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Abstract 

Abstract 

Understanding electronic transport in atomic-sized devices is critically important for both 

fundamental reasons and electronic applications at such a small length scale. Present thesis 

explores two important aspects in this field. Firstly, the contributions of molecular structure and 

orientation to the formation and charge transport characteristics of single molecular junction were 

investigated in mechanically controllable break junction platform. Secondly, we looked into the 

formation of impurity induced atomic/molecular chain through electronic transport measurements. 

The study of two isomers of bipyridine molecular junctions (Au/4,4′-bipyridine/Au and Au/ 2,2′-

bipyridine /Au) reveals distinct evolution during stretching caused by the difference in Au-N bond 

strengths due to steric effect, establishing a close relationship between metal-molecule contact 

formation and molecule orientation. The significance of spatial orientation is further manifested 

by investigating the transport mechanism of ferrocene molecule connected to Au electrodes at 

ambient conditions. We observed a significant high conductance for Au/Ferrocene/Au single 

molecular junction (~ one quarter of a conductance quantum), which is further explained via 

resonant transport mechanism due to a strong hybridization between the metal electrodes and the 

molecule orienting perpendicular to the electrode axis. Whereas, parallel orientation exhibits a low 

conducting off-resonant mechanism. Furthermore, when ferrocene is terminated with two 

anchoring groups (-NH2) and (-CN), it exhibits perpendicular conformational characteristics as 

well as features at low conductance due to bonding with the chemical anchors. When the same 

ferrocene junction is examined at 4.2K, 77K, and 300K, a striking influence of temperature on the 

formation of junction is observed, demonstrating an increase in the number of stable conformations 

with the reduction of temperature. The key factor influencing the formation (i.e., the metal-

molecule coupling) is the temperature-dependent rotational dynamics of Cp rings which 

destabilized the parallel configuration at 300K. Considering other possibility, the mechanical 

gating response of a ferrocene molecular junction connected between Ag electrodes is studied 

which indicate that gating efficiency can be tuned by modifying the spatial distribution of frontier 

molecular orbitals. Apart from that, investigation of copper (Cu) and aluminum (Al) atomic 

junctions in hydrogen environment enables the formation of Cu atomic chain with conductance 

value in the tunneling regime in contrast to Al junction, implying the role of frontier molecular 

orbitals in the realization of impurity assisted atomic chain. Overall, reported findings are expected 

to establish a set of general principles for the design of atomic scale devices with new electronic 

functionality. 
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সারাাংশ  

বাস্তবসম্মত পারমাণববক-আকাররর যরের মরযে ইরেকট্ররের পবরবহে ববাঝা বমৌবেক কাররণ এবং এই 

যররের ব াট দৈর্ যের বেরে দবৈযেবতক যে প্রস্তুত করা, উভর়ের জেেই খুব গুরুত্বপূণ য। বতযমাে    

গরবষণামূেক প্রবরে মূেত ৈযটট গুরুত্বপূণ য বৈরকর উপর আরোকপাত করা হর়ের  । প্রথমত, যাবেকভারব 

বে়েেণরযাগে প্ল্োটফরম য গটিত পারমাণববক-আকাররর  সংরযারগ (যাতু-অণযর), আযাে পবরবহে দববিষ্ট্ে 

এবং সংরযারগর প্রস্তুবতরত অেযর গিে এবং অবভরযাজরের অবৈােরক তুরে যরা হর়ের  ।বিতী়েত, আমরা 

ইরেকট্ররের পবরবহে পবরমারপর মাযেরম বাবহেক অপদ্ররবের সাহারযে সৃষ্ট্  পারমাণববক/আণববক 

িঙৃ্খরের বৈরক েজর বৈর়েব ।  

বাইপাইরিরিন-এি ৈযটট আইরসামাররর সবহত বগারের সংরযাগরক (Au/4,4′-bipyridine/Au এবং Au/ 2,2′-

bipyridine /Au   প্রসাবরত  করর আমারৈর গরবষণা প্রকাি করর বয বরবরক প্রভারবর ৈরুে Au-N বরের 

িক্তিরত বয পাথ যকে দতরী হ়ে তা সংরযারগর বববতযরেও পাথ যকে দতরী করর।  তা াড়াও, যাতু-অণয সংরযাগ 

স্থাপে এবং অণযর অবভরযাজরের মরযে একটট ্বেষ্ঠ সম্পকয প্রবতষ্ঠা করর। অেযর  স্থােী়ে অবভরযাজের 

গুরুত্ব আররা ৈৃঢ়ভারব প্রকাবিত হ়ে বগাে-রফররাবসরে অেযর সংরযাগস্থরে ইরেকট্ররের পবরবহে পরীক্ষা 

করর। বফররাবসে অেযর েম্ব অবভরযাজে, যাতু-অেযর সহরযাগস্থরে ৈৃঢ় সংকরণ দতরী করর এবং 

ইরেকট্ররের অেযরবণত পবরবহে বেবস্থা স্থাপে করর যা পরীক্ষামূেকভারব বেয যাবরত ববভব বেভযরিীে উ্ 

পবরবাবহতা (~ কোরেন্স বকা়োন্টারমর এক চতুথ যাংি   সম্প  বগাে -রফররাবসে অেযর সংরযাগস্থে বক 

প্রমাে করর। অেেবৈরক, সমান্তরাে অবভরযাজে কম পবরবাবহতা সম্প  বে অেযরবণত পদ্ধবত প্রৈি যে 

করর। আবার বফররাবসরের সারথ ৈযটট  রাসা়েবেক গ্রুপ বক (-NH2 এবং -CN) যযি কররে, এটট েম্ব 

অবভরযাজরের জেে সৃষ্ট্ উ্ পবরবাবহতা সম্প  গিেমূেক  দববিরষ্ঠর পািাপাবি রাসা়েবেক গ্ররপর সারথ  

বেরের কাররণ কম পবরবাবহতা সম্প  দববিষ্ঠীও প্রকাি করর। বগাে-বফররাবসরের একই  সংরযাগস্থেরক 

৪.২ k , ૧૧ k,  ৩00 k তাপমাত্রা়ে  পরীক্ষা করা হ়ে এবং সংরযাগ গিরে তাপমাত্রার এক আকষষ যেী়ে প্রভাব 

েক্ষ করা যা়ে : তাপমাত্রা হ্রারসর সারথ সারথ বস্থবতিীে সংরযাগ গিরের সম্ভবো  বকৃ্তদ্ধ পাই । এরক্ষরত্র বৈখা 

যা়ে, তাপমাত্রার সারথ গিেরক (অথ যাৎ যাতু-অণয সংরযাগ) প্রভাববত করার অেেতম উপাৈাে হে 

বফররাবসরের Cp বরংগুবের তাপমাত্রা-বেভযর ্ূণ যে গবতববৈো যা ৩00 k- তাপমাত্রা়ে সমান্তরাে 

অবভরযাজেরক সম্পূণ যভারব অবস্থবতিীে করর বতারে।  এ াড়াও এই  প্রবরে  যাতু – অেয  সংরযারগর 

অেোেে সম্ববোরকও ববরবচো করা হ়ে , বসেভার  ববৈযেিাহরকর মরযে সংযযি বফররাবসরের একটট আণববক 

সংরযারগর যাবেক বগটটং প্রবতক্তি়ো অযে়েে করা হ়ে, যা ইবিত বৈ়ে বয সীমারন্তর আণববক কাবক্ষরকর 

স্থােী়ে বন্টেরক পবরবতযে করর বগটটং ৈক্ষতার সমন্ব়ে করা বযরত পারর। পরবতীকারে, হাইররারজে 

পবররবরি তামা (Cu) এবং অোেযবমবে়োরমর (Al) পারমাণববক সংরযাগগুবের উপর পারমাণববক িঙৃ্খে 

সংিান্ত আমারৈর তৈন্ত বেরৈযি করর বয তামা মৃৈয তবড়ৎবাহী সম্প   পারমাণববক িঙৃ্খে গিে কররত 

সক্ষম হরেও, অোেযবমবে়োম হাইররারজে পবররবরি অপ্রভাববত থারক এবং এই তৈন্ত অপদ্রবে 

সহা়েতাপ্রাপ্ত পারমাণববক িঙৃ্খে উপেবির বক্ষরত্র সীমারন্তর আণববক কাবক্ষরকর ভূবমকা ববাঝা়ে। 

সামবগ্রকভারব, জ্ঞাবপত ফোফেগুবে েতুে দবৈযেবতে কায যকাবরতা সহ পারমাণববক-আকাররর যে  প্রস্তুবতর  

জেে বমৌবেক েীবত-বেয যাররণ সহা়েতা কররব বরে আিা করা যা়ে।  
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Chapter 1 | Introduction 
  

This chapter demonstrate the overall introduction of the thesis, as well as an overview of each 

chapter. 
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Control and manipulation at the atomistic level is the perquisite to extend the further 

miniaturization of electronic circuits and this concept was primarily suggested by Physicist 

Richard Feynman in his famous lecture – 

"There's Plenty of Room at the Bottom: An Invitation to Enter a New Field of Physics" 

at the annual American Physical Society meeting on 29th December, 1959 at Caltech1. Decades 

later, the community of “Molecular electronics” adopted this revolutionary idea to realize the 

technological applications, which was pioneered by Aviram and Ratner’s celebrated paper on 

“Molecular Rectifier” in 19742. Since then, the basic goal in that direction is to establish a 

fundamental understanding of charge transport mechanism through the molecules with a deep 

focus in mind to explore the potential application in future. Immense interest in molecular 

electronics arises due to the smallest possible size of the molecules in contrast to conventional 

micro fabricated components. For instance, the latest commercial device size ranges in few 

nanometer scale, whereas, the diameter of a benzene ring is 0.28 𝑛𝑚3. More importantly, physics 

at that limit is completely dominated by quantum mechanical phenomena and cannot be described 

by the classical laws, which on the other hand can be a source of endless new physical phenomena 

by accounting great versatility of optical, mechanical and thermal properties of synthetic 

molecules. 

The basic components of molecular electronics is the single molecule-electrode or many 

molecules-electrode junction and research groups across the world aimed to control and measure 

the charge transport through it. Molecular junction is generally classified into two types: ensemble 

molecular junctions or single molecular junction. My interest relies on the latter type which is 

attributed to few or single molecule captured between two nanoelectrodes whereas the former is 

based on many molecules. Next, obvious question is how to wire a molecule between the metallic 

leads, because achieving gap size ~10 𝑛𝑚 using conventional lithography process is practically 

challenging and size of a molecule lies in the sub nanometer range. However, difficulties are 

partially circumvented and corresponding experimental techniques have been developed based on 

the electro-mechanical methods which ensures dynamic control of the junction at sub-angstrom 

resolution. Two most commonly used experimental methods are mechanically controllable break 

junction (MCBJ)4–6 and scanning tunneling microscope break junction (STMBJ)7,8 technique and 

in my doctoral course, I use the former technique to fabricate and examine the single molecular 
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junction. Particular description related to the principle and fine details of the MCBJ technique is 

depicted in Chapter 3.  

Three essential ingredients of single molecular junction are metal-molecule interface, metallic 

electrode and molecular backbone9–11 where molecule inside the junction serve as both functional 

and interfacial element. A typical single molecular junction with a molecule encapsulated between 

two sharp atomic tips is schematically shown in Figure 1.1 where the interface is donated by red 

balls. Generally, extent of the hybridization and energy difference between the frontier molecular 

and metallic orbitals, the local density of states of the electrodes at the Fermi level and the degree 

of π-conjugation inside the molecule profoundly affects the charge transfer and functionality of 

the junction9,12,13. Within the junction, energy levels of the molecules are renormalized and 

broadened due to coupling with the metallic leads at the metal-molecule interface. This interface 

is one of the key parameters to control the charge transfer to or from the molecules. Furthermore, 

interfaces make a significant impact to achieve a physically stable configuration. Considering 

language of chemistry, several anchoring groups (for instance: -SH, -NH2, -CN, -PY, -NC, -C60, 

-COOH and so on)6,7,21,8,14–20 are employed as an interfacial element which essentially binds the 

molecular backbone and metallic electrodes. However, presence of such linker agents adversely 

affect the electronic coupling in most of the cases22 and interface without anchoring groups i.e., 

direct coupling12,23–27 have also been attempted, which on the other side suffers lack of mechanical 

stability. Thus, optimization towards the efficient mechanical and electronic coupling at the 

interface is still a subject of interest, considering potentiality of several electrodes (both metal and 

nonmetal) and synthetic chemistry9. Another great opportunity to manipulate the performance of 

the junction rests on the central molecular part which has two distinctive subcomponents- main 

backbone and substituents. Main backbone is the pathway through which charge flows like 𝜋 bond 

in phenyl rings and substituents are the chemical moiety attached to the main backbone, which can 

Figure 1.1 Schematic of a single molecular junction, where a molecule is attached to the sharp 

metallic tips. 
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modify both the electronic coupling and conformation. Substitute mediated conformation for 

biphenyl molecules reveals a pronounced effect on the conductance value15,28–30 and hint a strong 

relationship between the molecular conformation and conductance. Moreover, conformation is a 

difference maker9–11 to realize the quantum interference phenomena which describes the 

interference of de-Broglie waves propagating through the several molecular orbitals of a single 

molecular junction. Interference can be either constructive or destructive type which enhances or 

suppresses the conductance, thus, choice of suitable interference pathways of a molecular junction 

offer a possible route to realize a large ON/OFF ratios for molecular scale devices. Nevertheless, 

the importance of molecular orientation on the characteristics operation of single molecular 

junction are studied to some extent, an extensive mapping on the orientation-property correlations 

for single molecular junction is still limited. In that perspective, primary focus of my thesis is to 

explore and understand the role of spatial orientation of molecule on the evolution and charge 

transport characteristics of the junction. This thesis is divided into ten chapters and an overview 

of each chapters is summarized as follows- 

           In chapter 2, a brief introduction of the theoretical modelling to describe the charge 

transport through single atomic or molecular junction is demonstrated. Flow of electrons through 

atomic conductor is completely ballistic in nature and conductance is quantized in contrast to 

diffusive phenomena. Most famous theoretical formalism to explain the conductance quantization 

of ballistic contact is the Landauer’s formalism of scattering approach which is outlined briefly31–

33 . In case of molecular junction, electronic transport is more complicated due to involvement of 

multiple atoms of different species and a single level resonant tunneling model for coherent 

transport through molecular junction is presented in that chapter. Furthermore, a toy model based 

on the resonant tunneling is discussed to explain the Fano like resonance in molecular junction, 

appearing due to quantum interference of electronic waves. 

           Chapter 3 deals with the experimental technique along with the development of our 

experimental arrangements to fabricate the single molecular junction and corresponding data 

analysis tools. To execute the reported study in that thesis, wire notched mechanically controllable 

break junction (MCBJ) technique is employed which operates on the three point bending 

mechanism34. A short note on the history and principle of MCBJ technique is stated comprising 

with the finer details of our experimental arrangements and electronic circuit diagrams. 

Additionally, characterization of our experimental set up using an atomic junction (gold) and a 
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well-studied molecular junction (4,4'-Bipyridine) are presented together with an extensive 

description of each data analysis tools.   

           Chapter 4 demonstrates the probing of metal-molecule contact formation at the atomic scale 

by studying the formation and the post rupture evolution of two isomers of bipyridine molecules 

(4,4'-Bipyridine and 2,2'-Bipyridine) connected via gold electrodes at room temperature. While 

both molecules form molecular junctions during the breaking of the junction, corresponding 

closing event show the formation of molecular junctions unambiguously for 4,4'-Bipyridine via a 

conductance jump from the tunneling regime, referred to as “jump to molecular contact,” being 

absent for 2,2'-Bipyridine. Combining statistical analysis of the data, molecular dynamics and first-

principles calculations, we establish that contact formation is strongly connected with the 

orientation of molecule as well as how the junction is broken during the breaking process.  

          Chapter 5 illustrates the realization of highly conducting molecular junction based on the 

near resonant transport mechanism in an organometallic molecule. Electronic transport 

measurements by directly connecting a ferrocene to Au electrodes exhibits a highly conducting 

feature at the ambient condition. A similar experiment was repeated for ferrocene terminated with 

amine (-NH2) and cyano (-CN) anchors, where an extended low conductance features along with 

the high conductance feature like pristine ferrocene are observed. Theoretical calculation indicate 

that two different orientations of ferrocene (perpendicular and parallel to the electrode axis) are 

energetically favorable inside the junction which may lead to two different conductance values 

(high and low). A detailed statistical analysis of the data along with transport calculations suggests 

the near resonant transport mechanism in the perpendicular conformation with a strong 

hybridization between the Au electrodes and Fe atom (covalent like bonding) of ferrocene is 

responsible for the high conductance feature.  Whereas, broad low conducting feature attributes to 

the multiple geometry due to coupling with the anchoring arms. Through this study, the decisive 

role of molecular orientation to the charge transport behavior of a three dimensional organometallic 

molecule is depicted. Furthermore, modification of conformation (perpendicular to parallel) of 

ferrocene is found to alter the transport mechanism from resonant to non-resonant under the 

considered bias window.        

          Chapter 6 continues to study the ferrocene molecular junction by investigating the effect of 

temperature on the molecular conformation. Single molecular conductance measurements at 

4.2 𝐾, 77 𝐾, and 300 𝐾 provides an interesting outcome: reduction of temperature leads to 
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enhancement of stable molecular conformation to be executed in the form of junction. Density 

functional theory (DFT) based calculation enables that stable perpendicular or parallel orientation 

of ferrocene, identified from the previous study, is developed due to coupling of Au electrodes 

with Fe atom or 𝜋 bond of Cp rings of ferrocene. Surprisingly, another exciting fact of ferrocene 

is ascertained from the Molecular dynamics (MD) simulation. While Cp rings of ferrocene are 

rotated freely at 300 𝐾, reduction of temperature freezes the Cp rings. This rotating Cp rings at 

300 𝐾 do not allow the formation of chemical bond between Au and the 𝜋 orbitals in the parallel 

configuration, whereas static rings at low temperature opens the possibility of this conformation 

and perpendicular conformation is typically unaffected by the temperature. Thus, both parallel and 

perpendicular orientation of ferrocene is likely to be the possible conformations at low temperature 

in contrast to room temperature where only perpendicular configuration remains, in line with the 

experimentally determined accessibility of more conformation with the reduction of temperature. 

Combing experimental observations and theoretical calculation, sticking influence of temperature 

on the formation of ferrocene molecular junction is presented.         

          In chapter 7, continuing ferrocene as a molecular component other possibilities of the single 

molecule junctions are explored on silver/ferrocene junction. In contrast to silicon-based 

transistors, single molecule junctions can be gated by simple mechanical means. Specifically, 

charge can be transferred between the junction’s electrodes and its molecular bridge when the 

interelectrode separation is modified, leading to variations in the electronic transport properties of 

the junction. While this effect has been studied extensively, the influence of the molecule 

orientation on mechanical gating has not been addressed which is the central motivation of this 

chapter. Experimentally recorded differential conductance spectra along with the transition voltage 

spectroscopy (TVS) of silver/ferrocene molecular junction express that same junction can 

experience either clear mechanical gating or none. This effect is attributed to the orientation of the 

molecule inside the junction, proposed by the theoretical calculations. Two distinct stable 

configurations with parallel and perpendicular orientation of ferrocene with respect to the electrode 

axis are theoretically confirmed for silver/ferrocene junction, similar to the previous study on 

gold/ferrocene. When the molecule is oriented in parallel to the junction axis, mechanical gating 

is seen, however, for the perpendicular molecular orientation a similar effect cannot be found. The 

mechanical gating response for the parallel molecule configuration and the absence of this effect 

for the perpendicular configuration can be ascribed to the orientation of the molecular orbitals that 
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dominate transport with respect to the electrodes, and their coupling to the frontier electrode states. 

These findings emphasize the importance of geometry and local orbital structure of molecule in 

the context of charge transfer across metal-molecule interfaces. 

          Chapter 8 focuses on impurity induced metal atomic chain formation, another important 

aspect of single molecular electronics and our specific interest is to probe the configuration having 

conductance value in the tunneling conductance regime. Atomic chain is the thinnest possible 

metallic wire, consists of an array of metal atoms arranged linearly, which is regularly observed in 

break junction experiments. While spontaneous formation of atomic chain for late 5d transition 

metals (e.g., Au, Pt, Ir) are easily achievable, 3d and 4d metals (e.g., Cu, Ag) demands foreign 

impurities to form stable one-dimensional chain35–41. Primarily these metals were shown to form 

chains in presence of various impurities like oxygen (O2), hydrogen (H2), water (H2O), deuterium 

(D2)
42–49. Conductance of this impurity assisted metallic chain belongs to high conductance 

regime(≥   0.1 𝐺0, 𝐺0 being the quantum of conductance). However, plausibility of configuration 

with conductance value <  0.1 𝐺0 cannot be excluded and this possibility is investigated for copper 

and aluminum metallic junction by inserting hydrogen molecules. In presence of hydrogen, distinct 

evolution between copper and aluminum junction is evident from single molecular conductance 

measurements. Statistical analysis of data ensures the hydrogen decorated copper atomic chain 

with conductance value down to 0.001 𝐺0, which is completely absent for aluminum. Participation 

of hydrogen to these low conducting configurations is further verified from the characteristics 

vibrational signatures of the inelastic electron tunneling spectroscopy (IETS). Intrinsic frontier 

orbitals of aluminum and copper might play a crucial role for this contrary response. Thus, our 

observation demonstrates the opportunity to fabricate low conducting metal atomic chain with the 

help of external molecules in conjugation with a primary understanding of the contribution of the 

continuum states of metallic electrodes to form nearly insulating metallic wire.   

         Finally, the thesis is concluded by giving a conclusion and outlook of the executed study in 

chapter 9. 

         An appendix chapter (chapter 10) is stitched before end, consisting of experimental results 

that have been performed during my doctoral course but not included in this thesis. Including all, 

I have carried out 55 single molecular conductance measurements, combining six different 

electrodes and ten types of molecules. To check the experimental history at a glance, a statistics 
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based on the related information including success and failure rate is given in the that chapter in 

the form of bar diagram.   
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Chapter 2 | Theoretical background 

This chapter describes the charge transport across a single atomic and molecular junction using a 

theoretical modelling approach based on Landauer's scattering formalism. Furthermore, the key 

factors to tune the electrical characteristics of a single molecular junction are demonstrated. 
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2.1. What is ballistic transport? 

Electrical conduction through macroscopic metallic wire is described by Ohm’s law which 

demonstrates that current is proportional to the applied voltage and constant of proportionality is 

known as conductance. However, Ohm’s law is not applicable to the atomic-sized conductors as 

it enters into the mesoscopic regime where quantum coherence plays a central role. It is important 

to mention that different length scales of mesoscopic systems are the key parameter to decide the 

transport mechanism and such length scales are determined by the scattering mechanisms50. For 

example, mesoscopic regime is said to dominate when 𝐿 < 𝐿𝜑, where 𝐿 is the typical length of 

the sample and 𝐿𝜑 is called the phase coherence length. Phase coherence length is defined as the 

distance up to which information concerning the phase of the electronic wave remains conserved. 

Another important length scale is the elastic mean free path (𝑙), roughly the distance between two 

elastic collisions with static impurities. Regime with 𝑙 ≪ 𝐿 is known as diffusive for which motion 

of the electron is considered as a random walk of step size 𝑙 among the impurities. Another 

condition, 𝑙 > 𝐿 leads to the ballistic regime where electron momentum is assumed to be constant 

and limited by the scattering with the boundaries of the sample. A schematic layout of diffusive 

and ballistic transport is displayed in Figure 2.1. Nowadays, advancement of nanotechnology 

techniques makes it possible to fabricate devices with characteristic dimensions smaller than the 

length scale of the diffusive scattering. An example of such a device include atomic or molecular 

junction where characteristic dimensions are the size of the several atomic units, relevant to this 

thesis. Under these conditions, transport is assumed to be governed by the ballistic phenomena: 

electrons are crossing without loss of momentum and phase. 

Figure 2.1 Schematic illustration of diffusive (left) and ballistics transport (right). 
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2.2. Conduction channels and Landauer’s formalism of scattering approach: 

The most popular theoretical formalism to describe coherent transport through nano-scale devices 

is the scattering approach, put forward by Rolf Landauer33,50 in the late 1950’s. Main idea of this 

approach is to relate the transport properties with the reflection and transmission probabilities for 

the carrier’s incident on the sample31,32. 

Let us consider a mesoscopic sample connected to the two reservoirs, referred as left (𝐿) and right 

(𝑅) as shown in Figure 2.2. It is further assumed that reservoirs are so large that they can be 

characterized by a temperature 𝑇𝐿,𝑅 and a chemical potential 𝜇𝐿,𝑅. Distributions of the electrons 

inside the reservoirs obeys the Fermi distribution function  

 𝑓𝛼(𝐸) =
1

1 + exp 
(𝐸 − 𝜇𝛼)

𝐾𝐵𝑇𝛼
⁄

               𝛼 = 𝐿, 𝑅 (2.1) 

Far from the sample, transverse and longitudinal motions of the electrons are assumed to be 

separable. Here, system is opened in the longitudinal direction and characterized by the continuous 

wave vector 𝑘𝑙. The longitudinal energy is thus 𝐸𝑙 =
ℏ2𝑘𝑙

2

2𝑚
⁄ , whereas transverse motion is 

quantized due to confinement and described by the discrete index number n, corresponding  to 

transverse energies 𝐸𝐿,𝑅;𝑛 (different for left and right reservoirs). These states are transverse 

quantum channels. Thus, total energy, 𝐸 =  𝐸𝑛 + 𝐸𝑙 . Since 𝐸𝑙 needs to be positive, for a given 

total energy(𝐸), only a finite number of channels exists. The number of incoming channels are 

denoted by 𝑁𝐿,𝑅(𝐸) in the left and right lead, respectively. Further calculation is performed by 

introducing creation and annihilation operator of the electrons in the scattering states. Operators 

Figure 2.2 Landauer formalism of scattering approach for ballistic transport. A rectangular 

ballistic conductor attached to infinite leads with a potential difference of (𝜇𝐿 − 𝜇𝑅). A single 

scatter is located inside the conductor. 
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𝑎̂†L,R;𝑛(𝐸) and 𝑎̂L,R;𝑛(𝐸) create and annihilate electrons with total energy 𝐸, respectively, in the 

transverse channel n of each lead and 𝑏̂†𝐿,𝑅;𝑛(𝐸), 𝑏̂𝐿,𝑅;𝑛(𝐸), which in the same way, create and 

annihilate electrons in the outgoing states of each lead. The annihilation operators are related via 

the scattering matrix 𝑆̂ that describes a barrier of an arbitrary shape.  

