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ABSTRACT

tronics community. As the size of electronics continue to miniaturise, the use of metal-

molecule-metal junctions has the potential to provide a useful step in this process via the
bottom-up approach. The majority of previous work in the molecular electronics field has focused
on junctions using gold as the contact metal. However, alternative contact materials such as the
ferromagnetic 3d transition metals provide an exciting opportunity to probe new effects including
spin-dependent transport.

Here, a mechanically controllable break junction technique has been developed and used
to measure the conductance of single molecules using both gold and ferromagnetic (nickel and
cobalt) electrodes. A scanning tunnelling microscope break junction technique was also employed
to provide a comparison between measurements using both methods.

To date, work on single-molecule junctions incorporating 3d transition metals has been
limited due to the tendency of these metals to oxidize under ambient conditions. It has been
observed within, that it can be possible to measure the conductance of single molecule junctions
without using techniques such as electrochemical control to protect the metal contacts from
oxidation. A number of metal-molecule-metal junctions have been studied to determine their
most probable value of conductance. Several further techniques such as 2D histograms, I-V
curves, 2D correlation histograms and conditional histograms have been used to expand on this
analysis.

Magnetoresistance measurements using the mechanically controllable break junction method
were explored for Colpentanedithiol | Co junctions by comparing the conductance obtained
with and without the presence of a magnetic field. A magnetoresistance of 567% was mea-
sured. Anisotropic magnetoresistance experiments were performed on the same junction and an
anisotropic magnetoresistance of 77% was measured. Magnetoresistance measurements were
also performed using the scanning tunnelling microscope break junction method on Nil1,4-
benzenedithiol | Ni junctions. However, no magnetoresistance effect was observed.

S ingle molecule electronics represents a rapidly growing area of interest within the elec-
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CHAPTER

INTRODUCTION

oore’s Law is the observation made in 1965 that the number of transistors in a dense
integrated circuit doubles approximately every two years [117]. This is a prediction
which still holds true today. Moore’s Law has been enabled by the ability to miniaturise
electronic components such as the MOSFET. As a result of the success of this scaling, we are
approaching the physical limits of silicon based electronics. Silicon power electronic components
may prove insufficient if we want to continue to miniaturise electronics while maintaining
adequate power density and keep up with the demands of an industry that requires increasingly
compact and efficient devices. A number of solutions have been suggested in order to overcome
this issue. The use of molecules as electronic components is an idea initiated by Aviram and
Ratner in 1974 when they described a current rectifier using a single organic molecule [6].
Since then, the concept of single molecule electronics has provided a promising approach to
miniaturising electronic devices through the bottom up strategy. Molecular junctions have a
range of optical, magnetic, thermoelectric, electromechanical and molecular recognition properties
[127]. In addition to these properties, molecules are highly versatile as electronic components due
to the variety of molecular structures that can be produced via synthetic chemistry. For example,
one may choose to tune the electronic properties of the molecule by adding specific chemical
groups to the structure. This is a particularly exciting prospect for single molecule electronics as it
could result in devices not possible using conventional materials [11, 20, 133, 139, 153, 173, 185].
More recently, investigations have progressed from predominately gold electrodes contacting
the molecules to a range of different metals. Ferromagnetic contacts are proving particularly
interesting due to the potential for harnessing spintronic effects in single molecule devices
[26, 68, 166].



CHAPTER 1. INTRODUCTION

1.1 Molecular Conductance

1.1.1 Conductance Quantization

Macroscopic electrical conductivity can be defined by Equation 1.1
_ 1]

(1.1) Oy = pxxl =

where p is the longitudinal resistivity, I is the current flowing through the sample, V is the

applied voltage, A is the cross sectional area and [ is the length of the sample. However, as the

scale of the conductor is reduced, we lose the ability to define the conductance accurately by the

dimensions of the sample, A and /. Conductance is often defined by Equation 1.2

I
(1.2) G=R'= 7
where G is the electrical conductance and R is the resistance. At the mesoscopic scale, the mean
free path of an electron becomes much longer than the length scale of the conductor. This means
the transport becomes ballistic rather than diffusive and the electrons propagate coherently
rather than taking a random path through the material due to scattering as they would in
macroscale electrical conduction. The resistance in ballistic conductors arises from the interface
resistance between the conductor and contact pads in a system. In addition, it depends on the
number of transverse modes in this system, M, which each contribute some transmission, 7', to

the total conductance. This is described by the Landauer formula, shown in Equation 1.3.

2 2
(1.3) G="MT,
h
where A is Planck’s constant, e is the electron charge, T is the transmission coefficient and
2 2
(1.4) —; =Go~1.75x10758,

is known as the conductance quantum. The conductance quantum can be derived in the following
way:
A 1D wire, such as that in Figure 1.1, that connects two chemical potential reservoirs with

potentials u; and uo adiabatically has a density of states described by

(15) dn_ 2
) d hv’
where v is the electron velocity. The voltage will be
(1.6) y o MLk
e

Assuming that the number of transverse modes in the system, M, is constant over the energy
range y > E > ug, the 1D current travelling across the wire is given by the current [38]

2e? -
2e” (11— p2)

(1.7 I= 7 5



1.2. MEASUREMENT TECHNIQUES

M2

FIGURE 1.1. A 1D wire, connecting two reservoirs of potential u; and pg adiabatically,
as described in Section 1.2 to determine the conductance in a mesoscopic system.

Single molecule junction

L

> __ @ counter supports

\_/

Piezo pushing rod

Metal film

Flexible substrate

FIGURE 1.2. A schematic diagram of a mechanically controllable break junction showing
the three point bending system consisting of two counter supports and the piezo
pushing rod. The yellow circle shows a zoomed in schematic of a potential molecular
junction that may form between the electrodes.

Finally, using Equation 1.2, we can determine Equation 1.4. By looking at Equation 1.3, it is

clear that one may expect to see the conductivity of mesoscopic conductors changing in discrete

steps depending on the number of transverse conducting modes that are present.

1.2 Measurement Techniques

The most common techniques used to fabricate and study metal-molecule-metal junctions (MM-

MdJs) are scanning probe based techniques and the mechanically controllable break junction
(MCBJ) method [154, 163]. The concept of an MCBJ was put forward by Moreland in 1985 [118].

3



CHAPTER 1. INTRODUCTION

His experiment consisted of an Nb-Sn filament mounted on a flexible glass beam that could
be broken to form an electron tunnelling junction between the fractured elements. This idea
led to the use of the MCBJ technique to study quantum size effects on conduction in metallic
constrictions in 1993. In this work quantization, of conductance in a Pt sample was observed [123].
The first MCBJ molecular conductance measurements followed in 1997, performed by Reed using
benzene-1,4-dithiol molecules which were self-assembled onto two facing Au electrodes. This
showed charge transport through the molecules [140]. The substrates used to measure molecular
conductance here consisted of a notched Au wire, glued to a bendable substrate. The wire became
fractured, forming two electrodes, when a piezo actuator was used to bend the substrate.

At this time, STM (Scanning Tunnelling Microscopy) had already been used to measure
atomic and molecular systems but the technique as it is used today was pioneered by Xu and Tao
in 2003 [22, 44, 188]. They measured the conductance of single molecules, including hexanedithiol,
octanedithiol, decanedithiol, and 4,4’- bipyridine, contacted by two Au electrodes. Conductance
histograms were formed from thousands of measurements and used to locate the most probable
conductance of the molecule in question.

Molecules can be applied to the substrates by a number of different methods. More recent
advances to these methods have included using clean room fabricated, lithographically patterned
samples rather than notched wire [84]. There are also examples of more rigorous statistical
analysis [81] and correlation analysis [105] which provide a wider view of what happens when
junctions are formed and the statistical relationship between different conduction configurations

of the same molecule .

1.2.1 MCBJ

A schematic of MCBJ is shown in Figure 1.2. It consists of a piezo actuator which is used to
bend a flexible substrate which could be made, for example, from phosphor bronze. The most
basic version of the samples used for MCBJ are similar to those used by Reed and coworkers,
as described in section 1.2, and consist of a notched wire fixed to a bendable substrate. The
electrodes formed when the notched wire becomes fractured can be brought closer together and
further apart by moving the piezo down or up respectively. The vertical movement of the piezo,

dy, is related to the horizontal movement of the electrodes, dx, by the following equation:

_6x _Gut

1.8 = =
( ) r 6y 127

where u is the distance between the points at which the wire is fixed to the substrate, [ is the
distance between the counter supports and ¢ is the thickness of the bendable substrate as shown
in Figure 1.3.

More recently, nanofabrication has permitted major advances in the samples used for MCBJ.
Figure 1.4 shows the process involved in constructing a thin-film MCBJ sample. The electrode

pattern can be applied to the sample using an electron beam writer which leaves a mask
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FIGURE 1.3. A schematic diagram of the notched wire samples used for mechanically
controllable break junction. Labelled distances are used in Equation 1.8, to calcu-
late the ratio between piezo push rod (vertical) movement, and electrode separation
(horizontal).

over which the metal can be deposited by evaporation or sputtering. This results in electrodes
remaining in the desired pattern. They are then etched in an isotropic plasma which leaves
the narrowest parts of the metal pattern suspended, forming the bridge which will be broken
during the MCBJ process. A benefit of these thin-film samples is an improved reduction ratio, r
(detailed in Equation 1.8) when compared with notched wire samples. Typically, notched wire
samples have an r value of 1072 to 1072 whereas for the thin-film samples, r is likely to be 107 to
10~4 [35]. It also results in more reproducible samples as there is a high level of precision when
using these techniques to form electrodes. Notching a wire is less reproducible and can lead to
unpredictable breaking mechanisms during the MCBJ process and hence unpredictable electrode

shapes.

1.2.2 Scanning Probe Techniques

STM-BJ measurements are taken by crashing an electrochemically etched STM tip into a
prepared substrate using a piezoelectric scanner. The tip is then withdrawn and a thin chain
of atoms is formed which may result in single atomic contacts. When this contact breaks, if a
suitable molecule is available it may link to the now free atomic contacts allowing its conductance
to be measured. This process is described by Figure 1.5 There are also techniques known as soft
touch techniques (including the I(s) and I(t) method) which involve the use of STM, but no direct
contact is made between the STM tip and substrate [125]. During I(t) measurements, the tip is
held at a fixed distance above the substrate which is smaller than the smallest dimension of the

molecule. The current is monitored and jumps can be observed due to the spontaneous formation
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FIGURE 1.4. A schematic diagram of the process of fabrication of lithographically pat-
terned MCBJ samples, modified from [35]. A) The flexible substrate, B) Polyimide
is spin coated, C) Photoresist or resin is spin coated and baked, D) Sample is
patterned using an electron beam, E) Sample is developed in solvent, exposed parts
of the resin are selectively removed, F) Metal is deposited, G) Mask is lifted off H)

The thickness of the polyimide is reduced, forming a free-standing electrode bridge.
6



1.2. MEASUREMENT TECHNIQUES

FIGURE 1.5. A schematic diagram showing the procedure of STM-BJ measurements.
(A) The tip and substrate are in a solution containing molecules. (B) The tip is
crashed into the substrate. (C) The tip is withdrawn. (D) A gap is formed between
the tip and the substrate which is filled by a molecule forming a molecular junction.
(E) The junction is broken and the process is repeated.
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FIGURE 1.6. A schematic diagram showing the procedure and schematic examples
of resultant conductance traces of soft touch STM-BJ measurements including
(a) the I(t) technique (b) the I(s) technique where the red line shows schematic
decay without a molecular bridge and the black line shows schematic decay when
a molecular bridge is formed.

and breaking of molecular bridges between the tip and substrate. The I(s) procedure involves
reducing the tip-substrate distances, to less than the length of the molecules. A fixed bias is
applied and the current is measured as the tip is withdrawn from the surface. This process is

explained further in Figure 1.6.
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1.2.3 Electromigration

A problem in molecular electronics that needs to be overcome is the difficulty in creating nanoscale
electrodes to contact the molecules. Electromigration is the transport of material caused by the
gradual movement of ions in a conductor by the direct force (due to the electric field) or the force
caused by momentum transfer between conducting electrons and diffusing metal atoms. When
an electric field is applied to a metallic nanowire, the atoms of the metal migrate, resulting in
the breakage of the nanowire. Although the effect is generally considered to be a negative one
throughout electronics, causing huge numbers of failures due to the decreasing size of the metallic
interconnects without reducing the current by the same factor, it can provide a valuable role in
molecular electronics [35]. This process can be harnessed to form an electrode gap comparable to
the size of a single molecule [97, 155]. As an electrical current is continuously ramped up, the
resistivity is monitored and the process is stopped at the desired resistance. A large disadvantage
of this method is that it is not easy, and sometimes impossible to fine tune the gap created. For
example, it is not possible to close the wire again after it has been opened and it can be difficult to
control the final stages of the electromigration process as the character of the transport changes
from ohmic to wave-like [35]. These issues can be overcome by combining the method with MCBJ.
A wire can be thinned out, creating a narrow constriction of approximately 10 nm which can then
be bent and broken using an MCBJ.

