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Abstract

The atomic scale structures of the molecule-metal interfaces of single-molecule nanowires forming

stable electrically conducting bridges between metal electrodes have been studied intensively for

more than a decade but have remained elusive, and are still central to the field of single-molecule

nanoelectronics. In this theoretical study, I show how inelastic tunneling spectroscopy experiments

with the help of theory are now capable of determining the unknown bonding geometries between

the molecule and electrodes, and thus resolving the long standing “contact problem" of molecular

nanoelectronics. As an example I consider the propanedithiolate (PDT) molecules bridging gold

nanocontacts in the recent experiment of Hihath et al. [Nano Lett. 8, 1673 (2008)] 1. Based on ab

initio density functional and semi-empirical calculations, I find the relaxed geometries and vibra-

tional modes of extended molecules each consisting of one or two PDT molecules connecting two

gold nanoclusters and calculate their elastic conductances and inelastic tunneling spectra. Compar-

ing my results with the data of Hihath et al., I find that the most frequently realized conformation

in the experiment was trans molecules top-site bonded to both electrodes. I identify the features

observed in the experimental inelastic electron tunneling spectroscopy (IETS) of these molecules

at phonon energies near 46, 40 and 42 meV and show the switching from the 42 meV vibrational

mode to the 46 meV mode observed in the experiment to be due to the transition of trans molecules

from top-bridge to top-site bonding geometries. I extend my study to evaluating the effect of thiol

hydrogen atoms in molecular junctions and show how IETS can be used to monitor gold-thiol bond

formation and the cleavage of the S-H bond during this process. For pairs of PDT molecules con-

necting the gold electrodes in parallel, I find total elastic conductances close to twice those of single

molecules bridging the contacts with similar bonding conformations and small splittings of the vi-

brational mode energies for the modes that are the most sensitive to the molecule-electrode bonding

1In this thesis the abbreviation PDT will stand for propanedithiolate or propanedithiol as appropriate.
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geometries. I also describe the dependence of the transport properties of alkanedithiols molecular

junctions on the length of the alkane chain.
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Chapter 1

Introduction

Electrical conduction through a single molecular nanowire in which a single molecule forms a

stable electrically conducting bridge between two metal electrodes has been studied extensively

experimentally and theoretically for more than a decade because of the fundamental interest and

potential device applications of such systems [1]. In studies of moleculer nanowires, break junctions

[3, 4, 5], and scanning tunneling microscopy (STM) [5, 6, 7, 8, 98] are commonly used experimental

tools. Break junctions are devices which consist of two metal wires separated by a very thin gap

(less than a nanometer) and are used to make electrical contacts to study single molecules [9]. The

gap’s width can often be controlled by bending the substrate that the metal contacts lie on [9]. As

the wire is gradually pulled apart, a step-like decrease of the conductance can be observed [9].

STMs are instruments that were first developed in 1981 for imaging surfaces at the atomic level

based on quantum tunneling [10] and this experimental technique is also commonly used today in

studies of single-molecule nanoelectronics [1]. When an STM tip is brought near to the surface to

be examined, under a bias voltage, electrons tunnel through the vacuum between the tip and surface.

The current, therefore, is sensitive to the STM tip’s distance from the surface as it scans across the

surface. STMs usually require clean and stable surfaces, sharp tips, excellent vibration control, and

sophisticated electronics [10]. A bridging molecule between two electrodes, in this case a substrate

and an STM tip, is shown schematically in Fig. 1.1.

In experimental studies of single molecule junctions such as that shown in Fig. 1.1 measure-

ments are usually carried out of the current-voltage characteristic of the junction and also of the

differential conductance g = dI
dV where I is the current passing through the molecule and V is the

potential difference between the metal electrodes. The experimentally measured conductance values

1
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Figure 1.1: A molecule that forms a bridge between two electrodes, i.e., a gold substrate and a gold
STM tip in an STM break junction experiment. Carbon, hydrogen, sulfur and gold atoms are in
black, blue, yellow, and amber, respectively.

of nominally similar single-molecule junctions have been found to vary widely. This has commonly

been attributed to different bonding geometries between the atoms of the molecule and the atoms

of the electrodes being realized each time that a molecular junction is formed. However, there has

been no experimental control over these bonding geometries and no technique for measuring these

geometries experimentally has been available. Therefore despite being critically important for un-

derstanding electrical conduction through molecular wires quantitatively and for gaining control

over their structures for device applications, definitive determination of the atomic scale geometries

of the molecule-electrode interfaces of such molecular nanowires is elusive. The resolution of this

long-standing “contact problem” of molecular electronics is the goal of the present thesis.

The excitation of molecular vibrations (phonons) by electrons passing through single-molecule

nanowires should give rise to conductance steps in the low temperature current-voltage characteris-

tics of the nanowires. Inelastic electron tunneling spectroscopy (IETS) experiments for nanowires

of various molecules have detected these steps and measured the energies of the emitted phonons
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(or equivalently the frequencies of the corresponding vibrational modes) for various molecules [1,

2, 8, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41]. IETS of molecular

nanowires has also been studied theoretically [19, 43, 44, 45, 46, 47, 48, 49, 50, 51, 52, 53, 54, 55,

56, 57, 58, 59, 60, 61, 62, 63, 64, 65, 66, 67, 68, 70, 71, 72, 73, 74, 75] and density functional theory

(DFT) based simulations have accounted for many features of the IETS data.

The IETS experiments and comparison with the theoretical work demonstrated conclusively that

particular molecular species are involved in electrical conduction through metal-molecule-metal

junctions by exploiting the fact that the measured phonon energies (vibrational frequencies) provide

a fingerprint of the molecule involved in the conduction process [1]. This has been a major success

of IETS experiments and theories. It was also shown that IETS can be sensitive to the molecular

conformation [20, 40, 42, 75] and the molecular orientation relative to the electrodes [58, 77]. How-

ever, prior to the work presented in this thesis, the possibility that IETS might be used to determine

the atomic scale geometries of molecule-metal interfaces, and thus resolve the “contact problem” of

molecular electronics, had not been explored. In this thesis, I demonstrate that such an approach to

determining experimentally realized molecule-electrode contact geometries can be successful.

In this thesis, I consider and study theoretically one of the simplest organic molecules, 1,3-

propanedithiolate (PDT),1 bridging gold electrodes for which a detailed experimental IETS study

has been published recently by Hihath et al. [8] and compare theoretical results for this system with

their data. I aim to understand the electron-phonon coupling effect and the conductance g in terms

of chemical connections at the sulfur-gold and hydrogen-sulfur-gold interfaces, to open the way to

the resolution of a long-standing and previously intractable problem [1] that is central and continues

to be an important goal in the field of single-molecule nanoelectronics.

In this thesis, I will show theoretically how IETS can distinguish between the different possi-

ble atomic-scale structures of the molecule-metal interfaces of single-molecule nanowires bridging

pairs of metal electrodes and thus resolve the “contact problem” of single-molecule nanoelectron-

ics. I calculate the relaxed geometries, zero bias conductances, and IETS of PDT molecules bonded

to pairs of gold clusters in various ways that give rise to specific IETS signatures, and then com-

pare my results with the experimental STM break junction transport data of Hihath et al. [8]. I

find good agreement with the experiment, including both the magnitude of the conductance and

the strength of the IETS peaks. Therefore, this theoretical study shows for the first time a way of

identifying particular realizations and the bonding geometries of gold-PDT-gold molecular wires in

1In this thesis the abbreviation PDT will stand for propanedithiolate or propanedithiol as appropriate.
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the experiment [8], in which the molecule bonds to gold atoms of each electrode.

One possibility for the structures is that the molecule bonds to the gold electrodes with no

hydrogen atomic bound to the sulfur atoms of the molecule and the molecule bonds to both gold

electrodes in the top-site geometry, in which each sulfur atom bonds to a single gold atom with a

distance about 2.4 Å. Such a structure is shown in Fig. 1.2(a). I will show that actually this type of

junction formed very frequently in the experiment of Hihath et al. [8]

It is widely believed that when junctions involving molecules with thiol (S-H) end groups and

Relaxed Structure

(a) (b)

(c) (d)

(e) (f)

Figure 1.2: Examples of the PDT molecule bonded to Au clusters in different ways: S atoms bond
to the Au clusters (a) in the top geometry, (b) in the top geometry (only one of the S atoms retains
its thiol derived H atom), (c) in the top geometry (both S atoms retain their thiol derived H atoms),
(d) in the bridge geometry, (e) in the top and bridge geometry, (f) in the hollow geometry. Carbon,
hydrogen, sulfur and gold atoms are black, blue, yellow and amber, respectively.
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gold electrodes are formed, the thiol groups lose their H atoms and the molecule bonds to a pair

of gold electrodes via the sulfur atoms [1, 18]. However, ab initio calculations [16, 22, 135] have

indicated that the energies of such molecular junctions with and without H atoms attached to the S

atoms are very similar, and these junctions with intact S-H groups (shown in Fig. 1.2(b,c)) might

even have the lower energies [22, 135]. Whether molecules with or without thiol hydrogen atoms

can coexist in molecular junctions on time scales relevant to single-molecule statistical STM break

junction experiments has also still not been definitively established [1, 12, 16, 18, 126, 127, 22,

130, 135]. In this thesis I will explore theoretically how IETS can shed light on these issues. I

will show that IETS can distinguish between junctions having no thiol hydrogen, one thiol or two

thiol H atoms and find that in most cases the single-molecule junctions of Hihath et al. [8] had

no thiol H atoms, but occasionally may have had one thiol hydrogen atom in the junction. I also

consider the evolution of the IETS spectrum as a gold STM tip approaches the S-H group at one

end of the molecule that is bound to a gold substrate at its other end. I will predict the frequency

of a vibrational mode of the thiol H atom to increase by a factor ∼ 2 as the gap between the tip

and molecule decreases. Therefore, I propose that IETS should be able to track how an STM tip

approaches the thiol group at the end of a molecule and to detect the detachment of the thiol H atom

from the molecule when that event occurs in the bonding process. This detachment process has not

been observed experimentally in real time to date and thus the experiment that I propose would be

of considerable interest 2.

In my calculations, the bridge-site bonding geometries (in which a sulfur atom bonds to two

gold atoms of the electrode) are energetically more stable and much more easily formed than the

hollow site geometries (in which a sulfur atom bonds to three gold atoms) for close packed atomic

structures of the gold electrodes. I found the energies of top-site geometries in which the sulfur

atom bonds to a single gold atom of the electrode to be intermediate between the bridge-site and

hollow site bonding energies. I will show that in the experiments of Hihath et al. [8], the PDT

molecule occasionally formed bridge geometries (shown in Fig. 1.2(d)) but formed top-site bonding

geometries much more often. Favoring top-site bonding geometries is actually more physical for

the experiments of Hihath et al. [8], in which the molecule was held and stretched by the STM tip.

Due to the forces applied by the STM tip, it is possible that the molecule often does not form the

global minimum energy configurations and remains in a local minimum instead.

In addition to the trans geometries of the molecule shown in Fig. 1.2, I also studied gauche

2Another interesting experiment would be to replace the thiol H with deuterium.



CHAPTER 1. INTRODUCTION 6

forms of the molecule where a rotation of a part of the molecule by 60◦ about a C-C or C-S bond

has occured. I will show that the data of Hihath et al. [8] does not show significant evidence of

gauche molecular wires being present in their molecular junctions.

The most prominent Au-S connection type in the theoretical literature is the hollow-site bonding

where a sulfur atom sits over three gold surface atoms of the electrodes (shown in Fig. 1.2(f)). It was

therefore surprising to me that the hollow-site bonding trial geometries that I started with usually

evolved into the bridge-site bonds during my DFT relaxation. Although I was able to generate some

examples of relaxed hollow-site bonding, I will show that the hollow-site bonds are actually very

fragile and energetically less stable than either bridge or top-site bonds.

If a pair of PDT molecules in a parallel geometry connects two gold electrodes, what happens?

I will show that intermolecular coupling has little effect on the low bias inelastic transport char-

acteristics of the system other than small splittings of the vibrational mode frequencies when the

molecules are well separated from each other and there is no direct contact between them.

The remainder of this thesis is organized as follows: In Chapter 2, I will outline the theory

used to find the equilibrium geometries (the minimum total energy configurations) and vibrational

modes for the molecular wire conformations of PDT bound to gold atomic clusters. In Chapter 3, I

will describe how the low bias elastic tunneling conductances of the molecular wires are calculated

and then compare them with the experiment of Hihath et al. [8]. The elastic electron scattering

theory employed here was developed and used by previous Kirczenow Group Members. However,

I will partly repeat the derivations here since the inelastic electron scattering theory that is the

basis of this thesis is formulated using the elastic scattering theory. In Chapter 4, I will derive the

perturbative equation that is used to calculate the conductance step heights associated with inelastic

electron scattering in the molecular wires. In Chapter 5, I will discuss the top-, bridge-, and hollow-

site bonding geometries, that are commonly considered in the literature on gold thiol bondings.

The gold clusters that represent the gold electrodes in this work are finite in size. However, in

this Chapter, I will argue that the largest Au cluster that I considered here are large enough for my

results to be applicable to the experiments of Hihath et al. [8]. I will also address one of the common

questions that I was often asked in my talks: Why I am using this type of functional and the basis

sets for calculations of this type? In Chapter 6, I will consider molecules in gauche configurations

and show the results of my calculations of the IETS for gauche PDT molecules bonded to gold

clusters in top and bridge-site conformations. I will show that the likelihood of forming gauche

configurations in the experiments of Hihath et al.[8] was very low and will demonstrate that gauche
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molecular conformations did not contribute significantly to their experimental IETS spectra [8]. In

Chapter 7, the effect of thiol hydrogen will be discussed in detail. I will present the dependence

of the H-related mode on the distance between the molecule and the approaching STM tip, and

discuss the predicted power law behavior of the frequency as a function of the junction size. In

Chapter 8, there will be various predictions and suggestions of new experiments that can test those

predictions. Whether the junction is bridged by one or two molecules, provided that the molecules

are well separated from each other so that the intermolecular interactions are relatively weak, I

find the properties of vibrational modes to be similar. Therefore, whether one molecule or two

are stretched in the junction, the vibrational excitations should remain largely the same. I will

show why it is reasonable to accept this. To test experimentally whether this is correct, one should

have a similar experimental setup to that of Hihath et al. [8] and set the junction size so that the

two molecules bridge the electrodes in parallel. Such junctions bridged by two molecules have

already been realized in experiments by Hihath et al. [8], however inelastic tunneling experiments

on them have not, to my knowledge, as yet been performed. Chapter 9 is prepared for future students

who would like to apply this theoretical work or extend it to different molecular junctions. In this

Chapter, I will show that the number of carbon atoms in an alkane dithiolate molecule bridging gold

electrodes and the inelastic conductance on a logarithmic scale have a linear relation. Therefore, it

is reasonable to investigate the possibility of such universal laws.

This thesis is concluded with discussions of the possible future directions for this field and the

challenges that would be encountered on the way.



Chapter 2

Density Functional Theory Based

Calculations of Molecular Junction

Geometries and Vibrational Normal

Modes

2.1 Introduction

I studied propanedithiol (PDT) molecules bridging gold electrodes. The PDT molecule is shown in

Fig. 2.1(a). It consists of a chain of three carbon atoms, each with two attached hydrogen atoms,

and terminating thiol groups, each consisting of a sulfur atom and a hydrogen atom. I replaced

(a) PDT molecule (b) An example of an extended molecule

Figure 2.1: A PDT molecule and an extended molecule. Carbon, hydrogen, sulfur and gold atoms
are black, blue, yellow and amber, respectively.

8
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the thiol hydrogen atoms of PDT with small gold clusters resulting in extended molecules (shown

in Fig. 2.1(b)) . The extended molecule consists of a PDT molecule and relatively small gold

clusters at each end representing the pair of electrodes to which the molecule binds. However, I also

considered some cases in which the thiol hydrogen atoms may stay bonded to sulfur atoms while the

sulfur atom is also bound to an atom (or atoms) of the gold cluster, as in Fig. 2.1(b). In computations

for such extended molecules, the numbers of gold atoms in the gold clusters are usually limited by

the available computational power. In my calculations, I could consider up to 14 Au atoms in each

gold cluster (a total of 28 Au atoms per extended molecule).

My model building begins by calculating the low energy configurations (i.e., the stable or re-

laxed geometries) by using density functional theory (DFT). These calculations are also referred to

as optimizations (relaxations). The relevant theory is briefly outlined in the following section.

2.2 Geometry Optimization using Density Functional Theory

DFT is an ab initio formalism, based on the Hohenberg and Kohn theory where the total many-body

ground state energy of a quantum mechanical system is represented as a functional (a function of a

function) of the electron density [78], that is a function of the position. Kohn and Sham partitioned

the electronic energy into various terms and used the wave function for a fictitious noninteracting

electron system, that has the same electron density ρ(r) as the true interacting electron system [79].

Here is how:
The full Hamiltonian of a many body quantum mechanical system for a large number of N

interacting particles may be written as

H =− h̄2

2

[
N

∑
i=1

∇2
i

mi
+∑

I

∇2
I

MI

]
− 1

4πε0

[
N

∑
i=1

∑
I

ZI e · e
|ri−RI|

−
N

∑
i=1

∑
j>i

e2

|ri− rj|
−∑

I
∑
J>I

ZI e ·ZJ e
|RI−RJ|

]
,

where the first two terms are the kinetic energy of the electrons and the nuclei, and the other terms

are the Coulomb interactions of the electrons with the bare atomic nuclei (with the external poten-

tial), the electron-electron interactions, and nuclei-nuclei interactions, respectively. In the Hamilto-

nian, ri,r j,mi are the electronic positions and the masses. Similarly, ZI,ZJ are the ionic charges at

positions RI,RJ [87], and MI are the masses of the nuclei.

Solving such many body Hamiltonian is not an easy task. To simplify the problem, during

the geometry optimization, I employ a commonly used approach called the Born-Oppenheimer (or
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clamped-nuclei approximation), where the atomic nuclei are fixed while the electrons are mobile,

and the second kinetic term of the Hamiltonian is therefore dropped. The last interaction term of the

Hamiltonian is also not included in the calculations of the electronic energy eigenstates and their

energy eigenvalues. However, it is ultimately included in the calculations of the total energy of the

system.
With that, the Hamiltonian of the system simplifies to the electronic Hamiltonian, therefore, the

many-body electronic Schrödinger equation can be written as

N

∑
i=1

(
− h̄2

2m
∇

2
i |Ψ(r)〉− 1

4πε0
∑

I
ZI

e2

|ri−RI|
|Ψ(r)〉

)
+

1
2

1
4πε0

∑
i

∑
j 6=i

e2

|ri− r j|
|Ψ(r)〉= E|Ψ(r)〉 , (2.1)

where |Ψ(r)〉 is the N electron wavefunction. The many-body ground state energy E of Eq. (2.1)

may be written in terms of the ground state wave function Ψ of the quantum mechanical system

E = 〈Ψ|Helec|Ψ〉.
To approximate this ground state energy, Kohn and Sham proposed a fictitious non-interacting-

electron-system to be described by a single determinant wave-function of N φ orbitals. In this ficti-
tious noninteracting system, the kinetic energy (denoted by subscript s) is Ts[ρ(r)]=− h̄2

2m ∑
N
i 〈φi|∇2

i |φi〉
and the electron density is ρ(r) = ∑

N
i |φi|2. Since this is a noninteracting system, it would be easy

to find the ground state density. In terms of the single particle orbitals, I have

E[ρ(r)] = Ts[ρ(r)]+
(

T [ρ(r)]−Ts[ρ(r)]
)
− e

∫
VNe(r) ρ(r) dr3

+
1
2

e2

4πε0

∫ ∫
ρ(r)ρ(r′)dr3dr′3

|r− r′|
+
(

V [ρ(r)]− 1
2

e2

4πε0

∫ ∫
ρ(r)ρ(r′)dr3dr′3

|r− r′|

)
,

= Ts[ρ(r)]− e
∫

VNe(r) ρ(r) dr3 +
1
2

e2

4πε0

∫ ∫
ρ(r)ρ(r′)dr3dr′3

|r− r′|
+EXC[ρ(r)] .

(2.2)

However, in Eq. 2.2, the kinetic and electron-electron functionals are unknown. If I find good

approximations to these functionals, then direct minimization of the energy would be possible.

A difference of kinetic energies of interacting and non-interacting systems
(
T [ρ(r)]− Ts[ρ(r)]

)
,

and a difference of Hartree like interaction potentials of interacting and non-interacting systems(
V [ρ(r)]− 1

2
e2

4πε0

∫ ∫ ρ(r)ρ(r′)dr3dr′3

|r−r′|
)

were all combined at the end of Eq. 2.2 as EXC[ρ(r)], that is

called, the exchange and correlation potential energy. This includes all of the collective terms of

which were written while casting the interacting system into a noninteracting system and of all of

the ignored terms beyond the Hartree terms in the equation.
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This is now a complete solution of the electronic Hamiltonian of the interacting system, in-

cluding all many body effects in the system, i.e. the Pauli exclusion, and the electron-electron

interactions that are omitted in modeling the fictitious noninteracting system. There are now many

different approximations available for the functional EXC[ρ(r)]. Judgments regarding which ap-

proximations are most appropriate for particular systems are usually made in terms of final results.

However, issues of convergence with increasing basis set size also need to be considered in making

these judgements.

