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Preface

This thesis deals with quantum loop current in molecular and nanoscale junction

devices. The thesis is arranged into �ve chapters that collectively comprise the

systematic study of the subject undertaken in this work. Each chapter begins

with an abstract that provides the outline of the work and includes background

information on the subject studied. Motivation leading to each work, as presented

in Chapters 2 through 4, is described in the section, �Scope of the Work�, followed

by a discussion on the model and computational techniques employed in each work.

The noteworthy �ndings of the study are presented in the �Results and Discussion�

section. A summary and concluding remarks are included at the end of each of

these chapters, followed by a list of relevant references from the past and present.

Other related studies and results that are not included in the published papers are

also presented. The last chapter o�ers a succinct assessment of the work covered

in the thesis along with suggestions for further research on a few chosen topics.

Chapter 1 gives a brief review of the necessary background materials

for the work carried out in this thesis starting with a preamble to the molecu-

lar electronics with a focus on single-molecule junction devices. The theoretical

formulation of electron transport through a molecular junction based on Lan-

dauer's approach is presented. The description of the transmission function within

Landauer's formulation and the non-equilibrium Green's function (NEGF)-based

expression of current under the steady-state condition are presented. Various fac-

tors a�ecting the electron transport through the molecular junctions are discussed.

The chapter concludes with an overview of molecular thermoelectricity, which also

serves as a background for Chapter 4.

Chapter 2 focuses on the role of electrode-molecule coupling strengths on

the magnetic �eld-based control of electron transport properties of molecular ring

structures. This is studied in the model graphene nano-sheet junctions simulated

by the hexagonal polycyclic aromatic hydrocarbons (PAHs) connected to the metal

electrodes. The possibility of magnetic �eld-based current control in the suitably

constructed graphene nano-sheet junctions is considered.
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Chapter 3 discusses quantum loop current in an open ring system along

with a method for calculating loop current (referred to herein as circular current)

without determining the local currents. At the certian bias voltage range, the

circular current at low coupling far exceeds the net current through the ring. The

circular current-induced force is examined and the reliability issues concerning the

circular current in a molecular ring junction are explored.

Chapter 4 opens with a systematic investigation of thermoelectric prop-

erties of molecules in presence of a magnetic �eld. A benzene ring and C60 fullerene

are considered for the purpose. The possibility of modulation of thermoelectric

power by an applied magnetic �eld is explored.

Chapter 5 brie�y summarizes the main conclusions of the work carried

out in this thesis. The future direction of research in this area is discussed. A

list of future works on a few selected topics is given, along with an outline and

explanation.

The thesis concludes with the index of the thesis that �lls the last pages.
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Chapter1

Introduction: The Background

Abstract

This chapter provides an outline of the most popular and trending topics con-

cerning the work undertaken in this thesis. Background materials and relevant

literature are presented, as well as the strategy of the work, with details covered

in the individual chapters.
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Chapter 1 Sec.1.1

1.1 Preamble

Miniaturization of electronic device components down to the molecular size has

been one of the top priorities in the �eld of nanotechnology since the proposal of

molecular recti�ers in 1974 [1] leading to the unprecedented advent of the �Molec-

ular Electronics�,[2, 3] the origins of which can be traced to late 1950s.[4�6] The

concept of using a wide range of single molecules, molecular aggregates, or nano-

size assemblages of molecules as device components with specialised capabilities

is at the heart of molecular electronics. On both the theoretical and experimental

fronts, signi�cant progress has been made, culminating in the development of a

new class of approaches and methodologies that have the potential to revolution-

ize physics and engineering at the molecular scale.[6] In particular, a number of

physical phenomena that are often not accessible in ordinary silicon-based mate-

rials have been found in molecules that are appropriate for device applications.[7]

Also, because the size of the molecules allows for the various quantum e�ects

to manifest, molecular electronics are progressively being acknowledged as a vi-

able alternative to some challenges encountered in traditional semiconductor-based

electronic devices. For instance, solving the heating e�ect, restricted functional-

ity, and fabrication expense are all signi�cant challenges in semiconductor-based

devices. Molecules, on the other hand, use the quantum e�ect of electrons, hence

their electrical transport properties di�er from those of semiconductor devices.

This allows the molecules to have more control over electron transport, allowing
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them to be used as potential wires, diodes, transistors, switches, and memory de-

vices in molecular circuits.[8, 9] Small volume, integration compatibility, e�cient

operation, and power economy are all possible advantages of molecular devices

over their silicon counterparts.[10]

The rapid development of experimental techniques in recent years down

to the nanoscale level and in-depth theoretical research has made substantial dis-

coveries in molecular electronics. In terms of technology, the once-di�cult chal-

lenge of creating a single-molecule electronic device is now becoming a reality

and becoming increasingly simple.[11] The building blocks of the molecular elec-

tronics, viz., the molecular junctions (MJs) , which are made by sandwiching

single-molecule between electrodes, have shown to be an excellent platform for

investigating quantum transport at the molecular level. Fig. 1.1 depicts a single-

molecule junction (SMJ) as a fundamental component in single-molecule electronic

devices. Studies on MJs have contributed signi�cantly to the understanding of the

fundamental transport mechanisms in molecules and demonstrated a variety of in-

triguing electron transport phenomena, including recti�cation, transistor e�ects,

interference e�ects, switching operation, negative di�erential resistance, optoelec-

tronic phenomena, spintronics, and thermoelectricity.[12�14]

In molecular electronics, tuning quantum interference in the coherent
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Figure 1.1: An illustration of a SMJ in a �metal-molecule-metal� con�guration.

transport of electrons through molecular ring junctions could prove to be an ef-

fective approach for current control. Under certain conditions, an externally ap-

plied magnetic �eld can vary the energy levels of ring structure molecules, al-

lowing control of the electron transmission function, which accounts for electron

transport through the molecules.[15, 16] The formation of circular currents and

the associated e�ects are important features of electron transport through ring

structures.[17] Electronic device components composed of ring molecules have re-

liability challenges due to the accompanying circular current-induced force. These

are the themes of interest that have been considered in this thesis.

The study of heat-to-electrical energy conversion at a molecular level

in the light of quantum interference phenomena that can be tuned for improved

thermoelectric properties is also possible using ring structure MJs. Given the

wide diversity of ring molecules and customizable features and functionalities, the
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study of thermoelectricity in molecules could provide an alternate avenue for ful-

�lling future energy needs with e�ective thermoelectric power conversion and the

design of energy-e�cient molecular devices. In the design and operation of energy-

e�cient molecular devices, the ability to manage heat transfer, dissipation, and

conversion into electricity are crucial. This is where the ring structure junctions

may outperform other con�gurations. Identifying the mechanism for modulating

the thermoelectric power of MJs is the �rst critical step in moving beyond the

bimetallic thermoelectric devices. This is one of the topics addressed in this work.

In what follows, we brie�y outline the trending topics that are essential and serve

as the basic foundation of the research conducted in this thesis.

1.2 Single-Molecule Junctions

The �eld of single-molecule electronics grew out of a 1974 proposal that molecules

could have rectifying capabilities.[1] Despite the promise of smaller, more e�-

cient, and cost-e�ective electronic devices, the practical realization took nearly

two decades from the initial claim when the �rst single-molecule transport mea-

surements were reported in 1997.[18] This triggered a race to develop the best

experimental techniques for fabricating single-molecule devices and investigating

the di�erent phenomena that occur in the setup. Thus, the MJs can be considered

a powerful tool to explore the physical processes taking place at the molecular

level.[19, 20] Perhaps, the enormous advantages foreseen in the molecule-based

�bottom-up� approach may have prompted the experimentalists to keep pushing
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the �eld forward.[14, 21�23] On the other hand, from the very beginning the the-

oretical tools to examine the microscopic complexities of what happens at the

molecular level, and most importantly, their comparative performance over one

another made consistent development. We here brie�y review the experimental

and theoretical methods widely used in the study of electronic transport charac-

teristics of the MJs.

1.2.1 Experimental methods

Experimenting on various properties concerning the electron transport phenom-

ena at the molecular level is both fascinating and di�cult. Among several meth-

ods, the break junction technique has emerged as one of the most reliable ex-

perimental methods for creating the SMJ and has proven to be particularly use-

ful in the measurement of the conductance of individual molecules.[24] The two

most common types of break junctions are (a) scanning tunneling microscope-

based break junctions (STMBJs) and (b) mechanically controllable break junc-

tions (MCBJs).[25, 26] A sketch of these techniques is presented in Fig. 1.2. The

STMBJs work by repeatedly forming and rupturing the STM tip contact with the

substrate, which is commonly gold tip-gold substrate, in the presence of target

molecules. The breaking of contact between the metal tip and metal substrate en-

ables the formation of MJs in a �metal-molecule-metal� con�guration, cf. Fig. 1.1.

Current is measured and studied as a function of tip distance from the substrate

until a single-molecule connection is established. In contrast, in the MCBJs, a
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Figure 1.2: Schematic representation of (a) scanning tunneling microscopy
based break junction (STMBJ) and (b) mechanically controllable break junction

(MCBJ). Figure adapted from Ref. [26]

notched metal wire is bonded to a substrate and a mechanical actuator is used

for bending the substrate in a solution containing target molecules. While the

solvent evaporates, the metal wire containing target molecules adsorbed on its

surface bends and eventually breaks, leaving a metal-metal gap �lled with target

molecules. Current readings are taken until the wire breaks up forming a metal-

molecule-metal bridge. This is repeated until the characteristics of a SMJ are

achieved con�rming the presence of a single molecule between the two metal con-

tacts. While both approaches can be used to create SMJs, the MCBJ technique

has a few advantages over the STMBJ. The MCBJ, for example, is insensitive

to vibrational noise. Its �exibility over the STMBJ adds an extra feature by

allowing it to integrate with multiple spectroscopic techniques, like UV-Vis and

Raman, to extract structural information while simultaneously measuring trans-

port properties. Due to mechanical stability, the MCBJ setup enables the study

of the current-voltage characteristics in the course of stretching and elongation of

the sample molecules. The other methods for fabricating a molecular scale gap
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for a SMJ include the lithographic and electromigration techniques.[27, 28] Junc-

tion characterizations through transport measurements establish the presence of

a single molecule between the metal contacts.

1.2.2 Theoretical methods

The formulation of theoretical descriptions and simulations of electron transport

through MJs that reproduce experimentally observed phenomena is a di�cult task

because it necessitates methods that can describe the electronic structure and

dynamics of molecules taking into account the correlation e�ects associated with

the electron-electron and electron-phonon many-body interactions. Nonetheless,

from the start of ideas of molecular devices, theoretical approaches have evolved

gradually and signi�cantly, allowing the study of the fundamental mechanisms of

electron transport through the MJs.[29�31]

The basic description of electron transport through MJs evolved from the

Landauer formulation of scattering of the non-interacting electrons at the meso-

scopic tunnel junction or barrier. A schematic representation of the scattering

mechanism is shown in Fig. 1.3. The left and right contact regions/leads are the

re�ectionless electron reservoirs that inject electrons into the central mesoscopic

system according to the Fermi distributions of the leads at the respective chemical

potentials µS/D. In the absence of electron-electron interactions and inelastic scat-

tering, electron transport through a mesoscopic junction can be described in terms

of transmission probability function T (E) that each electron at energy E scatters

8
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Figure 1.3: Schematic representation of mesoscopic tunnel junction or barrier,
consisting of contact leads (L,R) and the central scattering region. Length of
the arrows represent the amplitude of the incident electron wave from the left,
transmitted to the right and re�ection back to the left side. The junction is

maintained at a bias voltage V that sets current I through the junction.

through the junction maintained at a bias voltage V . If an electron entering from

left is transmitted through the central region to the right side with an energy equal

to the Fermi energy EF of the contact lead, the electric conductance that de�nes

the zero bias response corresponding to one electron conduction channel is [32, 33]

G =
dI

dV

∣∣∣∣
V=0

=
2e2

h
T (EF ). (1.1)

Within the non-interacting picture of electron transport, the electron conduction

at zero external bias is only due to the di�erence in Fermi distribution functions

of the contact leads. Note that the factor of �2� in the above relation carries the

signi�cance of the electron spin degeneracy. Thus, for one fully open channel, i.e.,

for T (EF ) = 1, the conductance is G0 = 2e2/h = 77.48 µS, which is the quantum

of electrical conductance. Consider that an electron is injected from the left in the
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mode k (conduction channel) and emerges out of the scattering region in the mode

k′ with transmission amplitude tkk′ . Each of such electron contributes 2e2/h|tkk′|2

to the conductance. Therefore, the total conductance is

G =
2e2

h

∑
k,k′

|tkk′ |2, (1.2)

where the summation extends over all input and output modes (kk′). The �nite

bias response at zero temperature is obtained by integrating the transmission prob-

ability function over all electron energies between the chemical potential energy

µL/R = EF ± V/2 of the contact leads, i.e.,

I =
2e2

h

µR∫
µL

T (E)dE. (1.3)

It must be mentioned here that a symmetric potential drop of V/2 at the left/right

interfaces has been found to reproduce better experimental I-V characteristics.[34]

At �nite temperature, the Fermi distributions (fL(E), fR(E)) of the electrons in

the contact leads must be taken into account in evaluating the net transport of

electrons. Also, in the case of inelastic scattering events involving energy exchange,

the electrons outside the conduction window (µR−µL) may contribute to the total

electron transport. Thus, a more general expression of the current reads[33]

I =
2e2

h

+∞∫
−∞

T (E)
(
fL(E)− fR(E)

)
dE. (1.4)
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Central to the current calculation is the determination of transmission probabil-

ity T (E) for which one may use the scattering theory which, however, cannot

capture the intricate details of electron-electron interactions and many-body ef-

fects, though decoherence phenomena (thermal dephasing) can be studied within

the phenomenological model-based density matrix formulation.[35] Also, the bulk

properties of the contact lead a�ecting the electron transport through the bridg-

ing molecule cannot be described. Alternative to this in determining T (E) is a

widely used method of the Green's function technique that allows, in principle,

the inclusion of various interactions.[33] The basic structure of the Hamiltonian in

the transport problem is

Ĥ = ĤM + ĤK + ĤKM , K = L,R (1.5)

where ĤM is the Hamiltonian of the molecule, ĤK is the Hamiltonian representing

the bulk contact leads (K = L,R) and ĤKM is the coupling Hamiltonian. The

only problem is the Hamiltonian matrices for the contact leads which are in�nite-

dimensional. In Green's function formulation, the in�uence of the contact leads is

accounted for through the self-energies ΣK=L,R that enter in the retarded Green's

function of the molecule. Due to the �nite contact region of the contact leads,

whereby only the localized atomic orbitals near the contact region signi�cantly

overlap with the molecular orbitals for the electron transport, the self-energy ma-

trices are considered �nite-dimensional and the numerical calculation is possible.

All information on the transport properties of the molecule will be contained in
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the retarded Green's function matrix Gr of the molecule

Gr(E) =
[
EI −HM − Σ(E)

]−1
, (1.6)

where I is the identity matrix and Σ(E) = ΣL(E)+ΣR(E) is the total self-energy.

All the matrices are expressed within the �nite-dimensional Hilbert space of the

molecule. The transmission function is then evaluated as

T (E) = Tr[ΓLGrΓRGa], (1.7)

where the trace is taken in the basis set of the molecule. Ga = G† is the advanced

Green's matrix and ΓL,R = i[ΣL,R − Σ†L,R] are the broadening function matrices

of the leads, i.e., the coupling matrices. The in�uence of the bulk contact leads

enter implicitly through the self-energes, ΣL,R. It must be mentioned here that

a MJ connected across a bias voltage V that sets current I to �ow through the

molecule is a non-equilibrium system. An appropriate description requires the

non-equilibrium Green's function (NEGF) method which, however, results in the

same expression for the transmission function T (E), i.e., Eq. 1.7 for the non-

interacting electrons as considered in the Landauer's approach.[33] It is to be

noted that the Landauer picture of electron transport through elastic scattering

breaks down when the interactions are present.

The inclusion of interactions in the Hamiltonian of the central region

in the MJ set is crucial in reproducing the experimental results of the transport

12
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problems. This is usually done using the NEGF formalism, also referred to as

the Keldysh formalism.[36, 37] Central to the NEGF formalism is the Keldysh

equation that de�nes the lesser Green's function as

G<(E) = Gr(E)Σ<(E)Ga(E), (1.8)

where Σ< = Σ<
L + Σ<

R is the total lesser self-energy of the contact leads. The

lesser self-energies Σ<
L,R of the leads are related to the broadening functions ΓL,R

as Σ<
L,R = ifL,RΓL,R(E), where fL,R is the Fermi distribution of electrons in the

contact leads (L,R). Within the NEGF formalism, the current under the steady-

state situation can be calculated using the Meir-Wingreen formula,[38]

I =
e

π~

+∞∫
−∞

i

2
Tr
[(
fLΓL − fRΓR

)
(Gr −Ga) +

(
ΓL − ΓR

)
G<
]
dE. (1.9)

For the scope of this thesis, we heavily rely on the NEGFmethod and its wide range

of applicability providing insight into the physics of transport across the MJs. The

only concern with the NEGF method is that it is based on the perturbation theory,

which renders it an approximate method. Any assumption and simpli�cation

thereof or the inclusion of interaction in the molecule will be discussed in the

respective chapters.

