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Abstract

Abstract

As transistors continue to miniaturise the importance of describing electronics on
an atomic scale increases. A molecular junction consists of a molecule connected to
to metal electrodes via linker molecules and may be thought of as the prototype
system for electronics on a few nanometre length scale. For charge transport
calculations such systems are usually treated with a single particle approximation

such as [NEGF| + [DFT] non-equilibrium Green’s function plus density functional

theory. Typical single particle treatmentsare incomplete due to approximations
made in the treatment of the electronic structure leading to discrepancies between
theory and experiment by orders of magnitude, believed to be due to electron
correlation. A solution to this is an accurate many body treatment of charge
transport explicitly accounting for electron correlation. In this thesis the
comparison of many body method (Many Electron Correlated Scattering)
to experiment and single particle methods, in particular the is
performed. Comparison with single particle methods is established for
alkane-based and silane-based molecular junctions utilising both thiol and amine
linker molecules. In addition, components of the method such as electrostatic
behaviour and screening, electronegativity, sensitivity to boundary conditions, and
the level of treatment of electron correlation are tested. Comparisons with single
particle methods yield agreement for systems with a lower degree of electron
correlation such as alkane-based molecular junctions, with a larger disagreement
between single particle and MECS methods for the moderately correlated
silane-based junctions. A complex band structure analysis was performed on silane
and alkane junctions with an emphasis on the dependence with respect to the
linker molecules was undertaken to further investigate energy level alignment and
demonstrate how alignment is affected by end groups. Electrostatic calculations

have been used to investigate and quantify the effects of the screening effect on

Correlated electron transport across atomic — Xii Shane Mc Dermott
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Abstract

point contact and molecular junction voltages focussing on the screening length
into the metal contacts was performed. This allows for more accurate estimates of
the applied voltage across the junctions. The application of single particle open
system boundary conditions through the use of the Wigner function is shown to be
robust with respect to electrode dimensions and geometry, and is demonstrated to
have little impact on the current for molecular junctions. Electronegativity
calculations consist of a hexatriene-di-thiol model system with variable treatment
of the electron correlation in comparison with conventional electronic structure
treatments and demonstrate that correcting ionisation potentials and electron
affinities with electron correlation leads to inreasing the overlap to the exact
one-electron reduced density matrix thereby improving theoretical predictions of

electron currents on the nanoscale.
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1. INTRODUCTION

Microelectronics has continued on the path of minaturisation of transistors for
improvements in circuit performance and cost per function over the last 50 years.
The transition to quantum scale devices is desired, where the principal aim is to

design transistors on atomic scale lengths.

These junctions could include logic and memory and could allow for higher device
density on chip while increasing function and lowering cost per unit. Molecular
junctions provide a theoretical and experimental laboratory that allows for
exploration of atomic scale limits that allows for the continuation of Moore’s law

[1] into the atomic scale.

A molecular junction consists of a molecule placed between two electrodes (usually
metal). The molecule can be organic, inorganic or a polymer chain and is attached
to the electrodes via linker molecules. A principal aim of the development of
molecular electronics is to utilise molecular junctions to improve common transistor
components in devices. Electronic processes at the molecular level differ from
mesoscopic scale devices not just in length scale but also in physical operation.
This presents both theoretical and experimental challenges. A requirement is that
molecular junctions can be easily reproduced and are stable while performing the
diverse functionality of conventional computational architecture. From a materials
point of view molecular devices are constructed from the bottom up atomic scale
using small molecular components to form larger devices. This is in contrast to the
top-down traditional method where larger devices are minaturised. Therefore new
difficulties arise regarding how to create molecular devices from single molecules in
addition to many new challenges(i.e. integration into large scale complex

architectures and theoretically modelling the behaviour of junctions accurately).

Despite these difficulties molecular electronics offer many opportunities. These
devices operate in the quantum regime where the small dimensions of devices give

rise to unexpected phenomena with potential for new device applications. This

Correlated electron transport across atomic 2 Shane Mc Dermott
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1. INTRODUCTION

offers the possibility of powerful nanoelectronics technology in the near future.

Possible applications include molecular photochromic switchs which open or close
depending on the frequency of electromagnetic radiation incident upon it, with
resistance increasing by up to three orders of magnitude in the closed position

[2, B]. Such molecular switches could be arranged in arrays to implement logic
operations. However due to the mechanical nature of the molecular switches the
switching speed is limited. In contrast by using a transistor that relies on charge
transfer greatly improves switching speeds and should in principle be achievable.
The first example of a molecular transistors was proposed in 1988 [4]. In these
devices a high degree of flexibility and control may be achievable where molecules
are arranged in one two or three transistor terminal circuits to serve as building

components for a variety of digital logic functions (i.e. an inverter, a NOR logic

gate, random access memory (RAM]) cell [5] 16]), and rectifier [7, [§].

Molecular electronics could be also used in the implementation of memristors.
Memristors are two terminal devices that are based on resistive switching [9].
Another alternative approach to molecular electronics systems include spintronics
which uses both open and closed spin shells to form spin devices [10} [T, 12].
Indeed the incredible number of possible molecules leads to a high potential for a
large number of interesting structures yet to be discovered. In addition, molecular
junctions also give the opportunity to investigate and understand the electron
transfer mechanisms of relevance to biology and chemistry [13| [14] within a
controlled experimental environment. In order to develop molecular electronics,
the fundamental science of molecular junctions must be better understood to

develop design paradigms.

Current research in molecular electronics is directed towards determining

conductance across molecular junctions. In electronics, conductance (G) across a

Correlated electron transport across atomic 3 Shane Mc Dermott
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1. INTRODUCTION

junction is determined from the current (1) and applied voltage (V).

I

G=av

(1.1)

At the atomic scale, conductance is quantized as predicted by Landauer [15]. For
molecular and low dimensional systems, the conductance is given by the Landauer
formula

_2¢?

G ==-MT (1.2)

where M is the number of modes (M = 1,2,3.. etc), T is the transmission, h is
Planck’s constant and e is the elementary unit of electric charge of a single-electron
1.602 x 10°C. Typically gold or platinum electrodes are used in molecular

junction experiments to avoid oxidation.

The two main experimental methods for measuring current within molecular
junctions are by using electrochemical [16] [I7], mechanical break junction methods
[18, [19] and electromigration break junctions [20]. These methods can facilitate
fast measurement producing large amounts of data. This data can be used for
statistical analysis to gain insight into geometry and charge transport mechanisms.
Mechanical break junctions involve two electrodes which are slowly stretched with
microactuators deforming the geometry while measuring the conductance. As the
junction is being stretched apart the junction goes through various geometry
transformations with a corresponding conductance for each new geometry.
Onedifficulty is determining the exact geometry configuration for a measured
conductance. Electromigration break junctions exploit the effect of
electromigration which causes ions to move in the presence of an applied field due
to both the direct effect of an applied filed and the electron 'wind’ due to
scattering of oppositely charged electrons to modify junction geometry.
Electrochemical junctions involve the use of a reference gate electrode in addition

to the source and drain to control molecular orbital band gaps. By applying a

Correlated electron transport across atomic 4 Shane Mc Dermott
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1. INTRODUCTION

positive or negative charge to the reference gate (counter) electrode the position of
the Fermi level relative to the HOMO] Highest occupied molecular orbital and the
[LUMO| Lowest occupied molecular orbital can be modified and the resulting
current measured. Thus electrochemical gating yields conductance curves based on

the gate potential which reflect the molecular energy levels of the system.

Modelling in contrast allows one to craft and study specific relaxed geometries
according to commonly used electronic structure formalisms. With modelling it is
possible to determine the bonding and orbitals for a junction in addition to its
current voltage profile. Comparisons between theory and experiment can prove
difficult for molecular junction as the corresponding experimental atomic
configuration for each conductance value for a given molecule is as yet not fully
understood. This uncertainty can lead to difficulties in comparison between
experiment and theoretical calculations, however when achieved a wealth of

information concerning charge transport in nanostructures can be extracted.

Traditional approaches to modelling electron transport at the atomic scale rely on
single-particle (electron) approximations such as Hartree Fock (HF) [2I] or more
commonly Density Functional Theory [22]. The Hartree Fock method is the
best approximation to the ground state energy of a system of interacting electrons
when treating the many-electron wavefunction as a single Slater determinant. This
is solved utilising the variational method where starting from an initial guess the
system energy is minimised with respect to the individual electron wavefunctions
(or orbitals) leading to lowest lying energy state within the Slater determinant

approximation.

Single electron approximations treat electron-electron interactions using a mean
field approximation where the presence of all electrons is treated as an averaged
field. This neglects individual electron-electron interactions, which taken as a sum,

are defined as electron correlation (i.e. the difference between the single-electron

Correlated electron transport across atomic 5 Shane Mc Dermott
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1. INTRODUCTION

mean field approximation and the complete (full) non-relativistic energy including
all electron-electron interactions and multi-reference configurations). The Hartree
Fock method is a starting point for most post single-particle methods which

account for electron correlation such as configuration interaction, coupled cluster,

and GW.

Density functional theory draws from the fact that many ground state properties
of a many electron system can be determined from the electron density. Density
functional theory utilises functionals solely of the electron density to determine the
total energy. Approximations are introduced into density functional theory in the

functionals describing electron exchange and correlation.

For conventional electron transport calculation for molecular junctions,
single-particle methods are used in conjunction with Non-Equilibrium Greens
Function (NEGF]) methods [23] and can provide accurate results for many systems.
While NEGF]is in principle a many-body method, in practice however it is

typically applied at a single-particle level.

Previous work involving has led to questions over the effect of
correlation energy on conductance with some conductance values differing by
orders of magnitude relative to experimental values [24, [25]. Therefore deducing
correlated effects on transport methods is critical in determining the cause of
divergence between experiment and theoretical calculations. The approximate
treatment of electron exchange and correlation in [DFT]is believed to lead to a
poor description of the energy level alignments between electrodes and molecules

within single molecule junctions.

[MECS| or Many Electron Correlated Scattering is a many-body transport method
[26], 27]. IMECS| utilises configuration interaction based methods to account
for the correlation energy (e.g., Monte Carlo configuration interaction (MCCI]))).

Using [MCCI] generated configurations to determine the many-body wavefunction,
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[MECS| employs a scattering based formalism to determine correlated transport
across molecular junctions. The [MECS]| method relies on the realisation that open
boundary conditions can be applied to many body systems by utilising the Wigner
function transform [28, 29] in conjunction with the one-body reduced density

madtrix [RDMI

The Wigner function is a quasi probability distribution which allows for the
application of single-particle open boundary conditions to the MECS method.
Initially using the MECS method the many electron wavefunction is obtained and
used to determine the RDM] reduced density matrix. Applying the Wigner-Weyl
transform [30] to the reduced density matrix transforms the from a
Hilbert space representation to a phase space (postion and momentum) Wigner
function representation necessary to apply boundary conditions. Thus the
Wigner-Weyl transformation allows for the application of single-particle boundary

conditions to the many-electron wavefunction.

Conventional approaches and approximations to electron transport can in many
cases accurately determine the current, but there is no systematic way of knowing
when and why they fail [24]. With many-electron wavefunctiion methods, one can
apply perturbation theory or configuration interaction to improve results and the
degree of approximation. The method with a many-body treatment
therefore seeks to treat the transport calculations with the highest degree of
accuracy. The development and application of the method aims to provide
a many-body benchmark to determine which approximations are valid and why

various treatment of charge transport can fail.

generates random single and double excitations relative to a trial
many-electron wavefunction and reaches a solution using the variational method
keeping only those excitations with large contributing coefficients while discarding

the rest. This process is repeated to obtain a configuration interaction vector of
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dominant configurations. Since [MCCI| generates single and double excitations from
the current vector and not just the reference state, it can therefore in principal
capture any excited level so long as it sigificantly contributes to the wavefunction.
Due to this feature [MCCI] is not excitation limited as is the case for most

traditional [CI| approaches.

The current implementation of MECS]|is a finite sized system where the boundary
conditions are applied to the electrodes. Boundary conditions are imposed via
Wigner distribution functions to apply single-particle open system boundary
conditions to the many-electron wavefunction. Constraints are applied to the many
electron wave function by constraining the value of the Wigner function for
incoming momenta in the electrodes to mimic the effect of the electron reservoirs.
The Wigner function constrains electron momentum flow to the scattering region
to mimic the behaviour of a molecular junction contacted to two electron reservoirs

(i.e. electrodes).

The aim of this thesis is the application and testing of the MECS| method. In
particular the aim is to establish and benchmark for a variety of systems
that have reproducible electrical measurements, or that are well understood
theoretically, or both. A motivation for development of the MECS| method is its
ability to act as a means for benchmarking other quantum transport approaches to
determine which approximations are valid and under what conditions. The

following benchmarks are tested during the course of this thesis:

e The quantum of conductance: This is well documented experimentally in the
literature [31], [32]. The quantum of conductance has been determined by
number of electron transport calculation methods and as such it represents
an established benchmark in quantum transport. In this work, point contacts

were used to model the quantum of conductance.

« Electrode-molecule coupling: Of interest is how [MECS| performs within the
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strongly coupled limit(i.e. systems where the electrode-molecule interaction
is large). Point contacts are an example of a system with strong coupling.
Similarly, weakly coupled systems consist of systems where the coupling and
charge transfer between the molecule and electrodes are small (e.g. in
molecular junctions such as aromatic molecules, alkane and silane based

systems coupled to metal junctions through linker molecules ).

o Weakly-correlated systems: is benchmarked in the weakly correlated
system limit. This allows comparison between the MECS| method and weakly

correlated experimental systems such as alkane junctions. [MECY|is diectly

compared against single-electron codes such as [NEGF

o Moderately-correlated system: Further investigation into systems of
increasing correlation was investigated. Starting from the weakly correlated
systems (alkanes), is applied to a system with a higher degree of
correlation (silanes) to test its divergence with uncorrelated electron
transport calculation methods. As is applied to a more correlated
system, divergence between correlated and uncorrelated methods

(NEGEF]/DFT)) would be expected.

o Electrostatics: The behaviour of electrostatics within the electrodes is of
interest to understand how an applied voltage polarises a junction. To study
the voltage drop across a point contact, the Poisson equation is used to
determine the electrostatic potential and how it is determined by an applied

electric field.

o Wigner functions and boundary conditions: A topic of further interest is the
different components of the MECS]| system and their application to finite

cluster models. Boundary conditions are imposed via Wigner function at
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selected regions in the electrode referred to as Wigner planes. Finite
geometry effects and their interaction with boundary conditions are
investigated. The effect of the finite geometry approximation on the current

and stability of the Wigner function with respect to electrode site is shown.

o Electronegativity: Electronegativity describes a system’s affinity for
electrons. An independent particle model is employed and compared to
calculations utilising non-equilibrium Greens functions . The reduced
density matrices of the model wavefunction with second order correlation
corrections and the one-electron Green’s function with second order
self-energies are known to be equivalent [33] [34]. The current can be deduced
from the reduced density matrix. Using a correlated model in conjunction
with conventional electron structure treatment, the relationship between
single-particle electronegativity and the resultant current transport can be
deduced. In this work as electron correlation is increased its corresponding

effect on electronegativity and electron transport is determined.

« Validation: [MECS| was compared to experimental transport results for both
point contacts and alkanes. Reproducible experimental results shows that
the MECS method can accurately describe systems in the strong to
intermediate coupling regime. Comparison of the [MECS| method with
established single-particle theoretical methods both benchmarks [MECS| with
the literature state of the art and provides possible evidence for the

divergence of results for correlated systems.
The following is an overview of the chapters in this thesis.

o Chapter 2: The quantum of conductance is determined for metallic point

contacts using the [MECS| method. Electrostatic tests were carried out on
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point contacts to determine the effect of electrostatic screening on the
voltage and resultant current. The stability of the Wigner functions in the
finite electrode limit is tested and the effect of varying geometry is
investigated. Comparison of the theoretical MECS] calculation to the
experimentally verified quantum of conductance is performed with numerical

error arising out of approximations that are quantified and examined.

o Chapter 3: Contains the comparison of the MECS method to single-particle
methods such as [NEGE] for alkanes and silanes. The molecules are connected
to the electrodes using two linker molecule sets: amines (NHj) and thiols (S)

combined with the alkanes and silanes giving rise to a total of four systems.

Comparison between [MECS| and [NEGF| is performed for all systems and is

compared for theory and experiment on the alkanes. The effect of linker
molecules are studied with the help of a simple barrier model and complex
bandstructure analysis. A energy level alignment is determined and in
conjunction with bandstructure is utilised to explain differences in

conductance.

o Chapter 4: The effects of electronegativity on molecules and transport is
studied. A correlated independent particle model is created and compared to
conventional electronic structure/transport calculations. The effect of
electronegativity on charge transfer, energy level alignments and electron
currents is shown where relationship between the single-particle
electronegativity and voltage current profile is analysed. A relation between

electron correlation and electronegativity, and hence transport is determined.

o Conclusion: The results and benchmarks achieved through the course of this
work are stated and described. In depth analysis of results is discussed with

implications for future theoretical and experimental work are considered.
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Finally conclusions are drawn and future improvements to the method are

discussed.
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2. MANY-ELECTRON SCATTERING APPLIED
TO ATOMIC POINT CONTACTS 2.1 Abstract

2.1 Abstract

Electron transport in a strong coupling regime is investigated by applying the
many-electron correlated scattering method to an atomic point contact
model. Comparing the theoretical calculations to the quantum of conductance
obtained experimentally for these systems allows for the error associated with the
numerical implementation of the MECS| method to be estimated and attributed to
different components of the calculations. Errors associated with implementing the
scattering boundary conditions and determination of the applied voltage in a finite
explicit electrode models are assessed, and as well the the impact on the basis set
description on predicting the conductance is examined in this weakly correlated
limit. The [MECS] calculation for the atomic point contact results in a conductance
of 0.6(Gy in reasonable agreement with measurements for gold point contacts where
approximately the conductance quantum Gy is obtained. The analysis indicates the
error attributable to numerical approximations and the explicit electrode model
introduced in the calculations should not exceed 40% of the total conductance,
whereas the effect of electron-electron correlations even in this weakly correlated

regime can result in as much as a 30% change in the predicted conductance.

2.2 Introduction

Many-electron correlated scattering is a quantum transport method that
relies on use of the Wigner distribution function to apply single-particle scattering
boundary conditions to a many-electron wave function [Il, 2]. The method has been
applied to describe tunnelling in single molecule junctions consisting of benzene
dithiol [1], alkane dithiols [3], alkane diamines [4], silane dithiols and
silane diamines [5]. In each case, the predicted current-voltage characteristics are

in good agreement with available experimental data [6, [7, [8, [9 [10]. For these single
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molecule tunnel junctions, a range of experimentally determined conductances and
several conductance peaks can appear; the explicit atomic configurations
corresponding to different conductance values has not been fully unravelled. Hence
direct comparison to experiment can be difficult, although it should be mentioned
that there is an improvement in the agreement between measured conductances in,
for example, the case of [6, [7, ®], and for the cases where amine linker
molecules are used to bond the molecule to the metal electrodes for which
well-defined conductance peaks result [9, [I0]. However, comparison of the
calculations to date with experiment have been for molecular tunnel junctions in a
weak coupling regime, as the molecules studied are bonded to electrodes via a

linker group (-thiol, -amine) resulting in large contact resistances [3], 4].

Theoretically, the single-particle limit of the MECS method for a single ideal
conducting channel with unity transmission, or in the strong coupling limit, has
been studied for a simple analytical model yielding the well-known result of the
conductance quantum [111 [12]. Here we consider a single conducting channel by
considering an explicit atomic model of a gold atomic point contact. Gold point
contacts have been well characterised experimentally with observation of
conductance quantisation in several measurements [13], 14} [15] [16} 17, 18] [19].
Comparing to these systems where the conductance value is well established
theoretically and experimentally allows exploration of MECS|in a strong coupling
limit and permits an assessment of the explicit finite electrode models used in the

calculations and errors associated with the numerical implementation of the theory.

Relatively little work has been performed studying the effect of atomic orbital
expansions on prediction of electron currents in single-particle models [20, 21], and
even less is known on the role of many-electron expansions about the single-particle
model [22]. In this study, we consider the problem from the standpoint of the

many-electron expansion in spin-coupled Slater determinants. Hartree-Fock
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orbitals are used as single-particle basis states. As a voltage is applied across the
junction, the junction polarises. A new set of self-consistent orbitals can be
recalculated for each new voltage bias point, or equivalently a single configuration

interaction (CI) expansion about the zero electric field self-consistent field solution

N M
=1 I (+Clafa)|®o > (2.1)

i=1m=N+1

can be performed. Here |®g > is the zero voltage Hartree-Fock determinant, ¢ is
the index for occupied single-electron states in |®¢ >, N is the number of electrons,
m is the index for unoccupied single-electron states, M is the number of
single-electron states included in a finite expansion, a', a are the electron electron
creation and annihilation operators, and the CJ* are the [CI| expansion coefficients
for singly-excited determinants. Thouless’ theorem states that any |V > of the
form eq. is itself a single determinant (strictly, for M — oo). Optimising the
coefficients C]" for an expansion including only singly-excited determinants allows
us to explore the single-particle limit of the method [3]. Adding higher
order excitations into a [Cl| expansion allows us to estimate the role of increasing

electron correlations beyond a mean field solution.

