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Abstract

Molecular electronics is a useful method for exploring nanoscale and discovering new organic
materials that are both low-cost and environmentally friendly. This thesis presents the theoretical
methods employed to support this process, starting in chapters 2 and 3, accordingly. I have
discussed the fundamental equations and methods that underpin my work, such as the
Schrodinger equation, density functional theory (DFT), and the SIESTA program, which is
responsible for implementing DFT and solving the equations that are underlying it. In addition, I
present an explanation of the single particle transport theory, which is based on the Hamiltonian

and Green's functions, as well as some examples of how it might be used.

Chapter 4. This chapter mainly discusses the influence of heteroatom including which position
will alleviate destructive quantum interference (DQI), and which position will not. In addition, if
we change linkers, the influence of heteroatom will change. These results are supported by my

calculations.

Chapter 5. This chapter discusses the transport properties of stable organic radicals for electronic
devices due to their half-filled orbitals near the Fermi energy. Also, see the systematic changes
when we remove the hydrogen from the OH groups to produce the radicals, and how that affects

the electrical conductance.



List of Publications

1. Quantum Interference in Molecules (In preparation)

2. Single-Molecule Conductance Enhancement in a Stable Diradical (In preparation)



Contents

L 121 1] ) 9
A 0] (TB Bl 21 (STt 3 () [ R 9
0 O 6313 (0 13750 U 9
1.2 Thesis OULINE veueenrinriaiieieiiiieiieiieeieietietieteeatiesieceescsessscscscesssscnscnsessssssssns 12
LRI 23101 0 Tea¥:1 o) 1 N 14
L 1 21 0.1 1 19
Theory of Density Functional .coceeieiieiiiiiiiiiiiiiiiiiiiiiniiiinnieiinsicienscensnen 19
20 B 012 (T L 5T ) 19

2.2 The Principle of Variation and the Schrodinger EQUation c...c.ceveeieiiniineiiniinininnsnncnnenens 20
2.3 The Theorems of Hohenberg-Kohn ....ccieieiieiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieieiinion 25

2.4 The Theorems Of KONN-Sham «ueeeeeeeeeeeeeeeeeeeeeeeeeeeeceescesesscsscssssssssssssssssssssssssssssssssssl 1

2.5 The Exchange Correlation FUNCLIONS cuveveiieiiniiiaiiniiieiiniiieseisntonesiassnsoessssssnscnssns. 28
2.5.1 LDA (local density approXimation) ceeeeeeeessesseesssnssssessssssssssssssssssssnsosssssssnsssssns 29
2.5.2 Generalized Gradient Approximation (GGA) veeeieeieieiieieieiierinieneesntsniesssssssnsonsenns 29
2.6 PSEUAOPLENTIALS tururineiiniiniiieiiniiieiiniineeietintessesstsnsossssssonssssssssossssssssssssssnsons o 30
N 2 TS T £ 31
2.8 SUITIMATY teeuueenrternresnssessosasssnssossssssssosssssssssssssssssssssssssssssssssssssssssssossssssssssns 33
0 2 710) D0 421 o) 12 34



L 121 0 1 i 38

Phase Coherent Electron transSport..ceeeeeeeeesseesssccsssssssccssssssscsssnnsscssssessses 38
R 0 B 513 (0 TG L1750 38
3.2 The Landauer FOrmMula c.ceevieieiiieiieiieiiiiniieiieiiiieiieiieiiiieiiecieciieciececncsssnscmmens 38
3.3 The Theory of Scattering in One DIiMeNSiON.c.eeeeteeteeesesrenreressnsssssssssnsosssnsonsamosans 41
3.3.1 Perfect One-Dimensional [attiCe cueveevereiieiniieiieiieiiieiieiiiiiieiiecieineieciecnecncnanes 42
3.3.2 Scattering in ONe DimMeNSiON. ceeeeeieeieietesreeesatintsessssssssssssssssssssssssssssssssossssmns 46
3.4 Generalization of the Scattering FOrmaliSm .e.ceeeiviiiiiieiiiiieiiiiiiiieiiniineciniinrensnnn 50
3.4.1 Green's Function of the Leads and Hamiltonian....c.ceeeeeeeieiiniiieiiniiieierinionecennnnnes 50
3.5 SUMMATY teuutiintiiintiieteieteinetiestetseesestosssssessossscssssssssossssssssossssssssossssssssssnses 61
IO 2310) E 0 ¥:1o) 1 62
O 1 B2 1] ) i 64
Quantum interference in MOlECUIES..vetiiieeeriiiiennneeeeeeeteeeeessesnnnnnssssssssnsnns 64
4.1 INrOAUCHION. et ttnttatieieineiniietieetiatiettettietieseececssssssescnsesssssnscnssssnssasseossmessossnces 64

4.2 Tight binding calculation and DFTcalculation........c.cc.cuveveeiisesiinecinciinecncriis s sssine s .65
4.3 Examples of cONjugate T Z SYSTeMS.cuteereeetenreresenrenressssntonssssssssssssnsonssssssnssnssnnss 68

4.4 An example of connectivity table (C) and the magic number theory table (M)

OF DENZENE TINZettuiintiniiniieiietinieneriatoesesssnsossssssssssssssnsossssssssssssssssssssssssnsonsssssses 69
4.5 The effect of introducing a single heteroatoMu.. i s ssseses 71
4.6 Studied MOIECUIES . cuviiuiiniiiiiiaiiiiiietiiiietiatiiiietiatetessatonssessssssnssssssnssssssnsonssnses 73
4.7 Transmission COCTIICIENt. teurriuiiiiieiiniiiiiieiiiiieiiatiietesintssssstsntosssasonsoessansonssns 74

4.8 Transmission coefficients for the benzene with different linkers connected to gold



electrodes and an increasing number of central rings (naphthalene and anthracene) and the tight
binding MOAE] TESULILS tuvurieiiniiiiieiiniiiiiieiiieieiiatiitiietintisssatsntosssassnssssssnsonssnnsans 74
4.9 Wave functions for meta, metaN1, metaN2 and metaN3 with anchor groups

OF the DENZENE INZuetuutieiiniiiiiiniiiiieiinieieeietinteesssstssssssssssssssasosssssssssssssssssnssssssns 77
4.10 Examples of conjugated 7z and Ty SYStEMS.eeeureureiarinreieessrsnressssnronesesssnsonsssnssnsons 81
4.11 Wave functions for meta, metaN1, metaN2 and metaN3 with triple bombs

OF the DENZENE TNZ.utineiiuiiniiieiiniiiiiiniinieieiiniiiesetsntosssssssnssesssssssssssssnsossssnssnssnsces 82
4.12 An example of connectivity table (C) and the magic number theory table (M)

Of NAPhhAlENE TINES..uieueiiniiniiieiiuiiiiieiiiiieiiniiietesietssesstsntossssssonsosssssssnssssssnsons 85
4.13 Wave functions for meta, metaN1, metaN2 and metaN3 with anchor groups

o) B8 E:1 o) 111 4 1= 1 1<) T R 88
4.14 Wave functions for meta, metaN1, metaN2 and metaN3 with triple bombs

L0 5 o) 111 4 =1 1) T e 91

4.15 Wave functions for meta, metaN1 and metaN2 with triple bombs

OF AN ACENIE  trenneeneeeeeeeeseessessesssssssssssssssssssssssssssssssssssssssssssssssssssnssnnessse 95
4,16 SUMIMATY ¢ euuttearernetrstessresssessssssssssssssssssssssssssssssssssossssssssosssssssssssssssssssesssns 97
74 R 2 310] VU0 T 1 011 ) RN 98
L 1 21 1] ) e T 99
Single-Molecule Conductance Enhancement in a Stable Diradical..ccccvieieieiniieiieieinnnnne 929
5] It OMUCTION sttt eeeeeeeeeeeeseseeseessessssssssesssssssssssssssssssssssssssssssssssssssssssssssssssnesssne 99
5.2 StUAIEA IMNOLECULES tevreererrerrerreereereeeeseeesessesesssessssssssssssssssssssssssssssssssssssssssnns 100
5. 3 ReSults and diSCUSSION.eeeeeeeeeeeeeeereeeeeseessssseesesssssssssssssssssssssssssssssssssssssssssssses 101



5.3.1 CQI CASE sevvreerensteserasaosssssosssssesssssscsssssssssssssssssssssssssssssnsssssssssnssessssssssssssans 101

5.3 2 DQI 1 CASE tevrerteennrtesenaressssstosessscssssssosssssssssssssssssssssssssossssssssssssssssssssssss 105
5.3.3 DQI 2 CASE teeerereesenrtesesssesssastossssscsssssscssssssosssssssssssssssssssssssssssssssssssssssssss 109
5.4 SUIMMATY teuuteinetentenneteestesssessssestosssssssossssssssossssssssssssosssssssssssssssssssssossssns 114
5.5 RETETEIICES werererrersrreereseenereressanseeersssesnssessssssssssesessasssssesssssssssessssssasssessssesssssssssssssssessssnsssssssassssnsses 115
L@ 1 T2 1 ) T 117
Conclusion and FUtUIE WOTK..eeeeeeeeeeeeeeeeieeeeeeeeseeesesesecesssssessssscssssscanes 117
0.1 COMNCIUSION . ttterreereereeeeeeeeseeseeseessssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 117
0.2, FULUTE WOTKuuuuuurriiiennrennseseeseesssssssssssssssssssssssssssssssssssssssssssssssnssssosssssessnases 118
APPEIAICES «ovinniiinniiiniiiieiiieiiiitiiietiittiestetatetestossscssstssstossssssssossssssssssssssssssnns 119

Appendix 1: Correction for Basis Set Superposition Error (BSSE) and Counterpoise Correction



Chapter 1

Molecular Electronics

1.1 Introduction

As shown in Figure 1, electronic components, such as semiconductors, have become smaller and smaller

at an exponential rate, according to a historical tendency that Gordon Moore predicted in 1965. A great

number of investigations have been carried out to discover ways that can continue this historical

trend, and these investigations are now approaching the nano- or molecular scale [1]. At the

nanoscale, a range of device concepts have been proposed, and used to demonstrate fundamental

phenomena associated with electron transport, including nanoscale superconducting devices [2-

4], devices based on carbon nanotubes [5-7], and sensors based on nanopores in graphene [8-12]

or silicene [13]. Many of these concepts carry over to molecular-scale structures.
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Figure 1.1: This chart shows that the size of a transistor on a silicon chip has decreased steadily,

indeed exponentially with time according to Moore's law[1].
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Molecular electronics (ME) is the field of science that analyses the electrical and thermal
transport properties of circuits constructed with individual molecules (or groups of them) as their
fundamental components. In 1974, Aviram and Ratner provided the initial concept for the
molecular current rectifier [14]. Since that time, a range of single-molecule electrical devices
have been proposed as transistors [15], rectifiers [16,17] and switches [18, 19] and a variety of
methods for controlling electron transport through molecules have been proposed, including
controlling their molecular conformation [20], controlling their orientation within a junction [21]

and controlling their frontier-orbital energy levels relative to the Fermi energy of electrodes [22].

The right of Figure 1.2 shows the anatomy of a single-molecule junction and helps to
conceptualise how electron transport can be controlled, by varying the anchor groups, varying
the molecular core, attaching pendant groups to the core and varying the linkages to anchor
groups. In contrast with the 1974 work of Aviram and Ratner [14], which assumed that electron
transport through single molecules takes place in an incoherent manner, one of the great
discoveries during the past decade or so is that electron transport through single molecules can
remain phase coherent, even at room temperature. This phase coherence means that a range of
quantum interference effects are possible and that these can be used to control the electrical and
thermal transport properties of molecular junctions. Manifestations of such interference effects
include conductance oscillations in atomic wires [23] and Seebeck oscillations in n-stacked
molecular junctions [24]. In addition, since molecules can be attached to electrodes via anchor
groups, and the anchor groups can be connected to a molecular core with atomic accuracy, a
range of connectivity-dependent quantum interference (QI) effects can be observed [25-27]. This

ability to control connectivity to electrodes is illustrated on the left of Figure 1.2, where the triple
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bonds are anchored to gold electrodes and connect to the pyrene molecular core at specific

atomic sites.

TS TR
ALA Drain
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4 ¢ <
Interface region
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Figure 1.2: This figure illustrates a molecular junction on the left side. It consists of a molecule
that is attached by two electrodes. On the right side, it illustrates the physicist's concept of a

molecular junction.

In the molecule on the left in Figure 1.2, the molecule is anchored to the electrodes via direct
carbon-gold bonds. Many other anchor groups have been tested in the literature and correlations
between the binding energy of the anchor to the electrodes and the magnitude of the electrical
conductance have been demonstrated [28,29]. Gold is the most commonly used electrode
material, but since it is not complementary metal-oxide semiconductor CMOS compatible other

electrodes materials such as graphene [30-32] have also been explored.

Remarkably, many of the quantum interference effects discovered in single-molecule junctions
have been shown to persist in materials formed from self-assembled molecular layers [33,34].

This is important, because if organic molecules are to be utilised in scalable devices, such as
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cross-bar architectures, the finite cross-section electrodes will inevitably make contact to a film

of many molecules in parallel.

To close this introduction, it is also worth noting that the above interference effects derive from
the wave nature of electrons passing through a molecule from one electrode to another. Since
heat is mediated by vibrational waves and minimisation of thermal conductance is highly
desirable for thermoelectric applications, it is of interest to determine f phonon interference
effects can be used to control thermal conductance. This question has been explored by adapting
techniques originally developed to model lattice dynamics is nanostructures [35] to model

phonon transport through single-molecule junctions [36,37].

1.2 Thesis Outline

The aim of this thesis is to explore some of the above concepts using the equilibrium Green's
function formalism of transportation theory, which is implemented by combining the Gollum

quantum transport code [22], with the density functional theory (DFT), code SIESTA code [23].