Another important theoretical description that merits special mention is
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the quantum master equations (QMEs), which are extensively used in the inves-

tigation of the electron transport dynamics in the MJs.[39�41] Though numer-

ically exact, the QMEs are restricted to weak contact coupling to the bridging

molecule and cannot capture the e�ects resulting from the broadening feature of

the molecular energy levels associated with the contact couplings. Predictive and

self-consistent calculations of the transport properties of the molecules usually

involve ab initio treatments.[42�44] Such calculation schemes are gaining more

popularity that combines the non-equilibrium Green's function technique with

the density-functional-based tight-binding simulation approach.[45�47] Computa-

tional packages are now available for the calculation of the transport properties of

molecular-scale devices.

In what follows, we provide a brief outline of the most important physical

mechanisms concerning electron transport through the MJs and factors in�uencing

electron transport.

1.3 Fundamentals of Electron Transport Through

MJs

In the MJs, several fundamental physical mechanisms govern the electron trans-

port through the bridging molecules.[21] Understanding them is a prerequisite as

well as a challenging task for an e�ective, reliable and robust design that bene�ts

the architecture for molecular electronic applications.

14
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1.3.1 Metal-Molecule coupling

Metal-molecule interface plays a decisive role in the electron transport through the

bridging molecules. Depending on the strength of metal-molecule bonding with a

range of binding energies corresponding to bonding strengths that vary from weak

physisorption to strong chemisorption, the discrete frontier molecular orbitals get

hybridised to varying degrees when they are coupled to continuum states of the

metal. This gives rise to the broadening of the molecular energy levels leading to a

smeared resonance for alignment between the frontier energy levels of the molecule

with the energy states of the metal contacts. In practice, the level alignment of

the molecular energy levels is done with the application of a gate voltage that

makes them enter the conduction window, µL/R = EF ± V/2. The level resonance

can be directly linked to the energy barrier and e�ciency for electrons crossing

the interface. In fact, the peaks in the transmission function T (E) correspond to

the electron transport through the level resonance states. Also, the position of the

highest occupied molecular orbital (HOMO) or the lowest unoccupied molecular

orbital (LUMO) energies relative to Fermi level EF is central in determining the

zero-bias conductance of the junction.

Since the level alignment, broadening and electron transport are inter-

related, an accurate description of level broadening is important in determining

the electron transport, the stronger the coupling, the larger the level broadening

leading to an enhanced transport. The quantitative measure of the metal-molecule
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Figure 1.4: Schematic of broadening of frontier energy level εLUMO of the
bridging molecule in a MJ. The broadening line width is Γ. The bias voltage V
modulates the electron energy states in the metal contact leads (L,R) over the

�lled states under the Fermi energy level EF .

coupling is the resulting broadening of the molecular energy levels with the line-

shape taking up a Lorentzian form as exempli�ed in Fig. 1.4. The level broadening

is described by a broadening function, i.e., line width Γ, which can also be related

to the time taken for an electron placed in that energy level to escape into the

contact lead. It must be noted, however, that the broadening e�ect as described

by a Lorentzian pro�le is true only if the embedding self-energies ΣL,R quantifying

the coupling of the molecular orbital to the continuum states of the metal leads

are purely imaginary, i.e., ΣL,R = −i/2ΓL,R. In general, the self-energy includes

a real part that corresponds to a shift in the energy of the discrete molecular en-

ergy states, while the imaginary part is associated with the resonance broadening.

Also, the level broadening could be di�erent for di�erent energy levels, however, in

the study where conduction through individual energy levels is less relevant, one
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usually uses the so-called �wide band limit�, for which the broadening is energy-

independent. In a practical situation, the contact coupling could be asymmetric,

i.e., ΓL 6= ΓR, which could lead to distinct transport properties, such as recti�ca-

tion that can be inferred from asymmetric I-V characteristics.[48, 49] Usually, the

contact coupling of the order of a few tens of meV or less is considered a weak

coupling.[50]

1.3.2 Anchoring groups

A critical issue that invites special attention is the formation of a reliable elec-

tronic coupling and robust mechanical contact between the bridging molecule and

the metal leads. Therefore, it is crucial to understand how the anchoring group

a�ects the electron transport through the MJs, and possibly the thermoelectric

properties.[51] A suitable anchoring group should have a strong binding and ef-

�cient electrical contact between the molecule and the metal contacts, thereby

lowering the energy barrier for su�cient electron transport for device applications.

However, it is known that each anchoring group has shortcomings and limitations

over others.[52, 53] Among various anchoring groups,[54] the most widely studied

and commonly used anchoring groups are thiol and amine groups, cf Fig. 1.5.

In fact, thiol (�SH) is studied and used extensively to establish contact between

the molecule and the metal contacts (usually gold) due to the strong a�nity of

sulfur with metals. Although the thoil-gold (S-Au) interaction is known for co-

valent bonding this, however, exhibits variations and �uctuations that a�ect the
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Figure 1.5: Schematic of a MJ wherein a molecule M binds to the metal
contacts L,R (e.g., Au) through the anchor groups, X=-SH, -NH2 etc.

transport characteristics of the bridging molecules. Also, the thiol group need

not necessarily be chemisorbed to gold contacts. Instead, it may be physisorbed

retaining the hydrogen atom intact.[55] The amine (-NH2) group is also been sub-

jected to various tests. The binding of amine to gold contacts is known to be a

weak covalent bond but exhibits stable and more well-de�ned transport properties

than the thiol-anchored molecules do, thereby providing a potential platform in

the fabrication of the molecular electronic components.[53, 56]

1.3.3 Interface geometry

The geometry of metal contacts at the metal-molecule interface is crucial in de-

ciding the stability of the MJ devices, which is also important in controlling elec-

tron transport through molecular devices. The rational design of metal lead into

atomic-scale planar contact provides greater stability while the atomic-scale sharp
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Figure 1.6: Representative three di�erent adsorption con�gurations. Current
is maximum for bridge con�guration and least for on-top con�guration.[59]

contact leads to higher electron transport due to enhanced coupling between the

molecule and point contact lead.[57] Also, the adsorption con�gurations of the

molecules on the metal surface greatly a�ect electron transport. For instance, the

adsorbed molecule lying almost parallel to the metal surface, such as Au(111),

or perpendicular to the surface, for example, can potentially impact the electron

transport across the interface.[58] Fig. 1.6 depicts the three di�erent adsorption

con�gurations of benzene dithiol on gold contacts. Calculations show the current

is maximum for the bridge con�guration and least for the on-top con�guration.[59]

Of interest to us is the metal-molecule coupling geometry, which could be either a

symmetric connection to the metal leads or an asymmetric con�guration. It was

observed that when a ring structure molecule is connected symmetrically to metal

contact, the conductance is larger than when the connection is asymmetric.[17, 60]
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This is more easily exempli�ed in the case of a benzene ring with metal leads con-

nected in the para position for symmetric con�guration and in the meta position

for asymmetric con�guration.[15] Particularly in a molecule possessing degenerate

energy levels, the asymmetric connection of the metal contacts lifts the degener-

acy, opening up the energy gap between them, while the symmetric connection

does not a�ect the degeneracy of the energy levels. The degenerate energy levels

of the molecule conduct more when brought into resonance compared to the split

energy levels. This makes the symmetric connection have a greater conductance

than the asymmetric connection. This can also be understood in terms of quan-

tum interference of electron waves in the molecule. In a symmetric connection, the

electron waves interfere constructively resulting in enhanced conduction, while in

the asymmetric connection, the electron waves interfere destructively leading to

reduced conduction. This interpretation, however, cannot be easily applicable in

the multi-ring structure junctions. It is both the metal-molecule coupling geome-

try and quantum interference that play inter-related roles in determining electron

transport in ring structure MJs.

1.3.4 Electron-phonon interaction

Understanding and controlling energy loss mechanisms during electron transport

through MJs is fundamental for the development of molecule-based devices. Inter-

action of electrons with the molecular vibrational motion during electron transport

through molecules leading to inelastic scattering between electrons and phonons
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is known to be an important source of energy dissipation.[61] Due to the narrow

gap between the metal contacts, most of the electron �ows through the molecule

ballistically (i.e., electrons' mean free path is larger than the gap, l� L) without

any energy loss (the so-called elastic transport), however, only a small fraction

of transport electrons undergo inelastic scattering processes. It is this small frac-

tion of inelastically scattered electrons that lead to relevant events that show up

in the inelastic electron tunnelling spectroscopy (IETS) and induce local heating

e�ects.[62] Inelastic processes play an important role in the loss of coherence or

dephasing of the tunneling electrons. Viewed from the perspective of molecular

energy levels, the electrons are transported through the energy levels of a vibra-

tionally excited molecule in a variety of vibrational modes leading to characteristic

conductance di�erent from elastic transport. In fact, excitations of speci�c vibra-

tional modes by injecting electrons from the contact leads show up sharp features

in the di�erential conductance as illustrated in Fig. 1.7. When the applied voltage

V exceeds characteristic vibrational energy of the molecule, it causes an inelastic

event that an electron passing through the molecule deposits energy correspond-

ing to a single quantum of vibration (hν) leading to an increase in the rate at

which electron �ows. This behavior would lead to changes in the slope of the

current I, changes in the values of the conductance (G = dI/dV ), and peaks

(G = d2I/dV 2) in the IETS spectrum. The peaks correspond to inelastic behav-

ior associated with the excitation of a vibrational mode of the bridging molecule

in the MJs. The vibrational excitations caused by the conducting electrons can
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Figure 1.7: Schematic of transport properties of a MJ for elastic (eV < hν)
and inelastic (eV > hν) transport. Figure adapted from Ref. [63]

change molecular con�gurations, thereby a�ecting the functionality and perfor-

mance of the molecule-based devices. The extreme case could be that the local

heating e�ects may lead to the ultimate breakdown of the junction. It is therefore

desired to remove heat generated by electronic energy dissipation which depends

on the ability of the molecule to relax vibrational quanta into the contact leads.

Signi�cant progress has been made in heat management at the molecular scale

level.[64, 65]
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1.4 Quantum Loop Current

Theoretical studies of the electron transport properties of a mesoscopic quan-

tum ring coupled to metal contacts have been ongoing for quite some time.[66�

69] Transmission resonances associated with ring energy level degeneracy corre-

sponding to the opposite angular momenta ±m of electrons in the symmetrically

connected rings account for enhanced electron transmission over the asymmet-

ric counterpart in which degeneracy is lifted. In the quantum interference pic-

ture, this is attributed to the constructive interference of electron waves in the

symmetrically connected rings.[70] Also, the possibility of magnetic �eld control

of electron transport through such a ring under a weak coupling situation has

been investigated.[71�73] In the same spirit, the peculiarity of asymmetric geom-

etry connection of the molecular rings to the contact leads, which allows electron

transmission to be modulated by an externally applied magnetic �eld has attracted

enormous interest in comparison to its symmetric version.[15�17]

Characteristic of an asymmetrically connected quantum loop (mesoscopic

or molecular ring) is the circulating current in the loop with magnitude and di-

rection dependent on the injected electron energy i.e., on the bias voltage.[17, 74]

Under certain bias voltage, such loop or circulating current (hereafter, circular

current) far exceeds the total current through the molecule. Such a current mag-

ni�cation is typical in a molecular bridge consisting of molecular rings.[75, 76] A

schematic of quantum loop current in a C60 molecular bridge is shown in Fig.
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Figure 1.8: Representative internal current distribution (arb. unit) showing
loop current in a C60 molecular bridge at a given �nite bias voltage. Figure

adapted from Ref. [76]

1.8. Concerning the work presented in this thesis, certain aspects like the circular

current, asymmetric connection and magnetic �eld e�ect are of prime importance.

The very de�nition of circular current as a component of current that acts as a

sole source of induced magnetic �ux in the ring is discussed in Ref. [17] and the

circular current is evaluated in terms of bond currents. However, the bond cur-

rents are experimentally not accessible and thus it is imperative to look for an

alternative method to determine the circular current in the ring. This is carried

out in the line with the de�nition of persistent current in the superconducting

ring. This is presented in a later chapter. Also, the circular current-induced force

is investigated. We now brie�y present the notion of current-induced force.
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1.5 Current-Induced Force

The future of molecular electronics depends critically on the reliability and re-

producibility of the device characteristics. The local heating e�ect in the MJ, as

discussed in the preceding section, poses a signi�cant challenge to the reliability

issue.[62, 77] In addition, the current magnifying e�ect seen in the ring structure

junctions may exaggerate the situation to the point where the MJ ceases to work

due to current-induced force leading to atomic rearrangements, or even mechanical

failure. The current-induced forces are roughly proportional to the magnitude of

the current.[77, 78]

The Hellmann-Feynman forces that have been generalised for the trans-

port problems are usually used in the calculation of current-induced forces.[79]

They are evaluated as the gradients of total energy with respect to the movement

of atomic nuclei. The current-induced forces arise, fundamentally, through the mo-

mentum transfer from the transport electrons to the atomic nuclei.[80, 81] Physi-

cally, even in the limit of elastic electron transport, for example, zero or negligibly

small electron-vibration coupling, the atomic nuclei con�guration in the molecule

determines the e�ective potential the transport electrons feel, which determines

the characteristic current-voltage relationship of the bridging molecule. The abil-

ity the transport electrons exert a net force on individual atomic nuclei cannot be

ignored.[62] Concerning reliability, a molecular ring device designed without due
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attention to the circular-current induced force would be indeed questionable in

future. This is the focus of the study presented in this thesis.

1.6 Molecular Thermoelectricity

One of the major concerns in the MJ devices is the power dissipation in the form

of heat, which may cause a thermal runaway of molecular devices and thus heat

management is indispensable. This is the major reason why molecular theomo-

electricity in particular has seen an upsurge in interest in recent years, though

the discovery of thermoelectricity in bimetallic junctions is two centuries old. The

study of molecular thermoelectricity focuses on the conversion of waste heat into

usable electrical power (Seebeck e�ect), which is feasible provided molecules with

high thermoelectric e�ciency could be identi�ed. The reverse process in which a

passage of electric current develops temperature di�erence (Peltier e�ect) can be

viewed as heat transport at the expense of electric power. Both of these processes

are potentially important in the energy �ltering properties of molecules, for ex-

ample, in the heat management in molecular devices. Traditional or more recent

thermoelectric junction devices are predominantly made up of metal alloys or inor-

ganic materials.[82] Although their e�ciency signi�cantly improved in the last few

decades, it is highly desirable to design and study thermoelectric junction devices

at a molecular scale in the hope of resolving heating e�ects in the MJ. Understand-

ing how atomically precise structural modi�cations in molecules might alter the

thermopower of molecular devices is extremely important. The development of
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next-generation energy-e�cient molecular devices may bene�t signi�cantly from

the study of molecular thermoelectricity.[83�85]

Our concern in this thesis is the study of the magnetic �eld e�ect on the

thermoelectric power (also known as Seebeck coe�cient, S) and thermoelectric

�gure of merit (ZT ) of single-molecule thermoelectric junction device. We now

brie�y review the theromoelectric power and �gure of merit that quantify the

e�ectiveness of a MJ as a thermoelectric device.

1.7 Thermoelectric power

The induced thermoelectric voltage in the Seebeck e�ect will be quanti�ed in

terms of thermopower (i.e., Seebeck coe�cient, S) as a measure of the magnitude

of an induced voltage due to temperature di�erence across that material. It is

the di�erence between the Fermi distribution of electrons at higher and lower

temperatures that induce the thermoelectric voltage.

For the calculation of thermoelectric properties like thermopower or See-

beck coe�cient, the Landauer formalism is commonly used. Within this formalism,

the thermoelectric power of MJs can be expressed in terms of electron transmis-

sion function T (E). For a voltage di�erence ∆V caused by temperature di�erence

∆T , the Seebeck coe�cient is

S = −∆V

∆T
= −π

2k2
BT

3e

1

T (EF )

∂T (EF )

∂E
, (1.10)

27



Chapter 1 Sec.1.7

where T = TL+TR is the average temperature of the contact leads (L,R). It must

be mentioned that this expression is valid only for non-interacting electrons as the

Landauer formalism does not capture interactions and inelastic processes. Thus, in

calculating the Seebeck coe�cient within Landauer's approach, one simply needs

to evaluate the transmission function T (E) at the Fermi energy of the contact

leads. It is worth noting that the sign of the Seebeck coe�cient depends on the

slope of the transmission function at the Fermi energy, EF . In the MJs, the

Fermi energy level of the contact leads normally lies in the HOMO-LUMO gap.