 

(

 
 
 
 

𝑏̂𝐿1
⋮

𝑏̂𝐿𝑁𝐿
𝑏̂𝑅1
⋮

𝑏̂𝑅𝑁𝑅)

 
 
 
 

= 𝑆̂

(

 
 
 

𝑎̂𝐿1
⋮

𝑎̂𝐿𝑁𝐿
𝑎̂𝑅1
⋮

𝑎̂𝑅𝑁𝑅)

 
 
 

 (2.2) 

The matrix 𝑆̂ has dimensions of (NL+NR) × (NL+NR), such that its size and the matrix elements 

depend on the total energy E (determining the number of channels). It has a block structure:  

 𝑆̂ = (𝑟̂ 𝑡̂′
𝑡̂ 𝑟̂′

) (2.3) 

where the square diagonal blocks 𝑟̂ (size NL×NL) and 𝑟̂′ (size NR×NR) describe electron reflection 

back from the left and right reservoirs respectively, and the off-diagonal rectangular blocks 𝑡̂ (size 

NR×NL) and 𝑡̂′ (size NL×NR) describe the electron transmission through the sample. The matrix 𝑆̂ 

can be shown to be unitary, and symmetric under time reversal conditions. Using the above 

operators to describe the current, the following expression for the average current can be obtained: 

 𝐼 =
𝑒

ℎ
∫ 𝑑𝐸
∞

−∞

𝑇𝑟[𝑡̂†(𝐸)𝑡̂(𝐸)][𝑓L(𝐸) − 𝑓R(𝐸)] (2.4) 

Here, the matrix 𝑡̂ is the off-diagonal block of the scattering matrix, whose element: 𝑡𝑚𝑛 = 𝑆𝑅,𝐿;𝑚𝑛 

gives the probability amplitude for an electron wave in mode n on the left contact to be transmitted 

into mode m on the right of the contact. In the zero-temperature limit, and for a small applied 

voltage, Equation (2.4) gives a conductance of:  

 𝐺 =
𝑒2

ℎ
𝑇𝑟[𝑡̂†(𝐸𝐹)𝑡̂(𝐸𝐹)] (2.5) 

Equation (2.5) shows the relation between the scattering matrix evaluated at the Fermi energy and 

the conductance. The matrix 𝑡̂† 𝑡̂ can be diagonalized and it has a real set of eigenvalues, which 

are the transition coefficients Tn(E), each of them between zero and one. The corresponding eigen 

functions are the eigen channels or conduction channels. In this natural basis, Equation (2.4) 

becomes: 
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 𝐼 =
𝑒

ℎ
∑∫ 𝑑𝐸

∞

−∞

𝑇𝑛(𝐸)[𝑓L(𝐸) − 𝑓R(𝐸)]

𝑛

 (2.6) 

and the conductance, after adding a factor of two due to spin degeneracy, is 

 𝐺 =
2𝑒2

ℎ
∑𝑇𝑛

𝑁

𝑛=1

= 𝐺0  ∑𝑇𝑛

𝑁

𝑛=1

 (2.7) 

This is known as the multi-channel generalization for the Landauer formula. Here, the conductance 

is viewed to be carried by 𝑁 independent conduction channels. Each conduction channel has a 

transmission probability of 𝑇𝑛 . A fully open channel (𝑇𝑛 = 1) will conduct up to a value of  𝐺0 =

(2𝑒2 ℎ⁄ ), which is known as the quantum of conductance. Note that the actual number of channels 

for an atomic junction is determined by the valence orbital structure of the atoms51.  

2.3. Coherent transport through molecular junction- Resonant tunneling 

model: 

On the other hand, theoretical description of electrical conduction through molecular junctions is 

more complicated compared to atomic wires for various reasons50. The primary reason would be 

its complicated electronic structure, simply because it is composed of several atoms of different 

species. Secondly, weak interaction at the metal-molecule interface leads to the presence of 

correlation effects such as Coulomb blockade or the Kondo effect, which in turn play an important 

role for electronic transport. Furthermore, molecules possess internal degrees of freedom, in 

particular vibrations modes, which can be excited by the transport of electrons leading to a 

modification of the current-voltage (𝐼 − 𝑉) characteristics. A molecule can also undergo 

conformational modification due to, for instance, the high electric fields applied in the contacts, 

mechanical stress, an external field (electromagnetic radiation) or the local environment (red-ox 

reactions).  

Regarding the transport through the molecular junction, it is obvious that different molecular 

orbitals can participate simultaneously. However, there are many cases for which one level 

(HOMO or LUMO) lies closest to the Fermi level of the metal and hence dominates the transport 

in a certain voltage range. Such a situation can be described by the single level resonant tunneling 

model, depicted in Figure 2.3a.  Level position is denoted by 𝜖0 with respect to the position of 

metallic Fermi levels. At finite bias, applied bias voltage can modulate the position of level, which 

is indicated by considering 𝜖0 (𝑉). The other key parameters of this model are the scattering rates 
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Γ𝐿,𝑅 which describe the strength of the coupling to the metal electrodes (𝐿, 𝑅). These parameters 

have dimensions of energy and it determine the lifetime or broadening of the resonant level.   

 

 

Following the spirit of Landauer’s approach, 𝐼 − 𝑉 characteristics of this model can be expressed 

as,  

 𝐼 =
2𝑒

ℎ
∫ 𝑑𝐸 𝑇(𝐸, 𝑉)[𝑓(𝐸 − 𝑒𝑉 2⁄ ) − 𝑓(𝐸 +

𝑒𝑉
2⁄ )]

+∞

−∞

 (2.8) 

Above equation is similar to Equation (2.6) except the factor 2 which is due to the spin symmetry, 

𝑓(𝐸) is the Fermi function and 𝑇(𝐸, 𝑉) is the energy and bias voltage dependent transmission 

coefficient, given by the Breit-Wigner formula, 

 𝑇(𝐸, 𝑉) =
4Γ𝐿Γ𝑅

[𝐸 − 𝜖0(𝑉)]2 + [Γ𝐿 + Γ𝑅]2
 (2.9) 

As stated earlier, strength of metal-molecule coupling52 and energetic offset is thus a deciding 

factor for electronic transmission through molecular junction. For instance, transmission 

calculated for different values of  𝜖0 and (Γ𝐿/Γ𝑅) is presented in Figure 2.4a-b. It is obvious that 

decrease of energetic offset increases the zero-bias transmission at the metallic Fermi energy 

(Figure 2.4a). On the other hand, introduction of asymmetry reduces the corresponding zero bias 

transmission (Figure 2.4b).   Γ𝐿 ≠ Γ𝑅 corresponds to the asymmetric coupling where a molecule 

is differently coupled to the alternate electrodes. Asymmetry in the coupling can be due to extrinsic 

Figure 2.3 (a) Level scheme of a molecular junction where the transport is dominated by a single 

level, 𝜖0. (b) Same scheme with two- level model to explain the physics of Fano resonance. 

Compared to the previous model, here, an additional level 𝜖 is introduced which is coupled to 

resonant level 𝜖0 via hopping parameter 𝑡, but not to the leads. 
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factors like asymmetric configuration of the molecule or intrinsic geometry of the molecule under 

consideration. This factor simply induces asymmetric charge distribution in the molecular orbitals 

which, in turn, leads to the dissimilar voltage drop at the interfaces.  Thus, molecular orientation 

or geometry inside the junction is one of the key parameters to engineer the hybridization at the 

metal-molecular interface, which is the primary subject of this thesis.   

2.3.1. Fano resonances 

Coherent transport through molecular junctions is determined by Breit-Wigner resonances that 

appear from the different molecular orbitals. However, these are not the only transmission line 

shapes that can be expected in molecular junctions. Possibility of Fano like resonance due to 

quantum interference of electronic waves cannot be neglected53–61. In case of molecular junction, 

a Fano resonance can appear in the transmission due to interplay between extended molecular 

orbitals and states that are localized in a molecular side group, decoupled from the electrodes56.  

Toy model56  based on the resonant tunneling model is schematically presented in Figure 2.3b to 

explain the Fano resonance. The main inclusion is the additional site (energy level) that represents 

the side group, not directly coupled to the electrodes. Level position of this addition site is denoted 

by 𝜖 and coupling to the resonant level (𝜖0) is described by the hopping 𝑡. Calculation of zero bias 

transmission in this model provides the following expression, 

Figure 2.4 (a) Zero bias transmission as a function of the energy for the model, schematically 

described in Figure 2.3a .Different curves correspond to different values of  𝜖0 = 1.0 𝑒𝑉 (blue), 

2.0 𝑒𝑉 (orange), 3.0 𝑒𝑉 (yellow) and 4.0 𝑒𝑉 (violet) with (
𝛤𝐿
𝛤𝑅
⁄ ) = 1. (b) Same as (a) where 

different curves correspond to different values of (
𝛤𝐿
𝛤𝑅
⁄ ) = 1 (blue), 2 (orange), 10 (yellow) and 

20 (violet) with  𝜖0 = 2.0 𝑒𝑉 . (c) Zero-bias transmission as a function of the energy for the model, 

schematically presented in Figure 2.3b for 𝜖0 = 2.0 𝑒𝑉, 𝜖 = 0.0 𝑒𝑉, 𝛤𝐿 = 𝛤𝑅 = 0.1 𝑒𝑉 and 

different values of the coupling: 𝑡 =  0.0 𝑒𝑉 (blue), 0.3 𝑒𝑉  (orange), 0.6 𝑒𝑉 (yellow) and 0.9 𝑒𝑉 

(violet). 

𝛤𝐿 𝛤𝑅 = 1⁄  𝜖0 = 2 
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 𝑇(𝐸) =
4Γ𝐿Γ𝑅

[𝐸 − 𝜖0 −
𝑡2
(𝐸 − 𝜖)⁄ ]2 + (Γ𝐿 + Γ𝑅)2

 (2.10) 

This equation takes the form of Breit-Wigner formula (Equation (2.9)) when coupling element 

vanishes(𝑡 = 0). Key findings of this model are the presence of an anti resonance at 𝐸 =  𝜖, 

appearing due to the destructive quantum interference of electronic waves. Apart from this anti 

resonance, transmission exhibits two maxima at 𝐸 = 𝜖±, 

 𝜖± =
1

2
 {(𝜖 + 𝜖0) ± √(𝐸 − 𝜖0)2 + 4𝑡2} (2.11) 

In the weak coupling limit(𝑡 ≪ (𝐸 − 𝜖0)), hybridization with side group leads to a peculiar 

asymmetric structure formed by a peak followed by a dip (anti resonance), which is the fingerprint 

of Fano resonance. Such feature is evident from the calculated transmission as shown in Figure 

2.4c, for different values of t and is absent when 𝑡 = 0. However, this peculiar fingerprint needs 

to be located in the vicinity of the metallic Fermi energy to achieve a significant impact on the 

transport characteristics53,54.      
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Chapter 3 | Experimental methods and data 

analysis tools 

This chapter covers the experimental technique (Mechanically controllable break junction) to 

fabricate single molecular junctions, including its principle, a brief history, and finer details of our 

indigenously developed experimental arrangements. Characterization of our experimental set up 

using an atomic junction (gold) and a well-studied molecular junction (4,4'-Bipyridine) are 

presented including a detailed description of each data analysis tool. 
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3.1. Method- Mechanically controllable break junction:  

The present chapter deals with the experimental methods and data analysis tools, which would be 

used in the subsequent chapters. Our method of choice to fabricate the atomic or molecular junction 

is mechanically controllable break junction (MCBJ) technique. Excellent mechanical stability of 

this technique makes it widely accepted to study the dynamical response of the nanoscale junction. 

Historically the idea was first initialized by Moreland and Ekin in 1985 to study the vacuum 

tunneling between superconductors62. However, significant progress was made by Muller et al. in 

1992 to check the quantum effects on the conductance behavior of a gold wire5.  Later in 1997, 

Reed et al. used this technique to examine the charge transport properties of 1,4-Benzenedithiol 

molecular junctions63. 

Schematic layout of a mechanically controllable break junction set up based on the three-point 

bending configuration is shown in Figure 3.1a. Three important parts can easily be distinguished: 

a flexible substrate with a notched metallic wire on its top, a central pushing rod to give the upward 

force and two lateral counter support to rigidly hold the substrate.  To prepare the MCBJ sample, 

a notch (weak spot) is prepared at the center of a macroscopic metallic wire using a surgical blade 

(Swan Morton), controlled by a Z positioner (Holmarc Opto-Mechatronics Ltd) as shown in 

Figure 3.1b. Metallic wire with the notch at its middle is then placed on top of a flexible substrate 

(phosphor bronze of thickness~ 1 𝑚𝑚), covered by a Kapton sheet for electrical insulation. An 

epoxy glue (Stycast 2850 FT with catalyst 9) is used at both sides of the notch to rigidly fix the 

wire (shown in the inset of Figure 3.1b). The substrate is then mounted in the home made three 

point bending configuration. Technical details of these set up are summarized in the next section. 

In case of a three point bending mechanism, bending the substrate leads to an increase of the strain 

in the wire, primarily concentrated at the weak spot. Such bending is achieved due to the upward 

motion of the central pushing rod. Further increase of the strain results in breaking of the wire, 

forming two freshly exposed atomistic electrodes. By relaxing the stretched substrate and 

employing fine control of the gap by means of a piezoelectric actuator (Piezomechanik Gmbh, Pst 

150/2 × 3/7), atomic-size junctions can be formed and broken multiple times. Subsequently the 

nanogap between the two facing electrodes can be tuned with high accuracy during both bending 

and relaxing process, ideal for making a molecular junction connected via atomic tips. Molecules 

are introduced near the weak spot of the electrode using either an external vapor source26,64 or 

employing a local cell for sublimation65,66  or by means of self-assembly from solution67. After 
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successful formation of molecular junctions, charge transport properties are studied using an 

electrical circuit, described in the Section 3.3. Note that, small value of the attenuation factor [𝑟 =

∆𝑑 ∆ℎ⁄ = (6𝑢𝑡 𝐿2⁄ ), where 𝑡 is the thickness of the substrate, 𝑢 is the length of the weak spot and 

𝐿 is the length between the counter support of the three-point bending mechanism] defined as the 

ratio between interelectrode separation (∆𝑑) and displacement of the piezo (∆ℎ ), makes it suitable 

to manipulate the conformation of the junction with a sub-angstrom resolution34 and not only that, 

it provides excellent mechanical stability. 

3.2. Technical details of the experimental set up: 

Two experimental arrangements based on the MCBJ technique were developed in our lab as a part 

of my doctoral thesis. In this subsection, technical details of this setups are summarized. For 

simplicity, arrangements are named as “Room temperature MCBJ (set up-1)” and “MCBJ dipstick 

(set up-2)”.  

3.2.1. Room temperature MCBJ (set up-1) 

Set up-1, shown in the Figure 3.2, is machined at the mechanical workshop of S. N. Bose. National 

Centre for Basic Sciences, Kolkata as per the design provided by us. Here, upward movement of 

the central rod is ensured from the combination of a Z positioner (Holmarc Opto-Mechatronics 

Ltd, India) and piezo stacks (Piezomechanik Gmbh, Germany, Pst 150/2 × 3/7) for rough and fine 

bending of the substrate, respectively. Set up is placed on top of a sponge (label 1 of Figure 3.2a) 

Figure 3.1 (a) Schematic representation of the three-point bending configuration of the 

mechanically controllable break junction (MCBJ) technique. (b) ‘Wire notcher’, designed to make 

the weak spot or notch in the wire by rolling the wire underneath the blade. Inset: a picture of the 

MCBJ sample with a notched gold wire where the two black spots are the epoxy (Stycast) that 

fixes the wire on top of the kapton foil. 




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inside a faraday cage (label 2 of Figure 3.2a) to reduce the external mechanical and electrical 

hazards. Moreover, the base of this set up is kept intentionally heavy to attain the desirable 

mechanical stability. After optimization of this set-up, we have been successful in performing the 

experiments at the ambient condition. 

3.2.2. MCBJ dipstick (set up-2) 

MCBJ dipstick (set up-2) is machined at the Excel Instruments, India and in that case, fine details 

of the design are edited jointly by us and their team (based on the initial design of Prof. Oren Tal’s 

lab, Weizmann Institute of Science, Israel).  Figure 3.3 shows the 3D view of the set up-2, sketched 

by the design department of the Excel Instruments. Electrical wiring and optimization of this setup 

for break junction experiments are completed in our lab. This system is designed primarily to 

perform experiments at cryogenic environments.  MCBJ sample (substrate with a notched metallic 

wire) is loaded at the bottom of the stick and wired up to the top of the stick for necessary electrical 

measurements. Body of this stick consists of a long hollow pipe of length ~ 110 𝑐𝑚 and ~ 5 𝑐𝑚 

in outer diameter which on the other hand serves as a Faraday cage. Pumping and electrical 

Figure 3.2 (a) Experimental arrangements of room temperature MCBJ (set up-1), showing the 

sponge (1) and faraday cage (2) to reduce the external mechanical and electrical noise. (b, c) Rear 

view, front view of the home made three point bending configuration of the set up-1. 
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measurements are performed from the chamber attached at the top of the stick and this part is not 

immersed in the cryogenic liquid (see Figure 3.3b). Electrical wires from the top to bottom are 

guided by different hollow pipes inside the stick. Bending of the substrate is obtained by a screw 

with fine pitch at the bottom, which is connected to a manually rotatable knob, attached to the top 

chamber via a vacuum feed through. However similar to set up-1, fine adjustment is achieved by 

a piezo electric actuator fixed at the bottom of the screw which allows breaking and making of the 

junction in sub-angstrom resolution. Until now, this set-up is capable of introducing foreign 

molecules in the gaseous form to the cold junction by using an in-situ molecule dozer. This is 

prepared by using thin metal capillary tube (shown in the Figure 3.3c) passing through the stick 

and equipped with an internal heating wire to avoid the premature condensation of the gas 

molecules. At the end of the capillary, it is like an “𝐿” shape to insert molecules directly onto the 

notched part of the electrode. Prior to supply of the molecule, capillary tube is pumped for hours 

with a turbo molecular pump and often baked at ~80 − 900 𝐶 to get rid of any contamination. 

Continuous pumping of this capillary tube using a turbo molecular pump is necessary during the 

molecular insertion to prevent unwanted contamination.   

Cryogenic vacuum and temperature stability are crucial to form stable atomic and molecular 

junction and hence, special attention was taken during the design and optimization of this stick.  

(i) High vacuum 

Stick is pumped to ~ 10−6 𝑚𝑏𝑎𝑟 using turbo molecular pump prior to its insertion in the cryogenic 

liquid dewar (either N2 or He). During the course of the pumping, repetitive bake out (at ~80 −

900 𝐶) is done to remove the contamination from the walls of the dipstick. It is necessary to 

continue the pumping until the reading of the pressure gauges saturates and it typically takes more 

than one day. Narrow capillary tube is evacuated separately using its internal heating provision to 

facilitate better cleaning. After attaining adequate pumping, the stick is immersed in the cryogenic 

liquid and the pump is disconnected soon after the cryogenic pumping takes over.   

(ii) Thermal stability 

To attain better thermal stability across the sample, it is important to thermally decouple the bottom 

part from the top chamber which is kept at the room temperature. Different efforts are tried, for 

instance, radiation shields (namely the metal plates) are placed inside the dipstick to support the 

inner pipes, which on the other hand, blocks thermal radiation from top chamber to the sample. 

One important step is the use of thermalization plates. The electrical wires from the top chamber 
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to the particular components (like piezo element, temperature sensors, and sample) at the bottom 

is connected via a thin copper plates, known as thermalization plates (shown in Figure 3.3c), 

instead of direct connection. To attain the bath temperature immediately, the thermalization plates 

are directly attached to the cryogenic bath via a metal jacket (using a cryogenic vacuum grease) 

which reduces thermal loss and ensures a good thermal stability. Moreover, all guiding pipes and 

outer jacket are made from thin wall stainless steel which has a low heat conductance. Another 

source of heat conduction is the capillary, being heated during the insertion of molecules. 

Figure 3.3 (a) Sketch of the MCBJ dipstick (set up-2) with (left) and without outer jacket (right). 

(b, c) zoom in view of the top, bottom part of the stick. Number labels in different points of b, c 

demonstrates the following sections- 1. Pumping port for main stick, 2. Pumping port for capillary 

tube, 3. Port for capillary heating, 4. Port for Electrical connection (Piezo, conductance 

measurements and so on), 5. Knob for manual breaking of the samples, 6. Guided pipes of 

electrical wires, 7. Thermal radiation shield, 8. Thermalization plates of the electrical wires, 9. 

Piezo, 10. Capillary edges and 11. Sample. 
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However, capillary is thermally anchored to the cryogenic bath which confirms extremely fast 

cooling once molecule dozing is over. Stability of the temperature is verified from two independent 

sensors, placed- on the thermalization plate and on top of the substrate. Temperature of these two 

sensors is shown in the Figure 3.4. As such no noticeable difference between the temperatures are 

observed and during the experiment, the temperature sensor is kept on the thermalization plates to 

record the temperature. 

   

3.3. Electrical circuit diagram: 

Electrical circuits used for biasing piezo stack, measuring d.c. conductance and differential 

conductance are schematically shown in Figure 3.5 - Figure 3.7 and described briefly in the 

following section.  

(i) Piezo bias circuit  

A triangular waveform is applied to the piezoelectric element, from the output terminal of 24-bit 

(PCI 4461, National Instruments) data acquisition card (DAQ) via an amplifier (Piezomechanik 

Gmbh, Germany (SVR 150/1)), which essentially translates into a small displacement of atomic 

tips. The amplitude and frequency of this waveform are fixed by a custom designed LABVIEW 

interface. In each cycle of the waveform, conductance (𝐺) of the junction is measured as a function 

of corresponding voltage at the piezo (𝑉𝑝). Such a complete measurement cycle (𝐺 vs. 𝑉𝑝) is called 

conductance trace. This waveform is repeated multiple times to acquire large number of such 

conductance traces (let’s say 10,000 or sometimes even more) to probe the most probable behavior 

of the junction by carrying out the statistical analysis, described in the next section.  

Figure 3.4 (a, b) Temperature as a function of time for the sensors kept at the thermalization 

plates (a) and at the position of the sample (b). Inset: position of the sensors in the sketch.  
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(ii) D.C. conductance measurement circuit 

For conductance measurements, a constant d.c. bias voltage (𝑉) is applied to the junction via a 

10: 1 divider (which improves the signal to noise ratio) from the output terminal of the data 

acquisition card (DAQ). Generated current (𝐼)  is amplified by a current to voltage preamplifier 

(SP 983, electronics lab, University of Basel) and the amplified signal is recorded at the input 

terminal of the same DAQ card. The d.c. conductance of the junction is thus the measured current 

divided by the applied voltage (𝐼 𝑉⁄ ). This circuit can measure conductance over a large dynamic 

range (~20 𝐺0 to 10−4 𝐺0at a fixed bias of 100 𝑚𝑉) by keeping the preamplifier gain constant 

(typically 105 𝑉/𝐴). However, the DAQ card can measure the voltage upto ± 10 𝑉 which limits 

the detection of the conductance lower than ~ 10−4 𝐺0 keeping the same dynamic range. The 

problem can be circumvented either by using a logarithmic preamplifier or by considering the 

circuit shown in Figure 3.6.  In case of modified circuit, a resistance 𝑅𝑠 (50 𝑘Ω for our 

experiments) is added in series to limit the current through the circuit68. Thus, when the 

conductance of the junction is higher, current is determined by the series resistance and for other 

limiting cases i.e., extremely low conducting junction (resistance~𝐺𝛺), contribution of the series 

resistance is negligible and can be ignored. Conductance of the junction is thus obtained by 

measuring the current and the voltage drop across the junction following the equations: 

Figure 3.5 Schematic of electronic circuit used to record the d.c. conductance of the 

atomic/molecular junction as a function of interelectrode separation or displacement. 
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𝑉𝐵𝑖𝑎𝑠 = 𝑉𝑅𝑠 + 𝑉𝐽𝑢𝑛𝑐𝑡𝑖𝑜𝑛 

𝐺𝐽𝑢𝑛𝑐𝑡𝑖𝑜𝑛 =
𝐼

𝑉𝐽𝑢𝑛𝑐𝑡𝑖𝑜𝑛
=

𝐼

(𝑉𝐵𝑖𝑎𝑠 − 𝑉𝑅𝑠)
 

 

(3.1) 

(𝑉𝐵𝑖𝑎𝑠 = Applied bias,  𝑉𝑅𝑠 = Voltage drop across the series resistance, 𝑉𝐽𝑢𝑛𝑐𝑡𝑖𝑜𝑛 = Voltage drop 

across the junction, 𝐼 = Current through the junction). An important consequence of this series 

resistance is that voltage drop across the junction which varies throughout the measurements, also 

needs to be measured simultaneously. 

(iii) Differential conductance measurement circuit 

To measure differential conductance (𝑑𝐼 𝑑𝑉⁄ ) at a fixed d.c. bias voltage (𝑉) , we have used 

standard lock-in technique following the circuit shown in Figure 3.7. A reference sine signal from 

a lock-in amplifier (SR830) is added to the d.c. voltage (𝑉)  from the output terminal of the DAQ 

card and the total voltage is divided by 10: 1 to improve the signal to noise ratio. The a.c. response 

is probed by the same lock-in amplifier (SR830) and recorded by the DAQ card. The differential 

conductance spectra are obtained by dividing the alternating current signal (𝑑𝐼) with the applied 

alternating voltage bias (𝑑𝑉), as a function of a swiped d.c. voltage bias (𝑉).  

Figure 3.6 Schematic of modified electronic circuit to improve the dynamic range of the dc 

conductance measurements (conductance vs. displacement). 
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Note that, measurements and data acquisition are performed with the help of a custom written 

LABVIEW script.    

3.4. Data analysis tools: 

As described earlier, MCBJ set up is used to record the electrical conductance of the atomic or 

molecular junction as a function of interelectrode separation. For instance, experimentally obtained 

data is presented in the Figure 3.8a where upper panel is the evolution of the conductance during 

the sweep of the triangular waveform at the piezo, shown in the lower panel.  Here, conductance 

is expressed in terms of quantum of conductance (𝐺0 = 2𝑒
2 ℎ⁄ ). Amplitude of the triangular 

waveform is decided in such a way that it can drives the conductance from ~100 𝐺0  or even more 

to the lower limit of the experimental set up (noise level). The conductance traces measured at 

each cycle can be divided into two parts – pull or breaking traces and push or making traces. Part 

of the traces corresponding to the positively ramped triangular waveform is called the pull traces 

(Figure 3.8b, light blue) whereas negatively ramped section is known as push traces (Figure 3.8b, 

red). The pull traces demonstrate the gradual reduction in the minimal cross section of the junction 

as the electrodes are pulled away from each other. Likewise, the push trace describes the 

reformation of the contact as the tips crash back towards each other.  

Figure 3.7 Schematic of electronic circuit diagram used to measure the differential conductance 

of the atomic/molecular junction. 
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It is necessary to mention here that conductance is commonly expressed in terms of interelectrode 

separation or displacement (Å) by calibrating the inter-electrode gap size with the corresponding 

voltage applied at the piezo.  Exponential dependence of the current on the vacuum gap is used to 

make a rough calibration of the gap size, following the previous reports69. 