Atomic point contacts are somewhat trivial examples for Green’s functions or
single-electron scattering approaches to quantum transport in that it is only
necessary within these methods to calculate the transmission of an electron
impinging on the junction at the Fermi energy. For a single atomic state strongly
coupled to the two leads, it is inferred from a unity or near unity transmission that
the conductance from Landauer’s formula is 2¢*/h, where e is the electron charge
and h is Planck’s constant. In the case of many-electron scattering, the
one-electron reduced density matrix is obtained from a full many-electron density

matrix and the current density is obtained from the one-electron reduced density
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matrix in the direction of current flow as

_ b

J(r) 2mi

[az - az’]p<r7 r/)lr,r’a (2'2>

where p is the density matrix, z is a Cartesian coordinate along the direction of
current flow, r,r’ are position vectors, e and m are the electron charge and mass,
respectively, i = v/—1 and h is Planck’s constant divided by 27. Hence to
accurately determine the conductance, an accurate determination of the
one-electron reduced density matrix and the applied voltage across the junction is
required. Thus atomic point contacts pose a stringent test case for a M
determination of the conductance. In the following, the junction electrostatics,
sensitivity of the boundary conditions to the selection of the explicit electrode
model, and the effect of the many-electron expansion on the electron current are
studied. It will be demonstrated that the conductance quantum can be
approximately determined using [MECS|in an explicit atomistic junction model,
thus allowing an evaluation of the accuracy of the method with respect to

computational approximations.

2.3 Method

2.3.1 MECS transport calculations

The numerical implementation of the MECS| procedure has been previously
presented [2, 23] and here a brief outline of the method is given for reference.
Scattering boundary conditions are applied to model electrodes acting as electron
reservoirs with open system boundary conditions usually expressed as conditions
on the occupation of single-electron wave functions in electron reservoirs, each

locally in equilibrium. For correlated many-electron calculations, there is a need to
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apply the single-particle boundary conditions to a many-electron density matrix. A
difficulty arises in that these boundary conditions are expressed in terms of
single-particle energies and occupations as Fermi-Dirac distributions in the
reservoirs along with the reservoir (local) Fermi levels. The single-particle energies
and occupations have no direct counterparts for a correlated many-electron density
matrix. A formulation of open system boundary conditions that provides a similar
description to the single-particle scattering boundary conditions to model the
electron reservoirs is a fundamental feature of [MECS| and relies on the use of the
Wigner function to apply momentum constraints to mimic the behaviour of
electron reservoirs [24]. The electrodes attached to the scattering region are taken
to act as leads in equilibrium with electron reservoirs; see fig. 2.1} The scattering
boundary conditions can then be re-expressed in terms of the equilibrium momenta
of the electrons flowing inwards to the scattering site. As these distributions are
characteristic of the reservoirs and leads independently of voltage, the inward
electron momentum flow is held fixed to equilibrium values as voltage is applied
between the electrodes. Simultaneously, the reservoirs must be able to absorb any
distribution of electrons flowing or scattering out from the molecules without

disturbing the net inward flow of electrons [25].

Formulation and application of the scattering boundary conditions in the [MECS|
approach uses a many-electron or configuration interaction expansion, and the
N-electron density matrix on the scattering region is determined from the
N-electron wave function. From the N-electron density matrix, a reduced
one-electron density matrix is obtained and re-expressed using the Weyl

transformation to yield the one-electron Wigner distribution function
pn — p1, with Tr(p;) =N

fwla.p) = [ dr exp(~ipr/mpi(a —v/2 q+1/2), (23
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Figure 2.1: Atomistic model for gold point contact. In the figure, the electrodes
are schematically partitioned into a reservoir (R) connected to a scat-
tering site (S) by leads (L) in equilibrium with the electron reservoirs.

where py is the N-electron density matrix on the scattering region, p; is the
one-electron reduced density matrix, fy, is the Wigner distribution function, and
P, q are the Wigner phase space variables. The use of the Wigner function to
apply scattering boundary conditions to single-particle quantum transport
problems is well-known and details of its use to formulate scattering boundary

conditions can be found in [24].

The many-electron density matrix on the scattering region and including an
explicit portion of the electrodes is determined by using the [C] method for the
many-electron Coulomb Hamiltonian. In this approach, an N-electron wave
function is represented as a sum over configuration state functions (or , also

known as an expansion in spin-projected Slater determinants)
|\If >= ZCA|(I)A >, (24)
A

where the |®,4 > are the [CSEs and A is the index over many-electron
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configurations. Any many-body wave function can be written as an infinite sum of
Slater determinants, and this method can in principle deliver an exact solution to
the many-electron Schrodinger equation. The usefulness of [CI] is that truncated
sums of well-chosen configurations can give accurate results for any electronic
property with a controllable approximation to the electron correlation energy:
namely, the number of terms in the length of the expansion. To perform a
calculation, a set of single-electron orbitals that are used to build occupied
configurations for the finite set used in the expansion are chosen. The [CI] method
proceeds by finding the ground and excited states of a quantum system by
obtaining stationary points of the energy by varying the [CI| expansion coefficients.
In practice, the set of configurations to be selected for an accurate description of
the problem is key to a successful treatment of a correlated problem: Monte Carlo
configuration interaction [26] 27] has been used to optimise the set of
included in the many-electron expansion. Using this approach, an initial trial [C]|
vector is chosen and random single and double substitutions are made with respect
to this guess. The variational problem is solved with this expanded vector, and
those configurations that contribute significantly to the wave function are retained
based on the magnitude of their corresponding normalised expansion coefficients.
This sequence is iterated until the calculation converges with respect to the
acceptance threshold for new configurations; the method is outlined in table 1.
Note that the method always works with a compact [C]] vector, is not excitation
limited as higher excitations become included into the trial vector at each new
iteration, and inherently has importance sampling of the [CI] space built-in, as only
those excitations accessible via single and double substitutions relative to the
current trial vector are accessible. This last fact implies that the algorithm always
works with a substantially reduced space, yet can recover any portion of the
correlation energy desired by lowering the acceptance criterion for [CSFg. This

approach is used to select important configurations at zero bias voltage for the
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Table 2.1: [MCCI| procedure after ref. [2§]
K =0.
No
(0) Initialize Define the starting vector |Wo) = > ca |Wa4):
i=1

Repeat steps (1)-(4) until convergence of the
vector length N4 and the energy E
K=K+1
(1) Branching Generate |Wg) = ar|V,4) 1< A< NEL NEH
+1 S R S NK—l + Nnew;
where ag € {0,al a;,al,al a;a;}
Nk —1+Nnew

k) = e ),
(2) Matrix generation Generate Hamiltonian H and overlap S matrices
in the (CSF| basis.
(3) Diagonalisation Solve Hc = ScF.
(4) Pruning IF |c4| > threshold THEN retain |V ,4) ELSE
reject |W4) ;
N
|\IJK> = i{ CA |\IIA>7 where NK < NK—I + Nnew7
A=1
(5) Converged EX = (VK| H UK | < UE|pE >,

ground state and for several low-lying excited states. The configurations selected
in this manner then are merged together and serve as the basis set for the

scattering calculations as voltage is applied across the junction.

In the scattering calculations, additional constraints, those arising from imposition
of open system boundary conditions, are required and there is not an associated
linear eigenvalue problem. Another means for approaching the variational
formulation is required to determine the constraints associated with imposing the
boundary conditions. The many-body wave function for the current-carrying state
induced by the applied electric field and satisfying the reservoir boundary
conditions is solved for by treating the variational problem as a constrained

optimisation using the penalty function method [2]

LW, Niyo] = (V| H + €2 |W) i&-cim] + ;aéCfH\I/)]. (2.5)

1=

The stationary points of £ are sought, H is the many-electron Hamiltonian on the
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scattering region, £ is an external electric field applied along the junction axis z,
the C; are the constraints imposing the scattering boundary conditions (for details
see [1, 2, B, 1T], 12]), and the last term is the penalty function introduced to aid in
the numerical optimisation. The \; are the Lagrangian multipliers used to enforce
the boundary conditions as constraints, and ¢ is a numerical parameter associated
with the penalty function to improve convergence and to avoid ill conditioning
during the search for the stationary points of eq. [2.5] The [CSF in our calculations
are built from real molecular orbitals and to generate a current carrying state it is
required that the [CI] expansion coefficients are allowed to be complex-valued. The
constraints require that the values for the Wigner function deduced from the
many-electron wave function obtained in eq. match those calculated from the
equilibrium wave function at the points in Wigner phase space chosen to model the
behaviour of the electron reservoirs. For a description of electron reservoirs, it is
required to identify incoming electrons from the left and right, and apply these
conditions to the reduced one-electron density matrix. A plane perpendicular to
the net current flow is chosen within the left electrode. The Wigner function for
incoming momentum is determined for the incoming electrons located at all points
on this plane. To simplify the analysis, the planar distribution is integrated over
the in-plane position co-ordinates. With this function, the net inward momentum
flow from the left contact can be specified assuming that the Wigner function is
constrained in a region where it well approximates a classical distribution function.
The Wigner function is first computed from the initial equilibrium (no applied
voltage) many-electron problem on the scattering region, and evaluated for a
chosen number of momenta values p; > 0 in the left electrode. A similar procedure
for the right electrode is performed with the distinction that the electrons
incoming from the right are those with p; < 0. The constraints for the left lead are

expressed as

fow-(qr,pi > 0) — fv=o(qr,p; > 0) =0, (2.6)
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where fgyg+ is the Wigner function calculated from the many-electron wavefunction
on the scattering region as voltage is applied and fi—q is the equilibrium or zero
voltage Wigner function. Note the condition p; > 0 enforces that only the incoming

momentum values are constrained. Similarly for the right lead the constraints are

fow(qr,pi <0) = fv—o(qr,pi <0) =0, (2.7)

whereby the constraints are only applied for p; < 0 to enforce that only the
incoming momentum from the right is constrained. As the outgoing electrons in
the left or right leads are not constrained, the scattering region is free to reflect as
many electrons as needed to make the constrained energy stationary. Once the
constrained minimisation problem is solved, the current is calculated from the
probability current density J,(r) given by eq. . This current density is
integrated over the plane normal to the net flow to obtain the total electron

current passing through the molecule.

2.3.2 Details of the electronic structure calculations

To obtain a set of single-particle orbitals used to build the [CSFk for the [C]]
expansion, a Hartree-Fock calculation is performed [29]. The structure we use to
explicitly model the atomic point contact consists of (111)-oriented gold atoms (fig.
. The tip of each electrode is modelled as a triangular based pyramid with Cy,
symmetry. Geometry optimisation (minimisation of the energy with respect to
nuclear coordinates) is performed on a truncated section of the geometry
containing 39 atoms. Of the 39 atoms, 10 atoms in each back plane are constrained
and the central 19 are allowed to relax during the geometry optimisation. The
single-particle basis set employed in the geometry optimisation is a split valence
with polarisation (SV(P)) used in conjunction with an 60 electron effective core

potential [30]. This central relaxed structure is then re-inserted into to the full
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(111)-oriented gold atom structure. To generate the orthogonal single-particle
basis set used to construct the many-electron expansion functions, the CRENBS
basis set for the gold atoms is used [31] in conjunction with a 78 electron effective
core potential . The CRENBS basis set consist of s and p orbitals to
describe the band arising from the gold 6s state. The seven central atoms in the
structure (central atom plus first plane of atoms in each electrode) are
complemented with a single d function. The electrode geometry is similar to that
used in previous calculations on the alkanes and silanes [5] but has been extended
by an additional back plane of gold atoms. The overall symmetry of the structure
is (s, and the Hartree-Fock electronic ground state has symmetry described by the

by irreducible representation of Csy,,.

To generate [CSFp used in the many-electron [CI] expansion for the transport
calculations, the Monte Carlo configuration interaction technique or [26], 27]
method is used to generate the first six electron states with symmetry of both the
bi and as irreducible representations in Cy,. A threshold for the normalised
expansion coefficients of 7x1073 is used to select important configurations. These
twelve electronic states are concatenated along with all possible singly substituted
configurations with respect to the Hartree-Fock ground states of by and as
symmetry. This choice of configurations for the many-electron expansion allows for
a description of the polarisation of the atomic point contact as the b; and as
symmetric states couple as an electric field is applied along the principal Csy, axis,
and induce a voltage difference between the left and right electrodes. The
requirement to couple the excited states can be readily understood from a second

order perturbation correction to the energy

V|2 [Wo) |
AE(2)262€2Z|< 1
I#£0 EI_EO

(2.8)

describing the quadratic energy dependence as the external electric field induces a
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dipole moment. The perturbation expansion is about the zero external field
many-body ground state and couples to the many-electron excited states through
the dipole matrix elements (U;| z |¥y). Eq. highlights the motivation for
adding the configurations associated with the excited many-body states into the [C]]
expansion: they are required to provide the flexibility in the expansion for the
scattering region to polarise as voltage is applied. Note, from a zeroth order
wavefunction of b; symmetry, only the ay excited states will contribute due to the
field applied along the z-axis coupling these states to the zeroth order wave

function.

2.4 Analysis

2.4.1 Electric field screening

As an electric field is applied, the electrodes are driven out of equilibrium with
respect to one another due to the potential difference governed by left () and
right (ug) chemical potentials as measured within the electrodes. The potential
imbalance introduces a difference in the charge density between the electrodes
resulting in the formation of surface dipoles at the interface between the electrodes
and the scattering region, in this case a single gold atom. Standard practice in
most electron transport computations is to include an external electric field in the
scattering region Hamiltonian to mimic the action of physical electrodes on the
scattering region (a notable exception to this is the method of Ke et al [32]). To
understand the role of the external field in atomic point contacts, it is useful to
consider the depiction of the scattering region as presented in fig. As a voltage
difference is applied between the left and right electrodes, the fact that
electrostatic screening is efficient in metals implies that for the quasi-equilibrium

regions of the electrodes, the electric field will be zero within the electrodes and
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consequently, the electric field is zero within an order of the screening distance, or
equivalently the voltage is constant within the electrodes. Thus all of the voltage
drop is approximately across the scattering region plus two screening lengths into
the electrodes. Typical screening lengths in metals are less than 0.1 nanometre,
hence any charge imbalance in the electrodes resides at the surface of the metal.
The opposite polarity of the surface-induced charges between the electrodes gives
rise to an electric field across the region situated between the electrodes; a
situation depicted in fig. as field lines connecting the electrode surfaces and the
scattering site. Alternatively, one can apply an external electric field and the
junction will polarise in response to the field, and surface charges will be induced
at the surface of the electrodes. In the MECS| procedure, charges rearrange as the
many-electron expansion coefficients are found subject to the open system
boundary conditions and in the presence of the externally applied electric field.
The voltage can then be obtained from the combined field arising from the applied
field and polarised charge distribution in the scattering region [33]. The model of
electrode behaviour we are describing is consistent with standard formulations of

quantum electronic transport [12].

To study the voltage across the point contact, the classical electrostatic potential
resulting from solving Poisson’s equation from the junction’s self-consistent charge
density [29] is used to calculate the difference between the electrostatic potential
with and without the application of the external electric field. The resulting
potential profile reflects the voltage induced by the applied field and is depicted for
several values of external field in fig. with the voltage averaged over planes
normal to the junction axis. In order to estimate the induced voltage drop across
the contact region, the resulting one-dimensional electrostatic potential profile is
then averaged over the 'constant’ voltage region within the electrode regions. The
difference between the potentials in the left and right electrodes is taken as the
applied voltage. In previous applications of the MECS method, the external
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Figure 2.2: Pictorial representation of the voltage induced across an electrode
model as an external electric field is applied.

electric field was simply integrated between the planes in the electrodes where the
Wigner function constraints are imposed- note this distance is typically
significantly larger than a screening length, resulting in an overestimation of the
voltage for those calculations. This approximation introduces a relatively small
error for molecular tunnel junctions as the length of the molecules is in turn
significantly larger than the lengths into the electrodes, hence the calculated
voltage is dominated by the length of the molecule in the junction. Atomic point
contacts are more sensitive to these considerations than molecular junctions due to
the fact that the length of the junction is essentially a single atom plus the
screening lengths into the electrodes. In fig. the relationship of the voltage
arising across the junction as a function of the external field is displayed- the slope
yields the effective junction distance relating voltage to external electric field. We
obtain an estimate for the effective junction distance of d =0.43 nanometres
enabling us to estimate the voltage drop in the point contact given the value of the

external applied electric field. The distance obtained can be compared to the
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screening length and atomic dimensions of the gold atom. We extract an estimate
of the screening length in the gold electrodes as the distance from the edge of the
contact to where the voltage profile becomes approximately constant in fig. [2.3a]
where the ’edge’ of the contacts is defined as the backplane atomic coordinates
plus 0.179 nanometre (the radius of a gold atom). With this definition, the
screening length is found to be approximately 0.04 to 0.08 nanometre, comparable
to predictions from the Thomas-Fermi model of less than an Angstrom for gold.
Hence the effective junction distance, as physically intuitive, is approximately the
length across the central atom to the surface of the two electrodes or the scattering
region as shown in fig. 2.1 Also seen in fig. at the centre of the point contact,
the screening effect breaks down between the single central atom and the first
plane of the electrodes, a surface dipole arise due to charges accumulating on the

surface of the point contact as schematically represented in fig.

2.4.2 Wigner function constraints and finite lead

approximations

To implement the scattering boundary conditions within the MECS| method, a
region in the electrodes at which the momentum constraints are to be imposed
must be chosen; typically this is selected in the 'middle’ of the explicit electrode
model [I1]. An explicit atomic region is used to model the point contact and the
Wigner constraints are applied within the explicit atomic region. In this picture,
small atomic electrodes leading (or ’leads’) to the point contact are considered to
be in equilibrium with electron reservoirs, and that the electrons exiting the leads
into the electron reservoirs are not reflected. This assumption allows us to assume
the incoming electrons from the left and right leads are equilibrated with respect
to the left and right electron reservoirs, respectively. This allows us to neglect the

details of the electron reservoir/lead interface and to calculate conductance
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Figure 2.3: (a) One dimensional representation of the voltage for a series of ap-
plied external electric fields. Of note are the voltage ’'plateaus’ within
the contacts as a result of electrostatic screening. Surface dipoles form
in the centre of the point contact between the electrodes and the sin-
gle atom scattering site. (b) Plot of the difference between successive
voltage profiles for increments in electric field of 0.128 V/nm. The
voltage differences as the electric field is increased are approximately
the same indicating a linear regime. The magnitude of the surface
dipole increases with increasing electric field. (¢) The linear relation-
ship between the voltage difference and applied electric field yields the
effective distance across which the voltage drop occurs.

0.4

between the two leads [34]. Thus it is sufficient to constrain the incoming
momentum distributions to be characteristics of the leads, if the assumption that

the leads are in equilibrium with electron reservoirs holds.

The one-electron reduced density matrix displays a rapid decay with distance in
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metals [35]. This allows for a decoupling of the density matrix between the
electrodes and allows the electrodes to be treated independently. The one-electron
Wigner function is a transformed representation of the one-electron density matrix,
and we investigate the effect of finite metal electrode models on the Wigner
distribution function as sampled in the plane where the scattering boundary
conditions are applied. For symmetric electrodes and at zero voltage bias across
the junction, the Wigner distributions in the two electrodes are identical and the
net momentum flow balances to zero current. As an external field is applied, the
distributions of the momenta incoming to the scattering region are fixed to their
zero bias distribution and the outflow of the momenta become asymmetric between

the left and right electrodes due to scattering, thus yielding a net current flow.

In fig. 2.4a], four atomic scale models for the leads are shown. The first is a typical
electrode used in the explicit atomic region in the scattering calculations, the next
models are extended by adding repeating unit cells consisting of 41 atoms to the
back plane of the electrode. The Wigner distribution function calculated as a
planar average for each of these electrode models is plotted in fig. 2.4d In each
case the Wigner plane is placed at the same position relative to the tip of the
electrode and is situated between the last two planes of atoms in the electrode
shown at the top of fig. 2.4a] The distributions agree well for larger momentum
values although there is some discrepancy at lower momenta, in particular with the
smallest electrode displaying a smaller magnitude in the distribution for low
momenta. However, the smaller magnitude components do not significantly
contribute to the current as demonstrated in fig. where the product p f(p, q) is
displayed where f(p,q) is the Wigner function and (p, q) are the Wigner momenta
and position variables, respectively. The similar behaviour for the four electrode
models for the relative magnitudes for the incoming momenta indicates that there
are small differences in the equilibrium distributions between the different
electrode models, hence their overall behaviour in terms of scattering boundary
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conditions is similar in each case.

Next the interaction between the electrodes is considered; the two electrodes
should decouple to ensure that each can be equilibrated independently. In fig.
the left and right electrodes are considered simultaneously by examining the effect
on the right electrode due to different left electrode configurations. Fig. [2.4d]
shows that the Wigner distribution in the right electrode is stable against the
variations in the geometry of the left electrode. It is also seen as a consequence
that the net momentum inflow for the right electrode is stable against changes in
the left electrode as seen in fig. 2.4ff Hence the required independence of the

electrodes in the model is established.

Finally, we note ongoing work whereby the self-energies of semi-infinite electrodes
are replaced by energy-independent complex absorbing potentials [25] that
enable inclusion of larger electrode structures into a [CI] treatment by the addition
of complex valued, energy independent single body operator. Similar treatments of
electrodes using CAPs are being considered within other transport

frameworks [36), [37].

