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1
INTRODUCTION

In this chapter we introduce the field of molecular electronics and discuss its relevance
to society. Conjugation in organic molecules and experimental methods of measuring
current through a single molecule are explained. Extra emphasis is put on the electro-
migration technique as it is the dominant technique used in this thesis.

1
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2 1. INTRODUCTION

The fact that electrons can move through materials has had an enormous impact
on society. Known as electricity, electricity lights our homes, powers our appliances
and, increasingly, our cars. It is at the base of computers; they compute by moving
electrons around. However, in most cases, it is not the electron itself that defines the
function of a device, but it is the conductive materials of which the device is built.
For example, the electron itself does not shine in a light bulb, but it is the metallic
filament that glows due to electrons moving through it. The electron’s interaction
with a material therefore gives a device its function.

In the 19th century and the beginning of the 20th century metals, such as gold
and copper, were the prevailing materials to build electrical devices from. A metal
on its own can act as a wire, moving electrons from A to B, and heat up (glow) when
enough electrons are supplied. In itself, metals have little intrinsic functionality when
electrons move through them. To create an electrical device from metals significant
engineering is needed. By placing a metallic wire in an inert atmosphere a lamp
can be made or when metallic conductors interact with magnets, motors can be cre-
ated. Nowadays alternating-current motors that drive trains, and possibly your car,
are widespread and until ten years ago filament light-bulbs were in every home.

In 1943 the first all-electric computer was developed. It used vacuum-tube tran-
sistors which work due to thermionic emission from metals. To use vacuum-tube
transistors to build the phones and laptops we have today is impossible due to the fact
that vacuum-tube transistors can not easily be scaled down. Semiconductor based
transistors were needed to realize the miniaturization that happened in the last few
decades. Semiconductor materials (e.g. silicon, gallium arsenide) have the property
that with ion-doping the electronic properties in the material can be changed locally.
Furthermore semiconductors, much more than metals, are sensitive to external stim-
uli like, for example, electric fields, magnetic fields and temperature. These two fac-
tors make it possible that with a semiconductor material more functionality can be
created when electrons flow through it, than with metals. This decreases the chal-
lenges in engineering (figure 1.1), making it in the case of semiconductor transistors
possible to build them orders of magnitude smaller than metallic vacuum-tube tran-
sistors. Resulting in the powerful and energy-efficient smartphones and laptops we
have today.

Materials with more intrinsic functionality when electrons move through them,
make it possible to reduce the engineering challenge to build more advanced devices.
This is one of the main driving factors behind academic research on new materials
and how electrons behave in them. Which material will help us further advance so-
ciety? There are many options and it is likely not a single material on its own. A few
examples of novel electronic materials in development are: complex oxides that show
high-temperature superconductivity[1] and 2D-materials which since their discovery
in 2004 have shown high electron-mobility[2]. Another promising route is to shape
pre-existing materials (e.g. metals, semiconductors) on the nanometer scale. This
gives rise to quantum mechanical effects resulting in novel functionality; an example
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Figure 1.1: Material functionality and engineering challenge. The development of new electronic materials
with increased intrinsic functionality, decreases the challenges in engineering for a specific application.

is the semiconductor quantum-dot television. In this thesis we will investigate or-
ganic molecules as a potential new electronic material that can help advance society.

1.1. ORGANIC MOLECULES
Organic molecules are molecules with one or more atoms of carbon covalently linked
to atoms of other elements, for example hydrogen or oxygen. The term "organic"
originates from the fact that scientists in the past thought that organic molecules
could only be synthesized by living beings; fortunately nowadays this can be done
artificially. Examples of organic molecules are methane (CH4) and benzene (C6H6)
but also sugars (sucrose (C6H12O6)), vitamins and fats which are abundantly present
in our body. When joining organic molecules together in long chains a polymer is
formed, which is the basis of most plastics used today.

Most polymers are excellent isolators, they can for instance be used as coating
around electricity cables. This shows that materials made from organic molecules do
not necessarily conduct electrons well. Conduction in these materials is determined
by how well electrons move in between molecules and within the molecules. Conduc-
tion in between molecules is a big research field and although we will allude to it in
chapter 6 it is not the topic of this thesis. In this thesis we will study electron transport
within molecules.

An interesting class of molecules to study is conjugated molecules, as they have
the property that electrons can move through them relatively easily. Conjugation
is determined by how the carbon atoms in the molecule bond. Carbon needs four
bonds, as it has four electrons in its outer shell to share with other atoms. The first
bond a carbon atom makes with a neighbouring atom is a σ-bond. If a carbon atom
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Figure 1.2: Conjugation in organic molecules. Left side: Butane is non-conjugated. The carbon atom bonds
to four other atoms and thus all four electrons form σ-bonds. Right side: Butadiene is conjugated; each
carbon atom bonds to three atoms and the fourth electron thus forms a π-bond.

has four neighbouring atoms as in butane (left side figure 1.2), all the four electrons of
carbon will formσ-bonds. If a carbon atom has less then four atoms to bond to, it will
form a double bond to a neighbouring atom, this second bond is called a π-bond. In
Butadiene, a conjugated molecule, carbon only has three neighbouring atoms, result-
ing in the fourth electron to form a π-bond (right side figure 1.2). π-bonds are gen-
erally more diffuse then σ-bonds and make it possible for the electron to delocalize.
The π-bonds and the delocalization of the electrons are at the basis of conjugation.

A fully conjugated molecule has electrons that are delocalized throughout the
molecule. This significantly increases the conductivity of a molecule. It is possible
to conjugate only certain areas of the molecule. This is shown in chapter 4 where at
the center of a molecule the conjugation is "broken", influencing electron transport
through the molecule. Furthermore in chapter 3 we show that by playing with the
exact shape of the conjugated region of the molecule, it is possible to cancel out the
movement of electrons and therefore make a conjugated molecule a bad conductor.

1.1.1. ORGANIC ELECTRONICS

Bulk conjugated-molecules can form organic electronic materials. These organic ma-
terials have desirable properties, like for example flexibility and relatively low fabri-
cation cost. Furthermore with the knowledge from organic chemistry it is possible to
build a wide variety of functionality in an organic material, as the number of different
organic molecules is enormous. Applications of organic electronics can, at this mo-
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ment, be seen in the wide spread use as light emitting diodes for screens in televisions
and mobile phones. Research is also done on organic solar cells as this could result in
flexible and low-cost solar panels.

Significant challenges remain to further utilize organic electronics in our society.
Certain properties of a single molecule do not necessarily translate to the properties
of bulk organic materials, as the interaction between the molecules also matters. Fur-
thermore, due to the large variety of molecules that can be synthesized, finding the
best molecule for a certain application remains a challenge. These questions and
more are actively being researched in the field of organic electronics.

1.1.2. MOLECULAR ELECTRONICS
In this thesis we measure electron transport through single molecules instead of a
bulk organic material. This research field is called molecular electronics and has,
in general, two main goals. The first is to increase our understanding of electron
transport through molecules. This can benefit the field of organic electronics, as the
study of electron transport on the single-molecule scale can help to understand which
molecules are useful in bulk organic materials. Furthermore, it also makes it possible
to discern between transport phenomena that originate from the molecule itself and
that originate from the collective action of the bulk material. This is demonstrated in
chapter 6.

The second goal is the design and realization of single-molecule electronics. In
semiconductor technology, the transistor (the basic building block of computers) has
significantly decreased in size resulting in a few billion (1 ·109) transistors on a single
computer-chip. Each transistor measures only tens of nanometers in size. This makes
it possible to build compact, powerful and energy efficient computers like for exam-
ple our smart phones. However, semiconductor technology (silicon in particular) is
reaching its limits for fabricating even smaller transistors. The properties of semi-
conductor materials arise from their crystal structure and to take advantage of this
structure, thousands of atoms need to be present and thereby limiting further down-
scaling of semiconductor transistors. In molecules the functionality can be based on
the structure of a single molecule, which is often only a nanometer long. This there-
fore makes single-molecule electronics a promising route in creating even smaller
electronic devices than is possible at the moment.

1.2. HOW TO MEASURE A SINGLE MOLECULE?
Measuring the transport of electrons through a single molecule has only become pos-
sible with the advent of nanotechnology. However, the idea has already been pro-
posed by Aviram en Ratner in 1974[3]. In the decades after that steps have been made
into molecular electronics using thin molecular films[4]. This made it possible to
measure current through many single molecules in parallel. The first single-molecule
junction was measured in 1997[5]; since then many different molecules have been
measured on the single molecule scale with a wide variety of techniques.
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Figure 1.3: Schematic representation of the breakjunction techniques. a) In a STM breakjunction a metallic
tip is pulled away from a metallic substrate to create a nanogap. b) In the MCBJ technique a metallic wire
on top of a bendable substrate is broken by bending the substrate. Drawings not to scale.

The dominating experimental method is the break-junction technique. Here, a
metallic wire is broken in such a way that a gap of nanometer size is created. This
can be done using a scanning tunneling microscope (STM)[6] where the height of a
metallic tip above a surface can be controlled. The tip is moved into the surface and
then slowly retracted until a gap is formed which can be bridged by a single molecule
(figure 1.3a). The setup is very sensitive, versatile and has the advantage that it can, at
low temperature, image the surface beforehand to identify molecules. A drawback is
that the sensitivity results in limited stability in junction formation at room temper-
ature; not at low temperature. The STM-breakjunction technique has mostly been
used to statistically identify the conductance of molecules[7] at room temperature.

Another method similar to the STM based technique is the mechanically con-
trolled break-junction technique (MCBJ)[5] used in chapter 6. It works on the same
principle as the STM-breakjunction (by pulling apart a metallic wire), however now
the wire is on top of a substrate that can bend (figure 1.3b). The bending results in
a stretching of the top surface of the substrate. If a suspended wire is placed on top
of this surface it can potentially break and form a nano-gap. The advantage of the
MCBJ technique is that it is more stable than the STM-breakjunction technique. The
gap in the wire can thus be held at a precise distance, resulting in the possibility to
form stable molecular junctions which at room temperature can last for minutes up
to hours[8] and at cryogenic temperature up to weeks. The stability makes it possible
to perform detailed investigation of transport properties both statistically[9] and one
single molecule at a time[5]. It is also possible to include a gate electrode[10] to in-
vestigate transport as a function of Fermi-energy. The bendable substrate, however,
makes it challenging. For measurements using a gate electrode the electromigration
breakjunction technique described in the next subsection is more suitable.



1.2. HOW TO MEASURE A SINGLE MOLECULE?

1

7

Figure 1.4: Fabrication steps and SEM image of an electromigration breakjunction. a) 1st step: Silicon
(green) substrate with gate electrode (Au 70 nm) deposited on top. 2nd step: Covering of gate with ALD
deposited Al2O3 (blue). 3rd step: Deposition of 12 nm thick gold nanowire (yellow). 4th step: Deposition of
thick (110 nm) pads to contact the nanowire and wire-bonding pads. b) SEM image of an electromigration
junction before electromigration. The white scale bar indicates 250nm.

1.2.1. ELECTROMIGRATION JUNCTION

The last method to be discussed here is the electromigrated-breakjunction technique.
This technique is used in chapters 3, 4 and 5 and will therefore be described in some
more detail. To form a nanogap, instead of pulling a wire apart, the metallic wire is
electromigrated[11]. By applying a voltage over the wire, a current runs through it.
Some of the conduction electrons will collide with the atoms forming the wire. When
the momentum transfer from the conduction electrons to an atom is large enough,
the atom will move[12]. If enough atoms are moved, a constriction may form and
continuing this process results in breakage of the wire. By using a feedback controlled
approach to electromigration[13], a gap in the gold wire can be formed controllably.
Contrary to the STM and MCBJ approach it is not possible to close the gap again. This
is the main limitation of the electromigration technique, making it difficult to build
up statistics. This disadvantage is offset by the fact that no moving parts are present
in the junction, making it significantly easier to study electron transport through a
single molecule over a wide temperature range[14], in a magnetic field[15], and most
importantly, in an electric field[16] applied by a gate electrode.

Figure 1.4a shows a schematic representation of the fabrication process of the
electromigration junctions used in this thesis. In the first step a 70 nm thick gold
gate-electrode is deposited on top of a silicon substrate. Subsequently a 5 nm thick
layer of aluminum oxide dielectric is deposited on top of the gate electrode using
atomic layer deposition (ALD). Some junctions in this thesis are fabricated with an
older technique, where the gate-electrode is from aluminum which is then oxidized
in a pure oxygen atmosphere. Both approaches result in a metallic gate electrode
that has a few-nanometer thick dielectric around it. In the third step a 12 nm thick
gold nanowire is deposited, which will later be electromigrated. As a final step the
nanowire is contacted to bond pads with 110 nm thick gold patches. On a single sub-
strate 24 junctions are fabricated in parallel. A scanning electron microscope (SEM)
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Figure 1.5: Steps in sample preparation for forming a single-molecule junction. Images are not drawn to
scale. a) As fabricated gold nanowire on top of a gate with a dielectric in between. b) Solvent with molecules
deposited on the junction. c) Electromigration and self-breaking is performed at room temperature and in
solution. d) Solvent is evaporated by vacuum pumping and junction is cooled down.

image of a single junction is shown in figure 1.4b.

A description of the sample preparation after junction fabrication is shown in fig-
ure 1.5. A substrate with 24 junctions is ozone-cleaned to remove organic contami-
nants. After that a solution containing the molecules under investigation (concentra-
tion of molecules varies from 0.1 to 0.5 mM depending on the particular molecule)
is deposited on the junctions (figure 1.5b). In the solution and at room temperature
each of the 24 junction is electromigrated until a final resistance of 2 to 5 KΩ; after this
the wire is let to self-brake[17] (figure 1.5c). After a waiting time ranging from 0.5 to
2 hours (depending on the resistance of the junctions) the sample chamber is evacu-
ated to evaporate the remaining solvent and cooled down to cryogenic temperatures.
Only at cryogenic temperatures the single-molecule junctions are stable enough to be
investigated. Yields of successful electromigration are high (typically 95 %), however
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the yield of single-molecule junction formation varies significantly, depending on the
particular molecule and features investigated.

1.3. THESIS OUTLINE
Following this introduction there is a theory chapter on electron transport through
single-molecule junctions. After this, in four chapters the experimental results will be
discussed. These can be divided into two parts. The first three experimental chap-
ters (chapters 3, 4 and 5) treat three structurally similar molecules consisting of an
anthracene core functionalized with sulfur anchoring groups (figure 1.6a). The side
groups of the carbon atoms at the 9 and 10 position of the anthracene core are varied
in each chapter. In chapter 3 each carbon gets an oxygen atom; this results in cross-
conjugation and destructive quantum interference in electron transport through the
molecule. In chapter 4 the two carbon atoms have two hydrogens each, thereby
breaking the conjugation and forming a double quantum dot in a single molecule.
In chapter 5, the 9,10 positions are connected to 1,3-dithiole groups which can easily
be oxidized. This results in localized orbitals and strong differential gating. All three
molecules are experimentally investigated using the electromigration technique.

In the last experimental chapter (6) the influence of an azomethine bond on trans-
port through molecules is investigated (figure 1.6b). This research is related to a newly
developed process route to fabricate organic solar cells[18]. Using the MCBJ tech-
nique, we show that molecular electronics can be used as a tool to investigate pro-
cesses that occur in organic electronics.

The last chapter (7) is an outlook. It discusses the opportunities and challenges
of the single-molecule transport phenomena investigated in the experimental chap-
ters. The gate electrode is identified as a limiting factor and alternatives are given.
Furthermore, a proposal is discussed which combines quantum interference and a
double quantum dot to detect single-electron tunneling events in a single molecule.
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Figure 1.6: Molecules investigated in this thesis. a) An anthracene like core with acethyl (Ac) capped an-
choring groups separated by spacers is used in chapter 3 to 5. In each chapter the groups attached at
the carbon atoms located at X are varied. In chapter 3 an oxygen is connected to form anthraquinone.
In chapter 4, two hydrogens are connected to form 9,10-dihydroanthracene. In chapter 5 two 1,3-dithiole
groups are connected to form aπ-extended tetrathiafulvalene. b) Azomethine based molecule investigated
in chapter 6.
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2
THEORY

In this chapter we introduce the theory of charge transport through single molecules
coupled to electrodes. We start with a general discussion of different types of charge
transport through nanostructures. We find that to describe charge transport occur-
ring in the experimental chapters of this thesis, a fully coherent quantum-mechanical
approach should be used. Therefore, non-equilibrium Green’s function theory is dis-
cussed and applied to simple model systems. To understand the basic features of three-
terminal transport the constant interaction model is explained and some features aris-
ing from Kondo correlations are discussed.
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In this chapter we will discuss the theory that is relevant to understand transport
through molecules bridging gold electrodes. In general, the theory that will be de-
scribed here, is applicable to coherent transport through structures of nanometer di-
mension. This chapter has been based on multiple sources[1–7].

A simple schematic of a charge-transport measurement through a nanostructure
between two electrodes is shown in figure 2.1. In grey the electrodes and in black the
nanostructure are drawn; in the latter the influence of its small size has a determining
effect on transport of electrons through it. The left electrode is connected to a volt-
age source and therefore a bias potential can be applied across the nanostructure.
Through the right electrode current can flow via an ammeter to ground. This simple
two-terminal setup makes it possible to measure the current (I ) through the nanos-
tructure as a function of applied voltage (V ). We use the flow of electrons as a probe
to explore the physics in these nanostructures.

2.1. TRANSPORT REGIMES
The size of the nanostructure and how it is connected to the electrodes are important
factors in determining which features will appear in charge transport through it and
the theory needed to understand them.

2.1.1. SIZE
The type of transport through a nanostructure can be subdivided according to a set
of length scales related to the conduction electrons (the electrons that participate in
transport). These are: the mean free path (l ), phase coherence length (lφ) and the
Fermi wavelength (λF ) of the conduction electrons. Electron transport through a

Figure 2.1: Sketch of a two-terminal charge-transport measurement through a nanostructure. The nanos-
tructure is connected to a left electrode onto which a bias voltage (V ) is applied. On the other side is the
right electrode which is connected via an ammeter to ground.
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Figure 2.2: Three different length scales in electron transport. a) Dimension of the nanostructure is smaller
than the mean free path. Electrons move ballistically through the structure. b) Nanostructure is smaller
than the coherence length of the conduction electrons. No dephasing happens to the electrons when
traversing the nanostructure; transport is therefore coherent. c) Nanostructure is of the size of the Fermi-
wavelength so that quantum mechanical effects dominate transport.

structure with dimensions larger than these three length scales can, to a good ap-
proximation, be described using the Drude model[8] leading to the well known Ohms
law for the resistance.

Shrinking the nanostructure to a size smaller than the mean free path or phase
coherence length results in respectively ballistic (figure 2.2a) or coherent (figure 2.2b)
electron transport. The Drude model will fail and quantum mechanical effects have
to be taken into account. For ballistic transport the path of the conduction electrons
becomes important, due to the absence of scattering centers. This leads to conduc-
tance quantization[9]. For coherent transport the phase of the electron becomes im-
portant, leading to constructive and destructive interference of electrons in transport
as in the Aharonov-Bohm rings[10]. Note that both ballistic and coherent transport at
the same time is also possible. Scaling down the nanostructure even further, smaller
than the Fermi wavelength of the conduction electrons (figure 2.2c), quantum me-
chanical effects become significant in transport. The size of the nanostructure is of
the same order or smaller than the size of the wave-function of the conduction elec-
trons.

In this thesis we investigate transport through single molecules connected to gold
electrodes. The length scales of the conduction electrons in gold are at low temper-
atures, l = 10 ∼ 100 nm, lφ = 1 ∼ 10 µm and λF = 0.5 nm. The smallest region of
our junction is the molecule itself (∼ 1 nm or smaller) and the last few gold atoms
of the molecule-gold contact region (size of a gold atom ∼ 150 pm). These sizes are
much smaller than the coherence length and mean free path. It is even smaller or
on par with the Fermi wavelength and therefore it is necessary to use a fully quan-
tum mechanical treatment of electron transport through molecules in between gold
electrodes.

2.1.2. COUPLING

The electrode coupling (Γ) is the rate at which electrons transfer from the electrodes
to the nanostructure or vice versa. This can also be seen as the degree of interac-
tion a nanostructure has via electrons with the electrodes. If the coupling is small,
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electrons will hop on and off relatively infrequently and will therefore have a rather
long residence-time on the nanostructure. A large coupling implies many electrons
hopping on and off; an individual electron will only spend a short time on the nanos-
tructure.

The time (τ≈ ħ/Γ) a conduction electron spends on the nanostructure when go-
ing from one electrode to the other, is essential to determine the interactions it experi-
ences. Two important interactions are the electron-electron interaction characterized
by the coulomb repulsion energy (Ue−e ) and the electron-phonon interaction(λe−ph).
If ΓÀUe−e ,λe−ph the time an electron spends traversing the nanostructure is much
shorter than the time it takes to interact with other electrons or vibrations. If this is the
case, then the nanostructure is in the strong coupling regime and electrons preserve
their phase while moving through it.