1.2.4 Electrochemistry

Another way to overcome the difficulty in forming nanoscale electrodes is through use of elec-
trochemistry [193]. A diagram explaining how this can be done is shown in Figure 1.7. Starting
with metal electrodes that have a small gap (order of 1 u m) between them, other metals can be
deposited and dissolved onto or from one or both of the electrodes using a potentiostat. The cur-
rent can be monitored so the deposition can be stopped when the electrodes are at an appropriate
distance apart. Samples constructed in this way can then be used in conjunction with MCBJ to
measure the conductance of single molecules. Typically gold is used as the electrode material as it
is has weak chemical reactivity and silver is used for the formation of atomic contacts as it can be
easily dissolved in acids and has well studied transport properties [160, 186]. This technique is
particularly versatile as techniques have been developed for electrodeposition of a large number
of metals. It is also simple and highly stable because there are no suspended parts. There are
some disadvantages, such as the requirement to work in a liquid environment. It can, however,

be combined with MCBJ to allow variation of the electrode separation in a dry environment.

1.2.5 Advantages/Disadvantages

There are many advantages and disadvantages to the use of both STM techniques and MCBJ
techniques. The MCBJ benefits from high mechanical stability due to the short parts with high
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FIGURE 1.7. A schematic diagram explaining how electrodeposition can be used to
create nanoscale electrode gaps using a droplet of solution (pale blue) across the
electrodes. Where WE1 and WE2 are both working electrodes, CE is the counter
electrode and RE is the reference electrode. A zoomed in version providing more
detail of what happens between the electrodes is shown in the red ring.

resonant frequency. This enables measurements to be taken over longer time periods, something
which has been demonstrated by Dulic and coworkers, who observed impressive stability of
their MCBJ in the presence of the molecules [46]. This included metal-molecule-metal junctions
maintained for 24 hours [46]. Another thing that contributes to the ability to take measurements
over long periods of time is the electrode size gap controllability. Equation 1.8 shows that vertical
movement of the piezo actuator translates to reduced horizontal motion of the electrodes. In fact,
the ratio of these displacements can be as low as 107, which allows for sub-Angstrom control of
the electrode separation [177]. This means that the influence of disturbances to the piezo actuator
such as vibrations, thermal expansion or voltage instability on the electrode separation can be
greatly reduced [184].

An MCBJ can be integrated more easily than an STM into other systems such as Raman

spectroscopy which provides a useful tool to help identify molecules in the electrode gap [75, 184].
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For example, Kaneko and coworkers used a hybrid technique (simultaneous surface enhanced
Raman scattering and current-voltage measurements) to achieve single site-selection at a single
molecule junction [75]. This is important as adsorption sites of molecules play an important part
in the electric and photonic properties of the stability of the metal-molecule interface.

In MCBJ measurements, the influence of contaminants is low as the electrodes are formed
during the experiments by breaking a notched wire, rather than prepared beforehand.

The STM has the ability to take measurements at a higher rate so it is possible to collect large
quantities of data in much less time. It can be operated at breaking speeds of up to 100 nms™! in
comparison with the MCBJ which is generally broken at no more than 1 nms™! [100, 161].

When using notched wire MCBJ samples, the wires are often notched using a scalpel. With
this method it is difficult to be consistent in the notching process which leads to an unpredictable
breaking process resulting in unpredictable electrode geometry. There is evidence to suggest that
the interface geometry of a molecular junction can impact the measured conductance and so it is
generally important to keep the geometry consistent [10]. It is not possible to analyse surface
topography of the sample using MCBJ, which in some cases may make it less desirable that STM
techniques. Soft touch techniques can be preferable in some circumstances as they tend to result
in less damage to the tips or substrate when compared with break junction techniques. However,

they often require data selection due to low junction formation probability.

1.2.6 Clean Room Techniques
1.2.6.1 Photolithography

Photolithography is a cost effective process used to pattern substrates covered in a layer of a
photosensitive chemical by exposing areas of it to light. This photosensitive organic material is
called photoresist. There are two types of photoresist; for positive photoresist, the regions that
have been exposed to light are removed during development, for negative photoresist the opposite
is true. Photolithography is a process that provides high precision patterning, and can create
patterns on the tens of nanometer scale. The minimum feature size that can be fabricated is

defined by the following equation:

A
1.9 CD=Fk1.—
(1.9) L NA’

where CD is the minimum feature size or critical dimension, k; is a coefficient encorporating
process-related factors and is generally equal to 0.4, A is the wavelength of the light used and
NA is the numerical aperture of the lens as seen from the substrate. This equation shows
that reducing the wavelength of the light used will result in smaller minimum feature sizes. A

schematic showing the processes involved in photolithography is shown in Figure 1.8.
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FIGURE 1.8. A schematic diagram showing the process involved in using photoresist
for photolithography. First, the photoresist is spin coated onto the substrate and
baked, then a mask is used to expose only certain areas of the substrate to light.
Finally, a developer is used to reveal the desired pattern. If the photoresist used
was negative, the regions exposed to light remain after development. If positive
photoresist was used the areas that have been exposed to light are removed during
development.

1.2.6.2 Thermal Evaporation

Thermal evaporation is used to deposit thin films onto substrates. A hot metal source will
evaporate and the metal will then condense on the substrate. Since this process takes place in a
vacuum, it allows the evaporated particles to travel to the substrate without interacting with

background gas, which could result in a reaction and contaminate the thin film.

1.2.6.3 Reactive Ion Etching

Reactive ion etching (RIE) is a type of anisotropic, dry etching that uses chemically reactive
plasma to remove material deposited on substrates. A standard RIE system, consists of two
electrodes (labelled 1 and 4 in Figure 1.9). These create an electric field (Iabelled 3 in Figure 1.9)
for the acceleration of ions (labelled 2 in Figure 1.9) towards the surface of the samples (labelled 5

in Figure 1.9). The ions in the system are formed when a strong radio frequency electromagnetic
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FIGURE 1.9. A schematic demonstrating the process involved in reactive-ion etching.
1 and 4 represent two electrodes that create an electric field (labelled 3) which
is used to accelerate ions (labelled 2, F* represents the fluorine ions frequently
present in the source gas for plasma.) towards the surface of the substrate being
etched (labelled 5).

field is applied. It typically has a frequency of several megahertz, applied at a few hundred
watts. This causes the gas molecules to become ionised by stripping their electrons which creates

plasma. When the ions collide with the substrate surface, they physically sputter away.

1.3 Anchoring Groups and Contacts

Selecting appropriate molecules and contacts is crucial for successful molecular conductance
measurements. For example, molecules in which a benzene ring or other conjugated moiety forms
the backbone of the molecule are generally expected to show larger conductance values when
compared to resistive alkane based molecules. This is because they tend to have smaller HOMO
(highest occupied molecular orbital)-LUMO (lowest unoccupied molecular orbital) gaps which in
turn produces a larger conductance as the Fermi level of the contacts will be more closely aligned
with the energy of one of the conducting molecular orbitals resulting in a smaller barrier height
for electron tunnelling.

Perhaps more important than the molecular backbone is the choice of anchoring group. The

choice of anchoring groups on the end of a molecule can impact the junction stability, formation
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probability, conductance, and current-voltage profiles including current rectification [126]. It is
critical to have a "good" anchoring group if one wishes to obtain reliable binding of the molecule
to the electrodes in order to achieve reproducible structures and electron transport from one
device to another. A popular anchoring group in early molecular conductance measurements was
the thiol (SH) group [59, 140, 188]. This is most likely due to its well established ability to form
self assembled monolayers (SAMs) [128, 168].

More recently, the interest in combinations of anchoring groups and electrode materials,
particularly using asymmetry has increased. Although some of the founding studies in molecular
electronics were designed to show rectification using asymmetric molecular monolayers, the most
well studied molecular junction systems remain symmetrical systems with similar anchoring
groups at each end of the junction linked by gold contacts [114]. Asymmetric configurations
provide an exciting opportunity in molecular electronics. They provide the possibility of new
ways of generating electrical functionality, such as rectification, switching, molecular transistor
behaviour and charge storage [62]. There have been studies where one gold contact is used in
combination with a second contact made of graphite or graphene [29], or semiconductors including
gallium arsenide and silicon [5, 173]. Examples of other studies carried out to investigate
asymmetry in single molecule junctions include that by Martin et al. who demonstrated that the
conductance of a series of molecules with asymmetric anchoring groups (SH-(CHy),,-COOH) will
be lower than that of comparable symmetric molecules [108]. Both Wang et al. and Diez-Perez
et al. have studied current rectification arising from asymmetric anchoring groups [43, 181].
Wang et al. investigated 1,4-disubstituted benzene molecular junctions and Diez-Perez et al.
achieved single molecule current rectification by controlling the orientation of an asymmetric
diblock dipyrimidinyldiphenyl molecule between two gold electrodes which responded as a single
molecule diode. Also in this area, there have been interesting investigations into asymmetric
hybrid Au-molecule-graphene junctions, using dithiol, diamine and dicarboxylic acid groups
[99, 197, 198]. It was observed that asymmetric molecular junctions with a graphene bottom
electrode contact results in a lower current attenuation factor than similar gold-molecule-gold
junctions. Recently, the effect of asymmetric anchoring groups and electrodes was investigated by
Yang et al. who measured the electronic transport in Au-S-(CHs),,-COOH-graphene molecular
junctions. These results showed an unexpected trend, exhibiting a high conductance and smaller
attenuation factor for the Au-S-(CHjy),-COOH-graphene configuration when compared with the
equivalent symmetrical junction using the HOOC-(CHjy),-COOH series [62].

1.3.1 Anchoring Groups

1.3.1.1 Thiol

Alkanedithiols are possibly the most popular type of molecule used in conductance measurements.
Alkane chains are generally considered to be poorly conducting as they have a large HOMO-

LUMO gap, generally 7-9 eV, which essentially forms an insulating barrier between the electrodes
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[85]. The charge transport across this barrier is predicted to occur via tunnelling along the
methylene (-CHs) backbone and can be described by the Simmons! tunnelling model. This
prediction has been verified experimentally a number of times, where it has been observed that
the molecular conductance decreases exponentially as a function of the number of methylene
units present in the alkane chain [30, 93, 172, 188]. By varying the number of methylene groups,
it is possible to study the molecular length dependence without significantly altering the HOMO-
LUMO gap. This makes it easier to study isolated molecule-electrode contact effects [30]. This,
combined with the simplicity in modelling the system and the strong affinity of sulphur to gold?
explains why alkanedithiols are so frequently studied.

Another well studied thiol-ended molecule is 1,4-benzenedithiol (BDT). It is a conjugated
molecule with one aromatic ring and a good candidate for molecular electronics due to the
delocalized electrons in the molecule. There are a huge variety of conflicting theoretical predictions
and experimental findings for the values of conductance of the Aul BDT | Au junction measured by
different groups [60, 84, 90, 167, 185]. These predictions and findings show that the conductance
may vary by over three orders of magnitude [90]. This is likely to be because the conductance
is highly sensitive to microscopic details of the molecule-electrode contact, so that a change in
junction geometry can result in a large variation in conductance [185]. If the variations of the
geometry, and hence the conductance, of the MMM can be controlled, this would provide an
exciting step towards single molecule devices [76, 84]. It has also been shown that the stretching
of the junction as the conductance is measured can result in variations in conductance [21].
This is due to changes in the metal-molecule bond length and configuration. The variations in
conductance measured can generate up to three different conductance groups for thiols, often
referred to as top, hollow and bridge [159]. These positions are described in Figure 1.10. The
top position is thought to result in the lowest conductance and orginates from a single bond
between the sulphur and gold atoms on each head group. It is most likely to occur on flat surfaces.
The bridge position results in a higher conductance than the top position. It is predicted that it
originates from adsorption of one head group at a step edge, which increases the wavefunction
overlap of the molecule and the electrode is is coupled with. Finally, the hollow position is when

both head groups adsorb at a step edge. This increases the coupling even further [58].

