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Chapter 1

Introduction

"Molecular electronics’ is an interdisciplinary field, reaching into chemistry,
physics, and electrical engineering, with the ambitious goal to replace or
complement silicon semiconductor electronics with devices based on single
or few molecules. While there is a natural limit to the progressing minia-
turization of semiconductor components (top-down approach), molecules of
different size and functionality are synthesized on an atomic level (bottom-up
approach). By means of organic synthesis it is possible to tailor molecules in
such a way that specific electronic, mechanical, and optical properties are ob-
tained. Based on nano-scale molecular electronic devices it could be possible
to build smaller, faster, and cheaper computers. Besides possible practical
applications, scientists are naturally interested in the fundamental quantum
processes that govern electron transport on the molecular scale.

Historically, the hour of birth of molecular electronics devices was a the-
oretical paper [1] that appeared in 1974, in which the authors devised a
rectifier based on a single organic molecule. This molecule consisted of two
electronic 7m-systems, which played the role of donor and acceptor and were
separated by an aliphatic bridge. Since then, a growing number of scientists
has investigated the conductance properties of molecules using various the-
oretical techniques [2]. The first experimental single molecule junction was
realized in 1997 [3].

From a chemist’s point of view, ‘'molecular conductance’ can be considered
as the continuation of concepts well known from theoretical and experimental
studies of charge transfer in donor-bridge-acceptor systems [4]. The major
difference is the fact that in molecular junctions donor and acceptor states
are no longer localized on some part of the molecule, but delocalized in
metal electrodes, while the actual molecule forms the bridge. Therefore, in
the context of molecular conductance, the term charge transport rather than
charge transfer is used.
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Figure 1.1: Energy level scheme of a molecular junction at equilibrium.

To discuss the basic mechanism of charge transport through single
molecules, Fig.1.1 shows the energy level scheme of a molecular junction.
The left and right metal electrodes are characterized by their chemical po-
tentials, py, and pg, and their Fermi distributions. The electrodes are chem-
ically bound to a molecule, which is described by discrete electronic states
that couple to the continuum of electronic states in the metallic electrodes.
If no bias voltage is applied to the junction, the two electrodes are in equi-
librium and their chemical potentials are equal to each other and to the
Fermi energy €. In this situation, the occupied molecular levels are located
below the Fermi level, whereas the unoccupied molecular states are located
above. Fig. 1.1 shows the situation at temperature T=0K, where the Fermi
distribution corresponds to a step function.

If a (direct) voltage U is applied, the chemical potentials of the electrodes
are shifted to p = ¢ —eU/2 and up = €; + eU/2, where e is the electron
charge (1.6-107' C), and where we assumed that the voltage drops symmet-
rically at both molecule-electrode interfaces. In principal, also the molecular
states will be shifted by the applied bias voltage (Stark effect) and they could
be manipulated by an additional gate electrode.

At low voltages, carrier transport is possible only through direct tunneling
between left and right electrode. Because of its low current, this region is
referred to as the conductance gap. Resonant carrier transport starts as soon
as the chemical potential of one electrode equals the energy of the highest
occupied molecular orbital (HOMO) (Fig. 1.2 left) or the lowest unoccupied
molecular orbital (LUMO) (Fig. 1.2 right). While in the first case a hole
tunnels from the left electrode via the HOMO of the molecule to the right
electrode, in the second case an electron tunnels from the right electrode via
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Figure 1.2: Energy level scheme of a molecular junction under finite bias.
In the left panel the situation corresponding to hole transport through the
HOMO is depicted, while the right panel shows the situation corresponding
to electron transport through the LUMO.

the LUMO to the left electrode.

The main focus of this thesis is on the investigation of the influence of the
vibrational (nuclear) degrees of freedom of the molecule on the conductance
properties of the junction. The mechanism of electronic transitions that are
accompanied by a change of the vibrational state of the molecule is illustrated
in Fig.1.3. The left panel in Fig. 1.3 shows a situation, where the chemical
potential of the left electrode is larger than the energy of the vibrational
ground state. In this case an electron on the molecule can tunnel into the
left electrode (black arrow) only by absorption of vibrational quanta (red
arrow). This process is called vibrationally induced transport and can take
place only if the molecule is in a vibrationally excited state. The right panel
in Fig. 1.3 describes a situation, where the chemical potential of the left
electrode is smaller than the energy of the vibrational ground state. In this
case an electron can tunnel from the HOMO by releasing its excess energy
into vibrational motion.

Vibronic effects in single molecule conductance have been of great interest
recently. The current-induced excitation of the vibrations of the molecule
may result in heating of the molecular bridge and could lead to breaking
of the junction, if too much energy is deposited in the vibration of a bond
that is important for the junction’s stability. Conformational changes of the
geometry of the conducting molecule are possible mechanisms for negative
differential resistance (NDR) and switching behavior, properties which are
both of technological interest. Furthermore, the observation of vibrational



left electrode molecule right electrode left electrode molecule right electrode

He
+eU/2
+eU/24 e I

Av=+2
- Av=+1

Av=0 / M

energy
™

™
™

Figure 1.3: Energy level scheme of a molecular junction under finite bias.
Transport occurs through the HOMO, which is allowed to interact with vi-
brations. The bold line indicates the position of the vibrational ground state
of the molecule. In the left panel, an electron on the HOMO needs to absorb
the energy of two vibrational quanta (red arrow, Av = +2) before tunneling
into the left electrode (black arrow). In the right panel, an electron on the
HOMO excites two vibrational quanta (red arrow, Av = —2) before tunnel-
ing into the right electrode (black arrow). The holes on the molecule are
refilled by electrons from the right electrode (gray arrows).

structures in conduction measurements allows the unambiguous identification
of the molecular character of the current.

This thesis is organized in the following way: Chapter 2 gives a short re-
view of experimental and theoretical methods employed in the investigation
of molecular junctions. In Chapter 3, we outline the Hamiltonian of a molecu-
lar junction and describe the methodology used to determine the parameters
including quantum chemical methods and a projection procedure. Chapter 4
presents general aspects of the description of electron and hole transport
through metal-molecule-metal (MMM )-junctions based on scattering theory.
Furthermore, results for various model systems will be discussed. In Chap-
ter 5, electron and hole transport in molecular junctions will be described
within density matrix theory. Results based on density matrix calculations
will be compared to those obtained by scattering theory calculations. An
example of a molecular switch is presented in Chapter 6. Finally, Chapter 7
concludes with a summary of the thesis.



Chapter 2

A Survey of Experimental and
Theoretical Techniques

2.1 Experimental Methods

There are various techniques which allow to measure the charge flow through
a single or a small number of molecules [5]. The molecular systems, which
have been studied in recent years, range from small metallic chains to inor-
ganic molecules like Hy or CO, from organic molecules like benzenedithiol to
carbon nanotubes or fullerenes, and to biochemical molecules like DNA. In
small metallic chains the conductance could be shown experimentally [6] to
be quantized, with the quantum unit of conductance being

go=2€*/h = (129kQ)~" | (2.1)

as was predicted theoretically [7], where h is Planck’s constant (6.6-1073% J-s).
A conductance of gy constitutes an upper limit for conductance that is usually
not reached by single molecule junctions.

The experimental method, which is most closely related to the molecu-
lar junctions simulated in this work is the 'mechanically controllable break-
junction technique’ [8]. In this technique a notched wire is glued to a piezo-
electrically controlled bendable substrate. By bending, this wire is broken
and gaps with widths of a few nanometers are formed, on which a droplet of a
solution containing the molecule of interest is applied or which is exposed to
gas. The solution is highly diluted in order to prevent clustering. As with-
out molecules conductance quantization could be observed, the electrodes
are assumed to be atomically sharp tips. The junction can be repeatedly
opened and closed until only a single molecule is bound to the electrodes.
One of the advantages of this technique is that it can be used at atmospheric



pressure, while the lack of knowledge about the atomic configuration of the
molecule-electrode contact constitutes a disadvantage.

The break-junction method was used in the measurement of Hy, HD, and
Dy between platinum electrodes [9], where abrupt changes in conductance
were assigned to switching between two slightly different local geometrical
configurations, induced by the transverse motion of the molecule. Observ-
ing the shift in the frequencies on stretching of the platinum contact, the
molecular modes could be classified as longitudinal or transversal [10]. The
conductance of Hy is slightly below gy (~ 0.9 gy) and was theoretically demon-
strated to be due to a strong hybridization of the anti-bonding state of Hy
with d- and s-like orbitals of the adjacent platinum atoms [11].

An early break-junction experiment was conducted by Reed and cowork-
ers [12] using benzenedithiol as the molecule under study. Later it was crit-
icized that probably not a single but several molecules were measured, an
argument that is supported by the fact that, up to now, the results of this
measurement, especially at larger voltages (~5 V), have not been reproduced.
Nevertheless, this experiment was the first of its kind and constitutes a break-
through in the realization of molecular junctions.

Other experiments [13] on more complex organic molecules demonstrated
that unsymmetric molecules may lead to unsymmetric current-voltage char-
acteristics, demonstrating the realization of molecular rectifiers. It was also
shown that different [-V characteristics can be obtained using one and the
same junction, because of fluctuating metal-molecule contact-geometries.

Another important technique to investigate conductance in molecular
junctions is inelastic electron tunneling spectroscopy (IETS), an experiment
that is conducted in a scanning tunneling microscope (STM). STM has the
advantage that the molecular geometry can be determined on an atomic level,
but has the drawback that measurements can be done in high vacuum only.
In a STM the molecule is contacted on one side by the surface on which it
adsorbs and on the other side by the STM-tip. It is obvious that with this
assembly the MMM-junction is unsymmetric regardless of the symmetry of
the molecule. In IETS, features of vibrational motion are mostly observed
in the electronic off-resonant regime.

Using this technique, the influence of vibrations on the molecular con-
ductance of copper phtalocyanin was investigated [14]. It was found that
vibrational features can be observed, if the coupling of the molecular adsor-
bate to the metal surface is comparatively small. The vibrational motion
observed in this experiment was associated with the deformation of the ph-
talocyanin ring and the out-of-plane motion of the indole-units.

In another STM experiment [15] up to 4 progressions of a vibronic (vibra-



tional-electronic) transition were seen. Furthermore, the dependence of the
vibronic coupling on the spatial position of the STM-tip was demonstrated.

The conductance of a single molecule can also be measured if this molecule
is embedded in a self-assembled monolayer of insulating molecules, which do
not interact with the molecule under investigation [16].

A related technique is conducting atomic force microscopy, which usually
has a lower spatial resolution than STM, but allows the study of electro-
mechanical properties of the molecular junction. Using this technique it was
found, that molecular junctions, in which the molecule is bound to the gold
substrate via thiol groups, break in the Au-Au bond [17] and not inside the
molecule, when pulling the tip away from the surface.

Another realization of molecular junctions can be achieved by growing a
thin gold wire on a SiOs-layer using electron-beam lithography. The wire is
coated with the molecules under investigation and is broken by electromi-
gration until a gap of a length of a few nm results [18]. Disadvantages of
this method are the facts that the contact geometry and the actual num-
ber of molecules between the electrodes is unknown, as well as the relatively
low fabrication yield. In order to increase the probability with which single-
molecule devices are fabricated, a method was developed that is based on
synthesizing a dimer structure consisting of two colloidal gold particles con-
nected by a dithiolated short organic molecule and electrostatically trapping
it between two metal electrodes [19].

Using electron-beam lithography it is also possible to add a gate electrode
and build molecular transistors [20, 18, 21]. The majority of experimental
work, however, did not employ these electronically relevant three-terminal
devices but two-terminal devices, which are easier to fabricate.

Still a great challenge is the simultaneous investigation of the electronic
and optical properties of molecular junctions. When irradiating molecular
junctions with light in the visible spectrum, the electronic properties may
be altered by a light-induced conformational change of the molecule. On
the other hand, light emission could be stimulated by the electronic current
[22]. A slightly different realization of this idea is described in Ref.[23],
where an electron is photo-excited in the STM-tip with green laser light and
subsequently transferred onto the unoccupied orbitals of the molecule.

2.2 Theoretical Methods

The theoretical methods to describe quantum transport through a MMM-
junction in the presence of vibronic coupling can be classified into three



groups: scattering theory, density matrix approaches, and methods based on
many-body techniques [24]. As scattering theory and density matrix meth-
ods will be discussed in detail in the respective chapters of this thesis, this
section is intended to give an overview of the third group of theoretical meth-
ods, among which the non-equilibrium Green’s function (NEGF) transport
formalism is most important.

The non-equilibrium stationary current is defined by the temporal change
of the charge in the left or right electrode in the steady state limit,

I=e lim dimL/R(t», Nip(t) =2 > cht)en(t) . (2.2)

t—oo dt
keL/R

Here (N(t)) is the expectation value of the number operator, ¢l (cx) are
electron creation (annihilation) operators, and the factor 2 accounts for spin
degeneracy.

In the non-equilibrium (or Keldysh-) Green’s function formalism [25], the
current (Eq. (2.2)) is expressed in the form

2e
1= W dE tr{¥~G~ - ¥"G<} ,
where < and X~ denote the lesser and greater self-energies, and G< and
G~ are the lesser and greater Green’s functions, respectively, which are all
functions of energy and voltage. The matrix elements of these Green’s func-
tions are given by the following Fourier transforms of electron correlation
functions,
i

G5m) = & [ae ooy

GH(E) = % / d(t —t)e DM ey ()l (X)) |

where in the steady-state limit the integrand only depends on the time-
difference t —t'. The correlation function (c;r-(t’ )ci(t)) describes events where
first an electron is annihilated in molecular state ¢ at time ¢ and then an-
other electron is created in molecular state j at time t’, while the function
<ci(t)c§ (t')) describes a situation where first an electron is created in state j
at time ¢’ and then another electron is annihilated in state 7 at time ¢. Thus,
the Green’s functions G< and G~ describe particles or holes that enter and
leave the molecule.

The lesser and greater Green’s functions and self-energies are related to
each other via a kinetic (Keldysh) equation,

G< =GiE<G4 and G~ =GP Gh,

10



where G4 and G are the advanced and retarded Green’s functions, respec-
tively. In contrast to the lesser and greater Green’s functions, G*¥ describes
the dynamics of the particles on the molecule and is given by
G = [BY —H 5" = lim [(E+inl—Hy -2,
n—
where 1 is the unit operator, Hj; is the Hamiltonian of the molecule, ¥ is
the retarded self-energy, and G4 = (G®)T.

The lesser /greater and retarded /advanced self-energies may include com-
ponents due to the interactions of the molecule with the electrodes, due to
electron-electron interactions on the molecule, and due to vibronic interac-
tions on the molecule. It is the complexity of the latter two interactions,
which restricts the NEGF method to small approximate models. For exam-
ple, vibronic coupling has so far only been treated in the Born-approximation
or the self-consistent Born approximation (SCBA). In the self-consistent ap-
proach, the self-energies themselves depend on the lesser/greater Green'’s
function and a self-consisted cycle has to be solved until convergence is
reached.

Despite these limitations, the NEGF formalism is attractive because it
describes the non-equilibrium dynamics of the electronic and vibrational sys-
tem simultaneously.

In the absence of electron-electron and vibronic interactions both the
NEGF and the scattering formalism (discussed in Chapter 4) yield the same
expression for the current,

=2

dE tr {TG'TrG"} [fr(E) — fr(E)] , (2.3)
where I';, and I'g give the coupling strength between molecule and left or

right electrode, respectively. In Eq. (2.3) the current is expressed in terms of
the transmission function [7] T'(E) = tr {',G*T zG"}.

The NEGF transport formalism has been used by numerous groups to
study the influence of vibrational motion in molecular junctions. In Ref. [26]
the current as well as the power loss and heat production in a molecular
junction were investigated. Thereby, the molecule was described by a generic
model comprising a single or two electronic states coupled to a single mode.
The authors also studied the lineshape and linewidth of vibrational features
in inelastic electron tunneling spectroscopy, where peaks occur in the low-
voltage region if the voltage is in resonance with a vibrational transition in
the molecule. They found, that the coupling of conducting electrons of the
electrodes to nuclear motion of the molecular bridge contributes substantially
to the features in the IETS curve.

11



The same authors developed an approximate, self-consistent procedure for
transport in the resonant regime in the case where vibronic coupling is large
compared to the electronic coupling between molecule and electrodes|27].
In this approach the Green’s functions are derived in second order of the
electrode-molecule coupling.

The NEGF-SCBA formalism was also used to investigate the incoherent
component of the off-resonant tunneling current and the power dissipated
on the molecule for octanedithiol clamped between two gold clusters [28].
The parameters in this study were taken from a DFT parameterized tight-
binding (DFTB) calculation and it was found, that C-C stretch modes give
the largest contribution to both current and power dissipation. Using NEGF
also the IETS spectrum of the fullerene Cy [29] and the I-V characteristics
of benzenedithiol [30] were calculated.

The IETS-spectra for three different organic compounds were computed
using the NEGF formalism in the lowest order expansion in the vibronic
coupling [31]. These spectra agreed very well in peak position and peak width
with experimental data [32], but overestimated the peak height. The same
authors extended their approach to include the SCBA [33], which, except for
the linewidth, described experimental data of gold atmoic wires very well.
For these systems results based on the lowest order expansion and the SCBA
were in good agreement. They also observed that vibronic coupling seems
to lower the IETS-signal for high-conductance systems such as gold wires,
while it seems to increase the signal for low-conductance systems like organic
molecules.

Other techniques to describe inelastic quantum transport at the molecu-
lar scale include path-integral methods (e.g. Ref.[34]) and numerical renor-
malization group methods (e.g. Ref.[35]). The path integral method is a
non-perturbative approach that is capable of describing the transient as well
as the steady-state regime, but it is computationally demanding. The nu-
merical renormalization group method was used to describe transport in the
linear response regime including electron-electron and electron-vibrational
interactions.

12



Chapter 3

Modelling of Molecular
Junctions

In this chapter we will derive and discuss the Hamiltonian that is used to
describe a MMM-junction. To this end, the MMM-junction is partitioned
into several parts, which will be treated by different quantum chemistry
methods. We will describe how we employ density functional theory (DFT)
to derive the parameters of the Hamiltonian.

3.1 Hamiltonian of the Molecular Junction
The Hamiltonian of an MMM-junction is given by the general expression,

H=T,+Vu+ H(R) . (3.1)
Here, T,, denotes the kinetic energy of the nuclei,

P2

Tn = )
- 2M,

where p, is the momentum and M, is the mass of nucleus a. The nuclear
repulsion energy is given by,

where Z, is the atomic number and R, denotes the Cartesian coordinates of
the position of nucleus a. The electronic Hamiltonian, H,, depends on the
nuclear coordinates R via the nuclei-electron Coulomb attraction.

13



If no bias voltage is applied, the junction is in its electronic ground state.
Employing an effective one particle description, the ground state is given by
Tig
a single Slater determinant, |U,) = HCHO), where the operator ¢ creates

i=1
an electron in the single particle state (molecular orbital) labeled by i, the
product is taken over all electrons in the neutral junction, |0) denotes the
vacuum state, and n, is the number of electrons in the ground state. The
electron operators were not labeled by their spin projections, as spin will not
be treated explicitly in this work. |W¥,) is an approximate solution of the

electronic Schrédinger equation,
He(R)‘\IJg> = Eg(R)|‘IJg>

with eigenenergy E,(R), which parametrically depends on the nuclear coor-
dinates. The energy E,(R) + Vj,, represents the adiabatic potential energy
surface of the electronic ground state, which will serve as a reference state in
the following.