On the other hand, when Γ¿Ue−e ,λe−ph , the conduction electrons have ample
time to interact with the nanostructure. In this case, the structure is weakly coupled
and the interactions will result in dephasing; this is the incoherent transport regime.
Clearly, a nanostructure can also be in between the two regimes, which is called the
intermediate coupling regime.

In this thesis transport through small (nanometer-sized) molecules is studied.
This necessitates a full quantum mechanical treatment of electron transport. Two
often used starting points for this are the non-equilibrium Green’s function (NEGF)
scattering approach and the master equation approach. The master equation ap-
proach is based on incoherent transport, making it possible to treat strong interac-
tions in the nanostructure. The NEGF scattering approach, in its simplest form, ne-
glects interactions, so coherent transport can be described.

As we will see in the experimental chapters, the molecular junctions studied in
this thesis are in the intermediate to strong coupling regime. This motivates the use
of the NEGF approach to describe transport through our junctions. Furthermore, as
the experiments are performed at cryogenic temperatures and the coupling is strong
(Γ > kbT ), temperature is assumed to play a negligible role in transport. In the fol-
lowing sections we will discuss the NEGF scattering approach for coherent quantum
mechanical transport through single molecules.

2.2. NON-EQUILIBRIUM GREEN’S FUNCTIONS APPROACH
A practical starting point to discuss NEGF is the closely related Landauer scattering
approach. From there we will go into the NEGF approach. This will then be applied
to a single site and a two-site model connected to electrodes, resulting in basic fea-
tures in transport which are also observed in experimental transport through single
molecules.

2.2.1. LANDAUER SCATTERING APPROACH
One of the main assumptions in the Landauer scattering approach is that all the com-
plex interactions in the electrodes can be captured in a set of boundary conditions.
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We can treat electrons in the electrodes as coherent electron waves that have an en-
ergy dependent probability T (E) to be transmitted though the molecule and appear
in the other electrode. If only one electron at a time is allowed to pass (which in
nanostructures of the scale of the Fermi-wavelength is often the case), the current
is given by the Landauer formula:

I (V ) = 2e

h

∫ ∞

−∞
T (E)[ fL(E)− fR (E)] dE . (2.1)

Here, e is the charge of an electron, h is Planck’s constant, fL,R the occupation of
the density of states of the left (L) or right (R) electrode and T (E) the transmission
of the molecule. The description of the electrodes is now condensed into a pair of
ideal electron reservoirs at equilibrium and populated according to the Fermi func-
tion (equation 2.2). This describes the filling of an electron state with energy E as a
function of temperature T (kb is the Boltzmann constant) and chemical potential µ:

f (E) = 1

e
E−µ
kb T +1

. (2.2)

The electron occupation in both the left and right electrode matters, as an electron
can only move from one electrode to the other when a filled state is present in the
first and an empty state is present in the latter.

It is interesting to note that when the temperature is zero the low-bias current re-
duces to I =GV with G = (2e2/h)T (E). A fully transmitting channel (T (E) = 1) there-
fore has a low-bias conductance (d I /dV ) of G0 = 2e2/h = 77 µS.

The problem of determining the current through a molecule connected to metal-
lic electrodes has thus been narrowed down to calculating the transmission through
the molecule itself. The Landauer approach does not give a recipe for how to do this.
To calculate the transmission through a molecule we turn to the non-equilibrium
Green’s functions approach described in the next section.

2.2.2. NON-EQUILIBRIUM GREEN’S FUNCTION APPROACH
The following section introduces the NEGF approach to derive an expression for the
transmission that appears in the Landauer scattering approach. This section will not
be mathematically rigorous as many steps in the derivation will be skipped. For a full
derivation see for example Cuevas and Scheer [1].

In the previous section we have divided the junction into a pair of electron reser-
voirs and a molecule which connects the electron reservoirs. We will keep this distinc-
tion but add a hopping between the three regions so that the structure of the Hamil-
tonian of the full system can be written as:

H =
 HL tLM 0

tML HM tMR

0 tRM HR

 . (2.3)
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Figure 2.3: The sketch of figure 2.1 can be divided into different regions labeled left electrode (L), extended
molecule (M) and right electrode (R) connected by a hopping parameter t . Note that parts of the electrodes
where quantum mechanical effects start to dominate are now included in the extended molecule.

Here, the Hamiltonians labeled L, M and R are respectively the left electrode, the
molecule and the right electrode. The hopping parameter t (taken to be real) de-
scribes the hopping between the distinct regions, with the subscript indicating the
hopping direction (LM thus means a hop from the left electrode to the molecule and
reversed for ML). The same applies for the R label but then for the right electrode.
Note, that no hopping is assumed between the source and drain electrode directly. In
realistic junctions this may not always be the case.

The labeling and structure is shown graphically in figure 2.3. The exact division of
the three regions is determined by how close to the molecule the electrodes behave as
ideal electron reservoirs. For molecular electronics it would seem a natural choice to
make the division at where the metallic electrodes contact the molecule. However, the
last few layers of the metal electrodes are often not in an equilibrium state and small
enough in size so that significant quantum mechanical effects appear. Therefore, the
last few layers of metal atoms are added to the molecule region. It is then renamed as
the extended molecule, as shown in the lower part of figure 2.3.

For the derivation of the transmission we begin with an expression of the current
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through the junction. At the interface between the left electrode and the extended
molecule we get (assuming no dependence on spin):

I = i
2e

ħ
∑

i∈L; j∈M
(ti , j 〈c†

i c j 〉− t j ,i 〈c†
j ci 〉). (2.4)

This corresponds to counting all electrons which hop from the extended molecule
to the left electrode minus all electrons which hop from the left electrode to the ex-
tended molecule. The expectation of the hopping operator 〈c†

i c j 〉 can be rewritten as

G<
i , j (t , t ) = i 〈c†

i (t )c j (t )〉. Here, we introduce the lesser Green’s function from the non-

equilibrium Green’s functions theory. As tLM = tML we can also change to a matrix
notation (bold font) instead of the individual elements. This results in equation 2.4 to
be rewritten as equation 2.5, which introduces the Green’s functions into the expres-
sion for the current:

I = 2e

ħ Tr[G<
ML(t , t )t LM − t MLG<

LM (t , t )]. (2.5)

In steady state one can Fourier transform this expression to go from the time-domain
to the energy-domain resulting in the following equation:

I = 2e

h

∫ ∞

−∞
Tr[G<

ML(E)t LM − t MLG<
LM (E)] dE . (2.6)

At this point a complex series of rearrangements and substitutions is needed, where
the full machinery of the non-equilibrium Green’s functions theory is used. One im-
portant substitution to note is the following: ΓL = 2Im{t ML g L t LM } (and the same for
the R index), which relates the coupling of the extended molecule to the electrodes
as the product of the hopping (t ) squared and the density of states of the electrode
(Im{gL}). The equation that results is:

I = 2e

h

∫ ∞

−∞
Tr[ΓLGr

MΓRG a
M ]( fL − fR ) dE . (2.7)

A comparison with equation 2.1 shows that the expression for the transmission of the
extended molecule in the non-equilibrium Green’s function approach is:

T (E ,V ) = Tr[ΓLGr
MΓRG a

M ]. (2.8)

The transmission can be expressed as the trace of the matrix product of the coupling
of the extended molecule to the left electrode (ΓL), the retarded Green’s function of the
extended molecule (Gr

M ), the coupling to the right electrode (ΓR ) and the advanced
Green’s function of the extended molecule (G a

M ).
There are multiple approaches to calculate the Green’s function for a system. Here

we make use of the Dyson equation:
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Figure 2.4: Transport through a single level with parameters ε0 = −0.05, t = p
0.005, T = 0 K and g = i .

a) Schematic of the extended molecule and the electrodes connecting it. b) Transmission calculated with
equation 2.8. A single Lorentzian function is centered at ε0.

G a
M = (Gr

M )† = 1

(E − i 0+)1−H M −∑
L −

∑
R

, (2.9)

where the Hamiltonian of the extended molecule (H M ) for the first time appears. Fur-
thermore the two terms

∑
L and

∑
R are the self-energies. They describe the interac-

tion of the extended molecule with the left and right electrodes, and can be derived
to be of the form

∑
L = t ML g L t LM (the same for index R), where g L,R is the Green’s

function of the electrode without interactions with the molecule.

2.2.3. SINGLE- AND TWO-SITE MODEL

In this subsection, we apply the NEGF approach to simple model-systems to get an
idea of the transport phenomena we can expect coherent quantum-mechanical trans-
port through molecules. To simplify the calculations, the wide-band limit is assumed
for the electrodes and it is assumed that the electrodes are identical. This means that
the Green’s function of the electrodes is a complex constant. When we also assume
that the hopping (t ) from the molecule to the left electrode and from the molecule to
the right electrode is identical, the self-energies of the extended molecule reduce to∑

L,R = i t g t = iΓ/4, with ΓL = ΓR = Γ/2.

The first model system, shown in figure 2.4, is a single site (a single electron state)
in between two electrodes. Panel a) shows a schematic of the system. The two elec-
trodes are fully defined by their Green’s function (g ) and connected to an electron
state at energy ε0 with hopping parameter t . Using equation 2.8 and 2.9, the result-
ing transmission can be calculated and is shown in panel b). The transmission of this
simple system also has an analytical solution, given by:

T (E) = (Γ/2)2

(E −ε0)2 + (Γ/2)2 . (2.10)
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Figure 2.5: Transport through two sites with parameters ε0 =−0.05, t =p
0.005, tm = 0.1, T = 0 K and g = i .

a) Schematic of the system. b) Calculated transmission as a function of energy. Two Lorentzian broadened
resonances appear, centered around ε0 and 2tm apart.

The transmission through a single electron state forms a Lorentzian shaped res-
onance at the energy of the electron state. The full width at half maximum of the
Lorentzian is given by Γ = 4t 2g , showing that the transmission of the electron state
is broadened by the interaction (coupling) with the electrodes. Charge transport is
now not only possible at ε0 but also a few units of Γ away from ε0. Irrespective of the
magnitude of the coupling the transmission maximum is one.

This model can be expanded by adding a second site with the same energy in
series to it (figure 2.5). Each site is coupled to its closest electrode with hopping pa-
rameter t . The two sites are coupled through a hopping parameter tm . The resulting
transmission in panel b) shows two broadened resonances spaced 2tm apart and cen-
tered around ε0. The coupling of the two sites, of the same energy, therefore creates
two resonances at different energies. Analogous to the hydrogen molecule, the cou-
pling of the two sites creates a bonding (lower energy) and an anti-bonding (higher
energy) orbital. Extending the system with more sites would result in a set of orbitals
on the molecule leading to a set of transmission resonances in transport.

How individual resonances interact with each other, is determined by the exact
arrangement of the sites and couplings. Figure 2.6 essentially shows the same model
as in figure 2.5, with the only difference being the location of the coupling to the elec-
trodes. As seen in panel a), one site is coupled to both electrodes and the other is
only coupled to the first site. Again as in the series arrangement, two resonances ap-
pear due to the inter coupling, centered around ε0 and 2tm apart from each other.
However, zooming in on the transmission in panel c) and d), it can be seen that in
this case the transmission in between the resonances is lower (blue) than in the se-
rially arranged case (orange). This is caused by destructive interference of electron
transport. The phase an electron acquires when passing through a resonance, is dif-
ferent for each resonance. Therefore, the electron interferes destructively with itself.
Small changes in the exact molecular structure can therefore have a large impact on
electron transport in the coherent quantum regime.
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Figure 2.6: Transport through two sites with parameters ε0 = −0.05, t = p
0.005, tm = 0.1, T = 0 K and

g = i . a) Schematic of the system. Now one site is coupled to both electrodes (t ) and the second site is
only coupled to the first (tm ). b) Calculated transmission function. Two Lorenztian broadened resonances
appear, centered around ε0 and 2tm apart. c) Plot of both the perpendicular (blue) and series (orange)
two-site configuration (shown in figure 2.5) zoomed in at low transmission. d) Again both two-site models,
but now on a logarithmic scale. The perpendicular model has a pronounced dip in its transmission at ε0.

From the three models discussed above we have seen the demonstration of broad-
ening of electron states into transport resonances due to the coupling to the elec-
trodes. The appearance of resonances at different energies arising from internal cou-
pling of multiple sites and the constructive or destructive interference of resonances
depending on the exact arrangement of the sites with respect to each other and the
electrodes. As we will see in the coming experimental chapters, these transport fea-
tures can be experimentally observed in electron transport through single molecules.
This can be intuitively understood by taking as a crude model for the molecule and
apex atoms of the electrodes, a network of interconnected sites at different energies.
The resulting transport resonances will be broadened and separated from each other
in energy. Furthermore, small changes in the structure can result in a large change in
the transmission due to interference between the resonances.

It is important to note that the NEGF formalism in its simplest form shown here,
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treats transport of electrons effectively as a single-particle problem. Contributions
from phonon and electron-electron interactions are neglected, which for quantita-
tive agreement with experiments should be included. Furthermore, the calculation
of the Hamiltonian of the molecule or extended molecule (molecule and apex gold
atoms), is an entire research field in itself. Here, we have used a very basic tight-
binding model, which can be extended with for example electron-electron interac-
tions (see chapter 3). Another often used approach is to calculate the Hamiltonian
using density functional theory, which has the advantage that it starts from the actual
atomic geometry of the system and takes electron-electron interaction into account.

2.3. THREE-TERMINAL TRANSPORT
In this section we will discuss features arising in three-terminal transport. In addition
to what was previously discussed for two-terminal measurements, now a third elec-
trode (gate) is added with which the electric potential of the molecule can be mod-
ified independently from the potentials of the electrodes contacting the molecule.
This makes it possible to change the energy of the molecule with respect to the Fermi
energy of the transport electrodes and map out transport features as a function of
energy.

2.3.1. CONSTANT INTERACTION MODEL

A basic approach to describe three-terminal transport in molecules is the constant
interaction model. The main assumption of this model is that the electric potential of
the gate electrode shifts all orbitals of the molecule by the same amount and that the
energy of the orbitals is independent of the number of electrons on the molecule. This
is often not the case in molecular junctions, however, the model is still a useful start-
ing point to extract quantitative information from the experimental measurements.

We consider a molecule with multiple orbitals, for example the two-site model of
figure 2.5 but then extended to multiple sites. The electric potential on the molecule
(Vm) is the sum of the net charge residing on the molecule Q = −eN and the contri-
bution from an external potential Vext :

Vm =Q/C +Vext , (2.11)

where C is the sum of the capacitances (C = CL +CR +Cg ) of the molecule with the
left electrode (L), right electrode (R) and gate (g ). The contribution from the external
potential can be expressed as Vext = (CLVL +CRVR +Cg Vg )/C . The total energy of the
electrons on molecule is then given by:

U (N ) =UES (N )+
N∑

p=1
εp , where UES (N ) =

∫ −eN

0
Vm(Q) dQ = (Ne)2

2C
−NeVext , (2.12)



2

24 2. THEORY

Figure 2.7: Three-terminal transport. a) Schematic of a three-terminal junction. The left and right elec-
trodes are populated according to the Fermi distribution. The location of the chemical potential of the
molecule is given by equation 2.13. b) Conductance peaks as a function of the gate voltage when µ is
aligned with the Fermi energy of the electrodes.

where εp is the energy of orbital p on the molecule. The total energy of the elec-
trons on the molecule consists of an electrostatic (UES ) and a quantum mechanical
(
∑N

p=1 εp ) contribution. The chemical potential is the change in energy when an elec-
tron is added to or removed from the system (dU /dN ). It is essential in determining
whether electrons can move through the molecule. The chemical potential of the
molecule (µ) with a certain number of electrons (N) is given by:

µ(N ) =U (N )−U (N −1) = (N − 1

2
)

e2

C
−eVext +εN . (2.13)

A schematic of the chemical potentials of the molecule and the leads is shown in
figure 2.7a. The chemical potentials of the left and right electrode are given by the
Fermi distribution and can be shifted with respect to each other by applying a bias
voltage. Current is measured at the right electrode and with another voltage source
a gate voltage (Vg ) can be applied to the gate electrode near the molecule to shift its
chemical potentials.

When a molecular chemical potential is aligned with the left and right electrode,
the low-bias conductance of the junction increases. While sweeping the gate voltage
over a wider range a series of peaks (panel b) appears in the low-bias conductance.
Each peak is for a chemical potential of the molecule aligning with the left and right
electrode’s chemical potentials. The distance between two consecutive peaks is the
addition energy, ∆E(N ), defined in equation 2.14.
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Figure 2.8: Differential conductance as a function of bias and gate voltage. A diamond like pattern is
present with regions of off-resonant (white) and on-resonant (blue shaded area) transport. Note that in
the blue shaded area the differential conductance is still of the same order as in the white area. A change of
differential conductance is only observed at the green lines. The red dots show the locations of the selected
configurations shown to the right of the differential conductance map.

∆E(N ) =µ(N +1)−µ(N ) = e2

C
+εN+1 −εN . (2.14)

It has an electrostatic contribution of the form e2

C and a quantum mechanical level
spacing of εN+1 − εN . The exact shape of the peaks was discussed in the previous
section on non-equilibrium Green’s function approach.

Measuring the differential conductance dI /dV (this highlights features in trans-
port better than when presenting the current) as a function of bias and gate voltage
results in a diamond-like pattern as shown in figure 2.8. The green lines are the peaks
in the differential conductance when a chemical potential enters the bias window de-
fined by (eV =µL −µR ), where µi is the chemical potential of the i th electrode. When
there is no molecular chemical potential in the bias window, transport is off-resonant
(white area). When the bias is increased or the gate shifts a chemical potential into the
bias window, transport is on-resonant (blue shaded area). At zero-bias (dashed line)
there are two points at which the green lines cross. These are the charge degeneracy
points and correspond to the peaks in the low-bias differential conductance of fig-
ure 2.7b. The two degeneracy points are a certain gate voltage apart from each other
which matches Vg = ∆E/α, where α = CG /C the gate coupling; the potential felt by
the molecule compared with the potential at the gate electrode. α can be estimated
using two equivalent approaches. The first uses the slopes of the diamond edges:
1/α = 1/β+1/γ, where β is the slope of the descending diamond edge and γ of the
ascending edge. The second is the ratio of the height of the diamond ∆E , compared
to its width ∆E/α.
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Figure 2.9: Kondo effect from a single electron spin. a) A peak in the differential conductance develops at
zero-bias in the odd charge state. b) With a spin flip process an electron is transferred from the left to the
right electrode.

At the right hand side of the differential conductance map, the chemical poten-
tials are drawn for four configurations marked by the red dots. Starting from the top
most dot (configuration 1), the top most chemical potential is in the bias window
depicted by the region in between the dashed gray lines. Transport is resonant and
electrons can move from the right to the left electrode. Moving down in the differ-
ential conductance map towards configuration 2, the bias voltage is lowered and the
chemical potential now falls outside of the bias window. Transport is off-resonant and
the top most state (open circle) is empty. By increasing the gate voltage, the top most
state can be moved below the chemical potential of the electrodes and an electron
is added to the molecule. This corresponds to configuration 3. From configuration
3 to 4 the bias voltage is reversed: the top most state falls into the bias window and
transport is resonant again. However, now the electrons move from the left electrode
to the right.

2.4. KONDO CORRELATIONS
When there is an odd number of electrons on the molecule, Kondo correlations can
become important. This will show up as a peak in the differential conductance at
zero bias in the off-resonant transport of the odd charge state (see figure 2.9a). The
enhanced conductance at zero-bias is caused by many body-correlations which en-
hance elastic spin-flip processes via the unpaired spin as shown in figure 2.9b. The
width of the zero bias peak is related to the strength of the many-body correlations
and is captured in the parameter Tk , which is the Kondo temperature. Equation 2.15
shows the dependence of Tk on the coupling of the molecule to the electrodes (Γ) and
the energy it costs to add an electron (∆E):

Peak width ∼ Tk ∼
p
Γ∆E exp

πε0(ε0 +∆E)

Γ∆E
. (2.15)

A larger coupling results in a larger Tk and this can be understood from Heisenberg’s



2.4. KONDO CORRELATIONS

2

27

Figure 2.10: Temperature and magnetic-field dependence of the zero-bias differential conductance peak.
a) Peak height versus temperature. It has a non-linear dependence characterized by Tk . Far above Tk
correlations are not present, below it a screening cloud develops. b) Magnetic-field dependence of the
zero-bias peak. The peak splits with increasing magnetic field and when the bias matches the splitting of
the degenerate spin-1/2 state, the peak appears at this voltage as seen in the lower schematic.

uncertainty principle δτδE ≥ ħ/2. A larger coupling means a shorter residence time
(∆τ) of the electron on the molecule, therefore a higher energy uncertainty (∆E) is
possible. For well coupled systems correlations can thus even form if the unpaired
electron on the molecule is located far away from the Fermi energy of the electrodes.