Linear relation between the piezo expansion and inter-electrode gap size helps to define a simple 

calibration constant (𝑐), 

 𝑐 =  
Δ

𝑉𝑝𝑖𝑒𝑧𝑜
 (3.2) 

Where Δ is the interelectrode separation and 𝑉𝑝𝑖𝑒𝑧𝑜 is the voltage at the piezo. Tunneling current 

(𝐼) between two electrodes which are separated by a distance Δ (provided that the applied voltage 

𝑉0 is smaller than the work function of the electrodes) can be expressed70 as,  

 𝐼 (𝑉0) = 𝑘𝑉0𝑒
−2Δ√2𝑚𝜙 ℏ2⁄  (3.3) 

Where 𝜙 is the work function of the electrodes, 𝑚 is mass of the electron, 𝑘 is a constant related 

to the area of the electrode and to the electron density of states at the Fermi level and ℏ is the 

reduced Planck constant. Resistance of the tunnel junction is thus, 

Figure 3.8 (a) Acquisition of conductance traces for a gold (Au) atomic contact during consecutive 

breaking (pull) and making (push) in the break junction configuration. Bottom panel: Triangular 

waveform of the piezo voltage and Top panel: corresponding conductance of the junction. (b) A 

pull (blue) and push (red) trace of a single breaking-making cycle.   
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 R= R0e
2Δ√2mϕ ℏ2⁄  (3.4) 

Combining Equation (3.2) and Equation (3.4), we can write, 

 𝑅 = 𝑅0𝑒
2c𝑉𝑝𝑖𝑒𝑧𝑜√2𝑚𝜙 ℏ2⁄  (3.5) 

Slope 𝑝, of the logarithmic resistance with respect to piezo voltage is thus, 

 𝑝 =
𝜕(𝑙𝑛𝑅)

𝜕𝑉𝑝𝑖𝑒𝑧𝑜
=
𝜕(2c𝑉𝑝𝑖𝑒𝑧𝑜√2𝑚𝜙 ℏ2⁄ )

𝜕𝑉𝑝𝑖𝑒𝑧𝑜
= 
√2𝑚𝜙

ℏ
2𝑐    (3.6) 

Calibration constant,    𝑐 =  
𝑝 ∗ ℏ 

2√2𝑚𝜙
   (3.7) 

This expression is indeed very simple and clean electrodes follows an exponential behavior of the 

current (shown in Figure 3.9a) during stretching or relaxing of the atomic contact. Part of the 

traces to calculate the slope is marked by black dashed arrow (see Figure 3.9a). It would thus 

make a suitable method to calibrate the gap size. A histogram of calibration constant, shown in 

Figure 3.9b, is generated using the calculated slopes of push traces. From the histogram, most 

frequent 𝑐 value is obtained by Gaussian fitting and is used further to calibrate. For reference, same 

trace after calibration is shown in Figure 3.9c. This calibration procedure is found to be consistent 

with other methods to obtain the interelectrode separation, including optical interferometry and 

Gunderlich oscillations, however, can be accurate within ~20% of error69. The major source of 

Figure 3.9 (a) Push traces of gold atomic junction where conductance is presented in terms of 

piezo voltage (𝑉𝑝). Region used for calculating the calibration constant is marked by the black 

dashed arrow. (b) Histogram of the calibration constants, obtained from 10,000 push traces of 

gold junction. Red dashedf line is the Gaussian fitting which provides the most possible calibration 

constant~ 0.018 Å/𝑚𝑉. (c) Same as (a) after calibrating in terms of displacement (Å) using the 

calibration constant of (b).    
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inaccuracy in this method is coming from the value of work function considered, which is sensitive 

to the fine structural details of the tips71 and also on the local environment72. 

So far, discussions have been limited to the different features of the conductance traces including 

calibration technique. However, in the following subsection, I will discuss the primary statistical 

analysis tools that have been used to analyze the experimentally acquired data. MATLAB scripts 

are used for these statistical analysis.  

(i) Conductance histogram and conductance displacement histogram 

Before going into details, necessity of the statistical analysis should be cleared. Conductance trace 

exhibits a series of plateaus (see left panel of Figure 3.10a), with the jumps in between, which 

corresponds to the stable configuration of the atomic contact where jumps are appearing due to the 

atomic rearrangements of the junction during stretching73. Experimentally, electrodes are always 

crashed up to few atoms to delete the memory from previous cycle before entering into the next 

cycle. In each cycle, junction evolves via series of elastic and plastic deformation leading to a 

unique configuration, which is beyond to probe experimentally. Hence, statistical analysis of large 

traces is important to study a large ensemble of possible structures. This has been performed by 

preparing conductance histogram74 which presents distribution of conductance values collected 

from large number of traces. Consequently, when junction exhibits constant conductance values 

with respect to stretching (i.e., conductance plateaus), many values will add up to a small range of 

conductance and reflected as a peak in the histogram (middle panel of Figure 3.10a-b).Peaks in 

the histogram are usually fitted with either Gaussian or Lorentzian function to calculate the most 

probable conductance values.  

However, conductance histogram provides only the conductance values, ignoring information 

related to the conductance in conjugation with interelectrode separation or displacement. Two 

dimensional (2D) conductance displacement histogram16,75 is thus generated to check the 

correlation of conductance and displacement in a statistical manner. 2D conductance displacement 

histogram is constructed by following the way: first a conductance value is assigned for each traces 

as the origin of the displacement axis i.e., zero displacement point. Each point in the traces is then 

contributes to one of the 2D bins in the histogram, defined by conductance and displacement from 

the starting point. The resulting histogram (right panel of Figure 3.10a-b) can then be considered 
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as a stack of many traces, placed on top of each other and is helpful to determine the most common 

feature during stretching. 

An example of conductance traces, conductance histogram and conductance displacement 

histogram of atomic (Gold) and molecular (4,4'-bipyridine) junction is displayed in Figure 3.10a 

and Figure 3.10b respectively. Histograms are usually presented in linear scale for atomic junction 

Figure 3.10 (a) Characteristics conductance trace (left panel), conductance histogram (middle 

panel) and conductance displacement histogram (right panel) of gold atomic junction, measured 

at room temperature. Histograms are constructed from 10,000 consecutive pull traces using 

200 bins and 50 bins respectively.  (b) Similar characterization of gold/ 4,4'-bipyridine /gold 

molecular junction. Here histograms are prepared based on the 5,000 consecutive pull traces by 

logarithmic binning (100 and 50 bins per decade respectively). Inset of left panel depicts the 

chemical structure of molecule considered. 
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whereas for molecular junction, logarithmic binning is efficient because conductance of the single 

molecular contact lies well below 1 𝐺0 and can be as low as < 10−6 𝐺0
76. In case of gold atomic 

junction, sharp peaks (middle panel of Figure 3.10a) and high density cloud (right panel of Figure 

3.10a) at integer multiple of 𝐺0 are clearly evident which is the characteristics signature of s-metal 

having single conduction channel. On the other hand for 4,4'-bipyridine molecules, slanted 

plateaus (left panel of Figure 3.10b) are appearing below 1 𝐺0 (~10
−3𝐺0) which is accumulated 

as peaks (middle panel of Figure 3.10b) and data cloud (right panel of Figure 3.10b) in the 

corresponding histograms, in line with the previous reports 7,75,77.  

(ii) Length histogram 

Another important parameter is the length of the plateau, defined as the difference between two 

absolute displacement values, corresponding to a conductance 𝐺𝑖  to a desired conductance 

value 𝐺𝑓. Histogram of these length is thus presents the distribution of plateau lengths, obtained 

from each traces. It is widely used to probe the chain formation phenomena of metal atomic 

junction. Atomic chain means the junction with two, three or even more atoms, arranged linearly 

and is formed during the spontaneous stretching of the junction at cryogenic environment. Length 

of the plateau is varied accordingly the number of atom involved in the junction which is reflected 

as equidistant peaks in length histogram, signature of chain formation. Figure 3.11a shows the 

length histogram of 1 𝐺0 plateau of gold atomic junction which exhibits a series of peaks with an 

average separation~ 2 Å. Length corresponding to each peak structure demonstrates the tendency 

Figure 3.11  (a) Length histogram of a gold atomic junction for plateaus with conductance value 

in the range 0.5 𝐺0 to 1.5 𝐺0. (b) Length histogram of 4,4'-bipyridine molecular junction 

considering plateaus with conductance in between 0.0001 𝐺0 to 0.01 𝐺0. 
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of the atomic chain to break at that displacement values, in which a sufficient amount of stress is 

accumulated upon elongation of the chain. The relative separation between the peaks is of the order 

of the interatomic separation in gold, confirms that the chain is elongated by atomic units. 

Furthermore for molecular junction, most probable plateau length or stretching length of the 

molecular plateaus is calculated by Gaussian fitting of the histograms, which is an indicative of 

the stability of the junction17. For example, plateau length histogram of 4,4'-bipyridine molecular 

junction is shown in Figure 3.11b. Detailed analysis of length histogram helps to quantify the 

junction formation probability78. 

(iii) Correlation Analysis 

Analysis described above suffers lack of information related to the evolution of the junction which 

has been solved by the introduction of correlation analysis. Correlation analysis, demonstrated by 

the Péter Makk et al.79, is an extremely useful tool to detect several features of junction formation 

and evolution, which cannot be accessible using conventional conductance histogram. To obtain 

the statistical relation between different junction configurations having its characteristics 

conductance value, correlation parameter can be defined as, 

 
𝐶𝑚,𝑛 =

< 𝛿𝑁𝑚(𝑟) ∗ 𝛿𝑁𝑛(𝑟) >𝑟

√< [𝛿𝑁𝑚(𝑟)]2 >𝑟∗< [𝛿𝑁𝑛(𝑟)]2 >𝑟
 

 

(3.8) 

Where 𝑁𝑚(𝑟) and  𝑁𝑛(𝑟) are the number of data points in the mth and nth bin of the given trace r. 

𝛿𝑁𝑚 𝑛⁄ (𝑟) = 𝑁𝑚 𝑛⁄ (𝑟)−< 𝑁𝑚 𝑛⁄ (𝑟) > is the deviation from the mean value. Let’s discuss the 

value of 𝐶𝑚,𝑛   along with its physical significance- 

(a) 𝐶𝑚,𝑛 = 0; Configurations are statistically independent. 

(b) 𝐶𝑚,𝑛 ≠ 0; Configurations are statistically dependent and type of dependency is determined by 

the sign of the function. Positive values of 𝐶𝑚,𝑛 leads to the positive correlation and for these 

cases configurations either appear or disappear together. Negative value of the function 

indicate negative correlation and more than average counts in one configuration is supported 

by the less than average counts in another configuration. It may also be the situation that 

formation of one configuration resists the formation of other. 

Similar function can also be used to understand the cross-correlation between the pull and its 

corresponding push traces80. This may help us to understand the post-rupture evolution of the 

junction and one can study the response of the junction after breaking (specifically whether 
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molecule attached to one of the electrode or diffuse away from the junction). The function is 

modified and described as, 

 
𝐶𝑚,𝑛 =

< 𝛿𝑁𝑚(𝑟) ∗ 𝛿𝑁
′
𝑛(𝑟) >𝑟

√< [𝛿𝑁𝑚(𝑟)]2 >𝑟∗< [𝛿𝑁′𝑛(𝑟)]2 >𝑟
 

 

(3.9) 

Here r denotes the entire pull-push cycle, 𝑁𝑚(𝑟) is the number of data points in the mth  bin of the 

pull trace, whereas 𝑁′𝑛(𝑟) is the number of data points in the nth bin of the push traces. In contrast 

to the former function, diagonal of the pull-push cross-correlation function is not unity. Using this 

method, a correlation map is drawn for arbitrary conductance pairs 𝐺𝑚 and 𝐺𝑛.  Two axis 

corresponds to the two conductance values and color illustrates the value of 𝐶𝑚,𝑛. In that thesis, 

correlation analysis is used to study the post rupture evolution and pre-mature formation of 4,4'-

bipyridine (Figure 4.6b, Chapter 4) and ferrocene molecule (Figure 5.6e, Chapter 5), attached 

to gold electrodes.   
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Chapter 4 | Effect of molecular structure on the 

metal-molecule contact formation 

The formation and post-rupture evolution of two isomers of bipyridine molecules (4,4'-Bipyridine 

and 2,2'-Bipyridine) connected via gold electrodes are studied in this chapter to demonstrate the 

probing of metal-molecule contact formation at the atomic scale. 
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4.1. Introduction: 

Surge towards the ultimate miniaturization has led to envisaged electronic components having 

characteristics dimensions in the nanometer scale. These elements could be molecules, and before 

putting them in a circuit, it is necessary to know how they would behave. While there have been 

tremendous advances made81–84, contact formation at the microscopic level has not been 

straightforward. Considering metallic electrodes, examining the metal-metal contact formed in a 

break junction at liquid helium temperatures, one finds a regime in which one has quantum 

tunneling, followed by the formation of contacts. This transition from a tunneling transport regime 

to contact formation occurs, in most cases, via a sudden jump in the conductance, referred as jump 

to contact85,86. For instance, various metals like Au, Pt, Cu, and Ag exhibit a jump to contact, while 

there are others like Ir, Ni, and W without any signature of jump. Based on a  controlled experiment 

involving an Au break junction, it was shown that the phenomena could be explained by a generic 

potential energy model with the elastic constant of the metal being the only free parameter87. 

However, formation of a metal-molecule bond is rather more complex and extremely sensitive to 

the binding groups and the geometry of the electrodes8,17,88–93. A jump to molecular contact was 

reported for several flat molecules through scanning tunneling microscopy based experiments at 

cryogenic temperatures94–97. It is believed that there exist two energetically close adsorption 

geometries with one of them bridging the junction via a soft phonon from the molecular side 

groups95. In the case of mechanically controllable break junctions, however, the shapes of the 

electrodes are not expected to remain in line while approaching each other, especially at room 

temperature98. This may lead to the formation of asymmetric junctions, which, in contrast to the 

breaking process, may not provide precise conductance of single molecular junctions. In recent 

break junction experiments with an organometallic compound, carried out in solution, a jump was 

observed in the conductance for making traces99. This was attributed to the formation of one-

dimensional coordination polymers in those junctions. The knowledge about the role of metal-

molecule interaction towards bond formation is rather limited and a general picture is still lacking.  

In the present chapter, we demonstrate the observation of jump to molecular contact in a single 

molecular junction by studying the charge transport of 4,4'-bipyridine (4,4'-BPY) and 2,2'-

bipyridine (2,2'-BPY) molecule, attached to gold electrodes [chemical structures are shown in 

Figure 4.1a and b]. Through statistical analysis of conductance displacement traces, along with 

density functional 
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theory based calculations and ab initio molecular dynamics simulation, we provide the microscopic 

origin behind the metal-molecular contact formation. We find that molecular junctions form in the 

breaking traces for both the molecules. The surprising aspect is that 4,4'-BPY forms molecular 

junctions isotropically with conductance jumps in the making (push) traces also, an aspect that is 

absent for 2,2'-BPY. Our density functional theory (DFT) and molecular dynamics (MD) 

simulations reveal two important mechanisms for jump to molecular contact. Firstly, while the 

2,2'-BPY prefers to lie flat on the Au surface, 4,4'-BPY has two stable minima—one with the 

molecule lying flat on the surface and the other with the molecule standing vertically, despite 

having a similar anchoring group involving nitrogen. This unusual aspect of the 4,4'-BPY emerges 

from the fact that the nitrogen forms a very strong bond in 4,4'-BPY100 while the orientation on the 

Au surface in 2,2'-BPY does not allow a similar strong bond due to steric effects from the 

hydrogens attached to the carbon atoms. The possibility of having two stable energy conformations 

may lead to a jump to contact for 4,4'-BPY, similar to reference 95 . Additionally, we propose 

another mechanism, according to which, the observed jump to molecular contact in the case of 

4,4'-BPY may arise from the fact that the molecule breaks by pulling a few gold atoms with it due 

to a strong Au-N bond compared to the Au-Au bond. Consequently, while making the contacts 

during the push loops, one does not have to worry about the directionality of the bonding. Through 

a statistical analysis of the experimental data the second mechanism was found to be the dominant 

one. 

4.2. Results and discussions: 

4.2.1. Conductance traces and histograms 

Typical pull (blue) and push (red) conductance traces for both the molecules are shown in Figure 

4.2a-b, respectively. During the junction breaking process (pull), well-developed molecular 

plateaus in the range of 10−3 − 10−4 𝐺0 is noticed for both 4,4'-BPY and 2,2'-BPY. Push traces of 

Figure 4.1 (a, b) Chemical structure of the molecule used here: 4,4'-bipyridine [4,4'-BPY] (a) 

and 2, 2'-bipyridine [2,2'-BPY]  (b). 
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4,4'-BPY, however, exhibit a plateau like feature which is longer and slanted compared to the pull 

traces, in line with the previous observations101. In the case of 2,2'-BPY, no such plateau was 

observed in push traces; instead, a continuous tunneling like behavior is observed. A closer look 

at the push traces for 4,4'-BPY reveals that atomic contacts of Au form via two jumps in the 

conductance: the first jump occurring from the background noise or tunneling to a conductance 

Figure 4.2(a, b) Conductance displacement traces of 4,4'-BPY (a) and 2,2'-BPY (b) where blue 

(red) color denotes the pull (push) traces. (c, d) Logarithmically binned conductance histogram of 

4,4'-BPY (c) and 2,2'-BPY (d) for pull and push traces, following the same colors. White dashed 

line depicts the Gaussian fitting to evaluate the most prevalent conductance value. 
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value of ∼ 10−3𝐺0 and the second one from ∼  0.1 𝐺0 to a few tenths of 𝐺0. The first jump is 

referred to as “jump to molecular contact” (abbreviated as J2C) and the second jump corresponds 

to the formation of metallic contact. No such jump is observed in the case of 2,2'-BPY. In the 

following paragraphs we discuss more details about the origin of the J2C phenomena. Thousands 

of individual traces were collected, analyzed, and plotted as histograms to get a meaningful 

estimate of the molecular conductance from statistically independent junction configurations. 

Figure 4.2c-d displays the logarithmically binned normalized one-dimensional (1D) conductance 

histogram for 4,4'-BPY and 2,2'-BPY, following the same colors of pull and push traces. 

Histograms are constructed from 5000 (4,4'-BPY) and 8000 (2,2'-BPY) conductance traces 

without any data selection. For both the molecules, the pull histogram (blue) exhibits a clear peak 

around 1 𝐺0 corresponding to the Au atomic contact, followed by a prominent molecular 

conductance feature in the range of 5 ×  10−2 𝐺0 to 5 × 10−4 𝐺0 (4,4'-BPY) and 1 × 10−3 𝐺0 to 

1 × 10−4 𝐺0 (2,2'-BPY). For 4,4'-BPY, the conductance peak can be resolved into two separate 

peaks ( 9.33 ± 0.29 × 10−4 and 4.28 ± 0.07 × 10−4), obtained by fitting Gaussian to the 

characteristic maxima, similar to the previous observation75,77.  To point out the formational   

Figure 4.3 Conditional conductance histogram of pull traces of 4,4'-BPY molecular junction 

where blue area plot is the histogram of all traces whereas red (black) dash dotted line represents 

the histogram of those traces with plateaus in the high (low) conductance region.   
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dependency between these two peaks, conditional analysis is carried out and shown in Figure 4.3, 

where line plot is the conductance histogram of those traces having plateaus at either of two peak 

and area plot is same as Figure 4.2c. The relative intensity noticed in Figure 4.3 validates the 

previous observation of negative correlation (plateau length wise) for 4,4'-BPY molecular junction 

75,79. Coming back to Figure 4.2d, most probable conductance for 2,2'-BPY was found to be 

1.27 ± 0.05 × 10−4 𝐺0.  The push histogram (red) for 4,4'-BPY (Figure 4.2c) shows a clear 

conductance peak in the region ( 5 × 10−4 to 2 × 10−1𝐺0), being higher than the pull  

Figure 4.4 (a, b) Conductance displacement histogram of pull, push traces of 4,4'-BPY. Inset of 

(b): Histogram of the conductance of the molecular contact formed after the jump. 3750 traces 

are used (see Table 4.1 for details). (c, d) Similar characterization for 2,2'-BPY.   
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conductance, whereas,  no such conductance peak is observed in the case of 2,2'-BPY. To 

understand the evolution of conductance during the formation processes and possible origin of the 

observed J2C in the case of 4,4'-BPY, we have taken into account conductance displacement 

histogram. Figure 4.4 displays such 2D conductance displacement histogram for the pull data and 

push data of 4,4'-BPY and  2,2’-BPY. The plots were constructed from the same traces used in the 

1D histogram, by aligning them at 2 𝐺0 and having 100 bins per decade. In case of conductance 

displacement histogram of pull traces (Figure 4.4a, c), high density data cloud is clearly evident 

in the characteristics region as expected from the corresponding traces and histogram. However, 

most intriguing aspect is the unambiguous formation of junction for 4,4'-BPY during the making 

process (push) with a conductance jump occurring mostly at ∼  5.98 ± 0.23 × 10−4𝐺0, 

calculated from the Gaussian fit of the histogram of conductance values where jump to molecular 

contact takes place, shown in the inset of Figure 4.4b. This value bears a close resemblance to the 

conductance of Au/4,4'-BPY/Au junctions in the stretched configuration, reported earlier75. Jump 

to molecular contact is clearly absent for 2,2'-BPY (Figure 4.4d), where a continuous tunneling 

slope is observed from the noise background while closing the electrodes and no clear formation 

of molecular junction was noticed. Furthermore, by analyzing the length histogram (Figure 4.5), 

we see that 4,4'-BPY exhibits a longer and slanted conductance plateau in push with an average 

length of 9.77 ± 0.05 Å  (Figure 4.5c), compared to the corresponding pull plateaus with an 

average plateau length of 3.03 ± 0.02 Å  (Figure 4.5a). A similar analysis for 2,2'-BPY (pull) 

shows an average plateau length of 2.57 ± 0.01 Å (Figure 4.5b).  

Figure 4.5 (a-c) Plateau length histogram constructed by analyzing 3352 pull traces (a), 5000 

push traces (c) of 4,4'-BPY molecular junction and 3778 pull traces (b) of 2,2'-BPY molecular 

junction. Black dash dotted line represents the Gaussian fitting to obtain most probable plateau 

length or stretching length. 
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4.2.2. Correlation analysis 

Now, a statistical correlation analysis of the conductance traces, as described in reference 79, has 

been used to distinguish various structural configurations. Using the same procedure, we have 

carried out a statistical correlation analysis between the pull and push traces 80 to find out if there 

is any possible correlation between them (see Section 3.4 of Chapter 3; also see the references 

79,80,102,103). Figure 4.6b shows the two-dimensional cross correlation plot for 4,4'-BPY, 

constructed from 10000 traces with 50 logarithmic bins per decade. The vertical axis belongs to 

the push traces and the horizontal to the corresponding pull traces. A clear positive correlation 

between the pull and corresponding push traces is observed, shown by a dark spot near the region 

where the pull and push peaks appear, as depicted by the black dash dotted lines. This is also 

evident from the conditional histogram of the corresponding pull (push) traces, shown by the black 

dash dotted line in Figure 4.6a (Figure 4.6d). While selecting the push (pull) traces having a 

conductance plateau in the selected region between the black dash dotted lines, we observe a clear 

enhancement in the conductance peak of the pull (push) histogram. A positive correlation may 

indicate a structural memory effect102 that any molecular junction in push is possible, mostly when 

a molecular junction is formed during the breaking process (pull). A similar positive correlation 

between pull and push traces was observed for the Au/CO/Au junction at cryogenic temperature103. 

It was concluded that the molecule is bound rigidly to the apex of one electrode and a similar single 

molecular configuration was reestablished during the making process. At room temperature, 

however, due to the enhanced surface diffusion, electrodes are flattened and a correlation between 

the breaking and making traces is uncommon. Figure 4.6c compares the correlation observed in 

push from eight different data sets from three different samples with a varying probability of 

molecular junction formation. A conditional analysis of eight statistically independent data sets 

indicates that J2C was observed for more than 80% of the cases whenever a molecular junction is 

formed during pull, establishing the fact that J2C is primarily associated with the formation of a 

molecular junction in pull (See Table 4.1 for details).  
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4.2.3. Theoretical calculations1 

To simulate the experiment, we take two pyramidal gold electrodes and place the molecule 4,4'-

BPY symmetrically between the electrodes. The optimized Au-molecule bond length was found 

to be 2.12 Å in the static calculation. Placing the molecule at this distance from the electrode led 

                                                           
1 Theoretical calculation is performed by Debayan Mondal and Prof. Priya Mahadevan. 

Figure 4.6 (a, d) Conditional histogram of 4,4'-BPY for (a) pull and (d) push traces. The black 

dash dotted line represents the histogram of the selected pull (push) traces for which plateaus are 

formed in the corresponding push (pull) traces, respectively. The blue and red area graph 

represents the histogram of all traces, same as Figure 4.2c. (b) 2D correlation histogram, 

indicating the correlation between the pull (horizontal axis) and push (vertical axis). (c) Bar 

diagram showing the percentage of traces forming a molecular junction in push via jump (black) 

and the percentage of traces having both molecules in the pull and push (gray) for eight different 

data sets. 
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to an effective length (distance between two electrode tips) of 11.10 Å . The Au-Au bond lengths 

in the electrodes were set equal to the bond length of 2.65 Å found in the experimental structure. 

Molecular dynamics simulations were then carried out at a temperature of 300 𝐾. After 200 

iterations, we find that while the positions of the Au atoms in the electrode do not change, two  

Table 4.1 Details of the data of bar diagram (Figure 4.6c). 

atoms from the electrode come closer to the molecule making shorter bonds. We have increased 

the effective length to several values as shown in Figure 4.7a and there are two aspects that 

emerge. An Au atom gets removed from the electrode and moves towards the molecule. 

Additionally the molecule is no longer symmetrically placed with respect to electrodes, and the 

distance of the molecule and one end of the electrode becomes shorter (on one side the length is 

2.45 Å and on the other it is 2.55 Å). The converged effective length is now 12.20 Å (Figure 4.7a). 

