feremergy, and therefore the corudance of the scatterer, is
usuallybetween these two peaks. In general, if the coupling elementis large, the

resonances are wider and the conductance is larger.

Fano Resonance

Fano resonances oceuwhen a continuum of staté@steracts witha boundstate (the
resonant procesand the two statasterfere[108. Forexample, when the ener®)
of the incident electron is close to an energy le¥elside groupf a molecule a Fano
resonanceappears A toy-model approximation is shown in fig3.7. Two one
dimensional seminfinite crystalline chains with site energids ) and hopping
elementqz[ ) are coupled to a scatting region with two site energid€site one) and
- (site two). Site one binds to the leads with hopping elenfents Site two, the side

group, is bound to site one by hopping elenfeht).

€2
®
—B
Y 4 VoY
- 0O ——=-===- o O O @ o——_0 O 00
& & & ¢ & “ €& & &

Figure 3.7: Simple model to study Fano resonances. Twadomensional servinfinite
crystalline chains coupled to a scatting region of site enérgyby hopping elements

(z! ). An extra energy levél ) is coupled to the scattering level by hopping element
).
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In figure 3.9the green curve shows the transmission probability for this system when
- mh - ™, Ttpand T 181 pThe shape dhe curve closely resembles
that of he BreitWigner curve (Figur&.9, red), except that a Fano resonance occurs at
o -.

Fano resonances have been shown to be tungabthe molecular side groupkd5
or gate voltaged109 and have been shown five the molecules interesting

thermoelectric propertsd89,11Q.

Anti-Resonance

When the system is multibranched and destructive interference occurs between
propagating waves at the nodal pa@ntanti-resonancalsoappearsn the transmission
probability. In figure 3.8 a simple example is shown. Two ofdimensional semi
infinite crystalline chains with site energies) and hopping elemen(s| ) are coupled

to two noninteracting scatting regions with site energiegsite one) and (site two)

by the hopping parametég| ).

Figure 3.8: Simple model to study antiresonances. Twoedmensional sernfinite
crystalline chains coupled to two independent scatting regions of site energied

-, by hopping elemen(g| ).

When - - Th - ™, T and| 181 pthe blue curve in figure 3.9

shows the analytical transmission probability for this syst@mmesponahg to the site
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energies of each scatterer as expetiteccurve shows two Brewigner peaks a®©
mandO T1@. Where the transmission probability dropSY®  1tthe antiresonance
occurs between these poiffls 1@ v This drastic change in electron transmission is
utilised in quantum interference effect transistors (QU[RT)], data storaggl12 and

molecularswitcheq113.
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12 | Breit-Wigner R e H _
- Fano-Resonance
- Anti-Resonance .
14 L L L 1 1 1
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Figure 3.9: Transmission coefficients for the systems describe in seBlietns Wigner
(Red),Fano(Green) andAnti (Blue) Resonances
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Chapter 4

Transport through molecular junctions formed from
monomers or chains @so, Cso or C50Cl1o

4.1.Introduction

In this thesis, | address the possibility of using fullerenesexwtiedralfullerenes as

building blocks in molecular electronics devices. &mminethis questionl have

looked at possibilities to enhance the electronic camioation between the
buckminsterfullerene an®ecachlorofullereneThe methods used in this work are
based on density functional theory foll o\

calculatbns.

Ceo and Go are the isomeric structure of carbon, whereas exohedral fullegs@bkd@s
obtained when bonds are removed chemically by addition of Cl, to yield open cage

fullerenes (see their optimized in figure 4.1).

In this chapter, | compute the transmission coefficient , transport properties, the
thermopower of these structur@$e work below is a systematic theoretical study of
electron transport through molecular bridges attached sgaCso and GoClio anchor

to flat gold electrodeslhe Cso, Cso and GoClio were oriented with a<€ bond between

a hexagon and a pentagon facing the substrate.
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The focus of this chaptertisecomparisorbetween théullerene Goand the exohedral
fullerene GoCliowhich consist®f a smaller fullerene 4g surrourding by 10 equatorial
chlorines. Ima molecular junction using gold lead as electrodes, direct bonding between
the molecule and the could lead to clearly defined contact geometries and the stronger

binding which will enhace conductance.

