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Abstract

The research in the field of molecular electronics aims at incorporation of molecules

as functional units into future electronic devices. The three main components for the

molecular transport are: electrodes, anchor groups and the molecular backbone. A

molecule couples to the electrodes by means of an anchor group. When a molecule is

in contact with the electrode, the coupling between electrode and the molecule shifts

the molecular levels with respect to the Fermi level of the electrode. Thus, a prime

requisite for realization of molecular electronics is to understand the charge transport

through the electrode-molecule-electrode system as a whole and characterize the func-

tionality of the molecules. In this thesis, we focus on the role of anchor groups and the

molecular backbone in charge transport through ferrocene and biphenyl based molecules

namely (1,1’-biphenyl)-4,4’-dithiol (BPDT), 4’-mercapto-(1, 1’-biphenyl)-4-carbonitrile

(MBPCN), Ferrocene-1,1’-diamine (FDA), Ferrocene-1,1’-dithiol (FDT) and 1,1’-bis [4-

thio acetyl phenyl]ferrocene (FBPDT).

The mechanically controllable break junction (MCBJ) technique is used to contact

the molecules using gold electrodes. The electrodes were fabricated by electron beam

lithography on a flexible steel substrate. As a part of the project, the break junction

setup was designed and constructed to operate at room as well as at lN2 tempera-

ture under vacuum conditions. The molecules were added prior to measurements from

solution to the gold electrodes and dried. For molecular studies, two types of measure-

ments were done. First, conductance was measured at constant voltage by repeatedly

opening and closing of the junction. The investigation shows that the conductance

exhibits small plateaus below 1 G0, which are attributed to the molecular conductance.

Second, the IV characteristics were measured at stable conductance values below 1 G0

as a function of electrode distance. In general, for all the molecules the conductance

decreases with increasing distance between the electrodes. In order to understand the

electronic properties of the molecules, the IV characteristic curves were fitted to the

single level model and parameters such as energy level and the coupling constants were

extracted.

Comparing the symmetric BPDT and asymmetric molecules MBPCN, the overall

conductance were remarkably similar, only the range of stability was smaller for the

MBPCN. While the BPDT yielded symmetric IV-curves, only small asymmetries were

detected for the MBPCN. These are also reflected in the comparable values for coupling

parameters obtained from single level fits. The high conductance for the asymmetric

molecule is interpreted as a result of coherent coupling of electronic states through the

whole molecule, so that the outcome cannot be predicted just by adding conductive

properties of individual molecular groups.
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However, the FDT molecules show typically one order of magnitude higher conduc-

tance than the FBPDT molecules. In spite of the similar end groups in the FDT and the

FBPDT, the conductance in the latter is lower due to the presence of phenyl rings, which

act as tunneling barriers. The energy level alignment in both cases do not show any

systematic trend with conductance whereas the coupling follows a square root depen-

dence with conductance. For the FDA, the energy level shows an S-shaped dependence

of conductance while coupling increases monotonously with the conductance. Excep-

tionally, the first-order derivative for the FDT molecules show characteristic peaks in

the range of 0.56 G0 to 0.09 G0. There appear two symmetric peaks, whose energy

difference increases from 60 meV to 160 meV with increasing contact distance.

In order to complement the experimental results, theoretical calculations were per-

formed by the theoretical research group of Prof. Pauly and Prof. Lambert. The out-

come of the calculations indicates that for the FDA and the FDT the conductance de-

pends strongly on the adsorption geometry. The decrease of conductance as a function

of electrode distance emanate from the decrease of coupling strength due the reduction

in the overlap of the molecular orbitals with the metallic electrodes and, less likely,

from the shift of their alignment with the Fermi energy. For the FBPDT, the first

attempt of theoretical calculations predicts that for an isolated molecule the HOMO

is concentrated on the ferrocene whereas the LUMO spreads over the whole molecule.

But on the other hand, the transmission close to the Fermi level is greatly influenced

by distortion of the phenyl rings which indicates that there is an interference between

the HOMO and the LUMO wavefunctions.

Keywords: mechanically controllable break junction, gold electrode, ferrocene,

biphenyl, density functional theory and quantum transport.



Zusammenfassung

Die Forschung im Bereich der molekularen Elektronik zielt auf die Einarbeitung von

Molekülen als funktionale Einheiten in zukünftige elektronische Bauelemente. Die drei

Hauptkomponenten für den molekularen Transport sind die Elektroden, die Ankergrup-

pen und die molekulare Hauptkette. Ein Molekül koppelt an eine Elektrode mittels

einer Ankergruppe. Wenn ein Molekül in Kontakt mit der Elektrode ist, verschieben

sich durch die Kopplung zwischen Elektrode und dem Molekül die Energieniveaus des

Moleküls in Bezug zum Ferminiveau der Elektrode. Daher ist eine primäre Voraussetz-

ung für die Verwirklichung molekularer Elektronik das Verständnis des Ladungstrans-

ports durch das System Elektrode-Molekül-Elektrode als ganzes und die Charakter-

isierung der Funktionalität der Moleküle. In dieser Arbeit fokussieren wir uns auf die

Rolle der Ankergruppen und der molekularen Hauptgruppe für den Ladungstransport

durch die Moleküle mit Ferrocen und Biphenyl als zentraler Einheit. (1,1’-biphenyl)-

4,4’-dithiol (BPDT), 4’-mercapto-(1, 1’-biphenyl)-4-carbonitril (MBPCN), Ferrocen-

1,1’-diamin, Ferrocen-1,1’-dithiol (FDT) und 1,1’-bis-[(4-thioacetylphenyl)ethynyl)]fer-

rocen (FBPDT) wurden untersucht.

Das Verfahren mechanisch kontrollierter Bruchkontakte wird verwendet, um die

Moleküle mittels Goldelektroden zu kontaktieren. Die Elektroden wurden durch Elek-

tronenstrahllithographie auf einem flexiblen Stahl-Substrat hergestellt. Als Teil des

Projektes wurde der Aufbau des Bruchkontakt-Verfahrens konzipiert und konstruiert

für die Verwendung unter Vakuumbedingungen bei Raumtemperatur und mit lN2-

Kühlung. Die Moleküle wurden vor den Messungen aus einer Lösung auf die Gold-

elektroden gebracht und getrocknet. Bei der Untersuchung der Moleküle wurden zwei

Arten von Messungen durchgeführt. Zuerst wurde die Leitfähigkeit bei einer konstan-

ten Spannungen und wiederholtem Öffnen und Schließen der Bruchkontakte gemessen.

Die Untersuchung zeigt, dass die Leitfähigkeit kleine Plateaus unterhalb 1 G0 zeigt,

welche der molekularen Leitfähigkeit zugeschrieben werden. Zweitens wurden die IV-

Charakteristika bei stabilen Leitfähigkeitswerten unterhalb von 1 G0 als Funktion des

Elektrodenabstandes gemessen. Im Allgemeinen zeigt sich, dass für alle Moleküle

die Leitfähigkeit mit steigendem Abstand zwischen den Elektroden sinkt. Für ein

Verständnis der elektronischen Eigenschaften der Moleküle wurden die charakteristi-

schen IV-Kurven an das Single-Level-Modell angepasst und Parameter wie die effektive

Aktivierungenergie und die Kopplungskonstanten bestimmt.

Beim Vergleich der symmetrischen BPDT- und der asymmetrischen MBPCN-Mole-

küle zeigt sich, dass die Leitfähigkeit im Allgemeinen bemerkenswert ähnlich ist. Einzig

der Stabilitätsbereich war bei MBPCN-Molekülen geringer. Während BPDT-Moleküle

symmetrische IV-Kurven ergeben, wurden bei MBPCN-Molekülen kleine Asymmetrien
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festgestellt. Dies zeigt sich auch in entsprechenden Werten für die Kopplungsparameter,

die von Single-Level Fits erhalten wurden. Die hohe Leitfähigkeit für asymmetrische

Moleküle wird interpretiert als das Ergebnis von kohärenter Kopplung der elektroni-

schen Zustände durch das gesamte Molekül, sodass der Ausgang nicht vorhergesagt

werden kann durch einfaches Hintereinanderschalten leitender Eigenschaften einzelner

Molekülgruppen.

Die FDT-Moleküle zeigen typischerweise eine Leitfähigkeit, die eine Größenordnung

größer ist als die von FBPDT-Molekülen. Trotz der Ähnlichkeiten der Endgruppen bei

FDT- und FBPDT-Molekülen ist die Leitfähigkeit bei Letztgenannten kleiner aufgrund

des Einfügens von Phenylringen, welche als Tunnelbarrieren fungieren. Das Angleichen

der Energieniveaus zeigt in beiden Fällen keinen systematischen Trend in Bezug auf die

Leitfähigkeit, wohingegen die Kopplung einer Quadratwurzelabhängigkeit in Bezug zur

Leitfähigkeit unterliegt. Bei FDA-Molekülen hängen die effektiven Aktivierungsbarrie-

ren nicht monoton von der Leitfähigkeit bei 0 V ab, während die Kopplung monoton

mit der Leitfähigkeit zunimmt. Im Gegensatz zu allen anderen Molekülen zeigt die

erste Ableitung der FDT-Moleküle charakteristische Peaks im Bereich von 0,56 G0

bis 0,09 G0. Zwei Peaks sind erkennbar, deren Energie von 60 meV auf 160 meV als

Funktion des Kontaktabstandes ansteigt.

Um die experimentellen Ergebnisse zu komplementieren wurden theoretische Berech-

nungen von der theoretischen Arbeitsgruppe von Prof. Pauly und Prof. Lambert durch-

geführt. Das Ergebnis dieser Berechnungen deutet darauf hin, dass für FDA- und FDT-

Moleküle die Leitfähigkeit stark von der Adsorptionsenergie abhängt. Die Abnahme

der Leitfähigkeit als Funktion des Elektrodenabstandes geht aus der Abnahme der

Kopplungsstärke aufgrund der Reduzierung des Überlapps der Molekülorbitale mit den

metallischen Elektroden und mit geringerer Wahrscheinlichkeit von der Angleichung

mit der Fermi-Energie hervor. Für FBPDT-Moleküle sagt der erste Versuch von theo-

retischen Berechnungen voraus, dass für ein isoliertes Molekül das HOMO sich auf den

Ferrozenen konzentriert, wohingegen das LUMO sich auf das ganze Molekül verteilt.

Andererseits ist der Transport nahe am Ferminiveau sehr stark beeinflusst durch die

Störung der Phenylringe, was zeigt, dass es eine Interferenz zwischen HOMO- und den

LUMO-Wellenfunktionen gibt.

Schlagwörter: mechanisch kontrollierte Bruchkontakte, Goldelektrode, Ferrocen,

Biphenyl, Dichtefunktionaltheorie und Quantentransport.
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1
Introduction

“When we get to the very, very small world–say circuits of seven atoms–we

have a lot of new things that would happen that represent completely new

opportunities for design. Atoms on a small scale behave like nothing on a

large scale, for they satisfy the laws of quantum mechanics. We can use

not just circuits, but some system involving the quantized energy levels, or

the interaction of quantized spins, etc.”

– Richard P. Feynman, 1959

It was Richard Feynman’s revolutionary talk and enduring vision sparkled the minds

of researchers to think about “There’s Plenty of Room at the Bottom” [1] and paved

way for the field of nanotechnology. It was a bold perspective for a technological journey

leading to atomic scale and towards the ultimate boundaries set by physical law during

those times where the micrometer scaling was still a challenging task. Today the

technology has traveled far towards what he had dreamt, and has still far to go. Silicon

technology has governed the semiconductor industry for more than half century. The

miniaturization of electronic components in semiconductor industry have reached its

physical limitations. For instance, charge leakage becomes a problem when silicon

dioxide is used as insulation between conducting layer which is about three atomic

layers deep, resulting in electron tunneling between source and drain inside MOSFETs,

loss of electrostatic control of the drain current vs the gate voltage. Search for materials

with high-k dielectric layers is an alternate solution but it adds more complexity to

the fabrication methods. Another physical limitation is that thinning of silicon for

downsizing the electronic circuits alters the band structures necessary for movement

of electrons. At nanoscale, quantization of electrical conductance in narrow and thin

transistor channels and conduction paths dominate the transport mechanism. Finally,

the current technology is limited by practical restrictions of lithographic and etching

process which is a top-down fabrication approach. An alternative could be a bottom-up

1



Figure 1.1: Artistic visualization of the incorporating ferrocene molecules between gold
electrodes in to future integrated circuits.1

approach with single molecule which would provide an ultimate level of integration. The

molecules can be self-assembled via inexpensive chemical process in electronic circuits

(see Figure 1.1).

The first proposal of incorporating molecules as diodes for the ultimate miniatur-

ization of electronic devices was discussed by Ari Aviram and Mark Ratner in 1974.

During those times, silicon technology was blooming and dominating the semiconduc-

tor industry with invention of the microprocessor. Enormous efforts were focused on

extending device performance by improving speed, integrating more devices on a sin-

gle chip and more functionality of the devices. The rate of progress was described

by Moore’s law, which states that the number of transistors in an integrated circuit

doubles every two years, but downscaling of the components has reached its limit and

the law may sustain only for another decade. Over the past 40 years, the gate length

of the transistor was reduced from 10 µm to 5 nm at research level devices. Further

scaling of devices result in increased problems of power dissipation or direct source to

1The integrated circuit is taken from http://lsm.epfl.ch/page-52812-en.html. The magnifier glass
is a derivative work taken from the Oxygen Icon Theme (www.kde.org) which is licensed under the
LGPLv3 license.
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1. INTRODUCTION

drain tunneling. Furthermore fundamental limitations such as control of doping pro-

cess, control of gate leakage have to be taken into account. Moreover at nanometer

scale, device fabrication is immensely expensive due to sophisticated techniques and

requires a shift from top-down to bottom-up approach. Focusing on molecular based

electronic devices could be an alternative solution to keep Moore’s law alive, but new

concepts of system architecture are required. At molecular scale, the system enters the

quantum regime. Transport behavior by tunneling, field emission, hopping, Coulomb

blockade, negative differential conductance and other novel electronic properties are

anticipated. Several interesting fundamental research aspects like electron correlation

effects, electron - vibron coupling, electron - phonon interaction, quantum interference,

thermopower generation can be studied in molecular systems. Tunability of electronic

properties by variations in the structure is also an added advantage with molecules.

1.1 Molecular Electronics

The ultimate goal of molecular electronics (moltronics) is to implement single molecules

as active functional elements in future electronic devices. According to the proposal

from Aviram and Ratner, a molecule would mimic semiconductor-like functionalities by

incorporating electron-rich and electron-poor moieties separated by a tunneling barrier

to have an uni-directional conduction through differently aligned molecular orbitals

with respect to Fermi energy of the electrodes on a length scale of less than 4 nm [2].

This model is a perfect example of bottom-up approach.

Figure 1.2 shows the schematic of the chemical structure of an asymmetric molecule

and the corresponding energy schema for a molecular rectifier. The molecule consists of

two π–conjugated subunits separated by an aliphatic spacer and mimics a p-n-junction

in an organic semiconductor. In this model, the π1–system acts as an acceptor and the

π2–system as a donor, separated by a σ–bond as tunneling barrier. Here, A, C are

the highest occupied orbitals (HOMO) and B, D are the lowest unoccupied molecular

orbitals (LUMO) for the π1 and π2 systems and Φ refers to the work function of the

metal. At zero bias, there is no charge transfer through this system.

In Figure 1.3(a), when a positive (forward) bias ∆Up is applied, it leads to an ener-

getic alignment of the empty orbital B with the Fermi level of the left metallic contact

and the occupied orbital C with the Fermi level of the right metallic contact. In this

configuration, the charge transfer occurs by two mechanisms: resonant tunneling and

inelastic tunneling. The charge transport occurs from the left metallic contact to B

and from C to the right metallic contact via resonant tunneling. The charge from

occupied B to C can tunnel inelastically while the internal tunneling limits the current

flow. Figure 1.3(b) shows the reverse polarity where a negative (reverse) bias ∆Un is

applied to the molecule. In this case, internal tunneling from the occupied level C

3



1.1. MOLECULAR ELECTRONICS

Figure 1.2: Illustration of single molecular rectifier proposed by Aviram and Ratner.
(a) Chemical structure of proposed molecular rectifier (b) Corresponding
energy diagram.

to the unoccupied level B is possible when level C is energetically at or above the

acceptor affinity orbital B. Therefore due to asymmetric donor-acceptor system, the

applied voltage in reverse direction needs to be high ( i.e | ∆Un |≫| ∆Up | ) in order

for the current to flow. The proposed molecule is composed of a electron-donor moi-

ety Tetrathiafulvalene (TTF) connected by a methylene bridge to an electron-acceptor

moiety, Tetracyanoquinodimethane (TCNQ). It has to be pointed out, that for sake

of simplicity, Aviram and Ratner neglected the influence of chemical bonding to the

electrodes, a main parameter which influences conductance [3]. Forty years after their

first proposal, Ratner introduced simple rules to design a rectifying molecule based on

asymmetric anchoring groups connected by a decoupling bridge [4]. The idea behind

these proposal is that molecular devices can be synthesized chemically.

Due to lack of suitable technologies to image single molecule junctions, the con-

cept remained theoretical until 1980. It was when the scanning tunnelling microscope

(STM) and later the atomic force microscope (AFM) were developed that the molecular

electronics studies at the single molecule level started to emerge experimentally. The

advancement in electron beam lithographic techniques paved way for the fabrication of

nanoscale electrodes, which can be used to “wire up” multiple or single molecules. Sev-

eral studies on electrical contacts with an individual molecules like fullerene (C60) [5],

alkene dithiol [6], benzene derivatives of thiol [7] were measured by STM techniques. In

all their experiments, the conductance of the molecule was measured, but information
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1. INTRODUCTION

Figure 1.3: Energy level shift of the molecular rectifier with applied (a) positive voltage
(forward bias) (b) negative voltage (reverse bias).

about current voltage characteristics, molecular level alignment and density of states

were missing. The first significant work with a metal-molecule junction on molecules

was carried out by Reed and Tour [8] using a mechanically controllable break junc-

tion technique (MCBJ). They measured current through a single 1,4-benzene dithiol

molecule and in addition current-voltage characteristics were observed at room tem-

perature. Their collaborative experiments fostered the understanding about molecular

levels and their alignment to the Fermi level. Their work served as a bench mark for

realization of measurement techniques and provides insights to transport properties of

different molecules in the last decade.

Developments in measurement techniques like electrochemical break junction, scan-

ning probe techniques, MCBJ, STM break junction (STM-BJ) etc., have emerged to

study the molecular transport. When a molecule is in contact with the electrode, it

results in misalignment between the discrete molecular energy levels and the continu-

ous states of the metal electrodes. The Fermi energy of the electrodes can be aligned

with either HOMO or LUMO of the molecules by a three-terminal device architec-

ture. The additional gate electrode allows fine tuning of the energy-level alignment

and enables studies of quantum transport at the single-molecule level, which mimics

a nano transistor. In 2015, researchers demonstrated single molecular transistor using

pthalocyanine and copper pthalocyanine molecules between an STM tip and an InAs

substrate as source and drain [9]. The striking feature in this experiment was gating

with individual indium adatoms, which creates a potential landscape in contrast to

other experiments, which used lithographic gating or electrochemical gate. Although

the device exhibits transistor-like behavior, there is a lack in performance and robust-

ness when compared to semiconductor devices. In view of commercial applications, the
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main drawback is that the experiments are done at cryogenic temperature and will take

considerable efforts to realize them at room temperature.

Moreover, molecules can be designed and tailor made to provide a range of inter-

esting functions with tunable properties. The chemisorption and nature of molecular

self assembly could be exploited for large scale production of electrical circuits. Exper-

iments have been done with molecules for applications as switch [10–12], rectifier [13],

transistors [9], diodes [14, 15], negative tunneling devices [16], memory devices [17],

spintronic devices [18]. Despite of developments in understanding electron transport

at the molecular scale, the chances of implementing molecules in electronic circuit is

not developed so far. On the other hand, if successor molecular components could

replace the conventional semiconductor it will revolutionize the commercial market as

the process technology is potentially inexpensive and circuits can be realized on plastic

substrates [19]. Although molecular components to replace silicon based technology

would be an optimistic dream, they could complement it, for example by including

molecular based components with novel functionalities. There exist trillions of possible

molecular structures but our understanding about the nature of controllable charge

transport and binding to the electrodes is still in its infancy. The field has now become

a playground for scientists exploring new fundamental concepts at the single molecule

level. Understanding such properties can change the way we approach for instance

in solar-energy harvesting, thermo electrics, catalysis and sensors. The experimental

techniques like MCBJ, STM-BJ with single molecular junctions have become robust,

reliable and reproducible [20, 21]. Concurrently, theoretical methods based on Green’s

function theory have been developed and implemented by researchers to investigate the

fundamental properties of single molecules under non-equilibrium conditions [22, 23].

1.2 Challenges

Despite tremendous difficulties in the fabrication, realizing the physical phenomenon

at atomic scale junctions, molecular electronics have made a considerable progress in

experiment and theoretical aspects in the last decade. The development of synthetic

molecules endowed with desirable functionalities, to attach them into molecular devices

and integrate them in solid state electronic circuits have been major challenges since

the beginning of molecular electronics. Single molecular electronics has still a long

way to go before practical implementation, because of lack of control over the decisive

physical and chemical parameters of the transport junction.

In contrast to silicon technology, which uses silicon crystals, the molecules require

atomic-sized electrodes to contact them. Investigation of physical properties and ob-

serving molecular structures at the single molecule level is vital to integrate them in

electronic devices. Grafting a single molecule is not an easy task and also reproducibility
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1. INTRODUCTION

become a great issue. The formation of a stable well-defined metal-molecular contact

is one of the prerequisites for molecular transport studies. This is mainly achieved

by chemical anchoring groups that bind to the electrode surface. When the number of

active molecules is reduced down to a single molecule, the junctions become more sensi-

tive to every microscopic detail of their atomistic configuration and variability of device

increases. The conductance based on the conformation of the molecule measured exper-

imentally cannot be predicted. How to isolate just one molecule from a huge number on

the order of 1023 ? Theoretical simulations provide a handle to understand the physi-

cal properties of such molecules but still cannot explain the measurement completely.

Molecules can undergo conformational changes and interact with neighboring molecules

which alter the conductance. Though numerous measurement techniques are available

no ultimate method has been developed so far. A multidisciplinary effort involving

theory, synthetic chemistry, device fabrication, physics and electrical engineering will

be required to realize the initial promise of molecular electronics.

To conclude, fundamental understanding of electron transfer mechanism plays a dom-

inant role in implementing molecules as devices in electronic circuits. Once the basic

rules of charge transport through the molecules are understood, it should be possible to

effectively design new molecular electronic devices for valuable functions not currently

achievable with silicon technology.

1.3 Dissertation Outline

This thesis focuses on a detailed study of the charge transport mechanism through fer-

rocene and phenyl based molecules by varying the anchoring groups. Here we employ

the MCBJ as a tool to contact the molecules. The experiments investigate the stability

of the atomic junctions, metal-molecular-metal junctions at room and low temperature,

nature of linker groups coupling to the electrode, favorable molecular conformations be-

tween the junctions, influence of internal molecular structure through electrical trans-

port by stretching or compressing the molecular junction and a theoretical approach

to support the experimental investigations. The thesis is organized in the following way:

• An overview of history of molecular electronics, the promising challenges and

opportunities are discussed in first chapter .

• The second chapter focuses on the basic theoretical concepts of the atomic

point contact, charge transport mechanism through metal-molecule-metal junc-

tion, significance of anchoring groups.

• An outline of the experimental methods used for studying electronic transport of

molecules are discussed in third chapter. The concept and working principle
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1.3. DISSERTATION OUTLINE

of the MCBJ technique used in this thesis are elucidated in detail. Furthermore,

sample fabrication, characterization of molecular adsorption and design of mea-

surement set up used for electronic transport studies are illustrated.

• The fourth chapter starts with the characterization of metallic contacts which

are subsequently used as atomic point contacts for the molecular transport. The

robust nature and stability of the metallic contacts are analyzed by repeated

formation and breaking of the atomic contacts. The calibration of the setup

based on the tunneling current mechanism are explained.

• In fifth chapter, the transport through molecules is widely presented. The con-

firmation of molecular adsorption on the contact surface by varying the linker

groups is followed by establishment of metal-molecule-metal contact. The con-

ductance range of the molecule is first studied by repeated opening and closing of

the metallic electrodes at constant voltage. The variation in conductance values

is attributed to the contact geometry, length and conformation of the molecules.

To interpret the measured conductance, a statistical approach is pursued to iden-

tify the stable conductance values. The stability of the junctions with respect

to time are analyzed at different temperatures by varying the linker group of

the functional molecules. The final part draws attention on the characteristic IV

curves for all molecules and the explains the physics behind the molecules with

appropriate theoretical model and simulations studies.

• The sixth chapter, summarizes the investigation of the molecular transport

and throws light on further research and the possible applications with single

molecular studies.
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2
Theory and Instrumentation

In this chapter, basic theoretical concepts required to understand the charge trans-

port through metal-molecule-metal junctions are reviewed. The first section of the

chapter deals with the physics of electron transport along the top down approach in

fabrication of metallic contacts. Here, we focus on the electronic transport based

on the characteristic length scales of the junctions ranging from macroscopic to

nanoscopic regime. Then the discussion directs towards electron transfer through

a single atomic contact. A brief description of vacuum tunneling models through

the atomic contact concludes the first section of the chapter. In the second sec-

tion, the concept of molecular orbitals, significance of the anchoring groups and

the electrode material are explained. The charge transport mechanism through

metal-molecule-metal junction are elucidated using resonant tunneling models.

Finally, a short overview of the theoretical approach to understand the charge

transport mechanism is described.
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2.1. CHARACTERISTIC LENGTH SCALES AND TRANSPORT REGIMES

2.1 Characteristic length scales and transport regimes

In macroscopic conductors, the conductance G through an area A over a length

L is mainly governed by the Ohm’s law,

G =
σA

L
(2.1)

where σ is the conductivity of the sample. However, at atomic scale Ohm’s law

is no longer valid and the quantum coherence plays a dominant role in transport

properties. The electron transport through mesocopic and nanoscale structures

is strongly influenced by the characteristic length scales namely: electron mean

free path (lm), phase coherence length (lφ), and Fermi wave length (λf ). Based

on the relative size of these length scales, different transport regimes can be

classified. They are determined by different scattering mechanisms in the crystal.

These values are strongly material dependent and can vary significantly with

temperature. The mean free path (lm) corresponds to the length along which an

electron can travel before undergoing a change in momentum, while the phase

coherence length (lφ) is the distance over which quantum coherence is preserved

before disrupted through scattering. In solid-state systems, the electrons close to

the Fermi level contribute to current flow. In simple parabolic bands, the Fermi

wave length can be derived from Fermi energy Ef according to

Ef =
h̄2kf

2

2m∗
e

=
h2

2meλf
2 (2.2)

where h̄ = h
2π is the reduced Planck’s constant, kf is the Fermi wavevector and

m∗
e is the effective electron mass. In case of gold, the Fermi energy is around

5.4 eV which corresponds to the Fermi wavelength of around 5.3 Å. These values

correspond to atomic spacing in bulk metal. Therefore, it is not surprising to the

observe quantum mechanical nature in electrical conductance of an atomic point

contact of gold. Based on the characteristic length scales and dimension of the

sample, different transport regimes can be realized, as shown in Figure 2.1.

Here we consider a conductor of length L and width W is connected by two

ideal contacts. First, if length and width of the conductor is greater than lφ, lm

and λf , then the electron undergoes elastic and inelastic scattering as it travels

through the sample. This regime is called diffusive transport and it is mainly

seen in macroscopic systems (Figure 2.1(a)). In metals, elastic scattering (le) is

typically caused by defects, impurities, dislocations and grain boundaries while

phonons and other electron interactions contribute to inelastic scattering (li).
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Figure 2.1: Schematic of different transport regimes in a conductor.

If the elastic mean free path of the electron (le) and device size are comparable,

such that W ≪ lm ≪ L ≪ lφ then the system enters in to quasi-ballistic transport

regime. In this case, electron undergoes less elastic and no inelastic scattering.

In the ballistic regime, lm, lφ are greater than width and length of the sam-

ple (lm, lφ ≫ L, W) resulting in a fully ballistic system. Hence the transport

is phase coherent as well as ballistic in one direction. In metal-molecule-metal

junction, an electron entering a molecule may suffer elastic or inelastic collisions

exciting vibrations in molecules and distorting the transport mechanism. Based

on the Fermi wavelength, the ballistic transport can be further classified as clas-

sical or quantum mechanical. If L, W ≪ λf , le, li then the system enters into

quantum ballistic transport. Inversely, λf ≪ L, W < le, li then system can be

classically ballistic.

Conceptually, all the transport regimes from macroscopic to nanoscopic can

be realized in the mechanically controllable break junction (MCBJ) technique.

Initially, the metallic bridge with several hundreds atoms exhibits macroscopic

behavior. During stretching of the electrode, the system enters mesoscopic regime

and finally to quantum regime before the junction breaks. In the following sec-

tions, the nature of the charge transport in different regimes is elaborated.

2.1.1 Diffusive transport

In metals, the electrons nearby the Fermi level contributes to transport. When an

electric field (E) is applied to the conductor, electron experiences a force (−eE)

which results in an acceleration F= ma. The mean drift velocity νd of the electron

after collision is given by,

νd = −eEτ

m
(2.3)
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2.1. CHARACTERISTIC LENGTH SCALES AND TRANSPORT REGIMES

where τ is the average time between collisions and m is the mass of the electron.