If an external voltage is applied to the MMM-junction, electrons (or holes)
are transferred to/from the junction and the electron number, n,, will change.
Within Koopmans’ theorem the energy of a cation is given by subtracting the
energies of the ionized single particle states from the energy of the neutral
ground state. The energy of an anion, on the other hand, is given by adding
the energies of the single particle states, that became occupied, to the energy
of the neutral ground state. An electronic Hamiltonian that can describe both
situations is given by [36],

H (R) = E,R) - Y ER)eicl + > Ej(R)cle; (3.2)

i€occ. J€unocc.

where the index 7 labels all orbitals that are occupied in the neutral reference
state, while the index j labels all orbitals that are unoccupied in the neutral
reference state, and the operator ¢; annihilates electrons in the single particle
state i. If the electronic spectrum of a molecular junction is such, that the
levels, which contribute to conduction, are all located far below or far above
the Fermi energy, the third or second term in Eq.(3.2) can be neglected,
respectively. In the latter case the current is dominated by electron transport
(e. t.), while in the former case hole transport (h. t.) prevails. The electronic
Hamiltonian thus reduces to

H(R) = E,R)+ Y ER)le; (et), (3.3a)
H(R) = E,R)— ) Ej(R)cjc} (h. t.) . (3.3b)

14



As will be discussed in more detail in the next section, the second term in
Egs. (3.3) will be split into three terms, describing the molecule, the left and
right electrode, and the electronic coupling between molecule and electrodes,

H(R) = E,R)+ )Y EjR)cle;+ Y Eicfer+V (e t), (3.4a)

JjEM keL,R
H(R) = E,R)- Y EjR)cci— > Ewcf+V (b t), (3.4D)
jeM keL,R
V= Z Z (ijc;.ck —l—h.c.) .
JEM k€eL,R

Here, the indices j and k denote electrons that now are either localized on
the molecule, or on the left or right electrode. In Eqs. (3.4) it was assumed,
that the left and right electrode spaces do not interact with each other, and
neither the energies of the electrode states nor the coupling elements between
electrodes and molecular states depend on the nuclear coordinates.

In the applications considered below, the potential energy of the nuclei,
Von + E4(R), will be expanded up to second order in the nuclear coordinates
around the equilibrium geometry (R.,) of the neutral molecule. Including,
furthermore, the kinetic energy of the nuclei gives the nuclear Hamiltonian,

1
Hyo =Ty + Vi + Ey(R) = zl: hwy <ajal + 5) (3.5)

where w; is the frequency of the dimensionless vibrational normal mode ¢,
and azr /a; are the harmonic oscillator creation/destruction operators.

Expanding the molecular orbital energies E;(R) to first order in the
nuclear coordinates around the equilibrium geometry (R.,) of the neutral
molecule gives the vibronic coupling term,

(4)
K
H, = Z —L <al + aT> cle; (e. t.) (3.6)
‘ \/5 l 777 )
l,jeM
)
H,. = Z % <al - a}) cjct (hot.) . (3.7)
ljeM

Here, the vibronic coupling parameter /{l(j ) = (%—%) was introduced and
Req

the dimensionless normal mode coordinate was expressed in terms of creation
and annihilation operators, ¢; = %(a; +a;). The overall Hamiltonian is thus

15



given by

1
H = Z hwl <CL;[CL1 + §>
l l,jeM
+ Z Ekckck + Z
JEM ke

(al + al> ;¢ + Z ch}cj

JEM

<V]kcck—|—hc> (e.t.), (3.8a)

kEL,R
1

H:Zhwl(a;al—l—é) <al+al>c]]—ZEcJ;

l l,jeM JjEM

-3 Bad+> Y (\/jkc}ckJrh.c.) (h.t.). (3.8b)

keL,R jEM kEL,R

hM g‘ﬁA

N/-\
v

The linear form of the vibronic coupling implies that only normal modes
belonging to the totally symmetric representation of the respective symmetry
group have a non-vanishing coupling constant. The harmonic approximation
of the nuclear potential will be valid for small amplitude motion.

For the calculations employing scattering theory (Chapter4) it is expedi-
ent to represent the Hamiltonian in terms of single particle states. In the case
of electron transport the single particle states are defined as |¢;) = c}|\I/g>,
while in the case of hole transport they are given by |¢;) = ¢;|V,). Here,
|¢;) denotes orthogonal single particle states (molecular orbitals) represent-
ing the molecular bridge. The single-particle Hamiltonian is obtained from
the many-particle Hamiltonian in Eqgs. (3.8) by a projection onto the single-
particle states,

H = " |¢a)(dsl Hlgwr) (60|
i

We thus obtain

H = Hoy+Hy+H,+H,+Hp+V (e t.), (3.9a)
H = Hy—Hy—Hy—H,—Hg—V (h.t.), (3.9b)

with

1
Ho = Y he <a;al+§> ,
l

Hy = ) Eilé;){eil,

JEM
S (wrd

He = > 5 (artaf) [0)(04]
e V2
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left
lead

left molecule
contact contact

Figure 3.1: The scheme of a molecular junction, consisting of left and right
leads, left and right contacts, and the molecule. Left and right contacts
and the molecule form the extended molecule. Contact and lead form the
electrode.

Hp+Hp = ) Edlon)(oil

keL,R

Vo= 30> (Vikldi) (el + he) (et
JEM k€eL,R

Vo= > D (Viglop(éwl +he) (bt) .
JjeEM keL,R

3.2 Partitioning of the Molecular Junction

The Hamiltonian introduced in the last section contains several parameters,
energies, electronic and vibronic coupling elements, that have to be deter-
mined by quantum chemistry methods. To this end ab initio methods like
Hartree Fock (HF) and Density Functional Theory (DFT) or semi-empirical
methods like extended Hiickel (also called tight-binding) may be employed.

When using quantum chemistry methods, we are confronted with the
problem that an MMM-junction constitutes a non-periodic, open system
of infinite dimension. Thereby, conventional quantum chemistry methods
that either compute small finite or periodic infinite systems cannot be used
straightforwardly.

We circumvent this problem by partitioning the junction into a finite
part that is treated explicitly, and an infinite, periodic part, that is treated
implicitly by self-energies, i.e. by the effect it has on the finite part. The
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separation scheme is illustrated in Fig. 3.1. The finite part, referred to as the
‘extended molecule’, comprises the actual molecule and parts of the metal
electrodes. The parts of the metal electrodes which are included in the ex-
tended molecule are in the following referred to as the ’contacts’. A quantum
chemical calculation will be performed for this extended molecule. This en-
sures that changes in the molecular geometry as well as in the molecular
electronic structure due to bond formation with the electrodes are included
explicitly.

Thus, the molecular junctions are subdivided into five parts. The molec-
ular part, the part of the left and right electrode, that is explicitly included
in the quantum chemistry calculation, and the part of the left and right elec-
trodes that is not treated explicitly in the ab initio calculation, referred to
as the left and right leads and modelled by semi-infinite solids.

The quantum chemistry calculation of the extended molecule provides us
with a single particle Hamiltonian matrix, h, and the overlap matrix, S, both
given in the space of atomic non-orthogonal orbitals {|x)},

hi; = (xi|h|x;), Sii = (xlx;) -

In order to divide the overall Hilbert-space into three mutually orthogonal
subspaces describing the molecular and the two contact parts of the model
system, the following projection procedure was employed (a similar separa-
tion scheme as above was employed in the study of electron transfer dynamics
in dye-semiconductor systems [37]): The atomic orbital basis was orthogo-
nalized using a Lowdin orthogonalization procedure [38], which among all the
possible orthonormal functions yields those closest, in the least-squares sense,
to the original non-orthogonal ones. The new orbitals, {|Y)}, may no longer
be localized on single atoms only, which constitutes a disadvantage of the
Lowdin procedure and may lead to errors for orbitals that are located close
to the partition boundary. As compared to the widely used Gram-Schmidt
orthogonalization scheme, the scheme of Lowdin has the advantage of being
unbiased, i.e. the basis functions do not have to be ordered in some arbitrary
way, but are all treated simultaneously. To this end, S was diagonalized to
calculate its inverse square root and the Hamiltonian was transformed to this
new basis,

1

ATSA=s S 3=As3AT | =S"3hS"5 .

Here, .
hij = (Xl h[X;),

The basis states |x) are arranged in a way that elements of the Hamiltonian
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matrix » belonging only to L, M, or R form blocks on the diagonal,
R le i{LM ZILR
hrr hryv  hr
At this stage we add a surface self-energy (X%) to the Hamiltonian matrix

elements belonging to the gold atoms of the outermost layer of the contacts
in order to describe the effect of infinite leads (cf. App. A),

et =h et (3.11)
This surface self-energy can, for example, be modelled by a single parameter
or by a tight binding model of a semi-infinite solid (cf. Sec.4.3).

In the next step A,

n gy

G A

W Wy 1

will be transformed by a matrix that diagonalizes the submatrices 3!, hsl,
and h3, yielding the block-diagonalized matrix h*:

gt yEM o yLE U, 0 0
R=UThU = | VML pM yME ) g = 0 Uy 0 |.(3.12)
VEL YRM . pR 0 0 Ug

The diagonal submatrices £* and E® contain the contact energies Ej, the
diagonal submatrix EF™ contains the eigenenergies of the molecular bridge,
E;, and the submatrices V' denote the electronic coupling between states
localized on the contact and on the molecule. We note, that while the eigen-
vectors that directly diagonalize h constitute the adiabatic states of the total
electronic system, the eigenvectors of h5f, hs,, and A5 can be considered as
quasi-diabatic states and the whole block-diagonalization corresponds to a
diabatization procedure [39)].

As the surface self-energy, 3%, is, in general, not Hermitian, the Hamilto-
nian matrix, 7%, is complex symmetric. This has the consequence that after
block-diagonalization the eigenstates in the left and right contact spaces form
a bi-orthogonal basis (cf. App. A).

3.3 Density Functional Theory

In this work the electronic structure of the extended molecule will be com-
puted using density functional theory. In DFT (cf. the corresponding chap-
ters in Refs. [40, 41]) the central quantity is the electron density p of the
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electronic ground state, which is a function of three spatial coordinates (ne-
glecting spin). This is in contrast to other computational chemistry methods,
in which the central quantity is the electronic wave function, which depends
on 3-n spatial coordinates, where n denotes the number of electrons.

As was proven by Hohenberg and Kohn, the electron density uniquely
determines the energy of the non-degenerate electronic ground state via the
functional Elp|, which is a sum of functionals describing the kinetic energy,
the electron-nuclei attraction, and the electron-electron repulsion. The latter
is split into the Coulomb and the exchange part. The functionals describing
electron-nuclei attraction, E,.[p], and the Coulomb functional, J[p], are given

by,

Eull = 3 [arf

Jlp] = %//drdr’%.

In Kohn-Sham theory the exact kinetic energy functional for non-interacting
electrons is given by

- 1 -
T=> {6l = 5V2I0) ,

where the Kohn-Sham orbitals |¢;) are the components of a Slater determi-
nant. The difference in kinetic energy between interacting and non-interacting
electrons and the exchange term form an exchange-correlation functional,
which again is split into an exchange and a correlation part. There exist
different approximations to these exchange and correlation functionals.
Similar to HF, the set of Kohn-Sham orbitals are computed in a way that
minimizes the total energy, which, because of the density dependence of the
Coulomb and exchange-correlation term, leads to a self-consistent procedure.
When expanding the Kohn-Sham orbitals in a non-orthogonal basis set, the
Kohn-Sham equations have the form: hggC = SCe, where hgg is the Kohn-
Sham matrix, C' is the matrix of the expansion coefficients, S is the overlap
matrix, and the vector € contains the eigenvalues of the Kohn-Sham orbitals.
When working with Kohn-Sham orbitals, as will be done in all of the
following calculations, it should be noted that they are the orbitals of a fic-
titious reference system of non-interacting electrons with the same electron
density and therefore, strictly speaking, have no physical reality. However,
when considering this a drawback as compared to Hartree-Fock theory one
should note, that the molecular orbitals in HF belong to a reference system
of electrons, which experience only the average field of the other electrons
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(mean field theory). This is also only an approximation to the true elec-
tronic interactions in a molecule. Unlike Hartree-Fock theory, DF'T with an
approximate exchange-correlation functional is not variational and can yield
molecular energies below the true ground state energy.

Using DFT or Hartree-Fock theory to describe the extended molecule
usually implies that only a single electron configuration is computed and
ionic states, which are supposed to emerge during resonant charge transport,
are described within Koopmans’ theorem i.e. via an additional electron/hole
in the corresponding molecular orbital. Only few researchers take excited
configurations explicitly into account [42]. It should also be mentioned that,
while the use of Koopmans’ theorem in HF can be justified for all molecular
orbitals, this is not the case for the Kohn-Sham orbitals in DFT, where a
similar relation exists only for the HOMO.

Hartree-Fock theory is not a good choice for the computation of molecu-
lar junctions, as it does not account for electron-correlation effects, which are
expected to play an important role in electron transport. As the described
systems are usually large and contain metal atoms, density functional the-
ory is expected to perform better. However, it was found, that DFT has
a tendency towards underestimating the HOMO-LUMO-gap, predicting a
too metallic behavior, and overestimating the broadening [43], and it was
suggested that functionals optimized for transport problems, including non-
equilibrium functionals, should be developed.

3.4 Determination of the Parameters

The parameters for the extended molecule were determined employing
electronic-structure calculations, performed with the TURBOMOLE pack-
age (Version 5-7) [44] using DFT with the B3-LYP hybrid functional. A
double split valence, SV(P), basis set of Gaussian type atomic orbitals includ-
ing polarization functions and an effective core potential, describing 60 core
electrons, ECP-60-MWB, on the gold atoms is used. The B3-LYP functional
was chosen based on test calculations with various functionals, although it
has the practical disadvantage, that the timesaving resolution of identity
approximation [45] cannot be used.

In the B3-LYP functional both the exchange functional, E,, and the
correlation functional, F., are a combination of local density approximation
(LDA) type functionals and generalized gradient approximation (GGA) type
functionals, where the exchange functional additionally contains exact HF
exchange contributions,
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ERP = (1= a)ELPA + bES + aBI" + (1 — o) BXP4 4 cEZA

where the three parameters a, b, and ¢ were optimized to fit the results of
high-level quantum chemistry methods or experimental data to give a=0.2,
b=0.72, and ¢=0.81.

The final structures of the extended molecules were obtained in several
optimization cycles: A full geometry optimization of the isolated neutral
molecule was followed by a full geometry optimization of the molecule after
replacing the hydrogens on sulfur by two gold atoms. Covalent bonding to
two gold atoms is the preferred bond formation, if no symmetry constraints
are applied [13, 46]. Afterwards, a second metal layer, containing 5 gold
atoms, was added, and the system’s geometry was again optimized in order
to determine a more realistic molecule-contact binding configuration, this
time keeping the internal coordinates of the second gold layer fixed.

It is quite common to use structures where the sulfur atom binds to three
gold atoms which form a triangle, separated by the bulk distance of 2.88 A.
This geometry, which has the advantage that calculations can be done in
three-fold symmetry groups, contradicts chemical intuition, because the sp*-
hybridization of the sulfur atom would cause the sulfur-gold bonds to be
under strong strain.

Another chemically non-intuitive approximation, that is often found in
the literature, is to assume that sulfur binds to a perfectly symmetric surface.
The interaction between sulfur and gold is usually so strong that it destroys
the lattice geometry close to the adsorption site. In test calculations we
performed a full geometry optimization of a benzenedithiol molecule bonded
between two Aujs-clusters in symmetry-group C;. The gold clusters, which
initially formed perfect cuboctahedrons, became amorphous in the course
of the optimization procedure and the sulfur atoms ended up bonded to two
gold atoms only. A similar effect was found for chemisorption of benzenethiol
on a Ags; cluster in Ref. [47].

The nuclear degrees of freedom of the molecular bridge were characterized
based on a normal mode analysis of the system with two gold layers. Thereby,
the mass of the gold atoms was set to 10? atomic mass units, in order to obtain
separation of the nuclear motion in the molecule and the gold clusters.

After the normal mode analysis, the metal contacts were enlargened by
increasing the second layer by several atoms and/or adding two more metal
layers, which are cutouts of the (111)-plain of the face-centered-cubic lattice
of solid gold.

A DFT electronic structure single point calculation was performed on this
system, which yielded the Kohn-Sham and overlap matrices, that enter the
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projection procedure described in Sec.3.2. In all our model systems direct
contact-contact coupling, V¥, was small enough to be neglected, because of
the relatively large distance between the two metal clusters.

The vibronic coupling constants /il(j ) were obtained from the numerical
gradients of the energies E; with respect to the dimensionless normal co-
ordinates ¢;. To this end, two DFT calculations with molecular geometries
elongated along the positive and negative vibrational normal mode coordi-
nate were performed. These calculations were done for the extended molecule
using the normal modes of the smaller two-layer system. The elongation pa-
rameter, A, was chosen to be 0.1. Test calculations have shown that this
value is large enough to avoid numerical problems, but also small enough so
that the difference quotient is still a good approximation to the differential
quotient. After projection the vibronic coupling parameters were calculated
as follows,

T/ g=geq

2A

In principle, all the parameters appearing in Eqs. (3.8) and (3.9) may
depend on the external voltage and on the voltage induced molecular charge,
and would have to be recalculated at any voltage value. In this work, however,
we will, for simplicity, assume that the voltage dependence appears only as
a shift in the real part of the contact eigenenergies, Iy, — Ej, £ nelU and
Ey, — Ey, £ (1 —n)eU, and the chemical potentials, p;, = e £nelU and
pr = €p £ (1 —n)eU. Here n is the voltage division factor, which specifies
the amount of the voltage drop in the individual electrodes, and which is 0.5
in a symmetric junction.

A method which includes the voltage dependence implicitly in the DFT
calculation is the NEGF-DFT formalism, which is not to be confused with the
NEGF-transport formalism introduced in Sec. 2.2. NEGF-DFT constitutes a
method to derive the electronic properties of a molecular junction, where the
DFT equations are solved by NEGF methods [48]. In this connection, the
bias potential is included self-consistently, so that the influence of the voltage
on the molecular orbitals and the electrodes is computed rigorously, and no
assumptions on the position of the voltage drop and the voltage division
factor have to be made. NEGF-DFT is computationally demanding as an
electronic structure calculation has to be done at each voltage value.

23



Chapter 4

Scattering Theory

The idea to view transport through mesoscopic conductors as a scattering
process goes back to R. Landauer [7], who first considered elastic, coherent
transport in the linear response regime (at small voltages U), and showed that
under these conditions the current is given by the transmission probability
at the Fermi level T'(ey),

I = 90 T(Ef)U .

Scattering theory approaches have since been extended to transport at larger
voltages [25] and also to include inelastic effects [2].

In this chapter we will employ an inelastic scattering formalism to describe
charge transport through MMM-junctions. In the first part we introduce and
derive the method and in the second part we present applications to several
model molecular junctions.

4.1 Scattering Theory Formalism

4.1.1 Transmission Probability

The central quantity in the scattering theory approach is the transmission
function, T'(E;, Ey), which describes the probability that a charge carrier with
initial energy F; is scattered by the molecule. After the scattering process
the charge carrier has energy . The transmission probability is determined

by the matrix elements of the T-operator,
T=V+VGV . (4.1)
Here, G is the total, energy-dependent, retarded Green’s function,

-1

G(E) = nlirél+ (E+inl—H|'=[E"-H| | (4.2)
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where 1 is the unit-operator, H is the Hamiltonian of the total system
(Egs. (3.9)), and 7 is a positive infinitesimal. The first term in Eq. (4.1),
which corresponds to direct electrode-electrode coupling, in our applications
is small enough to be neglected.

If vibronic interactions on the molecule are taken into account, the situ-
ation can be viewed as a multi-channel scattering problem. The probability
of electron scattering from the left electrode to the right electrode is given
by

Tr (B, Ef) = 4r? Z Z Z Py, 8(E; + Ey, — E; — Ey,) (4.3)

ViVykeLkseR
2
x 8(E; — Br)3(Ey — Ex,) | (wsl(00, [VG(E)V]de)w)|

Here, |¢x) denotes asymptotic electronic single particle states in the elec-
trodes, and |v) describes asymptotic vibrational states on the molecule. The
vibrational function |v) is a product of the harmonic oscillator wavefunc-
tions of the individual modes I, |v) =[], |v). Pu, = (vi|polvi) denotes the
population probability of the initial vibrational state, where

po = e o/ tel) /7
is the equilibrium density operator in the vibrational subspace, with

7 — Z<Vl |€_Hn0/(kBT) V)
l

being the corresponding partition function.

In Eq. (4.3) the d-function accounts for energy conservation, Fyp ;HEf=
Ey, + E;, with Ey, and Ep, being the energies of the initial and final vibra-
tional states, |v;) and |vy), and E; and Ey are the initial and final energies
of the scattered electron in the left and right electrode, respectively.