The most widely used functional in quantum chemistry, B3LYP, underestimates the magni-

tude of the correlation energy of the uniform gas by about 30% [82]. However, the original three-

parameter hybrid proposed by Becke, B3PW91, is exact for the uniform electron gas [82]. B3LYP

performs slightly better for a data set of small molecules while B3PW91 does a better job for large

organic molecules [82]. Since my system involves heavy gold atoms, in this thesis I calculate

the last term EXC[ρ(r)] in Eq. (2.2) within the generalized gradient approximation (GGA) in the

Perdew-Burker-Ernzerhof form of hybrid functional B3PW91 [136]. A brief introduction for using

this functional will be outlined in Appendix F.

Perdew et al. argue that some functionals are superseded, like PW91 by PBE, and should

be retired [82]. B3PW91 uses the PW91 correlation functional instead of LYP, but retains the

three parameters derived for B3LYP [83]. Although, B3PW91 and PW91 are not the same, and

B3PW91 has not been retired, unlike PW91, I wanted to compare the results obtained using these

two functionals. When I compared B3PW91 with PBE0 (PBE1PBE) [80, 81] (the most recent

functional developed by the same group) for some of my structures, I found very similar results for

both. Therefore, I did not switch to the functional PBE1PBE, but used B3PW91 throughout my

work. A detailed discussion of the effects of using other functionals may be found in Chapter 5.6.

The pseudo-potentials and basis sets that I employed are known as LANL2DZ (Los Alamos

National Laboratory 2-double-z). LANL2DZ is a quasi-relativistic pseudo-potential basis and is

known to be suitable for treating heavy atoms like Au. I performed the ab initio geometry op-

timizations for molecules bridging finite clusters of gold atoms based on DFT [78, 79] using the

Gaussian’09 [84] package. These geometry optimizations calculated the positions of the atoms in

the extended molecules that correspond to local minima of the total energy of the system, evaluated

using the DFT formalism.

It should be noted that while the above density functional theory yields reasonably accurate total

electronic ground state energies, it does not yield accurate values for single quasi-particle energies.
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In particular, it yields semiconductor band gaps that are in error typically by factors of ∼2.

2.3 Why is It Necessary to Know Minimum Energy Configurations?

After a small excitation, a molecule transits from one excited energy level to another excited level of

lower energy or to the ground state. Generally it is crucial to know the minimum energy configura-

tion of a molecule (or an extended molecule) for further computations. My goal is to study inelastic

tunneling processes that involve vibrational modes with large amplitudes of vibration of the hydro-

gen and sulfur atoms that are located at the thiol-gold interface, and therefore are sensitive to the

structure of the gold-thiol interfaces. This is because these tunneling processes involve excitation

of vibrational modes with strong amplitudes on the sulfur and thiol hydrogen atoms. Therefore, in

my study, it is necessary to know the accurate calculated equilibrium (relaxed) geometries of the

entire systems, including both the molecule and the gold electrodes, and also the phonon energies

and the atomic displacements from equilibrium for the vibrational modes (the frequencies ) of the

whole studied system.

2.4 Minimum Energy Configurations of the Extended Molecules

As has been discussed in Section 2.1, I considered extended molecules, i.e., molecules together

with finite clusters of gold atoms to which the molecules bond, and relaxed these entire extended

molecules (the molecules and gold clusters) with no constraints using DFT-based calculations [78,

79, 80, 81, 84], except for the system that will be discussed in Section 7 with a hydrogen atom

attached to one, or both of the two sulfur atoms of the molecule. This is an important aspect of

the methodology that I used, that is, there are no geometrical constraints imposed for the various

different bonding geometries and molecular conformations that I studied. Starting from different

initial trial geometries, I carried out relaxations to find the positions of all of the atoms of the

gold clusters as well as those of the atoms of the PDT molecule without any imposed constraints.

Therefore the models are fully relaxed. This is necessary in order to obtain reliable results for the

vibrational modes that have the largest amplitudes on the sulfur atoms that bond to the gold clusters

and are therefore the most sensitive to the sulfur-gold bonding geometry. This yields calculated

geometries corresponding to the local minima of the total energy of the extended molecules.

In most previous theoretical studies of the IETS of molecules bridging gold electrodes, some or
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all of the gold atoms were frozen in the geometry of an ideal bulk gold crystal lattice. In that case the

calculated geometries of the extended molecules were only partly relaxed and did not correspond to

the total energy minima. Therefore, further calculations based on these partly relaxed geometries,

like vibrational mode calculations etc., suffer from a lack of rigor.

Furthermore, in the experiment of Hihath et al. [8], the molecular junctions were formed by

crashing a gold STM tip into a gold substrate and then breaking the junction at cryogenic tempera-

tures. This experimental “statistical STM break junction” methodology makes it very unlikely that

the gold has the structure of an ideal bulk gold crystal anywhere near the bridging PDT molecule.

Thus, models with some frozen gold atoms are not expected to be appropriate for this type of ex-

periments. This may explain why the authors of Ref. [76] had difficulty modeling the results of

IETS experiments on molecular junctions formed by the mechanically controlled break junction

technique.

Representative examples of the relaxed geometries that I obtained for extended molecules in

which the PDT molecule has various bonding conformations are shown in Table C.1 of Appendix C.

The numbers of Au atoms in the gold clusters of the extended molecules that I considered were lim-

ited by the available computing resources to a maximum of 14 gold atoms per cluster and 28 gold

atoms in total. However, I carried out calculations for extended molecules with different numbers

of gold atoms per cluster in order to check for convergence of the calculated IETS with increas-

ing Au cluster size. As will be seen in Chapter 5, good convergence was obtained for the types

of molecule-gold bonding geometries that I find to account best for the experimental elastic and

inelastic tunneling data of Hihath et al. [8]. Thus, it is reasonable to suppose that the numerical

results reported in this thesis for the largest clusters that I studied are applicable to PDT molecules

bridging macroscopic gold electrodes as in the experiments.

2.5 Vibrational Normal Mode Calculation using DFT

Vibrational analysis is valid only when the first derivatives of the energy with respect to displace-

ment of the atoms are zero, as I explained in Appendix A. Therefore, I used the same level of theory

and the same basis set to optimize the geometry of the extended molecule as I used to perform

calculation of the vibrational normal modes and their frequencies. The vibrational analysis requires

calculation of the second derivative matrix of the potential energy, known as the Hessian matrix.

I calculated the Hessian matrix using Gaussian’09. Calculation of the second derivative matrix is
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quite costly computationally. Depending on choices, Gaussian’09 may construct an approximated

Hessian. In many cases the approximated Hessian works quite well.

Hybridization with Hartree-Fock exchange (that is exact) is already an approximation to the

exchange-correlation energy functional in DFT, and the purpose of employing such functionals

is to provide improvement in molecular properties. Therefore, the functional B3PW91 may be

expected to yield results consistent with the experiment within the process of relaxations and the

corresponding vibrational modes calculations.

All of my calculations were done without using any scaling factors and were compared directly

with the experimental data of Hihath et al. [8] without making any adjustments. With this approach,

I always found good agreement with the experiment [8].

In the present work the vibrational modes were always calculated at T=0K. Why is this reason-

able? In general, the vibrational modes of a system relate to the capability of a molecule to absorb

more energy at higher temperatures. Higher temperature corresponds to higher occupancy of the

modes. However, in the harmonic approximation which I employed in this thesis, the properties of

the modes themselves (such as their frequencies) do not depend on the mode occupation. Therefore,

my vibrational mode calculations are always performed at T=0K.

Is this problematic in estimating physical structures computationally? Optimization, particu-

larly, is a complex computational problem due to the fact that there may be many local energy

minima and some of them are quite deep for complicated molecules. As will be seen in Chapter 5,

some of these local energy minima are realized much more frequently in experiments than is the

global energy minimum. Therefore, my goal is to find not just the global minimum but also the

important local minima. The only solution to this problem between theory and experiment is to

benchmark calculated stable models against experiment. I employed this approach in a systematic

way throughout this thesis for better predictions.

2.6 Conclusions

I have calculated the relaxed geometries of PDT molecules bonded to gold clusters in various ways

by using DFT. Sample structures are shown in Table C of Appendix C together with calculated zero

bias elastic conductances. Based on the relaxed configurations that I have found, I proceeded to

carry out inelastic tunneling conductance calculations that will be covered in the following Chapters.

Comparison of my results with the experimental STM break junction (see Fig 1.1) transport data of
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Hihath et al. [8] showed that my theoretical results agree well with the experiment.

The success of my approach rests on the fact that ab initio DFT calculations of vibrational

modes and their frequencies are believed to be reasonably accurate. The reason for this is that in

the Born-Oppenheimer approximation they are electronic ground state total energy calculations [1,

55] and DFT has been designed and carefully optimized for calculations of the total ground state

energies of interacting electron systems [1]. While the results of transport calculations for molecular

nanowires are well known to be less accurate, due in part to the well known difficulty of estimating

the alignment of the molecular energy levels relative to the Fermi energy of the electrodes [1], I rely

on transport calculations only for qualitative information, such as the identification of the phonon

mode (in a particular frequency range) that has the largest IETS intensity. My identification of this

mode is also supported by physical reasoning.

I will show that when IETS experimental data is combined with this theory, detailed, previ-

ously inaccessible, information about the atomic scale structures of the molecule-metal interfaces is

revealed.



Chapter 3

Elastic Electron Tunneling in Molecular

Wires

3.1 Introduction

In this chapter, I will show how I carry out the elastic transport calculations for the geometries

that were calculated previously by using the DFT method. Such elastic transport calculations are

not unique to my thesis and I have benefited a lot from the work of earlier pioneers in the field

[104, 110]. However, it is important to review the procedure here explicitly since I will later express

the IETS intensities (i.e., the conductance step heights in the experiment [8]) associated with the

emission of phonons perturbatively in terms of elastic transmission amplitudes, in the spirit of an

approach proposed by Troisi et al. [48].

3.2 Calculating the Low Bias Conductance [g=dI/dV] for Elastic Elec-

tron Transport

A molecular wire is a quantum mechanical system with infinite degrees of freedom whose wave-

function for N interacting particles governed by the time-independent Schrödinger equation H|Ψ〉=
E|Ψ〉. Assume a molecular wire system that has a molecule in the middle which acts as a conductor

and two metallic electrodes, functioning as source and drain electron reservoirs. When a molecule

bridges between such electrodes and a bias voltage (V) is applied across it, the discrete molecular

16
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energy levels of the molecule broaden and form a continuous energy spectrum due to hybridization

between the molecular states and those metal electrodes1.

A standard method for current and conductance calculations is the Landauer theory [128]. In the

Landauer-Büttiker approach [129], the conductor is assumed to be one-dimensional and electrons

are scattered only elastically from one reservoir to the other. To implement this approach into my

calculations, I write the current as

I(V ) =
q
t
=

e
l/v

= ∑
k

e
l

(
1
h̄

dE
dk

)
=

l
2π

∫
dk
(

e
l

1
h̄

dE
dk

)
, (3.1)

where e is the charge of electron, h is Planck’s constant, v = 1
h̄

∂E
∂k is the velocity, and k is the wave

vector of the electron. This is written for perfect transmission and the total transmission probability

(in Eq. 3.1) is T (E) = 1, and only one electronic transport channel is considered.

If the transmission is not perfect, then I may introduce the total transmission probability T in

terms of all possible electronic transport channels. Thus, I(V )=
e

h

∫ E0+eV

E0

n

∑
channel=1

Tchannel(E,V ) dE.

More generally, in the scattering case, the total current (in terms of various channels) is written

as I(V ) =
e

h

∫ E0+eV

E0
∑
i j

Ti j(E,V ) dE. Here Ti j(E,V ) is the probability that an electron in state j of

one electrode is transmitted through the molecule into state i of the other electrode. The quantum

mechanical transmission probability T (E,V ) is applied bias dependent. Thus, to determine the cur-

rent, one should carefully calculate the elastic scattering probability of an electron from an occupied

state of the source to an unoccupied state of the drain through the molecule.

In the above equation, the total transmission probability is T (E) = ∑
i j

v j

vi

∣∣∣tel
ji ({0})

∣∣∣2 in the low

applied bias limit, written in terms of electronic state of carriers i which are coming from the left

lead with velocity vi, and are transmitted into electronic states j with velocity v j of the right lead

with transmission amplitude tel
ji ({0}).

In this thesis, the elastic transmission amplitude through the extended molecule at the Fermi

energy EF of bulk gold is calculated within the semi-empirical extended Hückel theory using the

standard parameter set of Ammeter et al. [90]

In the Landauer formalism, the zero bias tunneling conductances are given by the Landauer

formula g = I
V = g0 T (E), where the quantum unit of conductance is g0 = 2e2

h = (12.9kΩ)−1 =

1I assumed that the applied bias did not influence the geometries in the experiments of Hihath et al. [8] significantly
because the applied bias voltages of interest were small, less then 50 mV.
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77.5193× 10−6 Siemens. Therefore, in the elastic scattering case, the low bias conductance be-

comes

g = g0 T (E,V = 0) =
2e2

h
T (E,V = 0) =

2e2

h ∑
i j

v j

vi

∣∣∣tel
ji ({0})

∣∣∣2. (3.2)

3.3 Tight-Binding Approximation and Infinite One-dimentional Leads

In solid-state physics, the tight-binding model is an approach to the calculation of electronic band

structure using an approximate set of wave functions based upon superposition of wave functions

for isolated atoms located at each atomic site [87]. The electrons are tightly bound to the atom to

which they belong and have limited interaction with states and potentials on surrounding atoms of

the solid [87]. In the tight-binding approximation (TBA), a crystal Hamiltonian is given by sum of

atomic Hamiltonians of the different atomic sites, and interactions between different atomic sites

are considered as perturbations.

A string of atoms in a straight line with one atomic orbital per atom is often used as the simplest

possible 1-D example for this model as is shown in Fig. 3.1.

Figure 3.1: 1-D Chain

Assuming periodic boundary conditions, I may take the wave function in Bloch form Ψ~k(~r) =
1√
N ∑n ei~k·~Rnφ(~r− ~Rn) where φ is the atomic orbital wave function, N is the total number of sites

and~k is the reciprocal-space vector with real parameters of −π

a 5 k 5 π

a . Then the crystal wave

functions in 1-D, may take the form of Ψk =
1√
N ∑n eiknaφ(x−na) where a is the distance between

atomic sites, and na is the lattice vector ~R.

With Dirac notation the wave function is |Ψk〉= 1√
N ∑n eikna|φn〉. In TBA, the following approx-

imations can be made including only the nearest neighbor interactions and for orthogonal orbitals:

• Overlap matrix elements are non-zero for only orbitals of the same atoms: 〈φn′ |φn〉= δn′,n ,

• Hamiltonian matrix elements are non-zero for orbitals of the same atoms:

〈φn′ |H|φn〉= ε δn′,n , where ε is the onsite Hamiltonian matrix element,
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• Hamiltonian matrix elements are non-zero for orbitals of the neighboring atoms:

〈φn′ |H|φn〉= t δn′,n±1, where t is the hopping matrix element .

Now, I may write the Schrödinger equation H |Ψk〉= Ek|Ψk〉 and derive the energy Ek as:

1√
N ∑

n
eiknaH|φn〉=Ek

1√
N ∑

n
eikna|φn〉 ,

1
N ∑

n′,n
eik(n−n′)a〈φn′ |H|φn〉=Ek

1
N ∑

n′,n
eik(n−n′)a〈φn′ |φn〉 ,

∑
n′,n

eik(n−n′)a〈φn′ |H|φn〉=Ek ∑
n′,n

eik(n−n′)a〈φn′ |φn〉 ,

[eik(n−n′)a t δn′,n−1 + eik(n−n′)a
ε δn′,n + eik(n−n′)a t δn′,n+1] =Ek eik(n−n′)a

δn′,n,

(n→ n′+1)
(n→ n′)
(n→ n′-1)

:: [eika t + ε + e−ika t ] =Ek ,

Ek =ε+ t
[
eika + e−ika

]
.

(3.3)

3.4 Tight-Binding Approximation for Molecule and Multiple Semi-

infinite One-dimentional Leads in the Scattering Process

Consider an extended molecule sandwiched between two electrodes which are connected to semi-

infinite left (L) and right (R) electrodes, as in Fig. 3.2(a). The extended molecule consists of the

molecule and finite left and right gold clusters chemically attached to the ends of the molecule. I

describe the extended molecule in terms of the extended Hückel model that is a more complete

version of tight-binding theory than that outlined in Section 3.3.

Since conduction through molecular nanowires in the low bias limit does not involve inelastic

processes, I calculate the electronic structures (Hamiltonian and overlap matrix elements and the or-

bital energies) and the low bias conductances using the semi-empirical extended Hückel model with

the parameters of Ammeter et al. [90], with a package called yaehmop (Yet Another Extended Hückel

Molecular Orbital Package), to estimate the electronic structures for these geometries (See Ap-

pendix D). This choice of approximation was made because extended Hückel theory has in the past

been used successfully to model the electronic structure of and transport through various molecules

thiolate bonded to Au electrodes [1].

Core electronic orbitals are tightly bound to the atomic nuclei and less mobile than valence

electrons. Their energies are lower, thus they contribute mainly to the fully occupied states and do
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(a) Schematic coupling of an extended molecule to left
and right leads.

(b) A simple way of attaching electron-reservoirs to send cur-
rent through the extended molecule.

Figure 3.2: PDT molecule and an extended molecule

not contribute to the current except at extremely high bias. Thus in the extended Hückel method,

only valence electrons are considered.

Previous calculations based on extended Hückel theory have yielded elastic tunneling conduc-

tances in agreement with experiment for molecules thiolate bonded to gold electrodes [1, 92, 93,

94, 95, 96] and low bias conductances for propanedithiolate bridging gold electrodes [19, 20]. They

have also been able to account for a number of puzzling transport phenomena observed in STM

experiments on molecular arrays on silicon [97, 98, 99, 133], graphene nanoribbons [100] as well

as electroluminescence data [102], current-voltage characteristics [102], and STM images [101] of

molecules on complex substrates. Therefore, in evaluating G0(E), I use semi-empirical extended

Hückel theory [90, 132] to model the electronic structure of the extended molecule.

It will be assumed that the 1-D leads are decoupled from one another so that there would be

no direct lead to lead electron hopping. Therefore to ease the computational work, the electrodes

are replaced with sets of semi-infinite quasi-one-dimensional ideal leads attached to the 9 valence

orbitals of the outer atoms in the extended molecule (in Fig. 3.2(b)). This treatment of coupling of

the extended molecule to the electron reservoirs was as in previous work [97, 103, 104, 105, 98,

99, 92, 106, 19, 20, 107, 108] where large numbers of semi-infinite quasi-one-dimensional ideal

leads were attached to the valence orbitals of the outer atoms of extended molecules. This method

of coupling the extended molecule to the reservoirs is successful because most of the resistance of

this system is due to the weakly transmitting molecule itself (as distinct from the coupling between

the extended molecule and the ideal leads) and because the many ideal leads behave similarly to a
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large number of phase-randomizing Büttiker probes [109] in minimizing the influence of electronic

dimensional resonances due to the finite sizes of the gold clusters of the extended molecule.

The semi-infinite ideal leads are represented by a tight-binding model with one orbital per

atomic site, as discussed in Section 3.3. The spacing between sites is a, and the orbitals are or-

thogonal to each other.

In order to calculate the electron transition amplitudes that appear in the Landauer theory in Sec-

tion 3.2, I consider the scattering electron wave function Ψ. The scattering wavefunctions |Ψ(r)〉
are represented by linear combinations of atomic orbitals (LCAO) as |Ψ〉 = ∑ j Ψ j| j〉, where {| j〉}
is a discrete set of electronic orbitals that includes all valence electron orbitals of all atoms in the

system. Thus, electrons move through the molecular wire system by hopping between atomic or-

bitals. The solution given for the atomic orbitals in Eq. 3.3 will be used for the individual scattering

channels α, representing the ideal leads connected to the extended molecule.
Let us assume that an electron coming to the extended molecule with wave vector kα can origi-

nate from any of these individual electron channels. Therefore I define each scattering channel α to
be an electron state Ψkα originating in one of the semi-infinite leads labeled α and partly transmitted
through and partly reflected by the molecule. That is, the electron in channel α is either transmitted
to channel β of the drain or reflected back to channel γ of the source. So the total scattering wave
function is

|Ψkα〉=|ΨL
kα〉+ |ΨEM

kα 〉+ |ΨR
kα〉 ,

|Ψkα〉=
−1

∑
n=−∞

(
eikαna|φn,α〉+∑

γ

rγ,α e−ikγna|φn,γ〉

)
+∑

l
cl,α|φ0,l〉+

∞

∑
n=1

∑
β

tβ,α eikβna|φn,β〉 .
(3.4)

The summations over n in Eq. 3.4 are the contributions of the ideal leads to the scattering states

and are given in terms of rightward and leftward propagating Bloch states. Positive n is written for

the right and negative n is for the left lead. l represents the atomic orbitals in the extended molecule.

