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Abstract

This thesis is mainly focusing on the theoretical modeling of electron transport
through molecules containing transition metals (Fe, Ru, Os), where the main

contributions are,

i) electron transport in the coherent tunneling scheme where two mod-
els are evaluated in different perspective of orbital basis for understanding de-
structive quantum interference (DQI): one is the graphical rules which based on
visually inspecting the connectivity of the carbon sites in conjugated 7 systems
in an atomic orbital (AO) basis; the other focuses on the amplitudes and signs
of the frontier molecular orbitals (MOs). We clarify the reconciliation between
both models in terms of the zeroth order Green’s function and compare their
usability of predictions for a variety of systems. The conclusion we draw is
that for a correct description of DQI from a MO perspective, it is necessary to
include the contributions from all MOs rather than just those from the frontier
orbitals, while graphical rules are applicable for all the systems we tested in this
work while frontier MOs approximation fails to predict some cases properly.

The graphical scheme in this sense has more general applicability.

ii) Double-branched molecules containing ferrocene moieties are of in-
terest due to the fact that Fe(II) can be oxidized where asymmetry can be
induced by oxidizing just one of the redox centers. If the symmetry of the two
branches for electrons passing through is broken, DQI is supposed to occur.
In these type of molecules, neither the graphical AO scheme nor the frontier
orbital approximation can be applied to predict DQI since the ferrocene moi-
ety is not part of the planar m-conjugated backbone. Hence we developed an
atomic orbital (AO) fragment orbital (FO) scheme to illustrate the potential

parameters causing DQI for these molecules containing ferrocene. We find that



the through-space coupling between left and right anchor groups is the deci-
sive parameter that causes DQI appearing in the interesting region closer to
the Fermi level regardless of the number of branches. We studied the charging
effect by putting a counter charge chlorine in the junction and closer to one of
the branches on the conductance, where we find that the charging effect rigidly
shifted the transmission curves upward in the energy region but has no impact

on the DQI feature we observed in the corresponding uncharged cases.

iii) When there are more spacer groups embedded in double-branched
molecules, the decisive parameter through-space coupling we identified for the
ferrocene molecules is vanishing due to the increased molecular length. We
therefore want to see what is the impact of the expanded size on the conductance
and more interestingly, will the vanishing through-space coupling enable the
occurrence of DQIL. Ru/Os(PPhy)s(CyHy )4 bis(pyridylacetylide) compounds are

investigated for this purpose.

iv) With the junction length increasing, the hopping process through
the Ru/Os(PPhy)s(CoHy)4 bis(pyridylacetylide) cyclic molecules in its respec-
tive symmetric (neutral) and asymmetric (charged) cases is intriguing. Within
the Marcus theory framework we attempt to calculate the parameters for cal-
culating hopping conductance for these cyclic molecules containing transition
metals (Fe, Ru, Os). For the charged systems, spin-polarization is required for
understanding the energy shift of the singly occupied orbital, since its energetic
position defines the driving force, which is one of the key parameters in the

Marcus theory.

v) We investigate the electrical transport properties of two type of
molecular wires containing ferrocene moiety with same and different anchor-
ing groups, 1,1’-bis(thiophenol-4-ethynyl)ferrocene and 1-(3-pyridylethynyl)-1’-
(thiophenol-4-ethynyl)ferrocene, respectively, where a ferrocene moiety can be
oxidized and in electron transport play a role as a switch between two redox
states (Fe II/ Fe III), i.e. it allows for redox-gated control of the electron pop-
ulation at the ferrocene moiety as a switching mechanism between two redox
states. It is interesting to see the influence on the conductance of the molecule
containing different anchoring sites (pyridyl on one side and thiol on the other
side) versus the same anchoring sites (thiol on each side) adsorbed to a STM-tip

and a surface for forming a junction. The potential configurations formed in the



junctions and the trends of conductance variation for the two type of molecules

are emphasized.

In the coherent transport scheme, destructive quantum interference is
addressed, tight-binding (TB) methods and Larsson’s formula are introduced
for interpreting the reasons for DQI occurrence. The description of electronic
structures and properties for single molecular junctions is based on the den-
sity functional theory (DFT) combined with the non-equilibrium Green’s func-
tion formalism (NEGF). In this thesis both transport regimes are investigated,
namely phase-coherent transport and two-step electron hopping. For the for-
mer a Landauer-Biittiker formalism is used, while for the latter three key pa-
rameters, namely the reorganization energy, the driving force and the transfer
integral are needed for calculating the conductance within the framework of the

semi-classical Marcus-Hush theory.






Zusammenfassung

Diese Arbeit beschéftigt sich mit der theoretischer Modellierung des Elektronen-
transports durch Molekle, die Ubergangsmetall (Fe, Ru, Os) enthalten. Deren
Hauptbeitrage sind:

i) Elektronentransport im kohérenten Tunnelschema, fiir das zwei Modelle mit
unterschiedlicher Orbitalbasis ausgewertet werden, um die destruktive Quan-
teninterferenz (DQI) zu verstehen: Zum einen die graphischen Regeln fiir =
-Systeme auf einer Atomorbital (AO) -Basis, die auf der visuellen Uberpriifung
der Konnektivitdt der Kohlenstoffstellen im konjugierten Raum beruhen; der
andere Modell konzentriert sich auf die Amplituden und Vorzeichen der Grenz-
moleklorbitale (MOs). Wir erkléren die Verbindung zwischen beiden Modellen
durch Analyse des Green’s Funktion 0-ter Ordung und vergleichen ihre Verwend-
barkeit fiir Vorhersagen fiir eine Vielzahl von Systemen. Die Schlussfolgerung
die wir ziehen ist, dass fiir eine korrekte Beschreibung von DQI aus einer MO-
Perspektive die Beitrage aller MOs und nicht nur die der Grenzorbitale ein-
bezogen werden miissen. Wihrend fiir alle Systeme, die wir in dieser Arbeit
getestet haben, grafische Regeln gelten, die Ndherung basierend auf Grenz-MOs
einige Fille kann nicht richtig vorhersagen. In diesem Sinne hat Das graphische

Schema eine allgemeinere Anwendbarkeit.

ii) Doppelt verzweigt Molekiile, die Ferroceneinheiten enthalten, sind von In-
teresse, da nur eines der Redoxzentren Fe (II) oxidiert werden kann, wodurch
Asymmetrie induziert werden kann. Wenn die Symmetrie der beiden Zweige fiir
durchlaufende Elektronen gebrochen ist, sollte DQI auftreten. In diesem Typ
von Molekiilen kann weder das graphische AO-Schema noch die Grenzorbitalap-
proximation zur Vorhersage von DQI angewendet werden, da die Ferrocenein-

heit nicht Teil des planaren 7 - konjugierten Riickgrats ist. Daher haben wir ein
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Atomorbital (AO) Fragment Orbital (FO) Schema entwickelt, um die entschei-
denden Parameter zu finden, die DQI fiir diese Ferrocen enthaltenden Molekiile
verursachen. Wir identifizieren Through-Space-Kopplung zwischen linken und
rechten Ankergruppen als der entscheidenden Parameter, der bewirkt, dass DQI
in der interessierenden Region unabhéngig von der Anzahl der Verzweigungen
néher an der Fermi-Ebene erscheint. Wir untersuchen den Ladungseffekt, in-
dem wir eine Gegenladung Chlor in die Verbindung und ndher zu einem der
Zweige setzen. Wir finden, dass der Ladeeffekt verschiebt die Transmissions
kurven im Energiebereich starr hat, aber keinen Einfluss auf die DQI. die
Ferrocen-Molekiile identifizierte entscheidende Parameter der Through-Space-
Kopplung aufgrund der erhhten Molekiillinge. Wir wiirden daher gerne sehen,
was der Einfluss der expandierten Groe auf die Leitfahigkeit ist, und interessan-
terweise wird die verschwindende Through-Space-Kopplung das Auftreten von
DQI ermoglichen. Zu diesem Zweck werden Ru/Os(PPhs)s(CoHy)y
bis(pyridylacetylide) -Verbindungen untersucht.

iii) Wenn in doppelt verzweigt Molekiilen mehr Spacer-Gruppen eingebettet
sind, verschwindet der fiir die Ferrocen-Molekiile identifizierte entscheidende
Parameter der Through-Space-Kopplung aufgrund der erhohten Molekiilldnge.
Wir untersuchen daher, was der Einfluss die Molekiile Lange auf die Leitfahigkeit
ist. Interessanterweise ermoglicht die verschwindende Through-Space-Kopplung
das Auftreten von DQI. Zu diesem Zweck werden Ru/Os(PPhs)s(CaHy)y
bis(pyridylacetylide) -Verbindungen untersucht.

iv) Mit steigender Verbindungslénge ist der Hopping-Prozess durch die

Ru/Os(PPhy)s(CoHy), bis(pyridylacetylide) zkelische Molekiile in ihren jeweili-
gen symmetrischen (neutralen) und asymmetrischen (geladenen) zustand inter-
essant. Im Rahmen der Marcus-Theorie versuchen wir, die Parameter fiir die
Berechnung der Sprungleitfdhigkeit fiir diese cyclischen Molekiile zu berechnen,
die Ubergangsmetalle (Fe, Ru, Os) enthalten. Fiir die geladenen Systeme ist
eine Spinpolarisation erforderlich, um die Energieverschiebung eines einfach be-
setzten Orbitale zu verstehen, als die energetische Position des Orbital ist ein

Schliisselparameter der Marcus-Theorie.

v) Wir untersuchen die elektrischen Transporteigenschaften von zwei Arten

von molekularen Drahten, die eine Ferroceneinheit mit gleichen und unter-
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schiedlichen Ankergruppen enthalten, 1,1’-bis(thiophenol-4-ethynyl)ferrocene und
1-(3-pyridylethynyl)-1’-(thiophenol-4-ethynyl)ferrocene. Dort kann ein Ferro-
cenrest oxidiert werden und bei Elektronentransport die Rolle als Schalter zwis-
chen zwei Redoxzusténden spielen (Fe IT/Fe III), dh er erlaubt Redox-gesteuerte
kontrolle der Elektronenpopulation bei der Ferroceneinheit als Schaltmecha-
nismus zwischen zwei Redoxzustdnden agieren. Wir untersuchen den Einfluss
von Molekiilen mit verschiedenen Verankerungssteller (Pyridyl auf der einen
Seite und Thiol auf der anderen Seite) gegeniiber der selben Verankerungssteller

(Thiol auf jeder Seite) an einer STM Spitze und einer Oberflache auf die Leitfahigheit.

In dem kohérenten Transportschema wird die destruktive Quanteninterferenz
behandelt, Tight-Binding (TB) -Methoden und Larssons Formel werden eingefiihrt
um die Griinde fiir das DQI-Auftreten zu interpretieren. Die Beschreibung elek-
tronischer Strukturen und Eigenschaften fiir einzelne molekulare Verbindun-
gen basiert auf der Dichtefunktionaltheorie (DFT) in Kombination mit dem
Nicht-Gleichgewichts-Green’s funktionsformalismus (NEGF). In dieser Arbeit
untersuchen wir sowohl phasenkohérente Transport und Elektronen hopping.
Fiir ersteres benutzen wir den Landauer-Biittiker -Formalismus, wahrend fiir
die Berechnung des hopping Leitfdhigkeit, semi-klassische Marcus-Hush-Theorie
mit den drei Schliisselparameter, ndmlich die Reorganisationsenergie, die “driving

force™und das Transferintegral verwerden.
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CHAPTER 1

Introduction

Single transistor (size of 100 nm scale) devices were first produced by researchers
in the early 2000s [1], the present standard smallest commercial transistor com-
ponents (around 67 silicon atoms)in a microprocessor is available from Intel. In
2017, IBM revealed that they had created silicon chips scaling down to 5 nm.
For microprocessors with transistors smaller than 7nm the quantum mechanical
wave nature cannot be ignored, and the quantum tunneling through its logic
gates has a strong influence on device operation, e.g. conductance. This makes
nano-scale systems fundamentally differ from the macroscopic device where clas-

sic models like Ohm’s law [2, 3, 4, 5] does not apply.

The field of molecular electronics has been active for more than 40
years since Aviram and Ratner originally proposed a single molecule as a device,
namely a molecular rectifier [0]. Since mid 1990s experimental advances helps
the electronic characterization [7, 8, 9, 10], and then promotes the molecular
electronics filed. Single molecule electronics is a field which aims at maintaining
a continuous rise in performance of digital devices even once the lower thresh-
old for miniaturization faced by the semiconductor industry has been reached
(where the current threshold for device operation is a key limiting condition for
designing parameters since it determines the heating of the device). Molecules
can self-organize when absorbed to electrodes, which is an essential advantage

for overcoming the the technology difficulties.

Branched molecules containing a redox active center in each of their

two branches might open up intriguing new possibilities also independent on
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CHAPTER 1. INTRODUCTION

the respective electron transport regimes. For phase coherent electron tun-
neling, wave-like interference effects might be induced due to an asymmetry
caused by the use of different metals in the two branches or by charging one of
the branches, which might be an enabling tool for device design. In the hopping
regime on the other hand a local gating effect might be achieved, because the
charge on the metal in one branch possibly has an influence on the electron
transport through the other, thereby offering a route towards chemical sensors.
Within this thesis both possibilities will be investigated with theoretical simu-
lations based on density functional theory for a series of target molecules. The
semiclassical Marcus theory will be involved for describing electron hopping and
a non-equilibrium Greens function approach for the description of phase coher-
ent tunneling. There are two setups in experiments for forming single molecule
junctions, namely Scanning Tunneling Microscope (STM) [10, 11, 12] and Me-
chanically Controlled Break Junctions (MCBJs) [13, 14, 15, 16, 17]. In STM
method a conducting STM tip approaches the nearest atom on the sample and
drags an atomic chain up during the withdrawing process. The idea of the
MCBJ technique is to fabricate nanocontacts by pulling a ductile metal wire
until it narrows down and eventually breaks and then let the ends of the con-
tact approach each other again, where single molecule can be trapped in the

process.

The main goal of this thesis is a theoretical characterization of the
electron transport of single molecule junctions under electrochemical conditions
in which the molecules are attached to two gold leads, where for both transport
regimes a big challenge lies in the independent adjustment of the oxidation state
of the two redox-active centers in the investigated molecules. The investigated
molecules differ in various structural aspects from each other such as anchoring
sites and chemical nature of the metal center whcih result in markedly different
transport characteristics. This work will aim at an explanation of distinctive
properties found for individual molecules. Acknowledging that the synthesis of
larger metal-organic complexes is a formidable challenge for organic chemists,
the theoretical screening of the properties of similar compounds with poten-
tially decisive differences in their electronic properties with respect to electron
transport is also meant to provide guidelines in terms of which compounds
should be aimed for regarding particular applications. The fundamental ques-

tion in the field of molecular electronics is: when electrons move through a
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CHAPTER 1. INTRODUCTION

single molecule, how does an organic complex play a role in the perspective of
structure and metallic property for transmission? How to interpret the electron
as wave-particle duality? This question actually can be addressed by using non-
equilibrium Green’s function techniques (NEGF). NEGF techniques for electron
transport problems on the molecular scale are used by different groups, and the
agreement between simulations and experiments has improved considerably in

recent years [18], [19].

Quantum interference (QI) effects have been found to significantly re-
duce the conductance in some single molecule junctions containing conjugated
7w systems where graphical rules could be derived to predict their occurrence
from the molecular structure [20, 21]. QI effects could be applied for logical
gates [22] and data storage [23] in single molecule electronics, and have been
suggested as a general tool for the implementation of various type of single

molecule devices.

This thesis is organized as follows: The next two chapters 2, 3 1

will talk about density functional theory and non-equilibrium Green’s function,
based on which we conduct all the calculations. The fourth chapter 4 is about
destructive quantum interference (DQI) for various type of molecules, and I fo-
cus on the topic under which condition DQI occurs. Chapters 5 and 6 of this
thesis are the analysis of DQI on particular double-branched cyclic molecules
from a size range of 8 A to 21 A. Chapter 7 is about electron hopping, within
the framework of Marcus-Hush theory [24, 25, 26]. For cyclic molecules when its
length increases, hopping regime as one of the electron transport mechanisms
will play an important role for conductance, this process will be influenced by
temperature as well as the oxidation states of the metal complex. We came
up with two charging schemes, namely external charge and chlorine induced
charge where the latter creates an asymmetry by manually putting chlorine
atom closer to one of the branches, hence it would be interesting to see how
the charge accommodates respectively on two branches after one of the metal
centers is oxidized. The last chapter & is about the prediction for molecular
geometries in the junction, the investigation of the conductance dependence
on configurations through ferrocene compounds with different anchor groups
in single-molecule junctions can be used for predicting the experimental mea-

surements. In this work, I put emphasis on predicting the potential junction
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CHAPTER 1. INTRODUCTION

geometries, the impact of molecular and interface dipole moments are consid-
ered and charge distribution over each molecule and metal surface when they

form a junction is calculated to illustrate their interaction in the interface.

All the calculations are done with the GPAW code and the atomic
simulation interface (ASE), which is based on density functional theory (DFT)
and use the projector-augment wave (PAW) method, in this thesis linear com-

bination of atomic orbitals(LCAQO) basis set for the wave functions is used.
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CHAPTER 2

Density Functional Theory (DFT)

2.1 The many-body problem

The electronic many-body problem consists of finding the solutions of the Schrédinger

equation for a system of N interacting non-relativistic electrons,
ﬁ\l’i(r1017 ceey I‘NO'N) = Ei\I/i(I‘lUl, veey I'NO'N) (21)

considering the spin ¢;, where the wave function ¥; tells us the quantum state of
the system, in most cases H is the operator corresponding to the total energy of
the system. Solving the full many-body Eq. 2.1 is a tough numerical problem,
since the number of parameters required to establish a reasonably accurate
U grows exponentially when the number of electrons increase. In general the
many-electron wave function (ryoq,..., ryoy) for a system of N electrons is not
a legitimate scientific concept when N > 103 (Kohn, 1999). Within the Born-
Oppenheimer approximation due to the large difference of masses between nuclei
and electrons (M; /m. =~ 10% ), the electrons are considered as moving in a field
of fixed nuclei, and the nuclei are affected by an effective potential generated by
the electrons, so the movement of electrons and nuclei can be considered to be
decoupled and the Hamiltonian of the N-electron system then can be reduced

to,
N M

N
. 1 Z 1 1 o
H==> sVi-)> > —gmitg2i =T +Ver+Vee (22)
i=1 i I v 1] i#j frs = x|

where V.. is the two-body interaction operator. There are several schemes,

Hartree-Fock, DFT used for mapping it into an effective single particle potential.
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CHAPTER 2. DENSITY FUNCTIONAL THEORY (DFT)

2.1.1 The Hohenberg-Kohn Theorems

The variational principle in quantum mechanics states that the expectation
energy computed from an unknown wave function ¥ is an upper bound to the
true ground-state energy Fjy. Full minimization of the functional E[¥] with
respect to all allowed N-electrons wave functions will give the true ground state

U and its energy Ey,

By = min (U [T+ Vegr + Vee | ©) (2:3)

U—

The First Hohenberg-Kohn (HK) theorem is to separate Eq. 2.3
into two parts where the first term is the universal term which is independent

of the system,

FHE — min (U | T+ V. | 0) (2.4)
v—N

the second term in Eq. 2.3 is a functional of merely the electronic density

J drn(r)Vez(r) where n(r) is the electron density which is defined as the proba-

bility to find electrons in the volume f dr. Since FHK

is universal (independent
of the system), the minimum FEy only depends on the density, meaning that
from the ground state density ng(r), the external potential can then be deter-
mined uniquely, Hamiltonian and other properties of the system can be defined
such as, the energy as functional E[ng(r)], the kinetic energy as T'[no(r)], and
the electron-electron interaction as Vee[no(r)]. Physical observables are then

obtained from expectation values, which are functionals of ng(r) as well.

The second HK theorem states that FHX delivers the lowest en-
ergy if the input density is the true ground state density. Vee(r) can be divided
into two parts where the first part is the classic coulomb term Viz[ng(r)] =
% I [ Wdrdr’ (atomic units are used through out this thesis), the sec-
ond part contains non-classic electron-electron interactions: such as exchange
and correlation. While the explicit form of the non-classic part of functional

FHE ig 3 major challenge of DFT.
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CHAPTER 2. DENSITY FUNCTIONAL THEORY (DFT)

2.1.2 The Kohn-Sham Equations

In 1965 Kohn and Sham [27] proposed an approach to overcome the problem
of inaccurate approximations for the kinetic energy functional in FHX with
Thomas-Fermi model and Orbital-free DFT, where the assumption is that for
an interacting N electrons system with non-uniform ground-state density ng(r),
there is an equivalent non-interacting electron system with the same ground
state density as the interacting system. For an interacting system the electrons
are interacting with each other so the Hamiltonian operates on all electrons,
Schrédinger equation (SE) is constructed and needs to be solved to obtain ex-
act wavefunction for all interacting electrons. While for a non-interacting system
one electron is moving in an “average “potential caused by the rest of the elec-
trons in the system (for Kohn-Sham non-interacting electrons this potential is
caused by the electrons under the Kohn-Sham assumption), SE is constructed for
one electron, to obtain approximate wavefunction for all electrons one combines
many one-electron wavefunctions. It is more accurate to do DFT calculations
for the non-interacting system since its kinetic energy expression 75,4, = —%VZ
is exact (no needs for approximation). From the universal functional FH¥ | the
unknown expressions are the kinetic energy T'[no(r)] and the electron-electron
interaction term (non-classic contribution). We firstly consider a non-interacting
system by omitting V.., where by applying the Hohenberg-Kohn theorem, the

Hamiltonian can be written as,
Hnon =T + ‘7e$t = T[n] + /dgrn(r)ﬁvemt(r) (25)

for such a non-interacting many-body ground-state, the wave function is a single
Slater determinant, where single particle orbitals ¥;(r) are obtained solving the
Schrédinger equation. The corresponding ground-state density is then obtained
from ng(r) = va | ®;(r) |>. Within an effective single particle picture, one can

then rewrite the energy functional as,

1 N N
B, = (| —3 V2 +Vewt | U) + Vi [n] + Ege[n)] (2.6)
/
where Viz[n] = [ |:(_rr)l|
remaining contributions exchange-correlation energy E..[n] as,

dr’ is the Hartree potential (Coulomb term), and the

Eyeln] = T(n] — Thon[n] + Veeln] — Vi[n] (2.7)
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Now we define:

Vet sln) = Veauln] + Vi [n] + Vil (2.8)

where Vm[n] = 8E57;[”] and the single particle Schrédinger equation for solving

the ground-state density of interaction system becomes,
1 N
(=5 V° +VersIn)Wilr) = &:Wi(r) (2.9)

In kohn-Sham approach one needs firstly to find a Vef #[n] which is equal to
kohn-Sham potential so that the ng[r] of the system is equal to the kohn-Sham
ground-state density, then obtain the wavefunction with Slater determinant for
the kohn-Sham non-interacting electrons and build the density ng[r] so as the
ground state energy Eg[r]. Once we know 2.8 and 2.9 one can insert Veff
into the one-particle equation, which in turn determine the orbitals and the
ground-state density so as the energy in Eq. 2.6 which is written as the sum
of the kinetic energy part in terms of a functional of the molecular orbitals and
functionals of the density for the rest of energy contributions. The Kohn-Sham

equations have to be solved iteratively.

The exchange and correlation (xc) energy functional in density func-
tional theory is undefined (in exact analytical) terms but important functional
of ng in Kohn-Sham DFT, the crucial approximation is the relation between the
interacting system and the non-interacting system under kohn-Sham assump-
tion. The exchange-correlation term describes the effects of the Pauli principle
and the coulomb potential beyond a pure electrostatic interaction of the elec-
trons, if one would know the exact exchange-correlation potential then we would
solve the many-body problem exactly, a sufficiently accurate and computation-
ally conventional approximation is needed. The xc-energy can be viewed as
the energy resulting from the interaction between an electron and its exchange-
correlation hole [28], the separation of electrostatic and exchange-correlation
energies can be viewed as an approximate separation of the consequences of
long- and short-range effects of the coulomb interaction. We can then expect
that the total interaction energy will be less sensitive to the changes in density
for the long-range part, which can be calculated exactly. Hence only local con-
tributions (short-range effect) is accounted in E,.[n], which means it must be
possible to define the exchange-correlation energy by local or nearly local ap-
proximations. Most functional approximations are based on The local density

(LD) and local spin density (LSD) approximations.
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2.1.3 The Local-Density Approximation (LDA)

The Local-Density approximation (LDA) is originally proposed by Kohn and
Sham in 1965 [27] as the first and simplest approximate exchange-correlation
functionals and was rationalized by using a reasonable slowly varying spatial

density. Here the exchange-correlation energy is expressed as,

ELDAR) = /n(r)ezc[n(r)]dr (2.10)

where €,.[n(r)] is the exchange-correlation (xc) energy per particle of a homo-
geneous electron gas and the xc potential V. then can be expressed as,

_ OBEPAR)

LDA
VEPA] = SR

(2.11)

where the energy density e;.[n(r)] can be separated further into exchange and

correlation contributions,
Eac[n(r)] = ez [n(r)] + ec[n(r)] (2.12)

As was originally derived by Dirac [29], in a system where the density is not
homogeneous the exchange-energy is obtained by applying the homogeneous
electron gas results pointwise resulting in,

3

caln(e) = 3Dy (2,13

The LDA actually is based on a real physical system so that the exact conditions
should be considered such as sum rules (an electron present at the point r
reduces the probability of finding one at rfl, i.e. xc-hole contains one electron)
and other constraints on the xc hole. In praxis, the LDA is implemented in a

more general spin-polarized form (LSDA) with,

Eﬁ“:/wmmﬁwmmmw> (2.14)

due to the fact that it is not free of self-interaction,LDA has a wrong asymptotic
trend of exchange-correlation potential. The respective errors in exchange and
correlation energy tend to partially canceled within LDA. In praxis, covalent
bonds, metallic bonds and ionic bonds are generally well described, while the
accuracy of LDA is not sufficient for most applications, for example, binding
energies of molecules and cohesive energies of solids are usually overestimated.
In strongly correlated systems such as insulting 3 d-transition metal oxides, local

spin density approximation predicts them wrongly as metallic properties.
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2.1.4 The Generalized Gradient Approximation(GGA)

The idea of the generalized gradient approximation(GGA) is to construct xc
functionals which do not only depend on the local density but also on its gradient
vn(r), which is a better approximation accounting also for non-homogeneous

parts of the electron density distribution,
ESOM ) = [ dreGOA ), my o). Amy() || Any(x) ) (215)

There are many GGA functionals developed over years [30, 31, 32], among
them Perdew, Burke and Ernzerhof (PBE) functional [33] has been used in
this thesis. PBE has the advantages: in the lower limit t— 0 (slowly vary)
Hamiltonian is given as the second-order gradient expansion, in the upper limit
t— oo (rapidly vary) correlation vanishes, in the high density limit it cancels

the logarithmic singularity of eZP4.

2.2 The Projector Augmented Wave (PAW) method

Within the frozen core approximation that is assuming that atomic core states
are mostly localized within so-called augmentation spheres and neglecting their
adjustment during the formation of bonds in solids or molecules, wave functions
in real materials have different characteristics in different region of space, when
toward the nucleus (core states) wave functions oscillate rapidly due to the large
attractive potential of the nucleus. So a large number of plane waves are needed
to adequately describe the wavefunction and the nuclear potential, which leads

to a numerical treatment of the core states problematic.

Pseudopotentials which was developed in the 1960s [34, 35, 30] as a
way to solve Schrodinger equation for bulk crystals without knowing exactly
the potential experienced by an electron in the lattice, where the nuclei and
core electrons are described with a smoother effective potential. It is assumed
that the core electrons are tightly bound to their nuclei, as the core electrons
remain unchanged in most situations they can be replaced along with the nu-
clear potential to create a relatively weak pseudopotential, the valence and
conduction band electrons outside of the core region, which are identical to the

wavefunctions where all the electrons are taken into account are influenced only
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by this potential. The pseudopotential method gives surprisingly accurate re-
sults considering the computing time and effort involved, while the drawback of
this approach is that calculations are only done for the valence states and it is
lack of the information on the Kohn-Sham wave functions even for the valence

electrons near to the nuclei.

The projector augmented wave (PAW) method was firstly introduced
by Bléchl in 1994 [37] and it is generalized in the way that partial-wave ex-
pansions are determined by the overlap with localized projector functions thus
pseudopotential approach based on generalized separable pseudopotentials can
be obtained by a simple approximation. The idea of PBE method is to divide
the wave functions into two regions, namely, a region within an atom centered
sphere a and a region outside this sphere, where a partial-wave expansion is used
to describe the wave functions within a and envelope functions (plane waves or
other convenient basis set) for the outside region, the two are matched with
value and derivative at the sphere radius a. The setup has been implemented in
GPAW code, the PAW approach combines the methods of both the pseudopo-
tential method (computational efficiency) and the linear augmented-plane-wave

method (accuracy).

The PAW method is a way to transform the wave functions that or-
thogonal to the core states which have strong oscillations into a new, so-called
pseudo (PS) wave functions ¥ which are computationally convenient smooth

functions, where the PS wave functions are represented with a tilde,
| U(r) = 7U(r) =) | Bi(r))e; (2.16)

here ¥ are smooth auxiliary functions, which can be represented with a plane
wave expansion. U is the all-electron valence states, ¥ is the local basis set
expansion, 7 is a transformation operator, which only operates on the functions
that located in the augmentation region ( < r,) while in the region outside 7,
all-electron (AE) and PS wave functions should be identical. For Eq. 2.16
to hold, some requirements are needed for this operator: it has to be a linear
algebraic operator which is local in the sense that there are no interactions
between atom-centered spheres. Then the partial wave functions @; inside the

sphere can be transformed into numerically convenient auxiliary functions using,

F=143 030 | A | (2.17)
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with AG? = ¢¢ — @¢ within the sphere a, and &¢ = &¢ outside the sphere.
Partial wave functions ®¢ and &¢ are represented as radial functions. Each
projector function p¢ must be localized within an augmentation region and

obey,

@725 = 1, (2.18)
(| B = & |r—RY <1l (2.19)

For obtaining physical quantities one needs to evaluate expectation values of
an operator O, in PAW formalism the expectation value can be expressed in
terms of either the true or the auxiliary wavefunctions, for a local one-particle

operator (A) it is formulated as,
(A) =D falWn [ A Wa) =D fulTn | A| U0) + Y Dij(@5 | Al 27)
n n )

=D (B | A DR+ (| A W)

i n
(2.20)
with
Diyj = Z<p~z | \ijn>fn<\i1n |p~J> (2'21)

n

where n is the band index and f, the occupation of the state, D;; is the
one-center density matrix, the indices 7, j run over all valence states and only
the indices on the same atom are summed over (on-site approximation). The
second and third terms in Eq. 2.20 are neglected for operators such as the
kinetic energy and the real space projection operator because they vanish for a
sufficiently local operator “as long as the partial is converged since the partial
waves are pairwise identical outside the augmentation region, which produces
the electron density. The last term Y (¥ | A | ¥¢) is the core contribution

within the augmentation sphere.

Electron Density The electron density is defined by a plane wave
part as well as two expansions in the form of radial functions times spherical

harmonics as following the above scheme,

n(r) =37 fu | Wo P= ilr) +n(r) - 1 (x) (2.22)

*an operator which does not correlate separate parts of space, i.e. (r| O |r’) =0ifr #r’.
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with

ii(r) = Z [ (2) W, (r) 4+ 2°(r) (2.23)

3
Q
—

L]
~

Il

Z@* r)D; ;®;(r) + n°(r) (2.24)
a%(r) = Z@* r)D; j;(r) 4+ n°(r) (2.25)

where n°(r) is a smooth function for the description of the decay of the core
density outside the augmentation spheres. An arbitrary operator B which is
purely localized within an atomic region is added to improve the convergence
problem of the operator A. One can use the identity between the auxiliary

wavefunction of B and its own partial wave expansion,
(U | B W) = (U5, | B|¥5) =0 (2.26)

for the case where operator A is not be well behaved the operator B is added
to the plane wave part and the matrix elements with its one-center expansions

to improve the plane-wave convergence.