Eq. (4.3) describes the transmission probability for electron transport
through the unoccupied orbitals of the molecule. If transport through the
HOMO is the dominating process, the transmission probability is given by

Trep(Ey, Ef) = 4r? Z Z Z Py, §(E; — By, — E; + Ey,) (4.4)
Vi,Vf k;eL kaR
2
X 8(E: — B )3(Ey — Eiy) | (w0, VG BV 1) )|
Here, the 0-function again accounts for energy conservation, Fy, — Ey =
Ey, — E;, with Ey, and Ep, being the energies of the initial and final vibra-

tional states, |v;) and |vy), and E; and E; are the initial and final electronic
energies of the scattered hole in the left and right electrode, respectively.
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If vibrational motion can be neglected, equations (4.3) and (4.5) result in
the same expression for the purely elastic transmission probability,

Tror(E) =47 Y " Y " 0(E — E,)8(E — Ey,) |(¢,[VG(E)V|dy,)

k;eL k}fER

2

The differentiation between hole and electron transport transmission prob-
abilities already indicates, that the multi-channel scattering formalism out-
lined above cannot be used, if the HOMO or LUMO are located close to the
Fermi energy. In this case the level-shift and splitting due to nuclear motion
may change the occupation of the molecular orbital.

In the systems considered in this work, the charge carriers couple pri-
marily to modes with relatively high frequencies (w > 300cm™!). At room
temperature or below only the vibrational ground state of these modes will
be occupied significantly. Therefore, the density operator py will be identified
with the operator of the vibrational ground state, po = |0)(0|.

4.1.2 Trace Formula

The transmission functions in Egs. (4.3) and (4.5) contain operators that are
defined in the infinite space of the total molecular function. In this section an
alternative formulation of the transmission function will be derived, which
only involves operators in the finite molecular space. The involved opera-
tions are similar for the electron and hole transmission functions, but will be
written for hole transport, as this is the dominant transport mechanism in
the applications presented below.
We start by rewriting Eq. (4.5),

Trr(Ei, E) = 4n? Z Z Z Py, 8(Ey — Ey, — E; + Ey,)

V,L',Vf k;eL kaR
X5<Ez — Ekz) 5(Ef — Ekf)
< Wil (0w, |V G (E)V o) v ) (v s (00, VG (E)V ) |vi) -
Next we define the projection operators P, @)1, and (Qr, which project onto

the molecular space, the left electrode space, and the right electrode space,
respectively,

P=3 [6)(e5], Qu=7) lon)(oul, Qr="7_Iou)(enl.

jEM kel keR

and insert their sum, P + Q1 + Qr = 1, on the left and right side of each
V-operator. Expanding the obtained expression yields numerous terms, the
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majority of which vanishes, because the operator V' only couples M with L

or R,

(P+ Q1+ Qr)lor,) = Qrlor,) = |ox,)

This leads us to

Trper(E, Ey) = 47 Y Y > Py, 6(Ef — Ey, — E; + Ev,)0(E; — Ey,)

ViV kieLkfeR
x 8(Ey — Ey,) (vil{¢w |V P PGYE)P PV|oy,)|vy)
X (vil{on VP PG(E;)P PV|gy,)|vi) (4.5)

where we used the idempotency of the projection operator, P? = P. PG(FE;)P
is the Green’s function projected onto the molecular space, which will be re-
ferred to as G (E;). An expression for G (E;), which is used in the practical
calculations, will be derived in the next section. In order to simplify Eq. (4.5),
the remaining P-operators will be written explicitly and the terms will be
rearranged yielding the following expression,

Tr—r(Ei, Ef) = Z Z Py, §(Ef — By, — E; + Ey,)

Vi Vyab,cdeM

X Y 2w6(E; — Ep) (wil(@alVIk,) (00 |V00) (@al Ghr (i) d) v )

x Y 2w6(Ey — By ) (vl {@lVIn, ) (9n, [V I6e) (@c| Gar (B |da) vi) -

k‘fER

Here, we used that V is assumed to be independent of vibrational motion
and therefore commutes with the vibrational states. We note that the scat-
tering treatment can be extended to include the dependence of the coupling
elements between molecule and contact on the nuclear coordinates [49].

Defining the matrix elements of the energy dependent left and right width
function I';, and 'y as

PL(Baa = ($alTn(E)|da) = D 276(Ei — B, ){(@alVIdr,) (dr: V] da)
k;eL

Tr(Epe = (GlTa(Ep)lde) = D 270(Es — Ei, )|V |6n, ) (0n, [V de) |
kreR
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leads us to

Trper(E,Ef) = > Y. Py, 6(E;—Ey, — Ei + Ey)

Vi,Vyab,cdeM

< (vil(@alT 1L (E:)|6a) ($al Gy (i) 0) v )
X (V{06 Ur(Ef)|de) (Pl Grr(Ei)da) Vi)

which, because of the idempotency of P, can be written as

Trer(EiBf) = ) ) Pv, 8(Ef — By, — Ei+ Ey,)

x (Wil ($alTL(E) G (B v ) (v T r(Ep)Gar (Er) | ¢a) |vi) -

The sum over d corresponds to a trace operation in the electronic molecular
space,

Trr(E;, Ey) Z tl"{Pu — by, — E;+ Ey,)

x <w|rL<Ei>GMEi>|uf><uf|rR<Ef>GM<Ei>|w>} .

Using (v;|Ey, = (vi|Hno and the expression for Py, we obtain

T (EuEp) = 3 tr {<w|p0|ui><w| 5(Ef — Ey, — E; + Hy)

Vi\Vg¢
x FL(Ez)GMEi)!Vﬁ<Vf\FR(Ef)GM(Ei)\Vz>} :
Because py and |v;)(v;| commute, the sum over v; results in the trace over

the vibrational degrees of freedom and we finally obtain the trace formula of
the molecular transmission function for hole transport

Tp_1(E;, Ey) Ztr{ (Ef — Ey, — E; + Huo)po (4.7)

x rL<Ei>GM<EZ»>|uf><uf|rR<Ef>GM<EZ->} (bt
For electron transport, on the other hand, we obtain in the same way,
Tri(E;, Ey) Ztr{ (Ef + Ev, — E; — Hyo)po (4.8)
x rL<EZ->GM<Ei>|vf><vf|rR<Ef>GM<EZ->} (o)
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The total transmission probability, Tr. . (F;), is obtained by integrating
Tr_1(E;, Ef) over the final energies of the charge carrier,

Trr(E;) = /dEfTRhL(EiaEf) :
In the absence of vibronic coupling, Eqgs. (4.7) and (4.8) reduce to

T(E) = tr {TL(B)G, (BT r(E)Gu(E)} . (4.9)

4.1.3 Molecular Green’s function

In this section we will derive an expression for the Green’s function projected
onto the molecular subspace, G, = PGP.
The starting point is the Lippmann-Schwinger equation [50]

G=Gy+GVG (4.10)

where Gy is the Green’s function related to the electronically uncoupled
Hamiltonian Hy,

Go = [E*Y—Hy) ™",
Hy = Hy,+Hy+H,+ Hp (electron transport) ,
Hy = H,o— Hy — H, — Hp (hole transport) .

The energy dependence of G and G is not written for clarity. Applying
the projection operator P from both sides to Eq. (4.10) we obtain

Gy = PGP = PGP + PGy \VGP

The sum of projection operators, P+ Q1 + Qg = 1, is inserted on both sides
of the operator V. Using similar arguments as in Sec. (4.1.2), it can be shown
that only three terms remain

Gy = PGP = PGoP + PGyPVQLGP + PGoPVQRGP . (4.11)

The terms QQ,GP and (QrGP can again be evaluated using the Lippmann-
Schwinger equation and inserting 1 = P + @)1, + Q. This leads to

QLGP = Q1GoQLV PGP

and a similar expression for QrGP. Inserting this equation into Eq. (4.11)
gives
Gy = PGoP+ PGoPVQrGoQL VPGP + PGyPVQrGyQrV PGP |
= PGyP + PGyPX PGP + PGyPLrPGP
= PGP + PGyPY Gy + PGyPY Gy | (4.12)
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where the idempotency of P was used and where we have introduced the
retarded self-energy

Y, = PVQLGoQLVP,
Yr = PVQrGoQrVP .

Eq. (4.12) can be rearranged as
5 _ 71
Gy = |E* = PGPS, — PGoPSn|  PGoP

where the positive infinitesimal 7 was reintroduced (cf. Eq. (4.2)).
Using the operator relation A~'B = [B~*A]”" we obtain

Gy = |(PGyP)™" (E+ — PGyPS; — PGOPiRﬂ -

~ ~ —1
(PGoP) ™ — %, — ZR]

r - -~ —1
- E*-PHP—EL—ER} ,
with

PHP = Huy—Hpe— Hy (e t) |
PHP = Huy+ Hy+Hy (b t).

Writing the energy dependence of the Green’s function explicitly, we ob-
tain the expressions,

Gu(E) = [E+ _ PHP —%,(E) — ER(E)} ) (4.13)
S(E) = PVQLGo(E)QLVP
S(E) = PVQL[ET—QLHQL]  QVP. (4.14)

Using

QrHQ, = H, — Hp (e. t.),
QLHQ = Hy+ Hp (h. t.),

the expressions for the self-energy operators read

S.(E) = PVQL[E" —Hyo+H  QVP (e. t.)
SL(E) = PVQL[E® —Huy—Hy] ' QVP  (h.t).
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As in our model the electronic coupling is assumed to be independent of
the vibrational motion, we can rewrite Eq. (4.14) in a form that does not
contain the vibrational Hamiltonian in ¥(E). We define a slightly altered
self-energy function

Yu(E) = PVQL[E* —H,) ' QVP (4.15)
which is related to the original one via

Y(F — Hy) = +3(F) (e. t.)

S (Hpo — E) = —=%(E) (h.t.) .

Also the Green’s function will be redefined as,
1

Gu(E) = [EY — H,. — Hy — S(E) — Zg(E)] (4.16)
which is related to the original Green’s function as

Gu(E — Hy) = +Gy(E) (e. t.),
Gu(Hn — E) = =Gy (E) (h. t.) .

The transmission function for electron transport can thus be written as

Ty 1(E:, Ey) Z trar { (Ef + By, — E; — Huo)po (4.17)

x rL<Ez->GL<Ei — Huo)lv ) (5P (Ep) Gt (Bi = Hyo)

The transmission probability for hole transport, on the other hand, finally
becomes

T 1(E;, Ey) Z s { (Ef — Ey, — E; + Huo)po (4.18)

er<Ei>GL<Hno E) v ) v T p(Ey) G (Hoo — Ei)}

The self-energy in Eq. (4.15) describes the interaction of the electrodes
with the molecular unit and should not be mistaken for the surface self-energy
(2%1) in Eq. (3.11). While the surface self-energy describes the influence of
the leads on the contacts, the self-energy in Eq. (4.15) describes the influence
of the overall electrodes on the molecule.

The matrix elements of the self-energy in Eq. (4.15) are given by

SUE) = 3 (GIVIo) o g el Vies) . (@.19)

Vik Vij {
ZL(E)ij = Z (E"’i—ék) = AL(E)ij - §FL<E)ij

keL
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The self-energy function describes the level-shift, A, and the level-broadening,
I', of the molecular states due to coupling to the metallic electrodes. The
matrix elements of I" were defined in Egs. (4.6).

When working with the finite number of bi-orthogonal states discussed
in App. A, an element of this self-energy in the following calculations is ap-
proximated by the expression,

Vi
Z o Ef‘; ﬁfEk (4.20)

Here, S} is the overlap of left and right eigenvectors which is defined in

App. A.

4.1.4 Calculation of the Current

The transmission function is related to the current via a generalized Landauer
equation [2]

I = Ipp—1Ipr
= 2 [ BB, (T 1B B (B 1 - J(Ey)
- T B B falE)L - (B} (e:t), (42D

where the factor 2 accounts for spin degeneracy. The electron transmission
probability Tr. 1 (E;, E) is weighted by the probability, f1(E;), that in the
left electrode the state with energy F; is occupied, while in the right electrode
the state with energy Ey is unoccupied, [1 — fr(Ey)]. To obtain the current
from left to right, g, this weighted probability is integrated over all initial
and final hole energies. The Fermi function is given by

E—(ef£eU/2) -1

L 1}

fuyn(E) = [ =

The terms [1 — fr(Ef)] and [1 — fL(Ef)] represent Pauli exclusion or
blocking factors, the use of which is discussed critically in the literature
[25]. It was argued that, if the electronic coupling between molecule and
contacts is strong, the situation does not correspond to a transition between
separated states, but a scattering state, consisting of an incoming wave in
one electrode and an outgoing wave in the other electrode, is formed and will
contribute to transport as long as it is occupied. In this case we are dealing
with a single state only, therefore, no exclusion factors are needed, and the
following expression should be used instead,

2e

1= [ dBAE; {Tr 1 (B Bp) fu(B)= Tun(Ei Ep) fr(E)} . (4.22)
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However, it is generally assumed, that if the coupling between molecule
and electrodes is rather small, the probabilistic approach of Eq. (4.21) yields
a better description. Neither Eq. (4.21) nor Eq. (4.22) have been derived from
sophisticated transport theories so far.

In this work we will use the current formula with the Pauli blocking
factors formulated for hole transport

I = Ip.p—1Ipr
— 2 [ BB, {Tas(B B a(E)lL - fu(E)
— T (B ESu(E) = fa(ED} (h0), (429

Expression (4.23) is valid if many-electron processes are negligible. In par-
ticular, non-equilibrium effects in the electrodes and electron correlation due
to vibronic coupling are not taken into account. Furthermore, it is implicitly
assumed, that between individual scattering processes the system relaxes to
the vibrational equilibrium.

In the case of symmetric transmission functions, Tr. ;, = 11 g, i.e. when-
ever no magnetic fields or other factors, that break microscopic reversibility,
are present, and if transport is elastic, E; = Ey, both Eqs. (4.21), (4.22), and
(4.23) reduce to the same form,

_26

1
h

dE T(E){fr(E) — fL(E)} . (4.24)
Here, the blocking factors are no longer necessary, because transitions from
occupied states in the left to occupied states in the right are exactly cancelled
by the transitions in the opposite direction.

If we consider the elastic transmission function at £ = €; and assume
it to be independent of voltage, and further expand {fgr(E) — fL(E)} up to
first order in U, we obtain the original Landauer equation,

2e?
I = T T(Ef)U = 4Jo T(Ef)U s

which is valid at low voltages (in the linear response regime).

4.2 Application to Benzenethiolates

In this section the multi-channel scattering formalism, presented in the pre-
vious section, is applied to several MMM-junctions. The molecular units of
these junctions consist of a phenyl ring that is bonded to two gold cluster via
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alkane thiolate-linkers of different lengths. We present the calculated trans-
mission probabilities and currents for these systems and compare between
purely electronic and vibronic features.

A few technical details of the calculations that concern all molecular junc-
tions investigated in this section will be mentioned before.

e The model systems exhibit either symmetry group C; or C,, which does
not only halve CPU-time in the DFT-calculation, but also simplifies the
ensuing transport calculations as it establishes a left-right symmetry
and thus makes the current an odd function of voltage, so only the
positive voltage range will be shown.

e The Fermi energy was approximated as the average value of the HOMO
and LUMO of the extended molecule.

e The temperature was set to T=0K in all computations.

e In order to reduce the computational effort, only those four vibrational
modes with the strongest effective coupling were explicitly taken into
account. The effective coupling was determined by the ratio of the
vibronic coupling parameter "fz(] ) and the electronic coupling character-
ized by the width function I' at the molecular eigenenergies F; of the
involved molecular orbitals.

e A vibrational basis set consisting of 12 to 16 functions per mode was
used. This number was first converged in calculations including a single
mode. For the calculations that include four modes simultaneously not
all combinations of vibrational product states were considered, but only
those which had a total energy of, ' = ), hwv;, smaller than a cutoff
energy E.. Converged results were obtained for E.=1.5€V.

4.2.1 Benzenedithiolate

First, we discuss transport through a benzenedithiolate (BDT) molecular
junction. This system was chosen, because several experimental [3, 51] stud-
ies exist, which triggered numerous theoretical studies, where BDT was in-
vestigated using different theories to describe elastic transport [52, 53, 54,
55, 46, 56, 57, 42] and vibronic effects in the off-resonant, tunneling regime
[58, 59, 60]. Experimentalists investigated this molecule because, due to the
m-electron system, it is expected to be a good conductor, it is rigid, and it
forms strong bonds to the gold electrodes.

The extended molecule of this system is shown in Fig.4.1. The gold
contacts are formed by pyramidal gold clusters consisting of 30 gold atoms.
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Figure 4.1: The extended molecule of a BDT-junction with two pyramidal
gold clusters consisting of 30 gold atoms.

When considering the sulfur atom as the tip of the pyramid, its base is formed
by a cutout of the (111)-surface of bulk gold.

The modes that were included in the transport calculation are shown in
Fig.4.2 and can be characterized as a C-C-C bending (a), the benzene ring
breathing (b), a C-C-H bending (c), and a C-C stretching mode (d). They
are similar to those four modes found to have the largest vibronic coupling
parameters in Ref. [58].

As not all 128 orbitals, that span the molecular space of this system, will
give a significant contribution to the transport characteristics, only those 7
states, which reproduced the transmission function including all 128 states
satisfyingly, were included in the calculation.

In Fig. 4.3 the total transmission probability through a BDT junction is
shown. It is plotted relative to the Fermi level, which in this system was
approximately -5.10eV. In addition to the transmission probability based
on a vibronic calculation (red line), also the result of a purely electronic
calculation (blue line) (where all electronic-nuclear coupling constants /ﬁ:l(j )
were set to zero) is presented.

The transmission probability exhibits several pronounced peaks. There
are four peaks at energies -2.66, -2.50, -2.11, and -1.29 eV, respectively, which
are caused by the three orbitals depicted in Fig.4.3. The peak positions are
shifted relative to the energies of the orbitals after projection, which are
located 2.55 and 0.45eV below, and +0.76 eV above €, respectively. These
orbitals are related to the e -orbitals of benzene and p-orbitals at the sulfur
atoms and are similar to the HOMO-2, HOMO-1, and HOMO of the isolated
molecule, respectively. In the isolated molecule these states have energy
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Figure 4.2: Normal modes of BDT included in the calculation. The arrows
indicate the direction and relative lengths of the amplitudes.

-2.11, -1.91, and -0.44 eV relative to €y, respectively.

The levels in the projected space will not be characterized as HOMO
or LUMO, as there is a charge flow onto the molecule on bond formation
with the gold cluster. Instead a comparison with the states of the isolated
molecule (without gold atoms but with hydrogen on sulfur), where the term
HOMO is well defined, will be used. The charge flow from the gold atoms
to the molecular unit can be estimated by calculating the Mulliken gross
population [41], and gives a charge of the molecular unit of -0.177e for the
BDT junction.

While orbitals B and C in Fig.4.3 have significant contributions from
the bridging sulfur atoms, orbital A is completely localized on the phenyl-
ring. As a result, the molecule-contact coupling strength and also the level
shift for the three orbitals is quite different: the width function, I'j;, at
zero voltage and the respective peak energy vary from 0.01eV (A), 0.06eV
(B) to 0.20eV (C), which corresponds to electronic lifetimes, approximately
given by the uncertainty relation 7/T'j;, of 66fs (A), 12fs (B), and 3fs (C),
respectively. Consequently, the structures in the transmission probability
caused by orbitals B and C are rather broad, whereas orbital A results in a
narrow resonance peak.

The comparison of the vibronic transmission probability (red line in
Fig.4.3) with the results of the purely electronic calculation (blue line) re-
veals that the electron-nuclear coupling in BDT has significant effects on
narrow resonances. In particular, it results in a splitting of the narrow peak
at -2.66 eV into a number of smaller structures. These structures are due to
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Figure 4.3: Purely Electronic (blue line) and vibronic (red line) total trans-
mission probability through a BDT molecular junction at zero voltage as a
function of the initial energy of the electron (relative to the Fermi energy).
Molecular orbital plots of the three localized molecular orbitals, denoted A,
B, and C, which dominate the transmittance at the indicated peaks, are
shown. Only the relevant part of the energy interval [-3:+3], corresponding
to a voltage window of 6V, is shown.

vibronic transitions to the molecular cation state that are weighted by the
respective Franck-Condon factors.

The effect of nuclear motion on the other peaks in the transmission prob-
ability, on the other hand, is rather small. This can be rationalized by con-
sidering the vibronic and electronic coupling constants in the corresponding
states. The importance of vibronic effects caused by the nuclear mode ¢; in
state |¢;) is determined by the ratio of the vibronic and electronic coupling

constants, lil(j ) /T'j;. Although the electronic-vibrational coupling constants
Kjl(j ) of some of the nuclear modes in states |p) and |¢¢) are relatively large
(cf. Tab.4.1), the lifetime of the electron on the molecular bridge is short,
resulting in a small effective coupling /il(j ) /T;.