All Bloch states in channels α, β, and γ have the same energy Ekα = ε+2 t cos(kαa). Thus, I apply

the 1-D orthogonality condition of the TBA and look for the quantum amplitudes of the state Ψkα

in the basis states φ−1,γ, φ0,l , and φ1,β.
Thus, by collapsing the scattering state |Ψkα〉 onto the basis states 〈φ−1,γ ′|, 〈φ0,l′ |, and 〈φ1,β′ |, I
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obtain the coefficients rγ ′,α, cl′,α, and tβ′,α as follows:

〈φ−1,γ ′|ΨL
kα〉=

−1

∑
n=−∞

(
〈φ−1,γ ′|eikαna|φn,α〉+∑

γ

〈φ−1,γ ′|rγ,αe−ikγna|φn,γ〉

)
,

〈φ−1,γ ′|ΨL
kα〉=

−1

∑
n=−∞

eikαna
δ−1,n δγ ′,α +

−1

∑
n=−∞

∑
γ

rγ,α e−ikγna
δ−1,n δγ ′,γ ,

(n→ -1)
(γ→ γ ′) :: 〈φ−1,γ ′|ΨL

kα〉= e−ikαa
δγ ′,α + rγ ′,α eikγ ′a ,

rγ ′,α =
(
〈φ−1,γ ′|ΨL

kα〉− e−ikαa
δγ ′,α

)
e−ikγ ′a ,

(3.5)

〈φ0,l′ |ΨEM
kα 〉=∑

l
〈φ0,l′ |cl,α|φ0,l〉 ,

〈φ0,l′ |ΨEM
kα 〉=∑

l
cl,α δ0,0 δl′,l ,

(l→ l′) :: cl′,α = 〈φ0,l′ |ΨEM
kα 〉 , and

(3.6)

〈φ1,β′ |ΨR
kα〉=

∞

∑
n=1

∑
β

〈φ1,β′ |tβ,α eikβna|φn,β〉 ,

〈φ1,β′ |ΨR
kα〉=

∞

∑
n=1

∑
β

tβ,α eikβna
δ1,n δβ′,β,

(n→ 1)
(β→ β′) :: 〈φ1,β′ |ΨR

kα〉=tβ′,α eikβ′a,

tβ′,α = e−ikβ′a 〈φ1,β′ |ΨR
kα〉 .

(3.7)

The basis set (or the atomic orbitals in the extended molecule) used in extended Hückel theory is

non-orthogonal. Therefore Eq. 3.6 is not complete. I use the orthogonalization procedure introduced

in Ref [110] to facilitate this problem (See Appendix E).

I have now found the transmission amplitude tβ′,α, cl′,α and the reflection amplitude rγ ′,α in terms

of the total scattering wave function |Ψkα〉. In my study, I am particularly interested in determining

the scattering state solutions tβ′,α (the transmission amplitude t ji of the Landauer theory outlined in

Section 3.1). I will be using a standard method based on the Lippmann-Schwinger formalism and

Green’s functions to calculate the transmission amplitudes t ji.
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3.5 Calculating Green’s Functions of the Decoupled Semi-infinite, Iden-

tical, One-dimensional Leads

This calculation is standard and has been discussed by E. Emberly [110]. In order to decouple the
ideal leads from the extended molecule, the orbitals of these two systems need to be orthogonal
to each other. The orthogonalization process is explained in Appendix E. Now let us assume that
electrons are in an incident eigenstate |Φkα〉 of the decoupled semi-infinite one-dimensional left lead
with energy of Ekα = ε+2t cos(kαa) and are totally reflected at the right end of that lead. Then the
scattering state is given by a superposition of the rightward and leftward propagating 1-D Bloch
waves

|Φkα〉=
√

1
2N

N

∑
n=1

(
eikαna− e−ikαna

)
|φn,α〉 . (3.8)

Now we may write the Green’s function for the ideal leads, assumed to be identical left or right
leads as (GR

0 )n′,n = 〈φn′,α|GR
0 |φn,α〉 = 〈φn′,α|(E −H0 + iδ)−1|φn,α〉. Inserting I = ∑

kα

|Φkα〉〈Φkα | in to

this expression yields

(GR
0 )n′,n =〈φn′,α|

1
(E−H0 + iδ)

|φn,α〉 ,

=〈φn′,α|
1

(E−H0 + iδ) ∑
kα

|Φkα〉〈Φkα |φn,α〉 ,

=
1

2N

N

∑
n′′,n′′′=1

∑
kα

(
eikαn′′a− e−ikαn′′a

)(
e−ikαn′′′a− eikαn′′′a

)
δn′′,n′ δn′′′,n

(E−Ekα + iδ)
.

(3.9)

The sum in the above equation is evaluated by converting to an integral by ∑
k
→ L

2π

∫ π

a

− π

a

dk ,

where N is the number of atoms in the 1-D chain and a is the atomic spacing (the lattice parameter),
so that the length of the chain is L = Na. Applying periodic boundary conditions, the spacing
between two adjacent k is kn+1− kn =

2π

L in the above relation. Now we may rewrite Eq. 3.9 as

(GR
0 )n′,n =

1
2N

L
2π

∫ π
a

− π
a

dk

(
eikαn′a− e−ikαn′a

)(
e−ikαna− eikαna

)
(E−Ekα + iδ)

,

(GR
0 )n′,n =

a
4π

∫ π
a

− π
a

dk
eikαa(n′−n)− eikαa(n′+n)− e−ikαa(n′+n)+ e−ikαa(n′−n)

(E− ε−2 t cos(kαa)+ iδ)
.

(3.10)

For my calculation, only the matrix element on the first site is important since it is the only site
coupled to the molecule. For the left lead this site is n′= n=−1 and for the right lead it is n′= n= 1.
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It follows that the Green’s functions for semi-infinite 1-D leads are

(GR
0 )±1,±1 =

1
4π

∫ 2π

0
dk

2(1− e2ikα

)

(E− ε−2 t cos(kα)+ iδ)
. (3.11)

Evaluating the integral with residue theory, the pole satisfies cos(kα) = E−ε

2t ,

(GR
0 )±1,±1 =

i
2t

2(1− e2ikαa)

sin(kαa)
. (3.12)

The velocities of leftward propagating 1-D Bloch waves (the group velocities) are also given by

vkα = 1
h̄

dE
dkα =−2 t a sin(kαa)/h̄.

Similarly, the Green’s function for the extended molecule in terms of molecular orbitals is

GEM
0 = ∑

l
(GEM

0 )l |φ0,l〉〈φ0,l | , (3.13)

where the diagonalized matrix elements in the basis of orthogonal molecular orbitals are (GEM
0 )l,l

0,0 =

(GEM
0 )l =

1
E− εl

, εl is the energy eigenvalue of the lth molecular orbital of the extended molecule.

3.6 The Lippmann-Schwinger Formalism

The Lippmann-Schwinger equation describes electron transmission from one ideal lead to another
ideal lead through the molecule. It is defined as

|Ψ〉= |Φ0〉+G0(E)W |Ψ〉. (3.14)

The first term on the right hand side of Eq. (3.14), |Φ0〉, is the eigenstate for electrons of an ideal left

lead that is decoupled from the extended molecule. The second term is the coupling term between

the extended molecule and the leads. W is the term in the Hamiltonian that couples the extended

molecule to the ideal leads defined by H = H0 +W , where H and H0 are the Hamiltonians of the

coupled and the decoupled system, respectively. G0(E) = (E−H0 + iδ)−1 is the Green’s function

for the decoupled system of the leads and the extended molecule [141]. |Ψ〉 in Eq. (3.14) is an

eigenstate of H, the scattering eigenstate of the complete coupled system [141].
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Now recasting Eq. (3.14) in the notation of Section 3.5 yields

|Ψkα〉=|Φkα〉+G0(E)W |Ψkα〉 ,

|Ψkα〉=
−1

∑
n=−∞

(
eikαna− e−ikαna

)
|φn,α〉+G0(E)W |Ψkα〉 ,

|Ψkα〉=
−1

∑
n=−∞

(
eikαna− e−ikαna

)
|φn,α〉+

(
GL

0 +GEM
0 +GR

0
)(

W L +W R) |Ψkα〉 ,

(3.15)

and inserting Eq. 3.4 into the both sides accordingly, we have

[
−1

∑
n=−∞

(
eikαna|φn,α〉+∑

γ

rγ,α e−ikγna|φn,γ〉

)
+∑

l
cl,α|φ0,l〉+

∞

∑
n=1

∑
β

tβ,α eikβna|φn,β〉

]
=

−1

∑
n=−∞

(
eikαna− e−ikαna

)
|φn,α〉+

(
GL

0 +GEM
0 +GR

0
)(

W L +W R)×[
−1

∑
n=−∞

(
eikαna|φn,α〉+∑

γ

rγ,α e−ikγna|φn,γ〉

)
+∑

l
cl,α|φ0,l〉+

∞

∑
n=1

∑
β

tβ,α eikβna|φn,β〉

]
.

(3.16)

We may now, as in our discussion of Eq. 3.5, 3.6, 3.7, collapse Eq. 3.16 onto the states 〈φ−1,γ ′|,
〈φ0,l′ |, 〈φ1,β′ | and seek the coefficients. Keeping in mind that the individual Green’s functions are

non-zero only on the portions of the system (γ ′= γ ′′, l′ = l′′,β′ = β′′), the results vanish for γ ′ 6=
γ ′′, l′ 6= l′′,β′ 6= β′′. For this reason, the dummy variables γ ′, l′, and β′ are replaced with their non-

primed versions. Therefore we get the following set of linear equations:

e−ikαa
δγ,α + rγ,α eikγa =

(
e−ikαa− eikαa

)
δγ,α +

(
GL

0
)γ

−1,−1 ∑
l

(
W L)γ,l

−1,0 cl,α , (3.17)

cl,α =
(
GEM

0
)l

0,0 ∑
γ

(
W L)l,γ

0,−1

[
e−ikαa

δγ,α + rγ,α eikγa
]
+
(
GEM

0
)l

0,0 ∑
β

(
W R)l,β

0,1 tβ,α eikβa , (3.18)

tβ,α eikβa =
(
GR

0
)β

1,1 ∑
l

(
W R)β,l

1,0 cl,α . (3.19)

Equations 3.17, 3.18, and 3.19 can be solved for the unknowns rγ,α, cl,α and tβ,α. I carry out the

calculation numerically to solve for tβ,α and afterward calculate the total transmission probability

that enters Eq. 3.2 for the low bias elastic conductance, as is discussed in Section 3.2.
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3.7 Conclusions

In the tight-binding approximation, by employing the extended Hückel model, I use the Green’s

functions and the Lippmann-Schwinger formalism to calculate the total electron transmission through

the extended molecule. By solving Eq. 3.17, 3.18, and 3.19 numerically, and evaluating the elastic

transmission amplitudes, I will calculate the zero bias tunneling conductances for gold-PDT-gold

molecular nanowires from the Landauer formula g = g0 ∑i j |tel
ji ({0})|2v j/vi with g0 = 2e2/h. The

accuracy of transport calculations for molecular nanowires is well known to be limited, due in part

to the well known difficulty of estimating the alignment of the molecular energy levels relative to

the Fermi energy of the electrodes [1]. The success of the present work relies partly on the fact that I

rely on transport calculations only for qualitative information. In later Chapters, I will show that my

calculated elastic tunneling conductances (at zero bias) for the gold-PDT-gold molecular nanowires

are in reasonably good agreement with the values measured by Hihath et al. [8]. The degree of

agreement between these theoretical values and the experimental value[8] of 0.006± 0.002g0 is

typical of that in the literature[114] on molecular wires thiol bonded to gold electrodes; as in previ-

ous studies [114]. However, comparing the elastic conductance calculations with experiment does

not reveal which bonding geometry is being realized experimentally. Therefore, I will introduce in

the next Chapter a perturbative methodology for inelastic conductance calculations.



Chapter 4

Theory of Inelastic Electron Tunneling

Spectroscopy

After identifying the normal modes of the extended molecule that have the largest vibrational am-

plitudes on the sulfur atoms and calculating the frequencies of those modes, I needed to determine

which of these modes had the strongest inelastic electron tunneling spectroscopy (IETS) intensity,

i.e, gives rise to the largest conductance step height as the bias voltage applied across the extended

molecule is varied. I have developed a perturbative theory to estimate the strength of IETS inten-

sity for every mode. In this Chapter, I will present how I formulate it in terms of elastic electron

transmission amplitudes. Let us write the phonon Hamiltonian first.

4.1 Phonon Hamiltonian

To write the quantization of the vibrations of a crystal in an arbitrary geometry and the relation

to the classical modes in that geometry, I begin with the following Lagrangian in the harmonic

approximation

L = T −V = ∑
in

1
2

mn q̇2
in−

1
2 ∑

i jnm
Vi jnm qin q jm , (4.1)

Here, mn is the mass of nth atom and qin is a component of the displacement of an atom n from

equilibrium. The first term of Eq. (4.1) is the total kinetic energy of a crystal and the second term is

the potential energy that depends on the position of all atoms in the crystal. The potential energy in

27
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a Taylor series in terms of the displacements may be given as

V =V0 +V1 +V2 + . . . ,

=V0 +∑
in

Vinqin +
1
2 ∑

i jnm
Vi jnmqinq jm + . . .

=V0 +∑
in

[
∂V
∂qin

]
0

qin +
1
2 ∑

i jnm

[
∂2V

∂qin∂q jm

]
0

qinq jm + . . . .

(4.2)

Here V0 is not relevant for this type problem. V1 vanishes in equilibrium (at minimum potential

energy, slope is zero). V3 and the higher terms are assumed to be very small and are ignored.

This leaves only the second term, V2, which is called the ’harmonic approximation’. The second

derivative of the potential energy is associated with the force constant.

In the harmonic approximation, the vibrational Hamiltonian of an extended molecule is

Hvib = ∑
in

pinq̇in−L = ∑
in

p2
in

2mn
+

1
2 ∑

in jm
Vin jm qin q jm ,

where pin =
∂L

∂q̇in
= minq̇in and qin are atomic momentum and position coordinate operators for atom

n with ith coordinate. Their quantum analogs obey the commutation rules [qin, p jm] = ih̄δi, jδn,m.

The position coordinate qin is measured from the equilibrium position of the atom n.

In terms of the creation and destruction operators a†
α and aα for phonons of the normal modes

α of the extended molecule with frequencies ωα, the harmonic Hamiltonian takes the form

Hvib = ∑
α

h̄ωα

(
a†

α aα +
1
2

)
.

The atomic position coordinate operators are

qin = ∑
α

√
h̄

2ωα

(d∗inαaα +dinαa†
α) . (4.3)

Here the coefficients dnα represent the atomic displacements of atoms n of the extended molecule

(cartooned in Fig. 4.1) from their equilibrium positions in normal mode α. The dnα function as the

normalized amplitudes of the modes so that ∑
n

mnd∗nα′ ·dnα = δα′,α, where mn is the mass of atom n.
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Figure 4.1: Cartoon of the displacements of the atoms of an extended molecule from their equilib-
rium positions

4.2 Perturbation Theory of IETS Intensity of Molecular Wires

When the bias voltage V , applied across a molecular wire, exceeds h̄ω/e (where ω is the frequency

of a vibrational mode of the system), it becomes energetically possible for electrons passing through

the molecular wire to emit phonons of that mode and a conductance step develops in the low tem-

perature current voltage characteristic of the wire. Since the involved bias voltages are small, the

mode frequencies that I calculate at zero bias using the ab initio approach described in Chapter 2

are appropriate for estimating (via |V |= h̄ω/e) the values of the bias voltage at which conductance

steps due to inelastic processes occur.

In order to estimate the heights of these conductance steps, I adopt a perturbative approach in

the spirit of that proposed by Troisi et al. [48] who transformed the problem of calculating IETS

intensities into an elastic scattering problem. However, unlike Troisi et al. [48], I formulate the

present theory and results explicitly in terms of elastic electron transmission amplitudes tel
ji through

the molecular wire. Such perturbative theories are appropriate at low bias voltages provided that

the elastic electron tunneling channel is well off resonance[48], conditions that are satisfied for

gold-PDT-gold molecular wires in the experiments of Hihath et al. [8].

For the case of weak (far off resonance) electron transmission through the molecule, inelastic

forward scattering of electrons through the molecule is expected to make the dominant contribution

to the steps in the conductance that are associated with the emission of phonons and the conductance

is expected to increase with increasing bias at these steps [111, 69, 62]. I shall assume this to be the

case in the following derivation of the IETS theory.

Let us now define the interaction between an electron at position r and an individual atom of an

extended molecule whose nucleus is located at R1 as u1(r−R1). This leads us to approximate the
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interaction Hamiltonian U(r) describing the interaction between an electron at position r and the

extended molecule by a sum of terms

U(r) = ∑
n

un(r−Rn) , (4.4)

corresponding to the interactions of the electron with the individual atoms n of the extended molecule

whose nuclei are located at Rn.

If the equilibrium position of the nth atom is R0
n and the small displacement of the atom from its

equilibrium position is qn = Rn−R0
n, then the linear approximation to the interaction Hamiltonian

reads

∑
n

un(r−Rn) = ∑
n

[
un
(
r− (R0

n +qn)
)]
,

∼= ∑
n

[
un(r−R0

n)−qn ·∇un(r−R0
n)
]
.

(4.5)

Figure 4.2: Position of an electron in the electron cloud relative to the neighboring nuclei
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The change in the interaction Hamiltonian U(r), if the atoms are displaced from their equilibrium

positions R0
n, is

∆U(r) = ∑
n

[
un(r−Rn)−un(r−R0

n)
]
. (4.6)

Using Eq. 4.5 and 4.6, to leading order in the displacements qin of the atoms from their equilibrium

positions, I have

∑
n

[
un(r−Rn)−un(r−R0

n)
]

︸ ︷︷ ︸= ∑
n
−qn ·∇un(r−R0

n),

∆U(r) ∼= ∑
in
−qin

∂un(r−R0
n)

∂ri
.

(4.7)

Using Eq. (4.3), this yields the electron-phonon interaction Hamiltonian Hep to be

Hep = ∆U(r) =−∑
in

∂un(r−R0
n)

∂ri

[
∑
α

√
h̄

2ωα

(d∗inαaα +dinαa†
α)

]
,

=−∑
α

√
h̄

2ωα

[
a†

α ∑
in

dinα

∂un(r−R0
n)

∂ri
+ Hermitian Conjugate

]
,

= ∑
α

a†
α Hα(r) +h.c.,

where the interaction term Hα(r) =

√
h̄

2ωα

[
−∑

in
dinα

∂un(r−R0
n)

∂ri

]
.

If we set dri = −A dinα for a suitable small scale factor A and a vector dnα with components dinα,

then Hα(r) can be simplified as

Hα(r) =

√
h̄

2ωα

[
lim
A→0

∑
n

un
(
r− (R0

n +Adnα)
)
−un(r−R0

n)

A

]
.

For my system, the electron-phonon interaction Hep is a small perturbation. The operators a†
α and

aα induce transitions between states with different numbers of phonon quanta, while Hα(r) simul-
taneously gives rise to transmission of electrons through the molecular wire in the inelastic channel
with scattering amplitude tα

ji. Assuming that the system is cryogenic so that the presence of any
ambient phonons may be ignored, and that Hα is so weak that tα

ji is effectively linear in the strength
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of Hα, and that A is small enough that

Hα(r) =

√
h̄

2ωα
∑
n

un(r− (R0
n +Adnα))−un(r−R0

n)

A

to a good approximation, it follows that

tα
ji
∼=

√
h̄

2ωα

1
A

t̃α
ji, (4.8)

where t̃α
ji is the inelastic electron transmission amplitude that would be found if Hα were

H̃α(r) = ∑
n

un(r− (R0
n +Adnα))−un(r−R0

n) .

That is, t̃α
ji is the change in the elastic electron transmission amplitude when the perturbation

H̃α is added to the electronic Hamiltonian Hequil. static of the static molecular wire in its equilibrium

geometry. But Hequil.static+H̃α is simply the electronic Hamiltonian of a static molecular wire whose

nuclear positions Rn are Rn = R0
n +Adnα, i.e., they are shifted from their equilibrium positions by

vectors Adnα that are proportional to the displacements of the atoms from their equilibrium positions

in normal mode α.

This means that

t̃α
ji = tel

ji ({Adnα})− tel
ji ({0}),

where tel
ji ({Adnα}) is the elastic electron transmission amplitude through the molecular wire with

each atom n displaced from its equilibrium position by Adnα, where A is a small parameter and

tel
ji ({0}) is the elastic electron transmission amplitude through the molecular wire in its equilibrium

geometry from state i with velocity vi in the electron source to state j with velocity v j in the electron

drain. That is, tel
ji ({Adnα}) corresponds to transmission amplitude of the distorted molecule while

tel
ji ({0}) is the transmission amplitude of the equilibrium molecule. It then follows from Eq. 4.8 that

tα
ji
∼=

√
h̄

2ωα

lim
A→0

tel
ji ({Adnα})− tel

ji ({0})
A

.

The analog of Eq. 3.2 for the inelastic electron transmission probability associated with the
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emission of a phonon of mode α is then

Tα = ∑
i j

v j

vi

∣∣∣tα
ji

∣∣∣2 = h̄
2ωα

lim
A→0

∑
i j

v j

vi

∣∣∣ tel
ji ({Adnα})− tel

ji ({0})
A

∣∣∣2 .
From this it follows immediately that, at low temperatures, the IETS intensity (i.e., the conductance
step height) associated with the emission of phonons of mode α is

δgα =g0 Tα , i.e.,

δgα =
2e2

h
h̄

2ωα

lim
A→0

∑
i j

v j

vi

∣∣∣ tel
ji ({Adnα})− tel

ji ({0})
A

∣∣∣2 ,or

δgα =
e2

2πωα

lim
A→0

∑
i j

v j

vi

∣∣∣ tel
ji ({Adnα})− tel

ji ({0})
A

∣∣∣2.
(4.9)

The value of the parameter A was chosen to be small but not so small as to make the result for

δgα sensitive to numerical errors. In practice a plot of δgα vs. A computed from Eq. 4.9 was made

and a small value of A was chosen where the plot shows a plateau. An example of such a plot is

shown in Fig. 4.3 for a top-top geometry and the value A chosen for this geometry is indicated by

the arrow.