1.3.1.2 Nitrogen

Amine terminated alkanes will form a stable monolayer on gold nanocrystals. The nature of
this binding is best described by a weak covalent bond [92, 135]. It has been demonstrated that

1Used when V<, where V is the applied bias v, is the height of the potential barrier between the electrodes.
When V«yrp, the model is simplified to a linear form resulting in approximately ohmic conductance[95, 174] According
to the Simmons model, the potential barrier shape is dependent upon the geometric structures of a junction. Hence, a
single molecule junction can have a number of conductance values [69]

2Au-S bonds are very strong when compared with Au—Au bonds. Lifetime measurements of single molecule
measurements have suggested that the breakage of a single-molecule junction with an Au—S bond breaks the Au—Au
bond close to the Au—S rather than the Au—S bond itself. [158]
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Top Bridge Hollow

FIGURE 1.10. A schematic diagram showing some of the commonly proposed sulphur-
gold bonding sites, known as top, hollow and bridge, as described in Section 1.3.1.1.
The sulphur atoms are shown here in red, linked simply by a black line which
represents the rest of the molecule.

amine anchored molecules can provide results with reproducible and well defined conductance
values [67, 139, 172]. Venkataraman et al. used this well defined conductance to suggest that
the only binding mechanism between the amine anchor and gold electrodes was due to the lone
pair on the nitrogen atom bonding to coordinatively unsaturated gold atoms [172]. This was then
tested by adding steric bulk around the nitrogen atom which diminished the molecular bond
formation [172]. Another molecule anchored by nitrogen is 4,4’-bipyridine (4,4’-BP). 4,4-BP has
two lone electron pairs at each nitrogen atom. It was first studied by Xu et al. in their pioneering
STM-BJ work [188]. They observed peaks in the conductance histogram at 0.01 Gg, 0.02 Gy
and 0.03 Gg. When explaining these findings, they suggested that each peak corresponded to
measurements taken with one, two or three 4,4’-bipyridine molecules present in the junction.
Quek et al. measured the high and low conductance values of 4,4-BP to be 6x107* G¢ and
1.6x107% Gy, they also demonstrated that it is possible to reversibly switch between the high and
low conductance states of the Aul4,4-BP | Au junction by repeatedly elongating and compressing
the junction [138]. The low conductance state is measured when the the nitrogen-gold bond
is perpendicular to the n-system. This is a weaker molecule-substrate coupling than the high
conductance state, which is achieved in more compressed junctions when the molecule is tilted.

This results in stronger electronic coupling between the molecule and gold contact, this is shown

15



CHAPTER 1. INTRODUCTION

a) b)
A
/ F i
S ~No
,4’)_ /J\
/N J !

FIGURE 1.11. Schematic showing the potential junction geometry configurations of 4,4’-
BP. a) The molecule is tilted between the electrodes, resulting in higher conductance.
b) The molecule is linear between the electrodes, resulting in low conductance.

in Figure 1.11. [126, 138]. As the conductance values they obtained have been determined during
a number of different experiments and theory works, it has been accepted that these are the most
probable values for Aul4,4’-BP | Au single molecule junctions [4, 16, 55, 74, 83]. Interestingly, in
contrast to the Aul4,4’-BP | Au junction, the Nil4,4’-BP | Ni junction does not show two distinct
conductance states. It is has been suggested through DFT-based calculations that the conductance

of a 4,4’-BP molecule contacting a nickel electrode is insensitive to the contact binding angle [19].

1.3.1.3 Other Interesting Work

In 2018, Kiguchi and co workers studied the formation of a chain-like water single molecule
junction with Pd electrodes [48]. They investigated the interaction between the water molecule
and Pd electrodes at cryogenic temperatures using the MCBJ technique. They found that the
electronic transport through a single water molecule takes place via ballistic regime and that the
molecular conductance of water was around 1 Gg. They confirmed these measurements using
vibrational spectroscopy where the water-Pd vibrational mode of 70 meV was measured [48].

Pure carbon molecules such as fullerenes are promising candidates for molecular electronics.
For example, Cgo has a completely delocalized 7 system which makes it a good choice for electronic
applications [69].

There have been a number of studies measuring the electrical conductivity of DNA molecules

[36, 56, 149]. These provide applications of single molecule junctions outside of electronics.
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One of these applications is a single-molecule quantum sequencer that reads DNA base and
peptide amino acid sequences at the single-molecule level. Another application is as a sensor
that enables detection of attomole RNA. Theoretical calculations have shown that the single-
molecule conductance of DNA-RNA is dependent on its structure, and changes depending on base

sequences [96, 158].

1.3.2 Contact Metals

The most commonly studied electrode material in molecular electronics is gold. This is because it
offers high stability, an oxide free surface under ambient conditions, good electrical conductivity
and compatibility with a large range of chemical anchoring groups [126]. The use of indium tin
oxide, palladium and platinum have also been demonstrated in some experiments [29, 48, 85, 168].
Pd and Pt are group 10 elements with stronger d-orbital characteristics, and a larger local density
of states near the Fermi level. Hence, the preferable binding configuration and the strength of
molecules on Pd and Pt were expected to be different from those on Au, a group 11 element
exhibiting relatively strong s-orbital contributions [148]. It was observed in the work of Chen et
al. that for thiol-Pt bonds, the conductance was almost twice as large as thiol-Au bonds. They also
measured the conductance of the isothiocyanate-Pt bond to be up to 3.5 times greater than the
isothiocyanate-Au conductance and 1.5 times greater than the isothiocyanate-Pd conductance [29].
This demonstrates the significance of the choice of metal when measuring the conductance and
the importance of the molecule-metal bond. This idea has been explored further by Venkataraman
and coworkers who showed that SAM measurements of dithiol-terminated molecular junctions
exhibit significantly lower conductance than solution measurements of the same molecule [68].
They suggested that this is due to the linking mechanism of the molecule, claiming that the gold-
sulphur bond of the SAMs does not have a chemisorbed character. In contrast, the gold-sulphur
bond formed during measurements with the molecule in solution is likely to have a chemisorbed
character, which resulted in differences in the conductance measured.

Electrodes can be selected to result in specific effects within a device. For example, Batra et
al. used a symmetric, conjugated molecular backbone with a single methylsulfide group linking
one end to a gold electrode and a covalent gold-carbon bond at the other end to provide current
rectification through a single molecule [11]. Indium tin oxide is electrically conductive and
optically transparent, which has led to many applications in organic light emitting diodes and
photovoltaic devices [25].

It is possible to take measurements using ferromagnetic electrodes if one is investigating
spintronic properties of a metal-molecule-metal junction. The surfaces of these metals oxidise
quickly in ambient conditions, however it is possible to use electrochemistry to keep the surface

oxide free and hence take measurements with the bare substrate surface [19].
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i Te 1
Conduciflon Characteristic behaviour emperature | Voltage
mechanism dependence | dependence
Direct tunnelling J~Vexp (—% vV Zm(pB) none J~V
Fowler-Nordheim 9 4dvV2m 32 J 1
tunnelling J ~Viexp ( 3qhV none In( vV
Thermionic emission | J ~ T2exp (—%_qk— ‘g;,mjwd) ln(%) ~ % In(J)~V12

i i _ 98 Iy 1
Hopping conduction | J ~Vexp ( kBT) In(3)~ 7 J~V

Table 1.1: Possible conduction mechanisms, where o/ is the current density, V is the bias voltage,
¢p is the barrier height, d is the barrier length and T is the temperature.[91]

1.3.3 Molecular Electronics

The energy state of a typical single molecule when it is connected between two metal electrodes
is shown in Figure 1.12. The electrodes have a continuum of electronic states which are filled
up to the Fermi level, Er, which is located between the HOMO and the LUMO. In contrast, the
electronic properties of an isolated molecule can be described in terms of discrete energy levels
separated by energy gaps. When considering electronic transport through an MMM, it is often
sufficient to consider only the HOMO or the LUMO as the HOMO-LUMO gap can reach several
eV or more and generally molecules are either HOMO or LUMO conductors depending on which
of the conducting energy levels aligns closest with Er [158]. When a molecule interacts with
the electrodes, the discrete molecular energy levels become broadened due to hybridisation of
the molecular orbitals with the delocalised wave functions of the metal electrodes. The greater
the overlap between the molecular orbitals and the contacts, the greater the density of states
available and hence, the greater the energy spread [38]. It is the degree of broadening of the
molecular orbitals that distinguishes between weak and strong coupling. Fractional charge
transfer between the metal and molecule results in the formation of an electric dipole, which
can lead to a shift of the molecular orbitals relative to the metal Fermi level. Although here I
have assumed that a single-molecule junction only experiences resonant tunnelling, in reality,
multiple conducting mechanisms such as hopping and coulomb blockade can coexist, making it

difficult to fully explain experimental results [78, 110].

1.3.4 Identifying the transport mechanism in single-molecule junctions

Some of the potential conduction mechanisms and their characteristic temperature and voltage
dependencies of the current are shown in Table 1.1. One of the best ways to determine which
transport mechanism is taking place is by assessing the I-V characteristic of a metal-molecule-

metal junction. The temperature dependence of the I-V characteristics is also an important
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FIGURE 1.12. Schematic showing the a) energy diagram and b) energy transmission at
zero applied bias diagram of a molecular junction adapted from [158].

tool.

1.4 Spintronics

Spintronics is the study of electron spin and its transport in a material. Spin dependent effects
such as magnetoresistance are commonly studied, and have led to developments in devices such
as faster data processing speeds and lower power consumption [137].

Ferromagnetism describes how materials including iron, cobalt and nickel form permanent
magnets. Magnetic moments of individual atoms within a ferromagnetic material are caused
by the incomplete filling of 3d or 4f electron shells. For the transition metals, which exhibit
magnetism due to unfilled 3d electron shells, the magnetism is itinerant. For the rare earth
metals, which exhibit magnetism due to unfilled 4f orbitals, the magnetism is localised. When
the temperature is below the Curie temperature, these individual magnetic moments are aligned
by the so-called exchange interaction. This results in spontaneous splitting of the electronic
bands which leads to a net spin imbalance, causing a spontaneous magnetic moment. In contrast,
paramagnetism is a form of magnetism where some materials including aluminium, oxygen and
titanium exhibit temporary magnetism when they are exposed to an externally applied magnetic
field. The presence of unpaired electrons in the material is responsible for paramagnetism. The

external magnetic field causes unpaired electrons which have a magnetic dipole moment to align
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parallel to the field, resulting in a net attraction. Al and Ti exhibit Pauli paramagnetism which
occurs in metals and is described by the tendency of free electrons in metals (which form a Fermi
gas as they are weakly interacting and delocalised in space) to align with external magnetic
fields. In contrast, regular paramagnetism occurs when there are unpaired electrons in an orbital
structure according to Hund’s rules. Pauli paramagnetism is generally weaker than regular
paramagnetism as stronger forms of paramagnetism tend to require localized electrons.

In contrast to electronic transport in Au contacts (which, as mentioned previously, have a
conductance of almost exactly 1 Gg due to a single conduction channel from the Au half-filled
6s band, which has almost 100% transmission), transport in transition metals, including ferro-
magnetic atomic contacts is more complex. This is due to the additional influence of conduction
channels from the d-orbitals. The conductance of ferromagnetic electrodes has been investigated
experimentally by a number of groups [33, 42, 70, 79, 88, 101, 119]. Several conflicting results
have been reported. For instance, groups report seeing peaks in their conductance histograms at
half-integer multiples of Gg [34, 129, 130]. This was initially interpreted as half-integer conduc-
tance quantization, suggesting the existence of a fully spin polarised current [35]. However, it is
now thought that those peaks could be a result of the adsorption of hydrogen molecules on the
electrodes [79, 88].

In contrast, some groups have observed featureless histograms at room temperature or with
a single peak above 1 Gg at low temperatures [170]. These differences were explained by the fact
that room temperature experiments in ambient conditions are more susceptible to contamination
by foreign atoms or molecules, a concept which is supported by the evidence of the impact hydro-
gen molecules can have on the measured conductance [79].