Besides this ratio, vibronic effects for orbitals B and C are also expected to
be small, because the residence time of the electrons in these orbitals (12 fs
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w (em™) | T (fs) || & (meV) | B (meV) | £©) (meV)
@) || 34926 | 96 61 8 62
(b) | 1092.02 | 31 72 80 33
(c) || 1198.14 | 28 90 13 16
(d) | 1627.28 | 20 152 93 36

Table 4.1: Frequencies and periods (T') of the four most important vibrational
modes of BDT as well as gradients of these modes for the three orbitals, A,
B, and C, dominating conduction.

and 3fs, respectively) are much smaller than the periods of the included
normal mode vibrations (cf. Tab.4.1).

In Fig.4.3 there is another peak at +0.14eV, which is independent of
vibronic coupling. This peak is influenced by orbitals B and C, in the sense
that it vanishes if both states are excluded from the transmission calculation,
but cannot be exclusively related to any of the orbitals of the molecular
bridge. It might be due to a metal-induced gap state [61, 54|, which, from
IETS-studies [62], is known to appear if tip-like geometries of metal contacts
are used.

The simulated current-voltage characteristic of BDT, depicted in Fig. 4.4,
exhibits a nonlinear behavior: A small increase of the current at small volt-
ages caused by the peak at € is followed by a strong increase at larger voltages
resulting from the contributions of orbitals B and C. Because orbitals B and
C are strongly coupled to the metal contacts and thus have small effective
vibronic coupling, the influence of nuclear motion on the current in BDT is
almost negligible.

It is also noted that, similar as in previous (purely electronic) simulations
of electron transport through BDT, the current is significantly larger than
in experimental results [3, 51], which is probably due to the deficiencies of
DFT that were discussed in Sec. 3.3.
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Figure 4.4: Current-voltage characteristic of BDT. Shown are results of calcu-
lations with (solid red line) and without (blue crosses) coupling to molecular
vibrations.
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Figure 4.5: The extended molecule of a BDET-junction with two pyramidal
gold clusters consisting of 30 gold atoms.

4.2.2 Benzenedi(ethanethiolate)

We saw in the last section, that only small vibronic effects can be seen in
the transmission probability and in the I-V characteristic, if the electronic
coupling between contacts and molecular orbitals is strong. The coupling
between orbitals localized on the benzene ring and the contacts is expected
to decrease, if a spacer group is inserted between them. Therefore, in this
section we will present investigations on benzene-di(ethanethiolate) (BDET),
where two methylene groups on both sides of the benzene ring separate the
sulfur atom from the m-electron system. A cartoon of the extended molecule
(Fig.4.5) shows BDET between two pyramidal gold clusters comprising 30
gold atoms.

The charge of the molecular unit, determined by a Mulliken populations
analysis, is -0.026e and thus significantly smaller than the charge of the
molecular unit in the BDT junction of the previous section.

The number of states |¢;) on the molecular bridge, which were explicitly
included in the calculation of the transmission, was reduced from 200 to 12
including only those with energies in the vicinity of the Fermi level. Similarly,
of the total number of 36 totally symmetric normal modes, the four normal
modes with the largest ratio between gradient (Eq.(3.13)) and electronic
coupling were included in the calculation. They can be characterized as: C-
C-C bending (a), C-C-H bending (b), another C-C-C bending (c), and C-C
stretching (d) (cf. Fig. 4.6).

The transmission probability of BDET at zero voltage is depicted in
Fig.4.7. The purely electronic transmission (blue line) is dominated by two
resonance peaks at energies -2.23 and -1.85eV, which are caused by molecu-
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Figure 4.6: Normal modes of BDET included in the calculation.

lar orbitals A and B. Around 0.80eV a small broad peak due to sulfur states
can be seen.

The projected orbitals A and B are similar to the HOMO-3 and HOMO-2
of the isolated molecule, where they are located 1.89 and 1.52eV below ey,
respectively. The Fermi energy in this system is e;=-5.15eV. After projec-
tion those orbitals have an energy of -2.23 and -1.84 eV, respectively. The
HOMO-1 and HOMO orbitals of the isolated molecule are quasi-degenerate
and predominantly localized on the sulfur atoms. While the peak due to or-
bital A is not shifted with respect to its eigenenergy, the peak due to orbital
B is shifted by -0.01eV. The corresponding vibronic coupling constants in
the most important molecular orbitals and the normal mode frequencies are
given in Tab.4.2.

The peak positions in the transmission function do not coincide with the
eigenenergies of the states after projection, as both peak position and peak
width are influenced by neighboring states. For example, there exist four
pairwise degenerate sulfur p-states with energies slightly below the Fermi
level, which cause the tiny peak at -0.79 €V in the transmission function, but
influence the transport much more via their interaction with states A and
B. This interaction is mediated by the gold clusters via the non-diagonal
elements in the self-energy matrix.

The shoulder on the left of the peak due to orbital B (blue line) is caused
by interactions of orbital B with two states that are energetically located
below state A. These states are localized on the spacer groups and the sulfur
atoms and do not directly contribute to transmission in the considered energy
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Figure 4.7: Purely electronic (blue line) and vibronic (red line) total trans-
mission probability through a BDET molecular junction with a tip-like gold
cluster geometry at zero voltage as a function of the initial energy of the
hole (relative to the Fermi energy). The two orbitals, denoted A and B,
dominate the transmittance at the indicated peaks. Only the relevant part
of the energy interval [-2.5:4-2.5], corresponding to a voltage window of 5V,
is shown.

range.

While orbital A resembles an e -orbital of benzene, orbital B has ad-
ditional contributions on the ethyl-groups and the sulfur atoms. As a con-
sequence, state A has smaller electronic coupling to the contacts (I'aq =
1.9 -107* eV, corresponding to a lifetime of 7 = 3466 fs ) resulting in a very
narrow peak in the transmission probability, whereas the significant coupling
of orbital B to the contacts (I'pg = 1.1-107' eV, 7 = 6 fs) results in a rather
broad structure.

The comparison between the results of vibronic (red line in Fig.4.7) and
purely electronic (blue line) calculations demonstrates that the electronic-
vibrational coupling in BDET alters the transmission probability signifi-
cantly. The elastic 0J-peak due to state B is shifted to the right by 0.08eV.
Here, spectroscopic notation was used, where the first zero indicates that no
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w (em™) | T (fs) || & (meV) | £5) (meV)
@) | 54448 | 61 76 22
(b | 1197.11 | 28 51 69
() | 122049 | 27 110 A7
(@) || 167156 | 20 136 162

Table 4.2: Frequencies, periods (T), and vibronic coupling parameters with
respect to the two orbitals (A,B) of the four most important vibrational
modes of BDET between pyramidal gold contacts.

vibrations were involved in this transition, the subscript denotes the vibra-
tional quantum number in the neutral reference state, and the superscript
denotes the vibrational quantum number in the cation. At -1.92eV and
-1.98 eV single vibrational excitations of mode (b) and (d), respectively, can
be seen.

Only side-bands to the left are seen in the vibronic transmission, because
phonon absorption is not possible, as the system is assumed to relax into
the vibrational ground state, (v; = 0), after each electron scattering process
and as the temperature is not large enough to significantly populate excited
vibrational levels thermally.

The 09-transition belonging to state A, which is expected to be a narrow
line, cannot be seen, because it is coincidentally shifted into resonance with
a peak caused by the transmission through sulfur p-states. This latter peak
cannot be seen by itself, but it gains width and height on interaction with
state A and causes a broadening of the elastic peak due to this state. The
structure resulting from this effect can be seen around peak A but it is too
broad to assign individual modes. At about -2.15eV the (m)?2 transition
peaks of state B overlap with the 09 transition of state A, where (m) denotes
all four included modes.

The current-voltage characteristic of BDET is shown in Fig.4.8. The
result obtained from a purely electronic calculation (blue line) shows an in-
crease of the current at about 3.5 V caused by state B, which is followed
by a pronounced decrease of the current at 4 V. The weakly coupled state
A results only in a small step-like increase of the current shortly before 4.5
V and the following rise is due to the increasing width of the peak which
appears at -1.85eV in the transmission. The negative-differential resistance
(NDR) effect at 4 V is caused by the voltage dependence of the self-energies
Y1, % and the corresponding width functions I'.

Including the coupling to the nuclear degrees of freedom changes the
current-voltage characteristic substantially. In particular, the electronic-
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Figure 4.8: Current-voltage characteristic of BDET bound to pyramidal gold
contacts. Shown are results of calculations with (blue line) and without (red
line) molecular vibrations. Only the non-zero part of the voltage range is
shown.

vibrational coupling results in a quenching of the NDR effect, an increased
current between 3.10 and 3.72 V and a reduced current for voltages in the
range 3.72 - 4.03 V. The 0 transition due to orbital B causes a step around
3.5V, while the step at 3.9V is due to vibrational excitations. The step due
to orbital A is seen at 4.18 V.

The increased current is due to the fact that upon interaction with vibra-
tions the resonance peaks are shifted to higher energies and thus enter the
voltage window at lower voltage. If the voltage window is large enough to
comprise all inelastic peaks, the difference in current vanishes. The smaller
current and the vibrational substructures are a result of the splitting of each
electronic resonance into several vibronic resonances (cf. Fig. 4.7), which con-
tribute with different weights (determined by the respective Franck-Condon
factors) to the transmission. In contrast to the purely electronic case, the
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Figure 4.9: Purely electronic (blue line) and vibronic (red line) conductance
of BDET.

current thus increases in several steps. This effect is well known from previous
model studies [63, 64].

Fig.4.9 shows the differential conductance, obtained by numerical dif-
ferentiation of the curves in Fig.4.8. Overall the differential conductance
reflects the transmission behavior of the junction, however, it incorporates
its voltage dependence. In the purely electronic conductance this manifests
itself in the splitting of the peak due to state B as well as the negative dif-
ferential resistance between 4 and 4.3 V. At 4.5 V a narrow resonance due
to state A can be seen.

The vibrational structures are even more pronounced if the conductance
(red line in Fig.4.9) is considered instead of the zero-voltage transmission.
Orbital B causes the first large peak at 3.58 V, without vibrational excita-
tions, while at 3.98 V the (d)j-transition can be observed. There are several
narrow features due to orbital A, that could not be seen in the zero-voltage
transmission. Besides the peak due to the 0) transition at 4.17 V, we see the
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Figure 4.10: Purely electronic transmission of BDET at 3.94 V (solid line)
and at 4.32 V (dashed line). The two vertical lines indicate the respective
lower integration boundaries.

(a)} transition at 4.32'V.

The vibronic differential conductance curve shows a small negative differ-
ential resistance around 4.15V and two additional negative regions from 4.50
to 4.66 V and from 4.81 to 4.98 V, which do not exist in the purely electronic
differential conductance.

The negative differential resistance in the current and conductance curve
can be understood from Fig.4.10, where we compare the transmission func-
tion at 3.94 V (the local maximum in the I-V curve) to the transmission func-
tion at 4.32V (the local minimum in the I-V curve). We recall that the cur-
rent is given by the energy-integral of the transmission function (Sec.4.1.4)
and thus corresponds to the 'area below the transmission curve’. The peak
caused by orbital B in the 4.32 'V curve is much thinner than the correspond-
ing peak in the 3.94V curve. Although the current in the former case cor-
responds to the integral with lower boundary -2.16 (see solid vertical line in
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Figure 4.11: Purely electronic zero-voltage transmission of BDET employing
a four layer (dashed line) and a five layer (solid line) gold contact.

Fig.4.10) and in the latter case the integral is taken only to -1.97 (dashed ver-
tical line), the area under the '4.32 V’-transmission-curve is much smaller,
which explains the NDR in the current-voltage characteristic and conduc-
tance.

Our results show, that neither the peak position nor the peak width
change systematically with increasing voltage. Therefore, NDR phenomena
cannot be predicted. It should be emphasized that this NDR effect can
only be described if the energy and voltage dependence of the self-energies
is taken into account and will be missed within the often used wide-band
approximation, where I'(E) is assumed to be independent of energy and,
therefore, A = 0.

Finally, we consider the influence of the size of the gold cluster on the
conductance properties of the molecular junction. All results discussed so far
employed a four layer gold cluster. Fig.4.11 shows a comparison of the zero-
voltage transmission functions of a system with a four layer and a system with
a five layer gold cluster. They agreed very well after taking into account the
different Fermi levels and different shifts of the localized molecular states after
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Figure 4.12: Current-voltage characteristic of the BDET junction employing
a four layer (dashed line) and a five layer (solid line) gold contact.

projection. However, the differences in the transmission functions increase,
if they are regarded at larger voltages. Consequently, the I-V characteristics
of both junctions differ significantly, as shown in Fig. 4.12. In particular, the
maximum current of the junction with the five layer contact is almost twice
as large, as the maximum current of the junction with the four layer contact.
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Figure 4.13: The extended molecule of a BDET-junction with two cuboid-
shaped gold clusters consisting of 38 gold atoms.

4.2.3 BDET between cuboid-shaped gold clusters

In order to investigate the influence of the gold-cluster geometry on the trans-
port features, we did studies with the same molecule (BDET) clamped be-
tween two gold-clusters of a cuboid shape. To build this geometry, we started
from the optimized 2-layer system mentioned in Sec.3.4. Next, the number
of gold atoms in the second layer was increased from 5 to 12, and two more
(111) layers also consisting of 12 gold atoms were added, resulting in a metal
cluster of 38 gold atoms on each side (cf. Fig.4.13). For better compari-
son with the above results, the same value was used for the Fermi energy
(ef=-5.15eV). We note that, because of the strong voltage dependence of
the transmission function, different choices of the Fermi energy may lead to
[-V characteristics that differ significantly. The chosen normal modes and
projected molecular states are similar to those in Fig. 4.6. The charge of the
molecular unit for BDET between cuboids is - 0.053 e, which is twice as much
as in the system with the pyramidal contacts.

Fig.4.14 shows the zero-voltage transmission probability as a function
of the hole energy of this system. A large difference, with respect to the
purely electronic transmission curve of the system with the pyramidal gold
contacts, is that the resonance due to state B is split into three peaks at -1.71,
-1.79 and -1.95eV, while the eigenenergy of that peak lies 1.75eV below the
Fermi energy. This is caused by the electrode-mediated interaction of state B
with both lower and higher lying states, which seems to be more pronounced
using this gold-cluster geometry. There is a small broad peak at 40.39eV
due to two sulfur p-orbitals, which is not affected by vibronic coupling, as
the included normal modes show no motions of the sulfur atoms. At -2.17eV
there is a narrow peak due to state A, which is located only 0.01eV below
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Figure 4.14: Purely electronic (blue line) and vibronic (red line) total trans-
mission probability through a BDET molecular junction with a cuboid-
shaped contact geometry at zero voltage as a function of the initial energy of
the hole (relative to the Fermi energy). The two orbitals, denoted A and B,
dominate the transmittance at the indicated peaks. Only the relevant part
of the energy interval [-2.5:4-2.5], corresponding to a voltage window of 5V,
is shown.

the eigenenergy of that orbital after projection. The coupling of states A and
B to the contacts is of comparable size as in the pyramidal gold geometry:
Laa(—2.17) = 4.0 - 107*eV (corresponding to a lifetime of 7 = 1646 fs),
Ipp(—1.98) = 6.5-1072eV (7 = 10fs), and T'pp(—1.71) = 1.1 -107teV
(1 =61s).

In the transmission function based on a vibronic calculation the thin
peak due to state B is shifted to higher energies by 0.05eV and shows peaks
at -1.72, -1.81, and -1.87¢V due to modes (a), (b), and (d) (cf. Fig.4.6).
The broad peak at -1.98eV and the small peak at -1.80eV due to state B
are not significantly affected by vibronic coupling. In this system also the
09-transition and vibrational progressions of the peak due to state A are
visible. There are no accidental coincidences with transmission features of
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w (em™) | T (fs) || & (meV) | £5) (meV)
(@) | 54538 | 61 76 21
(b) | 119546 | 28 51 68
(o) | 122071 | 27 108 46
(@) || 167461 | 20 134 163

Table 4.3: Frequencies, periods (T), and vibronic coupling parameters corre-
sponding to the two orbitals (A,B) and the four most important vibrational
modes of BDET between cuboid-shaped gold contacts.

other states, as there were in the system with the pyramidal contact geometry.
The 03-line due to state A appears at -2.03eV and the (m)} transition peaks
can be seen at -2.10, -2.17, -2.18, and -2.24eV and are caused by normal
modes (a), (b), (c) and (d), respectively. As the vibronic coupling of mode
(a) (cf. Tab. 4.3) is almost equal in both the pyramidal and the cuboid system,
structures due to this mode can here only be seen because of smaller electronic
coupling.

Up to 3V the features in the current-voltage characteristic (Fig.4.15)
arise from orbitals localized on the sulfur atoms themselves, or from their
interaction with orbital B. There is a rise in the purely electronic current
due to state B, which reaches a first plateau at 3.66 V and rises again until it
reaches a maximum at 3.77 V. This is due to the threefold peak structure of
the resonance due to this state. The following NDR is again due to decreasing
peak width and height at higher voltages. At 4.00 V a minimum is reached,
then the current rises again, due to increasing peak height and width of the
transmission features of state B until at 4.21V for a small range the slope
increases again, indicating the contribution of state A.

When including vibronic coupling into the current calculation, the rise
due to state B occurs at smaller voltages than in the purely electronic curve,
as the 03 transition enters the voltage window earlier than the purely elec-
tronic resonance peak. The current reaches a maximum at 3.90V thereby
exceeding the maximum current without vibrations by 6.72 uA and then de-
creases for the rest of the voltage window. The contributions of state B are
too small to be seen distinctly. In this case the NDR is not quenched by the
inclusion of vibronic coupling, probably due to larger electronic coupling.

The question arises how the vibronic current can be larger than that with-
out vibrations? The vibronic coupling increases the transmission probability
by shifting and splitting resonance peaks. Thus, they may reach positions
where the electronic coupling to the contacts, but also to other molecular
states via the contacts, is significantly different from the electronic interac-
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Figure 4.15: Current-voltage characteristic of BDET bound to cuboid-shaped
gold contacts. Shown are results of calculations with (red line) and without
(blue line) molecular vibrations. Only the part including transport due to
state A and B is shown.

tion at the initial position. Consequently, the transmission probability may
change and in this case increases.

To conclude this subsection we note that the geometry of the gold con-
tact does have a significant influence on the transport characteristics of the
molecular junction. Both the transmission and the current are influenced by
the obviously different coupling of molecular state B to the contact, while
state A is, at least in transmission, not much affected. The current is larger
by about a factor of two for the system with the cuboid gold contacts.
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Figure 4.16: BDBT between two pyramidal gold clusters consisting of 30
gold atoms.

4.2.4 Benzenedi(butanethiolate)

In order to further reduce the electronic coupling between the benzene-
ring and the gold cluster, and thus increase the lifetime of the electron
and vibronic effects, a model system with two butyl-bridges, p-benzene-
di(butanethiolate) (BDBT) was studied (Fig.4.16). This system was only
investigated with the pyramidal cluster geometry. The transmission function
can be well described using only 6 electronic states. These comprise two
states similar to states A and B in BDET, and four sulfur p-orbitals.

BDBT has 54 totally symmetric normal modes. Those four with the
largest effective vibronic coupling (Fig.4.17) were chosen to be included in
the calculation. They are similar to the normal modes in BDET: a C-C-C
bending mode (a), a C-C-H bending mode (b), a combined C-C-C/C-C-H
bending mode, and a combined C-C stretching/C-C-H bending mode (d).

The projected orbitals A and B are similar to the HOMO-3 and HOMO-2
of the isolated molecule and lie -1.55 and -1.17eV below the Fermi energy,
respectively. The Fermi energy in this system was approximately -5.16eV.
After projection the states A and B have energies -1.77 and -1.38 eV, re-
spectively, which means that both states were shifted to lower energies. The
HOMO-1 and HOMO of the isolated molecule are quasi-degenerate, mostly
localized on the sulfur atoms and resemble two of the projected sulfur orbitals
(those at larger energy). The charge of the molecular unit, as determined by
a population analysis is - 0.041 e.

