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Abstract

This thesis has been devoted to the study of underlying mechanisms for electron transport in

molecular electronic devices. Not only has focus been on describing the elastic and inelastic

electron transport processes with a Green’s function based scattering theory approach, but

also on how to construct computational models that are relevant to experimental systems.

The thesis is essentially divided into two parts. While the first part covers basic assumptions

and the elastic transport properties, the second part covers the inelastic transport properties

and its applications.

It is discussed how different experimental approaches may give rise to different junction

widths and thereby differences in coupling strength between the bridging molecules and the

contacts. This difference in coupling strength is then directly related to the magnitude of

the current that passes through the molecule and may thus explain observed differences

between different experiments. Another focus is the role of intermolecular interactions on

the current-voltage (I-V) characteristics, where water molecules interacting with functional

groups in a set of conjugated molecules are considered. This is interesting from several

aspects; many experiments are performed under ambient conditions, which means that

water molecules will be present and may interfere with the experiment. Another point is

that many measurement are done on self-assembled monolayers, which raises the question of

how such a measurement relates to that of a single molecule. By looking at the perturbations

caused by the water molecules, one may get an understanding of what impact a neighboring

molecule may have. The theoretical predictions show that intermolecular effects may play a

crucial role and is related to the functional groups, which has to be taken into consideration

when looking at experimental data.

In the second part, the inelastic contribution to the total current is shown to be quite small

and its real importance lies in probing the device geometry. Several molecules are studied

for which experimental data is available for comparison. It is demonstrated that the IETS

is very sensitive to the molecular conformation, contact geometry and junction width. It is

also found that some of the spectral features that appear in experiment cannot be attributed

to the molecular device, but to the background contributions, which shows how theory may

be used to complement experiment. This part concludes with a study of the temperature

dependence of the inelastic transport. This is very important not only from a theoretical

point of view, but also for the experiments since it gives experimentalists a sense of which

temperature ranges they can operate for measuring IETS.
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Chapter 1

Introduction

Ever since the first transistor appeared, there has been a constant need to make devices

smaller and smaller. This development has mainly been driven by the conventional silicon

industry and since the 1965 prediction by Gordon Moore, one of the founders of Intel, who

stated the empirical fact that the number of transistors on a chip doubles about every two

years, this prediction has been largely correct even until today. The increase of numbers of

devices on a chip corresponds to the reduction in size of each device. The miniaturization is

now beginning to approach length scales so small that quantum phenomena no longer can

be ignored and the effects of defects can be quite severe. Furthermore, the price per device

is becoming more and more costly, making it necessary to look for alternative approaches

for the design and manufacture of future electronic devices. One approach that started in

the early seventies with a theoretical study of Aviram and Ratner on current-voltage charac-

teristics of a molecular rectifier,1 is molecular electronics. That study neatly demonstrates

that a molecular system, if properly designed, may perform a desired function in response

to an applied electric field. The basic idea of molecular electronics is quite simple - to use

molecular systems to perform the tasks that the devices coming from the silicon industry

do today in conventional electronics. At first, this idea was mostly just an intellectual cu-

riosity, but nowadays experimentalists have come up with several techniques that allow for

simple studies of molecular electronic devices. One of the first such experiments was re-

ported by Reed el al,2 where a 1,4-benzene-dithiol was chemically bonded between two gold

electrodes. Their setup represents the simplest situation, with just a source and a drain with

a molecule in between. For practical application it is also desirable to have three terminal

devices (transistors) and a few experiments with such setups have been used, with molecules

ranging from being quite small3 to DNA strands.4 The approaches for modeling the electron

transport through molecular devices have more or less followed two branches. One originates

from the description of bulk properties of materials and its success in the field of solid state

9
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physics makes it a reasonable choice when one also wants to describe transport properties

of molecules. However, the molecular and biological systems can individually behave quite

different from typical bulk materials. An approach that takes the exact electronic structure

into account is most likely needed. To this end, the other branch approaches the problem

from a quantum chemical point of view, where the modeling of molecular and biological

systems is well established. The simplicity of the system studied by Reed et al allowed it to

be studied fairly easy and the existence of experimental data made it an excellent reference

system for early molecular electronics simulations. Di Ventra et. al.5 were among the first

to describe the electron transport in this device. They relied on a first principle approach

with a jellium model to describe the contacts. Though the simulation demonstrated that it

was in principle possible to describe this kind of system, it did not manage to reproduce the

position of the resonances and the current was predicted to be much higher than reported in

experiment, suggesting that the simple solid state physics description with a jellium model

might not capture some of the important features needed to describe this kind of system

accurately. More realistic approaches that rely on a non-equilibrium Green’s function based

density functional method that treats the electrodes specifically as periodic layers of atoms

rather than relying on a simple jellium model have then emerged, and been implemented

in many software packages, such as TRANSIESTA6 and MCDCAL.7 One crucial point that

is often less properly described in these approaches is the effect of the chemical bond at

the molecule-metal interface. It is important to not only capture the physics of the bulk

electrodes, but also the chemistry that is present at the interfaces. From this point of view,

it is very natural to start from a quantum chemical perspective, where such problems are

handled on routinely. Two such approaches are the model of Mujica et al,8 which is also the

starting point for the more elaborate theory presented later on, and the work of Datta and

coworkers,9,10 where the current-voltage (I-V) characteristics of several molecular devices

are studied at different levels of theory. The model of Mujica et al was later used in one

of the first investigations of how the chemical bond affects the I-V characteristics. In that

study, by Yaliraki et al,11 the effects of having different terminal atoms binding to the metal

contacts, as well as binding geometry and the contact metal were considered.

Today’s experimental situation has improved a lot and the two most commonly used ap-

proaches to make a molecular junction is to either use a break junction technique or alterna-

tively rely on using a scanning tunneling microscope. The break junction technique creates

the metal electrodes by slowly pulling at both ends of a metal string until it breaks. This

can be done in a solution to get the desired molecule to insert immediately in the gap that

is formed, or by trying to get a molecule to bind to one of the contacts after the junction

has been formed and then slowly move the two contacts closer and closer together until the

bridging molecule binds in both ends and a signal is received. Examples of experiments
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carried out this way are the experiments of Xu and Tao,12 where the molecular junction

is formed by pulling until a junction is formed, and the experiment of Reed et al,2 where

the two terminal device is formed by having the two metal contacts brought together after

having formed a self-assembled monolayer on each of them. An example of using an STM

tip that is brought into contact of a surface coated with the molecule that one wants to

bridge the gap, would be the experiment of Cui et al,13 where an STM-tip coated with a

metal cluster is brought into contact with a self-assembled monolayer on a gold surface.

These fundamental experiments can help a lot when one wants to start making models for

molecular junctions in general. First thing to notice is that there are no perfect surfaces, so

it is necessary to find a reasonable approximation that captures the important chemistry and

physics that takes place at the molecule-metal interface. A second important point is that

the experiments are clearly repeatable. The exact potential distribution is not known, but

the high repeatability of the experiments and the fact that the contact conditions are hardly

under specific control suggest that the potential drop on the molecule should be small. A

simple model for the potential drop over a molecule might shed some light on what the

potential distribution looks like. One can demonstrate it by using a model system where a

2-nitrobenzene-1,4-dithiol is chemically bonded to two atomically sharp gold contacts, see

Figure 1.1 (A). The potential distribution can be obtained by solving the Schrödinger equa-

tion together with the Poisson equation for this system. The molecule is aligned such that

the point contacts lie on the z-axis (Fig.1.1 (B)) and its charge distribution is calculated

by density functional theory. The metal contacts are described by the effective mass ap-

proximation (EMA). The assumption of atomically sharp contacts simplifies the description

and allows the electrode to be treated rather straightforward, as shown in Fig.1.1 (C). The

simulated potential distributions for two cases, d=0.7nm and d=1.2nm, when the system

is chemically bonded at both ends are shown in Fig.1.1 (D) and (E). It can be seen that

most of the potential drops at the contact tip and the molecule-metal interface, while only a

rather small portion of the applied bias drops over the molecule. With the same approach,

the situation for a system with one end site physically adsorbed at various distances has

been investigated. Also in this case it can be seen that most of the potential drops over the

tip and metal-molecule interface, but not on the molecule.

Quantum chemistry has already proved to be very useful for describing scattering of light in

molecular systems and the spectral calculations for various optical processes are now routine.