Chapter 2 provides a brief description of density functional theory (DFT), for studying and
understanding the electrical properties of single-molecule junctions. The theory of single-
electron quantum transport is described in Chapter 3. This chapter discusses the Landauer
formula, Green's functions for different types of transport regimes, scattering theory and methods
for calculating transmission coefficients for different systems using the Hamiltonian and Green's
functions. Two original theory projects are presented in chapters 4 and 5. In chapter 4, I studied
charge transport through molecular cores connected to electrodes by linkers with conjugated

systems are formed from both m, and my orbitals. I found that DQI dips in transport though the m,
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system can be hidden, because the my orbitals of the linkers can couple to the sigma system of the
core and create a parallel conductance channel. Although this channel makes only a small
contribution, it becomes dominate when DQI suppresses transport through the m, system. This
mechanism was demonstrated by increasing the size of the core from benzene to naphthalene and
then anthracene, which successively suppresses transport through the sigma system and for the
largest core allows the DQI transport dips to become visible. This points to an important design
principle for future molecular electronic devices, since if one plans to use DQI to control

transport through molecules, it would be wise to avoid links with more than one 7 system.

In chapter 5 I explore molecular junctions containing stable organic radicals, which have half-
filled orbitals at the Fermi energy, making them promising candidates for electrical devices. Due
to the possibility that all-organic conjugated radical species with unpaired electrons would give
rise to new quantum phenomena, these species have generated a great deal of interest in single-
molecule electronics research. To explore whether organic radicals can improve electrical
conductivity I investigate the effects of diradicals on the charge transport of different systems
exhibiting either constructive quantum interference or destructive quantum interference. In both

cases, I find that the presence of diradical causes and increase in electrical conductance.
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Chapter 2

Density Functional Theory
This chapter introduces the density functional theory (DFT) and the SIESTA code, which are
used in this thesis's electronic structure computations. The first step in finding the molecule's

electron transport properties is to generate a mean-field Hamiltonian using DFT.

2.1 Introduction

Molecular electronic device behaviour can be explained with the use of a reliable source of
electronic and structural data. I will provide a brief overview of density functional theory (DFT)
and the SIESTA (Spanish Initiative for Electronic Simulations with Thousands of Atoms) code
[1] in this chapter. During my PhD studies, I made extensive use of DFT as a theoretical tool to
investigate the architectures of molecules, charge densities, and band structures in both
qualitative and quantitative ways. SIESTA is a set of algorithms and a fully functional
programme designed to expedite DFT computations on many atoms in a few hours, days, or
weeks. DFT is based on the fundamental idea that the ground state density of a complex system,
which is made up of several interacting particles, may be used to describe every physical
property of the system. In 1964, Hohenberg and Kohn [2] provided the first evidence for the
existence of such a function. On the other hand, the proof gives us no information on the
functional's shape. But applications for realistic physical systems were possible due to an ansatz,
presented by Kohn and Sham [3]. Since then, DFT has been a widely used method in molecular
chemistry and theoretical physics. An introduction to DFT's concepts and all of its numerical
applications will be provided in this chapter. The literature covers the subject in great detail and

covers a wide range of topics [4-7]. I will start by summarizing the several different approaches
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to the many-body problem. I will then show the Hohenberg-Kohn theorems and the Hartree-Fock
technique. Finally, I will show the Kohn-Sham ansatz. Then, I distil the most popular functional
forms, which are essential for practical numerical analysis. In this thesis, I also provide special
attention to localised basis sets, pseudo-atomic orbits that define the number space of the Hilbert
calculations, Basis Set Superposition Error Correction (BSSE), and Counterpoise Correction

(CP).

2.2 The Principle of Variation and the Schrodinger Equation

Any nonrelativistic multi-particle system can be described by the time-independent, non-
relativistic Schrodinger equation:

Hy; (R, %y .., Py Ry, Ryy ooy Ry = Exbi (P, Py vy Py Ry, Ry ooy Rig) 2.1)

where E; is the numerical value of the energy of the state represented by y;and v; is the
wavefunction of the system's i‘"state. This is the Hamiltonian operator of a system made up of
M and N nuclei and electrons, which describes how particles interact with one another. For such

a system, the Hamiltonian operator can be given as the sum of the five terms [2, 3, 8-12]:

Te Tn Uen
M N M
h? h? 1 1
= — 2 _ vz — ——7Z,e?
2m, L 2m, 4me, |". —R |
=1 n=1 i=1n=11"1 n
Uege Unn
ZnZ re?
2.2
8me, &1 Z 87‘[8 =1 Z"*" |R n/ ( )
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Where n and 11 run over the M-nuclei in the system, while i and j represent the N-electrons; e and
Ze represent the electron and nuclear charge, respectively; and m, and m,, are the masses of the
electron and nucleus, respectively. T, and ﬁn , respectively, represent the positions of the
electrons and nuclei, while V2 is the Laplacian operator, which has the following definition in

Cartesian coordinates:

02 02 02
vz = + +
YooxE o 0y? 0z}

The kinetic energy of the system's nuclei is indicated by the term T,, whereas the kinetic energy of
the electrons is represented by the term T, as shown in equation (2.2). The term U,, denotes the
attractive electrostatic interaction between nuclei and electrons in the system; the remaining three
terms additionally define the potential part of the Hamiltonian. Accordingly, the repulsive parts of
the potential are the electron-electron (U,,) and nuclear-nuclear (U,,) [1, 3, 4, 9, 11].

The nucleus of an atom contains around 99.9% of its mass, hence the Born-Oppenheimer
approximation, often referred to as the clamped nuclei approximation, can be used in the analysis
since the nuclei in the system can be thought of as fixed about the electrons. This suggests, for
example, that the mass concentration of a hydrogen atom is indicated by the fact that the nucleus
weighs approximately 1800 times more than the electron. The resulting kinetic energy accumulates
to zero if the treated atoms' nuclei are kept stable, suggesting that they are no longer contributing
to the entire wave function. Due to the previous assumption, the Hamiltonian expression for the
electron system reduces the Hamiltonian to a different figure; as well, the electronic
Hamiltonian H,;,, which in a constant nuclear representation may very well be given by [3, 4, 9,

11]:
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(2.3)

Where, U, is the system's obtained constant. The following represents the Schrodinger

equation for ‘clamped nuclei’:

Helelpele = Eelelpele

(2.4)

Whereas the nuclear component enters only dimensionally and is not clearly visible in ;. and

WYe1e depends on the electron coordinates for the system.

Total energy E;,;q; 1S defined as the sum of E,j.ele and the system's constant nuclear repulsion

term, which is written the following:

Etotal = Eele + Unn
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The wave-function of a system is not measurable; its squared modulus can be expressed as

following:

W, Ty o, ) |12dFy ATy ... dTy (2.6)

The probability that electrons 1, 2..., N are found in the volume elements d7; d7, .....dTy, is
represented by the above expression. This is because electrons are indistinguishable, and this
probability remains unchanged even if the coordinates of any two electrons (i and j) are switched
[15]:

-

> > - - 2 - - > > - 2
Yy, 1y, 1,1, e, )| = WL T, 1T, ...,rN)| 2.7)
J j

The value of y in any pair of electrons must be anti-symmetric with respect to the interchange of

the spatial and spin coordinates as well since electrons are fermions with half-spins:

-

l/)(Fl, Fz, ...Fi, F', ""FN) == _l/)(Fl, 172, ...Fi, 1;, ""FN) 2.8
J J

The logical result of the wave-functions probability interpretation format is that the integral of
equation 2.6 over the whole range of all variables provides a value of one. This means that the

chance of discovering an N-electron at any point in space must be exactly one,

N (2.9)
f...fll/)(’l’l,rz, ...,T‘N)I dT‘l de ...dTN == 1

A normalized wave-function meets the conditions given in equation (2.9).

23



Several theories, including Hartree and Hartree-Fock, have been developed to achieve this
objective as the Schrodinger wave equation needs an exact solution. An important theoretical
idea known as the variational principle of the wave function served as the foundation for many of
these theories. It instructs analysts on how to find answers by using suitable trial wave-functions
Yrri [11]. The previous principle is useful in studying the ground state; however, it is not very
useful in studying excited states. When a system is in the state Y1,;, the following expression

represents the energy's expected value:

— flpTTiH w;‘ri ar
(Errid = 50 e ar (2.10)

Equation 2.10, which presents the variational principle, suggests that the energy can be computed
as the expectation value of the Hamiltonian operator from any 1,; , which represents an upper
bound on the true ground-state energy Y ;s. Assume that Y. is normalised using equation 2.9,
and that Y1 then equals to the ground state (pi = Wgs). This means that entity Er,; is equal
to the exact ground state energy E g, also, we can rewrite equation 2.10 for the ground state as

the following:

(Ecs> = f¢GS H 1/’25 dr (2.11)

We can see from the normalized Y, that Ev,.; > E;g or E,.; = E;s.The best option for Er,;is

this means the one in which Er,; gets reduced [3].
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2.3 The Theorems of Hohenberg-Kohn

The ground state energy and the density, p(r), of an interacting electron system are related, as P.
Hohenberg and W. Kohn showed in 1964 [2]. The Hohenberg-Kohn theorems consist of two
simple but important statements:

a) V., the exterior potential, is a functional (r) that is particular to density. V,,.fixes the
Hamiltonian (H) of the system, so the full many-body ground state is a unique functional of p(r).

b) A ground state density of p(r) is the ground state, given by Ey.

It is a simple matter of reduction ad absurdum to demonstrate the validity of the first theorem
provided above. Suppose we have two external potentials with a constant variation,( V,...) and
(Véxe)-

Suppose that both external potentials have the same ground-state density p (r). The Hamiltonians
of each system are denoted by H) and H®, and because they change, they will have different
ground-state wavefunctions, , ¥ and ¥(®). We have 1)® ,and because it is not a ground state

of H®, so we have:

ED = (¢(1)|H(1)|¢(1)) < (¢(2)|H(1)|¢(2)) (2.12)

E® = @®@HPp®) < pOHDp®) (2.13)

Our ground states are non-degenerate, according to the simplified assumption. The problem has
been made to include degeneracies in the literature [10, 17]. Equation 2.13 can be rewritten as

following:
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(¢(2)|H(1)|¢(2)> — (¢|H(2)|IIJ(2))(IIJ(2)|H(1) _ H(2)|¢(2)>

2.14
= E® + [ ar (VD) = VE®) po () 19

ext ext

And equation 2.14:

(¢(2)|H(1)|1/J(2)) =E@ + [dr (V(l)(r) _ V(z)(r))po r) (2.15)

ext ext

Combining equations 2.13 and 2.14, and the result in the following contradiction:

EFDO 4+ E@D « EW 4L F@)

Two or more potentials can differ by no more than a constant and create the same ground-state

density, hence there can't be two of them.

The second theorem is just as simple to demonstrate as the first. Consider the following equation

for the total energy E of the system:

E(p) = T(p) + Epne(p) + [ drVey (p)(r) (2.16)

T, the kinetic term, and Ej,,;, the internal interaction of electrons, are, by definition, universal.

Assume that the system with a ground-state density of p, , an external potential of V,,; ,and a

wavefunction of 1, . Based on the first theorem, the Hamiltonian is determined by p,so, for

any density and wavefunction 1, other than the ground state, we get:

Eo = (YolH[po) < (Y|H|Y) =E (2.17)
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This decreases the functional density of the ground, p,, in the equation.
2.17. As aresult, by minimising equation 2.18, we may extract the ground-state of the system

and compute all ground-state attributes if we know the functional: T'(p) + E;,:(p) .

2.4 The Theorems of Kohn-Sham

We have already demonstrated that obtaining the ground-state density allows us to calculate the
ground-state energy, and it is possible to compute the ground-state energy by obtaining the
ground-state density. The actual form of the functional denoted in equation 2.18, however, is
unknown. The kinetic term and internal energy of interacting particles cannot be expressed as a
function of density in general. The solution was proposed by Kohn and Sham in 1965 [3].
According to Kohn and Sham, the original Hamiltonian can be replaced by an effective
Hamiltonian of non-interacting particles, with a real external potential that has the same ground-
state density as the original system. Because this is not a stated recipe, it is only an ansatz, but a
non-interacting problem is significantly easier to solve. In contrast to equation 2.17, the

functional energy of the ansatz Kohn-Sham will be the formula:

EKS(p) = TKS(p) + +f drVext(r)p(r) + EH(p) + Exc(p) (218)

Tys represents the kinetic energy of the non-interacting system. In equation 2.17, the kinetic
energy of the interacting system was used. T the distinction is referred to as the eexchange-

correlation functional, E,. , in equation 2.20.
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The Hartree functional, E_H, represents the electron-electron interaction using the Hatree-Fock

technique, and it takes the following form:

Eu(p) = 2 [2D20D gray’ (2.19)

[r=r1]

This is an approximate E;,; version, as previously defined. Again, E,. represents the difference.
As a result, the eexchange-correlation functional E,. , shows the difference between the exact
and approximate solutions to the kinetic energy and electron-electron interaction terms. Its

definition is given below:

Exe(p) = (Eine(p) — Ex(p)) + (T(p) — Txs(p)) (2.20)

However, the first three functionals of equation 2.18 are easy and account for the majority of the
contribution to ground-state energy. In comparison, the exchange-correlation function gives a
small contribution. Despite decades of research, there is no exact solution. The following section

describes several great approximations that have been developed.

2.5 The Exchange Correlation Functions

Several changes to the exchange and correlation energies have been reported in the literature.
The first successful form was the Local Density Approximation (LDA) [26, 27], which is only
dependent on density and thus functional locally. The next step was the Generalized Gradient
Approximation (GGA) [17-20], which contains the density derivative as well as neighbourhood
information, making it semi-local. LDA and GGA are two of the most common approximations
used in density functional theory. LDA and GGA cannot be considered the only functional

possibilities. Some of these functionals correspond to the special needs of the basis sets used in
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solving the Kohn-Sham equations, equation 2.11, and a big category is the so-called hybrid
functionals (e.g., B3LYP [3], HSE [30], and Meta hybrid GGA [29, 31]), which combine the
LDA and GGA forms. One of the most recent and universal characteristics, the Van der Waals
density functional (vdW-DF) [32], includes non-local terms and has proven to be quite accurate
in systems where dispersion forces are significant [33, 34]. The next sections will provide an

overview of the Local Density Approximation and the Generalized Gradient Approximation.