The purely electronic zero-voltage transmission, depicted in Fig.4.18,
shows two narrow peaks at -1.78 and -1.39 eV. These peaks are due to states
A and B, which couple to gold with coupling strengths of I"44(—1.78) =
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Figure 4.18: Purely electronic (blue line) and vibronic (red line) total trans-
mission probability through a BDBT molecular junction at zero voltage as a
function of the initial energy of the hole (relative to the Fermi energy). The
two orbitals, denoted A and B, dominate the transmittance at the indicated
peaks. Only the relevant part of the energy interval [-2.5:4-2.5], correspond-
ing to a voltage window of 5V, is shown.
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w (em™) | T (fs) || & (meV) | £5) (meV)
@ | 56612 | 59 69 29
(b) | 119840 | 28 52 73
(o) | 123290 | 27 114 56
(@) || 1676.10 | 20 132 170

Table 4.4: Frequencies and periods (T') of the four most important vibrational
modes of BDBT as well as gradients of these modes for the two orbitals (A,B)
dominating conduction.

1.0 - 1073eV (7 = 659fs) and I'pp(—1.39) = 5.4 - 107%eV (7 = 12201s),
respectively. Due to the small coupling, these states exhibit negligible level
shift.

If vibronic coupling is included, the peak due to state B becomes shifted
to -1.27eV, while the 0] transition of the peak due to orbital A appears at
-1.65¢eV. Both peaks show pronounced vibrational progressions, whose posi-
tions are arranged in Tab. 4.5. The individual peak heights correspond to the
respective Franck-Condon factors (vibronic coupling parameters). For exam-
ple, the peak due to single excitation of mode (d) in orbital B is larger than
all the other single excitation peaks. Also, for orbital B the (c)§ transition
of mode is much smaller than the corresponding transition of mode (b). For
orbital A this situation is reversed.

orbital A || mode (a) | mode (b) | mode (c¢) | mode (d)
(m); 172 1.80 1.85
(m)? 1,79 11.93 2.07

orbital B || mode (a) | mode (b) | mode (c¢) | mode (d)
(m)} 1.35 142 1.43 148
(m)? “1.56 171

Table 4.5: The positions (in eV) of the vibronic transitions in the transmis-
sion function of BDBT. Blank entries correspond to transitions that can not
be seen, because of too small vibronic coupling.

The purely electronic current curve (blue line in Fig.4.19) shows a small
rise up to 2.0V and a first step at 2.06 V, which would not be expected from
the zero-voltage transmission. Both features are due to the sulfur p-states,
which cause a small, but very broad peak around the Fermi level and a small,
narrow peak at -1.07eV, which can be seen in the transmission probability
calculated at 2V (inset in Fig. 4.20), but not in the zero-voltage transmission.
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Figure 4.19: Current-voltage characteristic of BDBT. Shown are results of
calculations with (red line) and without (blue line) molecular vibrations.

When comparing the transmission probabilities at equilibrium and at 2V, it
can also be seen that the height of the two peaks caused by orbitals A and
B is smaller at 2V than at 0'V.

In the I-V curve two steps follow at 2.76 and 3.56 V, which are due to
orbitals B and A, respectively. As in the other model systems, NDR is
visible after the last step, which is again due to decreasing height of the
peaks due to states B and A with further increasing voltage. In the vibronic
current the step at 2.06V is also present, confirming that this step must be
due to orbitals that do not couple to vibrations. Furthermore, a number
of additional steplike structures appear which can be assigned to excitation
of the different vibrational modes in states A and B. The most pronounced
features are analyzed in Table 4.6. The NDR following the last step still
exists but is significantly smaller compared to the purely electronic case.
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Figure 4.20: Purely electronic transmission probability of BDBT at equilib-
rium (red line) and at 2V (blue line).

| 08 (@) | (0)g | (c)o | (d)g | ()5
orbital A || 3.27 | 342 | 3.57 | 3.57 | 3.73
orbital B | 2.55 | 2.68 | 2.85 | 2.85 | 2.95 | 3.42

Table 4.6: The positions (in V) of the vibronic transitions in the I-V curve of
BDBT. Blank entries correspond to transitions that can not be seen, because
of too small vibronic coupling.
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4.3 Surface self-energy models

As was discussed in Sec. 3.2 and Appendix A, the influence of the semi-infinite
solid on the contacts is described by the surface self-energy (of a (111) gold
surface). In this section we will discuss the influence of different surface self-
energy models on the transport characteristics of molecular junctions. As an
example we will consider transmission through the BDT junction presented
in Sec.4.2.1 without vibronic interactions.

In a frequently employed model for the surface self-energy ¥, a diagonal
matrix containing a purely imaginary value o is added to the diagonal Kohn-
Sham matrix elements belonging to the gold atoms of the outermost gold
layer (cf. Eq.(3.11)) [65, 37]. In this model we neglect that s-, p-, and
d-orbitals might be influenced differently by the interaction with a semi-
infinite solid, and coupling elements between orbitals of the same atom but
also between different atoms are assumed not be influenced.

1eV ——

]
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5
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<}
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[
S
(7]
R
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S

02t

0 1 1

-3 25 2 15 -1 05 0 0.5 1

injection energy (eV)

Figure 4.21: The purely electronic transmission probability through BDT,
when using o values of 1eV (black line), 3eV (red line), and 5eV (blue line).
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In Fig.4.21 the purely electronic transmission probability through BDT
is shown for three different values of the surface self-energy parameter. It can
be seen that the peaks due to states A (-2.61eV) and B (-2.06 eV) are almost
independent of this parameter, while the peak due to orbital C (-1.25eV)
increases in width with increasing self-energy. This is probably due to the
smaller electronic coupling of states A and B to the contacts (cf. Sec.4.2.1).
The peak at the Fermi level becomes flatter and vanishes at large self-energy
values.

To optimize the value of this self energy parameter, we investigated two
linear tight-binding models. These models consisted of a single electronic
state on the molecule, which was coupled to an infinite and a finite linear gold
chain, respectively. The transmission through the model with the infinite
linear gold chain was calculated exactly while an imaginary part was added to
the elements of the outer sites of the finite linear gold chain. The transmission
through this model system was calculated at different self-energy values.
The number that yielded the smallest least-mean-squares error was taken
in the calculation of the quantum-chemical system, its value was 0.93eV.
All parameters in the tight-binding model were taken to be similar to the
parameters delivered by the quantum chemistry model.

An indication that this single parameter self-energy model is not suffi-
cient, can be deduced from Fig. 4.22, where the purely electronic transmission
probability through BDT is shown for the same self-energy value (0.93eV),
but for different locations of the boundary between molecule and contact in
the partitioning of the molecular junction.

When separating the extended molecule into molecule and contact part,
all gold atoms are allocated to the latter, while all remaining atoms belong
to the molecular space. Fig. 4.22 shows data where two or seven gold atoms
on both sides of the molecule are additionally included into the molecular
space, respectively. It can be seen that the peak around e; strongly depends
on the projection boundary. Its transmission probability rises from 0.37,
when using the conventional projection boundary, to 0.63, when including
2x2 gold atoms of the first layer in molecular space, to 0.87, when including
both 2x2 gold atoms of the first and 2x5 gold atoms of the second layer
in molecular space. The other peaks, which could be assigned uniquely to
molecular orbitals, depend only weakly on this projection boundary.

The transmission functions in Fig. 4.22 were calculated including all elec-
tronic states in molecular space for comparability. In principle, the trans-
mission features should be independent of the partitioning of the molecular
junction.

Another popular surface self-energy model is based on a tight-binding
calculation of the semi-infinite gold (111) crystal. This model was employed
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Figure 4.22: The purely electronic transmission probability through BDT. A
single imaginary self-energy parameter of 0.93eV and different partitioning
boundary were used: border between S and the two gold atoms of the first
layer (black line), border between the first and the second gold layer (red
line), and border between the second and the third gold layer (blue line).

in the calculations presented in Sec. 4.2. The self-energy was obtained calcu-
lating the surface Green’s function [54] for the semi-infinite electrode using
a DFT-parameterized tight-binding model for gold. This model neglects
self-energy contributions to coupling elements between different gold atoms
in the outermost gold layer. The surface self-energy matrix for the second
outer gold-layer, was small enough to be neglected.

The transmission probability through BDT for different projection bound-
aries is shown in Fig.4.23. The peak at the Fermi level is still present, but
its dependence on the projection boundary is much weaker, and the peaks
themselves are not as large as in Fig.4.22. From a transmission probability
of 0.23 for the conventional projection boundary, the peak maximum rises to
0.31 for 2x2 additional gold atoms, and 0.35 if 2x7 gold atoms are included
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Figure 4.23: The purely electronic transmission probability through BDT,
when using different projection boundaries: boundary between S and the two
gold atoms of the first layer (black line), boundary between the first and the
second gold layer (red line), and boundary between the second and the third
gold layer (blue line). The surface self-energy from a tight-binding model of
the semi-infinite gold solid was used.

in molecular space. When comparing the remaining features in the transmis-
sion functions obtained with the two different surface self-energy models, we
notice that the three peaks in Fig. 4.21 are slightly shifted to the left and now
appear at -2.67 (orbital A), -2.18 (B), and -1.48¢V (C). An additional peak
at -2.50 eV appeared, which is also due to orbital (B), and also the features
below -2.70eV are different for the two employed self-energy models.

We conclude, that the influence of different surface self-energy models on
the transmission features through the BDT molecular junction is significant.
It leads to a shift and splitting of resonance peaks and strongly determines
the intensity of the peak at the Fermi level. When testing the surface self-
energy model systems with respect to different projection boundaries, the
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tight-binding model gives a significantly better description than the single
parameter model.

4.4 Summary

In this chapter we investigated the transport characteristics of molecular
junctions using a scattering theory formalism. The central quantity in this
approach is the multi-channel transmission probability, from which we obtain
the current via a generalized Landauer formula.

We applied the scattering formalism to four different model junctions:
Benzenedithiolate, benzenedi(ethanethiolate), and benzenedi(buthanethiol-
ate) with pyramidal gold contacts, as well as benzenedi(ethanethiolate) with
cuboid-shaped gold contacts. These three molecules differ in the length of the
spacer group that separates the benzene ring from the contacts. Expectedly,
the overall current decreased, the longer the spacer group, which is in accord
with experimental studies of BDT and benzenedi(methanethiolate) [66]. We
found that the transport characteristics around the Fermi energy can be
assigned to a small number of molecular orbitals. There is strong interaction
between orbitals located on the benzene ring and orbitals located on the
sulfur atoms of the thiolate group, which is mediated by the metal contacts.
For BDET, we investigated the influence of different gold contact geometries
and found that cuboid-shaped and pyramidal gold clusters lead to different
transport characteristics of the molecular junction. For all four molecular
junctions we observed negative differential resistance, which we attributed
to the voltage dependence of the self-energy that describes the effect of the
electrodes on the molecule.

The main focus of this chapter, however, was on the investigation of
vibronic effects on molecular conductance. The results show that due to
electronic-vibrational coupling resonance structures (peaks and steps) are
shifted to the extent of the reorganization energy and they are split into
several substructures whose individual amplitudes are determined by the
respective Franck-Condon factor. We found that several time and energy
scales have to be considered simultaneously in order to understand the extent
of vibronic coupling. As a rule, vibronic effects increase with increasing
vibronic coupling between orbitals and normal mode vibrations and they
decrease with decreasing lifetime of the electron (hole) in these orbitals. The
latter is determined by electronic coupling between molecular orbitals and
electronic states in the electrodes. Furthermore, vibronic effects are more
pronounced the larger the lifetime of the electron (hole) on the molecule
with respect to the period of the normal mode vibrational. As a result,
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vibronic features are less pronounced for BDT than for BDET, and smaller
for BDET than for BDBT.

To conclude this chapter we discuss related work. While we used the scat-
tering formalism to describe inelastic transport in the electronically resonant
regime, scattering theory can also be used to describe inelastic tunneling in
the off-resonant region. To this end, the molecular Green’s function, rather
than the Hamiltonian, is expanded to first order in the vibronic interaction
[67], and the involved matrices are of the dimension of the molecular, elec-
tronic subsystem. In contrast to our method, for a given Hamiltonian, this is
a perturbative treatment of the vibronic coupling and only single vibrational
excitations can be described. Using this technique the experimental spectra
in Ref. [32] could be reproduced [68]. Within scattering theory IETS spectra
can also be simulated by expanding the system’s wavefunctions to first order
in the nuclear coordinates [59].

An effect that is closely related to vibrational excitation in molecular
junctions is heat generation. Heating of a BDT-junction and a single gold-
atom contact due to vibrational excitation was investigated in Ref. [69] using
a first-order perturbation expansion in the vibronic coupling within a scat-
tering theory approach. The authors found that much more heat is generated
in single atom junctions than in single molecule junctions, as the latter con-
stitute a much larger resistance. Using a similar approach, the same authors
demonstrated the dependence of the inelastic, low-voltage conductance on
the contact geometry [70] by binding BDT to two gold clusters or a sin-
gle gold cluster, respectively. Finally, in Ref.[71] a time-dependent scatter-
ing approach was used to investigate processes like molecule desorption or
molecular reactions in a STM configuration, where the final scattering state
is non-bonded.
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Chapter 5

Density Matrix Theory

Density Matrix Theory is a formulation of quantum mechanics, in which
a quantum mechanical system is not described by a single wavefunction,
but by a density operator. This density operator is, in general, a sum of
projection operators onto different quantum mechanical states, weighted by
the probability with which the state is occupied by the system [72],

R= w00, . (5.1)

If all but one wy are zero, the system is in a pure state, otherwise it is in a
mixed state.

In this chapter we will present a transport formalism that is based on
the density matrix reduced onto the molecular space. In the first part, we
derive the rate equations for the transitions from electrode to molecule and
vice versa, and we deduce an expression for the current. In the second part,
the density matrix formalism is applied to the BDBT molecular junction.

5.1 Density Matrix Formalism

5.1.1 Density Operator

In the framework of density matrices the expectation value of the current
through electrode o, a being either L or R, is given by

I = e {I(t)) = etrpys {R(t)fa} , (5.2)

where ﬁ(t) is the density operator of the total system, I is the current oper-
ator, and the trace is taken over all degrees of freedom (DOF), i.e. electronic
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and vibrational states of the molecule (S) and the bath (B). In the appli-
cations considered here, the bath corresponds to the electronic states in the
left and right electrodes (B = L + R).

The current operator is the time derivative of the number operator N of
the respective electrode,

I, = djl\;“ - % [H, Na} C Na=2) e, (5.3)
kea
where the factor two accounts for spin degeneracy. Taking the time derivative
results in the evaluation of the commutator of the number operator with the
Hamiltonian of the total system.
The time-evolution of the total density operator is given by the Liouville-
von Neumann equation

o . .
S R() = R(t)

?

. [H, R(t)] — —iLR(t)

where Liouville-space notation was introduced, £O = %[H , O], with O being
some arbitrary operator.

As the density operator of the total molecular junction, R(t), is a consid-
erably large quantity, we will express the current and the time-evolution in
terms of the reduced density operator p(t),

p(t) =trs {R(®)} |

where the trace is taken over the bath (i.e. the electrodes) DOF.

5.1.2 Derivation of the Equation of Motion

The time-evolution of the reduced density operator is given by [73]

o) = ()" + 50" = — [Hs,p(t)) = st { [V.RO)| } . (54)
where the first term describes the coherent evolution of p and the second
term describes its dissipation caused by the interaction (V') of the molecular
system with the contacts.

In order to remove the total density operator in the dissipation term
and to obtain a closed equation for p(t), projection operators P and Q are
introduced. In contrast to the projection operators introduced in the previous
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chapters, which were defined in Hilbert space, P and Q here are defined in
Liouville space. P is given by its effect on an arbitrary operator O,

PO = B, trp {O} . (5.5)

For R(t) this gives A
PR(t) = Buy plt), (5.6)

i.e. P factorizes the total density operator in a density operator of the elec-
trodes at equilibrium and the reduced density operator, p(t). The equilibrium
density operator of the electrodes is (8 = (kT)™!)

B, = Z3" exp {—ﬁ Z(Ek - ua)clck} ,

kea

where Zp is the partition function of the electrodes in the grand-canonical

ensemble,
Zp = trp [exp {—ﬁ Z(Ek — ua)czck}]

kea

Introducing the sum of projection operators, P + ) = 1, into the dissi-
pative part of Eq. (5.4) gives

poy = s { [V. PR+ QR }

?

= —%UB {[Va Begp(t)] + [V7 QR(t)] } : (5.7)

The first commutator vanishes upon taking the trace, because the interaction
Hamiltonian V' is linear in the electrode operators. Using Liouville-space
notation the right part of Eq. (5.7) can be written more compactly

pt) B = —itry {EVQR(t)} . (5.8)
where £,0 = % O].

In order to evaluate this term, the equation of motion (EOM) for R(t) is
rewritten,

—R(t) = —ilR(t) = —iLQR(t) —iLPR(t)
= —iLQR(t) — iLBeyp(t) .
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This is a first order inhomogeneous differential equation that can be formally
solved to give

t
R(t) = e~ 1£QU—10 R(t0) — / dte QLR H(H) . (5.9)

to
The first term of Eq. (5.9), when multiplied by @, vanishes, if at time ¢, there
are no initial correlations between the electrodes and the molecule. Inserting
Eq. (5.9) into Eq. (5.8) gives

t
pt)dss = — / dtitrp {LvQe LB, p(t1)}
to
t
= —/ dt,trp {Eve”Qc(t’tl)QﬁBeqp(tl)}
to

t
- _/ dtitrp {Lye " @EE (1 — P) (Ls + Ly + L) Begp(th) } -
to

Of the term (1 — P)(Ls+ Ly + L) Beyp(t1) all terms except Ly Beyp(t)
vanish. If the treatment is restricted to second (i.e. first non-vanishing) order
perturbation theory in the electrode-molecule interaction (V'), the Liouville
operator in the exponent £ = Lg+ Ly + L is approximated by £ ~ L+ L.
In the exponent it can then also be shown, that the term including P vanishes,
which gives

t
p(t)dzss _ _/ dtltI‘B {Evefz(lfP)(EerEB)(tftl)ﬁvBeqp<t1)}

to

t
= —/ dtltI'B {Eveii(l:SJrl:B)(titl)ﬁvBeqp(tl)}

to
t ) .
== —/ dtltIB {Evﬁv(t - tl)Beqe_%Hs(t_tl)p(tl)€+%Hs(t_t1)} . (510)
to
Here it was used that B., commutes with both Lg and Lp, while p(t) only
commutes with Hp, and the time-dependence of V' (¢t — t;) was defined as

Vt—t) = 6—%(Hs+HB)(t—t1)V€+%(H5+HB)(t—t1) )

The EOM for p(t) in the form of Eq. (5.10) corresponds to an integro-differential
equation, that is referred to as the ‘second order Born approximation’. To
obtain a simple differential equation, the integration variable is substituted
by r=1t—1

, t=to i i
o) == [ dr v { Ly Lo(0) B e = et
0
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and the Markov-approximation

i

e*ﬁHsTp(t o 7_)6+%HST ~ p(t) :

is invoked. Physically the Markov approximation implies that memory effects
are neglected, i.e. the system at time ¢ is not influenced by its evolution at
times earlier than t. The EOM for the reduced density operator in the
Markov approximation has the form

i t—to

) = =5 Hsp(®) = [ dr 1w (L0 Ly () Bp(®)}

If the bath-correlation functions decay fast enough, the integrand vanishes
at times earlier than t — ¢y and the upper integration boundary can be taken
to infinity. This yields the Redfield equation, which is characterized by t-
independent transition rates,

i

pl0) = 5 Hsup 0] = [ dr tra (0L (P Bup(0)

We are interested in the steady state situation, which is established in
the limit ¢ — oo and at which the reduced density matrix is constant in time
p = 0. Writing the commutators explicitly and using the notation,

lim p (t) = Poo 5
t—o00
we obtain the equation for the stationary density operator,

Hepol = 35 [ dr o (W V). Bupul} =0 - (5.1)

_
d

Next the expression for the current, Eq.(5.2), is written in terms of the
reduced density operator,

I, = etrp.g }?(t)fa}

Pfi(t)fa} Fetrpes {QR(t)fa}

Beqp(t)fa} Fetrprs {QR(t)fa}

QR(t)fa} .