2.5 Current voltage characteristics

The calculated current-voltage characteristics from [MECS] for the point contact are
given in fig. 2.5 A resistance of 20.6 k{2 is obtained where the voltages applied in
typical break junction experiments are considered for values where the
current-voltage characteristics are linear. The calculated resistance corresponds to
a conductance of 0.6Gy £ 0.24G for the model point contact of fig in units of
the conductance quantum Gy, which compares well with the experimentally
reported values of 0.3 - 0.8Gq, ~ 1Gq, ~ 1Gp, 0.85 - 0.90G,, 0.7 - 1.0G,, 0.88 -

0.97Gy, and (1.0 4+ 0.4)Gy in refs. [I3], 14, [15] 16, 17, 18] 19], respectively. Our
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Figure 2.4: (a) A single sided electrode geometry with the tip contact at the top,
and with increasing number of additional lead cells. (¢) Wigner func-
tion for the electrode geometries in (a) calculated within the electrode
tip. (e) the Wigner function multiplied by momentum. The lower
values of momenta do not significantly contribute to the net inward
momentum flow. (b) Two sided electrode model with the left electrode
model extended by additional lead unit cells. (d) Wigner function cal-
culated within the right electrode tip. (f) As in the case for the one
sided electrode model, the small contributions due to lower values of
momenta reveals that the boundary conditions describing the equi-
librium momentum flow are relatively insensitive the exact electrode
model, and that the two electrodes decouple.
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voltage error is estimated from fig. ) as the difference between the respective
maximum and minimum values between the left and right potentials within the
region where screening is observed at a given applied electric field. The error in our
predicted current is estimated as the difference between the maximum and
minimum values for the current as a function of position across the junction at a
given bias point; see fig. We mention that several point contact geometries
have been tested, with smaller and larger electrodes, and with differing atomic
arrangements where the atomic arrangement has not been optimised. In none of
these cases was a conductance value found exceeding the conductance quantum, or
indeed the value of 0.6 GGy found for the optimised structure. The fact that a lower
value for conductance is found for non-optimised junctions is consistent with the
expectation of increased scattering in non-ideal junctions [13] [I8]. Hence we
conclude that the MECS| approach is capable of approximately reproducing the
conductance quantum, within identified numerical errors, through explicit
calculation of the full density matrix on the scattering region. This validates the
approach for a new coupling regime as previous [MECY] calculations have, as
mentioned, studied molecular tunnel junctions with weak coupling between the

metallic electrodes and the scattering site.

In fig. [2.6a] the current profile calculated as a function of distance across the
junction is displayed showing the percentage deviation in the current for a range of
voltage biases between 2 to 10 mV. Current conservation is imposed for currents
entering and exiting the scattering region [12], but no local current constraints are
imposed. Hence local current oscillations are seen indicating that the
many-electron expansion function on the junction is not a complete set and the
variational nature of the calculation allows for local violations of current
continuity. However, as demonstrated in fig. the percentage change in the
current for a range of voltages remains approximately constant as voltage across
the junction is increased.
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Figure 2.5: Current voltage characteristic yielding a resistance of 20.6 k€2 or equiv-
alently a conductance of 0.63 Gy over a 15 mV range

In fig. [2.6D] the effect of extending the [C]| basis by adding the configurations
needed to describe higher energy many-electron states is investigated. As can be
seen, adding the lower excitations introduces some change in the current relative to
basis for the ’ground state’ which includes the configurations from the two lowest
energy many electron states of b; and ay symmetry, along with the singly excited
configurations relative to the Hartree-Fock determinants for each symmetry.
Higher energy excitations are added pairwise by symmetry into the expansion
vector. A significant change is seen when adding the sixth excited states of b; and
as symmetry. The ability to polarise the junction as a voltage is applied requires
coupling to lowest lying excitations as in eq. and in particular should include
the excited states that couple strongly through dipole matrix elements to the
ground state as bias across the junction is applied. This is demonstrated in

fig. [2.6b] where the lowest energy b; and ay states (plus single excitations) and with
the sixth excitations of b; and as symmetry included in the [CI| basis is given. The
current in this case is seen to be comparable to the current calculated in the basis
with the first six excitations of b; and a, symmetry included. The current

predicted from the [CI| expansion consisting of the lowest energy states (and
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Figure 2.6: (a) Current stability across current carrying region expressing as % as
a percentage at 1,3,5,7 and 9 mV. The variation of the current over the
scattering region due to finite basis effects is approximately a constant
percentage of the total current magnitude. (b) Comparison of the
current across scattering region for different many-electron expansions.
[GS)indicates the ground states of b; and ag symmetry and including all
single excitations with respect to these states. [GSH m - n denotes the
many electron expansion including [GS| with the addition of all unique
configurations from the first m through n many electron excited states
of b and ag symmetry ordered by energy. The greatest change to the
current is obtained by adding the 6" excitations, revealing that these
states couple to the ground state more strongly as an electric field is
applied across the junction than the lower lying excitations. Hence
it is more important to capture the effect of the states in the many
particle expansion that polarise with applied bias than to include all
low lying excitations. Voltage bias across the junction is 7TmV.
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singles) with the inclusion of the first five excitation pairs in b; and ay symmetry
does a relatively poor job of capturing the effects of correlations relative to
including only the sixth excitations [GY + 6’ Hence including the sixth excited
states has a greater effect than including the first five excited states. Thus, from
the calculations displayed in fig. [2.6D] it is demonstrated that it is more important
to include the strongest dipole coupled excitations as opposed to simply choosing

the energetically lowest lying states.

2.6 Conclusions

A study of atomic point contacts using the MECS| method has been presented.
The calculations represent an extension of the [MECS] cases studied to date to
include strong coupling. It is demonstrated that, within reasonable errors due to
approximations related to finite atomic electrodes, estimation of the voltage and
current, and single and many-electron basis sets, that the method may be applied
in the strong coupling limit. It is interesting to note, even in what is believed to be
essentially a single-particle regime, our calculations suggest that electron-electron
correlations can account for up to a 30% reduction in the current magnitude.
Atomic point contacts represent a stringent test case for the MECS method in that
accurate measurement of the voltage drop across the junction and an accurate
representation of the one-electron density matrix are required to calculate
conductances explicitly. The results can be seen to complement recent analytical
study of the method for many-(non-interacting) electrons and demonstrates
physical predictions using the method can be obtained on realistic atomic and

molecular models of tunnel junctions with controllable errors.
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3. TUNNEL CURRENTS ACROSS SILANE
DIAMINES/DITHIOLS AND ALKANE
DIAMINE/DITHIOLS: A COMPARATIVE
COMPUTATIONAL STUDY 3.1 Abstract

3.1 Abstract

Two different first-principles methods, one based on density functional theory
combined with Green’s functions and the other on a configuration interaction
method, are used to calculate the electronic transport properties of alkane and
silane chains terminated by amine end groups in metal-molecule-metal junctions.
The low voltage conductance is found to decay exponentially with increasing
length in both systems, and decay constants are obtained from the different
methods. Both methods predict smaller conductance values and steeper decay in
the alkane-bridged junctions compared with the silane-bridged junctions, but
quantitative differences in the decay constants obtained from the two formalisms
arise. These differences are attributed to the treatment of the energy-level
alignments in the tunnel junctions as well as the treatment of correlation within
the molecular chains. Additionally, end-group effects for both the alkane and the
silane chains are studied using both a simple tunnel barrier model and complex
band-structure calculations. These results are used to explain differences observed
in conductance decay constants in amine- and thiol-linked junctions obtained from
the two transport methods; the results further highlight the importance of accurate

energy-level alignment between the electrode and molecular states.

3.2 Introduction

As a central problem of molecular electronics, the process of electron transport
through single molecules between metallic electrodes has been achieved
experimentally and studied theoretically [1, 2, B]. The desire to create junctions
with tailored functionalities has led to work examining the roles that end groups,
molecular energy levels, and contact geometries play in determining the transport
properties of these systems [4, [, 6, [7, 8, @, 10, 1T}, 12], 13, 14]. In particular, recent
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studies have examined physical tunnel junctions in which alkanes of varying
lengths are bonded between gold electrodes via amine or thiol linkers
[, 10, [15} 16l 17, 18, 19} 20 21]. These junctions exhibit an exponential decrease
in low-voltage conductance, G, with increasing bridging molecular length, [ (given

in angstroms or the number of methylene units), as is reasonable for conductance

far from any injection resonance. This behavior is described by:
G(1) = Goeap(~Bl) (3.1)

which is characterized by two parameters: the contact resistance Ro = é and the
inverse decay length 3 [22]. The inverse decay length determines how tunnel
conductance and resistance scale with increasing molecular length. The contact
resistance is obtained in the limit [ — 0 and determines the resistance associated
with the bonding of the end groups to the metal electrodes or contacts. However,
the contact resistance is strongly dependent on the exact configuration of the
metal-molecule bonding site [4], 8, 9], so it will not be discussed in depth in this

chapter (cf. Supporting Information Appendix |C)).

Most theoretical treatments of conductance in single-molecule junctions up to this
point have been based on density functional theory combined with a
nonequilibrium Green’s function formalism [23]. The
formalism recently has been questioned, however, over concerns that
exchange-correlation effects are leading to spurious conductance values

[24, 25, 26|, 27, 28], 29, B80], sometimes described incorrectly by orders of magnitude.
[24] To avoid issues related to exchange-correlation approximations in , a new
transport formalism was recently developed [31], 32]. The method uses a
configuration interaction (CI|) method [33] 34] to calculate the electronic structure
of the junction, and transport properties are calculated using the Wigner function

within open boundary conditions under constraint of the maximum entropy
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principle. To compare the two methodologies, four test systems were chosen. The
amine- and thiol-linked systems were selected as a means to compare the effect of
different end groups on conductance, whereas the silane and alkane chains were
selected to compare the effects of different chemical backbones and degrees of
correlation on the transport. The increased correlation in the silane chains is
related to the o-bond delocalization that has been studied extensively in
peralkylated oligosilane chains [35, [36]. The photophysics of these oligosilane
chains has indicated that their excitation energies are lower than those of alkane
chains, and the size of the band gap in silanes may lead to interesting conductance

properties such as a decay length between that of alkanes and m-conjugated

systems.

3.3 Computational Methods and Theory

3.3.1 Junction Geometries

Calculations are performed on tunnel junctions consisting of single molecules
spanning a gap between two metal clusters. The molecules considered within this
study are alkanes and silanes, and both deprotonated thiol (—S—) and amine
(NHy—) end groups are used to bond the molecular chains (—CHy—),, and
(—SiH,—), to the gold electrodes. A typical geometry is shown in figure 3.1} For
thiol end groups, the electrodes are modeled as a 19 gold atom cluster, allowing
the thiol to bond to a 3-atom (hollow) site. [37), B8] For amine-gold bonding, a
20-atom cluster is used, allowing the —NHs— linker group to bond to a single gold
apex atom. [20], B9] Details of the generation of the Aujg —S — (CHj), — S — Auyg
and Aujg — S — (SiHz), — S — Auyg model structures can be found in ref [37], and

Augy — NHy — (CHs), — NHy — Augg model structures are described in ref [39)].
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Figure 3.1: Representative tunnel junction model: depicted is the Augy — NHy —
(SiH2)g — NHy — Augg junction. An additional 5 x 5 layer of gold
atoms (not shown) is placed on either side of the above junction for
the NEGF calculations to allow for periodic calculations.

For the comparisons presented in this work, additional tunnel junctions

Augy — NHy — (SiHy), — NHy — Auyg , with n=4,6,8, and 10, are generated; a
typical junction model is shown for n=6 in [3.1} For silanes with amine end groups,
molecular geometries are relaxed in the model junction with [DFT] calculations
using the B3-LYP hybrid exchange/correlation functional [40} [41] as implemented
in the TURBOMOLE program system. [42] A split-valence polarized SV (P) basis
set [43] is used for all atoms. This treats all electrons in the molecular chain and

the linkers and 19 valence electrons on each atom in the gold clusters. The

remaining gold electrons are treated by an effective core potential (ECP)). [44]

3.3.2 Transport Methods

Model geometries for the alkanes and silanes terminated with amine (—NHs—) end
groups are used in subsequent transport calculations where electronic currents are
calculated using an formalism as implemented in ATK2.0. [45] In the
calculations, the Augy — NHy — (SiHg), — NHy — Augy and

Augy — NHy — (CHy),, — NHo— Augg structures are each placed between single
layers of 25 gold atoms on either side to allow for periodic [DFT] calculations. The
calculations are performed using the local density approximation (LDA)
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parametrized by Perdew and Zunger [46] with a single-¢ plus polarization basis set

used for gold atoms and a double-( plus polarization basis set used for all other

atoms.

Using the same atomic coordinates and reduced CRENBS [ECP)| basis set with one
active electron per gold atom, aug-cc-pVDZ basis for all carbon atoms, and
relativistic SHECP| (SEFIT,DF) basis set [47] with four active electrons per silicon
atom, electron transport calculations are repeated using methods |31} 32] in which
the electronic structure of the tunnel junction is represented by a many-electron or
configuration interaction (CI|) expansion. [33], 34] We compare the
transport results with these many-electron correlated scattering
calculations for the alkanes with amine end groups performed in ref [39] and with
[MECY] calculations performed within this work for the

Augy — NHy — (SiHs), — NHy — Auyg junctions. For the studies, structures
optimized at the [DFT]level are used to generate a set of Hartree-Fock orbitals in
TURBOMOLE. [42] These orbitals are used as the single-particle basis to generate
the many-body bases for the [C]] calculations. To reduce the size of the
configuration space in our many-body approach[ECPk leaving only the gold 6s
electron [48] and the silicon 3s? 3p? valence electrons [47] explicitly treated are
used in generating the Hartree-Fock orbitals. The Hartree-Fock orbital set is
truncated by excluding all virtual orbitals with eigenvalues greater than 9.0 eV.
This truncation was performed to limit the CI space where 9.0 eV was chosen as
orbitals higher than this energy will not contribute to the current. The truncated
molecular orbital set is used with the Monte Carlo configuration interaction
selection procedure [33], 34] to generate a many-electron basis set for the
explicitly correlated transport calculations. A coefficient selection threshold of
Cmin = 1072 is used to generate |Cl| vectors in the A, singlet ground-state and the
first excited singlet state in B, symmetry. As voltage is applied, these two
many-body states couple and allow the junction to polarize. The [CI| expansion
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vectors for the tunnel junctions with varying silane lengths contain from 5000 to
10,000 configuration state functions (CSEp). This level of correlation has been
shown to be accurate for reproducing intermediate range electron correlations [49)
that dominate correlation energies and seems adequate for molecular transport
calculations. [31], 32, 37, [39] These short |CI| expansions capture a large percentage
of the correlation energy (resulting in accurate descriptions of electronic spectra
[50, 1] ) as required to determine relative energy levels accurately in molecular
junctions. [MCCI allows for a select choice of highly contributing configurations
with a large proportion of the correlation energy in a compact [CI] expansion. As an

example to compute an equivalent full [C]| calculation it would require vast number

of [CSF§ in the hundreds of thousands as illustrated by the equation [A.15]

3.3.3 Tunnel Barrier Model

To gain a better understanding of end-group effects on the decay value [ in alkane
and silane systems, a simple tunnel barrier model is considered and complex band
structures are calculated. In the tunnel barrier model, the tunnel current through

a rectangular barrier can be written as:

m*
I x exp [—2[“2 2 D,

where [ is the molecular length, m* represents the effective mass of the charge

(3.2)

carriers, and P, is the barrier height. The barrier heights are estimated using the
B3-LYP hybrid exchange correlation functional. Optimized structures from the
earlier B3—LYP calculations are used. The highest occupied molecular orbital
and lowest unoccupied molecular orbital energy levels for the
alkane and silane diamines and dithiols bonded to the gold contacts are
approximated by Kohn-Sham eigenvalues. Their energies are measured relative to

the Fermi energy, which is taken to be the experimental work function for gold

Correlated electron transport across atomic 53 Shane Mc Dermott
and molecular tunnel junctions



3. TUNNEL CURRENTS ACROSS SILANE

DIAMINES/DITHIOLS AND ALKANE

DIAMINE/DITHIOLS: A COMPARATIVE

COMPUTATIONAL STUDY 3.8 Computational Methods and Theory
surfaces of F' = —5.1eV. [52] The potential energy barrier for electrons is
approximated by the offset between the Fermi level and the LUMO] state, whereas
for hole transport the Fermi—level offset is used to approximate the tunnel
barrier height. Bandstructures of 1D alkane and polysilane chains are computed to
extract electron and hole effective masses from conduction and valence bands,
respectively, via m* = (h)?(d*E/dk?)~! evaluated at the band edge. The
bandstructures are calculated by generating hydrogen-terminated molecules
composed of either 20 —CHy— or —SiHs— units. B3—LYP calculations using
the SV(P) basis set [43] are performed. From this calculation, a Kohn-Sham
Hamiltonian matrix is extracted from the chain center to reduce finite length effects
using four alkane or silane units. An infinite molecular wire is then generated by
periodically repeating the extracted Hamiltonian matrix, yielding infinite chains
with a primitive cell that is double the normal size, yielding a lattice constant 2a.
Additionally, complex band structures are calculated to obtain more accurate
values (as compared to the simple tunnel barrier model) for the exponential decay
of the various chains. [53], 54, [55] Complex band-structure calculations yield the
characteristic length of wave function decay for states in an energy gap along the

molecular chains in a similar fashion to the decay exponent from the wave function

inside the potential barrier. The nonresonant tunneling probability through a unit

a —4|Im(k)|a

cell with lattice constant 2a is proportional to e=2%¢ | or equivalently e
where k(F) is the momentum wavevector. The decay length 5 can be determined
using G(F) = 2Imk(E), and its value is dependent on the location of the Fermi

level. The position of the Fermi level is determined using the same [HOMOJ/Fermi-

level offset discussed above for the simple tunnel barrier model.
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3.4 Computational Results and Discussion

3.4.1 Fermi-Level Alignment

The alignment of the Fermi level relative to the bridging molecule’s [HOMO] and
[LUMO] in a metal-molecule-metal junction is extremely sensitive to charge transfer
at the metal-molecule interface. [56], 57, [58] The use of to describe the band
alignment in metal-molecule-metal junctions has been studied widely,

[24, 25, 26], 27, 28, 29, [30], 54}, 56, (9, [60), 61, 62, [63] and self-interaction errors as
well as a lack of surface polarization response have been shown to yield incorrect
transport properties, even in single-molecule junctions. In light of these issues, we
have chosen to determine the alignment of the Fermi energy with the same
procedure used for the Fermi-level alignment in the tunnel barrier model and the
complex band-structure calculations described in Section [3.3] Conductance values

are determined using the equation for zero bias conductance:
G = GoT(Er) (3.3)

where G| is the fundamental unit of conductance, 2¢?/h = 77.5uS, and T(EF) is
the transmission at the Fermi energy. Plots of the transmission for the alkane and
silane diamines can be seen in Figures and In Figure [3.2] the alkane
system shows a broad peak in the transmission plot in the [ HOMOULUMO]| gap that

can be attributed to metal-induced gap states (MIGS|) from the Auy, clusters. [64]
Because the Fermi level is sufficiently far from the bridging molecule’s [ HOMO] and
[LUMO], the decay constant 3 is relatively constant for a range of Fermi-energy

shifts. In Figure [3.3] the silane system shows markedly different transmission

properties. The HOMOHLUMO] gap is much smaller than in the alkane case, and 3

and the conductance are much more dependent on the exact choice of Fermi level.

The final Fermi energy for the alkane systems lies approximately 3-4 eV above the
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Figure 3.2: Transmission vs energy shifted from the Fermi energy for alkane di-
amines obtained from calculations. The inset shows a
plot of the § decay values (per —CHy—) vs a shift in the choice of the
Fermi energy.
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Figure 3.3: Transmission vs energy shifted by the Fermi energy for silane diamines

obtained from calculations. The peaks in transmission
near 1 eV are attributed to metal induced gap states (MIGS]). The
inset shows a plot of the 5 decay values vs a shift in the alignment of
the Fermi energy. The 3 decay value varies greatly depending on the
Fermi-level band alignment.

[HOMOE for the three alkyl chains; this compares well with the 3 eV separation
between the Fermi energy and alkyl chain valence band edge predicted by Prodan
and Car. [54]
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3.4.2 Conductance Results

For alkane diamine tunnel junctions, the change in resistance as a function of the
alkane length as predicted by different calculations is shown in Figure [3.4]
Previous data from ref [39] using the method [31], 2] and results from our
calculations using the same geometry as in the study are
shown. For comparison, experimental results from Venkataraman et al. [20] are
also shown. From Figure [3.4] it is readily seen that the calculations are in good
agreement with the experimental results for the alkane diamine tunnel junctions.
Previous calculations using the method for the alkane diamine [39] and
alkane dithiol [37] junctions found B¢ = 0.98/CH, (8 = 0.76A~") and

Be = 0.50/CH; (8 = 0.39A1), respectively. Our approach found
Be = 1.01/CH, (B = 0.78A71) for the alkane diamine junctions, compared to

Be = 0.93/CH, from Wohlthat et al. [65] using an approach and

fe = 0.82/CH, from a semianalytical estimation by Prodan et al. [54] Earlier
works by Muller, [I1] Kaun et al., [66] and Basch et al. [4] report ¢ values of

1.24/CH, , 0.95/CH, , and 1.0/CH; respectively for the alkane dithiol systems
studied using the NEGF] formalism.

These are in good agreement with the measurements made for these tunnel
junctions [5] [16, 17, 20} 211, 67, [68], 69] as seen in Table . The contact geometry
used in ref [I1] for the alkane dithiol system differs from those used in ref [4] and
ref [66]; in ref [I1], the dithiol linkers are bound to coordinatively unsaturated gold
atoms above Au(111) surfaces (similar to the contact geometry for the
amine-linked systems in this study), as opposed to the contact geometries in ref [4]
and ref [66] in which the sulfur atoms lie above hollow sites on the gold surface.
The above-atom geometry in ref [I1] yields a 25% larger S¢ value as compared
with the above hollow-site binding geometries, thus illustrating the sensitivity of

the transport properties to the exact junction geometry. Changing the S — Au
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Figure 3.4: Resistance vs number of —CHy— groups in the alkane diamine sys-
tems. The theoretical results (NEGF||DFT| and [MECS|) show good
agreement with the experimental results [20] for this system with sim-
ilar 8 decay values (calculated from the slopes of the lines of least
squares and given in Table 3.1)).