For n free electrons, the current density is given by,

J = −neν (2.4)

Substituting equation 2.3 in equation 2.4, the current density is given by,

J =
ne2τE

m
(2.5)

On the other hand, electrical conductivity of diffusive macroscopic σ system fol-

lows Ohm’s law [24] given by

σ = neµ (2.6)

where µ is the mobility of the electrons which is equal to eτ
m . As the size of

the metal is downscaled to atomic dimensions, the mean free path of electrons

becomes larger than the size of the contact. Hence Drude’s formula is no longer

valid and the transport enters into the ballistic regime.

2.1.2 Semiclassical approximation for ballistic transport

In the ballistic regime, the dimensions of the contacts are comparable to mean

free path as the electron travels without encountering any elastic scattering. The

conductance through such a constriction was first calculated by Sharvin [25] who

realized the analogy similar to the flow of dilute gas through a small hole. Semi-

classically the current density is written as,

j(r) =
2e

L3

∑

k

vkfk(r) (2.7)

where fk(r) denotes the semiclassical distribution function and gives the occupa-

tion of state k at position r and vk is the group velocity of the electrons. The

solution to the problem can be obtained by solving the Boltzmann equation in

the absence of collisions [26],

vk ·∇rfk(r)− e

h̄
E ·∇kfk(r) = 0 (2.8)

Figure 2.2 shows the electron distribution function in the vicinity of the orifice

which is modified with respect to Fermi sphere. The states at the left side are

occupied up to Ef − eV
2 unless they arrive from the right side shown by the wedge

shaped electron distribution. The electrostatic potential of this system is defined
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2. THEORY AND INSTRUMENTATION

Figure 2.2: Electron distribution function at the position near an orifice. When a volt-
age V is applied, µ1 and µ2 are the chemical potentials on either side of the
orifice with an energy difference of eV

2
. kf is the Fermi wave vector.

by charge neutrality condition given by [26],

∑

k

(fk(r)−f0(ǫk)) = 0 (2.9)

where f0(ǫk) =

(

e

(

ǫk−µ

KBT

)

+1

)−1

is the Fermi-Dirac distribution function in equi-

librium. For the system to be in equilibrium, the volume of the occupied parts

must be equal to the unoccupied ones. The electron distribution function at the

contact is determined by the electrochemical potential of the right- and of the

left-moving electrons for ballistic transport. When a voltage V is applied, the

right moving electrons will be occupied to an energy eV higher than the left

moving electron states, resulting in a net current density given by,

j (r) =
∮ dEeνzD(E)

2
=

(

eνzD(Ef )

2

)

eV (2.10)

where e is the electron charge and νz is the average velocity of right moving

electrons in z direction at Fermi energy (Ef ) and D(Ef )/2 is the density of

states of right moving electrons at Ef . Inserting free electron values for νz =
h̄kf

2m

and D(Ef ) =
mkf

π2h̄2 . The total conductance is obtained by integration over the

contact area,

Gs =
2e2

h

(

kf a

2

)2

(2.11)
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2.1. CHARACTERISTIC LENGTH SCALES AND TRANSPORT REGIMES

where h is the Planck’s constant , a contact radius and kf is the Fermi wave vector.

This semi-classical expression is known as Sharvin conductance. A more detailed

calculation based on Boltzmann equation predicts that the voltage drop is mainly

concentrated on a length scale of order of a near the contact [27]. According to

this approach, the potential gradient near the contact accelerates the electrons

and no energy relaxation is taken into account. The power dissipation is entirely

converted to kinetic energy of the electrons that are shot ballistically into the

other electrode. This approximation holds good until the mean free path of the

electrons for inelastic scattering is longer than dimensions of the contact.

This semiclassical picture is valid for metal point contacts (Au, Ag, Pt) with

diameters down to few nanometers. As the contact size reduces to atomic scale,

wave nature of the electron is important to determine the conductance.

2.1.3 Quantum Ballistic transport

As the size of the conductor approaches the Fermi wavelength (λf ), the wave

nature of the electron plays a significant role and quantum mechanical approach

is required to describe the transport .

Figure 2.3: (a) Ballistic wire connected to electrodes at both ends. The wave fucn-
tion of different transversal modes are represented with colors. (b) The
energy landscape of the ballistic wire. When a voltage is applied, the quasi-
continuous transversal modes are filled up to their chemical potential. (c)
Based on the dimension of the constriction only few modes are occupied.
+k/-k states have (dotted black line) different fillings depending on which
electrode they arrive from [24].
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2. THEORY AND INSTRUMENTATION

Figure 2.3(a) shows two electrodes with chemical potentials µl and µr connected

by a ballistic conductor with constriction of atomic dimensions. The quantum

mechanical wave function for such wires have electron states, which are plane

waves along the wire axis and standing waves in transversal directions. In other

words, standing waves are formed between the conductor similar to the particle

in a box model. The energy dispersion is given by,

En(k) = En +
h̄2k2

2m
(2.12)

where k is the wave vector along the axis and En is the energy of n transversal

wave function. In transverse direction, the electrons scatters elastically along the

walls of the conductor and form discrete quantum states or modes. The number

of modes (also called channel) contributing to conduction can be determined

from [28],

Nmax =
2W

λf
(2.13)

Based on the equation 2.13, when the width W of the conductor reduces to
λf

2 ,

Nmax will be equal to one. For a single gold atom of diameter 2.5 Å and the Fermi

wavelength of 5.2 Å, the number of conducting channels, N = 1 [28]. In the MCBJ

technique, during opening of the junction, the central constriction gets narrow

and the number of occupied levels (modes) decreases, resulting in a step-wise

decrease of current and at final stage, a single atomic contact is obtained. The

probability to obtain a single atomic contact depends on the electrode material,

experimental conditions and techniques.

Let us consider a one-dimensional conductor as shown in Figures 2.3(b) and (c).

When a voltage is applied between the left and the right electrodes, the chemical

potentials (µL, µR) shift with respect to each other resulting in current flow. The

resulting current I carried by each mode n (mode index) can be represented by

the counting the number of particles with charge e over the energy interval given

by the applied bias eV,

I = 2e
∫ eV

0
ν(E)D1D(E) [f (E,µl)−f (E,µr)]dE (2.14)

where a factor 2 refers to spin of the electron. Substituting, for density of states

D1D(E) =
1

πh̄

√

m

2E
and group velocity ν(E) =

√

2E

m
in equation 2.14,

I =
2e

h

∫ µr

µl

dE =
2e

h
eV (2.15)
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2.1. CHARACTERISTIC LENGTH SCALES AND TRANSPORT REGIMES

where µl −µr = eV . Hence the conductance of a single channel is given by

G =

(

2e2

h

)

N =
2e2

h
≈ 77.5µS (forN = 1). (2.16)

It is called quantum of conductance. At N = 1, the conductance is completely

independent of wire dimensions and Fermi energy. According to equation 2.16,

with increase in number of atoms, the conductance increase at integer multiples

of (2e2

h ), denoted by G0. However, this is a simplified approach to describe the

ballistic transport.

Scattering approach

In the previous section, the electron transport was based on perfectly transmitting

channel. In case of non-ideal ballistic wire, there is a probability that a fraction of

electrons is reflected. Taking this into account, the transport mechanism was first

introduced by Landauer [24, 29, 30]. The idea of this scattering approach is to

relate transport properties with quantum mechanical transmission and reflection

probabilities of propagating modes.

Figure 2.4: A nanoscale system with scatter S connected by the ballistic leads on either
side. Here r, r′ denote reflection matrixes and t, t′ denote transmission
matrixes.

Figure 2.4 shows a nanoscale system which consists of scatters S connected

by two ballistic leads to left and right reservoirs of electrons. The amplitudes of

incoming modes are related to outgoing modes by an energy dependent scattering

matrix given by

Ŝ =





r t′

t r′



 (2.17)

which connects the amplitudes of incoming and outgoing waves by transmission

(t and t′) and reflection matrixes (r and r′). Current conservation requires the

scattering matrices to be unitary i.e. r̂r̂† + t̂t̂† = Î. The expression for current

with scattering matrix is written as,

I =
2e

h

∫

Tr(t̂t̂†) [fl(E)−fr(E)]dE (2.18)
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and the conductance G at T, V → 0 tends to,

G =
2e2

h
Tr
[

t̂†t̂
]

(2.19)

which is known as Landauer formula [29]. Since
[

t̂†t̂
]

is hermitian, it can be trans-

formed to a diagonal form with real eigenvalues, Tn which also satisfy 0 < Tn < 1

due to current conservation. The eigenvectors of r̂r̂† and t̂t̂† are termed eigen-

channels. On basis of eigenchannels, an electron injected into a channel can be

reflected or transmitted with probability of 1−Tn or Tn, respectively. The aver-

age over all the eigenchannels n yields total conductance G given by Landauer

formula [31],

G =
2e2

h

∑

n
Tn (2.20)

where the sum runs over all the available conductance channels. For one atomic

contact, the charge transport is mainly carried by the outer valence orbitals of

the characteristic atom. From the above formula 2.20, the number of modes or

channels in one atom contact is limited by the number of outer valence electrons

of the central atom and the transmission of each channel is fixed by the local

environment [32]. For instance, monovalent gold can be described by a s-like

band structure near the Fermi level, which has a single conductance channel,

while sp-like metals such as Al, Pb have three channels. A transition metal like

Nb has six channels. Based on the transmission coefficient from the channels

close to the Fermi level, conductance through a single Au atom is approximately

1 G0. In Al, the pz orbital hybridizes with the s orbital, resulting in three

channels spz , px and py close to the Fermi level. The transmission through the

non-degenerate spz is higher than through the two fold degenerate px–py at the

Fermi level, resulting in a transmission coefficient between 0.8 G0 and 1.2 G0. In

case of Pb, three channels (spz, px, py) lying close to the Fermi level are fully

open, leading to a total transmission coefficient of more than 2. In Nb, a total of

six channels from 5s and 4d orbitals contributes to conductance. At the Fermi

level, the transmission coefficient for strongly hybridized sd2
z is above 1, and from

two modes with two-fold degenerate channels is around 0.7 and 0.3 while one

channel is completely closed. Thus, the overall transmission ranges from 2.5 G0

to 3 G0 [32, 33].

In summary, the trend in conductance for metallic electrodes when scaling down

from macroscopic down to atomic size was discussed in detail. In the following

sub-section, we focus on the electron tunneling transport mechanism when a small

gap is created between the electrodes.
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2.1. CHARACTERISTIC LENGTH SCALES AND TRANSPORT REGIMES

2.1.4 Vacuum Tunneling

To describe the tunneling model, let us consider a situation where a gap is created

between two metallic electrodes in the metallic junctions. The vacuum acts as a

tunnel barrier. This is the typical scenario, when a small distance is maintained

between metallic electrodes after the junction is broken in MCBJ technique.

According to classical mechanics, when a particle strikes a potential barrier,

it either needs high energy to surmount the barrier or it is trapped inside the

barrier. However we observe tunnel current, which could be described on the

basis of quantum mechanical nature of the electron.

Consider a rectangular barrier of width d and height ΦM , as shown in Fig-

ure 2.5(a). In case of a metallic electrode, ΦM refers to the work function of the

Figure 2.5: (a) Schematic of a rectangular tunnel barrier when a small voltage is ap-
plied between metallic electrodes. (b) The work function (ΦM ) dependent
tunneling current I for different electrode materials (Ag, Au, Pd, Pt) with
variation of distance d.

metal. The particle escapes from one end to the other by tunneling through the

barrier. The potential (Vx) for a rectangular barrier is defined by,

V (x) =















0, for x < 0

V0, for 0 ≥ x ≥ d

0, for x > d















The general time-independent Schrödinger equation for tunneling is

EΨ(x) =

(

− h̄2

2me

d2

dx2
+V (x)

)

Ψ(x) (2.21)

Figure 2.6 shows the schematic representation of a rectangular barrier with
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Figure 2.6: Schematic representation of tunneling through a rectangular barrier of
height V0 and width d.

width d and height V0. The probability of tunneling a particle of mass m incident

on a finite barrier from left is given by,

Ψ(x) =















Ae(ik1x) +Be(−ik1x), for x < 0

Ce(k2x) +De(−k2x), for 0 < x < d

Fe(ik3x) +Ge(−ik3x), for x > d















with wave vectors

k1 = k3 =

√

2meE

h̄2 , k2 =

√

2me(ΦM −E)

h̄2 (2.22)

where A, C, F and B, D, G refers to transmitted and reflected coefficients of the

wavefunction respectively. The transmission from right to left of the barrier is

given by the transmission coefficient,

T (E) =
∣

∣

∣

∣

F

A

∣

∣

∣

∣

2

∝ exp

(

−2d

h̄

√

2me(ΦM −E)

)

(2.23)

According to equation 2.23, the transmission probability decreases exponentially

with thickness of the barrier and with square root of the mass of the particle. For

small bias voltage, the current depends on

I (d) ∝ exp

(

−
√

8meΦM d

h̄

)

(2.24)

where me is the electron mass and h̄ is the reduced Planck’s constant [30]. Based

on equation 2.24, the dependence of tunneling current with distance for different

materials is plotted in Figure 2.5(b). The values for work function are taken

from Reference [34]. This approach is applicable only for the low voltage range

(eV ≪ ΦM ) where field emission or ion currents are unlikely [35]. In the MCBJ
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technique, the tunnel current for atomic contacts was measured to calibrate the

distance between the metallic contacts (Refer section 4.4). But there may be some

inconsistency in the results, as there is no defined geometry for the electrodes,

adsorption of gas or whiskers may substantially modify the shape and height of

the barrier and finally the work function of a material may vary depending on

the surface orientation.

Simmons equation

Another approach to describe the transport through a single barrier between

two electrodes consisting of the same material is derived by the Simmons model.

Consider a system with metallic electrode 1 and 2 on either side separated by a

vacuum barrier of width d. Let Φ1 and Φ2 represents the work function of the

electrodes 1 and 2, respectively and Φm be the average barrier height as shown in

Figure 2.7(a). The net tunnel current is given by the probability of the electron

tunneling from electrode 1 to 2 and from electrode 2 to 1.

At intermediate voltage (eVb < Φm), the average barrier height Φm is given by

(Φ1 + Φ2 − eV )/2. Assuming that the electrons in the Fermi level contribute for

the transport, the tunneling current as a function of voltage is given by [36],

I(V ) =
eA

4π2h̄d2





(

Φm − eV

2

)

exp



−2d

h
α

√

2meΦm − eV

2





−
(
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eV

2

)
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−2d

h
α

√

2meΦm +
eV

2









(2.25)

where A is the junction area, Φm is the barrier height, d is the barrier width, h̄ is

the reduced Planck’s constant, e the electron charge, α is an adjustable parameter

to account for the effects of barrier shape and the electron effective mass within

the barrier and V is the bias.

For very small voltage (eV ≈ 0), the barrier is rectangular (Figure 2.5(a)). The

average barrier height Φm is independent of the applied voltage and equals to the

zero voltage barrier height (Φ1 + Φ2)/2. Then, the tunneling current reduces to

the form shown in equation 2.24.

Simmons’s model is employed in molecular electronics to understand the shape

of the IV curves. The experimental IV curves can be fitted by the parameters

(A, Φm, d, α). Figure 2.8 shows a simulated tunneling curve with the fitted

parameters. The current increases slowly up to 0.8 V which is the barrier height,

above which it increases linearly. Despite the quality of data fit, this model is a

bit questionable for molecular junctions in terms of the following parameters: α,
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Figure 2.7: Tunneling through a metal-metal junction (a) at intermediate voltage range
(b) at high voltage range where the metallic junctions are separated by a
barrier width d.

an adjustable parameter has no physical significance, the area of the junction is

not predictable from the broken geometry of the sample. Moreover, the energy

level broadening due to electrode-molecule coupling was not taken into account.

Within the limits, this model can be deployed to describe the transport for low

bias range.

At high voltage range, as shown in Figure 2.7(b), when the applied voltage

exceeds the barrier height (eV > Φm), the average height of the barrier is reduced

to Φ1/2, and even the barrier d width is also reduced. In this situation, the Fermi

level of the electrode 1 is higher than the electrode 2. The electrons can tunnel

from electrode 1 to the empty states of electrode 2 whereas the reverse mechanism

is not possible. Based on the approximation that electrons from the Fermi level

are mainly responsible for the charge transport, the current voltage dependence

can be described as follows [30]:

I(d) ∝ V 2 exp



−
4d
√

2meΦ3
m

3h̄eV



 (2.26)

Rewriting equation 2.26,

ln
(

I

V 2

)

∝ −4d
√

2meΦm
3

3h̄e

(

1

V

)

(2.27)

This mode of tunneling is usually referred to as field emission. The transition from

direct tunneling to field emission is mainly observed in case of small barrier height

and width, as seen in metal-molecule-metal junction [37]. A Fowler Nordheim (F-

N) plot of ln
(

I
V 2

)

vs ln
(

1
V

)

will yield a line, the slope of which will depend on
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2.2. MOLECULAR ORBITALS

the barrier height [38]. A characteristic F-N plot, shown in Figure 2.8 exhibits

a clear minimum around 0.5 V known as transition voltage Vtrans, above which

the current increases.

Figure 2.8: (a) Simulated IV curve from the Simmons model using the parameters given
in the plot (b) Fowler Nordheim representation for the simulated curve.

In summary, the tunnel current between metallic electrodes through vacuum

barrier at different bias range was explained. The second part of this chapter

draws attention to the electronic transport through metal-molecule-metal junc-

tion revealing the importance of the electrode-molecule interactions.

2.2 Molecular orbitals

A molecule connected by two electrodes can be modeled as a set of discrete energy

levels between two electron reservoirs (see Figure 2.9). Charge transport across

such junctions are dominated by quantum mechanics as their dimensions are typ-

ically on the order of the Fermi wavelength (λf ). The current flows through a

molecule by injecting an electron and taking it out. The energy required to re-

move an electron from the molecular energy level is called ionization potential (IP)

while the energy required to add an electron to the molecular energy level is called

electron affinity (EA). The energy level of the molecule consists of discrete finite

quantum states (Molecular Orbitals, MO) that are either occupied or unoccupied

as shown in Figure 2.9. For simple organic molecules, the MOs are occupied by

two electrons (spin up and down) up to the Highest Occupied MO (HOMO). All

MOs above the HOMO are unoccupied, starting with the lowest unoccupied MO

(LUMO). Together, these two orbitals are called frontier orbitals. The energy

gap between the HOMO and LUMO is called band gap of the molecule. The gap
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2. THEORY AND INSTRUMENTATION

can be estimated theoretically by linear combination of atomic orbitals (LCAO)

or Density Functional Theory (DFT) and experimentally by measuring IV curves

of the molecules. In case of organic molecules, the gap depends on their chemical

structures E.g., alkane molecules have large band gap (around 8 eV) [39], in con-

trast to conjugated molecule with a gap around 2–4 eV [37] due to delocalized

π–electrons. However, the HOMO–LUMO gap of the molecular level in contact

with the electrodes depends on nature the electrode material, environment, elec-

trode geometry. These parameters influence the electrostatic contributions to the

energies (i.e. charging energy, image charge corrections).

Figure 2.9: Schematic representation of molecular orbitals. The occupied levels are
called HOMO and unoccupied levels are called as LUMO. The ionization
potential (IP) is the energy required to remove an electron from the filled
states while electron affinity levels correspond to energy required to add an
electron to the empty states. The gap between the HOMO-LUMO is called
band gap.

2.3 Charge transport

Amolecule sandwiched between electrodes acts primarily as a barrier for incoming

electrons (and holes). For charge transport through a molecular junction, the

electron has to travel from one electrode through the molecule and reach the other

electrode. There exist two main transport mechanisms through which charge is

transferred in molecular junctions namely:

• Coherent tunneling

• Incoherent tunneling
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2.3. CHARGE TRANSPORT

Figure 2.10: Schematic representation of charge transport through the molecular
bridges sandwiched between two electrodes. (a) coherent off-resonant elec-
tron tunneling mechanism and (b) multi-step incoherent tunneling mech-
anism.

A detailed description of the above two mechanisms is described below.

2.3.1 Coherent tunneling

The propagation of electrons is said to be coherent, if it does not suffer phase-

breaking scattering processes. E.g., scattering of electrons by magnetic impurities

with internal degrees of freedom can change the phase but elastic scattering by

(static) non-magnetic impurities does not affect the coherence length. Phase co-

herence can also be destroyed by inelastic scattering mechanisms such as electron-

electron interaction and electron-phonon interactions. In the metal–molecule–met-

al systems, if there is no exchange of energy between the tunneling electrons and

their surroundings in the junction–the phase is preserved. In the coherent limit,

charge can be transfered by resonant or off-resonant transport. For a scenario

as shown in Figure 2.10(a), if there is a large difference between the molecular

orbital (HOMO or LUMO) and the Fermi level of the metallic electrode, the

electron tunnels non-resonantly through the molecular orbital. This is mainly

observed in case of short and strongly coupled molecules where the dominant

transport mechanism is a one-step coherent off-resonant tunneling process of the

carriers through the molecular bridge.

Within coherent limit, by increasing the length L of the molecule, the conduc-

tance drops off exponentially, given by [40],

G = Gce
−βL or R = Rce

−βL (2.28)

where Gc denotes the contact conductance, Rc resistance of the molecular wire
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junction and β represents the tunneling decay constant which depends on the

length of the molecular backbone. Moreover, coherent tunneling is independent

of temperature. In coherent tunneling, the tunnel time for the electrons through

the molecules is much smaller than the incoherent tunneling, since the molecules

are not charged or discharged during electron transport process.

The resonant transport model mimics a situation where a single molecule is

trapped between two metallic electrodes. For an isolated molecule, the MO or-

bitals are occupied up to the highest occupied molecular orbital (HOMO) (see

Figure 2.11(a)). When a molecule binds to the electrodes, there may be some

charge transfer and rearrangement of the molecular levels with respect to the

Fermi level of the electrodes. The electronic states in the metallic electrodes are

continuously filled up to the Fermi level, whereas in the molecules, the molec-

ular orbitals are defined by sharp energy levels (sometimes broadened due to

hybridization of molecular levels with metallic states). In principle, each of these

molecular orbitals can contribute to charge transport. However, it is a single

molecular orbital which dominates the transport. Based on this idea, the model

describes how a charge transport is facilitated by one of the molecular levels

(HOMO or LUMO) which lies next to the Fermi energy of the metal.

To describe the current flow, let us consider a single molecular level E0 which

communicates with the left and the right electrodes as shown in Figure 2.11(b).

Let µl and µr be the contact chemical potential on the left and the right

electrodes with respect to the molecular energy level. At equilibrium, the chemical

potential of the electrodes will be equal on both sides and hence no current flows.

Consider a small bias is applied between the electrodes. The chemical potential

will shift with respect to the grounded electrode by energy eV, formulated as,

µl −µr = eV (2.29)

The Fermi distributions at each electrode are given by,

fl = fl(E −µl) =

(

1+ e

(

E−µl
KBT

)

)−1

(2.30)

fr = fr(E −µr) =

(

1+ e

(

E−µr
KBT

)

)−1

(2.31)

While increasing the applied voltage, the chemical potential of one of the elec-

trodes will come close to the nearby molecular orbitals (either HOMO or LUMO).

As shown in Figure 2.11(c)), the left electrode tries to maintain an average num-
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ber of 2fl(E0) electrons at this level and will bring the molecule in equilibrium

with it by injecting electrons into it. Simultaneously, the right electrode tries

to maintain an average number of 2fr(E0) electrons at this level and also tries

to bring the molecule into equilibrium within itself by pulling the electrons out

of it. Thus an average number of electrons N(E0), will exist on the molecular

level, which is somewhere between 2fl(E0) and 2fr(E0). The factor 2 comes from

the spin degeneracy and f is the Fermi-Dirac distribution. The current I can

be derived based on the chemical potentials and the rate of the charge transfer

between the molecule and the electrode.

With the assumption that a single molecular level is involved in the transport,

the rate of charge transfer (s−1) between the left and the right electrodes are given

by Γl
h̄ and Γr

h̄ . The terms Γl and Γr denote the coupling of the molecule level with

the left electrode and right electrode respectively and h̄ is the reduced Planck’s

constant. The flow rate of charge from the left electrode to the molecule is a

product of the charge species (here electrons), the transfer rate and the average

number of electrons present, written as −2eΓlfl(E0)/h̄. Similarly, the rate of

charge flow from the molecule to the left electrode is given by −eΓlN(E0)/h̄.

The direction of the resulting current will be opposite to the charge flow defined

by [41]

Il = −(flow of electrons) = −
[

−eΓl

h̄
2fl(E0)− −eΓl

h̄
N(E0)

]

=
eΓl

h̄
[2fl(E0)−N(E0)]

(2.32)

Similarly, the current flow from the molecule to the right electrode is given by

Ir = −(flow of electrons) = −
[

−eΓr

h̄
N(E0)− e

Γr

h̄
2fr(E0)

]

=
eΓr

h̄
[N(E0)−2fr(E0)]

(2.33)

At steady state, Il = Ir , and the number of electrons on the molecule can be

calculated from,

N(E0) =
ΓlNl +ΓrNr

Γl +Γr
(2.34)

The net current flow through the molecule is given by,

I(V ) =
2e

h̄

ΓlΓr

(Γl +Γr)
[fl (E0)−fr (E0)] (2.35)

This model is also referred as “single level model”, as only one level participates

in the molecular transport.
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Figure 2.11: (a) Schematic representation of the energy levels when a molecule placed
between the electrodes is not in contact. (b) The transport is dominated
by a single energy level E0 close to the Fermi level of the electrode. (c)
A small bias applied between the electrodes aligns molecular level with
respect to the Fermi level of the electrodes results in a net current flow.
(d) Broadening of the molecular levels due to hybridization of states.
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Molecular energy level broadening

The single level model represents an ideal picture for molecular transport. Ac-

cording to this simple model, one could achieve an infinite amount of current

by strong electrode-molecule coupling. This discrepancy arises because the as-

sumption of discrete molecular orbital levels is only valid when the molecule is

weakly coupled to the electrodes. The density of the states of a weakly coupled

electrode-molecule system can be represented by a delta function:

D(E) = δ (E −E0) (2.36)

When a molecule is strongly coupled to the electrode, molecular orbitals hybridize

with the metallic states of the electrodes resulting in broadening of the molecular

orbital. The former one acquires a finite broadening that depends on the strength

of the electrode-molecule coupling. This scenario is shown in Figure 2.11(d). The

total broadening of the single energy level is given by the sum of the right and

the left broadening, Γl+Γr. Taking this into account and replacing the discrete

level by the Lorentzian density of states,

D(E) =
1

2π

Γl +Γr

(E −E0)2 +
(

Γl+Γr

2

)2 (2.37)

Substituting equation 2.37 to equation 2.35 and integrating over the energy to

include all the contributions due to broadening of the energy level we obtain,

I(V ) =
2e

h̄

∫ +∞

−∞
dED(E)

ΓlΓr

Γl +Γr
[f (E0, µl)−f (E0, µr)] (2.38)

Inserting for D(E) yields,

I(V ) =
2e

h̄

ΓlΓr

Γl +Γr

∫ +∞

−∞

1

2π

Γl +Γr

(E −E0)2 +
(

Γl+Γr

2

)2 [f(E0, µl)−f(E0, µr)] (2.39)

Simplifying the above equation,

I(V ) =
2e

h

∫ +∞

−∞

4ΓlΓr

(E −E0)2 +(Γl +Γr)2 [f(E0, µl)−f(E0, µr)] (2.40)

The above equation can be written in terms of a transmission function as,

I(V ) =
2e

h

∫ +∞

−∞
T (E) [f (E0, µl)−f(E0, µr)] (2.41)
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where,

T (E) =
4ΓlΓr

(E −E0)2 +(Γl +Γr)2
(2.42)

In case of symmetric coupling of the molecule to the electrode, Γ= Γl= Γr. On

the contrary, for asymmetric molecule-electrode coupling, Γl 6= Γr and E0 depends

on the Fermi level alignment with respect to left and the right electrodes given

by,

E0 = E0 +

(

Γl +Γr

Γl −Γr

)2
eV

2
(2.43)

This model can be used to analyze the IV characteristics of molecular junctions,

as long as the evolution of electrons through the junction is in the coherent limit

of transport.

2.3.2 Fano resonances

In the coherent transport discussed so far, we have seen that transmission peak

exhibits Breit-Wigner resonances that originate from different molecular orbitals.

In case that an additional molecular level is weakly coupled to a single level , the

transmission peak exhibits an asymmetric line shape. This behavior was demon-

strated by U. Fano in the context of excitation spectra of atoms and molecules.

It comes from the interference of a discrete auto-ionized state with a continuum

of states and gives rise to characteristically asymmetric peaks referred to as Fano

peaks or resonances [42]. In the molecular junctions, this type of resonance can

be observed due to the interplay between the extended molecular orbitals and

localized states from side groups which are decoupled from the electrodes.