2.5.1 LDA (local density approximation)

In LDA, the exchange-correlation function depends on the local density. This approximation is
expected to provide good results for systems where the density doesn't change fast. In some
ways, the LDA represents the most fundamental aspect of exchange and correlation energy. It is a
basic yet effective function that is correct for graphene and carbon nanotubes, as well as where
electron density does not change rapidly. For example, atoms with d and f-type orbits are
expected to have more inaccuracy. However, LDA has several limitations, including the fact that
the band gap in semiconductors and insulators is sometimes underestimated with significant

inaccuracy (up to 10-30%). So, it is best to try to increase your functionality.

2.5.2 Generalized Gradient Approximation (GGA)

When derivatives are added to the functional form of exchange and correlation energies, the
GGA is formed. There is no closed form for the functional exchange in this condition, hence the
corresponding contributions must have been calculated using analytical solutions.

As with the LDA, there are numerous parameterizations for the exchange and correlation energy

in GG [17-19, 35]. LDA and GGA are two of the most commonly used methods for
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approximating exchange-correlation energy in the DFT. In addition to LDA and GGA, several
functionalities are available. Overall, the validity of these functions is not a plausible theory.
Tests are performed on a variety of materials to determine functional qualities for a wide range of

systems, followed by statistical comparisons to establish credible results.

2.6 Pseudopotentials

Iused Kohn Sham formalism and an exchange-correlation function to transform a large interacting
problem into an effective non-interacting problem. This significantly simplifies the situation in
terms of physical aspects. When molecules with a large number of atoms are involved, the
calculation becomes too huge and computationally intensive to use. By using pseudopotentials,
the number of core electrons in an atom can be decreased. Fermi suggested pseudopotentials in
1934 [19, 20], and methods have progressed, since then from constructing not-so-realistic
empirical pseudopotentials [21, 22] to more realistic ab initio pseudopotentials [22-24].
Electrons, which are present in the nucleus of an atom, are divided into two types: core and valence.
Core electrons are present in the nucleus, whereas valence electrons are found in partially filled
atomic shells. When atoms are brought together and core electrons are limited around the nucleus,
the only valence electron states overlap. This allows the core electron to be removed and replaced
with a pseudopotential, allowing the valence electrons to be screened as if the core electrons were
still there. This significantly reduces the number of electrons in a system, as well as the time and

stored properties of molecules with a large number of electrons.

30



2.7 Basis Sets

To determine the wavefunctions, the Hamiltonian must be diagonalized. This method involves
inverting a large matrix. For effective calculations, the Hamiltonian must be sparse and contain
several zeros. SIESTA employs a Linear Atomic Orbital Combination (LCAQ) basis set
composed of atom orbitals that decay to zero after a specific cut-off radius. As the overlap
between basis functions decreases, the former produces the needed sparse form of the
Hamiltonian, whilst the latter permits even a small basis set to produce similar features to those
of the studied system. As the overlap between basis functions decreases, the former produces the
needed sparse form of the Hamiltonian, whilst the latter permits even a small basis set to produce
similar features to those of the studied system. A single £ basis is the most basic atomic basis set

for an atom, with a single basis function Y, per electron orbital. Each basis function is made

up of a radial wavefunction @, and a spherical harmonic Yy, :

l/)nlm(r) = (prlzl (r)Yim (6, P) (2.21)

Sankey [25] provided a method for determining the radial component of the wavefunction, which
involves solving the Schrodinger equation for an atom inside a spherical box. It is constrained to
vanish at a cut-off radius 7. The constraint creates an energy shift 6E in the Schrodinger equation,

resulting in the eigen function's initial node at 7;.:

[- &+ KD pien ()] D) = (e + E) @L,() (222)

dr? 272

For greater accuracy basis sets, each electron orbital might have many radial wavefunctions. A

split-valence method is used to calculate the additional radial wavefunctions, @5, for > 1. To
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define a split valence cut off for each additional wavefunction, 7, it is split into two piecewise

functions: a polynomial below the cut-off and the preceding basis wavefunction above it.

q)‘}ll(r) = {d)i_l
nl

Tl(anl - bnlrz)

r<
i< r <t

}

(2.23)

Additional parameters are found at the point when the wavefunction and its derivative are

expected to be continuous.

To get accuracy (multiple-§ polarized), include wavefunctions that have different angular

momenta that correspond to unoccupied orbitals in the atom. This can be done by solving Eq.

2.22 in an electric field such that the orbital is polarized or deformed by the field (see [6] for

details), getting another radial function. This has been combined with the appropriate

angular dependent spherical harmonic, that increasing the size of the basis. Table 2.1 gives the

number of basis orbitals for a specific number of atoms for single- &, single- & polarised, double-

&, and double- & polarised.

Table 2.1: is an example of the number of radial basis functions per atom that are used in the

SIESTA at various degrees of precision.

Atom Valence SZ Szp DZ DZP
configuration
H Is 1 4 2 5
C (2s% 2P?) 4 9 8 13
S (3S2 3P%) 4 9 8 13
Au (6S!5d'9 6 9 12 15
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I have used Double- £ polarized basis set(DZP) and Double-§ basis set (DZ). Also, I have used

Generalized Gradient Approximation (GGA) and Local Density Approximation (LDA).

2.8 Summary

In conclusion, I have provided an overview of the DFT technique and the SIESTA DFT method, which are
used throughout this thesis to compute the electronic structures. The first step in determining a molecule's
electron transport properties is to obtain a DFT mean-field Hamiltonian that describes the isolated molecule.
The next step is to connect the molecule to semi-infinite leads, which will be discussed in the following

chapter.
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Chapter 3

Phase Coherent Electron Transport

Chapter 2 covered density functional theory, a method for determining the electrical structure of an
isolated molecule. The next step involves connecting this isolated molecule to semi-infinite leads and
calculating the transmission coefficient across the system. This process is carried out using the Green's
function scattering formalism, which is the focus of this chapter and is utilized throughout the thesis. The
electrical properties of nanoscale systems situated between several macroscopic metal electrodes are

explained using scattering theory and the Green's function techniques.

3.1 Introduction

In this chapter, I start with a brief summary of the Landauer formula. Following that, I present
the most basic form of a retarded Green's function for Scattering Theory in a one-dimensional
tight-binding chain. After that, I break the lattice's periodicity at one connection and demonstrate
that Green's function is directly related to the transmission coefficient across the scattering area.
The methods applied to these simple systems are going to be used to calculate the transmission
coefficient of mesoscopic conductors with arbitrarily complex geometry. The methods provided
here assume negligible interaction between carriers, the absence of inelastic processes, and zero

temperature.

3.2 The Landauer Formula

The Landauer formula [1, 6] describes electron transport in mesoscopic systems and is also
appropriate to describe phase-coherent systems in the absence of inelastic scattering. It relates a
mesoscopic sample's conductance to the transmission qualities of electrons that pass through it.
The method used for calculating the transmission qualities will be covered later in this chapter.
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Figure 3.1: A mesoscopic scatterer connected to contacts with ballistic leads. y; and py indicate

the left and right contacts' chemical potentials, respectively.

A mesoscopic scattering area that is connected to contacts via ballistic leads. The chemical
potentials in the contacts are y; and pgz. When an incident wave packet reaches the scattering
region from the left, it is transmitted with probability T = tt* and reflected with probability R =
rr*. Charge conservation requires that T+ R = 1.

To begin, consider a mesoscopic scatter linked to two contacts that behave as electron reservoirs
via two perfect ballistic leads as shown in figure 3.1. All inelastic relaxation processes have
limitations to the reservoirs [1]. The reservoirs have slightly different chemical potentials y; and
Ug resulting in a tiny y; — g difference. We are using the notation

U, —Uur = O0E = edV > 0 to drive electrons from the left to the right reservoir. Initially, I
will present the solution for a single open channel (where only one electron can flow in a given
direction). The incident current travelling through the system from the left to the right reservoir
is:
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6lin = ev (Z—:) (uy — ug) (3.1)

. . . . on. . :
whereas e is the electronic charge, v is the group velocity, and ﬁls the density of states per unit

length in the lead within the energy window determined by the chemical potentials of the

contacts.

On _0n 0k _0n 1

dE 9k 9E Ok vh (3:2)

After adding a factor of 2 for spin dependency, Z—E = % putting this into Equation 3.2, we get

% = % . This reduces Equation 3.1 as follows:

2
81 =5y = e) = =6V (3.3)

6V represents the voltage created by the chemical potential mismatch. Equation 3.3 shows that

in the absence of a scattering area, the conductance of a quantum wire with one open channel is
2
2%, which is about 77.5uS (or resistance of 12.9 kQ). This is a common number that appears on

the circuit boards of daily electrical products. If we assume a scattering region, the current

collected in the correct contacts will be:

slout=22Toy » L =g =207 (3.4)
This is the well-known Landauer formula, which relates the conductivity, G, of a mesoscopic
scatterer to the transmission probability, T, of electrons passing through it. It represents the linear
response conductance, so it only applies to small bias voltages (6V = 0).

Buttiker generalised the Landauer formula for the case of several open channels [3]. In this

situation, the transmission coefficient is replaced by the sum of all transmission amplitudes
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representing electrons that come from the left contact and arrive at the right contact. For several

open channels, equation 3.3 of the Landauer formula becomes:

I(’_“t:G:EZ

2 2
; — i) |ti;|* = = Trace(tth) (3.5)

The transmission amplitude t;; represents scattering from the jt"channel of the left lead to the
i"channel of the right lead. In addition to transmission amplitudes, reflection amplitudes
r;jthat represent particle scattering from the jt"channel of the left lead to the i*" channel of the
same lead. The S matrix, which connects states from the left to the right lead and vice versa,

can be defined by combining reflection and transmission amplitudes.

S = (Z ;) (3.6)

In this case, r and t indicate electrons r coming from the left, whereas t' and r' represent electrons
coming from the right. Equation 3.6 indicates that r, t,7 and t' are matrices for many channels,
which may be complex in the presence of a magnetic field. However, charge conservation requires
that the S matrix be unitary: SS*=I. The S matrix is an important part of scattering theory. This
method is not only helpful in defining transport in the linear response regime, but it is also useful

in other applications, such as adiabatic pumping.

3.3 The Theory of Scattering in One Dimension:

Before going over the extended methods, it's helpful to figure out the scattering matrix for a
simple one-dimensional system. This will give a full explanation of the method used. Before
moving on to the next step, which is calculating the scattering matrix of a one-dimensional

scattered section 3.4.2, I will first go over the form of the Green's function for a simple one-
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dimensional discretized lattice section 3.4.1. This is because the Green's functions will be utilised

in the derivation.
3.3.1 Perfect One-Dimensional Lattice
In this part, I will analyse the structure of the Green's function for a simple one-dimensional lattice

with on-site energies €, and real hopping parameters -v, as illustrated in Figure 3.2.

Y - -Y -Y -Y
00 0 0 0
) +00
€o €o €o €o €o €o

Figure 3.2: shows the tight-binding approximation of a periodic one-dimensional lattice with one

site energies &, and coupling y.

The Hamiltonian's matrix form is simple to write:

—Q0
&g -y 0 0 0
-y & -y 0 0
H = 0 -y & v O
0 0 -y & -V (3.7)
0 0 0 -y &
0 -y

Using the tight-binding approximation, we may expand the Schrodinger equation (Equation 3.8)

at a specific lattice site z in terms of the energy and wavefunction Y, (Equation 3.9).
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(E—-—HY =0 (3.8)

Solpz - yl/)z +1 — yl/)z -1= El/Jz (39)

The wavefunction for this ideal lattice is described by a propagating Bloch state equation 3.10,
which is normalised by its group velocity v to ensure that it carries a unit current flux. By
substituting this into equation 3.9, we obtain the well-known one-dimensional dispersion relation

equation 3.11.
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Y, = e (3.10)

E =&y — 2y cos (k) (3.11)
In this section, we presented the quantum number, k, which is also generally known as the
wavenumber. In fact, the retarded Greens function g (z, Z) is the solution to an equation that is
very similar to the Schrodinger equation. This gives it a close relationship with the wave

function.

(E—H)g(z,z") = 5(2'21) (3.12)
On a physical level, the retarded Green's function, g (z, z'), represents the reaction of a system at
a point z in response to a source at a point z'. As shown in Figure 3.3, we would expect this kind
of excitation to cause two waves to move away from the point of excitation. These waves would

have amplitudes A* and A™.

Ceese——— e
A- A*

44



Figure 3.3: The configuration of an infinite one-dimensional lattice's retarded green's function.
As a result of the excitation at z = z', the waves go to the left and right with amplitudes A* and

A~ respectively.
Here is a simplified way to represent these waves:

A+ eikZ, z > 7'
A e kz 7 < 7

g(z,z") ={ (3.13)

This solution satisfies equation 3.12 at all points except z = Z. To solve this,
the Green's function has to be continuous in equation 3.14, therefore, we can

equate the twoat z = Z
At eikz’ = p= o—ikZ (3.14)

At e2ikz’ = 4= (3.15)
When equation 3.15 is substituted into equation 3.13 of the Green's

functions, we get:

g(z,z") = Ateiks gik(z=2") 71 5 4
g(z,2") = A*eik?' eik('=2) < 7 (3.16)

Clearly, this may be expressed as:

g(Z, Z’) — A+eikz'eik |z—z'| (317)

Whereas
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+ _
At = (3.18)
~ ik |z-Z'| 3.19
g(Z,Z ) - ihv ( . )
dE(k in(k
v = EW _ 2ysin( (3.20)

hdk h

A more detailed derivation can be found in the literature [6—8].

3.3.2 Scattering in One Dimension

I study two single-axis, half-infinite leads that are connected by a coupling
element -a. Figure 3.4 shows that both leads have the same on-site
potentials, &, , and hopping elements (-y). The analytical solutions for

transmission and reflection coefficients are simple to calculate.