The term including P vanishes, because the current operator is linear in the

electrode DOF. The expression for QR(t) can be extracted from Eq. (5.11),
which gives the current in terms of the reduced density operator

I, = —z’% /OOO dr trp.s { [V(T), Beqpoofa]} . (5.12)

= etrpis
= etrpyg

= etrpyg

—~— =
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5.1.3 Polaron transformation of the Hamiltonian

The many-particle Hamiltonian (Eqgs. 3.8) contains the interaction terms V
and H,.. In order to obtain an expression that contains only one interaction
term, which will be treated by perturbation theory, the Hamiltonian will be
transformed, H = eSHe™°. The transformation S is chosen such, that there
is no vibronic coupling term in the new Hamiltonian H. This is the case if
(from now on atomic units, where h = 1,e = 1, will be used)

HI(J)

\/ﬁw

S =2
75l

V)

2

S = Z ow <alT - al> cjc; (hole transport) .
4l

<a; — al> c;-cj (electron transport) ,

The transformation is performed with the help of its series expansion

~ 1
H=e¢He® = H+[S, H| + o7 [ 1S H 4 (5.13)
which gives
}N[ = HQ + ‘N/ y
o, = Hs+Hp,
7 T I ﬁgj)ﬁgj/) Tr
Hg = Zwlal a; + Z Ejcicj + Z Twlcjcj,cjcj/ : (5.14)
l JjeEM NN
I:IB = Z EkCLCk s
keL,R
‘7 = Z Z (V}kaC;Ck + ijX]TCjC};) s
jEM keL,R

where constant terms, which do not contribute to dynamics, were skipped,
so that Eq.5.14 describes both electron and hole transport. The molecular
orbital energy was renormalized by the reorganization energy (also called the
polaron shift)
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The operator X is given by the expression
() (9
Xj=e 2ttt = e f;—w@j_al), (5.17)

where p; = ﬁ (alT — al) is the dimensionless nuclear momentum of normal

mode [. The last term in Egs. 5.14 is neglected, ignoring processes where two
electrons (holes) are simultaneously created on the molecule.

5.1.4 Solving the Equation of Motion

In this section, we will express the generic EOM in Eq. (5.11) in terms of the
Hamiltonian derived in Sec. 5.1.3 and we will transform the operator equation
into a system of linear equations by taking the matrix elements with respect
to the vibrational and electronic molecular states. Using the Hamiltonian of
Sec. 5.1.3 the expression for the time-dependent interaction operator becomes

V(T) — e*iI:IQT‘N/e+if{07‘
= Z Z (‘/}/k,e*xE]’/fEk/)TXj,(T)C;,Ck/
K'eL,R j'eM
+Vk”j’€+i(Ej'_Ek/)TX;L,(T)Cj’CL) y (518)

where X /(1) = e 2 “’l“lT‘”TXj/e”Zl wala™  The current operator, Eq. (5.3),
takes the form

fo=i 0,8 =20 Y (VaXscjo = VigXesel) . (5.19)

Jk€a

Using Eq. (5.11), expanding the commutator, and exploiting the Hermiticity
of the operators we obtain

0= —1 [ﬁg,poo] — /000 dr trp {VV(T)Beqpoo — ‘N/Beqpoo‘N/(T) + h.c.}

The multiplication of V by V(7) yields four terms. If the trace with respect
to the electrode DOF is taken, those terms including cycp B, and c,icLBeq
vanish. The other two terms give

trp {Cltck’Beq} = 5kk’f(Ek - IU’Of)’

trp {CkCL/Beq} = O (1= f(Ex — ia))
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where { is the Fermi distribution function. Thus we obtain

0 = —i [ﬁs,pw]—/ ar S S (D' + D)  (5.20)

j.j'€M keL,R
(B = Ek)T (T)CjCj/poo (1= f(Ek — Ha))
Vi Vise G E’f)T (T)cjc;,poof(Ek—/ﬁJ
(B~ Ex) X]c PocCit X1 (7) f (Ex — p1a)
e BB X e ipoeeh X (7) (1= f(By — pia)

T
/EkT

In the next step, we derive the representation of the operator Eq. (5.20) in a
vibrational basis. To this end, Eq. (5.20) is multiplied by (v| from the left
and |v9) from the right, and the completeness relation, » . |v;)(v;| = 1, is
inserted twice,

0:—i<1/1

[f[g,poo] ) u2> - /0 dr Z Z Z [<V1 |DT’ u2> + (v |D| 1/2”
j.j'€M KEL,R V3, Vs
V1| X |ws) (s X1 (7)|va) (walcley poclva) (1 = f(Br — p1a))
< f Ek: - ;ua)
vslchpootys [va) (wal X1 () w2) f
|ijooc |V4><V4|Xj’(7_)|’/2 (1= f(Er — ta)) -

)
vs| X (7) wa) (valeseh poolv2)
)
)
The term (v;|X;|vy) is the product of Franck-Condon factors of various

modes
L)
He\f;j“"l(aj_al) Vi’> = H <Vl(i) l/l(il)> .
l l

Here it was used, that the total vibrational wave function factorizes into
the functions of the single modes, |v;) =[], ]ul(z)), where Vl(z) is the quantum

number of normal mode [ in vibrational state 7. Furthermore the abbreviation

()
l

<VZ‘|X]'|I/Z‘/> = <Vi

()

i)

Xl(j) _ eﬁ—wl(“;—“l)
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was used. The Franck-Condon factors of the individual modes are given by:

( <02\ (e VT
i <— 57 > (\@J A Z T
! (v — v+ h)! (v —h)!

e aw? if vV >v
1y (9) _ h=0
(v |Xz lv) = h /
, (5?2 OR N
i (‘37) (‘@m) vl o

0P ,
Mo —v thl o —p ¢ vz

(5.22)

\ h=0

For the time-dependent X ;-operator one obtains

iy wn (D )

(Wil Xj(r)lvir) = (wilXjlvi)e <l ’ )
Introducing the abbreviation (vi| Xjlvy) = XI, and using the relation
<1/|Xl(j)f| ) = (1/|X |V> Eq. (5.21) becomes

o = il [ o]

- Z Z Z (v1| D va) + (v1 [D]ws)]  (5.23)

7 J'€EM k€L, RV3,V4
(1|Dlv) = o XPX P (walcleypoclva) (1 — f(EBr — pra)
+oil XXM valejel poolva) f(Er — o)
—0 2 X P XM vl poctyr [va) Bk = p1a)
—0 ) XP X (ws]ejpoocly|va) (1 = F(Ex — pta)) -

Here we used the abbreviation

ol = VieViy / ) dTeﬂ@jleHZl - <V(l)7u(l )))T . (5.24)
0

JJ

In order to convert Eq.(5.23) into a matrix equation, we also introduce
electronic many-particle basis states |¥), and multiply Eq.(5.23) by (¥/|
from the left and |¥s) from the right,

0:—i<\1f1 <,,1 []:.fg,poo”u2> \1:2>

- Z Z Z ‘111 V1‘DT‘V2>“I’2>+ Uy | <I/1|D|V2>|\I/2>}

Jj'eM k€L, RV3,Vy
(Uy [(1 [D] o) | Wa) = o3 X2 X33 (W1 | (walclejopoclva) | Ws) (1 = f(ER — pa)
oy XPXGHW walejelpoclva) (W2) (B — o)
~0 5 X P XGH W (ws]chpsocy va) [ Wa) f(Br — ha)
05 X3 X (wslespaech [va) [ W2) (L= f(Ex = pa)) -
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This produces a homogeneous system of linear equations, Cx = 0, where
C is the coefficient matrix containing the transition rates and the vector
x contains the density matrix elements, (V; [(v; |peo| vir)| V), in a column.
The system of equations is solved under the condition that tr{p.} = 1.
The integral over 7 in Eq. (5.24)can be rewritten using the relation [74]

/ dre®™ = +iPV (1> +7i(e) , (5.25)
0

€

where PV denotes the Cauchy Principal Value integral and ¢ is the Dirac-
0-function. In this form the similarity between the transition rates in the
EOM and the exact definition of the matrix elements of the width function
I' and the level shift A is evident,

D(E)y = 2m) ViVigd(E — Ey)
k
1 /F(E /)jj/
A(E);y = %PV/dE o
However, matters become more complicated by the appearance of the Fermi
functions.

It should be noted that in the presence of vibronic coupling the EOM for
the many-particle density operator p can no longer be expressed in terms of
its single-particle pendant, which makes a compact notation of the transition
rates difficult. An approximate reduction scheme is proposed in [75] but
complicates matters by introducing nonlinearities in the system of equations.
When choosing the number of orbitals included in the actual calculation,
it should be noted that the number of electronic many-particle states N
increases with the n* power of 2, N = 2", where n is the number of single-
particle states.

5.1.5 Expression for the Current

Starting from Eq. (5.12), we will derive an expression for the current through
electrode « for the Hamiltonian derived in Sec.5.1.3. First, we will expand
the commutator in Eq. (5.12) and exploit the fact, that the two terms in the
trace are the Hermitian conjugates of each other,

I, = —i /OOO dr [tr3+5 {V(T)Beqpoofa} — (tr3+g {V(T)Beqpoofa}>*]
— 2% [/OOO A7 trp.g {V(T)Beqpoofa}} . (5.26)
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Inserting the expressions for V() and I, (Egs. (5.18) and (5.19)) and
taking the trace with respect to the electrode DOF we obtain,

I, = 4%[/ dr > Y

5,3'eM kea

Vi Vijre™ i(By =By )7 Ttrg {XjX]T,(T)c;cj/poo} (1= f(Er — i1a))

—VikVije~ i(Bj—EBy)r Ttrg {X}Xj/(T)cjc}/poo} f(Er — )| - (5.27)

Next, the trace with respect to the vibrational and electronic DOF of the
molecule has to be taken. The completeness relation of the vibrational states
is inserted twice. This gives

DD

j7j/7i€M kea Vy,V3,V3

(1= f(Ex — fta)) U??IX}QXJ%?’(‘I’J<V3’C;Cj/ﬂoo"/1>|‘1’i>

— F(Bx = pa) 055 XX (Wil (wslejel poolvn) [ W3) | (5.28)
where the sum over 7 extends over all electronic many-particle states.

5.1.6 Electronic single level system without vibronic
coupling

In this section, we will present the rate and current equations of a purely
electronic single level system without vibronic coupling. This serves as a
simple illustration of the rather complex equations derived in the previous
sections and enables a formal comparison with scattering theory.

The purely electronic equation of motion is given by

0 = —’i[HS,poo]—/OoodT S % [ (5.29)

j.j'€M keL,R
VieVigre B =BTl epoc (1= F(Br — pia)

+VjVije i Ek)TC oo (B = j1a)

— Ve Viyre (B =Be)7 1PooCir [ (B — Ha)

Vi Vige BB p ol (1= F(B = p1a))



A single level system consists of an occupied, |1), and an empty state,
|0). When multiplying Eq. (5.29) by (1] from the left and |1) from the right,
the term due to the coherent part of the EOM vanishes and the dissipative
part becomes

oz_/omdf S [0 = F(Bx = 1)) Vaal eHE =01 1)

keL,R

—f(By — pto) [Vig? e E 070 p [0) + c.c.] . (5.30)

Writing the complex conjugate expression explicitly and collecting terms,
Eq. (5.30) becomes

/ dr ) (5.31)

keL,R
(L= f(Bi = p1a)) Via]* (e E 757 4 7 EEIT) (1] p 1)
— [ (B — pa) |Vag|” (70T 4 e 7HEERT) (1 — (1] pc|1))]

where it was used, that the occupation probabilities add to one, (1]ps|1) +
(0]po|0) = 1. Using Eq. (5.25), Eq. (5.31) can be rewritten as

0 = - Z F(Er = pa)) Vel 276 (B — Ep)(1pcl1)

_f(Ek - Na) ‘VIkF 27T5(E1 - Ek) (1 - <1|/)00|1>)} ’
= =Y [Vl 2rd(Br — Bi)(1lpocl1)
kEL,R
—f(Ey = pa) [Vi|* 206(Ey — Ey)]
= —[[L(E1) +Tr(ED] (1]poo|l)
—[f(Ey — p)TL(Ey) + f(Ey — pr)TR(EY)] (5.32)

Employing Eq. (5.32) the population of the singly occupied state can be ex-
pressed as

f(Ey — p)U(Ey) + f(Ey — pr)TR(EY)
LL(Ey) 4+ Tr(EY)

(1poo|1) = (5.33)

The current of a purely electronic single level system can be derived in the
same manner as the population. Rewriting Eq. (5.28) for a single electronic
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level we obtain,

I, = 4?)%{/00 dTZ [ (1= F(Ey — 1)) [Vir|? e B =BT (1] o [1)

0 kea

— [ (B — pa) [Vig* 717 FR7(0] pso |0) ] } - (5.34)

Using Eq (5.25) and replacing (0]pso|0) by 1 — (1|peo|1), Eq. (5.34) becomes

I = 47 [(1= F(By = o)) Vil 70(Br = Ei){1]psc]1)

kea

—f(Er — pa) |V1k’2ﬂ'6(E1 — E) (1 — (1!/?00\1)]) )

= 4 [Vil*m8(EBy — E)(Lpacll) = f(Ex — pa) [Vie|* 78(Ey — Ey)]

kea

— 2T (E)(Upwcll) — 2 f(Er — po)Tu(E) | (5.35)

Inserting Eq. (5.33) into Eq.(5.35) we obtain the final expression for the

current through a purely electronic single level system (setting o = L),

_ Ir(Ey) - Tr(EY)
[L(Er) + Tr(EL)

Iy (fr(Ey — pr) — fL(BE1 — ) - (5.36)

5.1.7 Comparison to Scattering Theory

The difference between the current obtained from the density-matrix and the
scattering approach can be analyzed for the purely electronic case assuming
a single electronic state only. In this case the current based on scattering
theory is given by

1ot I'1(E) - Tr(E) (fa(E — pgr) — fr(E — ur))
I=z / VB B — Au(E) — Ap(E)) + (TL(E) + Ta(E)2/4

T J 00

When neglecting the level-shift function A and taking the limit

S(T0(B) + Ta(E)) — 0

we obtain
7 L TL(BE) TR(E) (fr(E —pr) = fu(B—pr) oo oy
1= HTL(B) + Ta(E)) =) 5:3T)
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Solving the integral gives exactly Eq. (5.36).

This shows that quite severe approximations are necessary to get from
the scattering current expression to the density matrix expression and dif-
ferences in the I-V characteristic are to be expected when comparing both
methods. Furthermore, we note that the operations above imply the wide-
band approximation, which is characterized by a constant width I and zero
level-shift A.

While the perturbational treatment constitutes a disadvantage of the den-
sity matrix approach, its advantage is that we need no longer assume relax-
ation of the vibration after each electronic scattering process. Instead, the
approach allows to study the steady-state distribution of the vibrational de-
grees of freedom.

The assumption of zero relaxation is the other extreme as compared to the
scattering treatment, where total vibrational relaxation was assumed after
each transmission event. Therefore, effects due to absorption of vibrational
quanta or, generally, due to transitions starting from a vibrationally excited
state, are missed by the scattering treatment.

Within second order perturbation theory only sequential tunneling pro-
cesses can be described. In sequential tunneling the charge carrier physically
occupies the molecule and loses its phase memory, before it escapes into
the other electrode by another tunneling process. Higher order processes,
called cotunneling or superexchange, where a virtual intermediate state is
formed, appear in fourth order of the interaction V' [76]. The superexchange
(L < R) transition rates naturally contain the Pauli blocking factors (see
e.g. Ref. [77]), that were discussed in Sec.4.1. The sequential tunneling tran-
sition rates, of course, do not contain blocking factors in the electrodes, as
only a single electrode is involved in this process and two consecutive pro-
cesses are needed in order to transfer a hole from one electrode to the other.
In Ref. [77] it was also found, that large vibronic coupling leads to a sup-
pression of the cotunneling component relative to the sequential component
of the current. Superexchange processes involve populations of the electrode
states and coherences between electrode and molecular states [78], and can
therefore not be described by the density matrix p, which was reduced to
the molecular electronic and vibrational states. In scattering theory, on the
other hand, the molecule-electrode interaction is included to infinite order,
but it is not straightforwardly possible to differentiate between the sequential
and superexchange transport mechanisms.
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5.1.8 Technical Details of the Implementation

In this section, we discuss some of the technical details of the implementation
of the density matrix formalism for the molecular junction considered in
Sec. 5.2.

It would have been desirable to calculate the current via the density
matrix formalism for the same electronic states and vibrational modes as
via the scattering formalism. This could not be done, because of the sulfur
states, which strongly couple to the electrodes and thus cannot be described
within a perturbation treatment. In the I-V curve this becomes noticeable as
large spikes which overlay the features of the benzene orbitals. Even state B
in BDET (cf. Fig.4.7) is coupled too strongly, which becomes noticeable as
a density matrix calculation for this junction resulted in populations larger
than 1 and lower than 0.

The violation of perturbation theory was analyzed for a purely electronic
tight-binding model and can be summarized as follows: For a single elec-
tronic state, coupled equally to both electrodes, the coupling is merely a
multiplicative factor (cf. Eq.(5.36)). The breakdown of perturbation the-
ory in this case manifests itself in the fact that current-voltage steps do
not broaden with increasing coupling strength. As soon as two electronic
states are considered, the ratio between their coupling to the electrodes and
their mutual level-spacing is decisive. If this ratio is too large, spikes ap-
pear in the I-V characteristic. Therefore, the density matrix treatment was
restricted to the two benzene states A and B in BDBT coupled to a single
mode (cf. Sec.4.2.4).

Taking into account these two single-particle states, we have to consider
four many-particle states (see scheme in Fig.5.1): the neutral reference state,
|W,), where both orbitals are occupied by electrons, a state with a hole in
A, |A) = c4|V,), which, as A is lower in energy than B, corresponds to an
electronic excitation, a state with a hole in B, |B) = ¢p|¥,), and a state
where both A and B are not occupied, |0) = cacp|¥,).

many-particle states

0) 4) |B) ¥,
orbital B — —e —
orbital A o— —

Figure 5.1: The relation between orbital occupancy and many-particle states.
Black dots indicate electrons.
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Only the electronic off-diagonal elements between single hole excitations,
(Alpso|B) and (B|pso|A), are coupled to the electronic diagonal elements.
This is in accord with Ref.[79] where it was shown that in second order
perturbation theory only coherences between states of equal particle number
contribute to transport. The coherent part of the EOM only gives a con-
tribution to matrix elements that are off-diagonal in either the electronic or
vibrational states or both. Furthermore, no direct transitions between states
|A) and |B) exist.

It is sometimes claimed in the literature [80] that off-diagonal electronic
matrix elements vanish under steady-state conditions except for the case of
accidental degeneracies. We experienced that this is not a strict rule but that
electronic off-diagonal density matrix elements become larger, the smaller the
level-spacing.

If all vibrational and those two electronic off-diagonal elements are in-
cluded in the EOM, the coefficient matrix of the linear system of equations
has dimension 6 - [™ x 6 - [, where [ is the size of the vibrational basis for
a single mode, which is assumed to be the same for all m modes. If rather
large vibrational basis sets are needed in order to achieve convergence, the
amount of needed memory may easily exceed the amount that is offered by
computers at the time this thesis was written. Therefore, the calculations
presented below were restricted to a single vibrational normal mode.

For the electrode states |¢r) we use again the states calculated by DFT,
which were broadened and shifted by the surface self-energy. Due to the
broadening, the E}’s are complex and if we simply insert them into Eq. (5.23),
the argument of the Fermi function would also become complex. Therefore,
we have to devise some way to approximate these expressions. The terms
including the d- and the Fermi function can be exactly factorized into the I'-
and the Fermi function evaluated at energy

E=Ey+ w (:4") - y,“')) — e (5.38)
!

while for the terms including the PV and the Fermi function this constitutes a
local approximation. Another approximation would be to evaluate the Fermi
function at the real part of the contact energies or to neglect the PV -term.
Considering the term

Xk: {in (E _1 Ek) f(Ex) +m6(E — Ek)f(Ek)} :

several approximations are possible:
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1. The Fermi function in both the §- and the PV -term is evaluated at the
real part of the contact energies,

3 {@'Pv (E E Ek) F(R(EL)) + 76(E — Ek)f(a%(Ek))} .

k

2. Both terms are factoriged into I' and A tim/es the Fermi function eval-
uated at energy E = Ej + ), w; (yl(’) — yl(Z )> — la.