Total Energy Within PAW the total energy is calculated as the

same of three contributions,
E=E+E*-E° (2.27)
with

B =Y fulltn | —57* | ) + Enl(r) + 2(c)] + Bucli(r)]

+/d3r6(r)ﬁ(r) (2.28)

= 37 Dig(i | 597 | B} + Buln® (1) + Z0) + Eucln®(@)]  (229)

= Dij(®i | —%vQ | @)+ Bula® (x) + a(r)] + Eoe[n” (r)]

+ / cro(r)n®(r)  (2.30)

In all three equations above, the respective first term corresponding to the ki-
netic energy, the second term to the Hartree energy, and the last term to the
exchange and correlation energy. In Eq. 2.29, Z(r) accounts for the contribu-

tion of the charge density of the nucleus. An arbitrary potential o(r) localized
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in the augmentation region is added to the term E and E®, with its contribution
vanishing outside the augmentation region, it is used for the completeness of the

partial wave expansion but does not have a physical meaning.
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Non-Equilibrium Green’s Function (NEGF)

Formalism

In this thesis the a Non-Equilibrium Green’s function formalism [38] has been
used, which is an approach for coherent electron tunneling and describes the
response of a system to a perturbation, this is a numerically efficient way to
evaluate the conductance for coherent electron tunneling throug a nano-junction
without having to calculate the scattering states explicitly within Landauer-

Bittiker theory, the conductance G is defined as,
G =GT(F) (3.1)

where Gy = 2¢?/h is the quantum unit of the conductance and T (E) is the
transmission probability for incoming electrons moving through a junction in

dependence on their kinetic energy F.

As the simplified example we consider a system with a single energy
level € contacted to source and drain electrodes. The number of electrons in
this system depends on the equilibrium state to the Fermi level defined by the
work functions of the two contacts, when a bias is applied, where we denote the
respective Fermi levels for source and drain by uy and pg as depicted in figure
3.1, where pur, = Ef + ¢qV/2, pr = Ef - ¢V/2 and the current in the device is

determined by the rate equations,

Ir = qy/h(fr —N) (3.2)
Ir avr/h(N — fr) (3.3)
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Scattering region

f/h

L

Y. N/h

N/h
Y. Ve

Source Drain

Figure 3.1: Flow of electrons in a single level picture derived from rate equations.

with vz r/h the rate constant and fr r the Fermi Dirac function.

1
exp(e — pr.r)/ksT +1

fr/r(E) = (3.4)

When [I;, = Ir = I, namely no net current flow through the device, we can
obtain the steady state electron occupation of the single level,
L TR
= ———fole) + ———frl(e 3.5
YL + VR © YL+ YR (€) (3:3)
and the current,

9 TLYVR
I= ﬁm[ﬁ(&) — [r(e)] (3.6)

where a factor 2 would need to be included in Eq. 3.6 to account for the spin
degree of freedom. The equations illustrate that the flow through the level is
proportional to the Fermi-Dirac functions fr, g, and the level occupation N is
dependent on the couplings ., and vg (Eq. 3.5). Current flows because of
simultaneously equilibration with higher lying u;, and lower lying ug, when the
Fermi levels of source and drain equalize or molecular eigenstate € is outside the
gap between py and pg, the continuous flow of electrons stops. The couplings
of the single molecular state to the two contacts lead to the broadening of the

molecular level from a discrete level into a distribution,

/2
(E—e)*+(v/2)?

this broadening function is a Lorentzian distribution centered at e, where v =

D(E) =

(3.7)

~vr + vr. Considering the broadening, Eqn. 3.5 and 3.6 need to be modified

30



CHAPTER 3. NON-EQUILIBRIUM GREEN’S FUNCTION (NEGF)

FORMALISM
as integration over the energy spectrum,

> L TR
N:/ dED(E)|———— fo(e) + ——— fr(e 3.8
[ aBDE) ol + ()] (38)

q [~ YLYR

I1== dED(E)———— €) — € 3.9
1] D) E g0 - fale) (39

3.1 Landauer Bittiker Theory

The essence of Landauer Biittiker theory is that one can define the conductance

as the transmission probabilities of a tunneling barrier.

we firstly introduce the Green’s function G(E),

1

B =g r

(3.10)

where 7 is the imaginary part with an infinitesimal number 7 to avoid diver-

gence of G(E) at the eigenvalues ¢, and transmission function 7 (E),
T(E) = 7.G(E)vrG'(E) (3.11)

where G and G' are retarded and advanced Green’s functions. In real system
there are more molecular states, which would have more levels in the interact-
ing energy range. Besides, we need to describe electronic structure with DFT
method in atomic calculations where a localized basis set, linear combination
of atomic basis set (LCAO) is used. With GPAW code the system can be de-
scribed by a Hamiltonian matrix H which is presented with LCAO basis, the
elements in this Hamiltonian can then be divided into left (L), central (C), and
right region (R) as depicted in Fig. 3.2, the non-diagonal elements represent

the coupling between the three regions.

H, V. 0 | @) | o)
Vi He Vi W) | =B || we)
0 Vg Hp | Ur) | Ur)

where Vi, g are the coupling matrices. Green’s function is defined as,
(F-H)GE)=1 (3.12)
where [ is an identity matrix. A more general definition is,
[(E+in) —H|G(E) =1 (3.13)
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Left electrode (L) i Scaterring region (C) Right electrode (L)

Figure 3.2: There is a central region (golden atoms plus a molecule) connected to
two semi-infinite leads (light yellow atoms). The entire structure is periodic in the

transverse direction (zy plane) for our GPAW calculations.

one could rewrite Eq. 3.12 in a matrix equation,

E—-H, Vi 0 G, Gre 0 I 00
V. E-He Vi, ||Gi, Go Gho|=1[0 T 0
0 *VRC E*HR 0 GRC GR 0 0 I

by taking out the equations involving the second column of the Green’s function

matrix, one gets,

(E—Hp)Gre —VicGe = 0 (3.14)

~V}cGre + (E - Ho)Ge — VACGRC = I (3.15)
—VreGe + (E — HR)GRC =0 (3.16)

Gre = 91VieGe (3.17)

Gre = 9rVrcGe (3.18)

where gL r = (E — HL,R)_l, substitute which into the Eq. 3.16, Green’s

function of the scattering region can be then derived,
Go=[EI-H-%, —%g]! (3.19)

where X, = (chavac (o = {L, R}) is the self-energy, which is introduced for
describing the broadening due to the couplings to the source and drain, and the

transmission function as well as single-channel current can be written as,
T(E) = Trace[l[ ,G¢ (E)TrGL(E)] (3.20)
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T =iS1,r— 5} gl (3.21)

=14 / dETrace[l' L Ge (E)CrGL(E)fL(e) — fr(e)]
=3[ ABTB)fE) ~ fale)
and the conductance in Landauer formula becomes,
G:%T@ﬂ (3.22)

Eq. 3.22 indicates transmission probability of each channel contributes the
conductance. The NEGF (implemented in GPAW) method presented here does
not describe incoherent scattering, because electron-phonon couplings are disre-
garded. Incoherent scattering process becomes more significant when the junc-

tion length increases, which will be described in the chapter about hopping.
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CHAPTER 4

Destructive Quantum Interference in Electron

Transport

4.1 Motivation

Destructive quantum interference (DQI) effects are entirely defined by intrinsic
molecular properties such as structure and symmetry. There are two simple
models nowadays commonly used for interpreting the molecular properties in a
single-molecule junction, one is a graphical scheme based on an atomic orbital
(AO) representation, which determines DQI via a inspection of the connectivity
of the atomic sites in conjugated 7 systems, the other is based on molecular
orbital (MO) representation and uses the signs and amplitudes of the frontier
orbitals for making the determination of DQI. The graphical scheme I will de-
scribe in more details in section 4.2.3. The MO representation is based on
frontier orbitals (HOMO and LUMO, sometimes also includes HOMO-1 and
LUMO+1) of 7 conjugated molecules, whose orbital phase and amplitude are
important for determining the essential properties (e.g. conductance) of electron

transport in single-molecule junctions.

In the work for paper I we clarified the relation between the two meth-
ods in terms of the zeroth order Green’s function and compare their respective
predictions for the occurrence of DQI. The purpose of this work is to reconcile
the two schemes since the choice of an AO or MO representation should not

make a difference for the properties of a topological molecular Hamiltonian as
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long as all orbitals are properly considered, while in the literature disagreements
have been reported. The representative testing systems we picked for this study
are benzene, where it is well known that destructive quantum interference is ob-
served in meta- connection while the ortho- and para- connections give a finite
conductance at E; Dinaphthylethene (DNE) and dithienylethene (DTE) both
in open and closed configurations, where in both cases the closed isomer is much
more conducting in the molecular junctions, hence this type of molecules consti-
tute molecular switches, where the two isomers (“conducting”and “insulating”)
can be transformed into each other under the condition of highly reversible
photochemical reactions; Azulene, a type of non-alternant hydrocarbons, so the
Coulson-Rushbrooke (CR) pairing theorem which we will introduce in the fol-
lowing cannot be applied. All these systems in our study have been investigated

theoretically and experimentally [39, 40, 41, 42, 43, 44, 45, 46, 47].

Subdiagonalization The transport Hamiltonian H obtained from
DFT calculation is described on a vector space defined by a localized atomic
(LCAO) basis, while the transmission function is interpreted in terms of MOs
within the interesting energy region close to the Fermi level, where the peak po-
sition corresponding to the eigenenergies of individual MO and the peak width
reflects how strongly a particular MO is coupled to the electrodes. For the
derivations of MO specific information from a diagonalization over the molec-
ular subspace in the transport Hamiltonian is needed, which corresponds to a
transformation into a molecular basis within the subspace . An unitary trans-

formation on the scattering region is then performed,
H,,, ={(c|H]|c) (4.1)

where c is the transformation matrix, H is the full transport Hamiltonian, the
transformation matrix contains the subspace (whose size is equal to the num-
ber of basis functions of the molecule) that needed to be rotated (diagonalized).
H,,; is the subdiagonalized Hamiltonian which now differs from H in the molec-
ular subspace. As a result of this subdiagonalization procedure, the energies of
the molecular orbitals are obtained with reference to the Fermi level of the unit
cell, which is mainly defined by the density of states (DOS) of the metallic bands.
In addition, the non-diagonal elements in this molecular subspace undergo the

same transformation and represent the electronic couplings of the MOs to the
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electrodes [48, 49], which provides a convenient analysis perspective and will be

frequently used in my thesis.

4.2 Pairing Theorem and Frontier Orbital Ap-

proximation

In order to interpret the transport characteristics one observes in a single molecule
junction qualitatively, simple topological models are needed, in both of atomic
and molecular orbitals representations, we can simplify Eq. 3.20 by assuming
the central molecule is coupled to respective left (L) and right(R) electrodes via
only a single atomic orbital (AO). Then each matrix ¥, r only contains one

non-zero element ¥, ¥,.., and the expression remaining in Eq. 3.20 is,
T(E) = |GYE)PT(E)ul (E)" (4.2)

In order to obtain the molecular orbital spectrum of G in Eq. 4.2, Hpmol
needs to be brought into its diagonalized form, Hp,o = CemCT, where C is
the coefficients matrix, coming from the linear combination of the AOs in a
molecule, €,, is the diagonal matrix of the MO eigenenergies, by inserting H o)
in the expression for the Green’s function of the scattering region, a spectral

representation of G?j‘)l can be written as,

o
mol m rm 4.3
Z E—e,+1in (43)

Cim are the coefficients of I(r) AO in the m-th MO, Eq. 4.3 runs over all N
MOs (occupied and unoccupied). For the molecules with conjugated 7 system
containing only alternant hydrocarbons (AHs), carbon atoms can be divided
into two subsets, namely “starred"and “unstarred”according to the Coulson-
Rushbrooke (CR) pairing theorem [50, 51] which states that the 7 electron
energy levels are symmetrically distributed in this case and each occupied MO
obtained from a subdiagonalization of the transport Hamiltonian Hy,) has a
corresponding mirror term relative to the Fermi level in the unoccupied region
and the shapes only differ in the sign of all AO coefficients. If we reform Eq.
4.3 by keeping this in mind and group up the pairs as the contributions from

occupied MOs and the corresponding mirrored unoccupied MOs (i.e. HOMO,
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LUMO; HOMO-1, LUMO+1;...) for the even numbers of MOs in a AH-type

molecule we obtain,

N/2—

GRl(Ep) = )

k=0

1 * *
Cl,(ka)Cz,(ka) - Cr,(L+k)Cr,(L+k)

- (4.4)
where the index k runs over such pairs. The CR pairing theorem states that
when the same subset of carbon atoms are contacted to the two remaining elec-
trodes sites on the left (I) and right (r), namely either both are “starred “or
both are "unstarred *, then Cj (g_r) = C, (1+kr) and Cl"j(H_k) = C:,(LJrk) or
Ci(a—k) = - Cr(p4k) and CZ(kaz) =- :,(L+k)’ consequently Cl,(H,k)Cl*’(ka)
= Cr,(LHc)C:,(LJrk)’ which means the terms in Eq. 4.4 vanish exactly at the
Fermi level, and one can observe a DQI feature. On the other hand, if the two
contact sites belong to different subsets, Cl,(H—k)Cl*,(H—k) =- C,,7(L+k)C:’(L+k),
which means the pairs add up constructively at £y. However, what the CR pair-
ing theorem does not address is how the individual pairs interact with each other,
which means that the contribution of each pair could be positive or negative and
it’s possible that these contributions cancel each other out between pairs which
can also lead to destructive quantum interference. Another limitation of the
CR pairing theorem is that it is not applicable for non-alternant hydrocarbons
and conjugated 7 systems containing hetero atoms. Yoshizawa and co-workers
[52, 53, 54, 55, 56, 57] derived MO rules based on the phase and the amplitudes
of molecular orbitals, where these rules link the DQI phenomenon and quantum
chemical calculations in electron transport. These MO rules strictly focus on
the contributions from frontier orbitals, namely the sign of the product of MO
coefficients for the HOMO and LUMO which are considered to dominate the
conductance at Ef, and the other states energetically further away from the
Fermi level are neglected. This frontier orbital approximation results in correct
conclusions only when the pairing theorem works, meaning, when the contacted
sites are both starred or non-starred in junctions with alternant hydrocarbons,
the cancellation of the contributions from the HOMO and LUMO is a reliable
indicator for DQI because it also signifies the cancellation of the contributions
from all the other CR pairs entering Eq. 4.4. This approximation doesn’t con-
sider the case where the contacted sites belong to different subsets, where the
frontier orbitals constructively interfere, while the tails of lower lying occupied
and higher lying unoccupied MOs might still cancel out with the MOs nearer to

the Fermi level and cause DQI at Ey, i.e. due to the cancellation between pairs.
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In the next step I will discuss Larsson’s formula in a MO basis and clarify that
for predicting DQI exactly within a MO representation, all MOs instead of only

frontier orbitals need to be taken into account.

4.2.1 Larsson’s Formula

is defined as,
N

U - Pm
I'(E) = mz::1 e, (4.5)
where o, B, are the couplings of the molecular state with eigenenergy e,
to the respective left and right contact states. Larsson’s formula was used to
define the transfer integral mediated by selected MOs within Marcus theory for
describing electron hopping [58, 59, 60], more recently it also has been used to
define coherent tunneling approximately by T (E) ~ I'2(E). For the followings,
two things need to be clarified, first the couplings a.,,, 5, describe the overlap
of individual MOs and the contact AOs of the leads on each side. Since for
all the systems for numerical studies the contact AO on each side is the same
orbital, the couplings a,, 3 in Eq. 6.1 and the amplitudes of Cj y0 in Eq.
4.3 just differ by a same constant factor for all MOs, therefore the qualitative
representation of transmission functions from 6.1 and 4.3 should be equivalent.
The second issue is the normalization of the transmission function obtained by
NEGF-TB. As we can see from the Larsson’s formula the infinitesimal imaginary
term ¢n has been taken out in the denominator, one could in principle repair
this omission and divergence at eigenenergies of MOs by a normalization factor
as derived by Sautet and Bocquet [61, 62]. This derivation was made under
the assumption that the molecule and surface interact much stronger than the
molecule and tip (8, < auy,), while the couplings within the surface or within
the tip are large than the couplings to the molecule. Then the expression for

the transmission probability can be simplified to,

T(E) =T%*E)/Ah? (4.6)
9 2
iy +1—qgrq . _ — N Qo
where A = — iz withg = (Ef—e)h tandz =h™ > _, m],

and e, h are the respective eigenenergies and couplings within the surface or

within the tip. For general cases,
T(E) = tits (4.7)
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a/h is the interaction to the left lead, X = (w—e) the energy difference between a
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single molecular state and the chain of leads, and Z = 3/« the asymmetry of the
respective interaction to the left and right leads. For the general case where f3,, is
not much smaller than «,,, the mathematical complexity of the given expression
increases. Since the qualitative behavior of I'?(E) should not deviate from the
transmission function obtained from NEGF-TB, we avoid the complication of
this normalization procedure and plot I'(E)? in arbitrary units (the values of
I'(E)? are divided by a scaling factor). For the systems investigated in paper I,
we use a scaling factor of 1072 at the poles when applying Eq. 6.1 and only plot
the relevant energy range for addressing the key points, the main conclusion in
this chapter is that for the cases where pairing theorem and Frontier orbital
approximation cannot predict DQI reliably, all MOs contributions need to be
considered in order to get the appropriate exact cancellation in the transmission
function at E;. This is because as we mentioned above, the MOs energetically
further away from the F; also need to be accounted for in order to find DQI at
E; for these cases. The reasons are: i) even when the denominator that enters
Eq. 6.1 is large, the numerator which is determined by the product of the
couplings for individual MO to the leads can be so large that their contributions
to I'(E) in Eq. 6.1 is still significant; ii) the plot of transmission functions in
a logarithmic scale magnifies the real value of 7 (F), which appears with a
significant signal that cannot be treated as a total cancellation at Ey, i.e. the
characteristic of DQI feature should be an exact cancellation (zero). Figure
4.1 shows the convergence for the number of CR pairs of MOs, one can see
the oscillation of T'?(E) by increasing the number of pairs, we use DTE (open
form without sulfur, Fig. 4.1 b)) as an example for the description of such
a situation. Firstly only the frontier orbitals (HOMO and LUMO, curve label
1) are considered, then two more terms enter the summation (curve label 2)
and progressively we increase the number of pairs (curves label 3, ..., label 5).
When one includes 8 MOs (curve label 4) out of all 10 MOs, I'?(E) still doesn’t
vanish at Ef, while two minima appear close to £y but not exactly at the Fermi
level, and only the contributions from all MOs (curve label 5) lead to the exact
cancellation at £y and therefore DQI occurs in this case. The conclusion drawn

from paper I is that the tails of MOs which are energetically far away from E
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Figure 4.1: DTE a) Chemical structures; b) “starring"pattern according to the
pairing theorem and c¢) graphical rules applied in the respective open and closed
forms without sulfur atoms; d) T'?(E) with increasing accumulation of CR pairs for
DTE (without sulfur). The labels indicate the number of pairs that are included,
where 1 means HOMO and LUMO, 2 means HOMO, LUMO plus HOMO-1,
LUMO+1 and so on, these three curves are marked as black. The curve from the
first pair is marked with black bold, and the curve with contributions from all MO is

marked with bold red.

can also influence the conductance at the Fermi level, hence DQI feature at Ey
can also be induced by the contributions from all MO pairs canceling each other

at Ef.

4.2.2 Numerical Studies

All the calculations in this section are performed by the Non Equilibrium Green’s
Function Tight Binding (NEGF-TB) method, where semi-infinite chains of sin-
gle AOs are used as electrodes. In paper I we show numerical explanations in
both AO and MO representations, where all onsite energies are set to zero in

the TB Hamiltonian. The couplings of the respective MOs to the electrodes are
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set to the resonance integral 1 8 (in eV) from Hiickel theory, which also defines
the units of our energy axis. In order to account for hetero atoms, we set the
sulfur onsite energy to 1.11 S and the couplings for C-S bonds to 0.69 8. Our
first simple but very illustrative example is butadiene, as depicted in Fig. 4.2
e). when the contact sites belong to the same subset (starred), as is the case
for 1,3-, DQI occurs (red solid line) as predicted by the CR pairing theorem,
while for the molecule contacted at different subsets (one starred, the other not
starred) sites, as for the cases 1,2- 1,4- and 2,3-, in the two former cases a fi-
nite conductance is found at Ey, while for 2,3- connectivity (red dashed line)
DQI occurs, where the pairing theorem cannot be applied for prediction. In the
following, we focus on the graphical scheme based on atomic orbitals, which is

more universal in its prediction of DQI than the pairing theorem.

4.2.3 Graphical Scheme

The Graphical AO scheme is derived for predicting the DQI effects in Refs.
[63, 22], it can be formulated as the following rules: when there’s no path
traversed within a continuous line through contact site [ to r, i.e. no continuous
connection between contact sites [ and r in a topological molecular scheme, DQI
occurs at £ = Ey. On the other hand, when there are continuous paths and not
crossed AO can be grouped up as closed loops as shown in Fig. 4.2 b)) in the
topology between two sites, one gets a finite zero bias conductance. This AO
graphical scheme considered all orbitals in an AO representation of the carbon
p. orbitals as defined by the molecular topology. The Graphical AO scheme can
be generally applied for conjugated 7 systems without hetero atoms, also for
the cases where the CR pairing theorem cannot be used. This scheme is also
more reliable than the frontier orbital approximation because it considers all
orbitals, and not only the HOMO and the LUMO and does not disregard the
contributions from the other MOs which are also significant for the prediction
of the DQI occurrence at E'¢. Here we use benzene and azulene to illustrate the
application of the CR pairing theorem and graphical AO scheme, for comparison
the transmission functions are also calculated with NEGF-TB simulations and
by using the Larsson’s formula. Both schemes can be applied successfully for
benzene with three connections (m-,0-,p-) while for azulene the pairing theorem

is not able to predict DQI as shown in Fig. 4.3. There are some extremes for the
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Figure 4.2: a) Chemical structure of butadiene where the pairing theorem is applied
("starring scheme”); b) graphical AO scheme; c) transmission functions from
NEGF-TB calculations and T'(E)? from Larsson’s formula, with red lines for the
cases where DQI occurs (solid line for 1,3- connectivity and dashed line for 2,3-) and
black lines for the cases where no DQI occurs (solid line for 1,2- and dashed line for
1,4-); d) MO amplitudes, where the black and white fillings indicate the respective
positive and negative signs of the wavefunctions; e) individual pair contributions
(HOMO and LUMO, green line; HOMO-1 and LUMO+1, blue line), where a cross of
the individual contribution was marked with a red dot for 2,3- connection case, and

the color code of the curves is consistent with panel c).
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Figure 4.3: a) Benzene with o-, m- and p- connections; b) azulene with 1,3- and 5,7-
contacted positions; ¢) pairing theorem application for benzene; graphical rules
application for d) benzene and e) azulene; transmission functions calculated from
NEGF-TB (left) and Larsson’s formula (right) for f) benzene and g) azulene,

respectively.
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graphical scheme, e.g for hetero atoms, where one can vary the on-site energy
for hetero atoms from zero at the cost of increasing mathematical complexity
[64, 65]. The other assumption of the graphical scheme is that it only applies
when E = Ej since for zero-bias transmission function, the conductance is
defined at E'r and also the onsite energy of carbons in the conjugated systems
are set to zero. However, this approximation does not limit the predictive
capability of the method for most systems of interest, for molecules with hetero
atoms as long as Ep is defined by the leads lies within the HOMO-LUMO gap

of the molecule after Fermi level alignment.
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CHAPTER 5

Quantum Interference for Branched Molecules

Containing Ferrocene in the Junctions

5.1 Motivation

The ferrocene molecule we designed in Fig. 5.1 are with two objectives: i) fer-
rocene moieties can be oxidized, which can be used for implementing a switch
with the two redox states for electron transport; ii) the two branches containing
the two ferrocene moieties can be designed symmetrically or asymmetrically de-
pending on whether one of the ferrocene is charged or not. For the asymmetric
case destructive quantum interface might be induced. These ferrocene molecules
are connected to electrodes with pyridyl anchors in meta- and para- positions, re-
spectively. Single-branch and shorter-length structures without acetylenic spac-
ers were also invested for comparison. The acetylenic spacers have several effects:
i) they stabilize the molecular structures via conjugated bonds; ii) the spacers
enlarge the distance in the junction which reduces the though-space coupling
between left and right leads and iii) separate the redox-active centers from the
leads. In the neutral state of the molecule depicted in Fig. 5.1, constructive
quantum interference (CQI) is expected in the coherent tunneling through it
because electrons are passing through two identical branches. When we put a
charge on one of the branches, this symmetry is broken and one would expect
destructive quantum interface (DQI) to occur, where an OFF-state resulting
from charging make this type of molecules potential redox switches. Pyridyl

groups were chosen as anchors to the leads, because they provide peaks in the
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transmission function, which are narrow enough to assume that a charge on
the complex has an impact on the conductance but broad enough to avoid the

Coulomb blockade regime [66, 67, 68].

N acetylenic spacer

Figure 5.1: Branched molecule containing a ferrocene moiety in each branch, where
two moieties have been separated from the pyridyl anchor groups by acetylenic

spacer groups.

5.2 Theoretical/Computational methods

The transmission functions 7 (FE) for all junctions we obtained from NEGF-
DFT calculations which were performed with the GPAW code [69, 70] using
a linear combination of atomic orbitals (LCAO) [71] for the basis set on a
double zeta level with polarization functions (DZP), a Perdew-Burke-Ernzerhof

(PBE) parametrization for the exchange correlation (XC) functional [33] and a

*a large ON/OFTF ratio is the essential criteria for designing a switch and here we assume
that the OFF-state due to the DQI will produce a large ON(symmetric case)/OFF (asymmetric

case) ratio for this type of molecule.
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grid spacing of 0.2 A for the sampling of the potential in the Hamiltonian on a
real space grid. In our transport calculations, the “extended molecule “defining
the scattering region is formed by the respective metal organic compounds and
three and four layers for the upper and lower fcc gold electrodes, respectively,
in a (111) orientation and with a 6 x 6 over-structure defining the periodically
repeated unit cell, where the distance between the Au ad-atom attached to the
lead surfaces and the N atom of the pyridyl anchor groups was chosen as 2.12
A [72] and a k points sampling corresponding to a 4 x 4 x 1 Monkhorst Pack
grid for evaluating 7T (E), where the z-coordinate is the direction of electron
transport through the junction. For the charged systems we enlarged the size o
the gold slabs in z direction in order to include a chlorine atom in the unit cell
as shown in section 5.6 and reduce the gold slabs in the y direction in order to

save computational cost.

A SCF Method The A SCF method allows to define the occupation
of particular electronic states of an atom, molecule or solid as a constrain to the
self-consistent cycle. We used generalized A SCF method for calculating the
charging effect in section 5.6, where we put one electron on the chlorine p shell
as proposed by Gavnholt et al. [73, 74]. In this scheme the excited electron can
occupy any orbital which is a linear combination of empty Kohn-Sham (KS)

orbitals,

7o) = 3 e () (5.1)

i=n
where n is the number of unoccupied orbitals and ¢; are the expansion coeffi-

cients. The electron density then can be written as,

N-1 M
n(r) =Y i vir) + Y cie;i; (r)y;(r) (5.2)
i=1 i,j=N

where N is the number of occupied KS orbitals and M is the total number of
KS orbitals in the calculation, which means many-particle wave function now is
a Slater determinant of N-1 KS orbitals plus ¥"¢*. The extra electron is usually
taken from the molecule, in this way the molecule is charged and we keep the

neutrality of the entire system.

In the case of molecules adsorbed to surface, a sufficient number of
unoccupied KS orbitals has to be chosen for the expansion coefficients, which is

consistent with a Newns and Anderson picture [75, 76]. A SCF is implemented
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in GPAW, where the core electron density for the molecular orbital is calculated

with the PAW method,

Afifr) =Y cieihn (x)n(r) (5.3)
i,J
One of the methods in GPAW for obtaining the expansion coefficients is projector-
pseudo-wavefunction overlap which is applied in this thesis for constraining an
additional electron on the Cl counterion in order to calculate the transmission
functions of the charged molecules in the junction, where the orbital to be oc-
cupied is chosen as an atomic orbital with a partial wave function inside the

augmentation sphere | &%), the coefficients in Eq. 5.1 can be approximated as,

Cn = (n [ BF) = (u | D) + D (b | BHAST (B | B5) =~ (b | 5)  (5.4)

a,?,]

where AS};, the overlap between atomic sites are neglected.

where p¢ is the projector function according to Eq. 2.19. This pro-
jector overlap is calculated in each step of the self-consistency cycle, leading to
a rather accurate way of acquiring the expansion coefficients ¢;. The expansion

for each k-point is calculated independently.

This approach is based on the generalized A SCF method, and makes
use of its flexibility to define the spatial expansion of an orbital forced to con-
tain an electron as an arbitrary linear combination of Bloch states. In the
charging sections for both cyclic ferrocene 5.6 and Ru/Os(PPhy)g(CoHy)y
bis(pyridylacetylide) molecules 6.4, the constrained orbital of chlorine is lo-
calized on a single atomic site only, by extracting one electron from the system
and inserting it into a predefined orbital in the beginning of every iteration
step, the self-consistency cycle progresses as usual, but with the electron den-
sity of this particular orbital as a contribution to the external potential. In
this way we can fix the electron occupation for the Cl manually *, which solves
the self-interaction problem implicitly and makes this method ideal for charge

localization.

Tto ensure the charge neutrality in the unit cell of the system, which is necessary for a
charged junction when applying periodic boundary conditions for electronic-structure calcu-
lations, the countercharge to the complex has to be an explicit part of the cell, where we use
Cl™ as a counterion. The counterion is added into the junction after the nuclear positions for
the neutral complex without Cl is relaxed, then one supplementary electron is constrained to

fill the C1 p shell.
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5.3 QI Feature in Transmission Functions

First we look at the transmission function of the molecule in Figure 5.1 in its

neutral and oxidized cases for comparison. As we can see in Fig. 5.2, this system
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Figure 5.2: Transmission functions for m — d — [ (black curve) and m — d — [(Cl)

(cyan curve).

in its neutral state gives a dip in the unoccupied region near to the Fermi level
(black solid line), which deviates from the Lorentizian form of the LUMO peak
and lowers the conductance. The flat characteristic in the transmission function
within the HOMO-LUMO gap is just shifted towards the upper energy region
for the charged state (red solid line). One can also observe that the different
magnitude of the shift for the peaks in the respective occupied and unoccupied
regions lead to the HOMO-LUMO gap narrowing slightly when compared with
the corresponding uncharged transmission curve. The conductance of the neu-
tral and charged states are 0.95 x10~7 and 1.41x107%, respectively, with an
ON/OFF ratio of ~ 15 which is by far too small for an operative transistor. In
order to learn more about the structural reasons for DQI in electron transport
through the branched molecule, we further designed a series of molecules for
comparison, m —d—s, m—s—Il,m—s—s,p—s—1and p—s—s, where m

or p represents the connectivity of each anchor group and the ferrocene moiety,
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namely meta- or para- connection; d or s is an abbreviation for double branches
or single branch and [ or s means the length of the molecule, namely longer
with acetylenic spacers or shorter without spacers. By comparing m —d —1 and
m — d — s one could see the effect of the spacers, the comparison of m —d — [
and m — s — [ gives the consequence of the different number of branches, as does
m —d— s versus m — s — s, while m — s — [ versus p — s — [ illustrates the impact
of connectivity on the quantum interference feature. All the resulting junctions

are shown in Fig. 5.3, For the ferrocene systems under investigation neither

) XIXITD (XX
| S5 i
; A AANY ({
OIND 00000

p-s-1 p-s-s

Figure 5.3: Junction geometries for the investigated ferrocene molecules.

the graphical rule nor the pairing theorem used for planar conjugated systems
can be applied because both are applicable for planer hydrocarbons only. Thus
in order to analyze the DQI feature and its main sources one needs to project a
complex three dimensional molecular structure into deductive simplified models.