Figure 4.3: Example of a plot of δgα (in units of g0) vs. A for a top-top geometry. The arrow
indicates the value of A chosen for the calculations of inelastic tunneling intensities δgα in this
thesis.
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4.3 Conclusions

Eq. (4.9) expresses the IETS intensities (i.e., the conductance dI
dV step heights) δgα, explicitly in

terms of elastic electron transmission amplitudes tel
ji through the molecular wire. It states that,

in the leading order of perturbation theory, the scattering amplitude for inelastic transmission of

an electron through the molecular wire is proportional to the change in the elastic amplitude for

transmission through the wire if its atoms are displaced from their equilibrium positions as they are,

when vibrational mode α is excited. I evaluate tel
ji in Eq. (4.9) numerically to find the heights δgα of

the conductance steps that arise from inelastic tunneling processes due to emission of phonons of

vibrational mode α. These calculations are carried out at the zero bias Fermi energy since the values

of the bias at which the inelastic transmission occurs in the experiments of Hihath et al. [8] are low.

In the following Chapters, I will present my results obtained from Eq. (4.9) and compare them with

the experimental data of Hihath et al. [8].



Chapter 5

Determining the Atomic Structures of

Gold-Sulfur Interfaces

In this Chapter, I will consider trans propanedithiolate (PDT) molecules bonded to gold clusters in

top, bridge and hollow site conformations. It will be assumed here that the thiol hydrogen atoms

have detached from the molecule; systems where this is not the case will be considered in Chap-

ter 7. I will present the results of my calculations for these molecular junctions and compare my

results with the experimental data of Hihath et al. [8] to deduce which molecular and bonding con-

formations were most commonly realized in the experiment. I use DFT to find the relaxed extended

molecule geometries, vibrational modes and their frequencies, based on the methodology given in

Chapter 2. I evaluate the elastic scattering amplitudes tel
ji that enter into Eq. (4.9) to calculate the

inelastic tunneling intensities δgα corresponding to the various modes. Since my primary focus

is to identify the molecule-electrode bonding geometries through modeling, I will focus on those

vibrational modes that have the strongest amplitudes of vibration on sulfur atoms and the strongest

IETS intensities, because these modes are the most sensitive to the molecule-electrode bonding ge-

ometries and are also prominent in the experimental IETS spectra. Results presented in this Chapter

have been published in Ref. [19, 20].

5.1 Possible Low Energy Conformations of the Extended Molecules

The current consensus in the literature is that the different binding geometries between the molecule

and metal electrodes result in different conductance (g) values. Experimentally measured conduc-

35
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tance vs. voltage curves may depend on the bonding configuration of the sulfur and the gold surface

atoms [8]. The molecule which passes the current and determines the elastic and inelastic current

is known [8]. But direct information regarding the metal-molecule-metal bonding geometry has not

been experimentally accessible [75].

Many different binding geometries have been proposed and calculated theoretically but which

of these are realized in any given experiment has been unclear. Some possible geometries that

have been proposed are those in which a sulfur atom of the molecule is located at a top-site over

a particular gold surface atom or over a bridge-site between two atoms of the gold surface where

current flows through a gold atom pair [94], or over a hollow site of the gold surface between three

gold atoms that is the most commonly considered geometry in the literature [1, 15, 16, 17, 18].

Representative examples of the relaxed geometries that I obtained for extended molecules in which

the PDT molecule has the trans conformation are shown in Table 5.1. The methodology used to

obtained the relaxed geometries is outlined in Appendix G.

5.2 Elastic Conductances in the Limit of Low Bias

I calculated the zero bias elastic tunneling conductances for PDT molecules in various bonding

geometries from Eq. 3.2. Examples of the transmission probabilities T(E) that enter Eq. 3.2 are

plotted vs. the energy E in Fig. 5.1 for top-top and bridge-top, and in Fig. 5.2 bridge-bridge and

hollow-hollow bonding geometries. The Fermi energy that enters Eq. 3.2 is indicated by arrows in

these figures and is located in the energy range between the molecular HOMO and LUMO levels.

My calculated zero bias conductance values for top, bridge, and hollow site bonded trans PDT

molecules are in the ranges g =0.0012-0.0013g0, 0.0015-0.0019g0, and 0.0032-0.0095g0, respec-

tively, for extended molecules attached to the larger gold clusters that I studied. The values for some

specific gold cluster sizes are shown in Table. 5.1. All of these theoretical values are within an order

of magnitude of the experimental value 0.006± 0.002g0[8], a degree of agreement that is typical

of the experimental and theoretical literature [114] for molecules thiol bonded to gold electrodes. I

note that the calculations reported here did not involve any fitting to the data of Hihath et al. [8] or

to any other molecular transport experiments.

The calculated conductances show an increasing trend from the top to the bridge to the hollow

bonding geometries due to the better electrical coupling between the molecule and electrodes for

molecules bonding directly to larger numbers of electrode atoms. In Table C.1 of Appendix C as
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(a)

(b)

Figure 5.1: Examples of plots of the transmission probabilities T(E) that enter Eq. 3.2 vs. the energy
E for top-top and bridge-top bonding geometries. The Fermi energy that enters Eq. 3.2 is indicated
by arrows.
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(a)

(b)

Figure 5.2: Examples of plots of the transmission probabilities T(E) that enter Eq. 3.2 vs. the energy
E for bridge-bridge and hollow-hollow bonding geometries. The Fermi energy that enters Eq. 3.2 is
indicated by arrows.
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Table 5.1: Examples of relaxed structures of the PDT molecule bonded to gold clusters in different
ways and the calculated zero bias conductances of molecular wires for different numbers (as indi-
cated in the schematics on the right) of gold atoms making up the two gold clusters. It is assumed
that the thiol hydrogen atoms have detached from the molecules. S atoms of the molecule bond
to the gold clusters in the (a) top geometry, (b) top and bridge geometry, (c) bridge geometry, (d)
hollow geometry. g0 = 2e2/h. Carbon, hydrogen, sulfur and gold atoms are black, blue, yellow and
amber, respectively.

Relaxed Structure Conductancea

(a)

0.0013g0 14Au 14Au
0.0013g0 13Au 13Au
0.0013g0 12Au 12Au
0.0013g0 11Au 11Au

(b)

0.0016g0 14Au 14Au
0.0016g0 13Au 13Au
0.0015g0 12Au 12Au
0.0019g0 11Au 11Au
0.0015g0 10Au 10Au

(c)

0.0016g0 14Au 14Au
0.0014g0 13Au 13Au
0.0019g0 12Au 12Au
0.0016g0 11Au 11Au

(d) 0.0092g0 10Au 10Au
0.0040g0 9Au 9Au

aExperimental conductance value of Hihath et al. is about 0.006 g0 ±0.002 [8]
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well as in Table 5.1, the calculated conductances for hollow site bonded molecules are closer to the

experimental values [8] than the conductances for the top and bridge-site bonding. However, as I

will be discussing in Section 5.4, structures with hollow site bonding are much more fragile and

thus are less likely to be realized experimentally than bridge or top-site bonded structures. More-

over, as will be shown below in Section 5.3, comparison between my theoretical predictions and the

experimental inelastic tunneling spectra [8] provides strong evidence that top and bridge bonding

were predominant in the experimentally realized systems of Hihath et al [8]. Thus, it is evident that

the present elastic conductance calculations (in common with other elastic conductance calculations

for molecules thiol bonded to gold electrodes that are available in the literature [114]) are not accu-

rate enough for comparison between the theoretical and experimental elastic conductance values to

reveal which bonding geometries were realized experimentally.

5.3 Inelastic Electron Tunneling Spectroscopy of the Gold-Sulfur In-

terfaces for Top and Bridge Site Bonded Trans PDT Molecules

My calculations show that the normal modes for trans PDT molecules with strong amplitudes of

vibration on the sulfur atoms that have the largest IETS intensities fall within the phonon energy

range of a prominent feature of the experimental IETS phonon histogram [8] (shown in grey in

Fig. 5.3(b)) that extends from 39 to 52 meV.

The calculated vibrational normal modes in this energy range and their phonon energies are

shown in Fig. 5.3(a) as examples of extended PDT molecules with sulfur atoms bonded to 14-atom

gold clusters in top and bridge geometries. The vibrational modes are labelled I and II according

to the nature of the atomic motion. The corresponding calculated IETS spectra (IETS intensities

vs. phonon energy) are shown in color in Fig. 5.3(b) for extended molecules with gold clusters of

various sizes together with the experimental IETS phonon mode histogram [8].

The mode with the strongest calculated IETS intensities in Fig. 5.3(b) is mode I that is depicted

in the top row of Fig. 5.3(a). In this mode (also known as the Au-S symmetric stretch mode) the

sulfur atoms have the strongest vibrational amplitudes and move in antiphase, approximately along

the axis of the molecule. Mode II (also known as the Au-S antisymmetric stretch mode) is shown in

the lower row of Fig. 5.3(a). It is similar to mode I except that in mode II the sulfur atoms move in

phase with each other. As seen in Fig. 5.3(b) the calculated IETS intensities for mode II are much
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.
. Top-Site Bridge-Site
.

I

44.9 meV 41.0 meV

II

50.1 meV 47.7 meV

(a)

(b)

Figure 5.3: (a) Calculated vibrational modes in the phonon energy range from 38 to 53 meV for
trans-PDT bridging gold nano-clusters with sulfur atoms bonded to gold electrodes in top-site and
bridge-site geometries. Carbon, hydrogen, sulfur, and gold atoms are black, gray, yellow, and am-
ber, respectively [112]. Red arrows show un-normalized atomic displacements; the heavier arrows
indicate the motion of the sulfur atoms. Mode-I has the stronger IETS intensities. (b) Calculated
IETS intensities (colored) vs. calculated phonon energies for trans-PDT molecules linking pairs of
gold clusters with between 11 to 14 Au atoms in each cluster. Results are shown for both sulfur
atoms bonding to the gold in top-site and bridge-site geometries and for top-site bonding to one
gold cluster and bridge-site bonding to the other (bridge-top). The three ellipses enclose the cal-
culated type I mode-IETS spectra for bridge, top, and bridge-top bonding geometries for extended
molecules with gold clusters containing various numbers of gold atoms. The experimental IETS
phonon mode histogram of Hihath et al.[8] is shown in (darker, lighter) grey for (positive, negative)
bias voltages. Modes of the types I and II in (a) are indicated by arrows.
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weaker than those for mode I for both top and bridge-site bonding.

This difference between the IETS intensities of modes I and II can be understood intuitively

by considering the nature of the motion as follows: Since in mode I the two sulfur atoms move

in antiphase, the gold-sulfur distances for both sulfur atoms either increase or decrease together

as the extended molecule vibrates1. These distances can be regarded as the widths of tunnel bar-

riers between the molecule and the two gold electrodes. The motions of the two sulfur atoms act

in concert to widen or narrow both tunnel barriers together to weaken or strengthen the electron

transmission amplitude through the molecular wire. Thus, the magnitude of the difference between

the elastic electron transmission amplitudes of equilibrium and vibrating geometries through the

molecular wire in Eq. (4.9) is enhanced. By contrast, in mode II, while the Au-S distance for one

sulfur atom increases, the Au-S distance for the other sulfur atom decreases. These effects of the

motions of the two sulfur atoms on the elastic transmission amplitude through the molecular wire

tend to cancel. As a result, the magnitude of the difference tel
ji ({Adnα})− tel

ji ({0}) that appears in

Eq. (4.9) is smaller for mode II than for mode I and consequently the IETS intensity δgα is seen in

Fig. 5.3(b) to be much weaker for mode II. For this reason, although the amplitudes of the motion

of the sulfur atoms in modes I and II are similar and in both cases the motion is approximately

along the molecular axis, mode I completely dominates the calculated IETS spectrum in the phonon

energy range that corresponds to the main feature of the experimental IETS phonon histogram [8]

in Fig. 5.3(b).

That the IETS intensity for mode I is much larger than that for mode II can also be understood

in terms of the Troisi-Ratner propensity rules [56, 57] for inelastic tunneling intensities. These

propensity rules are not related in a simple way to Raman or IR selection rules. For a very simple

model of a perfectly symmetric molecule with symmetric electrodes, Troisi and Ratner [57] found

the IETS intensity for mode II to be exactly zero as a consequence of symmetry. The IETS intensity

for mode II is not (in general) exactly zero in the present model because the electrodes are not

symmetric. I note that the electrodes are also not expected to be symmetric in current experimental

molecular wire devices such as that of Hihath et al. [8]

Notice that my theoretical results for phonon mode I of PDT molecules bonded to both elec-

trodes in the top-site geometry, bonded to both electrodes in the bridge geometry, and bonded to one

electrode in the bridge and to the other in the top geometry (the features around 45.5, 40.5, and 42

1The gold atoms to which sulfur atoms bond also vibrate in these modes but with a smaller amplitude than the sulfur
atoms.
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meV in the theoretical spectra in Fig. 5.3(b), respectively) are reasonably well converged with re-

spect to increasing gold cluster size2. Both the calculated phonon energies and the IETS intensities

are almost independent of the gold cluster size in the size range shown (11-14 gold atoms per clus-

ter). Comparison of the calculated IETS spectra with the experimental phonon mode histogram [8]

indicates that the vibrational mode I contributed most of the counts recorded in the histogram in the

energy range shown. This is consistent with the fact that the calculated IETS intensities for mode I

are much stronger than those for mode II and therefore mode I should be more readily detected in

experimental IETS measurements. Also the calculated mode I phonon energy ranges of the bridge

site-bonded and bridge-top site-bonded wires do not overlap and are well separated from the phonon

energy range of mode I for top-site bonding.

Based on these theoretical results, I propose the following identification of the bonding geome-

tries between the PDT molecules and gold electrodes that gave rise to the main features of the

experimental IETS histogram [8] that is reproduced in Fig. 5.3(b): I unambiguously identify the

main peak in the experimental histogram [8] in Fig. 5.3(b) that is centered at ∼46 meV as being

due to trans-PDT molecules that bonded to both gold electrodes in the top-site geometry. Thus I

attribute the majority of the counts in the histogram to molecules in the top-site bonding geometry.

The weaker peak centered near 42 meV in the experimental histogram matches my predictions for

molecules that bond to gold electrodes in the bridge-top site geometry. The shoulder of the experi-

mental histogram [8] at lower phonon energies centered near 40.5 meV corresponds to my results for

molecules bonding to both electrodes in the bridge-site geometry. Thus, my results show that IETS

experiments can identify experimental realizations of PDT molecular wires in bridge, bridge-top,

and top-site bonding geometries by measuring the energies of the phonons emitted during electron

transport through these systems.

Although the feature near 42 meV in the experimental histogram is not very prominent, Hihath

et al. [8] observed a transition in which the IETS spectrum switched from exhibiting a peak near

42 meV to one near 46 meV as the molecular junction was stretched. Therefore, they argued that

the 42 meV and 46 meV vibrational modes correspond to distinct conformations of the molecular

junction, although they were not able to identify the conformations that give rise to these modes.

My theoretical results indicate that the switching from the 42 meV to the 46 meV mode corresponds

2The degree of convergence that has been achieved can be seen in Fig. 5.3(b) where the three ellipses enclose the
calculated type I mode-IETS spectra for bridge, top, and bridge-top bonding geometries for extended molecules with
gold clusters containing 11, 12, 13, and 14 gold atoms.
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to the junction switching from trans PDT in a bridge-top bonding geometry to trans PDT in a top

bonding geometry as the junction is stretched. As can be seen in Fig. 4 of Ref. [8], the experimen-

tally observed 42 meV vibrational mode occurs for a shorter molecular junction than the 46 meV

mode. This is consistent with my finding that the top bonding geometry corresponds to a larger

separation between the gold electrodes than does the bridge-top bonding geometry. Additionally,

the low bias conductances of the gold-PDT-gold molecular junctions were observed experimen-

tally [8] to decrease when the junction switched from the state with the ∼42 meV phonon to that

with the ∼46 meV phonon (compare Figures 4a and 4b of Ref. [8]). My calculations also show

the low bias conductances of gold-trans-PDT-gold molecular wires in the bridge-top bonding con-

figurations (with the ∼42 meV phonon mode) to be higher than those for trans molecules in top

bonding configurations (with the ∼46 meV phonon mode), consistent with the experiment [8]; see

Table 5.1. Thus my interpretation of the observed transition from the ∼42 meV phonon mode to

the ∼46 meV phonon mode being due to trans molecules switching from bridge-top bonding to top

bonding is consistent with the experimental low bias conductance data [8]. In Chapter 6, I will also

argue that the observed transition from the ∼42 meV phonon mode to the ∼46 meV phonon mode

being due to switching between gauche and trans conformations is unlikely, contrary to a previous

speculation [8].

In addition to modes I and II, the theoretical IETS spectrum in Fig. 5.3(b) shows other vibra-

tional modes (labelled “Mixed Modes") at lower energies, between 28 and 36 meV. The calculated

IETS intensities of these modes are weaker than those of mode I but in most cases not as weak as

those of mode II. In the same energy range, the experimental histogram in Fig. 5.3(b) [8] shows very

few counts. This suggests that the measurements of Hihath et al. [8] were not able to detect features

in the inelastic tunneling spectrum having weak intensities and that the intensities of the “Mixed

Modes" between 28 and 36 meV in Fig. 5.3(b) (as well as those of mode II) were at or below the

detection threshold.

5.4 Inelastic Electron Tunneling Spectroscopy of Gold-Sulfur Inter-

face of Hollow Site Bonded Trans PDT Molecules

For alkanedithiolates with longer chains of (6, 8, or 10) carbon atoms bridging gold electrodes, the

low bias conductances have been observed experimentally to drop by a factor of∼4 from the second
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lowest conductance plateau to the lowest as the molecular junction is stretched [12]. It was con-

jectured [12] that this change in conductance may be due to the molecules switching from hollow

site bonding at one electrode and top-site bonding at the other (hollow-top), to top-site bonding at

both gold electrodes. This conjecture is consistent with the expectation that the distance between

gold electrodes should be larger and the conductance smaller for alkanedithiolate molecules bonded

to gold electrodes in purely top-site geometries than in hollow-top bonding geometries. However,

whether it is correct or not has remained unclear in the absence of more direct experimental evi-

dence.

Can such a transition from hollow-top bonding to top-site bonding plausibly account for the

switch from the ∼42 meV phonon mode to the ∼46 meV phonon mode that was observed exper-

imentally [8] in the IETS spectra of the gold-PDT-gold system? Consider, for example, that the

calculated energy of the relaxed extended molecule in the bridge geometry was 0.46 eV lower than

that with the top geometry and 1.33 eV lower than that with the hollow geometry for my molecular

wires with 13 Au atoms in each gold cluster. These numbers varied depending on the gold cluster

size. But in all studied cases, the bridge geometry remained more stable than the top geometry

which was more stable than the hollow geometry for relaxed structures.

I found that the extended molecules for which DFT geometry relaxations were started with the

sulfur atoms over hollow sites on the surfaces of close packed gold clusters initially having atomic

geometries resembling that of bulk fcc gold invariably relaxed to bridge bonding site geometries3.

This is reasonable physically since the bridge-site is not very far from the hollow site and a drastic

rearrangement of the gold clusters is not required for a transition from hollow site bonding to a

lower energy bridge-site bonding geometry to occur. Thus, while I was able to generate examples of

relaxed extended molecule geometries (such as that in Table. 5.1(d)) with each sulfur atom bonding

to three gold atoms (i.e., hollow site bonding), the structures of the gold clusters near these bonding

sites were much more open than that of a defect-free surface of a fcc gold crystal near a hollow

site. This suggests that the hollow site bonding is much more fragile (and thus less likely to be

realized experimentally) than bridge or top-site bonding. Because of the much greater fragility and

the higher energies of hollow site bonded structures relative to bridge and top-site bonding, it is

reasonable to expect hollow site bonding to be realized much less frequently than bridge and top-

site bonding (if it is realized at all) in statistical STM break junction experiments such as those of

Hihath et al. [8]. Comparison of my theoretical IETS with the experimental data of Hihath et al. [8]

3How the relaxations were carried out is described in Appendix G.
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supports this expectation.

Figure 5.4: Calculated IETS intensities (colored) vs. calculated phonon energies for trans-PDT
molecules linking pairs of gold clusters with 12 (yellow) and 13 (green) Au atoms in each cluster
for hollow site bonding and with 13 Au atoms in each cluster for mixed hollow-top site bonding
(magenta). The experimental IETS phonon mode histogram of Hihath et al.[8] is shown in (darker,
lighter) grey for (positive, negative) bias voltages.

I calculated the IETS spectrum for relaxed gold-PDT-gold extended molecules with 13 Au atoms

per cluster in the hollow/hollow and the hollow-top bonding geometries. Some examples of calcu-

lated IETS spectra for PDT molecules hollow site-bonded to one or both gold clusters are shown in

Fig. 5.4. The calculated phonon energies and IETS intensities for these structures are more sensitive

to the sizes of the gold clusters than they are for top, bridge or bridge-top site bonding. As for the

calculated elastic conductances of hollow site bonded structures (see Table C.1), this greater sensi-

tivity is due to the more open structures of the gold clusters required for hollow site bonding and

the resulting greater variability in the details of the hollow site bonding geometries, such as Au-Au

bond lengths.

I found the vibrational mode for this structure with the strongest IETS intensity to be a type-
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I-mode with a phonon energy of ∼42 meV, as seen in Fig. 5.4. The energy range in which I find

mode I phonons for hollow site bonding overlaps with the ∼42 meV feature of the experimental

IETS histogram of Hihath et al. [8]. Thus, this should be compared with the calculated type-I-mode

phonon energies for bridge-top bonding geometries of Fig. 5.3(b), that are all within ∼0.5 meV of

42 meV.