Theoretical studies have suggested that one would not expect to observe any kind of quantiza-
tion in ferromagnetic materials due to the fundamental role of the d bands in their electronic
transport. [37, 57]. This idea is supported by Figure 1.13. For all three ferromagnets shown, the
Fermi level for the minority spins lies inside the d bands, suggesting a significant role of the d
orbitals in transport. The Fermi level is close to the edge of the d band for the majority spins. The-
oretical studies have also been able to predict the conductance of Fe, Co and Ni contacts. Figure
1.14 shows the total transmission for majority and minority spins as a function of energy (here
we have assumed that spin up denotes majority spins and spin down denotes minority spins),
and the individual transmission coefficients for those geometries [57]. This allows us to compare
electronic transport between different ferromagnetic contacts. It can be seen in the Figure that
for Fe, there are 3 majority spin channels, yielding G = 1.24¢2/h. In addition to this there are 3
minority spin channels contributing G| = 0.7e2/h, resulting in a total conductance of 0.97G and
a polarization (the degree to which spin is aligned in a particular direction) P = +28%. For the Co
contact, the total conductance is approximately 1.6 G, formed from 3 majority spin channels and
6 minority spin channels, G = 0.9¢%/h and G | = 2.23e2/h. The polarization is P = —42%. Finally,

the Ni contact has a total conductance of 1.8G(, with a single majority channel contributing
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FIGURE 1.13. Spin resolved bulk density of states of iron, cobalt and nickel, shown
with respect to individual contributions of 3d, 4s and 4p orbitals. Dashed vertical
line here represents the Fermi level This diagram is reprinted from [57] Copyright
2008 by the American Physical Society.

G1 =0.86e2/h and 4 minority channels contributing G| = 2.66e2/A. The polarization is P = -51%
[57]. What we can conclude from the analysis of Hafner et al. is that both spin bands play a
significant role in the electronic transport in ferromagnetic single-atom contacts. In addition,
the d bands contribute significantly to the conductance of minority spins and result in several
conductance channels. For iron electrodes, the contribution from the majority spins is dominated
by d and s orbitals. In contrast, for cobalt and nickel, s orbitals have the most significant role in

transport.

In 1936, Nevill Mott hypothesized that since d-states are responsible for ferromagnetic or
paramagnetic behaviour in transition metals, there should be a direct link between the electrical
conductivity of these metals and their magnetic properties [122]. In support of this hypothesis,
Mott observed that the resistivity of nickel increases suddenly when the temperature increases
past the Curie temperature. Explaining this result, Mott stated that below the Curie temperature,
the unoccupied d-states acquire a spin direction antiparallel to the local magnetisation. Hence,
only electrons with a spin antiparallel to the local magnetisation could be excited into a d-state.
This reduces the number of electrons excited into traps. However, close to the Curie temperature,
unoccupied d-states of each spin direction increase the chance of such a state becoming occupied

by a conduction electron, thus explaining the observed increase in resistivity close to the Curie
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FIGURE 1.14. Transmission as a function of energy for the three single-atom contacts
of (a) Fe, (b) Co, and (c) Ni, which are shown in the upper panels. We present the
total transmission (black solid line) for both majority spins and minority spins
as well as the transmission of individual conduction channels that give the most
important contribution at the Fermi energy, which is indicated by a vertical dotted
line. The blue, brown and violet dash-dotted lines of 71, 79, and 73 refer to twofold
degenerate conduction channels. The legends in the upper graphs indicate in which
direction the contacts are grown. These contacts contain in the central region 59
atoms for Fe, 45 for Co, and 39 for Ni. The blue atoms represent a part of the atoms
of the leads (semi-infinite surfaces) that are coupled to the central atoms in the
model.This diagram and caption are reprinted from [57] Copyright 2008 by the
American Physical Society.

temperature, and the observed decrease upon application of a magnetic field [122]. The main
source of resistance in transition metals is the scattering of the conducting 4s electrons into
less mobile 3d states which act as trap states. This explanation is enhanced by the diagrams
shown in Figure 1.15. For ferromagnets, there is less chance of a conduction electron from an
s-state, scattering into a d-state because fewer d-states are available. This leads to the concept
of minority and majority spin channels which is where, during conduction spins in either state
experience higher and lower resistances respectively. The shift in band structure causes a net
spin imbalance due to the presence of minority and majority spin states. Due to the asymmetrical

spin transport properties a ferromagnet can be used as a source of spin polarised carriers.
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1.4.1 Magnetoresistance
Magnetoresistance is defined as the change in electrical resistance of a material upon the
application of a magnetic field. It can be described mathematically by the following equation

MR = Rp—Ro 100%,

1.10
( ) Ru
where Ry is the resistance in the presence of a magnetic field and Ry is the resistance with no

field applied. The following sections detail some of the types of magnetoresistance.

1.4.1.1 Giant Magnetoresistance
In 2007, the Nobel prize for physics was jointly awarded to Albert Fert and Peter Griinberg for
the discovery of Giant Magnetoresistance (GMR). GMR is a quantum mechanical effect that can
be observed in multilayers composed of alternating ferromagnetic and non-magnetic conductive
layers. In the cases of Fert and Griinberg, they independently observed a large magnetoresistance
in layered iron/chromium/iron structures [8, 13]. For Griinberg, the magnetoresistance was
observed to be in the region of 1.5% at room temperature, increasing further to around 10% when
measured at around 5K. A larger magnetoresistance was measured at 5K by Fert [8, 13]. The
effect is dependent on whether the magnetisation of the ferromagnetic layers are in parallel
or antiparallel alignment, this can be controlled by applying a magnetic field. The result is
minimised resistance for parallel alignment and maximised resistance for antiparallel alignment.
This effect is explained by Mott’s two-current model as shown in Figure 1.16. This model is
based on the fact that the resistivity is due to electron scattering [72]. In magnetic materials,
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this is dependent on spin orientation. When the magnetic layers have antiparallel alignment,
the spin-up electrons can travel easily through the first magnetic layer. However, the second
magnetic layer has opposite magnetisation and so they experience strong scattering. Similarly,
the spin-down electrons experience enhanced scattering in the first magnetised layer but travel
easily through the second. When the magnetic layers have parallel alignment, one of the spin
channels experiences enhanced scattering in both layers and in the other, spin polarised electrons
can travel easily through both layers. This results in a minimised resistance overall. The effect
on resistance is shown by a schematic of the change in resistance as a function of the applied
magnetic field in Figure 1.17. The GMR effect is exploited for spin valves; these are devices whose
electrical resistance can be altered depending on the alignment of the magnetization of the two
or more conducting magnetic materials that are separated by a non-magnetic material to form
the spin valve. The main applications of the GMR effect is in magnetic field sensors which may
include hard disk drives (though the use of tunnelling magnetoresistance in Fe/MgO layers is

now standard for this practise) and magnetic RAM.

1.4.1.2 Tunnelling Magnetoresistance

Tunnelling magnetoresistance (TMR) is an effect, similar to GMR that can occur in magnetic
tunnel junctions (MTJ). A magnetic tunnel junction consists of two ferromagnetic layers separated
by a thin (typically a few nanometres) insulating layer. The thinness of the insulating layer
allows electrons to tunnel quantum mechanically from one ferromagnetic layer to the other. A
TMR of approximately 14% was first observed by Michel Julliere in Fe/Ge/Co junctions at 4.2K
in 1975 [73]. Julliere explained the TMR effect with the spin polarisations of the ferromagnetic
electrodes, where the spin polarisation can be calculated from the density of states at the Fermi

energy which is shown in the equation below.

DOSspinup _DOSspindown
DOSspinup +DOSspindown E=Ep

(1.11) P= )
In this case, the spin-up electrons are oriented parallel to the external magnetic field and the spin
down electrons are oriented antiparallel to the external magnetic field. The TMR ratio is then

given by the spin polarisations of the two ferromagnets, P; and Ps using the following equation:

2P1Py

1.12 TMR = ——
( ) 1-P1Ps

In 1991, the effect was observed again by Miyazaki, who initially found a TMR of 2.7% in room
temperature experiments, though this increased to 18% when using iron/aluminium oxide/iron
MTdJs [116]. More recently the TMR effect has been used for tuneable wireless communication
[89].

TMR arises because of a change in the probability that an electron will tunnel across the

insulating barrier. This can be explained using Mott’s two-current model and the diagram
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FIGURE 1.16. Schematic diagram explaining the giant magnetoresistance effect, show-
ing the difference in scattering of electrons of different spin in the layers of the
magnetic | non-magnetic | magnetic structure when the layers have antiparallel or
parallel magnetisation. Black arrows represent magnetisation direction, red and
blue arrows represent the direction of spin. Circuit diagrams portray a represen-
tation of the different resistance spin up or spin down electrons may experience
when passing through different layers of the structure.

shown in Figure 1.18. When the ferromagnetic layers of an MTJ are magnetised in antiparallel
alignment, the spin up electrons have a large density of states at the fermi level in the left
electrode and a low density of states in the right electrode. In contrast, the spin down electrons
have a low density of states at the fermi level in the left electrode and high in the right. If a bias
is applied to the MTJ and the current flows from left to right in the system, spin up electrons
dominate the current due to their high density of states and spin down electrons contribute
very little to the current. If the ferromagnetic layers in the MTdJ are magnetised with parallel
alignment, the majority spin carriers (spin up) will tunnel into the majority states, indicated in
blue Figure 1.18. The minority spin carriers (spin down), will tunnel into the minority states,
indicated in red in Figure 1.18. This results in an increase in probability that the electrons will

tunnel and hence a lower resistance.
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FIGURE 1.17. Schematic diagram showing how resistance varies with magnetic field
strength and orientation during GMR. R 4p is the resistance when the magnetic
alignment of the ferromagnetic layers is antiparallel, Rp is the resistance when
the magnetic alignment of the ferromagnetic layers is parallel

1.4.1.3 Anisotropic Magnetoresistance

Anisotropic magnetoresistance (AMR) was first observed around 1856 by William Thomson, who
observed variation in the resistance of iron and nickel samples with the direction in which a
magnetic field was applied [162]. He saw that when a magnetic field was applied to Ni and Fe
samples in parallel with the current flow, the resistance increased. The resistance was noted
to decrease in these samples when the magnetic field was applied perpendicular to it, whilst
measurements with brass samples showed no change in resistance. This effect is a result of how
the magnetisation direction of a sample relative to the current flow will impact the amount of
scattering conduction electrons experience. The scattering arises from spin-orbit interaction.
When the magnetisation direction is parallel to the current flow, the resistance is maximised, and
minimised when the magnetisation direction is perpendicular to the current [182]. Quantitatively,
the AMR ratio can be described by

R -R,

1.13 AMR =
(1.13) R,

The resistance can be described as a function of the angle between the magnetisation and the
current flow which follows a cos?6 relationship [182].
Although AMR is usually a small effect in the bulk which only changes the resistance of the

metal by a few percent, anisotropic magnetoresistance with magnitudes up to 50% have been
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FIGURE 1.18. Schematic diagram explaining TMR, explaining the difference in prob-
ability for electrons of different spin to tunnel between the ferromagnetic layers
through an insulating barrier. Arrows are used to represent spin direction.

observed in some ferromagnetic uranium compounds and more recently it has been possible
to demonstrate the giant AMR reaching 160% at low-T in a simple resistor plate of spin-orbit
coupled AFM SroIrOy4 single crystal [182] [179].

1.4.1.4 Tunnelling Anisotropic Magnetoresistance

Tunnelling anisotropic magnetoresistance (TAMR) occurs when tunnelling takes place into a
material with large spin-orbit coupling and magnetic anisotropy [53]. Magnetic anisotropy is
a description of the magnetic properties of a magnet and their dependence on the direction in
which the magnetic field is applied. TAMR results from the strong coupling between the holes
and the system of the material. This translates the magnetic anisotropy into an anisotropy in
the transport density of states. In this process, only one ferromagnetic electrode is required [24].
This effect was first observed by Gould and coworkers, who observed a spin-valve like behaviour
of 3% amplitude in a Auw/AlO,/(Ga,Mn)As tunnel structure [54]. Since this first observation there
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have been a number of investigations concerning TAMR [23, 24, 32, 180].

1.4.2 Molecular Spintronics

Metal-molecule-metal junctions formed of two ferromagnetic electrodes sandwiching an organic
molecule are good candidates for novel spintronic devices, and are becoming increasingly in-
teresting to a large number of researchers [144]. They have large spin relaxation times, which
means they are capable of transferring spins over large distances without losing information
[136, 144]. There are two types of junction which may exhibit spintronic properties. The first is
the use of magnetic molecules [14]. The second is by contacting a non-magnetic molecule using
ferromagnetic metal electrodes [26, 68, 166]. They are also highly versatile due to the variety
of molecular structures that can be produced using chemical synthesis. For example, one may
choose to tune the electronic properties of the molecule by adding specific chemical groups to the
structure. Conduction in organic molecules takes place via the HOMO and LUMO levels and is
highly localized. The HOMO or LUMO level can be adjusted using organic chemistry in order that
the necessary conduction band is well matched to the Fermi level of the electrode, resulting in
maximised spin injection into the organic molecule. This combined with the possibility of cheap,
flexible devices which can be compatible with plastic technology and new applications including
disposable and wearable electronics have led to a increased amount of recent interest in this still

emerging field [143].