For that purpose we first diagonalize the subspace of the molecule in the full
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Figure 5.4: Transmission functions for the six ferrocene molecules, where the three
solid lines denote m — d — [ (black), m — s — [ (red), p — s — I (green), and the three

dashed lines are m — d — s (black), m — s — s (red), p — s — s(green).

transport Hamiltonian to get the molecular states and picked the interesting
ones that close to the Fermi level. With NEGF-TB calculation we found that
the number of molecular states needed to reproduce the main features in the
DFT results is 10 for m — d — [, i.e. six occupied states and four unoccupied
states. By looking at the molecular orbitals for these ferrocene molecules, we
found that the relevant unoccupied states LUMO, ..., LUMO+3 are mostly de-
localized on the two pyridyl groups, while the six occupied states HOMO, ...,
HOMO-5 are localized on the two ferrocene moieties, which indicates that the
DQI feature which appears below the LUMO is mainly determined by the four

unoccupied states.

As we can see from Fig 5.5, the transmission function for m — d — [
with six occupied states and four unoccupied states (green curve) contains all
the main features as in the NEGF-DFT calculation. For obtaining the cou-
plings of the MOs to the left and right electrodes, we use the atomic valence s-
orbital of each gold add-atom on both sides, since around the Fermi level the
density of states of a gold surface has dominantly s- character. The inclusion of
four more unoccupied states (Fig. 5.5 blue curve) increases the conductance,

while increasing the number of states (four more unoccupied states) even further
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Figure 5.5: Transmission functions of m — d — [ calculated with NEGF-DFT (black
solid line) and NEGF-TB, where ten molecular states (six occupied plus four
unoccupied states, green solid line), fourteen molecular states (six occupied plus
eight unoccupied states, blue line) and eighteen molecular states (six occupied plus

twelve unoccupied states, magenta line) are taken respectively.

doesn’t improve the result any further qualitatively (Fig. 5.5 magenta curve),
and compared the three transmission curves (green, blue and magenta) from
NEGF-TB calculations one can draw the conclusion that by taking six occupied
states and four unoccupied states for m —d—1[ molecule the main features in the
transmission function are qualitatively reproduced compared with NEGF-DFT
result (black curve). As for the m — d — I molecule, one can apply the same se-
lection rule for MO states of m —s—1 and m —d — s, namely by taking the three
occupied states (HOMO, HOMO-1, HOMO-2) for molecules containing only
one ferrocene branch, and six occupied states for double branched molecules,
since the number of pyridyl groups is the same for all systems, four unoccupied
states are used for all systems. NEGF-TB results for the system m — s — [ are
shown in Fig. 5.6, where one can see that the transmission functions calculated
by NEGF-TB reproduce the main features as NEGF-DFT calculations in the
energy range close to LUMO but not in the HOMO region. The DQI feature
can be reproduced merely by the contributions from unoccupied states (LUMO,

LUMO+1, LUMO+2, LUMO+3), while the feature in the HOMO region de-
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Figure 5.6: Transmission functions for m — s — [ as calculated by DFT (red solid
line) and NEGF-TB, where nine molecular states (three occupied plus six
unoccupied states, green line), seven molecular states (three occupied plus four

unoccupied states, blue line) were taken respectively.

viates from the DFT results with three occupied states (HOMO, HOMO-1,
HOMO-2) included. We however want to have a model as simple as possible,
what’s more, the conductance is determined by the interplay of the unoccupied
states exclusively for all the systems we investigated here, in the following sec-
tion we focus on the localized basis presentation for interpreting the causes of

DQI for some of these molecules.
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5.4 Computational Tools Used for the Interpre-
tation of Destructive Quantum Interference

Effects

5.4.1 Localized Basis Representation

The electron transport regime is divided into three regions, the left electrode, the
scattering (center) region and the right electrode, in order to separate each part
of the setup the transport Hamiltonian needs to be defined on a localized basis
set in order to describe each part of the system separately. In praxis, there are
two potential candidates for such a localized basis set, namely, liner combination
of atomic orbitals (LCAO) and wannier functions (WFs). With GPAW a LCAO
mode is used, where the Kohn-Sham pseudo wave functions W,, are expanded
onto a set of atomic-like orbitals @, (r) following the approach of Sankey and
Niklewski [77],

Uy = cm®yu(r) (5.5)

where coeflicients c,,, are variational parameters for minimizing the total energy,
and the localized basis functions @, (r) are constructed as products of numerical
radial functions and spherical harmonics. The Hamiltonian in a LCAO basis

can then be defined as,

Hyy =T + Vi + > P AHY P, (5.6)

17 v
N2

. 1 .
where T}, = (¥,, | —EVQ | W,,) is the kinetic energy, V,,, = [ &7, (r)o(r) ¥, (r)dr

is the effective potential, 3 , PAH; P, are the atomic contributions inside

the augmentation sphere, and the Kohn-Sham equation becomes,

Z H/,LUC;U/ = Z S,u,l/cp,uen (57)

which can be solved by diagonalizing the Hamiltonian in the basis of the atomic

orbitals.

Wannier Functions (WFs) A localized molecular orbital model

has been used for understanding the interference effects in anthraquinone-based
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molecules [78] by using the Wannier function (WF) concept [79]. For these
investigated molecules, WFs have been used as “localized molecular orbitals
*(LMOs) [80], the idea was to apply an unitary transformation for a few molec-
ular eigenstates in the relevant energy range (close to the Fermi level) thus
resulting in localized orbitals, which dominate the zero-bias conductance. Dis-
tinguishing between the branches in our set of molecules from the perspective of
a MO basis set is challenging due to the fact that MOs in general are distributed
over both branches. Wannier functions are involved for interpreting quantum
interference features in terms of localized orbitals because they can be allocated
to different parts of the molecules. Since WFs are obtained from an unitary
transformation of the original MOs, electronic structures is remained, besides,
the computational cost is comparable to TB method. The idea of the fragment
orbitals representation where the localization is distinct from group to group is
similar in the sense that the orbitals are localized on different groups based on
the construction of a molecule, details about fragment orbital analysis are in
the next section. When we try to transform few molecular orbitals within the
physically relevant energy range (around the Fermi level) into localized WF's;
where the spread of these localized molecular orbitals (LMOs) is minimized, i.e.
they are maximally localized after the transformation, the mapping from the
MO states onto LMO states is,

By = Ui (5.8)

where n is the number of eigenstates in the system, and m is the number of
states transformed from MOs to the set of LMOs . U is a unitary matrix
designed to result in maximally localized orbitals, where in our cases we only

take the MOs close to the Fermi level in the Hamiltonian,
Hpvo = Uldiag(ep—i, - em,6L, - e040)U (5.9)

€H—i, €L+ represent the MO eigenstates in the respective occupied and unoccu-
pied region, where the optimal number of MO states depends on the degree of
localization of the resulting LMOs. Ideally one can sketch the transport path-
ways from left to right from these LMOs, and they can be in principal used for
distinguishing geometric difference for the molecules we investigated here, since

the difference of the couplings between LMOs should vary along the different

fm in the original atomic Wannier function scheme is the number of states which has a

energy below Ep
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molecule configurations. In practice the LMOs we obtained are delocalized over
anchor and bridge groups, hence are not ideal for geometric distinction. One
could in principle increase the localization by adding more MOs into the trans-
formation (Eq. 5.8), which however, increased the complexity in our analysis
as well, therefore we conclude that Wannier functions are not a good choice for

our purpose.

5.4.2 Fragment Orbitals and Effective Coupling Model

The idea we pursued for our analysis of destructive quantum interference (DQI)
is to derive a TB model, with a much smaller Hamiltonian containing only few
anchor and bridge states. One can obtain such a model by diagonalizing the
subspace of pyridyl, acetylenic and ferrocene groups one after the other from
the original transport Hamiltonian and by picking the relevant states within
each diagonalized subspace for building a smaller Hamiltonian in a fragment
orbital (FO) basis. Our main goal is to distinguish the investigated systems
with different geometries via a simply model where the differences are i) the
number of branches, ii) the presence of acetylenic spacers, iii) the para- or

meta- connections.  From Fig. 5.7 and 5.8 we can see that the relevant

Figure 5.7: Four unoccupied molecular orbitals of the double-branched long

molecule (m — d — 1) with ferrocene centers.

98



CHAPTER 5. QUANTUM INTERFERENCE FOR BRANCHED MOLECULES
CONTAINING FERROCENE IN THE JUNCTIONS

Figure 5.8: Six occupied molecular orbitals of m —d — I.

four unoccupied MOs are delocalized on both pyridyl and the six occupied
MOs are mostly localized on ferrocene moieties, where we distinguish the lower
branch on the left and upper branch on the right. L represents LUMO in
Fig. 5.7 and H represents HOMO in Fig. 5.8, respectively. In Fig. 5.9
Ac, Py and Fc represent pyridyl, acetylenic and ferrocene states, A and B
mean the upper and lower branches, the subscript L, R mean left and right,
respectively. The states we picked from each group are selected based on two
criteria, namely their eigenenergies should be nearby the Fermi level and the
size of the couplings between the neighboring fragments should be comparable
large, resulting in two pyridyl states on each side, four acetylenic state on each
branch and five ferrocene states on each branch are used in our analysis. The
resulting transmission function as calculated by NEGF-TB is shown in Figure
5.10. Comparing the DFT result and these FO basis TB calculations we find that
there are deviations in the conductance and in the DQI features. The reduction
of the conductance in the blue curve can be attributed to the approximation
we take regarding the number of FOs with only considering nearest couplings,
while the other deviation is that there are more DQI features between HOMO-
LUMO gap in the blue solid line compared with the black one. One could in
principle improve the agreement of the two curves by including more states
and couplings, this is however not in the spirit of our main idea of relating the

sources of DQI to different geometries by a very simplified TB model. From
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Figure 5.10: Transmission functions from respective full DFT (black solid line) and
TB calculations of twenty two fragment orbitals (blue solid line) for the m —d — 1

system.

5.10, one can see that

the transmission function (black solid line) in Figure
the peaks in the unoccupied region are broad and dominate the conductance.
Hence we focus on the DQI feature in the upper board of the Fermi level which
influences the conductance significantly. From a molecular orbitals analysis we
know that four unoccupied states (Fig. 5.7) mainly contribute to the feature
in the unoccupied region. From a FO perspective, we realize that the four MOs
above the Fermi level are mostly localized on the two pyridyl fragment orbitals
on each side where we show the orbital shapes as well as energies in Fig. 5.9.
For all the molecules we designed, the two pyridyl groups remain the same,
so the naive and simple assumption would be that if we replace the states in
between the two pyridyl FOs with effective couplings, then only the sign and size
of these effective couplings change for the different systems, and in this sense

one could distinguish the geometrical differences through couplings in such a

simple effective-coupling model.

Effective Coupling model We replace all the states for the acety-
lene and ferrocene fragments between pyridyl anchors by effective couplings,

which include the direct couplings in between the pyridyl FOs as well as the
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cumulative ferrocene or acetylenic FOs contributions which results in,

F:7+ZO‘“B" (5.10)

E — Wj

Eq. 5.10 at the first glance is very similar to the Larsson’s formula but there
are actually some differences, because v in Eq. 5.10 are the direct couplings
for each pair of pyridyl states ®, and w; is the eigen energy of an individual
acetylene or ferrocene state, «;, 8; are the couplings of the respective states to
the left and right pyridyl states. The energy € in Eq. 5.10 is obtained from the
average value for the two involved pyridyl states on the left and right sides. If
we mark the four pyridyl states we use here as 1, 2 on left side and 3, 4 on right
side, there are then four combinations: 1 through the bridge to 3 or 4, and 2
through the bridge to 3 or 4. For the Hamiltonian in a subdiagonalized FO
basis, states in the same subspace are orthogonal while the couplings between
subspaces remain, which means couplings of the pyridyl FOs within the same
pyridyl group are zero but the couplings of these pyridyl FOs to the other
pyridyl groups or to the acetylenic and ferrocene FOs are not. In this way we
can derive a model where only a few interesting FOs (in the energy range of
0.8 eV ~ 2 eV ) remain so that the Hamiltonian we used for the analysis is
dramatically reduced in size, but the states contributing to the four MOs in the
unoccupied region are kept. Later on we derive effective coupling values by eq
5.10 between the 2 pairs of pyridyl FOs to replace bridge states, now only two
pyridyl states on each side are kept (as shown in figure 5.11) resulting in a 4 x
4 small Hamiltonian which should contain the relevant molecular information.
In this way we obtained a rather small Hamiltonian which only contains pyridyl
states with their respective onsite energy as well as effective couplings between
them. By subdiagonalizing this smaller Hamiltonian, we get the transmission
function 7 (F) we obtained as a good approximation for the contributions from
the four MOs in the region above the Fermi level with Larsson’s formula. Fig.
5.12 shows that the two systems m —d — [ and m — s — [ with the DQI feature in
the unoccupied region, which is close to the Fermi level are reproduced (in both
solid black and red curves), while the other four systems correctly show no such
dip. The next step is to look at the six small effective Hamiltonian and compare

the signs and sizes of these effective couplings between the left and right pyridyl

S$pairs are categorized by energy and orbital shape, namely the two pyridyl states with
lower energy and the identical orbital shape on each side form one pair, and the other two

form the other pair, as shown in figure 5.9.
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Effective couplings

Figure 5.11: Effective coupling model of the m — d — [ system in FO basis.

states. Unfortunately there are no distinguishable differences among the systems
with DQI and no DQI regarding the four effective coupling values (Table 5.1),
they are not distinguishable in the sense that the structure characteristics are
not reflected directly apart from one fact that the shorter the length is the large
the coupling value is. This is to say through the effective coupling values we
cannot identify which structural features lead to the occurrence of destructive

quantum interface.

Table 5.1: Effective coupling values for the model depicted in Fig. 5.11 for six

ferrocene systems.

m—d—-1l m-s—-1l m—-d—s m—-s—s p—s—1l p—s—s

tiz -0.0015 -0.0014 -0.151 -0.0089 0.0059 0.031
ti2  0.00052 -0.00097 -0.016 0.248 0.0011 0.0081
tez  0.00013 -4.1E-06 -0.0064 0.088 0.00027 -0.032
to4 0.0014 -0.00029 -0.027 0.142 4.8E-05 0.0018
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Figure 5.12: Transmission functions calculated from Larsson’s formula of all
investigated systems (m —d — 1, m — d — s are black solid and dashed lines, m — s — 1,
m — s — s are red solid and dashed lines, p — s — [ and p — s — s are green solid and

dashed liens respectively) with the effective coupling model.

5.5 Atomic Orbital (AO) Analysis

Looking at the above models we discussed so far, there is one common approx-
imation we take for the pyridyl groups , namely only the two pyridyl states on
each side are considered out of the other states with higher or lower energies in
our previous models. In fact, there are a few states in the higher or lower energy
range with comparably large coupling values, where we know from the Larsson’s
formula that the large numerator value can compensate the decrease caused by
a large denominator and hence the whole term is not negligible. Therefore it
is indeed questionable to neglect these states with large couplings. In order to
account for all the contributions of the two pyridyl groups, we derive another
model based on an AO basis, where we take all p, orbitals Yof the carbon or ni-
trogen atoms in pyridyl and acetylenic groups because p, orbital contributions
dominate the transmission probabilities in conjugated hydrocarbon molecules,

while due to the complex nature of ferrocene moieties we still use FO basis for

64



CHAPTER 5. QUANTUM INTERFERENCE FOR BRANCHED MOLECULES
CONTAINING FERROCENE IN THE JUNCTIONS

ferrocene group.

As it is well known for conjugated hydrocarbon planar molecules, there
are p, orbitals occupied by valence electrons perpendicular to the planar back-
bone where the electrons can travel through MOs delocalized over the entire
molecule. We treat the pyridyl and acetylenic groups as planar parts of the
investigated molecules where only p, orbitals contribute to the transmission
function for single C or N atom, we do so by firstly subdiagonalizing the sub-
space of each carbon and nitrogen atom in the anchor groups, and then from the
eigenenegy and orbital shape select the p, states (as shown in figure 5.15 lower
panel). Then we diagonalize stepwise the subspaces for two ferrocene groups in
the full transport Hamiltonian and pick the relevant ferrocene states nearby the
Fermi level, where only few FOs in the energy range of -2eV ~ 2 eV are rele-
vant. In this way we reduce the amount of states taken into consideration in a
TB model meanwhile avoid an oversimplification regarding the anchor groups.
Fig. 5.13 illustrates the Hiickel model used for TB calculation with such a
mixed atomic orbital (AO) and fragment orbital (FO) basis for the different
compounds, In this simplified TB model, we define the anchors as pyridyl +

Anchor Bridge Anchor
(AOS) (FO) (AOs)

Figure 5.13: Tight binding model of m — s — I, where the different width of lines
indicates the size of the the couplings, upper and lower ferrocene groups are

separated by different colors (black and brown).

acetylenic groups and the ferrocene groups as bridges, where only nearest cou-
plings are considered. Another issue is the through space coupling between the
anchor states on the respective left and right sides. One can easily build a TB

model from molecular structures [31], and the coupling parameters between an-

Yin this context, this p, type of orbital is the one perpendicular to the plane, i.e. also

perpendicular to the transport direction z, I use 7 to avoid the confusion of coordinate z.
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chor and bridge states for the model are taken from DFT calculations, which is
in the range of 0.1 ~ 0.2 eV, the onsite energies for all AOs are set to be -2.5 eV
and the coupling values between AOs in the anchor groups are -3.0 eV, where

we show the result in Fig. 5.14. First of all, the HOMO-LUMO gap ranges

1072 . . ; . ; .

104

Figure 5.14: Transmission functions calculated from NEGF-TB for am —d —
AO-FO model, where the black solid line represents calculations with all pr AO of
anchor states and ten relevant FO bridge states, the red solid line only contains
contributions from one branch with five bridge states, the blue line shows the same
single branch system but with only one FO bridge state, the green solid line shows a
system with para- connectivity between anchor and one FO bridge state, the blue
dashed line corresponds to the blue solid one but with through space coupling

between acetylenic states on each side of the ferrocene.

from -4.5 ~ -1. eV for all curves, the deviation of this gap from that of DFT
calculation is due to the approximations of the parameters (onsite energies and
coupling values within anchor states) and the reduced number of bridge states.
By considering also further reaching than only next nearest neighbor (NNN)
couplings for the transmission function, they can be improved but at the cost
of increasing the complexity of our TB model so we only consider the NNN
couplings within the anchor states as well as between the anchor and bridge
states. For the case where the two pyridyl groups are close to each other (for
instance molecules m —d — s and m — s — s) the through space coupling is com-

parable in size to NNN couplings thus also need to be taken into account. We
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can see from Fig. 5.14 that there are more peaks in the HOMO region in the
black curve due to a large number of localized ferrocene states for two branches
compared with the red and blue curves which mimic the single branch system.
Since we only consider the DQI feature in the LUMO region, we focus only on
the ferrocene states in the unoccupied region, where one ferrocene FO which is
strongly coupled to the anchors produces the blue solid curve. Compared with
the red solid curve which contains five ferrocene states (two in the unoccupied
region and three in the occupied region) the main (DQI) feature remains in the
blue solid curve, which indicates that interference between multiple FO paths is
not a decisive cause for DQI here. Switching on the through space (direct) cou-
pling changes the feature in the HOMO-LUMO gap (blue solid line to dashed
line), where for a detailed analysis we refer to the section 5.5.2. From this
model, the potential causes for DQI we discussed above can be analyzed. For
instance: how do the main features change when we switch off the couplings of
one of the two branches, i.e. set all couplings of one branch to zero (the impact
of the number of branches)? How does a meta- or para- connection influence
the DQI feature? In order to obtain the model of Figure 5.13 we start from the
full DFT transport Hamiltonian, and diagonalize the subspace containing an-
chor carbon or nitrogen atoms, we then select the p, orbital. For the ferrocene
bridge groups we keep the perspective of a FO basis. For the anchor p, states
only the nearest couplings are considered. We first consider all relevant bridge
states, then reduce the states to a single state for each branch (in our cases
this state is the ferrocene FO with the lowest energy in the unoccupied region).
Then we add through space coupling for comparison. As one can see from Fig.
5.4, in the unoccupied region the double-branched molecules (black) and single
branch analogs (red) have similar features apart from the number of peaks, since
for double-branched molecules more states are coupled to the electrodes. while
our attention is focused on when the DQI feature occurs independence on the
different geometries, I use the three molecules m —s—I, p—s—I, m—s—s
containing all the structural differences for illustration purpose |. I show the
three models for the three systems for comparison and their distinct behaviors
in the transmission function. In Fig. 5.13 red, black and orange color codes
distinguish the three types of couplings: couplings within the anchor states (red

bold lines), couplings between anchor and bridge states (black) and couplings

lthe number of branches is verified that not a cause for the DQI effect by comparing

m —d—1 and m — s — [ hence we focus one the single branch molecules.
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of the anchor states to electrodes (orange thin lines), the red thin line between
site 8 and 9 indicates the through space coupling. With this model we can
analyze the consequence of geometrical differences: for instance by changing
the connection from 3-, 7- and 10-, 11- to 4-, 7- and 10-, 16- one can mimic
the frames formation from meta- to para- connectivity, when the sites 7, 8, 9,
10 are removed one moves to the non-spacers system m — s — s. In addition,
the through space coupling coupling can be adjusted from 0 (no through space
coupling) to various values for different cases. Finally, one can by removing or
adding states in this model easily investigate the role that multiple ferrocene
states play. All the parameters we used are taken from DFT calculations, in this
way we map the full Hamiltonian into a smaller TB Hamiltonian still containing

the structural information causing the DQI in electron transport.

5.5.1 Identifying the Sources for Destructive Quantum In-
terference (DQI)

As one can see from the series of molecules we designed for the purpose of
comparison (Fig. 5.3), there are two remaining possibilities which can be
explored to explain the occurrence of DQI effects, i) the meta- connection of
anchor groups to ferrocene; ii) multiple ferrocene FO paths, which interact
with each other can also cause destructive quantum interference effects. The
interaction of multiple FOs of the ferrocene moieties can be easily checked by
taking few and single bridge states in this model respectively. Here I take all
the AO p, states of the anchor groups as well as bridge FOs with their number
gradually reduced from five to one. Fig. 5.16 shows the DQI dip feature remains
even for one bridge FO (black curve). In fact, the feature in the LUMO region
remains the same for different number of bridge states apart from a peak shift,
which means that multiple states do play a role but are not the fundamental
reason to cause DQI. Comparing m — s — [ and p — s — [ for identifying the role
of the meta- connection, we consider one bridge FO to obtain a model as simple
as possible while keep the structural difference, i.e. meta or para- connectivity.
Here, the difference is quite distinct, where in the interesting energy window
m — s — | gives the DQI feature while p — s — [ (green line) does not. We would
like to know what is the essential difference between the two Hamiltonians. Since

the two Hamiltonians still contain all AO states as well as one bridge states, we
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need simplify the model further more.

5.5.2 Simplified Hamiltonian for Analyzing the Source of
DQI from a Mathematical Point of View

If we look again the FO picture in Fig. 5.9, one would expect the pyridyl
PyL,/R; states and acetylenic AcLy/Rs states on each side have strong cou-
plings to the ferrocene lowest unoccupied FO, since the hybridization of the
orbitals depends highly on the overlap between them, i.e. the orbital shape
and orientation. I subdiagonalize the subspace of the Hamiltonian for the an-
chor groups (pyridyl or pyridyl plus acetylenic) and pick the state™“that has
the strongest couplings to ferrocene FO on each side for forming a 3 x 3 small
Hamiltonian ''which qualitatively reproduced the main features we are focusing

on and the couplings between them are listed in Table 6.1.

Table 5.2: Couplings connecting the three FOs in Fig. 5.18 for three of the

single branch systems, where all values are given in eV.

Coupling values

m—s—I p—s—1 m-—s8—s
tr, 0.27 -0.23 -0.28
tr -0.22 0.25 0.22
tp -0.023 -0.0087 0.033

As a minimal model, where tr,, tp are the respective couplings of the
left and right anchor states to the bridge state, and tp is the through space
coupling between the left and right anchor states. Now we compare the three
parameters ty, tg and tp for the three single branch systems. As one can see
from Table 6.1 there is not much difference IN t,/z among the three Hamilto-
nians, but tp differs from different cases. Since the through space coupling tp

seems to play a critical role, we need to generalize the 3 x 3 Hamiltonian and

tin our case is the lowest unoccupied state.
tTthe three states are one anchor state on left/right side and one ferrocene lowest unoccu-

pied FO.
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see whether one could explain from a mathematical point of view by only using
tp as a variable. As we know 7 (E) can be calculated as T (E) ~ I'*(E), where
I'?(E) is obtained from the Larsson’s formula (Eq. 6.1). One can define a DQI

induced minimum at an energy E mathematically by,

N

r2(e) = (3 2P g (5.11)

E—¢;
i=1 v

Considering the three states in Fig. 5.18 that enter the 3 x 3 Hamiltonian
(FO basis) we obtain 3 MOs from subdiagonalizing this Hamiltonian, Eq. 5.11
can be written as,

Al V2 V3 2
=0 5.12
(E—81+E—€2+E—53) ( )

where -; is the product of the couplings of the MO states to the left and right
electrodes (; - B;). From the MOs’ eigen energies and eigen vectors in the
subdiagonalized 3 x 3 Hamiltonian, we found that MO; and MOy are mostly
linear combinations of the 2 pyridyl FOs, while the coefficients for forming MOj3
are mostly from the ferrocene FO (almost 90 %). In addition we found that
Y1 + 72 + v3 = 0 for the three systems due to specific symmetry properties of
the 3 x 3 Hamiltonian. We can obtain the DQI induced minimum position Fj

(Ey # ¢;) from Eq. 5.12 as,

1
E0251+—(€3—51):€1+F1~F2 (513)
1 v3(e2 — €3)
NREEASE B 74
Y1(e1 —€2)

We define two factors Fy = 1/{1 + (y3/71) * [(e2 — €3)/(e1 — €2)]} and F =
(e3 — 1), where g; are sorted in energetic order, namely 1 < g2 < €3, so that
F; is always positive. We want to relate this minimum Fj to the energy e
where LUMO peak is, since only if the DQI feature is close to the LUMO peak
the conductance will be influenced significantly. From Eq. 5.13 we notice that
the sign of factor Fi plays a role on the position of the DQI minimum, if F} <
0 and F; - F5 < 0 the minimum lies above the €1, and if F} > 0 it lies below
the LUMO peak. I calculated the three transmission functions 7(E) by the
Larsson’s formula. As we can see from Figure 5.19, only m — s — [ gives a
minimum in the relevant energy region. For m — s — s there is a minimum
appearing in the energy region above the LUMO+1, which is because for the
former case, F} has a negative value while for the latter case Fj is positive. In

order to make a more general conclusion, we need to find out which factor is
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Table 5.3: Explicit values for all parameters entering Equation 5.13 for the
three MOs obtained by diagonalizing the 3 x 3 Hamiltonian formed by the
three FOs with e, =eg= 1.0 eV, eg= 1.6 eV, t= 0.25 eV, tg=-0.25 eV and
with tp as a variable. All values for tp and Eg are given in eV, while the

factors are dimensionless.

to -0.12 -0.06 -0.03 0.03 0.06
F, 0.93 0.89 0.91 0.95 0.97
Y3/ -0.22 0.24 0.23 0.20 0.19
Fuplitting ~ -11.75  -1521 732 -3.33  -2.54
F 0.28 -0.37 -1.48 3.02 1.92
Ey 1.12 0.56 -0.49 3.68 2.64

decisive for the sign of F;. In order to simplify the mathematical explanation for
the three Hamiltonians regarding the geometrical differences, we approximate
all three systems with £, = 0.25, tg =-0.25, ¢, )r = 1.0 €V and the bridge state
ep = 1.6 €V, while keep the individual different through-space coupling values
for tp. Then we take tp as a variable and study how the position of the DQI

minimum changes with varying tp.

Now we decompose Fy into Fraio = 7y3/711 and Foplitting = (e2 —
e3)/(e1 — €2), from Table 5.3 one can see that the factors Fy and ratio v3/v;
are nearly the same for the testing systems with different tp values while the
factor Flipiitting varies distinctly. We draw the conclusion that the energy de-
pendent factor Fi,iitting plays the determining role for the DQI induced min-
imum positioning. We show the relation between tp and the eigenenergies
of 3 MOs obtained by diagonalizing the 3 x 3 Hamiltonian within a FO ba-
sis, where €5, = eg =1.0 eV, eg =1.6 eV, t;, = 0.25 eV, tg = -0.25 eV and
tp is a variable. As we can see from Fig. 5.21, the closer the vertical line
to the crossing point (~ -0.09¢V) is, the closer the minimum to the LUMO
peak will be. That is easy to explain when we look again at the Eq. 5.13,
since F5 is always positive and the difference among systems is negligible, so
Fi1 =1/(1 4 (v3/7) * Fsplitting) is decisive both in sign and size. There is only
one way for Ey positioning below 1, namely when F) is negative. As we can

see Fopritting = (€2 — €3)/(e1 — €2) is always negative, when Fj.q4, is positive,
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meanwhile the product of Fy.qti0 and Fopiitting is smaller than -1 (i.e. < -1), the
whole denominator term (1+ (y3/71) * Fsplitting) becomes negative. This means
that Fipjitting Needs to be big enough in size to compensate the small Fjt;0 50
that the product of these two is smaller than -1. For the cases when Fi.,4, is
positive or the product of Frqtio and Fipiitring is larger than -1 (i.e. > -1) the
minimum Fy will be above the LUMO peak (g1). As we can see from Table
5.3, there is only one case where F.q;, is negative (tp = -0.12) resulting in Fy
being positive and Ej is above the LUMO peak. For the two cases with tp =
0.03 and 0.06 Flspistting is not small enough to produce a negative denominator

of F; hence the minimum FEj is above &;.

In summarizing this section, it is the splitting factor Fipiitring due to
the difference between the MO eigenenergies that causes the different position-
ing of the minimum. This factor Fspjitting actually reflects the influence of the
through-space coupling between the two FOs in Figure 5.18: Anchor-L and
Anchor-R, since the three MOs are obtained by diagonalizing the Hamiltonian
formed from three FOs. In the Hamiltonian with FO basis the only variable is
tp, hence the energetic difference among the three MOs obtained from the diag-
onalization must relate to the variable tp. In this way we relate the geometrical
differences of the ferrocene containing molecules and the position of the DQI
minimum in the transmission function within a most simple topological model.
In order to prove our argument, we illustrate this with more conventional Hiickel

models,

As one can see from Figure 5.22 by changing the through space cou-
pling but keeping all the other parameters (meaning all anchor or bridge states
onsite energies as well as couplings between anchor and bridge states are the
same for all three configurations), the main difference is recovered, i.e. system
m — s — | shows the DQI minimum in the energy region we are interested in
while the other two systems don’t show DQI in the interesting region. Due
to the flat behavior of the transmission function in the HOMO-LUMO gap for
m — d — | (which is caused by the narrowness of the HOMO peak and DQI
nearby the LUMO peak), there would be almost no change in the conductance
as a consequence of charging, while for m — d — s the conductance after charging
might decrease due to the Lorentizian shape for the transmission curve in the

HOMO-LUMO gap. These assumptions assumed a rigid shift of 7(E) and did
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not foresee that the HOMO-LUMO gap is reduced in size by the charging where
the tails of the HOMO peak now play a more active role for the definition of the
conductance as can be seen from the NEGF-DFT calculations for the charged
systems I discuss next ( 5.23 (b)). As we can see that all molecular states are
shifted upwards in energy, where the shift for the branch closer to Clis 1.12 eV,
which is more than the shift of MOs on the other branch (~ 0.9 eV).