For if EF lie above ELUMO or below EHOMO, the molecule would gain or lose an

electron respectively. In situations where EF lie close to ELUMO, the slope of the

transmission function is positive and thus S < 0. Sign reversal takes place when

EF is close to EHOMO. In the former case, the current conduction is electron

dominated, through the LUMOs, while in the latter case, it is hole dominated,

through the HOMOs. One may also consider S to represent the electric potential

of the cold contact lead w.r.t hot lead. For instance, if electrons transfer from hot to

cold lead, the cold lead becomes negative w.r.t the hot lead and S is negative. On

the other hand, if holes transfer in the same direction, the cold contact lead would

be positive w.r.t the hot lead, in which case, S is positive. This is exempli�ed in

Fig. 1.9. For the MJs consisting of a wide range of molecules attached to the gold

contacts, the value of S is measured to range from ∼ −50 to +50 µV K−1.[86] The

dependence of S on the molecular length has been extensively studied. In most of

the cases, the dependence is found to be linear. Possible tuning of S through the

environmental conditions is been studied.[87] Most importantly, the electrostatic
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Figure 1.9: Sign of Seebeck coe�cient. (a) Negative for electron dominated
current conduction through energy levels above EF , (b) Positive for hole dom-
inated current conduction through energy levels below EF . f(E) is the Fermi

distribution of electrons in the metal contacts.

control of thermoelectric properties of SMJs is quite promising.[88] Also recently,

it has been demonstrated that the quantum interference e�ects can be exploited

to modulate the thermopower of the SMJs.[89�92]

1.8 Figure of merit

The performance of MJs as thermoelectric devices for the conversion of heat into

electricity is characterized by a dimensionless quantity called the �gure of merit,

ZT = GS2T /k. An e�cient thermoelectric device corresponds to values ZT >1.
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In the expression, G is the electrical conductance of the junction and k = kel +kph

is the thermal conductance due to electrons and phonons. It is evident that the

thermoelectric materials for which k is small, while G and S are large, would be

required for an e�cient energy conversion, for which organic materials are suitable

due to low thermal conductivity (kph), however, their electrical conductivity (kel)

is much lower than that of the inorganic materials. This leads the ZT of inorganic

materials to be larger than that of organic materials.[93] A major hurdle in the

determination of ZT of MJs is the experimental measurement of kph, which is

very challenging due to extremely small heat �ow across the MJs. Very recent

measurements show kph of the order of a few tens of pW/K.[65, 94]

Due to di�culty in the measurement of kph, the value of ZT for SMJ is

not yet determined experimentally. Several theoretical studies have shown that ZT

for SMJs is still far less than unity,[95, 96] however, predictions on the feasibility

to increase the ZT value [97, 98] have attracted much attention in the study of

the ZT value of the SMJs in recent years.

1.9 Thesis Outline

The purpose of this thesis is to study the electron transport through the ring

structure molecular junctions and investigate the possible magnetic �eld control of

current through such junctions. The study also includes the reliability issues of the

ring junctions as a result of a potential current-induced force associated with the
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induced circular current in the ring. The thermoelectric properties of molecular

junctions are also examined for any potential e�ects of the externally applied

magnetic �elds. Each chapter begins with an abstract of the work presented

in that chapter, followed by background information that e�ectively acts as a

literature review of the work in question. Relevant theory and model calculations

are presented, and the conclusions are provided at the end.

In chapter 2, we investigate the possibility of magnetic �eld control cur-

rent through ring structure junctions, which we consider as the hexagonal poly-

cyclic aromatic hydrocarbons (PAHs) attached to the metal contacts. These PAHs

can be considered to simulate the nano-sized graphene sheets. In order to investi-

gate the e�ect of the current-induced force in a ring junction, we study the current

distribution in the ring and identify the bias-induced circular current in the ring

from the magnetic response of the ring to an external magnetic �ux in the zero-

�ux limit. The reliability issues associated with circular current-induced force are

discussed. These are presented in Chapter 3. In Chapter 4, we present the in-

�uence of external magnetic �eld on the thermoelectric properties, viz., Seebeck

coe�cient and �gure of merit of a C60-based single-molecule junction. Finally,

Chapter 5 summarises the key �ndings of the work presented in the thesis and

discusses possible directions for future work.
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Chapter2

Magnetic Field In�uence On Elec-

tronic Transport In Ring Structures†

Abstract

Within the framework of the tight-binding approximation, the magnetic �eld con-

trol of current across the model graphene nanosheet junction is investigated. The

bridging graphene nanosheets' otherwise degenerate energy levels are split by the

geometrically asymmetric connection of the contact leads, creating energy-resolved

transmission peaks, which the applied magnetic �eld modulates for a transmission

maximum. It is observed that whereas the contact coupling has a substantial

impact on controlling the current in smaller structures, its in�uence is signi�-

cantly diminished in bigger structures. Also, the model calculations with inter-site

Coulomb interactions are found to sustain sensitivity to the magnetic �eld.

†Work presented in this chapter is based on the research article:
Magnetic �eld control of current through model graphene nanosheets.

Umesh Dhakal and Dhurba Rai, Phys. Lett. A 383, 2193 (2019).
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2.1 Background

One of the most signi�cant advances in the recent molecular and nano-scale re-

search is the manipulation of the conduction characteristics of the single-molecular

junctions (SMJs), which often comes with a great surprise.[1] As discussed in the

preceding chapter, the basic component that characterizes SMJ-based devices is

the molecule bridging the contact leads (electrodes). Recently, the intensi�ed

studies of the electronic transport properties of the SMJs have attracted much

attention as they are expected to soon serve as the basic building blocks of previ-

ously envisioned molecular-scale electronics devices.[2�4] Despite enormous success

in designing microscopic devices using molecules with a bottom-up approach to

avoid the problems that would otherwise encounter in the top-down approach as

in the conventional silicon devices, a number of challenges still persist. Moreover,

there are no systematic characterization techniques for enhancing their viability

and performance. It is where the theoretical and computational studies play a

crucial role in laying a foundation for the prediction of the necessary and desired

features appropriate for the device applications, hence o�ering guiding principles

for the realization, improvement, and integration of the molecular devices. As a

result, the combined e�orts of experimental, theoretical, and computational inves-

tigations have resulted in the development of novel and innovative techniques for

the fabrication of the SMJs with desired features.[5, 6]
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Among others,[7�12] the most widely used method for modulating cur-

rent conduction through the SMJs involves applying gate voltage in the bridging

molecule so as to align the molecular energy levels with respect to the Fermi energy

EF of the metal contacts for e�cient conduction,[13, 14] or by means of apply-

ing magnetic �eld leading to the interference-based controlled conduction.[15�19]

The gate voltage shifts the molecular energy levels into/out of the energy win-

dow (EF ± |e|V/2), where V is the bias voltage. Since only those energy levels

in the energy window contribute to the current, and their number can be altered

by the gate voltage, e�ective control of the current conduction can be achieved.

In contrast, the applied magnetic �eld ~B = ~∇ × ~A induces an additional phase

exp
( i|e|

~

∫
~A · ~dl

)
in the electron waves thereby a�ecting their interference in the

molecular ring structures, where ~A is magnetic vector potential corresponding to

the externally applied magnetic �eld ~B, and Φ0 = h/|e| is the �ux quantum. By

varying the magnetic �ux Φ enclosed between the electrons' paths, the relative

phase ∆φ = |e|
~

∮
~A · ~dl = 2π Φ

Φ0
of the interfering electron waves can be tuned

for e�ective current control. Furthermore, it has been demonstrated that the

magnetic �eld may provide three-terminal ring devices with exceptional control-

lability, allowing the current conduction to be shifted from one output terminal

to the other when the direction of the magnetic �eld is reversed.[19] However,

tuning electron wave interference at the molecular-size ring structures requires an

unrealistically high magnetic �eld for the �ux through the ring of the order of �ux

quantum.[19, 20] Thus, for a given �eld, increasing the number of ring structures

increases the magnetic �ux through the bridging molecules.[20, 21]
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Despite the challenges, extensive research has been done over the years

on the idea of using relatively small magnetic �elds to in�uence the current con-

duction through the molecular ring junctions.[22, 23]. However, this is challenging

since certain conditions must be satis�ed. The lead-molecule coupling must be

weak, and the energy levels of the bridging molecule must be degenerate in or-

der to induce energy split that can be modulated by the external magnetic �eld.

Additionally, the bridging molecule needs to be connected to the electrodes asym-

metrically. For the transmission peaks that can be modulated by the applied

magnetic �elds, temperature must be small for relatively small decoherence, i.e.,

thermal dephasing. O� all, the most crucial requirement is the possession of the

degenerate energy levels within the accessible energy range, which is often the

case with ring structures.[24] The asymmetrically connected contact leads split

the energy levels for the well-resolved energy transmission peaks at low coupling,

which the applied �eld narrows down by moving them closer to each other.[25, 26]

This results in an enhanced transmission that reaches its maximum (T ∼ 1) at

the energy level crossing or at the minimum energy gap in case of avoided crossing

when such circumstances arise.

A signi�cant quantity of interest directly related to the current conduc-

tion properties is the negative di�erential resistance (NDR), characterized by a

decrease in current with an increase in bias voltage. This has gained widespread

interest both theoretically and experimentally due to its potential applications in

fast switching, sensors, logic and memory devices.[27, 28] Any NDR modulation
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with an applied magnetic �eld would provide an additional feature in the device

applications. In this work, such possibilities have been investigated.

2.2 Scope of the Work

In this chapter, we shall explore the magnetic �eld control of current through

the model graphene nano-sheet junction within the tight-binding framework. The

model graphene nano-sheets are simulated by the hexagonal polycyclic aromatic

hydrocarbons (PAHs) having zigzag and armchair edges. The PAHs having zigzag

edges includes the coronene series viz., coronene (C24H12), circum-coronene (C54H18)

and dicircum-coronene (C96H24) while those having armchair edges include (C42H18),

(C114H30) and (C222H42). These PAHs can also be considered a bottom-up ap-

proach for the realisation of nano-sized graphene sheets.[21, 29, 30]

The study of magnetic �eld e�ects on molecules o�ers a good opportunity

to single out molecules in terms of their adaptability to a wide range of magnetic

�eld strengths, the extent of modulation of their energy levels, and their ability to

integrate into the device architecture. Studying how the contact coupling and ap-

plied magnetic �eld a�ect the energy levels and transmission spectra in ever-larger

graphene nanosheet fragments is both necessary and signi�cant. It is expected that

for larger graphene nanosheets, the current control can be achieved at relatively

small magnetic �eld strengths due to increased magnetic �ux through the graphene
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sheet. Additionally, it is intriguing to look into how the inter-site Coulomb inter-

actions a�ect the magnetic �eld sensitivity of the current conduction. This is

because when a molecule is weakly coupled to the metal leads, the electrons will

spend a su�cient amount of time inside the molecular bridge before leaving it.

As a result, it is anticipated that the Coulomb interaction between the electrons

may have a striking impact on the electron transport and, consequently, on the

current-voltage characteristics. For instance, the Coulomb interaction is found to

inhibit the current through a benzene ring that is weakly connected to the metal

leads.[31] Here, we analyse the inter-site Coulomb repulsion between the electrons

and investigate the impact of the magnetic �eld on the I-V characteristics. We also

consider the possibility of using graphene nanosheets as magnetic sensors, which

would give the graphene-based molecular junction devices additional functionality.

2.3 Computational Framework

We now present the computational details of the works presented in this chapter.

We employed the tight-binding method in conjunction with the non-equilibrium

Green's function (NEGF) technique to calculate the steady-state electron trans-

port properties through the molecular junction.[32, 33] The NEGF method is the

most widely used method due to its versatility and numerical stability, in con-

trast to alternative methods based on the Red�eld master equations (RME) [34�

37] and transfer matrix approaches.[38] Despite its mathematical complexity, the
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NEGF method for computing quantum transport properties has a number of ad-

vantages over competing approaches. For instance, because the level of complexity

in the NEGF scales as N2 against N6 in the RME, where N is the dimension of

Hilbert space, the NEGF approach is capable of treating large-sized structures

e�ectively. Additionally, it may be expanded to encompass a multi-body quantum

system, enabling the inclusion of electron-electron interactions [39] and electron-

phonon interactions [40] in a uni�ed and organised framework. We have consid-

ered the hexagonal PAHs to simulate the increasingly large fragments of graphene

nanosheets having both the zigzag edges which include, coronene (C24H12), circum-

coronene (C54H18), and dicircum-coronene (C96H24) and the graphene nanosheet

with the armchair edges which includes (C42H18), (C114H30), and (C222H42).

Throughout the chapter, we have considered the magnetic �eld in the

range of (0-5 T ) and the lead-molecule coupling Γ in the range of (0.005 - 1 eV).

We use low temperature (T=10 K) and choose Γ for a given system in such a

way that the energy split (∆E) resulting from the asymmetric connection of the

contact leads to the bridging molecule is larger than the thermal energy (kBT ),

i.e., ∆E > kBT . Unless otherwise stated, we have assumed that the inter-site

Coulomb repulsion V<i,j> between the nearest-neighbor carbon atoms is uniform

i.e., Vc = 6 eV, which is less than the on-site Coulomb repulsion, U ∼ (10 - 11

eV).[41]
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2.3.1 Model graphene nanosheets and the Hamiltonian

The model graphene nanosheets that we use for the study of the e�ects of magnetic

�eld on the electron transport through such structures are shown in Fig. 2.1. The

bridging molecular structures are described by the tight-binding Hamiltonians

with the on-site energy εi and the nearest-neighbor hopping integral t<ij>. The

bridging molecules, i.e., PAHs are coupled to the metal electrodes, source (S) and

drain (D), which are considered as the free electron reservoirs, each at its thermal

equilibrium with chemical potential, µL and µR respectively. As shown in Fig.

2.1, the bridging molecule can be connected through the atomic sites, (1,p/m/o),

thus making the connection either symmetric (p-para) or asymmetric (m-meta

or o-ortho). However, it must be noted that in all the cases, metal leads are at

relative positions 1/2, 1/3, and 1/6 of the outer peripheral ring but the contact

leads can be moved along the zigzag edges, (b)-(d) and along the armchair edges,

(e)-(g), while still maintaining the relative position between the contact leads and

the molecules. The strength of the coupling between the molecule and the metal

leads (K = L,R) is characterized by the broadening function ΓK , which in our

case is considered to be equal on both contact sites, i.e., ΓL = ΓR = Γ, and are

considered independent of the incident electron energy E, the so-called wide-band

approximation. An increase of Γ enhances the electronic coupling between the

continuum states in the metal leads and the molecular energy levels that result in

the broadening of the molecular energy levels. The coupling Γ can be related to

the rate Γ/~ at which an electron escapes from the molecule into the contact leads.
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Figure 2.1: Schematic illustration of the hexagonal PAHs as increasingly large
sheets of graphene with symmetric (para-p) and asymmetric (m-meta and o-
ortho) connections of the contact leads as speci�cally labelled for a benzene ring.
Graphene nanosheet fragments, (b)-(d) have zigzag edges and correspond to
the coronene series of benzenoid systems, viz., coronene (C24), circum-coronene
(C54) and dicircum-coronene (C96), whereas (e)-(g) have armchair edges; C42,

C114, and C222, respectively.

We apply a uniform magnetic �eld ( ~B = ~∇× ~A) perpendicular to the molecular

plane. The applied magnetic �eld changes the nearest-neighbor hopping integral

t0ij up to a phase factor, i.e., tij → tij exp(i2πδφB/φ0), where δφB =
∫ ~rj
~ri
~A · ~dl is

the magnetic �ux through the triangle spanned by the position vectors (~ri, ~rj) of

the nearest-neighboring sites < i, j > and φ0 = h/|e| is the �ux quantum. This

method of introducing a magnetic �eld in the calculations through a phase factor

in the hopping integral is known as Peierls substitution [42, 43] and is a widely used

approximation in tight-binding calculations. Within the London approximation,
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this phase factor also follows from the resonance or hopping integral between

the two atomic sites with magnetic �eld-dependent atomic orbitals.[22, 44] The

�eld-dependent atomic orbitals which are also called London atomic orbitals or

gauge-including atomic orbitals (GIAOs) were �rst introduced to ensure the gauge

invariance of the results.

To this end, we introduce the interaction-free Hamiltonian of the molecu-

lar junction under consideration, which is the sum of the Hamiltonian of the metal

leads, that of the bridging molecule and that describing the electron tunneling be-

tween the molecule and the metal leads, i.e.,

Ĥ0 = ĤK + ĤM + ĤKM , (2.1)

where ĤK describe the contact leads K (K = L,R) that are considered the free-

electron reservoirs, ĤM describes the molecule M , while ĤKM describes the cou-

pling between the molecule and the contact leads. As discussed in Chapter 1, their

explicit expressions are as follows

ĤK =
∑
k∈K

εkĉ
†
kĉk;K = L,R, (2.2)

ĤM =
∑
i∈M

εid̂
†
i d̂i −

∑
〈ij〉∈M

(
tij d̂

†
i d̂j +H.c.

)
, (2.3)

ĤKM =
∑
k∈K

(
vikd̂

†
i ĉk +H.c.

)
, i ∈M. (2.4)
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Here d̂†i (d̂i) and ĉ
†
k(ĉk) denotes the creation (annihilation) operator for an electron

at site i in the molecule and at site k in the lead, respectively. The coupling

matrix elements, vik = δi,1vLk for (k ∈ L) and δi,nvRk for (k ∈ R), describe the

electron tunneling between the contact leads and the molecule through the sites

(1, n) = (1, p/m/o) in the molecule. Here p,m, o denotes the para, meta and

ortho position of the right metal contact (output lead) at the site n w.r.t the left

metal contact (input lead) attached at site 1. They are related to the broadening

function as ΓKi,j∈M = 2π
∑

k∈K v
∗
ikvjkρ(E), where ρ(E) is the density of states in

the metal contacts, which within the wide-band approximation is independent of

energy as is the case considered in this work. We now consider the inclusion of

the Coulomb interaction in the calculations.