In principle, the picture one has for electron tunneling is very similar to that of photon

scattering. For an optical process, an incoming photon interacts with a potential generated

by the molecular system to result in a scattered outgoing photon. From the wavefunctions

of the incoming and outgoing photons, the scattering cross section σ is deduced. In a similar

fashion, the electron transport picture presented here starts with an incoming electron that
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Figure 1.1: (A): Simplistic models for

chemically bonded interfaces. (B): The 2-

nitrobenzene-1,4-dithiol molecule for bridg-

ing the contacts. (C): Atomically sharp

contact model for the electrode. (D) and

(E): Potential distribution for (D) chemical

bonds and (E) chemical and physical bond-

ing.

scatters of a potential given by the molecule-metal system and is then detected when going

out. This process is described by some probability amplitude | T |2, corresponding to σ in

the photon scattering case. A conceptual drawing for these two processes is given in Fig.1.2

(A). The scattering channels for the electrons might be electronic or vibrational, leading to

elastic and inelastic scattering. Originating from a Green’s function formulation developed

by Mujica et al.,8 a relatively simple yet versatile method for calculating both elastic and

inelastic transport through molecular junctions have been developed. It treats both physical

and chemical metal-molecule bonds on equal footing and has been demonstrated to give very

good agreement with many experiments at a low computational cost.14,15,16,17 A program

package, QCME (Quantum Chemistry For Molecular Electronics),18 has been developed

and applied to many devices.

Figure 1.2: (A) Conceptual comparison between

photon and electron scattering. (B)Schematic

drawing of a molecular junction



Chapter 2

General Theory

2.1 Current

One of the main goals is to describe the electron transport properties in familiar concepts and

the most fundamental one is perhaps the current. For simplicity the current flow through

the molecule is considered to be a one-dimensional process, though the system, which also

takes the contacts into account, may be of one-, two- or three-dimensional character, which

greatly affects the overall properties. More specifically, the model uses the Landauer formula

to describe the current density. For a scattering process in the z-direction from initial state

| l〉 to final state | l′〉 at temperature T , assuming the electrons of the reservoirs to be in

equilibrium at the Fermi level Ef , the current density is given by8,15,16

iSD =
2πe

h̄

∑

Ex,y

∑

El
z ,El′

z

[f(Ex,y + El
z − eV ) − f(Ex,y + El′

z )]

× | Tl′l(E
l
z) |2 δ(El′

z − El
z) (2.1)

where f(E) is the Fermi distribution function,

f(E) =
1

e[(E−Ef )/kBT ] + 1
,

V is the applied voltage, kB is Boltzmann’s constant and | Tl′l(E
l
z) |2 gives the transmission

probability to scatter from state | l〉 to | l′〉.

13
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2.2 Transition Matrix

The key element in calculating the current density is the transition matrix or T-matrix,

whose absolute value square gives the probability to go from one state to another. The

approach described here originates from the work of Mujica, Kemp and Ratner.8 The

starting point is a system that consists of two electron reservoirs, namely the source (S) and

the drain (D), connected by a molecule (M), as shown in Fig. 1.2 (B).

The Hamiltonian H for such a system can be written in matrix format as

H =





HSS US M US D

UMS HMM UMD

UDS UDM HDD



 (2.2)

where HSS,DD,MM are the Hamiltonian of subsystems S, D and M, respectively and U

represents the interaction between the different subsystems.

It is convenient to work in the site representation for describing an electron transport process.

Suppose the system obeys

H | Ψη〉 = εη | Ψη〉 (2.3)

where | Ψη〉 can be partitioned into the wavefunctions for each subsystem as

| Ψη〉 =| Ψη,S〉+ | Ψη,M〉+ | Ψη,D〉 (2.4)

where ΨS,D,M represent the wavefunctions fur subsystems S, D and M. Suppose that the site

basis functions are labeled by | J〉, | K〉 and | L〉 for subsystems S, M and D, respectively.

Then the wavefunctions for the subsystems can be written as

| Ψη,S〉 =

JN
∑

J

| Jη〉

| Ψη,M〉 =

KN
∑

K

| Kη〉

| Ψη,D〉 =

LN
∑

L

| Lη〉 (2.5)

where J , K and L run over the source, molecule and drain sites, respectively. In particular,

for K we have the labeling K1,K2,...,KN , where site K1 and KN are two end sites that

connect with two electron reservoirs, respectively.
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It is then possible to an expression for the interaction energy at energy level εη as

Uη =
∑

J,K

VJK | Jη〉〈Kη | +
∑

K,J

VKJ | Kη〉〈Jη |

+
∑

K′,L

VK′L | K ′η〉〈Lη | +
∑

L,K′

VLK′ | Lη〉〈K ′η |

+
∑

J ′,J

VJ ′J | J ′η〉〈Jη | +
∑

L,L′

VLL′ | Lη〉〈L′η |

+
∑

J,L

VJL | Jη〉〈Lη | +
∑

L,J

VLJ | Lη〉〈Jη | (2.6)

where VJL and VLJ are the coupling energy between source and drain, VJ ′J (VLL′) represents

the coupling energy between the layer site J ′ (L) and J (L′) of the source (drain) reservoirs.

And VJK(VK′L) is the coupling energy between site K (K ′) of the molecule and site J (L)

of the reservoirs. The direct coupling between the source and drain is in general very weak

due to the long distance between them and the screening of the molecule. It is then possible

to assume that the coupling terms between the source and the drain, VJL and VLJ , can be

set to zero.

An analytical expression for the coupling energies is given by

VJK =

OCC
∑

ν

〈Jν | H | Kν〉 (2.7)

=
∑

ν

∑

Ji,Ki

aν
Ji

aν
Ki
〈φJi

| H | φKi
〉

where 〈φJi
| H | φKi

〉 = FJi,Ki
is the interaction energy between two atomic basis functions,

which can be deduced directly from the given Hamiltonian. At the Hartree-Fock level, they

represent the off-diagonal elements of the Fock matrix. A more approximate method is

to estimate them using a frontier orbital bonding picture, as in refs.14,15,16 or to use an

empirical scheme.19 The coupling energies constitute the key elements when calculating the

transition probability. Their relation to the transmission probability can be found using

elastic scattering Green’s function theory, in which the transition operator is given by

T = U + UG0T = U + UGU (2.8)

where G0 and G are Green’s functions,

G0(z) = (z − H0)
−1, G(z) = (z − H)−1 (2.9)

The reason why T is called a transition operator is that | T |2 gives the transmission

probability. Since we have elastic scattering, energy must be conserved. This implies that
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the incoming and outgoing electrons must belong to the same orbital, which serves as the

scattering channel. If the electron is scattered from the initial sites
∑

| ξi〉 of reservoirs S

to the final sites
∑

| ξ′m〉 of reservoirs D (where i and j runs over the atomic site of the

source and drain electrode, respectively), the transition matrix element at energy level εη

will be

T η
ξ′ξ =

∑

i,m

〈ξ′m | U | ξi〉 +
∑

i,m

〈ξ′m | UGU | ξi〉 (2.10)

Next, substitute the expression for U η obtained in Eq.(2.6) into Eq.(2.10). The first term

〈ξ′m | U | ξi〉, which represents the interaction between the source and the drain will be zero.

The transition matrix thus reduces to

T η
ξ′ξ =

∑

i,m

∑

K,K′

Vξ′mK′gη
K′KVKξi

+
∑

i,m

∑

L6=ξ′m,K

Vξ′mLgη
LKVKξi

+
∑

i,m

∑

K′,J 6=ξi

Vξ′mK′gη
K′JVJξi

(2.11)

where the term gη have been introduced, which is the carrier-conduction contribution from

scattering channel εη, given by

gη
K′K = 〈K ′η | 1

z − H
| Kη〉

= 〈K ′η | 1

z − H
| Ψη〉〈Ψη | Kη〉

=
〈K ′η | Ψη〉〈Ψη | Kη〉

z − εη
(2.12)

The parameter z in the Green’s function is a complex variable, z = Ei + iΓi, where Ei

is energy of the scattered electron and 1/Γi is the escape rate. Γ can be calculated using

Fermi’s Golden Rule as

Γη = (Vξ′K′〈K ′η | Ψη〉 + VKξ〈Ψη | Kη〉)/2 (2.13)

So we have

gη
K′K =

〈K ′η | Ψη〉〈Ψη | Kη〉
(Ei − εη) + iΓη

(2.14)
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The corresponding terms gη
LK and gη

K′J are found to be much smaller than gη
K′K. The

underlying reason for this is that the overlaps 〈Lη | Ψη〉〈Ψη | Kη〉 and 〈K ′η | Ψη〉〈Ψη | Jη〉
are quite small compared to the molecular terms. This is because the metal atomic orbitals

are more localized than their molecular counterparts, which is reflected by the fact that

the potential of a metal-molecule-metal configuration drops mostly at the metal-molecule

interface, which has been demonstrated in the introduction.

The expression for the transition matrix thus reduces to

T =
∑

η

|(
∑

i,m

∑

K,K′

Vξ′mK′gη
K′KVKξi

)|2 (2.15)

In general equation 2.1 depends on all three spatial coordinates x, y and z and hence the

dimensionality of the contacts must be taken into account. The details for contacts of

different dimensionality have been worked out in ref.16 and are given here for completeness.