Figure 2.10 shows the temperature dependence of the peak maximum and the
magnetic-field dependence of the zero-bias peak. The temperature dependence of
the peak height (panel a)) is non-linear and is one of the signatures of Kondo correla-
tions. The parameter determining the strength of the Kondo correlations, Tk , appears
again. It is the temperature at which the peak height has half its maximum value. Far
above Tk no correlations are present; far below this value a screening cloud of elec-
trons with opposite spin is present on the electrodes due to the strong many-body
correlations.

Applying a magnetic-field (figure 2.10b) will suppress the zero-bias peak due to
splitting of the degenerate spin-1/2 state. Only on applying a bias voltage of the same
energy as the splitting, the differential conductance peak reappears. The slope of the
splitting is defined by the magnetic moment of the electron and therefore, ignoring
orbital effects, has a g-factor of 2.

The above example is for Kondo-correlations with a single spin. It only occurs
when an odd number of spins is present on the molecule and is a vital tool to de-
termine the parity of the occupation of the molecule. Kondo correlations can also
occur in systems with a higher spin, as will be seen further on in this thesis. Although
more complex features occur in off-resonant transport, they do share the same gen-
eral characteristics of the conductance peak depending on a magnetic field as well as
the presence of strongly non-linear temperature dependence.
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ELECTRIC-FIELD CONTROL OF

INTERFERING TRANSPORT

PATHWAYS IN A

SINGLE-MOLECULE

ANTHRAQUINONE TRANSISTOR

We investigate electron transport through an anthraquinone-based single-molecule.
With the use of an electric field induced by a gate electrode, the molecule is reduced
resulting into a ten-fold increase in the off-resonant differential conductance. Theo-
retical calculations link the change in differential conductance to a reduction-induced
change in conjugation, thereby lifting destructive interference of transport pathways.

This chapter has been published in Nano Letters 15, 5569-5573 (2015) [1]. I would like to thank J.M. Thi-
jssen for help with the calculations.
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3.1. INTRODUCTION

Electric-field control by a gate electrode is a promising route to manipulate charge
transport through single molecules[2]. It enables detailed spectroscopy as a function
of bias and gate voltage, allowing the systematic study of electron transport through
single-molecule junctions; examples of which are Coulomb blockade[2], the Kondo
effect[3, 4], vibrational excitations [5, 6] and electronic excitations[7]. All these ex-
periments can be essentially understood by considering transport channels through
individual orbitals. In some molecules, however, transport may involve more than
one orbital at the same time, possibly leading to interfering pathways[8, 9]; chang-
ing the occupancy can then induce dramatic changes in the conductance[10]. In
quinone-type molecules, this phenomenon is traditionally understood as a change in
the conjugation of the pi-electron system (see figure 3.1a). Transport experiments in
which the occupancy is changed have been performed at room-temperature in solu-
tion using electro-chemical setups [11–13], however these lack the direct electric-field
control which can be attained with a gate electrode in solid-state devices.

In this chapter we investigate the effect of the electric-field on charge transport
through a molecule with an anthraquinone core (AQ). The molecule has spacers ter-
minated by sulfur groups[14] for binding to gold electrodes. The neutral molecule
is shown in figure 3.1a together with its first two reduced states. It is designed as a
redox switch, where the neutral state is in a cross-conjugated form and the twice-
reduced state has a linear conjugation. In van Dijk et al.[14] it is shown that these two
reductions of AQ are reversible and change the electronic structure of the molecule.
Furthermore, the occurrence of quantum interference in AQ and its functioning as a
redox switch have been investigated theoretically[15, 16]. On the experimental side
conducting force microscopy[17], eutectic Ga-In top contacting[18] and mechani-
cally controlled break-junctions[19] have shown that AQ has a suppressed conduc-
tance, which is linked to its cross-conjugation. However, in-situ switching of the con-
jugation as a function of electric-field has not yet been reported. Here we study AQ in
a solid-state three-terminal device and demonstrate electric-field switching of molec-
ular conjugation.

3.2. MEASUREMENTS

To create three-terminal metal/molecule/metal junctions, gold wires are deposited
on top of an oxidized aluminium gate; the result is shown in figure 3.1b. On a silicon
chip 22 of such junctions are typically fabricated. A solution of dichloromethane with
a concentration of 0.1 mM of AQ is then deposited on the chip. In this solution and at
room-temperature, the gold wire is controllably thinned down by electromigration[20]
until its resistance is about 5 KΩ. Subsequently, the gold wires are left to self-brake[21]
until the resistance of the junction is between 100 KΩ and 1 MΩ; this takes one to two
hours depending on the thickness of the gold wire. To prepare for cool-down, the
sample space is pumped down, evaporating the dichloromethane. The chip is then
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Figure 3.1: a) Anthraquinone with thiolated spacers. The neutral molecule can be reversibly reduced in
two steps, thereby changing the conjugation from cross-conjugation (top) to linear conjugation (bottom).
b) Scanning electron microscope image of a break junction on top of an aluminium gate electrode prior to
electromigration; scale bar indicates 250 nm.

cooled to 4 K in a liquid helium dewar. Measurements are performed by applying a
voltage on the gate electrode and across the source electrodes while measuring the
current at the drain. The experimental system possesses a heater-resistor and a 1K
pot, which makes temperature-dependent measurements possible.

In this chapter, we discuss five different junctions that show a pronounced charge-
state dependence of the off-resonant differential conductance. Figure 3.2a shows the
differential conductance map as a function of bias (V) and gate (Vg) voltage of one
of the five junctions. In this sample (which we will call sample A from now on) two
slanted lines cross at Vg = -2.1 V. The two red-coloured triangles originating from this
crossing point indicate areas in which transport is dominated by resonant single elec-
tron tunnelling (SET). In the regions left and right of the vertical pair of triangles,
transport is off-resonant involving higher-order co-tunnel processes. The regions of
off-resonant transport left and right of the resonance differ in charge by one electron
on the molecule; as denoted by the transition from N to N+1, where N is the excess
charge on the molecule, with the most likely scenario N=0 (see also below). Compar-
ing the differential conductance of the charge-states, it can be clearly seen that the
level of differential conductance in the right charge-state is about an order of magni-
tude higher than that of the left charge-state.

The differential conductance as a function of gate voltage at zero bias is shown
in figure 3.2b and clearly shows the difference in off-resonant differential conduc-
tance between the two charge-states. At gate voltages below Vg = -2.1 V the differen-
tial conductance is around G = 0.27 µS. Increasing the gate voltage above Vg = -2 V,
the differential conductance increases to about G = 2.5 µS far from the resonance (see
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Figure 3.2: Bias and gate voltage dependent measurement of sample A at 2.9 K. a) Numerical derivative
(dI/dV) of the current as a function of bias (V) and gate (Vg) voltage. Two charge-states are present (labeled
N and N+1) and the on-resonant transport regime is indicated by the two red triangles (labeled SET). On
the left the off-resonant differential conductance is low, as indicated by the black color. On the right, the
red/yellow colors represents a much higher off-resonant differential conductance in the adjacent charge-
state. The blue and green arrows indicate the location of the IV traces in panel c). b) Blue line: differential
conductance versus gate voltage at V = 0 mV. The red dashed line is a Gaussian function with an electronic
coupling, Γ, of 1.2 meV. c) Current versus bias voltage at the two different gate voltages shown by the arrows
in panel a). The inset shows the corresponding differential conductance. The differential conductance of
the trace at Vg = -2.5 V is multiplied by 10.
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Sample
Differential conduc-
tance G(N) (µS)

Differential conduc-
tance G(N+1) (µS)

Differential con-
ductance difference
G(N+1)-G(N) (µS)

A 0.27 2.54 2.27
B 0.75 2.14 1.39
C 0.27 2.38 2.11
D 0.43 2.71 2.28
E 6.98 8.77 1.79

Table 3.1: Off-resonant low-bias differential conductance in the N and N+1 charge-state for five different
samples. The last column shows the difference in differential conductance between the two charge-states.
All values are in µS. The off-resonant differential conductance is determined by fitting the left and right
side of the N to N+1 resonance with a Lorentzian (Gaussian for sample A) and determining the offset con-
ductance. For Sample A the N+1 differential conductance was estimated by determining the lowest value
it reaches in the N+1 state.

figure 3.8a in the appendix (section 3.4)). The peak near Vg = -2 V is due to resonant
transport. It is striking to see that the resonance itself is strongly asymmetric, con-
trary from what would be expected from usual quantum dot theory[22, 23]. The left
side of the resonance follows a Gaussian line-shape (red dashed line in fig 3.2b), but
the right side deviates strongly from the Gaussian line-shape. For the other samples
an asymmetry is also found, albeit less pronounced (see the appendix).

Figure 3.2c shows two current-voltage traces taken in the left and right charge-
state (blue and green arrows in figure 3.2a). The inset shows that at any bias voltage
the differential conductance increase is more than an order of magnitude. Figure 3.5a
in the appendix shows that the above described features persist even at higher bias
voltages up to 40 mV.

The inset of figure 3.2c also shows the presence of excitations of a few meV in
the off-resonant transport regime of both charge-states (the one in the N charge-
state is not visible with the contrast settings used to obtain figure 3.2a). This ob-
servation of excitations in both off-resonant transport regimes (N and N+1), com-
bined with the fact that excitations with the same energy are present in the resonant
transport regime, supports the conclusion that the features in figure 3.2 are from
the same molecule (see figure 3.6 in the appendix). This is further strengthened by
figure 3.5b in the appendix, which shows the emergence of a weak zero-bias peak
in the right charge-state, indicative of Kondo physics associated with an unpaired
electron[3, 4, 24]. It suggests that by going from the left to the right charge-state, a
single electron is added to the system which changes the occupation from even to
odd. Since it is unlikely that many electrons can be put on a small molecule, we as-
sign the even occupation to the neutral state (N=0) and the odd occupation to the
singly reduced state.

Four other samples have also been identified which show a charge-state depen-
dent increase of off-resonant transport when comparing adjacent charge-states. All
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Figure 3.3: Temperature dependence and switching of sample A. a) Temperature dependence of the differ-
ential conductance versus gate voltage at V = 0 mV. Gate is multiplied with α = 25 mV/V, so that the x-axis
represents energy scale in meV. b) Log-plot of the differential conductance as a function of temperature at
two gate voltages. c) Broadening of the left and right side of the resonance as a function of temperature.
Red dashed lines are linear fits to the data with broadening= c1 + c2 ∗T where c1 = −0.006,c2 = 0.01 for
the left side and c1 = 0.08,c2 = 0.02 for the right side. d) Conductance switching of the junction at 2.9 K. A
square wave is applied on the gate electrode as input. The output is the source-drain current at V = 1 mV.

these samples, including sample A, are shown in figure 3.8 and 3.9 in the appendix.
Table 3.1 lists the conductance in the left charge-state and adjacent charge-state to
the right (N to N+1 transition) for these five samples. It can be seen that the conduc-
tance increase is approximately the same for all junctions.

To further investigate sample A, the temperature dependence of the differential
conductance versus gate voltage at V = 0 mV is shown in figure 3.3a. The figure shows
that the resonance widens as the temperature is increased whereas the off-resonant
differential conductance remains almost the same. It should be noted that the asym-
metric shape persists for all temperatures. Figure 3.3b compares the off-resonant dif-
ferential conductance in the two charge-states, showing a slight increase with temper-
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ature. This slight increase indicates that Kondo physics is not the main cause of the
conduction increase in the right charge-state, as in that case a logarithmic decrease
is expected. To quantify the widening of the resonance we have plotted in figure 3.3c
the width of the left side at half maximum and the right side at 3/4th maximum of the
resonance. The width on both sides of the resonance has a linear dependence with
temperature. Linear dependence is expected when a life-time broadened resonance
is temperature broadened by the Fermi function in the leads[23].

It is interesting to note that the redox-induced conductance switching can be per-
formed reversibly at speeds limited by the RC time of the set-up. Figure 3.3d shows the
result when changing the gate voltage in a square-wave fashion on the time scale of
seconds. In this experiment, the square wave signal on the gate was centered around
the resonance gate voltage, and as the lower panel shows, it results in a square wave
output signal. Figure 3.11 in the appendix shows a 10 Hz sine wave modulating the
current output of the junction.

3.3. DISCUSSION
The difference in conductance between the N and N+1 charge-states resembles the
transmissions obtained from theoretical calculations on molecules providing two in-
terfering pathways for electrons [9, 15, 25]. Quinone structures are examples of such
structures[26]. Indeed, these calculations invariably show a significant increase of the
conductance upon reduction, even in the off-resonant regime when Coulomb block-
ade can be significant[10].

We have performed GW calculations on theπ-system of the central anthraquinone
(AQ) and anthracene (AC) group using the Pariser-Par-Pople (PPP) model Hamilto-
nian with the Ohno parametrization[27]. The GW implementation in the GPAW code
was used[28–30], with the parameters U = 11 eV and t =−2.5 eV for the PPP Hamilto-
nian and V =−10 eV for the oxygen[31, 32]. Figure 3.4 shows the calculated transmis-
sion through the AQ and AC groups.

The transmission of the AQ group (figure 3.4a) clearly shows an increase in the
off-resonant conductance upon reduction from the N to N+1 charge-state, both on
the linear (lower panel) and logarithmic scale (upper panel). In addition, two inter-
ference dips can be identified in the N=0 charge-state indicative of destructive quan-
tum interference. Although it is often difficult to come to a quantitative agreement
in the field of molecular electronics, it is interesting to note that the experimental
charge-state dependent differential conductance increase of approximately 1 ∼ 2µS
(table 3.1) is of the same order of magnitude as is present in the calculations (the in-
crease in transmission is approximately T= 0.01, which corresponds to a conductance
increase of 1µS).

An important question is whether indeed the quinone-character is responsible
for the observed behaviour. To verify this, we also calculated the transmission for an-
thracene (figure 3.4b). This molecule, which lacks the oxygen stub-structures charac-
teristic for quinone, shows a small decrease in the transmission upon reduction and
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Figure 3.4: Transmission of the anthraquinone and anthracene group, calculated using the GW method
with Ohno parametrization[27](parameters taken from Pedersen[32] and Roos and Skancke[31]) a) Trans-
mission for the anthraquinone group. Top panel: Anthraquinone group, dashed lines are the entry and
exit site for the transmission calculation. Middle panel: Transmission on a logarithmic scale. The N=0 and
N=1 charge-states are identified and the dashed line marks the boundary between the charge-states i.e. it
marks the position of the LUMO. The HOMO is visible at an energy of -4.5 eV. Bottom panel: Transmission
on linear scale zoomed-in on the reduction (LUMO) peak. b) Transmission of the anthracene group. Top
panel: Anthracene group, dashed lines are the entry and exit site for the transmission calculation. Middle
panel: Transmission on a logarithmic scale. The N=0 and N=1 charge-states are identified and the dashed
line marks the boundary between the charge-states i.e. it marks the position of the LUMO. The HOMO
is visible at an energy of -0.7 eV. Bottom panel: Transmission on linear scale zoomed-in on the reduction
(LUMO) peak.
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lacks the quantum interference dip structure in the N=0 charge-state. This supports
the conclusion that quantum interference is responsible for the charge-state depen-
dent off-resonant differential conductance measured in the anthraquinone molecule.

Comparing the results for the device analysed in this paper and the four presented
in the appendix shows that, in addition to the common feature of a conductance in-
crease upon reduction, there is device-to-device variation. The explanation for such a
variation can be found in the non-reproducibility of the coupling between molecules
and electrodes, and in image charge effects [33]. Calculations incorporating these
effects are shown in the appendix (figure 3.12).

To conclude, we have shown that when changing the electron occupation of an
anthraquinone-based single-molecule junction the off-resonant differential conduc-
tance changes dramatically. This is accompanied with an asymmetric resonance be-
tween the two charge-states. Both effects are linked to an occupation dependent
conjugation of anthraquinone; this is supported by GW calculations. This research
thus realizes the in-situ change of conjugation in a solid-state single-molecule sys-
tem and opens up the way to detailed experimental investigation of π-conjugation
based transport phenomena and interfering transport pathways in single molecules.
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3.4. APPENDIX

FURTHER INVESTIGATIONS OF SAMPLE A
Figure 3.5 further investigates sample A discussed extensively in the main article;
it presents extended differential conductance maps in bias (a) and gate-voltage (b).
Figure 3.5a again shows the resonance flanked by a low-conducting charge state on
the left and a high-conducting charge-state on the right. It can be seen that at bias
voltages up to at least 40 mV the charge-state dependent differential conductance
is present. At high bias voltages noise starts to dominate the transport through the
junction and for this reason we have not increased the bias voltage further.

Figure 3.5b shows a differential conductance trace at Vg = 3 V as a function of bias.
The excitation can be identified as mentioned in the main text. Next to the excitation
also a weak zero-bias peak appears. The inset shows that the weak zero-bias peak
becomes visible when the contribution from the excitation decreases. We attribute
the presence of this peak to the Kondo effect originating from odd occupancy of the
molecule with an unpaired spin. The Kondo effect in conjunction with the observed
differential conductance increase, suggests that the left charge-state is the neutral an-
thraquinone molecule and the right state the singly reduced one.

Figure 3.6 shows figure 3.2a from the main text. The resonance and excitations
are annotated: the black dashed lines are the resonance, blue dashed lines are the
excitations in the on-resonant regime and the green dashed lines are the excitations
in the off-resonant regime. In figure 3.6b the color scale is changed as to show the
presence of the excitation in the N charge-state. Both excitations in the N and N+1
charge state match with their respective excitation in the resonant transport regime.

Figure 3.5: Extended differential conductance maps of sample A. a) Gate-bias map of the differential con-
ductance for bias voltages up to 40 mV at 3.8 K. The resonance is visible in the middle centered around
Vg = -2 V. To the left and right of it, the N (black) and N+1 (red/yellow) charge-state can be identified. b)
Differential conductance trace as a function of bias voltage at Vg = 3 V and at 4.3 K. The inset shows the
gate-bias map of which the single trace was taken (indicated by the green dashed line in the inset).
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Figure 3.6: Bias and gate voltage dependent measurement of sample A at 2.9 K. a) Numerical derivative
(dI/dV) of the current as a function of bias (V) and gate (Vg) voltage. Two charge-states are present (la-
belled N and N+1) divided by the resonant transport regime. The dashed black lines show the boundary
between the resonant and off-resonant transport regime. The green dashed lines show the location of the
off-resonant excitations. The blue dashed lines show the excitation in resonant regime. b) Same measure-
ment as in panel a), however the contrast is increased to show the excitation in the N charge-state.

Care must be taken that the energy of the off-resonant excitations is not necessarily
given by the location of the maximum, but rather by its onset due to possible non-
equilibrium population effects[34]. The fact that both excitations in the N and N+1
charge state match with an excitation in the resonant transport regime support the
conclusion that the features in sample A are from the same molecule.

The differential conductance and current of Sample A at finite bias are further
investigated in figure 3.7. It is interesting to note that the differential conductance in
the resonant transport region (red triangles) is smaller than in the right charge-state
(N+1), as can be seen in figure 3.7a. Figure 3.7b further exemplifies this by showing
the differential conductance at a bias of -8 mV. It can be seen that the differential
conductance follows a step-like pattern, where the first step is around a gate voltage
of -2.2 V and the second step is around -1.9 V. The two steps have approximately the
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Figure 3.7: Current and differential conductance traces at finite bias and at 2.9 K. a) Differential conduc-
tance map of sample A. The dashed green line is panel b), the two light blue lines are, starting from left,
panel c) and panel d) respectively. b) Differential conductance versus gate voltage at -8 mV bias. c) Current
in blue and its differential conductance in green at a gate voltage of -2.14 V as function of bias. d) Current
in blue and differential conductance in green at a gate voltage of -1.98 V as a function of bias.

same height. Figure 3.7c and 3.7d show IV’s taken at gate voltages on the respective
left and right side of the resonance. Here again it can be seen that the right charge-
state is higher in differential conductance than the resonant transport region. The fact
that the differential conductance in the resonant transport region is lower than in the
right charge-state is only seen in sample A and is not expected from standard theory
on coherent or non-coherent electron transport through quantum dots or molecules.

OTHER SAMPLES

We have observed charge-state dependent off-resonant differential conductance in
five different junctions (in total 138 junctions were electromigrated), they are shown
in figure 3.8 and figure 3.9. The left side of the figures show differential conductance
traces at two bias voltages as a function of gate voltage. The right side of the figures
show the differential conductance maps of all five samples. In the extended differen-
tial conductance trace of sample A (same sample as discussed in the main article) it
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can be seen that a jump is present at Vg = -1 V. This jump is reproducibly found in all
measurements of sample A and is attributed to an electrostatic switch in the environ-
ment (e.g. charge trap in the gate oxide). As in sample A, sample B and C both show
two charge-states that can be accessed. From the differential conductance traces it
can be seen that the differential conductance in the right charge-state is higher than
in the left charge-state. The traces at V = +10 mV show that the increased differential
conductance in the right charge-state persists at finite bias.