If we increase the effective length further (13.00 Å), we still find that the Au atom moves towards 

the molecule (Figure 4.7a). A similar calculation was done for 2,2'-BPY. The N-Au bond length 

is found to be 2.24 Å where we optimized the structure at 0 𝐾. When we increase the separation, 

the Au atom from the electrode is not detached as found for 4,4'-BPY (Figure 4.7b). In order to 

understand this further, we have examined the energy variations as we stretch the Au-Au bond of 

Data set 

Total number 

of traces 

(𝑵𝑻𝒐𝒕𝒂𝒍) 

Total number of 

traces (𝑵𝒋𝒖𝒎𝒑) 

with jump in 

push (% inside 

bracket) 

Total number of 

traces (𝑵𝒎𝒐𝒍) having 

both jump in push 

and molecule in pull 

(% inside bracket) 

𝑵𝒎𝒐𝒍/𝑵𝒋𝒖𝒎𝒑(%) 

1 5000 3750 (75.00) 3236 (64.72) 86.29 

2 2500 1765 (70.60) 1398 (55.92) 79.20 

3 3500 2510 (71.71) 2066 (59.02) 82.31 

4 3200 2155 (67.34 ) 1770 (55.31) 82.13 

5 5000 2991 (59.82) 2232 (44.64) 74.62 

6 10000 6946 (69.46) 5470 (54.70) 78.75 

7 9000 6469 (71.87) 5418 (60.2) 83.75 

8 10000 7396 (73.96) 6020 (60.2) 81.39 
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a metal contact. The energy is found to vary continuously until a bond length of 3. 20 Å (a stretch 

of 8.8 % in the bond length) (Figure 4.7c). At this point there is a discontinuous change in the 

bond length and a jump in the energy also. The energy variations now lie on a new curve and are 

again continuous. As the hopping interaction strength between any two atoms varies inversely with 

their distance according to a power law, this jump in bond length would translate into a jump in 

the hopping interaction strength. This then leads to a jump in the conductance, and is consistent 

with experiments carried out with Au electrodes in which a jump to contact is observed85–87. When 

we went on to examine the variations in the energy of the molecule connected to an Au atom, on 

subjecting it to a similar elongation we found a continuous variation (Figure 4.7c). This suggests 

Figure 4.7 (a) MD snapshot of molecular junction with 4,4'-BPY for effective length of electrode 

(1) 11.10 Å, (2) 11.60 Å, (3) 12.20 Å, and (4) 12.45 Å. (b) MD snapshot of molecular junction 

with 2,2'-BPY for effective length of electrode (1) 6.65 Å, (2) 6.80 Å, and (3) 6. 89 Å.(c) Change 

in total energy with respect to stretching of molecule-Au (black) and Au-Au atom (red) bond. 
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that one should see only a monotonic variation in the conductivity in this case. This is, however, 

contrary to experiments where one has a jump to contact.  

To shed more light on this, we have placed both molecules on gold surface and carried out static 

calculations for different orientations of both molecules at a fixed distance. These results suggest 

that there are two minima present for 4,4'-BPY on gold, while there is only one minima for the 

2,2'-BPY. Allowing for a complete structural optimization in each case leads to the orientations of 

the molecules shown in panels a and b of Figure 4.8 for 4,4'-BPY and what is shown in panel c 

for 2,2'-BPY. While in panel a, we find that the molecule prefers an orientation almost vertical to 

the surface, in b and c we find that the molecule likes to lie horizontal to the surface. The reason 

for this is easy to understand. In the horizontal position the molecule interacts through the carbon 

backbone with the Au surface. Hence for both molecules, this corresponds to a stable orientation. 

In the vertical orientation, 4,4'-BPY interacts strongly through the nitrogen with Au surface. This 

is evident from the charge density shown in the inset of Figure 4.8a, where one finds significant 

weight on several Au atoms beyond its nearest neighbor. In contrast the Au-N bond length is much 

longer for 2,2'-BPY and found to be 2.24 Å as the steric effects from the neighboring atoms do not 

allow the molecule to come closer to the Au surface. This leads to only one stable minima for 2,2'-

BPY. The strong bonding interaction of the nitrogen in 4,4'-BPY that we find is extremely 

directional. This would therefore imply that in the push cycle, we would not have the desired 

reproducibility as only certain orientations would form strong bonds. However, as we saw in the 

MD simulations and also supported by an analysis of the charge density of the bonding state 

between 4,4'-BPY and the Au surface, we find the interaction between them to be strong enough 

Figure 4.8 (a-c) Complete optimized structure for vertically aligned and horizontally aligned 

orientations of the molecules shown in panels (a) and (b) for 4,4'-BPY and in panel (c) for 2,2'-

BPY. Charge density of a state formed as a result of interactions between Au and the molecule   is 

shown in the inset of panel (a). 
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to pull one or more Au atoms out. This then leads to a contact between two Au atoms in the push 

cycle; needless to say, the bonding between Au atoms involves s orbitals and is isotropic (it does 

not need to attach back to its initial position, and can attach with any other gold atom)85,104,105, and 

hence we have the reproducibility. From Figure 4.6c we observe that a jump to contact is observed 

in ∼ 20 % cases despite not forming any molecular junction during pull. As we found that 4,4'-

BPY has two stable orientations on the Au surface, a jump may occur between them via a soft 

phonon mode of the molecule during push95.  

4.3. Conclusion: 

In conclusion, we have studied the formation and the post rupture evolution of molecular junctions 

at room temperature of two isomers of bipyridine (4,4'-BPY and 2,2'-BPY) having the same 

anchoring groups using MCBJ techniques. Transport measurements indicate the formation of a 

stable molecular junction during the breaking cycle for both of these molecules. During the making 

cycle, however, we see that 4,4'-BPY shows a clear formation of a molecular junction via a jump 

in the conductance from the tunneling regime, while a continuous quantum tunneling like behavior 

was observed for 2,2'-BPY. As such formations of molecular junctions via a jump in the 

conductance at room temperature are rare, we use DFT calculations as well as ab initio MD 

simulations to explain them. Two possible mechanisms have come out from our study. Firstly, 

4,4'-BPY was found to have two possible conformations on the Au surface due to the formation of 

a strong Au-N bond, whereas, 2,2'-BPY prefers to lay flat on the Au surface. These two stable 

conformations of 4,4'-BPY may provide jump to contact while approaching the two electrodes. 

Secondly, we show that while breaking the Au/4,4'-BPY/Au junctions, primarily it is the Au-Au 

bond that is ruptured instead of the molecule-Au bond. As the Au atom attached to the molecule 

can bind isotropically with the other Au atoms of the electrodes, one has single molecular junctions 

formed during the making process via conductance jumps similar to what one has seen for Au-Au 

contacts. Statistical analysis of our experimental data indicates that the second mechanism is the 

most dominant one in our case. We provide an important insight, describing the role of metal-

molecule interaction on the formation of chemical bonds, important for the development of 

molecular-scale electronics. 
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Chapter 5 | Low-bias resonant transport and 

orientation dependent conductance in 

Au/ferrocene/Au single molecular junction 
 

This chapter describes the fabrication of highly conducting molecular junction based on the 

resonant transport mechanism of organometallic-based molecules via metal-metal covalent bond, 

as well as the significant role of molecular orientation in the transport mechanism of ferrocene 

molecular junction is demonstrated. 
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5.1. Introduction: 

The central motivation of molecular electronics is to reduce the size of the conventional electronic 

components by taking advantage of the quantum mechanical phenomena at the atomic scale, along 

with the structural versatility of molecules. By adopting the revolutionary idea proposed by Aviram 

and Ratner2, various experimental techniques6,7,112–119,30,64,106–111 were developed to create single-

molecule junctions, allowing access to   electrical76,120,121, chemical122–126, mechanical127–129, 

magnetic81, thermal83,130–132 and optical133,134 properties. Typically, various anchoring groups such 

as thiol (-SH)7,21,63, amine (-NH2)8,20, pyridyl (-PY)7, nitrile (-CN)15, isonitrile (-NC)14,18, 

carboxylic acid (-COOH)17, nitro (-NO2)135, trimethyltin (-SnMe3)136, fullerene(C60)16,19 are used 

to connect organic molecules to the metal electrodes to achieve physically stable structure with 

reliable electronic coupling at the interface. Since the conductance of a single molecule junction 

is primarily sensitive to the degree of orbital hybridization and energy-offset between the frontier 

molecular orbitals and the Fermi level of the metal electrodes12,13, the presence of these anchoring 

group adversely affects the conductance in most of the cases137. With the goal of achieving high 

conductance, molecular junctions were realized either via direct metal-carbon coupling through 

molecules like oligocene24, benzene23,25–27 , fullerene12 or through direct Au-C covalent bonding 

in trimethyl tin (SnMe3)-terminated polymethylene chains136. However, at ambient condition, the 

conductance remains far from the quantum of conductance (𝐺0    =  2𝑒
2 ℎ⁄ ≈  77.6 µ𝑆) mostly 

due to the off-resonant transport mechanism25,136,138, either through coherent tunneling or via 

hopping as a result of large energy off-set. 

Recently, there are efforts to access the resonant transport regime in biphenyl-porphyrin oligomers 

(bp-ppo)139, donor-acceptor oligomers based on DPP121 and amine or thiomethyl terminated 

oligophenyls140. Notably, the resonance could be achieved only by applying a high source drain 

bias (>  1.0 𝑉) or through a gate voltage in a three-terminal configuration141 at cryogenic 

temperature. At such a high bias the molecular junction could become unstable due to the Joule 

heating, or, the characteristics of the junction can be modified by the chemical reaction occurring 

due to the higher current density142,143. Also, considering the realistic difficulties in fabricating 

three terminal single molecular devices, it is indeed desirable to reduce the energy off-set by 

exploring other possibilities of chemical functionalization. 

Here, we focus on ferrocene, a chemically stable molecule at ambient condition, as the primary 
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component of a single molecular device144–150 and corresponding structure is shown in Figure 5.1 

. The unique structure of metallocene having a central transition metal at the center was shown to 

provide near-ballistic spin transport while incorporated between silver electrodes at cryogenic 

environment84. Despite recent reports on ferrocene or its derivative in molecular junctions146–

148,151–153, the detailed transport mechanism of ferrocene based junction is still elusive. In this study, 

we demonstrate the charge transport characteristics of a single Au/ferrocene/Au junction via direct 

metal-molecule coupling, exhibiting a significantly high conductance (~ one quarter of the 

quantum of conductance) at ambient condition. Density functional theory-based transport 

calculations suggest that the frontier molecular orbitals (LUMO) lies in close proximity to the 

metallic Fermi level of the electrodes for a certain orientation of the molecule inside the junction, 

consequently, perfect transmission in the vicinity of Fermi energy and resonant transport through 

the molecule at small applied bias (< 0.5𝑉) is achieved. Further experiment along with the 

theoretical calculation, considering ferrocene terminated with two anchoring groups (-NH2) and (-

CN) [chemical structure is shown in Figure 5.1], display the similar high conductance 

conformation in addition to the features at the low conductance value, arising due to bonding with 

the chemical anchors. In general, our study reveals a way to obtain the resonant transport at the 

low bias regime along with a deeper understanding on the role of the spatial orientation of 

organometallic molecules to the charge transport mechanism. 

5.2. Results and discussions: 

5.2.1. Conductance traces and histograms of ferrocene molecular junction 

Typical conductance displacement breaking traces of ferrocene (abbreviated as FC) single 

molecular junction, connected to Au electrodes, is displayed in the left panel of Figure 5.2. 

Figure 5.1 Chemical structure of the considered molecules- ferrocene (left panel), 1,1′-

bis(aminomethyl)ferrocene (middle panel) and 1,1′-dicyanoferrocene (right panel). 
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Conductance plateau at 1.0 𝐺0 (𝐺0  =  (2𝑒
2 ℎ)⁄  being the quantum of conductance) demonstrates 

the formation of single atomic contact, i.e., only one Au atom in the narrowest cross section. 

However, upon further stretching of the junction, the conductance decreases by several orders of 

magnitude which is termed as “jump out of contact”154,155  and additional features start to appear 

below 1.0 𝐺0  till the noise level is reached. Almost flat conductance plateaus can be observed in 

the region ~ 0.1 − 0.4 𝐺0   (Figure 5.2, left panel) following the post-rupture quantum tunneling 

features which confirm the successful formation of molecular junctions. Due to the pronounced 

thermal noise at room temperature, molecular plateaus are not always identical and vary from trace 

to trace. Thus, to get meaningful conductance value from statistically independent junction 

configurations, several thousands of traces are analyzed and represented as conductance histogram 

(1D histogram) in the middle panel of Figure 5.2 (for bias voltage, 𝑉𝑏𝑖𝑎𝑠 =  400 𝑚𝑉). Histogram 

is constructed using 35 bins per decade from 1800 molecular traces. Large counts at or around 

1.0 𝐺0 appears due to repetitive formation of Au-atomic junction73. However, a well-defined 

conductance peak with maximum at (2.20 ±  0.03)  ×  10−1 𝐺0 is also evident from the histogram 

Figure 5.2 Left panel: Conductance displacement breaking traces of Au/ferrocene/Au junction in 

semi-logarithmic scale, with traces shifted horizontally for clarity. Middle panel:  One 

dimensional conductance histogram, constructed from 1800 molecular traces using 35 bins per 

decade. Black dash dotted line represents the Gaussian fitting of the corresponding molecular 

peak. Inset: conductance of the junction as a function of applied bias voltage. Right panel: 

Conductance displacement histogram of ferrocene molecular junctions based on the same 1800 

molecular traces, constructed using logarithmic binning (50 bins per decade), where black circle 

shows the molecular plateaus. 
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and it corroborates the most probable conductance value of the Au/ferrocene/Au single molecular 

junction at room temperature. This peak is completely absent in control experiments with DCM  

(shown in Figure 5.3)156. The bias dependent measurement shows an enhancement of the 

conductance peak by almost a factor of 1.5 when the bias is increased from 20 𝑚𝑉 to 400 𝑚𝑉 

(inset of Figure 5.2, middle panel; also see Figure 5.4 for the histograms at 20 mV and 50 mV 

bias).To get more insight about the evolution of the junction during stretching, we constructed a 

2D conductance displacement histogram in a semi logarithmic scale. The displacement or 

interelectrode separation was calibrated, following the method described  in Section 3.4 of 

Chapter 369. Right panel of Figure 5.2 shows the typical 2D histogram of FC, which is generated 

by compiling the same traces used in the 1D histogram with 80 bins per decade. High density data 

clouds at or above 1 𝐺0  , represents the Au atomic junction.  A second horizontal data cloud 

(marked with a black circle) is noticed from 3.00 × 10−1 𝐺0  to 8.00 × 10−2 𝐺0  and 

interestingly, conductance of the molecular plateaus does not change significantly with the 

increase of electrode separation, similar to the silver/Vanadocene junction reported by Pal et al84. 

 

Figure 5.3 Conductance histogram, constructed from 3000 conductance displacement traces, 

recorded for the junction exposed to dichloromethane (DCM) solvent during breaking. 

Characteristics molecular signature is absent here. 
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5.2.2. Evolution of ferrocene molecular junction 

The conductance histogram is now considered using traces with and without the molecular features 

(shown in the Figure 5.5). Histogram of the molecular traces reveals a shallow peak at ~1.2 𝐺0 in 

addition to the atomic peak at ~ 1.0 𝐺0, arising possibly due to the formation of precursor 

configuration prior to the atomic junction in line with the previous reports80,88. To get a clearer 

picture about the evolution of the junction, we divide the molecular traces into three different sub-

categories based on the presence of plateaus at Gp, GAu and Gm (Case-I), at Gp and Gm (Case-II), at 

GAu and Gm (Case-III) (conductance values of Gp~1.2 𝐺0, GAu~1.0 𝐺0 and Gm~0.2 𝐺0). 

Characteristic traces of three different sub categories are shown in Figure 5.6a-c with the inset 

revealing the possible junction geometries, where L and R denote the left and right electrodes with 

M as molecule. Figure 5.6d shows the conditional conductance histogram of the three categories 

and the pie chart (inset) showing the probability to find the different cases: Case-I [20%], Case-II 

[13%] and case-III [67%]. From the above analysis, it is obvious that precursor configuration is 

not a necessary condition to have the molecular junction. In fact, the most possible scenario [Case-

III] does not even involve the precursor configuration. Similar precursor configuration was 

observed for  diatomic80,103 and  organometallic88  molecule-based junction which primarily occurs 

when the atomic contact lies in parallel to the molecular junction (shown schematically in the 

insets of Figure 5.6a-c). As a next step, we explore the statistical relationship of these 

configurations with the help of two dimensional cross-correlation histogram (2DCH) technique, 

described in Chapter 379. Using this technique, a map is generated for arbitrary conductance pairs 

Figure 5.4 (a, b) Conductance histogram of Au/ferrocene/Au junction in logarithmic scale for 

two different bias voltage 20 𝑚𝑉 (a) and 50 𝑚𝑉 (b) where black dash dotted line represents the 

Gaussian fitting of the corresponding molecular peak. 
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𝐺𝑖 & 𝐺𝑗 where the color-scale indicates the sign of the correlation among the conductance pairs 

(orange and blue represents the positive and negative correlation respectively). Figure 5.6e shows 

the 2D cross correlation map of ferrocene (FC) molecular junctions where horizontal and vertical 

axes correspond to the two conductance, 𝐺𝑖 & 𝐺𝑗  . Now we consider three different conductance 

regions: (a) R1- molecular conductance (0.09 −  0.40 𝐺0); (b) R2 - single atomic conductance 

(0.80 −  1.05 𝐺0) and (c) R3 – precursor conductance (1.05 −  1.40 𝐺0). In line with the 

conditional analysis, a positive correlation between the precursor peak (R3) and the molecular 

peak (R1) is noticed, marked with the black rectangle in Figure 5.6e. However, the correlation 

between R1 and R2 is negative, marked by the white rectangle, similar to the observation of 

Ag/CO/Ag junction80. This observed negative 

correlation is not an anti-correlation in the presence of these two configurations. Rather, the 

presence of one plateau restricts the occurrence of other in longer length, as  evident from the 

conditional analysis shown in the Figure 5.779. Overall, this combined analysis reestablishes the 

eventual formation of the precursor configuration in which molecule binds alongside to the atomic 

contact and opens additional channel which results in an increase of the conductance up to ~ 

1.3 𝐺0. 

Figure 5.5 Conductance histogram constructed from the conductance traces with (red) and 

without (black) molecular features. Inset: Zoomed view of the same histogram where blue dash 

dotted line presents the Gaussian fitting of the corresponding precursor peak. 
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Figure 5.6 (a - c) Sets of conductance traces with different combinations of plateaus during 

breaking the junction: 1. Case-I: Precursor, Gp~1.2 𝐺0, Atomic, GAu~1.0 𝐺0 and Molecular, Gm 

~0.2 𝐺0 (black), 2. Case-II: Precursor and Molecular (red), 3. Case-III: Atomic and Molecular 

(green). Inset: schematically presents the possible junction geometry where L, R and M denotes 

the left electrode, right electrode and molecule in between. (d) Conditional conductance 

histogram in linear scale, considering traces of case-I (black), II (red) and III (green) using 

200 bins. Inset: Pie chart of percentage of traces contributing different cases. (e) 2D correlation 

map of ferrocene molecular junctions for breaking conductance traces, where negative 

correlation (white rectangle) between the molecular region and atomic peak at 1 𝐺0 is clearly 

visible. Conductance of single-molecule configurations and precursor configuration is positively 

correlated (black rectangle). 
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5.2.3. Effect of anchoring groups 

We now focus on the influence of anchoring group on the conductance behavior of ferrocene 

molecular junction. Left panels of Figure 5.8a-b, respectively, show the conductance 

displacement breaking traces of amine-terminated ferrocene (1,1′-bis(aminomethyl)ferrocene, 

abbreviated as FC-NH2) and cyano-terminated ferrocene (1,1′-dicyanoferrocene, abbreviated as 

FC-CN) single molecular junctions connected to Au electrodes. In contrast to FC, molecular 

plateaus of FC-NH2 and FC-CN have a broad range of conductance values and subsequent plateaus 

can also appear in  a single trace148. Transitions among these plateaus are not always sequential, 

their order completely arbitrary.  Thus, introduction of anchoring group provides more 

conductance plateaus which signifies the multiple junction geometries. One-dimensional 

conductance histograms of FC- NH2 and FC-CN molecular junctions are shown in the middle 

panels of Figure 5.8a-b. Histograms are constructed from 5000 molecular traces using 35 bins 

per decade. Closely looking into the histogram, well defined conductance peaks at 

(3.57 ±  0.09) × 10−1𝐺0 and (2.47 ±  0.03)  ×  10−1 𝐺0 are observed for FC-NH2 and FC-CN 

junctions.  These conductance values agree well within a factor of two of the conductance peak of 

pristine FC and from now on, we address the high conductance peak as H. Additionally, FC-NH2 

Figure 5.7 Conditional histograms for selected traces with larger than average length in different 

regions: R1- molecular conductance region (red) and R2 - single atomic contacts region (blue). 

As a reference, the gray area graph shows the histogram for all traces. 
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and FC-CN reveal a rather broad conductance feature beneath the high conductance peak (H) 

which can be convoluted into two individual conductance peaks with maxima at (1.21 ±  0.11)  ×

 10−2 𝐺0 and (2.99 ±  0.35)  × 10−3 𝐺0  for FC-NH2 and at (1.57 ±  0.09)  ×  10−2 𝐺0 and 

(5.19 ±  0.22)  × 10−3 𝐺0   for FC-CN. We refer to these conductance regions as M and L in 

descending values of conductance. M and L configurations show a trend: FC-CN > FC-NH2 and 

Figure 5.8 (a) Left panel: representative breaking conductance traces of Au/1,1′-

bis(aminomethyl)ferrocene/Au molecular junction in a semi logarithmic scale, with traces shifted 

horizontally for clarity. Middle panel: Logarithmic conductance histogram, constructed by 

analyzing 5000 individual molecular traces using 35 bins per decade. Black dash dotted line 

depicts the Gaussian fitting to the corresponding conductance peak.  Right panel: 2D conductance 

displacement histogram, generated from the same 5000 conductance traces using 80 bins per 

decade. The zero displacement point is assigned here at 2.0 𝐺0. (b) Similar characterization of 

Au/1,1′-dicyanoferrocene/Au molecular junction. 
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their conductance values are distributed over two orders of magnitude between ~ 10−2  to 10−4 𝐺0 

which hint at the structural variety of geometries due to the easy rotation of FC’s cyclopentadiene 

rings157. All the conductance values are summarized in Table 5.1. Representative conductance 

displacement histogram of FC-NH2 and FC-CN (right panel of Figure 5.8a-b respectively) are 

constructed from the same 5000 traces using 80 bins per decade. A distribution of molecular 

plateaus over a broad range (as evident from the traces in the left panels of Figure 5.8a-b ), along 

with the slanted data cloud  (see right panels of Figure 5.8a-b) establishes multiple stable 

configurations appearing due to the chemical anchors156. 

5.2.4. Stretching length histogram and average traces 

To compare the evolution of the junction during stretching for the three different types of 

molecules, characteristic stretching length histograms for each conductance regime (H, M or L) 

are constructed by considering length from the relative zero position at 0.5 𝐺0   to one order of 

magnitude below the most probable conductance peak78,158. Figure 5.9a-c display the typical 

stretching length histogram of FC, FC-NH2 and FC-CN for H (blue), M (red) and L (yellow) 

conductance regimes.  The most probable plateau length is determined by the Gaussian fitting of 

the distribution (shown by the black dashed line), also summarized in Table 5.1. Notably, a 

positive shift in the distribution of M and L configurations compared to the H configuration, 

suggests that they correspond to a relatively longer conformation. While the larger width of the 

distribution for M and L configurations (Figure 5.9a-c) illustrates the widespread variation in 

geometry upon stretching the junction30,78, larger stretching length indicates higher formation 

stability. Furthermore, to probe the conductance decay during the elongation of the junction, 

average conductance displacement traces are shown in Figure 5.9d-f for three different molecular 

junctions in the conductance regimes H, M or L. Almost flat plateau of the high conductance (H) 

region resembles to the atom-like contact73, compared to the low conductance plateaus which are 

possibly originating due to the chemical anchors. 
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Figure 5.9 (a - c) Stretching length histogram of ferrocene, 1,1′-bis(aminomethyl)ferrocene and 

1,1′-dicyanoferrocene for three different conductance regime (blue-H, red- M and yellow-L). 

Histogram of a particular conductance region is constructed by considering length from the 

relative zero position at 0.5 𝐺0 to one order of magnitude beneath the most probable conductance 

value of   corresponding regime. Black dashed line depicts the Gaussian fitting of the histogram 

which yields the most probable stretching length. (d - f) Statistically averaged conductance 

displacement traces of ferrocene, 1,1′-bis(aminomethyl)ferrocene and 1,1′-dicyanoferrocene . 

Here blue (red, yellow) color represents average traces of the high conductance regime, H (M, 

L). Black dashed line represents the linear fitting of the respective average traces to calculate 

the slope,
𝜕(𝑙𝑜𝑔(𝐺 𝐺0⁄ ))

𝜕(∆𝑥)
 . 
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Table 5.1 Conductance parameters of single molecular junctions. 

Parameter Molecule 
Configuration 

High G (H) Mid G (M) Low G (L) 

Conductance 

(𝐺0) 

FC (2.20 ± 0.03) × 10-1 ------------- ------------- 

FC-NH2 (3.57 ± 0.09) × 10-1 (1.21 ± 0.11) × 10-2 (2.99 ± 0.35) × 10-3 

FC-CN (2.47 ± 0.03) × 10-1 (1.57 ± 0.09) × 10-2 (5.19 ± 0.22) × 10-3 

stretching 

length (Å) 

FC 0.7825 ± 0.0095 ------------- ------------- 

FC-NH2 0.7949 ± 0.0045 1.871 ± 0.003 3.012 ± 0.009 

FC-CN 0.8486 ± 0.0069 2.174 ± 0.003 4.407 ± 0.017 

Slope (Å-1) 

FC -(2.87 ± 0 .75) × 10-2 ------------- ------------- 

FC-NH2 -(5.05 ± 0.60) × 10-2 -(4.13 ± 0.30) × 10-2 -(5.87 ± 0.21) ×10-2 

FC-CN -(4.58 ± 0.57) × 10-2 -(5.03 ± 0.54) × 10-2 -(8.78 ±0.40) × 10-2 

5.2.5. Transport calculations2 

(i) High conductance feature 

To gain insight into the origin of measured conductance, we now compare experimental results 

with detailed DFT - based calculations. We first consider two possible geometries (parallel and 

perpendicular orientation of FC with respect to the electrodes) and for each geometry, energies at 

                                                           
2 Theoretical calculation is performed by Štepán Marek, Puja Kumari, Dr. Soumya Jyoti Ray and Dr. Richard Korytár. 

Figure 5.10 (a-b) Energy of the extended molecule for perpendicular geometry (a) and parallel 

geometry (b) at different displacement of the electrodes from the molecule. 
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different displacements of the electrodes from the central Fe atom are evaluated. The scale of the 

energies, shown in Figure 5.10, for different displacements is large compared to the thermal 

energy accessible to the system and hence, each geometry can be considered stable with respect to 

the thermal fluctuations. Furthermore, we have also investigated the nature of bonding between 

the Au-Fe and Au-C for perpendicular and parallel geometries, respectively. Note that the 

incorporation of van der Waals correction seems to have significant impact on the binding energies 

for both the geometries. The bond energy was found to be significantly higher, ~ − 660 𝑚𝑒𝑉 for 

perpendicular and ~ − 1610 𝑚𝑒𝑉 for the parallel geometries, suggesting formation of covalent 

bonding. Now, the transmissions for these two geometries are calculated and conductance (𝐺) can 

be written as,159  

Figure 5.11 (a-b) Top panels depict perpendicular (a) and parallel (b) geometries and scattering 

states at equal isosurface levels (yellow is positive, cyan is negative). (c-d) Bottom panels show 

transmission functions of the corresponding geometries at different electrode displacements from 

center of the junction. For perpendicular geometry (c), displacements are 2.6 Å (violet) and 3.2 Å 

(light blue) and for parallel geometry (d), displacements are 4.1 Å (green) and 4.35 Å (blue). 
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(5.1) 

where 𝑒 is the elementary charge, 𝑉 is the bias of the junction and 𝑓𝐿/𝑅 is the Fermi distribution of 

the left/right reservoir, at temperature 𝑇 =  300 𝐾. The distribution of the left and right reservoir 

is shifted symmetrically by the bias of the junction. The difference between the Fermi distributions 

is called the transport window. For conductance to be significant, the overlap of the transmission 

function and the transport window must be non-negligible. The transmission functions for both 

geometries are displayed in Figure 5.11c-d. In perpendicular geometry, the transport window 

overlaps with a resonance for bias of about 1 𝑉 but does not overlap significantly for infinitesimal 

bias. The wave function responsible for this resonance (see Figure 5.11a) resembles the LUMO  

orbital of gas-phase FC, shown in Figure 5.12. In the parallel geometry (Figure 5.11b), the 

resonance of LUMO orbital is shifted further away from the Fermi energy and the transmission 

peak does not overlap with transport window even for bias of  1 𝑉. The resonant transport in the 

perpendicular geometry yields relatively high conductance 0.1 − 0.3 𝐺0  and a stronger bias 

dependence in contrast to the off-resonant parallel geometry having conductance values in the 

range of 0.02 − 0.09  𝐺0. See Figure 5.13 for values of conductance at different bias for both the 

geometries. Comparing the measured conductance along with its strong bias dependence, we 

suggest that the perpendicular geometry dominates in the ensemble of junctions over the parallel 

Figure 5.12 (a-b) The highest occupied molecular orbital (HOMO) for free ferrocene (a) and 

lowest unoccupied molecular orbital (LUMO) for the same molecule (b). 
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geometry. The observation of high conductance peak in all three molecules along with similar 

stretching length (Figure 5.9a-c) suggest that it originates primarily from the perpendicular 

geometry via Au-Fe bond.  