Table 3.1: Experimental and Theoretical Decay Values S¢ for Both Alkane Dithi-
ols and Alkane Diamines

Amine End Group

reference fo(per — CHy—)  reference Bo(per — CHy—)
[5] (experiment {HC[')  0.81 £ 0.01 [65] (theory) 0.93
[5] (experiment [LC 0.88 £ 0.03 MECS| (ref [39]) 0.98
[20] (experiment) 0.91 + 0.03 NEGF)|DFT| (this work) 1.01
[54] (theory) 0.82
Thiol End Group
reference fo(per — CHy—)  reference Bo(per — CHy—)
[4] (theory) 1.0 [17] (experiment, w 0.45 £ 0.09
[5] (experiment, HC 1.02 £ 0.14 [21] (experiment) 1.0 £ 0.05
[5] (experiment, [LC) ~ 1.08 £ 0.12 [66] (theory) 0.95
[9] (experiment) 1.07 £ 0.05 [67] (experiment) 0.57+0.03
[T1] (theory) 1.24 [68] (experiment) 0.68 - 0.79
[16] (experiment) 1.0 [69] (experiment) 0.52 £+ 0.05
[17] (experiment, [HC) 0.96 £ 0.15 (vef [37]) 0.50
[17] (experiment, [MC)) 0.94 + 0.05

® For experimental data with multiple peaks in the conductance histogram, peaks
are separated as[HC| for high conductance, [MC] for medium conductance, and [L.C]
for low conductance.
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Figure 3.5: Resistance vs number of —SiHs— groups in the silane diamine systems.
The NEGF results show a steeper slope and hence a larger [
value than the [MECS| results (8g; = 0.69/SiHs for the NEGF]

calculations compared with 8g; = 0.14/SiHy for the method).
binding geometry from above hollow site to above-atom has a comparable effect to
changing the linking atom. [MECY] calculations for the silane diamine junction
yield a decay length Bg; = 0.14/SiH, (8 = 0.07A~'), whereas our
calculations for the same junction yield Bg; = 0.69/SiH, (3 = 0.35A~1); the
calculated resistances are plotted in Figure 3.5l Previously reported calculations
for silane dithiol tunnel junctions with the [C]] transport approach yield
Bg; = 0.18/SiH, (3 = 0.09A~1). [37] While to the best of our knowledge silane
tunnel junctions have not been studied experimentally, methylated oligosilane
chains in donor-bridge-acceptor systems have been shown to exhibit a
bridge attenuation factor of Bg; = 0.37/Si (8 = 0.16A~1), [70] which falls in
between our calculated values. The decay factor from electron-transfer data is

obtained via a formula similar to eq [71]

k = koexp(—SRpa) (3.4)

where kg is the rate constant at the reference distance, 3 is the length decay

factor, and Rp, is the distance between the donor and acceptor minus the
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reference distance. In general, 5 values calculated from eq will be dependent on
the inter-site coupling strengths along the bridging molecule as well as the LUMO|
and energy differences between the bridge and the donor. [72, [73] Interestingly, the
[ decay factor reported for the oligosilanes is closer to those reported for polyyne
(8 = 0.10A~") and polyene (8 = 0.08A~1) bridges [74] than those for alkanes. It
should be noted, however, that 3 values below ~ 0.2A~" in systems may
indicate a multistep hopping mechanism as opposed to a single-step tunneling
mechanism; [75] the mechanism of charge transfer in silane chains would thus be
somewhat ambiguous, whereas the mechanism in polyyne and polyene would likely
be best described by hopping. Regardless of the mechanism, combined with the

observed reduction in 3 relative to alkane chains seen in our calculations, these

comparisons from electron-transfer data highlight the importance of o-conjugation

for transport in silanes. The reduced [ HOMOHLUMO| gap in the silane chains due

to the effects of o-conjugation causes the decrease in [ relative to the alkane

chains, and it also could lead to the differences in the MECS|and INEGFE|/ IDEF'T

results. Correlation in silane chains has been shown to be greater than in alkane
chains, [37] and the different treatments of correlation in the [MECS| and
NEGF methods should therefore be more visible in the silane results.

3.4.3 Tunnel Barrier Model and Complex Band-Structure

Results

Using the approach, the inverse decay lengths for alkanes with different end
groups differ by approximately a factor of 2, with o = 0.98/CH, for the alkane
diamines and ¢ = 0.50/CH; for the alkane dithiols. This is in contrast with
experimental results, which indicate a steeper decay for the thiol end group. [5]
This difference can be understood by considering the simple model of tunnel

currents through a rectangular potential barrier described in eq[3.2] The [HOMO]
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Table 3.2: : Electron and Hole Effective Masses for Infinite Length Alkane and
Silane Chains as Extracted from Band-Structure Calculations

alkane silane
m; 3.03m.* 0.22m,
my 0.30m, 0.31m,

m,. denotes the free electron mass

Silane Silane Alkane Alkane
Diamine Dithiol Diamine Dithiol

Energy (eV)
S N & & ®

22 —

-4 4
Figure 3.6: Molecular frontier energy levels for the hexane and hexasilane bonded
to gold clusters via amine and thiol end groups. Energies levels are
approximated by the Kohn-Sham eigenvalues from the B3LYP
calculations described in the text. The zero of energy is taken to
be the Fermi level approximated as the work function of gold (-5.1
eV).[52] The band gaps of the silane chains are much smaller than the
band gaps of the alkane chains, leading to lower 8 decay values for the
silanes.

and energies for the molecules between metal clusters are approximated as
Kohn-Sham frontier orbital energies for alkane diamine and dithiol, and for silane
diamine and dithiol, and are plotted relative to the Fermi energy in Figure (3.6}
Bandstructures of extended 1D alkane (compare to refs [54] and [55]) and silane
chains were also calculated and are plotted in Figures and [3.8] respectively.

The electron and hole effective masses are extracted from the bandstructures as

described earlier and shown in Table [3.2]

The calculated effective mass for electrons in the alkanes is roughly three times the
free-electron mass m, and approximately an order of magnitude larger than the
calculated effective mass for holes in alkanes of 0.3m, . The energy-level offsets for

the hexanes (and hexasilanes) with the two different end groups considered in this
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Figure 3.7: Band structure of the alkane chain for propagating states (solid lines)
in the right panel and complex wavevectors of decaying wave functions
(red crosses) in the left panel. The zero of the energy is taken at the top
of the valence band with arrows indicating where the position of the
Fermi energy should be located in alkane-based tunnel junctions with
amine or thiol linkers. Only the complex wave vectors that lie within
the [HOMOJLUMO]| gap are shown. These correspond to two times
the inverse decay length Sc of the probability density per —CHo—
unit. The prediction of the rectangular potential barrier for alkanes is
plotted with a blue dashed line for comparison.

work are displayed in Figure [3.6, The [LUMO] offsets relative to the Fermi level for
these systems present a barrier of over 5 eV for tunneling electrons, whereas holes

see a barrier of less than 3 eV. This is in agreement with the effective mass data in
Table for the alkane system, and we conclude that the electronic current across

the alkanes is dominated by hole transport, as in other tunnel junctions. [58],[66]

Ignoring electrons as charge carriers, the hexane [HOMO] level offset relative to the
Fermi level is used to approximate the tunnel barrier height, and for the purposes
of our simple model analysis we assume that this is a representative barrier height
for all of the alkane lengths considered. For the alkane diamines, the

[HOMO} Fermi-level offset is 2.83 €V, close to the previously reported value of 3 eV,
[54] and larger than the estimated [HOMO}Fermi offset for alkane dithiols of 1.84
eV computed in an earlier work. [37] These energy offsets are marked by the

arrows in Figure 3.7, By the position of the arrows in Figure [3.7 we see that this
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Figure 3.8: Similar to Figure but for silicon hydride chains and silane- based
tunnel junctions with amine or thiol linkers. The substantially de-
creased [HOMOHLUMO] gap size in the silanes, compared to the alkanes
(Figure, makes the values of 8g; more sensitive to small differences
in the Fermi-level alignment.

simple potential barrier model qualitatively agrees with the MECS] results, which
predict a larger § value for the amine- linked alkanes compared to the thiol-linked
ones (in contrast to the experimental results). Using the tunnel barrier model and
the previous discussion of Fermi-level alignment, one can understand why the
disagreement with experiment occurs. A moderate shift of the Fermi level away
from the HOMO| of the alkane dithiol could potentially change the predicted trend
of the f decay values. This shift could occur with a more exact treatment of the
electronic charge transfer between the molecule and the metal surface [56] or by
treating systems with slightly different contact geometries at the metal-molecule
interface. [I1] Complex band-structure calculations for alkane diamines (Figure
yielded an inverse decay length of So = 0.93/CH, , which is in surprisingly
good agreement with the direct calculations of the tunnel current. The inverse
decay length for alkane dithiols of So = 0.81/CHjy is lower than the decay value
fc = 1.0/CH; obtained by Tomfohr et al. [55] As with the simple potential barrier
model, this is likely due to the different techniques used in determining the

position of the Fermi level relative to the [HOMO] and [LUMO] of the alkane chain.
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The size of the difference between the decay values highlights the sensitivity of the
method to Fermi-level alignment. An additional source of disagreement between
experimental results and the complex band-structure results could arise from the
neglect of the sulfur contribution to the molecular HOMO]in the band- structure
model (cf. Supporting Information Appendix . [53, [76] The simple model of
electron tunneling through a potential barrier can also be applied to provide a
better understanding of the silane systems. The inverse decay lengths 3 obtained
for silanes from the transport calculations are similar in Silane and Alkane
Diamines/Dithiols magnitude with Bg; = 0.14/SiH, (8 = 0.07A~") for silane
diamines and Bg; = 0.18/SiH, (8 = 0.09A~1) for silane dithiols. Because of the
reduction of the silane band gap relative to the alkane band gap, we are limited to
a qualitative discussion of the observed values of §; the smaller band gap makes
the tunnel currents much more sensitive to the approximations made to estimate
the tunnel barriers. For the silanes, electron and hole effective masses are of the
same order of magnitude with an electron effective mass equal to 0.22m, ,
compared to the hole effective mass of 0.31m, . It is found that there is some
molecular contribution to the [HOMOE of the gold cluster-derived states, which lie
around 1.01 and 0.27 eV below the Fermi energy for hexasilane with thiol and
amine linkers, respectively. In this case, the Fermi level is not in a midgap
position, but the molecular m states are aligned close to the Fermi level (as
seen from Figure . This suggests that the transport is predominately through
the [HOMO] state of the molecule with hole transport dominating the current. The
larger potential barrier for hole transport in the silane dithiol systems is consistent
with a slightly higher value of 8 for the thiol-bridged silanes relative to the amine
terminated silanes. Complex band-structure calculations for silanes confirm the
predictions of the simple square barrier analysis, as shown in Figure [3.8] The
silane complex band structures yield Sg; = 0.44/SiH, for the diamine linked and
Bsi = 0.72/SiH for the dithiol linked. The discrepancies between the ,
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complex band structure, and [MECS]| results are likely related to the increased
importance of correlation in the silane systems and the differences in how the
transport methods compute the electronic structure of the systems with the
PZ exchange correlation functional for , with the B3-LYP hybrid
exchange correlation functional for band structure, and |CI| for . The trend
observed for the reduction in the [ values for the silanes relative to the alkanes is
consistent with the simple tunnel barrier model and the complex band-structure
analysis. However, the analysis also points out that the exact [ values for the
silanes are sensitive to small errors in the energy-level alignments. This can be
seen in Figure [3.§ where the complex band connecting the valence and conduction

bands of the silane systems falls away more steeply from the band edges than the

analogous complex band for the alkanes in Figure [3.7]

3.5 Conclusions

A comparative study between an NEGF] method and an [MECS| formalism

for transport in oligoalkane and oligosilane single-molecule transport junctions has
been conducted. Conductance values of metal-molecule-metal junctions in which
gold electrodes are bridged by alkane and silane diamines and dithiols have been
computed using both methods, and the results were interpreted using both a simple

potential barrier model and complex band-structure calculations. Conductance

results from both the NEGF|/DFT|and [MECS| methods and from experiment agree

well for the alkane diamine system. For the alkane dithiol system, inverse decay

lengths calculated from [MECS|and NEGF|/|DFT| methods disagree. The source of

the disagreement is likely from the different methods used for handling charge
transfer at the metal-molecule interface, which has a strong effect on the band
alignment. In the case of silane diamine, the method yields a higher
value for the inverse decay length 5 compared to the results. The values fall
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on either side of the experimental result estimated from electron-transfer reactions.

[70] The discrepancy in [ values between the two methods could be due in part to

the different techniques used to treat correlation between the two formalisms.

The energy-level alignment is found to be critical in all systems for accurately
determining end-group effects and inverse decay lengths. Of the four systems

studied, the alkane diamine junctions seem to have the most tolerance for error in

band alignment, partly due to the large [ HOMOHLUMO]| gap and partly due to the

nature of the charge transfer between the gold electrode and amine linker. Because

the silanes have smaller [HOMOHLUMO] gaps, errors in the band alignment for

these systems are magnified and the inverse decay length is found to be extremely
dependent on the exact Fermi-energy position. In both methods, the silane inverse
decay length is found to be lower than that of the alkane decay value, indicating
that o-bond delocalization may be another means by which to tailor molecular
electronic properties, serving as an intermediate between m-conjugated and
nonconjugated systems. This could serve as another potential tool in the tool kit

of molecular transport engineering.
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hexanedithiol bridging molecule is provided to demonstrate the contribution of the

sulfur atoms to the molecular [ HOMO]in a tunnel junction. This material is

available free of charge via the Internet at http://pubs.acs.org.
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4. ELECTRONEGATIVITY AND ELECTRON
CURRENTS IN MOLECULAR TUNNEL
JUNCTIONS 4.1 Abstract

4.1 Abstract

Electronegativity is shown to control charge transfer, energy level alignments, and
electron currents in single-molecule tunnel junctions, all of which are described
through the density matrix. Currents calculated from the one-electron reduced
density matrix correct to second order in electron-electron correlation are identical
to currents obtained from the one-electron Green’s function corrected to second
order in electron self-energy. A tight binding model of hexa-1,3,5-triene-1,6-dithiol
bonded between metal electrodes is introduced and the effect of analytically
varying electron-electron correlation on electron currents and electronegativity is
examined. The model analysis is compared to electronic structure descriptions of a
gold-hexatriene (approximated by different exchange-correlation functionals) and
Hartree-Fock states as 0 order approximations to the one-electron Green’s
function. Comparison between the model calculations and the electronic structure
treatment allows us to relate the ability to describe electronegativity within a
single-particle approximation to predictions of current-voltage characteristics for

molecular tunnel junctions.

4.2 Introduction

Prediction of electron transport across single molecules requires determination of
electronic structure in the presence of open boundary conditions, whether using a
non-equilibrium statistical or dynamical theory [Il, 2] 3, [4, [5, 6]. Statistical
approaches concentrate directly on the non-equilbrium density matrix, whereas if
the time evolution for a system driven from equilibrium is followed, attention is
usually focused on the non-equilibrium Green’s functions describing
electron propagation. Treating electronic structure within transport theories

requires an understanding of the intriguing, but challenging to calculate, effects of
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electron-electron correlations. As exact approaches are limited to model systems or
nanostructures with a small number of electrons, attention has focused on
improving addition spectra both in the independent electron approximation [7, 8 9]
and by many-body treatments through the GW scheme [10, [I1, [12]. In the
following, we consider correlation corrections to independent particle models and
relate conditions on the one-electron Green’s function and reduced density matrix
for calculation of currents within non-equilibrium theories. Correlation corrections
to the density matrix are shown to correspond to improving ionization potentials
(IP) and electron affinities (EAE). This leads to a discussion of electron currents
in terms of electronegativity: the impact of the electronegativity on charge

transfer, energy level alignments, and current magnitudes is determined.

4.3 One-electron reduced density matrix and

Green’s function

Electron currents may be calculated from the one-electron reduced density
matrix [13] [14], [15] as

Tr) = 5V~ Tolole, ), (4.1)

with J the current density, r a position vector, and p the one-electron reduced
density matrix (RDM)); atomic units are implied unless otherwise given. As the
current density operator is a one-body differential operator, to obtain accurate
predictions for electron currents it is necessary to obtain accurate predictions of
the RDM} the error in calculating currents with an approximate RDM] has recently
been explored [16]. From another viewpoint, calculation of the current can also

proceed through computation of the one electron retarded and advanced Green’s

Correlated electron transport across atomic 80 Shane Mc Dermott
and molecular tunnel junctions



4. ELECTRONEGATIVITY AND ELECTRON
CURRENTS IN MOLECULAR TUNNEL 4.8 One-electron reduced density matriz and
JUNCTIONS Green’s function

functions G, and application of a Landauer-type formula [17, [18]:

IZi/ﬁwUAMMm—fﬂwuﬂﬁﬂfdwﬂ%wﬂ%@OAGmdL (4.2)

with electron energy w, I'; r spectral densities, f7 r energy distributions with pr
chemical potentials in the left (L) and right (R) electron reservoirs, and A is the
correction due to correlations weighted by the spectral density of the electrodes
and electron-electron spectral density on the molecule. The causal Green’s

function is related to the [RDM] via the relation

o) = o o Gle '), (4.3)

T

with the complex integration performed along the Coulson contour. We begin by
recalling that the reduced density matrix obtained from a many-electron
wavefunction corrected to second order in electron correlation is equivalent to the
reduced density matrix arising from correcting [Ps and [EAk in the Green’s
function to second order in the electron self-energy [19]. Details of the relationship
of the one-electron Green’s function and the density matrix are given in the

Supplemental Information (Appendix @, here a general presentation is given.

A perturbation expansion in A is written for the many-electron wavefunction:
U >=|TO > A0 > L A20@ > 4 (4.4)

For the choice of the Hartree-Fock operator as a 0 order approximation,
Brillouin’s theorem ensures that the first order wavefunction consists of only
double electron excitations, on the other hand the second order term includes

single through quadruple excitations. From

p(r,r') =< WP () d(x)| ¥ >, (4.5)
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to first order in A the correction to the 0% order density matrix vanishes [20]. The

density matrix to second order is

prp® 4+ A2p3), (4.6)

In the Green’s function formalism, transmission resonances are associated with its
poles and can be identified as [[Pk and [EAE. It is well-known that introduction of
correlation corrections beyond independent particle models for the Green’s
function improves the prediction of and [19]. Hence, it is reasonable to
assume that if an independent particle picture is chosen to optimize [P and [EAE,
it follows that prediction of currents from the approach will be improved.
In this context, a model for transport is measured in terms of reproducing the

molecular electronegativity.

The Green’s function with second order self-energies [G® (w)]~! has been studied
by Pickup and Goscinski [19]. They obtain the lowest order improvement to
Koopmans’ and from the poles of the diagonal elements of G(w). It is
found the self-energy corrects Koopmans’ [[P] ¢; through terms describing orbital
relaxation and pair correlations; a similar interpretation holds for corrections to
the [19]. Within this approximation, it is also possible to determine the
density matrix directly from eq. [£.3} the resulting density matrix coincides ezactly
with the density matrix calculated from eq. through O(\?). Hence calculating
the density matrix through second order in electron correlation and correcting [[Pg
and with second order self-energies ¥.(?) will lead to the same predictions for
electron current. For moderate electron correlations, improving spectra for
independent particle models or explicitly including correlations in the RDM] are

equivalent [19] 20].

A criterion for selecting an independent particle model for quantum electronic
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transport was given as the set of single-particle states yielding an approximate
density matrix with maximal overlap to the exact [21]. The single-electron
states diagonalizing the are natural orbitals (NOs) [22] and their eigenvalues

p; are known as natural occupations. If one asks what is the best finite expansion

approximation p to the exact
/ |p — p|*dr dr’ = min, (4.7)

it is found that including the first n natural orbitals with the largest occupancies
for a truncated expansion fulfils the least squares condition [20]. We consider the
couplings between density matrix coefficients by writing

b= Pij  Pia 7 (4.8)

Pai  Pab

with (i), (ab), and (ia) denoting occupied-occupied, unoccupied-unoccupied, and
occupied-unoccupied spaces respectively, with occupations referred to the 0 order
wavefunction. The natural orbitals to second order in electron correlation are given
by the eigenfunctions of eq. 1.8 Constructing the “best" independent particle
picture in the sense of eq. [£.7 implies occupying a single Slater determinant by the
first n. natural orbitals. We have previously shown numerically that a single
determinant composed of the largest occupation number can lead to
essentially the same results as a full many-body treatment for tunneling through
alkanes [2I]. For a single determinant approximation, the density matrix is
idempotent (p? = p), which occurs since the first n. occupations are equal to 1
with all others 0. Hence a measure for the quality of a single determinant
approximation is how well the eigenvalues of eq. approximate the idempotency
condition. As the p;, couplings between the occupied and unoccupied spaces

becomes stronger, the occupations of the 0" order states can become significantly
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less than unity. From many-body theory it is well understood what this condition
implies: a single determinant or independent particle picture is no longer useful as
a 0" order wavefunction. For weak to moderate correlations, the Green’s function
approach can achieve improved [Pk and [EAk by a low order approximation to the
electron self-energy. As natural occupancies in the 0** order wavefunction become
very much less than unity, a perturbation expansion about an independent particle
picture loses meaning and even higher order corrections to |[¥(®) > will not correct
[Pk and [EAk on the molecular region. In a similar context, this is seen as the
failing of the GIW approximation for systems with multi-determinantal ground
states [23] or in strongly correlated electron transport [10l 1], 12]. For strong
electron correlations coupled-cluster theory offers a convenient nonperturbative
framework from which higher order approximations to the density matrix
follow [24], alternatively correlated one particle methods [25], 26] to infinite order

can be chosen to yield correct [Pk and [EAE.