Sample D and E are different with respect to the other three samples discussed
so far, as there are three charge-states accessible. Again an increase can be seen in
the differential conductance when going from the left (N) to the right (N+1) charge-
state. When going from the N+1 to the N+2 charge-state a further increase of the off-
resonant differential conductance is present. In both samples a large zero-bias peak
is present in the N+2 charge-state. Nevertheless at finite bias (green curves in the left
panels) the differential conductance still shows a clear increase when compared to
N+1 charge-state.

All five samples (A-E) show an off-resonant differential conductance increase when
going from the N to N+1 charge-state. In all samples the N+1 charge-state displays a
zero bias peak, which motivates the assignment of the N+1 charge-state to this state
(i.e. odd occupancy). It is also clear that at finite bias the charge-state dependent
off-resonant conductance is still present, thus showing that the zero-bias peak is not
the main contribution to the increase of off-resonant conductance in the N+1 charge-
state. However, apart from the similarities between the samples there are also differ-
ences in the differential conductance maps. For example: the partly disappearing
resonance of sample B, the increased noise in the N+1 charge-state of sample C and
the appearance of the N+2 charge-states in sample D and E. These differences are at-
tributed to junction to junction variation of the specific spatial configuration of the
electrodes and the molecule. These variations can result in a different molecule-lead
coupling, a different gate coupling and image charge effects.
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Figure 3.8: Differential conductance traces (left panels) for two bias voltages as a function of gate voltage;
the corresponding differential conductance maps are shown next to them (right panels). In the left panels
the charge-states are labelled with N and N+1. The vertical dashed lines show the positions of the zero-bias
resonances, dividing the N and N+1 charge-states. Sample A was measured at 2.8 K; sample B and C were
measured at 6 K.
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Figure 3.9: Differential conductance traces (left panels) for two bias voltages as a function of gate voltage;
the corresponding differential conductance maps are shown next to them (right panels). In the left panels
the charge-states are labelled with N, N+1, and N+2. The vertical dashed lines show the positions of the
zero-bias resonances, dividing the N, N+1 and N+2 charge-states. Sample D was measured at 2.3 K; sample
E at 3.8 K.
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RESONANCE BROADENING AND ASYMMETRY

In figure 3.10 a comparison is made of the N to N+1 resonances as taken from fig-
ures 3.8 and 3.9. To compare the individual resonances the gate voltage is multiplied
by the experimentally determined gate coupling (α) of each sample and the reso-
nance maximum is aligned at zero. It can be clearly seen that all resonances display
a degree of asymmetry around zero. When the width of the resonance is smaller the
asymmetry appears more pronounced. This is clearly seen when comparing sample
A, B and C. The asymmetry is quantified in table 3.2. The widths of the resonances
have all been fitted to a Lorentzian line-shape, except for sample A where the broad-
ening is of the same order as the thermal broadening at 2.3 K. This resulted in the use
of a Gaussian to fit the left side of the line-shape. The right side of the resonance in
sample A could not be fit by a Lorentzian nor a Gaussian.

Sample
Broadening left side
(meV)

Broadening right
side (meV)

A 1.2 -
B 2.2 3.9
C 5.9 10.7
D 19.1 16
E 8.1 8.9

Table 3.2: Comparison of the broadening of the left and right side of the N to N+1 resonance. For sample A
a Gaussian line shape is used to determine the broadening. The data of samples B-E is fit to a Lorentzian
line shape.

Figure 3.10: Differential conductance traces of all 5 samples at the N to N+1 resonance as a function of
energy for V = 0 mV. The x-axis is scaled by the respective experimentally determined gate-coupling (α) of
each sample and the maximum of the resonances are aligned at 0. a) Sample A, B and C with respective
gate couplings αA = 25 mV/V, αB = 11 mV/V and αC = 10.3 mV/V. b) Sample D and E with respective gate
couplings αD = 35.7 mV/V and αE = 18.9 mV/V.
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Figure 3.11: Current switching with a sine signal on the gate (input) at 2.9 K. a) Gate voltage input versus
time. The signal is a 0.15 V peak-to-peak amplitude sine wave with a frequency of 10 Hz on top of a -2.03 V
background. b) The current at the drain (output) at a bias voltage of 2.5 mV.

SINE WAVE MODULATION OF THE OFF-RESONANT CONDUCTANCE
Figure 3.11 shows the current of sample A at a fixed bias of 2.5 mV when a sine signal
is applied to the gate electrode. The current varies at the same rate as the voltage on
the gate electrode. When applying a sine signal, the absolute magnitude of dV

d t at the
gate is smaller than for a square wave signal. This means that the current contribution
from the capacitance of the set-up (I = C ∗ dV

d t ) is smaller as well, making it possible
to use higher frequencies on the input.

IMAGE CHARGES AND COUPLING STRENGTH
Figure 3.12 shows the transmission of the anthraquinone group calculated with a
Pariser-Parr-Pople hamiltonian and the GW method as described in the main article,
but for a different level broadening (Γ ) and with image charges included. The image
charge effect was included by modifying the relative dielectric permittivity (εD )[35]
by a factor of 2. We note that the image charge effect reduces the HOMO-LUMO gap
typically by a factor of 5 to 10 (see Kaasbjerg and Flensberg[36]) and shifts portions
of the interference dips. It is clear that these variations change the magnitude of the
conductance increase upon reduction as observed in the experiment.
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Figure 3.12: Calculated transmission for the anthraquinone group with different coupling and inclusion
of image charges. a) Transmission of the anthraquinone group with reduced coupling as compared to the
calculations in the main paper (Γ = 1 eV). The N and N+1 charge-states are identified and the dashed line
marks the reduction peak. Top panel is on a logarithmic scale. Bottom panel is the transmission on a linear
scale zooming-in on the reduction peak. b) Transmission of the anthraquinone group with image charges
included. Top panel is on a logarithmic scale. Bottom panel is the transmission on a linear scale zoom-in
on the reduction peak.
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4
SPIN EXCITATIONS IN AN

ALL-ORGANIC DOUBLE QUANTUM

DOT MOLECULE

We realize a strongly coupled double quantum dot in a single all-organic molecule by
introducing a non-conjugated bridge in between two identical conjugated moieties.
Spin-1/2 Kondo and Kondo-enhanced low-energy excitations for respectively the odd
and even electron occupation are observed in off-resonant transport. The ground state
in the even occupation can be the singlet or the triplet state varying between samples.
This observation suggests that both anti-ferromagnetic and ferromagnetic interactions
between spins are of the same order of magnitude.

This chapter has been published in Physical Review B 94, 165414 (2016) [1].
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4.1. INTRODUCTION
Electron transport through double quantum dots made it possible to investigate new
avenues of physics, such as the study of Kondo effects beyond the single-impurity
Anderson model[2] and the realization of qubits[3]. Experimental systems encom-
pass coupled semiconductor[4], graphene[5] and carbon nanotube[6] quantum dots
and quantum dots built from atom pairs[7]. For single molecules, electron transport
through an organic double quantum dot (DQD) molecule has not been studied to the
same extend despite the fact that the energy scales of its electronic states are gener-
ally larger than in its counterparts, therefore relaxing the requirements for millikelvin
temperatures for operation. Furthermore, the use of organic atoms like carbon and
oxygen is expected to result in small spin-orbit coupling and no net nuclear spins on
the molecules. This suggest that an all organic DQD molecule can potentially be a
model system for the study of spin interactions that can be chemically tuned.[8]

To study transport in an organic DQD molecule, we use a 9,10-dihydroanthracene
core with acetyl-protected sulfur anchoring groups connected by spacers[9](see fig-
ure 4.1a; named AH from now on). The conjugation of AH is broken due to the sp3 hy-
bridization of the two carbon atoms in the center of the 9,10-dihydroanthracene core.
This results in AH being made up of two conjugated halves (dark green in figure 4.1a)
connected by a non-conjugated bridge (red in figure 4.1a). This peculiar electronic
structure results in a decreased conductance[10] and a higher energy UV-VIS absorp-
tion threshold[11] compared to the fully conjugated version of the molecule. The
electronic structure of AH also results in negative differential conductance in electron
transport[12], which is explained by a two-level model formed by the broken con-
jugation. Past research has thus shown that the broken conjugation influences the
electronic structure and transport, suggesting that it may be regarded as a molecu-
lar DQD. In this paper, we explore this possibility by using low-temperature transport
spectroscopy measurements in a three-terminal configuration.

Figure 4.1: Molecule and setup. a) 9,10-dihydroanthracene (AH) with thiolated spacers. The dark green
parts are the conjugated halves and the red colored part in the middle is the non-conjugated bridge. The
yellowish colored parts at the end of the molecule are the anchoring groups. b) False-colored scanning
electron microscopy image of a junction before electromigration. The purple area is the aluminum oxide
surrounding the aluminum gate electrode underneath it. The darker yellow area is the 10 nm thick gold
nanowire. Yellow areas correspond to the thicker leads, which are connected to wire bond pads. The white
bar at the bottom has a length of 250 nm.



4.2. MEASUREMENTS

4

53

4.2. MEASUREMENTS
To form a gold-molecule-gold junction, we employ three-terminal electromigration
junctions (figure 4.1b). A silicon/silicon oxide substrate is used, on top of which an
aluminum gate is deposited by e-beam evaporation. Under a pure oxygen atmo-
sphere, the aluminum is oxidized to create an electrically insulating layer surround-
ing the gate terminal. On top of the gate a 12 nm thick, 100 nm wide gold nanowire
is subsequently deposited, which is connected with 100 nm thick Au leads to bond
pads. To create the nano-gap the thin wire is controllably electromigrated [13] at
room-temperature in a solution of dichloromethane with 0.5 mM AH to a resistance
of the order of 5 KΩ. After this the wire is let to self-brake [14] to avoid the formation
of spurious gold nano-particles when opening a gap in the wire to form the junction.
When junction resistances are of the order of 1 MΩ, the sample chamber is pumped
and cooled to cryogenic temperatures. The three-terminal geometry of these junc-
tions makes it possible to measure the current (I ) as a function of bias (V ) and gate
(Vg ) voltages. Furthermore, with the help of a 1K-pot, heater resistor and a supercon-
ducting magnet, temperature and magnetic-field dependent measurements can be
performed.

Figure 4.2a shows a differential conductance map of a junction (S1) prepared as
described above. A single-electron tunneling (SET) regime is present around Vg = 1 V,
marked by the dashed lines. The SET edges of the left charge state are visible; the
edges of the right charge state are, however, suppressed. We first focus on the left
charge state in figure 4.2a. It shows a pronounced gate-dependent zero-bias peak.
The peak splits as a function of magnetic field and its height decays exponentially as
a function of temperature (see in the appendix (section 4.4)). This behavior suggests
spin-1/2 Kondo physics to be the origin of the zero-bias peak; the g-factor determined
from the magnetic field dependent data is g ∼ 2.6, which matches with values ob-
served for single molecules[15]. The presence of a spin-1/2 Kondo peak indicates an
uneven electron occupation for the left charge state.

When the gate voltage in figure 4.2a is increased past Vg = 1 V, an electron is added
to the molecule. Instead of a zero-bias peak, a broader peak appears with a suppres-
sion around zero bias. Figure 4.3a shows the temperature dependence of this fea-
ture. With increasing temperature the suppression is lifted and a single broad peak
remains above T = 5 K. Increasing the temperature even further results in a decrease
in the height of the broad peak. This is seen more clearly in figure 4.3b, which shows
the zero-bias conductance at Vg = 3 V as a function of temperature. This tempera-
ture dependence resembles a two-stage Kondo process[16], which can be caused by
the full screening of a triplet[17] or a nearly degenerate singlet/triplet state[18]. These
scenario’s are further supported by the fact that in this charge state there should be
an even number of electrons on the molecule, considering the odd occupation of the
adjacent charge state to the left.

The magnetic field dependence in figure 4.3c shows that the suppression is lifted
as a function of increasing magnetic field. This observation matches a singlet ground
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Figure 4.2: Differential conductance map as a function of bias (V ) and gate (Vg ) voltage of electromigration
junction S1 (a) (T = 2.0 K) and junction S2 (b) (T = 2.0 K). Dashed lines show the SET edges. In a) a zero-
bias peak is present in the left charge state and an excitation at a few meV in the right charge state. In b) a
weak zero-bias peak (white line, see figure 4.10 in the appendix for a linecut) is present in the right charge
state and an excitation of a few meV in the left one.
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state (S = 0), because in case of a triplet ground state the excited states would move
up in energy when increasing the magnetic field. Taking all information together, we
assign the feature in the right charge state to two spins that interact anti-ferro mag-
netically; the ground state is a singlet and the peak at finite bias in d I /dV is caused
by the singlet to triplet excitation. Using a Heisenberg hamiltonian H =−JS1 ·S2, the
exchange coupling (J ) can be determined from the figure, J = −0.7 meV. It is also in-
teresting to note that when the suppression is lifted (when the singlet and triplet state
are brought into degeneracy), the peak full width half maximum (FWHM) is larger
than the spin-1/2 Kondo FWHM in the adjacent charge state at the same temperature.
This matches other observations where a Kondo resonance caused by a singlet-triplet
degeneracy has a larger FWHM than the one of the spin-1/2 Kondo[19].

Figure 4.2b shows another sample (S2) which has two charge states separated by
a SET regime around Vg = −1.3 V (marked by the dashed lines). However, in this
sample a zero-bias peak is present in the right charge state. Temperature and mag-
netic field dependent data point again to a spin-1/2 Kondo origin and thus suggest an
uneven occupation of the molecule in this charge state (see appendix). Going to the
left charge state by removing an electron from the molecule results in the appearance
of a low-bias excitation. Figure 4.3d and e show the temperature dependence and
figure 4.3f shows the magnetic-field dependence of this low-bias feature. A strong
dependence on temperature is seen, suggesting Kondo correlations to play a role.
Furthermore, the magnetic field dependence shows that the excitation energy shifts
outwards to higher energies with increasing magnetic field. The presence of an even
number of electrons on the molecule and the magnetic field and temperature depen-
dences suggest a triplet (S = 1) ground state with a Kondo enhanced excitation to the
singlet state (the exchange coupling J is +0.5 meV and ferro-magnetic)[19]. Sample
S2 therefore has two differences compared to sample S1; the ground state in the even
charge state is a triplet instead of a singlet state and the spin-1/2 Kondo effect is found
to the right of an even charge state with low-bias features instead of to the left of such
a state.

The pattern of spin-1/2 Kondo physics in one charge state and a low-bias feature
due to the excitation between the singlet and triplet in a neighboring charge state
has been seen in eight samples (see appendix). Table 4.1 shows the addition energy
(Uadd ), the level broadening of the SET edge (Γ), the magnitude and sign of the ex-
change coupling (J ) of the eight samples (for an overview of all parameters used in
this text see the appendix). It can be seen that the addition energies are relatively
small compared to those of molecules in gas phase. This may in part be due to the
small energy difference between the HOMO and HOMO-1 (see discussion), but re-
normalization of the energy levels (image charge effects associated with the gate and
electrodes) may also play a role[20–22]. The level broadening is smaller than the addi-
tion energy, but still of the same order explaining why Kondo correlations can be seen
in the measurements. The magnitude of the coupling between the spins (|J |) ranges
from approximately degenerate up to 5 meV. The sign of J has been determined for
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Figure 4.3: Temperature and magnetic field dependence of low-bias features in the even charge state for
sample S1 (a,b,c) and S2 (d,e,f). a) Temperature dependence of the differential conductance at Vg = 3 V .
The individual curves are taken at a temperature of 1.9, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 5.5, 6.0, 7.0, 8.0 and 9.0 K
and are off-set from each other. The red dashed line is the zero-bias conductance plotted in panel b). b)
Zero-bias conductance as a function of temperature. c) Magnetic-field dependence of the low-bias feature
in the right charge state (Vg = 3 V, T = 2 K). d,e,f) show the same measurements as a,b,c) with curves taken
at 1.95, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 5.5, 6.0, 7.0 and 9.0 K for sample S2. In d,e) Vg =−1.9 V and in f) T = 2 K,
Vg =−1.9 V.
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Table 4.1: Parameters extracted from the differential conductance maps (see also the appendix). Some
values could not be determined; in those cases a upper or lower limit is given. Uadd is the addition energy
of the specified charge state with an estimated error of ±5 meV, Γ is the level broadening (±2 meV) and |J |
the magnitude of the exchange coupling (±0.2 meV). The last column displays the character of the coupling
between the two spins, which can be anti-ferromagnetic (AF), ferromagnetic (F), degenerate (degen.) or
not determined (not det.) due to the absence of magnetic field dependent data.

Uadd (meV) Γ (meV) |J| (meV) coupling
S1 49 (N=-1) 11 0.7 AF
S2 >63 (N=-2) 5.5 0.5 F
S3 50 (N=-2) 9 1.4 not det.
S4 73 (N=-2) 5 3 not det.
S5 37 (N=-2) 8 1.2 not det.
S6 58 (N=-2) 10 <0.2 degen.
S7 >53 (N=-1) 18 <0.5 degen.
S8 >50 (N=-2) 40 3.5 not det.

2 samples (S1 and S2, anti-ferromagnetic and ferro-magnetic respectively). Further-
more for sample S6 and S7 the singlet and triplet states are approximately degenerate
(see figure 4.10 in the appendix). For 4 samples magnetic field data has not been
recorded, so the sign of J could not be determined.

4.3. DISCUSSION

The observation of low-bias features in a charge state with an even occupation sug-
gests that the singlet to triplet energy difference for the two highest lying electrons is
small. For molecules this may seem counter intuitive due to their small size, how-
ever, when inspecting the density functional calculations (DFT)[12] of the orbitals of
AH (figure 4.4a) it can be seen that the HOMO and HOMO-1 are nearly degenerate
in energy. Analogous to the prototypical hydrogen molecule, these nearly degenerate
orbitals are formed by the hybridization of both conjugated halves of AH and thus
show symmetric and anti-symmetric orbital wave-functions. The level splitting (∆E)
of the HOMO and HOMO-1 is of the order of 10 to 50 meV, depending on the geom-
etry of the molecule (see the supplementary information of Perrin et al. [12]), which
is significantly smaller than in fully conjugated molecules. The level splitting gives
an estimate for the internal coupling (τ) between the two conjugated halves of the
molecule by using τ = ∆E/2. This results in the coupling between the conjugated
moieties to be between 5 to 25 meV.

We attribute the features in the measurements to the sequential oxidation of AH
from a N = -1 occupation down to N = -3 occupation (where N is the difference in
electrons with the neutrally charged molecule). Oxidation of AH is supported by DFT
calculations which predict the Fermi energy to lie close to the HOMO orbital. Fur-
thermore, multiple reduction of AH is unlikely as the LUMO and LUMO+1 are not
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close in energy. This leads us to the following features in transport (figure 4.4b) and
the electronic states (figure 4.4c) as a function of electron occupation of the HOMO
and HOMO-1 in AH. In the N = -3 state, a single unpaired electron is present in the
HOMO-1, which results in spin-1/2 Kondo in transport. Adding an electron results in
the formation of a singlet or triplet state. Depending on the ground state, the exci-
tation visible in the N = -2 charge state is the triplet or singlet respectively (this will
be discussed further on). Addition of a second electron results in a pair of electrons
in the HOMO-1 and a free unpaired spin in the HOMO; spin-1/2 Kondo reappears.
No samples were measured that showed the three consecutive charge states shown in
figure 4.4b, however, all eight samples show the N = -2 charge state. Next to the N = -2
charge state samples S1, S3, S7 and S8 show the N = -3 state and samples S2, S5 and
S6 show the N = -1 charge state.

The fact that both the singlet and triplet ground states are observed at B = 0 T, in-
dicates that the ferromagnetic JF and anti-ferromagnetic J AF terms contribute almost
equally to the total exchange coupling J = JF −J AF . To first order[23], JF is governed by
the Coulomb exchange and J AF by the kinetic exchange. The kinetic exchange can be
approximated by the Hubbard model, for t <U , J AF = 4t 2/U , where U is the on-site
Coulomb interaction and t is the inter-site hopping. Using the addition energy as an
approximation for the on-site Coulomb interaction U ≈∆E = 40−80 meV and using
t ≈ τ = 10 meV as calculated from DFT, one finds J AF = 5−10 meV. A singlet ground
state can thus be explained by considering only this term. However, the appearance of
the triplet ground state suggests that the Coulomb exchange should also be taken into
account. This can be intuitively understood from the fact that AH is approximately 2
nm long, much smaller than for other double quantum dot implementations. There-
fore, electrons are closer together thereby increasing Coulomb effects and promoting
ferromagnetic coupling (Hund’s rule).