2 {irv (525 ) 1)+ mite - Bosm) |

3. The o-function term is factorized and in the PV-term the Fermi func-
tion is evaluated at the real part of the contact energies,

S {z‘PV (E E Ek) FR(EL)) + 76(E — Ek)f(E)} |

k

4. Terms containing the PV-term are neglected and the J-function term

is factorized
> {#6(E - Ex)f(E)} .

k

For the weakly coupled model system investigated, most approximations,
with the exception of approximation 1, gave nearly identical, reasonable re-
sults. Therefore the approximation with the least numerical effort (approxi-
mation 4) was used.

In the following, results that were obtained using the density matrix for-
malism are shown for the purely electronic case and when including either
mode (a) or mode (d) (cf. Fig.4.17). A comparison with the equivalent
results obtained with scattering theory will be given. Convergence with re-
spect to the vibrational basis set was achieved for a number of 25 vibrational
states. The criterion for convergence was that the I-V curve did not change
visibly when increasing the basis set further. This rather large vibrational
basis set (25 functions) was necessary, because no mechanisms for vibrational
relaxation were included and therefore all vibrational states connected by a
not too small Franck-Condon factor had to be incorporated. The system
coupled to two modes simultaneously could not be investigated because the
employed vibrational basis set was too large. The density matrix calculations
were solved at zero temperature and room temperature (RT), corresponding
to T'=293.15 K.
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In the data presented in the next section, the lower limit of the voltage
range is given by the voltage at which the coefficient matrix of the system of
linear equations becomes singular, because of the number of matrix elements
equal zero. This takes place at higher voltages for the 0K - calculation,
than for the RT - data, because of the broadening of the Fermi function at
room temperature, which decreases the number of non-zero coefficient ma-
trix elements. The frequencies of both normal modes are too large to be ex-
cited thermally at RT, and vibrational excitation can only occur via electron
transport. In our studies we do not include vibrational relaxation. Gener-
ally, however, vibrational relaxation could be included via the coupling to a
thermal bath of secondary vibrational modes, via a simple, exponential phe-
nomenological relaxation time (see Ref. [81] for a discussion of the difference
between the two), and via intramolecular vibrational energy redistribution
by anharmonic coupling between system modes.

5.2 Results and Discussion

In this section, we present data derived from purely electronic density matrix
calculations of the BDBT molecular junction and compare with results from
calculations that include vibronic coupling to two different modes. The I-
V curves will be compared to the corresponding results from a scattering
calculation.

5.2.1 Observables of Interest

Besides the current and conductivity, there is a variety of other observables
of interest to characterize the electronic and vibrational non-equilibrium dy-
namics in molecular junctions. The average number of vibrational quanta in
the stationary non-equilibrium state, is given by

(afa) = " wpli
1,

with
Pow = (l(Wlp[¥)]1r) .
Here v, is the discrete vibrational quantum number and the sum is taken
over all electronic states |W). This quantity allows us to study the creation
and destruction of vibrational quanta as a function of voltage.
The dynamics of the electronic states of the molecule is characterized by
the occupation probabilities of the electronic many-particle states summed
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over all diagonal vibrational elements,
l

as a function of voltage.
Finally, we will present the occupation probability of the vibrational
states, which in equilibrium is given by the Boltzmann distribution

e—ﬁwu
ZI/’ 67&01’/ ‘

At finite voltage the probability distribution of the vibrational states may
deviate significantly from that at equilibrium. The non-equilibrium distribu-
tion is given by summing the diagonal elements of the reduced density matrix
over the electronic states |¥)

neq __ 12%
P = E Pow -
b

eq _
Pt =

5.2.2 Purely Electronic Calculation

Fig. 5.2 shows the current through the benzene states A and B of BDBT,
calculated via density matrix (solid black line) and scattering theory (red
line). Steps, due to the two orbitals, appear at the same position in both
curves. The step due to state B appears at 2.74 V, while that due to state A
appears at 3.54 V. The step heights are not equal and the current features in
the voltage range between the two steps and after the second step differ. The
current obtained with scattering theory is lower before the second step and
larger afterwards, and the edges are not as sharp as in the density matrix
calculation. The sharp features in the density matrix data are due to the
wide-band approximation (cf. Sec.5.1.7). Below 2V there is a vast range of
zero current, which is not shown entirely. The features in between and after
the last resonant step are due to the voltage-dependence of T'.

Interestingly, the current obtained with the scattering approach is slightly
larger for the calculation including only two states, than for the calculations
of the previous chapter, where four additional sulfur states were included (cf.
Fig.4.19). The contact mediated interactions between benzene and sulfur
states, obviously, lead to a reduction of the current.

Fig. 5.2 also shows the temperature dependence of the current using the
reduced density matrix approach. The steps are noticeably broadened at
RT (dashed curve), while the current features between the steps and after
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Figure 5.2: Comparison of the current based on a purely electronic calculation
through states A and B of BDBT using density matrix theory at T=0K (solid
black line) and RT (dashed line), and using scattering theory (red line) at
0 K. The current below 2V is zero and therefore not shown.

the second step are similar. This broadening of I-V features is due to the
broadening of the Fermi distribution function.

Fig. 5.3 shows the occupation probabilities of the electronic many-particle
states |U) defined in Sec.5.1.8, pyy = (V|pso|V). At low voltages both
orbitals A and B are occupied and pgy, has probability unity. At 2.74V the
transition to state B comes into resonance, which causes the probability of
pgg (red curve) to drop sharply to 45%. At the same time the probability that
orbital B is unoccupied while orbital A is still occupied, pgp (blue curve),
jumps abruptly to 55%. At 3.54V hole transport through orbital A begins to
contribute and the probabilities for the states paa (magenta curve) and pgo
(black curve) increase, but remain rather small compared to the probabilities
of the other two states.

The coherences of the system are rather small: for the real part of the
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Figure 5.3: Occupation probability of the different electronic states (as indi-
cated in the legend) as a function of voltage shown for T=0K (bold lines) and

room temperature (thin lines). The results are based on a purely electronic
calculation.

coherences, R(pap) = R(ppa) < 1.3 - 107", and for the imaginary part,
S(pan)| = [3(ppa)| < 1.7- 107

5.2.3 Effect of the C-C-C bending mode

Next, we consider the influence of vibrational mode (a) (cf. Fig.4.17) on
the conductance of the electronic two level system. Fig.5.4 shows the I-V
characteristic when coupling to mode (a) is included in the calculation. At
2.74'V the transition to the vibrational ground state of orbital B comes into
resonance and causes a large step. This takes place at the same voltage value
as in the purely electronic calculation, indicating that the reorganization en-
ergy due to mode (a) for state B is rather small. Two smaller steps can be
seen at 2.88 and 3.02V, which correspond to transitions where one and two
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additional vibrational quanta of this mode are excited, respectively. The step
at 3.02'V is followed immediately by another step at 3.05V, which is due to
absorption of vibrational quanta by orbital A. Two more such steps occur
at 3.19 and 3.33V until at 3.47V there is a comparably large step corre-
sponding to the p{’y < py; - transitions for all already occupied vibrational
states |v). This last step is shifted by an amount of -0.07V with respect
to the corresponding transitions in the purely electronic curve. There follow
five clearly visible steps due to excitation of vibrational quanta at 3.61, 3.75,
3.89, 4.03, and 4.17 V. The step height becomes smaller with increasing volt-
age according to the respective Franck-Condon factors. The distance between
these steps corresponds to twice the vibrational frequency, 2hw/e = 0.14V,
as expected when applying a symmetric voltage window and in a harmonic
potential (for studies of anharmonic potentials within a density matrix for-
malism see Ref. [82]). At room temperature (dashed line in Fig. 5.4) the steps
are broadened. At 4.56V the I-V characteristic at T=0K and at room tem-
perature can no longer be distinguished, indicating that transitions coupled
by small Franck-Condon factors come into resonance.

The red curve in Fig. 5.4 shows the current for this 'two electronic levels-
one mode’ system obtained from a scattering theory calculation. The first
step due to state B appears at 2.74 V. Its edges are again broadened compared
to the density matrix curve. Another step can be seen at 2.88V, which
is due to excitation of vibrational quanta. At 3.47V a step due to state
A follows, and, compared to the density matrix calculation, the preceding
steps, due to absorption of vibrational quanta, are absent. This was to
be expected as in our scattering theory implementation the system is forced
into its vibrational ground state after each scattering process. Only two more
steps, due to excitation of vibrational quanta, follow at 3.61 and 3.75V, while
in the density matrix curve five steps can be seen. This might be due to the
fact that in scattering theory a transition with a certain difference in the
vibrational quantum number, An, is restricted to the transition starting in
the vibrational ground state, (m){, while in the density matrix treatment all
transitions starting from an occupied vibrational ground state, (m)Zf“",, are
included, which increases the intensity of each step.

The excitation and deexcitation of vibrational quanta, observed in the
-V curve, is reflected in the average number of vibrational quanta, (a'a), in
the stationary non-equilibrium state, which is shown in Fig.5.5. The curve
obtained for zero temperature (solid line) shows that up to 2.74V, which
corresponds to the first step in the I-V curve, the system is in its vibrational
ground state and the average number of vibrational quanta is zero. At 2.74V
(a'a) rises to a value of 0.3. With increasing voltage the average rises in two
steps until it reaches a local maximum at 3.04 V. This corresponds to the

85



0.7 T T T T T

0.6

0.5

I (uA)

03

0.2 r

Figure 5.4: The current through states A and B of BDBT coupled to the
mode with frequency w=566.12cm™! using the density matrix approach at
0K (solid line) and at RT (dashed line), and using scattering theory at 0 K
(red line).

last step in the I-V curve that is due to transport through orbital B. Just
as this step is followed immediately by another step, the average vibrational
quantum number decreases shortly after reaching the local maximum. This
indicates absorption of vibrational quanta due to orbital A. The local max-
imum corresponds to almost 4 vibrational quanta. This means that also
transitions from an excited vibrational ground state, e.g. piy — pZ2, must
have contributed, as the voltage is too low to excite four vibrational quanta
at once. After two steps downwards at 3.47V, the p{y < py7 transitions,
for all vibrational states |v) that are occupied in the ground state, come into
resonance and, in the following, the average vibrational quantum number
rises due to vibrational excitations.

While at T=0K the local maximum at 3.04 V reaches a value of 3.91, at

room temperature the broadening leads to a situation where the step up at
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Figure 5.5: The average number of vibrational quanta as a function of voltage
for T=0K (solid line) and room temperature (dashed line) of the normal
mode with frequency 566.12 cm™!.

3.02 V and the step down at 3.05V are no longer separated and the maximum
shrinks to a value of 2.82. At 4.56 V the T=0K and the room temperature -
curve coincide and rise, indicating that there are further vibrational excita-
tions, which no longer depend on temperature.

Fig. 5.6 shows the occupation probabilities of the electronic many-particle
states, when normal mode (a) is included in the calculation. It is seen that
up to 2.74V both orbital A and B are occupied (red curve) and all other
electronic states have probability zero. At 2.74V the transition to state
B comes into resonance and the probability of the doubly occupied state
drops to 47%, while the occupation probability ppp (blue curve) rises to
53%. The red and blue curve both exhibit steps at 2.88 and 3.02 V due to
absorption of vibrational quanta. The probability p,, decreases, while ppp
increases, which is to be expected, as the opening of a new vibrational channel
connected to orbital B by hole transport, should increase the probability that
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Figure 5.6: Occupation probability of the electronic states (as indicated in
the legend) as a function of voltage shown for T=0K. Results based on a
vibronic calculation (bold lines) and a purely electronic calculation (thin
lines) including mode (a).

this orbital is not occupied. At 3.05V hole transport through orbital A begins
to contribute and the probabilities p44 (magenta curve) and pgo (green curve)
rise in steps of 2hw /e = 0.14 V', while the probabilities of the other two states
decrease. At 3.47V the transitions p’{y < piy come into resonance causing
a somewhat larger step, and additional steps due to excitation of vibrational
quanta follow. The electronic occupation probabilities for the vibronically
interacting system closely follow that of the purely electronic system. The
main difference is the second step at 3.47 V, which in the vibronic case occurs
at slightly lower voltage, due to the reorganization energy. In the vibronic
calculation this step is additionally divided into several sub-steps.

Fig. 5.7 shows the non-equilibrium vibrational distribution as a function of
voltage and vibrational quantum number in a contour plot. At low voltages
only the vibrational ground state is occupied, as expected at T=0K. At
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Figure 5.7: The vibrational populations of the normal mode with frequency
566.12 cm~! at T=0K. Large values are colored black while small values are
colored white.

higher voltages the distribution becomes broader, but the vibrational ground
state retains the maximum probability. Between 3.8 and 5.0V also rather
large quantum numbers have non-vanishing probability and the distribution
strongly deviates from the equilibrium distribution. The distribution changes
in steps corresponding to twice the vibrational frequency (0.14'V).

5.2.4 Effect of the C-C stretching mode

Next, we consider the influence of vibrational mode (d) (cf. Fig.4.17) on
the conductance of the electronic two level system. Fig.5.8 shows the I-V
characteristic for the system coupled to mode (d) (cf. Tab.4.4). Due to
the larger reorganization energy, with respect to the reorganization energy
due to mode (a), the transition to the vibrational ground state of orbital B
already comes into resonance at 2.61 V and is followed by single and double
vibrational excitations causing steps at 3.03 and 3.44V. This last step is
followed immediately by the p}y « py transitions at 3.46V, which are
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Figure 5.8: Current through states A and B of BDBT coupled to the mode
with frequency w=1676.10 cm ™! using the density matrix approach at T=0K
(solid line) and at room temperature (dashed line), and using scattering
theory at T=0K.

shifted by an amount of -0.08 V with respect to the corresponding transitions
in the purely electronic curve. Steps causing vibrational excitation occur
at 3.87, 4.29, and 4.70V, and the step distance corresponds to twice the
vibrational frequency, 2hw/e = 0.42 V.

The red curve in Fig. 5.8 shows the current based on a scattering calcula-
tion, which exhibits a step at 2.61 V due to the resonance with state B and
another step at 3.03V due to excitation of vibrational quanta. The current
from the scattering calculation is smaller than that from density matrix the-
ory up to the step at 3.46'V, which is due to state A, and becomes larger
afterwards. At 3.87V there is another step due to excitation of vibrational
quanta, and unlike in the density matrix curve, no further steps are seen.

We next consider the average vibrational quantum number, (afa), shown
in Fig.5.9. The steps in this curve closely follow those in the [-V character-
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Figure 5.9: The average number of vibrational quanta as a function of voltage
for T=0K (solid line) and room temperature (dashed line) of the normal
mode with frequency 1676.10 cm™.

istics. The first three steps at 2.61, 3.03, and 3.44V are due to orbital B.
The step at 3.44V is immediately followed by the first step due to orbital
A at 3.46'V, which is rather large as it is connected to the p'}y < pp7 tran-
sitions. Three further steps follow at 3.87, 4.29, and 4.70 V until a global
maximum of 10 is reached after the last step. As the distance between in-
dividual vibrational states for this mode is much larger than for mode (a)
(cf. Fig.5.5) transitions coupled by small Franck-Condon factors occur at
much higher voltages and the region where those transitions are rather small
are not reached in the shown voltage window. Unlike the average vibrational
quantum number for mode (a), that of mode (d) shows no decrease due to
absorption of vibrational quanta. This is due to the fact that the ratio be-
tween the orbital energy difference and the vibrational frequency is much
smaller for mode (d).

Fig. 5.10 shows the occupation probabilities of the electronic many-particle
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Figure 5.10: Occupation probability of the electronic states (as indicated
in the legend) as a function of voltage shown for T=0K. Results based on
a vibronic calculation (bold lines) and a purely electronic calculation (thin
lines) including mode (d).

states summed over diagonal vibrational elements, pgy, when normal mode
(d) is included in the calculation. We see that up to the step at 2.61V both
orbital A and B are occupied (red curve) and all other electronic states have
probability zero. The occupation probability p,, then drops to 56%, while
the probability of state psa jumps up to 46%. Both probabilities display
steps at 3.03 and 3.44 V. Interestingly, at 3.04 V the probabilities ppp and
Poo begin to rise, which must be due to absorption of vibrational quanta that
could not be seen in the I-V characteristic or the average vibrational quan-
tum number, but may explain the sharp tip in the solid curve of Fig.5.9 at
3.04V. The double step structure at 3.44 and 3.46 V, which describes trans-
port through orbital B including vibrational excitation immediately followed
by transport through orbital A without vibrational excitation, exists in all
four solid curves. The blue curve shows this behavior also at larger voltages,
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Figure 5.11: The voltage-dependent probabilities of the vibrational popu-
lations of the normal mode with frequency 1676.10 cm~! at T=0K. Large
values are colored black while small values are colored white.

i.e. at 3.87, 4.29, and 4.70 V, where a step up due to the opening of a new
vibrational channel in orbital B is immediately followed by the opening of a
new channel in orbital A, which decreases the probability pgp and results in
tip-like features. The probability of state pa4 (magenta line) shows inverted
tips at the same positions, while the probability of the doubly unoccupied
state shows simple steps as both new channels in orbital A and B increase its
probability. Compared to the purely electronic calculation, the shifts due to
the reorganization energy are clearly seen for both orbitals. The first step is
noticeably smaller in the vibronic calculation, than without vibrations, and
the second step is subdivided into several steps.

In Fig. 5.11 the probability distribution of the individual vibrational states
with quantum number 1, are shown as a function of voltage. The steps at a
distance of 2hiw/e = 0.42V are clearly visible. Between 2.2 and 2.6V only
the vibrational ground state is occupied. As expected, the non-equilibrium
distribution becomes broader with increasing voltage.
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Figure 5.12: The purely electronic current for the two orbitals A and B,
whose level-spacing was reduced to 0.001 eV. The current including electronic
coherences (black line) and excluding them (red line) is shown.

5.2.5 Coherences

In the computation of the curves in the last sections all vibrational and elec-
tronic coherences were taken into consideration. The results show, however,
that for this system electronic and vibrational coherences are so small that
a calculation neglecting all off-diagonal components of the density matrix
yields a similar result. This is due to the significant difference of the elec-
tronic energies F;.

The role of electronic coherences can be artificially enhanced by decreas-
ing the electronic level spacing. Fig.5.12 shows the purely electronic current-
voltage curve for the two level system, where the actual level spacing of
0.396 eV was reduced to 0.001eV. It can be seen that the two steps visible
in Fig. 5.2 merged into one step and that the current that was calculated in-
cluding electronic coherences is significantly smaller, than the current without
coherences.

On the other side, the effect of vibrational coherences in our studies could
not be increased by tuning the electronic level-spacing to an integer multiple
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of the vibrational frequency. The vibrational coherences are of size ~ 1075
and below.

5.3 Summary

In this chapter, the transport characteristics of a molecular junction were
investigated based on the solution of the equation of motion of the density
operator. The equation of motion was derived for the density operator re-
duced onto the molecular part of the system, the Markov approximation was
invoked, and the steady-state limit was taken.

There are two major differences between the density matrix and scat-
tering theory formalisms as they were used in this work. First, the density
matrix treatment involves perturbation theory in the electronic coupling be-
tween electrode and molecule, while scattering theory includes this interac-
tion to infinite order. Secondly, using the density matrix, vibrational non-
equilibrium effects are included, while in the scattering formalism we assume
that after each scattering process the vibrational equilibrium distribution is
established.

We presented results for charge transport through a molecular junction
modeled by an electronic two level system that was coupled to two different
vibrational modes. In the data based on purely electronic calculations two
steps, due to the two included molecular orbitals, could be seen. When in-
cluding vibrational coupling these features were subdivided into several steps,
the height of which was determined by the respective Franck-Condon factors
and whose level spacing corresponded to twice the vibrational frequency.

For the mode with the lower frequency, absorption of vibrational quanta
was visible, as the electronic level spacing was much larger than the vibra-
tional frequency. Thus, a vibrational population could be created by vibronic
excitations due to the first electronic state, which in turn was depopulated by
vibronic transitions of the second electronic state. Features due to absorp-
tion of vibrational quanta were pronounced at zero Kelvin and smoothened
out at room temperature.

Overall, the density matrix and scattering treatment yielded similar re-
sults. This means, that for the studied model system the electronic states
were coupled weakly enough for perturbation theory to hold and the elec-
tronic resonances were far enough from the Fermi level for the multi-channel
scattering formalism to work. The resonance steps in the results obtained
with a density matrix calculation display sharp edges, while those obtained
with scattering theory are broadened. Also the step heights differ slightly,
while the step positions are equal.
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In the employed model systems, vibronic transitions in which the vibra-
tional quantum number does not change, posses the largest probabilities and
effects like Franck-Condon blockade [83, 84] do not play a role.