The origin of Fano resonance can be explained by using a simple resonant tun-

neling model in the presence of an additional energy level that represents the side

group that is not directly attached to the electrodes. Consider a molecule at-

tached to the metallic electrodes with a molecular energy level E0 that is coupled

to the left and the right electrodes by Γl and Γr respectively (Figure 2.12(a)). An

additional energy level E1 is coupled to the molecular level by a hopping element

t. Based on this model, the zero bias transmission leads to the formula,

T (E) =
4ΓlΓr

[

E −E0 − t2

(E−E1)

]2
+Γ2

(2.44)

where Γ = Γl +Γr. The equation 2.42 reduces to Breit-Wigner resonances, when

the coupling element t vanishes. The striking feature in the Fano resonance,

is the appearance of an antiresonance peak at the energy E = E1, where the
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Figure 2.12: (a) A simple toy model to explain the Fano resonance in the presence of
additional molecular level E1 weakly to the molecular level E0. (b) Trans-
mission T versus energy E at zero bias by varying the coupling element t
and with E0 = 2 eV, E1 = 0 eV, Γl = Γr = 0.1 eV [30].

transmission drops due to destructive quantum interference between the wave

functions crossing the resonant molecular orbital and the wave functions visiting

the additional level. The transmission peak exhibits two maxima at E = E1±,

where E1± are given by [30],

E1± =
1

2

[

(E1 +E0)±
√

(E1 −E0)2 +4t2
]

(2.45)

There are two solutions to this quadratic equation. For the solution close to

E = E0, is the Breit Wigner resonance, whereas for the solution close E = E1 is

a resonance close to the antiresonance. This shows that Fano resonance consists

of both resonance as well as antiresonance [43]. The Fano peak occurs near the

antiresonance at a distance given by t2

|E1−E0| . Thus this phenomenon produces

an asymmetric feature in the transmission. The transmission peaks using equa-

tion 2.44 by varying the coupling element t are shown in Figure 2.12(b). As seen

in the plot, the transmission shows a Breit-Wigner resonance when the coupling

element t = 0. Moreover, for t 6= 0 an apparent change in the transmission takes

place from maximum to minimum near the additional molecular energy E1. In

the IV curves, the Fano resonance produces a pronounced structure. The Fano

resonance need to be located close to the Fermi level to have an impact on the

transport properties.
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2.3.3 Incoherent tunneling

If the electrons tunnels through the molecular junctions and exchange energy

due to electron-electron (U) or electron-phonon (λ) interactions then the phase

of the wave function is not preserved resulting in incoherent tunneling. This is

usually observed in a weakly coupled molecule in case of longer molecules. Con-

sider a system where the molecule is weakly coupled to the electrodes, i.e. (Γ <

U, λ) and the system is brought close to resonance, then the transport is highly

dominated by Coloumb blockade or by excitation of internal degrees of freedom

like vibrational modes. For longer conjugated molecules, there will be localized

sites on the bridging molecule where the charge carriers temporarily reside, which

subsequently increases the chances of coupling with molecular vibrations. The

dominant transport mechanism is usually a multi-step incoherent hopping of car-

riers from site to site on the bridge, as shown in Figure 2.10(b). For incoherent

hopping transport, the junction resistance R increases linearly with the bridge

length L, given by [40],

R ∝ αL (2.46)

where α describes an Arrhenius-type thermal activation. Therefore, in hopping

transport, there is a strong temperature dependence of the temperature proper-

ties, in contrast to coherent tunneling.

2.4 Electrode-molecule interactions

The formation of efficient molecule-metal electrode coupling is one of the crucial

steps in realization of molecular electronics. The charge transport through a

single molecular junction depends mainly on three components: electrode, anchor

and bridge. The schematic of the significant components in the single molecule

junction transport is shown in Figure 2.13. It is obvious that charge transfer takes

place at the electrode-molecule interface, which plays a vital role in electronic

transport. The importance of each component for the molecular transport is

discussed below:

The molecules are contacted for electrical measurements via electrodes. When

a molecule is sandwiched between electrodes, the density of states at the Fermi

level in the metal electrode greatly influences the charge transfer through the

molecules [44]. This was experimentally demonstrated by Adak et al. [45], where

they compared the conductance measurements for 4,4’-bipyridine molecules with

Au and Ag electrodes. They found that the conductance of the molecule measured

with Au electrodes was higher than for Ag electrodes due to the stronger d orbital
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Figure 2.13: Schematic representation of the biphenyl molecule (bridge) linked by an-
chor groups on either side of metallic electrodes.

coupling for Au in contrast to Ag, resulting in an enhanced level broadening at the

Fermi level. Apart from electrode materials, the geometry, surface orientation of

the electrode also plays a role in the molecular transport. Theoretical simulations

based on the influence of surface orientation of gold electrode in alkane dithiol

molecule showed that Au(100) shows high conductance in contrast to Au(111)

electrodes, which exhibit low conductance [46]. In this thesis, gold electrodes

were chosen to contact the molecules, as Au is chemically inert and convenient

to use under ambient conditions as well as in vacuum since it does not oxidize

easily.

The bridge denotes the molecular backbone whose electronic structure greatly

determines the functionality of the molecular devices as switches, transistors,

diodes etc. The backbone serves as a pathway for the electrons to communicate

between the electrodes. The conductance of the molecules can be compared based

on the length of the molecular backbone. E.g., in aromatic molecules the charge

transport takes place mainly through the delocalized π–electrons, while in linear

chains of alkane molecules, the electron transfer happens via localized σ bonds.

Therefore, the conductance for aromatic molecules is higher compared to linear

chain molecules. The structure of the backbone can be chemically modified by

attachment of side groups, which can alter both the electronic structure and the

conformation of the molecule [47]. The introduction of side groups can rotate one

part of the molecule with respect to other, which has an impact on the molecular

conductance. This was investigated for biphenyl molecules where the increase in

twist angle between the benzene rings decreases the degree of π–conjugation with

a subsequent decrease in conductance [48, 49]. The objective of our research is

to study π–conjugated molecules, especially ferrocene and biphenyl.

The anchor group connects the molecule with the electrodes both mechani-

cally and electronically. They bind to the electrodes through covalent bonding

or through donor-acceptor (dative) interactions. Covalent linkers are physically
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robust and establish a strong coupling due to hybridization of the electronic levels

in the linkers with the electrode. One of the proto-typical covalent linkers widely

investigated in single molecular electronics is thiol (SH), which binds strongly to

the gold surfaces. The Au–thiol (R–SH) bond formation involves the generation

of a thiyl radical (RS∗) to form a strong Au–S covalent bond. Force measure-

ments confirmed that the Au–S bond is stronger than the Au–Au bond itself [50,

51]. Dative bonding is established mainly by electron donation from a π–donor

or a lone pair donor to the metal electrode. Some examples of π–donors include

fullerenes, conjugated hydrocarbons and lone pairs include amines (NH2) [52], iso

cyanides (–NC) [53], cyanides (–CN) [54], pyridines [45]. Several studies varying

the anchor group in transport measurements reported that they influence the

charge transport, tune the coupling strength and improve the stability of the

molecule [3, 44, 54, 55]. Moreover, it is not only the molecular states of the iso-

lated molecule, but also local co-ordination geometry of the linker group with the

surface of the electrode that have a great impact on the conductance as discussed

in this thesis. For our studies, thiol (covalent linkers), carbon nitrile and amine

(dative linkers) were chosen as anchoring groups.

In summary, a solid understanding of the electronic transport by combining all

the three components is essential to build up the molecular functional devices in

future electronics.

2.5 Transport based on coupling

In molecular systems, the molecule couples to the electrode either physically or

chemically. Physisorption is mainly through van der Waals forces lead to weak

coupling. On the other hand, chemisorption due to covalent bond formations

result in strong coupling. In the following section, we explore how the influence

of inter-molecular coupling affects the charge-transport properties of the junction.

To define the coupling strength, two physical parameters have to be taken into

account, particularly:

1. Coupling strength (Γ)

2. Addition energy (Uadd)

Γ is expressed by the broadening of the molecular levels due to fractional transfer

of charge from contact into the molecule in strong coupling while the levels remain

narrow in case weak coupling or isolated molecule. The Uadd is the difference in

energy required to remove an electron from the HOMO (UN−1−UN ) and energy

released by injection one electron to the LUMO (UN−UN+1 ). Here UN denotes

33



2.5. TRANSPORT BASED ON COUPLING

Figure 2.14: Transport mechanism scheme for (a) Weakly coupled (b) Intermediate
regime (c) Strongly coupled molecular junctions. Modified from Ref [56].

the total energy of the system with N electrons. The Uadd is different from

HOMO-LUMO gap of an isolated molecule. Based on the values of Γ, Uadd one

can distinguish three different couplings, namely:

(i) Weak coupling

(ii) Intermediate coupling

(iii) Strong coupling

Figure 2.14 shows the schematic representation of transport mechanisms for

weakly coupled, intermediate and strongly coupled molecules.

In the weak coupling regime (Γ ≪ Uadd), the wave functions of the molecules

have little (no) mixing with the electrode wave functions. Consequently, charge

transfer does not occur. When the applied voltage aligns the Fermi level (Ef ) of

one of the electrodes with the molecular level, there is a rapid increase in current

and a peak in conductance is observed due to the resonance of the molecular

state. Figure 2.14(a) shows a two-step process for electron transport where an

electron initially hops from one electrode on to the molecule and from molecule

to the other electrode. At low temperature, the transport is blocked unless a gate

voltage (Vg) is applied to align the molecular energy level with the Fermi level

(Ef ) of one of the electrodes. This phenomenon is termed as Coloumb blockade.

For intermediate coupling there is a partial broadening of the molecular

energy levels (see Figure 2.14(b)). In this regime two types of transport are pos-

sible: a first order process where one electron tunnels resonantly through the

molecule from one electrode to the other, and a second order process where two
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Figure 2.15: Schematics of co-tunneling process in molecular junctions. (a) In the ini-
tial state an electron requires sufficient energy ∆E to be transported. (b)
An electron tunnels from the HOMO to the right electrode simultane-
ously with another electron filling the LUMO leaving the molecule in a
virtual state temporarily. (c) An electron jumps from the left electrode
to the HOMO while another electron leaves the LUMO. Therefore, the
number of electrons are same and hence energy is conserved. This process
is called elastic co-tunneling. (d) For inelastic co-tunneling, when an elec-
tron leaves from HOMO to the right electrode, another electron tunnels
from left electrode tunnels to the excited state of the molecule [30].

particles are involved in charge transport. For a detailed description of resonant

transport, we refer to section 2.3.1. Here we briefly address the second order

co-tunneling process which may be elastic or inelastic. The elastic co-tunneling

process is illustrated in Figure 2.15. For the situation shown in Figure 2.15(a),

the electron can be transported only if it has sufficient energy ∆E. For the bias

voltage considered here, this is not possible. Nevertheless, an electron can tunnel

out of the molecule, leaving it in a classically forbidden virtual state temporar-

ily. This is shown in Figure 2.15(b) where an electron tunnels into the LUMO

of the molecule simultaneously with a second electron that tunnels out of the

HOMO, leaving the molecule in an excited state. Finally, the energy state of the
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molecule is same as the initial one, but one electron is transported through the

molecule (Figure 2.15(c)). This process mainly occurs at low bias as the energy

of the tunneling electron and of the molecule are unchanged, leading to a nonzero

background conductance in the blockade region. In inelastic co-tunneling, the

onset of co-tunneling occurs when the applied bias (eV ) equals to ∆E as shown

in Figure 2.15(a). In such a situation, an electron from the ground state tunnels

out of the molecule, simultaneously another electron tunnels from the electrode

onto the molecule and occupies a vibrational or excited state (Figure 2.15(d)).

For strong coupling (Γ ≫ Uadd), the electronic states of the electrode and

molecule are significantly hybridized resulting in partial transfer of charges and

large broadening of molecular levels (see Figure 2.14(c)). Therefore, the electron

could be transported from one electrode to other through a resonant process. As

a result, the Coulomb blockade effects are washed out due to quantum fluctuation

on the molecular charge. This is mainly observed in short molecules.

2.6 Theoretical Simulations

Due to experimental limitations in molecular transport such as information about

orientation of the molecule between the electrodes, molecule-electrode contact ge-

ometry and shape of the electrode, theoretical analysis provides a handle to under-

stand the underlying physics. At atomic scales, electron-electron correlations are

important and description of non-equilibrium situation involving scattering and

many-body effects are very essential. Several theoretical approaches have been

developed ranging from semi-empirical to ab initio methods to study the molec-

ular systems. Cuevas et al. proposed a theoretical model for charge transport

across molecules by combination of ab initio quantum chemistry calculations with

non equilibrium Green functions techniques [57]. Here we give a short overview

of the proposed model.

Let us consider a system, with a molecule attached to the metallic electrodes

by anchor groups. The molecular system can be divide into three parts namely

central cluster and the right and the left leads as shown in Figure 2.16. The

Hamilitonian of the molecular junction is given by,

Ĥ = ĤL + ĤR + ĤC + V̂ (2.47)

where ĤC describes the central cluster of the system, ĤL,R describes the left and

right reservoir and V̂ is the coupling between the electrodes and the central clus-

ter. The current through the molecular junction mainly depends on the narrowest
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Figure 2.16: Schematic representation of the ferrocene diamine single molecule coupled
to the metallic gold electrodes. The central cluster consists of the molecule
with the metallic electrodes.

part i.e. the central cluster. In this model, the electronic structure of the cen-

tral cluster is calculated with the density functional theory (DFT) approximation

given by,

ĤC =
∑

i

ǫid̂
†
i d̂i (2.48)

where ǫi represents the molecular levels (Kohn-Sham orbital levels), d̂†
i and d̂i

denote creation and annihilation operators for an electron in energy state ǫi. For

description of the central cluster LANL2DZ basis is used. The DFT calculations

were performed using the B3LYP functional. The left and the right reservoirs

were modeled as the two perfect semi-infinite crystals of the corresponding metal

using a tight-binding approximation. The coupling between the leads and the

central cluster is defined as,

V̂ =
∑

ij

vij

(

d̂†
i ĉj +h.c.

)

. (2.49)

where vij is the hopping element between the lead orbital d̂†
i and the MOs of the

central cluster ĉj . They were obtained from Löwdin transformation in terms of

atom-like orbitals. The left and the right reservoirs are also included for ab initio

calculation as it ensures the correct description of the molecule-electrode coupling,

the charge transfer between the molecule and the leads and aligns molecular level

relative to the Fermi level of the metal. The Fermi energy of the overall system

is calculated at the ground state of the central cluster. The Hamiltonian in

equation 2.48 does not include inelastic interactions and the current is usually
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described by the Landauer formula,

I =
2e

h

∞
∫

−∞

dǫTr
[

t̂t̂†
]

[

f(ǫ− eV

2
−f(ǫ+

eV

2
)
]

(2.50)

where f is the Fermi function and t̂ is the energy and voltage dependent trans-

mission matrix given by,

t̂(ǫ,V ) = 2Γ̂L

(

ǫ− eV

2

)

Ĝr
C (ǫ,V ) Γ̂R

(

ǫ+
eV

2

)

(2.51)

The scattering rate matrices are given by Γ̂L,R = Im(Σ̂L,R) where Σ̂L,R are

the self energies which contain information about the electronic structure of

the leads and their coupling to the central cluster. They can expressed as

Σ̂L,R(ǫ) = v̂CL,RGL,R(ǫ)v̂L,RC , where v̂ is the hopping matrix which describes

the connection between the central cluster and the leads. GL,R are the Green

functions of the uncoupled leads (semi-infinite crystals), which are calculated us-

ing decimation techniques. The Green functions of the central cluster are given

by,

ĜC(ǫ,V ) =
[

ǫl̂ − ĤC − Σ̂L

(

ǫ− eV

2

)

− Σ̂R

(

ǫ+
eV

2

)]−1

(2.52)

To gain deeper insight of electronic transport, the current is analyzed in terms

of conduction channels defined as eigenfunctions of tt̂. Such kind of analysis

allows to quantify the contribution of the transport of every individual molec-

ular level. For the molecules, the contribution of the channels is taken from a

linear combination of the molecular orbitals |φi〉 of the central cluster, i.e. |c〉
= Σjαcj |φi〉 and the corresponding eigenvalues determine their contributions to

the conductance. However, this model describes current in the elastic transport

regime. The inelastic contributions due to vibrations, rotations are not taken

into account. Moreover, this is a mean field approach and the strong correlation

effects such as Coloumb blockade, Kondo resonance are out of scope. For a more

detailed description we refer to [57, 58].
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3
Experimental methods

In this chapter, an outline of existing experimental methods employed in molecular

investigation are discussed. Later we focus on the mechanically controllable break

junction technique, which was implemented in our study. At first, we review the

basic concepts of this technique, and direct towards the experimental realization

ranging from sample fabrication, molecular adsorption, description of measure-

ment set-up and different measurement schemes developed and followed during

the work of this thesis.
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Experimental methods to investigate molecular transport

The challenging task in the field of molecular electronics is to fabricate elec-

trodes to contact single molecules between them. Several methods have emerged

in the last two decades after the theoretical proposal to use molecules as func-

tional building blocks [2]. Some of the techniques to establish metal-molecule-

metal junctions includes scanning probe microscopy (SPM) [59–61], mechanically

controllable break junctions (MCBJ) [8], electrochemical gating [62], electromi-

gration [63], crossed-wire geometry [10], shadow mask evaporation [64] and self-

assembly of nanostructures [65]. The scanning probe, electromigration and break

junction approach have widely been used for single molecular electronics stud-

ies while the self assembly technique is commercially effective in view of mass

production of molecular devices. In scanning probe methods the metal-molecule

contact is established using a metallic tip. Two widely used SPM techniques

are the STM break junction (STM-BJ) and conducting probe atomic force mi-

croscopy (CP-AFM) techniques. The advantage of STM-BJ are direct imaging

of the molecule, repeated formation and breaking of molecular contacts allow-

ing to gather statistical measurements. In STM the electron transport is due

to tunneling, as the metallic probe and the conducting substrate are in close

proximity whereas in CP-AFM an external circuit is employed to supply current

between the metallic tip and the substrate which are in direct contact. In the

electromigration method, nanogaps are created by applying an electric field onto

a lithographically defined structure. By carefully monitoring the current, the gap

size can be controlled down to 1–2 nm which is sufficient to bridge the molecules.

In contrast to the techniques mentioned above, self assembly method involves the

prefabrication of nanogaps up to the limits of lithographic techniques followed by

self-assembly of the chemically synthesized metal–molecule–metal structures to

bridge the gap [66]. The aforementioned techniques are widely used for molecular

characterization. We focus our discussion now on the mechanically controllable

junction (MCBJ) technique in the next section.

3.1 Mechanically Controllable Break Junction (MCBJ)

The break junction technique was first introduced by Moreland and Ekin [67]

in 1985 to study electron tunneling in superconducting junctions. They used a

brittle Nb-Sn filament fixed on the top of a flexible glass substrate, which could

be broken by application of a bending force from below. An electromagnetic

actuator was employed to control the force on the substrate leading to establish-
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ment of tunnel junction as the broken wires approached each other. They called

it as “break junction technique”. Few years later, an extension of this technique

to non brittle niobium was developed with improvised measurement set up [68]

to study the transition from weak link to tunneling superconducting junctions.

They coined the term “Mechanically Controllable Break Junction”. The use of

a microfabrication technique to fabricate metallic bridges increased the stability

of the junction [20]. In 1997, the first experiment was done by using the Me-

chanically Break Junction (MCBJ) to measure a single molecular junction [8].

Apart from molecular studies, the MCBJ technique has also been extensively

used in studies of formation of metallic chains [20, 69–72], electrical conductance

of atomic point contacts [32, 73], noise measurements [74] , quantum fluctuations

in point contacts [75].

3.1.1 Working Principle

In a mechanically controllable break junction, the bending of flexible substrate

controls the distance between two partially suspended metal electrodes. The

working principle behind MCBJ is as follows: A thin freestanding metal bridge

with a narrow central constriction is fabricated on top of a flexible substrate.

The wire can either be a microscopic gold-wire with a notch at the center, or a

lithographically fabricated one. The sample is mounted on a three point bending

mechanism. The upward movement of the push rod is controlled by a piezo motor

which exerts a force on the substrate and bends the sample. This introduces strain

at the center part of the electrode, which finally breaks creating two separate

electrodes with clean surfaces. The broken surfaces can be used as electrodes

to contact the molecules. Once the junction is broken, the spacing between the

electrodes can be tuned with high accuracy by the upward or downward movement

of the push rod. The ruptured wire can be fused again with adjustment of the

push rod. A schematic representation of a break junction device mounted on

a three point bending mechanism with its geometrical parameters is given in

Figure 3.1. The change in the electrodes distance can be related to the substrate

bending by displacement ratio calculated according to the formula [20]:

r = 6tu/L2 (3.1)

where r is the reduction factor, t denotes the thickness of the substrate, u the

distance between freestanding bridges, and L the distance between counter sup-

ports. From the above equation 3.1 it is clear that the stability of the junction

is determined by the geometry of the sample. The remarkable feature of this
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Figure 3.1: Schematic representation of a mechanically controllable break junction in a
three-point bending setup.

technique is its inherent stability and robust nature. The reduction factor for

the MCBJ samples are high which assures precise control to tune the electrode

distance at atomic resolution between the electrode tips ends [20], which is the

important prerequisite to study atomic point contacts and single molecule junc-

tions. Finally it is environmental friendly as it can be operated in room [20],

cryogenic [76] and in liquid atmosphere [73].

3.2 Sample Fabrication

A flexible stainless steel substrate (125 µm thick) was used as substrate. Two

techniques were followed for sample fabrication. They were

(i) Mechanical cutting

(ii) Electron beam lithography

This project started with the notched wire technique in order to optimize the me-

chanically controllable break junction measurement setup. In the meantime, the

parameters for lithographic gold electrode were optimized and 95% of measured

samples were structured by this method. The sample preparation techniques for

both methods are described in detail below.

3.2.1 Mechanical cutting

On top of a flexible stainless steel substrate (20×10 mm), a thin insulating layer

was coated using vacuum glue (Loctite 9492) and dried for a day in an open

atmosphere. A gold wire (100 µm dia) was fixed onto the substrate with four

drops of vacuum glue and dried in air. The sample is mounted on a holder and

fixed to a vertical stage (z direction) in three directional home made cutting

device (Figure 3.2(a)). The cutting device contains a sharp blade in the x-y

42



3. EXPERIMENTAL METHODS

translational stage. The position of all the stages can be controlled by millimeter

rotational screws. A small notch is made in the middle of the wire which reduces

the diameter of the wire to a few nm. The notch is observed under a light

microscope by dismounting the sample along with the holder. In case that the

notch has to deepened, the sample can be placed again on the cutting device at

the same position. Electrical contacts were established from the outer ends of the

wire using silver paint (Provac AG). The silver paint is dried for 24 hours. The

optical microscope image for a notched gold wire is shown in Figure 3.2(b).

Figure 3.2: (a) Mechanical cutting device with XYZ translational stage. (b) Optical
microscope image of a notched gold wire by mechanical cutting.

3.2.2 Electron beam lithography

Electron beam lithography is a technique used for fabrication of structures at

the micro and nanoscale, based on chemical modification of the electron beam

resist caused by electron beam irradiation. First a short overview of sample

fabrication is discussed followed by a detailed description of the individual steps

in the following subsections.

Overview

A spring stainless steel sheet (5 cm×5 cm) was used as a substrate. A thin layer

of polyimide was spun on the substrate which acts as an electrical insulator. The

contact pads (Cr–8 nm and Au–100 nm ) were deposited using a shadow mask

evaporation technique on the polyimide coated steel substrate. Later, the samples

were cut into 20 mm×10 mm. We then spin coated the samples sequentially with

the positive electron beam resists. The structures with a middle constriction of

150×300 nm were written at 30 kV defined by e-beam lithographic technique.

The exposed structures were developed in an appropriate solution. Cr (7 nm)

and Gold (100 nm) were deposited using electron beam and thermal evaporation,
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respectively. Later, the samples were soaked in acetone to remove the unwanted

resist and metal. Finally, the polyimide was locally etched by reactive ion etching

to get a suspended freestanding metal bridge. A schematic representation of the

fabrication process for lithographic sample is shown in Figure 3.3

Figure 3.3: Schematic representation of sample fabrication by electron beam litho-
graphic technique.

Insulating layer

Initially, the substrate was cleaned in isopropanol and acetone for 10 minutes

in an ultrasonic bath. An adhesion promoter (VM-651) was spin coated at 500

rpm for 10 sec and baked at 130◦ C in hotplate for 1 minute. Then a polyimide

PI-2610 (HD, Microsystems) of 2 µm thickness was spun at 2000 rpm for 30 sec

and baked for 90 seconds at 90◦ C and at 150◦ C. The sample was then annealed

at 200◦ C for 30 min in an oven to get rid of water. Furthermore the substrate

was cured at an elevated temperature of 300◦ C in nitrogen atmosphere for two

hours to remove the remaining solvent. For more details about the curing process

refer to reference [77]. The thickness of the polyimide was reduced by 25% after

curing which is shown Figure 3.4(a). The cure heating cycle converts the polyamic
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acid to insoluble imide. This cured polyimide has three purposes: (i) it forms

a uniform coating on the steel for lithographic structuring (ii) it isolates steel

from metallic structures (ii) it can be selectively etched for a free standing metal

bridge.

Figure 3.4: Variation of thickness with speed for (a) PI 2610 before and after curing (b)
PMMA A4, PMMA A2 and MMA-MAA EL6 measured by ellipsometer.

E-beam lithography process

The lithographic structure fabrication process consists of five steps. They are:

1. Spin coating

The electron beam resist is deposited onto the substrate by spin coating. The

thickness of the resist depends on the concentration, molecular weight and the

spin velocity. Figure 3.4(b) shows the final thickness of electron beam resist based

on concentration and spin velocity for PMMA A4 (950 K) , PMMA A2 (950 K)

and MMA (8.5) MAA EL6 and after baking measured by an ellipsometer. [A4

(4% in anisole), A2 (2% in anisole) and EL6-(6% in ethyl lactate)].

Types of resist:

After electron beam exposure, polymers in the resist may polymerize or de-

polymerize due cross linking or scission of the bond. Figure 3.5(a) shows the

electron beam resist after development. In case of negative resist, after electron

beam exposure when the structures were developed, the polymer forms chains

due to intramolecular or intermolecular crosslink and becomes insoluble when

developed. In positive resist, the written structure after electron beam exposure

results in fragmentation of polymer due to radical creation and are soluble when

developed. Based on the requirements of experiment the resists are chosen. In
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Figure 3.5(b), chemical modification after electron beam exposure for both types

of resist are shown.

Figure 3.5: Two types of electron beam resist. (a) Structure after development. (b)
Chemical modification after e-beam exposure.

First, the sample (20×10 mm) was placed on a CONVAC spin coater on which

it was held by a vacuum chuck. A small amount of resist (2 ml) was dispensed

on the sample. The resist was allowed to spread uniformly at 500 rpm for 5 sec

and the rotational speed was then ramped to final spin speed at high acceleration

rate for 45 sec. In our case, the polymide coated substrates were spin coated

sequentially with the positive resists copolymer methylmethaacrylate (MMA) and

polymethylmethaacrylate (PMMA A4) (200 nm and 180 nm respectively) as a

double layer. They were baked at 150◦ C and 180◦ C respectively for 90 sec. The

purpose of using a double layer resist was to get an undercut after development,

which facilitates easy removal of the resist in the lift off process.

2. E-beam writing

The spin coated samples were mounted on a JEOL SEM 5900 and pumped to

a vacuum of 5×10−8bar. The structures were designed using appropriate litho-

graphic software. In lithographic mode, the tungsten filament is operated at 30

kV. The instrumentation of SEM is discussed in section A.1. Initially, the fil-

ament was switched on for an hour to get a stationary current. The beam is

adjusted for focusing and stigmatic correction on the sample. In the next step,

the sample coordinates (UVW) are directly correlated with the stage coordinates

(XYZ) to make the on-wafer mapping straightforward and convenient. After this,

a write field alignment was done to calibrate the electron beam deflection so that

the beam movement accurately corresponds to the length defined by the coordi-
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nates of the patterns on the substrate. Now the required structure along with the

position list was written with an electron dose of 320 µC/cm2 and a write field

width of 100 × 100 µm2 at 800x magnification.

3. Development

The next step is to develop the written structures. The samples were developed

using a mixture of MIBK (Methyl iso butyl ketone) and isopropanol (1:3) for

50 sec to dissolve the exposed resist. This process was stopped by soaking in

isopropanol for 15 sec and nitrogen dried. As positive resist was used in our

experiment, the exposed regions are removed.

4. Deposition

The developed structure serves as a mask for deposition. The samples were

mounted in Balzers 510 deposition chamber and pumped to 10−6 mbar. Initially,

Cr (7 nm) using electron beam evaporator was deposited which acts as a good

adhesion layer for the metal to stick on the polyimide. Then, Au (70 nm) was

deposited by thermal evaporation. The thickness of metal was monitored by

quartz microbalance.

5. Lift Off

The deposited samples were immersed in acetone for 2 hrs at room temperature

and later heated at 60◦ C for 20 min in hot acetone to remove the unexposed

electron beam resist (positive resist). The samples were sonicated for 5 sec at

room temperature to remove the remaining resist and unwanted metal.