4.2.Computational Methods

To undertake a comparative study of their electronic properties, when placed between two
gold electrodes, we used the density functional theory (DFT) code SIESRAwhich
employs TroullierMartins pseudopoteials[115]to represent the potentials of the atomic
cores, and a local atomarbital basis set. A doubieeta polarized basis set was used for

all atoms and the generalized gradient approximation (®8E) for the exchange and
correlation functional$116,117]. The Hamiltonian and overlap matrices were calculated

on a realspace grid defined by a plam&ave cutoff of 250 Ry. Each molecule was relaxed

to the optimum geometry until the forces on the atoms were smaller than 0.02 eV/A and in

case of the mlated molecules, a sufficientlgrge unit cell was used.

4.3.DFT Calculation and Numerical Simulation

Optimized geometries and Binding Energy

The ground state energy of the total system is calculated using SIESTA and is denoted
'O , The energy of each monomer is then calculated in a fixed basis, which is achieved

by the use of ghost atoms in SIESTA. Hence the energy of the individual
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buckminsterfullerenén the presence of the fixed basis is define®as andanother

oneis O

The binding energy is then calculated using the following equation:

"ET AEITAO@U O O

0.5
0.4
0.3-
0.2-
0.1

EP (eV)

—o.1§

Dimer-C50

_0-2:\HH\HH\HH\HH

25 3 35 4
D (A)

4.5

P

Dimer-C50CI10

3.5

4 4.5 5

D(A)

Figure 4.2DFT calculation of the binding energy adumction of distance between two C50, C50CI10

For the dimers|, varied the distance between two molecules from 1.2 to 5 A and

computed their binding energy as a function of distaAseshown in figuret.2, for a

Cso dimer, the optimum separation of thes€is 3.5 A and the binding energy is (~

0.05 eV), while for the€soandCsoClio dimer, the optimum separation is 3.2 A and the

binding energy is (-0.03 eV).

Transmission Coefficient

As previously

descri bed,

t

h e

Greends

electron transport properties and to do this | use the transport pagkdgm, which
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is based upo equilibrium transport theory. @ialculats the transmission coetfients
T(E) for electrons of energy E and the temperature dependence to calculate

thermoelectric properties uses tkermi distribution function defined as
At A 7 P (4.2)

whereks is the Boltzmann constant.

For the DFT calculations presented in this Chapter, | have uSederalisd Gradient
Approximation (GGA) with a double zeta polarized basis set and an energy cutoff of
250 Ry to define the real space grid. During all my calculations the fullerenes and
exohedral fullerenes between the electrodes were relaxed with a 0.82f@¢e
tolerance. The electrodes were fixed in their relaxed configuration to obtain more
systematic resultand to facilitate the effect of the different bonding sites of the
moleculeto the gold surface without having to use excessively large lead surfaces in
periodic boundary conditions in one direction.

To investigate the stability of the transport properties against a movement of fullerenes
and exohedral fullerenes out of the eduilim Gso, Cso Or GsoCl1o electrode separation
conductance curves were obtained to find the relaxed molecule to lead separation of
= 2.2 Afor monomerslaced between two gold <111> electrodes, as shown in Figures

4.6.
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Figure 4.6 : The Go, Cso°nd GoClio were oriented with a €€ bond between a hexagon and a
pentagon facing the substrate with respect to the flat gold leads. A skg@ddr CsoClio
attached to Au <111> surfaced electrodes2.2 A and is fixeavith periodic boundary
conditions PE applied in all three direction.

To investigate the dependence of the conductance on the orientatimom@mers,
dimers and trimersthe Hamiltonian of the systemwvas obtained from the DFT

calculations and passed onto to Gollum for the transjadctilations.

The zero basis transmission curves for dimer and ti@geiCso and GoClio molecules
at the equilibrium dimer and trimer distances are plotted on Fiyidret.9, 4.12 and

4.14

To investigate the effects of the separatiometween buckyballapon the tranpoyt
have plotted the transmission curves as a functiorEdfr for variousseperations
betweerthe Go, Cso or GsoCl1o dimers and trimergpr each geometrical configuration

Results are shown figures 4.8, 4.104.11, 4.13, 4.15 and 4.16
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Electron transmission T(E)

Figure 4.7: A geometry for C5@are (dmers). Red arrows indicate moving variables, whereas blue arrows
indicate fixed distanceg is the electrode separatipr=2.2 A and is fixedd is varied from (1.65.0) A.
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Figure 4.8: DFT caculations of transmission coeffecients as a function of energy T{Erfed configuration of
dimerC50-bare (black) andblue) for optimum configuratiom=2.2 A and is fixedd is varied from (1.65.0) A.