2.3.2 Inclusion of Coulomb interaction

We consider an extended version of the tight-binding model, viz., the t-V model for

investigating the e�ect of inter-site Coulomb interaction on the magnetic �eld con-

trol of current through the graphene nanosheet considered in the present work.[45,

46] The Hamiltonian is given by

Ĥ = Ĥ0 +
∑
〈i,j〉∈M

Vijn̂in̂j, (2.5)
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where Vij is the inter-site Coulomb repulsion between the electrons occupying

the nearest-neighboring sites < i, j > in the molecule and n̂i = ĉ†i ĉi is the on-

site occupation number operator. Unlike the Hubbard model, the t-V model is

simpler due to the absence of spin degrees of freedom, since there can be at most

one electron per site and no on-site Coulomb interaction, U .

The e�ect of inter-site Coulomb repulsion Vij can be described by a single-

particle Hamiltonian in the form Eq. (2.1), however, with renormalised on-site

energies and hopping integrals,[47�49]

εi → ε̃i = εi +
∑
j

Vij〈n̂j〉, (2.6)

tij → t̃ij = tij + Vij〈ĉ†j ĉi〉. (2.7)

Note that the e�ect of inclusion of the Coulomb interaction is the renormaliza-

tion of the on-site energy and hopping integral, which respectively depends on

the site-occupation 〈n̂j〉 and the bond-charge 〈ĉ†j ĉi〉. We like to stress here that

since the introduction of the inter-site Coulomb interaction leads to subsequent

renormalization of the on-site energy and hopping integral, the electrons in the

molecular bridge are essentially non-interacting and the molecular junction device

is described by the same single-particle Hamiltonian Eq. (2.1), however, with the

e�ective on-site energy and hopping integral expressed in Eq. (2.6) and Eq. (2.7).
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2.3.3 Steady-state current through the junction

We use the non-equilibrium Green's function (NEGF) formalism to study electron

transport through the molecular junctions under consideration. As discussed in

Chapter 1, the NEFG calculations begin with the construction of the retarded

Green's function, which is de�ned as (E − H)−1, where H, in principle, is an

in�nite-dimensional Hamiltonian representing the molecular junction consisting

of the metal electrodes that have in�nite-dimensional degrees of freedom. How-

ever, it is not possible to invert an in�nite dimensional matrix but the problem

is usually overcome by incorporating the e�ects of the metal electrodes on the

bridging molecule through the self-energy corrections in molecular Hamiltonian.

This greatly simpli�es the problem to the e�ect the e�ective Hamiltonian to work

with is now reduced to a �nite-dimensional matrix in the Hilbert space spanned

by the molecular basis set. Thus, the retarded Green's function is

Gr(E) = [E −HM − ΣL − ΣR]−1 , (2.8)

where ΣL and ΣR are the self-energies that essentially describe the coupling of the

molecule to the leads (K = L,R). They are related to the broadening function as

ΓK = i
[
ΣK − Σ†K

]
. The lesser Green's function G<(E) that contains information

relating to the density of occupied states in the molecule can be expressed through
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the Keldysh equation as,

G<(E) = Gr(E)Σ<(E)Ga(E), (2.9)

where Ga(E), the so-called advanced Green's function, is the Hermitian conjugate

of the matrix Eq. (2.8), i.e., Ga(E) = [Gr(E)]† and Σ<(E) = Σ<
L(E) + Σ<

R(E) is

the total lesser self-energy. The lesser self-energy of the metal lead K is expressed

as Σ<
K = ifK(E)ΓK(E), where fK = 1/ [1 + exp ((E − µK) /kBT )] is the Fermi-

distribution function for the occupancy of the energy states in the metal lead K

at temperature T and chemical potential µK . The average on-site occupation

number 〈n̂j〉 = 〈ĉ†j ĉj〉 and the bond charge 〈ĉ†j ĉi〉 in Eqs. 2.6 and 2.7 are calculated

self-consistently from the lesser Green's function as

〈ĉ†j ĉi〉 =
~
i
G<
ij(τ = 0) =

1

2πi

∫
G<
ij(E)dE. (2.10)

To calculate the steady-state current, we use the Meir-Wingreen formula,[50]

I =
e

π~

∫
i

2
Tr
[(
fLΓL − fRΓR

)
(Gr −Ga) +

(
ΓL − ΓR

)
G<
]
dE. (2.11)

Throughout the calculations, we have assumed that the applied bias voltage V

falls symmetrical on both metal-molecule interfaces, so that µL = EF + eV/2 and

µR = EF − eV/2, while the potential remains constant in the bridging molecule.
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2.4 Numerical Results and Discussion

We now present the characteristic response of the model graphene nanosheets when

subjected to an externally applied uniform magnetic �eld in terms of modi�cation

in the electron transmission spectra and the I-V characteristics. For all the mod-

els considered here, viz., benzene (C6H6), coronene (C24H12), circum-coronene

(C54H18) and dicircum-coronene (C96H24), C42H18, C114H30, and C222H42, the

tight-binding parameters, viz., on-site energy, nearest-neighbor hopping integral,

C-C bond length and angle are considered uniform and set to ε = -1.7 eV, t〈i,j〉 =

2.7 eV, 1.40Å and 120◦, respectively. While the actual value of on-site energy for a

carbon atom estimated from the experimental ionization potentials of various hy-

drocarbons is -6.5 eV,[51] this value would be in�uenced by the local electrostatic

potential in the junction, and for de�niteness, we set this to -1.7 eV so that the

frontier molecular orbitals are positioned within the accessible energy range. How-

ever, the actual value of bond length and bond angle may vary slightly,[52] but we

assume no variation in the energy parameters. We have considered the coupling

strength Γ in the range (5 meV - 1 eV) [53�57] and the inter-site Coulomb repul-

sion Vij between the nearest-neighbor sites to be uniform, VC=6 eV,[41] which is

relatively smaller than the on-site Coulomb repulsion, (U ∼ 10 − 11 eV), for sp2

hybridized carbon atom.[41, 58�61] For all the structures under consideration, the

temperature of the junction is set at 10 K and both the transmission probability

and current are calculated for Fermi energy EF �xed at zero in the energy scale.

55



Chapter 2 Sec.2.4.1

2.4.1 Magnetic �eld e�ect on transmission probability

The magnetic �eld is applied along the negative z-axis and perpendicular to the

plane of graphene nanosheets oriented to lie on the xy-plane. Field e�ects on the

transmission probability T (E) around the lowest unoccupied molecular orbital

(LUMO) energy levels for an asymmetric (meta-) connection of the metal leads

are shown in Fig. 2.2. It is evident that the e�ect is generic which involves the evo-

lution of two zero-�eld transmission peaks, corresponding to the coupling-induced

splitting of the otherwise degenerate energy levels, into one as the externally ap-

plied magnetic �eld narrows down the gap between them. This results in an

enhanced transmission peak, which then grows to a maximum T (E) ∼ 1 at the

position of the LUMO energy level for the respective �eld values, B0=12.8 T for

benzene, (7.3, 8.5, 4.5 T) for (C24H12, C54H18, C96H24) and (4.7, 8.4, 4.8 T) for

(C42H18, C114H30, C222H42). Beyond this, as seen in Fig. 2.2, the single resonant

transmission peak splits into two while the area under the curve essentially re-

mains the same. It is important to note that, although not shown here for brevity,

similar features were also seen in the transmission probability for contact leads

in the ortho position. In accordance with Onsager symmetry, we have also seen

that the transmission probability T (E) is una�ected by the change in �eld direc-

tion, i.e., T (E, ~B) = T (E,− ~B). Since the area under the transmission probability

curve directly correlates to the current through the molecular junction, the cur-

rent increases with an increase in magnetic �eld strength until the peak at above

�eld values split into two well-separated peaks, beyond which the current remains
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Figure 2.2: E�ects of the magnetic �eld on the transmission probability T (E)
around the LUMO energy of graphene nanosheets with asymmetric (meta-) con-
nection of metal leads for (a) benzene (C6), the coronene series of PAHs, viz.,
(b) coronene (C24), (c) circum-coronene (C54) and (d) dicircum-coronene (C96),
while (e)-(g), correspond to C42, C114, and C222, respectively. The two trans-
mission peaks at zero �elds evolve into a single peak, increasing to its maximum
value, T (E) = 1, beyond which the peak splits into two. Quantitatively equiva-
lent results are obtained for contact lead at the ortho position. The highest �eld
applied in each case indicates a �eld beyond which the current stays essentially

constant.

essentially constant. This is shown in Fig. 2.3 (a) for C222 leading to e�ective

control of current by the applied magnetic �eld, while the I-V characteristics are

shown later in the next section in connection with the e�ect of Coulomb interac-

tion and the NDR e�ect. Note that a small shoulder at zero �eld is due to split

degeneracy resulting from the asymmetric geometrical connection (i.e., ortho- or
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Figure 2.3: (a) Current (in arb. units) through a meta-connected C222

graphene corresponding to electron transport within a small energy window
∆E around the LUMO energy of its isolated counterpart at various magnetic
�eld values are indicated. A small shoulder at zero �eld illustrates the conse-
quence of the split degeneracy brought on by the asymmetric connection of the
metal leads. (b) Current through para connected C222, while the inset depicts

corresponding transmission probability around the LUMO energy.

meta-) of the metal leads, while the emergence of the second step-like feature at

higher �elds, as shown in the �gure for B = 10 and 30 T, is due to the entry of new

energy levels into the energy window by the applied magnetic �eld. In contrast,

though not illustrated, the degenerate energy levels for the contact leads in the

para position are una�ected, resulting in just one transmission peak (T (E) ∼ 1)

around the LUMO energy of the isolated con�guration. On the application of an

external magnetic �eld, this transmission peak splits into two well-resolved peaks

while the area under the curve remains unchanged. Thus, the symmetrically con-

nected molecular junction does not exhibit magnetic �eld-controlled features other

than the step-like structure that results from the entry of new energy levels into

the energy window at higher magnetic �eld values as shown in Fig. 2.3 (b) for

C222.
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2.4.2 E�ect of contact coupling

To study the e�ect of the lead-molecule coupling strength on the magnetic �eld

control of current through the model graphene nanosheets under consideration,

we plot in Fig. 2.4 (a), the �eld B0 that makes transmission probability unity

(T (E) = 1) at the position of the LUMO energy of its isolated con�guration as

a function of a number of carbon atoms for three di�erent values of the coupling

strength, Γ= 5 meV, 0.1 eV and 1 eV. We would like to stress here that the �eld B0

is a measure of �eld required for e�ective control of current through the molecular

junction and beyond which the �eld sensitivity is limited. In other words, it

is a measure of the �eld beyond which �eld sensitivity is limited as the current

saturates for B > B0. Naturally, the value of B0 decreases with an increase in

the size of the graphene �akes due to the increase in the magnetic �ux that they

encompass. However, a closer examination of the variation reveals two important

observations. First, for a given coupling strength, a decrease in the value of B0 is

relatively slow for larger structures, and second, the rapid increase of B0 with Γ is

more signi�cant for larger structures. Both observations suggest that weak lead-

molecule coupling is crucial for the magnetic �eld's ability to control current �ow

through smaller structures, but it plays a much smaller role in bigger structures

that have more closely spaced energy levels. When calculated for a single benzene

ring, B0 = 12.8 and 25.4 T for Γ = 5 and 10 meV respectively. Since B0 almost

scales by a factor of 2 when Γ is doubled, we expect B0 to vary linearly with Γ.

This is exempli�ed in Fig. 2.4 (b) by plotting �eld B0 as a function of Γ in the
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Figure 2.4: (a) Plot of magnetic �eld B0 (a measure of the �eld required for
e�ective control of current) as a function of the number of carbon atoms in
the meta-connected model graphene nanosheets for coupling strength Γ=5 meV
(solid line), 0.1 eV (dashed line) and 1 eV (dashed-dotted line). B0 value for C6

and C24 for Γ = 1 eV are 2.48 kT and 380 T, respectively. (b) Plot of B0 as a
function of Γ for C6 (solid line) and C222 (dashed-dotted line) with slopes ∼ 2.5

T/meV and 5 mT/meV, respectively.

range 1 meV - 1 eV for C6 vis-à-vis C222, however with seemingly di�erent slopes,

viz., ∼ 2.5 T and 5 mT rise in the value of B0 per meV increase in Γ, respectively.

A further study of the e�ect of the lead-molecule coupling strength on

the magnetic �eld control of current conduction is presented in the transmission

probability map in Fig. 2.5 for C42 and C222. The map corresponds to transmission

through the respective LUMO energy of the isolated con�guration, where the

dotted lines represent the locus of B0 values. As is evident from the map Γ

has comparatively less e�ect on C222 leading to a sharp transmission probability

pro�le with a relatively slow increase of B0 with Γ, while in C42, signi�cant level

broadening smears out the transmission probability pro�le. In hindsight, this

reveals a peculiar trade-o� between the lead-molecule coupling strength and the

relative energy level spacing in the molecule for e�ective control of the current
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Figure 2.5: Transmission pro�le for C42 and C222, for B and Γ in the range (0-
5 T) and (1-10 meV), respectively. These pro�les correspond to the transmission
through the respective LUMO energies of the isolated con�gurations. The locus
of transmission maxima T (E) = 1 is represented by the dotted line along the

peaks, and the corresponding �elds are B0 values.

conduction. The more distinct the energy levels, which is often the case for smaller

molecular structures at low contact coupling, the less magnetic �eld is required for

the modulation of the energy levels and hence the transmission peaks. This allows

for e�ective control of current only at weak coupling limits. Whereas, for larger

structures, which have a relatively large number of closely-spaced energy levels that

are insensitive to the lead-molecule coupling strength, the increased �ux through

them leads to modulation of energy levels with relative ease even in the case

of strong contact coupling, leading to the possible control of current conduction

at relatively small �eld strengths (∼ few Tesla). Several factors [62] a�ect the

transport of electrons in molecular junction devices that include the electrode

material,[63] anchoring groups,[55, 64�66] interface con�guration,[67] molecular

structure [68] and the environment [69�71], however, a suitable construction of
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the graphene nanosheet junctions taking into consideration the above observations

undoubtedly enhances the feasibility of current control under externally applied

magnetic �eld.

2.4.3 Current-voltage characteristics

We here investigate the e�ect of inter-site Coulomb interaction on the magnetic

�eld control of current through a weakly coupled molecular bridge. We perform

a model calculation on the smallest and largest graphene nanosheet under con-

sideration i.e., benzene (C6) and PAH (C222), wherein the Coulomb interaction

between the electrons in the ring is e�ected through renormalised on-site energy

and hopping integral, i.e., Eqs. (2.6 - 2.7). The renormalised on-site energy and

hopping integral are calculated self-consistently within a prede�ned relative con-

vergence tolerance of 10−5. For de�niteness, we use the Meir-Wingreen formula,

Eq. 2.11, for calculating current through the molecular junction in the steady-

state situation.

(a) PAH (C222) molecular junction

As pointed out earlier in section 2.4.1, the current through the molecu-

lar junction is directly proportional to the area under the transmission probability

curve, the applied magnetic �eld enhances the transmission to a maximum, re-

sulting in an increase of current progressively to a constant value. This is shown
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Figure 2.6: (a) I-V characteristics of a meta-connected C222 for �elds, 0 T
(solid line) and 3 T (dashed-dotted line) at 10 K with Γ=1 eV. (b) Respective
I-V curves at the same scale are plotted in the presence of Coulomb interac-
tion (VC=6 eV) for comparison. Inset exhibits NDR at around 0.7 V. (c) Plot
showing current as a function of applied magnetic �eld (B) for Coulomb inter-
action, VC=0 (solid line), 3 eV (dashed line) and 6 eV (dashed-dotted line), at
bias voltage V=1.2 V. Inset displays dI/dB as a function of B for respective

interactions.

in Fig. 2.6(a) for a meta-connected C222 graphene nanosheet, demonstrating ef-

fective current control by a small �eld value, B < 5 T. The Fermi energy EF of

the metal lead is set at -1.50 eV, which for the choice of tight-binding parameters

considered in this work, lies in the energy gap between the degenerate HOMO

and LUMO located at -2.27 eV and -1.13 eV respectively. This makes it possible

to analyse electron transport of the LUMO. As shown in Fig. 2.3, the degener-

ate energy levels of C222 remain una�ected when connected symmetrically to the

contact leads. This leads to a single transmission maximum peak (T (E) = 1) at
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the position of LUMO energy of the isolated structure. On the application of a

magnetic �eld, this single transmission peak splits into two distinct peaks while

the area under the transmission curve remains unchanged. Thus, a symmetrically

connected molecular junction does not exhibit magnetic �eld-controlled features

other than the step-like characteristic that results from the entry of new energy

levels in the energy window at signi�cantly large �eld values (∼ 100 T or more).[21]

A comparison of the calculated I-V characteristics for a meta-connected

(C222) in the absence and presence of inter-site Coulomb interaction (VC = 6 eV)

is presented Fig. 2.6. It is clear that there is a signi�cant current modulation

with the emergence of multiple step-like features, but the �eld sensitivity persists

along with the negative di�erential resistance (NDR) feature, which is discernible

through a decrease in current with an increase in the bias voltage around 0.7 V.