2.2.1 One-dimensional Energy System

For very sharp electrodes, an atomic wire can be a good approximation. The system can

then be treated as a one-dimensional electron system. The current density through the

molecular junction can thus be simplified to

i1D =
2πe

h̄

∑

l,l′

[f(El − eV ) − f(E l′)] | Tl′l(E
l) |2 δ(El′ − El)

=
2πe

h̄

∫ ∞

0

[f(El − eV ) − f(E l′)] | Tl′l(E) |2

× nS(E)nD(E)dE

(2.16)

where nS(E) and nD(E) are the density of states (DOS) of the source and drain, respectively.

The current I1D will simply be the same as the current density, i.e. I1D = i1D.

2.2.2 Two-Dimensional Energy System

When the metal contact has the character of a two-dimensional electron system, for instance,

a metal film, and if the energy in the x direction forms a continuous spectrum, the current

density is given by
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i2D =
2πe

h̄

∫ ∞

0

∫ ∞

0

[f(Ex + El
z − eV ) − f(Ex + El′

z )]

×ρ1D(Ex)dEx | Tl′l(Ez) |2 nS
1D(Ez)n

D
1D(Ez)dEz

(2.17)

where ρ1D(Ex) is the density of states per length per electron volt of the source.

The current for a two-dimensional electron system is I2D = r2si
2D, where r2s is the effective

injection length of the transmitting electron and it is determined by density of electrons

N2D ≈ 1/(πr2
2D), which itself can be calculated with N2D = (4πm∗Ef )/h

2.

2.2.3 Three-dimensional Energy System

In general, the contacts are big compared to the molecules and must be considered three-

dimensional. For such a system , with continuous energies in both x and y directions, the

current density can be evaluated by

i3D =
em∗kBT

2πh̄3

∫ ∞

eV

| Tl′l(Eq) |2 nS
1D(Eq)n

D
1D(Eq)dEq

×[ln(1 + e
Ef+eV −Eq

kBT ) − ln(1 + e
Ef−Eq

kBT )] (2.18)

where q is the wave vector in the z direction, and m∗ is the electron mass. For a three-

dimensional system, the total conduction current is I3D = Ai3D , where A is the effective

injection area of the transmitting electron from the metal electrode, determined by the

density of electronic states of the bulk metal. It is assumed that the effective injection

area A ≈ πr2
3s, where r3s is defined as the radius of a sphere whose volume is equal to

the volume per conduction electron, r3s = (3/4πN3D)1/3, N3D = (2m∗Ef )
3/2/(3h̄3π2) is the

density of electronic states of the bulk metal. By introducing the effective injection area,

the complications related to the calculations of the self-energy8 have been avoided. From

the current other properties can be defined, such as the conductance

g =
∂I

∂V
(2.19)

The different contact dimensionalities may thus have consequences for the current-voltage

(I-V) characteristics and conversely, an experimentally observed I-V characteristic may say

something about the contacts. To examine the effect of different contact dimensionalities

the I-V characteristics for a 1,4-benzene-dithiol bonded to contacts (Fig.2.1 (A)) of different
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dimensionalities were simulated by Wang and Luo16 and the results are shown in Fig.2.1

(B), (C) and (D). These curves could then be directly compared with the experimental

results of Reed et al.2 The one-dimensional system shows a clear stepwise behavior in the

I-V characteristics, which can be understood by looking at the corresponding conductance

curve. The stepwise behavior corresponds to resonances and each peak in the conductance

curve means that a new scattering channel is accessed. The two-dimensional I-V curve looks

a little smoother and the stepwise features of the one-dimensional I-V curve is no longer

present. The conductance curve shows two sets of resonance channels, the first about 1 V

of applied bias and the second set around 4 V. In between we see a higher conductance

compared to the one-dimensional case and we see what might emerge as a conductance

plateau. The three-dimensional contacts give current and conductance profiles that closely

resemble the experimental ones. In particular, we notice that for this case we now observe a

perfect conductance plateau. Since only the three-dimensional contacts give rise to current

and conductance profiles that look like the experimental curves, it is of interest to understand

what causes the significant differences in the shape of the curves. To do this, we look at

the correspond equations for the current densities for contacts of different dimensionalities,

equations 2.16,2.17 and 2.18. By inspection, we see that the expressions mainly differ in

the difference between the Fermi energy distribution of two electrodes. To illustrate this,

the projections of the Fermi energy difference along the electron transport axis are shown in

Fig.2.2. The Fermi energy difference is given for two different biases - 1 V (red line) and 2 V

(green line). There is a clear difference in the shape between the different dimensionalities.

Of particular interest is the fact that in the one-dimensional case, the Fermi energy difference

drops down to zero just below the Fermi level, something which is not observed for the

higher dimensionalities. For two- and three-dimensional contacts, the dimensions that are

orthogonal to the electron transport path provides an indirect contribution, which manifests

itself when the integration over all dimensions in equations 2.17 and 2.18 is performed.

Hence, it is very important to account for the energy distribution inside the contacts even

though one considers the charge transport to be essentially a one-dimensional process.
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Figure 2.1: (A): Benzene-1,4-dithiol chemically adsorbed on the hollow site of gold (111)

surface represented here by three gold atoms. Current and conductance curves for a 1,4-

benzene-dithiol bonded to contacts of (B) one-, (C) two- and (D) three-dimensions.

Figure 2.2: Projection of the Fermi energy difference

between two electrodes onto the direction of the current

transport for different dimensionalities of the contacts.

The differences given here are for biases 1 V (red curve)

and 2 V (green curve).



Chapter 3

Building the Molecular Models

One of the most important problems in the theoretical modeling is how to treat the molecule-

metal interface. While the metal contacts size relative to the bridging molecule is much

bigger and the contacts as a whole can be seen as a semi-infinite bulk metal reservoir, the

nature and strength of the chemical bond between the electrodes and the molecule depend

exclusively on the exact geometry of the metal surface. Getting a sense of how strongly the

contacts interact with the molecules is therefore important in order to get a good description

of the contacts, while at the same time reducing the system size that is being modeled to a

minimum, without loosing important physics and chemistry. In the model presented here,

the principle for doing this has already been shown in Fig. 1.2 (B). The molecule and

part of the contact surface is described in atomic detail. In this way the molecule-metal

bonding is treated explicitly and this new system with a molecule and some metal atoms

to represent the metal contacts is usually referred to as an ”extended system”. The bulk

properties of the semi-infinite contacts are then connected to the extended molecule by

lining up their Fermi levels. In doing so, the bulk metal will serve as an electron reservoir

for the extended molecule. So the picture is that an electron enters the scattering region

from somewhere in the source electrode and enters the extended molecule, which is to say

that it passes through the tip of the source contact into the molecule, and then scatters

through one of the channels, leaves at the tip of the drain and is finally collected in the bulk

of the drain electrode. The main problem here is how many layers of the bulk electrode

is really important for an accurate description of the molecule-metal interface interaction

and what is the explicit shape of the contact. In a recent paper by Li et al,39 the effects on

the I-V characteristics for different contacts were addressed. For a 4,4’-bipyridine molecule,

three different contact types were studied and the systems are shown along with their I-V

characteristics in fig.3.1 (A), (B), and (C). The study shows that the I-V characteristics do

not depend much on the shape of the contact, but strongly depend on the junction width.

21
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The underlying reason is a strong distance dependence of the coupling constants, which

are found to vary exponentially. This is illustrated in Fig. 3.1 (D), where the distance

dependence of the conductance at 0.25 V of the system in Fig. 3.1 (B) is shown. It means

that only the metal atoms that are closely bonded to the molecule contribute significantly to

the coupling coefficients. This rapid drop in coupling strength is quite general and therefore

it is quite sufficient to include a small number of layers - or even small metal cluster.

Figure 3.1: Representing a flat (A), sharp (B), and pyramid like (C) metal contacts. (D):

Demonstration of the exponential behavior of the coupling strength.



Chapter 4

Frontier Orbital Theory

4.1 Theoretical Model

Since the interface between the molecule and the electrodes is of such importance, having

a good understanding of the chemical bonding between them is thus important for un-

derstanding the electron transport in molecular junctions. One of the most fundamental

concepts in chemical bonding is the famous frontier orbital theory.20,21,22,23 It is developed

within the framework of perturbation theory for two interacting species, either between two

molecules or between a molecule and a metal surface, as schematically drawn in Fig. 4.1.

The frontier orbital concept will be used when the functional and basis set dependence is

examined later on.