However, I find the structures with hollow site bonding to also support phonon modes with

strong calculated IETS intensities (similar in strength to the mode I intensities for the top and

bridge-site bonded structures in Fig. 5.3(b)) in the mixed mode region below ∼38 meV in Fig. 5.4

where the experimental IETS histogram shows few or no counts. This suggests that structures with

hollow site bonding were realized rarely (if at all) in the experiment of Hihath et al. [8].

For mixed hollow-top bonding, the calculated mode I phonon energy in Fig. 5.4 does not match

either the ∼42 or the ∼46 meV feature in the experimental histogram [8] but falls roughly half

way between the two. In addition to the formation of bridge-top structures being much more likely

(based on my ab initio simulations) than the formation of hollow-top structures, the bridge-top

bonding geometries account for the phonon energy of the 42 meV feature of the experimental [8]

IETS spectra while the hollow-top bonding geometries do not. Thus, it appears unlikely that hollow-

top structures played a significant role in the experiment of Hihath et al. [8].

5.5 Convergence of the Results with Increasing Au Cluster Size

By carrying out systematic calculations for gold clusters of different sizes, I estimated the extent to

which modeling the infinite gold electrodes by finite gold atomic clusters may influence my results.

I studied the dependence of my results on the sizes of the gold clusters and found good convergence

with increasing cluster size.

I did this by performing ab initio DFT calculations [84] for extended molecules that consist of

a PDT molecule and a pair of finite clusters of gold atoms that the molecule connects (up to 14

gold atoms per cluster and 28 gold atoms in total), and relaxing these structures to obtain quasi-

equilibrium extended molecule geometries (configurations corresponding to local energy minima),

the associated vibrational normal modes, and their frequencies. The numbers of atoms in the gold

clusters were limited by the available computing resources. However, I have studied extended

molecules with different numbers of gold atoms in the clusters and checked the convergence of

my calculated IETS. As can be seen in Fig. 5.1, good convergence was obtained for the vibrational
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mode frequencies and IETS intensities with increasing gold cluster size. This suggests that the

maximum gold cluster size that I could handle computationally is sufficient to achieve convergence

of my results for the vibrational mode frequencies and inelastic tunneling intensities with increasing

cluster size.

A physical reason for this rapid convergence with increasing cluster size is that the vibrational

modes I and II that I study are strongly localized to the molecule itself and the gold atoms in

its immediate vicinity. Their amplitudes of vibration decay rapidly in the gold clusters and the

vibrational amplitudes of these modes are very small already before the farthest gold atoms from

the molecule are reached. This is due to the fact that the frequencies of these modes are higher

than the frequency of the highest phonon mode of bulk gold so that these modes are evanescent in

character in the gold clusters and their amplitudes are negligible on the farthest gold atoms from the

molecule for the larger gold clusters that I consider. Therefore, the calculated properties of these

modes are not impacted significantly by the finite sizes of the gold clusters in the present study.

Consequently, modeling the infinite gold electrodes by finite gold atomic clusters is relevant to

PDT molecules bridging the nanoscale tips of experimentally realized macroscopic gold electrodes

as in experiments of Hihath et al. [8] since my conclusions are nearly independent of the cluster

size for the larger clusters that I study.

5.6 The Effect of Using Different Functionals

I use the B3PW91 density functional (for the exchange-correlation energy) and the Lanl2DZ pseudo-

potentials and basis sets [84, 80]. However, I have repeated my vibrational mode energy and

IETS intensity calculations for a few examples of extended molecules using the functional PBE0

(PBE1PBE) [84, 81] for comparison and found relatively little difference between my results. The

phonon energy splitting between the results that are calculated with the functional B3PW91 and with

the functional PBE1PBE is about 1meV for each individual geometry. Fig. 5.5 shows this small ex-

change and correlation functional effect. The differences between the results for the B3PW91 and

PBE1PBE functionals are small enough that my identification of the Au-S bonding geometries, that

are responsible for the prominent features in the experimental histogram of Hihath et al. [8], is not

affected by which functional is used. Therefore, to be consistent, I carried out my systematic studies

using the functional B3PW91.
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5.7 Conclusions

I have calculated the relaxed geometries, zero bias conductances, and IETS of trans PDT molecules

bonded gold clusters in various ways and compared my results with the experimental STM break

junction transport data of Hihath et al. [8]. Although the gold clusters that represent the macroscopic

electrodes in my calculations were not large (up to 14 gold atoms per cluster), they were sufficiently

big for accurate modeling of the properties of the vibrational modes that I studied. As I discussed

in Section 5.5, my calculated IETS converged well with increasing the size of the gold clusters.

For the relaxed extended molecules having structures of the types depicted in Table 5.1, I found

the extended molecules with the sulfur atoms binding to the gold clusters in bridge geometries to

have the lowest energies and to be much more stable and to form much more easily than the hollow

Figure 5.5: For each functional (B3PW91 and PBE1PBE), the calculated IETS spectra for bridge-,
bridge-top-, and top-site gold binding geometries of sulfur atoms are plotted. Results of B3PW91
functionals are marked with filled circle heads. Results of PBE1PBE functionals are marked with
filled squares heads. The experimental IETS phonon mode histogram of Hihath et al.[8] is shown
in (darker, lighter) grey for (positive, negative) bias voltages.
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site geometries for close packed atomic structures of the gold electrodes. Even though, the top-site

bonding geometries have energies in between those of the bridge and hollow cases, I showed that

the top bonding molecular geometry was the one realized most frequently in the experiment [8].

My theoretical results also identified the switching from the 42 meV to the 46 meV mode ob-

served in the experiment as the molecular wire was stretched [8] as being due to the junction switch-

ing from trans PDT in a bridge-top bonding geometry to trans PDT in a top bonding geometry. They

also suggest that hollow site bonding conformations may not contribute significantly to the experi-

ments of Hihath et al. [8].

My theoretical results agree well with the experimental data of Hihath et al. [8]. I have defini-

tively identified particular realizations of gold-propanedithiolate-gold molecular wires in a recent

experiment [8] in which a trans PDT molecule bonded to a single gold atom of each electrode. I

conclude that IETS, when combined with such calculations, is able to reveal detailed, previously

inaccessible information about the atomic scale structures of the molecule-metal interfaces and thus

resolve the long-standing “contact problem" of single-molecule nanoelectronics. Therefore, I ex-

pect my findings to have a significant impact on the study of molecular wires bridging macroscopic

gold electrodes.



Chapter 6

Gauche Molecular Configurations

In their paper Hihath et al. [8] speculated that gauche molecular configurations may have given rise

to some features of their experimental data. In this Chapter, I will consider molecules in gauche con-

figurations and show the results of my calculations of the IETS for gauche PDT molecules bonded

to gold clusters in top and bridge-site conformations. I will show that the likelihood of forming

gauche configurations in the experiments of Hihath et al.[8] was very low and will demonstrate

that gauche molecular conformations did not contribute significantly to their experimental IETS

spectra [8]. Results presented in this Chapter have been published in Ref. [20].

6.1 Inelastic Electron Tunneling Spectroscopy of Gold-Sulfur Inter-

face of Gauche Molecular Conformations

A gauche conformation of an alkanedithiolate molecule can be obtained by starting from the trans

conformation and rotating part of the molecule through ∼60◦ about a C-C or C-S bond. Detection

of gauche conformations of PDT molecules adsorbed on gold has been reported [116]. Also it has

been conjectured [8] that the switching that Hihath et al. observed [8] in their IETS from the 42

meV vibrational mode to the 46 meV mode (as their gold-PDT-gold junction was stretched) might

have been due to a change between gauche and trans configurations of the molecular junction. In

this Section, I will present results of my IETS calculations for gauche PDT molecules bonded to

gold clusters in top, bridge, and hollow site conformations and discuss this possibility.

I investigated theoretically how the presence of gauche bonds would affect the IETS of PDT

51
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Figure 6.1: Representative examples of calculated sulfur-related vibrational mode I and II of
gauche-PDT molecules connecting gold nanoclusters each with 14 gold atoms, and the vibrational
mode phonon energies. G1 and G2 label molecules with one and two gauche bonds, respectively.
The molecules connect to both gold clusters in bridge and top-site bonding configurations. Carbon,
hydrogen, sulfur, and gold atoms are black, grey, yellow, and amber, respectively. Red arrows show
un-normalized atomic displacements. The total relaxed energies for the four structures in this figure
are given in Table C.1.
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Figure 6.2: IETS intensities of gauche-PDT molecules linking pairs of gold clusters (14 Au atoms
in each cluster) vs. the vibrational mode phonon energy. Sulfur atoms bond to the gold in top-top
and bridge-bridge site geometries. The experimental IETS phonon mode histogram of Hihath et al.
[8] is shown in (darker, lighter) grey for (positive, negative) bias voltages. Modes of the types I and
II are indicated by arrows. * Scaled down by a factor of 10.

molecules bridging gold contacts and the possible implications for the experiment [8]. Represen-

tative results of my calculations are presented in Fig. 6.1 and 6.2 for PDT molecules with one and

two gauche bonds connecting pairs of gold clusters in bridge-site and top-site bonding configura-

tions. As can be seen in Fig 6.2, for the bridge-site bonding configurations, the calculated energies

of the vibrational modes of the gauche PDT molecules are not in the vicinity of either 42 or 46

meV. However, the calculated spectra exhibit vibrational modes with very strong IETS intensities at

phonon energies between 32 and 38 meV, a range where the experimental histogram [8] in Fig. 6.2

shows very few counts. Thus it appears unlikely that these structures played a significant role in the

experiment of Hihath et al. [8].

In Fig. 6.2, the top-site configurations of PDT molecules with one gauche bond do exhibit a

vibrational mode with a phonon energy close to 46 meV. However, this is a type II mode with a low
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calculated IETS intensity. It is therefore unlikely to have been detected in the IETS experiment [8]

due to its intensity being below the detection threshold (as was discussed at the last paragraph of

Chapter 5.3). Other calculated vibrational modes of the same top-site bonded gauche structures in

the phonon energy range from 27 to 36 meV in Fig. 6.2 have somewhat stronger (but relative to

the bridge bonds in the same region still weaker) IETS intensities and occur at energies at which

the experimental histogram shows few counts. These results indicate that gauche PDT molecules in

top-site bonding configurations appear unlikely to have contributed significantly to the experimental

IETS histogram of Hihath et al. [8].

As will be discussed in Chapter 7, the type II mode region (46 - 56 meV) in Fig. 6.2 includes the

range 53 - 56 meV, where the top-site bonded trans-molecular wires with a H atom bound to one or

both of their S atoms all exhibit a vibrational mode (which is IV in Fig. 7.1) that involves primarily

the motion of those hydrogen atoms. Thus the weak feature in the experimental histogram [8] in this

range might possibly be due to a small minority of the molecular junctions having a hydrogen atom

attached to a sulfur atom, or gauche conformations of the PDT molecule with no thiol hydrogen

atoms [20] may have contributed to the observed IETS in that energy range.

I have also carried out calculations for gauche PDT molecules bonded to the gold electrodes

in bridge-top geometries. The results of these calculations (not shown in Fig. 6.2) are qualitatively

similar to those for the bridge bonding geometries of gauche molecules discussed above. Namely,

these structures were also found not to have vibrational modes with calculated energies in the vicin-

ity of either 42 or 46 meV but they were found to exhibit vibrational modes with very strong IETS

intensities at phonon energies between 32 and 38 meV, where the experimental histogram [8] shows

very few counts. Thus it appears unlikely that these bridge-top bonded gauche molecules played a

significant role in the experiment of Hihath et al. [8]

The low bias elastic conductance measurements reported by Hihath et al. [8] also provide ad-

ditional evidence indicating that switching between gauche and trans conformation is unlikely to

have been responsible for the experimentally observed transition [8] from the structure with the 42

meV vibrational mode to that with the 46 meV mode. As the gold-PDT-gold molecular junctions

were stretched in the experimental study of Hihath et al. [8], the energy of the prominent vibrational

mode I in the IETS spectrum (within the energy range shown in 5.3(b)) was observed to switch from

∼42 meV to ∼46 meV. Hihath et al. suggested [8] that this switch may be due to either a change

in the contact configuration or a change between gauche and trans configurations in the molecular

junction, but did not offer any evidence in support of either possibility or suggest which contact con-



CHAPTER 6. GAUCHE MOLECULAR CONFIGURATIONS 55

figurations might be involved. As has been discussed in Section 5.3, trans-PDT molecules switching

from the bridge-top site bonding (for which the calculated phonon energy is ∼42 meV) to the top-

site bonding geometry (for which the calculated phonon energy is ∼45.5 meV) accounts very well

for this experimentally observed transition.

I find the calculated sulfur-to-sulfur distances in PDT molecules with gauche bonds to be shorter

than those for purely trans PDT molecules. Therefore, a PDT molecule switching from a gauche

to trans configuration would result in an increase in the length of a gold-PDT-gold molecular junc-

tion, consistent with the molecule being stretched during this switching process. However, the

low bias conductances of the gold-PDT-gold molecular junctions were observed experimentally [8]

to decrease when the junction switched from the state with the ∼42 meV phonon to that with

the ∼46 meV phonon (compare Figures 4a and 4b of Ref. [8]). By contrast, recent theoretical

work [115, 75] on other alkane-dithiolate molecules bridging gold electrodes found conductances

of pure trans-molecules to be larger than those of molecules with gauche bonds, a finding consistent

with the results of my calculations of the low bias conductances for gauche and trans configurations

of gold-PDT-gold molecular wires bonded to the electrodes in the same way; see Table C.1. These

theoretical results suggest that if the transition from the structures with the ∼42 meV phonon mode

to those with the ∼46 meV phonon mode (that occurred as the junction was stretched) were due to

a change from a gauche to a trans molecular configuration, then the switch would be accompanied

by an increase of the low bias conductance of the junction, in contrast to the decrease that was

observed experimentally [8].

My calculations show the low bias elastic conductances of gold-trans-PDT-gold molecular wires

in the bridge-top bonding configurations (with the ∼42 meV phonon mode) to be higher than those

for trans molecules in top bonding configurations (with the ∼46 meV phonon mode), consistent

with the experiment [8]; see Table C.1. Thus, my interpretation of the observed transition from the

∼42 meV phonon mode to the∼46 meV phonon mode being due to trans molecules switching from

bridge-top bonding to top bonding is consistent with the experimental low bias conductance data [8],

whereas the alternative interpretation in terms of switching from a gauche to a trans molecule is not.

6.2 Conclusions

I have calculated the relaxed geometries, zero bias conductances, and IETS of gauche PDT molecules

bonded gold clusters in various ways and compared my results with the experimental STM break
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junction transport data of Hihath et al. [8]. My results show that PDT molecular wires with gauche

conformations, connecting gold electrodes, should have IETS that differ significantly from those

with trans conformations. Comparing my results with the inelastic transport data of Hihath et al. [8],

I concluded that gauche conformations were realized at most rarely in their experiment[8].



Chapter 7

Effect of Thiol Hydrogen

In this Chapter, I will consider molecules that have not lost but retain one or both of their thiol

hydrogen atoms when bonding to the gold electrodes, and focus on vibrational modes that have

the strongest amplitudes of vibration on S atoms or thiol H atoms, and the strongest IETS intensi-

ties. These modes are the most sensitive to the molecule-electrode bonding geometries and are also

expected to be prominent in the experimental IETS spectra. I will present my calculation of the ex-

tended molecule optimizations based on DFT, the vibrational mode frequencies, and the calculated

IETS intensities δgα from Eq. (4.9) corresponding to these modes. Results presented in this Chapter

have been published in Ref. [21].

7.1 Inelastic Electron Tunneling Spectroscopy of Thiol Groups in Un-

constrained Molecular Junctions

It is usually assumed that when a molecule with a thiol group bonds to gold via a sulfur atom the

hydrogen atom bound to that sulfur atom detaches from the sulfur atom and leaves the vicinity of

the molecule. This is the situation that I have already considered in the preceding Chapters.

Whether the hydrogen atom may remain bound to the sulfur for a significant amount of time dur-

ing and after the formation of the sulfur-gold bond remains unclear, and some theoretical work [16,

22] has indicated that this may well be the case. It is of interest to know whether IETS can shed

light on this difficult issue. Since my objective is to understand how the presence of thiol hydrogen

atoms should affect the IETS of molecular junctions, here in this Chapter I will consider the pos-

57



CHAPTER 7. EFFECT OF THIOL HYDROGEN 58

sible presence of thiol hydrogen atoms in the junction. I found that only relaxed geometries with

top-site bonding could be obtained when the S atom involved in the Au-S bond retained its H atom.

I will focus on the IETS signatures of those vibrational modes that have the strongest amplitudes

of vibration on S atoms or thiol H atoms and the strongest IETS intensities associated with those

modes, in examining this possibility below.

I will begin by calculating the properties of extended molecules relaxed without any geometri-

cal constraints being imposed during the relaxation process, as discussed in Chapter 5. Table 7.1

shows representative examples of the relaxed structures with no, one, and two thiol hydrogen atoms,

together with their calculated low bias elastic conductances. The calculated conductances increase

somewhat with increasing numbers of thiol hydrogen atoms. Representative examples of the calcu-

lated vibrational modes and their phonon energies (in the range between 25 and 60 meV) are shown

in Fig. 7.1 for PDT sulfur atoms bound to gold clusters in top-site conformations with a hydrogen

atom bound to one or both sulfur atoms. The modes are classified according to the nature their most

prominent atomic vibrations. In modes I, II and III the largest vibrational amplitudes are those of

the sulfur atoms. In mode I and II the two sulfur atoms move in antiphase and in phase, respectively,

approximately along the axis of the molecule. (These modes are sometimes referred to as the sym-

metric and antisymmetric stretch modes, respectively.) In mode III the sulfur atoms move in phase,

in directions not aligned with the molecular axis. In mode IV the most prominent atomic vibrations

are those of the thiol hydrogen atoms whose motion is roughly torsional relative to the direction of

the nearest sulfur-carbon bond.

The calculated IETS intensities and energies for these modes are shown in Fig. 7.2 together

with the experimental IETS histogram of Hihath et al. [8]. My corresponding results for top-site

bonded PDT wires with no hydrogen atoms attached to the sulfur [19, 20] are also shown in Fig. 7.2

for comparison. Notice that the calculated IETS intensities corresponding to mode II in Fig. 7.2

are much smaller than those for the other modes, due to an approximate symmetry that results

in a partial cancellation between the terms tel
ji in Eq. (4.9) for mode II, as has been discussed in

Refs [19, 20, 57] and in Chapter 5.3 for the case when no thiol hydrogen atoms are present.

As can be seen in Fig. 7.2, the effect of attaching H atoms to the molecular S atoms on the

frequency of vibrational mode I (the high intensity mode that has been shown in Section 5.3 and

Refs. [19, 20] to play the dominant role in the experiment of Hihath et al. [8]) is quite dramatic:

For the top-site bound PDT junction with no H atom bound to either S atom, this mode occurs

near 45 meV in Fig. 7.2 and is responsible for the strongest peak visible in the experimental his-
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Table 7.1: Examples of relaxed structures of the PDT molecule with the thiol hydrogen atom(s)
bonded to gold clusters in different ways and the calculated zero bias conductances of molecular
wires in such geometries for different numbers (as indicated in the schematics on the right) of gold
atoms making up the two gold clusters. (a): S atoms of the molecule bond to the gold clusters in the
top geometry. (b): S atoms bond to the gold clusters in the top geometry. One of the S atoms retains
its thiol derived H atom. The other S atom does not. (c): Both S atoms bond to the gold clusters in
the top geometry and both retain their thiol derived H atoms. g0 = 2e2/h. Carbon, hydrogen, sulfur
and gold atoms are black, blue, yellow and amber, respectively.

Relaxed Structure Conductancea

(a)

0.0013g0 14Au 14Au
0.0013g0 13Au 13Au
0.0013g0 12Au 12Au
0.0013g0 11Au 11Au

(b)

0.0017g0 14Au 14Au
0.0017g0 13Au 13Au
0.0015g0 12Au 12Au
0.0014g0 11Au 11Au

(c)

0.0021g0 14Au 14Au
0.0022g0 13Au 13Au
0.0019g0 12Au 12Au
0.0021g0 11Au 11Au

aExperimental conductance value of Hihath et al. is about 0.006 g0 ±0.002 [8]

togram [8], as was discussed in Section 5.3. However, for the three examples of molecular wires

each with one hydrogen atom attached to one sulfur atom only, mode I can be seen around 40 meV

in Fig. 7.2, where some counts were recorded in the experiment[8]. The calculated IETS intensity

for mode I for these structures is somewhat weaker than that for the junctions with no thiol hydrogen

atoms and is very similar to that of mode III near 33 meV where very few counts were recorded in

the experiment. This suggests while a small fraction of the PDT molecular junctions in the experi-
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. One S is with H Both S are with H

I

40.2 meV 36.6 meV

II

48.7 meV 45.5 meV

III

32.7 meV 25.9 meV

IV

55.1 meV 55.9 meV

Figure 7.1: Calculated vibrational modes in the energy range from 25 to 60 meV for PDT bridging
gold nano-clusters with hydrogen atoms bound to one or both sulfur atom(s), the sulfur atoms being
bonded to gold in top-site geometries. These structures were relaxed with no constraints imposed
on their geometries. Carbon, hydrogen, sulfur and gold atoms are black, blue, yellow and amber,
respectively [112]. Arrows show un-normalized atomic displacements; the heavier arrows indicate
the motion of the sulfur atoms.

ment [8] may have had a hydrogen atom attached to one of the sulfur atoms, most of the counts near

40 meV in the experimental histogram [8] were probably not due to molecules with a hydrogen

atom attached to one of the sulfur atoms. That is, PDT molecules with no thiol hydrogen atoms
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Figure 7.2: Calculated IETS intensities (colored) vs. calculated vibrational mode energies for
trans-PDT molecules linking pairs of gold clusters with between 12 and 14 Au atoms in each cluster.
Results are shown for both sulfur atoms bonding to the gold in top-site geometries and having no
hydrogen atom attached to either sulfur atom, having a hydrogen atom attached to one sulfur atom
only, and having a hydrogen atom attached to each of the sulfur atoms. The experimental IETS
phonon mode histogram of Hihath et al.[8] is shown in (darker, lighter) grey for (positive, negative)
bias voltages. The energy ranges in which modes of types I, II, III, and IV in 7.1 occur are indicated
by arrows.

and with the sulfur atoms each bonding to two atoms of the gold electrodes (the bridge geometry)

are the likely explanation of most of the experimental counts near 40 meV since these structures

have strong calculated IETS intensities in that energy range as has been discussed in Ref. [20] and

Chapter 5.3.