4.4 FElectronegativity and electron-electron

correlation

The Mulliken electronegativity given as /2 is a useful measure of charge
transfer, and it is charge transfer that determines molecular level alignments
relative to electron reservoir energies [27, 28]. Predicting level alignments correctly
for molecules bonded between electrodes is essential for accurate current-voltage
characteristics [29]. In the Hartree-Fock approximation, charge transfer is
under-estimated as hybridization to virtual states is weak. In the local density
and generalized gradient approximations to density functional
theory (DFT)), charge transfer is over-estimated [30]. These effects are

demonstrated for the case of hexa-1,3,5-triene-1,6-dithiol (for ease of notation, we
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Figure 4.1: Charge transfer versus Highest Occupied and Lowest Unoccupied
(HOMOFLUMO|) energy gap and electronegativity for hexatriene
dithiol bonded to linear gold chains. Calculations have been performed
with the TURBOMOLE program system [32, 33]. All calculations
have been performed using the aug-cc-pVDZ basis set for carbon [34]
and split valence polarized valence basis for all other atoms, including
a sixty electron effective core potential for the gold atoms [32], B33].
Calculations have been performed using the Hartree-Fock and den-
sity functional theory calculations using hybrid (B3-LYP), generalized
gradient approximation PBE), and local density approximation
PW) exchange-correlation functionals.

subsequently refer to hexatriene dithiol) bonded between two linear gold chains in

fig. where the highest occupied-lowest unoccupied energy gap in the molecular

orbitals (HOMOHLUMO)| gap) and molecular electronegativity is given against

charge transfer relative to molecular hexatriene dithiol. For a large [ HOMOHLUMO)]

gap or weak electronegativity, charge transfer is small. For small [TOMOHLUMO|

gaps typical of [GGA] and [LDA] over-estimation of charge transfer is confirmed.

Hybrid functionals correct charge transfer to some extent, but this correction is
not systematic [30] and other approaches to capturing electron-electron

correlations may yield results intermediate to and approximate [DFT] [31].

We introduce a simple correlated model for a molecular chain and investigate the

effect of over- and under-estimation of electronegativity on electron transport. We
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use the following model Hamilitonian for an infinite chain:

A= — v Y (@ e, +he)+ Y (en+Vp)éhe, —yom(elib_y + he)
n<—3 n<—3
+3 A R . . . A
+ S (e + Vi) b b, — yar (BT 5 by + 0 by + B by + Rc)
n=—3
— FM(BJLQ B—l + BI BZ —I— hC) — ’YMR(BL36+4 —|— hC)
+ Y (er+Vr)ehe, —r > (& e, +he) (4.9)
n>+3 n>—+3

Six central sites of the chain are labelled -3, -2, -1, 1, 2 ;3 (i.e. there is no 0 site)
and are treated as the molecular region with BT,B creation and annihilation
operators for electrons on the molecule. The electron reservoirs are described by
the atomic sites extending towards the left and right away from the central
molecular sites with creation and annihilation operators ¢', ¢ for the reservoir
electrons. The site energies are given by €, = €g and €, for the reservoir and
molecular regions, respectively. The volage applied across the molecular junction is
described by the voltages V;, # Vg in the reservoirs and the voltage drop V,, across
the molecular sites is scaled linearly between the values V7, and Vz. The nearest
neighbor interactions are v, = g within the electrode regions, and there are two
molecular site-site interaction I'j; and v,; representing single and double bonds,
respectively, on the molecular region as a simple model for hexatriene dithiol, and
Yom = Yumr determine the molecule-electrode couplings. The eigenstates of the
molecular Hamiltonian are found with the electron-electron self-energy and exact
electrode self-energies are introduced describing coupling to the electrodes [35].
The resulting single-electron states are taken as the expansion functions for the
correlated version of the model obtained from I:IO — ]:IO + 0, with ¥ the pairwise

perturbation interactions about the mean field solution.

Current-voltage characteristics are calculated using eq. We use a simplified

form of the self-energy such that the interaction matrix elements are approximated
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Figure 4.2: Current-voltage characteristics for the model Hamiltonian of eq.
EN = 1.0 eV, €], = €ER = €Fermi — 0.0, YM = 4.54 eV, FM = 1.5
eV, v, = yg = 10.0 eV, vpyy = Ymr = 2.4 eV. Electronegativity is
modified by varying U, with values as labeled within the figure. Inset:
Current-voltage characteristics with current displayed on a logarithmic
scale.

as < pql|rs >~ U. Within the Supplemental Information (Appendix D)), the
[HOMOHLUMO] gap for the molecular region is given as a function of U and

demonstrates that the electronegativity on the molecular region may be
systematically controlled through the electron-electron self-energy. The results for
the current-voltage characteristics from the model are presented in fig. [£.2] The
independent particle or uncorrelated model occurs for U = 0 and increasing U
corresponds to increasing electron correlations on the molecular region. At U = 0,
currents at low voltages are much lower than when the ¥(®) term is allowed to
correct [Pk and [EAE; in this case, the highest lying occupied states are too low
too high) and the lowest lying unoccupied single-electron states are too high
too low) with respect to the Fermi level. Under these conditions neither
occupied or unoccupied states enter into the voltage bias window at low voltages,
and this level of electronic structure treatment corresponds to a Hartree-Fock

approximation. Increasing correlations on the molecular region, the highest
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occupied states near the Fermi level enter the bias window at lower values of
voltage, followed by the introduction of the unoccupied states at higher voltage bias
(this sequence is due to the relative position of the Fermi level relative to occupied
and unoccupied states for this example). The correlations on the molecular region
serve to shift up occupied levels relative to the Fermi level leading to reduced [[Pf,
whereas increasing correlations systematically lower the lowest lying unoccupied
states leading to increased [EAE. Increasing correlations continue to reduce the [[Pg
and increase [EAE until eventually electronegativity is overestimated. The impact
on the current-voltage characteristics is that the molecular levels enter the bias
window at very low values of applied voltage resulting in large current magnitudes.
As we will demonstrate in the next section, larger values of U correspond to the
use of [LDA] exchange-correlation potentials within [DFT| where the strong
over-estimation of charge transfer is known to occur [30]. There are indications
that [GGA] and hybrid functionals can be constructed to correct charge transfer,
but these corrections have not been shown to be systematic across a wide range of
systems. Hartree-Fock and Kohn-Sham (using orbitals are not appropriate
independent particle models for electron transport due to strong under- and
over-estimation of charge transfer, respectively. The results of fig. indicates the

impact on current-voltage characteristics for these two extremes.

4.5 DFT and HF transport for hexatriene dithiol

In this section, electron transport calculations are extended for a gold-hexatriene
dithiol-gold tunnel junction using density functional theory and Hartree-Fock
treatments for the electronic structure. In this way, the relationship between
differing electronic structure treatments and model analysis based on increasing
electron-electron correlations of the previous section can be inferred. The electronic

structure calculations in this section have been performed with Fock matrices built
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from TURBOMOLE calculations [32], B3] using Hartree-Fock and density
functional theory in the local density approximation PW), generalized
gradient approximation BP), and hybrid (B3-LYP) exchange-correlation
functional. Green’s function transport calculations have been performed with the
in-house TIMES scattering program [36] using the tunnel junction Hamiltonians in
an atomic orbital basis as extracted from TURBOMOLE. The TURBOMOLE split
valence/polarized Gaussian basis sets were used for all atoms on the hexatriene
dithiol molecule. In the gold leads, the three gold atoms in each electrode bonding
with the sulfur atoms are also treated with a split valence/polarized basis set in
conjunction with a 60 electron effective core potential. All other gold atoms are
treated with a modified 6s orbital basis set used with a 78 electron effective core
potential [37]. In fig. the atomic model used to describe the tunnel junction is
depicted. A full geometry optimization was performed for the junction for each
electronic structure treatment. During the Hartree-Fock and [DFT] electronic
structure calculations, an external electric field is applied to mimic the application
of a voltage across the molecule. Using gold contact models, the screening depth
for the application of the external electric field is calculated and found to be
approximately 0.8 A, consistent with estimates from Thomas-Fermi theory. Hence
the clusters employed are large enough to describe the charge transfer due to the
molecule bonding to gold with a constant voltage reached within the finite cluster
region. The semi-infinite nature of the contact is then described by neutral leads

through the electron self-energies in the contact region.

Electron transmission as a function of energy are given in the Supplemental
Information (Appendix @ using the various approximations to and the
Hartree-Fock approximation. The overestimation of electronegativity within [LDA]
results in a narrow gap around the Fermi energy resulting in a higher density of
states with the energy range of interest for electron transport. Conversely, the
underestimation of electronegativity within the Hartree-Fock approximation results
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Figure 4.3: Atomistic model of gold-hexatriene dithiol-gold molecular tunnel junc-
tion. The back two planes of gold atoms in the metal contacts are
repeated to model the semi-infinite electrode regions.

in low density of states around the Fermi energy and within a voltage bias window
of a few volts typically considered in molecular electronics. Finally, in fig. the
resulting current-voltage characteristics for the hexatriene dithiol tunnel junction

calculated using the different electronic structure treatments is displayed.

The explicit electronic structure treatments of the molecular tunnel junction
confirm the model analysis of the preceeding section. overestimates
correlations, leading to too large of an electronegativity, and subsequently too large
of a charge transfer between molecule and electrodes. The resulting band
alignments result in an overestimation of the electronic current in the tunnel
junction. Conversely, the Hartree-Fock approximation underestimates correlations,
leading to too small of an electronegativity, and too little charge transfer between
molecule and electrodes. The resulting band alignments result in an
underestimation of the electronic current in the tunnel junction. The [GGA] and
hybrid approximations tend to lie between the extremes of the [LDA] and
Hartree-Fock approximations. Similar findings in the context of the effect of
differing exchange-correlation treatments on electronic currents in molecular tunnel
junctions have been reported [38, 39]. However, in the present context, the role of
improving the electronegativity to improve the overlap to the exact [RDM]is
highlighted.
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Figure 4.4: Current-voltage characteristics for hexatriene dithiol bonded to gold
using various electronic structure treatments. Green- Red-

Blue- hybrid, Black- Hartree-Fock. Inset: Current-

voltage characteristics with current displayed on a logarithmic scale.

4.6 Conclusion

Correcting electronegativity is equivalent to maximizing overlap to the reduced
density matrix: this is true to low orders in electron correlation and of course the
correct electronegativity and density matrix are found at the exact many-body
solution. In general, improving descriptions for the and electronegativity
with the methods described will lead to improved prediction of electron currents in
systems with moderate electron correlations. The best independent particle picture
within this context is a single determinant comprised of natural orbitals; any
attempt to refine single-electron models for transport should lead to electron
wavefunctions that approximate natural orbitals. In the case of Green’s function
approaches, moderate electron correlations imply the need to include
electron-electron self-energies to describe quasi-particle propagation. A measure of
the usefulness of a single-particle picture to be used in a transport scheme is its

ability to reproduce the exact molecular electronegativity. The ability of ezact
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CURRENTS IN MOLECULAR TUNNEL

JUNCTIONS 4.6 Conclusion
to accurately determine electron transport [40] is within the present
discussion understood as the ability to provide correct ionization potentials and
electron affinitites. For strong correlations, a single determinant wave function is
not an adequate approximation to predict [Pk and [EAk and perturbation
corrections about a single reference state fail, thus complicating treatment of
molecular junctions with Green’s function approaches. However, in all cases, from
weak to strong correlations, the criterion to maximize overlap to the exact reduced

density matrix will lead to improved predictions for electron currents.
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5. CONCLUSION 5.1 Introduction

5.1 Introduction

The aim of this thesis is to benchmark the [MECS| method under a variety of
circumstances and to validate and demonstrate the range of systems that [MECS|
can be applied as a many body transport method in the field of molecular
electronics. [MECS]| was applied to determine charge transport properties and verify
performance benchmarks across a carefully chosen set of test cases. Transport
calculations were carried out with the method and compared to conventional
single-particle methods and experimental data. [NEGF] with [DFT] was selected as
the single-particle approximation to the transport problem to be compared with
the method. [NEGFE] itself is an established method which is well
documented in the literature and as such serves as a well understood, in terms of

its advantages and limitations, counterpart to the MECS| method.

Zeroth order electronic structure calculations were performed using Hartree Fock
and Density Functional Theory methods, augmented by configuration interaction

methods to systematically correct electron correlations.

5.2 Results and benchmarks

5.2.1 Conductance of point contact systems

The point contact quantum of conductance is a well characterised and understood
phenomenon replicated by many single-particle transport methods. In Chapter [2
point contacts are investigated as a calibration test to the MECS method. The
quantum of conductance G represents the conductance of a single energy level in
a junction with unity transmission. The quantum of conductance for our a model
point contact [MECS|is 0.6 + 0.24G, and is well within the bounds obtained by
single-particle methods (i.e. 0.3 — 1Gy) [1, 2 3, [4, Bl 6, [7].
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Applying [MECS| to point contacts with the inclusion of only single excitations in
the many-electron wave function in addition to the reference state describes the
quantum of conductance thirty percent higher than the conductance obtained
when including higher excitations. This reduction in current (with the inclusion of
many body effects) may reflect the increase of electron-electron scattering on the
device region due to the improved descriptions of electron correlation. In these
studies up to six excited states relative to the ground state were included. There is
only a small contribution to the conductance from the first five excited states, a
much larger change in conductance due to the addition of the sixth excited state is
found. The results reinforce the importance of including the correct configurations
with respect to the ground state to include electron correlations in the many body
wave function. It also highlights that the excitations that interact the strongest
with the ground state through dipole coupling are not necessarily those lowest

lying in energy.

The difference in current with the transition from the single-particle basis to the
many body basis via the inclusion of extra excitations demonstrates the sensitivity
of even weakly correlated systems to electron correlations. This benchmark is
important in determining the degree to which electron correlation affects transport

in approximate single-particle weakly correlated systems.

5.2.2 Comparison of MECS| with single-particle methods

for correlated systems

Of additional interest is the degree to which electron correlation affects charge
transport in weakly correlated systems such as alkane chains linked to gold
electrodes via amines. Agreement is achieved between alkane molecular junctions

for MECS| and [NEGF], with  MECS| and [NEGF] respectively obtaining a decay
constant of § = 0.76A~! and # = 0.78A~! for alkanediamine. Alkanes are well
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described by a single determinant (having a single reference ground state) which

indicates that these systems are well described in a single-particle model.

In addition to alkanes and point contacts, MECS| was applied to moderately
correlated silane systems. Applying [MECS]| to such systems of increasing
correlation while simultaneously comparing with results from single-particle
implementations of methods (i.e. allows the study of the parameters
affecting divergence between different approximations between the two methods

giving rise to prediction of different current-voltage relationships.

these methods. [MECS| obtains a decay constant 8 = 0.07A~! for silane diamine
whereas NEGF found a 8 = 0.35A~!. Results from methylated oligosilane

chains, i.e donor-bridge-acceptor systems, yield a experimental 5 = 0.16A! [8].

Difficulties arise when comparing [MECS| and [NEGF| methods for silanes due to the

small HOMO-FERMI gap leading to sensitivity to Fermi level alignment.
Therefore the degree the divergence in results due to Fermi level alignment which
can be attributed electron correlation is uncertain. Despite this the divergence is
considered to be primarily due to Fermi level alignment as the HOMO-Fermi gap
is quite small and prone to misalignment. As a benchmark the application to
silanes represents a first step in testing the capabilities of MECS| on a system with
significant electron correlation. Silanes are poorly represented in the experimental
data, therefore having a computational many-body model of charge transport

hopefully will encourage future experiments by providing a theoretical benchmark.

5.2.3 Application of MECS to various electron transport

regimes

[MECS] was applied to various different transport regimes in its implementation. In

this work both strong and weak coupling were utilised during the course of MECS]
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calculations. The strong coupling regime occurs when there are strong bonds and
low barriers between contacts and the device region. Weak coupling in contrast is
when there is weak interaction between the device and system as in molecular
junctions bonded to metal electrodes by linker molecules that give rise to a large
potential barrier between electrode and molecule as in alkane and silane molecular
junctions. [MECS] experienced no complications yielding correct results for both
strong and weakly coupled systems. [MECS| was applied to both low and
moderately correlated systems in the above cases with strong agreement with

experiment.

5.2.4 Comparison of MECS with experimental results

In this work [MECS]is benchmarked against experimentally reproducible results.
Agreement between and experiment is achieved for alkanes (particularly
alkane diamine) and point contacts within an acceptable margin of error. Verifying
results in this manner demonstrates that [MECS|is not just comparable to other
theoretical codes and models but it can be predictive iin the study of experimental

molecular junctions.

5.2.5 Modelling systems of different electronegativity

Electronegativity is a measurement of a systems affinity for electrons. An accurate
treatment of electronegativity is necessary to accurately determine the correct
energy level alignment at an interface. Inclusion of correlation corrections is known
to be important for prediction of electronegativity as demonstrated by resulting
improvement for ionisation potentials and electron affinities (see equation .
Within this thesis, it is shown that electronegativity controls energy level alignment

and charge transfer, and hence the current at interface or molecular junction.
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Electronegativity y is defined as

X = 7<EA ;_ Er) (5.1)

where F4 and Ej is the electron affinity and ionisation potential.

Underestimating the band gap as predicted within [DFT]leads to an overestimation
of the current. In contrast the opposite overestimation of the band gap with HF
leads to an underestimation of the predicted current. Accurate determination of
ionisation potentials and electron affinities is hence shown to be necessary for
improved descriptions of charge transport. An analytical model was implemented
allowing varying degrees of electron correlation to be included and its effect on
electronegativity and transport was studied. This was compared to electronic

structure treatment of the same system utilising computational [HF| and [DFT]

methods with different functionals (LDA and hybrid) for [DFT]

From low to moderate correlation, the electron-electron self energy corrected
Green’s functions accurately predicts currents. These corrections break down when
treating strong electron correlations as the single-particle approximation is no

longer useful as a zeroth order approximation to the many body wavefunction.

By using correlated methods (in this work, by configuration interaction ((CI))
methods, ) electronegativity is better approximated thereby yeilding improvements
to the reduced density matrix, and consequently, the current. It was shown that [C]]
improves calculation of the electronegativity by maximising the overlap to the
exact reduced density matrix, implying an accurate treatment of the interacting

many-electron wavefunction.
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5.2.6 Modelling screening effects

The screening effect is the reduction of an applied field due to movement of
opposing charges in a material. As implemented, [MECS| determines the voltage
drop (V') between the two electrodes (i.e. V = £d where —¢ is the applied field
strength and d is the distance between the electrodes). This implementation
ignores the contribution from the screening effect on the electrodes, leading to
ambiguity in the definition of the distance d, and hence in the value of the voltage.
The screening effect can be accounted for via the inclusion of an effective distance
(i.e. the equivalent in the electrodes distance that yields the induced voltage for a
given applied electric field), in order to obtain the physical induced voltage drop

due to electrostatic screening.

Point contacts are comprised mainly of metallic contacts and as such are affected
to a considerable degree by electrostatic screening. The gap between the electrodes
is effectively one atom’s width. The voltage drop in point contacts occurs across
the central scattering region with a surface dipole at the centre of the junction.
The induced surface dipole is in agreement with theory consisting of opposing
charges accumulating at the metal surface of the contacts opposing the applied

electric field.

The discrepancy between the actual and naive voltage estimate (where the total
distance across the molecule is assumed to be unscreened) is much less acute in
typical molecular junctions as compared to point contacts, due to the wider gap
distance in molecular junctions contacting "long" molecules. The screening effect is
mostly of concern in [MECS] calculations whereby the majority of the distance
between the Wigner planes is metallic, and screening reduces the actual length

over which the voltage drops to the region between the electrodes.
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5.2.7 Studying finite electrode effects on the Wigner

distribution function

MECS| implements the behaviour of semi-infinite leads via the Wigner function.
By constraining the Wigner function, the effect of the semi-infinite leads can be
emulated with finite sized electrodes. In this thesis we investigated the effect the

finite geometry on the Wigner function as calculated within the electrodes.

In Chapter [2], the effects of finite electrodes on the stability of the Wigner function
was investigated by expanding the geometry of the electrodes as a series of
approximations to the semi-infinite electrodes. This was achieved via extending
the electrodes in stepwise fashion towards the semi-infinite leads using repeating
units that when continued, lead to a periodic semi-infinite electrode. As the
Wigner function is evaluated in larger electrode models, its behaviour approaches
Wigner function behaviour in an ideal electrode. In all cases the Wigner function

is placed in the same location relative to the back plane of the model electrode.

Results of the Wigner stability test indicate that in spite of varying geometry, the
Wigner function remains robust except for low momenta values. This applies
equally to both the single sided and double sided junctions tested. Due to the
relation of the Wigner function to the current pf(p), the contribution of lower
momenta is not critical (i.e. due to small p, where f(p) is the Wigner function and
p is the momentum). The resulting incoming current distribution has only minor
variations with respect to the variation in geometry. This implies that the
implementation of the Wigner function within in the finite electrodes is

relatively stable with respect to the electrode geometries.

Correlated electron transport across atomic 105 Shane Mc Dermott
and molecular tunnel junctions



5. CONCLUSION 5.8 Further observations

5.3 Further observations

Based on the above results and benchmarks, it is possible to draw a number of

conclusions relating to [MECS| method and its application to molecular systems.

Taking into consideration the variety of systems that [MECS] has been applied to it
is possible to conclude that its application is not limited to any one transport
regime. [MECS| has been successfully applied to both strong and weakly coupled
systems, weak systems in the case of molecular junctions and strongly coupled
systems in the case of point contacts including both low and moderately correlated

treatments.

Subsequent analysis of the junction electrostatics confirmed that the MECS] results
for point contacts conform with predicted theory with the inclusion of an accurate
determination of the junction voltage. The screening effect and its influence on the
effective voltage drop for point contacts was studied and correctly treated. For
molecular junctions, we conclude that the screening effect on molecular junctions is
less due to the less polarisable molecular region comprising a large proportion of
the distance separating the Wigner planes. Similarly approximations due to finite
electrode geometries have little impact on the calculation of the Wigner functions
used to constrain incoming electrode currents and hence [MECS] transport
calculations. Discrepancies occur mostly at low momenta which does not

significantly impact the incoming current.