Although our main purpose is to investigate the possible magnetic �eld control of

current, we shall discuss the physical mechanism triggering the observed NDR at

the end of this section. At the moment, we plot in Fig. 2.6 (c), current as a function

of the applied �eld away from the NDR region for two di�erent values of inter-site

Coulomb interaction Vc. It is important to note that current is suppressed, but

that this suppression is relieved when the �eld strength is increased. In contrast,

the current is signi�cantly reduced for strong interactions with Vc >> Γ. Looking

at the inset reveals that there is sensitivity to magnetic �elds in the lower �eld

region, which in the event of weak coupling would be in the range of a few hun-

dred milli-Tesla. Sensitivity diminishes at higher �eld values (B > B0) due to
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Figure 2.7: (a) I-V characteristics of a meta-connected benzene ring for the
�elds, 0 T (solid line) and 5 T (dashed-dotted line), at 10 K, Γ=5 meV. (b)
Respective I-V curves in the presence of Coulomb interaction (VC=100 meV).

saturation in the current conduction. This appealing aspect of magnetic �eld sen-

sitivity in a suitably constructed setup demonstrates its technological applicability

in magnetic sensor applications. This provides extra functionality to the magnetic

�eld control of current in the proposed setup.

(b) Benzene single-molecule junction

As discussed in the preceding sections, we emphasize that a weak lead-

molecule coupling strength is crucial for e�ective magnetic �eld-based control of

current conduction in smaller ring structures. However, the Coulomb interaction

between the electrons in a weakly coupled molecule in a junction can have a signif-

icant impact on the electron transport because the electrons entering the weakly

coupled molecule spend a su�ciently long time in the molecule availing enough

interaction before leaving it. Although not shown here, calculations using EF = 0

for a meta-connected benzene ring revealed that for Vc � Γ = 5 (meV) current di-

minishes signi�cantly, which is consistent with the closely related studies.[31] The
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Figure 2.8: Transmission probability as a function of electron energy (cor-
responding to the arrows in the I-V characteristic, Fig. 2.5 (b)) for a meta-
connected benzene ring at bias voltages; 2.25, 2.50, 2.80, 3.50 V, showing the
evolution of transmission peaks in the respective energy windows EF ± eV/2
(EF = 0) for the �elds, zero (solid line) and 5T (dashed line), Γ=5 meV. The
upper edge of the energy window is represented by the dashed vertical line in
each picture; in the bottom panel (3.50 V), it is located at 1.75 eV. No trans-
mission peaks are located in the energy windows except the ones shown above.

I-V characteristics for meta-connected benzene ring (C6) in the absence and pres-

ence of inter-site Coulomb interaction shown in Fig. 2.7 (a) and (b), respectively,

demonstrate e�ective current control by relatively small �eld strength, B=5 T. The

observed NDR feature in absence of a magnetic �eld (Fig. 2.7 (b)) closely resem-

bles the experimental results on nitro-phenylethynyl-benzenethiol molecules.[72]

While the current is found to sustain for VC (= 0.1 eV) > Γ that appears with
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the NDR feature for bias voltage in the range (2-3 V), however, the observed

NDR feature is greatly suppressed when the external magnetic �eld is switched

on. To get insights into the underlying e�ects, we plot in Fig. 2.8, the transmission

probability as a function of the energy of incoming electrons at four di�erent bias

voltages (2.25, 2.50, 2.80, and 3.50 V) corresponding to the arrows as marked in

the I-V characteristics shown in Fig. 2.7 (b). It is important to notice that when

bias voltage increases, the relative positions of the transmission peaks shift, and a

comparison of the transmission spectra at bias voltages of 2.50 and 2.80 V shows

that the height of the transmission peak decreases, which results in a reduction

in current. Also, we observe that the modi�cation of transmission peak height is

negligible at low bias but gradually becomes more pronounced with an increase in

the bias voltage.

The NDR phenomena may have originated from a number of di�erent

physical mechanisms. However, relevant to us are the two widely accepted pro-

cesses that can cause the NDR e�ect in metal-molecule-metal junctions are either

modi�cation of the transmission peaks along with a shift in the molecular en-

ergy level within the bias window, or a shift of the molecular energy levels away

from the bias window, which results in fewer or no energy levels contributing

to the current. The cause of the former situation is largely attributed to physi-

cal mechanisms, such as conformational changes in the molecule under increasing

bias voltage, changes in lead-molecule coupling at di�erent biases, etc., whereas

the latter is attributed to an energy level shift caused by an electron-vibration
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coupling that requires weak lead-molecule coupling so that the broadening of the

energy level smaller than the polaron shift. This e�ect resembles the Coulomb

blockade phenomenon, in which the energy necessary to charge the molecule with

one elementary charge (the charging energy) moves energy levels away from the

bias window, thereby preventing the current conduction through the molecule.

When the thermal energy of the electron and the bias potential are both below

the charging energy, which is normally a few meV or less, this e�ect completely

inhibits current through the junction, which is not the case here. The Coulomb

blocking of the energy levels responsible for the current conduction that causes

the NDR in a para-connected benzene ring, but not in the meta-connected con-

�guration, is another blockade mechanism that results in the NDR. In our case,

the inter-site Coulomb interaction renormalizes the energy levels that depend on

the occupation number of the electron and the bond charge, and consequently on

the bias voltage. The transmission peaks are modulated and their locations are

changed with an increase in bias, which causes the NDR features to appear in

the I-V characteristics. This is due to the renormalization of the on-site energy

and hopping integral. A similar system is found to exhibit NDR e�ects that per-

sist even at room temperature.[73] In our setup, the peak-to-valley current ratio

(PVR) consistently increases with temperature, albeit insigni�cantly. However,

the use of a magnetic �eld creates the opportunity to tune the peak-to-valley ratio

to a level acceptable for specialised applications, such as switching devices. [74]

Further studies are required to validate the above observations of technological

importance.
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2.5 Summary and Concluding Remarks

The generic evolution of energy-resolved transmission peaks under the in�uence of

an applied magnetic �eld leads to e�ective control of current conduction through

ring structures such as graphene nanosheets. However, this requires geometrical

asymmetry in the coupling of graphene nanosheets to the contact leads and weak

coupling between them. Asymmetry in contact position is essential as this split the

otherwise degenerate energy levels of the graphene nanosheets leading to energy-

resolved transmission peaks, which evolve with the applied magnetic �eld. The

weak lead-molecule coupling is crucial for producing the energy-resolved transmis-

sion peaks corresponding to the relatively distinct energy levels, which are easily

in�uenced by the applied magnetic �eld. We stress that weak coupling is essen-

tial for current control in smaller structures, while its role is signi�cantly less in

larger structures. However, the increased �ux through larger structures enables

the modulation of energy levels with relative ease, leading to current control at

relatively small values (∼ few Tesla). Although a number of factors have a direct

bearing on electron transport through the graphene nanosheet junctions, a suit-

ably designed setup would signi�cantly increase the prospects of current control

under the applied magnetic �eld. Model calculations on C6 and C222 junction

with inter-site Coulomb interaction are found to sustain sensitivity to the mag-

netic �elds in the lower �eld region (B ≤ 5T), which in the case of weak coupling

limit would lie in the range of a few hundred milli-Tesla. This property may be
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explored in depth for the potential applications in magnetic sensors. Further-

more, the observed modulation of the NDR feature by an applied magnetic �eld

might �nd useful applications in magnetic switching devices. We attribute the

observed NDR to the renormalization of the molecular energy levels leading to

the modulation of transmission peaks within the bias window. However, due to

the underlying delicate requirements of weak coupling, asymmetric connection at

appropriate sites, and conduction preferably at low temperature, the observations

highlighted here present signi�cant challenges for experimental realisation. Nev-

ertheless, it is worthwhile to try because they are both intriguing and crucial for

the implementation and advancement of molecular-scale device technologies.
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Chapter3

Circular Current-Induced Force In

Molecular Junctions†

Abstract

We revisit the bias-induced circular current in a molecular ring junction and calcu-

late the circular current on the basis of the magnetic response of the ring junction

to an external �ux in the zero-�ux limit. This allows circular current to be de-

termined without calculating the bond currents in the molecular ring. We also

investigate the possibility of circular current-induced force rupturing the covalent

bonds in the ring leading to the eventual breakdown of the ring junction. Our

results highlight the reliability issue concerning the current magni�cation e�ect in

molecular ring structures.

†Work presented in this chapter is based on the following research article:
Circular current and induced force in a molecular ring junction.

Umesh Dhakal and Dhurba Rai, J. Phys.: Condens. Matter 31, 125302 (2019).
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3.1 Background

Signi�cant progress has been made in understanding the electron transport fea-

tures of the ring structure junctions.[1�7] The majority of the studies have fo-

cused on the conduction properties of the ring structure junctions concerning

the lead-molecule interface geometry and the electronic structures, while only a

few studies are related to the internal current distribution in the molecular rings

structures.[5, 8, 9] In a molecular junction where the size of the molecule is compa-

rable to the phase coherence length of the electron, the phase of the electron waves

strongly in�uences the electron transport properties of the molecular junction.[10�

14] The phase di�erence arises when an electron wave propagates through various

pathways leading to quantum interference e�ects, thereby in�uencing the over-

all electron transport with either an increase in electron transmission probabil-

ity associated with constructive interference or a decrease in the probability due

to destructive interference. One of the important aspects of electron transport

through a ring junction is the ability to tune the phase of the electrons waves

by modulating the Aharonov-Bohm (AB)-like phase of the electron.[15, 16] This

leads to the possibility of controlling the current conduction through the molecular

ring structures by an externally applied magnetic �eld.[3, 4] When the bridging

molecule is connected asymmetrically to the contact leads (either meta- or ortho-

), quantum interference e�ects arise due to electrons competing for the multiple

pathways, which result in unequal bond currents (direction as well as magnitude)
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at a certain range of bias voltage, which sometimes exceeds the net current across

the molecular junction.[5, 8] This results in a bias-induced circular current in the

molecular ring structures that are seemingly identical to the persistent current

induced in a mesoscopic ring, where the current is driven by an external magnetic

�eld, however, persists even after the �eld is removed.

The circular current is de�ned as the component of current in the ring

that acts as the sole source of induced-magnetic �ux in the ring, while the asso-

ciated component in the ring is identi�ed as the transverse current, which does

not contribute to the total �ux. Such circular current has been studied in both

mesoscopic ring and molecular ring junctions.[17�19] The existence of circular

current in the molecular loop structures is considered to be a purely quantum

interference e�ect associated with the electron waves propagating along di�erent

pathways. Calculations show that in a certain voltage range, the circular current

can be considerably larger than the net current and reaches its maximum value

at the resonant transmission through the frontier orbitals, for example, through

the lowest unoccupied molecular orbital (LUMO). Studying circular current and

the associated magnetic moment in the molecular ring structures is crucial for

understanding the optimal performance and reliability of molecular ring-based de-

vices. As an illustration, exposure to the external magnetic �eld may cause the

ring structures to torsionally deform due to interaction between the magnetic mo-

ment of the rings and the applied magnetic �eld, thereby a�ecting their conductive

properties that depend on the orientation between the rings.[20]
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It must be mentioned here that the quest for designing single-molecule

device components in molecular electronics has been primarily dominated by

benzene-based molecular junctions.[21, 22] On a molecular scale, the benzene ring

junction provides versatile test-beds for analysing bias-induced circular current and

associated phenomena. Also, the quantum interference-based functionalities of a

benzene ring can be suitably modi�ed using di�erent chemical substituents.[23, 24]

Here we consider the benzene ring as a typical molecular ring for our model cal-

culations of circular current and the associated induced force.

3.2 Scope of the Work

As discussed in the preceding section, one of the important characteristics of the

molecular ring junctions is the possible control current conduction at relatively

small magnetic �eld values. If such molecular ring junctions are to be used as basic

components in molecular electronics, it is imperative to study the local currents

(bond currents) and the related phenomena for better insights into the design,

operation, and stability of the molecular electronics devices. For instance, junction

breakdown has been seen to be taken place by the weakening of chemical bonds

generated by current-induced force, both at the lead-molecule interface and within

the molecule, even when the temperature increase due to current-induced heating

is not very considerable.[25] The current-induced force is due to the momentum

transfer by the scattered electrons to the lattice atoms. The present analysis aims

at providing some deeper insights into the mechanical stability of the molecular

81



Chapter 3 Sec.3.4

ring junctions particularly when they are operated at a bias voltage corresponding

to which the circular current becomes maximum. However, before diving in, we

provide a reliable method for computing circular current without calculating the

local currents.

3.3 Computational Framework

We succinctly go over the computational strategy undertaken in this work. All the

calculations were carried out within the framework of the tight-binding approxima-

tion. We have employed the non-equilibrium Green's function (NEGF) technique

to calculate the current through the junction in steady-state situations. Through-

out calculations, we consider zero temperature, however, the non-zero temperature

can be considered through the Fermi distribution function in the leads. Also, in

our calculations, the equilibrium chemical potential µ is set to zero in the energy

scale. The metal leads are treated as free-electron reservoirs that transfer elec-

trons to the bridging molecule at a rate Γ/~. Unless otherwise stated, we consider

metal-molecule coupling strength Γ=0.5 eV. The on-site energy ε = 1.7 eV and

the hopping integral, tij = 2.7 eV, are assumed to be uniform in the benzene ring

that has equilibrium bond length a0 = 1.4 Å. Although the calculations are model-

based, they capture the essential physics of the circular current and the associated

induced force. The realistic calculations involving many-body e�ects are beyond

the scope of the present venture.

82



Chapter 3 Sec.3.4.1

3.4 Model and Formulation

We now present various models employed in this work to determine the local cur-

rents (i.e., bond currents) and the current-induced force in the ring. The circular

current calculated from the local currents is compared with that calculated from

the magnetic response of the ring in the zero-�ux limit.

3.4.1 Local current in the molecular bridge

We consider electron transport through a molecular junction consisting of a single

benzene molecule bridging the two metal electrodes in an asymmetric con�gura-

tion, i.e., in meta connection. The entire analysis is based on the consideration

that the electrons are non-interacting. In such a case, the tight-binding (TB)

model is suitable for capturing the basic electron transport properties. We begin

with the tight-binding Hamiltonian of the ring connected to the metal electrodes

that act as free-electron reservoirs. It is customary to write the total Hamiltonian

of the molecular junction as the sum of the sub-Hamiltonians, i.e.,

Ĥ = ĤK + ĤM + ĤKM ; K = L,R (3.1)

where the symbols have usual meanings and the explicit details of each Hamilto-

nian are covered in the preceding chapter. Since a driven system with particles

getting in and out of the system is a non-equilibrium system, we employ the
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non-equilibrium Green's function (NEGF) technique [26, 27] to estimate the local

currents in a biased molecular ring junction under the steady-state conditions.

There exist several methods to estimate the local current Iij and the

total current I in steady-state situations.[28] In particular, in the NEGF formu-

lation, their closed-form expressions are available. The basic components of the

NEGF technique are presented in the preceding chapter that include the retarded

(advanced) Green's function Gr(Ga), the Keldysh equation for the Green's lesser

function G< and the lesser self-energy function Σ<
K=L/R = ifK(E)ΓK(E), where

fK = 1/ [1 + exp ((E − µK) /kBT )] is the Fermi-distribution function for the con-

tact lead at temperature T and chemical potential, µK . Here we directly present

the expression for the local current between the sites (i, j), or the current through

kth segment containing (i, j) bond of the molecular ring as [29, 30]

Ik ≡ Iij =
|e|
π~

∫ [
tijG

<
ij(E)− tjiG<

ji(E)
]
dE, (3.2)

where the trace is taken in the �nite-Hilbert space of the molecule spanned by its

relevant atomic orbitals, and tij is the hopping integral between the sites (i, j).

The integration limits are de�ned by the energy window (µL − µR), with a lower

limit µR = µ − |e|V/2 and upper limit µR = µ − |e|V/2 for the applied bias

voltage V . The total current under the steady-state condition is calculated using

Meir-Wingreen formula,[31, 32]

I =
|e|
π~

∫
i

2
Tr
[ (
fLΓL − fRΓR

)
(Gr −Ga) +

(
ΓL − ΓR

)
G<
]
dE. (3.3)
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It is important to note that both of the aforementioned equations contain a factor

of 2 to account for the spin degeneracy. Also, it is imperative to ensure the

current conservation at the connecting sites. We now quickly go over calculating

the circular current in the ring junction from the bond currents.