1.4.2.1 Alqg3

One of the most commonly studied organic molecules in spintronics is the chemical compound
Tris(8-hydroxyquinolinato)aluminium which has the formula (Al(C9gHgNO)3), and is widely ab-
breviated to Alqs. The structure of this molecule is shown in Figure 1.19. It is a m-conjugated
organic semiconductor that is known to have a strong electron-phonon coupling and a large spin
relaxation length when compared with metals [187]. Conduction in Alg3 takes place by electron
hopping through the 7 states which are delocalized throughout the entire molecule and are con-
centrated in the carbon chains away from the Al atom producing a low spin-orbit and hyperfine
interaction [136]. The first organic spintronic sandwiched device was designed in 2002 by Dediu
et al. [39]. This device (LSMO?/T¢/LSMO) had a lateral structure, where T is sexithienyl, a
prototypical organic semiconductor. They measured a magnetoresistance of around 30% at room
temperature. The first demonstration of an organic spin-valve with a vertical structure based
around Alg3 was by Xiong et al. [187]. It was a LSMO/Alq3/Co device that exhibited a magnetore-
sistance of approximately 40% at 11K but no magnetoresistance was observed at temperatures
above 150K. This was an interesting result because their magnetoresistance was negative, with

the lower resistance measured in the antiparallel state. This encouraged researchers to focus

3Lanthanum strontium manganite is an oxide ceramic material with the general formula La;_,Sr,MnOg, where
x describes the doping level.
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FIGURE 1.19. The structure of an Alqg molecule.

on achieving room temperature magnetoresistance using a variety of magnetic electrodes such
as LSMO, Co, FeCo and NiFe and organic semiconductors such as Alqs, PS3HT and rubrene
[40, 104, 121, 150, 178]. To date, the largest magnetoresistance of approximately 300% at 10K
has been reached in Alqs-based organic spin valves using LSMO and Co electrodes [9]. However,
recently it has been shown that a (Lag/3Pry/3)558CassMnOg3 thin film with pronounced electronic
phase separation can be used in Alqs-based organic spin valves resulting in a magnetoresistance
up to 440% at T=10K [192]. In this case, the MR can still be seen up to 120K but reduces as

temperature increases.

1.5 Single Molecule Devices

Many properties of molecules have been investigated which may make them advantageous when
compared with silicon technology. An example of one of these properties is switching. The ability
to vary a signal between a low current and a high current state is an important part of electronics.
As silicon based technology reduces in size and approaches the sub-5 nm range, leakage currents
make it increasingly difficult to maintain large high-to-low current ratios [147]. Molecular junc-
tions exhibit switching behaviour due to a number of stimuli, including optical and gating of the
molecular orbitals using electrochemistry or electrostatic means [98, 152, 157, 171]. Electric field
induced conductance switching has also been explored [147]. The possibility of controlling this
switching behaviour may bring us closer to single-molecule electronic devices.

Incorporating single-molecule junctions into electronic devices is a great challenge in molec-
ular electronics. Devices generally require functional robustness, meaning the function of the
component must be maintained as it is integrated into the final assembly [86]. This idea was
investigated by Koepf and coworkers who assessed the properties of molecular diodes based on
N-phenylbenzamide backbones [86]. They demonstrated that the choice of anchoring group can
enhance the rectification ratio of a molecular backbone with intrinsic rectification. In addition,
they show that changing the anchoring groups will not have an impact on the nature of the domi-

nant transport channel, but it does affect the coupling with the HOMO of the N-phenylbenzamide
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backbone which was responsible for rectification in this case.

1.6 Proposed Experiments

The use of electrodes constructed from metals such as nickel, cobalt and iron has provided
a challenge to researchers due to the speed at which they oxidise under ambient conditions.
This work utilises a different approach to measurements using cobalt, where a self assembled
monolayer of thiol-ended molecules is formed on the surface of the substrate, which may provide
a protective barrier against oxidation. This method also helps to target another issue faced in the
field of how to incorporate single molecule junctions into devices. Previous measurements have
relied on the use of electrochemistry to remove surface oxide from substrate surfaces. However,
this results in a large and bulky experimental set up which reduces the likelihood of the molecular
junction being successfully integrated into an electronic device. Similarly, molecular conductance
measurements are often carried out in UHV at low temperatures which is not practical for future
applications in electronic devices. The work within was all carried out under ambient conditions
at room temperature. This provides a much more useful approach, which will be more applicable
to electronic devices in every day life.

So far, relatively little investigation into magnetoresistance in metal-molecule-metal junctions
has taken place. Magnetoresistance is important in the field of spintronics as it can be utilised to
manipulate spin currents. In technology, it has data storage applications and is used in magnetic
sensors and hard disk read heads. There are some obstacles that make magnetoresistance difficult
to measure, such as magnetostriction which has previously resulted in misleading data [65].
Within this thesis attempts have been made to measure magnetoresistance in metal-molecule-
metal junctions in order to increase the information available in the area.

The purpose of this work is to study electronic and spintronic transport through single organic
molecules using primarily gold and cobalt electrodes. Also included will be initial investigations
into single molecule magnetoresistance effects. The structure of this thesis is outlined below.

Firstly, the details of the home built MCBJ used to carry out measurements will be described,
including a description of its design and construction and proof of concept experiments. The proof
of concept experiments were carried out using Au-Au electrodes, as there is a large amount of
literature available on this topic for comparison. This will also encompass the different types of
samples used with the MCBJ. The details of clean room work carried out in attempt to create
lithographically patterned MCBJ samples will be detailed, along with notched wire samples and
spherical tip samples. Chapter 3 will contain details of molecular conductance measurements
carried out with Au electrodes.

In Chapter 4, single molecule experiments using ferromagnetic electrodes (Ni and Co) will be
discussed. These were carried out both with MCBJ and STM-BJ techniques under electrochemical

control and under ambient conditions.
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Finally, single molecule conductance measurements were carried out in the presence of a
magnetic field. Chapter 5 contains the results of these measurements and discussions of possible

magnetoresistance effects.
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DESIGNING AND CONSTRUCTING AN MCBJ

mechanically controllable break junction was designed in order to carry out measure-

ments with the potential to be more stable than those carried out using STM.

2.1 Design, Construction and Software

Mechanically controllable break junctions are described in Section 1.2.1 and a schematic diagram
of the MCBJ is shown in Figure 2.1. The key components of an MCBJ are a three-point bending
stage to hold the sample and a piezo actuator with a push rod attached. In this case, the main
requirements were that the casing should be sturdy to hold the sample securely as it is bent
and that it should be made from non-magnetic material. In addition, it should fit in the centre
of a quadrupole magnet, shown in Figure 2.2. The main body of the MCBJ was fabricated from
stainless steel and measures approximately 100 mm by 100 mm by 120 mm. A photograph of the
MCBJ can be seen in Figure 2.3. This shows a sample held in place in the MCBJ. A beam which
can only move up and down is visible below the sample, attached to the top of the push rod. This
enabled a uniform force to be applied over the sample width, and prevented damage to the push

rod.

2.1.1 Piezos and Drivers

The piezo actuator used in this set up was the Physik Instrumente N-216 NEXLINE® Linear
Actuator!. A photograph of it is shown in Figure 2.4. It has sub-nanometer precision over a travel

range of 20 mm, a driving force of 600 N and a holding force of 800 N. The piezo possesses three

1ht‘cps://Wwvv.physikins‘c]rumente.co.uk/en/produc‘cs/linear—ac‘cua‘cors/piezowalk—actua‘cors—with-high-force-and-
stability/n-216-nexline-linear-actuator-1000765/
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stainless steel casing

Piezo actuator

FIGURE 2.1. Schematic diagram showing the structure of the MCBJ constructed for
use in this work. Visible is the bendable substrate, stainless steel casing and piezo
actuator.

FI1GURE 2.2. Photograph of the quadrupole magnet that the MCBJ was designed to sit
in the centre of.
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FIGURE 2.3. Photographs showing MCBJ with key features labelled.

modes of operation. Firstly, the full step mode, which offers the highest velocity and highest
dynamic forces. Secondly, the nanostepping mode which provides low vibration and has good
uniformity of motion. These two modes can cover a range of 20 mm. Here, the nanostepping mode
was used in the initial breaking process of the samples. Finally, the piezo has an analog mode
which offers millisecond response time and picometre resolution over a 6 ym range. The analog
mode was used throughout conductance measurements. Although this actuator delivers relatively
slow velocities when compared with others, fast moving speeds are not necessary for the work
carried out here. The piezo actuator is also suitable for applications in strong magnetic fields,
which is necessary for this work. It is driven by the PI E-755 Digital NEXLINE® controller.

2.1.2 Data Acquisition and Software

Software was required to control the motion of the piezo and collection of current data. Initially,
the notched wire needed to be broken, and then the newly formed electrodes needed to be
repeatedly brought into contact and separated whilst the current was monitored. For the electrical
measurements, the sample was connected to a Keithley 2400 source meter, from which a voltage
(generally 100mV) was applied to the sample and the corresponding current was measured by
the Keithley.

The software used to control the piezo and process the electrical measurements was written
in LabVIEW and the processes involved in this are depicted in the flowcharts in Figures 2.5 and
2.6. The sample was fixed in the MCBJ and the push rod was moved up to break the sample, the
current was monitored through the Keithley via LabView, taking up to 80 readings per second.
When the sample was broken, the push rod retracted, bringing the newly formed electrodes back
together until the measured current reached 12 Ggy. Previous work has shown that if this value is

too low, there will be insufficient fusion of the break junction contacts between measurements. If
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FIGURE 2.4. Photograph of N-216 NEXLINE® Linear Actuator.

it is too high, the probability of forming a molecular contact can also be reduced [107]. The push
rod is then raised again, drawing the electrodes further apart until the constantly monitored
current reaches the noise level (the current level which corresponds to full separation of the
electrodes) and the process repeats itself. The current measurements are plotted in real time so
one can observe the traces as they are measured and the data were saved as individual traces in

individual files.

2.1.2.1 Analysis

The analysis software used to assess MCBJ data was written in Python. The traces were cropped
at the noise level so that the histograms do not show the noise of the equipment. Two conductance
histograms were then plotted: a histogram with a logarithmic scale and one on a linear scale. In
these histograms, the y-axis has been normalised so that the area under the graph is equal to 1.
The individual traces used to form the histogram were also plotted in one window which allows
the user to scroll between each trace. At this stage, traces that were extremely noisy or did not
decay sufficiently were manually removed. Aside from this, manual data selection for plateaus in
the current data was not generally carried out. However the plateau finding software described

in Section 3.1.2 was compatible with the MCBJ data and could be used for data selection.

2.2 Electromagnet

MCBJ experiments using ferromagnetic electrodes were performed in the presence of an applied
magnetic field. This provided control of the magnetisation of the contacts. A quadrupole electro-
magnet designed and constructed at the University of Exeter was used for the experiments, a
photograph of which is shown in Figure 2.2. It is beneficial to use electromagnets rather than
permanent magnets as they allow variation of the magnetic field strength and the magnet can be

switched on and off during experiments. The quadrupole magnet also offers greater versatility
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FIGURE 2.5. Flowchart describing how the software (written in LabView) is used to
initially break the wire forming two electrodes.

as it has the ability to provide magnetic fields in various directions by varying the ratios of the
currents applied to the orthogonal pairs of poles. An inbuilt water cooling system prevented the

temperature of the MCBJ sample increasing significantly whilst the magnet was running.

2.2.1 Calibration

The coils of the electromagnet are driven by a Kepco BOP36-12D bipolar power supply, which pro-
vided a constant current. The magnet was calibrated at the University of Exeter; the calibration
graph is shown in Figure 2.7. The calibration curve is linear within error between currents -3 A
and +3 A which provides a magnetic field between -1 kOe and +1 kOe. After this the relationship
between current and magnetisation becomes nonlinear and begins to saturate. The electromagnet
provides a maximum magnetic field of around 2 kOe. In addition, the magnet had a remnant field

of only 17 Oe when the magnet was switched off from +2 kOe.
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FIGURE 2.6. Flowchart describing how software (written in LabView) is used to take
measurements, including measuring molecular conductance, after the initial break
is used to form two electrodes.