Figure 3.6: SEM image of the lithographic gold electrode (a) with contact pads (b)
magnified view of the central constriction of the gold electrode. (green
color : polyimide)
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Reactive Ion Etching

Finally, the polyimide was anisotropically dry etched for a free standing central

metal bridge suspension. This was done in an O2 : CHF3 atmosphere with an 80

: 20 ratio and a power of 30 Watt for 4 minutes in a Reative Ion Etching (RIE)

Alcatel machine. For a detailed description of the working principle of RIE refer

appendix section A.3. The etch rate was around 100 nm per minute measured

by Atomic Force Microscopy (AFM). The AFM and SEM images of the final

structure after RIE are shown in Figure 3.7 and 3.8. The side view of the SEM

Figure 3.7: SEM image of the lithographic sample after RIE.

image (Figure 3.7) taken after the sample fabrication shows that the length of the

free standing bridge is approximately 2 µm. The SEM image is false colored with

yellow color for gold layer and green color for polyimide layer. To confirm the

depth of the free standing bridge, AFM measurements (Figure 3.8(a)) were taken

at the center part of the sample. The depth profile analysis taken at different

positions were plotted in Figure 3.8(b) confirms that around 400 nm of polyimide

was etched (see position marked as 1 in Figure 3.8(a)) .

3.3 Molecules

The ultimate goal of the project is to incorporate molecules between the metallic

contacts and to investigate the transport mechanism of the molecules. Here, we

concentrate on the electronic transport through

(i) (1,1’-biphenyl)-4,4’-dithiol (BPDT)

(ii) 4’-mercapto-(1, 1’-biphenyl)-4-carbonitrile (MBPCN)
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Figure 3.8: AFM image of the lithographic sample after RIE (a) AFM and (b) the
corresponding depth profile of the junction at marked positions

(iii) Ferrocene-1,1’-dithiol (FDT)

(iv) Ferrocene-1,1’-diamine (FDA)

(v) 1,1’-bis[(4-thioacetylphenyl)]-ferrocene (FBPDT)

The chemical structure of the molecules are shown in the Figure 3.9.

Figure 3.9: The chemical structure for the biphenyl and ferrocene based molecules.

The first are two phenyl based while the later three are ferrocene based molecules.

The significance and the selection of these molecules are discussed in section 5.1
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and 5.2. The phenyl based molecules are purchased from Sigma Aldrich (95%

and 97% purity respectively) and used in the experiments without any further

treatment. The other three molecules are prepared by the group of Prof. Buten-

schön (Organic Chemistry, Leibniz Universität, Hannover). The purity of the

ferrocene based molecules are further confirmed by NMR spectroscopy. For a

detailed description of the ferrocene molecular synthesis we refer to appendix

section B.1.1.

The deposition of the molecules occurs via self assembly from the molecular so-

lution. The preparation of molecular solutions were done by dissolving molecules

in toluene with required concentration (1 mM for all the molecules, 10 mM for

MBPCN). The toluene dries quickly within 2–3 seconds. In order to calibrate

the optimum concentration of the molecular solution, confirm the stability of the

molecules without fragmentation as well as the thickness of the molecular layers

on the gold surface XPS studies were performed.

3.4 XPS measurement

The XPS measurements were done to confirm the chemisorption of the molecules

onto the gold surface. A thin gold film (100 nm), thermally evaporated onto

silicon was used as substrate. The preparation of molecular solutions as done

by dissolving molecules in toluene with required concentration (1 mM for all the

molecules, 10 mM for MBPCN). The sample was kept in molecular solution for 24

hrs and then transferred to the vacuum chamber for XPS signal detection. The

characteristic peaks such as S 2p, Fe 2p, N 1s, C 1s signals were measured for the

molecules. For comparison measurements were done before and after molecular

adsorption. Comparison of Au 4f and C 1s peaks before and after BPDT molec-

ular adsorption are shown in Figure 3.10. The experimental datas were fitted

using appropriate software. The intensity of Au peak decreases whereas the C 1s

intensity increases due to adsorption of molecules. By comparing the intensity of

Au peaks before and after molecular adsorption, the thickness of molecular layer

on the surface can be roughly estimated as discussed in section 5.1.1 [78].

3.5 Description of the measurement set up

The sample was mounted on to a homemade three point bending system and

pumped down to high vacuum (10−7 mbar) by a rotary pump (Pfeiffer vacuum)

and a turbo molecular pump (Pfeiffer vacuum). A cold cathode gauge was con-

nected directly to the chamber to monitor the pressure. There are three windows
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Figure 3.10: Comparison of (a) Au thin films (Au 4f 5

2

and 4f 7

2

) (b) carbon (C 1s)

XPS peaks from BPDT before and after adsorption.. The intensity of Au
decreases due to damping by the molecular layer while C increases due to
BPDT adsorption. The dashed lines are the background fit to the peaks.

Figure 3.11: Schematic representation of (a) Top view of measurement chamber (b)
Top view of sample holder (c) Side view of the sample holder

for visual observation of the sample and motor position during measurement. A

push rod, controlled by a piezo motor (NANOS-Instruments) was used to create

strain at the center part of the constriction and break the junctions. A stainless
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steel ball was fixed at the end of the push rod in order to allow homogeneous

bending of the sample. At first, the sample was placed on the sample holder

which has a rectangular hole of 1.5×0.8 cm at the center. A metal frame was

fixed on top with screws at the sides to avoid displacement of the sample during

bending. The system consists of a copper block with a square hole of 3 cm×3 cm

at the center, through which the push rod approaches the bottom side of the

sample. The sample holder can be manually adjusted such that the central part

of the lithographic sample is underneath the push rod. The motor was mounted

on a metal rod attached to the bottom side of the copper block. The sample

holder with the sample can be indirectly cooled by liquid N2 circulation inside

the copper block via inlet/outlet tubes. The sample can be cooled up to 120 K

as measured by thermostat. The whole setup was mounted on a DN100 flange

and was grounded to avoid charging effects.

Figure 3.12: The sample holder along with piezo motor mounted on a DN100 flange.

3.5.1 Measurement electronics and wiring

For electrical measurements, the samples were connected to a Keithley 2401C

source meter to measure current and voltage. In the first generation experiments

with notched gold wires we used silver paint to connect copper wires with the

sample. There were drawbacks with this setup such as a long waiting time (ap-

prox. 5 hrs) for silver paint to dry and toluene in the molecular solution which

wets the silver contact. As a consequence, sometimes after several opening and

closing cycles the paint got teared off and the electrical contact was broken. In

case of lithographic junctions, the contact between gold contact pad and silver

paint makes an electrochemical cell which destroys the smaller constriction due

to charging effects. To overcome this issue, a reliable electrical contact to the
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lithographic sample was achieved by using spring loaded contacts, which ensures

a stable contact during bending and averts the problem with molecular solutions.

Two spring contacts, held by an insulating vacuum-compatible holder, with a

travel distance around 2 mm were fixed on top of the contact pads for electrical

measurements. Copper wires were soldered to the spring contacts and connected

to the Keithley through a vacuum electrical feed through. A custom-made Lab-

view program was written to control the position of the piezo motor and to

measure current vs voltage or time. Additional shunt resistors were implemented

(2.8 ohm, 2.2 kΩ, 2.6 kΩ, 4.26 kΩ, 5.09 kΩ, 10.6 kΩ) between sample and Keith-

ley to avoid current overflow to the sample. Precautions had to be taken during

making an electrical connection to the sample such as grounding the person to

avoid flow of charges from or to the human body.

Figure 3.13: Schematic representation of the electrical measurement circuit.

3.6 Measurement methods

The sample mounted on a three point bending mechanism was pushed from below

by the push rod until the contacts between the electrodes were broken. Now the

distance between the junctions was adjusted by moving the push rod back and

forth. The pushing distance reaches several hundreds of micrometers, while the

resolution is controlled at the subnanometer level. The reduction factor r for

our lithographic gold electrode (t = 0.1378 mm, u = 2 µm, L = 15 mm), is

7.34 × 10−6, which is three orders of magnitude lower than for the notched wire

sample (t= 0.15 mm, u = 1 mm, L = 15 mm), with 4×10−3. Comparing the two

values, the reduction factor primarily depends on the length of the free standing
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Figure 3.14: (a) Typical conductance versus mechanical displacement in presence of
4,4’ biphenyl dithiol (BPDT). Inset: Step wise change in the conductance
below 1G0. (b) Stability of the Au junctions measured with respect to
time.

bridge, and a low value ensures high stability of the junction. As a consequence,

the lithographic junctions have a high immunity against vibrations and a small

drift in the electrode distance compared to the notched wire junction [20, 68].

Two types of measurement techniques were followed in our study.

3.6.1 Conductance at constant voltage

Firstly, conductance measurements were done with constant voltage while open-

ing and closing the junctions. This results in a stepwise decrease (increase) of

conductance during an open(close) cycle. After addition of molecules, significant

steps in conductance values are observed below 1 G0 (see Figure 3.14(a)). We

opened and closed the junction several times so that the atoms in the junction find

a stable spatial and an energetically favorable configuration. This is called train-

ing the junction. The breaking of the junction is followed by plastic deformation,

i.e. atoms reorder before rupture, resulting in a different atomic configuration

during every open and close cycle [79]. In order to study the intrinsic atomic

and molecular properties we construct a histogram from all the opening and clos-

ing cycles. The most stable conformations of the metal and molecules are seen

as peaks in the conductance histogram. From histogram plot, the characteristic

range of conductance values of the metal-molecular-metal junction are identified.
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Stability measurements

The design of the mechanically controllable break junction has a built-in stabil-

ity so that the electrode distance can be controlled precisely [20]. To confirm the

longterm stability of our electrode, we opened the contacts in vacuum and ad-

justed the resistance to an atomic point contact, and left the junction undisturbed

for hours. Figure 3.14(b) presents the subsequent measurements of the conduc-

tance over time for lithographic sample at constant 1 mV. Within hours, the

device conductance did not change by more than 5%. This can be translated to

a distance variation of around pm using the reduction factor (refer equation 3.1)

which confirms the longterm stability of our junction.

3.6.2 I-V measurements

The IV characteristics are important to understand the electrical properties of the

molecule. For such experiment, the MCBJ is bent in discrete steps of 2 µm/sec in

terms of push rod or 10 pm/sec in terms of distance between electrodes. At each

bending position, the conductance and stability were recorded for a few minutes

at low bias (1 mV). A single IV measurement does not give reliable data due to

fluctuation in molecular conformation, electrode geometry, contact angle between

metal-molecule bond at the atomic scale as visible by fluctuations in the current.

At least a minimum of 30 measurements was averaged at each position. The

IV-measurements serve as base for molecular studies in terms of spectroscopy,

molecular level alignment, thermopower, quantum interference.

55





4
Atomic point contacts

This chapter focuses on the electrical properties of single atomic point contacts.

At first, the experimental procedure to make an atomic point contact from a gold

electrode by the MCBJ technique is explained. When the electrodes are pulled

away, evolution of the central contact geometry from bulk to few strands of atomic

chains is realized, as concluded from conductance measurements. During open-

ing and closing of the electrodes, the contact geometry undergoes multiple contact

formations and deformations. The physics of quantized conductance in atomic

scale junctions, stability of our MCBJ setup, nature of IV curve when the elec-

trode jumps from contact to tunneling regime are further discussed. Finally, an

alternative method to calibrate the reduction factor based on the tunneling current

is shown.
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4.1. QUANTIZED CONDUCTANCE

Atomic contacts

Before investigating molecular transport, it is crucial to understand the electronic

properties of atomic contacts which serve as a tool to contact the molecules. The

goal of this chapter is to investigate the quantum properties of the metallic elec-

trodes. Since gold is atomically more stable and chemically inert in comparison

to other metals, we concentrate only on gold. The transport through metal-metal

junctions depends on the nature of the electrode material, contact geometry and

the environment. The main pre-requisite for metallic contacts in molecular trans-

port studies is the controlled stability of the electrodes. Here, we explain how an

atomic contact is formed using the break junction technique.

In the MCBJ technique, the sample was mounted on a home-made three-point

bending mechanism. A bending force was applied from below to the sample by a

push rod controlled by a piezo motor. This develops a stress at the central con-

striction of the freestanding bridge. Further stretching of the metal bridge results

in a decrease of the central cross section area. At the final stage, i.e. before the

bridge breaks, a chain of atoms is pulled out of the bulk electrode. The electrical

transport through these atoms is mainly determined by the nature of the atoms

comprising the atomic contact. Quantum properties dominate the transport, as

the size of the constriction is approximately equal to atomic size (The diame-

ter of Au = 0.288 nm is smaller than the corresponding Fermi wavelength of

0.52 nm). In contrast to 2DEG semiconductor devices [80], where the quantized

conductance is observed only at low temperature, quantized conductance in the

metal-metal point contact can be observed even at room temperature.

4.1 Quantized Conductance

Figure 4.1, shows the evolution of conductance versus relative displacement of the

piezo rod in a gold atomic junction from different samples during opening and

closing the contact at a constant speed of 2 µm/sec and at a voltage of 1 mV. The

conductance curves were plotted with an offset in X-axis for clarity. Taking into

account the reduction factor (refer to section 3.1), the relative displacement of the

electrode was estimated. The conductance curves shown here were chosen where

a clear plateau was observed around 1 G0. After the last conductance plateau

(below 1 G0), the contact breaks and the conductance drops exponentially by

three orders of magnitude with increasing electrode distance, whereas small steps

are seen in the presence of molecules are shown in inset of Figure 4.1(a).
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4. ATOMIC POINT CONTACTS

Figure 4.1: Conductance G as a function of electrode distance d traces during (a)
opening and (b) closing of the lithographic gold junction for different cycles
at a constant motor speed of 2 µm/sec. (Inset (a) Tunneling current G
< 1 G0).

We observe a step-wise decrease in conductance when opening and vice versa,

when closing the junction. The steps seen in opening (closing) cycles represent

making (opening) of the contact through successive atomic configurations in-

volving only a few atoms [20]. Each opening and closing cycle gives a different

sequence of steps. Nevertheless, the first few steps (< 4 G0) were reproducible,

corroborating the existence of well-defined stable atomic configurations [81]. Be-

fore transition to the tunneling regime (< 1 G0), the conductance was close to

a value of n×2e2

h (refer section 2.16), where n = 1 is known as one quantum

unit of conductance G0 indicating that a single atomic contact or a chain of

single atoms were formed before the contact breaks. The step-wise evolution of

the conductance traces is interpreted as evidence of conductance quantization in

atomic contacts [82, 83]. To explain from a 2DEG view, these steps are due to

discrete changes in the number of conduction channels with the variation of the

width of the contact. Abruptness of the steps depends on the shape of the con-

finement potential [80]. Assuming that these steps are due to the generation of

a new (111)-oriented layer of gold on one of the contacts [84], the step distances

in conductance on the X-axis coincide within 1% with the layer distance in this

direction of gold (2.494 Å) for curve III in Figure 4.1(a).

On the contrary, in metallic contacts the cross section of the contact size cannot

be varied smoothly. The jumps in the atomic gold junction were interpreted due

to sudden changes in atomic rearrangements. This was confirmed by the force

analysis: When the contact is stretched, the stress accumulates elastic energy

in the atomic bonds over the length of a plateau and the slope of conductance
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4.1. QUANTIZED CONDUCTANCE

Figure 4.2: Simultaneous measurement of electrical conductance and force during the
elongation of gold atomic-sized contact at room temperature. (Inset) The
sample was mounted on a cantilever beam and force was measured by de-
flection of beam using an AFM from Ref [85].

remains constant. This energy suddenly released and results in abrupt jumps in

the conductance plateaus [86, 87]. As a consequence, a transition to a new atomic

configuration take places, which will typically have a smaller contact size. This

was proven experimentally by the AFM-BJ technique (Figure 4.2) for elongation

of gold contact, where simultaneous measurement of conductance and force on the

contacts showed that stress accumulates on the plateaus and the force relaxation

results in abrupt jumps in the conductance [85]. The molecular dynamics simu-

lations in Figure 4.8(a) shows the evolution of conductance, central cross-section

area and force in forming a single atomic contact during stretching [85].

When we have a closer look at all the opening and closing cycles, the conduc-

tance curves recorded were not similar. This is due to the fact that the atoms in

the central junction undergo different structural rearrangements when we close

and reopen the junction. “Training” the junction [79], i.e. opening and closing

the junction several times, will result in reproducible cycles, as mechanical evo-

lution of the contact will rearrange into energetically favorable geometries [88].

Though the conductances were not exactly multiples of quantum conductance,

small plateaus close to 1 G0, 2 G0, 3 G0, 4 G0 in the conductance cycles were

seen [69, 89].

In a quantum mechanical view, at atomic scale the wave function of the elec-

trons inside the contact will resemble the atomic wave functions, and matching

of these to the wave functions in the leads will critically influence the transmis-
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4. ATOMIC POINT CONTACTS

Figure 4.3: Measured total conductance G of a gold sample (top panel) [90, 91] and
simulated single-channel transmissions Tn (bottom panel) as a function of
relative electrode distance d. The vertical dashed lines indicates the regions
with different number of channels ranging from 6 to 1. Ref [87].

sion probabilities for the quantum modes [27]. An experimental investigation on

sodium metallic wires by the MCBJ technique results in a characteristic sequence

of conductance values due to various contributions of the conduction modes in a

three-dimensional contact [69]. Scheer et al. showed that conductance is mainly

determined by the valence electrons of the central atom [32] and the transmis-

sion is mainly determined by the number of conduction channels at the central

region [70, 90, 91]. They showed that the conductance channels disappear one by

one as the contact is stretched and finally conductance around 1 G0 is dominated

by a single channel. In the monovalent element Au with the single valence elec-

tron in the 6s orbital should result in a single channel dominating the transport

when a single atomic junction is formed. The Fermi wavelength for gold calcu-

lated in free electron theory is approximately 5.2 Å. For a wave to propagate the

wave guide should be at least 2.6 Åwhich is fulfilled in case of a single gold atom

whose diameter is around 2.8 Å. Using equation 2.11, the number of conductance

channels in a single gold atomic point contact can be estimated by N = (
kf a

2 )
2
=

0.81 [27]. It is approximately equal to one, suggesting that one full transmitting

eigenstate is available leading to the one quantum unit of conductance. However,
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4.1. QUANTIZED CONDUCTANCE

there is a deviation of conductance from perfect quantization (2e2

h ) observed in

the experiment. The variation in the conductance per atom can be due to two

factors. First, even with a perfect geometry (i.e. when all the bond lengths are

equal as in a perfect cyrstal), the conductance for a given contact area depends

on the shape of the electrode. Second, there could be interference effects when

a single-atom contact on one side of electrode makes a multiatom contact at the

other side of the electrode [81].

Figure 4.3 (top panel), shows experimental conductance as the contact is

stretched and the corresponding transmission of the channel is plotted below in

Figure 4.3 (bottom panel) [90, 91]. The vertical lines indicates the regions with

different number of channels ranging from 6 to 1 contributing to the transport.

In the two channel regime, the conductance is around 1 G0 but we see that there

is a contribution from the second channel. Considering the transmission from the

second channel, we observe it is below 0.2 G0 resulting in a total conductance

slightly below 1 G0. However, the transmission at the last conductance plateau

shows two channels and only in the very last stages it reduces to one channel. This

could explain the appearance of a conductance plateau slightly below or above

1 G0 in the opening and closing cycles of Figure 4.1. The molecular dynamics

simulations shows that there is a probability for two channels to contribute if

there are two atoms in the narrowest part displaced with respect to each other

(Figure 4.4(a)I). If there is only a single atom (Figure 4.4(a)II), the contribution

from the second channel is smaller, and in a dimer atom (Figure 4.4(a)III) the

single channel dominates the transport. In contrast to the opening cycle, when

the junction is closed, the conductance is always above 1 G0 (Figure 4.1(a)), as it

seems very unlikely to produce a dimer by reconnecting the broken contact, since

the atoms nearby the junctions snap to energetically favorable site [87]. This

implies that opening cycles are more reliable to understand the atomic junction

evolution rather than closing cycles.

Snapshots of dynamics of nano contacts are shown in Figure 4.4(b). At the

initial stage (0.0 ps) the atom contact is shown with a typical dimer structure

in the middle. The atom number 2 has four nearest neighbors and the atom 1

has only three. Due to many-body interactions the bond between the atoms 2

and 3 breaks. After about 1.4 ps another bond between atom 2 and 3 breaks

resulting in atom 2 moving into the chain. At 25.2 ps, the atom 4 is now in a

similar situation as the atom 2 at the beginning and the previous process can be

repeated. If the process is stable, an atomic chain can be formed.

As direct imaging of the junction during breaking is not possible in this tech-

nique, we can indirectly understand the final geometry by measuring the length of
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4. ATOMIC POINT CONTACTS

Figure 4.4: (a) Transmission T of the second channel during elongation l of a typical
Au contact in the [100] direction in the last stages of the breaking (T =
4.2 K). The transmission of the first channel is about 0.7 G0. Ref [87] (b)
Snapshots of chain formation in gold. At an initial time of 0.0 ps the atom
number 1 has three nearest neighbors and the atom 2 has four neighbors.
At 1.4 ps the bond between 2 and atom 3 breaks. At 25.2 ps the atoms 2 is
connected by two atoms of the electrode. At 26.6 ps another bond breaks
and atom 4 is now in a similar environment [87].

the last plateau around 1 G0 before the junction jumps to the tunneling regime.

Figure 4.1(a) shows the last stage during the elongation of the electrode. The

conductance at 1 G0 stays in a limited range of values corresponding to one atom

in the cross-section, while the contact being stretched over certain distances. The

length of the plateau at 1 G0 was around 1.5 nm for (I), (III) and 0.3 nm for

(II). Taking the size of the gold atom (0.28 nm) into consideration, this implies

that a chain up of five to seven atoms were formed in (I), (II) and (III). Finally

we conclude that the atomic structure of the contact and the composition of the

electronic quantum modes are interwoven, resulting in a stepwise conductance in

the metallic contacts.

4.2 Stability of the junction

The stability of the metallic junction is most crucial to contact the molecules

for transport studies. Studies have been reported that the atomic contacts fab-

ricated by MCBJ technique possess inherent stability to external vibrations [20].

To calibrate our setup and understand the controlled stability of the junctions,

measurements were performed with mechanical cut and lithographic gold wires.

Initially we trained the junction by repeated opening and closing cycles. Once we
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see traces of quantum conductance, stability measurements were done. To im-

plement it, the junction was opened slowly at constant motor speed up to a low

conductance value (4 G0) while the conductance was measured simultaneously as

a function of time. Then the inter-electrode distance was blocked at 1 G0 and

the junction allowed to relax on its own.

Figure 4.5 shows the conductance measurements at room temperature in vac-

uum and at a constant voltage (1 mV) for gold wires prepared by a mechanical

cut and by the lithographic method. When opening a junction the large central

Figure 4.5: Comparison of stability in conductance measurements G for gold atomic
contact prepared by mechanical cut and lithography as a function of time
t.

cross section starts to decrease and at certain stage, a long neck is drawn between

the electrodes. The conductance decreases spontaneously over time due to surface

diffusion of atoms at the contact (i.e. the neck becomes thinner over time) and

the atoms relax to the spatially and energetically favorable sites. Remarkably the

conductance attains specific values near integer multiples of 2e2

h .

Significant plateaus were observed around 1 G0, 2 G0, 3 G0 for lithographic

junctions and around 1 G0 for mechanically cut junctions. The plateaus observed

depend on the available number of conductance channels for transport. The

stability time for both junctions at single atomic point contact is almost same

(approx. 45 minutes) with fluctuations around 10%. The conductance at 1 G0

can be attributed to formation of monoatomic chain of gold atoms or it could be
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due to the single atom bridging the electrode. The experimental studies by A. I.

Yanson et al. in the formation and manipulation of gold wire by STM-BJ method

at liquid helium temperature showed that atomic chain formation results in long

term stability (approx. 1 hr) [71] due to larger lateral elasticity than a single

atomic contact. Indeed in our experiments, we observed a long term stability for

single atomic contact as we measure the conductance at a fixed electrode distance.

Inspite of identical stability time for the two junctions, the reduction factor

(calculated based on geometry of the sample) is smaller for lithographic junction

when compared to mechanically cut junctions (refer to section 3.6). As the dis-

tance between the electrodes can be controlled more precisely in the lithographic

junction, our investigation was mostly done with lithographic junctions. Finally,

we show that we are able to fabricate stable single atomic contact with immunity

against external vibrations.

The unique feature of MCBJ technique is the adjustment of distance between

the electrodes. In order to show the stability of the electrode in the tunneling

region, the distance between the electrodes is maintained at various distances

and the current is measured as a function of time at a constant voltage of 1 mV

as shown in Figure 4.6. Figure 4.6 shows the conductance measured below 1 G0

and the stability of junction was recorded for three minutes. The stability mea-

surements were done prior to IV measurements in case of molecular junctions.

Figure 4.6: Conductance measurements G as a function of time t for gold atomic contact
at different distance between the electrodes.
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4.3. CONDUCTANCE HISTOGRAM

4.3 Conductance histogram

Although individual conductance traces of an atomic contact differ in each mea-

surement, there were remarkable features like the appearance of the last plateau

which were reproducible. In order to get a clear evidence of conductance quantiza-

tion in such atomic junctions, histogram plots were first introduced by Brandbyge

et al., for studying gold metallic contacts using STM-BJ [86]. The conductance

histogram is a statistical approach to include all possible contact configurations

from the opening and closing cycles. In Figure 4.7, shows the conductance his-

Figure 4.7: Conductance histograms from hundreds of opening and closing cycles for
lithographic gold electrode at room temperature without any data selection
and a bin size of 0.1 G0.

togram for lithographic electrodes from hundreds of opening and closing cycles

with a bin size of 0.1 G0 at room temperature. The histogram shows a very

distinct peak around 1 G0 and two peaks close to 2.1 G0 and 3.2 G0. The ab-

sence of peaks at any other conductance values implies that atomic configurations

favoring multiples of quantized conductance are highly probable. No significant

peak is observed for the conductance below 0.5 G0 as the electrodes are broken.

As a result, conductance observed below ≈ 1 G0 is mainly due to the tunneling

between the electrodes. The discrepancy in the location of the conductance peak

from the ideal multiples of quantum unit depends on the geometry of the nar-
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4. ATOMIC POINT CONTACTS

rowest part in the contact, radius of minimum cross section and disorder in the

contact. The value at the conductance peak at 1 G0 deviates by 10% from the

ideal value which could be ascribed to the additional contribution from second

channel shown in Figure 4.3. Moreover, the conductance at 1 G0 does not always

correspond to a single atom contact. This argument is supported by molecular

dynamics simulations where the conductance of the last plateau (around 1 G0)

corresponds to a contact with a cross section of one atom but it is formed by

a dimer of gold atoms (see Figure 4.8(b)). This implies that the peak at 1 G0

could be due to the formation of single-atom contacts or a chain of monatomic

atoms. Snapshots of gold dimer formation are shown in Figure 4.8(c). The height

Figure 4.8: (a) Molecular dynamics simulation of strain forces induced and (b) the
corresponding change in conductance, radius of minimum cross section at
T = 4.2 K. (c) Snapshots during elongation in dimer formation of gold.
Ref [87].
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of the first peak at 1 G0 is one to two orders of magnitude higher than at 2 G0

and 3 G0 respectively. At high conductance inelastic scattering dominates and

destroys the quantization for large contacts [92]. The peak at 1 G0 in the his-

togram corroborates that we were able to make a single atomic contact by the

MCBJ technique.

4.4 Cross check for reduction factor

The reduction factor has already been calculated based on the geometry of the

sample (equation 3.1). Many of the assumptions outlined in this formula are not

satisfied by the MCBJ geometry. Firstly, the push rod pushes the substrate only

at the center which may cause an inhomogeneous bending of the bridge. Secondly,

the distance between free-standing bridges may not be constant due to variations

in the polyimide etching step during sample fabrication. When the substrate

bends beyond the elastic limit, it will lead to a small kink at the substrate resulting

in non-uniform bending. Finally, the breaking geometry of the electrode will not

be same in all the cases. All these reasons together lead to the necessity to make a

relative calibration rather than an absolute ratio calculated based on the geometry

of the sample. In this section, we determine the reduction factor indirectly by

the measuring change in tunneling current with respect to the displacement of

the push rod. The current measured both in the metallic and tunneling regimes

can be used to relate to the distance of the electrode pair. Some other methods

include tunneling current measurement, Gundlach oscillations by measuring the

current fluctuations in the tunnel junctions or interferometric methods using an

optical fiber [93]. Here our calibration is based on tunneling current measurement.

In the tunneling regime, the tunneling current I through a square barrier de-

pends exponentially on the electrode distance d, given by the equation 4.1,

I(d) ∝ exp

(

−
√

8meΦAud

h̄

)

(4.1)

where me is the effective mass of the electron, ΦAu is the work function of gold

(ΦAu = 5.1 eV) and h̄ is the reduced Planck’s constant [30].

Figure 4.9 shows the plot of change in the current as a function of electrode

distance. Initially the current shows a linear behavior in the contact region and

with further increase of the push rod displacement, the contact breaks and ex-

hibits a tunneling behavior. An exponential decrease of current as a function of

electrode displacement is observed after the junction is broken. This happens

around 10−7 A.
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4. ATOMIC POINT CONTACTS

Figure 4.9: Determination of reduction factor from the change in tunneling current I,
as a function of displacement of the push rod z. The IV curves are taken
from opening cycles of two different samples (offset in X axis for clarity).
The grey shaded portion is the tunneling region. The dashed lines are linear
fits to the tunnel current.

We consider now, the current in the tunneling region below 10−7 A for cal-

ibration. As determined from the slope of the current I(z), the rod has to be

displaced by ∆z ≈ 6–8 µm to obtain a current change by one order of magnitude.