Further indications for a nearly degenerate HOMO and HOMO-1 can be seen in
the off-resonant transport in the N = -1 and N = -3 charge states of S2 and S7 respec-
tively. Here, in addition to the spin-1/2 Kondo resonance, low-bias excitations are
visible. These can be related to the excitation of an electron from the HOMO-1 to
the HOMO[24]. In both samples the excitation energy changes as a function of gate
voltage; a possible mechanism for this could be differential gating[25] of the two con-
jugated halves of AH that form the HOMO and HOMO-1. If AH is situated asymmet-
rically in between the electrodes, the left conjugated half of AH can exhibit a slightly
different gate coupling than the right conjugated half. It would thus modify the energy
splitting (∆E) between the HOMO and HOMO-1, leading to low-lying gate dependent
excitations as observed in the experiment.

The delocalization and splitting of the HOMO and HOMO-1 and the observation
of Kondo effects, suggest that the measurements show a DQD that has a strong inter-
nal coupling (τ) and is well coupled to the leads (Γ). To further probe the spin states
in AH and study spin relaxation mechanisms, it is beneficial to significantly lower Γ
and τ so that the spins on the two halves are localized more. This has been done in
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Figure 4.4: a) Energy spectrum of the AH molecular orbitals (not to scale); L stand for lowest unoccupied
molecular orbital (LUMO) and H for highest occupied molecular orbital (HOMO). The isosurface of the
nearly degenerate HOMO and HOMO-1 are shown next to it. It can be seen that the HOMO-1 is sym-
metric whereas the HOMO is anti-symmetric with respect to the molecule. b) Schematic of the transport
features in AH at low temperature and B = 0 T. Green dashed lines are Coulomb edges; red lines repre-
sent higher-order transport features in the Coulomb blockade region, i.e, zero-bias peaks associated with
S = 1/2 Kondo or inelastic tunneling excitations at finite bias. c) Orbital filling of the nearly degenerate
HOMO and HOMO-1. In the N = -2 charge state two ground states are possible depending on the exchange
coupling.
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semiconductor[26] and carbon nanotube[27] DQD’s, where with Pauli spin blockade
the spin dynamics and relaxation mechanisms have been studied. This localization
can be achieved by using chemical synthesis to decrease the coupling to the leads[28]
or the intramolecular coupling of the molecular DQD by using for example a larger
non-conjugated bridge[8] or a rotation of the two halves[29].

In conclusion, we have shown transport spectroscopy of a strongly coupled dou-
ble quantum dot molecule formed within a molecule with a non-conjugated bridge
in the middle. A pattern of consecutive charge states has been identified which shows
spin-1/2 Kondo, singlet-triplet states, spin-1/2 Kondo as a function of increasing elec-
tron occupation. This pattern can be explained with the formation of a pair of nearly
degenerate orbitals due to the broken conjugation. In the even charge state, transport
features are observed which indicate the presence of singlet and triplet states. The
spin ground state varies from sample to sample, indicating that the anti-ferromagnetic
and ferromagnetic interactions are of the same order of magnitude in AH. This sug-
gests that Coulomb exchange plays a significant role as can be expected from a double
quantum dot the size of a single molecule.
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4.4. APPENDIX

LIST OF PARAMETERS USED IN THE MAIN TEXT
Table 4.2 lists the parameters used in the main text. The following two parameters are
used to describe the properties of the molecule (in this case AH).
∆E (level splitting): The energy difference between the HOMO and HOMO-1 orbital
is calculated (with DFT) to be of the order of 10-50 meV. The level splitting is related to
the internal coupling (τ), by ∆E = 2τ. A stronger internal coupling results in a larger
level splitting between the HOMO and HOMO-1.
τ (internal coupling): Coupling (electron transfer) between the two conjugated halves
of AH. Their coupling to each other results in the delocalized HOMO and HOMO-1 or-
bitals, analogous to the bonding and anti-bonding orbitals of the hydrogen molecule.
As already described τ is related to the level splitting of the HOMO and HOMO-1 by
τ=∆E/2.

The following parameters are used to describe electron transport through the molec-
ular junction.
Γ (level broadening): Caused by electronic coupling of the molecule to the source
and drain electrodes. Can be determined from the full width half maximum of the
SET edge in a differential conductance map. Gives information about the broadening
of the molecular orbitals on the molecule and the residence time of an electron on
the molecule.
Uadd (addition energy): The energy needed to add an electron from the leads onto
the molecule. It has a quantum mechanical component in form of the level splitting
and an electrostatic component in form of the charging energy. It can be deduced
from the height and width of the off-resonant transport diamonds in the differential
conductance maps.

Parameters related to model hamiltonians used in the main text.
J (Exchange coupling): Defined by the Heisenberg hamiltonian H = −JS1 ·S2. The
magnitude and sign of J describe the interaction strength between two spins S1 and
S2. J > 0 represents a ferromagnetic exchange and J < 0 an anti-ferromagnetic ex-
change.
U (On-site interaction): Energy needed to place two electrons on the same site in the
Hubbard model. To first order it can be related to the electrostatic component of the
addition energy Uadd ≈U .
t (Hopping): Used in the Hubbard model as the kinetic energy. Determines the mag-
nitude of electron transfer between two sites. To first order it can be approximated by
the internal coupling τ≈ t .

KONDO EFFECT SAMPLE S1
The left charge state of figure 4.2a in the main text shows a zero bias peak (ZBP). This
ZBP is further investigated in figure 4.5. Panel a) shows the evolution of the ZBP as
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Symbol Definition Used to describe:
∆E level splitting molecule
τ internal coupling
Γ level broadening molecular junction
Uadd addition energy
J exchange coupling model hamiltonians
U on-site interaction
t hopping

Table 4.2: List of parameters used in the main text. Further explanation is given in the text. The units of all
listed parameters is energy.

a function of magnetic field. The peak splits when a magnetic field is applied, with
a splitting of ∆V = 2.4 mV at B = 8 T. Assuming S = 1/2 this results in a g-factor of
g = ∆V /2µB B = 2.6, which is comparable to other spin-1/2 Kondo systems found in
molecules. Figure 4.5b and c show the evolution of the ZBP as a function of temper-
ature. The peak broadens considerably as a function of increasing temperature and
the peak height falls off non-linearly. Both observations are signatures of a spin-1/2
Kondo system. It is clear from the inset of 4.5c that the saturation limit (T ¿ Tk ) has
not yet been reached, therefore fitting an empirical line-shape to the evolution of the
peak height is difficult and a wide range of Kondo temperatures match the curve. Fits
show a range of Kondo temperatures between 0.1 and 4 K following the data points.
The final panel (4.5d) investigates the evolution of the peak width as a function of
gate voltage. The full width at half maximum (FWHM) is determined for the ZBP at
each gate voltage in the left charge state of figure 4.2a in the main text. The following
formula was used to convert the FWHM of the ZBP to a Kondo temperature:

kbTk =
√

(FW H M/2)2 − (πkbT )2 (4.1)

The red data points in figure 4.5d represent these temperatures. The blue line in the
panel is a fit to the data using:

kbTK ≈
√
ΓUadd exp(πε0(ε0 +Uadd )/(2ΓUadd )) (4.2)

It relates the location of the chemical potential (ε0) to the Kondo temperature (Tk ) as
a function of the addition energy. The fit follows the data points nicely and assuming
that at Vg = 1 V there is a charge degeneracy point (as suggested in the main text)
results in an estimation of Uadd = 53 meV and Γ= 16 meV. The coupling matches the
coupling found in the main text.

KONDO EFFECT SAMPLE S2
The peak in the right charge state of figure 4.2b is further investigated in figure 4.6.
Panel a) shows the magnetic field dependence of the differential conductance around
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Figure 4.5: Investigation of the zero-bias peak of sample S1 (figure 4.2a in main text). a) Differential con-
ductance map of the magnetic field dependence of the ZBP at Vg =−2.5 V, T = 2 K. b) Temperature depen-
dence of the ZBP at Vg =−2 V. c) Peak height of the ZBP as a function of temperature on a linear scale. Inset
shows the peak height dependence versus natural log of the temperature. d) Evolution of Kondo temper-
ature determined with equation 4.1 plotted versus gate voltage. The red dots are data points and the blue
line is a fit to equation 4.2.

zero bias. As a function of increasing magnetic field the zero-bias peak starts to split.
At B = 8 T the splitting is ∆V = 2.96 meV; assuming the origin of ZBP to be from a
spin-1/2 Kondo, a g-factor of g =∆V /2µB B = 3.2 can be determined. Panel b) shows
the temperature dependence of the differential conductance traces. With increasing
temperature, the height of the ZBP decreases. The decrease is exponential-like as can
be seen in panel c) where the peak maximum is plotted against the temperature. The
inset shows the peak maximum as a function of ln(T). In this plot the data points
show an approximately straight line, suggesting an exponential relationship between
the peak height of the ZBP and temperature. The splitting of the ZBP as a function of
magnetic field and the exponential decrease of the peak height, are consistent with a
spin-1/2 Kondo system.

EXCITATION SAMPLE S2
Figure 4.7 shows the magnetic field dependence of the left charge state of sample
S2. In the left panel a differential conductance map is shown of the magnetic field
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Figure 4.6: Investigation of the zero-bias peak of sample S2 (figure 4.2b in main text) in the main text.
a) Differential conductance map of the magnetic field dependence of the ZBP at Vg = 1.2 V , T = 2 K .
b) Temperature dependence of the ZBP peak at Vg = 0.25 V . c) Peak height of the ZBP as a function of
temperature on a linear scale. Inset shows the height dependence versus the natural log of temperature.

dependence of the low-bias excitation. The dots show the location of the minimum
conduction as a function of magnetic field. For each magnetic field value the crosses
mark the excitation energy defined as the inflexion point of the excitation. The dif-
ference between the minimum (dots) and excitation energy (crosses) is shown in the
right panel for both positive and negative bias. The excitation energy clearly increases
with increasing magnetic field. Performing a linear fit to the positive and negative
excitation energies (black dashed lines), results in a magnetic field dependence of
∆E/B ≈ 30 µeV/T for positive bias and ∆E/B ≈ 50 µeV/T for negative bias.

STATISTICS

In total 132 junctions were electromigrated to form a gap. Of these, 40 % showed
current-voltage traces (IV’s), in which the conductance varies with gate voltage. Of
these 53 junctions, 12 showed two or more charge states. 8 of the 12 junctions also
exhibited a pattern of a zero-bias peak in one charge state and a broader peak with or
without a suppression in the charge state next to it. These 8 junctions display trans-
port features consistent with a double quantum dot. This suggests that AH acting as
a double quantum dot is not related to a rare geometric (electronic) configuration in
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Figure 4.7: Investigation of the excitations in the even charge state of sample S2. a) Differential conduc-
tance map (Vg =−1.4 V, T = 2 K) as a function of magnetic field. The dots are at the minimum in conduc-
tance; the crosses at the inflection point for the negative and positive bias excitation. b) Red and blue lines
are the excitation energy as a function of magnetic field (the difference as marked by the arrows in a)). The
dashed black lines are linear fits to the excitation energies.

between the electrodes, but is an inherent property of AH. This is further supported
upon considering that the statistics also takes into account junctions with AH either
coupled too strongly or too weakly to be in the Kondo regime (Γ. U) to identify the
low-bias features in the off-resonant transport. It also takes into account situations
when the gate coupling is too low to observe multiple charge states.

CONDUCTANCE MAPS S3 TO S8
The samples showing DQD transport features are numbered S1 to S8. S1 and S2 are
discussed in the main text; S3 to S8 are shown in figure 4.8. The zero-bias peaks have
been identified as spin-1/2 Kondo using temperature and magnetic-field dependent
measurements (except for S3, S4, S5 and S8, where the magnet was not available). In
the charge state to the right a broad peak with or without a suppression is observed
for samples S1, S3, S7, S8. In samples S2, S5 and S6, the charge state to the left has a
broad peak with or without a suppression. In sample S4, the zero-bias peaks are not
visible.

Comparing individual traces in figure 4.9 shows that the exact shape of the low-
bias feature in the even occupation (4.9a) differs from sample to sample. The two
main parameters that determine the line-shape are the singlet-triplet energy differ-
ence J and the FWHM of the singlet-triplet Kondo. When J is significantly smaller
than the FWHM, one single peak is present. This can be seen in samples S6 and S7.
It can also be seen that in S6 and S7 the spin-1/2 Kondo feature in the traces in the
odd occupation charge state (4.9b) is slightly narrower than in the even charge state.
When J increases a dip appears (with increasing J for S1, S2, S5, S3, S9) due to the
singlet and triplet state not being degenerate any more.
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Figure 4.8: Differential conductance maps as a function of gate and bias voltage for six different samples.
The measurement were taken at S3 (T = 4 K), S4 (T = 2.4 K), S5 (T = 4.1 K), S6 (T = 2 K), S7 (T = 2 K) and S8
(T = 5 K)
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Figure 4.9: Selected differential conductance traces as a function of bias of all samples. a) Traces in the
N=-2 charge state. The traces are taken at the maximum separation of singlet-triplet transition, except for
S7 where it is taken at the maximum gate voltage. b) Traces in the N=-1 or N=-3 charge state. Traces are
taken 10 meV away from the charge degeneracy point.

MAGNETIC FIELD DEPENDENCE OF S1, S2, S6 AND S7
For samples S1, S2, S6 and S7 the magnetic field dependence of the low-bias features
in off-resonant transport are shown in figure 4.10. Each panel shows two magnetic-
field dependent data plots. Each plot is from a different charge state. In the odd
charge state a single peak is present at B = 0 T. When the magnetic field is increased,
the peak height decreases and splits in two, as is expected for a system showing spin-
1/2 Kondo.

Moving to the other charge state (for S1 and S7 this is adding an electron, for S2
and S6 an electron is removed) results in a low-bias feature with a different line-shape.
S1 and S2 show a broad peak with a suppression, S6 and S7 show one broad peak.
When applying a magnetic field the line-shapes evolve depending on the sample. For
S1 the suppression is lifted and the peak narrows. For S2 the suppression gets slightly
wider. In S6 the broad peaks gets even broader and S7 shows negligible evolution as a
function of magnetic field.

The trends in these even charge states can be explained by a near singlet-triplet
degeneracy. As already described in the main text, the magnetic field dependence
of S1 can be explained with a spin-singlet ground state and an excited triplet state
that lowers in energy as a function of increasing B-field. In sample S2 the ground
state is the triplet state, with an excitation to the singlet state. This would explain the
widening of the suppression with increasing magnetic field. In sample S6 the singlet
and triplet state are nearly degenerate resulting in the absence of excitations at finite
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Figure 4.10: Differential conductance traces as a function of magnetic field for samples a) S1 (odd (Vg =
−2.5 V, T = 2 K), even (Vg = 3 V, T = 2 K)), b) S2 (odd (Vg = 1.2 V, T = 2 K), even (Vg = −1.4 V, T = 2 K)), c)
S6 (odd (Vg = 2.1 V, T = 2 K), even (Vg =−0.7 V, T = 2 K)), d) S7 (odd (Vg =−1.8 V, T = 2 K), even (Vg = 3 V,
T = 2 K)). The red traces are for B = 0 T, moving down, the magnetic field increases linearly until B = 8 T for
the blue trace. The charge state is noted at the bottom of each panel.
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bias. The resulting peak is broader than the peak in the odd charge state. Applying a
magnetic field broadens the peak, consistent with a degenerate singlet-triplet moving
to a triplet ground state. Sample S7 does not show a clear evolution of the low-bias
peak, however, it is clear that it does not behave as a spin-1/2 Kondo peak and that it
is broader than the spin-1/2 peak in the odd charge state.

The measurements thus show that it is not necessarily clear what the spin ground-
state of dihydroanthracene is in the even charge state. Signatures for both singlet and
triplet ground state are seen as well as cases which are consistent with a singlet-triplet
degeneracy.
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5
UNPAIRED SPINS IN π-EXTENDED

TETRATHIAFULVALENE

A π-extended tetrathiafulvalene is studied in a three-terminal electromigration junc-
tion. Low-bias features are observed in off-resonant transport that point to the interac-
tion of two unpaired spins. The low-bias features show strong gate dependence. These
features can be explained by density functional calculations on the +2 charge state of
the molecule. The calculations show a pair of nearly degenerate orbitals with a dissim-
ilar spatial distribution which promotes differential gating.

We want to thank M.A. Herranz and N. Martín for the opportunity to measure the π-extended tetrathiaful-
valene molecule.
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5.1. INTRODUCTION
Quantum interference (QI) in charge transport through organic molecules has at-
tracted significant attention due to its promise in applications regarding switching[1–
4] or thermopower[5, 6]. Although quantum interference effects can be shown to oc-
cur in simple model systems[7], it has been challenging to understand how they will
be present in realistic systems. Experimentally, it has proven to be difficult to ex-
tract the transport features associated with QI in charge transport through organic
molecules. Self-assembled monolayers have shown effects of QI as changes in the
curvature of the current voltage traces[8, 9]. Furthermore, destructive interference
can lead to a difference in conductance in experiments comparing molecules with
and without QI[10, 11]. However, both approaches lack the ability to shift the Fermi
energy and explore the transmission as function of energy. This can be achieved
in single-molecule electromigration[12] and electrochemical[13, 14] approaches, but
apart from a conductance difference between two states the expected region of sup-
pressed conductance has not yet been observed as a function of Fermi energy.

In the linear, off-resonant conductance regime multiple transport channels may
contribute to the conductance of a junction that consists of a molecule placed in be-
tween metallic electrodes. Contributions to the total conduction consist of transport
through the π-system, the σ-system[15], inelastic contributions[16] and when un-
paired spins are present, Kondo correlations. These factors can mask the archetypal
logarithmic destructive interference dip in off-resonant transport predicted in the π-
system making it less pronounced and therefore difficult to distinguish in an experi-
ment. In this chapter we explore the approach to enhance the probability to identify
and characterize the quantum interference dip by using Kondo correlations[17].

For this purpose we use a molecule with a π-extended tetrathiafulvalene core[18]
(see figure 5.1, named exTTF in the rest of this chapter). It consists of an anthracene
backbone with on both ends spacers with an acetyl capped sulfur anchoring group.
On the 9,10 position of the anthracene, two subgroups are connected forming an

Figure 5.1: Structure of the molecule with a π-extended tetrathiafulvalene core. The sulfur groups used for
anchoring are capped by acetyl groups (Ac).
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π-extended tetrathiafulvalene. Charge transport measurements and calculations on
exTTF have been performed[18]. Scanning probe based mechanical-breakjunction
measurements show a very low conductance which could be caused by quantum in-
terference due to the anthraquinone like core. Other molecules[19] containing TTF
subgroups have shown to form Kondo correlations in transport when investigated
with electromigration junctions. Therefore, a combination of the TTF subgroups with
the anthraquinone like core in exTTF can be a good starting point to investigate the
interplay between quantum interference and Kondo correlations.

To investigate charge transport through exTTF a solution of dichloromethane with
0.5 mM of exTTF was deposited on three-terminal electromigration junctions[20].
The electromigration junctions consist of an Au gate electrode covered with 5 nm of
atomic layer deposition deposited aluminum oxide. On top of this oxide a 12 nm
thick Au nanowire is deposited, which is connected to 100 nm thick Au bond pads.
Feedback controlled electromigration[21] is performed on the Au nanowire at room
temperature in the solution containing exTTF. When the junction resistance is below
5 KΩ, the electromigration is stopped and the wire is let to self-break[22] for approx-
imately half an hour. After this, the sample space is pumped to low pressures and
cooled down to cryogenic temperatures. The system possesses a superconducting
magnet and heater-resistor for temperature and magnetic field dependent measure-
ments as a function of applied bias (V ) and gate (Vg ) voltage.

The statistics of junction formation is discussed in the appendix (section 5.5). In
the rest of this chapter we focus on a junction that switched between two distinctive
configurations. The switching was reversible and uncontrollably induced by a tem-
perature increase, bias- or gate-voltage. To discern between the two configurations in
the text, we call them "state A" and "state B".