Scattering
Region

oo

)
)
|
o
|
-
|
-<
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Figure 3.4: shows a simple tight-binding model for a one-dimensional

scatterer attached to one-dimensional leads.

We have to define a Hamiltonian, that is represented by an infinite matrix.

& —y 0 0 0
-y & —v 0 0
H= 0 -y & -a 0 (3.21)
0 0 —-a & -y
0 0 0 -y &
0 -y

Equation 3.11 provided the dispersion relation for real y that corresponds to the leads mentioned

before, while equation 3.20 provided the group velocity.

E(k) = &g — 2y cos (k) (3.22)
1dE

To get the scattering amplitudes, we have to determine the system's Green's function. The formal

solution to equation 3.12 may be expressed as:

G=(E—-H (3.24)
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Equation 3.24 exhibits singularity when the energy E equals to the eigenvalues of the

Hamiltonian H. In order to overcome this issue, it is advisable to consider the limit.

Gy = lim(E—H+in)™ (3.25)
+ = lin

The retarded (advanced) Green's function is represented by G, G_ , where 1) is a positive
number. In this thesis, I will just use retarded Green's functions, therefore I have chosen the +
sign. Equation 3.19 defines the retarded Green's function for an infinite, one-dimensional chain

with equal parameters.

eikli-l

9”@, D= (3.26)

ihv
The labels of the chain's sites are j and . The Green's function of a semi-infinite lead can be
obtained by introducing the correct boundary conditions. Because the lattice is semi-infinite, the
chain has to terminate at a given point iy. Otherwise, all points with i > i, are missing. To

illustrate this condition mathematically, a wave function is added to the Green's function.

Here, the wavefunction is as follows:

_pik(2ig—1-j)

lo _
wj.l - ihv (3-27)
At the boundary j = | = iy — 1, the Green's function g(j,[) = g;; + 1/)]‘01 will take the

following simplified form:

glo—Lip—1)= _67 (3.28)
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If we assume that the leads are decoupled, meaning that o = 0, then the total Green's function of

the system can be expressed as the decoupled Green's function.

g 0

We need to apply Dyson's equation to get Green's function of the coupled system G if we turn on

the interaction presently.

G=(gt-1 (3.30)
In this case, the operator V characterising the relationship between the two leads will have the

form:

7=l o) (9 o

Get the solution to Dyson's equation by substituting equations 3.47 and 3.49 into equation 3.48:
_ 1 ye k  «
G = |a|2_yze—2ik< e Ye—ik) (3.32)
Finding the amplitudes of transmission (t) and reflection (r) using the Green's function equation
3.32 is the only remaining step. This is achieved by applying the Fisher-Lee relation [4, 6],
which creates a relationship between the scattering amplitudes and the Green's function of the

scattering problem. Here, the Fisher-Lee relations take the following form:

r=ihv,Gy —1 (3.33)
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t = ih,Jvgv, Gyg (3.34)

These amplitudes are corresponding to particles that are coming from the left. When particles
come from the right, similar formulas can be obtained for the transmission ( £ ) and reflection (¥)

amplitudes.

Now that we have obtained the whole scattering matrix, we are able to use equation 3.4 of the

Landauer formula to determine the conductance at zero bias.

3.4 Generalization of the Scattering Formalism

In this part, I give a generalized approach to transport calculations based on Lambert's derivation,
as presented in [2]. This is similar to the earlier method. A generalisation of the Fisher-Lee relation
is used to recover the scattering amplitudes once the surface Green's function of crystalline leads

1s determined.

3.4.1 Green's Function of the Leads and Hamiltonian

We study a basic semi-infinite crystalline electrode with any level of complexity. Due to the
crystalline form of the leads, the structure of the Hamiltonian can be considered as an extension
of the one-dimensional electrode Hamiltonian. Figure 3.5 illustrates the overall system structure.
Instead of considering the energies of the sites, we use Hamiltonians to represent each repeated
layer of the bulk electrode, given as Hy. Additionally, we use a coupling matrix to characterise

the hopping parameters between these layers H;.
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Figure 3.5: illustrates a diagrammatic representation of a semi-infinite generalized lead. The
states defined by the Hamiltonian H,, are linked together through a generalized hopping matrix
H;. The direction z is defined as being parallel to the axis of the chain. Each slice can be

assigned a label z.

The Hamiltonian for this system is expressed in the following form:

(3.35)

e OO OO OO

SO OO OO e

In this case, H, and H,are typically complex matrices, and the only condition is that the
complete Hamiltonian, represented as H, must be Hermitian. In this part, the first goal is to

calculate the Green's function of this kind of lead for general H; and Hy. In order to determine
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the Green's function, it is necessary to calculate the spectrum of the Hamiltonian by solving the

Schrédinger equation for the lead.

HiW, 1 + Hy, + Hip, 1 = B, (3.36)

Here, the wave function that describes layer z is represented as ,, where z is an integer that is
measured in units of inter-layer distance. Assuming that the system is infinitely periodic only in
the z direction, we can represent the on-site wavefunction 1, using Bloch form. This form
consists of a product of a propagating plane wave and a wavefunction, @, which is
perpendicular to the transport direction, z. The layer Hamiltonian, H, has dimensions M x M,
meaning it consists of M site energies and their respective hopping elements. Therefore, the
perpendicular wavefunction, @;, will have M degrees of freedom and can be represented as a 1 X

M dimensional vector. Thus, y,, the wave function, has the following form:

l/)z =4/ nkeikZ(Pk (337)
here ny, is an arbitrary normalization parameter. Substituting this into the Schrodinger equation

(Equation 3.36), we get:

(Ho+e™ Hy + e~ Hf — E)®, =0 (3.38)
In order to determine the band structure for such a problem, one would choose values of k and
then calculate the eigenvalues at that point, which would be represented by the equation E =
E;(k), where k =1,2,3,...,M. Where [ is the band index. For each k value, there will be M

solutions to the eigenvalue issue, and hence M energy values. It is not very difficult to build a
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band structure by choosing several different values for the variable k. In a scattering problem,
the problem is solved by applying an alternative method. Instead of determining the eigenvalues
at a specific k, we determine the values of k at a particular E. In order to accomplish this, a root-
finding may have been utilised, but this would have needed an immense computational effort
because the wave numbers are generally complex. On the other hand, we may formulate an
alternate eigenvalue problem in which energy is the result and wave numbers are the result by

introducing the function:

vk = e_ikZ(Dk

(3.39)
This is combined with equation 3.38:
<—H1_1(H0 — E) —Hl_lHiI_) <<pk) — eikz <q)k) (340)
I 0 Uk Uk

If we consider a layer Hamiltonian, represented as H,, with dimensions of MxM, then equation
3.40 will generate 2M eigenvalues, represented as e**1% and eigenvectors, represented as @, of
magnitude M. After that, these states can be classified into four separate categories according on
whether they are propagating or decaying, as well as whether they are left going or right going.
When the value of k; is real, we suggest that the state is propagating. A wave number with a
positive imaginary part is referred to as a left decaying state, while a wave number with a
negative imaginary part is referred to as a right decaying state. The propagating states are sorted

according to their group velocity, which is provided by:
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=__% 3.41
h 0k (3-41)

Vi

If the state's group velocity, vy, is positive, then it is a right propagating state; if it is negative,

then it is left propagating.

The eigenstates are sorted into left and right propagating or decaying states according to the

wave number and group velocity, as shown in Table 3.1.

Category Left Right
Decaying Im(k;) >0 Im(k;) < 0
Propagation =0 v

pag Im(k) =0,v," <0 Im(k) = 0, v;l >0

Table 3.1: Sorting the eigenstates into left and right propagating or decaying states according to

the wave number and group velocity.

Now, I will represent the wave numbers that belong to the left propagating-decaying set as k;,
whereas the wave numbers that belong to the right propagating-decaying set will simply be
denoted as k,.. Therefore, ¢, represents a wave function that corresponds to a right state,
while ¢, represents a wave function that corresponds to a left state. If H; is invertible, there
must exist an equal number, M, of left and right travelling states. It is obvious that if His

singular, the matrix in equation 3.59 cannot be built because it depends on the inversion of H;. In
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addition, one of various ways can be used to solve this problem. The first [2, 8, 10] uses the
decimation method to get a useful, non-singular H;. Another option is to populate a solitary Hi
with small values at random, creating a specific numerical mistake. This method is reasonable
since the numerical error that is introduced could be as small as the numerical error that is
introduced by decimation. A different solution would be to rewrite equation 3.40 without

inverting H; as follows:

— — _pyt ;
< (HoI E) (I)'Il) (?}’II:) = pikz (I-(I)l (I)) (?}’:) (3.42)

Although, solving this generalized Eigen-problem requires additional computational resources.
Any of the previously mentioned solutions are effective in addressing the issue of a solitary H;
matrix. Additionally, the requirement that there must be an equal number, M, of left and right
going states, whether H; is singular or not [11-15]. The solutions to the eigenvalue equation 3.38
at a specific wave number, k, will provide a set of basis that are orthogonal. However, the
eigenstates, @, produced by solving the Eigen problem equation 3.42 at a particular energy, E,
will not typically construct a set of states that are orthogonal. This is really important, as we
will need to calculate the Green's function in a non-orthogonal method while creating it. As a
result, it is important to introduce the duals to, @y, and, @y, in a method that corresponds to

the following:
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&t &t _—
Bl Pr; = P P, = 6ij (3.43)
The result is the generalized completeness relation:
M M
5t "Nt ¢ =
D BBy = ) Bl Py =1 (3.44)

=1 =1

Given that we have all the eigenstates at a specific energy, we can first calculate the Green's
function for the infinite system. If the appropriate boundary conditions have been satisfied, we
can then calculate the Green's function for the semi-infinite leads on their surfaces. By using the
fact that the Green's function solves the Schrodinger equation at z=z', we may construct the

Green's function by combining the eigenstates @), and @y, :

~

z(p(k)elkl(z Z)wkl z>7z
9(z,z') = (3.45)
Z‘P(k)e”‘l(z Dol , z<7

The M-component vectors wy, and wg, need to be found. It is necessary to see the structural

similarity between this equation and equation 3.13, as well as the fact that all the degrees of
freedom in the transverse direction are included within the vectors @, and wj,. The current

objective is to get the vectors. According to section 3.4.1, it is required that equation 3.45 is

56



continuous at z=z' and also satisfies Green's function equation (equation 3.12). The initial

condition is expressed as:

M

T _ _ T
z cz)(kl)wkl - z cz)(kl) Wg, (3.46)
=1 =1

Furthermore, the second one:

NGE

(B = Ho)o o, + Hieiaf, + H @G e ko] | = 1

~
I
Jy

NGE

|(E — Ho)byf, + Hidgpe™iof, + Hidg e Fwl + Hie- ol — HfewHwf | =1

=1

N M

2. [l eoe ol =~ Howpe l] + ) [6 — Ho) + Hret + e oo, =1
=1 =1

That is known as well from the Schrédinger equation.
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M
> (B = Hy) + Hyett + Hfe=] oy = 0 (3.47)
=1

This gives us:

N

t ik, T —ik; 1] —
zHl [¢<El>e‘k’wkl+¢<me lklwkl] =1 (3.48)
=1

After that, the dual vectors defined in equation 3.43 are applied. Multiplying equation 3.46 by

Py, results in:

M

=1 _ t _ 1
z &), ) Pyl = o, (3.49)
=1

Similarly, multiplication by 65& )results in:
p

M
F1 t+ _ . f
z (D(Ep) d)(kl)wkl - wﬁp (3.50)

By applying the continuity equation 3.46 and equations 3.49 and 3.50, the Green's function

equation (equation 3.49) can be expressed as:

M M

- it ik gt U
zzHl ((P(kl)e D5y — Pupe™ l¢<kz>)¢<kp>wkp =1 (3.51)
=1 p=1
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Therefore, it follows that:

M

_ -1
t _ ikt —iky Gt
[Hl ((p(kl)e l lq)@l) ~ Pupe l lq)(kl))]
=1

(3.52)
M M
— _ - t
p=1 p=1
This provides an expression for a),t immediately:
t_ gt .-
W = PVt (3.53)
where the variable v is defined:
M
_ t (- okt ik gt
v = z H} ((D(kl)e TPl — Dype™ Z‘P(kl)) (3.54)

=1
Equation 3.53 represents the wave number (k), which represents both left and moving states. By
substituting equation 3.53 into equation 3.45, the Green's function of an infinite system is

obtained.

M
=1 (3.55)

m_
gzz"_

M

- Lik(z-z") gt -1 '
ch(kz)el DGy 2z
=1

In order to obtain the Green's function for a semi-infinite lead, it is necessary to add a wave

function into the Green's function. This means the boundary conditions at the edge of the lead are

59



satisfied, similar to the one-dimensional case. Here, the boundary condition requires that the

Green's function disappears at a specific location ( z = z,). In order to achieve this.

M
a= = ) DpelFE Tl b oo oG]y (3.56)
Lp=1

Equation 3.55 for Green's function states that g = g® +A. This produces the surface Green's

function for a semi-infinite lead in the left direction:

M
_ ikt ik Gt -
g=\1- z Pane ™ Py L™ Py |V ! (3.57)
Lp=1

and continuing right:

M
ge=|1- z Py Bl bgpe ™™o Bl | v (3.58)
lL,p=1

To complete the process, we need to get the Hamiltonian of the scattering region using Density
Functional Theory (DFT). Then, we can combine this with the surface Green's functions using
Dyson's equation. This will allow us to get the overall Green's function and the transmission

amplitude t; [16].