(ii) Low conductance feature 

In this subsection, we explore the conductance behavior of ferrocene molecule coupled to Au 

electrode via -NH2 and -CN anchoring groups. Possibility of binding through the chemical anchors 

of FC-NH2 and FC-CN is clearly evident from the calculated negative binding energies for these 

two configurations (see Table 5.2). Figure 5.14a-b demonstrate the transmission curves for both 

the geometries when connected with the chemical anchors (termed as anchoring geometry), 

Figure 5.13 (a-b) Conductance calculated as integral of the transmission function with transport 

window kernel at different electrode displacements from center of the junction. For perpendicular 

geometry (a), displacements are 2.6 Å (violet), 2.65 Å (gray) and 2.72 Å (light blue) and for 

parallel geometry (b), displacements are 4.1 Å (green) and 4.35 Å (blue) and 4.5 Å (orange). 

Figure 5.14 (a, b) Transmission curve of Au/1,1′-bis(aminomethyl)ferrocene/Au and Au/1,1′-

dicyanoferrocene/Au junction, coupled via anchoring group (anchoring geometry). 
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exhibiting  transmission in the range of 10−2 to 10−3 in the vicinity of metallic Fermi level. Thus, 

coupling with the anchoring groups may provide multiple conformations of the molecule inside 

the junction, leading to the broad conductance features with larger stretching length and tilted 

plateaus. The scattering wave functions indicate that primarily HOMO – 1 orbital is responsible 

for electron transport of both FC-NH2 (Figure 5.15a-b) and FC-CN junctions (Figure 5.15c-d). 

Table 5.2 Binding energy of anchoring group coupled FC-NH2 and FC-CN. 

Molecular system Binding energy of Anchoring geometry 

1,1′-bis(aminomethyl)ferrocene 

(FC-NH2) 
−1.20 𝑒𝑉 

1,1′-dicyanoferrocene 

(FC-CN) 
−1.13 𝑒𝑉 

5.3. Conclusion: 

In conclusion, we have demonstrated the resonant transport at room temperature by connecting an 

organometallic molecule between Au electrodes. By measuring conductance displacement traces 

for thousands of statistically independent junctions using a mechanically controllable break 

junction set-up, we observe that pristine Ferrocene binds strongly with the Au electrodes and 

provides a significantly high conductance peak (~ 0.1 − 0.3 𝐺0 in the bias range of 20 −

Figure 5.15 (a-b) Transport states of anchoring geometry of Au/1,1′-

bis(aminomethyl)ferrocene/Au :  HOMO (a) and HOMO – 1 (b). Yellow isosurfaces have positive 

values. (c-d) similar transport states of Au/1,1′-dicyanoferrocene/Au junction. Isosurface levels 

of orbitals are chosen the same for both geometries. 
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 400 𝑚𝑉) in the conductance histogram. The density functional calculations suggest that both 

perpendicular and parallel orientations of the molecule with respect to electrodes are energetically 

favorable configurations via covalent bonding. Transmission curve for the perpendicular geometry 

reveals a sharp peak near metallic Fermi level which leads to a conductance value closed to the 

experimentally observed conductance as well as a stronger bias dependence. Whereas similar 

calculations in parallel geometry shows a conductance in the range of 0.01 –  0.09 𝐺0 and having 

a rather weak bias dependence. We also observed that the inherent rotation of cyclopentadienyl 

rings of ferrocene has negligible impact on the transmission curves. Furthermore, to understand 

the effect of chemical anchors, we performed similar experiment on ferrocene terminated with two 

different anchoring groups (-NH2) and (-CN). Both molecules display the high conductance peaks 

like pristine ferrocene in the conductance histogram, along with additional low conductance 

features. While the perpendicular geometry with Au facing the Fe atom might be responsible for 

the high conductance peak, the low conductance feature originate mainly due to the multiple 

binding geometries with the anchoring groups. Through this study we have not only explored the 

charge transport mechanism through a single organometallic molecule directly coupled to the 

metal electrodes via metal-metal chemical bond, but also provide  a mechanism to exhibit long-

range intra-molecular transport which is important for next generation molecular devices working 

at ambient condition.  
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Chapter 6 | Temperature sensitive molecular 

conformation in Au/ferrocene/Au junction 

This chapter discusses the effect of temperature on the formation of Au/ferrocene/Au molecular 

junction, caused by temperature dependent intramolecular rotation of the Cp rings of ferrocene. 
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6.1. Introduction: 

An important step to actualize the molecular scale devices in real circuitry is to improve our 

fundamental understanding of charge transport through the molecules, considering all possible 

factors of influences. Typically, a single molecular junction comprises of three basic components: 

molecule, metals electrodes and its interface with the molecule. Spatial orientation and electronic 

coupling between each components profoundly influences the behavior of the junction including 

its functionality9. A possible route to optimize these components towards the desired functionality 

is the customization of the synthetic molecules24,75,160–164 and consideration of intrinsic density of 

states of metal electrodes at the Fermi level165–167. On top of that, manipulation of electronic 

coupling at the metal-molecule interface and its counter response in the characteristics of the 

junction are implemented to realize the electronic functionality such as rectifier168 and molecular 

scale switch169,170. Furthermore, significant attention has been given to probe the electronic 

structure and transport characteristics of metal/molecule/metal junction taking the help of various 

external stimuli i.e., light, temperature, mechanical force, electric field and environment142,171–175. 

Another important parameter of consideration is the conformation or geometry of the molecule 

inside the junction which can significantly influence the change transfer to or from the molecule 

and evolution of the junction,  as evident from torsional angle dependent conductance of biphenyl 

rings15,28–30, structure assisted contact formation in bipyridine isomers155. Recently, enhancement 

of conductance due to temperature modified conformation of a dynamic molecular structure is 

reported176. Moreover, temperature assisted structural modification of the metallic tips is proposed 

to make a significant impact on the metal-molecule interface and hence, modify the 

conductance177. Thus, conformation-conductance relationship has already been actively discussed, 

however, until now, temperature dictated accessibility of molecular conformations has not been 

reported despite the realization of thermally assisted tunneling178 and temperature dependent 

electronic transport mechanism179.  

In the present chapter, we demonstrate that temperature can be a deciding factor to realize the 

configuration of the dynamic molecular junction based on the single molecular conductance 

measurement of  an organometallic molecule, for that class, a distinct evolution is recently 

identified due to its unique barrel shape structure180. Reported findings is observed for ferrocene 

molecule which comprises of an iron atom sandwiched between two cyclopentadienyl (Cp) 

rings181,182. One of the interesting aspects of ferrocene is that rotational dynamics of the two 
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cyclopentadienyl (Cp) rings changes with temperature and especially, reduction of the temperature 

decelerates the rotational motion due to the finite activation energy barrier (Figure 6.1). 

Combining experimental observations and theoretical calculations, here, we show that reduction 

of temperature leads to access more conformations of ferrocene to be executed inside the junction. 

Such unusual behavior is arising due to its temperature modified rotational dynamics of Cp rings 

which disrupts the metal-molecule coupling with the rise of temperature for those configurations 

which are coordinated via Cp rings to the metallic electrodes. Thus, existence of a configuration 

can also be sensitive to the temperature which provides an interplay between the intrinsic 

characteristics of the dynamic molecule and evolution of that molecular junction. Overall, 

temperature assisted intra-molecular rotation adds a new degree-of-freedom to understand and 

control the formation of dynamic molecular junction. 

6.2. Results and discussions: 

6.2.1. Conductance traces and histograms 

Experiments are performed on ferrocene molecule connected between two atomistic gold tips at 

three different temperatures 4.2 𝐾, 77 𝐾 and 300 𝐾. A mechanically controllable break junction 

set up is used to form the in situ molecular junction by spreading the molecules from a locally 

heated molecular source towards the continuously breaking and making atomic junction at 

cryogenic environments (~ 4.2 𝐾). Representative breaking conductance traces for three different 

temperatures, 4.2 𝐾, 77 𝐾, 300 𝐾 are shown in the left (blue), middle (orange), right (red) panel 

of Figure 6.2. Observation of flat conductance plateau at 1.0 𝐺0 followed by plateaus below 

Figure 6.1 Sketch of ferrocene and graphical demonstration of temperature modified rotational 

dynamics of its cyclopentadienyl (Cp) rings. 
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1.0 𝐺0 demonstrate the formation of gold atomic junction followed by the molecular junction 

suspended between two metallic tips. Influence of temperature on the presence of molecular 

plateaus (below 1.0 𝐺0) is clearly evident from Figure 6.2 and for the sake of presentation, we 

subdivide the conductance region into two section- High G (~ 0.1 𝐺0) and Low G (~ 0.01 𝐺0).  

At 300 𝐾, plateaus are observed exclusively at the High G region in contrast to 4.2 𝐾 and 77 𝐾 

where combination of both High G and Low G plateaus are observed. In fact at 4.2 𝐾, subsequent 

plateaus (more than two) can appear in a single trace (see Figure 6.5c). Emergence of a plateau 

typically demonstrate a molecular junction, though its characteristics can vary from trace to trace 

due to unique evolution of each junction including conformation of the molecules99,183. However, 

to probe the large ensembles of the junction geometries, conductance histogram is prepared. Peaks 

in the histogram denotes the most prevalent molecular junction conductance’s while the width of 

the conductance distributions indicates the microscopic variations from junction to junction30.  

Figure 6.3a displayed the conductance histogram of three different temperatures: 4.2 𝐾 (blue), 

77 𝐾 (orange) and 300 𝐾 (red). Interestingly, the number of peaks in the histogram is greatly 

affected by the temperature. While the High G peak is present at all the three temperatures, the 

low G peak is absent at 300 𝐾 which is not the case for High G peak. This indicates the increase 

of stable molecular conformations inside the junction while reducing the temperature, being 

Figure 6.2 Conductance displacement breaking traces of ferrocene molecular junction attached 

to gold tips at 4.2 𝐾 (Left Panel), 77 𝐾 (Middle panel) and 300 𝐾 (Right panel). Traces are shifted 

horizontally for better visualization. 
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definitely a new observation. We then move onto the conductance displacement histogram to get 

further insight of the dynamical evolution and it is presented in the Figure 6.3b-d for 4.2 𝐾, 77 𝐾 

and 300 𝐾 respectively. Two prominent high density data clouds (marked by black circle) at 4.2 𝐾 

and 77 𝐾 are indicative of the two stable configuration of the junction. Whereas at 300𝐾, data 

clouds are only limited to the High G region, in line with the observation of the conductance traces 

Figure 6.3 (a) Conductance histogram of the gold/ferrocene/gold junction, following same color 

for three temperatures. (b-d) Conductance displacement histogram of the same junction at 4.2 𝐾, 

77 𝐾, 300 𝐾. Top right denotes the color limit and bottom left is the corresponding temperature. 

Black circle depicts the high density molecular data cloud. Histograms are constructed based on 

7442 (4.2 𝐾), 9566 (77𝐾) and 5000 (300 𝐾) conductance displacement traces using 50 bins per 

decade. 
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and histogram. Moreover, large width along with the fine peaks of the conductance histogram at 

4.2 𝐾 arises due to rich structures of ferrocene assisted atomic chain formation which is confirmed 

from the plateau length analysis and will be discussed in the next section. Overall, our findings 

uncover a new phenomenon for the studied molecule that number of stable conformations of the 

molecule inside the junction can be modified with respect to the temperature. 

6.2.2. Chain formation analysis 

Plateau length is defined as the difference between two absolute displacement values, 

corresponding to two different conductance values containing the conductance plateaus, 𝐺𝑖  and 

𝐺𝑓, determined from the measured traces. Histogram of these lengths representing the distribution 

of the plateau lengths, has widely been used to probe the chain formation phenomena of metallic 

atomic junction36,40,45,47,48,69. Figure 6.4 shows the plateau length histograms of Au/ferrocene/Au 

molecular junction at 4.2 𝐾 (blue), 77 𝐾 (orange) and 300 𝐾 (red), respectively. Conductance 

segments used to prepare the histogram are 0.001 𝐺0 to 0.5 𝐺0 for both 4.2 𝐾 and 77 𝐾, 0.02 𝐺0 

to 0.5 𝐺0 for 300 𝐾. Surprisingly, plateau lengths at 4.2 𝐾 can extend up to ~ 10 Å in contrast to 

Figure 6.4 Histogram of molecular plateau length (plateaus below 1.0 𝐺0) of gold/ferrocene/gold 

junction for the measurements at 4.2 𝐾 (blue), 77 𝐾 (orange) and 300 𝐾 (red). Black dash dotted 

line is used to denote the equidistant peaks of 4.2 𝐾 histogram.  200 (4.2 𝐾, 77 𝐾) and 80 (300 𝐾) 

bins are considered for histogram generation. 
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77 𝐾 and 300 𝐾 where it is restricted only within ~ 4 Å  and 2 Å  respectively. Not only that, 

histogram of 4.2 𝐾 exhibits equidistant peaks (marked by black dashed line) of average separation 

~ 2 Å. Length corresponding to each peak structure demonstrates the tendency of the junction to 

break at that displacement values, in which enough stress is accumulated upon elongation. The 

relative separation between these peaks is of the order of the interatomic separation of gold (~2 Å), 

which is an indicative of ferrocene assisted gold atomic chain formation. Thus at 4.2 𝐾, broadened 

peak of conductance histogram corresponds to the microscopic variation of the junction’s 

configuration due to chain mediated structure. Such chain formation is absent at 77 𝐾 and 300 𝐾 

which may lead to sharp conductance peak and in turn, lesser microscopic variation of the possible 

configurations.    

6.2.3. Formation and evolution of junction 

Conditional analysis is now taken into account to point out the formational dependency of 

configurations, found in the junctions at 4.2 𝐾 and 77 𝐾. Three different class of traces are 

identified based on the presence of plateau at the High G (~0.1 𝐺0) and Low G (~0.01𝐺0) region, 

we assign three class of traces- 

(a) Type-1: Trace with plateaus at High G. 

(b) Type-2: Trace with plateaus at Low G. 

(c) Type-3: Trace with plateaus at both High G and Low G.  

Representative traces of type-1 (green), type-2 (magenta) and type-3 (light blue) is shown in the 

Figure 6.5a-c (4.2 𝐾) and Figure 6.6a-c (77 𝐾). Conditional conductance histogram prepared 

from each type of traces is shown in Figure 6.5d (4.2 𝐾) and Figure 6.6d (77 𝐾), following the 

same colors. Here, blue color denotes the histogram considering traces including all types. Number 

of traces having characteristics nature like type-1, 2 and 3 out of all types is presented in the form 

of pie chart (inset of Figure 6.5d and Figure 6.6d) and details are mentioned in the Table 6.1. 
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Figure 6.5 (a-c) Representative traces of type-1 (a), type-2 (b) and type-3 (c) of the ferrocene 

molecular junction at 4.2 𝐾. Types are defined accordingly the presence of plateaus, see Section 

6.3. (d) Conductance histogram of each types (following same color as the corresponding traces) 

along with the traces including all types (blue). Histograms are prepared using 50 bins per 

decade. Inset: Pie chart of the percentage of each types out of all types. 
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From the relative intensity of the Figure 6.5d and Figure 6.6d, we can conclude that High G and 

Low G can be formed independently during stretching (type-1 & type-2). On the other hand, 

transition from High G to Low G is also possible (type-3). Thus the above mentioned three classes 

Figure 6.6 Similar analysis like Figure 6.5 for the same junction at 77 𝐾. 
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are possible conformations with different percentage of realization with a maximum possibility of 

type-3 (both High G and Low G) at 4.2 𝐾 and type-2 (only Low G) at 77 𝐾.   

Table 6.1 Number of traces belongs to type-1, 2, 3. 

Temperature Traces (%) Type-1 (%) Type-2(%) Type-3(%) 

4.2 𝐾 7442 (100) 3123 (42) 1136 (15) 3183 (43) 

77 𝐾 9566(100) 3276 (34) 4059 (43) 2231 (23) 

6.2.4. Molecular dynamics simulations3 

To shed light on the origin behind the temperature assisted accessibility of more conformations in 

Au/ferrocene/Au single molecule junction and its impact on conductance, we have performed 

density functional theory (DFT) calculations based on first-principles. We have taken two 

pyramidal gold electrodes and placed the ferrocene molecule symmetrically between the 

electrodes. Two different stable configurations with molecular orientations parallel and 

perpendicular to the electrode axis can be found in these metal-organometallic junctions, similar 

to previous reports. The relative stability of the parallel and perpendicular configurations are 

presented in Figure 6.7. In general, it was found that the parallel configuration is energetically 

                                                           
3 Theoretical calculation is performed by Debayan Mondal and Prof. Priya Mahadevan. 

Figure 6.7 Total energy of Au/ferrocene junction as a function of electrode separation. The 

calculations are done for perpendicular (red triangles) and parallel (black circles) configurations 

at different electrode separations. 

 
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more favorable at larger inter-electrode separation (d2 =  9.20 Å,), whereas the perpendicular 

orientation is stabilized for smaller separation (d1=  7.90 Å.). We have considered these structures 

for our further analysis. To discuss the changes in the local geometry with temperature, molecular 

dynamics simulations were then carried out at temperatures of 300 𝐾 and 77 𝐾. At 300 𝐾, when 

Figure 6.8 (a, b) MD snapshot of gold molecular junction at 300 𝐾 with ferrocene molecule 

perpendicular (a) and parallel (b)  to electrode axis (red line) at time  𝑡 =  0 𝑝𝑠, 0.6 𝑝𝑠, 1.2 𝑝𝑠 
and 1.8 𝑝𝑠 . 
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the molecule is placed in a perpendicular orientation, the Fe atom of the molecule forms a stable 

bond with the Au electrodes. Off-centering of the Fe atom from the electrode axis is negligible i.e., 

0.03 Å, 0.02 Å and 0.02 Å respectively at 6𝑝𝑠,12𝑝𝑠 and 18𝑝𝑠 MD timescale (Figure 6.8a). But 

on the other hand, when the molecule is placed in parallel with the electrode axis, a significant off-

centering of the Fe atom with the electrode axis can be found i.e., 0.57Å, 0.86Å and 1.07Å 

respectively at the previously mentioned MD timescale (Figure 6.8b). These observations suggest 

Figure 6.9 (a, b) MD snapshot of gold molecular junction at 77 𝐾 with ferrocene molecule 

perpendicular (a) and parallel (b) to electrode axis (red line) at time  𝑡 =  0 𝑝𝑠, 0.6 𝑝𝑠, 1.2 𝑝𝑠 
and 1.8 𝑝𝑠 .  
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that, at room temperature, the molecule can form a stable configuration as a function of time when 

it is placed perpendicular to the electrode axis but when it is placed parallel, the configuration is 

no longer stable as a function of time and the molecule is thrown away from the electrode axis in 

a short time. This is the reason why we see only one conductance peak associated with the 

molecular junction at 300 𝐾. However at low-temperature (77 𝐾), the off-centering of the 

molecule for both parallel and perpendicular confirmations is negligible (Figure 6.9) which 

implies the stable electrode-molecule bond formation for both the configurations, consistent with 

the experimentally determined two stable configurations of the junction at 77𝐾  . 

A better understanding of the origin behind the unstable junction formation at room temperature, 

when the molecule is parallel can be gained by looking at the corresponding real-space plot of the 

charge density around the Fermi energy (Figure 6.10). For the spin-up channel, an efficient 

hybridization between the frontier orbitals of the Au electrodes and the π-orbitals (py) of the 

molecule is clearly visible. Matrix element for the hopping between the s orbital of the gold tip 

and the py orbital of the carbon atom of the molecule involves a term, Es,y = m Vppσ , Where m is 

the direction cosine between gold s and carbon py orbital and Vppσ is the Slater-Koster parameter. 

For the parallel conformation, Cp rings can rotate freely with a frequency 17° per picosecond, 

considering one C atom of the Cp ring, this implies that the matrix element would vary as the ring 

rotates from 0° to 360°, becoming smaller and even zero at some points. As the steric interaction 

Figure 6.10 Real-space plot of the charge density around the Fermi energy when the molecule is 

parallel to the electrode axis at electrode separation 9.20 Å. 
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strength remain almost unchanged, this leads to an off-centering of the molecule from the junction 

to reduce the effect of steric-repulsion. At low temperature the effect is smaller as the rotation of 

the Cp ring is small. However for the perpendicular conformation, the coupling between the 

electrode and the molecule is through the Au-s and d orbital of the stationary Fe atom, which keeps 

the coupling strength almost constant resulting in a stable junction formation.  

6.3. Conclusion:  

Overall, we have demonstrated that the formation of chemical bond between a metal and an organic 

molecule can be dictated by the inherent rotation of the molecule, never observed before to the 

best of our knowledge. At first, by performing conductance measurements using MCBJ technique 

at three different temperatures (300 𝐾, 77 𝐾 and 4.2 𝐾), we observed two stable conformations at 

low temperature in contrast to the room temperature where only one (high conductance) 

conformations are seen. Through first principle calculations and MD simulations we try to unravel 

the underline mechanisms behind these observations. We find that the Cp rings of ferrocene is 

continuously rotating at room temperature and with decreasing temperature it slows down and 

almost freezes at low temperature. Two possible conformations are considered: molecule sitting 

parallel and perpendicular to the electrodes. We have already shown in the previous chapter that 

both these conformations are energetically favorable if we do not consider the effect of ring 

rotation. However, we observe here that at room temperature, the dynamic rotation of the Cp rings 

hinders the formation of stable chemical bond when Au atoms try to couple via the Cp rings, i.e., 

the parallel conformation.  Hence, only vertical conformation, where the coupling is via central Fe 

atom, is stable providing the high conductance conformation at higher temperature.  With the 

reduction of the temperature, as the rotation of the Cp rings freezes, both these conformations are 

feasible leading to two different peaks in the histogram. Furthermore, as there is a small change of 

energy involved with the increase of inter-electrode separation, transition from perpendicular to 

parallel conformation is possible which explains the experimentally observed traces with plateaus 

both at High G and Low G simultaneously in a single stretching event (type-3). Thus, we reveal a 

new aspect in this field where the metal/molecule coupling is controlled by both orientation and 

intra-molecular dynamics.  
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Chapter 7 | Molecular orientation dependent 

mechanical gating in Ag/ferrocene/Ag junction 

This chapter highlight the significance of orbital orientation in the overall process of metal-

molecule charge transfer and demonstrate that the orientation of the molecule is an inescapable 

factor to realize the mechanically-gated molecule junctions. 
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7.1. Introduction: 

One of the attractive properties of molecular junctions is their ability to function as electro-

mechanical devices. Especially, single-molecule junctions allow the study of coupling between 

mechanical and electronic degrees of freedom in a structure of a typical single-nanometer size that 

has a dominant quantum nature, and a pronounced orbital character. This combination has been 

considered to study diverse phenomena, including electron-phonon interaction64,66,184–187, quantum 

interference127,157 and charge reorganization188 in the miniaturization limit for electronic 

conductors. Interestingly, in addition to the more standard electrostatic gating of molecular 

junctions, these junctions can also be mechanically gated. By changing the interelectrode 

separation, charge can be transferred from the electrodes to the molecule or vice versa. 

Consequentially, the molecular energy levels are shifted to a higher or lower energy and the 

electronic transport characteristics of the junction may change. Mechanically-gated molecular 

junctions have been extensively studied both experimentally and theoretically75,127,157,188–193, for 

example in the context of  nanoscale image charge188, optimization of thermoelectricity189, and the 

study of the Kondo effect193. However, the influence of the molecule orientation on mechanical 

gating has not been examined. Such influence can be an attractive route for optimization and 

regulation of mechanical gating with implications on charge, spin, and heat transport in molecular 

junctions. Here, our finding demonstrate that mechanical gating of molecular junctions can be 

dramatically affected by the molecule orientation, where the same molecular junction experiences 

either a clear mechanical gating or the absence of such an effect, depending on the orientation of 

the molecule with respect to the electrodes. By comparing experimental observations and 

theoretical calculations, this behavior can be related to the orbital nature at the metal-molecule 

interfaces, allowing the identification of the necessary conditions for mechanical gating. The 

reported findings in this chapter show that the orientation of the molecule is an unavoidable factor 

to realize the mechanically-gated molecule junctions, and emphasizes the importance of orbital 

orientation in the general process of metal-molecule charge transfer. 