98



Figure 4.9: A geometry for C5®are (Trimers). Red arrows indicate moving variables, whereas blue arrows
indicate fixed distance& is the electrode separatipr=2.2 A and is fixedd is varied from (1.65.0) A.
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Figure 4.10: DFT caculations of transmission coeffecients as a function of energy T&ried configuration of
trimer Cse-bare (black) andblue) for optimum configuratiom=2.2 A and is fixedd is varied from (1.65.0) A.
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Figure 4.11: DFT caculations of transmission coeffecients as a function of ef¢Ejyor single C56bare (black

dots), the optimum configuration of C50 dimer (red dots) and C50 trimer (bluerk®. A and is fixedd is
varied from (1.65.0) A.

The curvesorresponding to the optimum geometries are summarised in Figure 4.11
for the monomer, dimer and trimersdCTo interpret the curves | will refer to the
positions of the transmission peaks relative teefE= 0.0 eV. The highest occupied
molecular orbital(HOMO) levels are below the Fermi energy and the lowest
unoccupied molecular orbital (LUMO) levels are above the Fermi energy. Since these
define the relevant energies for transport, | will concentrate only on the peaks located

close to (EEF) = 0.0 eV.

Fig. 4.11 shows that for baf&othe monomer has at least a taalers of magnitude
higher transmission coefficient at the Fermi energy than the dimer and trimer.
Furthermore, the LUMO resonance is rather broad and the transmission near the Fermi
energy $ close to unity. For the dimer and trimetJMO peaks in their transmission

curves are located between 0.1 and 0.2 eV for the dimer (red curve and arrow) and the
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trimer (blue curve and arrow). Furthermore the peaks are stable i.e. do not shift over
many onfigurations as show in Figures 4.8 and 4.10. One might have expected that the
transmission of the trimer at{&) = 0.0 eV would be lower than that of the dimer, but

the since the LUMO resonance moves closer t&H{)E= 0.0 eV this is not the case.

These results are now compared to those for the case©k&nonomer, dimer and
trimerin figures 4.12, 4.13, 4.14 and 4.15. The optimumised results are shown in Figure

4.16.

Figure 4.12: A geometry for €&Clio (Dimers). Red arrows indicate moving variables, whereas blue arrows
indicate fixed distance& is the electrode separatiprn=2.2 A and is fixedd is varied from (1.65.0) A.
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Figure 4.13: DFT caculations of transmission coeffecients as a function of energy T&yrfed configuration of
dimer CsoClyo (black) and(green) for optimum configuration.

Figure 4.14: A geometry for &Clio (trimer). Red arrows indicate moving variables, whereas blue arrows indicat
fixed distancesZ is the electrode separatipr=2.2 A and is fixedd is varied from (1.65.0) A.
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Figure 4.15: DFT caculations of transmission coeffecients as a function of energy T&yrfed configuration of
trimer CsoClio (black) and(green) for optimum configuration.
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Figure 4.16: Below the caculation df(E) for single C50CI10 (black dots), the optimum configuration of C50CI10C
dimer (red dots) and C50CI10 trimer (green line).

Here he general trends that at energies that do not coincide with the transmission
resonance at the Fermi energy, T(E) decreasaheasiumber of units increases.

However in contrast with baresg; the resonance peaks for the dimer and trimer are
located around the Fermi energytE) = 0.0 eV. The peaks are again stable i.e. do not

shift over many different configurations as shownFigures 4.13 and 4.15. In the
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CsoClio moleculethe energy levslare almost degenerate due to the overlap of the
Chlorine and Carbonlevels resulting in the possibility of high conductance as the

number of units increases.

Figure 4.17 summarises the abossults and includes the case of the tetramer to further

illustrtae the trends with increasing number of fullerenes.
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l\ l:— 1 |
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Figure 4.17 (Up) DFT caculations of transmission coeffecients as a function of eid¢Ejyor single C56bare (black
dots), C50 dimer (red dots) and C50 trimer (blue line). Below the caculatidiE)ffor single C50CI10 (black dots
C50CI10 dimer (red dots) and C50CI10 trimer (green line).