Consider first the case when two molecules A and B interact, as shown in Fig.4.1 (left). For

a pair of molecular orbitals, say orbital i from A and orbital j from B, the perturbed energy

levels are given by second order perturbation theory as

Ei = E0
i +

|Vij|2
E0

i − E0
j

(4.1a)

Ej = E0
j +

|Vij|2
E0

j − E0
i

= E0
j −

|Vij|2
E0

i − E0
j

(4.1b)

where Ei,j are the energy levels of the resulting orbitals and E0
i,j are the unperturbed orbital

energies for orbital i and j. |Vij| is the interaction energy.

There are four different kinds of possible interactions, see labels in Fig. 4.1 (left). One

is between two unoccupied states (4), in which there is no charge transfer and hence no

direct effect on the bond formation between molecules A and B. Another possibility is the

interaction between two occupied orbitals (3), but this is repulsive and the net effect would

23
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be a total energy that is greater than the separate levels of the isolated molecules. This

leaves only the possibility of having an occupied orbital interacting with an unoccupied

(labels 1 and 2 in Fig. 4.1).

By moving E0
i and E0

j to the left hand side of (4.1) the two equations become

∆Ei =
|Vij|2

E0
i − E0

j

, (4.2a)

∆Ej = − |Vij|2
E0

i − E0
j

, (4.2b)

By looking at the denominators in the above equations (4.2), it is clear that the orbitals

that are close in energy, i.e. giving a small denominator, will have the largest effect on the

bonding. Since only interactions between occupied orbitals and unoccupied are considered,

this means that only the highest occupied molecular orbital (HOMO) or a small subset of

occupied orbitals from one molecule will contribute significantly to the bonding by coupling

with the lowest unoccupied molecular orbital (LUMO) or a small subset of unoccupied

orbitals from the other molecule. As a result, only some orbitals will be of importance for

the bonding - primarily the HOMO for the donor and the LUMO for the acceptor. These are

the so called frontier orbitals. This reasoning can be further substantiated by looking at the

interaction part |Vij|2 of equations (4.2). Comparing the overlap 〈A−HOMO|B−LUMO〉
of Fig.(4.1) with, saying 〈A − HOMO − 1|B − LUMO〉 or 〈A − HOMO|B − LUMO + 1〉
it is clear that if 〈A − HOMO|B − LUMO〉 is larger than the other possibilities this will

also favor the HOMO-LUMO interaction.

When one of the species has a band structure instead of a set of discrete energy levels,

there is a possibility to accept and donate electrons from the band, given by label 5 in

Fig.(4.1) (right). This makes it possible to have interactions between occupied-occupied

and unoccupied-unoccupied levels that contribute positively to the bonding under certain

conditions. Bond formation with metals is an important example of this type of interaction.

Consider first the case of two occupied orbitals interacting with each other - one from the

molecule and one from the band. If the one of the resulting orbitals has an energy that

lies above the Fermi level Ef , it can donate its electrons to the band and give rise to an

attractive situation. A similar situation can occur if one considers interaction between two

unoccupied levels. If one of the resulting levels lie below the Fermi level, then the band can

donate electrons to the empty level. When the electrons are donated from the band, they

leave a gap that is filled by electrons from the bulk that lies under the surface on which the

bonding takes place, which may also affect the bonding depending on its exact nature.

The basic principle of the frontier orbital theory has been adopted to calculate the current-

voltage characteristics of benzene-1,4-dithiol molecules sandwiched between two gold elec-
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Figure 4.1: Left: Interaction between two

molecules A and B. Right: Interaction be-

tween a molecule A and a band structure. The

numbers 1-4 refer to different ways of inter-

acting between the species. The process 5 is

a property of the semi-infinite band to accept

or donate an electron.

trodes.14,15 The calculated results are found to be in excellent agreement with the ex-

periment,2 as illustrated in Fig. 4.2. One could argue that most probably, such a good

agreement is due to the cancelation of errors. However, it is clearly demonstrated that the

frontier orbital interaction is the most important contributor to the electron transport in a

molecular device.

Figure 4.2: A compari-

son between experimental

and theoretical I-V char-

acteristics of benzene-1,4-

dithiolate molecular de-

vice. (E1) is the typi-

cal experimental result of

Reed et al.,2 while (E2)

is the experimental result

from a singular measure-

ment (Ref.2). (C1) and

(C2) are the calculated

results corresponding to

frozen and relaxed geome-

tries, respectively. Taken

from Ref.15
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4.2 Functionals and Basis Sets

The choice of density functionals and basis sets is of importance for many studies. The

functional and basis set dependence on the electron transport properties of the benzene-1,4-

dithiol molecular junction is investigated by assuming that the bond is formed on a Au(111)

surface, represented here by a triangular gold trimer, see Fig. 2.1 (A). The calculations

were done using density functional theory (DFT), at the B3LYP,24 B3P8625,26 and the local

density approximation (LDA)27,28 levels. Hartree-Fock calculations have also performed

for comparison. The GAUSSIAN29 program with the LanL2DZ30,31,32,33 basis set and the

6-31G34,35,36 basis set with diffuse and polarization functions were used. The JAGUAR38

program using the LACVP37 basis set with and without polarization functions were also

employed. The LanL2DZ basis set was used for all the gold atoms and the molecule between

the electrodes is described by the 6-31G basis.

4.2.1 Density Functional Dependence

The simulated I-V characteristics from different functionals for the benzene-1,4-dithiol molec-

ular junction are given in Fig. 4.3. Both current (left) and conductance (right) are shown

with respect to the applied voltage. Comparing the I-V curves obtained from B3LYP,

B3P86, and LSDA with the experimental curves reported by Reed et al.,2 it can be seen

that all theoretical curves agree qualitatively with the experimental ones. The HF results

fail to reproduce the essential features of the experiments.

Figure 4.3: Functional dependence



4.2. FUNCTIONALS AND BASIS SETS 27

The HOMO-LUMO gap of the extend molecule system, consisting of molecule and metal

clusters, was estimated to be around 2.0 eV for both B3LYP and B3P86. With the as-

sumption that the Fermi level is located in the middle of the HOMO-LUMO gap, the first

onset is expected to occur around 1.0 eV, which should be compared to the experimental

value of 0.7 eV. For LSDA the first onset is located around 0.5 eV. The hybrid functionals

result in currents that agree with experiment within a factor of 6 and LSDA agrees within

a factor of 3. Comparing the conductance curves, the hybrid functionals overestimates the

conductance by one order of magnitude and LSDA overestimates the conductance within a

factor of 6.

The second resonant peaks are observed at around 4.5 eV for the hybrid functionals and

around 4.0 eV for LSDA, which is in good agreement with experiment. Comparing the

shapes of the calculated conductance curves with the experimental curve shows that the

experimental curve starts to increase at 3 eV at the second resonance. This discrepancy be-

tween theory and experiment is believed to be due to an electron reduction of the molecule.14

The HF method gives a current and conductance that are up to two orders of magnitude

larger than the experiment. Furthermore, the resonances are expected at much higher

voltages. The first onset occurs at 3 eV compared to 0.7 eV from the experiment. These

discrepancies reflect the importance of including the electron-electron interaction in the

model.

4.2.2 Basis Set Dependence

Fig. 4.4 shows the effect of the choice of basis set on the I-V characteristics. The B3LYP

functional has been used in all cases. A comparison between the different basis sets, e.g.

LanL2DZ vs. 6-31G, shows that they agree within a factor of three with respect to the

magnitude of current and conductance. The effect of adding diffuse or polarization functions

to a basis set typically has a much lower effect on the magnitude. As can be seen in Table

4.1, the first onset is expected between 0.9 eV and 1.0 eV. It is difficult to predict the effect

of introducing diffuse and polarization functions. More extensive studies show that the

effect of the basis set is correlated to the functional or method used, i.e. extending the basis

set may increase current and conductance for one functional while it decreases for another.

Adding polarization functions generally seem to decrease current and conductance, but no

consistent pattern has been observed for diffuse functions. Results from hybrid functionals

seem less sensitive to the choice of basis set than LDA and HF.
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Figure 4.4: Basis set dependence

Table 4.1: Functional/method and basis set dependence of the coupling constants. Eg:

HOMO to LUMO Gap.