3.4.2 Circular current in a ring junction

We consider a 1D planar ring of radius R connected to the metal contacts leads

through the sites (a, b) that divide the ring into two segments (k = 1, 2) as shown

in Fig. 3.1. A net current I �ows through the ring, where I1 and I2 are the

currents through the upper and lower segments of the ring having length segments

l1 and l2, respectively. Since the magnetic �ux Φ enclosed by a ring is directly

proportional to the current in the ring and the ring length, the total magnetic

�ux threading through the ring is the sum of the �ux due to segmental currents

I1 and I2 through the ring i.e. Φ = µ0
4π
λ
∑

k Iklk, where λ is a geometry dependent

constant. As is customary, we assign a positive sign to the current �owing in

the anti-clockwise direction. In addition to the current distribution shown in the

�gure, we consider the segment current Ik is composed of circular and transverse

components i.e. Ik = Ick + I trk . The circular components (Ick ≡ Ic) lead to net

magnetic �ux Φ threading the ring, while the net contribution to the �ux due to

transverse components I tr1 and I tr2 is zero. The Kirchho�'s law at the coupling
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Figure 3.1: Schematic showing current distribution in a two-terminal junction
with a benzene ring coupled to an external bias circuit through sites (a, b).
Current con�guration shown in the ring corresponds to V > 2.6 V, wherein

current I1 in the upper arm is in opposite direction to the total current I.

sites (a, b) dictates that

I = I2 − I1 = (I2 − Ic)− (I1 − Ic) = I tr2 − I tr1 , (3.4)

where the third equality arises due to the decomposition scheme as discussed

above. For the ring under consideration, where the contact leads divide the ring

into two segments k = 1, 2 of length lk, the circular current in the ring is

Ic =
I1l1 + I2l2
l1 + l2

=
∑
k

Iklk
L
, (3.5)

where L = l1 + l2 = 2πR is the circumference of the ring. Thus, one needs

bond/local currents to calculate Ic using Eq. 3.5. It must be noted that the bond

currents in the ring are, however, not accessible in the experimental setup.
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3.4.3 An alternative formulation of the circular current

As discussed above the bias-induced circular current in a molecular ring junction

can be calculated using Eq. 3.5, however, this requires the calculation of the bond

currents. Alternatively, in analogy to the persistent current induced in an isolated

mesoscopic ring due to externally applied magnetic �ux threading the ring, the

bias-induced circular current can be calculated in a molecular ring junction from

the �ux-derivative of the thermodynamic potential (Ω) of the ring in the zero-�ux

limit.[33] This can be understood as the response of the molecular ring to the

external magnetic �ux introduced perturbatively and then reduced to zero, i.e.,

Ic = − lim
φ→0

∂Ω

∂φ
. (3.6)

As, Ω = Tr[ρ̂neqΩ̂], the circular current can be expressed as

Ic = − lim
φ→0

Tr

(
ρ̂neq

∂Ω̂

∂φ

)
= − lim

φ→0
Tr

(
ρ̂neq

∂ĤM

∂φ

)
, (3.7)

where ρ̂neq is the single-particle density matrix operator which describes the charge

redistribution due to the �ow of current, while as mentioned before, the trace is

taken in the �nite-Hilbert space of the molecule spanned by the relevant atomic

orbitals of the molecule. It must be mentioned here that in writing Eq. 3.7, we

have not considered the electronic contribution to the entropy, while the chemical

potential of both the electrodes is considered constant. Also, any additional terms
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in Eq. 3.7 can be considered as paramagnetic (that emerges in a symmetrized way)

or �ux-dependent diamagnetic response of the molecular ring.[33] A deeper analy-

sis of these additional terms is beyond the scope of the present work. Instead, we

focus on the alternative method for calculating circular current from the magnetic

response of the molecular ring without calculating the bond/local currents.

In the tight-binding approximation, the magnetic �eld ( ~B = ~∇ × ~A)

is e�ected through Peierl's substitution.[4] In presence of a magnetic �eld, the

nearest-neighbor hopping integrals get modi�ed by a phase factor, i.e. tij → tij

exp(i2πδφB/φ0), where δφB =
∫ ~rj
~ri
~A · ~dl is the magnetic �ux through the triangle

spanned by position vectors (~ri, ~rj) of the sites (i, j) and φ0 = h/|e| is the �ux

quantum. In the NEGF approach, the non-equilibrium single-particle density

matrix is given by

ρneqij = −i
∫
dE

2π
G<
ij(E). (3.8)

Thus, using Eq. 3.8 in Eq. 3.7, the circular current induced in the molecular ring

junction can be expressed as

Ic = lim
φ→0

2i

∫
dE

2π
Tr

(
G<∂HM

∂φ

)
, (3.9)

where factor 2 accounts for spin degeneracy of electrons. The equilibrium elec-

trochemical potential µ of both electrodes (source and drain) is set to zero in the

energy scale. In all the calculations presented below, unless otherwise stated, we

have considered electron transport at zero temperature.
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3.4.4 Circular current-induced force

We consider a tight-binding Bari²i¢-Labbé-Friedel (BLF) model Hamiltonian [34]

to calculate the current-induced force in a molecular ring junction. In this model,

the interaction between the electron and ion is described by the displacement-

dependent hopping integral,[35]

ĤM =
∑
i∈M

εid̂
†
i d̂i −

∑
〈ij〉∈M

(
tij{1 + ζ

(~Rj − ~Ri)

|~Rj − ~Ri|
× · (~ui − ~uj)}d̂†i d̂j +H.c.

)
, (3.10)

where ~ui,j are the displacements of the lattice ions from their equilibrium positions

~Ri,j, and ζ is an atomic orbital exponent characterizing the exponential decay of

the atomic orbitals positioned at the lattice site. Throughout the calculation, we

use ζ=1.56 corresponding to 2p slater-type orbitals (STO) of the ground state

carbon atom.[36] The calculation of current-induced force is considered to be chal-

lenging because it involves the estimation of the atomic force in a non-equilibrium

situation, where the total number of particles and energy is not de�ned. For a

closed system at equilibrium, the atomic forces are well de�ned and can be obtained

from the well-known Hellmann-Feynman (HF) theorem. In contrast, the situation

is more complex for an open and non-equilibrium case, where the HF theorem does

not apply. However, it is shown recently [37, 38] that the current-induced force

in a non-equilibrium steady-state situation is equivalent to the equilibrium case

with equilibrium quantities replaced by non-equilibrium ones.[39, 40] To this end,
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the steady-state force exerted on the ith ion along the x-direction by the current-

carrying electrons can be expressed in terms of a single-particle non-equilibrium

density matrix as,[41�45]

FiX = −2Tr

(
ρ̂neq

∂ĤM

∂RiX

)
= 2i

∫
dE

2π
Tr

(
G< ∂HM

∂RiX

)
, (3.11)

where, as before, the factor of 2 accounts for spin degeneracy. We now present

numerical results based on model calculations.

3.5 Numerical Results and Discussion

As stated earlier, the metal electrodes are considered free-electron reservoirs that

exchange electrons with the benzene molecule at a rate Γ/~. We consider symmet-

ric coupling strength, ΓL = ΓR = 0.50 eV. The nearest-neighbor hopping integral

t<ij> = 2.70 eV is considered uniform in the molecular ring with equilibrium bond

length a0 = 1.40 Å and on-site energies, εi = −1.70 eV.

3.5.1 Circular current

The calculation of circular current in a benzene ring is presented in Fig. 3.2.

Interestingly, the calculation reveals that the circular current obtained from Eq.

3.5 and Eq. 3.9 are identical, although the methods for determination are based

on completely di�erent approaches. However, the equivalence between these two
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Figure 3.2: Bias-induced circular current Ic in a benzene ring junction com-
puted using Eqs. 3.5 and 3.9 for an asymmetric (meta-) connection of the metal
lead. They overlap as depicted and are identically similar. Inset shows the bond
current (Ik, k = 1, 2) in the upper and lower segments of the benzene ring.

equations arises due to the fact that when magnetic �ux φ equivalent to the �ux Φ

produced by the bias-induced circular current Ic is applied externally, an equivalent

circular current will be induced in the molecular ring. This can be understood by

identifying the current in the kth segment of the molecular ring as

Ik = −
(
∂HRing

∂Φ

)
k

= −∂H
Ring
k

∂Φk

. (3.12)

Since the circular current is equal in each of the k segments, the associated �ux is

Φk =
lk
L

Φ =
lk
L
φ. (3.13)
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and thus,

Ik = −L
lk

∂HRing
k

∂φ
.

Therefore, the circular current is

Ic =
∑
k

lkIk
L

= −
∑
k

∂HRing
k

∂φ
= −∂H

Ring

∂φ
. (3.14)

Although not shown here for brevity, the results for ortho-connection are qualita-

tively similar, whereas the para-connected ring leads to zero circular current for all

energies due to geometrical symmetry reasons. The sharp resonance feature and

sign reversal of the circular current in Fig. 3.2 is associated with the entry of split

energy levels within the energy window µL−µR, with energy states favoring clock-

wise circular current (negative) at higher bias voltage. At resonance near V=2

Volt, for contact coupling Γ=0.50 eV, signi�cant current magni�cation as large as

Ic ≈ 15I is observed. However, smaller value of Γ, the current magni�cation ratio

Ic/I increases furthermore. This may lead to considerable momentum transfer to

the carbon atoms in the ring as discussed in the section below.

3.5.2 Current-induced force

In order to calculate the current-induced force, we consider each carbon atom of

the benzene molecule under a breathing mode oscillation (A1g symmetry) with

a radial displacement of 0.01 Å. For simplicity, the temperature is set to zero.

Although current-induced force calculated using Eq. 3.11 on each carbon atom in
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Figure 3.3: Plot of average current-induced force (Fave) on a carbon atom
in an asymmetrically (meta-) linked benzene ring as a function of transport
current (I) through the molecular ring junction. I − V curve of the junction,
exhibiting a ledge at 2V is due to the split of otherwise degenerate energy levels
of the benzene ring owing to the asymmetric connection of the metal leads, is

presented in the inset.

the benzene ring was found to satisfy the zero-force sum rule, i.e.,
∑

i FiX=0,[46]

the calculated force, however, did not re�ect the peculiar nature of the local current

(cf. Fig. 3.2, inset) that reaches its maximum at resonance bias V ∼ 2 Volt and

reverses its direction when the bias voltage is increased. Thus, the calculated force

seems to us rather inconsistent and not discussed here furthermore. Similar results

(not shown) are obtained for other in-plane vibrational modes that include B1u

and B2u. Instead, the calculated current-induced force is found to vary with bias

voltage the way the net current varies. Thus, in Fig. 3.3 we show the functional

relationship between the calculated average force Fave on each carbon atom in the
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benzene ring and the net current I through the molecular ring junction, while the

inset shows the I-V curve.

As of now, we consider the current-induced force in benzene as a function

of the net current through it. However, in the tight-binding model, the electronic

current may be considered as �owing along the bonds between the nearest atoms.

Hence, it is desirable to calculate the current-induced local force directly in terms of

circular current. In the following, we calculate the circular-current induced force

(Fc) in the benzene molecule resulting from scattering transport accompanying

the net momentum transfer to the target carbon atoms from the electrons in the

current �ow. In literature, this current-induced force is generally referred to as

electron-wind force.[47, 48] This can be determined in terms of net momentum

transferred due to the electrons with energies within the bias window, i.e.,

Fc =
1

|e|

∫
γIc(E)p(E)dE. (3.15)

Here γ is the aspect ratio for electron scattering, expressed as the ratio of momen-

tum transfer cross-section σtr to the bond cross-section σb. Although, the scatter-

ing cross-section σtr for momentum transfer by an electron is energy-dependent,

however, in the present study we consider this an energy independent in the range

(10− 20) Å2 [49] and set σb = 1 Å2 for the C-C covalent bonds.[50] This sets the

aspect ratio γ in the range of (10− 20), while we consider γ = 10.

In the above Eq. 3.15, Ic(E) is the bias-induced circular current in the
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molecular ring as a function of incident electron energy E, and p(E) is the cor-

responding momentum of the incoming electron that gets transferred to the tar-

get atom in the scattering events. For our conservative estimates, we consider

p(E) =
√

2me(E + |e|V ) for electrons crossing the biased molecular junction

at energy E in the range µR ≤ E ≤ µL. This can be understood considering

the incoming electrons from the free-electron reservoir, which can be viewed as

plane waves ei~k·~x with the associated momentum ~p = ~~k, incident on the bridg-

ing molecule from left alone and zero molecular electrostatic potential so that

the bias voltage V shifts µL by the amount |e|V with respect to the molecular

energy levels, while µR is held �xed. The latter is often considered in the stud-

ies of molecular recti�ers.[51] It is worth mentioning here that only the electron

�ux ( 1
|e|

Ic
σb

) is calculated within the tight-binding approximation while the incident

electron momentum is calculated from the energy conservation condition, viz.,

~2k2
2me

= E − veff , where veff is the e�ective potential energy term. In principle,

veff also includes the exchange-correlation energy (many-body e�ects) other than

the usual electrostatic potential energy term (−|e|V ).

We here consider three di�erent values of coupling strength, Γ =0.05

eV, 0.50 eV, and 1.50 eV and calculated the circular current-induced force Fc.

The variation of induced force Fc on a carbon atom in an asymmetrically (meta-)

connected benzene ring as a function of circular current Ic is shown in Fig. 3.4.

Positive circular current for voltage in the range (0-2 V) indicates current �ow in
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Figure 3.4: Circular current-induced force on a carbon atom is depicted as a
function of circular current in a meta-connected benzene ring for three di�erent
coupling strengths (a) Γ = 0.05 eV, (b) 0.50 eV, and (c) 1.50 eV for γ = 10.
The downward and upward arrows represent force corresponding to an increase
in bias voltage in the range (0 − 2V ) and (2 − 4V ) respectively. Inset depicts
the variation of circular current with the bias voltage at respective coupling
strengths. The current magni�cation ratio (Ic/I) achieving its maximum value

∼ 118, 15, and 6 at the resonant bias of 2V is also presented.

a counter-clockwise direction and thus the induced force acts in a clockwise direc-

tion, tangentially, which is shown by a downward arrow. However, beyond 2 Volt,

both circular current and induced force decrease and reverse their direction. This

is shown by the upward arrow. In a hindsight, it must be noted that Fc varies

the way the local current varies with external bias, while the average force Fave
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mimics the net transport current. It is evident from Fig. 3.4 (a) that for a weak

lead-molecule coupling (Γ = 0.05 eV), the circular current in the benzene ring at

the resonant bias (V ∼ 2 Volt) could become signi�cantly large, Ic ∼ 118I, and the

corresponding force could reach a value ∼ 3 nN. It must be noted, however, that

a weak lead-molecule coupling does not necessarily mean a weak lead-molecule

bonding. Instead, we stress that the electronic coupling between the energy levels

associated with multiple pathways through the molecule is weakly coupled to the

energy states of the metal lead. As a result, the weak lead-molecule coupling may

not actually result in the bond-breaking at the lead-molecule interface. Instead,

due to a signi�cant current magni�cation (Ic/I ∼ 118) at the resonant bias volt-

age, the current-induced force becomes comparable to the mechanical strength of

the C-C covalent bond (2.6 - 13.4 nN) [52] leading to a possible breakdown of the

molecular junction due to rupture of the C-C bond at the resonant bias. However,

it was found that though the current-induced forces can induce unusual dynamical

changes in the structure of the benzene molecule, no current-induced breakdown

was observed for bias as high as 5 Volt.[53] This is possibly due to the absence

of a current magni�cation e�ect in a symmetrically connected ring junction. In-

terestingly, in a recent study it is shown that in a suitably designed benzene ring

junction, current-induced force tends to rotate the benzene molecule leading to a

possibility of electrically controllable motors at the single-molecule scale.[54]

While emphasising the circular current-induced force in molecular junc-

tions, we would like to draw attention to two points in particular. First, the
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circular current-induced instability underscores the reliability issue of the molecu-

lar junction devices due to the current magni�cation e�ect in the biased molecular

rings.[33] Second, the circular current-induced instability is deterministic as it oc-

curs at the resonant bias at which the circular current reaches a maximum value.

Although the predictions in the present study are model-based tight-binding es-

timates at absolute zero, thermal �uctuations can play a signi�cant impact on

the mechanical instability caused by the current in molecular junction devices. It

would be questionable in practice to develop molecular ring-based devices without

taking the circular current and its e�ects into consideration.

3.6 Summary and Concluding Remarks

The study of local currents is as important as the net current through the molec-

ular ring structures. The associated circular current in the ring under certain bias

voltage is phenomenal and exceeds the net current by a factor of several hundred

at low metal-molecule coupling strengths. However, the calculation of circular

current would require the estimate of local/bond currents, whereby the circular

current is essentially the weighted average bond current in the ring. In practice,

the bond currents are not accessible in the experimental setup. We here provide

an alternative method to estimate the circular current from the magnetic response

of the ring to the external �ux in the zero-�ux limit, thereby allowing the determi-

nation of circular currents without calculating the bond currents. The estimation

of induced-force on the carbon atoms in the ring indicates situations where a large
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circular current could cause considerable momentum transfer to the carbon atoms

creating the ring junction instability. Thus, in the context of momentum transfer

to the atoms in the ring, the calculation of circular current opens up new avenues

for electron scattering studies.

Our calculations reveal that for weak metal-molecule coupling, the circu-

lar current-induced force in the ring can reach a value ∼ 3 nN, thereby weakening

and eventually rupturing the covalent bonds in the ring. However, bonding at

the metal-molecule interface remains largely una�ected due to the relatively small

current through the junction in low coupling situations. It is worthwhile to note

that the circular current-induced ring junction instability is deterministic because

it generally occurs at the resonant bias voltage at which the circular current at-

tains a maximum value. Although our calculations are only indicative of possible

current-induced ring junction instability, a deeper study is needed for providing

a quantitative analysis of the reliability issues posed by the current magni�cation

e�ect in such ring junctions. It would be interesting to study if the circular current-

induced force, like the Berry force, excites the runaway modes in the molecular ring

junctions resulting in vibrational instability.[55] Any development in this direction

will be covered elsewhere.
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Chapter4

Thermoelectric Properties of Molec-

ular Junctions in Externally Applied

Magnetic Field†

Abstract

Thermoelectric property measurements provide crucial details about the under-

lying characteristics of molecules that would otherwise be outside the scope of

electronic transport measurements. We examine thermopower (Seebeck coe�-

cient S) and �gure of merit (ZT ) in two molecules, viz� benzene and fullerene.