0
Gtotal = [(gOL gR) - Hscattering] (359)
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t = 52Lkl)GtotalV¢(kz)\/Z:I: et (3.60)

3.5 Summary

This chapter explores the Landauer formula, which relates to the electrical conductance G and
thermoelectric coefficients to the transmission coefficient. This chapter explains the method of
calculating the scattering matrix of a system connected to one-dimensional leads using the
Green's function approach within scattering theory. This was generalised to higher-dimensional
transport calculations, which provides the basis for the GOLLUM transport code and will be

used in the next chapters.
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Chapter 4

Quantum Interference in Molecules

4.1 Introduction

In the field of molecular electronics, one of the main challenges is to get a more in-depth
understanding of the fundamental behaviour of electron transport through single-molecule
junctions. In order to increase our understanding, many experimental techniques have been
created to make contact with individual molecules. In recent years, it has become clear that the
electrical properties of a molecular junction are controlled by the whole system, which includes
both the electrodes and the molecule. As mentioned in chapter 1 and shown in Figure 1.2, there
are several components that comprise a single-molecule junction including the molecular bridge,
the two electrodes, and the two anchors. The anchors are used to connect the molecule to the
electrodes. The fundamental characteristics of charge transport in a junction are greatly affected
by the electrical connection between its individual components [1]. An isolated molecule has
different energy levels, referred to as frontier orbitals (such as the HOMO and LUMO), while
metal electrodes have a band structure that includes a continuum of states, with a precisely
defined Fermi energy. Once these two components are close to each other, they interact with
each other, which leads to different physical effects. Due to the fact that there is a transfer of
charge between the two systems, the impact of donating or withdrawing electrons from the
molecule has an effect not only on the energy levels of the molecule, but also on the contacts.
The highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) may be moved upwards or downwards as a result of this charge transfer. This results in

a slope in the transmission function at the Fermi level that is either more pronounced or less

64



pronounced [2]. Additionally, the position of the molecular orbitals in relation to the Fermi level
of the electrodes is influenced by the chemical bonds that are present in the anchor group. These
bonds are responsible for the chemical binding of the molecules to the electrodes. As noted in
chapter 1, quantum interference (QI) effects have received great interest in the field of charge
transport at the individual molecule level due to their remarkable ability to control the flow of
charge through molecular materials and devices in experimental investigations, at a phase-
coherent level [3-5]. By changing the conductance in molecular systems, it is possible to see a
phenomenon called constructive quantum interference (CQI) or destructive quantum interference

(DQI), depending on whether the conductance is increased or decreased, respectively [6].

4.2 Tight binding model and density functional theory calculations

A method that is used to compute electronic band structures is known as the tight-binding model
(TBM) or the linear combination of atomic orbitals (LCAO) method. This method employs a set
of wave functions that are produced from the superposition of wave functions of isolated orbitals
that are located at each atomic site.

As noted in chapter 2, DFT is a technique that has the ability to solve the many-body
Schrodinger equation by transforming it into a problem with electrons that do not interact with
another one. In what follows, computations are carried out on benzene with specific
connectivities, to illustrate the role of different kinds of linkers that are located between the
benzene core and the anchor groups. DFT calculations were performed using a combination of
SIESTA and GOLLUM and detailed comparisons with tight binding model (TBM) calculations

are made.
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As a typical example, benzene can be connected to lead either via meta connectivity or para
connectivity, as shown in Figure 4.1. These are referred to as Meta-Benzene and Para-Benzene
for reference. This Figure shows a comparison between TBM and DFT transmission coefficients

for the two connectivities.

DFT TBM

Meta connectivity Para connectivity

Meta connectivity Para connectivity
SeeEEEEL . v T SRRt 1, <At
RPN - ””{{ ‘

~ ) >

Ey E,
o v v
- System d(4°)
-2
-3 —
= Meta 2.4 )
® —
=5 3 N
-6 "0
e Para 2.4
-8, '

.4E(ev) 2

Figure 4.1: The transmission coefficients of Meta-Benzene and Para-Benzene by DFT and TBM

respectively.

For both the meta and para connectivities, the right figure shows the transmission coefficients
obtained from a tight binding model, where the centre of the HOMO-LUMO gap is located at
E = 0. For the meta connectivity, the tight binding model clearly predicts destructive quantum
interference (DQI), signaled by the presence of a transmission dip at the centre of the HOMO-
LUMO gap, whereas for the para connectivity, constructive quantum interference (CQI) is

predicted, corresponding to a smooth transmission coefficient near the gap centre.
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Clearly these features are shared by the DFT calculation in the left figure, so the simple
conceptual TBM on the right predicts the key features of the full DFT calculation on the left.
The following figure shows the frontier molecular orbitals of the isolated molecules with meta

and para connectivities:

Meta connectivity Para connectivity

e "Wf o e
m LUMO=-2.23eV
LUMO=-2.05eV ‘w + J

HL gap=2.22eV

Ep=-3.41eV

HL gap= 2.49eV

Figure 4.2: Shows meta and para wave functions.

From Figure 4.2, it is interesting that one can predict whether DQI or CQI is likely to occur by
looking at the symmetry of the frontier molecular orbitals. The molecular orbitals are real and so
the amplitude of the orbital could either be positive or negative. In Figure 4.2 for example, red is
positive and blue is negative. Since these molecules are symmetric, their molecular orbitals must
be either symmetric or antisymmetric, in agreement with Figure 4.2. This means that if the value
of the orbital amplitude at the left end of a molecule is multiplied by the value of the orbital

amplitude at the right end of the molecule, then the result ‘orbital product’ is either positive (eg
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for the symmetric LUMO of the molecule on the right of Figure 4.2, the LUMO product is
positive) or negative (eg for the antisymmetric HOMO of the molecule on the right the HOMO
product is negative and for both the LUMO and HOMO of the molecule on the left the LUMO
product and the HOMO product are both negative). According to an ‘orbital product rule’ [7,8] if
the HOMO and LUMO products have opposite signs, as for the para-connected molecule on the
right of Figure 4.2, then CQI is expected. On the other hand, if the HOMO and LUMO products
have the same sign, as for the meta-connected molecule on the left of Figure 4.2, then DQI is
expected. Clearly, this is in agreement with the DFT and TBM transmission curves of Figure 4.1.
Finally, it should be noted that if the magnitudes of the HOMO and LUMO product are different,
then the DQI dip will be positioned closer in energy to the orbital with the smaller magnitude of
the product.

4.3 Examples of conjugated 7, systems

In what follows, I shall explore the occurrence of DQI and CQI in a variety of conjugated =,

systems. Examples of such systems are shown below.

@ /\/ b
0
N V7 N
NQ___ Q7 —
sp?

Figure 4.3: The molecular systems with one conjugated m system, namely a collection of m,

orbitals.
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A typical conjugated m system consists of an array of coupled m, orbitals, each located on a
carbon atom. Basically, the HOMO and LUMO levels are formed from linear combinations of
these m, orbitals and so that's where all the electron transport takes a place. Since there is only a
single m, orbital on each carbon atom, we can produce a simple tight binding model to describe
the key qualitative features. In contrast, as we shall see below, some conjugated n systems are
formed from both 7, and nx or my orbitals located on each atom, in which case the TBM model
should be generalised to accommodate these extra degrees of freedom. In this case, we shall find
that DQI dips that occur when there is a single m, orbital on each carbon atom can be masked by

the presence of additional 7k or my orbitals.

4.4 An example of connectivity table (C) and the magic number theory table (M) of the
benzene ring

For a conjugated system with a single &, orbital located on each atom, if the atoms are identical,
then the simplest TBM Hamiltonian H is obtained by choosing the site energies to be zero
(which corresponds to choose the energy origin to equal the site energies) and choosing the
nearest neighbour Hamiltonian matrix elements to equal -1 (which corresponds to choosing the
unit of energy equal to the nearest neighbour coupling), with all others equal to zero. With such a
choice, find that H = —C, where C is a connectivity table, such that C;; = 1 if atoms i and j are

nearest neighbours and C;; = 0 otherwise. As an example, the connectivity table of benzene is

shown below. The Greens function for such a molecular core is g(E) = (E — H)™1 =
(E + €)™ and since the middle of the HOMO=LUMO gap is E = 0, the mid-gap greens
function, arising at E = 0 is g = C~. To make it easy to picture the structure of g, magic

number theory introduces a magic number table M, defined to be M = ag = aC~1, where a is
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any convenient constant. For the benzene core described by the above simple TBM, choosing
a = 2 yields the magic number table M shown below. (As a check the reader can verify that

MC = 21, where [ is the unit matrix.)

3’ 2’

Table 4.1. The connectivity table C and magic number table M of benzene.

The magic number theory [7-11] notes that provided the Fermi energy of the electrodes is close
to the middle of the HOMO-LUMO gap, then if the linkers connecting the molecular core to the
electrodes are connected to sites i and j of the core, the electrical conductance o;; is proportional
to |gij12 = a?|M;;|2. For benzene, Table 4.1 shows that the magic number table is block off
diagonal, so that M;; and o;; are zero if i and j are both odd or both even. Such connectivities

correspond to a meta connected core and therefore magic number theory predicts DQI for meta
connected benzene, in agreement with Figure 4.1. On the other hand, if i is odd and j is even, or

vice versa, M;; and g;; are non-zero and therefore for such para or ortho connectivites, magic
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number predicts a non-zero mid-gap transmission coefficient, again in agreement with Figure

4.1.

Similarly, for a molecule with the same core, but linkers connected to sites [, m, the electrical
conductance 0y, is proportional to | g, |%. This means that the ratio of the conductance

. . B TR 171 G 071
corresponding to the two different connectivities is = = —— = ——
Olm lgiml M|

In the last step, the
arbitrary constant a has cancelled, so that the conductance ratio is obtained simply by looking up
the numbers M;; and M;,, from the magic number table.

4.5 The effect of introducing a single heteroatom

Magic numbers, or equivalently the core mid-gap Greens function g can also be used to predict
the effect of introducing a single heteroatom into a ‘parent’ conjugated m system, for example by
substituting a nitrogen atom into for example naphthalene as shown in Figure 4.4. After
heteroatom substitution into site [, if the site energy is changed from zero to €;, then the Green's

function G of the resulting ‘daughter molecule’ can be computed by using Dyson’s equation [7],

which takes the form

gi1 €191

Y 9ij 1-gue;

(4.1)
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Figure 4.4: In this figure, (Left) A lattice of sites representing the connectivity of naphthalene.
(Right) A lattice of sites representing the connectivity of quinoline, in which the site energy of

site | = 4 is perturbed by the presence of a nitrogen atom, coloured blue.

From the magic number table of the parent, shown in Table 4.1, g;; = 0, so equation (1)
simplifies to

Gij = gij + gu&19; 4.2)
This equation represents the mid-gap Green’s function of the parent in the presence of the

heteroatom.

From equation (4.2), this formula predicts that if we place the nitrogen in a certain site, it may
have no effect and if we place the nitrogen somewhere else, may have a large effect. For

example, if i is odd and j is odd, theng;; = 0 and the parent exhibits DQI. In this case, if [ is
odd, G;; is also zero, DQI persists and the heteroatom as a negligible effect. On the other hand, if
L is even, the second term in (4.2) is non-zero. This means that G;; # 0, DQI is alleviated and the

heteroatom causes a large increase in conductance.

72



For the case where i is odd and j is even or vice versa, g;; # 0 and the parent exhibit CQI. In
this case, g;;£,9;; is zero for any choice of [, so the daughter also exhibits CQI and the
heteroatom has a negligible effect.

This shows that magic numbers are important for understanding the impact of introducing a

heteroatom into a conjugated m system.

4.6 Studied Molecules

In what follows, the aim will be to study CQI and DQI in the following molecules, which have
different cores and different linkers to the electrodes. One reason for studying these molecules is
that the carbon atoms within the carbon chains possess 7, or 7y orbitals, so that these molecules

will reveal the effect on QI of these more complex © systems.

L—.‘
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Figure 4.5: Shows the five studied molecules.

4.7 Transmission coefficient

The transmission coefficients T'(E) for the above molecules, with various anchors and linkers,
are calculated using DFT. Initially, the molecules are relaxed using the SIESTA software
program. Finally, the T'(E’) values are calculated for molecules using different linkers and
anchors, and their CQI or DQI characteristics are related to connectivity.

4.8 Transmission coefficients for the benzene with different linkers connected to gold
electrodes and an increasing number of central rings (naphthalene and anthracene) and the
tight binding model results:

The DFT-based transmission coefficients T'(E’) for molecule 1, with and without heteroatoms are
shown in Figure 4.6, while Figure 4.7 shows their TBM transmission coefficients, along with the
bond currents within the molecular core, occurring when electrons are injected at E = 0. One

questions of interest is whether or not the predictions of section 4.5, which assumes that there is
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only a single & orbital per atom, remain correct when both nz or my orbitals are present in the

pairs of carbon atoms within the linkers.

a b
= - N H- meta
1 -
- - G\O/O '—i{:‘t

e Y Y £ 5 metaN1
= o >y =

,%g\ ‘Q\@,«& i ==

H- g g metaN2

2
- [\}r\, 7‘0\@/&—,“&1»,5: metaN3 : | 2 1 o ;

E-Eg"” (eV)

Figure 4.6: DFT-based transmission functions for the parent benzene (one phenyl ring)
connected to the gold via SMe-anchor at meta connectivity. For the heteroatom-substituted

daughters, the N atoms are indicated by red circles.
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Figure 4.7: TBM results for transmission functions of the parent benzene (one phenyl ring)
connected to the gold via SMe-anchor at meta connectivity, along with the heteroatom-

substituted daughters.

From Figure 4.6, in the top graph, we see that the core is meta connected to the linkers, and the
atoms i and j are both odd. Therefore, for the parent, as expected, a DQI transmission dip is
present near the middle of the HOMO-LUMO gap. When a nitrogen heteroatom is inserted into
an even numbered site, to yield the daughters metaN2 and metaN[1, this alleviates the DQI near
the middle of the HOMO LUMO gap, in agreement with the discussion in section 4.5. In
contrast, when a nitrogen heteroatom is inserted into an odd numbered site, to yield the daughters
metaN3, the DQI dip near the middle of the HOMO LUMO gap persists, again in agreement

with the discussion in section 4.5.
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If we compare the DFT calculation in Figure 4.6 and the TBM results in Figure 4.7, we find that
the tight binding model is in qualitative agreement with the DFT calculations. (In this case the
transmission curves of the parent and the daughter metaN3 are identical.) So, the simple
conceptual TBM, which assumes only a single  orbital per atom, correctly predicts the key
features of the full DFT calculation, even though both &, or my orbitals are present in the pairs of

carbon atoms within the linkers.