Furthermore, no counts are seen in the experimental histogram [8] (Fig. 7.2) for phonon energies

near 36.7 meV in Fig. 7.2, where I calculate mode I for the top-site bound PDT junction with a H

atom bound to each of the S atoms. This indicates that molecules with two thiol hydrogen atoms

did not contribute significantly to the observed IETS of Hihath et al. [8].

The calculated IETS for top-site bonded molecular wires with a H atom bound to one or both
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of their S atoms all exhibit a vibrational mode (which is IV in Fig. 7.1) that involves primarily the

motion of those hydrogen atoms. I find this mode to be located in the range 53 - 56 meV. As can be

seen in Fig. 7.2, the experimental histogram [8] shows a few counts in this range and its vicinity.

Thus the weak feature in the experimental histogram in this range might possibly be due to a

small minority of the molecular junctions in the experiment of Hihath et al.[8] having a hydrogen

atom attached to a sulfur atom. As has been discussed in Chapter 6, gauche conformations of the

PDT molecule with no thiol hydrogen atoms may also have contributed to the observed IETS in that

energy range. To discriminate definitively between these possibilities, further IETS experiments

with greater sensitivity to weak features in the inelastic spectra are needed.

7.2 Inelastic Electron Tunneling Spectroscopy of Bond Formation Be-

tween a Gold Electrode and a Thiol-Terminated Molecule

The preceding results have been for extended molecules that were relaxed with no geometrical

constraints. Thus they can be regarded as pertaining to molecular junctions that have reached a local

energy minimum, having formed chemical bonds between the molecule(s) and the gold electrodes.

In this Section, I will consider a different situation, namely, molecular junctions in the process of

bond formation. More specifically, I will examine the evolution of the IETS as a PDT molecule that

has bonded to one gold electrode via a sulfur atom is approached by second gold electrode (that

may be an STM tip) so that chemical bonding between the molecule and the second electrode is in

the process of taking place.

I assume that the molecule has bonded at one of its ends to the first gold electrode via a sulfur

atom with no attached hydrogen atom and that the second electrode approaches the thiol (S-H)

group at the other end of the molecule. I modeled this situation by calculating the structures of

extended molecules that were relaxed subject to a geometrical constraint. The role of the electrodes

is again played by 14 atom gold clusters. I carried out the DFT-based relaxations starting from

initial geometries in which the first gold cluster was located a typical bonding distance (about 2.4Å)

from the sulfur atom of the molecule with no attached hydrogen atom, while the second gold cluster

was located at a larger distance from the molecule’s S-H group. During the relaxation process the

distance l between two gold atoms (the furthest gold atom from the molecule in each of the two gold

clusters) was kept fixed. By choosing different values of l, I obtained relaxed extended molecule
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geometries with differing values of the distance between the molecule’s S-H group and the nearest

gold cluster. Some representative examples of relaxed geometries obtained in this way as the gold

cluster representing the STM tip approaches the molecule’s thiol group are shown in Fig. 7.3(a)

I-IV, where the gold-sulfur distances in each junction are also shown. A similar junction, but with

no thiol hydrogen atoms, relaxed without geometrical constraints is also shown in Fig. 7.3(a)-V for

comparison. Notice how the orientation of the PDT molecule relative to the gold STM tip changes

from Fig. 7.3(a)-I to Fig. 7.3(a)-IV so as to assume an energetically favorable bonding configuration

in Fig. 7.3(a) when the gold-sulfur bond has fully formed.

The calculated IETS for a series of structures obtained in this way are shown in Fig. 7.3(b). The

S-Au distance for the sulfur atom with the attached hydrogen atom for each structure is shown in the

legend together with the calculated low bias elastic conductance of the junction and the color used

to represent the inelastic tunneling spectrum for that structure. The experimental IETS histogram

of Hihath et al. [8] is also included in Fig. 7.3(b). But in this figure it serves as a reference only

since, as I have discussed in Section 5.2, it is plausible that most of the counts in the histogram were

obtained from junctions with no hydrogen atom attached to either sulfur atom of the molecule being

probed. The areas shaded pink indicate the energy ranges in which I find modes I, II and III (as

defined in Fig. 7.1) to occur for these molecular junctions.

The most striking feature of Fig. 7.3(b) is the behavior of mode IV that (as in Fig. 7.1) is

characterized by a strong vibrational amplitude of the thiol hydrogen atom, and is marked by the

chartreuse colored arrows in Fig. 7.3(b). The energy of this mode is ∼ 26 meV (marked by the

black arrow) when there is no gold cluster in the vicinity of the S-H group, i.e., the STM tip is at

infinity. As the gold cluster approaches to the S-H group, the mode IV energy increases dramatically,

reaching a value of ∼ 55 meV when the gold-sulfur distance reaches the value of 2.65Å at which

the chemical bond between the gold and sulfur atoms in the presence of the thiol hydrogen atom has

fully formed. This doubling of the mode IV energy as the gold STM tip approaches the molecule is

a large effect and therefore by tracking the energy of mode IV it should be possible to monitor the

approach of an STM tip to a molecule adsorbed on a surface experimentally. The disappearance of

mode IV from the inelastic tunneling spectrum and the simultaneous jump in the energy of mode I

from∼ 40 meV to∼ 46 meV would then signal the ultimate detachment of the thiol hydrogen atom

from the sulfur atom in such an experiment.

In Fig. 7.4, I plot the wavenumbers of modes I-IV vs. the Au-S distance as the distance be-

tween the gold cluster and the molecule is varied. The mode IV results are circled in black for
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(a)

(b)

Figure 7.3: (a) I to IV: Calculated geometries of PDT molecular junctions with a H atom bound to
one S atom of the molecule. C, H, S and Au atoms are black, grey, yellow and amber, respectively.
In the relaxations the separation of the atoms of the two Au clusters furthest from the molecule was
held fixed. Au-S distances are shown. V: Molecular junction relaxed without constraints and with
no H atom attached to either S atom. (b) Theoretical IETS of the PDT wires, some of which are
shown color coded according to the Au-S distance for the S atom with an attached H atom. The
calculated low bias elastic conductance of each structure is shown in the legend. Chartreuse arrows
indicate mode-IV. Black arrow indicates the energy of mode IV if there is no Au cluster near the
S-H group. Pink areas indicate energy ranges in which modes I, II and III occur. The experimental
phonon mode histogram (grey) of Hihath et al.[8] is shown as a reference.
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Figure 7.4: Au-S and thiol H vibrational modes are plotted vs. Au-S distance; Au-H distances
are also shown. Mode IV points are circled in black. The solid red curve is a fit of the mode IV
frequencies to an inverse cube dependence on the Au-S distance; see text.

clarity. While the energies of all of the vibrational modes plotted show some variation with the

Au-S distance, that of mode IV is by far the largest. As can be seen in Fig. 7.4, this variation

of mode IV fits well to the empirical form n = 208+ 486(x− 1.35)−3, the red curve in Fig. 7.4.

Here n is the mode IV (wavenumber in cm−1) and x is the Au-S distance (in Angstoms). A similar

(bond length to the negative third power) dependence of molecular vibrational frequencies on bond

length was proposed empirically by Philip M. Morse in 1929 [138] and later discussed by other

authors [139]. However, there are significant differences between the systems considered here and

those in the early work [138, 139] on the dependence of vibrational frequencies and the associated

force constants on bond length: The vibrational modes considered in the previous work [138, 139]

were stretching modes, while mode IV considered here is torsional. Also the bond lengths consid-

ered previously [138, 139] were equilibrium bond lengths that differed because the bonds were in

different molecules. By contrast, in the present work I am considering non-equilibrium interatomic

distances that differ due to differences in the geometrical constraints applied to the system.



CHAPTER 7. EFFECT OF THIOL HYDROGEN 66

Figure 7.5: To simulate the approach of a STM tip to the molecule, I fixed the distance between
the outer Au atoms in the structure at different values. For each fixed outer Au to Au distance, the
total calculated energies are shown in the plot.

Interestingly, as seen in Fig. 7.3(b), the calculated elastic tunneling conductance initially in-

creases as the junction is stretched, and then decreases. A similar effect has been observed by Bruot

et al. [153] in Au-benzenedithiol-Au molecular junctions. They attribute this finding to a strain-

induced shift of the highest occupied molecular orbital towards the Fermi level of the electrodes for

small extensions of molecular wire, leading to a resonant enhancement of the conductance, as was

previously predicted theoretically [14].

Although the total energy changes abruptly several times due to structural rearrangements of the

gold clusters as the system is stretched (or compressed), these structural changes do not affect the

mode IV frequency significantly. The frequency varies smoothly with Au-S distance because the

vibrational mode does not extend significantly into the gold cluster beyond the gold atom that bonds

to the molecule. I show the abrupt energy changes due to the structural rearrangements of the gold

clusters as the system is compressed in Fig. 7.5 by plotting the total energies of the structures for

different tip-substrate distances against the distance between the atoms of the two gold clusters that

are farthest from the molecule. In Fig. 7.6, I also show the relation between the total energy and the
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Figure 7.6: When I vary the outer Au to Au distance, the junction energy changes due to drastic
rearrangements of the structures of the Au clusters. This non-linear change is shown in the plot of
the total energy of the structures as a function of the Au-S distance. Note that the Au-S distance
is not a monotonic function of the distance between the outer atoms of the gold clusters that is the
abscissa of Fig. 7.5.

Au-S distance at the end of the molecule that is approached by the Au tip.

7.3 Conclusions

I have calculated theoretically the conformations, the elastic low bias conductances and the IETS of

molecular junctions containing propanedithiol molecules (with and without thiol H atoms) bridg-

ing gold electrodes. I found that, for junctions in which the molecule bonds to a gold electrode

via a sulfur atom that retains its hydrogen atom, a relaxed structure of the junction could be ob-

tained provided that the sulfur atom bonds to a single gold atom of the electrode. This differs from

propanedithiolate molecules bonding to gold via a sulfur atoms that have lost their thiol hydrogen

atoms in which case relaxed geometries with a sulfur atom bonded to two or three gold atoms have

also been obtained [19, 20].

Comparison between my results for junctions relaxed with no geometrical constraints and the
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experimental inelastic tunneling data of Hihath et al. [8] indicates that most of their experimen-

tal measurements were carried out on junctions in which neither sulfur atom of the PDT molecule

carrying the current retained its thiol hydrogen atom. I found no evidence of features in their experi-

mental inelastic tunneling histogram [8] that might signal conduction via a propanedithiol molecule

retaining both of its thiol hydrogen atoms. However, some weak features in the experimental inelas-

tic tunneling histogram [8] are consistent with the possibility of a small fraction of their junctions

being bridged by molecules with one sulfur atom retaining its hydrogen atom, although molecules

with gauche geometries and no thiol hydrogen atoms may also be responsible for these spectral fea-

tures. Further experimental studies with greater sensitivity to weak features of the IETS are needed

to distinguish between these possibilities. Experimental studies with deuterated samples would also

be of interest.

I also studied the evolution of the inelastic tunneling spectrum as a gold STM tip approaches

an intact S-H group at one end of a propanedithiol(ate) molecule that is bonded to a second gold

electrode via a sulfur atom that has lost its thiol hydrogen atom. I found that the frequency of

a vibrational mode associated with torsional motion of the thiol hydrogen atom increases by ap-

proximately a factor of two as the STM tip approaches the molecule. Since I predict this mode to

have a moderately strong intensity in the inelastic tunneling spectrum, this frequency shift can be

used to monitor the separation between the gold STM tip and the thiol group experimentally as the

tip approaches the molecule. When the thiol hydrogen atom detaches from the molecule (assum-

ing homolytic cleavage), I predict this vibrational mode to disappear from the inelastic tunneling

spectrum and the energy of the strongest IETS feature associated with vibrations of the sulfur to

simultaneously increase by ∼4-5meV while its intensity also increases.

Experiments observing this predicted behavior would be of interest since they would shed much

needed light on how and when the thiol hydrogen atom detaches from the sulfur atom during bond

formation between molecules and gold electrodes in single-molecular junctions. They may also

help clarify the reasons why apparently similar experiments on gold-thiol molecular junctions often

yield measured conductances differing by orders of magnitude [140].

I have demonstrated that IETS, combined with such calculations, should be able to distinguish

between junctions in which neither sulfur atom retains its thiol hydrogen atom, one of the two sulfur

atoms retains its thiol hydrogen atom, or both sulfur atoms retain their thiol hydrogen atoms. For

example, I find that IETS can identify unambiguously the specific realizations of the molecular wire

in the statistical STM break junction experiment in which no hydrogen atoms are bound to the sulfur
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atoms of the molecule and the molecule bonds to both gold electrodes in the top-site geometry in

which each sulfur atom bonds to a single gold atom. I find that molecular wires bonded to the gold

electrodes in this way were formed very frequently in the experiment Hihath et al. [8] I also find that

it is possible for PDT molecules in which a hydrogen atom remains attached to one or both of the

sulfur atoms to bond well to the gold electrodes in the top-site geometry and identify the inelastic

tunneling spectroscopic signatures of such molecular wires. I find that the data of Hihath et al. [8]

presents no evidence of such molecular wires with hydrogen atoms bound to both sulfur atoms of

the molecule but is consistent with transport through such molecular wires with a hydrogen atom

bound to only one of the sulfur atoms occasionally being measured.

My systematic calculations show that a vibrational mode associated with the thiol hydrogen

atom has a strong IETS signature and its frequency is sensitive to the distance between the thiol

sulfur atom and the gold electrode. I, therefore, propose that statistical STM break junction exper-

iments should be able to monitor the closing of the gap between the thiol sulfur atom and the gold

electrode in real time and to detect the detachment of the thiol hydrogen atom from the molecule.



Chapter 8

Parallel Transport Through Pairs of

Molecules

In the preceding discussions I have focussed on cases where a single molecule connects the two

electrodes. However, in statistical STM break junction experiments such as that of Hihath et al. [8],

the electrodes may also be bridged simultaneously by two (or more) molecules in parallel. In this

Chapter, I will consider molecules that have lost their thiol hydrogen atoms as well as molecules that

retain one or both of their thiol hydrogen atoms while a pair of molecules bridges the gold clusters.

I will show theoretical results for the inelastic contributions to the conductances for some examples

of systems of this kind. My calculations indicate that if a pair of PDT molecules connects two gold

electrodes in a parallel geometry, the coupling between the molecules has only a weak effect on

the low bias elastic and inelastic transport characteristics of the system unless the molecules are

extremely close together, for example, if they bond in a top-site geometry to adjacent gold atoms of

both electrodes. Structures with such closely spaced molecules were found to be unstable for the

larger gold clusters in my DFT calculations. Results presented in this Chapter have been published

in Ref. [20, 21].
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Relaxed Structures

(I) (II)

(a)

(b)

Figure 8.1: The relaxed geometries and inelastic tunneling spectra for pairs of trans PDT molecules
connecting gold clusters in parallel. 14 gold atoms per cluster. (a)-I Top site bonding. (a)-II Bridge
site bonding. Calculated mode frequencies and IETS intensities are shown in (b) for the systems
depicted in (a). The calculated mode frequencies and IETS intensities for single molecules similar to
those in (a) connecting two gold clusters with the same kinds of molecule-gold bonding geometries
are also shown for comparison. The experimental phonon mode histogram of Hihath et al. [8] for
single molecules bridging the electrodes is also shown. The darker (lighter) grey represents positive
(negative) bias voltage.
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8.1 Gold-Sulfur Interfaces of Unconstrained Pairs of Molecules with-

out Thiol Hydrogen Atom(s)

In Figs. 8.1(a)-I and -II, I show the relaxed geometries for pairs of top-site and bridge-site bonded

trans PDT molecules, respectively, with no thiol hydrogen atoms connecting two gold clusters. As

can be seen in Table C.1 of Appendix C, in each case the calculated low bias elastic conductances

of these pairs of molecules are close to twice those of single molecules connecting the contacts

with similar bonding conformations and there are small splittings of the vibrational mode energy

of interest. This means that the molecules in these systems are behaving as nearly independent

parallel quantum conductors in a way reminiscent of parallel semiconductor quantum wires [113]

connecting a pair of electron reservoirs. Similar, roughly additive, behavior of the low bias elastic

conductances of other molecules bridging pairs of metal electrodes in parallel has also been found

in previous theoretical studies, for not too small intermolecular separations [117, 118, 119, 120,

121, 122, 123, 124, 125].

The calculated IETS for these pairs of molecular wires are shown in Fig. 8.1(b). The IETS

for single molecules connecting the two electrodes with similar bonding geometries are also shown

for comparison. The mode I IETS for the pairs of molecules are very similar to the corresponding

spectra of the individual molecules apart from small phonon energy shifts and splittings, indicative

of weak effective vibrational coupling between the molecules. However, for the pair of bridge-site

bonded molecules, the two mode I features have noticeably differing calculated IETS intensities.

I also studied pairs of molecules with even smaller spatial separations than those of the molecules

in Fig. 8.1(a). Namely, I considered pairs of top-site bonded trans PDT molecules binding to nearest

neighbor atoms of both gold clusters, as distinct from the second neighbor gold atoms to which the

molecules bind in Fig. 8.1(a)-I. As expected based on previous studies [117, 118, 119, 120, 121, 122,

123, 124, 125], the calculated low bias conductances of these systems differed more from twice the

conductance of a single molecule connecting the gold clusters than was the case for the more widely

spaced molecules in Fig. 8.1(a). The splittings of the mode I phonon energies for these more closely

spaced molecules were also considerably larger. However, I found that relaxed structures with such

closely spaced molecules could only be generated for the smaller gold clusters that I studied; for

the larger clusters DFT relaxations resulted instead in structures similar to those in Fig. 8.1(a). This

suggests that structures with such closely spaced pairs of molecules are unlikely to be realized in

experiments such as those of Hihath et al. [8].
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8.2 Gold-Sulfur Interfaces of Unconstrained Pairs of Molecules with

Thiol Hydrogen Atom(s)

It may be possible to form junctions with a pair of top-site bonded molecules having no hydrogen

atom attached to either sulfur atom (as in Fig 8.2(d)), a pair of top-site bonded molecules having

a hydrogen atom attached to one sulfur atom of each molecule (as in Fig 8.2(e)), or a pair of top-

site bonded molecules having a hydrogen atom attached to each sulfur atom of each molecule (as

in Fig 8.2(f))1. The intermolecular distances defined as the shortest distances between hydrogen

atoms belonging to the backbones of the two molecules in the relaxed structures for these systems

are 4.48, 3.54, and 3.88 Angstroms respectively.

In the majority of cases the calculated zero bias conductance values in Table C.1 of Appendix C

for molecular junctions with pairs of molecules bridging the gold contacts in parallel are roughly a

factor of 2 larger than the conductances of the corresponding single molecule junctions, as might be

expected for pairs of molecules [117, 118, 119, 120, 121, 122, 123, 124, 125, 20] or other quantum

conductors [113] connecting electron reservoirs. As was discussed in Section 8.1, roughly addi-

tive behavior of the low bias conductances has also been predicted by my calculations for pairs of

molecules without thiol hydrogen(s).

An exception is the structure in Fig. 8.2(e) for which the calculated low bias conductance is

close to that of the corresponding single-molecule junction in Fig. 8.2(b), i.e. it is 0.0017 g0 for

a single-molecule, and 0.0019 g0 for a pair of molecules. I attribute this different behavior to the

molecule on the right in Fig. 8.2(e) not having formed a chemical bond between the sulfur atom with

the attached hydrogen atom and the nearby gold cluster, resulting in poor conduction through that

molecule contributing little to the low bias elastic conductance of the system. There is, however,

a significant splitting of the mode I frequency for this two-molecule junction in Fig. 8.3 due to the

coupling between the vibrational modes of the two molecules.