To conclude this chapter, we discuss related work. Using rate-equations it
was found that the non-equilibrium vibrational distribution becomes broader
with decreasing electron-phonon coupling [80, 85]. Transport studies employ-
ing density matrices need not necessarily be done considering only the density
matrix reduced to the molecular DOF. In the literature schemes were pre-
sented, where the populations of the total MMM system were considered
[86, 87], which led to a nonlinear system of rate-equations. Furthermore,
the density matrix formalism is often employed in the study of Coulomb in-
teractions between several electrons on the molecule, and it was seen that
the cotunneling transition rates depend on the sequential processes via the
charge that can by located on the molecule by the latter [86]. In Ref. [88] the
authors studied a system where the potential energy surface of the charged
state was not only shifted with respect to that of the neutral state, but also
distorted. This means that different frequencies were assumed in the neutral
and the ionized states, and it was found that non-equilibrium vibrational
effects, like NDR, are enhanced in this case. Density matrix approaches are
also used in the study of laser driven molecular junctions [75, 89].
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Chapter 6

Optical Switches

In this chapter, we will consider the possibility to optically switch molecular
junctions between different conductance states. In contrast to the other parts
of this thesis, this aspect of molecular junctions is not directly related to
vibronic coupling and therefore all results presented will be based on purely
electronic transport calculations.

A molecular junction can be used as an electronic switch, if the molecule
exists in two or more differently conducting states that can be reversibly
transferred into each other. Possible switching mechanisms are based on
charge transfer reactions or optical excitations, which cause an intramolecular
reaction or a conformational change of the molecule.

A photochemical switch was investigated experimentally using a self-
assembled monolayer in a break-junction [90]. In solution, the studied molecule
switched from the highly conducting to the non-conducting form by irradia-
tion with light in the visible range, while it switched into the other direction
by irradiation with UV-light. In the junction only the switching from high to
low conductance could be observed and the absence of the reverse switching
process was attributed to the strong electronic interactions of the molecules
with the gold electrodes.

Stochastic switching and switching induced by the application of pulses
of large voltage were observed experimentally [91] for phenylene ethynylene
oligomers incorporated in alkanethiolate monolayers in STM. It was found
that the different conducting states correspond to different conformations
of the molecule. Application of large voltages again switched the molecules
from the high to the low conducting state, but not in the other direction.

Theoretically, switching behavior was demonstrated in molecular junc-
tions including dithienylethene molecules [92]. Here, the switching mech-
anism is due to photon absorption, which triggers an intramolecular ring
closing or opening reaction. Upon this reaction the energetic positions of the
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Figure 6.1: Scheme of the optically induced hydrogen transfer reaction be-
tween a hydroxy-imine and a keto-amine. R stands either for H in the pure
molecules, or for some hydrogen-carrier group.

HOMO and the LUMO are exchanged. Using scattering theory it could be
demonstrated, that the conductance of the 'closed’ isomer is up to 100 times
larger than the conductance of the 'open’ isomer. A photochemical molecular
switch based on an azobenzene molecule between two carbon nanotubes was
investigated in Ref. [93]. In this system the switching mechanism relies on a
cis/trans isomerization.

In the example presented in this chapter, the switching mechanism is due
to an optically induced hydrogen transfer reaction. The structural formula
of the system under study is depicted in Fig.6.1. Two planar tautomers, 3-
hydroxy-2,4,6-heptatrien-7-thiolate - butadien-4-thiolate - imine and 3-oxo-
1,4,7-heptatrien-7-thiolate - butadien-4-thiolate - amine (for R=H), are con-
nected via a photochemically induced hydrogen transfer reaction. For similar
systems, this reaction was predicted to be reversible [94] and can be tuned in
either direction by irradiating the sample with light of different frequencies.
As the nitrogen and oxygen atoms are quite far apart, it is expected, that
hydrogen transfer cannot take place for the pure molecule (R=H), but that
a flexible hydrogen-carrier group is needed.

As can be seen in Fig.6.1, the hydroxy-imine form possess one more
double-bond in the carbon-nitrogen chain than does the keto-amine form.
This difference in m-electron density on the chain could lead to different
transport properties when clamping the molecule between two electrodes
and applying a voltage. In the following, the transport characteristics of the
pure molecules and with two different carrier groups bonded to a gold cluster
of 38 gold atoms on each side will be shown and discussed. Fig.6.2 shows a
cartoon of the pure (R=H) hydroxy-imine and keto-amine molecules between
two gold clusters.

A geometry optimization was done for the molecules bonded to two gold
atoms at the B3-LYP-SV(P) level using symmetry group Cs. The remaining
gold atoms were added referring to distances and angles known from earlier
calculations and a single point calculation was done for the whole system.
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Figure 6.2: Partially optimized structures of 3-hydroxy-2,4,6-heptatrien-7-
thiolate - butadien-4-thiolate - imine (bottom) and 3-oxo-1,4,7-heptatrien-7-
thiolate - butadien-4-thiolate - amine (top) bonded to gold clusters containing
38 atoms.
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Figure 6.3: Zero-voltage transmission probability through the hydroxy-imine
(red curve) and the keto-amine form (blue curve) of the pure molecules
(Fig.6.2).
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Figure 6.4: The modulus of the current through the hydroxy-imine (red
curve) and the keto-amine form (blue curve) of the pure molecules.

The value of the Fermi energy was taken from the literature as that of bulk
gold (e; =-5.53eV). All electronic states of the molecular space were included
in the transmission and current calculations.

The transmission probabilities of the pure molecules are shown in Fig. 6.3.
The hydroxy-imine form (red curve) has a much larger transmission proba-
bility at the Fermi energy and throughout the whole studied energy range
and shows large, broad peaks at 0.48, -0.07, -0.89, -1.63, and -1.73eV and a
small peak at -1.50eV, while in the corresponding curve for the keto-amine
form (blue curve) there are small broad peaks in the region between -0.5 and
+1.0eV with a maximum probability of 6 % and two narrow peaks at -0.83
and -1.09 eV, respectively.

As the molecules are not symmetric with respect to the left and right
contact, the current in Fig.6.4 is shown in the positive as well as in the
negative voltage range, where the current in the latter was mirrored at the
abscissa for compactness. Although the coupling to the left and right lead is
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Figure 6.5: Partially optimized structures of the keto-amine (top) and
hydroxy-imine (bottom) forms, when including a pyridine-ring as the
hydrogen-transferring unit, bonded to gold clusters containing 38 atoms.

no longer symmetric it is expected to be of comparable size and therefore the
voltage division factor of 0.5 is retained. It is clearly seen, that the current
for the hydroxy-imine form (red curve) is much larger than the current for
the keto-amine form (blue curve) over the whole voltage range. Taking the
values at =1V, a value that can realistically be reached by experiments, the
ratio of the two current values in the negative voltage range is approx. 3:1,
while that in the positive voltage range is even larger, approx. 26:1. Thus,
for the pure molecules our theoretical treatment predicts switching behavior.
Additionally we note that the keto-amine form has a rectification coefficient
of I(-1V)/I(+1V) =~ 8.

In the next step, a pyridine-ring was added to the pure molecules
(R=C5H4N) (Fig.6.5). This ring is supposed to act as a hydrogen transfer-
ring unit by binding the hydrogen atom of the amine-group to the nitrogen in
the pyridine-ring, performing a 180°-rotation around the C-C-bond that con-
nects the pyridine to the molecular chain, and releasing the hydrogen-atom
to the oxygen.

The geometry was optimized for the molecules with the sulfur still bonded
to hydrogen. After this, the hydrogen was removed, the gold cluster was
added, and a single point DFT calculation was done.

The transmission functions, shown in Fig. 6.6, for the hydroxy-imine (red
curve) and keto-amine forms (blue curve), with the additional pyridine group,
differ significantly from those of the pure molecules. The transmission of the
hydroxy-imine form shows several broad and large overlapping peaks with
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Figure 6.6: The zero-voltage transmission probability through the hydroxy-
imine (red curve) and the keto-amine form (blue curve), with a pyridine -
hydrogen-carrying group.

maxima at 0.05, -0.19, -1.10, and -1.31eV, and some smaller features at
-1.54 (narrow line) and -1.61eV. In the transmission function of the keto-
amine form, on the other hand, there is a peak of probability 0.69 at -0.24 eV
which has two shoulders at -0.02 and 0.57eV. The small narrow peak at
-1.08 eV, that could already be seen in the pure molecule, also appears in this
system. There is another large peak at -1.36eV. Overall, the transmission
probability for the hydroxy-imine system is still larger than for the keto-amine
system, but the difference is not as pronounced as in the pure molecules.
The I-V characteristic of the molecules with the pyridine-carrier-group
depicted in Fig. 6.7 shows that the current of the hydroxy-imine system (red
curve) is larger than that of the keto-amine form (blue curve) in the whole
voltage range. However, when analyzing the ratios between the currents of
the two forms at &1V, we find that in the positive voltage range this ratio is
approx. 1.6:1 and that in the negative voltage range it is approx. 2:1. These
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Figure 6.7: The modulus of the current through the hydroxy-imine (red
curve) and the keto-amine form (blue curve) with a pyridine-ring as
hydrogen-transferring unit.

ratios are significantly smaller than that of the pure molecules. The absolute
current values at -1V, however, are larger than before, even if the current
at large voltages, =4V, is smaller.

A more efficient hydrogen transferring unit, in the sense that the acti-
vation barrier for the photo-chemical hydrogen transfer reaction is lowered
considerably, is the imino-lactone-ring, R=C4H5NO,, shown in Fig.6.8. To
characterize the electronic structure, the geometry was optimized for the
molecules with the sulfur still bonded to hydrogen. After this, the hydrogen
atoms were removed, the gold cluster was added, and a single point DFT
calculation was done.

The transmission function of the molecules with the imino-lactone group,
depicted in Fig. 6.9, only shows single peaks. The peak is of medium size and
broad for the keto-amine form (blue curve), where it is positioned at 0.66 eV,
has probability 0.46 and FWHM 0.14 eV, while it is narrow and large for
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Figure 6.8: Partially optimized structures of the keto-amine (top) and
hydroxy-imine (bottom) forms, when including an imino-lactone-ring as the
hydrogen-transferring unit, bonded to gold clusters containing 38 atoms.
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Figure 6.9: The zero-voltage transmission probability through the hydroxy-
imine (red curve) and the keto-amine form (blue curve), with an imino-
lactone - hydrogen-carrying group.
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Figure 6.10: The modulus of the current through the hydroxy-imine (red
curve) and the keto-amine form (blue curve) with an imino-lactone as
hydrogen-transferring unit.

the hydroxy-imine form (red curve), where it is located at 1.27eV, has a
probability of 95% and FWHM 0.04 V. This means that, if the transmission
function is not altered fundamentally at larger voltages, the peak due to the
keto-amine form would enter the voltage window long before that due to the
other form.

The current curve, shown in Fig.6.10, confirms what could be expected
from the transmission probability. The situation is reversed with respect to
the pure molecules and the molecules containing the pyridine-ring in such a
way that now the current for the keto-amine system is larger in the whole
voltage range. The ratio at =1V in the positive range is 1:26, while that
in the negative range is 1:8. This means, that the molecule could still be
used as a switch, but in the other direction than we assumed initially. The
overall current, however, is smaller by about a factor of ten. Furthermore, the
current for the keto-amine system (blue curve) shows much more pronounced
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NDR features, than in the systems described above. These NDR effects are
again due to the voltage-dependence of the electrode self-energy.

To summarize, the hydrogen-transferring unit significantly influences pos-
sible switching behavior by changing the molecular electronic structure of the
orbitals around the Fermi level. The current decreases when going from the
pure molecules via the pyridine to the imino-lactone carrier group. The rea-
son is, that molecular orbitals around the Fermi energy become less delocal-
ized over the whole molecular backbone, the more electronegative the trans-
ferring unit. This mechanism influences the keto-amine and the hydroxy-
imine form differently.
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Chapter 7

Summary

In this thesis we have investigated the conductance of molecular junctions, in
which a single molecule is bound to two metallic electrodes. We focused on
the consequences of nuclear motion of the molecule on the transport charac-
teristics of the junction and investigated the switching behavior of tautomeric
molecules.

To study vibrationally coupled electron transport in single molecule junc-
tions, we used a model Hamiltonian, whose parameters were determined by
ab initio electronic structure calculations. Based on Koopmans’ theorem,
the Hamiltonian describes the two cases that only molecular orbitals suffi-
ciently above (electron transport) or below (hole transport) the Fermi level
contribute to conductance. To determine the parameters of the Hamiltonian,
the overall molecular junction was separated into three parts, a part compris-
ing the molecule and parts of the electrodes and the remaining part of the left
and right electrode. The former was described by density functional theory
while the latter was accounted for by a single parameter or a tight-binding
model self-energy. The quantum-chemically described part was further di-
vided into the molecule and the left and right contacts, respectively, using
projection operator techniques.

We used two different theoretical methods to calculate transport prop-
erties through molecular junctions. The first theoretical transport method
employed in this work is inelastic scattering theory, the central quantity of
which is the multi-channel transmission probability. The current in scat-
tering theory is given by the energy integral of this transmission probability
weighted by occupation factors. The second theoretical method that was dis-
cussed in this thesis is density matrix theory. The current in density matrix
theory is given in terms of the populations and coherences of the vibrational
and electronic molecular states, which are obtained by the solution of a linear
system of rate equations.
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There are several differences between the scattering and the density ma-
trix approach: At first, while scattering theory considers the electronic cou-
pling between molecular orbitals and electrode states up to infinite order,
in the density matrix calculations this interaction was only included in sec-
ond order. This restricts the applicability of density matrix theory to weak
molecule-electrode coupling. Secondly, in scattering theory we assume that
after each scattering process the system relaxes to the vibrational equilib-
rium, whereas we do not include any vibrational relaxation in the density
matrix formalism. In the latter formalism the non-equilibrium distributions
caused by vibronic excitations is computed directly, which enables the ab-
sorption of vibrational quanta. In scattering theory at zero temperature, only
the excitation of vibrational quanta can be observed. Thirdly, while the cur-
rent expression in the density matrix treatment was derived from the general
definition of the current, the current expression involving the multi-channel
scattering probability was derived following probabilistic arguments and has
not been derived strictly, so far. Fourthly, in the density matrix approach we
have to deal with electronic many-particle states, whereas we can reduce our
treatment to single particle states in the scattering formalism. This allows
to include significantly more molecular orbitals in the computation.

Scattering theory was applied to two classes of molecules. The first class
consists of a benzene ring that was separated from the gold contacts by dif-
ferent thiolate-linker groups, the second class consisted of pairs of tautomers,
that acted as photochemical switches. In the benzene-thiolate systems we
demonstrated the importance of respective time/energy scales, comprising
the lifetime of the hole on the molecule, the size of the vibronic coupling,
and the vibrational frequency, which determine the influence of vibrational
effects. In all systems we observed negative differential resistance effects,
which we could attribute to the voltage dependence of the eigenenergies of
the gold contacts. In the tautomeric molecules, on the other hand, we studied
the different transport characteristics of the two tautomers and thus possi-
ble switching behavior. The results depended significantly on the chemical
nature of the hydrogen carrying unit.

Density matrix theory was used to compute the current-voltage curve of
a 'two electronic states’-’one mode’ system, which we compared to similar
results obtained from scattering theory. Qualitatively, the results from both
theories agreed very well except for features due to absorption of vibrational
quanta which could only be obtained by the density matrix formalism.

Finally it is noted that although the field of molecular electronics has
developed rapidly in the last decades, it is difficult to predict whether it is ever
going to be of technological relevance. Nevertheless, it is a fascinating topic
that involves interesting research and yields valuable insights into quantum
mechanical transport processes on the molecular scale.
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Appendix A

Surface Self-energy

The infinite, periodic part of the molecular junction is accounted for by a
surface self-energy (%), which is supposed to describe the effect on the
contacts due to their coupling to a semi-infinite metal solid.

The Green’s function of the whole molecular junction is defined as

G(E) = lim [(E+inl—H) " = [E*—H] ",

n—0T

where 1 is the unit-operator, H is the Hamiltonian of the total system, and
7 is a positive infinitesimal.

As the transport characteristics will mainly be determined by the ex-
tended molecule, we are interested in the Green’s function projected onto
the Hilbert space spanned by the extended molecule,

G = PGP, ,

where P, = ). |x;){xi|, with |x;) being orthogonal states in the extended
molecular space.
Using the Lippmann-Schwinger equation [50]

G =Gy+GVG

where (G is the Green’s function related to the Hamiltonian without molecule-
lead coupling, we obtain

G = PGP, = P,GoP, + P,GoVGP,

The sum of projection operators, P, + Q% + Q5 = 1, is inserted on both sides
of the operator V, where Q5 and Q3 are the projection operators onto the
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left and right semi-infinite solid spaces, respectively. It can be shown that
only three terms remain

G™ = P,GP, = P,GoP, + P,GoP,VQ}GP, + P,GoP,VQLGP, . (A1)

The terms QG P, and Q3G P, can again be evaluated using the Lippmann-
Schwinger equation, and inserting 1 = P, + Q5 + Q5. This leads to

QiGP, = QiGQI VPGP,
and a similar expression for Q%GPX. Inserting this equation into Eq. (A.1)

gives

G™ = P,GoP, + P,GoP,VQiGQSV PGP, + P,GoP,VQ3iGoQ3EV P,GP,
= P,GoP, + P,GoP, %5 PGP, + P,G P, X3 P,GP,
= P,GoP, + P,GoP, X G™ + PGP, Y5G™ (A.2)
where the idempotency of P, and the definition of the retarded self-energy

¥ = PXVQSLfGOQSLfVPX, and similarly of X35, was used.
Eq. (A.2) can be rearranged,

Gext _ [E+ _ PXGOPXE% _ PxGOszg} -1 PXGOPX
Using the operator relation A™'B = [B~*A]™" we obtain
B 1
Gt — [(PXGOPX) 1 (E'+ _ PXG()PXESLf — PXGOPXZ%)}
_ s S -1
= (PGPt — 55 — 53]
- [EJr—PxHPx_ESLf_E%]il '

The Green’s function projected onto the extended molecular space thus con-
tains the Hamiltonian of the extended molecule P, HP, = h and the self-
energy of the left and right metal surfaces X5 = 38f + 35f,

et — [E+ _ (iL—i—sz)]_l '

This explains the usage of b5 = h + X% in Eq. (3.11).
The Hamiltonian matrix A% can be arranged in block structure,
n a0,
Wt = h?\fu h?\fJ h?\f/[R

sf sf sf
h RL h RM h R
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While b5 is a real symmetric matrix, A3 and AL are complex symmetric
matrices.
Next, h*f is block diagonalized,

EE YR LR U, 0 0
W=UThU = VML pM yME ) U=| 0 Uy 0
VAL yRM - pR 0 0 Ug

The eigenvectors of the blocks belonging to L and R form a bi-orthogonal
basis in the left and right lead space, respectively. This means that the
column vectors of Uy, constitute the right eigenvectors of b5, u, while the row
vector of UL constitute the left eigenvectors of A5, ul,. The left eigenvectors
are the transposed (not the Hermitian conjugate) of the right eigenvectors
and vice versa. The inner product of left and right eigenvectors is given
by ul, - u, = 0w Sy, where S} is an overlap element, that, in general, is
complex and not equal to unity. The eigenvalues, ul,hffu, = S Ey, of a
non-Hermitian matrix are complex as well.

In order to avoid complications that would arise if bi-orthogonality was
considered in the derivation of the transport equations in sections 4.1 and
5.1, we will derive these transport equations assuming a general, orthogonal
basis of continuum states in the leads and approximate these states by the bi-
orthogonal ones of the finite contact space, |¢g) — uy, in the final transport
equations.

The projection operator ), |¢x)(¢x| in Eq.(4.19) acts on an arbitrary
state |¢;) like

Z D) (Dl @) = |Dx)Ona -

In the orthogonal basis set, a projection operator that gives an equivalent
result is given by

uy, - ul uy - Sy
u, =
u u
S Sk

5kl = Ug (AS)
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This gives the following expression for the lead self-energy.

SPUE) = 3 (GVIo) (O g ool VIe)

kK EL
.ur . T/
= k%;L<¢i|VukSEuk = i " ukS;k Vo)
= kﬁzeLWk/Siz%S%Vk/j ,
— % kavkj .

Note that in a complex symmetric matrix, in general, Vj; # V)5 but
Vik = Vi
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