For comparison, | have calculated the the zerotaasmission for the monomer, dimer
and trimer for the case of the buckminster fullerepei figures 4.18and 4.1h¢
transmission curves as a function of the seperation betive&k, for each geometrical
configurationwhere ageometry for Go dimerand trimerThe distance betweerséand
electrodes =2.2 A is fixed d is variedbetween 1.6 and 5.0. Again we see that bthere

is a braod LUMO resonance near the Fermi energy.
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Figure 4.18: DFT caculations of transmission coeffecients as a function of energy Trfed configuration of
dimer Cso (black) and(red) for optimum configuration.
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Figure 4.19: DFT caculations of transmission coeffecients as a function of energy TEyrfed configuration of
trimer Ceo (black) and(blue) for optimum configuration.

4.4, Summary

| addressed the question of using fullerenes and exohedral fullerenes as possible
building blocks in molecular electronics devices. Experimentally buckyballs were

already suggested as potential high stability anchor by Martin at14). [
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The GoClio should have distinct properties to those of other fullerenes. The exohedral
fullerene GoClio providesslightly charged in €Clio to that Go and CsoClio is an
insulator. Furthermorethe fan of ten chlorine atoms stabilise thg &d HOMOT

LUMO energy gap of &a e

In all cases the transport is dominated by the LUMS&bnanes. The conductance thfe
monomer is approximate{y,, while that of the bar€sodimers and trimers is substantially
lower.. On the other hand, due to the presence of LUMO resonances near the Fermi energy,
the conductances 0€so or GsoCl1o dimers and trimers are predicted to be significantly
higher than those of bafeo. It is worth noting thaiCeo and GoClio are stable fullererse

butthe bareCso is anunstable fullerenand can only be studied theoretically.

Having discussed their electrical conductance, in the next chapter, the thermopower
of the above junction will be studied, which provides information about slope of the

transmission function near the Fermi energy.
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Chapter 5

Thermoelectric Propertiad Cso and GoClio

Motivation

During the past few years, several groups have explored the thermoelectric properties
of singlemolecules placed betweeranagyap electrodes, driven both by a desire to
understand fundamental thermoelectric effects ah#moscale and by an expectation
that knowledge of thermoelectricity at the singielecule level will underpin the

design of new higiperformance thifilm materials.

The recent joint theory/experimental papdisEngi neeri ng the therr
molecularj unct i on s, @l 18,an0.&, ph 214245, (2013)i Mol ecul ar
design and control of fulleredsased bt her moel ectri ¢ materi al s
289 293 (2016) andmy recent theory papdidentification of a positive Seebeck

Coefficient extnedral fullerenge 6  Scale, wol. 8, no. 28, pp 13597602 (2016)
demonstrate that fullerenes exhibit surprising thermoelectrical effects, which can be
controlled by mechanical manipulation. However for these effects to be utilised in
practical devices, fullerenes exhibiting a positive Seebck coefficient are nééyed.

study belowreveals that this obstacle is overcome by exohedral fullerenes, which
provide a new class of materials, with thermoelectric properties which complement

those of endohedral and-athrbon fullerenes.
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5.1.Introduction

Tuning the thermoelectriproperties of single molecules is of great interest, because
they are potential building blocks for new materials with enhanced electrical and
thermal functionality. When a single molecule is connected acnemscagap between

two electrodes, whose temwatures differ by an amougp T the resulting voltage
differenceqpV S dp determined by thBeebeck coefficien§ of the junction.This
molecularscale Seebeck effect has stimulated a recent outpouring of fundamental
research aimed at controllingnd increasing the efficiency of the effect using
combinations of mechanical, electrostatic, el and electrochemical gating [£20

142].

As an example of such control, recent scanning tunnelling microscope (STM)
experiment§129] measured the conductanand thermopower ofsggmolecules and
found that compared with a singlesthe Seebeck coefficient could be almost doubled
by placing Gos in series to form dimers. These experiments suggest that thin molecular
films of fullerenes may be excellent thevetectric materials. However to build a usable
all-fullerene device, it will necessary to boost the thermovoltage in a tandem
arrangement, by placing materials with Seebeck coefficients of opposite signs in series.
Since Gois found to have a negative $eek coefficient, in the present papeaddress

the challenge of identifying a fullerene with a positive Seebeck coefficient. Recent
experiments on the endohedral fullerefi®2] SaN@Cso demonstrated that the
Seebeck coefficient of this material coulddyther positive or negative, depending on
the applied pressure. Although this compound does notrmedtallenge, because the

sign of the Seebeck coefficient is variable, it does suggestlieatical modification
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may solve the problem of identifying ptrge-Seebecicoefficient fullerenes. Therefore