Functional/Basis set Eg

2
(eV) d1,L VS,L (eV) ΥS1 (eV)

B3LYP/LACVP 1.0023 0.6317 0.7069 0.4465

B3LYP/LACVP** 0.9049 0.6110 0.6084 0.3717

B3LYP/LanL2DZ 0.9611 0.5795 0.6342 0.3676

B3LYP/6-31G

/LanL2DZ 0.9578 0.6239 0.6371 0.3975

B3LYP/6-31G**

/LanL2DZ 0.9142 0.6110 0.6461 0.3947

B3LYP/6-31++G

/LanL2DZ 0.9617 0.5641 0.5748 0.3243

B3LYP/6-31++G**

/LanL2DZ 0.9172 0.5488 0.6279 0.3446

B3P86/LanL2DZ 0.9904 0.5760 0.6355 0.3661

LSDA/LanL2DZ 0.4648 0.5776 0.3934 0.2272

HF/LanL2DZ 3.1269 0.5640 2.2093 1.2461
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4.2.3 Brief Summary

In conclusion, it has been shown that hybrid functionals as well as the local spin density

approximation, used in DFT, are acceptable choices of functionals when modeling the cur-

rent voltage characteristics of a molecular device, while the Hartree-Fock method performs

poorly. Hybrid functionals may still be a better choice as they seem less sensitive to the

choice of basis set. The choice of basis set appears to have a relatively small impact on the

overall result. Polarization functions generally lower current and conductance, but no clear

trend has been observed for diffuse functions. The choice of basis set seems connected to

the choice of the method.
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Chapter 5

Results and Discussion

5.1 Junction Width

Two experimental studies on the benzene-1,4-dithiol molecule, one reported by Reed et al.2

and the other by Xiao et al.,40 show similar I-V characteristics, but differ greatly in the

magnitude. To understand the origin for this difference in magnitude, one should look at

how the experiments were performed. In the experiment by Reed et al.,2 the molecular break

junction was formed by gradually pushing the metal contacts closer and closer together, until

the molecule had been allowed to form a chemical bond with the contacts. In the experiment

of Xiao et al. on the other hand, the junction was formed by pulling a gold (STM) tip out of

a substrate until a bond had been formed between the gold and the thiol end groups. These

differences in procedures should lead differences in the junction width. A longer junction

width implies a lower coupling between the molecule and the metal contact, which will result

in a lower current. To test this hypothesis, the I-V characteristics of the benzene-1,4-dithiol

molecule for different Au-S distances have been simulated. The optimized Au-S distance

was found to be 2.85 Å , but a shorter Au-S distance of 2.79 Å and one longer of 2.98 Åwere

also tested. The theoretically predicted results can be seen together with the experimental

results in Fig. 5.1. The longest Au-S distance give the lowest conduction, as shown by curve

II in Fig. 5.1B. Similarly, the shortest junction width, given by curve III in fig. 5.1D give

the highest conductance and can by compared to the experimental results in Fig. 5.1C. For

the optimized Au-S distance, we arrive at curve II in Fig. 5.1, which is about one order

of magnitude higher than the experiment of Reed et al.2 but about ten times smaller than

that of Xiao et al..
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Figure 5.1: Comparison between experimental current and conductance [(A) (Ref.2) and

(C) (Ref.40] and theoretical elastic current and conductance [(B) and (D) of a benzene-1,4-

dithiol molecular device.

5.2 Intermolecular Interaction

The effects of intermolecular interactions on the I-V characteristics is an important issue for

several reasons. Many experiments are done under ambient conditions and still others are

done in solution, which means that water molecules will always be present and may influence

the experiment. Another issue is that many experiment use self-assembled monolayers to

form well defined systems. Here the neighboring interactions might be an important factor,

since the perturbations may have an influence on the conducting channels. A recent study44

by the authors addressed this issue. A molecule with a conjugated backbone and one or two

functional groups has been simulated with water molecules interacting with the functional

groups. Three different junctions were chosen as representative systems and are shown in

Fig. 5.2 together with the perturbing water molecules. The study examined several different

bonding situations for the water clusters, but the conclusion was that the exact nature of the

water clusters do not affect the I-V characteristics much different from each other. However,

there is a considerable difference in having water present or not and the effect on the I-V

characteristics is strongly correlated to the functional groups. For a representative set of I-V

curves, see Fig. 5.3, where the I-V curves for each junction is shown both with and without

water molecules present. In all cases, when the water molecules bind to the functional
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groups, the current is noticeably reduced. This effect is particularly strong when there is

an NO2 group. One might then ask if this is due to the immediate bond formation or the

resulting charge reorganization. To demonstrate the effect of this, three I-V curves are given

in Fig. 5.3 for the system with both an NH2 and an NO2 group attached. The red curve

(b) gives the I-V characteristics for a relaxed system with hydrogen bonded water present.

The water is then removed, without allowing the molecule to relax further, which gives the

blue curve (c). If the system is sub-sequentially allowed to relax and respond to the new

conditions, the black curve (a) is obtained. Clearly, the immediate bond formation has a

rather small effect on the I-V curve. Instead, it is the induced electronic rearrangement that

causes the greatest changes. This can be further understood by looking at the transmission

spectra for the different systems.44 For low voltages, which is relevant to experimentalists,

the systems all behave linearly and their I-V characteristics are determined by the off-

resonance transmission amplitude and the tail of the high energy (about 3 V) resonance

peaks.
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Figure 5.2: The three representative systems with the water molecules binding to their

functional groups.

Figure 5.3: The I-V characteristics for the three systems under study. The solid black lines

(a) represent the I-V characteristics of the molecules without the presence of water. The

dashed red lines (b) represent the I-V characteristics when water molecules have formed

hydrogen bonds and the systems have been allowed to relaxed. The blue dot-dashed line

(c) represents the case when the water molecules have been removed, but the geometry has

not been allowed to relax.



Chapter 6

Inelastic Electron Tunneling

The analysis so far has focused only on elastic scattering. It is possible to include in-

elastic scattering by introducing a term in the Hamiltonian that allows the electron cross-

ing the junction to exchange a definite amount of energy with the vibrational modes of

the molecule.17,50,51 For an adiabatic system where the Born-Oppenheimer approximation

holds, the one-electron Hamiltonian can be partitioned as

H(Q) = H(Q, e) + Hν(Q) (6.1)

where H(Q, e) and Hν(Q) are the electronic and vibronic Hamiltonian, respectively and the

parameter Q corresponds to the vibrational normal modes.

The time-independent Schrödinger equation then becomes

[H(Q, e) + Hν(Q)]|Ψη(Q, e)〉|Ψν(Q)〉
= H(Q, e)|Ψη(Q, e)〉|Ψν(Q)〉 + Hν(Q)|Ψη(Q, e)〉|Ψν(Q)〉
= (εη +

∑

a

nν
ah̄ωa)|Ψη(Q, e)〉|Ψν(Q)〉 (6.2)

where εη is the eigenenergy of the electronic wavefunction and h̄ωa is the eigenenergy of the

vibrational wave function of normal mode Qa. nν
a is the quantum number of the normal

mode Qa in |Ψν(Q)〉.
The wavefunction is then expanded along the vibrational normal modes using a Taylor

expansion, as

| Ψη(Q, e)〉 | Ψν(Q)

= | Ψη
0|Q=0 +

∑

a

∂Ψη
0

∂Qa
Qa|Q=0 + ...〉 | Ψν(Q)〉 (6.3)
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where | Ψη(Q, e)〉 and | Ψν〉 are the wavefunctons corresponding to the electronic and

vibrational parts of the Hamiltonian, respectively. Ψη
0 is the electronic wavefunction at the

equilibrium position. With the assumption that the nuclear motion is harmonic, only the

first derivative in the expansion needs to be considered. It is then possible to evaluate the

T-matrix, which now also depends on the normal mode Q. Analogously to the previous

calculations of the T-matrix, it can be shown that

T (Q) =
∑

J

∑

K

VJS(Q)VDK(Q)
∑

η

∑

ν′,ν,ν′′

gη,ν′,ν,ν′′

JK (6.4)

where J and K runs over molecular sites and S and D represents the set of source and drain

sites, respectively. gη,ν′,ν,ν′′

JK is given by

gη,ν′,ν,ν′′

JK = 〈Ψν′

(Q)|〈Jη(Q, e)| 1

zη − H(Q)
|Ψη,ν(Q)〉

× 〈Ψη,ν(Q)|Kη(Q, e)〉|Ψν′′

(Q)〉

=
〈Ψν′

(Q)|〈Jη(Q, e)|Ψη(Q, e)〉|Ψν(Q)〉
zη − εη −

∑

a nν
ah̄ωa

× 〈Ψν(Q)|〈Ψη(Q, e)|Kη(Q, e)〉|Ψν′′

(Q)〉 (6.5)

With the assumption that the nuclear motion is harmonic and low device temperature, we

have

Qmn
a = 〈m | Qa | n〉

= 〈0 | Qa | 1〉

=

√

h̄

2ωa

(6.6)