7.2. Results and discussions: 

7.2.1. Conductance traces and histograms 

Molecular junction (ferrocene, chemical structure is shown in the inset of Figure 7.1b) is 

fabricated between two silver (Ag) electrode tips using a break junction setup. The ferrocene 
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molecules are introduced from a local heated molecular source towards a cold atomic-scale Ag 

junction during the repetitive breaking and making cycles to ensure the in-situ formation of 

molecular junction in a cryogenic environment (~ 4.2 𝐾). Successful formation of molecular 

junction is confirmed from the recorded d.c. conductance (current/voltage) as a function of relative 

interelectrode separation (namely the displacement) during stretching. First, a bare Ag junction is 

characterized. Figure 7.1a presents in blue examples for conductance traces as a function of 

Figure 7.1 (a, b) Traces of conductance vs. displacement recorded during the breaking of Ag 

atomic-scale junctions before (a) and after (b) the insertion of ferrocene molecules, recorded at 

50 𝑚𝑉 bias voltage. Traces are shifted horizontally for clarity. Inset of (b): Chemical structure of 

ferrocene. (c) Conductance histogram for Ag (blue) and Ag/ferrocene (red) junctions, prepared 

from 5,000 and 10,000 consecutive conductance traces using 80 bins per decade. Black dash 

dotted line represents a Gaussian fitting to the observed peak. Inset: Conductance histogram of 

the same junctions, constructed from 300 bins in a linear scale. (d) Conductance displacement 

histogram of Ag/ferrocene junctions prepared from the same traces using 50 bins per decade. 
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displacement. During the elongation of the Ag junction, the conductance decreases in steps when 

the contact diameter is reduced. The last conductance plateau at ~1 𝐺0 ( 𝐺0 = (2𝑒
2 ℎ)⁄ , is the 

conductance quantum, where 𝑒 is the electron charge and ℎ is the Plank’s constant) provides the 

conductance of a single atom contact between the Ag electrode tips194. After the insertion of 

ferrocene molecules, slanted plateaus below the ~ 1 𝐺0 step are clearly seen (Figure 7.1b). To 

statistically characterize the most probable conductance features, conductance histograms (Figure 

7.1c) are prepared from 5,000 and 10,000 consecutive conductance displacement traces for Ag 

junctions before (blue) and after (red) the introduction of ferrocene, respectively. While the 

conductance histogram for bare Ag junctions reveals a peak at ~1 𝐺0 (Inset of Figure 7.1c) that 

is associated with the most probable conductance of single Ag atom contacts, after the introduction 

of ferrocene an additional shallow peak beneath the 1 𝐺0 peak is observed. Consequently, this peak 

is accumulated as a high density data cloud ~ 1 × 10−2𝐺0 in the corresponding conductance 

displacement histogram (Figure 7.1d), prepared from the same 10,000 traces.  Gaussian fitting of 

the corresponding peak, shown by a black dash dotted line in Figure 7.1c yields a most probable 

conductance value of 7.25 ± 0.06 ×  10−3𝐺0 for Ag/ferrocene molecular junctions. 

7.2.2. Current-voltage and differential conductance spectroscopy 

Measurements of current as a function of applied voltage across the junctions ( 𝐼 − 𝑉 curves) for 

different junction realizations reveal two distinctive cases, denoted here as type 1 and type 2, 

(Figure 7.2a-b). The presented 𝐼 − 𝑉 curves were measured following a repeated reduction in the 

displacement. Several steps can be observed in the 𝐼 − 𝑉 curves, translated in Figure 7.2c-d to 

peaks in the corresponding differential conductance versus voltage (𝑑𝐼 𝑑𝑉⁄ − 𝑉) curves. As will 

be further discussed below with the aid of ab-initio calculations, the peaks originate from the 

contributions of molecular orbitals to the conductance. Therefore, shifts in the voltage at which 

the peaks are observed correspond to shifts in the molecular energy levels with respect to the Fermi 

level of the electrodes. Figure 7.2c, reveals that the peaks of type 1 are shifted to a lower voltage 

when the displacement is reduced. Namely, the molecular level or levels that dominate transport 

in type 1 are shifted towards the Fermi level when the junction is squeezed. In contrast, in Figure 

7.2d, the peaks for type 2 are not shifted in response to a similar mechanical manipulation. 

Specifically, the inset of Figure 7.2c, presents a significant shift from 1.365 𝑉 to 0.675 𝑉 for a 

reduction in the displacement of ~ 0.6 Å for type 1, whereas a similar behavior is not seen in the 
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inset of Figure 7.2d for type 2. This is an indication for mechanical induced molecular energy 

shifts, or mechanical gating, in type 1 and the absence of this effect in type 2 ( See Figure 7.8 and 

Figure 7.10 for similar type 1 and 2 behaviors in different realizations of the Ag/ferrocene/Ag 

molecular junctions).  

 

7.2.3. Transition voltage spectroscopy  

The same effect can also be presented using transition voltage spectroscopy (TVS) plots, where 

𝐼 − 𝑉 characteristics are re-plotted,  in terms of 𝑙𝑛(𝐼/𝑉2) as a function of 1  𝑉⁄  195–199. These plot 

is also termed as Fowler-Nordheim plot (FN plot) and expected to have a minimum at a 

Figure 7.2 (a, b) Four spectra of current vs. voltage measured at different interelectrode 

displacements (for color code and displacement see c, d Insets) in Ag/ferrocene molecular 

junctions with (a, type 1) and without (b, type 2) mechanical gating response. (c) Differential 

conductance as a function of applied voltage for the junction studied in a. (d) Same as c but with 

data collected for the molecular junction studied in b. Insets (c, d) Absolute values of peak position 

(marked with arrows in c, d) as a function of interelectrode displacement. 
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corresponding bias voltage, 𝑉𝑡𝑟𝑎𝑛𝑠 , at which there is a transition between two different transport 

regimes. It can be explained by considering an arbitrary tunnel barrier within the Simmons 

approximation70 and is described below.  Using Simmons approach shown in Figure 7.3a, current 

voltage characteristic of a molecular junction can be modelled as, 

 

𝐼(𝑉) =  
𝑞𝐴

4𝜋2ℏ𝑑2
{(𝜑 −

𝑞𝑉

2
) exp(−

2𝑑√2𝑚𝑒
ℏ

√(𝜑 −
𝑞𝑉

2
))

− (𝜑 +
𝑞𝑉

2
) exp(−

2𝑑√2𝑚𝑒
ℏ

√(𝜑 +
𝑞𝑉

2
))} 

(7.1) 

Where 𝑑 is the barrier width, 𝐴 is the junction area, 𝑚𝑒 is the electron effective mass, 𝑞 is the 

electronic charge and 𝜑 is the barrier height. In case of molecular junctions, the barrier height can 

be approximated by the energy offset between the electrode Fermi level and the nearest molecular 

orbital and the barrier width corresponds to the molecular length. When the applied bias is smaller 

than the barrier height, above equation describes a trapezoidal barrier (Figure 7.3a, case-2), 

however, in the zero-bias limit, the barrier is rectangular (Figure 7.3a, case-1), and Equation (7.1) 

reduces to 

 𝐼(𝑉) ∝ 𝑉 exp(−
2𝑑√2𝑚𝑒𝜑

ℏ
) (7.2) 

On the other hand, when the applied bias exceeds the barrier height, the barrier transitions from 

trapezoidal to triangular (Figure 7.3a, case-2 to 3), and the current-voltage dependence can be 

described as follows 

 𝐼(𝑉) ∝  𝑉2 exp(−
4𝑑√2𝑚𝑒𝜑3

3ℏ𝑞𝑉
) (7.3) 

Rearranging the above equation we get, 

 ln (
𝐼

𝑉2
)  ∝ − 

4𝑑√2𝑚𝑒𝜑3

3ℏ𝑞
∗
1

𝑉
 (7.4) 

Thus from Equation (7.4), it is clear that 𝑙𝑛(𝐼/𝑉2) as a function of 1  𝑉⁄  will exhibit a line, the 

slope of which will depend on the barrier height. To examine the transition of transport mechanism, 

Equation (7.2) should be written in the form of  
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 ln (
𝐼

𝑉2
)  ∝ ln (

𝐼

𝑉
) −

2𝑑√2𝑚𝑒𝜑

ℏ
 (7.5) 

Here, plot of 𝑙𝑛(𝐼/𝑉2) vs. 1  𝑉⁄  yield a logarithmic growth in the low-bias regime. When the 

applied voltage is closer to the barrier height, the mechanisms compete. Hence, a transition from 

Figure 7.3 (a, 1-3) Simmons modelling to describe the tunneling transport through the molecule 

where a molecule is depicted as a tunnel barrier of height φ and length d. Upon application of 

bias, barrier is tilted, case-2. When applied bias is greater than or equal to φ, barrier is getting 

triangular, case-3 and electrons are tunneling like field emission. (b, 1-3) Coherent tunneling 

model for molecular transport where molecular levels are broadened by the interaction with the 

electrodes. At intermediate biases, the left and right chemical potentials open a path for transport 

of size eV, case-2. The current increases dramatically when a level is within the bias window (case-

3, resonant tunneling). 
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logarithmic growth to linear decay is occurred and this change of slope leads to a minima in the 

plot of ln(𝐼/𝑉2) as a function of (1 𝑉)⁄ . The voltage corresponding to the transition of barrier 

shape from trapezoidal to triangular is referred as 𝑉𝑡𝑟𝑎𝑛𝑠 and is commonly known as transition 

voltage. Note that, measurement of 𝑉𝑡𝑟𝑎𝑛𝑠 is an estimation of height of the original rectangular 

barrier. It is not the exact height of the barrier as Equation (7.1) does not explicitly account for 

voltage drops at the contacts or the image potential of the tunneling electron. Measurements of 

𝑉𝑡𝑟𝑎𝑛𝑠 for a variety of molecular systems195 scales linearly with the energetic off set between the 

metallic Fermi level and nearest molecular orbital. This linearity demonstrate the importance of 

𝑉𝑡𝑟𝑎𝑛𝑠 which is related to the position of nearest molecular orbital from the metallic Fermi level. 

However, experimentally obtained 𝑉𝑡𝑟𝑎𝑛𝑠 for alkanethiol molecules with increasing length is found 

to be independent of molecular length which is inconsistent with Simmons modelling197. 

Incorporation of image potential in the Simmons modelling approach is not helpful to explain it. 

Then, a most common picture of molecular junctions is considered based on the coherent transport 

pictures of molecular levels, Lorentz broadened by the coupling at the leads and is located above 

and below the Fermi level (sketched in Figure 7.3b). The fundamental contrast lies in their 

potential profile. In case of Simmons model, potential decreases linearly with the distance whereas 

for molecular model, potential drops entirely at the contacts. Within the framework of Landauer 

formalism of coherent tunneling, transport through the molecular junction is described by a 

transmission function and can be written as, 

 𝑇(𝐸) =
𝜂(1 − 𝜂)Γ2

Γ2 4 + (𝐸 − 𝜀)2⁄
 (7.6) 

Where Γ is the total broadening due to coupling between metal and molecules, 𝜂 is the asymmetry 

of coupling and 𝜀 is the energy of the nearest molecular orbitals (either HOMO or LUMO). Current 

𝐼(𝑉) can be calculated (also shown in the Section 2.3, Chapter 2) as, 

 𝐼 =
2𝑒

ℎ
∫ 𝑇(𝐸){𝑓1(𝐸) − 𝑓1(𝐸)}𝑑𝐸
+∞

−∞

 (7.7) 

Where 𝑓1,2(𝐸) == (exp((𝐸 − 𝜇1,2) 𝐾𝐵𝑇⁄ ) + 1)−1 is the Fermi function for temperature 𝑇 at the 

left (𝜇1 = + 𝑒𝑉 2⁄ ) and right (𝜇2 = − 𝑒𝑉 2⁄  ) electrode respectively. In case of alkanes, zero bias 

conductance decays exponentially with length and this corresponds to a reduction in the 

transmission value at the Fermi level and is described by, 

 𝑇(𝐸 =  𝐸𝐹) ∝ exp (−𝛽𝑑) (7.8) 
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Where 𝛽 is the decay constant which depends on the conjugation of the considered molecule. This 

length dependent transmission is expected to happen due to length modified metal-molecule 

interface because energy level of alkanes is independent of molecular length. Length dependent 

metal molecule coupling can be written as, 

 Γ (𝑑) ≈
(𝐸𝐹 − 𝜀)

√𝜂(1 − 𝜂)
exp (−

𝛽𝑑
2⁄ ) (7.9) 

Now, we have the length dependent transmission, 

 
𝑇(𝐸, 𝑑) =

1

1
4𝜂(1 − 𝜂)

+ (
𝐸 − 𝜀
𝐸𝐹 − 𝜀

)
2

exp (𝛽𝑑)

 
(7.10) 

Inserting Equation (7.10) into Equation (7.7) current voltage characteristics and so also, 𝑉𝑡𝑟𝑎𝑛𝑠 

can easily be calculated. Remarkably, calculated 𝑉𝑡𝑟𝑎𝑛𝑠 is proportional to the energetic off set (i.e., 

difference between metallic Fermi level and nearest molecular orbital) and also it is independent 

of molecular length for 𝑑 > 8 Å which is in good agreement with the experimental observation. 

So, the interpretation of TVS valid within the framework of a coherent tunneling model of 

molecular junctions instead of Simmons like pictures which are inconsistent with observations on 

molecular junctions. Overall, this measurement provides an alternative method to determine the 

apparent height of the tunneling barrier in molecular junctions and shifts in the transition voltage 

serve as an indication for shifts in the energy of the molecular levels that dominate electron 

transport and/or systematic variations in their coupling to the continuum states of the electrodes 

(i.e., electrode-molecules coupling)141,200. 

Thus, we taken into account transition voltage spectroscopy (TVS) analysis to gain further insight 

about the energy level shifts due to mechanical manipulation. Figure 7.4a-b are typical FN plots 

for Ag/ferrocene junctions for type 1 and 2, respectively at different interelectrode displacements. 

Focusing on the right side of Figure 7.4a-b, in the low bias regime (large1 𝑉⁄ ), a logarithmic 

dependence with a positive slope is the characteristics of direct tunneling ( 𝑉 < 𝜑 𝑒⁄ ; 𝜑 being the 

barrier height between an electrode Fermi level of the electrodes and the closest molecular energy 

level that dominates electronic transport), as illustrated in Figure 7.3b, case-2. Whereas, in the 

high bias regime (small 1 𝑉⁄ ) a linear dependence with a negative slope in Figure 7.4a-b implies 

that the transport is dominated by a Fowler-Nordheim tunneling, for  𝑉 > 𝜑 𝑒⁄  , illustrated in 

Figure 7.3b, case-(3). Figure 7.4a-b show a clear characteristic minima, with a corresponding 
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transition voltage. The response of the transition voltage to changes in the displacement is observed 

in the insets of Figure 7.4a-b where a shift is seen for type 1 but not for type 2 (see Figure 7.9 

and Figure 7.11, similar data for other junction realizations). We can take advantage of the 

presence of peaks in the 𝑑𝐼 𝑑𝑉⁄  that correspond to molecular levels to shed light on the relation 

between transmission voltage shifts and molecular level shifts. When the interelectrode 

displacement is reduced by 0.6 Å, the transition voltage shifts by 370 𝑚𝑉. Assuming for simplicity 

a symmetric voltage drop on each electrode-molecule contact, which can be justified as a crude 

approximation by the roughly symmetric locations of the positive and negative peaks in Figure 

7.2c), the 690 𝑚𝑉shift in the examined peak location in Figure 7.2c corresponds to a shift of 

(690 2) = 345 𝑚𝑉 ⁄ of the molecular levels that dominate the electron transport. Note that for a 

symmetric voltage drop, the location of the transporting molecular levels with respect to the 

electrode Fermi level is given by half the voltage at which a peak in the 𝑑𝐼 𝑑𝑉 ⁄ curve appears (this 

is illustrated below with the aid of calculated transmissions and  𝑑𝐼 𝑑𝑉⁄ curves). We can conclude 

that the observed mechanical gating leads to shifts in the transition voltage that are rather similar 

Figure 7.4 (a, b) Fowler-Nordheim (FN) plots constructed from the same 𝐼 − 𝑉 spectra presented 

in Figure 7.2a-b, showing 𝑙𝑛(𝐼 𝑉2⁄ ) versus 1 |𝑉|⁄  for spectra with (a, type 1) and without (b, type 

2) mechanical gating response. For consistency, the negative side of the 𝐼 − 𝑉 curves is used for 

FN plots. Insets (i): Zoomed view of the FN plots to better visualization of the change of transition 

voltage upon squeezing.  Insets (ii): Transition voltage, 𝑉𝑡𝑟𝑎𝑛𝑠 (absolute values) as a function of 

interelectrode displacement for type 1 and 2. 
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in magnitude to the roughly estimated shifts in the molecular energy levels. Our findings therefore 

show that TVS is a good indicator for level shifts in the examined junction.  

7.2.4. Theoretical calculations4 

To probe the nature of type 1 and 2, we turn to density functional theory (DFT) and electron 

transport calculations, as depicted in Figure 7.6. For the range of interelectrode displacements that 

is considered in the experiments the molecular junction can adapt, according to the calculations, 

two distinct stable configurations with parallel and perpendicular molecular orientations with  

respect to the electrode axis, as illustrated in the Figure 7.5a-d. The calculated total energy as a 

function of interelectrode displacement is presented in Figure 7.6f for each one of these junction 

configurations. The two energy curves have a clear minimum at different interelectrode 

separations. At short interelectrode displacements, the perpendicular configuration is energetically 

preferred, while for longer displacements the parallel configuration is more stable. A similar 

behavior was also reported for Ag/Vanadocene/Ag junctions by Pal et al.84. 

                                                           
4 Theoretical calculation is performed by Jakub Šebesta and Richard Korytár. 

Figure 7.5 (a-d) Relaxed structures. Perpendicular molecule orientation with respect to the 

electrode axis: (a) d=5.2 Å (b) d=6.2Å. Parallel molecule orientation: (c) d=8.1 Å (d) d=9.8Å. 
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Figure 7.6a-b provide the calculated transmission for various interelectrode displacements for the 

two configurations. The transmissions for the parallel configuration can essentially be understood 

as being rigidly shifted toward lower energies upon mechanical squeezing. Namely, a mechanical 

gating is observed191. Below the Fermi energy (taken as zero) pairs of narrow resonances can be 

seen, while above the Fermi energy a single broad resonance is found. Its peak transmission is 2, 

pointing to a two-channel or two-orbital origin. The transmissions for the perpendicular 

configuration have a richer structure, with narrow peaks on both sides of the Fermi energy. Also, 

the evolution of transmission as a function of stretching is more complex in this case than for the 

parallel molecular configuration. However, in contrast to the former case, no clear shifts in the 

transmission peaks are observed when the interelectrode displacement is changed in the given 

range. Thus, mechanical gating is not found for the perpendicular configuration. We note that in 

both configurations the transmission resonances are highly asymmetric due to quantum 

interference10, similarly to the asymmetries reported for molecular junctions based on a ferrocene 

derivative157.  

To have a more transparent comparison with the measured data, the described transmission can be 

directly converted to calculated differential conductance, as presented in Figure 7.6c-d, assuming 

a similar voltage drop across the two electrode-molecule contacts. When the molecule is oriented 

in parallel to the junction axis, mechanical gating is seen, as was found in the experiments for type 

1. However, for the perpendicular molecular orientation a similar effect cannot be found, in 

agreement with the absence of mechanical gating in the measurements of type 2. Note that the 

features in Figure 7.6c-d are sharper than found in the measured spectra in Figure 7.2c-d, since 

the experimental data is widened by the finite temperature and mainly by the lock-in modulation 

used for differential conductance measurements.  

Figure 7.6e reveals charge transferred from the electrodes to the molecule in equilibrium as a 

function of interelectrode displacement. The slope is larger in the parallel junction, suggesting that  

charge reorganization plays an important role in the gating mechanism. The mechanical gating 

response for the parallel molecule configuration and the absence of this effect for the perpendicular 

configuration can be ascribed to the orientation of the molecular orbitals that dominate transport 

with respect to the electrodes, and their coupling to the frontier electrode states. Figure 7.7 presents 

calculated isosurfaces of the two degenerate lowest unoccupied molecular orbitals (LUMOs) for 

an isolated ferrocene, as well as the LUMOs for the parallel and perpendicular junction 
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configurations (calculations were done for a cluster of a single molecule bridging two metal 

apices). As can be seen, the junction LUMOs, which are associated with the broad transmission 

peak above the Fermi energy in the parallel configuration, and the two narrow peaks above the 

Figure 7.6 (a, b) Transmission function for parallel (a) and perpendicular (b) molecule 

orientations in the junction at a varying inter electrode displacement between the electrode tips. 

(c, d) Differential conductance spectra of the parallel (c) and perpendicular (d) configurations at 

the same varying inter electrode displacement as in a and b. (e) Charging of the ferrocene 

molecule in the parallel (blue) and perpendicular configurations (orange). (f) Total energy as a 

function of interelectrode displacement. (⊥, ∥) denote perpendicular and parallel molecular 

orientation with respect to the long junction axis. 
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Fermi energy in the perpendicular configuration, resemble the LUMOs of the isolated molecule. 

These orbitals have a significant 𝜋-character on the carbon rings, i.e., the wave function spreads 

away from the ring plane perpendicularly201. The remaining contribution to the LUMOs comes 

from the Fe 3d atomic orbitals. Therefore, the molecular LUMOs overlap with the electrodes much 

more efficiently in the parallel configuration than in the perpendicular configuration. This 

difference makes the LUMO coupling to the frontier electrode states in the parallel configuration 

more sensitive to changes in the interelectrode displacement (seen in Figure 7.6a as a different 

width of the broad LUMO peak for different interelectrode displacement) than in the perpendicular 

case. Thus, the orientation of the LUMO with respect to the electrodes affects the mechanical 

gating efficiency: When the electrodes are pointing to the less-localized part of the LUMO on the 

carbon ring, mechanical manipulations likely induce orbital modifications and associated charge 

transfer. In contrast, when the electrodes are pointing towards the more localized part of the LUMO 

on the Fe ion, mechanical manipulation has a reduced effect on the local orbital structure and the 

associated charge redistribution. These findings illustrate that molecular orientation, as well as the 

distribution of molecular orbitals in space are important parameters for the design and control of 

mechanical gating in molecular junctions and generally for mechanically-induced charge transfer 

in metal-molecule interfaces. Interestingly, based on our analysis, efficient mechanical gating is 

promoted by delocalization of transporting molecular orbitals that point towards the electrodes, 

while for electrostatic gating in single molecule transistors, efficient gating by a gate electrode is 

Figure 7.7 Left: Isosurface plots of the two LUMOs of an isolated ferrocene (degenerate). Center 

and right, respectively: Isosurface plots of selected electron wave functions of the 

Ag/ferrocene/Ag junction and their energies (with respect to Fermi energy) for the parallel and 

perpendicular configurations (at interelectrode separations of 9.81 Å and 6.2 Å, which 

correspond to the blue curves in Figure 7.6a-b). These energies lie in the immediate vicinity of 

the unoccupied transmission resonances. The plots also contain ball and stick models of the 

structures (color coding of the atoms: white (H), black (C), pink (Fe) and silver (Ag)). All 

isosurfaces contains 93% of the wavefunction. 
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often promoted by more localized orbitals on the molecular bridge, with a rather low coupling to 

the electrode states.  

7.3. Conclusion: 

To conclude, we showed by experiments and calculations that mechanical gating of molecular 

junctions depends on the orientation of the molecule in the junction. In the extreme demonstrated 

case, the same molecular junction either experience mechanical gating or not, depending on the 

molecule orientation with respect to the electrodes, as well as on the nature of the interaction 

between the molecular orbitals and the continuum states of the electrodes. These findings 

emphasize the importance of geometry and local orbital structure in the context of charge transfer 

across metal-molecule interfaces and point towards a way to control mechanical gating of charge, 

spin, and heat transport in molecular junctions.  
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7.4. Appendix figures: 

Current-Voltage characteristics, Differential conductance spectra and Transition Voltage 

spectroscopy analysis of few other junction realizations with (type-1) or without (type-2) 

mechanical gating.  

(i) Type-1 

 

 

Figure 7.8 (a, b) Current vs. voltage spectra at different interelectrode displacements in 

Ag/ferrocene junctions with mechanical gating response (type 1). (c) Differential conductance vs. 

voltage for the junction studied in a. (d) Same as c but with data collected for the molecular 

junction studied in b. Insets (c, d) Absolute values of peak  position (marked with arrows in c, d) 

vs. interelectrode displacement. 
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Figure 7.9 (a, b) FN plots constructed from the same 𝐼 − 𝑉 spectra presented in Figure 7.8a-b. 

For consistency, the negative side of the 𝐼 − 𝑉 curves is considered for TVS analysis. Insets (i): 

Zoomed view of the TVS plots.  Insets (ii): Transition voltage, 𝑉𝑡𝑟𝑎𝑛𝑠  (absolute values) vs. 

interelectrode displacement.   
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(ii) Type-2 

 

 

 

 

 

 

 

 

Figure 7.10 (a, b) Current vs. voltage measured at different interelectrode displacements in 

Ag/ferrocene junctions without mechanical gating response (type 2). (c) Differential conductance 

vs. voltage for the junction studied in a. (d) Same as c but with data collected for the molecular 

junction studied in b. Insets (c, d) Absolute values of peak position (marked with arrows in c, d) 

vs. interelectrode displacement. 
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Figure 7.11 (a, b) FN plots constructed from the same 𝐼 − 𝑉 spectra presented in Figure 7.10a-

b. Insets (i): Zoomed view of the FN plots. Insets (ii): Transition voltage, 𝑉𝑡𝑟𝑎𝑛𝑠 (absolute values) 

vs. interelectrode displacement.   
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Chapter 8 | Formation of copper atomic chain in 

hydrogen atmosphere 

The transport properties of the copper atomic junction following the insertion of hydrogen 

molecule are the topic of this chapter, which also establishes the creation of a hydrogen-decorated 

copper atomic chain of more than 1 nm having a conductance as low as 0.001 𝐺0. 
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8.1. Introduction: 

Electrical wire with the smallest possible dimension that one can guess would consist of an array 

of metallic atoms. Such an array of atoms or in one word chains, being perfect one dimensional 

system, offers a unique opportunity to understand various fascinating phenomena including 

atomistic magnetism202–206, nanoelectromechanics207,208 and most importantly, quantum 

mechanical behavior in one dimension41,73,216,217,92,209–215. Successful formation of atomic chain is 

regularly observed in break-junction experiments upon pulling the late 5d metallic contacts such 

as Au, Pt and Ir35–37,39,41, in contrary to 3d or 4d metals such as Ag and Cu38,40. Theoretical 

calculation38,40,218 identifies a common origin to describe the chain formation of metal atoms via 

reconstruction of low-index surface due to enhanced relativistic effect on electronic structure104. 

On the other hand, systemic investigations reveal an impressive observation that foreign impurities 

e.g., H2, O2, N2, H2O, D2 can stabilize and elongate103,219–221 the metallic junction and even, atomic 

chain of 3d and 4d metals can be formed with support of these external  molecules43,47,49. Extensive 

study on the impurity induced chain formation establishes the formation of metal atomic chain for 

Ag/O2 ( 0.1 𝐺0)43,47,49, Cu/O2 (0.1 𝐺0)49, Cu/N2 (0.86 𝐺0)46, Pd/H2 (1.0 𝐺0 and 0.5 𝐺0)42, Pd/H2O 

(1.0 𝐺0)
44, Co/H2 (1.0 𝐺0and 0.2 𝐺0)48, Fe/D2 (1.0 𝐺0 and 0.25 𝐺0)45 and Ni/D2 (1.0 𝐺0)45 systems.  