5.6 Charging effect

When we charge the double-branched ferrocene molecules, one would expect
the different trend of conductance change due to the characteristic in HOMO-
LUMO gap, namely conductance of m — d — [ will not be influenced due to the
flat feature in between HOMO-LUMO while m — d — s system the conductance
changes substantially due to the sloped feature in HOMO-LUMO gap (as shown
in figure 5.4), since the zero bias conductance is defined at the Fermi level. Tt
can be seen that for m — d — s the transmission functions of the neutral and
the charged system with dgo;_pe = 5.4 A cross each other almost exactly at Ep
resulting in almost equal conductance values, while the conductance is enhanced
by the charging for m — d — [ where the Fermi level is now at the shoulder of the
HOMO peak for both charged setups with dg;_pe = 5.7 A and doi—pe = 4.3 A.
This latter charging effect on the conductance for m —d— [, however, would only
result in an ON/OFF ratio of ~ 15-20 which is by far too small for an operative
transistor. Moreover, our initial idea that the charging might have an influence
on the presence or absence of DQI effects is not supported by the changes in
the transmission function, although the DQI induced flattening of the LUMO
peak seems to be somewhat reduced for the asymmetrically charged setup **.
There is also a energy splitting (blue and cyan vertical lines in Fig. 5.23 lower
panels) found in the occupied region for the charged systems compared with
the corresponding neutral cases, which is caused by the different partial charge
on two branches. In this study we investigated the potential use of branched

molecules containing ferrocene centers in two branches as molecular transistors

Hasymmetrically charged setup refers to the shorter distance of doj_pe = 4.34 for the
m — d — | molecule and dp;_pe = 5.4A for the m — d — s molecule, respectively, while the
longer distances dej_pe = 5.7 A and dej_pe = 7.2A represent the symmetrically charged

setups.
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where the switching would be achieved by a redox process allowing to alternate
between an ON and an OFF state and the latter might have a substantially
reduced conductance due to DQI. We found such a DQI effect in the electron
transmission for one of the branched molecules m — d — [ but this effect is not
altered significantly by charging for enabling a transistor functionality. Quite
surprisingly, the appearance of the DQI effect was closely linked to the presence
of acetylenic spacers between the ferrocene moieties and the pyridyl anchor
groups. In an analysis where we mapped the essential orbital characteristics
of the metal-organic compounds onto more and more simplified tight binding
models in a systematic way, we could identify the structural sources for the un-
expected finding: the direct through-space coupling between the anchor groups,
which is determined in its size and sign by the detailed three-dimensional con-
formation of the respective molecule. This is fundamentally different from DQI
as described for planar 7 conjugated hydrocarbons, where simple topological
rules could be derived recently [32, 83] and geometrical details of the molecu-
lar structure beyond next-neighbor connectivity do not play an essential role.
Our systematic analysis in this work can be applied to other metal-organic com-
pounds exhibiting DQI effects which have an influence on their conductance and

therefore provides an enabling tool for a rational design of molecular transistors.
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Figure 5.15: The Hiickel model (upper panel) used for illustrating the geometrical

differences and the direct coupling’s role, the corresponding relevant FOs used in the

TB model are depicted in the lower panel.
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Figure 5.16: Transmission functions calculated from NEGF-TB for m — s — [ with
five bridge states (red line), three negative bridge states (blue line), two and single

bridge FO states, respectively (cyan and black lines).

10-10

10-11 1 1 L Il L 1 1
0 0.5 1 15
E-Ef [eV]

Figure 5.17: Transmission functions calculated from NEGF-TB of m — s — [ (black

line), and p — s — I (green line)respectively, with one bridge state for each case.
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Anchor-R
(FO)

Figure 5.18: Three fragment orbitals in the upper panel for analysis; in the lower
panel the two linker FOs for m — s — s to highlight the close distance between the

linkers, i.e. the non-negligible through-space coupling.
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Figure 5.19: Transmission functions calculated from Larsson’s formula of m — s —{
(red solid line), m — s — s (black solid line) and p — s — [ (green solid line),

respectively.

0
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Figure 5.20: Transmission functions calculated from Larsson’s formula with different

direct coupling tp values, where for the two solid red lines tp are -0.06 ¢V (thin line)

and -0.03 (bold line), two solid black lines are -0.12 (thin line) and 0.0(bold line), for
the two dashed black lines 0.03 eV (thin line) and 0.06 eV (bold line), respectively.
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Figure 5.21: MO eigenenergies versus tp, the color code is corresponding to the
transmission curve in Fig. 5.20 where thin and bold vertical red lines are the ones
with Fy positioning in the interesting region, thin and bold black lines illustrate that
the further the distance of tp to the crossing point (-0.09 e€V), the further the

minimum to &7 is in the transmission curve.
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Figure 5.22: a)The topological model of m —s —1, p— s —l and m — s — s with
AO-FO-AOQO basis where all p, anchor states and one bridge LUMO state are

included; b) the corresponding transmission functions calculated from NEGF-TB for

m — s — 1 (red solid line), p — s — I (green solid line) and m — s — s (red dashe line).
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Figure 5.23: Junction geometries for two neighbouring cells in the periodic setup for
the scattering region (upper panels) and 7 (E) from NEGF-DFT calculations (lower
panels) for the branched molecules a) m — d — [ and b) m — d — s where the distance
dei—re between the Fe atom on one branch and the chlorine has been varied. For the
transmission functions we calculated from NEGF-DFT, the curves for neutral
systems are marked as solid black for m — d — [ and solid dashed for m — d — s, while
the cyan and blue curves mark 7 (E) for the charged junctions for an asymmetric
(right top panels) and symmetric (left top panels) placement of the chlorine between
the two branches in neighbouring cells, respectively. The eigenenergies of the
relevant MOs are also indicated in the lower panels, where the color code is
corresponding to the one used for the transmission functions and the line type

distinguishes the two branches.
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CHAPTER 6

Electron Transport Study in Coherent
Tunneling Through Cyclic Ruthenium /

Osmium Complexes

6.1 Motivation

Experimentally, the design and synthesis of branched compounds containing fer-
rocene moieties in each branch has been proposed [34] for the purpose of creating
single molecule junctions, where the combination of quantum interference effects
with redox gating for coherent electron tunneling as well as the electrostatic cor-
relation between spatially distinct redox centers for electron hopping [85] can
be explored. Theoretically a detailed analysis of branched compounds contain-
ing ferrocene centers has been published in our previous work [36]. In order
to confirm the generality of this analysis we apply the same models and meth-
ods to cyclic Ru/Os(PPhy)s(C2Hy)4 bis(pyridylacetylide) molecules, where we
use the notation of Ru/Os, Os/Os, Ru/Ru for the complexes containing sym-
metrical and asymmetrical branches. There are experimental and theoretical
studies [85, 87] about coherent tunneling and electron hopping for Ru redox-
active single-molecule junctions. Ref. [85] is focus on the comparison between
coherent tunneling and hopping mechanisms in dependence of junction length
for ruthenium bis(pyridylacetylide) complexes, and the work in [87] investi-
gated the influence by the charge and spin states of redox-active metal centers

on charge transport through single molecules in the transport pathway. The
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Figure 6.1: Chemical structure for cyclic Ruz(PPh2)s(C2Hy4)4 bis(pyridylacetylide)

complex .
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simple but effective model we used for the work on branched ferrocene com-
pounds is a combined atomic orbital (AO) fragment orbital (FO) tight-binding
(TB) model where we keep only the p, AO for each atom in both anchoring
groups and one relevant bridge FO. For the molecule in Ref. [36] we found that
the through-space coupling between the two anchor groups is the decisive pa-
rameter causing DQI effects in the interesting region, i.e. in the gap between the
highest occupied molecular orbital (HOMO) and the lowest unoccupied molec-
ular orbital (LUMO) and as close as possible to the Fermi level Er. In Fig. 6.1
we show a type of molecule where one can create in-built asymmetry and by
exchanging one of the redox centers Ru by Os. Due to the longer conjugated
groups organic fragments are more decoupled from the pyridyl anchors than
for the ferrocene compounds we studied in [86]. In this article, we want to
address two issues: i) How do the models we used for the branched ferrocene
molecules in Ref. [30] interpret coherent electron transport for this new type
of molecules? ii) Will the decreased through-space couplings due to the longer

molecular length ahve an impact on the occurrence of DQI?

6.2 Computational details for the NEGF-DFT

calculations

We performed density functional theory (DFT) calculations with a PBE XC-
functional within a non equilibrium Green’s function (NEGF)-DFT framework
[38, 89, 90, 91] using a linear combination of atomic orbitals (LCAO) [71] as
basis set on a double zeta level with polarization functions (DZP) in the GPAW
code [69, 70] for the computation of transmission probabilities, T(FE), grid
spacing of 0.2 A for the sampling of the potential in the Hamiltonian on a real
space grid is used. In our transport calculations, the scattering region is formed
by the respective metal organic compounds and three and four layers for the
upper and lower fcc gold electrodes, respectively, in a (111) orientation and with
a 6 x 10 gold surface defining the periodically repeated unit cell in the zy plane
(transverse directions). The distance between the Au ad-atom attached to the
electrodes surface and the N atom of the pyridyl anchor groups is 2.12 A [72]
and a k points sampling corresponding to a 1x2x1 Monkhorst Pack grid is used

in scattering region for evaluating 7 (E'), where the z-coordinate is the direction
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of electron transport through the junction.

6.3 Results and discussion

In Fig. 6.2 we illustrate the molecular junctions derived from the compound
in Fig. 6.1, where the two redox-center are Ru/Os, Os/Os and Ru/Ru, re-
spectively. The transmission functions 7 (E) for these junctions are shown in
6.3. In the resulting transmission functions in Fig. 6.3 the HOMO peaks are
close to the Fermi level for all investigated systems, hence we expect the con-
ductance to be dominated by the MOs below Er. Our definition of DQI is
that the transmission through a system with more than one MO around Ep is
lower than the sum of the individual contributions of these MOs to T (E) [92].
The exact energetic position of the Fermi energy within the HOMO-LUMO gap,
which is also affected by the underestimation of this gap in our calculations due
to the PBE parametrization of the XC functional, will have a crucial impact
on the quantitative conductance but qualitatively DQI will always result in a
significant conductance lowering for the structures where it occurs regardless

of the details of the Fermi level alignment [82]. In order to clarify whether

RV ARV AN 7S
|

Figure 6.2: Junction structures for the Ru/Ru(Os) molecule.
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Figure 6.3: Transmission functions for double-branched molecules Ru/Ru (solid red
line), Os/Os (solid black line), Ru/Os (green solid line), single branch Ru (dashed

red line) and Os (dashed black line) in their neutral states, respectively.

there are DQI effects in the region of HOMO-LUMO gap, we focus on a simple
TB model with a MO basis, where the eigenenergies of the molecular orbitals
and their individual coupling values to the electrodes can be obtained by di-
agonalizing the subspace of the molecule in the we then use Larsson’s formula
Eq. 6.1 [93, 94, 95] to calculate the transmission properties T (FE), where only
frontier orbitals, namely HOMO and LUMO are included for the proof. As one
can see from Fig. 6.4 the contributions from only frontier molecular orbitals
HOMO and LUMO can produce the main features (blue curve) from the DFT
result (red curve), From Fig. 6.4 we see that the contributions from the HOMO
and LUMO together, i.e. (HOMO + LUMO)? (blue curve) are almost identical
with the individual contributions (HOMO? + LUMO?, cyan curve) around E,
which means no DQI between the two MOs is occurring for the system Ru/Ru,
and for the other systems Ru/Os, Os/Os, single branch Ru and Os, the con-
clusion is the same, namely there is no DQI induced minimum in the energy
region nearby the Fermi level. The transmission functions from NEGF-DFT for
all investigated systems are shown in Fig. 6.3, where we note that for molecule
Ru/Os the peak splitting (green curve) in the occupied region is distinct due
to the intrinsic asymmetry by design of the two branches. Up to this point,
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Figure 6.4: Transmission functions calculated from NEGF-DFT (red curve) and
Larsson’s formula (blue and cyan curves) for system Ru/Ru, where the blue curve

denotes (HOMO 4 LUMO)? and the cyan curve HOMO? 4+ LUMO?.

we would expect that the charging induced upwards energy shift of the HOMO

peak will cause conductance fluctuation in Fig 6.3.

We compare the transmission functions for single (red and black dashed
lines) and double-branched (red and black solid lines) molecules to illustrate the
impact of the number of branches. As we can see the conductance for the Ru
(dashed red line) and Ru/Ru (solid red line) molecules are rather similar, and
differ only by a factor of about 1.5. While the amount of peaks in the occupied
region for the double-branched molecule is higher than the one in the single
branch molecule as there are more molecular states coupled to the electrodes
for the former. Comparing Os (dashed black line) and Os/Os (solid black line),
the conductance for the double-branched molecule is lower by about a factor of

0.6 han for the single molecule.

The next question is then what is the reason for the absence of DQI
in the HOMO-LUMO gap when these molecules share the similar design ideas
with the ferrocene molecules we studied before? In order to address this ques-
tion we move to the AO-FO model we previously used for ferrocene systems [30]

and take the single branch Ru molecule as an example due to its representative
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Figure 6.5: Transmission functions for single branch Ru molecule, where red dashed
curve is from NEGF-DFT calculation, the three solid lines are obtained from
NEGF-TB calculations with eight AO anchor states (p- state of each carbon or
nitrogen atom from subdiagonalization) and two bridge states (blue curve), two FOs
on each side and two bridge states (green curve), one FO anchor state on each side

and one bridge FO (magenta curve).

transmission function, which is very similar to those of the double-branched
Ru/Ru, Os/Os and single branch Os molecules. In a first step we include all
pr AO states of the anchor groups (pyridyl plus the two acetylenic groups) by
diagonalizing the subspace of each carbon or nitrogen on these groups and pick-
ing the p, state. For the bridge group two relevant bridge (where we define Ru
plus Phosphine ligands and conjugated spacers including acetylenic and benzene
groups as the bridge group) FO in the occupied region are considered. Then
we diagonalize the two anchor subspaces to get the relevant anchor FO states
on both sides. By reducing the number of bridge FO states in the Hamiltonian
we finally can minimize the Hamiltonian to the most simple one, which then
only contains the three most relevant states, i.e. one FO on each anchor group
and one bridge FO, which can be compared with the 3 x 3 Hamiltonian for the

ferrocene systems we discussed before [30].
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Table 6.1: Parameters entering the 3 x 3 Hamiltonian formed by three FOs (

Fig. 6.0) for three single branch systems, where all values are given in eV.

Ru Os Fc
tr -0.026 -0.023 0.27
tr 0.019 0.019 -0.22
tp 5.7E-05 -5.1E-05 -0.023
Ae -1.5 -1.5 0.6

6.3.1 Comparison of a simplified 3 x 3 Hamiltonian for

single branch Ferrocene, Ruthenium molecules

Based on the scheme we developed in Ref. [386] we use the simplified 3 x
3 Hamiltonian for a mathematical perspective for explaining the role of the
through-space coupling. The systems we investigated here have no DQI feature
despite the number of branches even though they are designed similarly to the
molecule Fc in [36], where the most distinct differences here are the molecular
length and the type of metal centers. In our previous work [36] we found that
in order to observe a DQI feature close to Er, the through-space coupling value
needs to be neither too small nor too big in size so that the DQI feature will not
be pushed outside the interesting region as we illustrated in Ref. [36], where
the tp value for DQI occurring near to the position of LUMO peak is -0.023
eV. Now we ask for the Ru/Os(PPhy)s(C2Hy)4 bis(pyridylacetylide) molecules:
is the length of the molecule causing the through-space coupling between left
and right anchors vanish the only reason for the absence of near to the Fermi
level? First of all we list the parameters that enter the 3 x 3 Hamiltonian for

the single systems Ru, Os and ferrocene (Fc).

e tr tp
Hpor = tr, e tr

tD tR €R

in Table 6.1 we can see the coupling values of t;, tg and tp connecting
the three FOs (as shown in Fig. 6.6) for the three systems Ru, Os and Fc

are distinct in the sense that: i) the size of the couplings between anchor and
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bridge t;,r are one magnitude smaller for Ru and Os than the ones in Fc; ii)
the through-spacing coupling tp for the Ru and Os molecules are negligible, iii)
the bridge FO we used for the 3 x 3 Hamiltonian is the highest-lying FO in
the occupied region for Ru and Os and it was the the lowest-lying FO in the
unoccupied region for Fc¢, which means the energy difference between anchor
and bridge states Ae are larger in size and the sign differs compared with the
ferrocene molecule. Those differences can be interpreted in the perspective of
fragment orbitals in Fig. 6.0, where the spatial localization on the anchors
in Fig. 6.6(a) for the Ru molecule is rather similar to the one in ferrocene
molecule (Fig. 6.6 b)), while t7 g, the coupling between anchor where the
spatial localization is mainly on pyridyl and the adjacent acetylenic group and
bridge FOs where the localization is on the metal center and the neighboring
acetylenic spacers are decreased markedly, because in between there is a benzene
group separating them as shown in Fig. 6.6 a). In addition, the increased length
also eliminates the direct coupling of the two anchor groups. The bridge state
on the Ru molecule is now more delocalized because of the strong conjugation
with the adjacent triple bonds, while for Fc the state is more localized on the

ferrocene moiety.

Larsson’s formula [93, 94, 95] has been used for approximating T (E)
as T(E) ~ I'}(E) for coherent tunneling as we introduced in [36], where the
resulting 7 (E) can be normalized [96] and qualitatively reproduces the curves
obtained from NEGF-TB [32]. From Larsson’s formula,

[(E) = ZN: W - (6.1)
= E—em

where au,,, B are the couplings of the molecular state with eigenenergy &, to
the respective left and right contact states, a simple mathematical condition can
be defined for the energetic positions of DQI induced zeros in T (E) (when T (E)
~T2%(E) =0),ie I'(E)=m/(E—¢e1)+7/(E —2) + v3/(E — £3) also must
be zero, where v; = «;; for the three MOs resulting from the simple model.
By making use of the specific symmetry properties of the 3 x 3 Hamiltonian in

the model, we can impose 71 + 72 + 3 = 0 and obtain,

Eo=¢1+ (83 - 81) (62)

1 v3(e3—e2)
71(e1—e2)

which should be the energy position of the DQI induced minimum FEy. Having

now established that the parameters t/r, tp and Ae distinguish the ferrocene
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Figure 6.6: Spatial distributions of a)single branch Ru, the anchor FO on each side
at 1.3 eV and the bridge FO at -0.2 eV; b) Fc, where the anchor FO on each side at
1.05 eV and the bridge FO at 1.66 eV [30].
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Table 6.2: Three parameters defining the 3 x 3 Hamiltonian which reproduces

the transmission function for the single branch Ru and Fc systems,

respectively.
Ru Fc
Ae (parameter 1) -1.5 0.6
tr/r (parameter 2) 0.025 0.25
tp (parameter 3) -5.0E-05 -0.023

molecule Fc with a DQI feature close to the LUMO from the single branch
systems Ru and Os, we want to explore the mathematical reasons for the im-
portance of these parameters, where we focus on the comparison of Ru and Fc
regarding the three parameters entering the Hamiltonian. If we mark the three
parameters for ferrocene molecule Fc as Fq, Fsy, F3 and for Ru as Ry, Rs, Rs,
there are six combinations for forming a 3 x 3 Hamiltonian. From these Hamil-
tonians we calculate the transmission functions for each combination in order

to identify the decisive parameter enabling DQI.

Now we approximate the coupling values tr,,r with 0.025 eV and 0.25
eV for Ru and Fc, respectively, and plot the transmission functions for the six
resulting Hamiltonians based on the different combinations of the three param-
eters in Fig. 6.7. As one can see modifying any one of the three parameters
in the Hamiltonian of Fc leads to the disappearance of the DQI feature in the
interesting region, which indicates that all three parameters might have a fun-
damental influence on the DQI absence for Ru in the relevant energy region,
meaning that the through-space coupling tp seems to be no longer the only deci-
sive parameter. We therefore keep two parameters and vary one in a systematic
way to see the role each parameter plays. First of all we keep two parameters
tp, tr/r, and vary Ae, then plot Eq versus Ae; secondly we keep Ae and tp,
vary tr,r and plot Eq from Eq. 6.2 versus tp,g; finally we vary tp while keep
the other two parameters constant, and plot Eg versus tp. The relation between
Eo and each parameter is illustrated in Fig. 06.8. From panel (a) we can see
that for the Ru system (black curves) where the tp and tz,,p values are kept as
in table 6.2, Eg is always above ~ 12 eV not matter how Ae varies, i.e. never

in the interesting region, while for the Fc system (red curve) when variable Ae
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(a) | AihoRs —— (b) R1R2R3 ——
| R R

Figure 6.7: Transmission functions of the single branch Ru molecule (black solid
line) and the single branch ferrocene molecule (red solid line) a) R1F2F3, meaning
replace parameter F1 by Ri (red dashed line), and F1R2R3 is obtained by replacing
R1 with F; (black dashed line); b) F1R2F3 (black dashed line) and R1F2Rs (red
dashed line); ¢) F1F2R3 (black dashed line) and R1R2F3 (red dashed line),

respectively.
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Figure 6.8: Eo versus a) the energy difference Ae between the anchor and bridge
states; b) the coupling value t,,z and c) tp for Ru (black curve) and Fc (red curve),
respectively. On each panel, the correct (real) parameter for each system is marked
as black dot for Ru and red dot for Fc, i.e. in panel a) black dot (Ae = -1.5, Eg =
12.5) and red dot (Ae = 0.6, Eo = -1.1), in panel b) black dot (t;,r = 0.025, Eq =
-12.5) and red dot (tp,r = 0.25, E¢ = -1.1), in panel c) black dot (tp = -0.00005, Eo
= -12.5) and red dot (tp = -0.023, Eg = -1.1) , respectively.
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reaches the real value of Fc, (i.e. 0.6 eV), Eg is around -1.1 eV, i.e. close to Ep
as we also observed in Fig . 6.7 red solid curve. Besides, for Fc Eq covers the
range of -3.0 — -1.0 eV along the variable Ae changes from -2 — 1.5 eV, which
means when keeping the tp and t;, g as in the Fc system, changing Ae from
0.6 eV to -1.5 eV pushes the DQI minimum away from the Fermi level to ~ -3.0
eV. We also plot the relation between Eg and t7,,r where Ae and tp are kept as
the values in the two respective real systems and show them in Fig. 6.8 b), and
find that for system Ru (black curve) Eq decreases dramatically when variable
tr/r increases, at the real value point -0.00005 eV Eo is -12.5 eV, which is out
of the interesting region, while for Fc (red curves) we can see the slope of the
curve is comparably flat, meaning as long as t7 /g is in the range of 0.1 — 0.3
eV, Eq is located close to the Fermi level, while when tz g is smaller than 0.1
eV Ej locates above 1.5 eV, which is not within the interesting region anymore.
Finally we plot the relation of tp with Eq for the two systems, where we find
that for Fc (red curves) the slope of the curve is rather flat compared with the
black curve, namely in a rather wide range of variable tp (-0.07 — -0.02 eV),
Eg is located close to Fermi level, but when tp is above -0.01 eV Eg decreases
significantly (below -5.0 V), which means even if one keeps the values of t;,r
and Ae as in the Fc system, as long as tp is above -0.01 eV, where we note
that the negative sign is important and refer to our analysis in Ref. [36], DQI
will never within a relevant energy window as is the case for Ru (where tp ~
-0.00005 eV). While in Ru curve (black) when tp reaches -0.023 eV (the real
value as in Fc system) Eg locates around -0.023 €V which we also found in Fig.
6.7 ¢) black dashed curve, namely it is close to the Fermi level, however, as tp
is above -0.001 eV Eg decreases dramatically and always below -5.0 eV which
is not in the relevant region anymore, that means in Ru system even the other
two parameters Ae and ty /g are kept as they are, if tp is in the region of -0.01
— -0.001 eV (where the curvature of black curve is rather flat) Eq will be close
to the Fermi level and we can then observe DQI induced minimum, but when

it is above the threshold -0.01 eV, Eq is pushed far below the Fermi level.

6.3.2 Conclusions from the TB analysis

The summary for this section is that molecules containing metal centers of

Ru or Os differ distinctly from the ferrocene molecules we studied before in
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the relation between molecular structures and the occurrence of DQI effects
in electron transmission. Strikingly, the most important structural difference
of these molecules from the ferrocene molecule Fc is that the length of the
molecules we investigate here is larger resulting in the vanishing of through-
space coupling, which plays a decisive role. From the plot 6.8 and the analysis
above we conclude that: i) the energy difference between anchor and bridge
states Ae is not a decisive parameter, because as long as we keep the other two
parameters (tz/r and tp) for Ru we would never observe a DQI minimum in
the interesting region (Eq is always above 12 eV); ii) the parameter ty,/p is also
not a decisive parameter, since Eg will be always below -5 eV as long as we keep
the other two parameters (Ae and tp) for Ru; iii) the parameter tp is a decisive
parameter, because as long as tp is below the threshold -0.001 eV (< -0.001 eV)
for Ru (i.e. keep the other two parameters as in Ru system), one would observe

a DQI minimum close to the Fermi level as shown in Fig. 6.8 ¢) right panel.

6.4 Effect of Charging

We use the method as we did for the ferrocene systems in chapter 5 for the
charging of the Ru/Os(PPhy)s(CaHy)4 bis(pyridylacetylide) compounds with a
chlorine atom in the cell close to the molecule which due to its higher electroneg-
ativity absorbs an electron from the junction while the overall neutrality of the
device region is still maintained. As described in detail in Ref. [97] where the
generalized A self-consistent field (A SCF) technique [73, 74] has to be applied
in such a setup for ensuring that the self interaction problem of DFT is defied
and the chloride ion is charged with one full electron while the resulting positive
counter charge is distributed across the molecule and surfaces of the leads, the

junction geometries are shown in Fig. 06.9.

Fig. 6.10, 6.11 and 6.12 show the transmission functions for each
molecule in its neutral and charged states respectively, where we conducted
spin polarized calculations. The spin-polarization resulting two effects in the
transmission function: i) MOs move slightly downwards in the energy region,
consequently the HOMO is further away from the Fermi level compared with
the non-spinpolarized calculations; ii) the splitting of the occupied states nearby

the Fermi level becomes more distinct. The dashed and dot dashed red curves
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in each panel represent the spin low and high states for the charged system
with a distance of 5.2A between the metal center and Cl atom. As one can see
the peak splitting for the two symmetrically built molecules Ru/Ru and Os/Os
after charging is distinct as the amount of the charging induced peak shift for
the two branches are different, where the branch closer to the chlorine atom
have shifted more with respect to the Fermi level, while the MOs on the other
branch almost have not been affected by the chlorine charging effect. For the
asymmetrically built molecule Ru/Os, the peak splitting caused by charging is
less distinct, where the peak splitting in the neutral case (black curve) is already
rather distinct due to the in-built asymmetry, and charging does not seem to
increase the splitting much further. As we can see from Fig. 6.11 and 6.12 the
evolution from neutral states to the charged states, the HOMO-1 and HOMO-
2 change the ordering sequence for Ru/Ru and Os/Os due to the degeneracy
of HOMO, HOMO-1 and HOMO-2, HOMO-3 in the two symmetrically built
systems. While that is not the case for Ru/Os, i.e. for Ru/Os the energetic
ordering of HOMO, ... HOMO-3 remains the same as the corresponding neutral

case after charging (as shown in Fig. 6.10).
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Figure 6.9: Junction geometries for two neighboring cells in the periodic setup for

the scattering region of double branched Ru/Os (Cl) in a distance of 5.2 A.
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Figure 6.10: Four relevant occupied orbitals and transmission functions for
Ru/Os(Cl) with spin and without spin-polarization in a distance of 5.2 A,
respectively. Where the black and red solid curves are the respective neutral and
charged states, while the dashed and dot dashed curves in each panel mean spin low

state and spin high state, respectively.

We list the conductance of the neutral and charged states for each
system, as well as the partial charge on molecules where we intend to see the
asymmetry induced by charging. As we can see from table 6.3 the asymmetry
induced by CI charging effect is quite distinct compared with the corresponding
neutral molecules, while the conductance of the charged systems changes only
slightly since the energy shifts of the peaks in the occupied region are small and
the conductance is dominated by those peaks in the occupied region. We plot
the spatial localization for the orbitals in the occupied region of both neutral
and charged systems. As one can see from Fig. 6.10, 6.11 and 6.12 the d,
and d, . orbitals of the metal hybridize with the organic ligands resulting in the

delocalization, which contributed to the conductance.
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Figure 6.11: Four relevant occupied orbitals and transmission functions for
0s/0s(Cl) with spin and without spin-polarization in a distance of 5.2 A,
respectively. Where the black and red solid curves are the respective neutral and
charged states, while the dashed and dot dashed curves in each panel mean spin low

state and spin high state, respectively.
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Figure 6.12: Four relevant occupied orbitals and transmission functions for
Ru/Ru(Cl) with spin and without spin-polarization in a distance of 5.2 A,
respectively. Where the black and red solid curves are the respective neutral and
charged states, while the dashed and dot dashed curves in each panel mean spin low

state and spin high state, respectively.
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Table 6.3: Partial charges in units of fractions of 1 e as obtained from a Bader
analysis [98] for the neutral and charged molecules, where M; and My denote
the branch containing the metal center closer to and further away from the
chloride ion, respectively. The conductance G for all molecules as defined by

T (EF) is given in units of Gy.

M; M, G

Ru/Os (neutral) 0.0345 0.0378 4.57x107°
Ru/Os (der_pr=5.2A) -0.710 -0.173 3.41x10~°

Os/Os (neutral) 0.036  0.036 4.61x107°
0s/Os (dgy—apr=5.2A) -0.230 -0.653 1.84 x10~8

Ru/Ru (neutral) 0.038 0.037 2.41x107°
Ru/Ru (dei—=5.28) -0.662 -0.208 2.21 x10~%

6.5 Summary

In this study we investigated the potential use of branched molecules contain-
ing different metal centers in two branches as molecular transistors where the
switching would be achieved by a redox process allowing to alternate between an
ON and an OFF state. We did not find a DQI effect in electron transmission for
these branched molecules, neither in their neutral nor in their charged states. By
comparing our results with a previously studied ferrocene compound, we found
that due to the increased molecular length, the decisive parameter over-space
coupling tp incapacitates the DQI induced minimum appear in the relevant

energy region.

The charging effect on these cyclic molecules is not pronounced re-
garding the conductance change since from the transmission curves (Fig. 6.10,
6.11 and 6.12) the upward shift in energy induced by charging is small. The
splitting peaks in the solid and dashed red curves in Fig. 6.11 and 6.12 indicate
the charging effect on one branch (closer to Cl) is more significant than the
other. Charging induced asymmetry for these cyclic molecules is rather distinct

(see table 06.3), especially for the asymmetrically built molecule Ru/Os(Cl).
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CHAPTER 7

Electron Hopping (Incoherent Eletron
Transport)

7.1 Motivation

Molecules incorporating metal complexes are of interest for molecular electronics
since they can be oxidized and potentially lead to irregular I-V (current-voltage)
characteristics and efficient charge conduction. Complexes containing transition
metals like Iron, Ruthenium and Osmium (II/III) are investigated in this chap-
ter due to the fact that they offer redox centers and spin states which are of
importance in the experimental design for electronic devices like transistors [99].
When the Fermi level of one of the gold electrodes comes into resonance with a

molecular level, charge injection into the molecule occurs.

One of the interesting topics for the double-branched systems we in-
vestigate in this chapter is that when there is already a charge on a molecule
with two redox centers how would second charge hop through the system? The
localization of a first charge be equally distributed on the left and right branch
will if the symmetry is not broken. However in chlorine charged systems, asym-
metry is manually induced by putting Cl closer to one of the branches, hence

the partial charge on each branch is distinguishable.

In order to investigate the effect of the distribution of the first charge on
the reorganization energy for the hopping of the second charge, the oxidation of

the metal centers is induced by two ways in our work here: i) we add an external
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positive charge at the beginning, and the relax the system for obtaining the
equilibrium configuration of the charged molecule, so the final relaxed structure
we obtained is a configuration with symmetrically distributed charge; ii) we put
a chlorine near to one of the branches manually (the distance can be modified)
and optimize the structure together with the CI but fix the two atoms, i.e. the
metal atom closer to the Cl and the Cl atom in order to keep the distance
between them constant during the optimization process, this should result in an
asymmetrical charge distribution where the external charge is mostly localized

on one branch of the molecule.

7.2 Marcus-Hush Theory

Marcus theory was originally proposed by R. A. Marcus in 1956 [24] as a method
for calculating the electron transfer (ET) rate between an electron donor (D) and
an acceptor (A), where the first formulation of the ET theory only addressed the
reorganization of solvation shell for the outer-sphere electron transfer reaction
between Fe (II) and Fe (III). Marcus and Hush [25, 20] extended this formal-
ism to include inner sphere ET contributions where a change of the atomic
configuration for donor and acceptor moieties is also considered. This latter
generalization also requires an explicit treatment of the reaction enthalpy (or
driving force) as well as the overlap between the initial and final states of the
electron-transfer reaction (usually is referred to as transfer integral). Marcus-
Hush theory gives an unified treatment to homogeneous reactions where also

electron transfer reactions at electrodes have been described.