4.9 Wave functions for meta, metaN1, metaN2 and metaN3 with anchor groups of the
benzene
To apply the orbital product rule, the frontier orbitals of both the parent and daughters are shown

below.

Yﬂ\g’ﬁ*
Ef=-3.198eV LUMO+2 t
-1.07eV

HOMO

-4.54eV
LUMO+1 ‘
-1.81eV

HOMO -1
LUMO

-2.05eV

-4.64eV

HL gap=2.49eV

Figure 4.8: Frontier molecular orbitals of a meta-studied molecule with its eigenvalues obtained
from DFT, where red represents positive and blue indicates negative regions of the wave

functions.
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Ef=-3.65eV

LUMO +1

HOMO -2.04 eV
-4.57 eV

LUMO

HOMO -1 210 eV
-4.73 eV
) HL gap=2.47eV

Figure 4.9: Frontier molecular orbitals of metaN1 studied molecule with its eigenvalues obtained

from DFT, where red represents positive and blue indicates negative regions of the wave

functions.
! %’QY
Ef=-3.49 eV

Y LUMO +1
HOMO ]
-4.62 eV -1.88 eV
HOMO-1 o , LUMO ‘
-4.78 eV ' -2.30 eV

HL gap=2.32eV

Figure 4.10: Frontier molecular orbitals of metaN2 studied molecule with its eigenvalues
obtained from DFT, where red represents positive and blue indicates negative regions of the

wave functions.

78



Y

Ef=-3.44 eV
LUMO +1
HOMO
464 eV W -2.01 eV
HOMO -1 LUMO
4786V 219 eV

HL gap=2.45eV

Figure 4.11: Frontier molecular orbitals of metaN3 studied molecule with its eigenvalues
obtained from DFT, where red represents positive and blue indicates negative regions of the

wave functions.

According to the product rule, if the HOMO product and LUMO product have the same sign,
then DQI is expected, whereas if they have different signs, COI is predicted. From Figures 4.8,
4.9 and 4.11, the HOMO and LUMO products have the same sign, so DQI is predicted to occur
somewhere within the HOMO-LUMO gap. As noted in section 4.2, if the magnitudes of the
HOMO and LUMO product are different, then the DQI dip will be positioned closer in energy to
the orbital with the smaller magnitude of the product. This is the reason why, as shown in Figure
4.6, the DQI dip of metaN1 is closer to the LUMO and the DQI dip of metaN2 is closer to the
HOMO. From Figure 4.10 we cannot apply the product rule because the right side of the HOMO

is too small to assign a sign.
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Figure 4.6 shows that there is in fact a DQI dip and since the HOMO product is small, the dip

lies closer to the HOMO.

The above results that the magic number theory predicts the shifting of these DQI dips, even
though both m, or my orbitals are present in the pairs of carbon atoms within the linkers. To check
if this is generally true, we change the linker between the central benzene and the anchor group
into just four carbon atoms (ie two triple bonds in each linker) and repeat the above analysis. The
new set of molecules are shown in Figure 4.12. In these molecules the carbon atoms in the

linkers each possess both 1, or my orbitals, as shown in Figure 4.13.

meta

-‘4 metaN1

- metaN2

% metaN3
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Figure 4.12: DFT-based transmission functions for benzene (one phenyl ring) with linkers
composed of 4 carbon atoms (ie two triple bonds) and meta connectivity. The N atom is

indicated by red circles.

Comparing the DFT-based transmission curves in Figure 4.12, with those of Figure 4.6, we see
that this change in the linkers has caused the DQI dips to disappear. Our task now is to
understand the origin of this disappearance. As a first step, I computed the frontier orbitals of

these molecules and present them in section 4.11.

4.10 Examples of conjugated nz and my systems
In what follows, I shall explore the occurrence of DQI and CQI in a variety of conjugated n, and

Ty systems. Examples of such systems are shown below.

QQJAQ) <

sp

Figure 4.13: A comparison between molecules with a m, system (a) and a molecule (c) with two

T systems, i.e. m, and my,
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4.11 Wave functions for meta, metaN1, metaN2 and metaN3 with triple bombs of the
benzene
To implement the orbital product rule, the frontier orbitals of the above molecules are shown

below.

i

Ef=-4.470 eV

HOMO=-5.50 eV LUMO+2=-1.60 eV

i T
HOMO-1=-5.75 eV V LUMO+1=-2.20 eV W

HOMO-2=-5.96 eV LUMO=-2.52 eV

HL gap= 2.98 eV

Figure 4.14: Frontier molecular orbitals of a meta-studied molecule with its eigenvalues obtained
from DFT, where red represents positive and blue indicates negative regions of the wave

functions
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oot

Ef=-6.168 eV
LUMO+1=-3.669 eV
LUMO=-6.142 eV 'w

HOMO=-6.197 eV

HOMO-1=-6.298 eV
® HL gap=0.055 eV

Figure 4.15 Frontier molecular orbitals of metaN1 studied molecule with its eigenvalues
obtained from DFT, where red represents positive and blue indicates negative regions of the

wave functions

\(:},.«-"

Ef=-4.895 eV LUMO+2=-1.787 eV

HOMO= -5.768 eV

LUMO+1=-2.356 eV
HOMO-1= -6.011 eV

LUMO= -2.884 eV
HOMO-2= -6.022 eV
HL gap= 2.884 eV

Figure 4.16 Frontier molecular orbitals of metaN2 studied molecule with its eigenvalues
obtained from DFT, where red represents positive and blue indicates negative regions of the
wave functions
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LUMO+2=-1.774 eV
Ef=-4.806 eV

HOMO= -5.702 ew

HOMO-1= -5.845 eV

HOMO-2= -5.990 ew

Figure 4.17: Frontier molecular orbitals of metaN3 studied molecule with its eigenvalues

LUMO+1=-2.520 eV

LUMO=-2.747 eV

HL gap= 2.955 eV

obtained from DFT, where red represents positive and blue indicates negative regions of the
wave functions

In all cases of Figure 4.14,4.15,4.16 and 4.17, the HOMO and LUMO orbital products have the
same sign and therefore the orbital product rule predicts DQI, in contrast with the absence of

DQI dips in Figure 4.12.

To understand why the second & system in the triple bonds cause the DQI dips to disappear,

we speculate that the my system will couple to the sigma orbitals in the central benzene ring. and
facilitate the transmission of electrons through the sigma orbitals of the benzene ring. So, even if
the m, system shows DQI and does not transmit any electrons, the sigma orbitals can couple to
the my system of the triple bonds and still allow electrons to be transmitted. Consequently, the
total transmission function does not exhibit a DQI dip, even though the &, system is subject to
DQI. Typically, sigma bonds do not transmit electrons very well at all, but for the benzene ring,

it is small but not zero and becomes the dominant transmission mechanism when transmission
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through the 7, system is absent. Transmission through the sigma system of a molecular core is

expected to decay rapidly as the size of the core (or distance between the contacts to the core)

increases.

So, if we increase the size of the central core, those sigma orbitals would not be able to transmit

electrons at all. To test this hypothesis, we increase the number of rings in the central core, by

replacing the benzene by either naphthalene (two rings) or anthracene (three rings). If the
hypothesis is correct, then the sigma systems of naphthalene and anthracene should be much
worse at transmitting electrons than the sigma system of benzene and the effect of the my

of the triple bonds should become negligible, thereby causing the DQI dip to appear.

4.12 An example of connectivity table (C) and the magic number theory table (M) of

naphthalene rings

1 2 2
17 ~~ ~ 3
5 3
~_ T~
5 4
1 0 0 0 00 1 0 0 0 1 1 0 0 o
2 0 0 00 0 1 1 0 1 0 2 0 0 o
3 00 00O OO 1 1 0 O 3 0 0 O
C="4 0000000110 M= "4 0o 0 o
5 0 0 0 0 0 0 0 0 1 1 5 0 0 o
1 1. 1. 0 0 0 0 0 0 0 O 1 2 1 1
22 01 1.0 0 0 0 0 0 0O 2 1 1 -2
3 001 1 0 0 0 0 0 0 B -1 1 -1
4 0 1 0 1 1 0 0 0 0 O 4 1 1 1
5 1.0 0 0 1 0 0 0 0 0O 5 1 1 -1
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Table 4.2. The connectivity table C and magic number table M of naphthalene.

Table 4.2 shows the connectivity table and magic number table of naphthalene. The zeros in the
latter show that mid-gap DQI is expected of the labels i and j of the site which connect to the
linkers are either both odd or both even.

To test the above hypothesis, I calculated the transmission functions of the parent naphthalene
and a selection of heteroatom-substituted daughters, when the labels i and j of the site which
connect to the linkers are both odd. I shall refer to this as meta connectivity. First, I chose the
linkers to contain a benzene ring and two carbon atoms, as shown in Figure 4.18. The resulting
DFT-based transmission curves are shown in Figure 4.18 and the corresponding TBM-based

curves are shown in Figure 4.19.
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Figure 4.18: DFT-based transmission functions for naphthalene (two phenyl rings) connected to

the gold via SMe-anchor at meta connectivity. The N atom is indicated by red circles.
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Figure 4.19: Tight binding model result for naphthalene.

For this meta connectivity, within the TBM, we expect the parent naphthalene to exhibit mid-gap
DQI and mid-gap DQI to persist for metaN3, because the heteroatom is placed on an odd
numbered site. In contrast, for metaN2 and meta N1, where the heteroatom is place on an even
numbered site, Dyson’s equation predicts that the mid-gap DQI will be alleviated and the dip
will shift away from the mid-gap. Figure 4.19 agrees with these predictions.

In Figure 4.19, we find that the tight binding model predicts DQI dips within the gap for meta,
meta N1, metaN2 and meta N3. In contrast, the DFT calculations in Figure 4.18 shows clear dips
within the gap for meta and metaN2, but not obviously for metaN1 and metaN3. In fact, there are
narrow DQI dips for metaN1 and metaN3 close to the HOMO resonance, so in this sense there is

qualitative agreement between the TBM and DFT.
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4.13 Wave functions for meta, metaN1, metaN2 and metaN3 with anchor groups of

naphthalene

To implement the orbital product rule, the following figures show the frontier orbitals.

T i b +, »
188 O ¢ 3 9
HOMO=-4.54 eV M'e s i LUMO+3=-1.08 eV M

Ef=-3.519 eV

LUMO+2=-1.16 eV

LUMO+1=-1.99 eV W

HOMO-1=-4.56 eV

HOMO-2=-5.27 eV

HOMO-3=-5.52 eV LUMO=-2.23 eV

({{¢

HLgap= 2.31eV

Figure 4.20: Frontier molecular orbitals of a meta-studied molecule with its eigenvalues obtained
from DFT, where red represents positive and blue indicates negative regions of the wave

functions
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Ef=-3.758 eV ‘w‘
LUMO+1=-2.047 eV
HOMO=-4.591 eV
w LUMO=-2.433 eV W;
HOMO-1=-4.700eV

HL gap=2.158 eV

Figure 4.21: Frontier molecular orbitals of metaN1 studied molecule with its eigenvalues
obtained from DFT, where red represents positive and blue indicates negative regions of the

wave functions
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Figure 4.22: Frontier molecular orbitals of metaN2 studied molecule with its eigenvalues

obtained from DFT, where red represents positive and blue indicates negative regions of the
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Figure 4.23: Frontier molecular orbitals of metaN3 studied molecule with its eigenvalues

obtained from DFT, where red represents positive and blue indicates negative regions of the

wave functions.
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The HOMO and LUMO products of meta in Figure 4.20 have the same sign and therefore DQI is
predicted.

The HOMO and LUMO products of metaN1 in Figure 4.21 have the opposite signs and therefore
CQIl is predicted, in agreement with the DFT calculations. The orbital product rule cannot be
applied in the other cases (Figures 4.22 and 4.23), because the HOMO amplitude is too small at
one end of the molecules.

To test the above hypothesis, I now repeat these calculations with linker formed from two triple
bonds (ie each with four carbon atoms). The molecules and their DFT-based transmission curves

are shown in Figure 4.24.
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Figure 4.24: DFT-based transmission functions for naphthalene (two phenyl rings) with triple

bonds at meta connectivity. The N atom is indicated by red circles.

Compared with Figure 4.18, Figure 4.24 shows that the change in linker has caused the DQI dips
of the meta and metaN2 molecules to disappear. This is a consequence of the presence of

both the m, and the my systems in the triple bonds, with the latter coupling to the sigma system of
the core to provide a parallel conductance path which hide the DQI dip in the 7, system of the

core€.