5.2. MEASUREMENTS OF STATE A
Figure 5.2a shows a differential conductance map of the junction in state A. The con-
ductance varies from 50 µS up to 80 µS. Around zero-bias the differential conduc-
tance increases significantly, forming a peak-like structure over the entire gate range.
The shape of the zero-bias structure changes as a function of gate voltage. This is
seen more clearly in figure 5.2b, which shows the differential conductance at 11 dif-
ferent gate voltages. The traces are offset from each other. At negative gate voltage
(lower traces) two peaks are present around zero-bias. Increasing the gate voltage
(moving up in figure 5.2b) the suppression disappears and a single peak remains. The
transition between these two different line-shapes occurs near zero gate voltage. The
evolution of the height of the zero-bias feature is shown in figure 5.2c. The zero-bias
differential conductance is represented by the black line. It first decreases with in-
creasing gate voltage, reaches a minimum around Vg =−2 V and then rises and levels
out for positive gate voltages. The dip in peak height cannot simply be attributed to
the zero-bias peak moving to finite bias when making the gate voltage more negative.
The red line in figure 5.2c represents the maximum differential conductance between
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Figure 5.2: Differential conductance as a function of gate voltage for the junction in state A (T = 2 K, B =
0 T). a) Differential conductance map. b) Differential conductance traces at different gate voltages. The
traces are offset from each other on the y-axis. c) Zero-bias differential conductance (black) and maximum
of differential conductance within ±5 mV bias window (red) as a function of gate voltage.

±5 mV bias as a function of gate voltage. It shows a similar conductance suppression
in the negative gate-voltage region.

To further study the zero-bias features of state A their dependence on magnetic
field is shown in figure 5.3. Panel a) shows a differential conductance map of state A
taken at B = 8 T. The map resembles that of the one measured at B = 0 T, however,
the zero-bias features have changed. The two-peak structure at negative gate voltage
and B = 0 T has merged into a single peak. At positive gate voltages the single peak
has broadened. This can be seen more clearly in panel b), which shows the individual
traces. Two distinct peaks start to develop for positive gate voltage, signifying a split-
ting. Again as at B = 0 T, there is a transition from a single to a two-peak structure as a
function of gate voltage. Panel c) shows the magnetic field dependence of the second
derivative of the current at selected gate voltages. For negative gate voltages there is
a merging of the peaks, while at positive gate voltages the single peak splits. More-
over, for negative gate voltage the maximum of the second derivative seems to split
as a function of magnetic field. One part shifts inward to form the peak at zero-bias,
while the other is independent of magnetic field (green marks in the first three plots).
The exact bias voltage at which this feature is present, depends on the gate voltage.
This can also be seen in the map of the second derivative in panel a). Here (marked
by the green ticks), a feature is visible that shifts inwards (i.e. to lower energies) with
increasing gate voltage, matching the values of the marked excitations in the plots of
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Figure 5.3: Magnetic field dependence of the differential conductance of state A (T = 2 K). a) Upper panel:
Differential conductance map at B = 8 T. Lower panel: Derivative of the differential conductance to high-
light the presence of a low-lying excitation indicated by the green ticks. b) Differential conductance traces
at different gate voltages at B = 8 T. The traces are offset from each other. c) Derivative of the differential
conductance traces as a function of magnetic field. The gate voltage at which each magnetic field de-
pendence is taken is indicated at the top of the respective panel. With green markers the magnetic field
independent excitation is shown; it is not visible for the two panels on the right hand side recorded at a
positive gate voltage.
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Figure 5.4: Gate induced singlet-triplet transition (T = 2 K). a) Schematic of the energy levels of the singlet
and triplet states as a function of gate voltage for B = 0 T (top) and at a finite magnetic field (bottom). b)
Map of the zero-bias conductance versus magnetic field (top). Below is the magnetic field dependence of
the derivative of the differential conductance versus gate voltage to highlight minima and maxima.

panel c).

The fact that the shape of the zero-bias feature and its magnetic-field dependence
changes as a function of gate voltage suggests that a gate-induced change of the mag-
netic ground state occurs. The measurements therefore may thus suggest a gate me-
diated singlet to triplet transition[23, 24]. As is schematically shown in figure 5.4a, at
negative gate voltage the ground state is a singlet with a nearby triplet state. Due to the
singlet-triplet energy difference being comparable to the width of the Kondo correla-
tions it results in a two-stage Kondo line-shape[25]. Applying a magnetic field splits
the higher lying triplet state and the dip in the two-stage Kondo line-shape is lifted
by the S = 1,m = −1 triplet becoming degenerate with the singlet. The S = 1,m = 0
state is independent of magnetic field as is seen in the data, while the S = 1,m = 1
state is not observed. Apparently by increasing the gate voltage the singlet-triplet en-
ergy difference decreases until the singlet and triplet state are degenerate resulting
in an enhancement of the differential conductance[26]. Increasing the gate voltage
even further results in a triplet ground state that exhibits an under-screened spin-1
Kondo[27]. Although shoulders seem to appear at large positive gate voltage in fig-
ure 5.2b, it seems that the width of the Kondo zero-bias peak is still larger than the
singlet-triplet energy difference.

The above description of the system is further supported by the measurements in
panel b) in figure 5.4. Here, the zero-bias conductance as a function of magnetic field
is shown. At negative gate voltage, increasing the magnetic field results in an increase
of the differential conductance as the singlet and the S = 1,m = −1 triplet state are
brought closer together. At positive gate voltage the intensity of the zero-bias conduc-
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tance decreases due to the splitting of the spin-1 Kondo peak. Taking the derivative
of the zero-bias conductance with respect to the gate voltage gives information about
the presence of conductance minima and maxima as a function of gate voltage. This
is shown in the bottom panel in b); at Vg = −2 V a line represents a minimum in the
differential conductance as a function of gate. At higher gate voltage a more complex
pattern is observed, where three lines may be discerned. One shifting downwards
in gate with increasing magnetic field, one staying constant and a third one shifting
upwards. However, due to switching of the sample it does not pass Vg = 3.5 V. The
splitting of the peak as a function of magnetic field can be explained with the scheme
presented in figure 5.4a. Assuming that the triplet state is Zeeman split with g = 2,
the effective gating of the singlet-triplet energy difference can be deduced to be 0,46
mV/V. This value matches with the slope of the excitation in the lower panel of fig-
ure 5.3a.

5.3. MEASUREMENTS OF STATE B
As previously noted, the junction switched reversibly but uncontrollably between two
configurations. The conductance map in the second configuration, which we will call
"state B", is shown in figure 5.5. Panel a) shows the differential conductance map.
Again as in "state A" the conductance of the junction is high; an increase in conduc-
tance is observed at negative gate voltage and low-bias features are visible across the
entire gate range. However, upon a closer inspection the zero-bias features differ from
the features in state A. In state B, over the entire gate voltage range a single peak is
present (see figure 5.5b). Alongside the zero-bias peak, peaks are present at a finite
bias voltage, the position of which shift as a function of gate voltage. The height of the
zero-bias peak is shown in figure 5.5c. It is non-monotonic, showing a minimum at
Vg = 2 V and a kink around Vg =−1 V.

The magnetic field and temperature dependence of the conductance are shown
in figure 5.6. Panel a) compares the differential conductance traces at B = 0 T (blue)
with those recorded at B = 8 T (red) for 4 different gate voltages. For each gate voltage,
the zero-bias peak height decreases and the peaks split when B = 8 T is applied. The
exact shape of the split peak depends on the gate voltage. There is a tendency for the
finite bias peaks to shift inwards, however, this can also be due to an overlap of the
zero-bias peak shifting outwards due to the splitting. As can be seen in figure 5.6b,
the splitting is present over the entire gate range.

In figure 5.6, panel c) shows the height of the zero-bias peak as a function of tem-
perature (logarithmic scale) for selected gate voltages. At all gate voltages the peak
height decreases with increasing temperature, although the exact temperature de-
pendence varies among the curves. For example, the curve at Vg = 0 V is steeper
than the one at Vg = 1.5 V and the curvature at Vg = −1.5 V is different from the one
recorded at Vg = 3 V.

Although a zero-bias peak is present over the entire gate range in state B, its ex-
act shape, magnetic-field and temperature dependence varies with gate voltage. To
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Figure 5.5: Gate dependence of the differential conductance of state B (T = 2 K, B = 0 T). a) Differential
conductance map. b) Differential conductance traces as function of gate voltage. Traces are offset from
each other. c) Zero-bias conductance as a function of gate voltage. Contrary to state A, for all gate voltages
the conductance maximum is at zero bias.

characterize this in more detail, figure 5.7 shows as a function of gate voltage for four
panels: a) the height of the zero-bias peak at B = 0 T (blue) and B = 8 T (black), b) the
location of the zero-bias peak(s) at B = 0 T (blue) and B = 8 T (black) and the location
of the finite bias peaks at B = 0 T (red), c) the estimated width of the zero-bias peak
(see the appendix) and d) the curvature (yellow) and decrease (orange) of the zero-
bias peak height as a function of temperature. The curvature is determined by fitting
a second order polynomial to the dependence of the zero-bias peak height with loga-
rithmic temperature and noting the quadratic coefficient for the fit. The conductance
decrease is determined by taking the difference between the zero-bias peak height at
the lowest measured temperature (T = 2 K) and the highest temperature (T = 10 K).

In general, three regimes can be identified as a function of gate voltage (marked
by the dashed lines). The first one is from Vg = −5 V to Vg = −1 V. Here the ZBP
height decreases with increasing gate voltage, the finite bias peaks stay constant in
energy and the estimated width of the ZBP decreases. In the last panel there is a small
increase of the conductance drop, but after that it stays constant up to Vg = −1 V
and the quadratic coefficient fluctuates around zero. Meaning, a linear decrease in
zero-bias peak height as a function of logarithmic temperature. From Vg = −1 V to
Vg = 1 V an accelerated decrease of the ZBP with respect to gate voltage is visible
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Figure 5.6: Magnetic field and temperature dependence of the differential conductance in state B. a) Dif-
ferential conductance traces at different gate voltages for B = 0 T (blue) and B = 8 T (red) (T = 2 K). b)
Differential conductance traces at various gate voltages taken at B = 8 T (T = 2 K). For clarity, the traces are
offset from each other. c) Temperature dependence of the zero-bias peak height for different gate voltages
(B = 0 T). The temperature, on the x-axis, is on a logarithmic scale.

while the finite bias peaks and magnetic field splitting start to increase. The estimated
width of the ZBP also increases. Furthermore, the conductance drop decreases and
the quadratic coefficient becomes negative. In the regime from Vg = 1 V to Vg = 3 V
(when Vg > 3 V the junction starts to switch) the ZBP peak height starts to increase
again. At the same time the finite bias peaks shift to higher energies and the magnetic
field splitting decreases. The width of the ZBP also decreases. The conductance drop
slowly increases again and the quadratic coefficient is positive.

Both state A and B show conductance features near zero-bias which are magnetic
field dependent, furthermore state B also shows a decrease of conductance as a func-
tion of temperature (due to switching, temperature dependence on state A could not
be measured). These observations suggest Kondo correlations to be present, which
means that there should be unpaired spins on the molecule. We already suggested
that the conductance features of state A resemble those of a singlet to triplet transi-
tion, mediated by the electric field from the gate electrode. This would mean 2 un-
paired spins are present in the junction. This interpretation can be extended to state
B by comparing the conductance features at positive gate voltage to experimental[23]
and theoretical[28] calculations. The zero-bias peak can be interpreted as originating
from under-screened spin-1 Kondo physics, with the peaks at finite bias originating
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Figure 5.7: Characterization of the zero-bias peak of state B as a function of gate voltage. a) The zero-bias
peak height for B = 0 T (blue) and B = 8 T (black) (T = 2 K). b) The locations of the zero-bias peak (blue),
split zero-bias peaks at B = 8 T (black) and the finite bias peaks at B = 0 T (red) (T = 2 K). c) Estimated width
of the zero-bias peak (see the appendix) (T = 2 K, B = 0 T). d) Quadratic coefficient of a second order linear
fit to the logarithmic temperature dependence (B = 0 T) of the zero-bias peak height (yellow). Decrease in
zero-bias peak height when increasing temperature from T = 2 K to T = 10 K (orange).
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from the singlet state. The shifting of the finite bias peaks again suggests gate tunabil-
ity of the singlet-triplet energy difference, consistent with the observations in state
A.

5.4. DISCUSSION
In gas phase all spins are paired in the exTTF molecule raising the question why in
transport we observe transport features originating from two unpaired spins. In liter-
ature two unpaired spins in molecules can either originate from organic radicals[29]
or metal-ion containing molecules[30]. If this is not the case (as is the case in exTTF),
nearly degenerate orbitals[12, 23] and/or the formation of new electrode mediated
states[31] may result in unpaired electrons. Figure 5.8 shows a density functional cal-
culation (DFT) of exTTF in the neutral and the +2 charge state. It can be seen that the
geometry changes between the two charge states[32]. In the neutral state (figure 5.8a)
the TTF groups are angled upwards, but are still relatively planar with the anthracene
core. In the +2 charge state (figure 5.8b) the TTF groups rotate and are nearly per-
pendicular to the anthracene core. This change in geometry has an impact on the
electronic structure of the molecule. For the neutral molecule a large HOMO-LUMO
gap (≈ 1.7 eV) is present. Both the HOMO and the LUMO orbital are localized on the
anthracene core and the TTF side groups, with relatively little weight on the sulfur
anchoring groups. The situation is different for the charged molecule. The HOMO-
LUMO gap is now small (≈ 40 meV, HOMO-1 to HOMO ≈ 250 meV, LUMO to LUMO+1
≈ 280 meV), leading to a pair of nearly degenerate orbitals. The HOMO is delocalized
along the backbone, with little weight on the TTF groups and significant weight on
the anchoring groups. The LUMO is mostly present on the TTF groups with a small
part on the anchoring groups.

For a low-energy triplet state to be present on exTTF, there needs to be an orbital
freedom to circumvent the Pauli exclusion principle. As the neutral charge state does
not have an orbital close-by the HOMO, it is unlikely for a triplet state to form. The +2
charge state on the other hand does have the orbital freedom to form a triplet state.
What is also striking is the high conductivity of the junction, which is often associated
with a large overlap of the frontier orbitals with the sulfur anchoring groups. This
is the case for the +2 charge state and not for the neutral state. Taking these argu-
ments together, the measurements suggests that an exTTF molecule in the +2 charge
state could be a viable explanation for the appearance of the singlet-triplet features
in transport.

The peculiar electronic structure of the +2 charge state of exTTF, can also give a
possible explanation for the electric-field dependence of the singlet-triplet energy dif-
ference. The HOMO and the LUMO differ significantly in their spatial shape, with the
LUMO being localized on the center of the molecule and the HOMO on the anchoring
groups. Considering that in a three-terminal junction with a nano-gap the electric po-
tential from the gate can be non-linear due to screening by the metallic electrodes[33]
(see chapter 7 for further explanation), the gating efficiency of the HOMO and LUMO
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Figure 5.8: DFT calculations of the exTTF molecule in the neutral and +2 charge state. H stands for
HOMO and L for LUMO. a) Top panel: geometry of the molecule in the neutral charge state. Lower panel:
schematic of the orbital energies and the orbital wavefunction of the HOMO (red-blue) en LUMO (orange-
green) orbitals. b) same as in a), but for the +2 charge state of exTTF.

can be different. The energy of the HOMO-LUMO gap is then tunable by the gate
voltage and therefore also the singlet-triplet energy difference[24].

It is interesting to compare exTTF to other single-molecule junctions[23, 24] that
show a singlet-triplet energy difference that can be tuned by a gate electrode. For the
three different molecular junctions, the estimated gate coupling of the resonances
(α) and the gate coupling of the singlet-triplet energy difference (αJ ) is shown in ta-
ble 5.1. Both C60 and the Mn-complex have a higher singlet-triplet gating than exTTF.
However, this value does not take into account the electric potential present at the
molecule. Effectiveness of the gate electrode is captured in the gate coupling (α) and
one should take this into account when comparing the values. To compare the three
systems it is thus insightful to calculate the ratio of the coupling to the resonances to
the singlet-triplet coupling, as shown in the last column of table 5.1. For exTTF, the
table shows that the singlet-triplet splitting is an order of magnitude more sensitive
to the gate electrode than the other two systems. A possible explanation for this could
be the strong spatial separation of the nearly degenerate orbitals, as discussed in the
previous paragraph.

A thorough discussion of the exact shape and evolution of the transport features
at low-bias as a function of gate, are beyond the scope of this chapter. The under-
lying model should incorporate two-unpaired interacting spins that form a singlet
and triplet state, whose energy difference can be tuned by a gate. For both state A
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Table 5.1: Table comparing coupling values from different single-molecule experiments. Mn-complex
parameters are from [24] and C60 from [23]. Values for C60 and Mn-complex are estimated from figures
with a ±20% uncertainty. Estimation of α for exTTF is discussed in the appendix.

System Singlet-triplet (αJ) mV/V Gate (α) mV/V Ratio (αJ/α)
exTTF 0.5 1.5 0.33

Mn-complex 1.25 40 0.03
C60 5 110 0.05

and B the singlet-triplet energy difference is of the same order as the Kondo energy
scale. To accurately investigate the transport features in this regime, elaborate theo-
retical calculations need to be performed. These could improve our understanding
of the observed features: the suppression of the zero-bias conductance, the apparent
non-linear behavior of the singlet-triplet energy difference and the unusual temper-
ature dependence and shape of the under-screened spin-1 Kondo peak as a function
of gate voltage. This would make it possible to understand if quantum interference
effects also play a role in the transport measurements.

To conclude, we have measured an exTTF molecule in a three-terminal electromi-
gration junction. One junction showed gate-dependent singlet-triplet features. The
experiments are explained by the exTTF molecule being in a +2 charge state, which
possesses a pair of degenerate orbitals. The gate dependence is linked to the fact that
the wavefunctions of the degenerate orbitals are located at different positions in the
molecule, promoting differential gating. This research could be a starting point for
molecules which have, by design, degenerate but spatially distinctive orbital wave-
functions to promote gate dependent singlet-triplet states. This could be useful in
investigating novel Kondo effects involving multiple unpaired spins.



5

86 5. UNPAIRED SPINS IN π-EXTENDED TETRATHIAFULVALENE

5.5. APPENDIX

STATISTICS ON JUNCTION FORMATION

In total 105 Au nanowires have been successfully electromigrated. As shown in fig-
ure 5.9a, 41 % of all junctions showed gate-dependent charge transport. Approxi-
mately 26 % of the junctions showing gate modulated charge transport also showed
zero-bias features.

Apart from the junction discussed in the main text, the remainder of the junctions
showing a zero-bias peak showed no finite bias features. The height and width of the
zero-bias peak varies from sample to sample. The nature of the gate dependence of
the peak height is shown in figure 5.9b. Negative stands for an increase in the ZBP
height towards negative gate voltage while positive stands for an increase in height
towards the positive gate voltage. In total 7 junctions with a zero-bias peak show an
increase of the zero-bias peak height when applying a positive gate.

ESTIMATING THE WIDTH OF THE ZERO-BIAS PEAK

The appearance of peaks at finite bias and the dependence of the background on gate
voltage, make it difficult to use a Lorentzian or Gaussian peak shape to determine the
width of the zero-bias peak. To try to circumvent this problem, we estimate the width
of the zero-bias peak from a fit to the curvature of the peak maximum only. A second
order Taylor expansion for both a Lorentzian and Gaussian peak around it maximum
results respectively in:

f (x) = a +b
(c/2)2

x2 + (c/2)2 → f (x)x=0 = a +b − 4b

c2 x2, (5.1)

Figure 5.9: a) Statistics of successfully electromigrated nanowires. Open means no gate dependence of
current. Junction with a gate dependence are labelled as gate dependent. Of these some show zero-bias
features; these are labeled as ZBF. b) 10 junctions show a zero-bias peak. These have been characterized by
the peak height increasing towards negative or positive gate voltage. One junction showed no dependence
of the zero-bias peak height.
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Figure 5.10: Contour plot of the differntial conductance map of state A shown in figure 5.2. The black lines
are the contour lines. The red lines are linear fits to the contour lines.

g (x) = a +be
4ln2x2

c2 → g (x)x=0 = a +b − 4ln2b

c2 x2. (5.2)

Both expansions show that the full width half maximum (c) is only present in the
quadratic term. If we fit the peak maximum in the experimental data with a sec-
ond order polynomial (h(x) = α0 +α1x +α2x2), then α2 = −βc2/b with β = 4 in the
Lorentzian case and β= 4ln(2) in the Gaussian case. Assuming the change in height
of the zero-bias peak (b) is not too large as a function of gate, the relation c ∼p

1/α2

gives us an estimate of the width of the zero-bias peak.

ESTIMATING THE GATE COUPLING OF THE RESONANCES (α)
To get an accurate value for the gate coupling of the resonances (α), a charge degen-
eracy point needs to be present in the differential conductance map. However, in the
measurements of state A or B this is not the case. To get a rough estimate for the gate
coupling of the resonances for state A, we applied a linear fit to the equipotential lines
of the conductance map of figure 5.2, see figure 5.10. From this we get an average gate
coupling α of 1.5 mV/V.
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6
CHARGE TRANSPORT THROUGH

CONJUGATED

AZOMETHINE-BASED SINGLE

MOLECULES

The single-molecule conductance of a 3-ring, conjugated azomethine was studied us-
ing the mechanically controlled breakjunction technique. Charge transport proper-
ties are found to be comparable to vinyl-based analogues; findings are supported with
density functional calculations. The simple preparation and good transport properties
make azomethine-based molecules an attractive class for use in polymer and single-
molecule organic electronics.