2.3 Sample Design

2.3.1 Notched Wire

Samples for the MCBJ were initially based on the traditional notched wire samples [6]. They
were constructed from phosphor bronze foil cut to 6 mm x 50 mm. Kapton ® tape was used to
insulate the phosphor bronze substrate. An example of one of these samples is shown in Figure
2.8. Proof of concept experiments were carried out using gold electrodes. As previously mentioned,
gold electrodes have been well studied and it is easy to establish whether a simple gold-gold
conductance experiment is successful. Therefore, a gold wire was fixed using epoxy to the surface
of the substrate, notched, and broken completely in the MCBdJ. The notching process was carried
out by hand using an optical microscope and a scalpel. It is easy to notch gold wire by hand
as it is soft, but could be beneficial when using other metals such as cobalt to use a process

such as electrochemical etching. Optical microscope images showing a sample without a notch, a
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FIGURE 2.7. Calibration curve of the quadrupole electromagnet used for MCBJ experi-
ments. The electromagnet provides a maximum magnetic field of around 2 kOe.
Inset shows diagram of the electromagnet.

notched sample and a broken sample are shown in Figure 2.9. These gold samples were used
to demonstrate the quantization of conductance in gold-gold junctions. This acted as a proof of
concept experiment and the results are shown in Figure 2.10. Although it was possible to obtain
results that proved the MCBJ and samples were working in the way expected, it was concluded
that the notched wire samples may not be the best way to proceed. It is impossible to predict
or reproduce the geometry of an electrode formed by notching and it is not possible to produce

precise nanoscale electrodes.

2.4 Testing Notched Wire Samples

The MCBJ was tested using Aul Au junctions without the presence of junction-forming organic

molecules. Conductance vs piezo movement traces were obtained by measuring the current as
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FIGURE 2.8. Photograph of a typical MCBJ notched wire sample, with the scale marked.

FIGURE 2.9. Optical microscope images of notched wire samples. (a) Wire before notch-
ing (b)Wire after it has been notched using a scalpel. (¢) Sample after MCBJ has
been used to break the wire at the point of the notch.
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FIGURE 2.10. Examples of AulAu conductance traces taken whilst testing the function
of the MCBJ. These are shifted horizontally for clarity. Steps in the traces indicating
quantization of conductance are visible.

a function of electrode separation with a 100 mV bias voltage applied between the electrodes.
Examples of typical traces collected from these measurements can be seen in Figure 2.10. During
each trace, as the electrodes are separated, the conductance decreases in discrete steps, each
of which is separated by a plateau. Plateaus tend to appear around integer multiples of Gg, in
particular at 1 Gy, 2 Gy and 3 Gy, resulting in clear peaks in conductance histograms such as

those in Figure 2.11.

2.4.1 Snap Back Analysis

As the electrodes are separated, when the final atomic plateau (at approximately 1Gy) is broken,
there is a sudden decrease in the conductance. This sudden decrease occurs when the apex atoms
rearrange themselves to minimise surface energy and is known as "snap-back". "Snap-back"
is followed by a period of quantum tunnelling over the small gap between the newly formed
electrodes. The period of quantum tunnelling is represented by exponential decay of the current,
seen as a straight line on the log graph in Figure 2.12. There are some inconsistencies in the
Aul Au MCBJ data as not all of the traces appear to exhibit this "snap-back" feature. However,
this inconsistency was also observed by Van der Zandt and co workers in 2008 [107]. They
observed that the conductance drop after 1G¢ is much less pronounced for MCBJ measurements
when compared with those taken during STM. In addition, during MCBJ measurements, counts

were measured across the entire range of conductances below 1G(. They suggest that this may
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FIGURE 2.11. Aul Au conductance histograms formed from traces such as those in
Figure 2.10. Peaks can be seen close to integer values of G (labelled) demonstrating
the quantization of conductance in Aul Au junctions.(a) Plotted on a logarithmic
scale and (b) plotted on a linear scale.
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FIGURE 2.12. Measuring the snap-back length of atomic Au contacts from a single
conductance trace, where Dgp is the snap-back length.

be related to the slow breaking process of the MCBdJ, which impacts the micromechanics of the
contact area and hence, breaking behaviour [107]. Those traces showing "snap-back" behaviour
were analysed and the most probable "snap-back" distance was found to be 0.5 um vertical motion

of the push rod, which translates to approximately 1.5 A of horizontal electrode separation.

2.4.2 Noise Level

The noise level of the MCBJ determines which molecules it is able to measure. In Figure 2.13,
a conductance vs time trace of an AulAu junction can be seen. It shows the noise level of the
MCBJ which was found to be consistent for all gold, cobalt and nickel notched wire samples used
for measurements with the MCBJ. A high rate of data acquisition of the Keithley 2400 was used
for these measurements. This resulted in increased reading noise and fewer usable digits. Using
a lower rate of data acquisition may provide a compromise between speed and noise, however as
molecular junctions can have a lifetime of < 100 ms [87], it is important to have a high rate of
data acquisition. Specifically, the fast’ mode of the Keithley 2400 was used. This sets the speed to
0.01 PLC and sets display resolution to 3.5 digits.

2.4.3 I-V Curves

The increased stability of the MCBJ when compared with STM allows further analysis beyond

1D histograms to be carried out. For example, it is possible to pause the opening and closing
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FIGURE 2.13. Conductance vs time trace of an AulAu junction, demonstrating the
noise level of the MCBJ using notched wire samples. Here, the junction was broken
and then held open whilst measuring the current to demonstrate the conductance
of the noise level.

process of a junction and hold the junction at that point. Previous molecular junctions have been
maintained for periods of 30 minutes and more during experiments [194]. A series of I-V curves
were measured in order to investigate the nature of transport through Aul Au junctions. These
I-V curves were measured using the sweep function of the Keithley 2400. An example of one of
these I-V curves can be seen in Figure 2.14 The I-V traces taken of the Aul Au junction are linear
and display ohmic characteristics. This is in agreement with I-V measurements taken by Hong

and coworkers and Yang and coworkers [63, 194].

2.4.4 Lithographically Patterned MCBJ Samples

Using lithographically patterned samples offers many benefits that notched wire samples can
not. For example, they can be highly reproducible and it is possible to achieve a spatial reso-
lution of the order of 10 nm during the patterning process. They are also easily cleaned when
compared with notched wire samples as they can be submerged in solvents and they do not
contain any components such as epoxy or Kapton® tape that could be damaged by this. Many
groups have used samples produced in this way successfully for molecular electronics experiments
[52, 107, 113]. Lithographically patterned substrates were fabricated, based on the methods on
those of Morikawa and co-workers and Muthusubramanian and co-workers [120, 124]. Muthus-
bramanian and co-workers fabricated MCBJ samples by spin-coating an insulating layer of
polyimide onto polished phosphor bronze substrates [124]. The electrodes were then patterned

as a thin wire constricted in the centre using electron-beam lithography. A chromium adhesion
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FIGURE 2.14. Typical IV trace of an Aul Au junction plotted with a linear best fit line.

layer was deposited followed by a gold layer with thicknesses of 4 nm and 80 nm, respectively.
The gold wires were suspended over a length of 1 um by etching the underlying polyimide layer
using a mixture of O9/CF4 plasma. Samples were then covered in AloO3 using chemical vapour
deposition. The purpose of this layer was to suppress the leakage current when taking measure-
ments in deionized water. Through this method, they were able to measure the conductance of an
amphiphilic oligophenylene ethynylene derivative in deionized water [124].

Herein, the same phosphor bronze foil was used for these samples as for the fabrication of
notched wire substrates, described previously. Firstly, the sample was washed with ultrasonic
agitation in three solvents: ethanol, acetone and finally isopropanol. It was then rinsed with
deionised water and dried using nitrogen. An isolating polyimide layer (HD Microsystems PI
2600 Polyimide) of approximately 8 um was spin coated in two stages, initially, it was prepared
by spinning an adhesive layer (HD Microsystems VM651 polyimide adhesion promoter) at 3000
rpm and baking at 100 °C on a hotplate for 90 s. The polyimide layer was then spin coated at
1500rpm initially for 15 s and then another 30 s as 3000 rpm. To complete the imidization of the
polyimide, and harden the layer, it was then baked in a convection oven for three hours at 350 °C.
Polyimide was chosen, not only for its insulating effects but for its ability to be reactive ion etched.
This is an important step in the sample fabrication as the electrodes need to be free standing
to enable them to be separated and brought back together again in the MCBJ process. Another
benefit of polyimide is that it can be used in measurements at a large range of temperatures
whilst maintaining its mechanical properties.

Photolithography was the process used to pattern the substrate. A double layer of a photo-
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FIGURE 2.15. Schematic diagram showing the gold pattern used to produce the litho-
graphically patterned substrates, with zoomed in diagram showing the size of

the constriction that breaks to form the electrodes in red ring. Below shows a
photograph of a patterned substrate.

sensitive chemical, photoresist, is applied to the substrate by spin coating. Firstly, resist (S1805)
was spin coated at 500 rpm for 60 s then for 60 s increasing in 500 rpm steps up to 3000 rpm.
It was then baked at 115°C for 60s on a hotplate to remove excess solvent. Then lift off resist
was spin coated firstly at 500 rpm for 60 s, then spun for 60 s increasing in 500 rpm up to 3000
rpm and baked at 190 °C for 60 s. A mask with the desired pattern was used to cover the surface
of the substrate, in this case exposing only the areas which will make up the electrodes. The
pattern is shown in Figure 2.15. Photoresist that has been exposed to light becomes soluble in a
universal developer solution, which is used to remove the exposed areas, providing an area with
no photoresist in the shape on the electrodes. Optical microscope images showing the results of
this process can be seen in Figure 2.16 A thermal evaporator was then used to coat the substrate
in gold. The pattern was revealed by sonicating the sample in acetone. Subsequently, reactive ion
etching was used to remove polyimide to leave the thinnest point of the constriction free standing.

SEM images were captured of the constriction, shown in Figure 2.17.
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FIGURE 2.16. Optical microscope image of lithographically patterned gold constriction
on polyimide coated phosphor bronze which measures approximately 5um at the
thinnest point.
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FIGURE 2.17. SEM images of lithographically patterned gold constriction on polyimide
coated phosphor bronze MCBJ sample.

2.4.5 Testing Lithographically Patterned Substrates

Firstly, the noise level of the MCBJ using these samples was tested. This is shown in Figure
2.18. It was measured to be between 1074G and 107G, which would allow for measurement
corresponding to a fairly wide range of molecular conductances. When testing the substrates,
there was some evidence of conductance quantization, suggesting that the fabrication has been
successful. This is shown in Figure 2.19. The figure shows plateaus close to the expected value
of 1 Gg and 2 Gg (values of quantized conductance, explained in Section 1.1). This signifies
(when using Au electrodes) that the electrodes are in contact. For various reasons, plateaus are
often found close to, but not exactly on the value of Gg. This could be due to different contact
configurations and has also been attributed to back scattering on defects near the contact [202].

The electrodes are initially separate and brought into contact. A Gy plateau is measured before
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FIGURE 2.18. Graph demonstrating the noise level of the MCBJ with lithographic
samples. These measurements were taken by breaking the sample and then holding
the electrodes separate whilst measuring the current.

the conductance steps up rapidly to 2 Gg as the separation of the electrodes is decreased. When
the distance between the electrodes is then increased, the conductance returns to Gg. This
demonstrates a high level of stability and control within the system.

The tunnelling current between the electrodes of the lithographically patterned samples was
also measured. This is shown in Figure 2.20. The figure shows the exponential increase of current
with respect to time (which here is directly proportional to the separation of the electrodes). In
this case, the electrodes start separated were brought slowly closer together whilst the current
was monitored and measured. This is the expected result as tunnelling current across a potential
barrier has an exponential relationship with the length of the barrier.

It was not straightforward to find the ideal parameters for fabrication when producing these
samples. When breaking the junctions, it was sometimes found that the electrodes, once separated,
would not rejoin. One explanation for this is that there may not have been enough gold deposited,
as some of it was etched away during the reactive ion etch. This can be seen in Figure 2.21. In
Figure 2.21a there is some damage to the gold from the edges of the pattern where the polyimide
has etched away. This shows how fragile the samples were, and suggests that the extremely thin
layer of remaining gold after the etch may not be robust enough to form a suitable break junction.
It also highlights the importance of having the electrodes fully free standing. In Figure 2.21b,
it appears that the electrodes are still in contact at the constriction. However, no current was
measured through them, suggesting that this connection could be the insulating polyimide layer,

which has not been sufficiently etched below the constriction. It is possible that once the gold
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FIGURE 2.19. Evidence of Gy plateaus measured using lithographically patterned
samples. Plateaus close to 1 Gy and 2 Gy can be seen.

had broken initially, forming two electrodes, the remaining polyimide acted as a barrier, reducing
the mobility and preventing the gold electrodes from meeting again. In addition, the intricacies
of the clean room methods involved in fabricating these samples meant that it was not easy to
reproduce them consistently. This is because minor changes, which are largely unavoidable, in
the patterning or etching processes can result in large differences in the outcome of the sample.
Due to the inconsistencies in the lithographically patterned samples, notched wire samples were

used for the molecular conductance measurements in this thesis.