[MECS] compares favourably with single-particle methods for systems with low
correlation such as alkanes and point contacts. [MECS]| can reproduce transport
results for these systems comparable with single-particle methods. [MECS] also
achieves agreement with experimental results for alkanes and point contacts except
for giving a slightly lower conductance possibly due to electron electron

interactions. Larger discrepancies in predicted currents occurs when comparisons
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are made between [MECS| and [NEGF]| for the moderately correlated silanes. Here

the majority of the divergence between [MECS| and [NEGF] is likely due to the

sensitivity of silanes to Fermi level alignment between the molecular region and the

workfunction of the electrodes.

Through the course of this work MECS] has been tested and compared to numerous
benchmarks. This includes the modelling of electrostatics, Wigner stability tests
and estimation of the quantum of conductance. The results confirm that [MECS]

can perform well when compared with established methods and benchmarks.

5.4 Future research

Possible applications for the MECS| method would be to systems with additional
properties and transport regimes different to those previously studied (e.g. systems
with high electron correlation, in particular, the Coulomb blockade regime). In
addition, a number of modifications to [MECS]| could accommodate descriptions of
physical processes better, such as more accurate electron broadening from a better
treatment of the effects of the semi-infinite leads. One such modification would be
the integration of complex absorbing potentials into method. These

proposals are discussed further in the following sections.

5.4.1 Application of MECS to highly correlated systems

To date has been applied to systems of increasing correlation and compared
with single-particle approximations and experimental results for low and
moderately correlated systems. The logical continuation of this is the further
application of the MECS| method to highly correlated systems including Coulomb
blockade.
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Highly correlated systems present a challenge to contemporary methods in
determining electron transport. This is considered to be the reason for the poor
agreement between theory and experiment. Such systems are in principle
calculable by [MECS]| with an appropriate treatment of electron correlation. In
addition, by accounting for other physical processes (e.g. electronic band

alignment in silanes), it is possible with [MECS| to discern the influence electron

correlation has on current transport.

Previously point contacts were considered systems which are strongly coupled but
weakly correlated. An interesting counterpart system for study would be an
opposing weakly coupled but highly correlated system. A possible candidate for
highly correlated transport is a Coulomb blockade system. Quantum dot coulomb
blockade systems would therefore represent a challenging case for MECS|in the

highly correlated transport regime and should be the focus of future work.

5.4.2 Integration of complex absorbing potentials (CAPS)

Currently in the MECS| method, as electrons leave the junction they are confronted
with the unphysical end of electrode, however due to the enforced Wigner
constraints they constrained upon re-entering the device region. While they cannot
re-enter the junction these reflected electron momenta lead to an unphysical region
within the electrodes outside the Wigner plane. While this has no direct influence
on the current calculation (due to being outside the Wigner planes where the
current is deduced from), however the numerical instability created hinders

convergence over the entire region where the wavefunction is minimised.

Conventionally in electronic structure theory the effects of semi-infinite leads are
accounted for by means of electron self energies. While useful for a wide variety of
approaches electron self energies have a single-particle energy dependence which

presents a difficulty when incorporating them into many body methods such as
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MECS| Complex absorbing potentials (CAPs|) however offer an alternative.

approximates the electron self energy without an energy dependence. This allows
the leads to be straightforwardly integrated into many body methods. The essence
of the method is to approximate energy-dependent self-energies by
energy-independent potentials. Therefore the better the mimics the

self-energy over a given energy range, the better the approximation.

The inclusion of into [MECS] can accurately emulate the physical system
connected via semi infinite leads. prevents backscattering of electrons off the
edge of the electrodes effectively "absorbing” them and thereby reducing if not
eliminating numerical instabilities in the region outside the Wigner planes. This

potentially leads to an improvement in convergence.

During an [MCCI| calculation the isolated electrodes and device are considered to
be an approximation to the external system (semi-infinite leads) to which it is
attached. With the inclusion of CAPS the [MCCI] calculation yields the many-body

energy levels fully accounting for semi-infinite.

In summary, integrating [CAPs into [MECS]| could provide a better description of

the leads which through interaction with the device region accounts for state
broadening of the device energy levels. should allow [MECS]| to improve the

effects due to broadening (broadening due to the electrodes) in current calculations.

5.4.3 Research applications

It is worth considering what are the possible applications for molecular electronics
research. One such application is molecular description of photo voltaic cells.
Accurate determination and description of energy absorption processes could lead

to new developments and improvements in photovoltaic solar panels.

Another promising application is biological sensors. By accurately determining the
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current voltage characteristics of a series of molecules a molecule specific sensor
could be developed. This could lead to the development of a biorecognition sensors
which could accurately detect the presence of specific molecules in a complex
chemical enviroment like inside the human body. In addition is the possibility of
direct electrical interface between a molecular circuit and a biological cell giving
rise to the ability to measure thousands of protein and genetic signatures in real

time.
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A. ELECTRONIC STRUCTURE A.1 Density Functional Theory

This appendix provides an overview of the fundamental theory and a description of
the computational methods employed in this work. In particular basic concepts in

electronic structure theory as applied to molecular physics are also outlined here.

A.1 Density Functional Theory

Density Functional Theory is a formally exact many electron theory.
is a method of finding the ground state properties of a system without directly
dealing with the many-body state wave function. In Hartree-Fock one must deal
with the complex many-body wavefunction which contains 3N spatial coordinates
and N spin coordinates. [DFT] attempts to reduce this to three coordinates by

calculating the electron density (p).

Regarding implementation, [DFT]is a relatively straightforward method to apply
with appropriate approximations and can in certain systems capture a high
percentage of the total electronic energy at relatively low computational cost. This
computational cost is approximately equal to that of Hartree-Fock and is lower
than post Hartree-Fock wave function methods. Similar to wave function theory,
there exists a set of post improvements known as Jacobs ladder [1], however

the improvements are not as systematic as in wave function based methods.

Initially motivated by the Thomas Fermi models used to calculate the Coulomb,
exchange and kinetic energies, [DFT] was further developed into an exact theory via

the Hohenberg-Kohn theory.

The first tenet of the Hohenberg-Kohn theorem upon which [DFT]is based states
that the N electron wave function can be replaced by a density calculation. This is
achieved by deducing the external electric field to within an additive constant via
the electron density and as a result all other properties are determinable via the
electron density. The Hohenberg-Kohn theorem utilises the variational method to
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A. ELECTRONIC STRUCTURE A.1 Density Functional Theory

minimise the density and similar to Hartree-Fock, the calculated energy is an

upper bound to the exact ground state energy.

The ground state electron density can be defined in terms of the exact ground

state wave function

no(r) = (Yol |vo) (A1)

where 7 is the density operator, ng is the ground state density and |¢y) is the
ground state wave function. Since ng(r) is dependent on the ground state wave
function, both ngy and vy are then dependent on N (the number of electrons) and
Vewt(the external potential). The Hamiltonian (H) is defined such that

H = F +V,,;. The electrostatic potential due to the nuclei is treated as an

"external" potential V,,; with the remaining part of the Hamiltonian F' given as

Fe YV, Yy

a bta |Ta — 1|

(A.2)

where —= Z V2 is the kinetic energy of the electrons and 1 5 2a bta |T — is the

energy due to electron electron interactions.

F' is the same for all N electron systems allowing the ground state Hamiltonian for
each system to be specified by the number of electrons N and V_,. F[n] can be
defined as a function of the density such that F[n] = (¢o|F|t)). The energy can be

expressed in terms of the density F[n] by the following equation

Eln] = Fln] + [ n(r)Veu (1)'r (A.3)

where the energy due to the external potential is determined solely by the

ground-state electron density.

With the equations above its possible to formulate the Hohenberg-Kohn theorem

into a variational problem with respect to the density for non-degenerate ground
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A. ELECTRONIC STRUCTURE A.1 Density Functional Theory

states. For degenerate cases, this has been shown not to be true but these cases
can be mitigated by the application of the constrained search formulation. The
constrained search formulation only requires that a density be N representable, in
that the density can be retrieved from an antisymmetric wave function. The
ground state energy FEj represents the lower limit in any calculation such that for
all n # ng for N electrons in a potential V,,, . Thus density functional theory has a
functional F'[N] which is independent of the external field. This formulation also
limits the calculation from 3N variables to just three. The difficulty arises in that
F[N] is not explicitly known and this leads us to another development in density

functional theory, i.e. Kohn-Sham density functional theory.

In Kohn-Sham [DFT] the problem is treated by transforming the interacting system
into a non-interacting system with the same ground state density while retaining
exchange and correlation based effects. This allows approximations to the
universal functional to be utilised and this greatly simplifies the form of the
problem. The Kohn-Sham density can obtained from a Slater determinant.
Kohn-Sham treatment of [DFT] incorporates electron orbitals into the density
formulation. Kohn-Sham minimises the energy by varying the density in contrast
to Hartree-Fock which minimises the energy with respect to variations in the
single-electron orbitals. The variational solution includes a constraint on the
number of electrons to N by means of a Lagrange multiplier. To proceed,
Kohn-Sham begins by partitioning the universal function F'[n| into three

different components as described in the equation [A.4] below;

Fln| =T[n] + ;/Wd%d%’ + Ec[n], (A.4)

r

where T[n] |A.5
Tl = 53 [T (A5

is the kinetic energy for a non-interacting gas of density n(r), and E,. is the
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A. ELECTRONIC STRUCTURE A.1 Density Functional Theory

contribution of the exchange correlation functional. The second term represents
the contribution of the electrostatic Hartree energy to the system. FE,. contains all
non-classical electrostatic potential effects and the difference in kinetic energy

between interacting and non interacting systems.

The first two terms can be calculated directly with the last term requiring an
approximation to the unknown form of the exchange correlation functional. By
converting the system into a non interacting system the Kohn-Sham approach can
solve some of the separate components exactly while treating the remaining

components approximately.

Within the single-particle system, the electron density can be defined with respect

to occupied orbitals as

n(r) = 3 i)l (A.0)

To find the ground state density a one electron Schrodinger equation is solved.

The Kohn-Sham equation is given as
1
(=5 + Vs (n)]thi(r) = ethi(r) (A7)

where Vg given by eq is the Kohn-Sham potential

n(r') 5, O0Ey[n]
d’r' + ———=+V A.
| — 1| " on(r) ety (A-8)

Vies(r) = /

and ¢; is the single-electron energy and —%Vz is kinetic energy operator. As in
Hartree-Fock theory, it is possible to converge the density for the Kohn-Sham wave
function using the self consistent method. Vkg is dependent upon the density n(r)
which yields a new wave function 1; which in turn yields a new density. This
process continues until the density remains almost unchanged between iterations at
which point it has converged. The density is therefore converges between

successive iterations until it falls beneath a predefined threshold.
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Convergence within [DFT]is relatively straight forward due to the presence of only

one global minimum with a convex distribution [2]. The exact energy is given by

below eq

E= —; g:/%* V2 YidPr + ;//derd?’r’ - /n(T)Vm(r)d?’?" + E,n],
- (A.9)
where the first term is the non-interacting kinetic energy, the second term
represents the contribution of the electron electron interactions, and the third term

consists of correlations and the interaction correction for kinetic energy.

Due to the utilisation of matrix diagonalisation the Kohn-Sham method scales as
N3, where N is the number of basis functions when compared to the simpler
Hohenberg-Kohn scaling. Accuracy for different systems can be estimated using
calibration studies. Approximations to [DFT] like approximations for Hartree-Fock
have difficulty both in accounting for the exact correlation energy and for treating
band gaps incorrectly. This leads to an underestimation by [DFT] of the energy gap
between occupied and unoccupied energy levels rather than an overestimation as in

the case of Hartree-Fock approximation.

The key shortcoming for Kohn-Sham [DFT]is that the functional connecting the
exchange correlation energy and the electron density is not explicitly known. If the
form of the exchange correlation (E..) is known then the equations can be solved
precisely, but this is only known for a few simple systems. Approximations have to
be created to account for E,.. While there are a variety of different approximate

functionals used to account for E,., the two main types are local density

approximations (LDA|) and general gradient approximations (GGA)).

[LDAJis the simplest approximation and calculates the exchange correlation
functional as if the local charge density was the same as a homogeneous electron

gas. This also works well for inhomogeneous systems with no sharp changes in

Correlated electron transport across atomic 119 Shane Mc Dermott
and molecular tunnel junctions



A. ELECTRONIC STRUCTURE A.1 Density Functional Theory

electron density. In contrast to Hartree-Fock and for systems where [LDA] performs
well, [LDA] can account for the electron correlation yielding accurate prediction for
properties of many-electron systems. The typical shortcomings of [LDA] for
molecular systems are its overestimation of charge transfer and determination of
shorter bond lengths than experimentally observed. [LDA] performs well for systems
where the density varies slowly but breaks down in highly correlated systems such
as degenerate systems i.e. where the independent particle assumption no longer
applies. It is often difficult to determine which systems [LDA] will approximate well.
For example, it works well for bulk Group IV semiconductors (other than the band
gap problem already mentioned) but not necessarily on their surfaces. Further
limitations are seen for [LDA]in that it incorrectly predicts for the behaviour of
Mott insulators to be semiconductors. For [LDA] the exchange correlation

functional is defined as equation [A.10}
EEPA ()] = [ ewcln(n)ln(r)dr. (A.10)

The exchange correlation functional for [GGA]is similar to that of LDA]in that the
exchange correlation functional is derived from a local density, but it also includes
corrections for the density gradient. While [GGA] usually improves accuracy it is
not systematic in that it doesn’t guarantee that a [GGA]| calculation will be an

improvement over a [LDA] calculation. [GGA] exchange correlation functionals are

defined by

ESCAIn(r)] = /exc[n(r)]F[n(r),Vn(r)]cf’r, (A.11)
where F is a correction dependent upon the gradient and the density.

Approximate [DFT] has a number of shortcomings in dealing with both dispersion
(van der Waals forces) and with charge transfer due to the energy level alignments

and band offsets.
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Hybrid functionals represent a compromise between [DFT| exchange correlation
functionals and Hartree-Fock [3]. Hybrid functionals incorporate the exact
exchange functional from Hartree-Fock into the [DFT] formalism, mixed with the

[DFT] exchange and correlation functional. This improves [DFT| orbitals in many

properties such as bond length and energies. With [LDA||GGAL [DFT| consistently

underestimates the band gap and bonding distance. In contrast, Hartree-Fock does
the opposite usually overestimating the band gap and bond lengths. While hybrid
orbitals may provide a more accurate orbital energies than Hartree-Fock and [DFT]
functionals individually it is not systematic, and it is difficult to determine if the
band gaps are being over or underestimated and in practice are calibrated to

experiment.

A.2 Configuration Interaction

Configuration interaction is a post Hartree-Fock method for improving
energies and the many-electron wave function. Any set of orbitals can be used with
[CT], although they are usually chosen to be orthogonal. [CI] moves beyond the
single-electron picture and uses a multi-reference wave function. It is variational in
nature with the accuracy of the system moving towards the exact non-relativistic

system given by a full [C]| for a complete many-electron basis set.

A configuration describes each independent electron in an orbital where the
interactions between them are treated with an averaged field. Each configuration
corresponds to a Slater determinant and interaction describes the mixing of
electron configurations. In a [C]| calculation the system is represented as linear

expansion of Slater determinants

W) = EA:CAW,O (A.12)
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where |U) is the many electron wavefunction and c4 is a coefficient representing a

Slater determinant’s contribution to a many-body state.

Configuration interaction improves upon a Hartee-Fock calculation by obtaining
the correlation energy. Correlation energy FE.,.. is defined as the difference between
the exact non-relativistic energy and the Hartree-Fock approximation, and includes
all electron-electron interactions beyond the mean field approximation. This is

exemplified in the equation below

Ecorr = EO - EHF: (A13)

where Fj is the exact energy of a non-relativistic state.

Correlation energy arises in two distinct components, dynamic and static.
Dynamical correlation energy is more easily understood as the energy difference
arising out of the deficiencies of the self-consistent field method in treating
electron-electron interactions. Correct treatment of the dynamical correlation
energy involves compensating for the SCF field and treating the electron-electron
interactions correctly so that electrons “avoid” one another. Static correlation
arises out of the inadequacy of a single determinant wave function being able to
describe the state of a molecule even as a first approximation. Static correlation
plays a large role in multi-reference systems with nearly degenerate states and
open shell systems due to electron rearrangement. Treatment of static correlation
can usually be achieved via the inclusion of a few choice configurations which

strongly contribute to the wavefunction.

To improve on a single determinant [HF] wavefunction, the trial wavefunction is

written in a multi-determinant form as in equation [A.T4]

W) = colto) + D) + DD ) + (A.14)
ia i<j a<b
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Here the subscripts refer to the occupied orbitals of a single-particle ground state
and the superscripts refer to the unoccupied orbitals of a single-particle state. The
[CT] wave function can be expressed as a sum of combinations of excitations with
respect to the Hartree-Fock one electron ground state wave function. The
N-electron wavefunction is expanded in terms of spin-projected Slater
determinants where normalisation is enforced through the constraint (¥|¥) = 1.
The equation [A.14] can be viewed as a sum of excitation orders starting with the
ground state and with each additional term representing the sum of all
configurations for that level of excitation. Initially for a [C]] calculation the
Hartree-Fock determinant is used as a reference for the start of a [CIl calculation.
This is because the Hartree-Fock determinant is the best single approximation to
the energy and as such is a good starting approximation to the many-body wave
function. It holds true that not only is the [CI] ground state an upper bound to the
exact non-relativistic ground state, but that all [CI] excited states represent an
upper energy bound to their corresponding exact non-relativistic energies. [C]] is

general in its implementation and can be applied to excited states.

[CT] can be formulated as the matrix representation of the Schrodinger equation
with configuration state functions (CSEp) instead of single determinants. A is
a symmetry adapted linear combination of Slater determinants that can be used by
[CT] to correctly describe spin. [CSFg are constructed to have the same quantum
number as the wave function. Their nature is analogous to the linear combination
of atomic orbitals (LCAQO) employed in a single-particle basis. have an
advantage over conventional Slater determinants in that their contracted nature
shortens the configuration vector of a calculation reducing the computational

overhead.

[CT] employs a trial wave function or vector consisting of [CSFf or Slater

determinants with the many-electron wave function represented as a linear
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combination of [CSFk or Slater determinants. As the variational method converges
the energy towards the exact non-relativistic energy so too does the wave function
converge towards the exact many body wave function. Solving the [C]] problem for
an N-electron Hamiltonian in a complete basis function of N-electron Slater
determinants or [CSE]s will result in the exact eigenstates of the system. Capturing
all the correlation energy with a full [Cl] is impractical in all but the most trivial
systems. The |CI| space expands quite rapidly with (basis function ) size, with the
expansion of [CI| space being combinatorial (worse than exponential). The size of a

full |CI} constructed from [CSF§ is given by the Weyl formula [4]

M+1( M+1 M+1
N = Al
25+1<l/2+5+1> <1/2—S>’ (A.15)

where N is the number of [CSFk needed, S is the spin, M the number of orbitals

and [ the total number of electrons.

To compensate for the large number of configurations those configurations unlikely
to contribute to the correlation are removed. One approach to limiting [C]] space is
to ignore or “freeze” orbitals considered to be affected little by environmental
changes. Typically this is applied to molecular orbitals far from the valence
electrons that are the lowest lying in energy and considered tightly bound. Since
the molecular orbitals are tightly bound, it is generally recommended that frozen
core approximation be implemented to improve calculation times. Core
correlations cancel when taking energy differences and have little effect on valence
correlations. Regardless due to a lack of flexibility, the large proportion of the
basis sets employed in quantum calculations are inadequate in describing the
correlation of core electrons. In addition to frozen orbitals, energy cut-offs are
employed, restricting the number of virtual orbitals included within a calculation.
Thus virtual orbitals very high in energy and unlikely to contribute to the

calculation are also excluded.
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Removal of configurations alone, while reducing computational overheads, is
insufficient to compensate for the large size of a full [C]] calculation. In practical
terms, the [CI] space has to be truncated to carry out a calculation. Most
configurations provide only a small contribution to the [CI] wave function, the key is
in including only those with significant contributions. A common means of
attempting this is excitation limited [CI} This involves only including excitations
within a certain excitation level with respect to the reference function. The
reference function is defined as the initial configuration in a [C]| calculation from
which excitations are applied. An example of this is [CI| (singles-doubles) (CI(SD)),
which only includes single and double excitations with respect to the reference
function. This scheme can be extended to any excitation level but in practice is
usually restricted to [CI(SD); [CI(singles, doubles, triples ) (CI(SDT)), and
Cl|(singles, doubles, triples, quadruples) (SDTQ) are infrequently applied.

It is worth noting that in excitation truncated schemes, most multi-reference states
will be captured. This allows excitation limited [CI] methods to capture the static
correlation energy, but not necessarily all of the dynamical correlation energy.
Considering the Hamiltonian contains only one and two body interactions,
therefore only single and double excitations with respect to the reference function
can interact directly with the reference function when using orthogonal molecular
orbitals. However even though triple excitations and above do not interact directly
with the reference function they can interact indirectly through high level

excitations which do interact with the reference function.

Normally a Hartree-Fock determinant does not interact with single excitations due
to Brillouin’s theorem. Brillouin’s theorem states that any single excitation with
respect to the ground state cannot improve the energy. A general property of
determinants is that if any two determinants differ by a single row or a column

then any linear combination of the two can itself be expressed as a determinant. If
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we take a Hartree-Fock determinant |¢)y) and apply a single excitation with respect
to this determinant |¢;) since it differs by only one row or column the new
determinant can be expressed as a linear combination of the two as ¢;|tvo) + ¢;|¢1)
where ¢; and ¢; are coefficients. But since the Hartree-Fock determinant is the best
single determinant approximation to the energy so the contribution of the single

excitation is zero, or mathematically

(Ys|H]tho) = 0. (A.16)

Any interaction between a Slater determinant which differs by any single
excitation with respect to the reference determinant and the reference determinant
is zero. Single excitations like higher excitations can still contribute to the wave

function by interacting indirectly through other configurations.