¿From this, it can be shown that one can obtain equation 2.12 for pure elastic transport

from equation 6.5. The excited states of the normal modes are assumed to be the inelastic

scattering channels. More precisely, an electron enters the system from the ground state

in the source electrode into an excited state of the molecule. The electron then scatters

through the excited state channel and leave the system by entering a ground state in the

drain electrode. No inelastic transport occurs through the ground state of the molecule. To

obtain the elastic transport contribution of equation 6.5, look at the term gη,0,0,0
JK . This gives

gη,0,0,0
JK =

〈0|〈Jη(Q, e)|Ψη(Q, e)〉|0〉〈0|〈Ψη(Q, e)|Kη(Q, e)〉|0〉
zη − εη

(6.7)
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where

〈0|〈Jη(Q, e)|Ψη(Q, e)〉|0〉

= 〈0|〈Jη
0 +

∑

b

∂Jη
0

∂Qb
Qb|Ψη

0 +
∑

a

∂Ψη
0

∂Qa
Qa〉|0〉

= 〈0|〈
∑

b

∂Jη
0

∂Qb
Qb|
∑

a ∂Ψη
0

∂Qa
Qa〉|0〉 + 〈0|0〉〈Jη

0 |Ψη
0〉

+ 〈Jη
0 |
∑

a

∂Ψη
0

∂Qa
Q00

a 〉 + 〈
∑

b

∂Jη
0

∂Qb
Q00

b |Ψη
0〉 (6.8)

Terms like 〈
∑

b
∂Jη

0

∂Qb
Qb|
∑

a
∂Ψη

0

∂Qa
Qa〉 are very small in magnitude and can be neglected. Fur-

thermore, the assumption that the ground state isn’t an inelastic channel implies that

Q00
a = 〈0|Qa|0〉 = 0. With the normalization 〈0|0〉 = 1, equation 6.7 reduces to what we

had in equation 2.12.

Looking at equation 6.5 above, we can now interpret the different terms as follows. The term

gη,0,0,0
JK gives the contribution from having the electron tunneling through the unoccupied

molecular orbitals and thus correspond to the elastic part. The other terms constitute the

contribution from the energy exchange with the vibrational motion of the molecule and thus

describes the inelastic part of the scattering process. This means that the current will be

given by an elastic and inelastic part, as

I = Iel + Iinel (6.9)

where Iel and Iinel are the elastic and the inelastic contributions to electron tunneling current.

When we are far from the elastic resonance, only the inelastic part of the current will

contribute. The small conductance change induced by the electron-vibronic coupling is

commonly measured by the second harmonics of a phase-sensitive detector for the second

derivative of the tunneling current

d2I/dV 2

or its normalized part by the differential conductance.

(d2I/dV 2)/(dI/dV )

and d2I/dV 2 vs. V will be refered to as the inelastic electron tunneling (IET) spectrum

that is obtained in inelastic electron tunneling spectroscopy (IETS).
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6.0.1 Thermal Populations

The carrier-conduction contribution is defined through eq.(6.5) as

gη,ν′,ν,ν′′

JK = 〈Ψν′

(Q)|〈Jη(Q, e)| 1
zη−H(Q)

|Ψη,ν(Q)〉 × 〈Ψη,ν(Q)|Kη(Q, e)〉|Ψν′′

(Q)〉.
Previously it was assumed that the temperature was very low, such that only the ground

state was populated. By letting modes of higher quantum number be thermally populated,

more scattering channels will appear. As before, by using a Taylor expansion and assuming

that the nuclear motion is harmonic and that there is no mixing of the modes, the carrier-

conduction contribution can now be calculated as

gη,ν′,ν,ν′′

JK = 〈Ψν′

(Q)|〈Jη(Q, e)| 1

zη − H(Q)
|Ψη,ν(Q)〉〈Ψη,ν(Q)|Kη(Q, e)〉|Ψν′′

(Q)〉

=
∑

a

∑

n

〈Ψν′

(Q)|〈Jη(Q, e)| 1

zη − εη + h̄ωan

|Ψη,ν(Q)〉〈Ψη,ν(Q)|Kη(Q, e)〉|Ψν′′

(Q)〉

=
∑

a

∑

n

〈Ψν′

(Q)|〈Jη(Q, e)|Ψη(Q, e)〉|Ψν(Q)〉〈Ψν(Q)|〈Ψη(Q, e)|Kη(Q, e)〉|Ψν′′

(Q)〉
zη − εη + h̄ωan

(6.10)

For a general transition from level m to level n, Qmn
a is given by

Qmn
a = 〈m | Qa | n〉

=

√

h̄

2ωa
(
√

m + 1〈m + 1|n〉 +
√

m〈m − 1|n〉) (6.11)

Since the nuclei behave like harmonic oscillators by assumption, only |n〉 to |n±1〉 transitions

are possible, with the exception of the ground state |0〉, for which only transitions to the

first excited state |1〉 is possible. From eq.(6.11), we get

〈n − 1|Qa|n〉 =

√

h̄

2ωan

(
√

n + 1〈n + 1|n − 1〉 +
√

n〈n − 1|n − 1〉)

=

√

h̄

2ωan

√
n (6.12)

〈n + 1|Qa|n〉 =

√

h̄

2ωan

(
√

(n + 1) + 1〈(n + 1) + 1|n〉 +
√

n + 1〈(n + 1) − 1|n〉)

=

√

h̄

2ωan

√
n + 1 (6.13)
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Taylor expanding the first term in the denominator in eq.(6.10), 〈Ψν′

(Q)|〈Jη(Q, e)|Ψη(Q, e)〉|Ψν(Q)〉,
we get up to first order in ∂

∂Q

〈Jη
0 |
∑

a

∂Ψη
0

∂Qa
Qν′ν

a 〉 + 〈
∑

b

∂Jη
0

∂Qb
Qν′ν

b |Ψη
0〉 (6.14)

Using equations (6.12) and (6.13) in eq.(6.14), we have

〈

Jη
0

∣

∣

∣

∣

∣

∑

a

∂Ψη
0

∂Qa

(

∞
∑

n=1

pn−1〈n − 1|Qa|n〉 +

∞
∑

n=0

pn+1〈n + 1|Qa|n〉
)〉

+

〈

∑

b

∂Jη
0

∂Qb

(

∞
∑

m=1

pm−1〈m − 1|Qb|m〉 +

∞
∑

m=0

pm+1〈m + 1|Qb|m〉
)∣

∣

∣

∣

∣

Ψη
0

〉

= (6.15)

〈

Jη
0

∣

∣

∣

∣

∣

∑

a

∂Ψη
0

∂Qa

(

∞
∑

n=1

pn−1

√

h̄

2ωan

√
n +

∞
∑

n=0

pn+1

√

h̄

2ωan

√
n + 1

)〉

+

〈

∑

b

∂Jη
0

∂Qb

(

∞
∑

m=1

pm−1

√

h̄

2ωbm

√
m +

∞
∑

m=0

pm+1

√

h̄

2ωbm

√
m + 1

)∣

∣

∣

∣

∣

Ψη
0

〉

(6.16)

where pn is the thermal population of state |n〉, given by e
− ∆E

kbT , where ∆E is the energy

difference between the eigenenergies of states |0〉 and |n〉. kb is Boltzmann’s constant, T

is the temperature, h̄ is Planck’s constant divided by 2π and ωan
is the eigenfrequency of

mode Qa for quantum number n, i.e. ωan
= nωa since the modes are assumed to behave as

harmonic oscillators.

6.0.2 Elastic vs. Inelastic Currents

A study of the inelastic properties is first presented here for the benzene-1,4-dithiol molecule

system. This is done to get an understanding of how big the inelastic contribution really is,

the current and conductance with (red lines) and without (black lines) the inelastic contri-

bution at 300K are shown in Fig. 6.1 (A) and (B), respectively. As can be seen, the inclusion

of inelastic effects has a very small contribution to the total current. Its real importance lie

in its sensitivity to device geometry. One of the main problems experimentalists face when

carrying out experiments is the lack of control when the molecular junction is created. It is

not yet possible to accurately set up a system with well defined contact geometry and bond-

ing conditions. In fact, more than one molecule can form chemical bonds with the contacts

or the bridging molecule is not guaranteed to bind to the source and the drain contacts

simultaneously. Furthermore, when we have several molecules together, they may interact
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and change the current-voltage characteristics significantly. For the field of molecular elec-

tronics to proceed, it is important that there exist some tools that allow experimentalists

to characterize their experimental junction. Since the vibration modes of a molecular sys-

tem critically depend on its geometry, it is very likely that an experimental technique that

measures electron transport, while at the same time involves the various normal modes of

the system may be able to help elucidating the actual system geometry and determining the

actual bonding situation. To this end, inelastic electron tunneling spectroscopy (IETS) has

emerged as a useful tool for probing the molecule-metal interface and at the same time learn

about the nature of the inelastic scattering. In order for IETS to be a useful complement

to experiment, it is important to gain insight into how sensitive it really is to the system

geometry as well as different bonding situations.

Figure 6.1: Current-voltage (A) and Conductance-

voltage (B) characteristics at 300 K for a benzene-1,4-

dithiol system. The dashed red line represent both

elastic and inelastic contributions and the solid black

line gives the purely elastic contribution.