The change in the electrode displacement ∆d is calculated from the equation 4.1.

Thus, the reduction factor can be calculated from the ratio of the electrode dis-

placement to push rod movement given by,

r =
∆d

∆z
=

0.5×10−10

7×10−6
≈ 7×10−6 (4.2)

The reduction factor obtained from geometry of the sample (7.34 × 10−6) is

of the same magnitude within ±5% from the the tunnel current measurement for

the lithographic sample. However, an uncertainty exists in this calculation, as

the work function of the gold ΦAu depends on the surface lattice structure at the

narrowest part of the electrode and varies from 5 to 5.45 eV as determined from

various experiments [94, 95]. Also, the value of effective mass of the electron is

taken from free electron gas model and the tunneling current has been calculated
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4.5. I-V MEASUREMENTS

for a square barrier but in reality it depends on the shape of the electrode ge-

ometry. Moreover, there may be discrepancies for the current measured at room

and low temperature due to the low surface mobility of the gold atoms at low

temperature.

Therefore, the calibration procedure from tunnel current measurement can only

be taken as cross check to the reduction factor obtained from the geometry of the

sample. The electrode displacement estimated from reduction factor of the sample

geometry is in good agreement with the height of the gold monolayers shown in

Figure 4.1(a)III. Due to the drawbacks mentioned above in the tunnel current

calibration procedure and to maintain a unique method for our measurements,

we used the geometry of the sample for calculations.

4.5 I-V measurements

To understand the electronic transport through the metal-metal contact, IV char-

acteristics are studied across the junctions in the absence of the molecules. IV

curves are linear when the electrode is in contact (Figure 4.10(I)) and a tun-

neling current (II) flows when the electrodes are broken and far apart. At the

intermediate distance between (I) and (II) , the current shows S-shaped curves

(Figure 4.10(b)). Several IV curves are taken at a particular distance between

the electrodes. The red circles are the average of the IV curves. The IV curves

Figure 4.10: (a) IV curve measured when the gold electrode is in contact (I), broken
and far apart (II). (b) IV curves measured at 0.006 G0. The average
is plotted as dotted symbols. The reference for G0 is taken at zero bias
voltage. Inset: Pictorial representation of gold contacts.

measured at 0.006 G0 show no significant variation with the number of cycles
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indicating that the gap size was constant over time. The nature of the IV curve

reveals that the charge directly tunnels through the vacuum barrier. The IV

Figure 4.11: Fowler Nordheim plot of ln( I
V 2 ) versus I

V for the IV curves measured in
tunneling regime at different gap sizes between the electrodes. The IV plot
do not show transition voltage (Vtrans) which confirms the absence of field
emission behavior in the measured bias range.

curves in the tunneling regime can also be represented by a Fowler Nordheim

(F-N) plot shown in Figure 4.11. In the F-N regime, the tunneling barrier has

a trapezoidal shape and transport is dominated by field emission which occurs

mainly at high voltage. If the charge transport is dominated by field emission,

then F-N plot of ln
(

I
V 2

)

Vs ln
(

1
V

)

will show a clear minimum called transition

voltage (Vtrans) which is an approximate voltage where the electron undergoes

field emission tunneling. Such behavior in the transport mechanism was not ob-

served in the bias range measured in the experiment. From this we conclude that

the IV curves measured in our experiment are in the limits of direct tunneling

for metal-metal junction.
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5
Transport through molecular

junctions

This chapter throws light on the molecular transport measurements. We focus

our attention towards the charge transport through biphenyl and ferrocene based

molecules by varying the anchoring groups using MCBJ technique. We investi-

gate the nature of molecular conductance systematically by varying the distance

between the electrodes. The motivation behind these charge transport studies is

to understand how anchoring groups, electrode-molecular geometry and confor-

mation of molecule between the electrodes influence the molecular conductance.

Detailed insight at the atomic scale, such as selection of adsorption sites and

the energy level alignment cannot be directly extracted from the available exper-

imental techniques to date. For interpreting the experimental results, they are

complemented by theoretical computations of quantum transport in the framework

of DFT and non-equilibrium Green’s function (NEGF) method.
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5.1. BIPHENYL MOLECULES

Molecular transport

The fundamental step towards realization of molecular electronics is to under-

stand the charge transport properties through a metal-molecule-metal junction.

The electronic transport through a molecular junction depends on three main

parts: (a) contact electrode and its geometry (b) molecular backbone providing

a pathway for the charge to flow from one electrode to another (c) end groups

which establish the mechanical and electronic contact between the backbone and

the electrode by chemical bonding. These components in turn include molec-

ular length, orientation of molecule with respect to electrode, adsorption sites,

HOMO-LUMO gap and its alignment with respect to the Fermi level of the elec-

trodes. The conductance through a molecular junction can also be modulated by

the molecular level alignment with respect to the Fermi level of the electrode by

means of a gate electrode or by stretching and compressing the molecule. Fur-

ther these external factors such as environment (vacuum, gas, solution phase),

temperature, bias voltage also influence the molecular conductance.

In this thesis, we concentrate on investigating the charge transport character-

istics of biphenyl and ferrocene based molecules. The main motivation behind

the choice of the molecules are: The ferrocene with two pentadienyl rings are

rotationally flexible i.e. the two rings can be rotated against each other with

a small activation energy, resulting in a stressless adsorption between contacts.

Conversely, in a biphenyl molecule with two phenyl rings linked by a C–C bond,

the twist between the benzene rings is favored mainly by chemical modification of

the molecule [96]. In the first section, the electronic transport through biphenyl

based molecules will be discussed followed by ferrocene based molecules in the

later sections.

5.1 Biphenyl molecules

For long distance charge transport, conjugated molecules serve as a better can-

didate in comparison to alkane molecules whose conductance decreases with in-

creasing length [60]. The end groups play a vital role in immobilizing the molecule

at the electrodes, a main pre-requisite for molecular transport. The Au–S thiol

is a well known anchoring group due strong covalent bond coupling [97] and is

frequently used in molecular electronics [8, 98]. Besides, studies have also been

carried out for amines (NH2), carboxyls (COOH), dimethyl phosphines (PMe2)

and selenols (SeH) [99–102]. One of the prototype molecules investigated in the

past both experimentally [52, 99, 103, 104] as well as theoretically [49, 55, 96,
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105, 106] is the biphenyl molecule with various end groups, because of its high

stability, so that rectifying behavior as well as thermoelectric properties could

be studied. Mostly experiments have been carried out with symmetric molecules

while only a few experiments [14, 107–109] have been done with molecules with

asymmetric end groups and contacts.

In this work, we concentrate on the biphenyl molecules with variation of the

end groups. Starting with the (1,1’-biphenyl)-4,4’-dithiol (BPDT) as a reference,

we compare the conducting properties with those of the asymmetric molecule 4’-

mercapto-(1,1’-biphenyl)-4-carbonitrile (MBPCN), with one thiol and one carbo

nitrile end group. This choice is motivated by two effects: Firstly, the interaction

between thiol and gold electrodes is stronger than for the carbo nitrile group [3].

Secondly, coupled with the details of bond formation is the fact that these two

end groups have an opposite effect on the level alignment of the highest occupied

(HOMO) and lowest unoccupied (LUMO) molecular levels [3, 4]. While thiol

tends to pull the HOMO up by shifting a small amount of charge to the molecule,

the cyano group has the opposite effect. These properties may also depend on the

exact binding geometries. As a result, for biphenyl molecules with symmetric end

groups (i.e. dithiol- (BTP) and dicyano biphenyl (BCP)) conduction was mainly

through the HOMO for BTP and through the LUMO for BCP, which also had

an order of magnitude lower conductance [3]. In this work, we show that there

is clear coupling between end groups and interaction over the whole molecule,

so that there is still fairly high conductance through this asymmetric biphenyl

molecule.

5.1.1 XPS measurements

The XPS technique was used in our experiment to identify adsorption of the

molecules on to the surface. Systematic studies were done by XPS to find the

optimum concentration of BPDT and MBPCN starting from 1mM. An adsorp-

tion time of 24 hrs and a concentration of 1 mM and 10 mM were found to be

suitable to detect XPS characteristic peaks for BPDT and MBPCN respectively.

Detailed information of sample fabrication for XPS measurements are discussed

in section 3.4. The thickness of the molecular layers on gold surface was calcu-

lated approximately by considering the intensity of the Au peak before and after

molecular adsorption (refer to appendix section A.2.2).

As shown in the Figure 5.1(a), the intensity of Au 4f is decreased by 55%

for BPDT and 25% for MBPCN after molecular adsorption. This implies that

the BPDT molecule is adsorbed more when compared to the MBPCN which is

also reflected in the carbon peak. Figure 5.2 shows the characteristic sulfur and
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Figure 5.1: (a) Comparison of Au thin films (Au 4f 5

2

and 4f 7

2

) (b) carbon (C 1s) XPS

peaks from BPDT and MBPCN. The intensity of the gold peaks decrease
after molecular adsorption. The carbon peak intensity for BPDT is higher
in comparison to MBPCN. The dashed lines are the background fit to the
peaks.

Figure 5.2: XPS characteristic peak of (a) nitrogen (N 1s) and (b) sulfur (S 2p) from
the BPDT and the MBPCN. The dashed lines are the background fit to the
peaks.

nitrogen peaks from the molecule. The S 2p signal for MBPCN is smaller by

a factor of six compared to the BPDT, which means that the achievable the

MBPCN concentration is lower by a factor of three, although the concentration

in solution was ten times higher. The nitrogen peak from the MBPCN confirms

the presence of the molecules on the surface. The XPS characteristic peaks for

the two molecules show that the molecules after adsorption stay on gold surface
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without any oxidation.

The thickness of the molecular layers and the stoichiometric ratio for the

molecule are estimated based on the formula described in appendix section A.2.2

and the results are summarized in the table 5.1.

Molecule Thickness (nm) Element ratio (C:S) Element ratio (C:N)

BPDT (C12H10S2) 2.88 (≈3 ML) 14 : 2 Nil

MBPCN (C13H9NS) 0.8 (≈1 ML) 14 : 1 14 : 1

Table 5.1: Thickness and stoichiometric ratio calculated for the BPDT and the MBPCN
molecules.

The thickness of the molecular layers were roughly estimated from the intensity

of Au 4f 7

2

peak measured before and after molecular adsorption [110]. The element

ratio for C (1s) : S (2p) in BPDT (C12H12S2) molecule is 12 : 2 with two

thiol end groups whereas for MBPCN (C13H11SN), it is 13 : 1 with one thiol

end group. The increase in amount of carbon by 10–15% is probably due to

atmospheric carbon contamination on the sample before molecular adsorption.

Thus XPS measurements confirms that BPDT and MBPCN molecules adsorb on

the gold surfaces of the electrodes under the experimental conditions mentioned

above. In MCBJ experiments, few droplets of molecular solution were used.

The solvent evaporates within one to two minutes in air. From the conductance

measurements with the molecules, we predict that only few molecules were present

at the junction. Moreover the binding geometry, orientation of the symmetric

BPDT molecule or asymmetric MBPCN with gold surface are different.

5.1.2 Conductance measurements

The experiments are performed with a MCBJ setup using lithographic gold elec-

trodes to contact the molecules. The molecules were adsorbed prior to the mea-

surements from the solution. The sample was mounted on a three point bending

mechanism and the measurements were done in vacuum. The characteristic con-

ductance of the gold junctions with molecules is measured at a small constant

bias voltage of 1 mV during repeated opening and closing cycles with the piezo

rod operated at a fixed speed. The conductance changes in a stepwise manner

with the rod displacement due to the reduction of the cross section of atomic gold

wires. They ultimately break when the wires are only one atom wide [87, 111].

In Figure 5.3(a) we show two characteristic conductance curves during opening of

the contacts in presence of the BPDT and the MBPCN molecules at room tem-

perature. The distance was estimated from reduction factor (7.34 ×10−6) which
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is based on the sample geometry. Conductance values close to and above 1 G0 are

obviously characteristic of direct metallic contacts between the electrodes, which

presumably exist in parallel to molecular contacts.

Figure 5.3: (a) Step wise change in conductance G as a function of electrode distance
d. (b) Histogram from hundreds of opening and closing cycles (without any
data selection) with a bin size of 0.001 G0 for the BPDT and the MBPCN
at room temperature (T = 300 K). The conductance above 0.02 G0 is shown
as an inset.

Since a conductance significantly below 1 G0 is expected for single molecules [105],

the steps are ascribed mostly due to molecular properties. The symmetric BPDT

molecule shows characteristic steps at 0.11 G0, a very extended plateau at 0.011 G0

and a gradual decrease for large contact separations. It abruptly loses contact at

a few times 10−3 G0. The range of contact distances where molecular properties

are seen, is typically 0.5 nm for BPDT and thus significantly smaller than the

molecular size along its axis. While the conductance range at and above 1 G0 may

still be governed by direct metallic contacts, contacts at much smaller conduc-

tance must be formed by single (or few) molecules and are characteristic for bond

formation by mercapto and nitrile end groups. This behavior is not unexpected,

since the shape of break junctions is not necessarily regular, so that the direct

metallic contact happens at a location different from the molecular contact. This

effect is even more severe for the MBPCN molecule, as seen by the blue curve

in the same figure, which exhibits plateaus at similar conductance values, which,

however, are significantly shorter. The shorter plateaus may be again a hint for

the weaker bond formed by the nitrile end group compared to thiol.

From Figure 5.3(a) it is clear that the length of the conductance plateaus

is not always the same, presumably because of changes in bonding sites, or of

molecular conformation between the electrodes for every opening and closing
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cycle. Therefore, we plot a 1D histogram taking into consideration all opening

and closing cycles without any data selection. These histograms are shown for

both molecules BPDT and MBPCN in Figure 5.3(b). The frequency counts

are done with a bin size of 0.001 G0. The inset in Figure 5.3(b) shows the

enlarged range of conductance above 0.02 G0. Both molecules show a pronounced

maximum of conductance close to 0.01 G0 (marked by arrows in Figure 5.3(b).

The existence of multiple peaks may be explained by selective adsorption of sulfur

atoms at steps sites or at flat gold surfaces, which results in large differences of

conductance [97]. Conductance values above 0.02 G0 have a weight of only 0.3%

of all measured values, and are thus quite unlikely to be the characteristic of

the molecules. Molecular conductance values for MBPCN up to 0.16 G0 were

observed, whereas for BPDT this range goes only up to 0.04 G0.

Stability of the junction

In order to check for stable conformations of the molecules with respect to the

electrodes, we performed several open and close cycles. When the conductance

was below 1 G0 we operated the piezo motor with a constant stretching rate

0.15 pm/sec. The conductance remained stable in a certain range of distances

irrespective of stretching rate (up to few Å displacement), due to bond reforma-

tion or thermodynamic stability of the molecular junction [112, 113] as already

explained. We stopped at these stable positions and recorded multiple sweeps of

current versus voltage. Some of these positions turned out to be stable over sev-

eral hours. At such positions the conductance at constant 1 mV was monitored.

Tests were performed at room temperature (T = 300 K) and at lN2 (T = 120 K).

No significant differences were found.

As seen from Figure 5.4, particularly stable conductance of the molecules oc-

curs close to the maxima of conductance shown in Figure 5.3(b). The same stable

conductance conditions were obtained with several samples, which shows that a

specific single molecular conformation is favorable giving rise to molecular con-

ductance. The conductance for the BPDT molecule was found to be stable around

0.01 G0, but there are some fluctuations over time, possibly due to changes in

bonding sites of the molecule on the electrodes, which have a great impact on con-

ductance. The pronounced switching in conductance at times between 36–46 hrs

has been characterized earlier as blinking of the thiol-gold bond, a characteristic

of any molecule bonded to gold surface via thiol bonding [114]. A similar effect is

to be expected by changes of the tilt angle between the phenyl rings and electrodes

during bond fluctuations [96, 105] as well as by spontaneous binding and unbind-

ing of the molecular anchor groups to the electrodes [115]. A similar signature
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Figure 5.4: Stability of biphenyl molecules at room temperature (T = 300 K). (a) the
BPDT (b) the MBPCN.

of the fluctuation was observed in the terphenyl dithiol molecule [116]. For the

MBPCN molecule, the fluctuation is small, possibly due to additional stability

originating from the nitrogen bond to under coordinated Au atoms [117]. In a re-

cent experiment using electromigrated break junctions with gold electrodes [104]

the stable conductance value obtained for the BPDT molecule is of the same or-

der of magnitude as our values. In case of single molecular junctions we perform

stability measurements below 1 G0, where the time last maximum for 2 days

revealing that MCBJ are suitable candidates for performing molecular measure-

ments.

5.1.3 I-V measurements

In the following we investigate the IV properties of both molecules in order to get

more insight into the electronic conductive properties of the molecules, for which

the electronic positions of HOMO and LUMO orbitals are of major importance.

To perform such measurements, the junction was opened using the piezo motor at

a constant speed of 15 pm/sec. Below 1 G0 the conductance remained constant

for a few pm of electrode displacements. At such positions, we stopped the

motor and IV measurements were done by ramping the voltage from +0.8 V to

−0.8 V. Only those measurements were selected in which conductance turned
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Figure 5.5: IV characteristic curve with increasing the distance between the molecule
for (a) the BPDT and (b) the MBPCN at room temperature. The reference
conductance G0 is taken at zero voltage. An example of single level model
fit to the IV curve is shown for each the molecule.

out to be stable (at small voltage) over at least several minutes. The value of

conductance close to zero voltage is taken as measure for a certain molecular

configuration between the contacts, since this is the only reference in the varying

atomic rearrangements after every open and close cycle [118]. Starting from these

stable reference conditions, the electrode distance could be changed to other still

stable values of conductance, and measurements were done. At least 30 IV curves

were measured, at each inter electrode distance and averaged. Some sample

average IV curves taken at room temperature are shown in Figure 5.5 for BPDT

and MBPCN.

For the symmetric biphenyl molecule with thiol end groups we started our

measurements at a conductance of 0.04 G0 and investigated the conductance

range down to 2 × 10−4 G0, a range where we are quite sure to only investigate

molecular conductance properties. The MBPCN molecule turned out to be stable

only down to 10−3 G0, but measurements were possible up to 0.16 G0, as seen

in Figure 5.3(b). As expected, the IV curves for the BPDT molecule are fully

symmetric and S-shaped [3]. Interestingly, asymmetric IV curves have been ob-

served even for such symmetric molecules with a STM-based technique [61]. This

finding may be due to the inherent asymmetric contact geometry and different

chemical environment. For the MBPCN molecule, the IV curves are shown in

Figure 5.5(b), where only a slight asymmetry can be seen between positive and

negative voltages.
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5.1.4 Single level model

In order to get more quantitative insight, we used the single level resonance model,

based on the Landauer formula assuming that the transport is governed by a

single molecular orbital. According to this model, the current I(V) is given by a

transmission function T(E,V) through the molecule including contacts between

the electrodes, characterized by Fermi functions for a given voltage V between

electrodes and given temperature, represented as,

I(V ) = 2e/h
∫

T (E,V )[f(E − eV/2)−f(E + eV/2)]dE (5.1)

With the assumption that a single molecular orbital with energy E0 governs

electronic transmission, the transmission function is given by the Breit-Wigner

formula,

T (E,V ) =
4Γ1Γ2

[E −E0(V )]2 +[Γ1 +Γ2]2
(5.2)

For the symmetric molecule, the coupling parameters to both sides are equal:

Γ = Γ1 = Γ2. Since only the absolute value of E0 can be determined through

conductance measurements, we will refer to |E0| in the following. Using the single

level model, Γ and |E0| were varied in order to obtain a best fit to all measured

IV curves. An example of the single level fit to the IV curve at 0.006 G0 with

|E0| = 0.62 eV and Γ = 38 meV is shown in 5.5(a). All IV curves could be fitted

with a constant value for |E0| = 0.62 ± 0.02 eV, irrespective of the conductance

at small voltages. This value is found to be in agreement with the transition

voltage measured with Transition Voltage Spectroscopy (TVS) for BPDT [61].

The coupling strength, Γ, on the other hand, turned out to increase strongly and

in a non-linear manner as a function of the conductance close to 0 V, with some

scatter in the order of ±10%. The results are shown in Figure 5.6(a).

In case of the asymmetric molecule (MBPCN) the coupling parameters become

unequal, Γ1 6= Γ2, and E0 depends on the Fermi level alignment with respect to

left and the right electrodes according to

E0(V ) = E0 +

(

Γ1 −Γ2

Γ1 +Γ2

)

eV

2
(5.3)

A similar data treatment was performed for molecule MBPCN, but now with

different coupling parameters Γ1 and Γ2. An example of the single level fit to the

IV curve at 0.015 G0 with |E0| = 0.76 eV and Γ1= 29 meV and Γ1= 30 meV is

plotted in 5.5(b). Again, a single value for |E0| = 0.72 ± 0.05 eV and varying

values for the coupling parameters as a function of zero voltage conductance
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Figure 5.6: Coupling parameters as a function of conductance at zero bias extracted
from the single level model fit for (a) the symmetric BPDT molecule and
for (b) the asymmetric MBPCN. The lines drawn correspond to a square
root dependence of the coupling parameters on conductance.

allowed a good fit to the data. The results are summarized in Figure 5.6(b).

As expected from the small asymmetries seen in Figure 5.5(b), the difference

in the two coupling parameters is only few mV, which was also observed in the

asymmetric Au–NH2–B–SH–Au molecular junction [109]. According to equation

5.2, the slope of conductance close to zero bias is approximately proportional to
Γ2

E2

0

. So when E0 is constant, we observed the expected square root dependence

of Γ. This relation has been tested by fitting the coupling parameters for BPDT

and MBPCN using the power law equation,

Γ = y0 +A |x−xc|b (5.4)

Indeed b = 0.5 ± 0.05 gives a quite good fit for BPDT and for MBPCN with

Γ1 6= Γ2. This demonstrates that the assumption of a constant |E0| is reasonable
in both cases within the single resonance model.

For the symmetric dithiol end groups we note that there is fair agreement with

data from other break junction measurements [104], both with respect to coupling

constants and positions of effective resonance levels, with even somewhat higher

conductance values for biphenyl and triphenyl dithiol investigated with MCBJ

technique [3, 116]. This contrasts with results of investigations carried out in

electrolytes with tunneling tips [109], where conductance values and coupling

parameters obtained were much smaller than ours, although the positions of the

resonant level obtained from fits are quite similar to ours. While part of the

deviations may be due to different numbers of molecules investigated, this cannot

explain the differences by orders of magnitude. Strong sensitivity of conductance
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to the bonding geometry is known from theoretical investigations [3, 96, 105,

117, 119], with variations in the observed range. On the other hand, it is unclear

why such metastable configurations leading to very small conductance should be

favored in a certain type of experiment. These questions are still open.

5.1.5 Conclusion

The systematic increase of coupling parameters as a function of conductance close

to zero voltage may have a similar origin. Although conductance was varied by

almost two orders of magnitude, the positions of the resonance levels remain

virtually unchanged for both types of end groups. This shows that the molecules

stay intact and will also be deformed very little, while the main character of

the metal-molecule bonds, characterized by, e.g., the electron transfer, cannot

be altered. Therefore, change of bond angles [49, 117], perhaps coupled with

configurational changes at the metal electrodes, seem to be the most likely reason.

Perhaps the most surprising result of this study is the high conductance and

the small asymmetry of the asymmetric molecule with thiol and carbo nitrile

end groups, when compared with predictions of pronounced rectifying behavior

for the case of well separated binding groups in long alkane chains [4], and com-

pared with results for the symmetric biphenyl with thiol and carbo nitrile end

groups [3]. Although we cannot exclude the presence of several molecules oriented

in opposite directions in the junction, which would reduce the asymmetry, the

high conductance remains. We interpret it as a signature for coherent coupling of

electronic states through the whole molecule, which is responsible for this finding,

very much in contrast to an incoherent addition of resistors.

Our investigation of single molecules of BPDT in comparison with MBPCN,

using the break junction technique, shows high conductance for both molecules

with only slight asymmetries in the IV curves for the asymmetric molecule. While

the results for biphenyl dithiol are in fair agreement with those carried out pre-

viously in dry MCBJs, the contact formation seems to be significantly different

in other experiments, as, e.g., with an STM-BJ. The reasons are still unclear.

The high conductance for the asymmetric molecule is interpreted as a result of

coherent coupling of electronic states through the whole molecule, so that the

outcome cannot be predicted just by adding conductive properties of individual

molecular groups.
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5.2 Ferrocene molecules

Organic molecules have been investigated as suitable candidates for the appli-

cation in molecular electronics. Previous studies reported [120, 121] that the

conductance of the pure organic molecules seems to be rather low and decay ex-

ponentially with increasing length. This limits the size of the molecular system

in particular to achieve long wires in order to have a combination of molecular

functionalities. To enhance high conductance at relatively low bias, the energy

level of molecular orbital has to be aligned close to the Fermi energy resulting in

resonant charge transport. This could be achieved by organometallic compounds

where the additional metal atoms will enable facile tuning of molecular energies in

contrast to pure organic molecules which are separated by few eV (in an isolated

molecule) [122, 123]. This triggered our interest to study the electronic properties

of ferrocene based organic molecules.

Among the metal-organic molecules, ferrocene (C5H5)2Fe as a functional unit

has long been suggested as an attractive candidate [124–126], as it is chemically

very stable and rotationally flexible. It consists of a central iron atom bound to

two cyclopentadienyl rings on opposite sides which can be rotated against each

other due to low activation barrier (around 20 meV) [127]. The rotation of the

Cp–Fe–Cp axis has been observed with a very low barrier in a number of deriva-

tives of ferrocene using 1H and 13C NMR spectroscopy. It posses high chemical

and thermal stability [12]. The compound was first discovered by Kealy and Pau-

son [128] during the reaction of cyclopentadienyl bromide and ferric chloride to

prepare fulvalene by oxidative coupling reaction. At that time, the structure of

ferrocene was not resolved. It was later reported by two chemists Geoffrey Wilkin-

son [129] and Ernst Otto Fischer [130] independently who were then awarded

Nobel Prize in Chemistry in 1973 for their pioneering work on the chemistry of

sandwich complexes. The C–C distances in the five membered ring are 1.4 Å and

for the Fe–C the bond length was found to be 2.04 Å [131–133]. The ferrocene

exist in two conformations: staggered (D5d) or eclipsed (D5h) represented in Fig-

ure 5.7. The staggered geometry is found to be most stable compared to eclipsed

geometry in solid state [134]. In our discussions, we refer to the staggered geom-

etry as symmetric and to the eclipsed geometry as rotated.

A molecular wire, containing ferrocene as the central functional molecular unit

has been reported to have remarkably high conductance in comparison to an or-

ganic wire of similar length without the ferrocene unit [135]. Most recent research

with ferrocene as functional unit has been done with thiols as end groups and

noble metals as electrode materials such as Ag [136–139] or Au [140, 141]. The
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Figure 5.7: Two possible conformations of ferrocene molecule.

Au-thiol bond is known to be strong and very robust [53, 108, 112]. Several

experiments have been carried out with this combination [60, 116, 142, 143]. On

the other hand, the strong bond also leads to electrode deformation while stretch-

ing the gold electrode [112, 142]. Therefore, weaker bonding through amine is

an alternative, which has successfully been used in both theoretical and exper-

imental studies [55, 144, 145], and has been observed to lead to a well-defined

molecular conductance [48, 52, 146]. It forms an inherently stable bond between

low-coordinated Au atoms of the electrode and the π-conjugated molecular back-

bone [144, 145]. Therefore, the combination of ferrocene as molecular unit and

amine as linker group constitutes an interesting system for molecular transport.

This motivated us to study the electronic properties of Ferrocene-1,1’-dithiol

(FDT), Ferrocene-1,1’-diamine (FDA) and 1,1’- bis[(4-thioacetylphenyl)]-ferroc-

ene (FBPDT) using the MCBJ technique with Au as contact electrode. We

investigated the nature of the molecular conduction by varying the distance be-

tween the electrodes and systematically explore the influence mainly of stretching

on the molecular junction conductance.

XPS measurements

The adsorption of the molecules on the Au surface was again confirmed by XPS. A

gold thin film [Au/Cr (100nm/8nm)] on silicon was used as the substrate. 1 mmol

FDT, FDA and FBPDT were dissolved in toluene. The samples were held in

solution for 24 hrs for molecular self-assembly. Later the sample was transferred

to an XPS (Leybold-Heraeus) chamber for element identification measurements.

The XPS graph in Figure 5.8 shows peaks for gold, carbon. The intensity of

the Au 4f peaks decreases after molecular adsorption. The concentration of the

carbon was found to strongly increase after the molecular adsorption. There is

a slight shift in the carbon peak towards higher binding energies of 284.70 eV,

confirming that it is due to the bond of the carbon ring with amine and thiol.
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Figure 5.8: Comparison of Au thin films (4 f5/2 and 4 f7/2) before and after adsorption
for (a) FDT (b) FDA (c) FBPDT and (d) carbon (C 1s) for FDT, FDA
and FBPDT. The dashed lines indicate are the fits to the measurement
background.

The characteristic elements of the molecules sulfur, nitrogen and iron were

identified and plotted in Figure 5.8. Their concentrations are low because only

one Fe atom and two S or N atoms per molecule are present. The iron peak

(Fe2+) occurs in pure form without any oxidation. Oxidation of iron would lead

to the dissociation of the molecule. The thickness of the molecular adsorption

layer can be indirectly calculated from the damping of the Au intensity according

to the formula shown in the appendix A.8.