Notably, the observed conductance value of these impurity induced chains are limited in the range 

of 1.0 𝐺0 – 0.1 𝐺0 having mostly a single conductance plateau, despite only a mention of stepwise 

decrease of tunneling conductivity for hydrogen embedded gold nanowires219. In addition, due to 

the presence of the molecules having vibrational degrees of freedom, the conductance of the chains 

is modified due to electron-vibration interaction. Inelastic electron spectroscopy (IETS) serves as 

a transport-based probe to determine vibrational modes in the molecular junction and several 

unusual features or anomalies in the differential conductance were found in these systems. Despite 

few reports, the complete understanding of formation, evolution and the electron-vibration 

interaction of these impurity induced chains is still lacking. 

In the present chapter, we focus on two different atomic junctions of Cu and Al, in the presence of 

hydrogen molecules and look for the possibilities of atomic chains based on the experimentally 

observed transport features. Previous experiments222–224 with Cu atomic contact in presence of 

hydrogen molecule confirms that hydrogen molecule can be contacted between the atomistic Cu 

electrodes. According to the experimental observation222 , asymmetric contact of Cu/H2/Cu 
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junction is ensured by theoretical calculation225,226 with no indication of hydrogen aided copper 

atomic chain222,223. Our findings demonstrate that there are even more possible configurations for 

Cu/H2 system in the tunneling conductance regime, in addition to the former configuration with    

Figure 8.1 (a, b) Example of conductance displacement breaking traces of copper atomic junction 

before (a-blue) and after (b-red) introduction of hydrogen molecules, recorded at 50 𝑚𝑉 bias 

voltage with traces shifted in the displacement axis for clarity. (c, d) Similar characterization of 

aluminum atomic junction before (c) and after (d) introduction of hydrogen molecules. 
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conductance value ~ 0.2 𝐺0
222–224. Three stable configurations of hydrogen decorated Cu atomic 

chains are identified, which is indeed a remarkable observation and may uncover further 

understanding regarding the phenomena of metal atomic chains in collaboration with external 

molecules. Moreover, we are herein for the first time reporting the possibility of physically stable 

structures with extremely low conductance value (~ 0.001 𝐺0) in an impurity induced metallic 

junction. In contrast, we observe only one configuration in Al/H2/Al junction, without any chain 

formation. Furthermore, inelastic electron tunneling spectroscopy (IETS) is employed to identify 

the vibrational signature of Cu/H2 and Al/H2 junctions along with its response to the mechanical 

manipulation. 

8.2. Results and discussions: 

8.2.1. Conductance traces and histograms 

Experiments are performed using a custom designed cryogenic insert based on mechanically 

controllable break junction technique at cryogenic environments (~ 4.2 𝐾). Conductance of 

Copper (Cu) and Aluminum (Al) atomic junctions with or without hydrogen molecule are recorded 

as a function of inter electrode displacement during each breaking sequences. After each breaking 

event, junction is recontacted to a conductance > 100 𝐺0 and this process is repeated several times 

to address the junction’s characteristics statistically. Figure 8.1a and b display the representative 

Figure 8.2 (a) Conductance histogram of copper atomic junction before (blue) and after 

introduction (red) of hydrogen molecules, prepared from 5000 and 9400 consecutive 

conductance displacement traces using 50 bins per decade. Black dash dotted line of the 

histogram presents the Gaussian fitting of the corresponding conductance peak (P-1, P-2 and P-

3).  (b) Same as a for aluminum junction considering 20000 and 6000 traces. 
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conductance displacement breaking traces of Cu and Al atomic junctions in semi logarithmic scale 

before (blue) and after (red) insertion of hydrogen molecules, respectively. Flat conductance step 

i.e., plateau at the quantum of conductance (𝐺0 = 2𝑒
2 ℎ⁄ ) is evident for Cu atomic junction 

(Figure 8.1a), whereas steps beneath 𝐺0 with positive slopes are observed for Al junction(Figure 

8.1c)51,227. It is important to note that characteristics of this plateaus are determined by the intrinsic 

chemical valence of respective metals51. Distinct evolution of Cu and Al atomic junctions is more 

pronounced in hydrogen environment as shown in Figure 8.1b and Figure 8.1d. In presence of 

hydrogen, subsequent plateaus of conductance value from ~ 0.3 𝐺0 to 0.001 𝐺0 are appearing in 

case of Cu junction (Figure 8.1b), whereas conductance plateau of Al/H2 junction (Figure 8.1d) 

can be at lowest~ 0.1 𝐺0. Interestingly, unusual plateaus with positive slope for Al junction even 

persists in presence of hydrogen228,229. The presence of molecule, both for Cu and Al junction, is 

confirmed from the inelastic electron tunneling spectroscopy (IETS) and details of the 

observations will be discussed in Section 8.2.4. Focusing on the statistical analysis of the 

conductance traces to obtain the most frequently occurring configurations, Figure 8.2 shows the 

conductance histograms for Cu (Figure 8.2a) and Al (Figure 8.2b) with and without hydrogen 

Figure 8.3 (a, b) Conductance displacement histogram of copper atomic junction before (a) and 

after (b) insertion of hydrogen 
 
molecules, built from the same conductance traces of Figure 8.2a 

using 80 bins per decade. Conductance of the zero displacement is taken at 2 𝐺0. 

  
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molecules. Remarkably, three clear conductance peaks with the most probable values - (P-1): 

2.31 ±  0.02 × 10−1 𝐺0, (P-2): 2.03 ±  0.02 × 10−2 𝐺0 and (P-3): 1.78 ±  0.02 × 10−3 𝐺0 

emerge as a consequence of hydrogen insertion in case of Cu junction (Figure 8.2a). Conductance 

value of peak, P-1,  is in close resembles with the previous reports222–224. However, no prominent 

effect of hydrogen insertion for Al junction is noticed (shown in Figure 8.2b), albeit, with a 

broadening of the atomic peak at 0.78 𝐺0 along with a slight enhancement of data intensity 

~0.1 𝐺0 which can be the conductance signature of Al/H2 junction. Slight enhancement of data 

intensity ~0.1 𝐺0can be considered to be the conductance signature of Al/H2 junction. To get more 

insight, conductance displacement histogram of Cu and Al atomic junction with (Figure 8.3b and 

Figure 8.4b) and without (Figure 8.3a and Figure 8.4a) hydrogen molecules are considered. For 

Al junction, histograms (Figure 8.4) are plotted in linear scale since the molecular conductance 

are high enough for better visualization unlike the Cu/H2 junctions where order of magnitude lower 

conductance features are observed.. Three additional high density data clouds with maximum 

displacement up to ~14 Å of Figure 8.3b (compared to Figure 8.3a) corresponds to the three 

peaks of the conductance histogram of Cu atomic junction in hydrogen environment. Note that, 

Figure 8.4 (a-b) Conductance displacement histogram of aluminum atomic junction before (a) and 

after (b) introduction of hydrogen, based on the same conductance traces used in Figure 8.2b with 

80 bins in linear scale. 4 𝐺0 is considered as conductance of zero displacement point. 

  
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appearance of these peaks indicates the formation of multiple nano junctions consisting of Cu 

atoms and or hydrogen molecule (s) with well-defined configuration. Whereas in case of Al 

junction, wavy data cloud ~ 0.8 𝐺0 (Figure 8.4a) is clearly observed which arises due to the 

increase of channel contribution during stretching and in presence of hydrogen molecule, no 

prominent additional data cloud is seen (Figure 8.4b), in line with corresponding conductance 

histogram.  

8.2.2. Chain formation analysis 

Length of the plateaus in the form of length histogram is now considered to probe the structural 

characteristics with stretching for both Cu and Al junction in presence of hydrogen molecules. 

Figure 8.5a-b show the plateau length histogram of Cu and Al atomic junction before (blue) and 

after (red) insertion of hydrogen molecules. A drastic change in the length histogram of the Cu/H2 

junction is undoubtedly evident, compared to the histogram without hydrogen (Figure 8.5a). 

Whereas, no such obvious effect of hydrogen insertion in the length histogram of Al/H2 junction 

is noticed and is shown in the Figure 8.5b. Formation of short atomic contacts of Cu atomic 

junction is well believed, however, in hydrogenic environment Cu junction can be stretched up to 

14 Å along with multiple peaks in the length histogram, which indicates the formation of Cu 

atomic chain in contrast to previous reports222,223. Height of these peaks are decreasing 

Figure 8.5 (a) Plateau length histogram of copper atomic junction before (blue) and after (red) 

insertion of hydrogen molecules considering plateaus of conductance value between 1.5 𝐺0  to 

0.7 𝐺0  and 1.5 𝐺0 to 0.001 𝐺0 . (b) Similar histogram of aluminum junction considering 

conductance range 1.1 𝐺0 to 0.1 𝐺0  , both in presence and absence of molecules. 
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exponentially after ~ 8 Å due to the lower stability of longer plateaus. Hydrogen being one of the 

smallest atoms, obtaining the exact bond-length from the peaks of the length histogram is not 

straight-forward. Ample ripples in the length histogram may corresponds to the different 

adsorption geometry due to uneven distribution of hydrogen and Cu atoms. Further confirmation 

on the formation of hydrogen assisted Cu atomic chain is established by plotting average return 

length as a function of plateau length both for with (Figure 8.6) and without hydrogen molecule 

(inset of Figure 8.6). Return length is defined as the length over which two electrodes are needed 

to retract back to reestablish the junction after breaking. Average return length increases almost 

linearly with the plateau length even up to ~14 Å which gives a strong indication of the formation 

of atomic chain. An offset of around 4 Å is observed to be present and is independent on the 

presence of hydrogen molecule which arises due to the elastic response of the atomic banks36,38. 

Furthermore, average conductance displacement breaking trace of Cu/H2 junction, shown in 

Figure 8.7a, reveals the three sequential steps with conductance value corresponding to the three 

peaks of the conductance histogram. Small wriggles of these average steps are the signature of 

structural reconstruction during stretching. From the average traces, it can surely be ensured that 

Figure 8.6 Average return length of copper atomic junction in presence of hydrogen as a function 

of plateau length. Return length is defined as the amount of length required to retract back to 

reform the junction after breaking. Inset: Average return length of copper atomic junction as a 

function of plateau length.   
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configuration of P-2 and P-3 are responsible for the formation of longer plateaus and configuration 

of P-1 is limited to short atomic contact. This statement is further supported by considering 

conditional length histogram as shown in the Figure 8.7b. Length histogram taking plateaus from 

1.5 𝐺0 to 0.08 𝐺0  (black i.e., only P-1) is restricted only within 5 Å, whereas longer plateaus are 

started to appear whenever plateaus down to  P-2 (1.5 𝐺0 to 0.008 𝐺0 , light blue) or P-3 (1.5 𝐺0 to 

0.001 𝐺0 , red) are included.  

8.2.3. Formation and evolution of the copper/hydrogen junction 

We have further extended our analysis to probe the evolution and mutual correlation among these 

three peaks (P-1, P-2 and P-3), observed in the conductance histogram of Cu/H2 junction. Five 

different sub categories are identified (representative traces of each categories are shown in Figure 

8.8) and conductance histogram of each categories are presented as the line plot of each block in 

Figure 8.9a, whereas histogram of all traces are shown as grey area plot just as a reference. 

Different categories are determined by assigning a threshold number of data points to be present 

in the specific conductance peak, decided from the local minima of P-1, P-2 and P-3. Figure 8.9b 

Figure 8.7 (a) Average conductance displacement breaking trace of copper atomic junction in 

presence of hydrogen. Inset: Same trace in linear scale to show the precursor plateau at 1.33 𝐺0,  
marked by green circle. (b) Plateau length histogram of the same junction including plateaus of 

conductance value in between: 1.5 𝐺0  to 0.08 𝐺0  (black), 1.5𝐺0  to 0.008 𝐺0  (light blue) and 

1.5 𝐺0  to 0.001 𝐺0 (Red).   
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illustrates the probability of occurrence of these five different categories in terms of pie chart where 

color of each sub-chart corresponds to color of the respective line plot. Absolute number of traces 

belongs to different subcategories with its characteristics definition summarized in Table 8.1. 

Close investigation on the conditional histograms of different subcategories provide the following 

conclusions regarding the evolution of the junction:  

(i) All three plateaus P-1, P-2 and P-3 can occur simultaneously [category (1), 24 %],  

(ii) Plateaus of P-2 can be formed as an extension of plateau at P-1 [category (2), 14 %] or plateau 

at P-2 can be transferred to the steps at P-3 [category (4), 15 %] 

(iii) Plateau at P-1 can be formed independently [category (3), 17%]  

Figure 8.8 Conductance displacement breaking traces of copper atomic junction in presence of 

hydrogen, where five different colors denotes the five different sub-categories, mentioned on the 

respective top. Sub categories are defined based on the presence of plateaus in a particular 

conductance peak (P-1, P-2 or P-3 on top refers to the presence of plateaus in the corresponding 

conductance peak). Details regarding the subcategories is summarized in Table 8.1. 
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(iv) There are few traces which don’t show any molecular signature in the traces [category (5), 

30%].  

 

Table 8.1 Characteristics of different sub-categories. 

Sub categories 

Plateaus present (denoted by 𝟏) or 

absent(denoted by 𝟎)  at the peak 
Number of 

traces (%) 

Corresponding 

color in Figure 

9 P-1 P-2 P-3 

1 1 1 1 2204(24) Green 

2 1 1 0 1306(14) Bronze 

3 1 0 0 1663(17) Magenta 

4 0 1 1 1408(15) Yellow 

Figure 8.9 (a) Conditional conductance histogram of copper atomic junction in presence of 

hydrogen, considering traces of different sub categories. Number in the center of each block 

denotes the number of the corresponding sub categories where line plot is the histogram of that 

sub categories and grey area plot is the histogram constructed from entire data set. (b) Pie chart 

of percentage of traces, belongs to different sub categories. Corresponding number and percentage 

are mentioned inside the respective color region. 
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5 0 0 0 2819(30) Red 

Total data ------- 9400(100) Grey area 

Apart from that, formation of premature molecular junction i.e., precursor configuration is also 

identified from the appearance of a plateau at ~ 1.33 𝐺0  in average conductance displacement 

breaking traces of Cu/H2 junction (marked as a green circle in the inset of Figure 8.7a). Similar 

precursor configuration was observed for diatomic80 and organometallic88 molecule-based 

junction which primarily occurs when the atomic contact lies in parallel to the molecular junction. 

Further validation is given by the two dimensional cross correlation analysis, as described in 

Chapter 03, Section 3.4. Figure 8.10 shows the 2D cross correlation map of Cu/H2 molecular 

junctions where horizontal and vertical axes corresponds to the two pull (breaking) conductance, 

𝐺𝑖 & 𝐺𝑗 and yellow (blue) color represents the positive (negative) correlation. An island of positive 

correlation, marked by black rectangles, between the conductance pairs 0.06 𝐺0 to 0.45 𝐺0 and 

1.10 𝐺0 to 1.40 𝐺0, is visible in Figure 8.10 which corresponds to the formation of precursor 

configuration. So, this combined analysis establishes the eventual formation of the precursor 

configuration in which molecule binds alongside to the atomic contact and opens additional 

channel which results in an increase of the conductance up to ~ 1.40 𝐺0. 

Figure 8.10 Two dimensional cross correlation histogram (2DCH) of breaking traces of copper 

atomic junction in presence of hydrogen. Yellow color cloud, marked as black rectangles, reveals 

the positive correlation which validates the formation of precursor configuration. 
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8.2.4. Inelastic electron tunneling spectroscopy 

To assure the incorporation of hydrogen into the Cu or Al junction, we adopt inelastic electron 

tunneling spectroscopy (IETS) as an experimental tool which offers valuable information related 

to the combined structure of metal and molecule, schematically described in Figure 8.11a-c. If the 

applied bias voltage (𝑉) is sufficient enough to excite certain vibration mode (𝑒𝑉) of the junction, 

transmitted electrons are then in-elastically scattered either in forward or backward direction. It is 

manifested as a step up or step down in the differential conductance spectra (𝑑𝐼 𝑑𝑉⁄  vs. 𝑉 ). Bias 

voltage corresponding to these steps are equivalent to the vibrational energy and the sign of these 

steps (up or down) are determined by the transmission probability of the conduction 

channels187,230–232. However, apart from these step up or step down features, anomalous spikes like 

peak, dip or peak followed by a dip i.e., S-shaped features are regularly observed in the differential 

conductance spectra of single molecular junction233,234. These anomalies are related to the 

vibrational mode of the single molecules, which has been modelled by vibrationally induced two 

level systems (VITLS)233 or asymmetry coupled two level systems (TLS)235. Both models provide 

an illustration of a physical process that may lead to the appearance of peak or dip like structures 

in 𝑑𝐼 𝑑𝑉⁄  curves of the molecular junctions. In our case, asymmetric coupled TLS model is used 

to fit the experimentally obtained 𝑑𝐼 𝑑𝑉⁄  curves due to its applicability in a wide range of 

experimental conditions: using different molecules, metal electrodes and contact size.  

General features of the 𝑑𝐼 𝑑𝑉⁄  spectra include the transition between two conductance plateaus 

during the sweeping of bias voltage via a characteristic features (step up or down, peak or dip) at 

the onset of vibrational energy. The switching of the conductance between two discrete levels 

indicates the consideration of two-level systems (TLS). However, a simple TLS models exhibits 

only step up or step-down features in contrast to asymmetrically coupled TLS model where step 

up or step down in the 𝑑𝐼 𝑑𝑉⁄  can be evolved into the peak or dip depending on the asymmetry in 

the coupling. TLS model is based on the scattering process on a two-level system located near the 

center of an atomic sized contact and demonstrated as a double-well potential where energy 

difference between the two states of the potential well is ∆ and the two states are coupled by the 

tunneling across the barrier with a coupling energy Γ (Figure 8.11d). The coupling between the 

wells causes a hybridization of the two states, resulting into two energy eigenvalues with a splitting 

of 𝐸 = √∆2 + Γ2. It is further considered that conductance of the lower and upper states of the 
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TLS is 𝜎0 and 𝜎1. Corresponding occupation numbers are 𝑛0 and 𝑛1 = (1 − 𝑛0). Current-Voltage 

(𝐼 − 𝑉) characteristics is determined by the voltage dependent occupation numbers as,  

 𝐼(𝑉) = (𝜎0𝑛0 + 𝜎1𝑛1)𝑉 (8.1) 

Differential conductance, 

 
𝑑𝐼

𝑑𝑉
=  𝜎0 + (𝜎1 − 𝜎0)[𝑛1 + 𝑉

𝑑𝑛1
𝑑𝑉
] (8.2) 

The occupation numbers of the upper state can be calculated from the rate equation as, 

 Where 𝜈0 and 𝜈1 are the inverse relaxation times of the lower and upper state of the TLS, 

 

𝜈0 =
𝜌𝐹
2𝛾0
4

[
𝑒𝑉 + 𝐸

2
(𝑐𝑜𝑡ℎ

𝑒𝑉 + 𝐸

2𝐾𝑇
− 1) +

−𝑒𝑉 + 𝐸

2
(𝑐𝑜𝑡ℎ

−𝑒𝑉 + 𝐸

2𝐾𝑇
− 1)

+ 𝐸(𝑐𝑜𝑡ℎ
𝐸

2𝐾𝑇
− 1)] 

(8.4) 

 
𝑑𝑛1
𝑑𝑡

= (𝑛0𝜈0 − 𝑛1𝜈1) (8.3) 

Figure 8.11 (a) A schematic illustration of electron tunneling through a metal-molecule-metal 

junction. Electron can lose some of its energy during tunneling to trigger a vibration mode of 

energy, provided that the bias voltage (𝑒𝑉) crosses the threshold for excitation of the vibrational 

mode (ℏ𝜔). Here, ‘(i)’ is the elastic tunneling process; ‘(ii)’ is the inelastic tunneling process. (b, 

c) The opening of the additional channel leads to an increase in conductance (𝑑𝐼 𝑑𝑉⁄ ) at 𝑒𝑉 =
± ℏ𝜔 which is manifested as a peak (dip) for the positive (negative) bias of the second derivative 

of the current (𝑑2𝐼 𝑑𝑉2⁄ ). (d) Asymmetric coupled two level system (TLS) with a degenerate upper 

level. 
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𝜈1 =
𝜌𝐹
2𝛾1
4

[
𝑒𝑉 − 𝐸

2
(𝑐𝑜𝑡ℎ

𝑒𝑉 − 𝐸

2𝐾𝑇
− 1) +

−𝑒𝑉 − 𝐸

2
(𝑐𝑜𝑡ℎ

−𝑒𝑉 − 𝐸

2𝐾𝑇
− 1)

− 𝐸(𝑐𝑜𝑡ℎ
𝐸

2𝐾𝑇
− 1)] 

(8.5) 

where, 𝜌𝐹 stands for the density of the states at the Fermi level. 𝛾0 and 𝛾1 are the coupling of the 

lower and upper state of the TLS to the electrons. 𝐾, 𝑇 and 𝑒 are the Boltzmann constant, 

temperature and electronic charge respectively. Asymmetry arises due to the difference in phase 

space between the two levels. For instance, if the ground state is well defined, but the upper state 

Figure 8.12 (a-c) Differential conductance vs. applied bias voltage (𝑑𝐼 𝑑𝑉⁄  vs.𝑉) spectra of 

copper atomic junction in presence of hydrogen, measured at zero bias conductance of 0.19 𝐺0 (a) 

0.05 𝐺0 (b) and   0.002 𝐺0 (c)  . Black dash dotted line is the theoretical fits of asymmetrically 

coupled TLS model and corresponding parameters are mentioned in the Table 8.2. (d)  

Distribution of vibrational energy measured on the different realizations of copper atomic junction 

in presence of hydrogen. 98 different spectra’s are analyzed here with the any zero bias 

conductance value in the range 0.8 𝐺0to 0.001𝐺0. 
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is not a single level but 𝑁 energetically equivalent states (Figure 8.11d) then the effective coupling 

constant contains a summation for the final states resulting in parameter, 𝛾0 = 𝑁𝛾1. 

In the steady state (
𝑑𝑛1

𝑑𝑡
= 0), occupation number of the lower and upper state is 

 𝑛0 =
𝜈1

𝜈0 + 𝜈1
 (8.6) 

 𝑛1 =
𝜈0

𝜈0 + 𝜈1
 (8.7) 

Putting the values of 𝜈0 and  𝜈1 from Equation (8.4) and (8.5), occupation numbers is calculated. 

From this occupation numbers, 𝐼 − 𝑉  and 𝑑𝐼 𝑑𝑉⁄   are calculated and mentioned in the appendix 

Section. Equation (8.9), shown in appendix section, is used to fit the experimentally recorded 

𝑑𝐼 𝑑𝑉⁄  spectra. Fitting parameters are the energy (𝐸) and asymmetry parameter (𝑁), whereas 𝜎0 

and 𝜎1 are read from the experimental curves and 𝐾𝑇 is kept constant at 0.36 𝑚𝑒𝑉. Note that, 

finite temperature effect on smearing of the curves is ignored here.  

Representative anomalous spikes like peak (Figure 8.12a), dip (Figure 8.12b) along with regular 

step up (Figure 8.12c) features for Cu/H2 junction are shown in Figure 8.12a-c. Corresponding 

vibrational energies and asymmetry parameters are summarized in Table 8.2. Large variation of 

spectroscopic signatures are noticed from junction to junction which is quite expected as there may 

be many configurations that atoms or molecules can adopt in the junction. Hence, vibrational 

Figure 8.13 Representative 𝑑𝐼 𝑑𝑉⁄  vs. 𝑉 spectra with “S” shaped features (peak followed by a 

dip) of copper atomic junction in presence of hydrogen, measured at zero bias conductance 

of 0.11 𝐺0. 
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energy determined from 98 independent contacts with any conductance value between 0.8 𝐺0 to 

0.001 𝐺0 are presented in the form of histogram (Figure 8.12d). Vibrational energies are 

distributed over 20 𝑚𝑒𝑉 to 80 𝑚𝑒𝑉, though, repeatable appearance of certain vibrational energies 

at specific region ( ~ 33 𝑚𝑒𝑉, 39𝑚𝑒𝑉, 54 𝑚𝑒𝑉 and 66 𝑚𝑒𝑉) are clearly distinguishable. 

Observed vibrational energies indicates that hydrogen is also participated in the configuration of 

the Cu atomic chain as vibrational energy of pure metallic contacts can be up to ~ 20 𝑚𝑒𝑉. 

Asymmetry in the coupling can also be easily understood due to the existence of large number of 

loosely bound configuration where different angles of the molecules with respect to the contact 

axis have similar binding energies and also molecule can diffuse at different sites of the junction. 

Furthermore, it is important to mention that peak followed by a dip i.e., S-shaped feature (Figure 

8.13) is observed in case of Cu/H2 junction which has been described by the three level model233. 

The fitting of these features using three level model is too complicated and discarded here. Coming 

back to Al case, two 𝑑𝐼 𝑑𝑉⁄  spectra of Al/H2 junction, showing regular step-up feature, is displayed 

in Figure 8.14. 

Evolution of vibrational energy with respect to strain could also be extremely useful to classify the 

vibrational symmetry. Vibrational mode can be longitudinal or transverse describing motion along 

or perpendicular to the junction’s axis. This is performed by checking the response of vibrational  

energy in the recorded 𝑑𝐼 𝑑𝑉⁄  spectra of stable contacts upon stretching. Longitudinal symmetry 

are characterized by the decrease in vibrational energy with increase of stretching and is resulted 

Figure 8.14 (a-b) 𝑑𝐼 𝑑𝑉⁄  vs. 𝑉 spectra of aluminum atomic junction in presence of hydrogen, 

measured at zero bias conductance of 0.19 𝐺0 (a) and  0.16 𝐺0 (b). 
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from the weakening of metal-molecule bonds236,237. Whereas, contrary response i.e., increase of 

vibrational energy of transverse modes happens due to increasing restoring force like guitar 

string236,237. Figure 8.15a-c presents the three sets of 𝑑𝐼 𝑑𝑉⁄  spectra with prominent vibrational 

 

Table 8.2 𝑑𝐼 𝑑𝑉⁄  fitting parameters using asymmetric coupled TLS model. 