in the presentchapterl examine for the first time the possibility of controlling
thermoelectricity in exohedral fullerenes. In particulér,study the exohedral
decachlorofullerene 43Cl1o, which is chemically stable and was firgabricated in
milligram quantities in 2004143,144] My aim is to explore the potential for
thermoelectricity of molecular junctions formed from one or two decachlorofullerenes
attached to gold electrodesid to determinef itheir properties can be controlled by

mechanical gating.
To compute the thermoelectric properties of such junctionste that in the linear

response regime, the electric current | and heat cubrgratssing through a device is

related tothe voltagg i f f er ence &V and t e[t2fler ature di

Q.
~O S 20 "_w }\:’(0 §})
0 Q @ E\P Y'Y

whereT is the reference temperature and

In this expression efe| is the electronic chargéyO is the transmission coefficient

for electrons of energl, passing through the molecule from one electrode to the other
and"QON'Y is Fermi distribution dfined asQOiY  Q 7 p  whereQ

is Boltzmanndés constant.

When Y'Y 1, equation’.1) yields for the electrical conductari& vV
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Similarly when'O mthequation %.1) yields for the Seebeck coefficieit i— ,
. po
Y —=i
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whereas the Peltier coefficient (9), and
conductancesg) are given by
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For E close toEr, if T(E) varies only slowly with E on the scale kT then these

formulae take the forrf120,121]
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where | — — ¢ ®n 7 n¢ is the Lorentz number. Equatiorb.9)

demonstrates th&is enhanced by increasing the slope of (B) nearE=Er.

To compute theithermoelectric properties, when placed between two gold electrodes, |
used the density functional theory (DFT) code SIESTI#46] which employs Troullier
Martins pseudopotentia]446]to represent the potentials of the atomic cores, and a local
atomicorhital basis set. A doubleeta polarized basis set was used for all atoms and the
generalized gradient approximation (GE&BE) for the exchage and correlation
functionals [147,148]The Hamiltonian and overlap matrices were calculated on a real
space griddefined by a plangvave cutoff of 250 Ry. Each molecule was relaxed to the
optimum geometry until the forces on the atoms were smaller than 0.02 eV/A and in case

of the isolated molecules, a suffintey-large unit cell was used.

5.2.Results and Discg®n

For the dimers], varied the distance between two molecules from 1.6 to 5 A and computed
their binding energy as a function of distance. As shown in figure 2, fes dir@Ger, the
optimum separation of thes is 3.5 A and the binding energy(is0.05 eV), while for

the GoClio dimer, the optimum &Clio separation is 3.2 A and the binding energy is (~

0.03 eV).
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Figure 5.1. DFT calculation of the binding energy as a function of distance between (Left) two C60 and
(Right) two C50CI10. Thimset figures show the optimum structure for the dimer.

Next, each relaxed molecule or dimwas placed between two gold <1ldlectrodes, as
shown in Figures 3a and 3b. After geometry relaxation, the distance between each
molecule and the gold electrodeas found to be 2.2 A. Figurg.1l, show optimum
configurations of single and dimegdjunctions, in which the distance between twasC

is d =3.5 A and the distance between thes@nd electrodes is r=2.2 A. To compute their
thermoelectric propertied, used the quantum transport code Goll{it49], which
combines the Hamiltonian provided by the
scattering formalism. Figure2 shows the transmission coefficiei{E) as a function of

energyE for the junctions in Fjures5.2a ands.2b.
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Figure 5.2. Left panel shows an example of an optimized junction configuration for the systems containing
(a) single C60 and (b) a C60 dimer placed between two gold electrodes. Right panel, (c) shows a DFT
calculation of their transmission coefficienf$E) as a fundbn of energy E relative to the DFiredicted

Fermi energyO

For both the monomer anldet dimerin agreement with ref [129lectrons near the Fermi
energy transmit through the tail of the LUMO. Furthermore the dimer transmission (red
line) is much smaller than that of the monomer, due to the increase in length of the
molecular bridge, leading to a higher slope at the Fermi energy and a higher thermopower

for the dimer.