The calculated IETS for these structures are shown in Fig. 8.3 together with those of the cor-

responding single molecule junctions (Fig 8.2(a),(b) and (c) respectively). The calculated IETS for

these pairs of molecular wires shown in Fig. 8.3 are very similar to the spectra of the individual

wires apart from small frequency shifts and splittings due to the weak interactions between the

molecules.
1I considered only the isomers shown in Fig. 8.2.
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Relaxed Structures

(a) (b) (c)

(d) (e) (f)

Figure 8.2: Examples of relaxed structures of trans-PDT molecules bonded to gold clusters in the top
geometry [112] (a): A PDT molecule with no hydrogen atom attached to either sulfur atom. (b): A
PDT molecule with a hydrogen atom attached to one of the sulfur atoms. (c): A PDT molecule with
a hydrogen atom attached to each of the two sulfur atoms. (d): Two PDT molecules bridging the
gold clusters with no hydrogen atom attached to any sulfur atom. (e): Two PDT molecules bridging
the gold clusters with a hydrogen atom attached to one of the sulfur atoms of each molecule. The
sulfur atom of the molecule on the right has not chemisorbed to the lower gold cluster while each of
the other three sulfur atoms in the system has chemisorbed to a gold cluster. (f): Two PDT molecules
bridging the gold clusters with a hydrogen atom attached to each of the two sulfur atoms of each
molecule. Carbon, hydrogen, sulfur and gold atoms are black, blue, yellow and amber, respectively.
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Figure 8.3: Calculated IETS for one and two PDT molecules with different numbers of thiol
hydrogen atoms bridging pairs of 14 atom gold clusters in the fully relaxed geometries depicted in
Fig. 8.2. Labels (a)-(f) denote the structures (a)-(f) of Fig. 8.2. The atomic motions in modes I-IV
are similar to those shown for modes I-IV of the single molecules in Fig. 7.1.

8.3 Conclusions

I have calculated the relaxed geometries, zero bias conductances, and IETS of pairs of trans PDT

molecules bridging pairs of gold clusters in various ways. My calculations show that if a pair

of PDT molecules connects two gold electrodes in a parallel geometry, the coupling between the

molecules has only a weak effect on the low bias elastic and inelastic transport characteristics of the

system provided that the molecules are not extremely close together, as they would be if they were

to bond to adjacent gold atoms of both electrodes. Such closely spaced molecules were found to be

unstable2 for the larger gold clusters in my DFT calculations. Elastic low bias conductance plateaus

with roughly twice the conductance of the lowest plateau (that corresponds to a single molecule

bridging the two electrodes) were observed by Hihath et al. [8] consistent with the results presented

2Attempting to relax such structures resulted in breaking one of the Au-S bonds.
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here. However, experimental IETS for molecules bridging the contacts in parallel were not reported

in Ref. [8]. Thus comparison between these theoretical IETS calculations for pairs of molecules

and experiment, while of considerable interest, is not possible at present.



Chapter 9

IETS of Longer Alkane-Chain

Dithiolates

In this Chapter, I will consider linear alkanedithiol molecules bridging Au clusters from ethane (C2H6

- two carbon and six hydrogen atoms) to octane (C8H18 - 8 carbon and 18 hydrogen atoms) and

present the results of my systematic study of the length dependence of the properties of these sys-

tems. Li et al. [142] in common with many others [1, 104, 142, 144, 145, 146, 147, 148, 149,

150, 151] attribute the length dependence of the transport properties of alkanedithiols to electron

tunneling or super-exchange via the bonds along the backbones of these molecules. I will present

the calculated relaxed extended molecule geometries, the vibrational modes, and their frequencies

for these Au-alkanedithiol-Au extended molecules for varying numbers N of carbon atoms, based

on the methodology given in Chapter 2. I will compare their elastic low bias conductances and

the inelastic tunneling intensities δgα calculated using Eq. (4.9). Since the primary focus of this

thesis is to identify the molecule-electrode bonding geometries, here in this Chapter as well, I will

focus on the vibrational modes that have the strongest amplitudes of vibration on sulfur atoms and

the strongest IETS intensities. The results presented in this Chapter have not yet been published in

any journal. However, I include these results in my thesis for those who would like to investigate

thoroughly this area of the molecular electronics.
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Figure 9.1: Elastic conductances for trans alkanedithiol molecules are plotted on a log scale against
the number of carbon atoms N in the alkane chain for 2 ≤ N ≤ 8. The results for bridge bonding
geometries are plotted in red while those for the top geometries are in blue for clarity. The black line
shows the exponential function printed in the figure. A value of 1.07 was obtained experimentally
for B by Li et al. [142].

9.1 Elastic Conductances and IETS of the Gold-Sulfur Interfaces for

Top and Bridge Site Bonded Trans Alkanedithiol Molecules in the

Limit of Low Bias in Terms of the Number of Carbon Atoms in

the Chain

The alkane chain itself is strongly insulating and the longer chains make a large contribution to the

resistance of the molecular nanowire. Therefore the unknown details of the bonding between the

molecule and the contacts are less crucial [148]. Separating the effects of the unknown bonding

geometry between the molecule and metal contacts from those of the alkane chain itself is achieved

by measuring the conductances of alkanedithiolates (or alkane thiolates) bridging gold electrodes

for different numbers N of carbon atoms in the alkane chains of these molecules [1]. Many such
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Figure 9.2: For trans alkanedithiol molecules, inelastic electron tunneling spectroscopy intensity
of Au-S vibrational mode I are plotted on a log scale against the number of carbon atoms N in the
alkane chain for 2≤ N ≤ 8. The results for bridge bonding geometries are plotted in red while the
top geometries are in blue for clarity. The black line shows the slope of the exponential function
printed in the figure. No pronounced odd-even effect is visible in this figure.

experimental studies have been carried out [142, 144, 145, 146, 149, 150] and found that the mea-

sured conductances fit well to the simple analytic form GN = Aexp−βN with β ≈ 1. Ab initio and

extended Hückel -based tight-binding conductance calculations yielded similar exponential depen-

dences of the conductances for electrodes not only of gold but also of nickel and other transition

d-metals [1, 104, 148, 151, 152]1.

Li et al. [142] measured the conductance of three alkanedithiols, hexanedithiol (hexane C6H14 -

6 carbon and 14 hydrogen atoms), octanedithiol (hexane C8H18 - 8 carbon and 18 hydrogen atoms),

and decanedithiol (decane C10H22 - 10 carbon and 22 hydrogen atoms), and studied the conductance

dependence on the molecular length. Their data showed two conductance plateaus, denoted L and H,

attributed to two types of molecular junctions with different molecule-electrode contact geometries

1Longer chains may be expected to contain larger numbers of gauche bond configurations also resulting in larger
resistances. However the influence of this on the experimental data is difficult to assess quantitatively.
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resulting in different prefactors A of the exponential function. They found an important signature

of the tunneling mechanism, that is, an exponential conductance decay with increasing molecular

length, consistent with the results of other experimental groups [142, 144, 145, 146, 149, 150] .

The measured conductances were described by the expression GN = Aexp−βN , where the decay

constants for both the L- and the H-conductance plateaus were β = 1.07± 0.05. Li et al. [142]

found their I-V curves to fit reasonably well to the Simmons model (see Fig. 4 of Ref. [142]).

I calculated the stable geometries of Au-alkanedithiol-Au extended molecules with 14 Au atoms

in each cluster using the DFT methodology outlined in Chapter 2. In this way I obtained relaxed

geometries in which the sulfur atoms of the molecule are located at top-sites over particular gold

surface atoms and over bridge-sites between two atoms of the gold surface. I plot the elastic con-

ductance values for these geometries in Fig. 9.1 against the number of carbon atoms in the chain.

Qualitatively my results are similar to the experimental data of Li et al. [142] and the decay constant

of Li et al. [142] (β = 1.07±0.05) is not far from what I found in my calculations, (βN = 1.16).

In Fig. 9.1, the elastic conductances of the top-top structures are somewhat lower than for the

bridge-bridge ones, but the difference is less than Li et al. [142] ’s difference (in their Fig. 5) between

H and L cases. Li et al. [142] did not show PDT (the 3 carbon atom alkanedithiol considered in the

preceding chapters of this thesis) on their plot. For PDT, Hihath et al. [8] did not report observing

a pair of conductance plateaus resembling the H and L plateaus reported by Li et al. [142] for

their longer alkanedithiol molecular junctions. The structures with the 4.2 and 4.6 meV vibrational

modes in the experiment of Hihath et al. [8] had measured low bias conductances that differed only

by a factor ∼ 2 whereas the H and L conductance values of Li et al. [142] differed by factors of

∼ 5. Thus, it is unclear how the structures observed in the two experiments may be related. The

possibility that gauche structures may be involved would be an interesting topic to investigate.

Li et al. [142] did not establish conclusively why H and L plateaus occurred in their measure-

ments. They conjectured that H and L represent different bonding geometries and that the prefactor

A of the exponential function describes the molecule-electrode contact, attributing two types of

molecular junctions to two different molecule-electrode contact geometries, i.e. A=0.7 for the H-

conductance molecular junctions and A=0.14 for the L-conductance molecular junctions. However,

in my calculation the two configurations have conductances that are much closer together. Thus, it

is not possible to identify the interface geometries conclusively by just comparing either the elastic

scattering amplitudes or the IETS intensities (as will be shown in Fig. 9.2). However, as will be

shown below, the frequencies of type-I vibrational modes may be sensitive enough to the interface
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geometry to permit these geometries to be identified.

9.2 IETS of the Gold-Sulfur Interfaces for Top and Bridge Site Bonded

Trans Alkanedithiol Molecules in the Limit of Low Bias Based on

Phonon Energies

The calculated vibrational normal modes with the strongest calculated IETS intensity (mode-I) in

the energy range 34-47 meV and their phonon energies are depicted in Fig. 9.3 for examples of

extended alkane molecules (from ethane to octane) with sulfur atoms bonded to 14-atom gold clus-

ters in top and bridge geometries. The shift in the energy of the mode I phonon when the interface

geometry changes from top to bridge is clearly visible in Fig. 9.3 where it is indicated by the ar-

rows. Comparable shifts also occur for the other relatively weaker modes that I have discussed in

the earlier chapters for PDT molecules.

Mode-I that has the strongest IETS intensity for PDT is not necessarily the strongest mode for

the longer chains. For example, for butane (C4H10 - 4 carbon and 10 hydrogen) and hexane (C6H14 -

6 carbon and 14 hydrogen) case, the Mode I for top-site configurations is relatively weaker in IETS

intensity than some of the mixed modes outside of the energy range shown in Fig. 9.3. However

for these two cases, when the bonding type changes from the top-top structure to the bridge-bridge

structure, Mode I again becomes as strong in IETS intensity as the mixed modes in a neighboring

energy range. The reason for this anomalous behavior is not known at present.

Experimental IETS data for a comparison with the calculated IETS spectra of the longer chains

(similar to the comparison that I have carried out for PDT bridging gold electrodes in the earlier

Chapters), to my knowledge, is not available at this time and further experimental studies are needed.

Detecting Mode I for structures for which it has the weaker IETS intensities may or may not be

easily done in experiments for the time being. Obviously experimenters need to face challenges to

improve the detectability range in their experimental setups to make appropriate data available for

those who would like to carry out further theoretical studies.
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...

...

...

Figure 9.3: Calculated IETS of the gold-sulfur interfaces for top and bridge-site bonded trans
alkanedithiol molecules. Arrows indicate the shifts in the calculated Mode I phonon energies from
top-top to bridge-bridge bonded structures for alkanedithiolate molecular wires with N=2 to N=8
carbon atoms.
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9.3 Au-S Vibrational Modes of the Gold-Sulfur Interfaces for Alkane

Chains

Figure 9.4: The calculated frequencies and phonon energies of Au-S vibrational modes are shown
on the vertical scale for alkane chains of 2 to 8 carbon atoms when interface bonding geometries
are top and bridge bonding for both lead clusters. Mode I is marked and connected by a thin line to
show the dependence of this mode relative to the chain size.
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Figure 9.5: Mode-I frequencies and energies that are shown in Fig. 9.4 for alkane chains of 2 to 8
carbon atoms for top and bridge bonding geometries are combined in this Figure. As in Fig. 9.4 the
Mode I values are marked and connected by a thin line to show the dependence of this mode on the
chain size.

I show all Au-S vibrational modes of the gold-sulfur interfaces in Fig. 9.4 for alkane chains

(with 2 carbon to 8 carbon atoms) for top and bridge-site bonded trans alkanedithiol molecules.

Fig. 9.4 shows a roughtly linear relation between mode I and the chain size of the molecule that is

sandwiched between two electrodes.

In Fig. 9.5, I show the energies of only the mode I phonons vs. the chain size for both bridge-

bridge and top-top bonding structures to show that IETS is a potentially useful tool for identifying

the interface geometries unambiguously. For structures with up to 6 carbon atoms the mode I energy

differences between top bonded and bridge bonded molecules are similar to those for the PDT (3

carbon atom) case studied in detail in the preceding chapters. Thus unambiguous identification of

the bonding geometries between these molecules and gold electrodes by means of IETS experiments

should be possible. For molecules with 7 or 8 carbon atoms, the calculated mode I phonon energy

differences between the top and bridge bonded structures are smaller. Thus whether IETS can

positively identify the bonding geometries for the 7 and 8 carbon atom molecules is less clear.
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9.4 Conclusions

I have calculated the relaxed geometries, zero bias conductances, and IETS of linear alkanedithiol

molecules bridging Au clusters from ethane (C2H6 - two carbon and six hydrogen atoms) to oc-

tane (C8H18 - 8 carbon and 18 hydrogen atoms). My calculations show a roughly linear relation

between the alkane chain length and the mode I vibrational frequencies of alkanedithiol molecular

junctions. Due to my primary focus in this thesis, I just focused on the vibrational modes that have

the strongest amplitudes of vibration on sulfur atoms and the strongest IETS intensities.

I compared the elastic low bias conductances and the inelastic tunneling intensities δgα calcu-

lated using Eq. (4.9) and showed the potential importance of IETS as a tool in molecular electronics

studies of alkane chains thiol-bonded to gold electrodes.



Chapter 10

Conclusions and Outlook

With the goal of developing a much better understanding of the molecule-electrode interfaces for a

broad variety of molecular wires, the present work has opened the way for the first time to rigorous

quantitative comparisons between theories of electron transport in molecular wires and experiment.

These comparisons are much needed in this field but have not been possible until now because the

molecule-electrode interface geometries were not known [1].

In my calculations, I used density functional theory to calculate molecular wire geometries

and vibrational modes, the extended Hückel model (based on the tight-binding approximation) for

the electronic properties, and the Green’s functions and the Lippmann-Schwinger formalism for

the total electron transmission through the extended molecule. By evaluating the elastic trans-

mission amplitudes through solving Eq. 3.17, 3.18, and 3.19 numerically, I calculated the zero

bias tunneling conductances for gold-PDT-gold molecular nanowires from the Landauer formula

g = g0 ∑i j |tel
ji ({0})|2v j/vi with g0 = 2e2/h. I relied on transport calculations only for qualitative

information since estimating the alignment of the molecular energy levels of molecular nanowires

relative to the Fermi energy of the electrodes [1] is difficult and this difficulty limits the accuracy.

However, I showed that my elastic tunneling conductances (at zero bias) for the gold-PDT-gold

molecular nanowires agreed well with the values measured by Hihath et al. [8], 0.006± 0.002g0.

Nevertheless, I discussed that the bonding geometry identification problem would not be solved

by just comparing the elastic conductance calculations with experiment. Therefore, I developed a

relatively new perturbative methodology for inelastic conductance calculations. This methodology

is based on the scattering amplitude for inelastic transmission of an electron through the molecular

wire being proportional to the change in the elastic amplitude for transmission through the wire if
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the atoms are displaced from their equilibrium positions as they are when vibrational mode α is

excited. I used the zero bias Fermi energy in my calculations since the values of the bias at which

the inelastic transmission occurs in the experiments of Hihath et al. [8] are low.

Using those methods, I calculated the relaxed geometries, vibrational normal modes, zero bias

conductances, and IETS of trans molecules in top, bridge and hollow conformations. I also studied

gauche PDT molecular junctions, pairs of PDT molecules in parallel geometries, and junctions in

which the molecule bonds to a gold electrode via a sulfur atom that retains its hydrogen atom. I also

extended my study to the longer alkane dithiolate molecules bridging Au clusters.

Although the gold clusters that represented the macroscopic electrodes in my calculations had

up to 14 gold atoms per cluster, this was sufficient for my calculated IETS to converge well with

increasing size of the gold clusters. I found the extended molecules with the sulfur atoms binding

to the gold clusters in bridge geometries to have the lowest energies and to be much more stable

than the hollow site geometries. I showed that the top bonding molecular geometries, which have

energies in between those of the bridge and hollow cases, were actually realized most often in the

experiment [8].

This thesis clearly illustrates that IETS is able to distinguish different interface geometries be-

tween the molecule and metal contacts in single-molecule molecular wires, an important and pre-

viously elusive goal in the field of single-molecule nanoelectronics. I have definitively identified

particular realizations of a gold-propanedithiolate-gold molecular wire in a recent experiment [8]

in which the molecule bonded to a single gold atom of each electrode. For example, other than

trans-PDT molecules in the top-site bonding geometry, there is no structure among the many that

I studied that has a phonon mode with a calculated phonon energy close to ∼46 meV and a strong

calculated IETS intensity. Thus I found trans-PDT in the top-site bonding geometry to be the only

structure consistent with the experimentally observed strong ∼46 meV IETS signature.

My results have shown that neither the gauche to trans transition nor the hollow-top to top-top

transition is a plausible alternative to the bridge-top to top-top transition of trans PDT that I have

identified as being responsible for the switching from the ∼42 meV phonon mode to the ∼46 meV

phonon mode that was observed experimentally in gold-PDT-gold molecular wires by Hihath et

al. [8].

At the same time, my results showed that PDT molecular wires with gauche conformations,

connecting gold electrodes have IETS that differ significantly from those with trans conformations.

Comparing my results with the inelastic transport data of Hihath et al. [8], I found that gauche
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conformations were at most rarely realized in their experiment. My results also suggests that hollow

site bonding conformations do not contribute significantly to the experiments of Hihath et al. [8].

The coupling between the molecules has only a weak effect in my calculations on the low

bias elastic and inelastic transport when a pair of PDT molecules is in a parallel geometry but the

two molecules are not extremely close together. It also turned out to be that very closely spaced

parallel molecular geometries are unstable for the larger gold clusters in my DFT calculations.

My results are consistent with the fact that low bias elastic conductance plateaus with roughly

twice the conductance of the lowest plateau (that corresponds to a single molecule bridging the two

electrodes) were observed by Hihath et al. [8].

I also studied junctions in which the molecule bonds to a gold electrode via a sulfur atom that

retains its hydrogen atom. Comparing my results for junctions of this type with no geometrical

constraints and the experimental inelastic tunneling data of Hihath et al. [8], I found no evidence of

conduction via a propanedithiol molecule retaining both of its thiol hydrogen atoms in their exper-

imental IETS histogram [8]. However, some weak features in the experimental inelastic tunneling

histogram [8] are consistent with the possibility of a small fraction of their junctions being bridged

by molecules with one sulfur atom retaining its hydrogen atom. At the same time, molecules in

gauche geometries and having no thiol hydrogen atoms may also be responsible for these spectral

features. I suggested further experimental studies with greater sensitivity to weak features of the

IETS to distinguish between these possibilities.

I also studied the evolution of the IETS spectrum as a gold STM tip approaches an intact S-H

group at one end of a propanedithiol(ate) molecule that is bonded to a second gold electrode via

a sulfur atom that has lost its thiol hydrogen atom. I predict the frequency of a vibrational mode

associated with torsional motion of the thiol hydrogen atom to increase by approximately a factor of

two as the STM tip approaches the molecule. Since I found this mode to have a moderately strong

intensity in the IETS spectrum, I proposed that this frequency shift be used to monitor the gold STM

tip and the thiol group separation in experiments. I propose that as the tip approaches the molecule,

the disappearance of this vibrational mode from the IETS spectrum and an increase in the energy

of the strongest IETS feature associated with vibrations of the sulfur by ∼4-5 meV as well as an

increase in its intensity can be used to detect the detachment of the thiol hydrogen atom from the

molecule.

I have also calculated the relaxed geometries, zero bias conductances, and IETS of linear alka-

nedithiolate molecules from ethane to octane bridging Au clusters to understand the effect of the
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alkane chain length on the transport properties of alkanedithiolate molecular junctions. I focused

here as well only on the vibrational modes that have the strongest amplitudes of vibration on sulfur

atoms and the strongest IETS intensities. Similarly to my study of PDT, I showed the potential

importance of IETS as a tool in molecular electronic studies of these larger systems.

I have not studied systems where the thiol H is not attached to S but attached to the neighboring

gold atoms instead. IETS experimental data for molecules bridging contacts in parallel, to my

knowledge, is not available at present and I left this study (of comparison between my theoretical

IETS calculations for pairs of molecules and the experiments that still need to be done) for future

studies. The IETS of systems in which the molecule bonds to Au leads directly through a C atom

of the alkane chain also remains an open problem. Such systems may or may not produce high

inelastic tunneling peaks in experiments.

I have demonstrated that IETS, combined with appropriate calculations, should be able to reveal

detailed, previously inaccessible information about the atomic scale structures of the molecule-metal

interfaces and thus resolve the long-standing “contact problem" of single-molecule nanoelectronics.

Therefore, I expect my findings to have a significant impact on the study of molecular wires bridging

macroscopic gold electrodes.



Appendix A

Normal Coordinates, Hessian Matrix,

and Frequencies

In this appendix, I will show how Gaussian’09 calculates and finds normal coordinates, the Hes-

sian matrix, and vibrational mode frequencies. For further information, the reader should refer to

Ref. [139] and [85].

In STM experiments (as seen in Fig 1.1), under an applied bias voltage, electrons are transmitted

through the molecule while crossing from one lead to the other lead. At the low temperatures, if

the transmission process is inelastic, electrons leave some of their energy on to the molecule. This

quantum of energy, E = hν, absorbed by the molecule causes the molecule to vibrate. That is, the

coordinates of atoms in the molecule oscillate sinusoidally. Such excitations are called ’molecular

vibrations’, where ν is frequency of the normal mode of vibration and h is the Planck’s constant.