Due to the above factors, double excitations tend to have the strongest direct
interaction with the reference configuration and generally contribute the most in
terms of correlation energy. For most systems (except for strongly correlated
systems ) excitation limited |CI| captures a significant proportion of the correlation
energy. [C(SD) can account for up to 95% of the correlation energy for a variety of
systems. Many of the configurations captured within [CI(SD) contribute little in
terms of energy. At non-equilibrium geometries the accuracy of (SD) suffers
with (SDTQ) being a more robust alternative, but computationally orders of
magnitude more expensive. Full [C]]is therefore relegated due to its large
computational demand to the job of providing benchmarks to other truncated [C]]

implementations on small systems.

Additionally the process of truncating [CI| alters the property of the [C] calculation
and its results. Size extensivity can be described as the scaling of energy with the
number of electrons. It is expected that with size extensivity the proportion of the
energy recovered scales linearly with the size of the system. This is true of full [C]|
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but not of truncated [CI] Size consistency on the other hand refers to the results of
a system being equivalent to the sum of the results of its separate components (e.g.
the energy of a system remains the same if it is halved and energy of each halve is
calculated separately). One can view the size consistency as dissociation towards

infinity. This occurs in perturbation theory which is size consistent if the reference
function dissociates properly. Hartree-Fock is size extensive but not size consistent,

but truncated is neither size extensive nor size consistent.

A.3 Monte Carlo Configuration Interaction

Monte Carlo Configuration Interaction is a configuration interaction based
method that involves a search through Hilbert space to produce highly compact
wave functions that are capable of approaching full configuration interaction, but
at a greatly reduced [CI| vector size and computational cost [5]. In most cases
except for small systems, typically on the order of ten electrons, full [CI}is not
practical due to the computing time involved. Conventional configuration
interaction based methods achieve results by increasing efficiency through
truncation such as excitation limited criteria (e.g. singles, singles and doubles ,

single and doubles and triples etc.).

Disadvantages within excitation limited [CI] are that even with lower excitations
with respect to the reference function many configurations with low contributions
to the energy of the wave function are included. Conversely, high order excitations
with large contributions are ignored due to lying outside the excitation limit. This
can be compensated for by increasing the maximum excitation allowed within a
scheme, but this in turn leads to an increase in the number of configurations and
the problem quickly becomes computationally intractable. To counteract these

limitations, with [MCCI| a criteria is enforced such that the vector generated is
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shortened yet retains a significant proportion of the correlation energy.

[MCCT] achieves this via inclusion of configurations based on their contribution to
the wave function. uses random (Monte Carlo) excitations with respect to
the current wavefunction vector to generate configurations which are then pruned
to remove those with low contribution to the wave function. This is cyclically
repeated until convergence. [MCCI|in contrast to conventional [C]] truncation
methods is not excitation limited and in principle capture any excitation regardless
of its occupation relative to the ground state so long as its contribution to the
many body wave function is significant. This allows [MCCI| to operate accurately
on highly correlated systems which tend to have highly excited orbitals with a
strong contribution to the wave function. [MCCI| can also achieve this at a
significantly lower computational cost than conventional [CI] approaches. An
interesting observation is that a small number of configurations can provide a large
contribution to the wave function, with a large amount of configurations having
little to no contribution for typical molecular problems. [MCCI| works within a

reduced [C]| space of selected configurations.

[MCCT] starts with an initial trial vector, which is then expanded through a series of
random (Monte Carlo) single and double excitations with respect to the trial
vector. Initially, this can consist of one [CSF] but on subsequent loops can contain
thousands of [CSFk as a result of applying repeated excitations to the vector.
applies single and double excitations to the all accumulated [CSFp within
the vector. Through repeated single and double excitations any part of the [C]]
space can be reached. After the branching component the [CI| matrix is
diagonalised using the Davidson algorithm, a modified version of the Lanczos
method. This yields the contribution of each configuration to the many body wave
function through their coefficients yielded by the diagonalisation. All

configurations with a coefficient above a predefined fractional threshold are
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Table A.1: |MCCI procedure after ref. [6]
K =0.
No
(0) Initialize Define the starting vector |[Wo) = 3 cq |V4);
i=1

Repeat steps (1)-(4) until convergence of the
vector length N4 and the energy E
K=K+1

(1) Branching Generate |Wg) = ar|V,4) 1< A< NEL NEH
+1 S R S NK—l + Nnew;
where ag € {0,al a;,al,al a;a;}

Nk —1+Nnew
) =S e ),
(2) Matrix generation Generate Hamiltonian H and overlap S matrices
in the |CSF| basis.
(3) Diagonalisation Solve Hc = ScF.
(4) Pruning IF |c4| > threshold THEN retain |V ,4) ELSE
reject |W4) ;
N
|\IJK> = i{ CA |\IIA>7 where NK < NK—I + Nnew7
A=1
(5) Converged EE = (UE| H|UE) | < UK K >,

retained with the remaining configurations pruned from the calculation. Typically
the threshold has a value of ~ 1072, Through modification of the threshold the

precision of the calculation can be controlled. This process is outlined in table [A1]

Repeated iterations of this process yield a [C]| vector with an increasing number of
“selected” configurations with contributions to the wave function above the
predefined threshold. [MCCI| calculations converge when a set of convergence
criteria are satisfied. Typical criteria leading to the end of the calculation are 1)
the change in energy with each iteration is below a specified tolerance, and 2) the
number of new configurations retained after each pruning cycle is below a specified
proportion of the total number of [CSFk. Once the above criteria are satisfied no
significant number of new configurations will be added to the [C]] vector and
stopping the search is justified. With this process [MCCI] can, in principle, capture
any important configurations of the full [CI] space while retaining the advantage of

a compact [C]] vector.
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B. CHARGE TRANSPORT B.1 Non-equilibrium Green’s functions

In this appendix an overview of the theoretical and computational methods is
given. Basic concepts in electronic structure theory as applied to molecular physics

are also outlined.

B.1 Non-equilibrium Green’s functions

One approach for determining single-particle transport is the Non Equilibrium

Green’s Function (NEGF]) method [1].

The [NEGEF] formalism can solve the single-particle Schrodinger equation with open
boundary conditions. calculates the properties of systems utilising Green’s
functions and allows for the determination of electron transport through a finite
piece of material connected between two reservoirs. While not intrinsically a
single-particle method, approximations made in its implementation make it

practically so.

All molecular devices consist of a device region and two contacts (i.e. one left and
one right contact). The Poisson equation and equilibrium statistical mechanics are
used to analyse an electronic device in equilibrium where the Poisson equation may
need to include an exchange correlation functional. When the system is in
equilibrium the electronic structure of the system can be determined by Density
Functional Theory (DFT). For equilibrium statistical mechanics this approach
proves adequate but we need to describe non-equilibrium mechanics. For
non-equilibrium mechanics each contact has a separate Fermi level associated with
it which initially, are equal but are driven out of equilibrium as a voltage is applied.
This requires a separate calculation of the electron density. One way to circumvent
this is to partition the system into closed and open spaces where the closed spaces

are treated with Gaussian basis sets and the open spaces with electron self energies.

Consider a 1-dimensional open system device that is constricted in the transverse
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direction but is attached to two contacts in the longitudinal direction. An open
system in molecular electronics is when a closed system is coupled to an external
infinite system. In this case the closed system represents the device region and the
external system is the contacts. Open boundary conditions are required for
non-equilibrium states in the device region because in a closed system any
disturbance would quickly reach equilibrium. As a closed system device is coupled
to an open system with a continuum of states the discrete energy levels of the

closed system broaden and gain a finite lifetime 7.

A solution to this is Green’s functions. What is a Green’s function? Initially let us

consider a non-perturbed system with a hamiltonian H

HJy) = E[¥) (B.1)
(E—H)l¢)=0 (B.2)
which can be expressed as
(E—H)GE)=1 (B.3)
G(E) = EiH. (B.4)

Where G(E) is the Green’s function. Now let’s consider the same system with an
additional perturbation. For system with a perturbation v the Hamiltonian is

expressed as

HIy) = [¢) +[v). (B.5)

This is expressed in terms of the Greens function as

[¢) = =G(E)|v) (B.6)

The Green’s function therefore describes the response of a system to a

perturbation. As a system is connected to the semi infinite leads there are two
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solutions for the Green’s functions, the advanced and retarded Green’s functions

corresponding to an outgoing and an incoming electron wave, respectively.

Now let us consider a device region described by the Hamiltonian Hp which is
connected to semi-infinite leads/reservoirs described by the Hamiltonians Hj, and
Hpg corresponding to the left and right leads respectively. The terms Hyp, Hpy,
Hprp and Hpg describe the interactions between the leads and device region. It is

assumed there is no interaction between the leads. This yields the system

Hamiltonian:
H; Hip 0
Hpr, Hp Hpr (B.7)
0 Hrpp Hrg

The system can be expressed in terms of Green’s functions, where E' is the energy,
I is the identity matrix and the S matrix elements describe the corresponding

terms of the overlap matrix:

ES, —H, ESpp—Hrp 0 Gy Gip Grr
ESpr — Hpr, ESp—Hp ESpr— Hpr Gpr Gp Gbpr
0 ESrp — Hrp  ESr— Hg Grr Grp Grg
- (B.8)
I 00
=10 I 0
0 0 I
The Green’s functions of the leads known for the left and right contact are
Gr(E) = (ESg — Hg) ™" (B.9)
GL(E)=(ES, — Hp)™". (B.10)

and are called surface Green’s functions since they describe the edge of the device
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region and the effect of the semi-infinite leads. For leads consisting of infinite

repeating cells the periodicity of the unit cells is used to determine the surface

Green’s function.

Here we try and obtain a value for the device Green’s function ( Gp ) for the

system. Taking the second column of G matrix above we end up with three

equations
(ESL—HL)GLD+(ESLD—HLD)GD =0 (Bll)
(ESDL — HDL)GLD + (ESD — HD)GD + (ESDR — HDR>GRD =7 (B12>
(ESR — HR)GRD -+ (ESRD — HRD)GD =0 (B13)
From the top and bottom equations we can deduce
Gip = (ESp — Hi)"(ESwp — Hip)Gp (B.14)
Grp = (ESr — Hr) " (ESkp — Hrp)Gp (B.15)
By substituting values for Gpp and Ggp into the central equation we can
determine Gp
(ESDL — HDL)(ESL — HL)ilESLD — HLD)GD + (ESD — HD)GD (B 16)
+<ESDR — HDR)(ESR — HR)ilESRD — HRD)GD =7
Rearranging gives Gp as
Gp=(ESp—Hp — %1 — XR) (B.17)
where self energies for the left and right leads are denoted by the ¥, and g
respectively.
ZR = —(ESRD — HRD)QR(ESDR — HDR) (Blg)
Correlated electron transport across atomic 135 Shane Mc Dermott
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Y =—(ESpr — Hpr)gr(ESLp — Hip) (B.19)

The advantage of Green’s functions approach is that one can calculate the response
of a system to a perturbation without having to solve the entire eigenvalue
problem. It allows for the system partitioning making it possible to either
determine the Green’s function of the device region exclusively, or solve the total
Green’s function. Such partitioning means it is possible to calculate the device
Hamiltonian and include the interaction to the leads via self energies determined

from the electronic structure of the contacts.

Self energies are employed in many-body physics to describe electron-electron
and electron-phonon interactions. They can however, be utilised to describe the
semi infinite leads with respect to a device region and in this context the electron
self energies are used to treat the open boundary conditions. The self energy
describes everything not included in the device region that contributes to the
Hamiltonian. In essence the effects of the leads are coupled to the device region by

means of a self energy.

The self energy has numerous effects on the device when it’s attached to the
system. For example as the self-energy is connected to the system the energy levels
shift from their original position due to the interaction with the leads. The energy

level shift is given by the equation:

DI

Hyew = H
+ 2

(B.20)

where H is the isolated Hamiltonian, ¥ is the self energy interaction of the leads
and H,., the resulting energy level shift to the Hamiltonian. Of more interest
than the energy shift is the broadening which introduces imaginary components
into the energy. Broadening adds a finite lifetime to the states of the device region

consistent with charge transfer. Within the terms of the self-energy the broadening
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can be defined as

Trr=i|SLr— 3} 4] (B.21)

where X is the self energy of the left and right electrodes respectively and I' is the
broadening matrix which describes the broadening effect of the semi infinite system

on the device region.

For current transport of interest are the cases where there is an asymmetric
(non-equilibrium) difference in the chemical potentials across the junction. For the
non-equilibrium case with a potential difference induced across the junction the
equilibrium electron density is no longer valid and a new non-equilibrium electron
density is determined which can be used to calculate the current across the
junction. With these boundary conditions, non-equilibrium Green’s functions

are appropriate. principally differs from the equilibrium Greens
function approach chiefly in its treatment of the electrodes. [NEGF] describes the
open boundary conditions by means of a self-energy. Where the equilibrium
approach treats the whole structure with a universal Fermi function, treats
each electrode with a separate Fermi function allowing for each electrode to be at a
separate voltage and hence inducing a bias across the molecular junction. This
means that only the device region has to be dealt with explicitly. Without an
external field applied the method reduces to the normal case of an

equilibrium Green’s function.

Using the spectral function with Green’s functions it is possible to solve the
transport equation without having to solve the linear eigenvalue problem. The
spectral function A gives all the solutions to the Schrodinger equation in addition
to yielding the generalised density of states (multiplied by 27) regardless of

whether the states are occupied or not:
A(E) =i(G(E) - G(E)Y) (B.22)
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where A(F) is the spectral function and G(F) is the Green’s function. The left

and right spectral functions Ay gy of each contact can be defined as
AL(R) = GFL(R)GJr. (B23)

where G is the device Green’s function and I'z(g) refers to the broadening matrix
of the left and right contacts. The diagonal components of the spectral density
yields the local density of states in a real space representation. This simple
division allows for the description of a device where the Fermi levels are no longer

in equilibrium with each other.

For coherent transport, without electron-electron or electron-phonon scattering the
Green’s function formalism becomes simpler to implement. This approximation
tends to be accurate for ultra short devices with minimal scattering, such as
tunnelling diodes, allowing the eigenstates to be subdivided into incident waves
associated with the left and right electrodes. For coherent transport the Green’s
function is given by:

G=[EI-H-%,—%g]. (B.24)

The formalism as it is applied to a device is a convenient method for

evaluating the transmission probability.
T(E) = Tr(T ,GTgG") (B.25)

where T'(F) is transmission function and G is the Green’s function. The
transmission function is interpreted as the probability of an electron incident from
the left contact will transfer across to the right contact and depends on the
occupation of states in the electrodes. Finally the current is determined via the

equation

1= [aB 7(B)(fL - fu) (B.26)
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where [ is the current, T'(F) is the transmission function and f; and fg are Fermi
functions corresponding to the left and right leads. The Fermi functions fr(p) are

defined as
1

E7rL(R)
e~ kT +1

fum = (B.27)

where E is the energy, gy is the electrochemical potential of the left and right
electrodes, k is Boltzmans constant and 7' is the temperature. Additionally at zero

bias the conductance can be determined from the formula

9= zhe?T(E) (B.28)

where ¢ is the conductance and T'(E) the transmission function.

While not normally treated, electron-electron scattering can be incorporated
into the formalism by means of a scattering self energy 5. The relationship
between g and the density matrix is dependent on the form of scattering that is

occurring within the device. This modifies the Green’s function to the form of
G=[FI—H-%; —Yr—3g] (B.29)

where G is the Greens function H is the Hamiltonian and X g is the self-energy of
the left and right electrode and ¥g is the scattering self-energy. Complications
arise as the scattering self-energy g is dependent on the electron density matrix

and as such has to be determined self-consistently.

B.2 Many Electron Correlated Transport

Many-FElectron Correlated Scattering (MECS)) is a many-body method for
determining current transport in nanoscale molecular systems [2, [3]. [MECS| as the

name implies, incorporates electron correlation (including electron-electron
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scattering) into a many-body formalism to determine electron transport while
avoiding common approximations to the electronic structure utilised by methods
such as linear response theory, or methods (which in practice rely on a
single-particle approximation). The method applies a scattering based
formalism to solve the open system, many body problem by modifying boundary
conditions. can deduce electric current from the one electron reduced

density matrix obtained from a many electron wave function.

Previous work involving has led to questions over the effect of
correlation energy on conductance with some conductance values differing by
orders of magnitude with respect to experiment [4]. Hence deducing correlated
effects on transport and comparison to conventional methods could be critical in

determining the cause of divergence between experiment and theory.

While many other quantum mechanical transport codes exist they suffer from any

one of a number of common assumptions:

 One of the main sources of error in [DETT| based codes is the error arising out
of the use of approximate exchange correlation functionals such as the local
density approximation and generalised gradient approximation
(IGGA)).

o Treating the Kohn-Sham one-electron orbitals as quasi-particles.

o The application of the Landauer-Buttiker formalism which reduces the
description of conductance of the system into a one-dimensional ballistic
transmission problem with reflections and transmission coefficients, ignoring

the electron-electron interactions.

Traditional single-particle based methods typically employ a transmission-based
formalism to deduce the current across the junction. This involves determining the

correct energy levels and their seperation from the Fermi energy (where the Fermi
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energy is determined from the reservoir/leads). In this context it is critical that
the choice of Fermi level is correct as it can have a dramatic effect on the results of
the calculations. does not explicitly use a Fermi level to determine
transport instead utilising a scattering based formalism. Using the [C]] generated
configurations,  MECS| employs a many-electron scattering formalism to determine
correlated transport across molecular junctions. [MECS]|is valid even beyond the

linear response regime.

Due to the above forementioned differences between correlated and uncorrelated
electron transport, single-electron approximations break down depending on the
level of correlation within the system. The principal aim of MECS|is to calculate
the many-body wave function for a molecular junction based system and determine

the current transport across the junction for a range of applied junction voltages.

Different aspects of the calculation are briefly described below.

Normally, quantum transport is formulated with boundary conditions described by
a single-particle picture with electron reservoirs described by Fermi levels and
Fermi-Dirac distributions. In the many-body language, there is no simple analogue
to the single-particle reservoir counterparts. [MECS]| works directly with the
N-particle wave function removing the direct physical interpretation of
single-electron wavefunctions and eigenvalues leaving only the many-body
interpretation of the system. Therefore generalisation of the conventional
single-electron problem is not possible and a solution to the transport problem
does not exist for many-body systems. This problem is circumvented via the

employment of Wigner functions.

The Wigner function is a quasi-probability distribution that provides a phase space
portrait of quantum mechanics. It has been used to define scattering boundary
conditions of single-electron uncorrelated systems where it can be applied to

single-particle heterogeneous systems. A classical probability distribution describes
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particles with definitive momentum and position, this does not hold in quantum
mechanics which is affected by the Heisenberg uncertainty principle where a
particles position and energy cannot be known simultaneously. This is apparent
when the Wigner function has a negative value indicating it is strictly not a
probability distribution but is a momentum distribution with quantum mechanical
effects. The Wigner function in the many body context cannot determine the
probability of a specific electron of momentum p being at a position q but can
determine the probability of finding any electron of momentum p at position q.
This is due to the indistinguishability of electrons. In this work the Wigner
function is applied as scattering boundary conditions to many-body correlated
electron transport. Scattering boundary conditions imposed by the Wigner
distribution imitate the effect of the system connected to an electron reservoir such
as semi-infinite leads. The boundary conditions have to emulate the effect that any

electron leaving the junction is effectively absorbed.

A Wigner plane is a two-dimensional plane that is placed within the molecular
junction. This plane is the location where the Wigner function is physically
implemented. To impose electron boundary conditions the Wigner plane is placed
at a plane perpendicular to the principal (current carrying) axis usually behind the
second to last plane of atoms in a contact as in Figure [B.I] The implementation of

the boundary conditions carries with it a number of assumptions (caveats),

o That there is no backscattering off the back planes so that every outgoing
electron passing a Wigner plane is absorbed into the semi-infinite

leads/electron reservoir.

« That the Configuration State Functions(CSFg) generated from the finite
electrode geometry using configuration interaction (CI)) based methods are
not missing any significant contribution due to the lack of contribution to the

leads/electrodes.
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Current axis

Wigner Wigner
Plane Plane

Figure B.1: Wigner planes are placed deep in junction perpendicular to current
carrying axis.
By formulating the scattering boundary conditions the one electron reduced

Wigner function f(q,p) can be expressed in atomic units as

flg,p) = N/e_ip'rw*(q —1/2,19,73...7N) X V(g +1/2,19,73...7 N )drdradrs...dry.
(B.30)

where ¢ is the position and p is the momentum, N the number of electrons and

is the wavefunction. From the Wigner function the expectation value of the kinetic

energy can be defined as

1
(27)?

2
A p

(WIT) = — [ Z1(ap)dadp (B.31)

where 7' is the one-electron kinetic energy operator. Similar forms of the equation

exist for other one electron operators. Two electron properties can be determined

from the two electron reduced Wigner function. It is possible to retrieve any Nth

body property from the Nth order Wigner function.

To impose boundary conditions, a reduced one-particle Wigner function is used to
emulate the single-particle open boundary reservoir distribution conditions for the
many-body method. [MECS| deduces the current using Wigner functions to emulate

Correlated electron transport across atomic 143 Shane Mc Dermott
and molecular tunnel junctions



B. CHARGE TRANSPORT B.2 Many Electron Correlated Transport

the effect of electron momentum distribution incident from contact reservoirs. The
Wigner functions are used to implement current transport. Wigner boundary
conditions consist of fixing the Wigner function of the left and right contacts with
constraints that are pointing towards the current carrying region which fixes the
inward travelling momenta. At zero bias with no external field, the Wigner

Momentum away

. Momentum aw
from device € tum flow into devi 6 devi ay
- momentum flow into device rom device
no back reflections .
€ no back reflections

R —
—> X
&k +k
k +k

My .