Fi gb3ae a5nhw3 show the o€t aepbndnag ®Whose o
separation is d=3.2 | ansElepanchuml dcst ade
P Fib8ursehows the trah@Elf sshenmoonemérc( bh
(red) and as expectee@rthe  oaves mitdhaainon ha

Figure 5 shows a comparison between the
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Figure 5.3. Left panel shows an example of an optimized junction configuration for the systems
containing (a) single and (b) dimer fulleref@&oClio placed between two gold electrodes. Right panel, (c)
shows DFT calculation of transmission coefficient as a function of energy for the structures in Figures 4a
and 4b.
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Figure 5.4 Shows the set of transmission coefficients as a function of energy®@dimers, where the
black lines showl(E) for various distances d, ranging from 1.2 A to 5 A. The the green line Jt{Ejvat
the optimum distance.
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Figure 5.5. The left column, (Figs a and c) show the of transmission coeffidi¢B}between the

monomers in Figures 3 and 4. The right column (Figs b and d) shows theirteoaperature

electrical conductanced).
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Figure 5.6. The left column, Figures (a and c) show the r@emperature Seebeck coefficient

(thermopowerS) and powerfactor @ 3 over a range of Fermi energié% relative to the DFT
predicted Fermi energi""" for the monomers in Figures 3a and 4a. The right column, ( Figs b and
d) shows the roostemperature Seebeck coefficient and power faétd for the dimers in Figures 3b
and 4b.

The optimum separation @k 3.2 A for the GClio dimer andd= 3.5 A for the Go

dimer is chosen for illustrative purposes. In the STM experiment of 26, [in which

the conductance and Seebeck coefficient ofea dimer was measured, onesC
molecule was located on the gold substrate and the other was attached to the STM tip.
The distance between them was then varied by varying the position of the STM tip and
many hundreds of curves of conductance and Seebedicieoe versus d were
obtained. These curves all differ, because the tip shape, the motion of the tip and the
orientations of the molecules vary from measurement to measurement. Since these
details are not known, this variation cannot be calculated.ritebess as an indication

of how transport properties depend on the dimer separation d, figdrshows

transmission arves for various values of d.

It is well-known[120] that DFT can give an inaccurate value for the Fermi energy and
therefore Figure$.6a5.6c show results for a range of Fermi energieselative to

the DFT-predicted Fermi energ¥s°"". Figure 5.6a demonstrates that both the
magnitude and sign of Seebeck coeffici&nis changed by replacing thesdGvith
CsoClio. For exampleat the DFTpredicted Fermi energ¥rP"", the Seebeck
coefficient of single e is -21 pV/K and for Go dimer, it increases t&b6 pV/K. On

the other hand the Seebeck coefficient of the singl€l is +8 pV/K and while for

CsoCliodimer, it increases t630 pV/K.
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For a bulk material, the power factBris defined by a® Y, , where( is the
electrical conductivity. The notion of conductivity is not applicable to transport through
single molecules, but to compare with literature values for bulk matdrtséineA

" N, where, and! are equal to the length and the cresstional a@a of the
molecule respectively. In what follows, for single (dimeg) @ie values L=1.13 (2.12)
nm and A=2.1 nrhare used, whereas for single (dimegy@o | assign values L=1
(1.85) nm and A=2.1 nfn From the results of Figur&.6a and5.6b, the
temperature dependence of the power factors "Y"Of6 computed using the
DFT-predicted Fermi energy are shown in Figure 7c and @eke results show
that Go monomer and dimer have roeiemperature factors & 8x10°> W/m.K? and
6.3x10° W/m.K? respectively, whereas thesdClio monomer and dimer have power

factors of 0.5x18 W/m.K? and 6.0x16G W/m.K? respectively.
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Figure 5.7. The left column (Figs. a and c) show the Seebeck coefficients S and powerlif&dsrs

a function of temperature at DFredicted Fermi energiP" for the monomers in Figures 3a and
4a. The right column, (Figs. b and d) show the Seebeck coefficient and power factors for the dimers in
Figures 3b and 4b.
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Figure 5.8. The left columnFigures (a and c) shows a comparison of electronic thermal conduct&gcan¢

electronic figure of merit{Te) as a function of temperature at Dfpfedicted Fermi energi"" between the systems
in Figures 3a and 4a. The upper panel, Figures (a anchbjvsthe comparison of electronic thermal conductaikge (

the lower panel, Figures (c and ghow electronidigure of merit ZTe) for the systems in Figures 3b and 4b.