Marcus-Hush theory has been extended to address a variety of ap-
plications such as electron transfer between inorganic, or organic molecules, in
molecular crystals as well as bio- and electron-chemical cycles and proteins. The
unanticipated and counter intuitive result of Marcus theory is the “inverted re-
gion “where electron transfer rates slow down with increasing exergonicity of
the reaction, which was verified experimentally in 1984 [102]. The Nobel Prize

in chemistry 1992 was awarded to R. A. Marcus for his contributions.

The three key parameters in the Marcus theory framework are i) the

reorganization energy A = A\, + Aout, Where the inner reorganization energy
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Ain is the energy gain due to the relaxation of the nuclei of the molecule as a
consequence of charging, and the outer part A,,; is decomposed into Born and
screening contributions where semiclassical models are involved for calculating
this outer term, we discuss how they are calculated later; ii) the driving force
AGy, which corresponds to the reaction enthalpy of the electron transfer reac-
tion; iii) the transfer integral Vp 4: which is the electronic coupling between the

initial state and final state of the electron transfer reaction.

Reorganization Energy In the Marcus framework, potential en-
ergy wells are usually represented by parabolas as shown in 7.1 where the
parabolic shape can be used to calculate reaction rates and the reaction co-
ordinate represents all the nuclear coordinates involved in the reaction. The
response of the polarized surrounding to the molecular charge is described by
the linear response of a dielectric continuum, where the time scale of this re-
sponse is separated into slow and fast parts. The reorganization energy A is
the energy required for the nuclei to reorganize nuclei enabling the electron
transfer. It consists of an inner part and outer part, where the former (A;)
is the energy difference due to the relaxation of the nuclear positions of the
donor and acceptor moieties from their neutral equilibrium state (initial state)
to the oxidized state (final state). It is calculated by the total energy difference
between the charged equilibrium configuration (¢f) and its uncharged initial
relaxed configuration (¢°) of the central part of the electron transfer reaction
following Gibbs parabola for the neutral state, or from the difference between
its charged equilibrium initial configuration (¢*) and uncharged relaxed configu-
ration (¢/) following the Gibbs parabola of the charged state. In our studies the
electron transfer occurs between one of the electrodes and the central molecule
in the junction, where the minimal structural rearrangement of the infinitely
large metal electrodes is disregarded because its contribution to A;;, is insignif-
icant. In Marcus theory, the curvature of the two Gibbs parabolas is identical,

while in practical calculations they slightly differ so we take the average,

poy = 2% _ (Bea41) = Bical@o)] + |Biea(a1) = Bpeao)) 7 )
"2 2 ’

where go and g1 are the respective neutral and charged equilibrium states,
and E; and Ey are the initial and final Gibbs energy functions. Ay is the

contribution of the surrounding medium to the reorganization energy which
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Figure 7.1: The two Marcus parabolas describing the free energy of the system as a
function of the reaction coordinate in the dielectric solvent medium. The initial, final

and transition state are marked as ¢', ¢© and ¢*, respectively.

includes the response of a solvent and the screening effect caused by a charge

near to a metal surface. Therefore \,,; can be decomposed into Ag,r, and

)\imagev

)\out = )\Born + )\image (72)

where we calculate Apop, With the generalized Born (GB) approach, which con-
siders the solvent as a continuous medium which mimics real solvent properties
in an averaged way. Such a model is computationally much more efficient than
the alternative of molecular dynamics simulations in rather large cells. The
total solvation free energy (Gso) within the GB framework is a sum over a
solvent-solvent cavity term (Geqs ), a solvent-solute van der Waals term (G ,qw )

and a solvent-solute electrostatic polarization term (Gpol),

Gsol = Gcav + GvdW + Gpol (73)
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Geav + Goaw in the GB model is computed by evaluating the solvent-accessible

surface area, where this accessible area is computed numerically as,
N
Gcav + GvdW = Z JZSAz (74)
i=1

with ¢ an empirically determined atomic solvation parameter, and SA (A2) the
solvent accessible surface area for atoms (that are taken into account). The
method for calculating G, follows Di Qiu et al [103] with a generalized Born
equation and was modified for irregularly shaped solutes. For systems with
irregularly shapes, the Born radius a; is complicated to calculate, since it is de-
fined as the distance from the center of the ion to the boundary of the dielectric,
and a reasonable accurate evaluation of a; is the most time-consuming part of
the GB model. The idea which improved the calculation of a; is that it begins
with the original Born expression for a monoatomic spherical ion surrounded by
a continuum dielectric medium,

G = —166.0(1 — 1L (7.5)

€ a;

where € is the dielectric constant and ¢ the charge. For the polyatomic solute,
the distance from an atomic center to the molecular van der Waals surface
varies. Di Qiu et al used an appropriate way to average the various distance

and produce a single value of a, with corrections to the defects of this solvation

/

model, generating a Gpom. as,
Gpol,i —166.0 PV PV PV;CCF
v _ Spoli _ J J J
pol,i L 1 Ryaw—i+ &+ P, + Z 7‘?;‘ + Z ,,«glj + Z T?j

‘ (7.6)

where G, is the polarization energy of atom i, Ryqw—; (A) is the van der
Waals radius of atom 4, ¢ is the dielectric offset (A), r;; (A) is the distance
between atom ¢ and j, Vj (A3) is the volume of atom j, Py,Ps,P; andP, are

the empirical scaling factors, CCF is the close contact function for nonbonding

interactions,
ri 1
CCF =1.0,i ) 2> — 7.7
f(RvdWﬂ' + Rvdwfj) Ps (7.7)
where Ps is a soft cutoff parameter, otherwise,
2
CCF = 0.5[1.0 — cos( lig Pyl (7.8)

Ryaw—i + Ryaw—;)?
The Born radius can then be calculated as,

—166.0

pol,i
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N

N N AgAg;
Ao = (= = =) 323 2420

$ =1 =1 fGB

with

(7.10)

(7.11)

where €., and €, are the solvent optical and static permittivities, respectively,

Agq is the partial charge difference of an atom in its neutral and oxidized states

in vacuum. The partial charge distribution we obtain from a Mulliken charge

analysis [104] of a DFT calculation, and a;; = ,/a;a; is van der Waals radii.

The image charge contribution originates from a charged molecule ad-

sorbed close to a metal surface and Ajqqe is calculated from a model proposed

by Thygesen et al. [105], [106], where one separates the two conducting surfaces

with a distance L (junction length) in the transport direction z and obtains,

[ORNC] Q| ® Q| ®
24 ;
N ™

-2L-z -2L+z -z 0+z L 2L-z 2L+z

Figure 7.2: Schematic representation of the image charge model for a charge

between two electrodes.
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1,1 1
Airnage = _5(67 - :) Z Z AQiAQjX
*° S =1 j=1
S 1 1
[ +
=1 \/(zl +2; —2nL)? + R} \/(zl +2; —2(n—1)L)* + R,
1 1

]
\/(22 —zj +2nL)%* + R; \/(zl —zj —2nL)* + R;

with RY; = (z; — x;)* 4+ (y; — y;)®. The image term contains the infinite sum
of Coulomb interactions resulting from the partially charged molecule between
two parallel electrodes, where an infinite number of mirror images are induced

within an image potential framework for the screening.

Driving Force The driving force in Marcus theory is defined as
the energy difference of the two parabolas’ minima, which are the equilibrium
states for the respective neutral and oxidized configurations in the reaction.
We apply a method to calculate AGqy for the junction setup by considering
the Fermi level alignment and charge equilibration [107, 96, ], meanwhile
within a single particle picture which we also use for the description of coherent
tunneling, in this way we can make a direct and meaningful comparison between
the I-V curves for electron hopping and the transmission function for coherent
tunneling. For a hole-transfer, the way we calculated the driving force for the
junction setup is relating the HOMO position of the confined junction system
to the Fermi level of the electrodes. The energy needed to transfer an electron
from the HOMO to one of the electrodes within a single-particle picture can be
expressed as,

AGo =enomo — Ey (7.12)

where egono was obtained from subdiagonalizing the molecular sub space in
the transport Hamiltonian from a NEGF-DFT calculation within this scheme.
The relaxation of the other molecular eigenstates is neglected, and any energetic
effect of the metal electrode is also ignored because of the large number of

electronic bands near to Fermi level.

Transfer Integral The transfer integral Va, o describes the elec-
tronic coupling between the molecule and the electrodes. Vay,_mor can be re-

trieved from the MO peak width in the transmission function calculated from
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NEGF-DFT for coherent tunneling since on a single-particle level picture the
two are related. Within this model V4, _mo is obtained by a numerical fitting
of a Lorentzian function in the form,

4Vrju—mol
4Vju7mol + (E - EMO)

T(E) = (7.13)

where MO is the involved molecular state (in our case the HOMO), and its
energy £p70 is obtained from NEGF-DFT calculation. We decoupled all the
contributions of other molecular states to the electrodes, where Tgono(FE) and
egomo are known from NEGF-DFT, and the transfer integral can then be

obtained by numerical fitting in the function 7.13.

Hopping Conductance and Transfer Rates The conductance in
the hopping regime is calculated as [109, 85],

2
€ ko;v kred

Ghop = =~ —ozred
hov kaT koz + kred

(7.14)

where the koz req are the transfer rate of the reduction and oxidation transfer

reactions, which define the overall hopping process through the junction,

27r A+ AGqy +¢)?

\/47r>\kBT / (= T
)\ - AGO + 6)2

27r
oy = AT ATy ro)d 7.16
d \/47r)\k:BT/ A NkgT )f(e)de (7.16)

f(e) is the Fermi Dirac function 3.4,

kow = )L = f(€))de(7.15)

7.3 The Influence of Charging

When we consider the charged systems a single occupied molecular orbital
(SOMO) is involved, if we apply a positive charge consequently AGy = egono—
E¢ will be zero. To avoid a zero value for the driving force spin-polarization
needs to be applied, where spin-up and spin-down states of the corresponding
MO can sit separately above and below the Fermi level thus AGy = esomo —Ef
is not a zero. We applied spin-polarization calculations for the partially occupied
states of the double-branched charged systems. The spin-polarization calcula-
tions give two effects on the transmission functions: the MO states are shifted

downwards for both spin-up and spin-down, and consequently the HOMO is
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Figure 7.3: Transmission functions for system m — d — I (Cl) where the black curve
is the calculation without applying spin-polarization, the blue and cyan curves are

the results of respective spin-up and spin-down with spin-polarization.

distinctly further away from the Fermi level compared with the non-spin calcu-
lation results; Secondly, the splitting of the occupied states (due to the asym-
metry induced by the Cl atom) near to the Fermi level is more distinct in the
spin-polarized calculation results. The first effect leads to the driving force AGq
in the hopping conductance calculation becoming nonzero in the oxidation pro-
cess. Theoretically the peaks from respective spin-up and spin-down should sit
below and above the Fermi level, while in practice as we can see from Fig. 7.3
the peaks of the two curves with spin-polarized calculations (blue and cyan) are
below Er and the HOMO peak in cyan curve is closer to Ep while it is supposed
to be above the Ep theoretically, which remains an open question which needs

to be solved in further investigations.

By comparing the inner reorganization energy for one-charge charged
schemes as the energy difference of chlorine induced charged configuration and
the neutral configuration, and an external charged configuration with the neu-

tral configuration respectively, we found that for the chlorine-induced charged
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scheme the inner reorganization energy is much larger than the external-charge
charged scheme for all investigated systems because the initial configuration

goes through dramatic changes in the former case to final configuration.

Table 7.1: Inner reorganization energy for all investigated systems.

external +1 Clinduced +1 external +2

m—d—1 (dci_pe=4.3A) 0.033 1.107 0.056
m—d—s (doi—pe=5.4A) 0.084 1.496 0.077
Ru/Os (doi—ar, =5.2A) 0.035 0.476 0.035
0s/0s (dei—n,=5.2A) 0.039 0.511 0.041
Ru/Ru (d¢i—ar,=5.2A) 0.038 0.433 0.036

One can in principle compare the geometrical variation movie in each
iteration from the two schemes to capture the most obvious movements of each
atom. We observed that for the ferrocene double-branched systems in the chlo-
rine charged configuration atoms move more violently due to the attractive in-
teractions between the branches and Cl. Especially the atoms closer to Cl move
towards it (apart from the fixed iron), while in the external-charge charged
scheme where the external charge is equally distributed on both branches. The
movements of two branches are symmetric, but is also repulsion between the
two branches while the difference between initial and final configurations is
comparably small. For the big cyclic molecules because of the large size of the
molecules, there are more degree of freedom for the movement of the atoms
when an external charge is applied. So the difference between initial and final
configurations are overall smaller than ones for the ferrocene molecules. How-
ever, in the chlorine-induced charged scheme the reorganization energy is still
big due to the interaction between the branches and Cl. Table 7.2 gives the
charge distributions respectively on the two branches for all charged systems we
investigated. As we can see from the partial charge values for the two branches,
the Cl-induced charged scheme does bring in pronounced asymmetry compared

with the external-charge charged scheme.

For the hopping topic, I would need to do more analysis on the driving

force issue with spin-polarized calculations and try to understand the large
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Table 7.2: Charge distribution for the charged systems of the two schemes.

external +1 Cl induced +1
branch M; branch My | branch M; branch M,
m—d—1 (dgi—re=4.3A) 0.345 0.342 0.673 0.092
m—d—s (doi_pe=5.4A) 0.450 0.440 0.677 0.283
Ru/Os (deq— pr,=5.2A) 0.399 0.448 0.710 0.173
0s/0s (dei—a, =5.24) 0.394 0.460 0.653 0.230
Ru/Ru (doi—a,=5.2A) 0.443 0.406 0.662 0.208

reorganization energies for the Cl-induced charged systems as shown in Table
7.1. The calculation of the hopping conductance and transfer rates needs three
parameters, i.e. reorganization energy, driving force and transfer integral, where
I would need to do more calculations in order to draw a conclusion about the
question we came up with in the motivation section: “while the first charge
hopping through one branch is oxidized, then when a second charge is applied
the hopping process will be under the local electric field of the oxidized branch,
how does the presence of a temporarily oxidized metal center M affect the

redox properties of the other center My?"

*Mj is the metal center closer to the Cl atom in the junction.
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CHAPTER 8

Configuration Prediction for Ferrocene
Compounds with Different Anchor Groups in

Single-Molecule Junctions

8.1 Motivation

Molecules can self-organize when adsorbed to electrodes, which is an essential
advantage for overcoming technological difficulties. For making single-molecule
junctions applicable as molecular devices, they need to be operable at room
temperature. Experimentally, these ambient conditions can be achieved with
an electrochemical scanning tunneling microscopy (E-STM) [110, 99, , ].
In such experiments, the target molecules are adsorbed on the metal surface
of the working electrode. When a STM tip is brought to the solution contain-
ing target molecules and withdrawing after that, in some cases the molecule is
trapped by the tip and the contacted metal surface and thereby a junction is
formed. During the approaching and withdrawing process different geometrical
contacts can be accessed, which increases the difficulty for the quantitative de-
scription in theoretical simulations. The synthesis is done [113] while efforts
for measurements of such ferrocene compounds are on the way, our theoretical
work hence can be used as a predicting tool for the experimental results. For a
theoretical description of electron-transport in a single molecule junction a non-
equilibrium Green’s function formalism (NEGF) [1141] combined with density

functional theory (DFT) is used. The simulations of molecular electron trans-
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port properties enables a clearer understanding of the conductance dependence

on the molecular structures and help the design of logical gates [22], transistors
[99] in single molecule electronics as well as the implementation of thermoelec-

tric devices [100, ]. We investigate the electrical transport properties of

NBu, ”

(b)

Figure 8.1: a) s-FDT with thiol on each side; b) s-FPT one side with pyridyl and
the other side thiol.

two type of molecular wires containing a ferrocene moiety with the same and
different anchoring groups, as shown in Fig. 8.1. Where s-FDT is the notation
of 1,1’-bis(thiophenol-4-ethynyl)ferrocene: with thiol group on both terminals
of the chain and s-FPT, 1-(3-pyridylethynyl)-1’-(thiophenol-4-ethynyl)ferrocene
where one of the anchor group at the end of the chain is pyridyl. The novelties
of these molecules here are: i) ferrocene moiety can be oxidized and in electron
transport play a role as a switch between two redox states (Fe II/ Fe III), with
an oxidation state which can be regulated via gating [110], ii) it is interesting to
see what is the influence on conductance when different anchoring sites adsorbed
to STM-tip and surface forming a junction compared with the case where the
same anchoring sites adsorbed to tip and surface. The molecular backbone is

the same for both cases while the end of the chain is connected with thiol or
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pyridyl group on the two sides, and the different conductance behavior for the

two type of molecules due to the difference in anchoring sites is a focus on our

studies.

In the molecular design the acetylenic spacers are added to increase
the molecule distance between the two electrodes for the prevention of through-
vacuum tunneling and for the separation of the redox-active centers from the
leads. The pyridyl anchor group is chosen because they can provide the best
junction formation and conductance properties in recent experimental [115] and
theoretical [72, , 92, 97] studies. They also provide peaks in the transmission
function, which are narrow enough to assume that a charge on the complex has
an impact on the conductance but not narrow enough for Coulomb blockade,
Thiolate type anchor groups on the other hand are also popular because they
have been found to reduce contact resistance [117, , ], and they provide
broad peaks compared with pyridyl anchor groups due to the stronger couplings

to the electrodes.

8.2 Geometry Adoption/Choice of geometries

The measurements in the experiment are operated under ambient conditions,
which means it is unavoidable for the thiolates to be saturated with hydrogen
atoms. Another aspect for us to consider the anchoring groups thiolates are sat-
urated with hydrogen atoms and form the thiol-Au bond instead of dissociating
hydrogen atoms when adsorbed to gold electrodes is that the thiol-Au structure
is energetically preferable than thiolate-Au type as the literature [120], [121]
pointed out, DFT calculations also proved that [122], [123] recently. Hence it
is rational to use the thiol-Au bond in our simulations. During the approaching
and withdrawing process of the tip in E-STM experiments, different geometries
for the established contact can occur even if there is one type of molecule in the
solution which bonds to the gold surface acting as the working electrode in the
setup. In principle, one could imagine three possible sources for the variation
of the conductance in dependence of the junction structure for any particular
molecule: i) inner (e.g. conformational) degrees of freedom for the molecular
structure, ii) variations in the surface or tip structure occurring during the re-

peated measurement process or iii) differences in the adsorption geometry of
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the molecules in the junction. While variations in the surface structure of the

working electrode itself are likely to occur while conductance data is recorded,
there is no indication that such gradual variations would result in distinct peaks
in histograms. The inner degrees of freedom of the molecule itself, most notably
the rotational angle related to the two anchor groups attached to the Ferrocene
(Fc) moiety, on the other hand cannot be identified with distinct local minima
in the corresponding total energies where the two cyclopenta-dienyl (Cp) rings
are known to rotate quite freely with energy barriers of only a few kJ/mol. So
we assume that the defining element for the likelihood of particular junction
geometries to be formed lies in the commensurability of the rotation angle be-
tween the anchor groups of the molecule with the sequence of potential on-top
gold positions defined by the fcc (111) surface structure. This selection crite-
rion leaves only few potential adsorption geometries for both s-FDT and s-FPT,
where one is linear in the sense that one of the anchor groups is attached to the
surface and the other one to the tip, while for the others both anchor groups
bond to the surface but the rotation angle varies within the lower limit of being
zero and the upper limit of the Fc moiety touching the surface, where the Fc is
contacted directly by the tip in this setup. All selected junction geometries are

shown in Fig. 8.2.

In this section we provide further details on the step-wise structure
optimization process we adopted for the definition of all the relevant degrees
of freedom including the distances between the respective molecules and the
tip and surface. For the linear structures with one anchor group attached to
the substrate and the other one to the tip, we assumed a rotation angle of 180
‘and the sulfur or nitrogen atom of the contact site on the molecule to be ad-
sorbed on top to a respective gold position. For the structures with both anchor
groups adsorbed on the surface and the tip directly contacting the Ferrocene
(Fc) moiety, the rotation angle was defined by the criterion that the sulfur or
nitrogen contact atoms of both anchor groups needed to be on-top of two gold
atoms of the surface, without the Fc moiety touching the surface, this criterion
gives two types of potential Au contact positions, i.e. the anchoring atoms are
either adsorbed to the same fcc sublattice or different sublattice as shown in
Fig. 8.3, where the number of Au atoms in between the two contacted sites
are zero (Fig. 8.3 a),d)), one (Fig. 8.3 b),e)) or two (Fig. 8.3 ¢),f)) on a line.

For obtaining stable junction geometries from the NEGF-DFT calculations,
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Figure 8.3: Adsorption geometries for same sublattice adsorption (left) and different sublattice adsorption (right) for the molecules s-FDT (a-c)
and s-FPT (d-f), where the distances d(Au-S) between the respective sulfur and gold sites resulting from on-top adsorption of both anchor groups
are a) 3.32 (left), b) 3.17 (left), c) 3.18 (left) A and a) 3.32 (right), b) 3.17 (right), c) 3.18 (right) for s-FDT, while for the asymmetric s-FPT
d(Au-S)/d(Au-N) were found to be d) 3.30/2.76 (left), ) 3.60/3.01 (left), f) 3.55/2.74 (left) A and d) 3.11/3.14 (right), e) 3.70/3.13 (right), f)

3.55/2.85 (left) A by our optimization procedure. The contacted gold positions on the surface for each adsorption geometry are marked in white,

while the Au atoms on the same fcc sublattice in between these positions are marked in black.
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02 03
Voltage

(a)

01 02 03 04
Voltage
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Figure 8.4: The selected junction geometries for a) s-FDT, black color for molecule
with 0°, green with 54°, cyan with 89 °, blue with 125 °and red with 180°; b) s-FPT,
black color for molecule with 0°, blue with degree 50, cyan with degree 92, green with
117°and red with 180°, as well as the resulting conductance in dependence on the
voltage from NEGF-DFT calculations with (middle panels) and without (right
panels) SO corrections, where dots in each panel represent the anchoring sites of
molecules adsorbed on the same sublattice on surface, the squares represent the

absorbed sites on surface for anchoring sites on different sublattice.
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we 1) relaxed all nuclear positions on the molecules in a linear conformation by

means of DFT based total energy minimization, ii) adjusted the rotation angle
between anchor groups manually so that it fit the commensurability require-
ment with the surface illustrated in Fig. 8.3, iii) relaxed all nuclear positions
on the molecule again, and then iv) optimized the distances between the re-
spective contact atoms on the electrodes and on the molecules. This distance
optimization resulted in da,_pe = 4.45 A for the contact of the Fec moiety to
the lowest atom on the tip for all adsorption geometries depicted in Fig. 8.2,
while d 44,5 and d 4,,_n for the respective contacts of the anchor groups to the
substrate varied more widely for each configuration and the values we obtained
are explicitly given in the caption of Fig. 8.3. The respective linear adsorption
geometries for both molecules have one anchor group contacting the substrate
with day_g = 3.08 A for s-FDT and 3.12 A for s-FPT, and the other anchor
group contacting the tip with da,_g = 2.61 A for s FDT and da,—n = 2.21 A
for s-FPT.

8.3 Theoretical/Computational methods

We performed density functional theory (DFT) calculations with a PBE XC-
functional within a Non Equilibrium Green’s Function (NEGF)-DFT framework
[38, 89, 90] using the GPAW code [69, 70] to compute transmission probabilities
T(E). In order to account for self-interaction errors and image charge effects
present in DFT with local XC-functionals we applied a scissor operator (SO)
correction according to Quek et al. [124]. This ad hoc correction is only ap-
plicable for rather weakly coupled molecules, a condition which is fulfilled for
dithiols but not dithiolates adsorbed on gold surfaces [125]. In Ref. [125] it was
demonstrated that the dissociative adsorption of dithiols on Au substrates is en-
ergetically highly unfavourable and that for adsorbed dithiols a good agreement
with experimental data for the conductance can be achieved when the values
calculated from NEGF-DFT are corrected with a SO approach [105], which is
described in details in section 8.5. All DF'T calculations were carried out with-
out treating spin polarization as a degree of freedom because previous tests on
similar Ferrocene complexes [30] revealed the low spin configuration to be the

ground state. The I-V curves we simulated for the geometries of each molecule
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(as shown in Fig. 8.2) are obtained from the transmission functions 7 (F) in

a rigid band approximation where the bias dependence of T (FE) is disregarded.
This means that the current is determined within the linear response regime as
the following integration over the zero bias transmission function,
oo v/2
1) = e/n) [ T - faEE=Co [ T(E)NE (51
where fr r(F) is the Fermi Dirac function of the left and right electrode, re-

spectively. and the conductance is calculated as,

G(V)=I(V)/V (8.2)

8.4 Voltage and structure dependence of the con-

ductance

In Fig. 8.4 we show the voltage dependence of the conductance for all junction
structures for both s-FDT and s-FPT, where we can identify the following trends
i) the conductance varies only within a range of two orders of magnitude for
the bended structures of both molecules as shown in Fig. 8.4, the quantitative
values for both molecules are rather similar, and there is a pattern for each case
with a set of higher conductance values and a single lower value (red dots), where
in our calculations the lower value is identified as the linear junction geometry
and the higher ones are bended configurations, i.e adsorption structures with
both anchor groups attached to the substrate; ii) the conductance for all bended
configurations increases with an increase in length for s-FDT and oscillates for
s-FPT, which is counter intuitive in coherent transport regime where the tunnel
current is expected to increase with a decrease of the junction lengt; iii) the
conductance dependence on the voltage (V) is not very significant, i.e. the
conductance does not change very much with V as shown in Fig. 8.4 the flat

trend for most of the dots in panel a) and b).

The SO correction opens up the HOMO-LUMO gap for all geometries,
thereby reducing the conductance values quite substantially but it should not
change the fundamental reasons for the conductance trend that we observed in
the transmission curves. We calculate conductance (G) dependent of Voltage

(V) as I(V)/V, this just means that I(V) is a linear function with a slope of
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Figure 8.5: Zero-bias conductance as calculated from 7 (Er) with NEGF-DFT a),c)
without and b),d) with SO corrections in dependence on a),b) the rotation angle
between anchor groups and c),d) the junction length defined as the distance between

the surface plane of the substrate and the contact Au atom on the tip.

roughly one in the voltage range considered since the conductance varies only
little with the voltage. In Fig. 8.5 we selected some bended configurations
with both anchor groups bonded to Au atoms with the same fcc sublattice
and focus on exploring the reason behind the observed conductance trend. We
plot the zero bias conductance we obtain directly in 7 (EF) from NEGF-DFT
calculations in dependence on the rotation angle between the anchor groups
attached to the Fc moiety as well as on the junction length which we define as
the distance between the surface plane of the substrate and the position of the
tip atom contacting the molecule from above. While usually the conductance
decreases with the junction length for electron transport in the coherent tun-
neling regime, we find that for the conductance without SO corrections that it
even increases in our calculations for s-FDT and oscillates for s-FPT when both
anchor groups are attached to the substrate as shown in Fig. 8.5. The conduc-

tance without SO corrections directly correlates with the energetic positions of
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the HOMO (Fig. 8.6), which is defined by a delicate angle dependent Fermi

level alignment, where both the component of the molecular dipole moment in
the transport direction and differences in zero bias charge transfer play decisive
roles. A detailed analysis of the structure dependent interplay of the two effects

is provided in section &.4.1.

8.4.1 Analysis of the Dependence of the Conductance on
the Junction Length in Terms of Fermi Level Align-

ment

The SO correction should not change the trend of the conductance dependence of
the junction length, which is counter intuitive in the sense that usually the con-
ductance decreases with an increase in length in the coherent tunneling regime,
while in our cases it increases for both type of molecules as one can see from
Table 8.1. We plotted the dependence of the conductance on the junction
length for the selected geometries with both anchors adsorbed on the substrate
as representatives (they are also discussed in connection to Fig. 8.5, conduc-
tance versus molecular angle), where we focus on the NEGF-DFT calculations
without SO corrections because here the physical effects determining the con-
ductance can be distinguished unambiguously. A comparison with the energetic
position of the HOMO as obtained from a diagonalization of the subspace of
molecular region (subdiagonalization) in the transport Hamiltonian (the solid
lines in 8.7 b)) shows that the closer the egono is to the Fermi Level Ep,
the higher the conductance becomes. The only exception from that trend is the
slightly tilted cis-configuration of s-FPT where a distinctly broadened peak in
the corresponding transmission function (Fig. 8.6 a), black curve) indicates an
overall increased electron coupling of the HOMO to the leads in this particular
configuration. This means that any analysis of the conductance trends must
focus on the sources of Fermi level alignment (FLA) of MOs obtained from a
subdiagonalization in general and the HOMO in particular. These sources can
be divided into properties of the separate components of the junction and the
charge rearrangement when these components are combined to form the junc-
tion. The former consist mostly of the permanent dipole of the free molecule
in the transport direction which has a strong dependence on the contact angle

but also the dipole moment of the metallic slab which is caused by the asym-
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Figure 8.6: Eigenenergies of the HOMO and LUMO from a subdiagonalization of
the molecular part of the transport Hamiltonian in the respective junction setups
((a) left panels), transmission functions 7 (E) without ((a) right panels) and with SO
corrections (panel b)), where the upper panels are for s-FDT and the lower panels for
s-FPT. The colors attributed to the respective four junction geometries are the same

as those chosen for Fig. 8.4.
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Table 8.1: Conductance (in units of Gg) with scissor operator corrections

dependence of the junction configurations (junction length A) for molecules

s-FDT and s-FPT, respectively.

Length Conductance
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Figure 8.7: Junction length dependence of a) the conductance without SO
corrections, b) the eigenenergy of the HOMO from a subdiagonalization of the
molecular part of transport Hamiltonian of the junction (solid) and Vacuum level
alignment (dotted), where for the latter shifted values taking into account the
contribution from partial charging are also shown as crosses (Bader analysis) and
triangles (integration over electron e), c) Electronegativities of the free molecules in
dependence on the rotation angle and d) partial charges on the molecules in the
junction from a Bader analysis (crosses) as well as from integration over A n(z) in
the molecular region (triangles) in units of electrons. For all panels symbols and lines

are shown in black for s-FPT and in red for s-FDT.
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metry that arises from the fact that there is a tip on one side but a surface

substrate on the other and the variation of the vacuum level positioning with
the length of the gap between tip and substrate. These effects result in the
dotted lines in Fig. 8.7 b), which were obtained from vacuum level alignment
from independent DFT calculations for the free molecule and the metal slabs
without the molecule, where the vacuum level is calculated as the electrostatic
potential in the vacuum region for both separate systems and the HOMO of
the molecule and Er of the metal slab put in reference to this vacuum level
are assumed to be the same for both when the junction is formed. The values
for egoamo obtained from this procedure are all substantially higher in energy
than those obtained from the subdiagonalization of the transport Hamiltonian
of the junction ( 8.7 b)) but show very similar qualitative trends for s-FPT
(black lines) and somewhat different behavior for s-FDT (red lines). These dif-
ferences are due to the neglect so far of the effect of charge rearrangements
when the components of the junction are brought together. There are different
views in the literature of how best to describe this effect, where some authors
prefer a description in terms of interface or bonding dipoles [126] and one of
us has written a series of papers where they are discussed in terms of partial
charges on the molecule [107, , , ]. Both views agree in attributing
the charge rearrangement at the interface to Pauli repulsion, but while the inter-
face dipole approach does not allow for a quantitative analysis of the resulting
energy shifts of MOs [1206], these can be reproduced to a high level of accuracy
from vacuum level aligned eigenenergies from free molecule calculations where
the partial charge the molecule also has in the junction because of its interaction
with the leads is added [107, , , |. This is because in case of a positive
charge the remaining electrons are bound more tightly to the respective nuclei
in the molecule leading to more negative MO eigenenergies, in case of a negative
charge the opposite behavior with a rise in MO energies is encountered [107].
For such a description it is not relevant whether the partial charge comes from
the emptying or filling of a molecular level or from Pauli repulsion effects at the
interface, where a clear distinction of both in any case is not rigorously possible
in the junction setup where the MOs and the surface states of the leads form
hybrid orbitals. The only source of accuracy in this partial charge perspective
is the definition of this charge in its technical practicality, where the various
options, such as a Mulliken analysis [104], a Bader analysis [98] or an integra-

tion over An(z), i.e. the difference of the electron density between the junction
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and its two components in the transport direction and averaged over the surface
plane in the molecular region [107, ]. Since we are interested in the electro-
static effect of the charge on the MOs, a Mulliken analysis where electrons are
attributed to atoms in terms of the LCAQ basis sets is not a good option. The
Bader analysis which uses zero flux surfaces to divide atoms or the integration
over An(z) where the borders on z for the definition of the molecular region are
put at the mid-point between the z-coordinates of the molecular and metallic
contact atoms provide much more useful molecular partial charge values AN
for this purpose. In Fig. 8.7 c¢) we plot the electronegativities EN of the free
molecules according to Mulliken’s definition of EN = (IP+EA)/2 [104] where
the ionization potential IP and the electron affinities EA have been calculated
from the DFT total energies of charged and neutral molecules as IP=E(N-1)-
E(N) and EA = E(N)-E(N+1), respectively, where N is the number of electrons
in the neutral molecules. The junction length dependence of EN in Fig. 8.7 ¢)
corresponds qualitatively with that of the molecular partial charges AN in Fig.
8.7 d), which were obtained from a Bader Analysis (crosses) and by integrating
over An(z) (triangles), where stronger negative values mean that larger fractions
of an electron have been subtracted from the molecule due to the formation of
the junction. These values of AN, where the results from the Bader analysis and
from the integration disagree quantitatively in the sense that the Bader charges
are smaller, have also been used for the vacuum level alignment with partially
charged molecules in Fig. 8.7 b), where the Bader shifted energies seem to
show better agreement with € yoaro obtained from a subdiagonalization of the
transport Hamiltonian of the junctions. For s-FPT both EN and AN follow the
same trend as the vacuum level aligned €gyoaro without the consideration of
partial charges, while for s-FDT the second point whose value is the lowest one
in the vacuum level alignment of the neutral molecules but the trends from EN
and A N are in the opposite direction, thereby flattening the qualitative trends
in the length dependence of the final e o0 and the conductance in Fig. 8.7
b).