The fullerene has a negative thermopower, while benzene has a positive value. In

order to assess how successful molecular junctions are as a thermoelectric device,

we also examine how an external magnetic �eld impacts thermopower.

†This chapter is based on a research article under preparation:
Umesh Dhakal, Yam P. Rai, and Dhurba Rai, �Magnetic �eld e�ects on thermoelectric properties

of ring structure molecular junctions �.
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4.1 Background

The innovative idea [1] of using single-molecule as active electronic device com-

ponents has inspired extensive theoretical and experimental research on electronic

transport through the molecular junction.[2�9] In recent years, the �eld of single-

molecule electronics has seen an upsurge in interest due to their interesting trans-

port properties and potential applications in the future nanosensor and nanoelec-

tronic devices.[10�16] In the spirit of this, various electronic transport properties

have been experimentally studied in single or few molecules using the scanning

tunneling microscopy-based break junction (STMBJ) and mechanically control-

lable break junction (MCBJ) methods.[17, 18] Greater understanding of the elec-

tron transport across a single-molecule junction has been made possible by the

current-voltage (I-V) properties of the individual molecules. However, a molecular

junction's electrical structure cannot be fully understood by focusing solely on

the I-V characteristics. For instance, the location of the Fermi energy level EF of

the metal electrodes determines whether they are closer to the lowest unoccupied

molecular orbital (LUMO) or the highest occupied molecular orbital (HOMO),

which is generally unknown due to the lack of intricate microscopic details of

the electrodes.[19�21] The relative position of HOMO/LUMO with respect to EF

is important and this electronic information can be obtained from thermopower

measurements.[22�25] The sign of thermopower is positive for hole-dominated

transport and negative for electron-dominated conduction. The measurements
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also reveal where the Fermi level of the contact electrodes is located relative to the

LUMO or HOMO energy levels of the bridging molecule.[20] This has been the

subject of numerous experimental studies. For example, in benzenedithiol (BDT)

and fullerene (C60), the current conductions are reported to be dominated by the

holes and electrons, consequent to S values positive and negative, respectively.

A great deal of work has been carried out to study the low-bias conductance of

molecular junctions using di�erent anchor groups which, in principle, can change

the nature of charge carriers through the molecular junctions.[26�29]

The prospective use of molecular junctions in thermoelectricity is quite

intriguing as the molecular thermoelectric devices may serve as a key component

in �nding a solution to the world's energy issue.[30, 31] Due to signi�cant progress

and advancement in the theory and computation in the last decade, the study of

thermal transport and energy conversion capabilities of molecular junctions have

received a lot of attention.[10�15] The obvious bene�t of thermoelectric energy con-

version is its applicability in harvesting waste heat and potential energy-e�cient

devices.[32] Though conceptually a wonderful idea, this is not technically feasible

given the state-of-the-art technology available today, therefore it is still a long way

from the energy market. The primary reason is the ine�ciency of the present-day

polymer-based organic thermoelectric devices, which makes it nearly di�cult to

compete with conventional silicon-based energy-conversion devices.[33, 34] Single-

molecule junction devices provide a potential route for improving thermoelectric

performance due to their low dimensionality, special �exibility, structural stability,
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and low thermal conductivity.[35] In fact, a number of theoretical studies suggest

that speci�cally created molecular junctions may serve as highly e�cient thermo-

electric devices.[36�44]

As discussed in the introductory chapter, the thermopower S measures

the voltage generated per unit of the temperature di�erence across the device. The

e�ciency of heat-to-electrical energy conversion of a thermoelectric device is quan-

ti�ed by the �gure of merit ZT = GS2T /k,[45] where G represents the electrical

conductance of the junction, k = kel + kph is the net thermal conductance which

includes both electronic and thermal (phonon) contributions, and T represents

the average temperature of the device. The most important factor that requires

utmost attention for enhancing the performance of a thermoelectric device is to

increase the value of ZT . This can be accomplished by simultaneously lowering

the thermal conductance and raising the electrical conductance and power factor

GS2 in the numerator of the expression for ZT . However, the Wiedemann-Franz

law forbids this. It is due to this reason, a bulk sample will not be a very good

option for designing thermoelectric devices. It must be noted, however, that the

traditional Wiedemann-Franz law does not apply to molecular systems.[46] As a

result, in principle, the condition in question may be satis�ed in molecular junc-

tion devices.[47] It is widely considered that for ZT > 1, organic thermoelectric

devices could emerge as perspective participants providing commercially viable

green energy solutions.
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4.2 Scope of the Work

The reasons highlighted in the preceding section have led to an increase in re-

search activities for possible exploitation of single-molecule junctions in increasing

the ZT value. Due to the fact that electron transport in molecular junctions

occur through distinct molecular energy levels, the transport properties of the

molecules can be manipulated by exploiting the quantum interference e�ects, for

which ring molecules and fullerene (C60) are suitable, and thus these molecular

systems could be promising candidates for achieving the desired thermoelectric

performance. While the quantum interference is found to in�uence the thermo-

electric properties [48, 49] and the magnetic �eld a�ects the quantum interference,

it is highly desirable to study the e�ect of magnetic �eld on the theromoelectric

properties of ring structure molecuar junctions. Viewed in terms of electron trans-

mission, if the magnetic �eld modulates the transmission probability function in

the neighborhood of Fermi energy EF of the electrodes, the thermoelectric proper-

ties can be suitably altered by the applied magnetic �eld. The investigations into

the thermoelectric properties of molecular junctions are especially important be-

cause, in addition to their potential uses, they provide an in-depth understanding

of the nature and characteristics of the electron and heat transport mechanisms

in these systems, making them particularly relevant for device applications.

In this chapter, we investigate how magnetic �elds a�ect the theromo-

electric characteristics of molecules with ring structures. The possible modulation
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of thermopower as a function of the magnetic �eld will be explored.

4.3 Model and Theoretical Framework

We now present our tight-binding model and the theoretical framework for the

calculation of relevant quantities necessary for the determination of thermoelectric

properties that include Seebeck coe�cient S and �gure of merit ZT . Although the

expressions for S and ZT are presented in the introduction chapter, we provide

them here once more in a form practical for calculations.

4.3.1 Tight-binding Hamiltonian

Although the theoretical background was covered in the preceding chapters, we

still succinctly present it here for the purpose of completeness. In order to charac-

terise the model, we use a tight-binding theory, which is particularly well suited in

exploring both heat and electron transport through a molecular junction, partic-

ularly in the case where the spin degrees of freedom and electron-electron interac-

tions are not considered. The e�ective tight-binding Hamiltonian for a molecular

junction can be expressed as,

Ĥ = ĤM + ĤK + ĤKM , (4.1)
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where, as usual, the di�erent sub-Hamiltonians characterise the di�erent regions of

the molecular junction. The Hamiltonian ĤM accounts for the electronic degrees

of freedom in the bridging molecule M , ĤK for the contacts (K = L,R), while

ĤKM describe the electronic coupling between the molecule and the contact leads.

In the present study, we do not consider electron spin and electron correlations

(electron-electron interactions). The second quantization form of the Hamiltonian

for molecule, which uses the creation and annihilation operators, can be written

as

ĤM =
∑
i∈M

εid̂
†
i d̂i −

∑
〈ij〉∈M

(
tij d̂

†
i d̂j +H.c.

)
, (4.2)

where d̂i and d̂
†
i destroys and creates an electron at site i in the Hilbert space of

the molecule, respectively. As is customary in the subject area, εi denotes the

on-site energy and tij is the nearest-neighbor hopping integral in the molecule

that connects the metal contacts. As discussed in Chapters 2 and 3, the applied

magnetic �eld ~B enters the calculation through the hopping integral tij. Similarly,

ĤK =
∑
i∈K

εiĉ
†
i ĉi, K = L,R, (4.3)

where εi is the on-site energy of the electrons in the metal contacts, which we

consider as the reservoirs of free electrons, and ĉ†i and ĉi are the creation and

annhilation operators in the reservoirs. The second quantized form of the last

term in Eq. 4.1 is

ĤKM =
∑

i∈M ;j∈K

(
vij d̂

†
i ĉj +H.c.

)
. (4.4)
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The coupling matrix element vij describes the strength of interaction between the

metal leads and the electronic states of the bridging molecule. This is related to

the level-width function ΓK,ij(E) = 2π
∑

k∈K v
∗
kivkjρ(E), where ρ(E) is the density

of states in the metal leads. Calculation of electron transmission function T (E)

is crucial in the determination of thermoelectric properties. We will now discuss

this in the following section. This is discussed in the section below.

4.3.2 Thermopower and �gure of merit

We use the non-equilibrium Green's function (NEGF) method to assess the trans-

mission probability function T (E) under the steady-state condition, which is a

basic quantity necessary to determine the thermoelectric transport capabilities of

the molecular junctions. Within the NEGF method, T (E) can be expressed in

terms of retarded (Gr) and advanced (Ga) Green's function through a relation

T (E) = Tr(ΓLGrΓRGa), where ΓL and ΓR are the coupling or tunneling matri-

ces, which describe the bonding between the bridging molecule with left and right

contact leads, respectively. They are expressed in terms of the self-energies of the

contact leads through a relation, ΓK = i[ΣK − Σ†K ]. The self-energies come into

play to take into account how the discrete energy levels of the molecule are im-

pacted by the continuum states in the metal contacts. As a result, the molecular

energy levels are broadened, which a�ects the transport properties. The retarded

and advanced Green's functions are calculated as Gr = (E −HM − ΣL − ΣR)−1,

and Ga = (Gr)†.
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As stated above, the calculation of transmission function T (E) is cru-

cial. All other physical parameters that characterize the thermoelectric properties

of molecular junctions are estimated following the calculation of T (E) with and

without a magnetic �eld. The electrical conductance G, thermopower or Seebeck

coe�cient S, thermal conductance due to electrons kel, and �gure of merit ZT

in the domain of linear-response and around room temperature, in which we are

concerned, are given by[39, 50]

G =G0K0, (4.5)

S =− K1

|e|T K0

, (4.6)

kel =
2

hT
(
K2 −

K2
1

K0

)
, (4.7)

ZT =
K2

1

K0K2 −K2
1

, (4.8)

where, as usual, h is the Planck's constant, e is the electronic charge, kB is Boltz-

mann's constant and G0 = 2e2

h
is the quantum of conductance. One of the metal

contacts is at an elevated temperature TH , while the other is at temperature TC ,

and thus T = (TH + TC)/2 is the average temperature across the junction. The

Landauer integrals Kn in Eqs. (4.5) - (4.8) are given by [39, 50]

Kn =

∫
T (E)

(
− ∂f(E)

∂E

)
(E − EF )ndE, (4.9)

where f(E) = 1/[1 + exp((E − µ)/kBT )] is the Fermi-Dirac distribution function

for electrons in metal contacts. We consider the equilibrium chemical potential to
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be approximately equal to the Fermi energy of the metal contacts, i.e., µ ∼ EF

when analysing the thermoelectric properties of molecular junctions. The low

temperature limit of the above expressions read

G =G0T (EF ), (4.10)

S =− π2k2
BT

3|e|
1

T (EF )

∂T (EF )

∂E
, (4.11)

kel =K0GT , (4.12)

ZT =
GS2T
kel

. (4.13)

These are the quantity of interest in the present study. The e�ect of the magnetic

�eld on thermopower is investigated.

4.4 Numerical Results and Discussion

We now present our results obtained from the tight-binding model-based calcu-

lations of the thermoelectric properties of a benzene ring and a fullerene (C60)

molecule connected symmetrically to the metal electrodes. The results presented

below focus on the response of these molecular junctions to an externally applied

uniform magnetic �eld in terms of modi�cation in their thermal properties. The

molecular junction is described by the tight-binding Hamiltonian and the metal

electrodes are considered as free-electron reservoirs, each at its own thermal equi-

librium. The electron reservoir exchanges electrons with the bridging molecule
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Figure 4.1: Schematic depiction of the (a) benzene and (b) fullerene molecular
junction studied in this work. Transport of the electrons between the left and
right leads (K = L,R) appears due to the di�erence ∆T between the leads'
temperatures, TL and TR. The hot left lead and cold right lead are kept at

temperatures TL = T + ∆T /2 and TH = T −∆T /2, respectively.

at the rate Γ/~. For both models, the tight-binding parameters, viz., the on-site

energies εi are set to zero for all atoms considered in the model, while the nearest-

neighbor hopping integrala are considered uniform, tij=2.5 eV. Unless speci�ed,

we consider metal-molecule coupling Γ= 0.1 eV and temperature T=300 K.

4.4.1 Seebeck coe�cient

As shown in Fig. 4.1 (a), the benzene ring is connected symmetrically to the

metal electrodes. For the chosen parameters, the two-fold degenerate HOMO and

LUMO are positioned at 2.50 eV and -2.50 eV respectively, however, broadened

due to coupling to the electrodes. The transmission probability function T (E) as

a function of energy is shown in Fig. 4.2 (a). Transmission resonance occurs for
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E ∼ EHOMO and EHOMO and thus T (E) ∼ 1 at the location of the frontier en-

ergy levels, i.e., the transmission peaks correspond to the position of HOMO and

LOMO energy levels. Also plotted are the logarithmic transmission function and

the negative di�erential transmission function (with appropriate factors in accor-

dance with Eq. 4.11). The major challenge in the model-based calculations of the

Seebeck coe�cient is the location of the Fermi energy level EF in the energy con-

tinuum of the metal electrodes. However, the zero-bias conductance measurement

o�ers a solution as it corresponds to the transmission through a single channel at

E = EF , i.e., G = G0T (EF ). The experimentally measured value for a benzene di-

thiol molecule bridging gold electrodes as reported in Refs. [22, 23] is G ∼ 0.012G0

and Seebeck coe�cient, S > 0. For our setup, this corresponds to EF ∼ 0.5 eV

above the HOMO energy level, represented by a dotted line in Fig. 4.2 and thus

from Fig. 4.2 (c), S = 1.02µV/K. It must be made clear that this is not a new and

signi�cant result, however, this quantitative value at zero �eld helps understanding

its evolution under the magnetic �eld applications as discussed in the next section.

In contrast, owing to the enhanced structural symmetry, the LUMO and HOMO

in C60 possess three- and �ve-fold level degeneracies, respectively. However, due to

geometrically asymmetric connection to the contact leads, the degenerate energy

levels remain nearly unsplit, and thus, the otherwise expected split features will

not appear in the transmission spectrum. For the choice of our parameters, the

LUMO and HOMO are positioned at 0.34 eV and -1.54 eV, respectively. Undoubt-

edly, the transport properties of the molecules depend on several factors but most
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Figure 4.2: Variation of (a) transmission probability T (E), (b) logarithmic
transmission LogT (E) and (c) Seebeck coe�cient S, as a function of energy for
a para-connected benzene ring junction. The vertical dotted line represents the
position of Fermi energy at ∼ 0.5 eV above the HOMO energy level, as estimated
from the experimental zero-bias conductance value, G ∼ 0.012G0 with a positive

thermopower, S > 0.[22, 23]

importantly on the molecule-lead coupling and the molecular energy level align-

ment relative to the Fermi energy EF of the metal electrodes. The calculations

presented in Fig.4.3 are only representative of the generic characteristics of a C60

molecule with the electrodes connected diametrically opposite. This includes the

transmission probability, logarithmic transmission and the Seebeck coe�cient as

a function of energy. The experimentally measured value for a C60 molecule in

contact with the gold electrodes is G ∼ 0.1G0 [24, 25] and Seebeck coe�cient,

S < 0.[51] This value corresponds to EF ∼ 0.02 eV below the LUMO energy
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Figure 4.3: Same as in Fig. 4.2 for a C60 junction connected symmetrically
to the contact leads. The Fermi level that is positioned at ∼ 0.02 eV below
the LUMO is estimated from the experimental zero-bias conductance value,

G ∼ 0.12G0 with a negative thermopower, S < 0.[24, 25]

level, represented by a dotted line in Fig. 4.2 and thus S = −16.92µV/K. As

stated before, this result is only qualitative. Realistic calculations that re�ect the

physical scenario require the incorporation of many-body e�ects, which is outside

the purview of the current e�ort. Our attention is more on the magnetic �eld's

in�uence on thermopower.
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Figure 4.4: Thermoelectric properties of a symmetrically connected benzene
ring junction:(a) Electrical conductance, (b) thermopower, (c) thermal conduc-
tance, and (d) �gure of merit, as a function of incident energy E, calculated for

metal-molecule coupling strength Γ=0.1 eV and temperature T=300 K.