4.14 Wave functions for meta, metaN1, metaN2 and metaN3 with triple bombs of
naphthalene

To implement the orbital product rule, the frontier orbitals of the above molecules are shown

below.
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Figure 4.25: Frontier molecular orbitals of a meta-studied molecule with its eigenvalues obtained
from DFT, where red represents positive and blue indicates negative regions of the wave

functions
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LUMO+1=-3.774 eV

HOMO=-6.035 eV
LUMO=-5.966 evw

HL gap=0.069 eV

HOMO-1=-6.057 eV

Figure 4.26: Frontier molecular orbitals of metaN1 studied molecule with its eigenvalues
obtained from DFT, where red represents positive and blue indicates negative regions of the

wave functions
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Figure4.27: Frontier molecular orbitals of metaN2 studied molecule with its eigenvalues
obtained from DFT, where red represents positive and blue indicates negative regions of the

wave functions

HOMO=-5.570 eV W \\m/ LUMO+2=-1.645 eV

Ef=-3.586 eV

LUMO+1=-2.546 eV
HOMO-1=-5.638 eV

LUMO=-2.921 eV
HOMO-2=-5.826 eV

HLgap = 2.649 eV
Figure 4.28: Frontier molecular orbitals of metaN3 studied molecule with its eigenvalues
obtained from DFT, where red represents positive and blue indicates negative regions of the

wave functions

Again, the HOMO and LUMO products of meta in Figure 4.25 have the same sign and therefore
DQI is predicted, whereas the HOMO and LUMO products of metaNlin Figure 4.26 have the
opposite signs and therefore CQI is predicted. For the other molecules (Figures 4.27 and 4,28),
the HOMO and LUMO products have the same sign and therefore DQI is predicted. However,

no clear DQI dips are displayed by the DFT-based transmission curves in Figure 4.24.
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To test the above hypothesis, I shall now increase the size of the core to anthracene, with three
rings. If the hypothesis is correct, then transmission by the sigma system should be diminished,
thereby allowing the DQI dips to become apparent. The new molecules are shown in Figure 4.29,
along with their DFT-based transmission curves. Their corresponding TBM curves are shown in
Figure 4.30 and are in excellent agreement with the DFT results. The DQI dips are now obvious,
because although the my systems in the triple bonds can couple to the sigma system of the core,

the increase in size of the core has supressed transmission through the sigma system.

a b
0 v v v .
@ ./ ‘
4 y |
g A \ /
- \ 7
-6 \ ——meta
A [ \/\/ ~—metaN1
8 . . . metaN2
'f 2 0 1 2 3
;/; o metan2 EEC " (eV)

Fig 4.29: DFT-based transmission functions for anthracene (three phenyl rings) with triple bonds

at meta connectivity. The N atom is indicated by red circles.
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Figure 4.30: Tight binding model result for anthracene.

4.15 Wave functions for meta, metaN1 and metaN2 with triple bombs of anthracene
To explore the predictions of the orbital product rule, the frontier orbitals of the above three

molecules are shown below.

HOMO=-4.965 eV LUMO+2=-1.463 eV w
Ef=-4.328 eV s
LUMO+1=-2.333 eV a”
HOMO-1=-5.460 evW

LUMO=-3.005 eV
HOMO-2=-5.941 eV W
HL gap= 1.96 eV
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Figure 4.31: Frontier molecular orbitals of a meta-studied molecule with its eigenvalues obtained
from DFT, where red represents positive and blue indicates negative regions of the wave

functions

HOMO=-5.143 eV W Ef=-4.332 eV LUMO+2=-1.634 ew
HOMO-1=-5.616 evw LUMO+1=-2.490 e\W

HOMO-2=-5.884 eV ST
-2=-5. e HLgap= 1.939 eV

Figure 4.32 Frontier molecular orbitals of metaN1 studied molecule with its eigenvalues
obtained from DFT, where red represents positive and blue indicates negative regions of the

wave functions

HoMO=-5.156 eV Q@ Ef=-4.284 eV

HOMO-1=-5.580 W LUMO+1=-2.463 eV

LUMO=-3.188 eV

LUMO+2=-1.597 eV

HOMO-2=-5.775 eV
HL gap= 1.968 eV
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Figure 4.33: Frontier molecular orbitals of metaN2 studied molecule with its eigenvalues
obtained from DFT, where red represents positive and blue indicates negative regions of the

wave functions

In all cases in Figures (4.31,4.32 and 4.33), the HOMO and LUMO orbital products are of the
same sign and therefore DQI is predicted, in agreement with the DFT and TBM transmission

curves.

4.16 Summary

In this chapter, I studied charge transport through molecular junctions with gold electrodes
connected to molecular cores by linkers with conjugated n systems formed from both m, and =y
orbitals. I found that DQI dips in transport though the 7, system can be hidden, because the my
orbitals of the linkers can couple to the sigma system of the core and create a parallel
conductance channel. Although this channel makes only a small contribution, it becomes
dominate when DQI suppresses transport through the 7, system. This mechanism was
demonstrated by increasing the size of the core from benzene to naphthalene and then
anthracene, which successively suppress transport through the sigma system and for the largest
core allows the DQI transport dips to become visible. This points to an important design
principle for future molecular electronic devices, since if one plans to use DQI to control

transport through molecules, it would be wise to avoid links with more than one 7 system.
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Chapter 5

Single-Molecule Conductance Enhancement in a Stable Diradical

5.1 Introduction

Stable organic radicals have half-filled orbitals at the Fermi energy, making them promising
candidates for electrical devices. Due to the possibility that all-organic conjugated radical species
with unpaired electrons would give rise to new quantum phenomena, these species have
generated a great deal of interest in single-molecule electronics research. Additionally, organic
radicals can improve electrical conductivity [1-2]. Therefore, studies of charge transfer in single-
molecule junctions with radical species are of great importance for future functional electronic
devices, such as spintronic and, recently, thermoelectric devices [3-12]. Extensive research has
been done to improve charge transport properties in single molecules through changes in
structure, environment, anchoring groups, external stimuli, and quantum interference (QI) [13-
19]. In this chapter, the effects of diradicals on the charge transport have been investigated

including the effects of CQI and DQI.
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5.2 Studied molecules
The following molecules will be investigated. As indicated in the figure, these form series of
related molecules, which may exhibit either DQI or CQI and which may be either neutral

molecules or radicals.

CQl-neutral  * T DQl-1-neutral DQI-2-neutral
|
cQl-radical " DQl-1-radical DQl-2-radical
cQl-1-radical * - DQI-2-radical
) DQI-1"-radical

Figure 5.1: Studied diradical molecules and their corresponding neutral molecules.

The spin occupancies for the diradicals are shown below:

up down up down

1
+- +

+ ~+

singlet triplet

bt 1
- foF |
|

Figure 5.2: Schematic shows two spin states for diradical molecules.
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5.3 Results and discussion

5.3.1 CQI case

As shown in Figure 5.5, the HOMO and LUMO products of CQI-neutral have different signs and
therefore CQI is predicted. This is further confirmed by my transmission calculation where no
dip appears in the HOMO-LUMO gap as indicated by the blue curve in Figure 5.3. In terms of its
diradical counterpart, the two unpaired electrons sitting on the two oxygen atoms can have the
same spin or different spins, namely, they can be singlets or triplets as shown in Figure 5.2.
These two cases are therefore considered in this chapter. The transmission coefficient of the
singlet case is plotted in Figure 5.3b, with spin up and spin down channels almost identical due
to the symmetric character of this molecule. The two peaks near the Fermi level correspond to
the SOMO (singly occupied molecular orbital) and the SUMO (singly unoccupied molecular
orbital) respectively. The room temperature conductance is plotted in Figure 5.3 ¢, which shows
an increased conductance compared with its neutral counterpart near the Fermi energy. I further
carried on the calculation with a triplet spin state and plot the transmission curves in Figure 5.4.
The two unpaired electrons on oxygens occupy the two energy levels indicated by the two red
peaks below Fermi energy. A bigger enhancement is observed due to more resonances near

Fermi energy.
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Transmission curves ¢ Room temperature conductance
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Figure 5.3: (a) the geometries of CQI-neutral and CQI-radical within junction. (b)their

transmission curves (c)the room temperature conductance for stable radical where the purple one

is the average of spin up and spin down transmission.

Transmission curves ¢ Room temperature conductance

! T l 0
“éi CQl-neutral \ \ %“h 4
w kv LA 0
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KR ¥ R E-Ep " (V) E (eV)

Figure 5.4: (a) the geometries of CQI-neutral and CQI-1-radical within junction. (b)their

transmission curves (c)the room temperature conductance for stable radical where the purple one

is the average of spin up and spin down transmission.
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HLgap =2.279 ¢V Ef=-2.930 eV
§ § a o - .
I.‘ !, E
154:HOMO-2=-4.705 eV 156:HOMO=-4.127 eV 1568:LUMO+1=-1.114 eV
155:HOMO-1=-4.647 eV 157:LUMO=-1.848 eV 159:LUMO+2=-1.090 eV

Figure 5.5: Frontier molecular orbitals of CQI-neutral studied molecule with its eigenvalues
obtained from DFT, where red represents positive and blue indicates negative regions of the

wave functions.

The two ends of the above HOMOs and LUMOs have different signs and therefore the product

rule predicts CQL.

I choose to end up with HOMO -2 and LUMO +2 foe this case and the following cases because

they are the highest level.
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Total spin polarization (Qup-Qdown) = 0.000009 & S down HL gap=0.533 eV
S up HL gap=0.543 eV

Spin down < Ef=-4.255eV
e - @ &
. ,
Wiyt s
153:HOMO-2=-4.845eV 155:HOMO=-4.524eV 157:LUMO+1=-2.370eV
154:HOMO-1=-4.804eV 156:LUMO=-3.991eV 158:LUMO+2=-1.580eV
Spin up
> e > >
>
<
« © 3 4
153:HOMO-2=-4.830eV 155:HOMO=-4.525eV 157:LUMO+1=-2.370eV
154:HOMO-1=-4.811eV 156:LUMO=-3.982eV 158:LUMO+2=-1.596eV

Figure 5.6: Frontier molecular orbitals of CQI-radical studied molecule with its eigenvalues
obtained from DFT, where red represents positive and blue indicates negative regions of the

wave functions

The two ends of the above HOMOs and LUMOs have different signs and therefore the product

rule again predicts CQI.
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«4

Total spin polarization (Qup-Qdown) = 1.998633 S down HL gap=2.059eV
wo Ef=-4.248eV S up Hl gap=0.614eV
Spin down
y o i F o
i ) » ‘-» " i

154:HOMO-2=4.836eV 156:HOMO=-4.415eV 158:LUMO+1=-1.602eV

155:HOMO-1=-4.699eV 157:LUMO=-2.356eV 159:LUMO+2=-1.557eV
Spin up

i it o eovions snfs st

154:HOMO=-4.693eV 156:LUMO+1=-3.931eV

152:HOMO-2=4.875eV 155:LUMO=-4.079eV 157:LUMO+2=-2.298eV
153:HOMO-1=-4.857eV

Figure 5.7: Frontier molecular orbitals of CQI-1-radical studied molecule with its eigenvalues
obtained from DFT, where red represents positive and blue indicates negative regions of the

wave functions

The two ends of the above HOMOs and LUMOs have different signs and therefore the product

rule predicts CQI

5.3.2 The DQI 1 case

As shown in Figure 5.10, the HOMO and LUMO products of the DQI-1-neutral have the same sign and
therefore DQI is predicted. This is further confirmed by my transmission calculation, where the dip
appears in the HOMO-LUMO gap as indicated by the blue curve in Figure 5.8. In terms of its diradical
counterpart, the two unpaired electrons sitting on the two oxygen atoms can again have the same spin or
different spin, leading to either singlet or triplet states, as shown in Figure 5.2. The transmission
coefficient of the singlet case is plotted in Figure 5.8b, with spin up and spin down channels almost

identical due to the symmetric character of this molecule. The room temperature conductance is plotted in
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Figure 5.8 ¢, which reveals an increased conductance compared with its neutral counterpart near the

Fermi energy. I further carried on the calculation with a triplet spin state and plot the transmission curves

in Figure 5.9.

a b Transmission curves ¢ Room temperature conductance
1 o 0 0
.14 DQl-l-neutral ‘ﬁl‘ A A/th
{ ,,.‘,‘ 2 \}/ :
w4 I /WA o 2
= ./ N 6’
g 2 .
8 ~—DQI-1-neutral -
x X ~——DQ-1-radical up
VoA o < 3 . "
e X / // DQl-1-radical 10 DQk-1-radical down %
e o "1}3‘ i - =2 & & 1 @ -4 2 0 2 4
EEp (eV) E, (eV)

Figure 5.8: (a) the geometries of DQI-1-neutral and DQI-1-radical within junction. (b)their
transmission curves (c)the room temperature conductance for stable radical where the purple one

is the average of spin up and spin down transmission
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Transmission curves Room temperature conductance
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Figure 5.9: (a) the geometries of DQI-1-neutral and DQI-1’-radical within junction. (b)their

transmission curves (c)the room temperature conductance for stable radical where the purple one

is the average of spin up and spin down transmission

Ef=-2.901 eV
HL gap =2.29 eV

HOMO-2=-4.707 eV  HOMO-1=-4.640 eV HOMO=-4.126 eV LUMO=-1.836eV  LUMO+1=-1.220eV

Figure 5.10: Frontier molecular orbitals of DQI-1-neutral studied molecule with its eigenvalues

obtained from DFT, where red represents positive and blue indicates negative regions of the

wave functions.
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The two ends of the above HOMOs and LUMOs have the same signs and therefore the product

rule predicts DQIL.

M s S down HL gap=0.534eV
Total spin polarization (Qup-Qdown) = 0.000003
Ef=-4.233eV S up HI gap=0.533eV
Spin down
v v y
X I F ) CY
4 X b
153:HOMO-2=-4.864eV 155:HOMO=-4.501eV 157:LUMO+1=-2.357eV
€ 154:HOMO-1=-4.823eV 156:LUMO=-3.967eV 158:LUMO+2=-1.654eV
Spin up o .
%, ; gg, & :ﬁ;’ &
153:HOMO-2=- 4.865€V 155:HOMO=-4.499eV 157:LUMO*1=-2.358eV
154:HOMO-1=-4.819eV 156:LUMO=-3.966eV 158:LUMO+2=-1.657eV

Figure 5.11: Frontier molecular orbitals of DQI-1-radical studied molecule with its eigenvalues
obtained from DFT, where red represents positive and blue indicates negative regions of the

wave functions

In this case, we cannot apply the product rule, because one side of LUMOs is negligibly small.
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v ¥ S down HL gap=2.042 eV
Total spin polarization (Qup-Qdown) = 1.999228 )

Ef=-4.212eV S up Hl gap=0.739 eV
Spin down
M v
: : ; ir o .'Il'; e\ on‘s

Fy

154:HOMO-2=- 4,909eV 156:HOMO=-4.408¢eV 158:LUMO+1=-1.708eV
155:HOMO-1=- -4.639%V 157:LUMO=-2.366eV 159:LUMO+2=-1.527eV
Spin up s .‘
v . X 1 9

152:HOMO-2= -4.839eV 154:HOMO=-4.753eV 156:LUMO+!=-3.938eV

153:HOMO-1=-4.838eV 155:LUMO=-4.014eV 157:LUMO+2=-2.310eV

Figure 5.12: Frontier molecular orbitals of DQI-1’-radical studied molecule with its eigenvalues
obtained from DFT, where red represents positive and blue indicates negative regions of the

wave functions

The two ends of the above HOMOs and LUMOs have the same signs and therefore the product
rule predicts DQI. However, for spin up, we cannot apply the product rule because one side of

LUMO is negligibly small.