The thickness of the molecular layer for FDT, FDA and FBPDT were estimated

to be around 4.8 nm, 3.7 nm and 2.8 nm respectively. Considering the length of

the molecules, we could say that around four monolayers of FDT, three monolyers

of FDA and one monolyers of FBPDT were adsorbed on the gold surface. This

is just a rough estimation because the orientation of the molecule with the gold

surface was not taken into account. The concentration of the molecules on the

surface seems to be high from XPS measurements. But the results from the

conductance and IV measurements for the ferrocene molecules, indicate there

were only few molecules at the contact.
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Figure 5.9: Characteristic peaks of (a) sulfur (S 2p) and (b) iron (Fe 2p3/2) for FDT,
FDA and FBPDT. The dashed lines indicate the fits to the measurement
background.

The stoichiometric ratio for carbon (C) to sulfur (N) for FDT and FBPDT

and for carbon (C) to nitrogen (N) for FDA were calculated from the formula

discussed in appendix (equation A.6) and are summarized in table 5.2 For the

FDA and the FDT, the apparent 15–30% higher amount of carbon is most likely

due to carbon contamination of the sample prior to molecular adsorption. In

case of FBPDT, acetyl (C2H3O) groups were used to protect the sulphur. When

FBPDT adsorbs on the gold surface, the acetyl group is removed forming Au-S

bond. Then, the elemental ratio for C : S is 13 :1. This values are comparable to

our experimental results.
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Molecule Thickness (nm) Element ratio (C:S) Element ratio (C:N)

FDT (C10H12S2Fe) 4.8 (≈ 4 ML) 14 : 2 Nil

FDA (C10H10N2Fe) 3.7 (≈ 3 ML) Nil 12 : 2

FBPDT (C30H22O2S2Fe) 2.8 (≈ 1 ML) 13 : 1 Nil

Table 5.2: Thickness and stoichiometric ratio calculated for ferrocene based molecules.

5.3 FDA

In this section, we discuss the charge transport studies through FDA molecules

and corroborate our experimental results with the theoretical support.

5.3.1 Conductance Measurements

As a first step of molecular conductance measurements, we performed several

opening and closing cycles with FDA molecules. We followed the similar proce-

dure for conductance measurements as described for biphenyl molecules. Figure 5.10(a)

Figure 5.10: (a) Stepwise change of conductance, G, as a function of electrode sep-
aration, d, obtained by pulling the electrodes apart in the presence of
FDA. The range of conductance values below 1 G0 is characteristic of the
molecule. Different conductance-displacement traces are offset along the
displacement axis for clarity. (b) Conductance histograms obtained from
250 opening and closing traces at T = 300 K and 120 K, respectively, with
a (logarithmic) bin size of 0.05 G0. They were recorded at a bias voltage
at 1 mV.

shows conductance-distance traces for three different opening cycles in the pres-

ence of molecules. These graphs were obtained after having performed several

opening and closing cycles, starting at a maximum conductance between 2 and

3 G0. The conductance below 1 G0 shows characteristic plateaus, which are as-

cribed to the molecular features. Only those opening and closing traces have been
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included in the histogram (Figure 5.10(b)) that exhibit plateaus during opening

in the conductance range below 0.5 G0, characteristic of molecular conductance.

The initially constant conductance in Figure 5.10(a) is due to mechanical hystere-

sis of the break junction setup. These data were not included in (b), therefore.

Close to 1 G0 several small steps are seen frequently in those curves that reflect

the interaction of metal and molecule(s) squeezed between the contacts. Below

1 G0, a maximum displacement of 9 Å of the electrodes was possible before the

contact was lost. The DFT calculations yield an N–N distance of 6.5 Å for the

isolated FDA molecule, which is somewhat shorter than the maximum displace-

ment observed. In other words, both compressing and/or stretching of molecular

bonds, together with relaxation of the Au electrodes are required to observe a

molecular conductance over this wide range of electrode distance variations. Since

opening and closing cycles are not the same in terms of conductance values and

length of the plateaus due to different breaking geometries and molecular config-

urations relative to the electrodes, a histogram is plotted to learn more about the

characteristic conductance at the molecular level. We have performed our mea-

surements at room temperature (T = 300 K) and with cooling by liquid nitrogen

(ℓN2) (T = 120 K).

Generally, the peak positions in the histograms correspond to frequently occur-

ring junction configurations, exhibiting the highest stability of the molecules be-

tween the contacts. They can be viewed as averages over molecular geometry and

adsorption sites. These highly stable configurations seem to be more concentrated

at specific values of conductance at low temperature compared to room tempera-

ture. While the maxima close to 0.01 G0 and around 6×10−3 G0 appear in both

histograms (see in Figure 5.10(b)), the further dominant peak at 1×10−3 G0 at

low temperature seems to be split into two peaks around 4 × 10−4 G0, and at

1.5×10−3 G0 for the room temperature measurements. Although no definite so-

lution can be given based on these results, this finding can be rationalized by the

reduced mobility of Au atoms at low temperature so that the contact atoms can-

not fully relax at a given average contact separation on presence of the bonding

molecule. As concluded from calculations (see below), this range of conductance

corresponds to an already slightly stretched molecule. Since conductance depends

on the local bonding geometry, as also seen in theory, this explanation seems to

be plausible.

The differences between low and high temperature conductance in the range

above 0.1 G0 may have a similar origin. The histograms in this conductance

range exhibit two small maxima at 0.13 G0 and 0.25 G0, which are less pro-

nounced at low temperature, and the overall probability to observ the values in
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this range seems to be higher at room temperature. Although we cannot exclude

contributions from more than one molecule in this range, the appearance of clear

maxima can be taken as an indication for high conductance of single molecules.

This finding implies that temperature has no dominant influence on molecular

conductance at high conductance for this molecule [120], as expected for coherent

transport.

5.3.2 I-V measurements

Taking advantage of the high mechanical stability of the MCBJ setup, IV mea-

surements are performed by stretching or compressing the molecular junction in

order to get a deeper understanding of the electrical properties of FDA. The mea-

surements were performed by opening the junction using the piezo motor at a

constant speed of 15 pm/sec. Below 1 G0 the conductance remained constant for

a few pm of electrode displacements at room and ℓN2 temperatures. We stopped

the motor at such positions and observed the conductance value over time. If

the conductance turned out to be stable over several minutes, IV measurements

were performed by ramping the voltage from +0.5 V to −0.5 V. This range is

limited by electrical breakdown of the covalently bonded Au–FDA–Au molec-

ular junctions [147], which leads to instabilities and irreversible changes of the

molecular contact at higher electric fields. The conductance value, G at zero

bias is taken as reference for each IV curve. These IV measurements were re-

peated for other distances between the electrodes. Sometimes it was necessary

to reestablish contact between the metallic contacts, before the experiment could

be repeated. Typically 30 measurements were taken at every distance, i.e. stable

junction realization. The graphs shown in Figure 5.11(a) contain the average of

the IV measurements at each electrode position at room temperature and at ℓN2

temperature.

Interestingly, the first order derivatives (not shown) of the IV curves show only

a continuous variation of slopes, but no characteristic peaks or steps. This is in

contrast to the results obtained with the ferrocene dithiol [135, 138], where peaks

were found with silver contacts [138]. We see, however, a significant variation in

the IV curves as a function of their zero-basis conductance G.

In order to understand this more quantitatively, we tentatively assume that

electronic transport is dominated by a single molecular level, and fit the IV curves

by the single-level model [3, 24]. According to this model, the current through

the molecular junction is governed by the formula shown in equation 5.1. Since

we find in the experiment mostly symmetric IV characteristics, we assume the

coupling parameters to be equal in the following, i.e. Γ = Γ1 = Γ2, and E0 to be
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Figure 5.11: (a) Current I versus voltage V plots at room and ℓN2 temperatures. Also a
single-level fit for the curve at 0.013 G0 with |E0| = 0.46 eV and Γ = 27 meV
is indicated. (b) Two-dimensional contour plot of the error of the single-
level model fit to the experimental IV curve as a function of coupling and
energy level position for the experimental curve with 0.013 G0. The best
fit parameters are marked by the cross.

voltage-independent.

As an example, Figure 5.11(a) shows the best fit of the experimental curve

at G = 0.013 G0, using equations 5.1 and 5.2 with |E0| = 0.46 eV and Γ =

27 meV. The statistical error of the fit, determined as the sum of mean square

deviations between the fit and the original data, is shown in Figure 5.11(b) as

a two-dimensional contour plot. The global minimum is indicated by a cross.

The uncertainty in |E0| is estimated from the 95% confidence level (2σ deviation)

to be ±0.01 eV in this case, that of Γ amounts to ±1 meV. As it is apparent

from Figure 5.11(b), Γ and |E0| are coupled to some extent, but not fully. These

single-level fits were repeated for all measured IV curves, and the level alignments

and coupling constants were extracted, as shown in Figure 5.12.

As seen from Figure 5.12(a), the scatter in |E0| for different measurements at

the same G is significantly larger than the uncertainties of the fits. An obvious ex-

planation is that different configurations with different effective level alignments

lead to the same conductance at small voltages. Moreover, |E0| varies systemati-

cally as a function of conductance. Starting at around 0.4 eV at G ≈ 0.001 G0, it

goes through a maximum of 0.7 eV at G ≈ 0.004 G0, decreases to values around

0.3 eV at a conductance of G ≈ 0.02 G0, before it rises again above G ≈ 0.05 G0.

The coupling constant turns out to be only weakly coupled to this variation of

|E0|. It increases rather monotonously as a function of conductance up to over
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the whole measurement range from 0.001 G0 to 0.4 G0. Setting g = G/G0, a

power law of Γ = agb was fitted to the experimental data in Figure 5.12(b) with

a = 0.4±0.04 eV and b = 0.5. As seen from equation 5.2, the conductance should

be proportional to Γ2, if E0 is constant and large in comparison to Γ. In sum-

mary, the energy level |E0| varies by a factor of two with conductance, while the

coupling Γ increases monotonically and follows the expected square-root depen-

dence on the conductance. This leads to the conclusion that for the strongly

off-resonant situation present for FDA, the coupling is the determining factor for

the variation of the zero-bias conductance.

(a) (b)

Figure 5.12: (a) Energy level |E0| and (b) coupling Γ, as extracted from the best fits of
the single-level model to experimental IV curves as a function of zero-bias
conductance. The panels contain all the measured IV curves at T = 300 K
and T = 120 K. The black dashed line for E0 shows a spline-interpolation
between averages taken with a bin size of ∆log(G/G0) = 0.2. For Γ, it
represents a power-law function (Γ = agb) that is fitted to the experimental
data with g = G/G0, a = 0.4±0.03 eV and b = 0.5.

5.3.3 Theoretical Results

To understand the experimental findings in terms of a microscopic picture, we

performed DFT calculations of a FDA molecule between gold contacts with the

program package TURBOMOLE [148]. Quantum transport data was calculated

from the DFT Hamiltonian [23].

In order to explore the dependence of the transmission on configuration, we

analyzed several junction geometries as a function of distance between the elec-

trodes. We chose the amine side-groups of FDA to be either opposite to each

other (point symmetric with respect to Fe, referred to as “1”) or we rotated one

of the cyclopentadienyl rings by 36◦ (rotated or “2”). Both conformations of the
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Figure 5.13: Schematics of the three contact geometries with two different FDA config-
urations.

isolated molecule are energetically similar with less than 1 meV difference in total

energy, while all other rotation angles lead to energetically higher states. For each

of these conformations, three contact structures were constructed from sharp and

blunt tips: sharp-sharp (ss), blunt-sharp (bs), blunt-blunt (bb). These Au tips on

each side of the molecular junction are oriented with their [111] directions along

the transport (or z) direction. They consist of 20 or 19 Au atoms, respectively.

The sharp tip ends with a single atom, whereas for the blunt one this last atom

was removed. The three contact geometries with two different FDA configura-

tions produce 6 different types of geometries in total: ss1, ss2, bs1, bs2, bb1, and

bb2 are shown in Figure 5.13.

For their construction, we place the tips directly opposite to each other and put

the second tip at a similar z-distance from the molecule as the first trial position,

after having relaxed the molecule on top of a single tip. Optimizing the geometry

of the molecule inside the junctions, we find that the contacting amine group

will bind directly to a single gold atom in all of these starting configurations. In

order to change the separation between the electrodes, the distance between the

two fixed outermost bulk layers of the pyramids was increased and decreased by

±0.1, ±0.25, ±0.5 and ±1Å, and the contact was relaxed again to a local energetic

minimum. This is illustrated in Figure 5.14(a). Finally, the energy-dependent

transmissions were calculated for the nine distances per type of configuration,

yielding 54 Au–FDA–Au transmission curves.

Examples of zero-bias transmission curves T (E,V = 0) for the bs1 configuration

are shown in Figure 5.14(b). Their behavior close to the Fermi energy indicates

off-resonant transport. For the selected curves, the transmission is dominated by

the frontier orbitals, i.e. the highest occupied molecular orbital (HOMO) at −0.8

to −0.6 eV and the lowest unoccupied molecular orbital (LUMO) at 2.1 to 2.3

eV.
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Figure 5.14: (a) Sample junction geometries for bs1. (b) Transmissions for the bs1
type of junctions for various electrode separations.

Direct analysis of the transmission curves T (E, V = 0), see e.g., Figure 5.14(b),

indicates that the HOMO of FDA is typically closer to the Fermi energy than the

LUMO. Since, however, the broadening of the HOMO is often less than those of

the LUMO, the conductance, i.e. the transmission close to the Fermi energy, is of-

ten influenced by both frontier orbitals. Depending on the type of junction, there

may also be other effects, stemming, e.g., from metal-like background tunneling

for very short electrode separations to Fano-like anti-resonances [149].

5.3.4 Two-Level Model versus Effective Single-Level Model

In order to make a close comparison with experiment for all these situations,

we decided to integrate T (E, V = 0) according to equation 5.1 to get simulated

IV curves. But, from the data of the simulations shown in the Figure 5.14(b),

it is obvious that one needs a two-level model to describe the behavior of the

transmission at the Fermi energy for certain junction geometries. The simplest

version of such a model just adds the transmissions of two single-level models, each

one describing independently the transport through the HOMO and the LUMO.

The parameters (level position and coupling) of these two levels can be fitted

to the energy-dependent transmission function, and it is interesting to compare

them to the values obtained from the IV calculations and derived effective single-

level model parameters. Therefore, we discuss in this paragraph the mapping of

such a two-level model to a single-level model.
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In order to proceed we first consider the Taylor expansion of the analytic zero-

temperature IV curves of the single-level model (see equations 5.1 and 5.2). We

consider specifically the linear and cubic terms of the voltage V .

I(V ) =
2e

h

4ΓLΓR
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[
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If we set the sum of two of those terms, that originate from the independent

treatment of both HOMO and LUMO states, equal to the same term of an effec-

tive single-level model, we are able to calculate the effective parameters for the

equivalent single-level model |Ec| and Γc, assuming small bias voltages. In our

notation, we use 1 for the HOMO and 2 for the LUMO.
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In Figures 5.15, we illustrate the procedure and the quality of the fits for the

junction geometries bs1. First, the transmission curves computed with DFT

are fitted with a two-level model, consisting of two Lorentzians that are fitted

independently to the HOMO and LUMO peaks. This yields the 6 fit parameters

E1, Γ1L, Γ1R, E2,Γ2L, Γ2R. From them, the effective single-level parameters Ec, Γc

can be determined from equations 5.7 and 5.8. Subsequently, IV curves are

computed via equation 5.1, using the DFT-based transmissions with T (E, V ) =

T (E, V = 0). This IV curve is then fitted with the single-level formula, eqn. 5.5,

assuming symmetric couplings, yielding the two parameters Ẽ0 and Γ̃. It is

expected that Ec, Γc and Ẽ0, Γ̃ are very similar, if the corresponding fits work

reliably.

The parameters extracted from this procedure are listed in Table 5.3. bs1 was

selected, since HOMO and LUMO contribute to transport, depending somewhat

on the electrode separation. Comparing Ec, Γc and Ẽ0, Γ̃, we find a reasonable
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Figure 5.15: (a) Transmission curves computed with DFT and the respective fit to a
two-level model. (b) IV curves computed via eqn. 1 of the main text using
the DFT-based transmissions with T (E, V ) = T (E, V = 0). Fits with the
single-level model, assuming Γ = ΓL = ΓR, for selected configurations of
the type bs1.

Distance |E1| |E2| Γ1L Γ1R Γ2L Γ2R |Ec| Γc

∣

∣

∣Ẽ0

∣

∣

∣ Γ̃

bs1 1.32nm −0.82 2.19 0.053 0.052 0.15 0.15 1.11 0.11 1.37 0.14

bs1 1.42nm −0.81 2.16 0.021 0.021 0.17 0.06 1.35 0.07 1.28 0.07

bs1 1.52nm −0.64 2.26 0.019 0.019 0.11 0.03 0.84 0.03 0.81 0.03

bb2 1.2nm −0.77 1.35 0.051 0.029 0.30 0.30 1.30 0.30 1.20 0.28

bb2 1.3nm −0.68 1.77 0.042 0.005 0.15 0.15 1.54 0.14 1.58 0.14

bb2 1.4nm −0.75 1.78 0.083 0.005 0.34 0.012 1.13 0.05 1.28 0.06

bb2 1.5nm −0.60 1.85 0.051 0.002 0.30 0.003 0.80 0.02 0.89 0.02

Table 5.3: Mapping of a two-level model to an effective single-level model. All values
are given in eV.

agreement with differences up to 10%. These are most likely due to the discrep-

ancies with which the two-level model describes the DFT-based transmission (see

Figures 5.15). Comparing Ẽ0, Γ̃ with E1, Γ1L, Γ1R,E2, Γ2L, Γ2R, we note that

the effective single model, while fitting the simulated IV curves very well, should

be used with caution. This is due to the fact that the effective parameters of

the single-level model may deviate from the more physically relevant parameters

of the two-level model. The procedure may be another source for discrepancies

between theory and experiment.

We also note that the simulated IV curves can be quite linear, similar to some

of the experimental ones. In this unfavorable situation, any model more compli-

cated than the symmetric single-level model with its two parameters will produce

ambiguities in the fitting procedure that are not helpful for interpretation. In
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this sense, our mapping of a two-level model to those of a single-level model

gives some ideas about the significance of the extracted parameters and expected

uncertainties.

The obtained values from two level fit were then fitted with the same single-

level model as the experimental data in order to get comparable values for E0

and Γ. The obtained results are shown in Figure 5.16 together with the averages

of the experimental data from Figure 5.12.

(b)(a)

Figure 5.16: (a) Energy level |E0| and (b) coupling Γ as extracted from best fits of
the single-level model to theoretically determined IV curves. The dashed
lines in both figures show the experimental trends and are the same as in
Figure 5.11.

5.3.5 Discussion

We find overall conductances that are comparable to the experimental data, sug-

gesting that single-molecule junctions were measured. Furthermore, the overall

values for the effective (single) energy level, E0, and for the coupling parame-

ter, Γ, are not too far from experiment. Both in simulation and experiment an

increasing conductance is connected with an increase in electronic broadening,

which to first approximation follows the square root dependence described above.

Furthermore, the DFT simulations show a clear sensitivity of conductance to the

binding configurations. It is important to mention, however, that although the

same G can be obtained with several different contact geometries, these differ in

part significantly in the effective values of E0 and Γ and can thus be discriminated.

This variability of configurations at fixed G explains qualitatively the exper-

imentally observed scatter in the data seen in Figure 5.12, which also appears,

although differently, in Figure 5.16 for the selected geometries simulated here.
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On the other hand, the experimental variation of E0 in Figure 5.12(a) is much

smaller than the span of E0 obtained in the simulations for the various types of

contact geometries for a particular value of G in Figure 5.16(a). From this obser-

vation we conclude that as a function of contact separation, there is a preference

for certain contact configurations.

Interestingly, even when taking this scatter in the experimental data into ac-

count, they follow an S-shaped dependence of E0 as a function of G, but no single

tested combination of contact geometries yields a qualitatively similar dependence

in the simulations. As an example, conformation bb2 shows essentially no depen-

dence of E0 on G, contrary to experiment so that this configuration is most likely

not realized experimentally. For low G (between 10−2 G0 and 10−3 G0), i.e. for

the largest measurable separations between the contacts, we find that the models

with single atoms at the end (sharp tips, ss1 and ss2) describe the experimental

values for E0 as a function of G best. This corroborates the intuitive picture

that for large contact separations contact configurations ending with single metal

atoms are favored. This situation seems to change for G between 10−2 G0 and

10−1 G0, where a significant decrease of E0 is found. Remarkably, only con-

figuration bb1 (blunt tips, non-rotated molecular ring) reproduces qualitatively

this decrease of E0, while it yields much higher values of E0 than experimentally

observed at G below 10−2 G0. At these intermediate contact separations other

configurations than those ending with single atoms become important. Since the

effective barrier heights E0 depend strongly on the internal molecular degrees of

freedom, the non-rotated conformation appears to be favored.

For G above 0.1 G0, where again an increase of E0 is observed experimen-

tally, the situation gets more complicated, since direct tunneling between the

metal electrodes may add to the molecular conductance channel. Therefore, the

general physical situation is less clear than at lower conductance. Also junction

geometries with more extended Au surfaces than those used here should be tested

in order to get a more realistic picture at these close electrode separations. Be-

cause of the complexity of this problem, this goes far beyond the scope of this

paper.

The experimentally extracted coupling between electrodes and molecules and

the concomitant broadening of molecular levels, here expressed by just the effec-

tive broadening of a single resonance, follows nicely the overall trend described by

a square root dependence on G, as we discussed in Figure 5.11(b). This general

trend is well reproduced by the DFT simulations in Figure 5.16(b). Conformation-

specific differences between experimental and simulated values follow the same

tendencies as described above for E0, and shall not be repeated here. This demon-
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strates the close relationship between Γ and E0.

Generally the transmission through the molecule is small for the largest part

of the junction types tested here, which could lead to electrons trapped on the

molecule for some time. However, there are no indications of Coulomb blockade

effects in our experimental IV curves. Instead it seems that direct coupling of

HOMO and LUMO states with the orbitals of the electrode and their modification

by the chemical bonds determine the transmission through the FDA molecule.

As corroborated by our theoretical simulations, this coupling can be continuously

modified by stretching or compressing the molecule, and alters the transmission

mostly through this quantum mechanical entity.

5.3.6 Conclusion

Although from the comparison of experiment with theory we do not expect quan-

titative agreement, the results yield a clear picture of the mechanism of electronic

transport and qualitatively agree regarding trends of the conductance behavior.

We find considerable sensitivity of conductance on the adsorption geometry at

the contacts, which favors specific contact configurations depending on contact

distance and is responsible for the oscillating position of the effective resonance

level as a function of zero-bias conductance. For the overall behavior, the fit of

the data to the single-level model allows the interpretation that the decrease of

conductance as a function of electrode distance arises mainly from a decrease in

coupling strength of the molecular electronic orbitals through a reduced overlap

and to a lesser extent from a shift of their alignment with respect to the Fermi

energy. Due to this mechanism, charge transport through FDA can be tuned

by stretching, compressing or rotating the cyclopentadienyl rings with respect to

each other.

5.4 FDT and FBPDT

In this section, we discuss the electronic transport through FDT and FBPDT

molecules. Our interest was to compare how the molecular conductance is influ-

enced by structural modification of the FDT with an additional phenyl rings on

either side of ferrocene. In the first part of this section, we make a comparative

study on the evolution of conductance traces for the two molecules while opening

the junction. In the later part, we focus on the IV characteristics for both the

molecules. The experimental results are partly complemented with theoretical

simulations.
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5.4.1 Conductance measurements

At first, the conductance measurements were performed with FDT and FBPDT

molecules by repeated opening and closing cycles at constant voltage (1 mV).

Figure 5.17, shows the evolution of conductance G as a function of the relative

distance d between the electrodes for FDT and FBPDT molecules respectively.

When the contact between the last gold atom is broken (< 1 G0) and by fur-

ther stretching the electrode, a new sequence of steps is seen. The appearance

of such steps is attributed to the molecular junction formation [52, 150]. The

maximum distance up to which the molecular conductance observed is around

1 nm for the FDT as well as for the FBPDT molecule. Inspite of twice the length

of the FDT molecule, FBPDT could be stretched only to a maximum distance of

1 nm above which the molecule looses its contact with one of the electrodes and

enters the tunneling region. As both of the molecules have the same end groups

and from previous studies it is known that Au–S is mechanically stronger than

Au–Au bond [113, 151], there may a likelihood that FBPDT with additional

phenyl rings has more degrees of freedom and adapt several geometries rather

than stretching to its full length with electrode distance. Remarkably, the con-

ductance traces for FDT exhibits plateaus up to 10−2 G0, in contrast to FBPDT

where plateaus appear to a maximum of 10−3 G0 . This must be inherent to

FBPDT molecules. The conductance plateaus were not similar in all the traces

due to different electrode-molecular geometries as they are experimentally uncon-

trollable. To overcome this issue, statistical analysis was carried out to identify

the conductance spectrum of the molecule.

Figure 5.18(a), (b) shows the histograms plotted for FDT and FBPDTmolecules,

respectively, with a logarithmic bin size (20 bins/decade) from all the opening

and closing cycles. The dominant peaks for FDT occur at 0.30 G0, 0.45 G0 and

0.76 G0. Further peaks with a factor of two smaller appear at 0.02 G0, 0.08 G0,

0.17 G0 and below 0.01 G0 there is no evidence for peaks. For FBPDT, the

prominent peak appears at 0.02 G0. In addition, peaks with one order of magni-

tude smaller are seen at 0.008 G0 and 0.05 G0. Surprisingly, the peak at 0.02 G0

is realised in FDT, FBPDT as well as in FDA. This must be a characteristic

peak for the ferrocene molecules. In case of FDT, several peaks are seen at high

conductance in contrast to FBPDT where a single peak is dominant with one

order of magnitude lower than the former. One may argue that for FBPDT the

main contribution to conductance is from a single molecule whereas for the FDT

there may be a possibility of either a single molecule or several molecules bridging

the electrodes resulting in high conductance. As experiment cannot predict the
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Figure 5.17: Conductance G as a function of electrode displacement d for FDT and
FBPDT molecular junctions with gold electrodes during opening cycles at
constant voltage(1mV) (offset in X axis for clarity) at room temperature
(T = 300 K).

Figure 5.18: Logarithmically binned 1-D conductance histogram (20 bins/decade) (a)
FDT molecule obtained from 320 opening and closing cycles at room tem-
perature. (b) same for FBPDT molecules from 160 opening and closing
cycles at room temperature. The conductances were measured at 1 mV
bias.
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molecular arrangement, relevant theoretical investigations are necessary.

Stability measurements

To identify the stable orientations of the molecule with respect to the gold elec-

trode, the conductance measurements were done below 1 G0 by varying the dis-

tance between the electrodes at a constant rate of 15 pm/sec. At certain distances

between the electrodes, the conductance was stable irrespective of electrode dis-

placement (up to a few Å). We blocked the inter-electrode distance at such po-

sitions, and measured the conductance at a constant voltage (1 mV). One such

stability measurements for FDT molecule is shown in Figure 5.19(a). The con-

ductance fluctuates with an average around 0.48±0.05 G0 up to 28 minutes and

later drops by 20% . In this scenario there exists two probabilities: the rotation of

the two pentadienyl rings against each other or the changes in the Au–Au bond in

the electrode resulting in decrease of conductance as observed with the increase in

the electrode distance (Figure 5.17). One may suspect from the high conductance

values for FDT, whether it is the contribution from a single molecule or several

molecules in parallel bridging the gap. These questions cannot be clarified at the

moment due to experimental limitations.

In case of FBPDT, the conductance was measured over a time span of 22

hrs as shown in Figure 5.19(b). In the time scale of 15 hours, the conductance

was stable at three different positions particularly at 0.017 G0, 0.008 G0 and

0.005 G0. The conductance drops down to a stable position between every five

hours. From 15 to 17 hrs, the conductance again rises and then later decrease

to a stable value at 0.003 G0. As these stable conductance corresponds to the

maxima in the histogram plot in Figure 5.18(b), we surmise that this conductance

are probably from the single molecule bridging the junction. The fluctuations in

the conductance values may emanate from different molecular geometries in case

of both the molecules.

Compared to FDT the conductance for FBPDT was stable over a longer time

which may arise from more degrees of freedom with additional phenyl rings.

Hence, the stability measurements ensure the durability of these molecular junc-

tions. From the conductance and the stability measurements discussed so far, we

were able to identify the range where molecular conductances are dominant for

FDT and FBPDT. But to have a deeper understanding of the charge transport

mechanism, we investigated current-voltage characteristic for the molecules which

are discussed in the next sections. The experimental results are to some extent

supported by theoretical simulations.
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Figure 5.19: Conductance G versus time for (a) the FDT and (b) the FBPDT molecule
for a stable inter-electrode distance between the electrodes at constant
voltage (1 mV).