Because the values for egono in Fig. 8.7 b) are quite close to Ep,
the question arises whether Fermi level pinning plays a role, i.e. whether the
energetic distance of egopro to Ep can be tuned by variations in EN or will be
pinned at the electrodes Fermi level regardless of EN. In Ref. [130] a test for

the occurrence or absence of Fermi level pinning was proposed by conducting
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cluster calculations, where the respective molecule is just attached to single

gold atoms at each contact point with electrodes. For the molecules in our
study this would mean that the linear structures where one anchor group is
bonded to the surface and one to the tip there would be two gold atoms in
the cluster calculations, namely one at each anchor group, while the junction
geometries with both anchors adsorbed on the surface would in addition have a
third gold atom, where the Fc moiety is contacted by the tip. They proposed
that in these cluster calculations with molecule and the single contact Au atoms
when the HOMO is a metal-induced gap state (MIG), i.e. it is mostly localized
on the gold atoms, any Fermi level pinning effect is annihilated and the energetic
position of the HOMO level is determined by the respective electronegativity
of the molecule. In Fig. 8.8 we plot the HOMOs from cluster calculations for
all the junction geometries we investigate in this article. Since for all cases the
HOMO has MIG character (as shown in Fig. 8.8), Fermi level pinning can be
clearly disregarded as a factor in the observed FLA trends. In Ref. [126], where
the coverage dependence of FLA for biphenyl-dithiolate monolayers on Au(111)
was studied, it was found that the tilt-angle dependence of Pauli repulsion at
the interface played a crucial role. In order to investigate whether this is also
the case for our molecules we plot electron density A n in the transport direction
and the running integral over its molecular part for all junction geometries in our
study in Fig. 8.9, where no big differences between these functions for different
rotation angles can be identified at the interfaces. This finding further confirms
the conclusions from the FLLA analysis we presented so far, namely that the
level alignment determining the conductance trends in dependence on rotation
angle (or junction length) in our article does not rely on interface effects but is
defined by the accumulative effects of the respective molecular dipole moments
and the partial charging driven by the respective molecular electronegativities,

which result in the observed energetic positions of the HOMO.

8.5 Summary

In this study we investigated the potential use of molecular wires containing
ferrocene centers with the same and different anchoring groups on each side. We

found that the conductance of the proposed set of configurations for molecules
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Figure 8.8: Localization patterns for the HOMO from cluster calculations
containing the free molecule and the two or three Au contact atoms defined by the

respective junction geometries for a) s-FDT and b) s-FPT.
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Figure 8.9: Electron density difference A n between the junctions density and that
of its two components(black lines), where the functions attributed to the molecular
region are highlighted in green and the running integral over this molecular part is

plotted in red for a) s-FDT and b) s-FPT.
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s-FDT and s-FPT formed in the junction with two anchoring atoms absorbed to

the surface vary in general only within a rather small region in dependence on the
rotation angles or type of molecule. The counter intuitive phenomenon that the
conductance does not increase while the junction length decreases is explained
by Fermi level alignment where we found that the HOMO position for the

bended configurations is close to the Fermi level and dominate the conductance.

We found that for the two types of molecule the set of conductance
have similar values and patterns, which is that the set of conductance from
the junctions where molecules are adsorbed with both anchoring sites on the
surface have higher conductance values (10~* —1075) while a significantly lower
conductance value (~ 1077) is found for the junction geometry formed by a
molecule linearly attached to one side tip and the other side substrate. In
addition, the conductance dependence on the voltage (V) is not very significant.
Our study allows experimentalists to relate their measurement data on similar

systems to the relative abundance of potentially junction geometries.

Scissor Operator corrections In order to compare the conduc-
tance with experimental results, we need to account for self-interaction errors
and image charge effects in DFT calculations with semi-local XC-functionals.
We applied a so-called scissor operator (SO) correction according Quek et al
[124], where we manually open the single particle HOMO-LUMO gap in order
to account for many body contributions. For a molecule adsorbed to the metal
surface, the SO is X9 — AYy, where Y is calculated for the highest occupied
molecular orbital (HOMO) as follows,

28 = _(F;HO]MO =+ Io). (83)
[Py = By — By (8.4)

where I[Py and egopo are the first ionization energy and the HOMO energy
with respect to vacuum potential for the isolated molecule, E; ) and E, ) are
the respective total energies for the molecule with one positive charge and the

neutral case. For the lowest unoccupied MO (LUMO) XY is calculated as,
Yo = —(erumo + Eea). (8.5)
where F., is electron affinity energy of isolated molecule,
Eea = Eq0) — Eq(-1) (8.6)
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AYy accounts for the image charge effect when a molecule is adsorbed near

to a metal surface, and we calculate it following the recipe by Thygesen et
al [105]. This part actually corrects the polarization between the molecular
subsystem and metal electrodes, and moves the shifted occupied/unoccupied
states slightly back respect to the Fermi level. The molecular states obtained
by a subdiagonalization of the transport Hamiltonian are then adjusted by 3§ —
AY§ for all occupied states and Xf — AXY for unoccupied states. In this way
the molecular HOMO-LUMO gap is enlarged by pushing occupied states down

and unoccupied states up.

Vacuum Level Alignment The alignment of the vacuum level is
about setting the same reference for molecular eigenenergies and the Fermi level
of metallic electrodes in order to relate MOs to Er. This can be done in DFT

calculations according to the following scheme:

i) In order to obtain the molecular eigenenergies with respect to the
vacuum potential, a calculation of the isolated molecule in the same unit cell as
the junction structure needs to be performed, where the obtained MOs energies

are defined as:
€i,vac = €i,DFT — Vmol,vac (87)
€; prr are the molecular eigenvalues from DFT static calculation and Vo1 0ac

is obtained by averaging the potential of the vacuum area as illustrated in Fig.

8.10.

ii) For the calculation of the metal Fermi energy relative to the vac-
uum potential, one needs to perform a DFT calculation of the metal electrodes
without the molecule in the same unit cell as the junction structure. The vac-
uum potential can then be determined as the electrostatic potential from that
calculation in the gap between the two surfaces. The Fermi level can now be

determined relative to this vacuum level as,

€le,vac = €le,DFT — ‘/le,vac (88)

iii) Now we align the MOs to this defined metal Fermi level as,

€i,le = (Ei,DFT - Vmol,vac) - (5le,DFT - We,vac) (89)
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Figure 8.10: The setup of a scattering region in a NEGF-DFT transport
calculation, the black curve is the electron potential in transport direction for the
empty junction without molecule in the unit cell, the green curve is the electron
potential for molecule, where the vacuum potential is averaged in the region of 7.5 A
—20 A for the empty junction and in the region below 8.5 A and above 25 A for

molecule, respectively.

The origin of the Fermi level pinning effect can be attributed into intrinsic dipole
(molecular dipole) and interface dipole which also involves charge distribution
between molecule and metal surface, the latter is closely related to the Pauli
repulsion due to the overlap of molecule and the surface. From the charge
distribution we find that the molecules lose partial electron when they interact

(absorbed to) with the electrode.
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Destructive quantum interference (DQI) in single molecule electronics is a purely quantum mechanical
effect and is entirely defined by the inherent properties of the molecule in the junction such as its
structure and symmetry. This definition of DQI by molecular properties alone suggests its relation to
other more general concepts in chemistry as well as the possibility of deriving simple models for its
understanding and molecular device design. Recently, two such models have gained a wide spread
attention, where one was a graphical scheme based on visually inspecting the connectivity of the carbon
sites in conjugated 7 systems in an atomic orbital (AO) basis and the other one puts the emphasis on
the amplitudes and signs of the frontier molecular orbitals (MOs). There have been discussions on
the range of applicability for these schemes, but ultimately conclusions from topological molecular
Hamiltonians should not depend on whether they are drawn from an AO or a MO representation, as
long as all the orbitals are taken into account. In this article, we clarify the relation between both
models in terms of the zeroth order Green’s function and compare their predictions for a variety
of systems. From this comparison, we conclude that for a correct description of DQI from a MO
perspective, it is necessary to include the contributions from all MOs rather than just those from the
frontier orbitals. The cases where DQI effects can be successfully predicted within a frontier orbital
approximation we show them to be limited to alternant even-membered hydrocarbons, as a direct
consequence of the Coulson-Rushbrooke pairing theorem in quantum chemistry. Published by AIP

Publishing. [http://dx.doi.org/10.1063/1.4972572]

“.. you have a program, for God’s sake use it, play with it,
do a calculation on any small problem related to your problem.
Let the calculations teach you. They are so easy! Shall we stop
teasing one another about MO and VB?

... quantum chemistry has given us two wonderful tools
to reason about chemistry, and denying any one of them would
impoverish our ability to reason.”!

. INTRODUCTION

First experimental studies of electron transport through
single molecules attached to metal contacts by using a scan-
ning tunnelling microscope (STM) or mechanically controlled
break junction techniques,”™ also triggered considerable the-
oretical activity in this field since the beginning of the new
millennium. The theoretical framework most widely used in
this context is a Non-Equilibrium Green’s Function (NEGF)
formalism,® where coherent electron transmission according
to Landauer’s theory is assumed.

The conductance of a molecular junction can then be
described in dependence on the incoming electron’s energy
E in terms of the transmission probability T(E), which within
NEGEF is defined as

T(E) = Tr[G"(E)Y L(E)G“(E)TR(E)], ey
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where the self energy matrices I';, and I'g contain the coupling
of the molecule to the left and right electrodes and G" and G*
are the retarded and advanced Green’s functions (GFs) of the
(extended) molecule.

The NEGF formalism has been implemented in a vari-
ety of codes, where in combination with density functional
theory (DFT) it allows for a first principles treatment of
the conductance of single molecule junctions.”~'® The use-
fulness of such calculations, however, still relies on simple
models for interpreting them in terms of quantum chem-
ical concepts such as atomic orbitals (AOs) or molecular
orbitals (MOs) in order to achieve a qualitative under-
standing of the observed electron transport characteristics
in the context of our general knowledge of the electronic
properties of molecules or what is regarded as chemical
intuition.

In principle, electron transmission can be viewed as a par-
ticular manifestation of the more general phenomenon of elec-
tronic communication through a molecule, where a Green’s
function describes the propagation of a perturbation and is a
measure of the connected paths made available by the bonding
pattern of the molecule.!!

The zeroth Green’s function G;’r"’l can be used to rewrite
the expression for 7 (E) given in Eq. (1) under the assumption
that the central molecule is coupled to both metal contacts only
via a single AO labeled / and r on the respective side because
then each matrix I' contains only one non-zero element, I';;
and I, respectively, and therefore a single term remains from

Published by AIP Publishing.
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the trace resulting in
T(E) = |G} (E)|*Ty(E)T,(E). )

By evaluating the relevant matrix elements of G;’:"l , chem-
ical understanding of the general properties of molecules can
arguably be complemented by studying their transmission
properties. For example, the low-bias conductance through
benzene is orders of magnitude lower when it is contacted at
positions which are meta (m) with respect to each other when
compared with ortho (o) or para (p).!>14

This result comes as no surprise for a chemist even without
any prior exposure to the theory of molecular conductivity, who
knows that the influence of a substituent in a benzene ring
is “felt,” in both electrophilic and nucleophilic substitution
reactions, in o- and p-position to it, while m-positions “do not
communicate.”

This knowledge might be referred to as chemical intuition
but is actually based on the rules stemming from resonance
theory within the Valence Bond (VB) framework, where the
relation of electronic communication to the topology of MOs
is not self-evident but should be contained in G;’:"[ . In their
classical 1947-1950 series of papers, Coulson and co-workers
attempted to put the one-electron Green’s function (without
using the term at the time) at the heart of chemical theory.'>~2"

They demonstrated how starting from a Hiickel Hamil-
tonian in an AO representation, basic molecular characteris-
tics such as MO energies, atomic charges, bond orders, and
response coefficients can be derived directly from the secular
determinant without referring to explicit MO vectors, where
the relation of this work to electron transport phenomena has
been commented on very recently.?!~2*

Although it was correctly claimed by Datta®> amongst oth-
ers that in a single molecule junction the conductance is defined
not only by the central molecule but rather by the entire system
including the metal contacts, the individual contributions of the
components are separable in Eq. (1). Therefore, for the purpose
of device design, the molecular contribution can be optimized
independently from the coupling to the metal contacts, a notion
which has been recently confirmed in a joint theoretical and
experimental work by Manrique et al.?® In this study it was
shown that molecules and even their fragments contribute well
defined and transferable factors to electron transport as a cru-
cial observation for the investigation of destructive quantum
interference (DQI) effects, a phenomenon which has been the
topic of a tremendous number of recent articles, where for a
rather complete bibliography we refer to Ref. 27.

Such DQI effects when occurring in the transmission close
to the Fermi energy E - can be used for data storage,”® inducing
thermoelectricity?® or the design of logic circuits.’® Simple
models have been proposed for their analysis, which were
derived from tight-binding (TB) or topological Hiickel the-
ory and validated by DFT calculations: One of them which
we refer to as “the graphical AO scheme” in the following
has been derived specifically for the prediction of DQI and
is based on a graphical analysis of the connectivity matrix
of atomic orbitals (AOs),’** while the other interprets the
efficiency of transmission in a broader sense in terms of the
signs and amplitudes of the molecular orbitals on the atomic
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sites directly connected to the electrodes,>*° and the analy-
sis is sometimes limited to a “frontier orbital approximation”
where only the highest occupied MO (HOMO) and the lowest
unoccupied MO (LUMO) are taken into account.

The aim of this article is to reconcile the predictions from
these two conceptually different approaches for an interpre-
tation and analysis of the molecular Green’s function. It is
expected that by focusing on either an AO or a MO represen-
tation of the same quantum-mechanical problem, one should
obtain the same results. Their reconciliation is akin to that
of the VB and MO theories in the earlier days of quantum
chemistry by Van Vleck and Sherman in 1935.4!

But while VB and MO approaches become variationally
equivalent for the ground state only in the limit of full configu-
ration interaction, for electron transport within a single particle
framework the representations of the molecular Green’s func-
tion in the AO and MO bases are already strictly equivalent on
a single determinant level. From Eq. (2) it can be seen that it is
both necessary and sufficient to evaluate the purely molecular
quantity G;’j”l for estimating whether the transmission will be
finite or zero at any given energy E.

The derivation of both “the graphical AO scheme” and
the MO based scheme mentioned above starts from this obser-
vation. Within a frontier orbital approximation, however, only
the HOMO and LUMO are taken into account instead of all
MOs contained in G;ﬁ"l and this approximation then limits
the range of applicability of the MO based scheme to that of
the Coulson-Rushbrooke pairing theorem*>** as we explain
in detail in Sec. II.

If the contributions of all MOs and not only the frontier
orbitals to G;’r"’l in Eq. (2) are correctly accounted for on a
quantitative level, however, DQI can be analyzed from a MO
perspective leading to equivalent results as the graphical AO
scheme from Refs. 30-34 for all conjugated 7 systems both
alternant and non-alternant, with and without hetero-atoms and
regardless of which subset of sites the contact atoms belong
to, which is the main message of our article.

The paper is organized as follows: In Sec. II we shortly
review the graphical AO scheme and highlight its relation to
Eq. (2). Here we also explain on the basis of the pairing theorem
that DQI effects entering G;ﬁ"l can in general only be quantita-
tively described and understood in terms of the onsite energies
of all MOs and their respective amplitudes at the contacted
atomic sites. Furthermore, we clarify the connection of such
a MO centered analysis scheme to Larsson’s formula, which
has been originally proposed for the definition of an effective
coupling from the MO contributions to the transfer integral in
a Marcus theory description of electron hopping**~*® but later
on also used for the analysis of coherent electron transport in
single molecule junctions.*’#8

In Sec. Il we provide computational studies for a variety
of test systems in order to substantiate our claim that it is
possible to gain understanding of the DQI effects in accurate
terms for any conjugated 7 system without the limitations of
applicability facing the original frontier MO rules.

For all the molecular systems in our article, numerical
calculations on a DFT level exist in the literature and most of
them have also been studied experimentally. Since the focus
of our work is on the topological properties of G’;}"l , for the
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calculations we present here the topological Hiickel Hamilto-
nians that are used in combination with NEGF. In this numeri-
cal chapter, we also present the respective predictions from the
graphical AO scheme for all systems as areference and demon-
strate their equivalence to the results obtained from an analysis
of MO contributions, where the convergence with respect to
the number of MOs included plays a prominent role. In the
final chapter we provide a summary.

Il. THEORETICAL DISCUSSION OF DQI PREDICTION
AND ANALYSIS IN AO AND MO REPRESENTATIONS

The zeroth Green’s function G;ﬁ”l in Eq. (2) describes the
propagation of a tunnelling charge between the atomic sites /
and r mediated by all molecular orbitals (MOs) which in the
weak coupling limit can be formulated as!

G E) = [(E = im)] — Hyu] ™, 3)

where H,,,; is the molecular Hamiltonian, I a unity matrix, and
in an infinitesimal imaginary term introduced in order to avoid
the divergence of G’l’r"’l at the eigenvalues of H,;,,;.

A. Graphical AO scheme

Since Gﬁ"l is obtained from the inversion of the Hamil-
tonian matrix H,,,;, which is defined in an AO representation,
one can analyze the properties of G;ﬁ”’ from the ratio of one
of the minors of Hy,e and its determinant™=3* where G is
only equal to zero when the respective minor, as defined by
the connection of the leads to two particular atomic sites / and
r on the molecule, is also zero.

In this way, the graphical AO scheme for the prediction
of DQI effects was derived, which has been formulated as the
following set of rules: DQI occurs at E = E if it is impossible
to connect the two atomic sites / and r in a molecular topology,
i.e., the only two sites with a direct coupling to the leads, by
a continuous chain of paths, and at the same time fulfill the
conditions (i) two sites can be connected by a path if they are
nearest neighbors and (ii) at all atomic sites in the molecule
other than / and r, there is one incoming and one outgoing
path.

In other words, for a finite zero-bias conductance all AOs
of the molecular topology have to be either traversed within
a continuous chain of paths from / to r or be part of a closed
loop in the topology, where the latter can be a double line
due to the pairing of connected orbitals or a triangle or any
larger loop.*3!33 We will demonstrate in Sec. III B how to
apply these rules for any given molecular topology in praxis.
In a later extension of this scheme, it has been clarified that
such defined paths can also cancel each other out in special
cases and that therefore a sign has to be attributed to them.>* It
has to be noted that these “paths” are just mathematical terms
obtained from forming the minor of H,,, and should not be
interpreted as the physical path of an electron moving through
the molecule.

This graphical AO scheme has the advantage that it allows
for the prediction of DQI without any numerical calculations
being required simply by a visual assessment of the chemical
structure of the central molecule in the junction. The scheme
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has been designed for the molecules with a conjugated 7 sys-
tem because it is only 7 electrons which are taken into account
in the topological Hiickel Hamiltonian it was derived from. In
praxis this is not really a limitation, since potential functional
molecules of interest are usually conjugated systems, where
m-transmission is dominant. In order to allow for a simple ana-
Iytical treatment, the derivation of the scheme also originally
assumed sites with identical onsite energies and couplings to
each other.%3!

This assumption was later lifted in an attempt to generalize
the method now also allowing for hetero atoms in the molecular
structure but this came at the price of increased mathematical
complexity.’>* Another assumption was that the only energy
E, where T(E) is of interest, is the Fermi energy because it
defines the zero-bias conductance and therefore the rules only
apply at E = Er. This latter assumption is rather delicate con-
sidering that in the model Hamiltonian the graphical rules were
derived from the onsite energy of carbon sites and were artifi-
cially set to Er. Quite surprisingly, it was found in praxis that
this rather crude approximation did not seem to limit the pre-
dictive qualities of the model even for the cases where hetero
atoms such as oxygen were involved in the molecular struc-
tures under investigation®” as long as the Fermi energy defined
by the metal leads lies within the HOMO-LUMO gap of the
molecule when energy levels are aligned.>

B. Pairing theorem and frontier orbital approximation

In order to gain a MO perspective of G;’;"l instead of an
AO one, H,,,; has to be looked at in its diagonalized form as
H,.,; = CenoC', where €y is the diagonal matrix of MO
eigenenergies and C is the matrix of the coefficients for the
expansion of all MOs as a linear combination of all AOs in the
molecule. Inserting this definition of H,,,; into Eq. (3) gives

N
CimC
mol gy — N _SimEm
GelE) = ), e, “)

m=1

which is the spectral representation of G’;;Ol in a Hiickel AO
basis with Cy(,,, the coefficient of the I(r)-th AO in the m-th
MO in a sum that runs over all N occupied and unoccupied
MOs, which result from the coupling of the AOs defining the
basis vectors for H,,,;.

It should be stressed that Eq. (4) is exact for any Hamil-
tonian with an orthogonal AO basis and that this spectral rep-
resentation of G;’Z”l served as the starting point for the formu-
lation of the molecular orbital rules for efficient transmission
by Yoshizawa and co-workers. 3>

For the special case of alternant hydrocarbons (AHs),
which are molecules with a conjugated & system where carbon
atoms can be divided into two subsets, “starred and unstarred,”
such that the atoms of one subset are bonded only to those
from the other, the Coulson-Rushbrooke pairing theorem**+3
applies which states that (i) the m electron energy levels are
symmetrically distributed about the zero energy level (which
is assumed to be Ef in single molecule junctions) and (ii)
that each occupied MO obtained from diagonalizing the cor-
responding Hamiltonian in an orthogonal AO basis with an
energy —eyo has its mirror image in the unoccupied region
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with the energy +ey0, which regarding its shape differs only
in the sign of all AO coefficients of one subset.

In the following, we focus on the molecules with an even
number of MOs, which we can then group in Eq. (4) into pairs
of the contributions from the MOs whose energies are linked by
the symmetry relation it defines, i.e., (H,L), H—-1,L + 1),.. .,
(H-(N/2-1), (L +(N/2-1))) with H=HOMO, L =LUMO,
and —ey_; = €11 = €. We can then redefine G’;ZOI(EF) as the
sum of these pairs, which in the following we will refer to as
Coulson-Rushbrooke or CR pairs

N/2-1 CZ C*
J(H-k) H-
Gl = Y ih
=0 €k

= CanC; ALAk)

®)

The pairing theorem now predicts for AOs / and r on
the carbon atoms of the same subset that Cjx_)C:

r(H—k)
=( (L+k)C, (L) because either C; g-r) = —Cj (L+k) and si-
multaneously C; (H o —C:"(L+k) or CH-ky = Ci(r+k) and
simultaneously C r(H—b) Cj (Liky A8 all the coefficients in

only one subset change their sign when comparing an occu-
pied with its mirrored unoccupied level. Therefore, the terms
in every CR pair of Eq. (5) cancel exactly at Ef for this case
and DQI occurs as aresult as has also been observed in Refs. 51
and 52.

If on the other hand, the contact AOs [ and r belong to
the carbon atoms from different subsets, then C; 1) C*
=*—C1 (L+I<)C, (L) because either C; (y_x) = —=Cjr+k) and
Cr (H-k) T Sk or Cru-r) = Crsky and C7

=Cl Lny For this case, the contributions coming from
the two individual parts of each CR pair of MOs (H - k,
L + k) including the HOMO and the LUMO always add up
constructively at Er in Eq. (5).

Although any individual CR pair contribution is therefore
nonvanishing, it is important to stress that destructive interfer-
ence is still possible between CR pairs, as each of them can
contribute either a positive or a negative term to GZE”Z . The
pairing theorem, however, does not provide the means for an
assessment of prediction of such inter-pair interference.

The general conclusion from the pairing theorem is there-
fore that DQI will always occur for the electron transport
through the junctions containing alternant hydrocarbons when
the carbon atoms of the same subset are contacted, which is
already sufficient to account for the low conductance of a vari-
ety of systems such as polyenes with contact atoms of the same
parity, meta-contacted benzene or generic cross-conjugated
molecules, where these cases can readily be identified from
their chemical structure without any deeper analysis of the
shapes and signs of their frontier MOs.

On the other hand, for alternant hydrocarbons contacted
on the carbons belonging to different subsets, i.e., where one
contact atom is starred and the other one unstarred or for non-
alternant hydrocarbons or for conjugated 7 systems containing
hetero atoms, the pairing theorem can neither predict nor rule
out DQI. In the literature, these two cases are sometimes dis-
tinguished in terms of “easy zeros” (the same subset contacted)
and “hard zeros” (different subsets contacted)>? or linked to the
occurrence of an odd or even number of zeroes in 7(E).>'2 But
for the purpose of our article the important distinction is that
for even-membered alternant hydrocarbons contacted at sites

r,(H-k)
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of the same subset DQI will always occur, while for all other
cases DQI cannot be predicted without numerical calculations
from a MO perspective.

We note that our discussion above only refers to the alter-
nant hydrocarbons with an even number of MOs and therefore
also an even number of carbon sites. This is the general case for
stable alternant hydrocarbons. When the total number of MOs
is odd, which implies the existence of a non-bonding MO at the
Fermi energy with non-vanishing contributions from only one
subset follows from the pairing theorem, which then allows for
a conduction peak instead of a DQI induced minimum at Er
when the contacted atoms belong to the subset contributing to
this non-bonding MO.

We now turn our attention to the molecular orbital rules
derived by Yoshizawa and co-workers,>#° where the start-
ing point was also the spectral representation of G;’:"l given
in Eq. (4). These rules are amongst the earliest formulated
providing a link between the complex phenomenon of DQI
in electron transmission and the standard output of quantum
chemical calculations, in this case the sign of the amplitudes of
MOs. Within a frontier orbital approximation they also become
particularly simple to apply because then the entire sum in
Eq. (5) is dominated by only one CR pair, namely the contri-
bution to G’Z’Z"l (Er) coming from the HOMO and the LUMO,
and then the remaining pairs can all be neglected because their
large energetic distance €; to Ep results in large denomina-
tors in the respective terms, thereby making them numerically
negligible.

From this assumption, it can be concluded that the trans-
port through a single molecule would be effective, i.e., DQI
would be absent, when on the two contact atoms to the two
leads (i) the sign of the product of the MO expansion coef-
ficients in the HOMO (C;, HC* ) is different from that in the
LUMO (C;.C; L) and (ii) all four involved amplitudes C; g,
CouCis and [o ¢ are of significant magnitude. If these con-
ditions are not fulﬁlled then “inefficient” transmission due
to at least a partial cancellation of the contributions from the
HOMO and LUMO was predicted which was not formulated
as necessarily the zero transmission which is typical for DQI
in a rigid sense.

Such a frontier orbital approximation, however, only
delivers correct results for the prediction of DQI where the
CR pairing theorem*>*? is applicable. If the atoms contacted
by the two electrodes belong to the same subset (either starred
or unstarred) of carbon atoms in an even-membered AH, the
cancellation of the contributions from the HOMO and the
LUMOto G;’;OZ(E r) is areliable indicator of DQI not necessar-
ily because they are dominant, but because it also represents
the cancellation of the contributions within all other CR pairs
entering Eq. (5). This is the reason why DQI can be understood
in this case in terms of the frontier orbitals alone.

For all other cases, all MOs in the system need to be con-
sidered. If an alternant hydrocarbon is contacted at atomic sites
belonging to different subsets, i.e., one being starred and one
being unstarred according to the CR framework, then although
the contributions from the HOMO and LUMO can only inter-
fere constructively, the tails related to lower lying occupied
and higher lying unoccupied MOs might still cancel out with
those of the frontier orbitals at Er and cause DQI. For the



092308-5 Zhao, Geskin, and Stadler

non-alternant hydrocarbons and organic molecules containing
hetero atoms, it turns out to be equally insufficient to limit the
analysis to just one or even two CR pairs of MO contributions.
In Sec. IIl C we will provide a range of numerical examples
justifying this assertion.

C. Larsson’s formula for a MO based analysis

A somewhat simplified form of Eq. (4) has been known
for decades as Larsson’s formula in a different but related
context, where it was used for the definition of the transfer
integral mediated by a selected set of MOs in a Marcus the-
ory description of electron hopping.**# More recently, it has
been realized*”*® that the same formula can be also employed
to define an approximation for 7'(E) in coherent electron tun-
nelling as T(E) ~ I'’2(E) with T'(E) being an energy dependent
effective coupling containing the contributions from all MOs
of a molecular bridge and defined by

)= Y b ©
B LE—€y

Here g, a,,, and 3, are the eigenenergy and the respec-
tive couplings to the left and right contact of the mth MO, and
E is the kinetic energy of a transferred electron. It is easy to
see by direct comparison that the effective coupling I'(E) in
Eq. (6) is very much related to the zeroth Green’s function in
Eq. (4). There are only two differences between the two equa-
tions. First, the MO amplitudes Cy(,), have been replaced by
the couplings a,, and f3,,, which describe the overlap of each
MO with a respective contact AO on the two leads. Since in the
NEGF-TB description we employ for our numerical studies in
Sec. I1I, the contact AO on the leads is always the same orbital,
this difference amounts to just the same constant factor for all
the MO terms of the sum in Eq. (6) and is therefore irrelevant
for our study where we just set this value to 1.

The second difference between the two expressions,
namely the dropping of the infinitesimal term in just means
that I'(E) diverges at the eigenergies of all MOs. In princi-
ple this deficiency can be repaired by introducing an energy
dependent normalisation factor as has been derived from the
more general theory in Ref. 54 by Sautet and Bocquet*” under
the very limiting condition of @, >> S,, which is relevant
when the focus is on the analysis of STM measurements. Since
the qualitative behaviour of I'2(E) does not deviate from that
of T(E) obtained from NEGF-TB in all systems investigated in
this article, we avoid such a normalisation factor as an unnec-
essary complication. In Sec. III we just truncate ['*(E) as ob-
tained from Eq. (6) at the poles and scale it with the arbitrary
constant of 1072 for the purpose of its graphical presentation
in the related figures.

While the poles of G;’Z"I(EF) in Eq. (4) or I'(E) in Eq. (6)
define the peaks in 7'(E) when these quantities are squared and
each of these peaks can be identified with the electron trans-
mission through one individual MO in the absence of degen-
eracies, the non-resonant transmission for energies between
the peaks contains the contributions from all MOs m with the
respective couplings «,, and §,, and these contributions can
interfere constructively or destructively in dependence on the
energy E.
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In the sums of Egs. (4) and (6), the sign of the contribution
from any MO is determined by (i) the numerator of its corre-
sponding term in the summation as defined by the product of
amplitudes at the contact site or product of couplings to the
metal leads and (ii) its denominator which depends on whether
the energy E for which T(E) is evaluated lies below or above
the onsite energy of the MO in question. For AHs contacted via
carbon atoms belonging to the same subset, DQI at the center
of the HOMO-LUMO gap can be directly concluded from the
CR pairing theorem by using Eq. (5).