At present there are no experiments addressing the thermoelectric properties of
exohedral fullerene®©ur intention is that this will be the first in the field and will
stimulate a series of new experiments and theoretical studies in this direction. Indeed,
| are already discussing this and other potential exohedral fullerenes with
experimentalists in the Fullerene Factory in the Materials Department of Oxford

University, but it will be another year before these are synthesised and mehsored.
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confident inmy predictionsanddo calculate the power factor and the electron figure

of meit ZTe. To calculate ZT, a separate study of phonon thermal transport needed

5.3.Summary

In this chapter, | haveompuged that the thermopower and electronic contribution to the
figure of merit ZT of moleculajunctionsandshown that thegan be enhanced by the
manipulation of intemolecular interactions at ambient conditions. | héuend that

the exohedral fullerene s@Clio provides a thermoelectric material with a positive
Seebeck coefficient of opposite sign to that e €urthermoe, in common with &,

the Seebeck coefficient can be increased by placing more thansie @ series. For

a single GoClio, | find S=+8 pV/K and fortwo GoClicd s 1 n s &#30@WK. I f i n
These are comparable with the Seebeck coefficients aingriSso, which | predict to

be S=-21 pV/K and S=-56 pV/K for a Go monomer and € dimer respectively.
Fullerenes smaller thane&are predicted to have unusual electraand mechanical
properties that arise mainly from the high curvature of their mtaecurface[150-

156]. The above resultsuggesthat thermoelectricity should be added to this list of
fascinating properties and that exohedral fullerenes provide a new class of
thermoelectric materials with desirable properties, which complement tfiosi

carbon fullerenes.
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Chapter 6

Conclusion

In conclusionto build the concept ithis thesis as a first step | introdddee methods

used through my work. Starting with density funcébiheory and scattering theooy
guantum transpart discussed how tcalculate electroniandthermoelectric properties

of molecular system: In particular,] havefocused orthe electroni@and thermoelectric
properties obuckyballs. First, | addressed the possible of use fullerenes as molecular
electionic components and the possibility of usi@g and CsoClio as ancha for
molecular junctios. Then,| discussedising them & actual thermoelectric devices and
demonstrated that the exohedral fullerergCGo provides a thermoelectric material
with a positive Seebeck coefficient of opposite sign to that @f E€urthermore, in
common with Go, the Seebeck coefficient can be increased by placing more than one
CsoClio in series. Fullerenes smaller thagy @re predicted to have unusual electronic
andmechanical properties that arise mainly frdmir molecular surface. Mthesis
demonstrates that thermoelectricity should be added to this list of fascinating properties
and that exohedral fullerenes provide a new class of thermoelectric materials with

desirable properties, which complement those efalbon fullerenes.
The field of molecular thermoelectrics is in its infancy and ongoing studies are needed

to highlight how chemical modifications of molecules can be used to tune the

thermopower and revee its sign. Clio is only one of a large number of available
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exohedral fullerenes and it remains to be seen what levels of performance are attainable.
For GsoClio, the change in sign arises because the Fermi energy is located above the
LUMO resonancewhereas in &, it is located below the LUMO resonance. The
geometrical and electronics structureo@iois very different from that of é and
therefore it is not possible to consider a smooth change, which connects the electronic
structure of one withhie other. For the future it would be of interest to study exohedral
fullerenes obtained by adding eg metal atoms to the outside of the cage, without
changing the number of carbon atoms. Since the Seebeck coefficient is an intrinsic
property, studies of sgke molecules inform the design of thin film materials formed
from monolayer of multlayers of molecules. The increase in Seebeck coefficient for
the dimer compared with the monomer suggests that performance can be increased by
increasing the number ofylars in such molecular films, at least until the film thickness

reaches the inelastic scattering length.

Having demonstrated fullerenes could also form unique molecular structures with non
trivial shapes. Furthermore, buckyballs hate potentialto ovecome one of the
biggest challenges in the molecular electronics which is how to connect the scatterer to
the leads. Based on the above positive aspeatarbbn fullerenespen a wide and
unparalleled opportunity to be key components of future nanoahecdrdevices such
asnanofluidic devices or sub0-nm circuitry, because there is a need to design new
materials with a high Seebeck coefficient and a high thermoelectric figure of merit.