5.4.2 FDT - I-V measurements

The IV measurements were done by ramping the voltage from +0.5 V to −0.5 V

at room temperature. We limit our measurements within the specified bias range

due to instability in measurements and at times it also results in breaking of the

electrodes above this range. For a detailed description about the measurement

procedure, we refer to section 5.3.2. Figure 5.20(a) shows the average IV curves

measured by varying the distance between the electrodes. The IV curves show

a linear trend and the conductance decreases with increase in distance between

the electrodes or in other words, with stretching of the molecule. An enlarged

region for low bias region at 0.24 G0 exhibits a small kink at ±0.05 V shown in

Figure 5.20(b). Detailed analysis of IV curves shows characteristic peaks in the

first-order derivative as shown in Figure 5.21. In the range of 0.56 G0 to 0.09 G0,

there are two symmetric peaks, whose energy difference increases from 60 meV

to 160 meV with increasing contact distance. Above 0.56 G0 or below 0.01 G0,

symmetric peaks are absent. This feature was observed in 5% of our measure-

ments. Strikingly, the peak was also visible in case of ferrocene dithiol between

Ag electrodes [138] whereas in ferrocene diamine this feature was absent [149].

5.4.3 FDT - I-V analysis

To extract quantitative informations about the molecular junctions from the IV

curves, we fit curves to the single level model. According to this model, the

current flow in the molecular junctions is based on three parameters namely:

coupling between the molecule and the left and right electrodes, Γ1,Γ2 respec-
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Figure 5.20: (a) IV- characteristic curves taken at stable positions by varying the dis-
tance between the electrodes for the junctions with FDT molecules at
room temperature (T = 300 K). An example of single level fit to the ex-
perimental curve at 0.07 G0 with |E0| = 0.48 eV and Γ = 0.06 eV. (b)
Enlarged portion of IV curves at 0.24 G0 where a small kink in the current
is observed at ±0.05 V. The reference value for G0 is taken at zero voltage.

Figure 5.21: The first order differential conductance for the experimental IV curves
with FDT molecules. The reference value for G0 is taken at zero voltage.
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tively and the alignment of the molecular level E0 with the the Fermi level of the

electrode. For a detailed description we refer to section 5.1.4. To explain, the IV

curves with kink requires contributions either from vibrations of the molecule or

interference with additional molecular energy levels which is beyond the limita-

tion of this simple model. We discuss this in the later part of this section. Apart

from kink structures, those IV curves where such features are absent were chosen

for the single level fit.

As the structure of the molecule is symmetric, we consider coupling Γ1 and

Γ2 to be equal and fitted the experimental curves according to the formula 5.1.

The extracted values for |E0| and Γ obtained from the fit are plotted as shown in

Figure 5.22. An example of single level fit to the experimental curve at 0.07 G0

shown in Figure 5.20 can be fitted with a consistency of |E0| = 0.48 ± 0.003 eV

and Γ = 0.06 ± 0.0005 eV within 95% confidence level. In contrast to the FDA,

Figure 5.22: (a) Energy level |E0| and (b) Coupling constant Γ obtained from the
single levels fits to the experimental IV curves as a function of zero bias
conductance G. The dashed lines for |E0| is drawn from the equation |E0| =
A + Bx with A = 0.36 eV, B = 0.069 eV and x = G/G0. The values for
Γ are fitted using a power-law function Γ = a + bxc with a = 0.004 eV,
b = 0.16 eV, c = 0.44±0.06 and x = G/G0.

where a systematic dependence of |E0| is observed with conductance, in the FDT

the energy level remains rather constant around 0.36 eV with a deviation around

±0.2 eV irrespective of the conductance. Contrarily, the coupling does not mimic

the trend in |E0| and increases linearly with conductance. The coupling values

are fitted using power law function,

Γ = a+ bxc (5.9)
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In fact, c = 0.44 ± 0.06 corroborates that the coupling is close to square root

dependence on the conductance when |E0| is constant. Thus from the single level

fit, we conclude that the variation in the conductance with the electrode distance

was mainly dominated by the strong electrode-molecule coupling for FDT.

5.4.4 FDT - Theoretical results

In order to support the experimental results, theoretical calculations for charge

transport were computed using NEGF formalism by the theoretical group. For

this appropriate geometries were chosen and systematic analyses were performed

by varying the distance between the electrodes, in other words, by stretching

or compressing the molecules. The molecular geometries and the procedure for

contacting the molecules were same as described for the FDA molecule in sec-

tion 5.3.3. Example of the Au–FDT–Au geometry for ss2 at relaxed geometry is

shown in Figure 5.23(a).

Figure 5.23: (a) Au–FDT–Au geometry for ss2 geometry. (b) Transmission as a func-
tion of energy for ss2 geometry at various distance.

Initially, the transmissions as a function of energy are calculated for all the

relaxed configurations at zero bias. Figure 5.23(b) shows the zero bias transmis-

sion curves T (E, V = 0) for ss2 geometry. For this selected geometry, the frontier

molecular orbitals, i.e. HOMO shifts from −0.7 to −0.2 eV while the LUMO shifts

from 1.8 to 2.5 eV with increasing the distance between the electrodes. The fron-

tier molecular orbital close to the Fermi level contributes most to the transport, in

this case it is obviously HOMO. On the other hand, the broadening of the LUMO

is higher than of the HOMO, which implies that LUMO is also strongly coupled
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Figure 5.24: The transmission curves for (a) bb1 and (b) bs1 geometry by varying the
distance between the electrodes.

to the electrodes. The transmission exhibits a sharp anti-resonance peak only at

1.87 nm but not for other distances for the ss2 geometry. This implies that the

transmission is highly dependent on the molecular configuration with respect to

the electrodes. The zero bias transmission curves for bb1 and bs1 geometries are

shown in Figure 5.24. In both cases, the HOMO shifts from −0.6 to −0.2 eV and

the LUMO from 1.8 to 2.7 eV. An exceptional case is found for the bb1 geometry,

where an anti resonance peak is seen at large distance.

Though the HOMO is closer to the Fermi energy in all configurations, the

transport calculations reveal that only for ss1, ss2 and bb1 geometries the HOMO

transport is dominated while for bs1, bs2 and bb2 geometries it is LUMO domi-

nated. Hence, these studies infer that both the HOMO and the LUMO play an

indispensable role in molecular transport. Moreover, the transmission is sensitive

to specific electrode and molecular binding geometry. Figure 5.25 shows the the-

oretically calculated conductance as a function of electrode separation for various

geometries analyzed in this work. The calculations show that the conductance at

zero bias follows approximately an exponential decrease with increasing distance

only for bb1 and bb2 geometries, whereas for other geometries such as ss2, bs1

and bs2 it remains rather constant independent of electrode distance. For ss1, the

conductance oscillates. This behavior is very much in contrast to FDA, where the

conductance for all configurations shows an exponential decrease as a function of

distance [149]. A possible explanation could be that with the sharp tip electrode,

the sulfur has more degrees of freedom to vary the bond angle with gold. So

the distance between the electrodes can be achieved by changing the Au–S bond

angle as shown in Figure 5.26. For such a situation, the conductance may not be
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Figure 5.25: Theoretically determined conductance G as a function of electrode dis-
placement for various types of geometries with FDT molecule.

not greatly influenced due to Au–S strong coupling.

Figure 5.26: Schematic of ss2 geometry with FDT molecule as a function of distance.
Here, the distance between the electrodes are mainly achieved by varying
the Au-S bond angle.

5.4.5 FDT - Discussion

In order to make a quantitative comparison of theory and experiment, the theo-

retical IV curves are fitted to the single level model using the procedure described

in section 5.3.3.

The theoretical values for |E0| and Γ extracted from the fits are plotted in

Figure 5.27. The dashed lines replicate the experimental trend. The scatter
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Figure 5.27: (a) Energy level |E0| and (b) Coupling constant Γ obtained from the
single levels fits to the theoretical IV curves as a function of zero bias
conductance. The dashed lines are taken from Figure 5.22, replicate the
experimental trend.

in |E0| values is a clear evidence that energy levels depend explicitly on the

molecular-electrode geometries. Besides, the mapping of theoretical results to

the single level model is only to make them comparable to the experimental

findings. Despite the ambiguity in theoretical |E0| values, for ss1, ss2, bs1 and

bs2 geometries the activation energies are closer to the experimental values. For

bb1 and bb2, the |E0| are far higher than the experimental average. Since the

general trend of DFT is to underestimate the energy levels, it is likely that bb1

and bb2 are not observed in the experiment. The uncertainty in the values of |E0|
are reflected in the coupling, and the latter follows the square root dependence

of G except bb1 and bb2. Similar to FDA, the theoretical simulations for FDT

also predicts that the quantum transport is highly dependent on the coupling of

the HOMO and the LUMO states, which in turn are geometry specific.

The above discussion neglects the kink structures. To describe the kinks, a

more complicated model is required rather than the single level model. As a first

approach, simulations were performed to find out whether the vibrations of the

molecules result in enhancement of the current at specific voltages. To execute

this, calculations were performed using IETS model by stretching and compress-

ing the molecule. The IETS includes coupling to the vibration spectrum of the

contact in the transport calculations. This implies that the electrons impinging

on the contact can scatter into other electronic states while exciting/absorbing

a phonon. The calculations yield IV curves and first order derivatives of con-

ductance. The second order derivative of conductance exhibits peaks coupled to
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vibrational excitations, which are normalized to the value at V = 0. An exam-

ple of such a calculated IETS spectrum for the bb1 configuration is shown in

Figure 5.28.

Figure 5.28: Second order derivative of IV curves calculated for the bb1 geometry ob-
tained from an IETS calculations for FDT molecules by compressing the
molecule. The green curve is the relaxed configuration. The curves are
offset in Y direction for clarity.

Firstly, the calculations of IETS show that there are several vibrational modes

below 100 meV in the bb1 geometry. Furthermore, these peaks hardly show

any change in the frequencies, when the junctions are compressed or stretched

(not shown), contradicting the experimental results where the peaks shifts up to

60 meV. As tunability of these mechanical deformations is not large compared to

the experiment, we think that this model is not an appropriate.
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The second search for an explanation is focused on the Fano model to explain

the transport mechanism. Assuming that an additional molecular level E1 is

weakly coupled to the molecular level E0 by a coupling element t, the experimen-

tal peaks are fitted using a Fano resonance model, as described in section 2.3.2.

According to this model, the transmission exhibits asymmetric peaks in addi-

tion to the Breit-Wigner resonance. The experimental IVs are fitted using equa-

tion 5.1. The transmission for the symmetric coupling (Γ = Γ1 = Γ2), is described

by equation 2.44. An example for the Fano model fit for the first order differential

conductance curve at 0.24 G0 is shown in 5.29(a). The transmission shown in

Figure 5.29(b) is plotted using equation 2.44 with the parameters obtained from

the fit.

Figure 5.29: (a) An exemplary Fano model fit to the conductance curve at 0.24 G0 for
8 K, 77 K and 300 K. The fitted parameters are given in the table 5.4. (b)
The transmission curves as a function of energy plotted with the parame-
ters obtained from the fitted curves.

Temperature |E0| (eV) |E1| (eV) t (eV) Γ = Γ1 = Γ2 (meV)

8 K 0.37 0.02 0.01 106.4

77 K 0.36 0.02 0.01 103.8

300 K 0.32 0.02 0.04 92

Table 5.4: The parameters obtained from the Fano model fit for the conductance curve
at 0.24 G0.

The experimental curve shows two symmetric peaks with a difference of ≈120 meV

between them. The Fano model fit produces a sharp peak at 8 K which is close to

the experimental peak. As the temperature increases, the peak broadens at 77 K

and finally vanishes at 300 K. On the other hand, the asymmetric peaks in the
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transmission is visible at all temperatures with a slight shift in the energy level at

300 K. A possible reason could be that the contribution from the Fermi function

for current flow (equation 5.1) broadens the energy level with temperature and

consequently smoothen the peak in the conductance, whereas in transmission the

temperature is not taken into account. Surprisingly, only the fit at 8 K is com-

parable with the experimental curve measured at room temperature. Moreover,

from the fit parameters shown in the table 5.4, the values at different temper-

atures are likely to be the same with an exceptional at T = 300 K, where the

coupling element t and electrode-molecular coupling (Γ) show slight deviation.

Additionally, there exists four parameters to fit the curve whose physical signifi-

cance are not clear. For e.g., the coupling parameter obtained from the fit shows

a decrease in the values with increase in temperature. The coupling strength usu-

ally changes by stretching or compressing the molecule, which is contradictory

to the fitted values. Therefore, the Fano model can serve as a phenomenological

model to explain the experimental trend but the physical origin is not clarified.

Meanwhile, an attempt was done to explain the kink structures with the Fano

model by the theoretical simulations. Based on this approach, the transmission

exhibited asymmetric peaks for few configurations due to non-transmitting wave

function of the unoccupied orbitals close to the LUMO. Concentrating on those

geometries where asymmetric peaks were observed for zero bias transmission, the

current flow was calculated. Unexpectedly, the calculations show no kinks in

the IV curves. This problem is encountered due to high transmission near the

Fermi energy which dominates the Fano anti-resonance in a symmetric voltage

drop scenario. In the context of the Fano model, our approach to explain the

experimental behavior also failed due to the broadening from the thermal energy.

At this point, our analysis with the kink structures have no conclusive results

and still the theoretical simulations are in progress. The ongoing calculations

are in the direction of Stark effect. The idea behind this approach is: if the

application of electric field splits the molecular level and exhibits resonance peak,

then by appropriate tuning of the electric field the resonance can be shifted.

5.4.6 FDT - Conclusion

The tendency of the electron transport mechanism in experimental as well as the

theoretical approach are well portrayed by the mapping of the theoretical and

experimental to the single level model albeit quantitative inconsistency in the

values. Moreover, the ambiguity in the |E0| and Γ extracted from theoretical

fits demonstrate that conductance is sensitive to the molecule configuration with

the electrode geometry. From the calculations, it turns out that the stable zero
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bias conductance range for the relaxed molecules is below 0.1 G0, which is one

order of magnitude smaller than the experiment. This gives a hint that the

conductance below 0.1 G0 in experiment is dominated by single molecule. For

higher conductance in the experimental results the question arises whether the

conductance is dominated by single or several molecules in the junction. As

the peaks observed in the first order derivative of the current are above 0.1 G0,

which indicates that it must be definitely from single molecule because if several

molecules bridge the gap, there may be unlikely that all the molecules orient with

similar geometry resulting in coherent transport. The experimental conductance

values for the FDT decrease with increasing distance between the electrode, which

is contradictory to the theoretical calculations where the conductance remains

rather constant for most of the configurations. This inconsistency may be due

to the fact that the theoretical evaluations are for stable geometries within a

limited distance which cannot be directly compared to the experiment. The single

level fit from both the experiment and theory corroborates that the energy level

remains rather constant while the coupling decreases with increase in distance.

From this we infer that electronic transport can be tuned in FDT by stretching

or compressing the molecule. But on the other hand, the transport mechanism

behind the kink structures are still open.

5.4.7 FBPDT - I-V measurements

Figure 5.30(a) shows the semi log plot of current I versus voltage V measured by

ramping the voltages from +0.5 V to −0.5 V at various stable distances between

the electrodes at room temperature. The IV measurements were done according

to the procedure described in section 5.3.2. The dI/dV curves (not shown) exhibit

no significant peaks (Figure 5.30(b)) contrary to those for FDT.

For understanding the charge transport properties in details such as alignment

of molecular levels and electrode-molecule coupling strength from the measured

IV curves, they are fitted to the single level model as described in section 5.1.4.

As the chemical structure and also IV curves are symmetric, we have taken Γ =

Γ1 = Γ2. An example of the single level fit to an experimental IV at 0.002 G0

is shown in Figure 5.30 is fitted with Γ = 0.022 eV and |E0| = 1.01 eV. In this

case, the sensitivity for |E0| amounts to ±0.04 eV and the corresponding Γ equals

±0.001 eV as estimated from the 95% confidence level (2σ). The values for |E0|
and Γ obtained from the single level fits for all the measured IV curves are plotted

in Figure 5.31.

As seen from Figure 5.31(a), the values for |E0| vary in a range from 0.4 to

1.3 eV within the measured zero bias conductance. There is no systematic de-
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Figure 5.30: (a) Semi log plot of current I versus voltage V at room temperature. An
example for the single level fit for a curve at 0.001G0 is fitted with Γ =
0.022 eV and |E0| = 1.01 eV. The reference value for G0 is taken at zero
bias voltage.

pendence of |E0| on conductance. Based on the studies on the FDA and the FDT

molecules, the wide scatter in the values of |E0| could be attributed to the dif-

ferent bonding sites or molecular configurations with the electrodes. The values

of |E0| are fitted by polynomial equation |E0| = A−Bg with A = 0.78±0.05 eV

and B = 3.7±0.98. This implies an average of |E0| is around 0.8 eV with scatter

of ±0.4 eV. The variation in |E0| is not severely reflected in the Γ. This cou-

pling parameters are fitted using a power-law function (Γ = xgy) with g = G/G0,

x = 0.4±0.07 eV and b = 0.5±0.05 which depicts that Γ increases with a square

root dependence of conductance when |E0| is constant (equation 5.2).

5.4.8 FBPDT - Theoretical simulations

To have a background support for the experimental findings, theoretical simula-

tions were computed using the density functional (DFT) code SIESTA [152]. The

electron transport calculations were performed with the GOLLUM implementa-

tion of non-equilibrium Green’s function (NEGF) method [153]. GOLLUM is

a next-generation code, born out of the SMEAGOL code [154] and uses NEGF

combined with density functional theory to compute transport properties of a

wide variety of nanostructures.

Initially, an isolated molecule is relaxed until the forces on the atoms are less
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Figure 5.31: The values obtained from the single level fit for (a) Energy level |E0|
(b) Gamma Γ as a function of G0 from experimental IV curves. The
values for G0 are taken at zero bias voltage. The values of |E0| are fitted
by polynomial equation |E0| = A − Bg with A = 0.78 ± 0.05 eV and B =
3.7±0.98. The Γ values are fitted using a power-law function (Γ = xgy) to
the experimental data with g = G/G0, x = 0.4±0.07 eV and y = 0.5±0.05.

than 0.02 eV/Å. Figure 5.32 shows the frontier orbitals for the FBPDT molecule

after relaxation. Here the HOMO is localized on the ferrocene unit, while the

LUMO spreads over the whole molecule. The length of an isolated molecule after

relaxation is around 2.5 nm.

In the first attempt, the calculations were performed with blunt tip (bb) elec-

trode geometry as it was found to be more stable configuration than other con-

figurations. The blunt electrode consists of 88 gold atoms with 3 atoms at the

tip. The ferrocene molecule is assumed to be in symmetric configuration. The re-

laxed FBPDT molecule is placed between constructed gold electrodes and again

optimized. Various conformations of the molecule were considered by twisting

the phenyl rings at 0◦, 45◦, 90◦ with respect to the plane of the pentadienyl rings

as shown in Figure 5.33. In all these conformations, the ferrocene was kept in the

symmetric configuration. The notation for the FBPDT conformations are given

as Ph–θ–Fe–θ–Ph where Ph denotes phenyl rings, θ denotes twist angle and Fe

represents iron.

For comparison, the FDT molecule was also computed for the same electrode

geometry. The distance between sulfur S atom and the center of the apex atom

of each gold pyramid was initially 2.4 Å. After optimization the distance changed

to a value of 2.55 Å. The calculations with other electrode-molecule geometries

are in progress.

Figure 5.34 shows the transmission coefficient as a function of energy for differ-
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Figure 5.32: The frontier molecular orbitals (HOMO and LUMO) for the FBPDT
molecule using DFT calculations. The red color corresponds to the pos-
itive region whereas the blue color corresponds to the negative region of
the wave functions.

Figure 5.33: (a) The molecular junction geometries for the FDT and the FBPDT
molecules with variation in the rotation of the phenyl rings with respect
to the gold electrodes. The notation for the FBPDT = Ph–θ–Fe–θ–Ph.
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Figure 5.34: Transmission coefficients for various junction geometries.

ent molecular conformations. For the FBPDT molecule, the transmission curves

show that the HOMO of the molecular orbital is below 0.5 eV whereas the LUMO

is far away by 2 eV from the Fermi level. In all these configurations for the

FBPDT, the position of the HOMO is not shifted to a great extent whereas

the LUMO shows a significant shift. In addition, the LUMO is broadened more

compared to the HOMO. The antiresonance transmission peaks are seen nearby

the Fermi level only for those configurations where the twist angle of the phenyl

rings with respect to the five membered ring are same. On the other hand, the

antiresonance peak vanishes when one of the rings is perpendicular to the other

(Ph-00-Fe-90-Ph). Usually, the antiresonance peaks are visible due to interfer-

ence of an additional level weakly coupled to the molecular level, which may be

distorted for this particular configuration.

5.4.9 FBPDT - Discussion

The experimental investigations show that overall conductance for the FBPDT

is lower by one order of magnitude compared to the FDT. From Figure 5.34, it is

seen that the transmission near the Fermi level is much lower for the FBPDT than

the FDT which depicts the experimental trend. The uncertainty in the |E0| values
extracted from the single level fit is high, e.g. at 0.001 G0, |E0| varies by a factor

of 2 to 3 from the minimum value. This large variation in the FBPDT may arise

from the changes in the molecular configuration resulting in substantial change
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of the conductance. Moreover, in the FBPDT, the molecule has more flexibility

to adapt to fixed electrode distances more than the FDT due to the presence of

the phenyl rings.

For the given geometry, the calculations for the isolated FBPDT molecule re-

veal that the HOMO is concentrated on the ferrocene. On the contrary, the

wave functions of the LUMO spread over molecules which entails the possibility

for charge to transport through the molecule. For prototypical configurations

analyzed here, it is observed from the transmission curves that the position of

the HOMO remains constant while the LUMO shifts with the distortion of the

phenyl rings. Additionally, the LUMO is broader than the HOMO. The Γ ob-

tained from the single level fit in Figure 5.31, shows that the coupling increases

with square root dependence of conductance, surmising, that it is the LUMO

which facilitates the charge transport. Conversely, the transmission peaks for the

analyzed geometry show that the distortion of the phenyl rings significantly alters

the transmission close to the Fermi level. Moreover, the transmission exhibits an

antiresonance peak which shifts accordingly with the twist of the phenyl rings

but on the other hand the peak disappears when the rings are perpendicular to

each other or in other words when the rings are out of phase. This illustrates

clearly that the interference between the HOMO and the LUMO wave functions

contributes for the transmission.

With one of the prototypical configurations analyzed in theory a solid conclu-

sion cannot be derived to correlate the experimental trend, perhaps more config-

urations have to be analysed. Hence, the outcome of the preliminary calculations

explains the sensitivity of the conductance with the molecular configurations.

5.4.10 FBPDT - Conclusion

Inspite of similar end groups in FDT and FBPDT, the conductance of the FBPDT

is lower than the FDT due to presence of the phenyl rings which act as a tunnel

barrier for the charge to flow. The stability measurements demonstrate that

the endurance of the FBPDT is higher than the FDT. Though the calculations

did not analyze stretching or compressing the molecule, the preliminary results

explains the sensitivity of the conductance with respect to the distortion of the

phenyl rings. Tentatively, we infer that transport is favored by the interference

of the HOMO and LUMO wavefunctions in the FBPDT molecule. Furthermore,

the role of binding sites, influence of compressing or stretching the molecule in

molecular transport are still open.

119





6
Summary and Outlook

A brief summary of the transport studies with ferrocene and biphenyl molecules are

outlined. The chapter concludes giving some intriguing ideas for further research

with the ferrocene molecules and the break junction technique.
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6.1 Summary

The research in the field of molecular electronics aims at implementation of

molecules as active functional elements in the electronic circuits. The two fore-

most properties that determine the charge transport through the molecular junc-

tions are the alignment of the molecular levels and the coupling of the molecule

with the electrode. In order to employ single molecules in electronic devices, a

deep insight on these properties is required which are in turn governed by the

anchor groups, electrodes and the molecular backbone. In this Thesis, our focus

was to study the influence of the anchor groups and the molecular back bone

in the transport mechanism. The suitable candidates chosen were ferrocene and

biphenyl based molecules.

In this Thesis, the electronic transport through the molecules was studied using

lithographically fabricated gold electrode suspended on top of a polyimide coated

steel substrate. The molecules were contacted by gold electrodes using a mechan-

ically controllable break junction (MCBJ) technique. The samples were mounted

on a three point bending mechanism and inserted into vacuum. The sample was

bent using a piezo rod mounted underneath the sample. Consequently, the gold

electrodes were stretched. With further bending of the substrate, the diameter

of the central constriction reduces and results in a single atomic contact before

the contact breaks. The electrodes can be brought back to contact by downward

movement of the piezo. The unique feature of the MCBJ technique is the tunabil-

ity of the distance between the electrodes [20] precisely. The characteristics of the

mono-atomic gold point contact were studied prior to molecular measurements.

The formation of a single atomic contact can be well discerned from the appear-

ance of the plateau at 1 G0 in the conductance measurements. The durability of

the single atomic contact was also confirmed by the conductance measurements

as a function of time at stable electrode distance.

The molecules were added as droplets on the gold electrode and dried before

electrical measurements. To characterize the molecular properties, two types of

measurements were done. The first was to measure conductance as a function of

electrode distance. Stepwise changes in the conductances were identified below

1 G0 which confirms the presence of the molecules. The second was IV mea-

surements by varying the distance between the electrodes. The IV characteristic

curves were further investigated using the single level model.

The first part of the molecular investigations deals with the biphenyl molecules

namely (1,1’-biphenyl)-4,4’-dithiol (BPDT) and 4’-mercapto-(1,1’-biphenyl)-4-car-

bonitrile (MBPCN). Ascertained from the chemical structure of the molecules, in
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the BPDT with symmetric end groups and in the MBPCN with the asymmetric

end groups, significant differences in the transport properties were anticipated.

Surprisingly, our IV- measurements yielded symmetric curves for the BPDT, while

only a slight asymmetry was observed in the MBPCN. This behavior was also

reflected from the comparable values obtained for coupling from the single level

fit. Moreover, the statistics of the conductance measurements reveal that the

conductances were similar for both the molecules. Therefore, we infer that the

high conductance in MBPCN is an outcome of coherent coupling of the elec-

tronic states of the whole molecule and the transport cannot be determined just

by considering each molecular subgroup individually.

In the second part, molecular studies were based on the ferrocene molecules par-

ticularly Ferrocene-1,1’-diamine (FDA), Ferrocene-1,1’-dithiol (FDT) and 1,1’-

bis[(4-thioacetylphenyl)]-ferrocene (FBPDT). The overall conductance for the

FDA at room temperature and lN2 temperature has no significant difference,

implying that the temperature has no dominant influence on the molecular con-

ductance. Comparing the conductance of the FDT and FBPDT, the conductance

in the former is higher by one order of magnitude than in the latter. Though

both the molecules have thiol (-SH) end groups, the additional phenyl rings in

the FBPDT increase the tunnel barriers and consequently lower the current. Fo-

cusing on the electronic properties of the FDA, FDT and FBPDT the energy

values extracted by fitting the IV curves to the single level model, exhibit an S-

shaped dependence as a function of zero bias conductance, whereas for FDT and

FBPDT no such systematic trends were observed. Despite the variation in the

energy values, the coupling follows a square root dependence with conductance

for all the molecules. Remarkably, the first order derivative of the current in the

FDT exhibits two asymmetric peaks in a certain range of conductance. The two

peaks shift accordingly with increase in the electrode distance with in the limited

conductance range. An attempt to understand this feature based on the Fano

resonance model failed due too high temperature dependence. Though the model

could explain the phenomena, the physical origin was not clear.

To supplement the experimental results, calculations were performed by the

theoretical research group of Prof. Pauly and Prof. Lambert. For FDA and

FDT, certain proto-typical electrode-molecule configurations were chosen and the

systematic investigations were done by stretching or compressing the molecules

i.e. by varying the electrode distance. The outcome of the calculations shows that

conductance for the FDA and the FDT are highly sensitive to the adsorption sites

and the binding geometries. It also suggest changes of most probable adsorption

sites as a function of electrode separation, indirectly measured by the zero bias
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conductance. The mapping of the parameters obtained from the single level fits

of theoretical IV curves to the experimental IV curves explain the tendency of

the molecular transport mechanism. Moreover the calculation reveal that change

in conductance with distance mainly stems from the variation in the overlap of

the molecular orbitals and to lesser extent from shift of the energy levels. For

the FBPDT, the simulations for an isolated molecule shows that the HOMO is

concentrated mainly on the ferrocene unit whereas the LUMO spread over the

whole molecule. From preliminary transport calculations it turns out that the

distortion of the phenyl rings influences the transmission near the Fermi level.

This gives a hint that the transport is mainly dominated by the interference of

the HOMO and the LUMO.

6.2 Outlook

The investigations carried out in this project reveal the significance of the electrode-

molecular geometries, role of anchor groups in the transport through the molecu-

lar junctions, still many basic questions within single molecular electronics need

many more systematic investigations. The following main problems still remain:

• How to ensure that we are measuring single molecules?

• What is the electrode geometry at the contact?

• What is the molecular configuration with the electrode?

• Where does the molecules binds to the electrode?

The available experimental techniques for molecular studies confirm the molec-

ular characteristics from the transport measurements but still the above questions

are unsolved. As we have discussed earlier in this thesis, the conductance highly

depends on the binding geometry, electrode-molecule configuration but still there

is no availability of experimental technique to solve this long standing issue. Here

we propose a method using 4-tip STM and SEM as illustrated schematically in

Figure 6.1 to overcome the issue of single molecular conductance measurements.

The lithographically fabricated electrode is mounted on a three point bending

mechanism and the atomic contacts are created using the MCBJ technique. Two

of the STM tips are used for contacting the electrodes while the SEM can be

employed for positioning the tips. The molecules are evaporated and the charac-

teristic conductance can be identified by repeated opening and closing cycles. At

stable conductance values, the conductance can be measured as function of time.