This chapter has been published in Organic Electronics 34, 38-41 (2016) [1]. I would like to thank R.
Frisenda for help with measurements, M.L. Perrin for help with the calculations and M.L. Petrus for the
synthesis.
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6.1. INTRODUCTION

Organic molecules have received great attention over the last two decades for their
application in organic electronics such as organic light emitting diodes (OLED), or-
ganic field effect transistors (OFET), organic photovoltaics (OPV), sensors and elec-
trochromic devices[2–5]. The synthesis of these conjugated materials generally in-
volves transition metal catalyzed carbon-carbon coupling reactions such as Suzuki-,
Stille- and Kumada-coupling[6]. However, these chemistries require stringent reac-
tion conditions, expensive catalysts and extensive product purification[7]. The re-
strictive synthetic accessibility results in high costs thereby making large-scale pro-
duction of these materials difficult[8, 9].

Schiff-base condensation chemistry offers a low-cost alternative route to conju-
gated materials. In this reaction an azomethine bond (–CH=N–, also referred to as
imine) is formed on condensation of an amine with an aldehyde. This chemistry of-
fers an attractive alternative to carbon-carbon coupling reactions since the reaction
can be performed at near ambient conditions, requires no expensive catalysts, and
has water as the only by-product, making purification straightforward[10]. In contrast
to aliphatic azomethines[11], conjugated azomethines are very stable against photoi-
somerization and also exhibit a high stability towards hydrolysis and reduction[12,
13].

Conjugated azomethine-based polymers and small-molecules have shown promis-
ing performance as polymer-[14–17], small-molecule-[10, 18] and perovskite-based[19]
photovoltaics, OLEDs [20], OFETs[21] and electrochromic devices[22, 23]. In par-
ticular the low molar mass azomethines have shown good performances as a hole
conducting material in bulk heterojunction devices[24], and azomethines have been
able to compete with state-of-the-art materials in a hole transporting layer in per-
ovskite solar cells[19]. However, despite the good device performance, only very little
is known about charge transport in these molecules[21, 24]. Bulk measurements have
shown relatively low mobilities, but it is unclear which mechanisms contribute to the
low mobility.

In this work, the single-molecule conductance of an azomethine-based molecule
is studied to get a better insight in its charge transport properties. The general percep-
tion is that the azomethine bond is isoelectronic to the vinyl-bond (–CH=CH–)[25],
which is widely used in polymer and single-molecule organic electronics. However,
the single-molecule conductance through a molecule containing azomethine bonds
has not yet been studied. We performed conductance measurements of a conjugated
azomethine-based single molecule using a mechanically controlled break junction
(MCBJ). Our findings show that replacing the all-carbon vinyl bonds with azome-
thine bonds does not compromise the conductance in this class of molecules and
that the azomethine-bond thus does not limit the conductance along the backbone
of the molecule.
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Figure 6.1: a) TYPI structure between gold electrodes. b) Individual breaking traces measured in the pres-
ence of TYPI. The bias voltage is 100 mV and the electrodes are withdrawn at a speed of 5 nm/s. The traces
are offset along the x-axis for clarity. The conductance is plotted on a logarithmic scale.

6.2. MEASUREMENTS

As a model compound for studying the conductance of the azomethine-bond, a sym-
metric azomethine, containing a thiophene and two phenyl rings was synthesized
(thiophene-2,5-diylbis(N-phenylmethanimine), named TYPI from now on. See ap-
pendix for synthesis and characterisation). At the para-position, the phenyl rings are
functionalized with thiol groups, which act as the anchor to the gold electrodes (fig-
ure 6.1a). To characterize the conductance of TYPI a MCBJ set-up was used[26]. TYPI
was dissolved in dichloromethane at a concentration of 0.5 mM. The solution was
drop cast on the MCBJ, after which the gold wire was repeatedly broken and fused
at a rate of 20 cycles per minute (corresponding to an electrode displacement speed
of 5 nm/s). The measurements were performed in ambient conditions at a fixed bias
voltage of 100 mV.

When breaking the gold wire in the presence of TYPI we observe conductance
traces as shown in figure 6.1b. The conductance traces are measured as a function of
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Figure 6.2: Conductance histograms of all breaking traces. Traces are aligned at 0.5 G0. Left panel:
Conductance-displacement histogram build from 2361 breaking traces like the ones shown in figure 6.1b.
The traces are binned logarithmically along the conductance (y) axis with 16 bins/decade and linearly
binned along the displacement (x) axis with 40 bins/nm. Right panel: Conductance histogram. The blue
line is built by summing the histogram in the left panel along the displacement axis. Red line is constructed
by excluding tunneling traces. Green dashed line is a Gaussian fit used to extract the most probable con-
ductance value.

electrode separation (nm). Above conductance values of 1 G0 (the conductance quan-
tum of 77 µS) the traces show decreasing steps and at approximately 1 G0 a sharp drop
is observed, which is caused by the rupture of the last gold few-atom connection[27].
After this point the conductance quickly drops to around 10−3/10−4 G0, due to the
snap back of the gold apex atoms in the electrodes. Below 10−3 G0 two different types
of traces can be identified. The first one is an exponential decay of the conductance
(linear dependence in a log-plot) to the noise level of the setup (below 10−6 G0), which
is characteristic of an empty junction where transport is through direct tunneling (the
first two traces in figure 6.1b). The second type of trace that can be identified, is the
appearance of plateau-like features below 10−3 G0. These plateaus persist up to 1.5
nm of stretching and show conductance fluctuations around 10−4 G0. The traces with
this kind of conductance-length dependence are assigned to the successful formation
of a gold-molecule-gold junction[28]. After stretching for a certain distance, which is
related to the length of the molecule, the conductance drops to the noise level due to
breaking of the gold-molecule-gold junction.
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To determine the most probable conductance of the metal-molecule-metal junc-
tion we recorded 2361 consecutive traces, from which we build a conductance his-
togram. Figure 6.2 shows the conductance histograms built from all traces (without
data selection). The zero of displacement of each trace is chosen at the point of rup-
ture of the gold wire (first data point below 0.5 G0). In the two-dimensional histogram
(left side of figure 6.2) a high-count region is visible above 1 G0, which we assign to
transport through the gold wire. Below 1 G0 one can distinguish two regions of high
counts. The first region drops exponentially (straight on a logarithmic scale) from
10−4 G0 to the noise level extending for about 0.5-1 nm. The second region stays
constant around 10−4 G0 and extends up to 1.5 nm. We assign the first region to
through space tunneling between the electrodes and the second region to transport
through the gold-molecule-gold junctions. This second region only appears when
the molecule is drop cast on the sample and is not observed in clean samples (as can
be seen in the figure 6.4 in the appendix). In addition, the length of the second re-
gion approximately matches the length of a single TYPI molecule, which is 1.85 nm
in DFT calculations. To extract the mean conductance of the molecular junctions we
plot the 1-D conductance histogram, as shown in the right panel of figure 6.2. The
blue line is a histogram of the conductance including all traces, while the red line is a
histogram with the tunneling region removed (further details in the appendix). Using
a Gaussian function (green dashed line) to fit the conductance distribution without
tunneling, we obtain (1.3±0.4) ·10−4 G0 as most probable conduction value for TYPI.

To comment on the measured conductance value of TYPI, we compare it to the
single-molecule conductance of the well-studied oligo(p-phenylene vinylene) trimer
(OPV3)(figure 6.3b). This molecule has approximately the same length (1.92 nm com-
pared to 1.85 nm of TYPI) and the same basic electronic structure, which consist of
three conjugated rings connected with sp2 hybridized linkers. The conductance of
OPV3 with thiol anchoring groups lies between 1 · 10−4 G0 and 2 · 10−4 G0 for MCBJ
setups[29, 30]. Comparing the conductance values of both TYPI and OPV3 shows
that a thiophene ring with azomethine linkers has a comparable charge transport ef-
ficiency as a benzene ring with vinyl linking.

6.3. DISCUSSION
To further investigate the charge transport characteristics of TYPI, we performed den-
sity functional theory (DFT) calculations, combined with the Green’s function (NEGF)
formalism to obtain ground-state electronic structures and transmissions for TYPI,
OPV3 and OPA3 (oligo(p-phenylene azomethine) trimer). For details concerning the
calculations, see the appendix. OPA3 is included in the calculations to differentiate
between the effect that the thiophene core and azomethine bond may have on trans-
port.

Figure 6.3a-c show the isosurface of the Au-hybridized highest occupied molec-
ular orbitals (HOMO) of TYPI, OPV3 and OPA3, respectively. It can be clearly seen
that the HOMO’s of all molecules have a π-character and closely resemble each other,
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Figure 6.3: DFT + Σ calculations for TYPI, OPV3 and OPA3. a),b),c) Structure and hybridized HOMO orbital
of respectively TYPI, OPV3 and OPA3. The energy of the HOMO is displayed underneath. d) Transmission
as function of energy around the HOMO-LUMO gap for all three metal-molecule-metal junctions.
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both in shape and in energy. They extend from one sulphur atom to the other and hy-
bridize well with the gold atoms, as can be seen by the finite density around the gold-
sulphur bond and their extension throughout the entire gold electrodes. The simi-
lar electronic structure is further supported by the transmission calculations, which
show similar broadening of the HOMO’s indicating comparable hybridization of the
molecules with the gold electrodes. Furthermore, the HOMO-LUMO gap is of com-
parable size, 3.1 eV for TYPI, 3.3 eV for OPV3 and 3.3 eV for OPA3.

The calculated transmission of the three molecules is shown in figure 6.3d, where
peaks in the transmission originate from resonant charge transport through molec-
ular orbitals. Based on their energy, the overlapping peaks just below -5.5 eV can be
identified, as the HOMO’s of TYPI, OPV3 and OPA3. Focusing on the transmission in
the region around the Fermi energy, which our calculations predict to be around -4.8
eV, we see that for all molecules transport is dominated by the HOMO. This is expected
for thiol anchoring groups[31, 32]. Moreover, in the same energy range, the transmis-
sions follow each other closely which is a result of the similar energy of the HOMO’s
and their broadening. This supports the conclusion drawn from the measurements,
which is that the thiophene core with azomethine linker units has a comparable con-
ductance to the benzene core with vinyl linking units.

The comparable conductance between OPA3 and TYPI in the calculations shows
that inclusion of a thiophene core does not mask any potential negative effects the
azomethine bond can have on the conductance as compared to the vinyl-linked ana-
logue. This is further supported by comparing the transport through thiophene and
phenyl units[33] which shows that despite conformational variations the conduc-
tance is approximately the same. This motivates the conclusion that the azomethine
bond is of comparable conductance as a vinyl bond. The relatively poor charge mo-
bilities that are reported for azomethines in the bulk are therefore considered to be
the result of an unfavorable morphology and are not the result of a limited conduc-
tance of the azomethine bond.

In conclusion, an azomethine-based low molar mass molecule was synthesized
and the conductance through single molecules was measured using a mechanically
controlled break junction. The conductance was determined to be (1.3± 0.4) · 10−4

G0, which is comparable to reported values for OPV3, a vinyl-based analogue. This, in
turn, shows that the azomethine bond exhibits good electrical conductance, making
it a useful linker for the preparation of conjugated materials for electronic applica-
tions. Moreover, we believe that the simple chemistry combined with the good charge
transporting properties make azomethine-based materials ideal candidates for vari-
ous optoelectronic applications.
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6.4. APPENDIX

BARE GOLD JUNCTIONS

Figure 6.4 shows the 2-D and 1-D conductance histogram of bare gold junctions, so
before the TYPI dissolved in dichloromethane was drop cast. The conductance de-
creases gradually to around 1 G0. Whereafter it jumps down to around 10−4 G0, due
to rupture of the last few atom contact and consecutive snapback of the electrodes.
After rupture the conductance exponentially decreases to the noise level.

CONDUCTANCE HISTOGRAMS WITHOUT TUNNELING

Figure 6.5 shows the 2-D and 1-D conductance histogram of the junction with the so-
lution drop cast (figure 6.2), however with the conductance traces identified as tun-
neling removed from the data set. All conductance traces that dropped from 10−1 G0

to 10−5 G0 in less then 1 nm electrode displacement have been identified as tunnel-
ing conductance traces and have been removed from the data set. The 2-D histogram
clearly shows a region of high count that decreases slowly as function of electrode dis-
placement, indicating that through space tunneling is not the main contribution to

Figure 6.4: Conductance histograms of all breaking traces from a junction before deposition of the solution
with molecules. All traces are aligned at 0.5 G0. (Left Panel) Conductance-displacement histogram built
from 4995 traces. The traces are binned logarithmic along the conductance (y) axis with 16 bins/decade
and linearly binned along the displacement (x) axis with 40 bins/nm. Right panel) Conductance histogram,
blue line is built by summing the histogram in the left panel along the displacement axis.
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Figure 6.5: Conductance histograms with tunneling traces removed. All traces are aligned at 0.5 G0. Left
Panel) Conductance-displacement histogram built from 667 traces. The traces are binned logarithmic
along the conductance (y) axis with 16 bins/decade and linearly binned along the displacement (x) axis
with 40 bins/nm. Right panel) Conductance histogram, red line is built by summing the histogram in the
left panel along the displacement axis.

the set of traces (for tunneling traces the conductance generally decays faster then 2
orders of magnitude per 1 nm electrode displacement). The length of TYPI (1,85 nm),
matches with the approximate length of the traces shown in the histogram. Therefore
we attribute the traces in figure 6.5 to the formation of a molecular junction between
the gold tips.

DFT+Σ/NEGF CALCULATIONS

The DFT calculations were performed with the Amsterdam Density Functional (ADF)
quantum chemistry package[34, 35]. All calculations used a generalized gradient ap-
proximation (GGA-PBE) as exchange correlation functional and a triple-ζ plus polar-
ization (TZP) basis set. All electrons were considered, expect for the gold atoms were
the frozen core approximation was used. To account for relativistic effects in the gold
electrodes, the zeroth order regular approximation (ZORA) to the Dirac equation was
employed.

All geometries were relaxed and converged to energy changes of less than 1 ·10−3

hartree, energy gradients of less than 1 ·10−3 hartree/Å and 6.7 ·10−4 hartree/Å RMS.
The transmissions through the junctions (figure 6.3d) were obtained using the non-
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equilibrium Green’s function (NEGF) formalism and coupling the outermost Au layer
of each electrode to wide-band limit electrodes with a coupling strength of 1eV[36].

To correct for well-known electron correlation errors upon addition/removal of a
charge on the molecule, the DFT + Σ method was used[37], implemented as a scis-
sor operator. The Σ correction consists of two parts. First, a correction to the ion-
isation potential and electron affinity is calculated based on the anion and cation
charge states of the molecule in gas phase. Second, image-charge effects were cal-
culated for the different charge states (also in gas-phase). This was done using the
atomic (Hirschfeld) charge distribution between two parallel plates (classic image
charge model). The image planes were set at a distance of 1.3 Angstrom away from
the bonding sulphur atoms.

To determine the transmission for the metal/molecule/metal junctions, it was cal-
culated for multiple electrode separations by moving the electrodes outwards in steps
of 0.02 Angstrom. At each step the geometry of the molecule in the previous electrode
separation was used and then relaxed for the new electrode separation. For the new
relaxed geometry the metal/molecule/metal transmission was calculated. This was
repeated until the junction ruptured, signalled by a large drop in the transmission.
The last Angstrom before the rupture was used to determine a transmission for the
junctions, which is 50 individual transmissions in total. This formed a band of trans-
missions which is shown for each junction in figure 6.6 for 1 eV around the calculated
fermi energy (-4.8 eV). The solid line is the transmission for the junction that crosses
the median transmission value calculated from the value of all transmission curves
at the fermi energy. This is also the transmission that is shown for each junction in
figure 6.3d in the main article. Comparing all three molecules in figure 6.6 it can be
seen that the bands overlap and that TYPI has the largest variation in transmission
and OPA3 the smallest.

CHEMICAL CHARACTERIZATION AND SYNTHESIS OF TYPI, ( THIOPHENE-
2,5-DIYLBIS (N-PHENYLMETHANIMINE))
All chemicals were purchased from commercial sources and used as received unless
stated otherwise. The structure was confirmed using 1H-NMR (Bruker WM-400, 400
MHz). The recorded spectra were referenced to the solvent (CDCl3: 1H, 7.26 ppm)
relative to TMS. The infrared spectrum was obtained with a PerkinElmer Spectrum
100 and the UV-vis spectrum was collected using a PerkinElmer Lambda 35 UV-vis
spectrometer. The mass spectrum was generated by electron impact and data was
collected over the m/z range 45–900. Mass spectra were recorded using a Shimadzu
QP2010S with direct injection port.

2,5-Thiophenedicarboxaldehyde was purified by vacuum sublimation, prior to
use. 4-aminobenzenethiol (339 mg, 2.7 mmol) and 2,5-thiophenedicarboxaldehyde
(173 mg, 1.2 mmol) were placed in a dry round-bottom flask with reflux condenser
under argon atmosphere. Dry chloroform (20 mL) was added, followed by a crystal of
p-toluenesulfonic acid as a catalyst while stirring. The mixture turned yellow and was
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Figure 6.6: Variation in the transmission by changing the electrode separation by steps of 0.02 Å for 1 Å in
total. The thick line is the transmission, which crosses the median transmission value at the fermi energy
for all transmission curves. The lighter curves are individual transmissions for different electrode separa-
tions.
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Figure 6.7: Synthesis of thiophene-2,5-diylbis(N-phenylmethanimine)

heated to reflux. A precipitate was formed overnight. After 3 days the reaction mixture
was poured in methanol and filtered off. The product was washed with methanol, iso-
propanol, isopropanol:triethylamine (98:2) and again isopropanol and dried in vacuo.
Yield 0.40 g (87%, 1.1 mmol). λmax (CHCl3) = 398 nm; 1H-NMR (CDCl3, 400MHz) δ
8.56 (s, 2H); 7.48 (s, 2H); 7.30 (d, J = 8.4Hz, 4H); 7.15 (d, J = 8.4Hz, 4H); 3.50 (s, 2H)
ppm; FTIR: 3037, 2570, 1902, 1604, 1575, 1480, 1404, 1195, 828 cm−1; MS m/z (rela-
tive intensity): 355.0 (24), 353.9 (M+, 99), 321.0 (75), 217.9 (22), 136.0 (59), 109.0 (100),
108.0 (32), 77.1 (23), 69.0 (37), 65.1 (85), 45.1 (27).
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7
OUTLOOK

In this chapter the challenges and opportunities of quantum interference and nearly
degenerate orbitals in molecular electronics are discussed. An increase in the effective-
ness of gate coupling is deemed essential to study these effects in more detail; a few
promising approaches for this are suggested. Furthermore, a proposal is given for a
single-molecule junction that combines degenerate orbitals and quantum interference
to study single-electron tunneling events.
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One of the main selling points of molecular electronics is the promise to create
electrical components smaller than those fabricated with semiconductor materials[1].
However, in the last decade the innovations in silicon technology have been impres-
sive and nowadays components are fabricated with dimensions down to the 10 nm
scale. It is therefore unlikely that for a fundamental component like a transistor, the
use of a single molecule can be of a significant advantage. The present opportunities
in molecular electronics lie in designing electronic components with functionality
difficult to achieve with silicon technology. An example of this is the use of quantum
interference to create devices which show a larger thermo-electric effect than possi-
ble in silicon technology[2].

Another application of molecular electronics is in the field of organic electronics.
In the last few decades organic light-emitting diodes have become widespread[3] and
the research field of photovoltaics with organic molecules has grown significantly[4].
These fields do not directly capitalize on a single molecule, but rather on the prop-
erties of bulk or thin films of organic materials. The difficulty in designing organic
electronic materials is that effects on multiple length scales should be taken into ac-
count, ranging from the collective action of the bulk, the interaction between the
molecules, down to the processes that happen inside the molecule itself. It is at
the single-molecule level that molecular electronics can contribute[5]. An example
of this is shown in chapter 6, where organic solar cells show promising efficiency in
converting light to charge, but the mobility of the electrons in the bulk is low. The
question posed is if the low mobility is from an inter- or intra-molecular origin. The
mechanically controlled breakjunction was used to study the conductance of a single
molecule demonstrating a level of conductance consistent with a relative easy trans-
fer of electrons along the molecule. This suggests that the low mobility in bulk has an
inter-molecular origin.