6.1 Inelastic Electron Tunneling Spectroscopy

6.1.1 Molecular Conformations

In order to test the sensitivity of IETS to system geometry, two molecules for which experi-

mental data exists,53,52 octanedithiol (C8) and undecanethiolate (C11) have been examined.

The alkane chains are suitable references because they have been studied extensively and a

variety of techniques have given consistent results.54,43,41,55

Firstly the sensitivity towards intermolecular and intramolecular conformations is investi-

gated, leaving a more detail study of the bonding situation for later.50,51 In order to test
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the intermolecular sensitivity, two types of contacts have been modeled. The first type of

contact would be a perfect Au(111) surface, which is represented in the calculations with a

triangular gold trimer. The sulfur atom is assumed to bind over the hollow site of the gold

triangle. This model system is denoted as Tr. The other type of contact would be a perfectly

sharp contact, represented here by a linear chain of three gold atoms, which refers as Ch.

The systems with these two types of contacts, bridged by a C8 molecule, is shown in Fig.

6.2 (A) and (B). The Au-S distance was kept fixed to 2.853 Å. To test the intramolecular

sensitivity, the following procedure was used. First, the bridging molecule was optimized in

gas phase and then inserted between the triangular contacts without further optimization

(Tr1). Once the results for the Tr1 system are obtained, the molecule is allowed to relax

and change its conformation to adjust for the perturbation caused by the binding to the

contacts (Tr2). The changes that takes place may then appear in the IETS as changes in

peak intensities, revealing how sensitive IETS really is to the intramolecular geometry. A

summary of the calculated results can be found in Fig. 6.2 and calculated peak positions

and peak intensities, as well as predicted full width as half maximum are given in Table.6.1

for the C8 system. The calculated results were normalized with respect to the experimental

C-C stretching peak at 132 mV to ease comparison with experimental data. By comparing

the results for the C8 system, which is given in figures A, B and C for the Tr1, Tr2 and

Ch systems, respectively, it is clear to see that the Tr1 gives a very good agreement with

experiment. It successfully reproduces all the major spectral features. It also gives addi-

tional insight into the origin of these features, that are smeared out in the experiments due

to background noise, particularly from the encasing Si3N4. Since the contact geometry and

junction width are the same in both Figures A (Tr1) and B (Tr2), the calculated differences

in the IET spectra are due to intramolecular differences. Looking at the labeled peaks for

these two cases, we can see that the ν(CH2) mode at 379 meV for the Tr1 system looses in

intensity when the geometry is allowed to relax (Tr2). The weak δ(CH2) mode at 185 meV

(Tr1) remains almost unchanged when the geometry relaxes. Increases in peak intensities

are observed for the γ(CH2) and ν(C-S) modes, while the δ(CH2) modes between 95 meV

and 124 meV loose in intensity. The geometry changes from Tr1 to Tr2 for the C8 system

are quite small however, which demonstrates how sensitive the IETS is to intramolecular

changes. To get a feeling for how sensitive IETS is with respect to the contact geometry,

the results from Fig. 6.2 (C) and (D) need to be compared to the calculated result in Fig.

6.2 (E), which shows the IET spectrum for a system bonded to a chain-like contact. The

differences in Fig. 6.2 (E) compared to both the experimental results and the calculated

results in Fig. 6.2 (C) and (D) is a strong indication of the sensitivity towards the contacts

geometry. Now we see dramatic increases in the ν(CH2), δ(CH2) and ν(C-S) peaks. The

reason for these dramatic changes lies in the induced conformational changes that the chain

contact has on the C8 molecule. Instead of having a planar, zig-zag backbone, which is the
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case when the molecule binds to triangular contacts, the molecular backbone is gradually

rotated. The final conclusion, when comparing the simulated IETS with the experimental,

is that the C8 molecule is bonded to contacts that are closer to the triangular ones than

the chain contacts. This is just another way of saying that the contacts are not very sharp

with respect to the relevant molecular scale. Another conclusion is that the geometry of the

molecule is quite close to that of a molecule in gas phase. The bonding to the contacts have

not perturbed the molecular geometry very much. The analysis of the C8 system involved

a molecule that is chemically bonded to both contacts. The C11 system, for which the

predicted IETS are given in Fig.6.2 (F,G,H), on the other hand only binds chemically to

one electrode and physically to the other. The same analysis as was done for the C8 system

can now also be done for the C11 system. Fig.6.2 (F,G,H) give the calculated IETS for the

C11 molecule for the Tr1, Tr2 and Ch cases, respectively. The IET spectrum in fig.6.2 (F)

does not match the experimentally reported spectrum very well. In particular, the strong

ν(CH2) peak is missing and also the δ(CH2) modes are contributing to much. When the

molecular geometry is allowed to relax, we get the IET spectrum given in Fig. 6.2 (G). Now

we can see the characteristic ν(CH2) peak and also the modes around 100 meV to 200 meV

are better represented. Finally, the chain contacts, for which the predicted IETS can be

seen in Fig. 6.2 (H), manage to reproduce the strong ν(CH2) peak, but the modes between

100 meV to 200 meV are too weak. The fact that the molecule is not chemically bonded in

both ends allows for more flexibility, which is what the big differences in the IET spectra

reflect. When the molecule is optimized in gas phase, it is linear. When it is bonded to

triangular gold contacts and allowed to relax (Tr2), there is a slight bending of the molecular

backbone. This bending is even more pronounced for the chain contacts. This bending thus

seem to enhance the ν(CH2) contribution at the expense of the other modes. The trend of

the modes between 100 meV to 200 meV when changing from triangular contacts to chain

contacts allows one to draw some conclusions about the real experimental situation. The

contacts appear to be somewhere in between the triangular and chain-like contacts, but

very close to the triangular ones. Furthermore, the molecular geometry changes from the

gas phase geometry. In particular there is a clear bending of the molecular backbone.

One particular strength of this theoretical model is that it does not include any arbitrary

fitting parameters. One thing that is often described by such empirical parameters is the

linewidth, but here it can be determined by using equation (2.13) with the vibrational

wavefunction. The calculated full width at half maximum (FWHM) values for the C8

system17 are given in Table 6.1. The experimental spectrum for C8 shows well resolved

peaks, and the experimental value for the ν(C-C) peak is 3.73±0.98 meV.53 The same

calculated value for the Tr1 system is 6.1 meV, which is in reasonable agreement with

experiment. Other peaks are often the superposition of several peaks and the FWHM of
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Figure 6.2: (A) and (B): The octanedithiolate molecule bonded in the Tr (A) and Ch (B)

conformations. Dotted line in (C), (D) and (E): Experimentally measured53 IETS of the

gold-S(CH2)8S-gold junction. Solid lines in (C), (D) and (E): Calculated IETS of the gold-

S(CH2)8S-gold junction with Tr1, Tr2, and Ch1 configurations, respectively. Dotted line

in (F), (G) and (H): Experimentally measured52 IETS of the gold-S(CH2)11S-gold junction

junction. Solid lines in (F), (G) and (H): Calculated IETS of the gold-S(CH2)11H-gold

junction with Tr1, Tr2, and Ch1 configurations, respectively. The working temperature is

4.2 K. Peaks labeled * are background due to the encasing Si3N4.
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Table 6.1: The calculated peak positions (in meV), peak intensities (arbitrary units in the

normalized data), and the full width at half maximum (FWHM) of a single spectral line (in

meV) for a gold-S(CH2)8S-gold junction. The experimental results of Wang et al.53 are also

listed for comparison.

Peak position(meV) Peak intensity

Exp.a Tr1 Tr2 Ch1 Exp.a Tr1 Tr2 Ch1

ν(Au-S) 34 31 29 32 0.62 0.07 0.01 0.42

57 56 58 52 0.21 0.08 0.002 0.09

ν(C-S) 79 79 91 81 0.21 0.22 0.41 2.13

δ(CH2) – 95 – 93 – – – –

– 97 96 – – – – –

104 104 104 101 0.22 0.17 0.02 0.52

– 114 114 109 – – – –

– 124 124 – – – – –

ν(C-C) 132 132 134 121 1.00 1.00 1.00 1.00

γ(CH2) 159 155 156 156 0.38 0.54 0.72 0.53

δ(CH2) 180 185 184 182 0.10 0.04 0.09 2.86

ν(CH2) 354 379 381 381 0.24 0.16 0.03

– – 386 390 – – – –

Peak position(meV) FWHM (meV)

Exp.a Tr1 Tr2 Ch1 Exp.a Tr1 Tr2 Ch1

ν(Au-S) 34 31 29 32 4.4 4.4 2.0 2.2

57 56 58 52 – 3.8 2.4 4.5

ν(C-S) 79 79 91 81 6.7 2.1 1.9 2.1

δ(CH2) – 95 – 93 – 2.3 – 3.5

– 97 96 – – 2.2 3.0 –

104 104 104 101 8.8 2.3 2.0 2.1

– 114 114 109 – 3.0 1.8 3.0

– 124 124 – – 4.0 2.1 –

ν(C-C) 132 132 134 121 3.8 6.0 2.1 6.7

γ(CH2) 159 155 156 156 – 9.0 2.0 9.2

δ(CH2) 180 185 184 182 – 2.0 1.8 2.0

ν(CH2) 354 379 381 381 – 9.3 1.9 2.5

– – 386 390 – – 2.7 2.3

a Ref.53
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the resulting peak must be extracted from the the IET figure. The C11 system on the other

hand show broader spectral features than the C8 system. Though the bridging molecules

are very similar, the fact that the C11 system is only chemically bonded in one end, as

opposed to the C8 system, which is fixed at both ends, might explain the difference in

linewidths. Since the C11 system has one free end, it is likely that the resulting IETS is

really a sampling of a wider conformational distribution and hence show broader spectral

features.