For all other cases, neither the pairing theorem applies nor
can reliable predictions on DQI be obtained within a frontier
orbital approximation because the occurrence or absence of
DQI for any given value of E seems to depend on a fine balance
of cumulative contributions with different signs from all MOs,
where a quantitative description of the decay of their respective
tails is crucial as we will demonstrate in Sec. III.

lll. NUMERICAL CASE STUDIES
A. Computational details

All the case studies in this article are based on simple
models both in AO and MO representations as derived from
the topological properties of the molecular Hamiltonian H,,,,;
in a tight binding approximation with all onsite energies for the
carbon AOs contributing to the 7 system set to zero, i.e., to the
origin of energy assumed to represent Er, and the couplings
between them to the resonance integral 8 from the Hiickel
theory which also defines the unit of the energy axis.

As an appropriate numerical benchmark for our conclu-
sions, we therefore present the NEGF-TB calculations which
have been conducted within the Atomic Simulation Environ-
ment (ASE)>>® with a coupling of 8 between the molecular
topology and the semi infinite carbon chains used for the
electrodes.

Sulfur atoms have been given an onsite energy of 1.11
B and C-S bonds a coupling value of 0.69 B’ in order
to account for the effect of the hetero atom. Since the
molecules we investigate here all have been chosen due to
the recent interest they attracted, we also refer to the rel-
evant literature for each system in order to show that our
conclusions harmonize with the results from the more real-
istic NEGF-DFT calculations or experimental conductance
measurements.

B. Butadiene as the simplest illustrative example

As a first example for our arguments in Sec. I A, we con-
sider butadiene contacted at different sites (Fig. 1). Since this
molecule with a conjugated 7 system is an even-membered
AH, its even- and odd-numbered atoms belong to different
starred/unstarred subsets and therefore DQI can be predicted
for the (1,3-) connection within a frontier orbital approxi-
mation in agreement with the pairing theorem as outlined in
Section II B because carbon sites belonging to the same subset
are contacted (Fig. 1(a)). For all other possible connections,
sites belonging to different subsets are contacted, and therefore
constructive interference of the contributions from the HOMO
and LUMO alone is found according to the pairing theorem.
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FIG. 1. Butadiene contacted to two
electrodes with all possible combina-
tions of contact sites: (a) chemical struc-
ture and “starring scheme,” (b) appli-
cation of the graphical AO scheme (for
details we refer to the caption of Fig. 4),
(c) T(E) (in units of the conductance
quantum Gy) from NEGF-TB compared
with T2(E) (in arbitrary units) from
Eq. (6) with red lines where DQI occurs
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The graphical AO scheme (Fig. 1(b)) as well as NEGF-
TB calculations for T(E) and their estimates as ['2(E) from
Eq. (6) after a diagonalisation of H,,,; where for both all four
MOs have been properly accounted for (Fig. 1(c)) finding DQI
not only for the 1,3-connection but also for the 2,3-connection.
Within the graphical AO scheme DQI is predicted if it is not
possible to form a continuous line between the two contact
sites and have all AOs which are not on this line grouped up in
pairs or as part of a closed loop. The single sites which are not
crossed or grouped up are marked by green dots for the sake of
clarity, which also allows for the simple correspondence that
DQI occurs where green dots are unavoidable.

The MO based scheme within a frontier orbital approx-
imation on the other side also correctly predicts DQI for
1,3-positioning of the contacts, but not for the 2,3-connection.
While the amplitudes of both the HOMO and LUMO are low
on sites 2 and 3 (Fig. 1(d)), this justifies a reduced conductance
but not a cancelling out to zero which is a characteristic for
DQI and is found for the 2,3-connection for T'(E).

In Fig. 1(e) we plot I’?>(E) when only the contributions
from the HOMO and the LUMO enter the expression for I'(E)
in Eq. (6) (green lines). There it can be seen that indeed zero
transmission is found also considering only the two frontier
orbitals for the 1,3-connection in agreement with the predic-
tions from the pairing theorem, while the 2,3-case shows a
reduced but finite conductance when compared to 1,2- and
1,4-positions of the contacts.

We also plot I'*(E) from the contributions of the
HOMO - 1 and LUMO + 1 alone (blue lines) and find that
only for the (2,3-) connection they cross those of the frontier
orbitals at Er. Since the corresponding sum of terms entering
Eq. (6) for the two pairs has different signs at their crossing
point, they cancel each other out and lead to zero transmission.
This is probably the simplest example to contrast a case of DQI,

Wy

-1 -05 0 05 1

1e-08’

1-05 0 05 1

the respective color code used there.
E-E¢ (1) P

E-Er 1B

which can be predicted within a frontier orbital approximation
with one that is beyond its range of applicability.

C. Other representative molecular structures

In Figure 2 we show the other molecular systems which
we investigate as case studies in this article and also the corre-
sponding TB next neighbor connectivity, which provides the
basis for all our NEGF-TB computations as well as the appli-
cation of the pairing theorem and the graphical AO scheme in
the following. We note that only unsaturated carbon atoms are
part of the  system and that it is only those which need to be
considered in a TB framework.

For benzene (Fig. 2(a)), it is established knowledge'>~'4
that the conductance is finite for an o- or p-connected pair of
contacts but DQI occurs at Er for a m-connection, which is
also consistent with the chemical understanding of communi-
cation through an aromatic ring. In Figure 2(a) we illustrate
that these findings can be also understood in the context of the
pairing theorem (Fig. 2(b)) because only for the m-connection
two “starred” carbon sites are contacted in this example of an
even-membered AH meaning that each CR pair will provide a
contribution of exactly zero in Eq. (5).

Another type of systems where DQI plays an important
role is molecular switches>® based on “conducting” and “insu-
lating” isomers that can be transformed into each other in a
highly reversible photochemical reaction. We will consider
here one family of such switches, namely diarylethenes,>®
and in particular the homocyclic dinaphthylethene (DNE)
(Fig. 2(b)) and the heterocyclic dithienylethene (DTE)
(Fig. 2(c)). For both systems, the closed isomer is much better
conducting than the open isomer in a molecular junction which
has been demonstrated experimentally®-6% and confirmed the-
oretically,®3 where the formation (or breaking) of a single
bond distinguishes one from the other in structural terms.
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ortho- meta-

para-

NEGF-DFT calculations can be found, e.g., in Refs. 36
and 63 for DNE and DTE, respectively. The molecular orbital
rules by Yoshizawa and co-workers have also been applied
for both systems, where although their application in a narrow
sense would have suggested constructive interference for the
“closed” (conducting) and “open” (insulating) form for DNE,
the differences in conductance between the two forms found
with NEGF-DFT have been attributed to the larger orbital
amplitudes for the “closed” form.® As for the butadiene exam-
ple we discussed above, this argument explains quantitative
differences in the conductance but not the qualitative differ-
ence defined by the occurrence or absence of an interference
minimum.

For DTE on the other side, the contributions from the
HOMO - 1 and LUMO + 1 had to be added to those from
the frontier orbitals in order to reach a better agreement with
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FIG. 2. Chemical structures and corre-
sponding TB next neighbor connectivity
with the positions of the contacts to the
electrodes marked as / and r and with
“stars” related to the pairing theorem
and involving only the 7 electrons for
(a) benzene connected in ortho- (0-),
meta- (m-), and para (p-) positions,
(b) dinaphthylethene (DNE), and (c)
dithienylethene (DTE) in their open and
closed forms, respectively, where for
the latter also the alternant hydrocarbon
analogs obtained by removing the S sites
are shown. In (d) the chemical structure
of azulene is shown and the positions for
connecting metal contacts are numbered
for making reference to them in the text.

the experimental findings.%* As can be seen from their respec-
tive TB next neighbor connectivity in Figs. 2(b) and 2(c), the
electrodes are attached to the carbon atoms which belong to
different subsets of the starring scheme for the open forms of
both DNE and DTE. As a consequence of the MO symmetry
properties following from the pairing theorem therefore con-
structive QI has to be found within all CR pairs of MOs defined
by Eq. (5) including the HOMO and the LUMO, and hence
DQI can only occur due to cancellation of the terms between
different CR pairs which cannot be assessed by using a frontier
orbital approximation, and this is the reason why we included
these systems in the present study.

DTE is heterocyclic, which means that we need to include
an onsite energy for the sulfur atoms differing from those of
the carbon sites and also a value for the C—S coupling in the
NEGF-TB calculations in the following as specified in the
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computational details. In order to have a reference point for
the application of the graphical AO scheme also for DTE, we
also introduce a structure with the S atoms of DTE deleted
in Fig. 2(c), which transforms it into an even-membered AH,
where in Sec. I[II D we will compare the transmission functions
of both DTE forms with and without sulfur sites.

As the final system for our study, we chose azulene
(Fig. 2(d)), which is a non-alternant hydrocarbon and there-
fore it is not possible to divide its carbon sites into “starred”
and “unstarred” subsets in relation to the pairing theorem or
derive any conclusions regarding destructive or constructive
QI within a frontier orbital approximation. This system is also
of interest because it has been wrongly claimed in a joint exper-
imental and theoretical study that for azulene the graphical AO
scheme also fails in its predictions at least when the electrodes
contact the sites 1 and 3 in Fig. 2(d).%

This claim has later been refuted,>® where it was shown
that the predictions of the graphical AO scheme were also
correct for azulene with 1,3-contacts when closed loops of
AOs and not only pairs of them are considered which always
has been a central aspect of the scheme.’*3! NEGF-DFT cal-
culations for azulene containing compounds with different
electrode contact sites including the 1,3- and 5,7-cases can
be, e.g., found in Refs. 65 and 66.

D. DQI predictions from NEGF-TB, Larsson’s formula,
and the graphical AO scheme

In Fig. 3, T(E) as calculated from NEGF-TB for all sys-
tems introduced in Fig. 2 is shown in the left panels for each
label and compared with I'>(E) in the right panels, which was
obtained from Eq. (6) with MO onsite energies and amplitudes
resulting from a diagonalisation of H,,,; in the same TB setup,
where for both quantities the curves for the systems exhibiting
DQI at E are shown in red and the others in black.

Apart from the units, which are in multiples of the conduc-
tance quantum Gy for T(E) and chosen arbitrarily for T2(E)
the agreement in all cases is excellent, which fully justifies to
investigate the absence or occurrence of DQI solely in terms
of the contributions entering Eq. (6).

From both T'(E) and I'>(E), the m-connection is correctly
identified as the only one with DQI for benzene (Fig. 3(a))
and zero conductance found only for the open form of DNE
(Fig. 3(b)), a result which needs the inclusion of all MOs and
not just the frontier orbitals® as we will further argue below.

Also for DTE (Fig. 3(c)), only the open form exhibits a
transmission zero at Er for the analog alternant hydrocarbons
(right two panels), which is shifted to higher energies if the
S atoms are included in the calculations (left two panels) but
still lowers the conductance at the Fermi energy in its vicinity
quite substantially even then.

For azulene (Fig. 3(d)) there are QI minima across the
energy spectrum for the two investigated junctions which dif-
fer in their respective contact sites. But while contacts in the
5, 7-positions (red lines) result in zero conductance, the min-
ima for the 1, 3-connected system are not only lying above Er
but are also so narrow that they do not seem to have an impact
on T(EF).

We note that all these features we summarized here are
in good qualitative agreement with the respective NEGF-DFT
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calculations in the literature we referred to in Sec. III C when
introducing the respective molecular structures above.

In Fig. 4 we demonstrate the application of the graphical
AO scheme®*3! for all the systems in Fig. 2 without het-
ero atoms and its predictions for DQI identify the cases with
T(EFr) =0 in the calculations shown in Fig. 3 without a single
failure, regardless of whether the molecular topology belongs
to an alternant or non-alternant hydrocarbon or which sub-
set of carbon atoms in relation to the “starring” scheme the
electrodes are connected to.

In principle, it would also be possible to account for the
presence of hetero atoms within the scheme as it has been done
elsewhere3>*’ for a treatment of DTE containing its sulfur sites
but this would come at the price of diminishing the scheme’s
simplicity and would not provide any important arguments for
the present discussion.

This AO scheme considers all orbitals in an AO repre-
sentation and relies on the structure of the entire Hamiltonian
thereby strongly reflecting the respective molecular topology.
This is in contrast to any frontier orbital approximation within
a MO based scheme where by definition all but two MOs are
disregarded. The pairing theorem justifies this omission for
the specific case, where each CR pair defined by the respec-
tive equal distance of its parts to Er cancels out individually
for symmetry reasons. For the other cases where interference
is constructive within each pair, DQI can still occur due to can-
cellation between pairs. This is why all MO contributions are
significant in this latter case as we will further explore below.

E. Convergence with respect to the number of included
CR pairs of MOs

Independently of the frontier orbital approximation as we
discuss it in this article, there is the common conception in the
studies of the conductance of single molecule junctions that
T(EF) is dominated by the MOs close to Ef since the tails of
the peaks further apart decay rapidly and their contributions
can therefore safely be disregarded.*3-67

This assumption is also motivated by the fact that the
respective distance of each MO to the Fermi energy enters
its respective term in Eqgs. (4) and (6) explicitly in the denom-
inator and its increase can therefore be expected to reduce the
terms significance.

There are two reasons why such preconceptions should be
questioned regarding their validity in general: (i) While it is
true that the denominator of a term in Egs. (4) and (6) increases
for high values of ¢,,, this effect might be outweighed by large
couplings or large MO amplitudes at the contact sites; (ii) the
distinction between the occurrence and absence of DQI is often
one between an exact value of zero (at least in the framework of
TB where only 7 electrons are considered) and a rather small
number which appears to be bigger than it actually is due to
the logarithmic plotting of 7'(E).

In Fig. 5 we increase the number of CR pairs of MOs
included in the sum of Eq. (6) for the calculation of T'*(E)
stepwise for the systems in Fig. 2 which exhibit DQI close
to the Fermi level but where this cannot be predicted within
a frontier orbital approximation. Here we first consider only
the HOMO and the LUMO (label 1), then the HOMO, the
LUMO, the HOMO - 1 and the LUMO + 1 (label 2), and so



092308-9 Zhao, Geskin, and Stadler J. Chem. Phys. 146, 092308 (2017)
1 1 \—// 1 1
01N 01f\ > 0.1 {V \J 0.1
0.01 0.01 0.01 0.01
0.001 0.001 0.001 ‘ 0.001
m g @ o
= 0.0001 S5 0.0001 = 0.0001 B 0.0001
1e-05 1e-05 [ 1e-05 1e-05
1e-06 1e-06 1e-06 1e-06
1e-07 1e-07 1e-07 1e-07
1087550 05 1 %705 005 1 % o5 0051 %755 0 05 1
E-E¢ [IBI) E-Ec [IBI) E-E¢ [IBI] E-Ex (1B
(a) (d)
1 1 :
01k v 0.1 1V UM FIG. 3. T(E) from NEGF-TB calcula-
| tions (in units of Gg) is contrasted with
0.01 ‘ 0.01 I'2(E) as obtained from Eq. (6) (in arbi-
0.001 ‘ 0.001 trary units) for (a) benzene connected
m m in o- (solid black), m- (solid red), and
= 0-0001 Sl 0.0001 p- (dashed black) positions, (b) DNE
1e-05 1e-05 and (c) DTE in their open (solid red)
and closed (solid black) forms, respec-
1e-06 1e-06 tively, where for the latter also curves
1e-07 [ 1e-07 for the AH analog of DTE with S atoms
‘\ removed are shown in the two panels at
19’08.1 05 0 05 1 19'08.1 05 0 05 1 the right side and (d) azulene contacted
E-E¢ [IBI] E-E¢ [IBI] in 1, 3 (solid black) and 5, 7 (solid red)
positions.
1 1 1 \/ 1
0.1 \1\/ 0.1 0.1} 0.1
\
0.01 ‘ 0.01 0.01} 0.01
0.001 ‘ 0.001 0.001 0.001
m m . @ w
= 0.0001 LW 0.0001 = 0.0001 o 0.0001
1e-05 | 1e-05 1e-05 1e-05
1e-06 ‘ 1e-06 1e-06 1e-06
1e-07 1e-07 1e-07 1e-07
10855 0 05 1 "By o5 005 1 %5 005 1 %755 0 05 1
E-Ex [IB1] E-Er [IBI] E-Er [IBI] E-E¢ [IBI]

(o)

on where only the red curve with the highest label includes the
contributions from all CR pairs of MOs corresponding to the
respective molecular topology.

Quite contrarily to what might be expected, for the open
forms of DNE (Fig. 5(a)) and DTE (Figs. 5(b) and 5(c)) the
convergence of I'>(E) with the number of included pairs is
not smooth but oscillating because the contributions of CR
pairs of MOs enter with alternating signs. Even for the label
with only the CR pair with the energies most remote from Ep
missing, i.e., the labels 10, 4, and 5 for DNE, DTE without
and with S, respectively, the conductance is still far from zero
on a logarithmic scale. For the label 3 with the three CR pairs
of MOs closest to the Fermi energy included it even has a
magnitude comparable to that of the conducting closed form of
the respective switch, where for DTE the convergence behavior
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seems to be rather unaffected by the presence or absence of
the S atoms.

This analysis strongly indicates that in order to cap-
ture DQI effects for a particular molecular topology cor-
rectly really all MOs belonging to its m system need to be
properly accounted for in order to achieve a reliable theo-
retical description. Even for the non-alternant hydrocarbon
azulene contacted in (5,7-) positions (Fig. 5(d)), where no
destructive but also no constructive interference within each
pair can be indicated directly from the pairing theorem, the
contributions from the frontier orbitals, i.e., the HOMO and
LUMO, alone (label 1) do not result in any DQI feature close
to Er. The inclusion of the second CR pair of MOs (label 2)
produces this feature but it then again needs the contributions
from all CR pairs to position it energetically exactly at Er.
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FIG. 4. Application of the graphical AO scheme3*3! for (a) benzene con-
nected in 0-, m-, and p-positions, (b) DNE and (c) DTE (with S atoms removed)
in their open and closed forms, respectively, and (d) azulene contacted in 1,3-
and 5,7-positions. DQI is predicted if it is not possible to form a continuous
line between the two contact sites and have all AOs which are not on this line
grouped up in pairs or as part of a closed loop. The single sites which are not
crossed or grouped up are marked by green dots for the sake of clarity.

l

Another property that arises from the pairing theorem is
that in the case of DQI for even-membered AHs connected
at sites belonging to different subsets, the contributions from
all occupied and all unoccupied MOs to I'(E) in Eq. (6) must
each cancel out individually at Er. This is because in those
cases the contribution from each half of a CR pair is equal to
the other half in both sign and magnitude at Er, which means
that it is then sufficient to consider either all occupied or all
unoccupied MOs alone.

Making use of this knowledge, in Fig. 6 we plot I2(E)
from the sum over the occupied states in Eq. (6), where we
compare taking all the five occupied MOs for the open form
of the AH analog of DTE with the S atoms removed (blue
curve) with the case where the lowest lying two MOs have been
excluded from the summation (magenta curve). As can be seen
from the figure, cutting out the lowest lying two MOs does not
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FIG. 5. T%(E) (in arbitrary units) with an increasing number of CR pairs
included in Eq. (6) for (a) DNE in its open form, DTE in its open form: (b)
without S, (c) with S, and (d) azulene contacted in (5,7-) positions. The label
1 means that only the HOMO and the LUMO enter Eq. (6), for 2 it is the
HOMO, the LUMO, the HOMO - 1 and the LUMO + 1, and so on for higher
labels up to where all CR pairs are included for the respective highest label.
Only the lines with all CR pairs accounted for are shown in red, all other lines
are in black.

make any difference in the energy regions of the peaks of the
three higher lying MOs because the transmission in the vicinity
of a peak is always largely dominated by the contribution of
the one MO it is related to, but crucially decides whether DQI

occurs at the Fermi level or not.
NV
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FIG. 6. T2(E), where I'(E) is taken as the sum over all the five occupied (blue
curve) or only the three occupied MOs closest to Er (magenta curve) in Eq. (6)
for the open form of the AH analog of DTE with the S atoms removed.
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This enforces the main message of our article that in order
to identify DQI reliably from a MO perspective, the contribu-
tion of all MOs needs to be taken into account and not just a
selected few of them. This finding has also high importance
for the analysis of NEGF-DFT results, where a cut coupling
approach is routinely used to describe DQI in terms of a few
MOs close to Ef only.*3-67

IV. CONCLUSIONS

In summary, we showed that DQI in the electron trans-
port of single molecule junctions can be reliably discussed
from a MO perspective if the contributions from all MOs are
accounted for and not only those from MOs close to the Fermi
level. This applies in general and not only for even-membered
alternant hydrocarbons contacted at carbon sites of the same
subset as it is the case for predictions within a frontier orbital
approximation.

This MO perspective, however, does not in general allow
for the prediction of DQI without prior numerical calculations
within a TB framework which puts it into contrast to a recently
proposed graphical AO scheme3?*! where such predictions are
indeed possible. On the other hand such a MO based analysis
is not limited to the prediction of the zero-bias conductance
defined by the transmission at the Fermi level and can thus pro-
vide essential input for the interpretation of computationally
more demanding NEGF-DFT results as well as reconcile find-
ings from single molecule electronics with more traditional
concepts from quantum chemistry.
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In our theoretical study where we combine a nonequilibrium Green’s function approach with density functional
theory we investigate branched compounds containing ferrocene moieties in both branches which, due to their
metal centers, are designed to allow for asymmetry induced by local charging. In these compounds the ferrocene
moieties are connected to pyridyl anchor groups either directly or via acetylenic spacers in a metaconnection,
where we also compare our results with those obtained for the respective single-branched molecules with
both meta- and paraconnections between the metal center and the anchors. We find a destructive quantum
interference (DQI) feature in the transmission function slightly below the lowest unoccupied molecular orbital,
which dominates the conductance even for the uncharged branched compound with spacer groups inserted. In an
analysis based on mapping the structural characteristics of the range of molecules in our article onto tight-binding
models, we identify the structural source of the DQI minimum as the through-space coupling between the pyridyl
anchor groups. We also find that local charging in one of the branches changes the conductance only by about
one order of magnitude, which we explain in terms of the spatial distributions of the relevant molecular orbitals

for the branched compounds.

DOI: 10.1103/PhysRevB.96.085421

I. INTRODUCTION

Molecular electronics has become an active field of research
in recent decades, since it holds the promise of maintaining
continuous progress in the miniaturization of digital devices,
thereby overcoming the limitations of semiconductor technol-
ogy [1,2]. One enabling tool for this purpose can be found in
destructive quantum interference (DQI) effects [3,4], which
can significantly reduce the conductance in some conjugated
7 systems, where this purely electronic effect has also been
shown to be robustly observable at room temperature [5].
For such hydrocarbon molecules a graphical atomic orbital
(AO) scheme [6-10] as well as molecular orbital (MO)-based
rules [11-16] could be derived to predict the occurrence
of DQI from the molecular structure, where the relation
between the two schemes has been clarified recently [17].
Such simplified schemes allow for the design of logical gates
[6] and memory cells [18] in single-molecule electronics as
well as the implementation of thermoelectric devices [19,20].

Also, the constructive quantum interference (CQI) expected
in electron transport through branched molecular compounds
has gained attention, where a deviation from the classical
Kirchhoff’s law was first predicted theoretically [21] and
then confirmed experimentally [22,23] for junctions contain-
ing molecules providing symmetrically equivalent pathways
through two of their branches. Recently, the design and syn-
thesis of branched compounds containing ferrocene moieties
in each branch have been presented [24] for the purpose of
creating single-molecule junctions, where the combination of
QI effects with redox gating for coherent electron tunneling as
well as the electrostatic correlation between spatially distinct
redox centers for electron hopping [25] can be explored.
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The latter electrostatic interactions between multiple
ferrocene-based redox centers within the same compound
have been observed in an unrelated study [26]. Ferrocene
moieties in junctions with linear molecules [27] have also
been used for the design of molecular diodes [28-30], highly
conducting molecular wires [31], and redox-gated molecular
switches [32], where the switching between a low-conductance
reduced state and a high-conductance oxidized state was due to
stochastic fluctuations between these two redox states induced
by the gate. The details of the mechanism for this type of
switching have recently been explored in joint experimental
and theoretical studies on a Mo compound [33,34] and
azulene [35], where the I/V curves measured in a mechanically
controlled break junction setup were also reproduced by
simulations based on density functional theory (DFT).

The novelty of the molecular design in Ref. [24] lies
in bringing all these structural aspects together in a single
molecule, which could, in principle, allow to combine redox-
gated fluctuations of the electron population at ferrocene
moieties as a switching mechanism between two redox states,
where DQI effects would guarantee a very low conductance for
one of them, and their absence a significantly higher conduc-
tance for the other one. A similar idea for a redox-gated switch,
where one state of the redox pair was designed to exhibit
DQI effects, has recently been pursued with anthraquinone
derivatives but the on/off ratios were found to be rather modest,
since DQI occurred rather far in energy from the Fermi level
(EF) in the transmission function [36]. Although the synthesis
part in Ref. [24] focused on branched compounds where both
branches were to be attached on a substrate separately and
only connected intramolecularly by a pyridyl anchor group
on the end to be contacted by the tip of a scanning tunneling
microscope, the authors stated in their conclusions that efforts
towards cyclic analogs of these molecules such as the one
shown in Fig. 1 were under way.

©2017 American Physical Society
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FIG. 1. Cyclic molecule containing a ferrocene moiety in each of
its two branches, where they have been separated from the pyridyl
anchor groups by acetylenic spacer groups.

Such cyclic analogs are of particular interest in the context
described above, since as pointed out in Ref. [22], QI effects
can only be expected to play a dominant role for electron
transport if both sides of a branched molecule are connected to
electrodes by acommon intramolecular node. For the molecule
in Fig. 1 in its neutral state the transmission through both
branches is expected to interfere constructively, because the
branches are symmetry equivalent [21-23]. If one of the
two ferrocene moieties is oxidized, however, this symmetry
will be brokenm thereby possibly enabling a DQI-induced
suppression of the conductance. In that case the compound
in Fig. 1 could be used as a molecular redox switch with
very high on/off ratios. In the molecular design the acetylenic
spacers are meant to make the molecular structure more rigid
and to increase the distance between the two electrodes for the
prevention of through-vacuum tunneling and for the separation
of the redox-active centers from the leads. The pyridyl anchor
groups were chosen because they were found to provide the
best junction formation and conductance properties in recent
experimental [37] and theoretical [38—41] studies.

In our article we investigate the coherent electron transport
through the molecule in Fig. 1 by means of DFT calculations in
combination with a nonequilibrium Green’s function (NEGF)
formalism [42], where we put an emphasis on DQI effects in
neutral and charged compounds. Because of the presence of
the ferrocene moieties in the compound neither the graphical
AO scheme nor the MO rules mentioned above can be applied
for this purpose, since both have been designed exclusively
for the study of m conjugated hydrocarbons [17], which is
also true for the quantum circuit rules derived in Ref. [43].
In the present case, however, DQI can arise (i) from the
metaconnection [44—46] of the branches to the pyridyl anchor
group, although it has recently been demonstrated that for
meta-connected bipyridine DQI in the 7 -electron contribution
can be masked by the conductance mediated by o electrons
[47]; (i) from interference between transmission through the
two branches, which is expected to be constructive for the
neutral molecule but might be destructive if the redox-active
center on only one of the branches is oxidized; and (iii) from
multiple paths provided by nearly degenerate orbitals on the

PHYSICAL REVIEW B 96, 085421 (2017)
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FIG. 2. Junction geometries for the compounds we investigate
in this article. m-d-1 (meta-double-long) denotes the molecule in
Fig. 1; m-d-s (meta-double-short), the same molecule without the
acetylenic spacer groups; m-s-1 (meta-single-long) and m-s-s (meta-
single-short), the corresponding single-branched compounds; and
p-s-1 (para-single-long) and p-s-s (para-single-short), their respective
counterparts with a para-connection to the pyridyl anchor groups. All
molecules have been connected to fcc Au electrodes on (111) surfaces
with an adatom on each lead.

ferrocene moieties. In order to be able to distinguish these
effects we extend our study to the range of molecular junctions
illustrated in Fig. 2, where, derived from the compound in
Fig. 1, we also chose molecules without acetylenic spacers,
with only one branch between the pyridyl anchor groups and
with paraconnections for the single-branched systems.

The paper is organized as follows: In the next section
we present transmission functions from NEGF-DFT [48-51]
calculations for all junctions in Fig. 2 and discuss their char-
acteristic features. There we find that DQI occurs for neutral
compounds in the energy region of the lowest unoccupied MO
(LUMO) close to the Fermi level, with a strong impact on
the conductance only for molecules with branches connected
in metapositions at the pyridyl anchors with respect to their
N atom and containing acetylenic spacers regardless of the
number of branches, i.e., for the compounds we refer to as
m-d-1 and m-s-1 in the caption to Fig. 2. In Sec. Il we
derive topological tight-binding (TB) models from the DFT
calculations and identify the through-space coupling between
the pyridyl anchor groups, which depends on both the meta-
versus paraconnectivity and the presence or absence of spacer
groups as the defining quantity for the DQI effects we observe.
In Sec. IV we assess the usefulness of the double-branched
systems m-d-1 and m-d-s in Fig. 2 as molecular switches

085421-2
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by explicitly putting a positive charge on one of the two
branches in our NEGF-DFT calculations and comparing the
resulting conductance with that of the respective neutral
compound. We conclude with a brief summary of our results
in Sec. V.

II. DFT-BASED ELECTRON TRANSPORT
CALCULATIONS AND MOLECULAR ORBITALS
FOR NEUTRAL COMPLEXES

A. Computational details for NEGF-DFT calculations

We obtained the transmission functions 7(E) for all junc-
tions in Fig. 2 from NEGF-DFT calculations performed with
the GPAW code [52,53] using a linear combination of atomic
orbitals (LCAO) [54] for the basis set on a double-zeta level
with polarization functions (DZP), a Perdew-Burke-Ernzerhof
(PBE) parametrization for the exchange correlation (XC)
functional [55], and a grid spacing of 0.2 A for the sampling
of the potential in the Hamiltonian on a real-space grid. In
our transport calculations, the “extended molecule” defining
the scattering region is formed by the respective metal organic
compounds and three and four layers for the upper and lower
fcc gold electrodes, respectively, ina (111) orientation and with
a 6 x 6 overstructure defining the periodically repeated unit
cell, where the distance between the Au adatom attached to the
lead surfaces and the N atom of the pyridyl anchor groups was
chosenas 2.12 A [38] and a k-point sampling corresponding to
a4 x 4 x 1 Monkhorst Pack grid for evaluating T(E), where

10 | l (a) 2 5\ h

meta-double

PHYSICAL REVIEW B 96, 085421 (2017)

the z coordinate is the direction of electron transport through
the junction.

B. Transmission functions from NEGF-DFT
and the observation of DQI

In the resulting transmission functions in Fig. 3 the peaks in
the LUMO region are much broader than those in the HOMO
region for all systems, and hence we expect the conductance
to be dominated by the MOs above the Fermi level. DQI-
induced minima in the energy region at the upper border of the
HOMO-LUMO gap can be observed only for metaconnected
molecules with acetylenic spacers regardless of the number
of branches but this feature disappears when the spacers are
removed or when the connection of the ferrocene moieties to
the pyridyl anchors is in a para position. We note that these
minima in 7(E) in the LUMO region for the compounds m-d-1
and m-s-1 do not result in zero conductance accompanied by
the typical DQI shape known from topological models [17]
but rather in a distinct deviation from Lorentzian decay around
the LUMO peaks, which lowers the conductance significantly
and has been encountered in molecules with metaconnected
pyridyl anchors also in Ref. [43].