V=e(p, - pp) H R

Figure B.2: Voltage difference across the junction is equivalent to V' = e(u; — )
Incident electron momenta distributions towards the contact are
equivalent with the net current across the junction determined by

asymmetric backscaterring of the applied field.

function’s inward momenta will be equivalent and since there is no external field
there is no effect on the electrons traversing the junction the outward momenta
will be equal resulting in no net current flow (1, = i, — V' =0). As an external
field is applied the electrons traversing the junction are scattered by the applied
field depending on the orientation and strength of the applied field and the
direction of the incident electrons. Since the inward momenta is fixed via Wigner
constraints to describe the behaviour of the reservoirs they therefore remain
unchanged as a voltage is applied across the junction. The outgoing Wigner
function is not constrained and allowed to move freely, leaving the current carrying
region to reflect electrons out of the contact asymmetrically. This process which
can be clearly seen in figure leads to an asymmetric momenta imbalance

leaving the junction, resulting in a net current. In summary, current flow in the
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MECS| method arises not out of a direct increase in the number of electrons
traversing the junction from one side to the other but purely due to asymmetric

scattering in the central scattering region due to the externally applied field.

While the method does not explicitly use a Fermi level (or Fermi-Dirac
distribution) to determine transport we can gain insight into its transport
formalism by briefly considering the Wigner function electron reservoirs from such
a single-particle perspective. In figure a) the unperturbed Fermi Dirac energy
dispersion for the left and right electrode with no electric field applied is displayed.
Where ep is the Fermi energy, eV is the energy shift due to the applied field k; is
the momentum at the Fermi energy and f(k) is the momentum distribution. As an
electric field is applied the energy shifts on the right electrode from ep to ep + eV
as in b). For both a) with no applied field and b) with an applied field
the momentum remains unchanged and unaffected as in figure c¢). Thus when
the electric field is applied there is an increase in potential energy of the right
electrode but no corresponding increase in kinetic energy and as such the
momentum profile remains unchanged as for the unperturbed case. In this regard
it seems counter intuitive that the energy distribution are asymmetrical while the
momentum distributions are symmetrical. This is identical to considering it to the
Wigner function description previously where the incident momentum was
unaffected by the applied field. The resulting current is due to asymmetric

scattering of the electrons due to the applied field.

IMECS] determines the Wigner function from the reduced density matrix. The
IMECS] approach utilises the reduced density matrix via the Wigner transform to
determine many body correlated transport for open boundary conditions. In

quantum mechanics the current J(r) via the reduced density matrix is given by :

70) = 9 = Vilolr, )= (B.32)
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Figure B.3: Parts a) and b) contain the Fermi Dirac distribution of energy levels
before and after the electric field is applied across the junction. Part
c¢) contains the a graph of the momentum distributions correspond-
ing to the band structures in parts a) and b). It is worth noting in
comparison between parts a),b) and c¢) that as the total energy is
increased the momentum distributions remain unperturbed.

where p(r,r’) is the density and r the position. From the above equation it is clear
that for a real p(r’,r) no current will flow. |CI| coefficients have to be complex to
describe a semi infinite system (due to broadening) that is necessary for current
transport. uses the [C]] method Monte Carlo Configuration Interaction

to calculate the electronic structure of the junction, and transport
properties are calculated using the Wigner function within open boundary

conditions under constraints.

IMECS] will typically employ not just a many body ground state but also many
body excited states in the course of a calculation to provide a good many body

basis. In this case the perturbation is about the many body ground state and
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couples to the many-body excited states via the dipole matrix elements (electric
field coupling). Without the addition of excited states the wave function would
lack the necessary flexibility to describe the polarisation of the electron scattering
region of the wave function. Single excitations relative to the ground state are
included to describe the system as an electric field is applied. Initially the wave

function of the unperturbed system is given by the equation:

(Wo|H|Wo) = EVy (B.33)

As an electric field is applied the Schréodinger equation becomes

(U|H + ez|¥) = EV + b.cs (B.34)

where € is the electric field, b.c’s are boundary conditions and z is the axis
orientation of the electric field. When an electric field is applied the zero field
ground state [CI] vector ¥y no longer represents the [C]] ground state of the
perturbed system W. This underlines the necessity of including excited states in

the current carrying wave function.

Normally [C]] variational problems are solved by treating it as an eigenvalue
problem. There is no linear eigenvalue problem with which to transform the MECS|
variant of the many body problem. Conventional linear optimisation problems are
trivial to solve, of greater difficulty to solve are the non-linear optimisation
problems of which [MECS]is one. Typically non-linear optimisation problems can
be solved by different methods such as Newton method, steepest descent or the
conjugate gradient method. The non linear optimisation approach implemented
within [MECY]is the conjugate gradient method which converges to the solution in
at most IV steps where N is the dimension of the matrix. This limits the maximum

number of steps whereas in the method of steepest descent no such upper bound
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exists.

A requirement of the minimisation of the energy in any formalism involves that at
the minimum point that it’s gradient is zero. Non-convex problems have the
additional difficulty of converging to a local and not a global minima. Due to the
non-convex nature of the minimisation problem convergence criteria is enforced to

ensure minimisation only converges to the global minimum.

There are also additional constraints that [MECS| imposes in the non linear
optimisation problem. The normalisation constraint is one such criteria where
(U|W) = 1. This is a constraint qualification. Finally the Wigner constraints are
imposed on the inward pointing (that is the portion of the Wigner function with
electrons projected towards the device region) portion ofthe Wigner function to fix
the inward electron momenta from each Wigner function. Constraining the Wigner
function in this way freezes the inward momenta such that it remains unaffected by
the externally applied field. This boundary condition arises out of the assumption
that the leakage current from the reservoir is small and as such will not perturb
the incoming momenta distribution. A requirement is that the gradient of the
energy is parallel to the gradient of the constraint function. This ensures that not

only is the energy minimised but that all applied constraints are satisfied.

Typically in [CI| the Hamltonian operator is in a many body basis and diagonalised
to solve the variational problem. A penalty function is included over the bare
Lagrangian multipliers to improve convergence [, [6]. The penalty function
approach is a constrained optimisation method which penalises points which do
not obey the constraints and turns the constrained minimisation problem into an
unconstrained variational problem. The Lagrange penalty function utilised in
is

L(W, N\, 0) = (U|H + ez| V) — i)\ici(\ll) + ;a zn; () (B.35)

i= =

where U is the wavefunction, € is the electric field, A the Lagrangian constraints
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coefficients , o is the penalty term. (V|H + ez| V) is the energy of the system with
the applied field 37, A\jc;(P) is the constraint term and 37, ¢?(V) is the penalty
function. The Lagrange multipler penalty function is a modified penalty function
approach which is more numerically stable, improves convergence and avoids the ill

conditioning problem (Severe slopes near convergence caused by very high

oo =10"?).

Within [MECS] constraints are imposed by means of Lagrange multipliers, one for
each constraint. Initially the Lagrange multipliers are guessed whereby the
unconstrained conjugate gradient method converges to a solution and the Lagrange
multipliers are updated. This process is iteratively repeated until the penalty
constraints are within a predefined tolerance. Convergence over the unconstrained

component is performed with the conjugate gradient method.

With the wave function determined via the constrained minimisation problem the

current can be determined from the reduced density matrix using the equation
1 / /
I(r) = 5[V = Vilp(r, )= (B.36)

where J(r) is the one electron current density, p(r,7’) is the density and r is the
position. The resulting current is deduced from the difference in momenta from the
perturbed Wigner function and the unperturbed reference Wigner function
calculated initially. The first convergence loop occurs on the unperturbed system
which serves as a reference state for the application of the electric field. In order to
generate a current (/) versus voltage (V)(IV') curve calculations are repeated by
increasing the applied field € in steps. At each step the wave function is minimised
with respect to the energy and the current determined from the one electron
density matrix. The base calculation (i.e.with no applied electric field) is treated
as a zero reference point for the applied field calculations with the current
determined from the difference between them.
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Is it important to note that when the energy is being minimised it is a global
quantity however the wave function can vary locally leading to discrepancies in
current density. Due to (Effecitve core potentials) and finite basis the current
does not obey the continuity equation and can therefore vary locally across the
junction. Despite the fact that the current is variable at any point in the current
carrying region, the [ECPf nevertheless yield the correct transmission coefficients.
Therefore the total current across the device region is correctly described. Current

constraints also mitigate the effect of the local variations across a junction.

The [MECS| in it’s numerical implementation utilises a sequence of programs in the
course of a transport calculation. The programs typically used in the course of a
calculation are TURBOMOLE, , and (Voltage Current
Configuration Interaction). The initial part of the method performs a
conventional Hartree Fock or calculation. This involves running a
single-particle code such as TURBOMOLE to generate the one and two electron
integrals. (Note: TURBOMOLE can be replaced with any other HF or code.
The only stringent requirement is the that molecular orbitals should be orthogonal
and the set of one and two electron integrals be available to generate the CI
Hamiltonian matrix elements). The next step is that utilises the one and
two electron integrals to generate the many-body Hamiltonian Configuration State
Functions )using configuration interaction. Finally the VICI program

determines the current from the [CSFk and integrals.

The [MECS| method is modular and not tied to any code so long as it can produce
the required [CSFk and electron integrals. While in principle any [C]| code can be
used so long as it generates a [CSF| vector, [MCCI| combines a high proportion of the
correlation energy with a compact [C]] vector. [MCCI| achieves this by only using

highly contributing [CSFk thereby increasing efficency for a given vector size.
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CURRENTS ACROSS SILANE
DIAMINES/DITHIOLS AND ALKANE
DIAMINE/DITHIOLS

Table C.1: Contact resistances calculated from experiment and obtained from
INEGF}/|DFT| and [MECS| results for alkane dithiols and diamines.

End group | Reference Rc(kQ)
ref [I] HCT | 350
LC | 4000
Amine ref [2] 430
MECS (ref [3] ) 140
NEGF/DFT (this work ref [4] ) 180
HC |20
ref [1] LC 9
ref [5] 72
: HC |27
Thiol ref [6] MC [ 160
LC | 12000
ref [7] 10
MECS (ref [8]) 140

1 For experimental data with multiple peaks in the conductance histogram, the
peaks are separated as [HC| for high conductance, [MC] for medium conductance,

and [L{ for low conductance.
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Figure C.1: Transmission and partial density of states projected on a
sulfur atom in the hexanedithiol junction versus energy shifted by
the Fermi energy. The lineup of the [PDOS| peak with the [HOMO]
transmission peak near -1.8 eV demonstrates the non-negligible con-
tribution of the sulfur to the molecular [ HOMO] which could affect the
accuracy of the complex band structure calculations for the alkane
dithiol structures.
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D. SUPPORTING INFORMATION:

ELECTRONEGATIVITY AND ELECTRON D.1 ONE-ELECTRON REDUCED
CURRENTS IN MOLECULAR TUNNEL DENSITY MATRIX AND GREEN’S
JUNCTIONS FUNCTION

D.1 ONE-ELECTRON REDUCED DENSITY

MATRIX AND GREEN’S FUNCTION

Electron currents may be calculated from the one-electron reduced density matrix
[T, 12, B] as

T(r) = 21V = Vilor, ) e (D.1)

with J the current density, r a position vector, and p the one-electron reduced
density matrix (RDM)); atomic units are implied unless otherwise given. As the
current density operator is a one-body differential operator, to obtain accurate
predictions for electron currents it is necessary to obtain accurate predictions of
the the error in calculating currents with an approximate has recently
been explored [4]. From another viewpoint, calculation of the current can also
proceed through computation of the one electron retarded and advanced Green’s

functions G,., and application of a Landauer-type formula [5] [6]:
1
I= —dulfylws ) ~ frlw s TrT o (@) Cul)TR(@)AG () (D2)

with electron energy w,I'y, g spectral densities, fr r energy distributions with

pr rchemical potentials in the left (L) and right (R) electron reservoirs, and A is
the correction due to correlations weighted by the spectral density of the electrodes
and electron-electron spectral density on the molecule. The causal Green’s

function is related to the [RDM] via the relation

p(r,r) = 21 dwG (r,r";w), (D.3)

iy’

with the complex integration performed along the Coulson contour. We begin by
pointing out that the reduced density matrix obtained from a many-electron

wavefunction corrected to second order in electron correlation is equivalent to the
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ELECTRONEGATIVITY AND ELECTRON D.1 ONE-ELECTRON REDUCED
CURRENTS IN MOLECULAR TUNNEL DENSITY MATRIX AND GREEN’S
JUNCTIONS FUNCTION

reduced density matrix arising from correcting [Pk and [EAk in the Green’s
function to second order in the electron self-energy [7]. To proceed, the energy

operator for a molecule within a tunnel junction is written in the form

A = [ (he)d) + [ drdr'§ (ryome(r,r)d0)+

: o o ) (D)
A [ drdr 9 )bl )3 (i) = [ drde' G )ompe(r, )b )

with v the electron-electron interaction on the molecular region, vy the
Hartree-Fock potential and @ZA)T, @/A) are second quantized electron field operators. It
is assumed that the Fock equations have been solved with electrode self-energies
Y5 to describe the interaction between the molecular region electrons and
electrons in the reservoirs; external potentials are also included in the Fock

operator. For A = 0, the Hamiltonian reduces to the Fock operator
H(0)=F =Y eala, (D.5)
p

with af, @ creation and annihilation operators for Hartree-Fock states. For A\ = 1,
the many-electron Hamiltonian is restored. A perturbation expansion in A is

written for the many-electron wavefunction:
|W) = (WO 4 A wW) 4 A2 @)y (D.6)

For our choice of 0! order approximation, Brillouin’s theorem insures that the first
order wavefunction consists of only double electron excitations, on the other hand

the second order term includes single through quadruple excitations. From

p(r,r") = (U ()1 (r) | W) (D.7)
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ELECTRONEGATIVITY AND ELECTRON D.1 ONE-ELECTRON REDUCED
CURRENTS IN MOLECULAR TUNNEL DENSITY MATRIX AND GREEN’S
JUNCTIONS FUNCTION

to first order in A the correction to the 0%* order density matrix vanishes [§]. The

density matrix to second order is
prp® 4+ A2p3) (D.8)
The may be represented as an infinite expansion over single-electron states ¢
plr,r') = %q: Pra®q(r)dp(r). (D.9)

Explicit calculation of the density matrix coefficients from eq. through second

order in A yields

< abllik >< jk||ab >

1
pii = 0 — — D.10
! ! 2%(Ei—i—ék—Ea—€b>(€j+€k_€a_€b) ( )
1 < ij||lac >< bellij >
= — D.11
Pab 2%;(ei—l—ej—ec—ea)(q—l—ej—ec—eb) ( )
1 < ab|lij >< aj|lab > 1 < ij||ib >< abl|ij >
Pia = 52 - 52 (D.12)
e (€; —€q)(€i + €5 — € — €) T (€; — €q)(€i + €5 — €a — €)

with (pq||rs) = (pq|v|rs) — (pq|v|sr). We use the convention whereby indices
1,7, k, ... label occupied, a, b, c, ... label unoccupied, and p, q,r, ... are used to label

general (occupied or unoccupied) states in [W(©)).

Transmission resonances are given through the poles of the Green’s functions and
can be identified as [Pk and [EAk. It is known that introduction of correlation
corrections beyond independent particle models for the Green’s function improves
the prediction of [Pk and [EAk. Hence, it is reasonable to assume that if an
independent particle picture is chosen to optimize [Pk and [EAE, it follows that
prediction of currents from the NEGF]| approach will be improved. In this context,
a model for transport is measured in terms of reproducing the molecular

electronegativity.
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CURRENTS IN MOLECULAR TUNNEL DENSITY MATRIX AND GREEN’S
JUNCTIONS FUNCTION

The Green’s function with second order self-energies has been studied by Pickup
and Goscinski [7] leading to the following approximation
G2l =[0Oul) + 5P(w),,
1

=(w — €)0pg — ) Z

iab

< abllpi >< qillab> 1 3 < ij||pa >< qal|ij >
W€ — €, — € 2 W+ € — € — €

(D.13)

ija

The lowest order improvement to Koopmans’ [Pk and [EAk are obtained from the
poles of the diagonal elements of G(w). Tt is found the self-energy corrects
Koopmans’ [[P]¢; through terms describing orbital relaxation and pair correlations;
a similar interpretation holds for corrections to the [7]. Within this
approximation, it is also possible to determine the density matrix directly from eq.
; the resulting density matrix coincides exactly with the density matrix
calculated from eq. through O()\?). Hence calculating the density matrix
through second order in electron correlation and correcting [Pk and [EAE with
second order self-energies ¥ will lead to the same predictions for electron
current. For moderate electron correlations, improving spectra for independent

particle models or explicitly including correlations in the are equivalent.

A criterion for selecting an independent particle model for quantum electronic
transport was given as the set of single-particle states yielding an approximate
density matrix with maximal overlap to the exact [9]. The single-electron
states diagonalizing the are natural orbitals (NOg) [10] and their eigenvalues
p; are known as natural occupations. If one asks what is the best finite expansion

approximation p to the exact [RDM]
/ \p — p|*drdr’ = min, (D.14)

it is found that including the first n natural orbitals with the largest occupancies

for a truncated expansion eq. fulfills the least squares condition [8]. We

Correlated electron transport across atomic 161 Shane Mc Dermott
and molecular tunnel junctions



D. SUPPORTING INFORMATION:

ELECTRONEGATIVITY AND ELECTRON D.1 ONE-ELECTRON REDUCED
CURRENTS IN MOLECULAR TUNNEL DENSITY MATRIX AND GREEN’S
JUNCTIONS FUNCTION

consider the couplings between density matrix coefficients in eq. by writing

b= Pij  Pia (D.15)

Pai  Pab
with (ij), (ab), and (ia) denoting occupied-occupied, unoccupied-unoccupied, and
occupied-unoccupied spaces respectively, with occupations referred to the 0** order
wavefunction. The natural orbitals to second order in electron correlation are given
by the eigenfunctions of eq. [D.15, Constructing the “best” independent particle
picture in the sense of eq. implies occupying a single Slater determinant by
the first n e natural orbitals. We have previously shown numerically that a single
determinant composed of the largest occupation number [NOk can lead to
essentially the same results as a full many-body treatment for tunneling through
alkanes [9]. For a single determinant approximation, the density matrix is
idempotent p? = p which occurs since the first n, occupations are equal to 1 with
all others 0. Hence a measure for the quality of a single determinant
approximation is how well the eigenvalues of eq. approximate the
idempotency condition. As the p;, couplings between the occupied and unoccupied
spaces becomes stronger, the occupations of the Oth order states can become
significantly less than unity. From many-body theory it is well understood what
this condition implies: a single determinant or independent particle picture is no
longer useful as a 0 order wavefunction. For weak to moderate correlations, the
Green’s function approach can achieve improved [Pk and [EAk by a low order
approximation to the electron self-energy. As natural occupancies in the 0** order
wavefunction become very much less than unity, a perturbation expansion about
an independent particle picture loses meaning and even higher order corrections to
19 > will not correct and on the molecular region. In a similar context,
this is seen as the failing of the GW approximation for systems with

multi-determinantal ground states [11] or in strongly correlated electron transport
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JUNCTIONS HEXATRIENE DITHIOL
[12, 13, [14]. For strong electron correlations coupled-cluster theory offers a

convenient nonperturbative framework from which higher order approximations to

the density matrix follow [15], alternatively correlated one particle methods

[16, [17] to infinite order can be chosen to yield correct and [EAE.
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Figure D.1: [HOMO}LUMO)| gap for the tight binding model system as a function
of the electron-electron self energy as varied through the interaction

parameter U. The reduction in the gap demonstrates the effect of
electron-electron self-energy on the molecular electronegativity.
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Figure D.2: Comparison of electron transmission calculated from different elec-
tron structure treatments for the hexatriene dithiol molecular junc-
tion. Transmission (dimensionless) is plotted versus energy in electron
volts, E'r denotes the Fermi energy and is taken to be the energy of the
highest occupied state in the left lead (a) DFT)/LDA, Er = —1.85¢V
(b) Ep = —2.08¢V (c) [DFT}/hybrid, Ep = —1.87¢V (d)

Hartree-Fock, Er = —1.57eV
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E. CoMPUTATIONAL CONTRIBUTION E.1 Atomic orbital extraction and partition

In this chapter we discuss the code developed during the course of this PHD.

E.1 Atomic orbital extraction and partition

The code takes a system from a TURBOMOLE calculation in the molecular
orbital basis and transforms it into an atomic orbital basis. In addition it can
partition the system into different components such as the leads and the device
region necessary to describe semi-infinite systems. This code was the primary
contribution to chapter [l where it facilitated the necessary partition and

localisation in the atomic orbital basis of the electronic structure of

hexetrienedithiol required for transport.
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E.2 Preliminary work on CAPS in atomic
E. CoMPUTATIONAL CONTRIBUTION and molecular basis

E.2 Preliminary work on CAPS in atomic and

molecular basis

The preliminary coding on continued from earlier work on involving a
model system [I]. Building upon this model the overlap matrix was incorporated
to initially describe systems in the local atomic orbital basis (so real systems can
be described) using the output from a TURBOMOLE program. This code utilses
the local atomic Hamiltonian and its interaction with the leads to calculate the

self-energy. It subsequently determines the in a molecular orbital basis and

the resulting transmission across the junction with both the and self-energy.
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BDT Benzene dithiol

CAPs Complex absorbing potentials
CI Configuration interaction

CSF Configuration state function

D-B-A Donor bridge acceptor

DFT Density functional theory

EA Electron affinity

ECP Effective core potential

GGA General gradient approach
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HC High conductance
HF Hartree Fock

HOMO Highest occupied molecular orbital

IP Ionisation potential
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LC Low conductance
LDA Local density approximation

LUMO Lowest unoccupied molecular orbital

MC Medium conductance
MCCI Monte carlo configuration interaction
MECS Many electron correlated scattering

MIGS Metal induced gap states

NEGF Non equilibrium Greens function

NO Natural orbitals

PDOS Partial density of states

RAM Random access memory

RDM Reduced density matrix

SCF Self consistent field

VICI Voltage current configuration interaction
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