6.1.2 Molecule-Metal Bonding

This study now needs to be extended to other molecular junctions in order to more sys-

tematically study the relationship between the IETS peaks and the bonding situation.

Apart from the alkane chains, two other conjugated molecules have been studied exper-

imentally recently and may serve as references. Kushmerick et al 52 have reported a de-

tailed study of the molecules α,ω-bis(thioacetyl)oligophenylethynylene (OPE) and α,ω-

bis(thioacetyl)oligophenylenevinylene (OPV). These systems together with the C11 system

have been studied by other theoretical groups. Troisi and Ratner56 used a model that is

very similar to the one presented here, but all calculations are performed for the molecules

in gas phase. The coupling constants are simulated separately, but the perturbation of

the contacts are not taken into account otherwise, when their IETS is simulated. Their

study largely reproduced many of the experimentally reported spectral features, but they

fail to reproduce the strong and characteristic ν(C-H) peak of the C11 system and the finer

experimental features are not present in their simulations. These three systems have also

been studied by Paulsson et al.57 Their study does include the effects of contacts by letting

the molecules couple to two periodic gold lattices. They manage to successfully reproduce

most of the relative peak intensities, but also here the ν(C-H) peak of the C11 system is too

weak. Furthermore, they predict that the IET spectra are quite insensitive to the actual

Au-S bond distances. The fact that both the model of Troisi and Ratner, which treat the

molecules in gas phase, and the model of Paulsson et al which includes the contacts fail

to reproduce the strong ν(C-H) peak, as well as the suggested lack of Au-S bond length

sensitivity puts a shadow of doubt over the use of IETS to characterize molecular junctions.

If their results both hold, it would imply that IETS is quite insensitive to the bonding sit-

uation and thus becomes a lot less useful. To this end, the model presented here is tested

to see if it can discriminate between a molecule in gas phase and a bonded molecule.51

Furthermore the Au-S bond length dependence of the IET spectra for OPE and OPV are

examined. The notation used can be found in refs.58,59 The IETS are simulated for three

types of bonding situations, one where the molecule is optimized in gas phase and is coupled
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weakly to artificial electrodes. The other two cases are the same ones as had been used for

the C8 and C11 above, namely contacts represented by a triangular or linear gold trimer.

All molecules are then allowed to relax in the junction. Although the method is capable

of predicting the linewidth, the focus will now only be on the intensities and an artificial

broadening factor of 1.24 meV or 10 cm−1 is adopted. This allows all significant peaks to

be seen clearly. The experiments have show much broader features and it is demonstrated

that by changing the broadening factor to 7.44 meV or 60 cm−1, many of the finer details

of the experimental spectra can be reproduced, not seen before by any other theoretical

groups. These features also help in determining the actual bonding conditions later on, as

the relative peak intensities change when the Au-S bond length changes.

To be consistent with previous studies in our group, the Au-S bond lengths have been set to

2.853 Å, though a study of the bond lengths for OPE and OPV reveal that the equilibrium

distance is closer to 3.0 Å. Having seen that the Au-S bond distance greatly influences

the coupling constants and thereby also the IET spectra, a systematic study of how this

manifests itself for the IETS of the OPE and OPV molecules have been performed. It is

possible to get a very good agreement with experiment for all three systems, the C11, OPE

and OPV, as shown in Fig. 6.3. While the optimized Au-S bond length agrees reasonably

well for C11, a slightly longer bond distance gives a very good agreement with experiment

for the OPE and OPV. In particular, the elusive ν(C≡C) peak for the OPE system can be

explained.

Figure 6.3: IETS for the C11, OPE and

OPV systems, with a broadening factor

of 60 cm−1

For the OPE, a junction of 25.26 Å in width has the lowest energy, but its ν(C≡C) peak

has very low intensity. Better agreement with experiment can be observed for junction

widths between 25.66 Å and 26.06 Å. Beyond that, the agreement in the 0.1 V to 0.2 V
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bias regime is very poor and it becomes energetically very unfavorable. To make the final

conclusion about which junction width is the most likely one, it is necessary to study the

ν(C≡C) peak and the voltage regime around it, since this region has a lot of background

contribution. Therefore, we look at the IETS for the junction width 25.66 Å, which shows

a very good agreement with experiment for the bias range 0.1 V to 0.2 V. The IETS, which

is shown in Fig. (6.4), is given both with a small broadening factor of 10 cm−1 and a

greater broadening factor of 60 cm−1. The sharp peaks of the IETS with a small broadening

factor tells us that all the features seen in the 0.1 V to 0.2 V in the experiment most likely

stem from the molecular system. In the range 0.22 V to 0.26 V we see IET intensities that

could only come from background contribution since there are no molecular modes in this

range that could account for this intensity. Also after the ν(C≡C) peak has gone down, we

observe a mode at about 0.295 V that could only be due to background contribution. Since

we observe background contribution both before and after the ν(C≡C) peak and the fact

that the experimental peak itself shows many features, it is natural to conclude that the

experimentally reported ν(C≡C) intensity has a strong background contribution and should

in reality be much weaker. With this in mind and given the good agreement in the 0.1 V

to 0.2 V regime, it is very likely that the true bonding situation closely resembles the one

where the junction width is 25.66 Å. This is also very close energetically to the equilibrium

geometry and corresponds to having an Au-S bond length of about 3.0 Å, which means that

the OPE system forms a weaker bond than the C11. Here a slightly different conclusion

than that of Paulsson et al is drawn, since they claimed that changing the bond distances

between a total displacement of -0.3 Å to +0.4 Å does not significantly show in the IETS.

While a small change in bonding distance may only lead to small changes in the IETS, the

total change for moderate displacements can have drastic effects that may be observed. The

dramatic increase in the ν(C≡C) peak demonstrates this.
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Figure 6.4: IETS for OPE with a junction width of 25.66

Å. (Black, dashed) Experimental results (Blue, Solid)

Calculated IETS with a broadening factor of 60 cm−1

(Red, dot-dashed) Calculated IETS with a broadening

factor of 10 cm−1, scaled down for clarity. Regions and

peaks marked ’bg’ represent background contributions.
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6.1.3 Temperatures

It is also very interesting to study the effect of temperature on the electron transport. This

will not only be further testing theory, but it may also help experimentalists determine

appropriate temperature ranges to operate in, when performing experiment. In the end, we

would like to be able to have the molecular devices operating in room temperature,which

means that understanding their temperature behavior is very important.

Experimental data on the temperature dependence of the inelastic transport in molecular

electronic devices is sparse. Recently Selzer et. al. performed experiments60,61,62 aimed

at understanding the inelastic transport properties, where temperature dependence was an

integral part of their studies. A simulation of a device of the same molecule as used in

their experiments exhibit a temperature dependence as shown in fig.(6.5). The temperature

behavior is the same as the experimental, but with a difference in how strongly the current

rises when the temperature increases. One possible reason for this discrepancy could be

that some low frequency modes mix and the experimental situation actually involves a

lot more scattering channels. Another factor is the possibility of local heating. It has been

shown63 that the actual device temperature can be substantially higher than the surrounding

temperature, which would mean that the effective temperature in the experiment is much

higher than that used for our simulations.

Figure 6.5: Theoretically predicted temperature dependence of the inelastic current. The

model system is displayed in the upper right corner.
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The temperature dependence for the IETS of the same system is shown in fig.(6.6). Here

we can clearly see two different effects of the temperature. The first is the Fermi broadening

of the peaks, which has been examined before.50 The second is the gradual population of

excited states of the normal modes. It shows that in practice the IETS should be fairly

good uptil about 20K, when features are still clearly visible. After that, smaller peaks are

getting lost since the Fermi broadening makes it impossible to identify them.

Figure 6.6: Theoretically predicted temperature dependence of the IETS.
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