The work presented in this thesis is only a beginning and thenmamy sggestions

for future study One interesting studyvould be an assessment dhe transport

properties when using buckyballs and exohedral buckybalpeapods systemsss
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outlined in the appendjxwhich should increase their electronic communication.
Another would involve a study of defects in the cage structure, which are common
features of networks of thrdeld vertices [159] and in particular graphene [160]. It
would also be of interest to sty how transport properties change when alternative
electrode materials are used such as platinum, palladiumon [161,162] or even
superconducting electdes [163165. More recently, electroburnt grapheinased
electrodes have been developednmieailar-scale electronics [16669, which when
combined with the fullerenes discussed in this thesis, may form a basis for future
carbonbased electronic devices. Finally, for the purpose of computing the full
thermoelectric figure of merit, it would be afterest to utilise methods for computing
phonon trangort through nanostructures [170,]1#b obtain the contribution from

phonons to the thermal conductance through fullebased molecular junctions.

In appendix, have presented a study of the electronic and thermoelectric properties of
three kinds of nanotube (11,11) materials, carbon nangeéeodsThe calculation

shows that for both the magnitude and sign on thermop&ware changed by
introducing GeClio. In the (11,11) CNTSs. | also found that electron transport is sensitive

to the orientation of §Cli0. Hopefully, my researchvill be widely readin the future
because there is a need to design new materials with a high Seebeck coefficient and a

high thermelectric figure of merit, this is an expanding and vibrant area of research.
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Appendix

Table. DFT calculation ahecharge transferred between the chlorine atoms and fulleggne C

Neutral |WithCl |pb
Go 200 198.67 | +1.32
Cho 70 71.318 -1.318

Figure. Optimize distance betweenegold electrode<111> and Buckyballfoundr = 2.2 A

After geometry relaxation, the distance between each molecule agoldhelectrode was

found to be 2.2 A

The Figuredbelowshow optimum configurations of single dim&imer and tetrameCso,
CsoandC50CI10junctions, in which the distance between twes@ndC50CI1Gis d =3.2

A and the distance betweego@ =35 A. The distance between themdtheelectrodes is

r =2.2 A. To compute their properties, we used the quantum transport code ¥ollum

which combines the Hamiltonian provided
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function scattering formalism. Figureh@wv the transmission coefficient(E) as a

function of energy for the junctions.

C50-dimer
— Monomer
— Dimer
16=06 4 — Trimer
C50-trimer —— Tetramer
> . o T T T T T T T T T T T T T T
C50-tetramer =1 -0.5 0 0.5 1
E-E-°FT(eV)

Figure. (Right) the cofigurations of the systems containigg(€ingle, dimer, trimer and tetramer) attached to the gol
electrods. (Left) DFT caculations of transmission coeffecients as a function of energy T(E) for optimum configure

single Go (black), dimer (red), trimer (blue) and tetramer (green).

C50CI10

— Monomer
= Dimer
— Trimer
—— Tetramer

-0.5 0 | 0.5 1
E-E5FT (V)

Figure. (Right) the cofigurations of the systems containieg-tz (single, dimer, trimer and tetramer) attached to the
gold electrods. (Left) DFT caculations of transmission coeffecients as a function of energy T(E) for optimum

configuration of single &Clio (black), dimer (red), trimer (blue) and tetramer (green).
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Figure. (Right) the cofigurations of the systems containigg$ingle, dimer and trimer) attached to the gold electrods
(Left) DFT caculations of transmission coeffecients as a functienaxfgy T(E) for optimum configuration of single
Cso(black), dimer (red), trimer (blue) and tetramer (green).

For all the monomedimer, trimer and tetramerin agreement with, electrons near the
Fermi energy transmit through the tail of the LUMRDIrthermorethe dimer transmission
(red line) is much smaller thaand lower thanthat of the monomecblack line and
sequentially for trimer and tetramelue to the increase in length of the molecular bridge,
leading to a higher slope at the Fermi gyeand a higher thermopower for the dimer

trimer and then tetramer
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C50CI10 7

C50CI10

— E=0¢eV
...... E-=0.05 eV
""" E=0.1eV
...... E.=-0.05 eV
------ E=-0.1eV

E-E2T (V)

Figure. Orientation of theCsoClig molecule with respect to the gold leads. Example
transmission curves and Transmission coefficient as a function of orientatioinictance for
all orientations and binding sites as a function of the electrode separation in the case of a single

CsoClo.
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CsoClioRotation at CNT (11,11)
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Peapods:
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angle after relaxation.
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Band Structure

(@)

(b)

(c) d=0
(d) d=45
() d=00

Figure 6.7 Theband structure of CNT11,1]) unit cell, CNT(11,11)bare andCs¢Clio within
CNT(11,11) at different anglet =0,45,90.
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