In Newtonian mechanics, each vibration can be treated analogously to a vibrating spring. In

the harmonic approximation, the spring obeys Hooke’s law where the force applied to the spring is

proportional to the spring extension, F =− f Q . Combining Hooke’s law with the Newtons second

law of motion F = m d2Q
dt2 , I have the ordinary differential equation m d2Q

dt2 + f Q = 0. The equation

is a well-studied simple harmonic equation of motion and it has a solution of Q(t) = A cos(2πνt),

where ν = 1
2π

√
f
m . In simple cases, a reduced mass µ is used to ensure that the centre of mass of the

molecule is not affected by the vibration. For a diatomic molecule consisting of atoms A and B, the

reduced mass is 1
µ = 1

mA
+ 1

mB
.
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Let us now consider the kinetic energy of an N atom system

T =
1

2

N

∑
α=1

mα(ẋ2
α + ẏ2

α + ż2
α) , (A.1)

where mα is the mass of atom α, ẋα = d ∆xα

dt and the displacement is ∆xα = xα−aα. The displacement

is given in terms of equilibrium coordinates aα and distorted coordinates xα of αth atom.
When I define mass-weighted cartesian displacement coordinates as used in Gaussian’09 q1 =√

m1∆x1, q2 =
√

m1∆y1, q3 =
√

m1∆z1, q4 =
√

m2∆x2, etc., then Eq. (A.1) reads

T =
1

2

3N

∑
i=1

q̇2
i . (A.2)

The potential energy of such a system written as a power series is

V =V0 +V1 +V2 + . . . ,

=V0 +∑
in

V ′inqin +
1
2 ∑

i jnm
V ′′i jnmqinq jm + higher terms ,

=V0 +∑
in

[
∂V
∂qin

]
0

qin +
1
2 ∑

i jnm

[
∂2V

∂qin∂q jm

]
0

qinq jm + higher terms ,

=V0 + V ′(a) ·q +
1
2

q† ·V ′′(a) ·q +higher terms ,

≈V0 + V ′(a) ·q +
1
2

(
q1 q2 q3 . . .

)
V ′′11 V ′′12 V ′′13 . . .

V ′′21 V ′′22 V ′′23 . . .

V ′′31 V ′′32 V ′′33 . . .
...

...
...

. . .




q1

q2

q3
...

 .

(A.3)

In the harmonic approximation, the potential energy of the molecule is a quadratic function

of the normal coordinates and the force-constants are the second derivatives f = ∂2V
∂Q2 . The first

derivatives of the potential V with respect to displacement of the atoms in cartesian coordinates

(CART) are zero when the atoms are at equilibrium. That is, the vibrational analysis is valid only

when the first derivative is zero. Therefore, for a poly-atomic molecule, the harmonic potential is:

V (q1,q2,q3, . . .) =
1
2 f11q2

1 +
1
2 f12q1q2 +

1
2 f13q1q3 + · · ·+ 1

2 f21q2q1 +
1
2 f22q2

2 +
1
2 f23q2q3 + . . . .

Gaussian’09 begins with optimized geometries and generates the second partial derivatives (the

Hessian matrix), fi, j = fCART i, j =
(

∂2V
∂∆i∂∆ j

)
0
, where ∆i,∆ j are cartesian displacement coordinates.

After that, it converts the force constants to mass weighted cartesian coordinates (MWC), fMWC i, j =
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fCART i, j√mim j
=
(

∂2V
∂qi∂q j

)
0
.

In principle, the frequencies for the rotational and translational modes of a system as a whole

should be close to zero when the first derivatives are zero. Under that circumstance, negative(imaginary)

frequencies won’t occur and the eigenvectors of the secular equation that I will mention soon will

correspond to the normal modes. However, Gaussian’09 discards the eigenvectors first and calcu-

lates them again after separating the rotational and translational modes.

After diagonalizing fMWC i, j, it is possible to rewrite V in terms of mass-weighted coordinates

Q, Hermitian conjugate (complex conjugate of matrix transpose) of Q, and diagonalized fMWC i, j as

V (Q1,Q2,Q3, . . .) =
1
2

Q† FMWC Q . (A.4)

Now, the mass weighted cartesian coordinates Q are transformed into internal coordinates S = DQ,

where rotation and translation have been separated out [85].

If the transformation matrix D is composed of the eigenvectors L, then the procedure of trans-

forming the Hessian FMWC into internal coordinates and diagonalizing is as follows :

Q† FMWC Q = S† FINT S ,

Q† FMWC Q = Q† L† FINT L︸ ︷︷ ︸Q ,

Q† FMWC Q = Q†
Λ Q ,

(A.5)

where Λ is the diagonal matrix with eigenvalues λi.

The atoms in a molecule are bound by a potential energy surface (PES) (or a force field) which

is a function of 3N−6 coordinates (or 3N−5 for linear molecules). The position of a molecule in

3-D requires 3 degrees of freedom and the description of its orientation in space requires another 3

degrees of freedom. For non-linear PES, writing the quantum mechanical kinetic energy operator

for curvilinear coordinates is not a good idea because it is hard to formulate it for any molecule. So

Wilson [137] linearized the internal coordinates qt by assuming small displacements and denoted

by St . In Wilson’s GF method, G and F are symmetric(diagonal) matrices that obey it forms the
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secular equation

|F−G−1
λ|= 0 ,

|GF−GG−1
λ|= 0 ,

|GF−Eλ|= 0 ,

(A.6)

where F corresponds to FMWC, D is a diagonal matrix whose elements are the square roots of the

eigenvalues of G, DD−1 = G, E is the unit matrix, and GG−1 = E. Therefore, λn = 4π2ν2
n are the

eigenvalues corresponding the the observed frequencies.

Using the result in Eq. A.5, the diagonal entries (λn = 4π2ν2
n) of the diagonalized FINT are the

eigenvalues of FMWC and the columns of the transformation matrix L are the eigenvectors of FMWC.

Finally, the transformed S are called the normal modes.

Gaussian’09 converts the frequencies νi into wavenumbers ν̃i, where λi = 4π2ν2
i = 4π2ν̃2

i c2, and

prints ν̃i =
√

λi
4π2c2 in the output file, in terms of reciprocal centimeters (cm−1).

In quantum mechanics, the energy states for each normal coordinates are given by the solution

of a Schrödinger wave equation, and En = (n+ 1
2)h̄
√

f
m where n = 0,1,2 . . . are the energy quantum

numbers. Therefore ∆En = En+1−En corresponds to the absorbed energy by the molecule causing

the molecule to vibrate during the transmission process and equal to hν, where ν is the vibrational

frequency derived using classical mechanics. To find out more about how the vibrational frequencies

are calculated in Gaussian’09, see Ref. [85].



Appendix B

Normalization of Gaussian Outputs

Eq. (4.3) is used to calculate the atomic position coordinate operators. The coefficients dnα in Eq.

(4.9) represent the displacements from their equilibrium positions of the atoms n of the extended

molecule in normal mode α are output in log files of Gaussian for every frequency of mode α.

Here I check that the outputs of Gaussian are mass-weighted and, therefore, are normalized; i.e.

∑in mnd∗inα′dinα = δα′,α.

The quantities that Gaussian outputs as distortions of normal coordinates and the coefficients

dnα that appear in the theory presented in Ch. 4 are related by (dGaussian)in = dG
in =
√

mndin, where

i is the coordinate and n is the atom, and mn is the mass of atom n. That is, dG
x1 =

√
m1dx1,

dG
y1 =
√

m1dy1, dG
z1 =
√

m1dz1, dG
x2 =
√

m2dx2, etc.

Therefore, the normalization condition reduces to ∑in dG∗
inα′d

G
inα

= δα′,α. Explicitly it is ∑
in

dG∗
x1 dG

x1+

dG∗
y1 dG

y1 + dG∗
z1 dG

z1 + dG∗
x2 dG

x2 + · · · = 1. Here are examples of the distortion normalization checks for

various frequencies of one of my Gaussian relaxed structures:
Frequency (cm−1) ∑in

1 0.99999704590

5 1.00000157650

15 1.00000295650

40 1.00000588980

85 0.99999445540

112 0.99999834630

162 0.99999700800

Frequency (cm−1) ∑in

266 0.99999663310

405 0.99999920560

650 1.00000235200

1296 1.00000175520

1500 1.00000232760

3079 0.99999247830

3165 1.00000032930
This clarifies that Gaussian normalizes the mass-weighted distortion coordinates before output.
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Appendix C

The PDT Molecule Bonded to Au

Clusters, Their Elastic Conductances,

Mode I Frequencies, and IETS

Intensities

This appendix consists of some of the relaxed structures of the PDT molecule bonded to gold clus-

ters in different ways and the calculated zero bias conductances of these molecular wires in such

geometries for different numbers of gold atoms, and the phonon energies and IETS intensities of

mode-I.
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Table C.1: Computational results (using the functional B3PW91) for examples of relaxed structures
of the PDT molecule bonded to gold clusters (up to 14 gold atom for each cluster) in different
ways [112]: Total energies, zero bias conductances, and phonon energies and IETS intensities of
mode-I. T:Top site bonding, B:Bridge site bonding, and H:Hollow site bonding of a molecule to
a gold clusters. TT and BB indicate two molecules connecting the gold clusters in parallel and
bonding in top and bridge geometries, respectively. Gauche1: A part of the molecule is rotated by
60◦ about a C-C or C-S bound. Gauche2: Parts of the molecule are rotated by 60◦ about two C-C or
C-S bonds. Numbers in the configuration column indicate the numbers of atoms in the gold clusters.
Notice that the low bias conductance decreases with increasing numbers of gauche bonds for similar
bonding geometries, consistent with previous theories for longer molecular wires [75, 115]. The
lower case ‘h’ in black represents a thiol-hydrogen atom.

Configuration Total Energy
( eV )

Low Bias
.Conductancea

........(g0)

Phonon
Energy

of Mode-I
( meV )

IETS
Intensity
of Mode-I
(10−6g0)

14T–T14 Trans -107036.54c 0.0013 44.88 10.03
14TT–TT14 Trans -110796.77 0.0029

.
44.88
45.13

.
11.06
11.49

14B–B14 Trans -107037.02d 0.0016 40.05 15.97
14BB–BB14 Trans -118176.59 0.0031

.
39.67
40.67

.
09.76
16.19

14B–T14 Trans -107037.16e 0.0016 42.03 9.54
13H–H13 Transb - 99659.24 0.0095 42.40 34.02
13H–T13 Transb - 99659.35 0.0029 43.52 11.74
14B–B14 Gauche1 -107037.91 0.00133 39.06 13.44
14B–B14 Gauche2 -107038.03 0.00071 36.58 104.97
14T–T14 Gauche1 -107035.36 0.00034 38.44 1.80
14T–T14 Gauche2 -107036.68 0.00007 36.58 1.54
14T–hT14 Trans -107052.88 0.0017 40.17 4.04
14Th-hT14 Trans -107068.76 0.0021 36.7 6.20
14TT-hhTT14 Trans -110828.96 0.0019

.
36.08
40.67

.
1.61
3.02

14TThh-hhTT14 Trans -110860.70 0.0041
.
36.95
36.20

.
9.04
6.99

aExperimental conductance value of Hihath et al. is about 0.006 g0 ±0.002 [8]
bNote: For the hollow-hollow and hollow-top examples, the number of gold atoms in each cluster is 13 whereas in all

other cases it is 14.
cThis value was recalculated by using PBE1PBE functional and found to be -106968.97 eV.
dThis value was recalculated by using PBE1PBE functional and found to be -106969.75 eV.
eThis value was recalculated by using PBE1PBE functional and found to be -106969.82 eV.



Appendix D

Extended-Hückel Theory

The Extended-Hückel method is a semiempirical quantum chemistry method for determining the

molecular orbitals [88]. Without including the electron-electron repulsion explicitly, in this method

the electronic interactions are calculated and the total energy is given as a sum of terms for each

electron in the molecule [88].

In extended Hückel theory, a small set of Slater type atomic valence orbitals |Ψiα〉 is chosen as

the basis where i is the atomic orbital of atom α. The diagonal elements of the extended Hückel

Hamiltonian HEH are the experimentally determined negative valence orbital ionization energies,

〈Ψiα|HEH|Ψiα〉= HEH
iα;iα = εiα.

The off-diagonal Hamiltonian matrix elements are given by HEH
iα;i′α′ = Siα;i′α′K

εiα+εi′α′
2 , where

Siα;i′α′ = 〈Ψiα|Ψi′α′〉 are the orbital overlaps. This is an approximation due to Wolfsberg and

Helmholz that relates them to the diagonal elements and the overlap matrix element [91]. K is

an empirically chosen molecular electronic structure factor, the Wolfsberg-Helmholtz constant. In

my calculations [90], K = 1.75+∆2
iα;i′α′−0.75∆4

iα;i′α′ and ∆iα;i′α′ = (εiα− εi′α′)/(εiα + εi′α′) as was

proposed in Ref. [89].

In the extended Hückel method, only valence electrons are considered; the core electron ener-

gies and functions are supposed to be more or less constant between atoms of the same type. The

method uses a series of parametrized (as described above) energies calculated from atomic ion-

ization potentials or theoretical methods to fill the diagonal of the Fock matrix. After filling the

non-diagonal elements and diagonalizing the resulting Fock matrix, the energies (eigenvalues) and

wavefunctions (eigenvectors) of the valence orbitals are found.

To solve the Lippmann-Schwinger equation, I calculate electronic structures within extended
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Hückel theory using the YAEHMOP (Yet Another extended Hückel Molecular Orbital Package),

that implements the parameterization of extended Hückel theory given by Ammeter et al. [90].

Thus I calculate the low bias conductances for the ab initio extended molecule geometries obtained

as described in Section 3 using the semi-empirical extended Hückel model with the parameters of

Ammeter et al. [90] to estimate the electronic structures for these geometries. The basis states are

not orthogonal, and I follow the orhogonalization method that was suggested earlier by Emberly et

al. [110].



Appendix E

The Orthogonalization Process

In the linear combination of atomic orbitals method (LCAO) [110], |Ψ〉= ∑ j Ψ j| j〉 where | j〉 spans

all atomic orbitals of all atoms in the system. Then the Schrödinger equation (in the tight-binding

approximation) reads

H|Ψ〉=E|Ψ〉 ,

H ∑
j

Ψ j| j〉=E ∑
j

Ψ j| j〉 ,

〈i|H ∑
j

Ψ j| j〉=〈i|E ∑
j

Ψ j| j〉 ,

∑
j

Hi, jΨ j =E ∑
j

Si, jΨ j −E ∑
j

Ψ jδi, j +E ∑
j

Ψ jδi, j ,

∑
j

Hi, jΨ j =∑
j

E(Si, j−δi, j)Ψ j +E ∑
j

Ψ jδi, j ,

∑
j
(Hi, j−E(Si, j−δi, j)) Ψ j =E Ψi ,

∑
j

HE
i, j Ψ j =E Ψi ,

where HE
i, j = Hi, j−E(Si, j− δi, j). Now the basis 〈i| and | j〉 are effectively orthogonalized. That

is, from now on they can be treated as if they were orthogonal to each-other. For more details see

Ref [110].
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Appendix F

Keywords in Gaussian

• Gaussian’09 [84] is a numerical quantum chemistry package and density functional the-

ory [78, 79] is implemented in it.

• For optimizing the geometries and calculating normal modes I use the following:

#N B3PW91/Lanl2DZ Opt(CalcFC,MaxCycle=50) SCF(tight,Maxcyc=1256,Vshift=1)

Freq(HPMode) Test

• N requests normal (traditional) Gaussian output.

• B3PW91 is the functional that I used throughout my work, formulated as [136]:

B3PW91 = 0.2 HF-Exchange + 0.8 SlaterXFunctional + 0.72 Becke88XFunctional +

0.19 PW91CFunctional + 0.81 PW92LCFunctional.

• PBE0 (PBE1PBE) is another hybrid functional that was suggested by Perdew et al. [80, 81]

that I used for comparison.

• Lanl2DZ (Los Alamos National Laboratory 2-double-z) a quasi-relativistic pseudo-potential

and basis set that I employed throughout of my thesis. It is known to be a good choice for

systems containing heavy atoms like Au.

• opt=calcFC is to calculate the Hessian matrix explicitly once at the beginning of optimization.

• opt=calcALL is to calculate the Hessian matrix explicitly after each optimization step is taken.

In rare cases, the Hessian matrix changes considerably between optimization steps. Then the

matrix has to be recomputed each time.
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• MaxCycles=N sets the maximum number of optimization steps to N. The default is the max-

imum of 20.

• SCF is Self-Consistent Field method. The default SCF procedure uses a combination of two

Direct Inversion in the Iterative Subspace (DIIS) extrapolation methods: EDIIS and CDIIS,

with no damping or Fermi broadening. In Gaussian 09, SCF=Tight is the default. EDIIS

uses energies for extrapolation, and it dominates the early iterations of the SCF convergence

process. CDIIS, which performs extrapolation based on the commutators of the Fock and

density matrices, handles the latter phases of SCF convergence.

• Freq computes force constants and the resulting vibrational frequencies.

• HPMode includes the high precision format (to five figures) vibrational frequency eigenvec-

tors in the frequency output in addition to the normal three-figure output.

For more Gaussian’09 Keywords, see [86].



Appendix G

Running Gaussian Relaxations

• Starting Geometries: I started from trial geometries that resemble top, bridge, or hollow

structures for trans or gauche configurations to get to a reasonable candidate structure for a

local minimum of the energy. An example input file is discussed below. The command line

for the input file is

#N B3PW91/Lanl2DZ Opt(MaxCycle=30,Cartesian,gdiis) Test

I monitored the relaxation by examining the successive structures being generated by Gaus-

sian during its iterative search for the local energy minimum and made adjustments to the

structures when necessary to avoid crashes of the search procedure and to keep the process

on track to obtain a final structure of the desired type. This process depended on the config-

uration that I studied. In case of hollow-hollow structure about a hundred adjustments of the

trial geometries were needed. For other structures, i.e. top-top, bridge-bridge, this number

was about fifty.

The following output coordinates (in Angstrom units) specify the trans-top-top bridging struc-

ture of BDT molecule in the junction, copied from the final run, and correspond to the relaxed

geometry of the structure.

x y z

Au -11.012164 -1.902859 -1.717456

Au -9.583234 0.501946 -1.728826

Au -9.430865 3.278626 -1.417210

Au -9.508288 1.846734 0.866129
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Au -10.838171 0.638833 2.911643

Au -10.290925 -0.917362 0.699032

Au -8.211650 -1.792831 -1.058908

Au -5.900908 -3.337097 -1.039098

Au -6.560815 -2.026053 1.298708

Au -8.194040 -0.221134 2.454485

Au -7.201712 1.637050 -0.917378

Au -5.658819 -0.593175 -1.253251

Au -5.801372 0.654836 1.364961

Au -4.408996 1.832972 -0.719161

S -2.590782 3.385780 -0.925892

C -1.062636 2.342568 -0.479640

H -1.050275 1.459175 -1.125116

H -1.163155 2.027253 0.563764

C 0.207007 3.185023 -0.677016

H 0.264997 3.533923 -1.715458

H 0.165160 4.074609 -0.035945

H 1.542144 1.492973 -1.006024

H 1.428210 2.010191 0.698400

C 1.456227 2.356430 -0.339579

S 3.009185 3.434486 -0.555618

Au 4.811107 1.889769 -0.260732

Au 7.630829 1.591145 -0.251638

Au 6.011314 0.131536 1.486855

Au 5.965597 -0.380888 -1.311214

Au 6.212060 -2.993252 -2.124787

Au 6.821498 -2.537626 0.510185

Au 6.303867 -2.032037 3.154527

Au 8.639507 -1.009909 1.941282

Au 8.579469 -1.620055 -1.429804

Au 9.870052 2.205415 -1.793981

Au 9.923212 2.693591 0.891215
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Au 10.763143 0.634188 2.623950

Au 10.256306 -0.001601 -0.012402

Au 10.668617 -0.335653 -2.720266

• Gaussian Convergence Criteria: The convergence criteria are in terms of residual forces

and displacements at the final iterative step. An example of the satisfied convergence check

for a trans-top-top bridging structure of a BDT molecular junction is given below.

Item Value Threshold Converged?

Maximum Force 0.000000 0.000450 YES

RMS Force 0.000000 0.000300 YES

Maximum Displacement 0.000186 0.001800 YES

RMS Displacement 0.000031 0.001200 YES

• Choosing Between Similar Structures : In some cases, I obtained similar but somewhat

different geometries and I chose the one with the lowest energy. To compare the minimum

energies of these structures, I simply searched for SCF (Self-Consistent Field) in the output

file of Gaussian’09, that is printed in Hartree units. An example of an SCF energy output for

the trans-top-top bridging structure of a BDT molecular junction is given below.

SCF Done: E(RB3PW91) = -3933.51899892 A.U. after 4 cycles

Convg = 0.5129D-08 -V/T = 3.9551

QCSCF skips out because SCF is already converged.

• Frequency Calculations: After relaxation I calculated the normal modes and frequencies

for the relaxed structures. Below is a sample input command line for starting the mode and

frequency jobs right after the relaxation process.

#N B3PW91/Lanl2DZ Opt(MaxCycle=30,Cartesian,gdiis) Freq Test

• Negative Frequencies: At the end of this proses the frequencies should be all positive and I

needed to check for any negative (imaginary) frequencies in the output file. Having negative

frequencies in the output file simply indicates that the structure is not fully relaxed (i.e. the

first derivatives of the energy are not zero). Therefore, multiple relaxations were often needed

to resolve this issue.
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