2.4.6 Spherical Tips

When the tip of gold wire (diameter 0.25 mm) is heated to melting point using a butane torch,
a gold sphere is generally formed with a radius similar to the diameter of the wire. At the
nanoscale, using a sphere such as the one described is a good approximation to a flat surface.
They have also been shown to have a low surface roughness (less than 1 nm for 500 um diameter
gold spheres formed using the method described) [189]. To form samples, these spherical tips
were arranged on a bendable substrate, such as phosphor bronze, with an electrochemically
etched STM tip positioned as closely as possible to it. This was done using the set up shown in
Figure 2.22. The spherical tip was glued using epoxy to the bendable, phosphor bronze substrate.
An electrochemically etched tip was attached to a micropositioner which was used to position

the tip as close to the spherical tip as possible on the phosphor bronze substrate by viewing
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FI1GURE 2.20. Tunnelling current between lithographically patterned Aul Au contacts.
Red line shows theoretical exponential increase, compared with the blue line which
represent the measured current.
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FIGURE 2.21. (a) and (b) SEM images of lithographically patterned constriction, once it
has been broken by the MCBJ.
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FIGURE 2.22. Schematic image of the set up used to produce spherical tip samples,
showing the spherical tip fixed to the substrate and the electrochemically etched
tip fixed in the micropositioner. Photograph of the same set up.

the process through an optical microscope. The tip was then glued into place. This set up is
a good choice for electrochemical applications as additional metals such as nickel can easily
be electrodeposited onto the spherical tip. It also mimics the processes involved in STMBJ
experiments, as these tend to involve a flat substrate and a sharp tip. These methods are based
on the work by Hong et al. [7]. In their work they controlled the electrical conductance and in
particular the occurrence of quantum interference in single-molecule junctions through gating
effects. They used an electrochemically gated, MCBJ technique to tune the electronic behaviour
of thiophene- based molecular junctions that show destructive quantum interference features [7].
The spherical tips were not taken any further than initial Aul Au tests, as these showed that the
noise level of the MCBJ when using spherical tips was too high to be of use, as demonstrated by
Figure 2.23.

2.5 Calibration

The MCBJ was calibrated with notched wire samples using the methods of Champagne and

coworkers [28]. The resistance, R, of a tunnel junction is related to the width, x, of the tunnelling
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FIGURE 2.23. Noise level of MCBJ when using spherical tips. Electrodes were initially
separated to show the noise level and then brought together.

barrier as follows:

(2.1) R x %%, K= —”Zwb,
h

where ¢ = 5.1V is the Au work function ? and m, is the effective electron mass. Using this
equation, it is determined that for a change in electrode separation (5x) of 1A, the resistance will
change by a factor of approximately 10. Using the graph in Figure 2.24, this information can be
used to determine that this change in resistance corresponds to a 90 nm change in vertical height
of the push rod (§y). This results in a reduction ratio of 1 x 1072, Using equation 1.8, the predicted
reduction ratio was calculated from the theory to be approximately 3 x 10~%. The measured value
is two orders of magnitude greater than the theoretical prediction. The difference is explained by
the fact that equation 1.8, despite being widely used, does not account for any plastic deformation
that may occur. The presence of plastic deformation can be confirmed by observing the samples

after use. They often appear deformed when compared with how they were shaped initially [202].

2This is the work function of Au when measured in a vacuum. Under ambient conditions this value may differ.
However, by reducing the work function used in the calculation to 4 eV rather than 5.1 eV, the distance over which the
resistance increases by an order of magnitude would increase by just over 10%, which is a fairly small error.
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FIGURE 2.24. In resistance (plotted with best fit line) of a bare Au junction, used to
calculate the effective reduction ratio of the samples.

2.6 Chapter Summary

An MCBJ was designed and constructed, along with the software required to operate it and
analyse the data acquired. Different varieties of samples were tested (lithographically patterned,
notched wire and spherical tip). From these tests it was concluded that experiments would be

most successful if carried out using notched wire samples.
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CHAPTER

MOLECULAR CONDUCTANCE MEASUREMENTS WITH GOLD
ELECTRODES

ingle-molecule conductance measurements have predominately been carried out with gold

electrodes. This is because gold is chemically inert so it is easy to take measurements in

ambient conditions without the surface of the substrate becoming contaminated by oxide.
It also links easily with molecules including thiols, which allows self assembled monolayers to
be formed and increases the likelihood of measuring molecular conductance. The high affinity
between gold and the thiol group, in combination with the increased stability of the MCBJ when
compared with the STM-BJ method, make it possible to take more sensitive measurements
such as I-V curves. The breadth of literature available concerning gold electrodes makes gold a
good material with which to test the MCBJ. These measurements have explored the impacts of
changing the molecular anchoring group, molecular backbone and contact metals. In addition,
more recently, steps towards single molecule devices have been made. This chapter describes the
measurements made using MCBdJ and STM-BJ techniques with gold electrodes to determine the
conductance of a range of different molecules. Using STM-BJ methods provides a good comparison

for measurements taken using the home-built MCBJ system.

3.1 STM

3.1.1 STM Measurement Techniques

The STM experiments were carried out using an Agilent 5100 STM and a N9503A scanner. The
scanner’s built in current amplification electronics were replaced with a home built multichannel
current to voltage converter. This provided an increased range over which currents could be

measured. The modifications described were developed by Dr Doug S. Szumski [156]. The Pico
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view software was used to control the STM during STM-BJ measurements. A bias voltage of 100
mV was applied between the tip and the substrate. The tip was then brought into contact with the
substrate until a conductance of approximately 50 Gy was measured. Current feedback was used
to stabilise the tip in this position for 0.1 s before the tip was retracted by 6 nm at a rate of 20 nm/s.
The current is measured as the tip is withdrawn from the substrate and this is used to calculate
the conductance of structures formed between the tip and the substrate. Each of the currents
measured by the pre-amplifier channels of the STM is received by a National Instruments USB-
9215A 16-bit analogue to digital converter (ADC). Software written in LabVIEW was then used
to plot histograms of the measured data in real time, allowing the user to observe how successful
the experiment was at the time of measurement, and make any necessary alterations to improve
it. The raw current data was also recorded and saved for further analysis. The current data are
collected at a rate of 10 kHz and the tip maintains a constant speed of 20 nm/s as it is withdrawn.
The 10 kHz clock and constant tip withdrawal speed are used to determine the distance that the

tip has been withdrawn from the substrate.

3.1.1.1 Custom STM Electronics

During STM-BJ measurements, it is important to be able to measure a large range of currents
over a short period of time, including the currents through individual molecular junctions which
can last for less than a few hundred milliseconds. A quad channel STM preamplifier was designed
by Dr Doug S. Szumski, based on the design of Meszaros et al. to overcome these issues [113, 156].
The circuit diagram for the pre-amplifier is shown in Figure 3.1. It consists of two operational
amplifiers, OPA1 (a low sensitivity amplifier for measuring the currents in the "high" range, with
output voltage Vi g) and OPA2 (a high sensitivity amplifier for measuring currents in the "low"
range, with output voltage Vgg) . They both have an individual feedback network of resistors R
and R9 (where R1<R2) and a transient voltage suppression (TVS) diode. Assuming ideal op-amp

behaviour, the output voltage Vi, can be described as
3.1) Vis =-IinRy,

where I;, is the measured input current. The feedback network for OPA2 includes resistors, R
and R9, and the TVS diode which is connected in parallel with Ro. If the input current is small,
the TVS diode is highly resistive and the current flowing through it will be negligible [18]. The

output voltage Vyg in this case can be described as
(3.2) Vs = —1Iin(R1+Ry).

When the threshold voltage, +V7, is exceeded, avalanche breakdown occurs in the TVS diode. Its
behaviour then switches to allow a current to flow, resulting in resistor R2 being bypassed. This
causes output voltage Vg to have a similar value to output voltage Vi,g5. A schematic explaining

this behaviour is shown in Figure 3.2. In addition to this preamplifier, the channels experience
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FIGURE 3.1. Circuit diagram showing the quad channel pre-amplifier used to increase
the range of currents measured during STM measurements.

another amplification stage. Both output channels undergo x1 and x10 amplification, resulting
in four separate output channels being recorded. This significantly increases the range over
which the input current, I;,, can be measured. The four measured channels are combined using
home-written software written by Dr Doug Szumski with additions from Dr Richard Brooke to
form conductance vs distance traces [18, 156]. They are then analysed to produce conductance

histograms. Due to the nature of this process, an artefact appears in STM histograms at 10 1Gy.

3.1.2 STM Data Analysis

During STM-BJ measurements, junctions are repeatedly formed and broken allowing the mea-
surement of the conductance of many different junctions. Although individual traces tend to
differ, as the contacts are structurally rearranged every time the junction is opened or closed
and molecular configurations may differ, they generally exhibit some common features. As an
example of this, conductance vs distance traces for Aul Au junction may show plateaus close to
integer multiples of G¢ as explained in Section 1.1.1. These plateaus will correspond to peaks in
the histogram in Figure 3.3 labelled. The peaks are not always at an exact integer multiple of Gy,
which could be due to back scattering on defects near the contact [202].

The most useful results are collected when opening the junction. In closing curves, initially

57



CHAPTER 3. MOLECULAR CONDUCTANCE MEASUREMENTS WITH GOLD ELECTRODES

FIGURE 3.2. Schematic graph showing pre-amplifier output voltage as a function of
input current where Vg is the output voltage of the high sensitivity channel, V7,
is the output voltage of the low sensitivity channel and V7 is the threshold voltage.

the junction is open and transmission occurs via tunnelling. When the junction is closed, a
"jump-to-contact" occurs. In this case, the first contact is usually of the order of several Gy rather
than 1 Gg. This is due to a phenomenon known as "adhesive avalanche" which occurs when two
surfaces are brought close to each other. The system becomes unstable at a critical distance and
so to stabilise the system, the surfaces suddenly jump into contact [202].

When investigating molecular conductance, is useful to use logarithmic binning of the con-
ductance (x) axis as it makes any molecular features much clearer and they can be more easily
distinguished from the background level of the histogram. A Gaussian distribution can be fitted
to the peaks in the histogram in order to determine more accurately the most probably value of
conductance.

In some cases, molecules have a low probability of forming junctions. This can mean it is
impossible to distinguish a peak from the background counts of the histogram. The background
counts are a result of tip-sample tunnelling in junctions with no molecule, and noisy traces.
To overcome this problem, it is sometimes necessary to filter out conductance traces that do
not contain a molecular plateau or are particularly noisy. There are a number of ways to do

this. Firstly, data selection by visual inspection can be used to select scans that show molecular
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plateaus. These scans are then included in the final histogram whereas the scans not showing
any molecular features are discarded. This technique is highly susceptible to bias as it relies
entirely on human judgement. It is also time consuming and inefficient when compared with
other methods.

Within the literature, there are a number of methods that have been developed for automating
the selection process. Quek and coworkers used a method that identified plateaus from a change
in the gradient of current vs distance traces [139]. Inkpen et al. identified a method for I(s) style
STM single molecule conductance measurements where an individual histogram was plotted
for each scan. If a peak occurred in this histogram, this would identify a plateau in the trace.
More recently, Magyarkuti and coworkers developed a feature recognition tool for single molecule
break junctions [103]. This is a useful advance in analysis techniques as it uses machine learning
to develop the analysis process. Using this method they were able to identify details in the traces
that are not obvious to the human eye, but are highly significant for data analysis. In addition,
the lack of human input makes these methods much less susceptible to bias.

In this work, an automated data selection technique developed by Dr Richard Brooke was used
[18]. Similarly to Quek et al., this technique used the gradient of the current vs distance traces to
identify plateaus [139]. If no molecule is present in the junction, following the "snap-back" region
(described in Chapter 2) there is an exponential decay of conductance due to tunnelling current
between the STM tip and substrate. This trace will not exhibit any plateaus and hence there will
be no sharp changes in the gradient and these traces will be rejected. If a molecular junction is
formed, the "snap-back" region will be followed by a plateau or a number or plateaus separated
by a sharp fall in conductance as the molecule switches between structures. At the end of the
final plateau, there will be a sharp decrease in conductance followed by exponential decay. The
sharp decreases in conductance can be easily identified using the gradient of the current trace,
allowing one to separate traces containing molecular plateaus and traces without any molecular
plateaus.