These less distinctly visible manifestations of DQI can
occur in DFT calculations for real systems, because DQI
is linked to the symmetry properties of m electrons of a
conjugated system, where o electrons are not necessarily
affected [47]. Our definition of DQI is that the transmission
through a system with more than one MO around E is lower

w w
= =
-8 L L L L L -8 | L L " L L
10" 35 ] 05 0 05 ] 15 035 1 05 0 05 1 15
E-Er [eV] E-Ef [eV]
10° .
, (c)
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FIG. 3. Transmission functions calculated from the NEGF-DFT for the six junctions in Fig. 1. (a) m-d-1, solid black line; m-d-s, dashed
black line. (b) m-s-1, solid red line; m-s-s, dashed red line. (c) p-s-1, solid green line; p-s-s, dashed green line.
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than the sum of the individual contributions of these MOs to
T(E) [40]. The exact energetic position of the Fermi energy
within the HOMO-LUMO gap, which is also affected by the
underestimation of this gap in our calculations due to the
PBE parametrization of the XC functional, will have a crucial
impact on the quantitative conductance, but qualitatively DQI
will always result in a significant conductance lowering for
the structures where it occurs regardless of the details of the
Fermi level alignment [17].

C. General remark on CQI for the branched molecules

From the circuit laws derived for branched molecules with
two equivalent branches [21,22], one would expect that due
to constructive QI the conductance of the molecules would
be roughly four times as large as the respective value for
the single-branched analog. While for molecules containing
acetylenic spacers we indeed find aratio greater than 2 between
the respective transmission functions of m-d-1 and m-s-1 at
Er in Fig. 3, this is distinctly not the case for m-d-s and
m-s-s, where the conductance of the single-branched system
is even slightly higher than that found for the double-branched
compound. In Refs. [4,21] it was pointed out that the circuit
laws for CQI only apply when the branches are rather weakly
coupled to the nodal point in comparison with the nodal point’s
electronic connection to the electrodes. In our case, however,
the coupling between the ferrocene moieties and the pyridyl
anchors is larger than the coupling between the anchors and
the leads. In the experimental evaluation of the circuit laws
for CQI in Ref. [23] it was also found that the observability of
these laws strongly depends on the chemical nature of both
the anchors and the branches as well as on the atomistic
details of the surface structure the respective compounds are
attached to.

D. Molecular orbital analysis

In Figs. 4 and 5 we plot the spatial distributions of the MOs
for the double-branched compounds directly above (Fig. 4)
and directly below (Fig. 5) the Fermi energy, which we obtain
from a subdiagonalization of the molecular part of the transport
Hamiltonian [41]. In Table I the corresponding eigenenergies
are listed for all six junctions in Fig. 2, where the lists are
complete for the energy range —2eV < Ep < 1.5 eV and
the shapes of MOs for the single-branched systems share

TABLE I. Eigenenergies eyo (in eV) for the four MOs above Er
(LUMO,....,.LUMO + 3) for all compounds in Fig. 3 and the three
MOs below E (HOMO,...,HOMO — 2) for one of the two branches.
For m-d-1 and m-d-s the values for the respective second branch are
given in parentheses.

m-d-1 m-d-s m-s-1 m-s-s p-s-l1 p-s-s
L+3 0.85 1.39 1.08 133 132 146
L+2 0.81 1.17 1.06 121 128 1.39
L+1 0.79 1.09 0.78 1.07 0.70 091
L 0.76 0.86 076 081 0.57 0.64
H —1.16 (—1.20) —1.02 (-1.06) —1.18 —1.12 —1.30 —1.37

H-1-1.18(-1.21) -1.02(-1.08) —1.19 —1.14 —1.32 —1.41
H-2-132(-1.35) -1.18 (—1.21) —1.33 —1.26 —1.49 —1.53
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FIG. 4. Spatial distributions of the four MOs directly above Er
(LUMO,...,LUMO + 3) for the branched compounds (a) m-d-1 and
(b) m-d-s; the two FOs on each pyridyl anchor defining them are
shown in the left columns, and the four MOs themselves in the right
columns.

the same localization patterns with those plotted for the
double-branched molecules in Figs. 4 and 5. For the LUMO
region all four MOs are mostly localized on the pyridyl
anchor groups (Fig. 4), which explains the broad peaks found
for all junctions in T(E) above Ep (Fig. 3). Furthermore,
visual inspection allows us to identify these four MOs as
bonding or antibonding pairs resulting from the hybridization
of just two pyridyl fragment orbitals (FOs), which were again
obtained from a subdiagonalization of the respective transport
Hamiltonian, but in this case limited to the basis functions
centered on the pyridyl groups.

The MOs below E ¢ on the other side (Fig. 5) are all mostly
localized on the ferrocene moieties as hybrids of Fe d states

FIG. 5. Spatial distributions of the six MOs directly below Er
(HOMO,,...,HOMO — 5) for the branched compounds (a) m-d-1 and
(b) m-d-s; the notation we use here (H,...,H — 2) refers to each branch
individually.
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and the w system of their cyclopentadienyl rings. As a result
we observe rather narrow peaks of 7(E) in the HOMO region
(Fig. 3) at all junctions. For the double-branched compounds,
these six MOs can be clearly separated into three on each
branch, suggesting that our initial concept of introducing a
positive charge at one ferrocene center for the creation of
an asymmetry resulting in DQI might work for 7(E) in the
HOMO region. It is, however, not likely to be applicable in
the LUMO region since the localization patterns in the pyridyl
anchors cannot be expected to be affected in an asymmetric
way by the charging of one ferrocene moiety. In order to
evaluate the validity of this first assessment further, NEGF-
DFT calculations with explicitly charged ferrocene centers are
presented in Sec. IV.

Since both the shapes and the eigenenergies (as listed in
Table I) of all MOs are quite similar for the six junctions in
Fig. 2, it cannot be directly derived from these properties why a
DQI feature occurs in 7(E) in the LUMO region for compounds
m-s-1 and d-s-1 but not for the other four molecules in Fig. 3.
It might be expected that the number of branches does not
make a difference here because the existence of the second
branch should induce CQI but not DQI without the charging
of a ferrocene center [21-23]. It also seems intuitive that
molecules, where ferrocene is connected to the pyridyl anchors
in metaconnections exhibit DQI, while the para-analog does
not but this intuition is only based on the observations made
for planar m-conjugated hydrocarbons [44,45], while the six
compounds in Fig. 2 are not planar and contain ferrocene
moieties. Most strikingly, there is no easy explanation for the
dependence of the DQI feature on the absence or presence
of acetylenic spacers. In order to investigate these questions
further, we project the data we can derive from NEGF-DFT
calculations onto topological TB models in Sec. III.

III. INVESTIGATION OF THE STRUCTURAL SOURCES
OF DQI WITH TB MODELS

All conventional topological TB models and the various
sets of QI or quantum circuit rules derived from such models
have been developed for planar w-conjugated hydrocarbons.
Also, the simple assertion that metaconnected junctions exhibit
DQI, while paraconnected ones do not, can be considered to
be a simple case of a QI rule derived from a conventional
topological TB model. In such models the molecular structure
isreplaced by a connectivity matrix where each carbon position
is represented by a single AO (presumably the p, orbital
perpendicular to the plane), where all AOs have the same on-
site energy and only next-neighbor couplings are considered.
The ferrocene makes both assumptions ambiguous. It cannot
be represented by carbon p, AOs alone but has degenerate
FOs at different energies instead. Additionally, it enforces
molecular structures in three dimensions in deviation from
planarity, where parts of the molecule not directly bonded
to each other can come close to each other in the third
dimension and QI can no longer be understood in terms of
next-neighbor connectivity alone. As conventional TB models
are not applicable for the structures we investigate, we have to
derive our own models, which must fulfill two requirements:
(i) the qualitative structure dependence of the transmission
functions from our DFT calculations needs to be reproduced,

PHYSICAL REVIEW B 96, 085421 (2017)

and (ii) the number of orbitals involved at the end needs
to be minimal in order to make the key structural source
of DQI in our systems discernible. This step-by-step model
development is introduced in this section and the applicability
of the procedure is not limited to the particular six molecules
we investigate but is also given for similar systems.

For double-branched molecules the transmission functions
in Fig. 3 have a shape very similar to that of their respective
single-branched analogs in the LUMO region in metacon-
nected cases, and the acetylenic spacers do not seem to have
a significant impact on paraconnected anchors other than the
well-known decrease in conductance with molecular length.
Therefore, we focus our analysis of the relationship between
structural features and 7(E) in this section on an evaluation of
the differences between compounds m-s-1, m-s-s, and p-s-1.

A. Definition of the electrodes for all NEGF-TB calculations

We calculate transmission functions from NEGF-TB with
a one-dimensional chain of AOs acting as electrodes, where
all inner-electrode on-site energies have been set to 0.83 eV
and all inner-electrode couplings to —5.67 eV. This particular
choice for the latter two parameters has been identified as
optimal for reproducing NEGF-DFT results for T(E) with fcc
Au (111) electrodes in Ref. [40] and is used for all NEGF-TB
calculations in the current article. The couplings between
the contact atoms of these artificial electrodes and the p,
orbitals within the pyridyl anchors have been derived by a
subdiagonalization of the part of the transport Hamiltonian
from the NEGF-DFT calculations describing the gold adatoms
on top of the surfaces (see Fig. 2) and taking only the
couplings of the valence s state of this atom to the pyridyl
P states because the density of states of the gold surface has
a predominantly s character around E.

B. Selection of AOs in the anchor groups and FOs
in the ferrocene for reproducing the DFT results

In the first part of this analysis we try to map the structural
characteristics of these three molecules onto a topological TB
model, with the aim of matching the T(E) from NEGF-DFT
as closely as possible but at the same time minimize the
number of involved orbitals. For the pyridyl anchors and
acetylenic spacers it can be safely assumed that transport near
the HOMO-LUMO gap is dominated by the p, AOs at the C
and N sites [40]. The DZP-LCAO basis set of the NEGF-DFT
calculations, however, does not provide physically meaningful
AOs, in particular, atoms in the environment of all neighboring
atoms. Hence, we obtained the basis which we need to apply
in our TB models by subsequent subdiagonalizations and
basis set rotations of the transport Hamiltonian for each C
and N atom individually. [47] Additionally, orthogonality
between AOs on neighboring atoms was ensured by applying
a Lowdin transformation [56]. As it has been demonstrated
in the supporting information in Ref. [47] that not only first-
but also second- and third-nearest-neighbor couplings within
a pyridyl group are crucial for defining the energetic position
of a DQI minimum, we include all three categories in our
model. For the ferrocene part of the molecules we perform a
subdiagonalization of the part of the Hamiltonian covering the

085421-5



XIN ZHAO, GEORG KASTLUNGER, AND ROBERT STADLER

Bridge
(FOs)

Anchor
(AOs)

Anchor
(AOs)

(a)

T(E)

1016 L P ; : : .
-1.5 -1 -0.5 0 0.5 1 1.5
E-Ef [eV]
(b)

FIG. 6. (a) TB model derived from the NEGF-DFT as exemplified
for compound m-s-1, where the line colors distinguish between
couplings within anchors and spacers (red) and couplings to ferrocene
FOs (black) or the gold leads (yellow), respectively, while the line
thickness illustrates the hierarchy of the respective coupling strengths.
(b) T(E) from the TB model for m-s-1, with (dashed red curve) and
without (solid red curve) an artificially high value for the direct
coupling, and for m-s-s (solid black curve).

whole moiety, which results in just five FOs in the relevant
energy range around the HOMO-LUMO gap, namely, three
FOs with energies from —1.55 to —1.20 eV in the HOMO
region and two FOs with energies from 1.35 to 1.55 eV in the
LUMO region for all three compounds.

In Fig. 6(a) we illustrate this TB model schematically for
molecule m-s-1; direct couplings between the p, orbitals of
anchor and spacer groups left and right of the ferrocene are
not drawn for the sake of simplicity but still considered in the
model.

C. Identification of the through-space coupling between anchor
groups as the structural source of DQI

Since we know that the most distinct structural difference
between the m-s-1 and the m-s-s molecules lies in their
respective molecular lengths, as brought about by the presence
or absence of acetylenic spacers, we show in Fig. 6(b) the T(E)
from NEGF-TB for m-s-1 in the original parametrization as
derived from DFT (solid red line) and with just one parameter
changed to the higher value we obtain for m-s-s (dashed red
line), namely, the direct coupling between AO 4 and AO 9 in
Fig. 6(a). Of course, this “artificial” parametrization, which
is meant to mimic a key structural aspect of m-s-s does not
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reproduce the high conductance found for this system in Fig. 3
but it can be clearly seen that just changing this one parameter
from the value it has in m-s-1 to the one it has in m-s-s seems to
be sufficient to shift the DQI feature so far down in energy that
it is no longer observable in the LUMO region. In Fig. 6(b)
we also plot the transmission function we obtain from the
parameters and topology of compound m-s-s (solid black line),
which, just like the one for m-s-1 (solid red line), perfectly
reproduces all characteristics found from NEGF-DFT in Fig. 3.
The model, however, needs to be simplified further in order
to pin down and separate the effects of the most important
structural differences between the single-branched molecules.

For that purpose we perform another subdiagonalization of
the transport Hamiltonian in the subspace of the eight p, AOs
on the pyridyl anchors and acetylenic spacers in Fig. 6(a) on
each side of the ferrocene center. This results in the FO-TB
model in Fig. 7(a), where the five FOs on the ferrocene moiety
are the same as in Fig. 6(a) and two FOs on each anchor
can be roughly identified from their shape with those shown
in Fig. 4(a), albeit they now show some localization on the
spacer groups too due to the manner of their definition. From
the size of the couplings of the five bridge FOs to these two
anchor FOs we can identify the three bridge FOs most relevant
for the m-s-1 molecule, namely, one in the HOMO region and
two in the LUMO region as indicated in Fig. 7(a), while for
p-s-1 only the bridge FO lowest in energy in the LUMO region
and only the lower lying of the two FOs on the anchors plays
a role for the transmission.

Molecules m-s-1 and p-s-1 now differ in the FO-TB model
in two ways, namely, in the number of FOs on each of the
three fragments connected by sizable couplings and in the
detailed values for these couplings. Therefore, the question
arises whether DQI in T(E) would still be found for compound
m-s-1 if only the one FO on each fragment also relevant for
the p-s-1 system but with the parameters for m-s-1 (Fig. 7b)
is selected for NEGF-TB calculations with a minimal number
of FOs. In Figs. 7(c) and 7(d), we present the results of such
calculations. Figure 7(c) shows the T(E) for molecule m-s-
1 with two anchor FOs on each side and five (solid line),
three (dashed line), and one (dotted line) FO on the ferrocene,
respectively, and it can be seen that the DQI feature is shifted
to the HOMO region if the quality of the FO model is reduced
but remains observable. In Fig. 7(d) we choose the same single
FO on each fragment setup for compounds m-s-1 (red curve)
and p-s-1 (green curve) as illustrated in Fig. 7(b), where we
come to the somewhat surprising conclusion that DQI is still
observed for m-s-1 but not for p-s-1, although the models for
the two systems now differ only in the detailed parameters
for the couplings between three FOs which have very similar
spatial distributions and on-site energies in both cases.

D. Analysis of the mathematical reasons for the decisive
influence of the through-space coupling
with a simplified 3 x 3 Hamiltonian

In Table II we list the coupling values for 7, tg, and #p
connecting the three FOs in Fig. 7(b) for all three junctions,
where the first two parameters do not vary with the molecular
structure significantly but the third one does. Having now
established that the direct coupling between the two anchor
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FIG. 7. (a) FO-TB model for molecule m-s-1 as described in the text, where the relevant couplings between anchor and bridge states which
are all in the range of 0.1-0.2 eV are indicated by lines. (b) Spatial distributions of the anchor FO on each side at 1.05 eV and the ferrocene FO
at 1.66 eV. (c) T(E) as calculated from the NEGF-TB for this model are shown as red lines for two anchor FOs [as marked in (a)] and all five
bridge FOs (solid red line), only three bridge FOs [as marked in (a); dashed red line], and only the one bridge FO at 1.66 eV (dotted). (d) T'(E)
or compound m-s-1 (red line) and p-s-1 (green line) for only the one anchor FO on each side and one bridge FO in the middle as plotted in (b).

groups distinguishes the only single-branched system with
a DQI feature close to the LUMO, namely, molecule m-s-1,
from both compound m-s-s and compound p-s-1, we want to
explore the mathematical reasons for the importance of this
parameter. We therefore diagonalized a 3 x 3 Hamiltonian
with fixed parameters for the three FOs in Fig. 7(b) and plotted
the evolution of the resulting three MOs in dependence on #p
in Fig. 8(a). In Fig. 8(b) we show the transmission functions
for selected values of ¢p, which we obtained by making use of
Larsson’s formula [57],

TE)=)Y_ g_i M

i
where ¢; is the eigenenergy of each MO, and «; and S;
are its respective couplings to the left and right electrodes.

TABLE II. Couplings connecting the three FOs in Fig. 7(b) for
three of the single-branched systems; all values are eV.

Coupling
m-s-1 p-s-1 m-s-$
t 0.27 —-023 —0.28
tg —0.22 0.25 0.22
tp —0.023 —0.0087 0.033

Larsson’s formula was originally introduced for the definition
of the transfer integral in the context of Marcus theory for the
description of electron hopping [57-59], but recently it has
been shown that it can also be used to approximate 7' (E)
as T(E) ~ T2(E) for coherent tunneling [40,60], where
the resulting T(E) can be normalized [60] and qualitatively
reproduces the curves obtained from NEGF-TB [17].

Equation (1) has the additional advantage that a simple
mathematical condition can be defined for the energetic
positions of DQI-induced zeros in T(E), because at the
same energies the effective coupling I'(E) = y/(E — &1) +
v /(E — &) + y3/(E — €3) with y; = o; B; for the three MOs
resulting from the simple model in Fig. 8 must also be 0. By
making use of the specific symmetry properties of the 3 x 3
Hamiltonian in the model, we can impose y; + y» + y3 =0
and obtain

Ey=¢ + —e)=&a+FRFH (2

T e (&2

yi1(e1—€2)
for the energy of the DQI-induced minimum, i.e., the energy
Ey defined by the condition T'(Ep) = 0 in our model.

In Eq. (2) the factor F, = ¢3 — &1 is always positive by
definition since the indices order the MOs in the sequence
of their respective eigenenergies. Therefore, it is the sign of
the other factor in the product, namely, F;, = 1/(1 + (y3/y1) -
((e3 — &2)/(g1 — €2))), which decides whether the minimum
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FIG. 8. (a) MO eigenenergies obtained by diagonalizing the 3x3
Hamiltonian formed by the three FOs in Fig. 7(b) with €, = ex =
1.0eV,eg =1.6eV,1; =0.25eV, tr = —0.25, and ¢ as a variable,
where the three vertical lines mark the respective 7p values of
compounds m-s-1 (solid red line), p-s-1 (solid green line), and m-s-s
(dashed red line). (b) Transmission functions calculated from I'2(E)
for the resulting three MOs for the ¢, values of the three molecules
explicitly listed in Table Il and highlighted in the colors corresponding
to (a) and shown as black lines for t, = —0.14, —0.04, and —0.02 eV,
respectively.

-2 -1.5 -1 -0

E lies to the left or to the right of the LUMO’s energy €, on
the energy axis. All three compounds discussed in this section
have tp values to the right of the crossing point between the
lower two MO energies in Fig. 8(a), i.e., higher than 1, =
—0.09 eV, which we obtain from Table II and list again in
Table III. Within this range of ¢p, y3/y) is always positive and
Fopliing = (€3 — £2)/(&1 — &2) always negative, and therefore
the product of the latter two factors must always be negative.
Hence, the sign of F is determined by whether this product is
larger or smaller than 1; we can see from Table III that y3/y;
is fairly system independent, while Fypjiying varies widely.
For molecules m-s-1 and p-s-1, where Ej, as a consequence
of the negative F7, lies to the left of the LUMO peak, the size of
Fgpiitting also determines how close in energy Eo and this peak
are, since F scales inversely with Fyyiying. The dependence
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TABLE III. Explicit values for all parameters entering Eq. (2)
for the three MOs obtained by diagonalizing the 3x3 Hamiltonian
formed by the three FOs in Fig. 7(b) with €, =€z = 1.0 eV, €5 =
1.6eV,t;, =0.25¢eV,tr = —0.25¢€V, and tp as a variable. All values
for t; and E| are eV, while the factors are dimensionless.

m-s-1 p-s-1 m-s-s
tp —0.023 —0.0087 0.033
Ey —-1.12 —5.58 3.49
vs/ v 0.225 0.218 0.20
Fiplitting —-6.49 —5.24 —3.24
F, —2.16 —-6.97 2.83
F, 0.91 0.92 0.95

of Fgpliing ON fp can be directly read from Fig. 8(a), where
it can be seen that Fypjing increases when the crossing point
at —0.09 eV is approached from either side of the 7p axis.
We further illustrate this point in Fig. 8(b), where we plot
I'2(E) in dependence on ¢p and find that T(E) is reproduced for
the particular values for the three single-branched molecules.
In addition, we also pick two characteristic values to the
right of the crossing point, where it can be seen that the
one approaching it more closely, at —0.04 eV, results in a
DQI closer to the LUMO peak than the one farther away,
at —0.02 eV, or the value for compound m-s-1 (—0.023 eV).
With the 7p value left from the crossing point at —0.14 eV
we demonstrate that in this range y3/y; becomes negative,
which means that F; is always positive, thereby moving the
DQI feature to energies higher than the LUMO peak, while
Fiplitiing then merely determines the energetic distance between
the minimum and the peak.

E. Introducing the through-space coupling as an ad hoc
parameter into conventional topological TB models

Now armed with the knowledge that the direct coupling 7
for the FO model in Fig. 7(b) reflects the structural differences
most relevant for the occurrence or absence of the DQI
feature below the LUMO peak for the range of molecules
we investigate in this article, we return to the topological TB
model we started from in Fig. 6(a) and simplify it accordingly
by removing all second- and third-nearest-neighbor couplings
within the anchor groups and all but one of the ferrocene FOs.
In the resulting minimal topological TB model [Fig. 9(a)]
we set all C and N sites at the same on-site energies for
all compounds as well as using the same value for the
next-nearest-neighbor couplings within all anchor groups. The
single remaining ferrocene FO has an on-site energy higher
than those of the AOs but also here the same value is chosen for
all three systems. They now differ only in the direct coupling
between the AOs in the anchor groups on opposite sides of
the ferrocene closest to each other, and meta and para are
also distinct in the signs of the couplings of these AOs to
the bridge FO. These minimal structural differences in the
model already fully reproduce the characteristic features of
T(E) for all molecules as can be verified from the NEGF-TB
calculations presented in Fig. 9(b).
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FIG. 9. (a) Conventional topological TB models for compounds
m-s-1, p-s-1, and m-s-s, where only next-neighbor couplings have been
considered within the pyridyl groups and acetylenic spacers, which
are all set to —3.0 eV, while the coupling of the contact atom to
the leads is taken to be —0.2 eV. For the on-site energies all AOs
representing C and N sites are at —2.5 eV, while the single ferrocene
FO is positioned at 1.7 eV for all three molecules, where only the sign
of the couplings of this FO to the AOs nearest to it differs between
meta and para and the value for the direct through-space coupling
between anchor FOs (both given explicitly in the figure) is different
for all three structures. (b) NEGF-TB calculations for the models
in (a) for m-s-1 (solid red line), p-s-1, (solid green line), and m-s-s
(dashed red line).

F. Conclusions from the TB analysis

In summarizing this section, it can be said that molecules
containing ferrocene moieties differ distinctly from planar
conjugated hydrocarbons in the correspondence between
molecular structure and DQI effects in electron transmission,
where general rules derived from simplified topological
assumptions for the latter [17,43] are not applicable to the
former. Strikingly, the most important structural difference
between the molecules in this study is not defined by
either the meta- or the paraconnection of their respective
components, the availability of almost-degenerate orbitals on
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the ferrocene, or the number of branches connecting the two
anchor groups, although all of these aspects play a certain role
in the exact energetic positioning of the DQI minimum. It is
rather the direct through-space coupling between the anchor
groups defined by the three-dimensional conformation of the
respective compound and widely adjustable by spacer groups
that determines the observability of DQI in 7(E) in a delicate
way.

IV. EFFECT OF CHARGING OF THE
BRANCHED COMPOUNDS

A. Methodology for the charging of the molecule in the junction

In this section we address the effect of the selective
charging of the ferrocene center on one of the two branches
in the two double-branched molecules, m-d-I and m-d-s,
on the conductance in order to assess their usefulness as
molecular switches along the lines suggested in Sec. I. While in
experiments one of the two ferrocene moieties has to be marked
by a substituent in order to achieve the asymmetry allowing
for redox splitting [24], in our theoretical calculations we can
achieve the same effect by making use of an idea introduced in
Ref. [61], where the electronic structure of a benzene molecule
was distorted in an asymmetric fashion by the strategic
placement of a potassium point charge. In our work we use
a method for the charging of the branched compounds with a
chlorine atom in the cell close to the molecule which, due to its
higher electronegativity, absorbs an electron from the junction
while oxidizing it in the process [41]; the overall neutrality
of the device region is still maintained. As we describe in
detail in Ref. [41], where we introduced this approach for the
oxidation of another organometallic complex, the generalized
A self-consistent field technique [62,63] has to be applied in
such a setup to ensure that the self-interaction problem of DFT
is defied and the chloride ion is charged with one full electron
while the resulting positive countercharge is distributed across
the molecule and surfaces of the leads.

Following the concepts in Ref. [61] we built unit cells for
the device region with a 4 x 8 overstructure in the surface
plane in order to create some space to vary the position of
the chloride ion in one direction but, with the reduction of
the unit cell length along the other lattice vector, keep the
computational costs at a reasonable level. Since the position
of the chloride anion in the unit cell has a marked influence
on the distribution of the positive charge on the molecule and
surface due to electrostatic attraction [41], we vary the distance
of the ion to one of the two ferrocene centers as dcy.ge (Fig. 10)
in order to create asymmetry; in the following we denote the
closer one Fc 1 and the one farther away Fc 2. Because of
the different sizes of molecules m-d-1 and m-d-s, the detailed
values of dcy.ge also differ in the two cases, with values of 5.7
and 7.2 A for the symmetric setup where the ion has an equal
distance to both Fe atoms and of 4.3 and 5.4 A where it is
markedly closer to Fc 1.

B. Partial charge distributions

In Table IV we list the resulting partial charges in Fc 1
and Fc 2 as obtained from a Bader analysis [64]; it can be
seen that already in the neutral cases without the presence of
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FIG. 10. Junction geometries for two neighboring cells in the periodic setup for the scattering region (upper panels) and 7(E) from
NEGF-DFT calculations (lower panels) for the branched molecules (a) m-d-1 and (b) m-d-s, where the distance dc;.r. between the Fe atom on
one branch and the chloride counterion stabilizing the positive charge on the respective junction has been varied. For the transmission functions
in the lower panels, which we calculated from NEGF-DFT, the neutral reference systems in the absence of charging or chlorine are represented
as in Fig. 3, i.e., solid black curve for m-d-1 and dashed black curve for m-d-s, while the cyan and blue curves show the 7(E) values for
charged junctions, for asymmetric (top right panels) and symmetric (top left panels) placement of the chloride ions between the two branches
in neighboring cells, respectively. The eigenenergies of the relevant MOs are also indicated in the lower panels, where the color code reflects
the one used for the transmission functions and the line type distinguishes between the two branches.

the chlorine the molecules have some positive partial charges
since they lose fractions of electrons to the anchor groups and
the gold surfaces. When the chloride ion is introduced into the

TABLE IV. Partial charges in units of fractions of 1 e as obtained
from a Bader analysis [64] for the neutral and charged junctions
defined in Fig. 10, where Fc 1 and Fc 2 denote the ferrocene closer to
and farther away from the chloride ion, respectively. The conductance
G for all junctions as defined by T'(EF) in Fig. 10 is given in units
of G 0-

Fc 1 Fc2 G
m-d-1
Neutral —0.41 —0.44 0.95 x 1077
dorre = 5.7 A —0.61 —0.64 1.89 x 1076
dorre = 4.3 A —0.71 —0.55 1.41 x 1076
m-d-s
Neutral —0.17 —0.17 1.28 x 10~
dorpe = 7.2 A —0.28 —0.23 4.50 x 1075
derre = 5.4 A —0.36 —0.18 1.57 x 10~

cell and a negative partial charge corresponding to one electron
is enforced on it, only fractions of the resulting positive
countercharge reside in the ferrocene moieties, while the
partial charge on the surface changes from negative to positive
(not shown here), an effect which has been discussed in terms
of the respective electronegativities for another metal-organic
complex in Ref. [41]. We find also a substantial accumulation
of negative partial charges on the acetylenic spacers, which
explains why both charges on the ferrocene groups of molecule
m-d-1 are consistently more than twice as large as those
found for m-d-s with and without charging via the chlorine
atom.

For both compounds, however, the partial charge is dis-
tinctly higher on Fc 1 than on Fc 2 in the asymmetric setup,
which is also reflected by the differences in peak shifts in the
respective transmission functions in Fig. 10. While the peaks in
the LUMO region are almost rigidly shifted to higher energies
as a consequence of the charging for both molecules, regardless
of whether the ion is placed symmetrically or asymmetrically
with respect to the Fe positions, there are distinct differences
in the HOMO region where the asymmetry induces peak
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splitting, which could be expected from the discussion in
Sec. II, where we note that the HOMOs are mostly localized
in the ferrocene moieties and the LUMOs in the pyridyl
anchors.

C. Transmission functions and DQI for the charged compounds

Our expectation from the 7(E) for the neutral molecules in
Sec. II was that, due to the flat behavior of the function in the
HOMO-LUMO gap induced by the narrowness of the HOMO
peak and DQI close to the LUMO peak, there would be almost
no change in the conductance as a consequence of charging
for system m-d-1, while the Lorentzian decay of the LUMO
peak for m-d-s might give rise to charge-induced conductance
changes since the Fermi level would move down the tail of the
peak. These assumptions assumed a rigid shift of 7(E) and did
not foresee that the HOMO-LUMO gap is reduced in size by
the charging, where the tails of the HOMO peak now play a
more active role in the definition of the conductance as can be
seen from the NEGF-DFT calculations for the charged systems
in Fig. 10, where we also list the corresponding values for G
in Table I'V.

It can be seen that for m-d-s the transmission functions
of the neutral and the asymmetrically charged system cross
each other almost exactly at Ep, resulting in almost-equal
conductance values, while the conductance is enhanced by
the charging for m-d-1, where the Fermi level is now at
the shoulder of the HOMO peak for both the symmetric
and the asymmetric setups. The latter charging effect on the
conductance for m-d-1, however, would result in an on/off
ratio of only ~15-20, which is by far too low for an operative
transistor. Moreover, our initial idea that the charging might
have an influence on the presence or absence of DQI effects
is not supported by the changes in the transmission function,
although the DQI-induced flattening of the LUMO peak seems
to be somewhat reduced for m-d-l1 in the cyan curve in
Fig. 10 for the asymmetrically charged setup, where there
is also a corresponding energy splitting found for the LUMO
and LUMO+1, which are almost degenerate in the neutral
system.
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V. SUMMARY

In this study we have investigated the potential use of
branched molecules containing ferrocene centers in two
branches as molecular transistors, where the switching would
be achieved by aredox process allowing us to alternate between
an on and an off state and the latter might have a substantially
reduced conductance due to DQI. We found such a DQI
effect in the electron transmission for one of the branched
molecules we studied in its neutral state, but this effect
was not altered significantly enough by charging to enable
a transistor functionality with this particular system. Quite
surprisingly, the appearance of the effect was closely linked
to the presence of acetylenic spacers between the ferrocene
moieties and the pyridyl anchor groups. In an analysis where
we mapped the essential orbital characteristics of the metal-
organic compounds under investigation onto more and more
simplified tight-binding models in a systematic way, we could
identify the structural sources for this unexpected finding.
The key quantity turned out to be the direct through-space
coupling between the anchor groups, which is determined in its
size and sign by the detailed three-dimensional conformation
of the respective molecule. This is fundamentally different
from DQI as described for planar 7 -conjugated hydrocarbons,
where simple topological rules were derived recently and
where geometrical details of the molecular structure beyond
next-neighbor connectivity do not play an essential role. The
systematics of our analysis in this work can be applied to
other metal-organic compounds exhibiting DQI effects with
an influence on their conductance and therefore provides an
enabling tool for the rational design of molecular transistors.
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