4.4.2 Figure of merit

As discussed in the introductory section, the e�ciency of a thermoelectric device is

determined by the �gure of merit (ZT ). It is anticipated that an e�ective thermo-

electric device will simultaneously increase the electrical conductance G to allow

current to �ow but with little Joule heating, reduce the thermal conductance kel

and increase the Seebeck coe�cient S. However, the strong inter-dependence of
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Figure 4.5: (a) Electrical conductance, (b) thermopower, (c) thermal conduc-
tance, and (d) ZT as a function of energy E, for a symmetrically connected
C60 fullerene, calculated for metal-molecule coupling strength Γ=0.1 eV and

temperature T=300 K.

heat and charge transfer, which is particularly prominent at the nanoscale level,

makes ZT di�cult to increase. Nevertheless, due to the incredibly narrow gap be-

tween the electrodes, transport across the molecule is predominantly ballistic. As

a result, it is expected that the molecular junctions exhibit appreciable ZT values.

Additionally, the molecules are expected to exhibit relatively strong ampli�cation

in ZT values near the interference features in the transport. Chemical substitu-

tions are known to modify the interference e�ects in molecules, which could be
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useful in designing e�cient molecular thermoelectric devices.

The thermoelectric properties of a benzene ring junction is shown in Fig.

4.4 and that for C60 in Fig. 4.5. As is evident that the thermal conductance (kel)

closely follows the transmission peaks. This is due to the major electronic contri-

bution to the thermal conductivity while the phonon contribution is not taken into

account (kph = 0). In contrast to the bulk material, the molecular energy levels

are relatively distinct while the level broadening due to metal electrodes depends

on the metal-molecule coupling strength. In essence, the molecular energy can

be modulated for a sharp resonance at low coupling strength. This increases the

ZT value around the resonant transport due to enhanced conductance. For an

optimum ZT , the molecular energy level must be on the order of kBT away from

the Fermi energy level of the electrodes.[36] The ZT for benzene is ∼ 10−3, while

it reaches ∼ 0.03 for C60, when both operated around the resonant transmission.

Although the ZT values for the molecules under investigation are determined to

be less than unity, a carefully designed setup may o�er a good chance for ZT ∼ 1

or more.[52, 53] Therefore, additional research in this area is required. We now

move on to discuss the magnetic �eld modulation of the transport properties of

C60 fullerene and study thermoelectric properties in relation to the magnetic �eld

e�ect, if any.
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4.4.3 Field e�ect on the transport properties of C60

To study the magnetic �eld e�ects, we modify the hopping integrals suitably.

As discussed in Chapter 2, the magnetic �eld enters the calculation through the

phase factor in the hopping integrals. Furthermore, as explored in Chapter 2, the

degeneracy of the molecular energy level is indispensible for the magnetic �eld

control of current through the molecular ring structures. The frontier orbitals of

the planar ring structures are usually 2-fold degenerate, however, it is appealing

to explore the magnetic �eld e�ects in the n-fold (n > 2) degenerate energy level

systems. C60 fullerene is a suitable molecule for the purpose which has 3-fold

degenerate lowest unoccupied molecular orbital (LUMO) and 5-fold degenerate

highest occupied molecular orbital (HOMO). One may view C60 as a non-planar

multi-ring system that exhibits the current magni�cation e�ect at a certain bias

voltage.[54�56]

We here focus on the evolution of the otherwise 3-fold degenerate LUMO

energy states of C60 fullerene in a magnetic �eld, which could be useful in device

applications. As discussed in Chapter 2, in order to see the magnetic �eld in�uence

on the electron transport properties, we consider C60 connected asymmetrically to

the metal electrodes. For a speci�c geometrical connection of C60 to the contact

leads, we apply �eld along di�erent symmetry axes, however, the results are es-

sentially indi�erent. The response to an externally applied magnetic �eld in terms

of the modulation in the electron transmission probability is shown in Fig. 4.6
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Figure 4.6: Evolution of transmission probability as a function of electron
energy around the LUMO state of a C60 fullerene molecule connected asym-
metrically to the metal electrodes at zero temperature for the metal-molecule

coupling strength, Γ = 0.01 eV.

for a low coupling Γ = 0.01 eV so as observe the evolution of the well-resolved

features of the transmission probability function, T (E). As is evident from the

�gure that the contact leads do not lift the level degeneracy completely, leading

to only two transmission peaks at zero �eld. However, the applied �eld makes the

emergence of a third peak �anked by shoulder peaks on either side, which then

grow and merge for transmission maximum at 5 T. Beyond this, the transmission

maximum peak gets separated into three distinct peaks corresponding to 3-fold

degeneracy of the LUMO and the area under the transmission probability curve

continues to increase with the �eld until a high magnetic �eld is applied (50 T,

not shown), beyond which the area gradually saturates. In contrast, in the sym-

metric connection of the contact leads, the level degeneracy remains una�ected

until a high magnetic �eld is applied. This is considered in the next section in
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Figure 4.7: (a) C60 fullerene junction. (b) Field in�uence on the I-V character-
istics of an asymmetrically-connected C60 for Γ = 0.01 eV at zero temperature
and �eld is applied along the C3 symmetric axis. Essentially indistinguishable
I-V characteristics are obtained for the �eld applied along the C2 axis (not

shown).

relation to thermopower variation with the �eld. However, at the moment, we

consider �eld-modulation of transmission probability for asymmetrical connection

as re�ected in the current-voltage characteristics shown in Fig. 4.7. Though not

shown, the current increases furthermore with an increase in the magnetic �eld

and eventually get saturated at high magnetic �eld values above 50 T.

Focusing more on the �eld modulation of current through C60 fullerene,

we consider an atom added C60 in relation to the emergence of a discrete energy

level in the energy spectrum of the resultant system. The added atom X occupying

the atomic site on the C60 surface is known to signi�cantly modify the energy

levels leading to an enhanced conductance compared to a pristine C60 fullerene.[57]

However, if the atom is in isolation within C60, it interacts only weakly with the

carbon atoms in the C60 cage resulting in a distinct energy level corresponding to

the valence orbital of the added atom appearing close to frontier molecular orbitals
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Figure 4.8: (a) Same as in Fig. 4.7, however, with an impurity atom placed
at the center (red color). (b) I-V characteristics in presence of impurity energy
level placed just below the LUMO. The inset shows a current around 0.4V bias
voltage corresponding to current conduction through the impurity energy level.

of C60 or within its HOMO-LUMO gap.[58, 59] However, the discrete energy level of

the added atom can be adjusted to lie within the HOMO-LUMO gap by suitably

selecting speci�c atoms or con�ning the atom's location at a suitable position

within the C60 cage.

Here, we consider an impurity energy level positioned below the LUMO

and is susceptible to change depending on the tight-binding parameter values so

chosen. We take the onsite energy of the impurity atom, which is considered to be

located near the core of the C60 fullerene, to be 0.2 eV and the hopping integral,

0.1 eV. To be more precise, this is e�ected through the renormalized "two-site"

tight-binding model.[60, 61] For the above chosen parameters, the impurity level

is positioned at an energy 0.23 eV below the LUMO. The I-V characteristics of

C60 with an atom X at the center in presence of a magnetic �eld are shown in

Fig. 4.8. Unlike the doping that signi�cantly changes the energy spectrum of C60,

the added atom at the center does not a�ect the energy spectrum other than the
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emergence of discrete energy level in the vicinity of energy states corresponding to

the frontier molecular orbitals (HOMO/LUMO). Thus, the I-V characteristics es-

sentially remain unaltered, however, the conduction through impurity energy level

gets modulated by the applied magnetic �eld. The electron transport characteris-

tics of C60 fullerene may bene�t from such alteration, and in particular, the �eld

modulation of current conduction through impurity energy level, as illustrated in

the inset, may be advantageous for device applications.

4.4.4 Magnetic �eld e�ect on thermopower

We now consider the magnetic �eld e�ects on thermopower. Since the transmis-

sion probability is more strongly modulated by the applied magnetic �eld around

the resonance, which a�ects the slope of the transmission function, leading to a

considerable chance of an increase of thermopower with the applied �eld. How-

ever, for a given �eld value, the degree of modulation, or the energy split of the

molecular energy levels, depends on the metal-molecule coupling strength. Fur-

thermore, if the increase in thermopower brought about by the increase in the

slope of the transmission probability function resulting from the energy split is to

have any practical importance, the energy split must be bigger than the thermal

broadening or kBT . This is demonstrated in a recent study that the dependence

of thermoelectric properties on the applied magnetic �eld disappears at higher

temperatures.[62]
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Figure 4.9: Magnetic �eld e�ects on the thermopower or Seebeck coe�cient
S around the LUMO energy of the symmetrically connected fullerene molecular
junction for four di�erent values of the magnetic �eld, B =0, 25 T , 50 T , and

100 T .

The thermopower of a benzene molecule is small and an increase under

�eld application is insigni�cant even for �eld values as high as 25 Tesla. We at-

tribute this to a small magnetic �ux the benzene molecule encloses. The demand

for a strong magnetic �eld can be reduced by lowering the metal-molecule coupling,

but the energy resolution needed to capture the sharp resonance at low coupling is

exceedingly challenging to achieve. Furthermore, the thermal broadening removes

such sharp and distinct features. We didn't pursue furthermore, though closely

related works are available in the literature.[63, 64] For our model calculations, we
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choose C60 instead. We apply �elds along di�erent symmetry axes, however, the

results are essentially indi�erent. The variation of thermopower with a �eld for

energy around the otherwise 3-fold degenerate LUMO is shown in Fig. 4.9. The

�eld employed for the purpose is extremely high so as to a�ect the energy split

that results in a modulation of the slope of the transmission probability for an in-

crease in thermopower. As is evident from the plot the thermopower is enhanced

by a factor of 103 when the �eld strength is increased to 25 Tesla, beyond which

the increase is insigni�cant. This clearly demonstrates that in a suitably designed

molecular junction, the thermopower can be modulated by an externally applied

magnetic �eld. On the usage of the large magnetic �eld, it must be made clear

that the �eld required for the split of the energy levels can be lowered by reducing

the metal-molecule coupling strength, however, the feasibility of the energy resolu-

tion required to capture the sharp resonance associated with the very distinct and

precise energy levels at low coupling must be taken into consideration. Further-

more, exceedingly abrupt modulation of transmission function around resonance

under �eld application at low coupling , which is more pronounced in asymmet-

ric connection, resulting in the over-estimate of ZT (>10) has to be considered

with some caution, as our calculation is valid only if the transmission function is

smooth and slowly varying within kBT around Fermi energy EF . A trade-o� be-

tween the contact con�guration (symmetric/asymmetric), coupling strength and

magnetic �ux must be investigated for optimum thermoelectric performance. Any

advancement in this direction will be discussed elsewhere.
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4.5 Summary and Concluding Remarks

The thermoelectric properties (S, ZT ) of benzene and fullerene (C60) are cal-

culated within the tight-binding model. The study of their variation across the

energy spectrum of the molecule help understand the possibility of enhancing the

thermopower and the �gure of merit. As they inherently depend on the trans-

mission probability and on the slope of varying transmission probability function

around the Fermi energy EF , a �nely tuned resonance conduction and modulation

of transmission function can have a greater prospect of enhancing S and ZT values.

Our study suggests that the magnetic �eld has a signi�cant potential to increase

thermopower. Although the results presented here are only indicative, the �eld

dependence so pronounced in the analysis should have some signi�cance that may

be unveiled and discussed. Thus, an in-depth investigation is highly warranted to

establish the magnetic �eld dependence of the thermoelectric properties.
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Chapter5

Future Prospects

In this thesis, the in�uence of magnetic �eld on electron transport through molec-

ular quantum ring structure junctions and the associated e�ects are studied. It is

found that weak coupling is essential for the magnetic �eld-based current control

in smaller ring structures, while its role is signi�cantly less in larger structures.

This observation is based on the tight-binding calculations of electron transport

through the polycyclic aromatic hydrocarbons (PAHs) of increasing size under the

�eld application in the range, 0 to 10 Tesla. However, the increased magnetic �ux

through larger structures enables the modulation of energy levels with relative

ease, leading to current control at relatively small �eld values (∼ few Tesla). The

circular current-induced force in a ring junction is studied and the reliability issues

concerning junction instability due to rupture of bonds in the ring owing to large

induced force at resonant bias are explored. Towards the end of the thesis, the

possibility of magnetic �eld modulation of thermoelectric properties of ring struc-

ture molecules, viz., benzene and C60 fullerene is investigated. The development

of molecular devices with increased functionalities is likely to be facilitated by ap-

propriately designed ring structure junctions that take into account the research
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�ndings provided in this thesis.

Although the main objectives of the work undertaken have been accom-

plished, further research is required to validate the present �ndings based on the

tight-binding model calculations. The ab initio-based calculations incorporating

the many-body e�ects, inelastic processes and dephasing, are highly necessary to

accurately re�ect the physical situations. Future works in this area are expected to

involve the physical demonstration of magnetic �eld e�ects studied in the present

work. We feel that this thesis may provide crucial and necessary background in-

formation and a stimulating discussion for future studies. The following are some

of the areas that have been identi�ed as worthwhile problems for investigation.

� (1) Chapter 2: First-principles calculations of the magnetic �eld e�ects on

current conduction through ring structure junctions.

� (2) Chapter 2: Experimental study of magnetic �eld control of current

through graphene nano junctions.

� (3) Chapter 3: Determination of circular current in realistic situations.

� (4) Chapter 3: Quantitative analysis of circular current-induced force in ring

junctions.

� (5) Chapter 4: Experimental study of magnetic �eld enhancement of ther-

mopower of ring structure molecular junction.
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The aforementioned key points highlight the future works which, however, require

some justi�cations and thus the following brief overview is important.

(1) Our work is based on tight-binding calculations. Although it is the most

widely used method for calculating the electron transport properties of the molecu-

lar junctions, the many-body interactions are, however, either neglected or treated

on a mean-�eld level. The ab-initio approaches, on the other hand, are those that,

in principle, rely only on the basic principle of physics and do not require inputs

from the experimental results. The consideration of many-body interactions that

include the electron-electron interaction, correlation e�ects, etc are important for

capturing the electron transport features under realistic situations. However, the

ab-initio calculations are computationally expensive and especially cumbersome

to handle when the bulk metal electrodes with an in�nite degree of freedom are

considered. One of the most useful methods to calculate the transport properties

is the density functional based tight-binding theory, which now has become an

integral part in the study of molecular electronics. Calculations may take into ac-

count the external magnetic �eld, and the results re�ecting the realistic situations

with and without a magnetic �eld may be unveiled and discussed.[1]

(2) Notwithstanding the promising results of the calculations, the experimental

studies are highly desirable for the detailed understanding of magnetic �eld-based

characteristics of the nano-graphene molecular junction. Owing to the very small

size of the molecular rings like benzene, the experimental test of the magnetic �eld
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in�uence on the electron transport properties becomes extremely challenging and

the test results are rare,[2] however, nano-graphene molecular junctions could be

used as a testbed for investigating the �eld e�ects. Furthermore, it is possible to

investigate the magnetic �eld sensitivity of current control by changing the an-

choring groups that bind the nano-graphene sheet to the metal electrodes. The

results are expected to be useful for the design of nano-graphene based molecular

junction devices with magnetic �eld control features.

(3) Much of the basic physics of circular current is already been captured in the

tight-binding calculations, however, it is imperative to go beyond the limitations of

the tight-binding theory and investigate the impact of the many-body interactions.

Equally crucial is the experimental determination of circular current, which can be

accomplished by measuring the induced-dipole moment in a cantilever magnetom-

etry setup. As the induced circular current in a suitably designed ring junction

become signi�cant at the resonance transmission, the setup can be considered as

a molecular magnet possessing a tunable magnetic �eld. Careful consideration in

this direction is invited adding thereby an extra functionality to the ring junction

setup with a possible magnetic �eld modulation of the optoelectronic properties

of the ring molecules.[3]

(4) One major concern in the molecular electronic devices is the Joule heating

leading to a possible thermal runaway of the devices. Considering a narrow gap be-

tween the electrodes, the electrons traversing the gap through a bridging molecule
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dissipate the majority of the heat in the molecule-electrode interface or in the metal

electrodes. This leads to reliability issues of the molecular devices. Additionally,

as studied in this work, the circular current-induced force may become signi�cant

at the resonant conduction leading to a possible bond rupture in the ring junction

devices. Detailed theoretical and experimental studies are indispensable for quan-

tifying the circular current-induced force in the ring junctions. This greatly helps

in addressing the performance and reliability issues in the ring junction devices.

(5) Calculations have demonstrated the in�uence of magnetic �eld on the ther-

moelectric properties of monolayer graphene at low temperatures.[4] Our results

suggest that the applied magnetic �eld may modulate the thermopower of the

ring structure junctions that are of relevance to practical applications and further

development of molecular thermoelectric devices. To corroborate the �ndings of

the present work, however, much more precise calculations are absolutely required.

Additionally, the experimental demonstration would provide new impetus for the

development of e�cient molecule-based thermoelectric devices.

We believe that the hitherto unexplored areas studied over the years culminating in

the form of a thesis represent the actual physical conditions of the ring structure

junctions, however, to validate our �ndings a careful and thorough assessment

through the available state-of-the-art experimental techniques is indispensable.

Undoubtedly, further study is needed and with the race for rapid development of

sophisticated experimental techniques, we express a great hope that the results
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of the systematic research work covered in the present venture will be realized in

near future, or at the very least put to the test. Until then some of our predictions

made and the trends observed in the present endeavor may remain elusive.
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