In the rest of this chapter we will discuss some aspects concerning the opportu-
nities and challenges of research on quantum interference and degenerate orbitals in
single molecules. We show that both fields could lead to novel single-molecule com-
ponents or contribute to our understanding of electron transport in organic electron-
ics. We will see that the existing gate electrode technologies are a limiting factor in
investigation of both effects. A few promising alternatives are therefore discussed.
Furthermore, quantum interference and degenerate orbitals are combined in a single
molecule to propose a single molecule junction capable of detecting single electron
tunneling events.

7.1. QUANTUM INTERFERENCE
Quantum interference has been one of the main research topics in molecular elec-
tronics. The small size of a single-molecule junction makes it possible for the orbitals
of the molecule to influence the phase of the electrons passing through it in a well
defined manner. This is much more difficult to achieve in semiconductor quantum
dots, due to the limited control of the shape of the dot[6]. Quantum interference can
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be useful in designing molecules, as it for example provides a method with which con-
jugation can be preserved in a molecule, but inhibit the movement of electrons across
it. On the single-molecule scale this can be applied in for example dielectrics[7], as
quantum interference keeps the polarizability of a conjugated system, but impedes
the flow of electrons. In organic bulk materials it could be possible to use quantum
interference to limit the flow of electrons in certain areas of the material, but still be
able to use conjugated structures to design the material.

However, there are significant open questions concerning quantum interference
in charge transport through single molecules. As shown in theory chapter 2 and in
Solomon et al. [8], a correctly coupled two-site model will show suppression of the
transmission between two orbitals and the appearance of the characteristic logarith-
mic quantum interference dip. Translating this theoretical model to a prediction of
the features that can be expected in a realistic junction is difficult. First, most research
has taken an effective single-particle NEGF approach to calculate the off-resonant
transmission through a molecule. How does quantum interference in transport look
like if second-order co-tunneling is included[6] and what happens when the molecule
is not strongly coupled to the electrodes? Secondly, how many destructive interfer-
ence dips are present in off-resonant transport and where are they in energy? Re-
search has shown that the exact structure and composition of the molecules can in-
fluence the dip’s location in energy[9]. Electron-electron interactions can also play a
significant role, resulting in multiple interference dips in off-resonant transport[6].
Lastly, can the logarithmic dip be observed? Temperature, vibrations[10, 11] and
contributions from the σ-system[12] can play a significant role in transport and may
therefore suppress the appearance of logarithmic dips in low-bias transport.

Further experiments on quantum interference are therefore crucial in validating
which predictions are correct. At this moment a measurement of the low-bias con-
ductance as a function of energy showing signs of quantum interference would be
the most relevant data in supporting theoretical predictions. However, this proves to
be challenging as the only evidence of a dip being present has been reported in the
bias dependence of self-assembled monolayers[13, 14]. The difficulty often lies in the
limited gate coupling of a single-molecule junction. Improvements to the limited gate
coupling will be discussed in section 7.3.

There are some promising approaches to increase the sensitivity to detect the
presence of a quantum interference dip in transport. One approach, already intro-
duced in chapter 5, is the use of Kondo correlations as a means to observe quantum
interference. It is predicted that these Kondo correlations are suppressed at the en-
ergy of the quantum interference dip[15]. Tentative evidence of this can be seen in
Fock et al. [16] and in the inset of figure 3.5b in chapter 3. Another approach could be
to directly measure the slope of the low-bias transmission using thermo-power[17].
Lastly if the interference dip is located close to a charge degeneracy point, it can in-
terfere with the shape of the resonance peak of the molecule[18]. As a consequence
the peak shape changes and from this distorted resonance-peak information about
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the dip could in principle be extracted. The measurements of chapter 3 could poten-
tially be reinterpreted in this way.

7.2. DEGENERATE ORBITALS
In chapter 4 and 5 we discussed transport through molecules which possess a pair
of nearly degenerate orbitals. This orbital degree of freedom makes it possible for
singlet-triplet physics to occur at relatively low-energies. As the other energy scales
are large due to the small size of the molecule, the singlet-triplet features are iso-
lated from them (e.g. resonant transport). This makes these molecules an interest-
ing system to study features such as singlet to triplet transitions and spin-1 Kondo
effects[19].

In chapter 4 we showed that a non-conjugated barrier in a molecule may result in
degenerate orbitals by effectively creating a double quantum dot in the molecule. As
can be seen in the field of semiconductor quantum dots[20, 21], it opens the way to
study physical processes in molecules not possible when only a single dot is present.
For example, a double quantum dot molecule under irradiation should show photon
assisted tunneling[22], making it possible to determine the tunnel coupling between
the two dots and study excited state decay mechanisms. Significantly weakening the
coupling between the dots and between the molecule and the electrodes, could lead
to Pauli-spin blockade[23]. In such a case the current through the molecule is sup-
pressed when two electrons are in the triplet state compared to the singlet state. In-
formation can then be gained about the spin state of the molecule. This creates the
opportunity to study spin-relaxation mechanisms and the possibility to create spin
qubits where the physical surrounding can be engineered on an atomic scale using
organic synthesis.

For both the excited state and spin-dependent relaxation mechanisms, techniques
have been developed to study them in ensembles of molecules. However, in our pro-
posed experiments, interactions between molecules and averaging over all molecules
present is eliminated. As a consequence features may appear that are masked in
bulk experiments. This makes the formation of nearly degenerate orbitals and double
quantum dots in single molecules an interesting avenue to explore in the future.

7.3. GATE ELECTRODE
Improving the gate efficiency makes it possible to study features at a larger range of
energies. Crucial in for example quantum interference experiments and results in
an increased ability to tune the orbitals to a favorable configuration necessary to ob-
serve for example Pauli-spin blockade in double quantum dots. In single-molecule
junctions formed with the electromigration technique, the effect of the gate on the
molecule is generally small compared to the level spacing. The source and drain elec-
trodes play an important role in the limited effect of the gate[24]. As the electrodes
are metals they screen the electric potential, this is shown in figure 7.1. A spatial map
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Figure 7.1: Numerical calculation of the electric potential in a metal-vacuum-metal junction. a) Electric
potential map on a logarithmic scale. The dielectric (εr = 10) is chosen to be 3 nm thick, across which a
gate voltage of 1 V is applied. For y > 0 nm, the gap is present with on both sides grounded electrodes; gap
size is 2 nm. b) Dependence of the electric potential as a function of y at x = 0 nm (middle of the gap).
Dashed line is the interface between the dielectric and the vacuum gap. c) Electric potential in the gap as
a function of x for two different distances from the dielectric. Distances are marked in b) and c). Dashed
lines are the electrodes.

of the electric potential is shown in panel a); a voltage of 1 V is applied to the gate
(below y = −3 nm). The electric potential decreases less than one order of magni-
tude in the dielectric, however when it comes into the gap (above y = 0 nm) it decays
significantly quicker. This is seen more clearly in panel b), which shows the electric
potential at x = 0 nm (on a logarithmic scale) as a function of distance from the gate.
A clear change in the exponential decrease is visible in the gap (y > 0 nm). Panel c)
shows that the strength of the potential varies with distance from the electrodes. It is
significantly stronger in the middle of the gap, compared to a location near the elec-
trodes.

The calculations in figure 7.1 show that the largest contribution to a low gate-
coupling is the screening of the electrodes. Using thinner dielectrics could improve
the gate efficiency, but if the molecule is not located at the dielectric interface it is
futile. Thinner gold electrodes are not possible, as going below 10 nm thickness re-
sults in discontinuous films[25]. In the following we will discuss three alternative ap-
proaches to create single-molecule junctions with a more effective gate.

ELECTROCHEMICAL GATE

An approach to increase the gate efficiency is to change the method of gating and use
an electrochemical gate[26]. In liquid, ions can move, making it possible to let these
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ions surround the molecule resulting in a shift of the molecule’s potential. Measuring
the low-bias conductance of a single molecule continuously as a function of electro-
chemical gate is difficult due to the limited stability of the molecular junction. It has
been achieved in only a few experiments[27]. Statistically determining the conduc-
tance at different gate potentials has on the other hand already been performed more
often, for example on the quinone molecule[28]. Although it is possible to achieve
a higher gate efficiency than electromigration junctions, there are a few drawbacks
with electrochemical gating. First, the molecule will be surrounded by the electrolyte
containing the ions. For systems where relaxation mechanisms are studied, as pro-
posed in the double quantum dot molecule, the extra interaction (as compared to
vacuum in electromigration junctions) is undesirable. Second, as the gate is a liquid,
it will not be possible to gate at cryogenic temperatures due to freezing. This would
make electrochemical gating unsuitable for double quantum dots and the study of its
low-energy excitations. For the study of quantum interference at room temperature
electrochemical gating can be a viable alternative, as low temperatures are not crucial
to observe the expected conductance decrease due to destructive interference.

GRAPHENE

A second alternative is the use of graphene electrodes[29] instead of gold electrodes. A
single layer of graphene (thickness 0.3 ∼ 0.4 nm) can significantly decrease the screen-
ing of the gate electrode. In this Ph.D. research, experiments have been performed on
molecular junctions with single- and multi-layer graphene electrodes. Preliminary
data for multi-layer graphene electrodes is shown in figure 7.2. Here, the graphene
was electroburned[29], whereafter a peptide coupling reaction[30] was used to bridge
the gap with a molecule. Figure 7.2a shows a graphene flake on which the device lay-
out is drawn with in green the graphene bridges that are to be etched and the gold
electrodes in white. These junctions have a starting resistance in the order of 5 KΩ;
after electroburning the junctions have a resistance at cryogenic temperature of ap-
proximately 100 GΩ (blue line in figure 7.2b). Performing an amide coupling reaction
between the carboxyl groups possibly present at the graphene edges and the amine
terminated terphenyl molecule (inset figure 7.2b), results in the green current-voltage
trace. It presents a significant increase in current and non-linear features. The differ-
ential conductance map of this junction is shown in panel c) and shows charge de-
generacy points forming a coulomb-diamond pattern. Focusing on a single charge
degeneracy point in panel d), it can be seen that an asymmetric coupling is present.

The challenge of these measurements is to prove that the observed transport fea-
tures are actually from a molecule. The electroburning technique itself can cause
quantum dots[31] with charging energies of the same order as expected of a single
molecule. Even in the graphene electrodes (especially when single-layer graphene
is used) quantum dots can form[32]. Although some approaches have been tried
to identify molecular features in transport through the junctions, for example, by
looking at the excitation spectra[33] or by comparing transport features to a molec-
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Figure 7.2: Preliminary data on graphene nano-gaps possibly bridged by covalently bound terphenyl. a)
Optical image of a multi-layer graphene flake. The white area will be where the Au electrodes are deposited
and the green areas the three graphene bridges, the rest of the graphene flake will be etched away. b) IV
curves taken at T = 4 K. Blue curve is taken after electroburning. The green curve is taken after performing
the peptide coupling reaction with terphenyl (shown at the top). c) Differential conductance map of the
graphene junction after performing the peptide coupling reaction with terphenyl. d) Same sample as in
c), however now zoomed in on the right charge degeneracy point. A gate coupling of α = 3 mV/V and an
asymmetric electrode coupling of ΓS = 8 mV and ΓD = 2.5 mV can be extracted.

ular junction with gold electrodes[34], it still remains challenging to identify without
doubt their molecular origin. Another important consideration, especially for single-
layer graphene, is that the graphene itself has a more complex electronic structure
than gold. Examples are the Dirac cone and localized edge states[35]. These can re-
sult in a convolution with the molecular signatures in transport, making it a challenge
to identify features of the molecule and study them.

MOLECULAR ORBITALS
An ineffective gate coupling can also be addressed by improving the molecule and not
the experimental technique. An example is already given in chapter 5, where there is
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strong differential gating. A suggested explanation for the differential gating is that
two orbitals are localized at different locations on the molecule. One is located close
to the electrodes, where the electric potential of the gate is screened, and the other is
localized in the middle of the molecule and is therefore less affected by the screening
properties of the electrodes. Extending this method, it is possible to design molecules
where the frontier orbitals are localized at the center of the molecule. This could
be an interesting solution for constructing weakly coupled double quantum dots in
molecules for Pauli spin-blockade, as localizing the orbitals would possibly result in
the weak coupling needed for spin-blockade. Another option would be to lengthen
the molecule, resulting in the possibility to use a larger gap between the electrodes
and therefore decrease the screening of the gate electrode, however in that case the
current levels will be lower.

7.4. CONCLUSION
To conclude, both the research on quantum interference and degenerate orbitals in
molecules show potential for further study. At this moment the gate electrode is a
limiting factor. Different approaches exist to improve the gate coupling; each has its
advantages and drawbacks. In case of quantum interference, as it is present at room-
temperature, electrochemical gating could be an interesting approach to take. For
double quantum dots and the study of relaxation mechanisms in a single molecule, a
smart design of molecular orbitals is the most promising route.

When further knowledge is gained on the effects of interacting orbitals it would
be interesting to design molecules which incorporate both quantum interference and
nearly degenerate orbitals. An idea could be to use the sensitivity of quantum interfer-
ence to detect single electron tunneling events. Figure 7.3 shows an implementation
of this. In the top panels a single molecule in between electrodes is shown which is
divided in two sections (labeled ’sens’ and ’stub’) weakly connected by a bridge. The
part, labeled ’sens’, is strongly coupled to the electrodes and displays quantum inter-
ference effects as studied in chapter 3; the off-resonant current through this section
of the molecule will dependent on its charge state. The second part, labeled ’stub’, is
weakly coupled to the ’sens’ part (coupling ’stub’ to ’sens’ (Γb) should be significantly
smaller than the coupling of ’sens’ to the electrodes (Γ)). Each section of the molecule
therefore has its own chemical potential; these can be shifted relative to each other
by differential gating (e.g. chapter 5). If we charge the molecule with a single elec-
tron, then the current through the molecule will depend on where that electron is
located. Following the behavior of anthraquinone shown in chapter 3, if the electron
is on the ’stub’, ’sens’ is not charged and current will be low due to destructive quan-
tum interference (left panel). If the electron is on the ’sens’ part of the molecule then
it is charged, destructive quantum interference will be suppressed, and current will
be high (right panel).

If the electron transfer rate between the two regions is low enough, then it could
be possible to measure a single electron tunnelling event in a molecule as shown in
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Figure 7.3: Charge sensing with quantum interference. Top panels: the left panel shows the molecule with
two regions, were the sens region is bridging the electrodes. The electron is in the stub region, quantum
interference is present in the sens region, current is thus low. The right panel shows that upon differential
gating the molecule, the electron can be moved to the sense region, quantum interference is lifted and
current is high. Bottom panel: if the electron transfer between the two regions is low enough, then there
will be a delay between the moment of differential gating and movement of the electron resulting in the
increase of current. This makes it possible to detect a single electron tunneling event in a time resolved
manner.

the lower panel. Starting with the electron on the ’stub’, the gate voltage is changed to
make it energetically favourable for the electron to tunnel to the ’sense’ region of the
molecule. After some time depending on the electron transfer rate of the bridge (τb =
ħ/Γb), the electron will move to the ’sens’ region increasing the current by lifting the
destructive quantum interference. To detect single tunneling events the time between
two tunneling events (τb) should be of the same order as the time resolution of the
measurement setup. In single-electron tunneling experiments with a semiconductor
quantum dot capacitivily coupled to a quantum point contact a time resolution of
a microseconds can be reached[36]. A nanometer long non-conjugated androstane
bridge can give a tunneling rate of the order of 1 ·106[37] electrons per second. This
suggests that it could be possible to observe a single tunneling event in a time resolved
manner by using conjugation to define functionality in a single molecule.
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SUMMARY

The investigation of new electronic materials drives the development of electrical de-
vices and component. In the field of molecular electronics electron transport through
single molecules is studied. The main goals of molecular electronics are to facilitate
the design electronic materials with molecules and develop components on a single-
molecule scale. This thesis is mostly about using the electromigration technique to
experimentally investigate electron transport through a family of three anthracene-
like molecules, each with a different side-group at the central ring.

Using oxygen side-groups (chapter 3) results in an anthraquinone like molecule,
which in between gold electrodes shows an order of magnitude difference in off-
resonant conductance between two charge states. The explanation supported by
theoretical calculations is that upon adding an electron to the molecule destructive
quantum interference is lifted, thus increasing the conductance.

In chapter 4 two hydrogen atoms are used instead of oxygen. Transport through
the molecule now displays low-bias excitations. The magnetic and temperature de-
pendence of these excitations point to two unpaired electrons on the molecule, form-
ing a single/triplet state. The presence of two unpaired electrons is suggested to
be due to the broken conjugation of the carbons at the hydrogen side groups. This
molecule thus effectively forms a strongly coupled double quantum dot.

Replacing the two hydrogens with a 1,3-dithiole group (chapter 5), again results
in the observation of low-energy excitations that can be linked to two unpaired elec-
trons. However, the energy of the excitation can now be strongly tuned by the gate
electrode. A possible mechanism for this is differential gating due to the presence of
two spatially separated orbitals.

Chapter 6 is on a different topic than the preceding three chapters. Here, the con-
ductance of a molecule with azomethine linkers is determined statistically with the
mechanically controlled break-junction technique. The conductance is shown to be
comparable to its vinyl analogue, which is widely used in molecular and organic elec-
tronics. Azomethine linkers have the advantage that they are more easily formed and
less demanding on the environment than vinyl bonds.

The last chapter is the outlook, here we discuss the opportunities of molecular
electronics with a specific focus on the effects studied in this thesis. The limited gate
coupling is identified as one of the main challenges. Electrochemical gate, graphene
electrodes and designing molecules focused on enhancing the gate coupling are sug-
gested as potential solutions. In the last part of the outlook, a molecule is proposed
that incorporates both broken conjugation and quantum interference to probe single-
electron tunneling events in a single molecule.
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SAMENVATTING

Onderzoek aan nieuwe elektronische materialen drijft de ontwikkeling van elektroni-
sche apparaten en componenten. In de moleculaire elektronica wordt elektron trans-
port door enkele moleculen bestudeerd. Doelen zijn om moleculaire elektronische
materialen te ontwikkelen en elektronische componenten te realiseren op molecu-
laire schaal. Dit proefschrift gaat grotendeels over het gebruik van de electromigratie
techniek om experimenteel onderzoek uit te voeren aan elektron transport door drie
verschillende anthraceen-achtige moleculen. De drie moleculen zij identiek, afgezien
van de zij-groepen aan de middelste ring van het anthraceen.

Als zuurstof zij-groepen worden gebruikt (hoofdstuk 3), is de niet-resonante ge-
leiding afhankelijk van het aantal elektronen op het molecuul. Met behulp van the-
oretische berekeningen kan deze afhankelijkheid toeschreven worden aan de ophef-
fing van destructieve kwantuminterferentie als gevolg van het toevoegen van het extra
elektron op het molecuul.

Als er in plaats van het zuurstof atoom twee waterstof atomen worden gebruikt
(hoofdstuk 4), verschijnen er laag-energetische excitaties. De temperatuur- en mag-
neetafhankelijkheid van deze excitaties suggereren dat ze veroorzaakt worden door
de aanwezigheid van twee ongepaarde elektronen op het molecuul. De verklaring
voor het ontstaan van de ongepaarde elektronen is de gebroken conjugatie in het mo-
lecuul die gecreëerd wordt door de waterstof zij-groepen. Dit zorgt effectief voor de
vorming van een dubbele kwantum dot in het molecuul.

Wanneer de twee waterstof atomen worden vervangen door een 1,3-dithiole groep
(hoofdstuk 5), verschijnen er ook laag-energetische excitaties. Maar bij dit molecuul
is de energie van de excitatie sterk afhankelijk van het elektrisch veld. De metingen
wijzen in de richting van differentiaal gating door de aanwezigheid van twee ruimte-
lijk van elkaar verwijderde orbitalen in het molecuul.

Hoofdstuk 6 gaat over een ander onderwerp binnen de moleculaire elektronica.
Hier wordt met behulp van de mechanische gestuurde breakjunctie de geleiding van
een molecuul bepaald dat gebaseerd is op azomethine bindingen. De geleiding blijkt
van dezelfde orde te zijn als die van moleculen met vinyl bindingen. Die moleculen
zijn veelvuldig in gebruik in organisch en moleculaire elektronica. Azomethine bin-
dingen hebben het voordeel dat ze gemakkelijker te maken en minder belastend zijn
voor het milieu dan de vinyl bindingen.

Het laatste hoofdstuk van dit proefschrift behandelt mogelijke vervolgprojecten
in de moleculaire elektronica, met een focus op de effecten bestudeerd in dit proef-
schrift. De vaak gelimiteerde gate koppeling wordt gezien als de grootste uitdaging.
Elektrochemisch gaten, grafeen elektrodes en het ontwerpen van moleculen gericht
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op het vergroten van de gate koppeling worden geopperd als een mogelijkheid om
dit op te lossen. Verder wordt er een suggestie gedaan voor een molecuul dat dubbel
kwantum dot gedrag en kwantum interferentie combineert om het tunnelen van een
enkel elektron door het molecuul te bestuderen.
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