Figure 8.15 (a-c) 𝑑𝐼 𝑑𝑉⁄  vs. 𝑉 spectra of copper atomic junction in presence of hydrogen, 

recorded upon stretching the junction. Blue color denotes the spectra prior to the start of stretching 

and red is before the final rupture while intermediate colors are self-explanatory. (d-f) Evolution 

of vibrational energy upon stretching, obtained from asymmetric coupled TLS model fitting of the 

spectra’s a-c, following same colors. Features appearing at the positive bias voltage are 

considered for fitting. Inset: Evolution of the zero bias conductance upon stretching for the same 

spectra’s. 
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signatures where sequences in each set are recorded during the stretching of the junction. Colored 

arrows dictate the evolution of the features during stretching with blue and red color denotes the 

start and stop of the stretching fact with intermediate colors are self-explanatory. Energies of the 

individual vibrational modes of Figure 8.15a-c are calculated from the previously explained TLS 

model and presented as a function of inter electrode displacement in the Figure 8.15d-f 

respectively. An increase in vibrational energy from 47 𝑚𝑒𝑉 to 68 𝑚𝑒𝑉 due to a change in  

electrode separation of 84 𝑝𝑚 is evident from Figure 8.15d which is a typical signature of 

transverse symmetry i.e., motion of molecule perpendicular to the axis of the junction. Opposite 

to former case, Figure 8.15e and Figure 8.15f demonstrates a decrease in vibrational energy 

(63 𝑚𝑒𝑉 to 54 𝑚𝑒𝑉 and 53 𝑚𝑒𝑉 to  28 𝑚𝑒𝑉 ) which renders it as a longitudinal mode i.e., motion 

along the axis. Corresponding evolution of  asymmetry parameter and zero bias conductance with 

respect to stretching for these three different junctions (Figure 8.15a-c) are shown in Figure 

8.16a-c and in the inset of Figure 8.15d-f. Conductance decreases with stretching for these 

junctions, whereas, no noticeable trend is observed for asymmetry parameters.  Note that despite 

their similar energy, opposite response of vibrational energy with strain could be helpful to 

distinguish the vibrational symmetry. Correlating vibrational mode with the zero-bias conductance 

Vibrational Features 

(Figure) 

Fitting Parameters (𝑲𝑻 = 𝟎. 𝟑𝟔 𝒎𝒆𝑽) 

𝝈𝟎(𝑮𝟎) 𝝈𝟏(𝑮𝟎) 𝑬 (𝒎𝒆𝑽) 𝑵 

Peak (Figure 8.12a) 0.185 0.26 37 11 

Dip (Figure 8.12b) 0.069 0.0675 60 36 

Step up (Figure 8.12c) 0.0219 0.0223 30 1 

Figure 8.16 (a-c) Asymmetry parameters (𝑁) of TLS model for the spectra of Figure 8.15a-c as a 

function of inter electrode displacement, following the same colors. 
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of the studied junctions, it can be concluded that conductance of transverse symmetry is somehow 

higher compared to longitudinal one.  

8.3. Conclusion: 

In conclusion, we have studied the influence of hydrogen in determining the structural and 

electronic properties of Cu and Al atomic junction. Conductance measurements indicates the 

formation of multiple stable configurations of Cu/H2 junctions with most probable conductance 

value𝑠 ~ 0.2 𝐺0, 0.02 𝐺0and 0.001 𝐺0 and demonstrate the step wise decrease of tunneling 

conductivity. Whereas no prominent conductance peak was observed for Al/H2 junction.  Plateau 

length analysis demonstrates the formation of copper atomic chain because of hydrogen insertion. 

The role of hydrogen to realize the atomic chain is further corroborated from vibrational 

spectroscopy. In fact, two vibrational modes i.e., longitudinal, and transverse mode of Cu/H2 

junction are identified by their opposite response to strain. Overall, these findings add a new 

member in the list of impurity induced metal atomic chain formation and helps to improve our 

knowledge to form a nearly insulating atomic chain. Not only that, but realization of extremely 

low conducting configuration also suspended between metal atomic segments opens a new 

question for the theoretician to address. 
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8.4. Appendix: 

 

𝐼(𝑉) = 𝑒𝑉((𝜎0((𝐸/2 −  𝑒𝑉/2)(𝑐𝑜𝑡ℎ((𝐸 −  𝑒𝑉)/(2𝐾𝑇))  +  1)  

−  𝐸(𝑐𝑜𝑡ℎ(𝐸/(2𝐾𝑇))  −  1)  + (𝑐𝑜𝑡ℎ((𝐸 +  𝑒𝑉)/(2𝐾𝑇))  

+  1)(𝐸/2 +  𝑒𝑉/2)))/((𝐸/2 −  𝑒𝑉/2)(𝑐𝑜𝑡ℎ((𝐸 

−  𝑒𝑉)/(2𝐾𝑇))  +  1)  −  𝐸(𝑐𝑜𝑡ℎ(𝐸/(2𝐾𝑇))  −  1)  

+  𝑁((𝐸/2 −  𝑒𝑉/2)(𝑐𝑜𝑡ℎ((𝐸 −  𝑒𝑉)/(2𝐾𝑇))  −  1)  

+  𝐸(𝑐𝑜𝑡ℎ(𝐸/(2𝐾𝑇))  −  1)  + (𝑐𝑜𝑡ℎ((𝐸 +  𝑒𝑉)/(2𝐾𝑇))  

−  1)(𝐸/2 +  𝑒𝑉/2))  + (𝑐𝑜𝑡ℎ((𝐸 +  𝑒𝑉)/(2𝐾𝑇))  

+  1)(𝐸/2 +  𝑒𝑉/2))  + (𝑁𝜎1((𝐸/2 −  𝑒𝑉/2)(𝑐𝑜𝑡ℎ((𝐸 

−  𝑒𝑉)/(2𝐾𝑇))  −  1)  +  𝐸(𝑐𝑜𝑡ℎ(𝐸/(2𝐾𝑇))  −  1)  

+  (𝑐𝑜𝑡ℎ((𝐸 +  𝑒𝑉)/(2𝐾𝑇))  −  1)(𝐸/2 

+  𝑒𝑉/2)))/((𝐸/2 −  𝑒𝑉/2)(𝑐𝑜𝑡ℎ((𝐸 −  𝑒𝑉)/(2𝐾𝑇))  

+  1)  −  𝐸(𝑐𝑜𝑡ℎ(𝐸/(2𝐾𝑇))  −  1)  +  𝑁((𝐸/2 

−  𝑒𝑉/2)(𝑐𝑜𝑡ℎ((𝐸 −  𝑒𝑉)/(2𝐾𝑇))  −  1)  

+  𝐸(𝑐𝑜𝑡ℎ(𝐸/(2𝐾𝑇))  −  1)  + (𝑐𝑜𝑡ℎ((𝐸 +  𝑒𝑉)/(2𝐾𝑇))  

−  1)(𝐸/2 +  𝑒𝑉/2))  + (𝑐𝑜𝑡ℎ((𝐸 +  𝑒𝑉)/(2𝐾𝑇))  

+  1)(𝐸/2 +  𝑒𝑉/2))) 

(8.8) 
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𝑑𝐼

𝑑𝑉
= (2𝜎0((𝐸/2 −  𝑒𝑉/2)(𝑐𝑜𝑡ℎ((𝐸 −  𝑒𝑉)/(2𝐾𝑇))  +  1)  

−  𝐸(𝑐𝑜𝑡ℎ(𝐸/(2𝐾𝑇))  −  1)  + (𝑐𝑜𝑡ℎ((𝐸 +  𝑒𝑉)/(2𝐾𝑇))  

+  1)(𝐸/2 +  𝑒𝑉/2)))/((𝐸 +  𝑒𝑉)(𝑐𝑜𝑡ℎ((𝐸 

+  𝑒𝑉)/(2𝐾𝑇))  +  1)  +  𝑁((𝐸 +  𝑒𝑉)(𝑐𝑜𝑡ℎ((𝐸 

+  𝑒𝑉)/(2𝐾𝑇))  −  1)  +  2𝐸(𝑐𝑜𝑡ℎ(𝐸/(2𝐾𝑇))  −  1)  

+  (𝐸 −  𝑒𝑉)(𝑐𝑜𝑡ℎ((𝐸 −  𝑒𝑉)/(2𝐾𝑇))  −  1))  

−  2𝐸(𝑐𝑜𝑡ℎ(𝐸/(2𝐾𝑇))  −  1)  + (𝐸 −  𝑒𝑉)(𝑐𝑜𝑡ℎ((𝐸 

−  𝑒𝑉)/(2𝐾𝑇))  +  1))  + (2𝑁𝜎1((𝐸/2 

−  𝑒𝑉/2)(𝑐𝑜𝑡ℎ((𝐸 −  𝑒𝑉)/(2𝐾𝑇))  −  1)  

+  𝐸(𝑐𝑜𝑡ℎ(𝐸/(2𝐾𝑇))  −  1)  + (𝑐𝑜𝑡ℎ((𝐸 +  𝑒𝑉)/(2𝐾𝑇))  

−  1)(𝐸/2 +  𝑒𝑉/2)))/((𝐸 +  𝑒𝑉)(𝑐𝑜𝑡ℎ((𝐸 

+  𝑒𝑉)/(2𝐾𝑇))  +  1)  +  𝑁((𝐸 +  𝑒𝑉)(𝑐𝑜𝑡ℎ((𝐸 

+  𝑒𝑉)/(2𝐾𝑇))  −  1)  +  2𝐸(𝑐𝑜𝑡ℎ(𝐸/(2𝐾𝑇))  −  1)  

+  (𝐸 −  𝑒𝑉)(𝑐𝑜𝑡ℎ((𝐸 −  𝑒𝑉)/(2𝐾𝑇))  −  1))  

−  2𝐸(𝑐𝑜𝑡ℎ(𝐸/(2𝐾𝑇))  −  1)  + (𝐸 −  𝑒𝑉)(𝑐𝑜𝑡ℎ((𝐸 

−  𝑒𝑉)/(2𝐾𝑇))  +  1))  − (2𝐸𝑁𝑒𝑉(𝜎0  

−  𝜎1)(𝑐𝑜𝑡ℎ(𝐸/(2𝐾𝑇))  −  2)(𝐸𝑐𝑜𝑡ℎ((𝐸 

+  𝑒𝑉)/(2𝐾𝑇))^2 −  2𝑒𝑉 +  𝑒𝑉𝑐𝑜𝑡ℎ((𝐸 

+  𝑒𝑉)/(2𝐾𝑇))^2 −  𝐸𝑐𝑜𝑡ℎ((𝐸 −  𝑒𝑉)/(2𝐾𝑇))^2 

+  𝑒𝑉𝑐𝑜𝑡ℎ((𝐸 −  𝑒𝑉)/(2𝐾𝑇))^2 −  2𝐾𝑇𝑐𝑜𝑡ℎ((𝐸 

+  𝑒𝑉)/(2𝐾𝑇))  +  2𝐾𝑇𝑐𝑜𝑡ℎ((𝐸 

−  𝑒𝑉)/(2𝐾𝑇))))/(𝐾𝑇(4𝐸 −  2𝐸𝑐𝑜𝑡ℎ(𝐸/(2𝐾𝑇))  

+  𝑒𝑉𝑐𝑜𝑡ℎ((𝐸 +  𝑒𝑉)/(2𝐾𝑇))  +  𝐸𝑐𝑜𝑡ℎ((𝐸 

−  𝑒𝑉)/(2𝐾𝑇))  −  𝑒𝑉𝑐𝑜𝑡ℎ((𝐸 −  𝑒𝑉)/(2𝐾𝑇))  

+  𝐸𝑐𝑜𝑡ℎ((𝐸 +  𝑒𝑉)/(2𝐾𝑇))  −  4𝐸𝑁 +  𝐸𝑁𝑐𝑜𝑡ℎ((𝐸 

+  𝑒𝑉)/(2𝐾𝑇))  +  2𝐸𝑁𝑐𝑜𝑡ℎ(𝐸/(2𝐾𝑇))  +  𝑁𝑒𝑉𝑐𝑜𝑡ℎ((𝐸 

+  𝑒𝑉)/(2𝐾𝑇))  +  𝐸𝑁𝑐𝑜𝑡ℎ((𝐸 −  𝑒𝑉)/(2𝐾𝑇))  

−  𝑁𝑒𝑉𝑐𝑜𝑡ℎ((𝐸 −  𝑒𝑉)/(2𝐾𝑇)))^2) 

(8.9) 
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Chapter 9 | Conclusion and outlook 

This chapter serves as the overall conclusion of the current thesis and provides an insight on the 

range of upcoming research in the topic. 
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In the present thesis, contribution of molecular orientation to the charge transport characteristics 

of single molecular junction is investigated along with its impact on contact formation. During the 

early stage of my doctoral program, significant attention was paid to develop and design the 

experimental set up based on the MCBJ technique to fabricate the single molecular junction. 

Successful characterization of our indigenously developed experimental arrangements ensures the 

capability to conduct the measurements from ambient condition to cryogenic environments.  The 

thesis comprises of studies on 8 different types of junction combining 4 metal electrodes and 6 

different molecules: 1. Au/4,4'-bipyridine/Au, 2.Au/2,2'-bipyridine/Au, 3. Au/ferrocene/Au, 4. 

Au/1,1'-bis(aminomethyl)ferrocene/Au, 5. Au/1,1'-dicyano ferrocene/Au, 6. Ag/ferrocene/Ag, 7. 

Cu/Hydrogen/Cu, and 8. Al/Hydrogen/Al. 

Primarily, the effect of molecular structure to the metal-molecule contact formation is probed by 

employing two isomers of bipyridine: 4,4'-bipyridine and 2,2'-bipyridine between gold electrodes. 

Transport measurements during closing the junction indicate the unambiguous formation of 4,4’-

bipyridine molecular junction via a jump in conductance value which is completely absent for 2,2'-

bipyridine. To explain this observation, two possible mechanisms are identified based on the 

theoretical calculations which reveal a significant role of geometry of the molecule to the metal-

molecule bond formation. Moreover, relation between the evolutions of the junction and its post 

rupture event is established.  

We then intend to explore three-dimensional organometallic molecule-based junction to 

understand its transport features by tuning the chemical bonding with the electrodes. Based on the 

experimental results we not only obtain the nature of chemical bond in these junctions, but also 

find the influence of orientation in determining the transport behavior. Ferrocene is chosen as an 

organometallic element due to its excellent chemical stability and corresponding single molecular 

conductance measurements confirms that it can be directly connected to the gold electrodes which 

exhibits significantly high conductance (~ 0.2 𝐺0, one quarter of quantum of conductance). 

Further experiment considering ferrocene terminated with –NH2 and –CN anchoring arms provide 

similar high conductance in conjugation with a broad feature at the low conductance. Theoretical 

calculations propose the possibility of two stable orientations of ferrocene (perpendicular or 

parallel to the axis of the electrode) having covalent type of bonding at the metal molecular 

interface. The perpendicular geometry of ferrocene is coupled via Fe atom of ferrocene to the Au 

electrodes contrary to parallel geometry which is coordinated by the Cp rings. Transmission 
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calculation for these two geometries ensures a near resonant transport mechanism of perpendicular 

geometry with high conductance, whereas it is modified to the low conducting off-resonant 

mechanism for parallel geometry. Interestingly, this perpendicular geometry can also be realized 

for anchoring attached molecules and hence, responsible for the generalized high conductance 

features. Furthermore, coupling with anchoring arms discloses more configurations with low 

conductance value, in agreement with the experimentally observed broad conductance values 

because of anchoring group insertion to ferrocene backbone. So, the obvious effect of spatial 

orientation of ferrocene to the charge transport mechanism is detected. We then extend our study 

by exploring the effect of temperature on the formation of Au/ferrocene/Au molecular junction. 

From the conductance measurements at 4.2 𝐾, 77 𝐾 and 300 𝐾, a considerable influence of 

temperature to the formation of ferrocene molecular junction is noticed. While features due to 

multiple geometries with conductance value from 0.2 𝐺0 to 0.001 𝐺0 are regularly observed at low 

temperatures (both 4.2 𝐾 and 77 𝐾), corresponding features at 300 𝐾 are restricted within 0.2 𝐺0 

to 0.07 𝐺0. Thus, the number of stable configurations of the junction are enhancing with the 

reduction of temperature. The possibility of two orientations of ferrocene with different 

conductance value (perpendicular-high conductance and parallel-low conductance) is already 

verified from our previous study. Now, to understand this temperature sensitive evolution of the 

junction, Molecular dynamics (MD) simulation is considered which discloses an important intra-

molecular property of ferrocene. Rotational dynamics of the two cyclopentadienyl (Cp) rings of 

ferrocene differs with temperature and especially, reduction of the temperature decelerates the 

rotational motion due to the increase of activation energy to reorient the Cp rings. Such temperature 

dependent rotation prefers only perpendicular geometry to be stable at room temperature in 

contrast to low temperature where both perpendicular and parallel geometry is favored, in line with 

the experimentally realized more conformations with the reduction of temperature.  The reason is 

simple to understand- Freely rotating rings at room temperature forbids the bonding between Cp 

rings and Au electrodes of the parallel geometry whereas static rings at low temperature allows 

this geometry. Perpendicular geometry is typically unaffected by the temperature as it is 

coordinated by the Fe atom. Thus, temperature dependent rotation of Cp rings of ferrocene is 

playing a decisive role to execute the orientation of ferrocene in the form of Au/ferrocene/Au 

junction. Continuing ferrocene as a molecular component, one more important potential of single 

molecular junction is explored. Single molecular junction can be mechanically gated in contrast to 
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the conventional silicon-based transistor and we observed an interesting effect of the structure 

regulated mechanical gating in Ag/ferrocene/Ag junction. High bias differential conductance 

spectra along with the transient voltage spectroscopy of ferrocene molecular junction demonstrate 

that the tunability of the Fermi level of the junction with stretching or squeezing the junction or 

mechanical gating phenomena is not always observed; can be seen for few realization and in few 

other cases, it is absent. Theoretical calculations ascribed this presence or absence of mechanical 

gating to the orientation of molecule inside the junction. Like Au/ferrocene/Au, both parallel and 

perpendicular geometries are energetically possible conformations for Ag/ferrocene/Ag is 

recognized with distinctive mechanical gating response.  When the molecule is oriented in parallel 

to the axis of the junction, mechanical gating is seen, however, for the perpendicular molecular 

orientation, a similar effect is vanished. The emergence of this contrary response is assigned to the 

difference in orientation of the dominant molecular orbitals with respect to the electrodes, and their 

coupling to the frontier electrode states. In the extreme demonstrated case, the same molecular 

junction either experiences mechanical gating or not, depending on the molecule orientation with 

respect to the electrodes, as well as on the nature of the interaction between the molecular orbitals 

and the continuum states of the electrodes. These findings point out the importance of geometry 

and local orbital structure to control the mechanical gating of charge, spin, and heat transport in 

molecular junctions.  

One more important prospect of single molecular junction is the formation of impurity induced 

metal atomic chain. Realization of impurity assisted atomic chain having conductance value in the 

tunneling conductance regime (~ <  0.1 𝐺0) is established by studying copper and aluminum 

atomic junction in presence of hydrogen. Three stable configuration of hydrogen decorated copper 

atomic junction with conductance value ~0.2 𝐺0, 0.02 𝐺0, 0.002 𝐺0 is ensured from the statistical 

analysis of the experimental data. Whereas same analysis for aluminum junction reveals its 

unpretentious behavior in hydrogen environment. Frontier metallic orbitals might play a crucial 

role for this distinctive response of copper and aluminum junction after insertion of hydrogen. 

Additional analysis exposes an interesting note. While copper is limited to monoatomic contact in 

its purest form, hydrogen insertion stabilizes and elongates the junction up to four or five atoms. 

Involvement of hydrogen to these longer configurations is confirmed from the characteristic 

vibrational signatures in the inelastic electron tunneling spectroscopy. Furthermore, conductance 

value of longitudinal and transverse symmetry of the junction, identified from evolution of 
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vibrational energy with respect to strain, could be extremely useful to propose the possible 

geometry. Thus, our experimental observations pave the way to fabricate nearly insulating 

impurity aided atomic chain considering its primary dependence on the frontier metallic orbitals.      

Although, influence of molecular orientation to the characteristic response of the single molecular 

junction including formation and evolution, charge transport mechanism are examined to some 

extent, optimization towards the desired functionality requires further attention both from 

experiment and theory perspective.  

Few important and immediate possibilities in accordance with the study or observations reported 

in my thesis are outlined below-     

 Jump to molecular contact for 4,4'-bipyridine molecular junction is found to relate to the 

geometry of the molecule and the interaction at the metal-molecule interface. This can be 

understood in detail by tuning both the geometry and interface with the help of synthetic 

chemistry and different electrodes.  

 A significant fraction of the present thesis is based on the charge transport phenomena of 

organometallic molecular junction. Charge transport for this class of molecule is heavily 

dominated by the spatial orientation due to its unique three-dimensional structure. The 

importance of this geometry to the other transport characteristics like thermal and spin 

transport can be a potential problem to address. 

 Temperature dictated rotation of Cp rings of ferrocene affects the formation of ferrocene 

based molecular junction which can be checked with other metallocene to understand and 

establish a general overview.   

 The angle between two Cp rings of ferrocene can modify the hybridization at the metal-

molecule interface which is the key factor of a single molecular junction. This angle adds 

a new degrees of freedom to influence and optimize the functionality of the organometallic 

based molecular junction. 

 Our study on Ag/ferrocene/Ag junction dictates that orientation of molecule inside the 

single molecule junction is a decisive factor of the mechanical gating response of the 

corresponding junction. In principle, it is true for other sets of electrodes, however, 

addressing this problem with the combination of different electrodes and metallocenes can 

improve our fundamental knowledge regarding the charge transfer at the metal-molecule 

interface. 



Conclusion and outlook 

 

 In the case of Ag/ferrocene/Ag junction, a direct correlation between differential 

conductance spectra and transition voltage spectroscopy (TVS) is evident. Nevertheless, 

TVS spectroscopy was used to probe the evolution of level alignment due to mechanical 

manipulation following the previous references, our observation would be helpful for 

future study, particularly to make a complete interpretation of TVS. 

 Formation of low conducting copper atomic chain in presence of hydrogen molecules 

opens a way to fabricate nearly insulating metallic wire. So far, several metals are 

employed to form atomic chain in presence of external molecules. Further study focusing 

on the low conducting regime might be helpful to establish the contribution of frontier 

metallic and molecular orbitals on the realization of metal atomic chain with negligible 

conductance. Stabilization of atomic junction in collaboration with foreign molecules is an 

ongoing interest for the theoretician where our finding adds a new aspect to encounter.  
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Chapter 10 | Appendix 

This chapter contains the experimental results from my doctoral program that were not included 

in my thesis, along with a statistics of all experiments. 

 

 

 

 

 

 

 

 

 

 



Appendix  

 

10.1. Additional experimental results: 

(i) Experimental details 

Single molecular charge transport characteristics of (1) ferrocene, (2) 1, 1′-dicyanoferrocene, (3) 

1,1′-bis(aminomethyl)ferrocene and (4) 1,1′-dihydroxyferrocene molecular junctions are 

examined using MCBJ technique at 77 𝐾 under high vacuum (~ 10−6 𝑚𝑏𝑎𝑟). Molecules are 

connected to the atomistic gold electrodes by spreading DCM solution of the target molecules over 

the notched section of the metallic wire, prior to its breaking.   

 

 

 

 

 

 

 

 

 

Figure 10.1 Chemical structure of (1) ferrocene, (2) 1, 1′-dicyanoferrocene, (3) 1,1′-

bis(aminomethyl)ferrocene and (4) 1,1′-dihydroxyferrocene. 
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(ii) Results 

(a) Conductance traces and histograms 

 

 

 

Figure 10.2 (a, b) Conductance displacement traces and conductance histogram of gold/ferrocene  

junction where blue and red color denotes the breaking (pull) and making (push) traces.  20 bins 

per decade are considered for histogram generation. (c-d) Conductance displacement histogram 

of pull (c) and push (d) traces of the same junction, constructed by using 30 and 100 bins per 

decade respectively. Histograms are built from 20,000 consecutive conductance displacement 

traces. 
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Figure 10.3 Similar analysis like Figure 10.2 for 1, 1′-dicyanoferrocene molecular junction 

considering 18,000 number of traces.   
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Figure 10.4 Similar analysis like Figure 10.2 for 1,1′-bis(aminomethyl)ferrocene molecular 

junction. 



Appendix  

 

 

 

 

 

 

  

 

 

 

 

Figure 10.5 Similar analysis like  Figure 10.2  for 1,1′-dihydroxyferrocene molecular junction. 
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(b) Plateau length histogram 

Table 10.1 Details of Plateau length histogram. 

Molecular junction 

Number of 

data 

Lowest conductance (𝑮𝟎) 

considered for length 

analysis (Highest is 𝟎. 𝟑 𝑮𝟎) 

Number 

of bins 

(Pull and 

Push) Pull Push Pull Push 

Ferrocene 2003 15873 0.005 800 

1, 1′-dicyanoferrocene 2089 15304 0.002 0.0005 300 

1,1′-bis(aminomethyl)ferrocene 2334 16915 0.01 0.001 200 

1,1′-dihydroxyferrocene 3090 15604 0.002 0.0005 1000 

Figure 10.6 (a-d) Plateau length histogram of ferrocene, 1,1′-dicyanoferrocene, 1,1′-

bis(aminomethyl)ferrocene and 1,1′-dihydroxyferrocene molecular junction respectively where 

blue and red color implies the histogram of pull and push traces. Traces with prominent molecular 

features are considered for length analysis and details are documented in Table 10.1.    
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10.2. Summary of experiments during the tenure of my PhD: 

During my doctoral tenure, I have completed 55 experiments with the help of three experimental 

set ups. Total five metal electrodes and ten molecules were tried to probe the characteristics of 

single molecular devices by fabricating metal/molecule/metal junction using MCBJ technique. 

However, I was not always succeeded to form the junction or to achieve the desirable results. Here, 

statistics of the measurements is presented in the form of bar diagram and details are mentioned in 

the Table 10.2.  

Metal electrodes- 

(i) Gold (Au), (ii) Silver (Ag), (iii) Copper (Cu), (iv) Platinum (Pt) and (v) Aluminum (Al).  

Molecules- 

(i) 1,4-benzenedithiol, (ii) 2-Aminothiophenol, (iii) 2,2′-bipyridine, (iv) 4,4′-bipyridine, (v) 

Ferrocene, (vi) 1,1′-dicyanoferrocene, (vii) 1,1′-bis(aminomethyl)ferrocene, (viii) 1,1′-

dihydroxyferrocene, (ix) Biferrocene, (x) Hydrogen. 

Table 10.2 Statistics of the experiments. 

Set up 

No. of 

Exper

iments 

Type of junction 
Temperature 

(𝑲) 
Yield 

Metallic 

(Me) 

Molecular 

(Mo) 
𝟑𝟎𝟎 𝟕𝟕 𝟒. 𝟐 

Succeed 

(Su) 

Failed 

(Fa) 

Room temperature 

(1) 
23 3 20 23 0 0 14 9 

Israel stick 

(2) 
20 8 12 2 15 3 12 8 

SNB stick 

(3) 
12 7 5 3 8 1 7 5 

Total 55 
18 37 28 23 4 33 22 

55 55 55 
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Figure 10.7 Statistics of the experiments where number on the top demonstrates the y value of 

the corresponding parameter, mentioned in the x axis. 
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