5.3.3 The DQI 2 case

As shown in Figure 5.15, the HOMO and LUMO products of DQI-2-neutral have the same sign and
therefore DQI is predicted. This is further confirmed by my transmission calculation, where a dip appears
in the HOMO-LUMO gap as indicated by the blue curve in Figure 5.13. The transmission coefficient of
the singlet case is plotted in Figure 5.13b, with spin up and spin down channels almost identical due to the
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symmetric character of this molecule. The room temperature conductance is plotted in Figure 5.13 ¢
indicating an increased conductance compared with its neutral counterpart near the Fermi energy. |

further carried on the calculation with a triplet spin state and plot the transmission curves in Figure 5.14.

a b Transmission curves ¢ Room temperature conductance
o 5 0
By P T
5 4= DQl-2-neutral AL !
COTEET ’ i \
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~—DQI-2-radical up
41 0 DQI-2-radical down| -6
e, 55 g : -1 1 -4 -2 0 2 4
;f*: A% pQI-2-radical 3oz m?r 23 E_(eV
Ty gF : EED " (eV) c (eV)
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Figure 5.13: : (a) the geometries of DQI-2-neutral and DQI-2-radical within junction. (b)their
transmission curves (c)the room temperature conductance for stable radical where the purple one

is the average of spin up and spin down transmission
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Transmission curves ¢ Room temperature conductance
Op — 0
f‘» /’( 1 ] r
ég. ~/;;7j DQI-2-neutral N Ll X'mjrj]v\
T z 4/ Ny /X -
> [Ty’ %)
) i = \/ o
o
) _3) “
8 ~=DQI-2-neutral
~—DQI-2"-radical up
10 DQI-2"-radical down 6
e <<5¥  DQI-2-radical 224 0128 4 2 0 2 4
el EE;  (eV) E, (eV)
Ne e AT =S

Figure 5.14: : (a) the geometries of DQI-2-neutral and DQI-2’-radical within junction. (b)their

transmission curves (c)the room temperature conductance for stable radical where the purple one

is the average of spin up and spin down transmission

Ef=-2.937eV
HL gap= 1.968 eV

. - 157:LUMO+1=-1.206eV
153:HOMO-2=-4.791eV 155:HOMO=-4.245eV

154:HOMO-1=-4.513eV 156:LUMO=-2.277eV 158:LUMO+2=-1.116eV

Figure 5.15: Frontier molecular orbitals of DQI-2-neutral studied molecule with its eigenvalues

obtained from DFT, where red represents positive and blue indicates negative regions of the

wave functions
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The two ends of the above HOMOs and LUMOs have the same signs and therefore the product

rule predicts DQI.

¥ % S down HL gap=0.535eV

Total spin polarization (Qup-Qdown) = 0.000000 _
Ef=-4.210eV S up Hl gap=0.535 eV

‘v B & KK

152:HOMO-2=-4.978eV 156LUMO+1=-2.794eV
153:HOMO-1=-4.806eV il st 155:LUMO=-3.943eV 157:LUMO+2=-1.773eV

' 157:LUMO+2=-1.773eV

153:HOMO-1=-4.806eV . e
152:HOMO-2=-4.978eV 154:HOMO=-4.478ey 1S5:LUMO="3.943ev .\ orey

Spin down

Figure 5.16: Frontier molecular orbitals of DQI-2-radical studied molecule with its eigenvalues
obtained from DFT, where red represents positive and blue indicates negative regions of the

wave function

From this figure, we cannot apply the product rule because the two sides of HOMOs and

LUMOs are negligibly small.
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. N S down HL gap=1.588eV
Total spin polarization (Qup-Qdown) = 1.999824

Ef=-4.199eV
S up Hl gap= 0.864eV

Spin down

. e . . 157:LUMO+1=-1.819eV
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151:HOMO-2=4.940eV 153:HOMO=-4.804eV 155:LUMO+1=-3.938eV

152:HOMO-1=-4.806eV 154:LUMO=-3.940eV 156:LUMO+2=-2.753eV

Figure 5.17: Frontier molecular orbitals of DQI-2’-radical studied molecule with its eigenvalues
obtained from DFT, where red represents positive and blue indicates negative regions of the

wave functions

The two ends of the above HOMOs and LUMOs have the same signs and therefore the product
rule predicts DQIL.
For spin-up, we cannot apply the product rule because the two sides of HOMOs and LUMOs are

negligibly small.

From the above transmission and conductance properties of these molecules, we found that the
conductance of the radical is greater than that of the neutral molecule in both cases of CQI and

DQL
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5.4 Summary

This chapter emphasizes that stable organic diradicals have the potential for enhanced
conductance compared to their closed-shell counterparts. Specifically, the triplet spin state case
provides more enhancement than the singlet spin state. The influence of diradical based on CQI
and DQI neutral molecules is also studied. Generally, we observe a bigger enhancement for a

DQI system than that on a CQI system.
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Chapter 6

Conclusion and Future Work

6.1 Conclusion

In conclusion, I have explained the fundamental equations and tools that support my work,
including the Schrodinger equation, density functional theory (DFT), and the DFT-based
SIESTA program. Additionally, I have discussed single-electron transport theory and given some
examples about how it might be used. These concepts are explained in chapters 2 and 3,
respectively.

In chapter 4, I studied charge transport through molecular cores connected to electrodes by
linkers with conjugated © systems are formed from both 7, and 7y orbitals. I found that DQI dips
in transport though the 7, system can be hidden, because the my orbitals of the linkers can couple
to the sigma system of the core and create a parallel conductance channel. To explore this issue, I
introduced magic number theory, an orbital product rule and made use of Dyson’s equation to
describe the effect of heteroatom substitution. I found that although the sigma channel usually
makes only a small contribution, it becomes dominant when DQI suppresses transport through
the m, system. This mechanism was demonstrated by increasing the size of the core from benzene
to naphthalene and then anthracene, which successively suppresses transport through the sigma

system and for the largest core allows the DQI transport dips to become visible.

Chapter 5 discussed the impact of diradicals on electron transport properties. I found that the

conductance of the diradical is enhanced in both the CQI and DQI cases.
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6.2. Future work

During the period of my research, I investigated the electrical conductance of several different
molecules that were connected to gold electrodes. To continue the work done in Chapter 4 where
one C atom is substituted by atom N, the effect of substituted by more N atoms and other type of
atoms will be studied. In this thesis, I have mainly focussed on electrical conductance. For the
future, it would be of interest to examine thermoelectric effects and thermal transport, to
determine if heteroatom substitution and diradicals can be utilised to increase the thermoelectric

efficiency of organic molecules.
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Appendices
Appendix 1: Correction for Basis Set Superposition Error (BSSE) and Counterpoise
Correction (CP)

Basis Set Superposition Error Correction (BSSE) is a critical component that affects the
precision of energy interaction calculations with incomplete bases. It is typically understood in
conjunction with intermolecular interactions, especially in systems with weak intermolecular
interactions. The SIESTA implementation of DFT used in this thesis means that the BSSE
begins to use the linear combination of the atomic orbital formalism, which consists of a final
nuclei-focusing basis when atoms are close enough to overlap their basis functions. This may
artificially reinforce the atomic bond, shorten atomic distances, and therefore change the overall
system energy. Boys and Bernardi proposed a method for lowering BSSE in molecular
complexes in 1970 that used a so-called counterpoise-correction scheme with two geometrical
configurations. Consider the molecular systems A and B, which are separated by a distance R.
The interaction energy can be explained in.

AE4R,(R) = EAP(R) — E* — EP (1)
The overall energy of the supersystem is represented as AE;,;. AB, while E4and E? represent
the energies of the isolated subsystems.

Figure 1: shows counterpoise correction for dimers A and B.

119



- A

v YWY
Bo.do. .80.d,

/

Figure 1: shows the Counterpoise method for calculating binding energy. (a) illustrates the basis
functions for a whole system, with the atoms in white and the basis functions in grey. (b) and (c)
represent the basis function for individual monomers, whereas (d) and (e) show the counterpoise
correction. In (a), each molecule can be evaluated using the same basis function as the overall

system.

Figure 1 a, b, and c illustrate the two isolated molecules and their corresponding basis functions,
whereas the shaded grey atoms in figures 1, d and e show the ghost states (basis set functions
without electrons or protons). The Basis Set Superposition Error Correction (BSSE) is obtained
by recalculating the binding energy Ejp;,, using the mixed basis sets produced by introducing

ghost orbitals and then decreasing the error from the uncorrected energy.

Egin = Eq — (Ed + Ee) (2)
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In figure 1, E,, E; and E, represent the total energy of the systems (a), (d), and (e), respectively.
This is an important idea, which has been effectively used in many systems to provide

dependable and realistic energies.

Appendix 2: The coefficients of thermoelectricity S

At the turn of the nineteenth century, Seebeck, Peltier, and Thompson discovered the connection
between heat, current, temperature, and voltage. The Seebeck effect describes the generation of
electrical current as a result of a temperature difference, whereas the Thompson and Peltier effects
describe the cooling or heating of a current-carrying conductor. A deeper mechanism can be
envisaged in which the differential temperature (AT) and a theoretical drop in value (AV) occur in
the system, causing heat and charge variations. In order to obtain the thermoelectric coefficients
of a device that has two terminals, the usual Landauer-Buttiker formulas can be generalised to
account for heat (Q) and charge (I) currents under the linear base and temperature scheme. The
structure of the system consists of a scattering area connected to two leads that are connected to
two electron reservoirs. The construction of these reservoirs depends on the use of the chemical

potentials y; and ug, temperatures J; and Jg, and the Fermi distribution function.
E—p\ 71
fi(E)=<1+e"BTi> (1

The right moving charge current of an individual k-state coming from the left reservoir may be

calculated using the number of electrons per unit length n, Fermi distribution f;, , group velocity v,
, and the scattering region's transmission coefficient T(E).
(2)
I = nevy(E(k) T(E(K)) fi(E(K))
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Therefore, it is possible to get the total charge from right moving states by adding up all positive
k states and then integrating them into an integral form;

where n = 1/L for the electron density.

_ 1 9E(K)
And, v, = - ok -

11 0E(k)

. _ [tz
Ik—kezg—arT@@DﬁWWD—[milﬂ@ﬁ@ﬁw G)

So, for the states that move to the left, we get:

t©2e
E=£-—HD&@ME

h
4
Thus, the total right-moving current may be expressed as follows:
L . 2e (™
=r-r =2 TE GE - e dE )

Equation 7 is the formula that represents Landauer-Biittiker. A similar derivation can be done
for the heat current (or energy current) of the same system, beginning with the connection Q =

Env, rather than I = nev, . The result is similar to the previous one, but it has two new terms:

122



(o)

(v ) ar) ©)

The Onsager relation describes the relationship between the thermoelectric coefficients L and M

in the absence of a magnetic field:

M=-LT (7)

T represents the temperature. The present relationships can be described using the following
observable thermoelectric coefficients, electrical resistance (R) = 1/G,

thermopower (S) = -AV/AT, the Peltier coefficient I1, and the thermal constant (k):
1
AV (6 G 1\_(R S\(1
< Q ) \Mo LM (AT) - (17 —K) (AT) (8)
G

It is possible to define the thermopower S as the potential drop that occurs as a result of a

temperature differential when there is no electrical current present:

s=- (@), = g

The heat transfer only caused by the charge current in the absence of a temperature differential is

called the Peltier coefficient I1.
Q M
Mn=(= =—=-ST 10
( I )AT—O ( )
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Finally, in the absence of an electric current, the heat current generated by a temperature drop is

defined as the thermal conductance k:

k== <AQ¢),_O = (1 * Szzf T) (11)

Of course, the assessment of S or IT indicates the device's potential as a current-driven cooling
device or as a heat-driven current generator.
The following observable thermoelectric coefficients can also be used to define the

thermoelectric figure of merit, ZT:

S2GT
T =

P (12)

The ZT is determined in classical electronics by finding the highest induced temperature
difference when Joule heating is present, which is caused by an applied electrical current.
Assume that the current-carrying conductor is positioned between two heat baths which are 7;
and Jz,and two electrical potentials which are V; and Vy.

The thermoelectric figure of merit is calculated by determining the maximum induced
temperature differential in a conductor due to an electrical current. Using equation 3.14, we may

define (Q) as the heat gain from bath L to R.

Q=11-kAT (13)
Heat transfer causes the left bath to cool and the right bath to heat, resulting in an increase in AT.

The Joule heating amount is proportional to the electrical resistance and the square of the current
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and is represented as Q ; = RI*. In the steady state case, this Joule heating will also change the

temperature difference caused by the heat transfer.

RI? (14)
HI—kAT :T

whereas R/2 represents the sum of two parallel resistances (internal and external). After
reorganising this, the temperature difference is as the following:

M_1 0 R I? (15)
Tk 2

This expression illustrates the dependence of the temperature differential on the current. To
obtain the greatest temperature difference, the derivative of equation 17 with respect to the

electric current is used:

aAT_H—IR_O (16)
ol k

Lastly, we may find the maximum temperature difference by rewriting I=I1 /R and putting

equation 12 into equation 18, and we can get:

ISP

BT )max =337 = ok (17)

(AT )pax  S2GT 1 (18)
T 2k

A dimensionless number that may be used to express the "efficiency" of a molecular device.
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