One big step forward would be the use of a third STM tip as a gate electrode
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6. SUMMARY AND OUTLOOK

Figure 6.1: Outlook of the molecular investigation using 4 tip STM-SEM. Sketch of a
ferrocene molecule in between metallic silver electrodes. The electric field
(red dashed lines) is applied through the third electrode.

that allows to modify the molecular level alignment independent of the potential

applied through the sample. This approach provides opportunity to explore the

novel molecular properties. In a scenario, where the molecules shows a long term

durability for several hours, the fourth tip in the STM can be used for imaging

the molecular junction. With this approach, the adsorption geometry, molecular

configuration can be investigated at stable conductance values. Concerning the

electrode materials and molecules, a probable suggestion would be to use silver

electrode with ferrocene molecules, as only little research has been done with this

combination. Moreover it would be interesting to compare the transport proper-

ties with the gold electrode investigated in this project. This also paves way to

explore the significance of the electrode in the charge transport.
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APPENDIX A
Instrumentation

A detailed description of the working principles for the instruments used for

sample fabrication are discussed in below.

A.1 Scanning Electron Microscope (SEM)

Due to diffraction limit of the light, optical microscope are not suitable for inves-

tigating objects at the nanoscale. To overcome such problems, use of electrons

could be an alternative. Due to quantum mechanical nature, electrons moving at

high speeds also exhibit wave like behavior. The wavelength λ of the electron ac-

celerated with kinetic energy (EKin) is given by the De-Broglie wavelength [155],

λ =
hc

√

2EKinm0c2
(A.1)

where h is the Planck’s constant and c is the velocity of light. For an electron with

EKin = 1 eV and rest mass 0.511 MeV, hc = 1239.4 eVnm, then the associated De-

Broglie wavelength is around 1.23 nm. Thus wavelength is not a limitation in case

of electron microscope. Scanning Electron Microscope (SEM) is an instrument

which uses a focused beam of electrons to interact with the surface of solid samples

and generate a variety of signals. The schematic of an SEM setup is shown in

Figure A.1(a). The SEM consists of following parts:

(i) Electron source

(ii) Electron column (along which electron travels with electromagnetic lenses)

(iii) Sample Stage

(iv) Signal Detector

143



A.1. SCANNING ELECTRON MICROSCOPE (SEM)

(v) Data Recorder (Computer)

Figure A.1: (a) Schematic of SEM setup.1(b) Working principle of the magnetic lenses
(c) The electron interaction volume and the volume/depth from which
different signals originate.

A.1.1 Working Principle

Electrons produced at the source are accelerated and pass through an electron

column which consists of a combination of magnetic lenses and apertures to pro-

duce a focused beam of electrons which hits the sample surface. The focused

beam is scanned across the sample surface controlled by scan coils which are sit-

uated below the objective lens. The sample is mounted on stage and the position

of the stage was controlled by a laser interferometer which was operated by a

joystick. The interaction of beam with the sample produces variety of signals

like secondary electrons, backscattered electrons and characteristic X-ray signal

(Figure A.1(c)). These signals are collected by detectors which are then displayed

on the computer screen. The secondary and backscattered electrons are used to

image topography and morphology of the sample whereas X-ray signals are used

to analyze the chemical composition of the sample. The resolution obtained from

1Source: https://www.purdue.edu/ehps/rem/rs/sem.htm

144

https://www.purdue.edu/ehps/rem/rs/sem.htm


APPENDIX A. INSTRUMENTATION

SEM depends on multiple factors like electron spot size, interaction volume of

electron beam with sample, working distance which is the distance between elec-

tron beam and the sample. SEM can be used for imaging as well as for fabrication

of nano and microscopic structures (lithography) by choosing appropriate energy

for the accelerated electrons.

A.1.2 Components

The detailed description of the main components of the SEM are described below:

Electron source

The electrons are produced at the source by thermal emission. The commonly

used sources are tungsten filaments, field emission tips or solid state crystals

(CeB6 or LaB6). A tungsten electron source emits electrons operated by heating

a tungsten wire (100 µm long) resistively. Solid state crystal sources offers about

5–10 times the brightness and a much longer lifetime than tungsten. A field

emission tip is made of tungsten wire with a very sharp tip, less than 100 nm,

that uses tunneling effect to produce electron beam. The small radius at the tip

improves emission and focusing ability. The electrons will have energies between

1 to 40 keV. In our experimental set up, a tungsten filament was used as an

electron source.

Electron column

The emitted electrons are accelerated towards the sample with high potential dif-

ference and focused by electromagnetic lenses in the electron column. It consists

of two symmetric pole pieces winded by copper coils (Figure A.1(b)). The elec-

trons coming out of the source pass between the symmetric poles. The magnetic

field created by an electromagnetic lens will force the electron passing through the

pole pieces towards the direction of the optical axis. The direction and magnitude

of the force (~F ) felt by the electron is defined by,

~F = e
(

~v × ~B
)

(A.2)

where F is the force, e is the charge of an electron, ~v is the velocity of an electron

and ~B is the magnetic field (Figure A.1(b)).

By applying current to the copper wire coiled around the pole pieces, a mag-

netic field is created which acts as a lens. The focal length of the lens can be

varied by varying current through the wires. There are two magnetic lenses, the

condenser and the objective lenses placed in the electron column. The condenser
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A.1. SCANNING ELECTRON MICROSCOPE (SEM)

lens controls the size of the beam, or the amount of electrons traveling down

the column. Increasing the beam size, gives a better signal to noise ratio, but

the diameter of the beam is large resulting in lower resolution. The objective

lens focuses the beam into a spot on the sample. In contrast to light microscope

which illuminates the entire surface, in an electron microscope only a tiny spot

is illuminated with the beam. Then beam is moved in X and Y direction to scan

the sample surface by applying suitable electric field to the scan coils so that it

scans in a raster fashion over the sample surface. Finally, the scanned beam will

be displayed on CRT display.

Detector

The incident electron beam do not simply reflect off the sample surface. As the

beam travels through the sample surface it can either collide with any of the

sample atoms creating secondary electrons or reflected from the sample by elastic

scattering, creating a backscattered electron. The signals emitted from the sample

are collected by a specific detector. The secondary electrons with low energy are

detected by a Everhart-Thornley detector, a type of scintillator-photomultiplier

detector. The backscattered electron detector is positioned above the sample in

a “doughnut” type arrangement, concentric with electron beam maximizing solid

angle of collection. The composition of the sample can be obtained by measur-

ing the X-ray signals using energy-dispersive X-ray spectroscopy or wavelength

dispersive X-ray spectroscopy.

Electron Sample Interaction

In electron microscopy, basically all process which occur when an electron beam of

few kV hits the sample surface can be used for analysis. Figure A.1(c) shows the

electron interaction volume and the volume/depth from which different signals are

emitted at various depth when electron beam hits the sample surface. When an

electron hits the sample surface, the primary electrons give energy to the electrons

in the sample surface that are emitted as secondary electrons by inelastic collisions

with the primary electrons. The detected secondary electrons have lower energy

around few eV and are essentially produced at the top of the surface. These

signals are used to capture the topography of the sample. Some of the primary

electrons are backscattered due to elastic collisions with the sample. The energy

of the backscatter electrons are upto few keV. The image formed by backscattered

electrons has variations in brightness since heavier elements backscatter electrons

more efficiently due to their large size. The crystallographic structure can be
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determined from diffracted image formed by backscattered electrons. Due to

interaction of electron beam with primary electrons in the sample surface, many

atoms in the sample are left in the excited state. When these atoms return to

a lower energy state, they emit either Auger electrons (more common with light

elements) or X-rays (with heavy elements) which are used for identification of

chemical composition of the sample.

A.2 X-ray Photoelectron Spectroscopy (XPS)

X-ray Photoelectron Spectroscopy (XPS) is a most widely used surface analysis

technique to identify the elements on the surface, chemical state, elemental com-

position and electronic state of the materials on the surface. The phenomenon

is based on the photoelectric effect which describes the ejection of electrons from

a surface when photons impinge on it. The electrons emitted from a depth of

10–100 Å(approx. 20 atomic layers) escape the sample surface and are detected

by the analyzer. Due to inelastic collisions within the atomic structure of the

element, for photoelectrons originating more than 100 Åbelow the surface under-

goes inelastic scattering and resulting the characteristic peaks are not detected.

This technique was developed in the mid 1960s by K. Siegbahn and his research

group who was awarded Nobel Prize for Physics in 1981.

A.2.1 Working principle

The main components of XPS set up are X-ray gun, analyzer, channeltron and an

electronic counter. The X-ray gun can produce electro magnetic radiation with

switchable MgKα (1253.6 eV) or AlKα(1486.6 eV) as anode.

When X-rays were incident on the sample, the photons penetrate into the solid

and excite the electrons from the core levels. The excited electrons are emitted out

of the solid surface. In the electron spectrometer the kinetic energy of the emitted

electrons are detected. The energetic scheme of the substrate and spectrometer

during the XPS emission process is shown in Figure A.2(a). As the kinetic energy

of the electrons is measured, the binding energy of each element is calculated by

using the following energy conservation equation,

Eb = hν −
(

Ek +Φsample −
(

Φspec −Φsample

))

= hν − (Ek +Φspec)
(A.3)

where Eb is the binding of the electron, hν is the incident X-ray energy, Ek is the

kinetic energy of the electrons measured by the analyzer, Φsample and Φspec are the
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A.2. X-RAY PHOTOELECTRON SPECTROSCOPY (XPS)

work function of sample and spectrometer respectively. The workfunction (Φspec)

of the instrument is an adjustable instrumental correction factor which is usually

constant. The analyzer acts as an energy window, referred to as pass energy,

accepting only the electrons in a narrow energy region. A series of lenses are

placed before the analyzer. There are two operating modes: Constant Analysis

Energy (CAE) and Constant Retard Ratio (CRR). In CAE mode in order, to

maintain a constant energy resolution the pass energy is fixed and the incoming

electrons are decelerated to the specified pass energy before passing through the

analyzer. In CRR mode, the electrons are slowed down by a constant ratio of

the electron energy to be analysed. The electrons coming out of the analyzer

are collected by channeltrons and amplified. A preamplifier converts channeltron

current into a logic signal counted by an electronic counter. The experiments are

carried out in vacuum.

A simple model of photon - electron interaction in an atom is shown in Fig-

ure A.2(b) and (c). In addition to direct photoemission, when a core electron is

ejected out by an incident X-ray photon, an electron from an outer orbital fills the

core hole (See Figure A.2(b)). The energy of this transition (higher to lower en-

ergy) is balanced by the emission of an Auger electron (See Figure A.2(c)). Since

Auger electron electrons have a constant kinetic energy independent of the inci-

dent X-ray energy, the Auger peak appears in different positions when different

X-ray sources are used.

XPS spectrum is recorded by counting the number of ejected electrons (Y-

axis) over a range of electron kinetic energies (X-axis). From the energies and

intensities of the photoelectron peaks all surface elements (except hydrogen and

helium) can be identified and quantified. The stoichiometric ratio of the elements

present on the material surface can be determined by taking into account the

peak areas (with appropriate sensitivity factors) provided stacking is known. The

details can be found in section A.2.2. The chemical state for the element can be

identified from the shape of the peak and from the binding energy. In this work,

XPS measurements were mainly used to confirm the molecular adsorption on the

gold surface, atomic ratio and thickness of the molecular layer.

A.2.2 Quantitative analysis

Some of the applications of the XPS measurements are shown below :
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Figure A.2: (a) Energy diagram during photoelectron emission process. Photon-
electron interaction in an atom : (b) An incident photon ejects an electron
from the core level (K shell). (c) Consequently an electron from higher
level (L2,3) fills the core level. The energy released in this transition emits
an additional electron (Auger electron) from the outer shell (L2,3).

Stoichiometric ratio

The stoichiometric ratio for the elements present on the surface can be determined

from XPS measurements. Consider a homogeneous sample in the analysis volume.

The number of photo electrons emitted per second for a specific spectral peak is

given by,

I = nfσθyλAT , (A.4)

where n is the number of atoms for an element in the sample per cm3, f is

the x-ray flux in photons per cm2sec, σ is the photoelectric cross section for

atomic orbital of interest (cm2), θ is an angular efficiency factor for instrumental

arrangement based on the angle between the photon path and detected electron,

y is the efficiency in the photoelectric process for formation of photo electrons of

the normal photo electron energy, λ is the mean free path of the photo electrons in

the sample, A is the area of the sample from which photo electrons are detected,

and T is the detection efficiency for electrons emitted from the sample [156].

Rearranging equation A.4 leads to,

n =
I

fσθyλAT
(A.5)
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The denominator in the equation A.5 is the atomic sensitivity factor (S). The sto-

ichiometric ratio (na : nb) for two elements a and b in a sample can be calculated

using,
na

nb
=

Ia/Sa

Ib/Sb
(A.6)

where Ia and Ib are the integral intensity for a and b which can be found by fitting

the elemental peak using an appropriate XPS Peak fit program. The sensitivity

factors S can be found in the database [156] where we assumed that the molecules

are homogeneously adsorbed on the surface while there may be uncertainty due

to instrumental error, inhomogeneous molecular adsorption and so on.

Thickness of layers

Figure A.3: Thickness calculation for the adsorbed monolayer.

Another quantitative analysis with XPS technique is to determine the thickness

of a thin layer on top of a substrate. Consider, a thin layer B with thickness d

was adsorbed on top of the substrate A (see Figure A.3). The XPS signal from

the underlying substrate A will be attenuated due to inelastic scattering of some

of the photo electrons as they traverse through the layer of material B. For any

single photo electron, the probability of an electron passing through this over

layer without being subjected to scattering event is given by

P = e−d/la (A.7)

where la is the attenuation length (escape depth) is distance normal to the surface,

at which the probability of an electron escaping without significant energy loss

due to inelastic scattering processes, drops to 1
e of its original value. Thus the

overall intensity of the XPS signal arising from A is reduced by the same factor
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(equation A.7). From the above equation A.7, the intensity of the signal from A

can be deduced as:

Id = I0 × e−d/la sin(θ) (A.8)

where Id is the intensity of a photo electron peak from substrate A in the presence

of the over layer, I0 is the intensity of the same peak in the absence of any covering

layer, la is the attenuation length and θ is angle between the plane of the substrate

and the detector [78]. Using equation A.8, we can estimate the thickness of the

deposited layer. About 95% of the information obtained by XPS comes from

within three attenuation lengths of the surface, a distance sometimes referred to

as the “sampling depth”. The photo electron attenuation length is typically on

the order of 2–5 nm depending on kinetic energy.

A.3 Reactive Ion etching

The Reactive Ion Etching (RIE) is an anisotropic dry etching technique which

etches the surface selectively. The sample is placed inside a vacuum chamber

where plasma is generated by radio frequency (RF) field which produces heavy

ions that react with the sample surface. The general setup of RIE is shown in

Figure A.4: Set up of RIE chamber and its working principle.

Figure A.4 consists of two electrodes where the top electrode is grounded. The

sample is placed at the bottom electrode where the RF source is generated. The

composition of gases is pumped through inlets into the chamber. The gases were

ionized by RF excitation. The electric field accelerates ions towards the surface,

having a higher probability to etch the target material resulting in anisotropic
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etching. The chemically reactive plasma contents depend on the selectivity of

the material to be etched. In our case, lithographically fabricated gold electrode

has to be etched at the central constriction to have a free standing bridge. A

composition of CH4 and O2 mixture is used to etch the polyimide. Initially, poly-

imide is etched vertically followed by horizontal etching underneath the central

constriction horizontally. The parameters like RF power, composition of the gas

mixture, etch time play an important role in etching a material.
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APPENDIX B
Synthesis of ferrocene molecules

The ferrocene molecules namely FDT, FDA and FBPDT are synthesized by group

of Prof. Butenschön. The procedure to synthesize are explained below.

B.1 General procedure

The general procedure followed are stated below:

The equipments (beakers, distilleries, storage vessels) used for the synthesis were

cleaned throughly by heating in vacuum and flushed with argon before use. The

solvents were cleaned and dried by standard methods [157]. The purification of

chemicals were as follows: The ferrocene was purified by Soxhlet extraction from

hexane. Ethanol and 4-picoline was distilled over sodium and calcium hydride

respectively under argon atmosphere. Commercial chloroform was usually sta-

bilized by addition of 1% ethanol (EtOH) or dimethylaminobenzene. Simplest

purification involves washing with water to remove EtOH, drying with K2C03

or CaCl2, refluxing with CaCl2 and distilled in argon atmosphere. Diethyl ether

and hexane was dried by distillation from sodium and benzophenone and refluxed

in argon atmosphere prior to use. Hydrazine monohydrate was degassed thrice

by freeze-pump-Thaw method and flushed with argon. Water and toulene was

sonicated and purged with argon for 15 minutes to remove oxygen.

B.1.1 Synthesis of 1,1’ Ferrocene dithiol

The schematic of the entire reaction for FDT preparation is shown in Figure B.1.

The synthesis of 1,1’ Ferrocene dithiol involves three steps. They are as follows :

Step 1 : Synthesis of 1,1’ dilithioferrocene (2)

Ferrocene (1, 85.0 g, 0.457 M) was taken in a 1L round bottom flask equipped
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Figure B.1: Schematic representation of the steps involved in synthesis of 1,1’ Ferrocene
dithiol (FDT) (4).

with a side arm and a magnetic stirrer. The neck was sealed with rubber septum

and the flask is evacuated and filled with nitrogen. A solution of butyl lithium in

hexane (1 M, 750 ml) is added via a cannula and stirred rapidly. A freshly distilled

tetramethylethylenediamine (TMEDA) (82.5 ml, 0.55 M) was added drop wise

over a period of 1 hr. The reaction becomes quite warm during the addition.

The obtained ferrocene slurry reacted to give a deep cherry red solution. The

mixture was allowed to cool slowly with continuous stirring lasting for 10 hrs. The

obtained fine orange precipitate was filtered through a medium porosity sintered

disc using Schlenk tube techniques and washed with hot, oxygen free hexane (2

x 200 ml). Drying in vacuo (12 hrs) yields an orange pyrophoric powder of 1,1’

dilithioferrocene.

Step 2 : Synthesis of 1,2,3-trithia-[3]-ferrocenophane (3)

A 500 ml round-bottomed flask, equipped with a side arm, a reflux condenser and

a magnetic stirrer filled with nitrogen gas was taken and 1,1’ dilithioferrocene (2,

9.5 g, 30.5 mmol) was added to it. Then dry oxygen free 1,2-dimethoxyethane

(300 ml) followed by sublimed sulfur (6g, 187 mmol) was added. The resulting

mixture was refluxed for 12 hrs and cooled, filtered through a bed of “Celite”.

The filtrate was treated with diethyl ether (150 ml) and washed with 10% aqueous

sodium hydroxide (5 x 100 ml). The combined aqueous fractions were washed

with diethyl ether (3 x 200 ml). The combined ether fractions were dried over

MgSO4 and the solvent was removed by vacuum distillation to give dark semi-

solid. Vacuum sublimation of this material (0.3 mm, 160◦ C, water cooled probe)

resulted in dark orange crystals. Further purification was done by dissolving small

amounts of this material in cold acetone followed by filtering to remove sulfur.

Evaporation of filtrate and recrystallization of the residue from benzene yields

orange crystals of l,2,3-trithia-[3]-ferrocenophane.
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Step 3 : Synthesis of 1,1’ Ferrocene dithiol (4)

l,2,3-trithia-[3]-ferrocenophane (3, 3.55 g, 0.127 mole) was added to a suspension

of LiAIH4 (1 g, 0.026 mole) in diethyl ether (200 ml). When the reaction mixture

became warm, it evolved hydrogen sulfide. The mixture was stirred for 2 hrs

under reflux and poured onto 300 ml of ice cold oxygen-free water. The addition

of potassium hydroxide (5 g) gave an orange aqueous layer and a yellow ether

layer. The aqueous layer was separated, extracted with diethyl ether (2 x 50 ml)

and then acidified with concentrated HCl which caused the product to separate as

a bright yellow suspension. The suspended material was extracted into 300 ml of

ether and the solvent was removed in vacuo, to get a bright yellow crystals (3.05 g,

95%). An analytical sample was prepared by sublimation (0.3 mm, 80◦ C, water

cooled probe) to give clear yellow crystals 1,1 ’ Ferrocene dithiol (FDT) (4). The

complex was moderately air sensitive in the solid but in solutions it was relatively

stable. For more experimental details we refer to [124].

B.1.2 Synthesis of 1,1’ Ferrocene diamine

The schematic of the chemical reaction for FDA preparation is shown in Fig-

ure B.2. The synthesis involves three steps:

Figure B.2: Schematic representation of the steps involved in synthesis of 1,1’ Ferrocene
diamine (FDA) (7).

Step 1 : Synthesis of 1,1’ dibromo ferrocene (5)

A 100 ml flask equipped with a side arm and a mechanical stirrer was taken.
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Ferrocene (1 g, 5.4 mmol) dissolved in hexane (30 ml) was added to it followed

by addition of tetramethylethylenediamine (TMEDA) (1.8 ml, 11.8 mmol). The

resulting yellow colored solution was cooled to −78◦ C. 2.5 M of n-BuLi in hexane

(4.7 ml, 11.8 mmol) was added slowly through the side arm and stirred vigor-

ously. TMEDA acts as a chelating agent and enhances lithiation of ferrocene.

The resulting orange color suspension was stirred overnight at 70◦ C. Finally, the

mixture was cooled to −78◦ C and 1,2-dibromo-1,1’,2,2’-tetrachlorethane (3.85

g, 11.8 mmol) was added in small portion and stirred at −78◦ C for 4 hrs and

at room temperature for 2 hrs. The obtained darkish brown solution was hy-

drolyzed with 20 mL distilled water during which the phases get separated. The

aqueous phase is washed with dichloromethane (DCM) (3 x 20 ml) and the or-

ganic phase with MgSO4 and dried, filtered. The residual solution was pumped

down by rotary evaporator. The obtained red brown powder was purified by

column chromatography (silica gel 50 x 3 cm, eluent : petroleum ether)

Step 2 : Synthesis of 1,1’ diphthalimidoferrocene (6)

1, 1’ dibromoferrocene(1, 1 g, 3 mmol) and pthalimide (1.1.g, 7.5 mmol) hy-

drolyzed with 50 ml distilled H2O were taken in a 100 ml Schlenk flask. Cop-

per(I)oxide (0.502 g, 7 mmol) was added to the mixture and stirred for 30 h

at 145◦ C. The dark brown suspension after cooling was filtered by fritted glass

(Porosity 4) under inert atmosphere and washed with diethyl ether (2 x 20ml, 1 x

10 ml). The resulting fine brown powder when treated with chloroform in Soxhlet

apparatus for 60 hrs turns into a dark red extract. The chloroform was removed

under reduced pressure. Thus dark red 1,1’ diphthalimidoferrocene powder was

obtained.

Step 3 : Synthesis of 1,1’ diaminoferrocene (7)

The obtained 1,1 ’ dipthalimidoferrocene (3, 0.39 g, 0.82 mmol) was added to 50

ml of oxygen free ethanol and mixed well. Hydranzine monohydrate (8 ml, 164

mmol) was added through the side arm and refluxed for 3 hrs. The mixture was

quiet warm and the color of the solution turns from dark red to golden yellow

slowly. When cooled to room temperature, a clear yellow color solution was

obtained. The solution was diluted with degassed water (50 ml). The extraction

was carried with diethyl ether (3 x 50ml) directly in the Schlenk flask. The ether

phase was separated using a syringe and dried with MgSO4. The solvent was

evaporated under reduced pressure and 1,1’ diaminoferrocene (FDA) (12) was

obtained as yellow powder. For more details about molecular synthesis we refer

to [158]
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B.1.3 Synthesis of 1,1’-bis[(4-thioacetylphenyl)]-ferrocene

The schematics for synthesis of FBPDT shown in Figure B.3. The synthesis

Figure B.3: Schematic representation of the steps involved in synthesis of 1,1’-bis[(4-
thioacetylphenyl)]-ferrocene (FBPDT) (12).

involves five steps:

Step 1 : Synthesis of 1,1’-diiodoferrocene (8)

1,1’-diiodoferrocene serves as a starting material for synthesis of bi-directional

1,1’-di substituted systems with a ferrocene functional unit integrated in the

extended π systems [159]. A mixture of ferrocene (1, 5.0 g, 26.9 mmol) in hexane

was added to TMEDA (10 ml, 67.2 mmol) and stirred in a three neck flask. To

this mixture, 2.5 M butyl lithium in hexane (26.8 ml, 67.2 mmol) was added

via cannula over 5 min at −78◦ C and stirred (23◦ C) for 16 hrs. The resulting

suspension was cooled to −78◦ C followed by addition of tetrahydrofuran (THF)

(200ml) and iodine (15.0 g, 59.1 mmol) to the suspension and stirred for 15 min

at −78◦ C and for 2 hrs at 23◦ C. The obtained product when quenched with

saturated Na2S2O3 (200 ml) results in separation of phases. The aqueous phase

was extracted with diethyl ether (3 x 50 ml) while organic phase is dried over

MgSO4 and filtered through Celite bed. The solution was evaporated at reduced

pressure. The crude product was extracted into petroleum ether (50 ml) and

washed successively with aq. FeCl3 solution (0.5 M, 20 x 30 ml) and extracted

with water (10 x 30 ml) until the washing turns colourless and dried over MgSO4

followed by drying in vacuo yields reddish brown oil of 1,1’ diiodoferrocene (8,

7.06 g, 16.1 mmol) [159, 160].
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Step 2 : Synthesis of 1,1’-bis(trimethylsilylethynyl)ferrocene(9)

A mixture of Pd(PPh3)2Cl2 (120.0 mg, 0.2 mmol) and Cu(OAc)2.H2O was added

to 1,1’diiodoferrocene (8, 2.2g, 5.0 mmol) and trimethylsilyethyne (1.8 ml, 12.4

mmol) dissolved in diisopropylamine (40 ml). The reaction mixture was refluxed

(4 hrs), treated with dicholoromethane (DCM) and filtered through Celite. The

solution was evaporated in vacuum and the oil was removed by column chro-

matography (KG, 30×3cm, PE ). 1,1’-bis(trimethylsilylethynyl)ferrocene (9, 1.6

g, 4.2 mmol, 85%) was obtained as reddish brown solid [161].

Step 3 : Synthesis of 1,1’-bis(tributylstannylethynyl)ferrocene (10)

Trimethylsilyl protected with diethynyl ferrocene (9, 1.6 g, 4.2 mmol) was dis-

solved in THF (120 ml). 1.6 M of Methyl lithium in diethylether (7.5 ml, 12

mmol) was added to the reaction mixture at −78◦ C and stirred at 23◦ C for

16 hrs. Finally Bu3SnCl (5.7 ml, 21.1 mmol) in THF (40 ml) was added and

stirred for 16 hrs at 23◦ C and refluxed for 3 hrs. The mixture was dried

in vacuo followed by vacuum distillation to purify the product. Finally, 1,1’-

bis(tributylstannylethynyl)ferrocene (10) [162] is obtained as a reddish brown

oil.

Step 4 : Synthesis of 4-iodo-1-thioacetylbenzol (11)

4-iodophenyl-1-sulfonylchloride (11, 4.0 g, 13.2 mmol) and dimethylacetamide

(3.5 ml, 39.7 mmol) (Mixture 1), dichloromethylsilane (5.6 ml, 46.3 mmol) and

Zn powder (3.0 g, 46.3 mmol) (Mixture 2) were mixed with 1,2-dichloroethane

(100 ml) separately. Mixture 1 was added drop wise to Mixture 2 and stirred

for 2 hrs at 75◦ C until the Zn powder was dissolved, followed by addition of

K2CO3 (1.1 g, 7.9 mmol, 75◦ C) and stirred for 30 minutes. After cooling the

solution (23◦ C), acetylchloride (3.6 ml, 52.9 mmol, 4 equiv) was added and stirred

for 16 hrs. The resultant pale yellow color solution was filtered and washed with

saturated NaCl solution and dried over MgSO4. The solid was filtered, dried

in vacuo and purified by column chromatography (KG, 30 x 3cm, PE/DCM

1:1). 4-iodo-1-thioacetylbenzol (11, 3.1 g, 11.2 mmol) was obtained as colorless

solid [163].

Step 5: Synthesis of 1,1’- bis[(4-thioacetylphenyl)]- ferrocene (FBPDT) (12)

The targeted compound (12) was synthesized by combining 1,1’-bis(tributyl-

stannylethynyl)ferrocene (10, 0.9g, 1.1 mmol), 4-iodo-1-thioacetylbenzol (11, 0.7

g, 2.4 mmol) catalyzed by Pd(PPh3)4 (0.06 g, 0.06 mmol) in refluxing dioxane

(25 ml ) for 20 hrs. Residual tributylstannylchloride was removed by evaporation
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at reduced pressure followed by treatment with acetonitrile (10 ml) and washed

with hexane (3 x 10 ml ). The solution was again evaporated at reduced pressure

and further purified by column chromatography (KG, 30 x 3cm, PE ). 1,1’-bis[(4-

thioacetylphenyl)]-ferrocene (12, 0.2 g, 0.4 mmol, 37%) was obtained as dark red

solid [162].

Further more information about synthesis of FBPDT can be found in [164].
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