2D conductance vs distance histograms are also used as part of the analysis. The colour scale
shows the relative probability of a data point being located within each of the 2-dimensional
bins. For the 2D histograms plotted within, the individual conductance traces have been offset
laterally so that the start of each scan is synchronised at the point where the current becomes
lower than 0.1 Gy.

3.2 STM Molecular Measurements

In this chapter, the STM-BJ technique was used for conductance measurements as it can provide
a useful comparison to results collected using the home-built MCBJ. It has the potential to
increase the credibility of conductances measured. In contrast, it allows a discussion as to why

one may observe different results when measuring the same junction via different methods.
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3.2.1 Au Atomic Contacts

Initially, measurements were made without molecules in order to explore the nature of Au atomic
contacts. The STM-BJ technique, as described in Chapter 2, was used to perform these measure-
ments. The results can be seen in Figure 3.3. The linear scale histogram in the figure shows
peaks close to integer multiples of Go. These peaks represent the quantization of conductance in
gold point contacts as explained in Chapter 1. The quantization is also demonstrated by the 2D
histogram in Figure 3.4. The individual scans were offset on the x-axis to synchronise them at a
conductance value of 12 Gyg.

The Au substrates used in the experiments were cleaned prior to use by placing them for 25
minutes in concentrated sulphuric acid. They were then rinsed in Milli-Q water with resistivity
greater than 18 MQcm and dried using nitrogen gas. The tips were cut manually from 0.25 mm
Au wire using scissors. A 100 mV bias voltage was applied between the tip and the sample during
these measurements. The conductance of Au atomic contacts was also measured in mesitylene
(1,3,5-trimethylbenzene), as this is the solvent that was used to make the molecular solutions
used in the molecular conductance measurements. These data are shown in Figure 3.5a, where
peaks close to integral values of Gg can be seen. This confirms that for any future measurements
taken with a solution of molecules in mesitylene, any conductance peaks visible below Gg will be
due to the presence of a molecule rather than mesitylene. Figure 3.6 shows some typical STM-BJ
conductance traces. One can clearly observe the quantization of conductance in these traces as
they show plateaus close to integer multiples of G¢. Particularly clear is the plateau at G. Figure
3.6b shows a typical conductance vs distance trace for an Au | Au junction plotted on a logarithmic
scale. Below the plateau at Gg, a rapid decrease in conductance is observed. This rapid decrease
is caused by the apex atoms, which spontaneously undergo structural rearrangement to minimise
the surface energy. This results in rapid separation of the tip and substrate and is known as
"snap-back". After the "snap-back" region, there is a linear decrease in conductance. This linear
decrease represents the exponential decay of the current between the tip and the substrate.
An exponential decay in current in this case is representative of quantum tunnelling, during
which the current has an exponential relationship with the distance over which the current is

tunnelling.

3.2.2 4,4-bipyridine

Gold electrodes were used to measure the conductance of junctions formed in mesitylene con-
taining a 1 mM concentration of 4,4’-bipyridine (4,4’-BP). Measurements were performed with a
tip-substrate bias of 100 mV. The structure of 4,4’-bipyridine is shown in the inset in Figure 3.7.
575 traces were gathered and, without data selection, the histogram shown in Figure 3.7 was
constructed. This histogram shows two peaks: a high conductance peak and a low conductance

peak. The low conductance peak appears around 10™* Gy and the high conductance at 103
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FIGURE 3.3. STM-BJ conductance measurements of an Aul Au junction in air plotted
on (a) linear (peaks from conductance quantization labelled) and (b) logarithmic
scales. Formed from 1231 traces.
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FIGURE 3.4. STM-BJ conductance measurements of an Aul Au junction in air plotted
as a 2D histogram. Constructed from 1231 traces.

Go. The appearance and cause of these two peaks was discussed in detail in Section 1.3.1.2. In
addition to these peaks, a shoulder can be seen on the high conductance peak. This may reflect
junctions bridged by more than one molecule. A 2D histogram, shown in Figure 3.8 was also
produced from the data. This shows that generally, the high conductance configuration is formed
directly after the separation of the electrodes, and then as the electrode separation is increased,
the low conductance configuration appears and is measured.

Following the methods of Makk et al., a 2D correlation histogram was produced [105]. This
is shown in Figure 3.9. Conditional histograms were also plotted, shown in Figure 3.10. 2D
correlation histograms are used to determine the nature of the statistical relationship between
different junction configurations that correspond to two different conductance values [105]. If
those different conductance values are defined as G; and Gj, the statistical relationship of G; and
G; is determined from the product N;(r)N;(r), where N;(r) is the number of data points in each
trace, r, with conductance G; [105]. Conditional histograms use a subset of the data to analyse
relationships between histogram features such as peaks in greater detail. These subsets generally
include traces which provide a major contribution to a particular histogram peak [105]. When
there is more than one peak in a histogram, if they are statistically correlated, then selection of

traces for one peak will change the second peak. The selection takes place based on the following
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FIGURE 3.5. STM-BJ conductance measurements of an AulAu junction in mesitylene
plotted on a logarithmic scale. Formed from 1143 traces. A conductance quantiza-
tion peak is visible at Gy.

algorithm: the traces, r’, for which the total number of data points in the interval of the reference
histogram peak (P) is larger than a threshold value, N, are selected [105]. Generally N, is
defined as the average number of data points in the chosen conductance region.

Here, correlation analysis was used to investigate the multiple conductance states of the
Aul4,4-BP | Au junction. To our knowledge, this is the first instance that this type of analysis
has been used to analyse this particular junction. The blue regions in Figure 3.9 suggest that
there is a negative correlation between the low conductance peak and the high conductance peak.
However, it is difficult to interpret the meaning of the 2D correlation histogram without more
information. The conditional histograms (Figure 3.10) provide this additional information. For
clarity, they have not been normalised. When the histogram is formed from the traces which
contribute to the high conductance peak (b), the low conductance peak is reduced and smoothed
out. However, when the histogram is formed from the traces which contribute to the low conduc-
tance peak (c), the high conductance peak remains clear. This suggests that the high conductance
configuration is often measured when the low conductance peak is measured. In contrast, the
absence of the low conductance peak in the histogram formed from traces that contribute to
the high conductance peak suggests that the high conductance configuration may sometimes be

measured as the only configuration in a particular trace. In the histogram formed from traces
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FIGURE 3.7. Molecular conductance histogram of the Aul4,4’-BP | Au junction, mea-
sured using the STM-BJ technique. The histogram is constructed from 575 traces.
The inset shows a potential Au-4,4’-BP-Au junction.

that contribute to the shoulder in the high conductance peak, the low conductance peak also
appears somewhat reduced. The high conductance peak is still clearly visible. In conclusion, from
Figure 3.10 it has been learnt that one is significantly more likely to observe a plateau in the
low conductance region in a trace with two plateaus (high conductance and low conductance)
present, than a trace containing a single low conductance plateau. However, it is also possible to
observe traces containing a single high conductance plateau, with no low conductance plateau
present. This means that the shoulder is likely to appear in traces which also contain a plateau
corresponding to the high conductance configuration. This suggests that a junction bridged by
two molecules initially, may become bridged by just one molecule during the breaking process.

Examples of individual traces of these types are shown in Figure 3.11.
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FIGURE 3.8.2D histogram showing STM-BJ conductance measurements for the
Aul4,4-BP | Au junction in mesitylene plotted on a logarithmic scale. Formed
from 575 traces. Molecular features can be seen between 1072G and 1074Gy.

3.2.3 4,4-Vinylenedipyridine

As the chemical structure diagram in the inset of Figure 3.12 shows, 4,4’-vinylenedipyridine
(4,4°-VDP) molecules are similar to 4,4-BP molecules. However, they contain a conjugated ethene
moiety which links the two pyridine rings. The measurements were taken using the STM-BJ
method and the tip-substrate bias for these measurements was 100 mV. A 0.5 M solution of
NaySOy4 with a 100 mM concentration of 4,4’-VDP was used. The results of these measurements,
shown in Figure 3.12 with individual traces shown in Figure 3.13, were similar to those of 4,4’-BP.
Overlapping peaks at approximately 10™% Gy and 10~3 G were observed. The presence of two
peaks is again explained by the ability of the pyridine anchor to bind to the Au electrode in two
distinct configurations. The peaks observed have lower conductance values than those measured
for 4,4-BP. This may be because the conjugated ethene moiety adds approximately 2.3 Ato the
length of the molecule [201]. A difference in length is demonstrated by the 2D histogram in
Figure 3.14. When compared with Figure 3.8, it can be seen that the region which represents the
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FIGURE 3.9. 2D correlation histogram for the Aul4,4’-BP | Au junction, focussing on
the correlation between the high conductance, low conductance and shoulder on
the high conductance peak. The 1D conductance histogram is plotted on the edges
of the correlation histogram.

presence of a molecule extends over a greater tip-substrate separation distance. These results

are in agreement with those obtained by Quek et al. [138].

3.3 MCBJ Molecular Measurements

Due to the slow speed of the MCBJ, long traces in the tunnelling region were observed in a high
proportion of measurements. This resulted in an increased number of background counts below 1
Go which made any peaks present difficult to analyse as they had been obscured by background
counts. To overcome this, in some histograms the data has been cropped at the tunnelling region.
This negative effect was also observed by Martin and coworkers [107].

2D histograms were used to analyse the MCBJ data and again, the individual conductance
traces have been offset laterally so that the start of each scan is synchronised at the point where

the current becomes lower than 0.1 Gg.
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3.3.1 Preparation of Samples

Molecules were applied to the substrates via three different methods. The first involved using a
0.05 M aqueous solution of NagSOy4 to create a solution with a 1 mM concentration of molecules.
A droplet of this was then transferred to the electrodes using a pipette. The second method used
an ethanol solution with a 1 mM concentration of molecules. Similarly, this was transferred to
the electrodes of the substrate using a pipette. It was left for 5 minutes during which time the
ethanol evaporated, leaving molecules on the electrodes [35]. Both of these methods resulted in
noisy conductance traces, from which it was not possible to construct a useful histogram. This
may have been due to the fact that the notched wire substrates used for MCBJ are difficult
to clean. Applying a liquid to them allows contaminants to move around on the substrate and
come into contact with the freshly cleaved electrodes. To overcome this issue, a third method was

explored. This involved exposing the electrodes of a MCBJ sample to a high concentration of the
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FI1GURE 3.13. Typical Aul4,4-VDP | Au conductance vs distance STM traces. Start
points of the traces have been staggered for clarity.

molecule in ambient air for 48 hours, which was carried out using a saturated aqueous solution
of the molecule. The sample was stuck to the wall of a bottle containing this solution, but not
in contact with the solution, and the bottle was sealed. The anchoring of thiol groups to metal
surfaces has been studied extensively and it is thought that this process will result in a layer of
the thiol molecule on the surface of the electrode [107, 111, 164].

3.3.2 Pentanedithiol

The conductance of the Au | pentanedithiol | Au junction was determined using the MCBJ method.
Measurements of this junction show a molecular conductance of (2.0+0.1)x 1073 G which was
determined by fitting a Gaussian to the histogram shown in Figure 3.15. A 2D histogram of the
data is displayed in Figure 3.16. In previous work, Li and coworkers measured the conductance
of several alkanedithiols [93][141]. For pentanedithiol they found two conductance peaks: A high
conductance peak at approximately 8 x 1074 G¢ and a low conductance peak at approximately
2.5 x107% Gy. They explain the appearance of multiple peaks by suggesting a number of possible
arrangements of a single alkanedithiol molecule bridged between Au electrodes. In their work,
the high conductance peaks are attributed to an all-trans alkyl chain in combination with both
sulphurs coordinated to two Au atoms in bridge geometry. The low conductance peaks are at-
tributed to nonequivalent isomers of alkanedithiols with gauche effects [93]. They also obtain
theoretical results that are in agreement with their experimental work. More recent investiga-

tions have suggested that the presence of multiple conductance peaks may be due to the difference
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FIGURE 3.14. 2D conductance-distance histogram for the STM-BJ measurements of
the Aul4,4’-VDP | Au junction. Formed from 784 traces. The molecular feature is
visible between approximately 1073 Go and 104 Go.

between measuring a dimer and a monomer [102]. Venkataraman et al. used STM-BJ techniques
to study pi-stacked dimer junctions. Through this, they demonstrated that the conductance of
monomer junctions can differ significantly when compared with junctions containing dimers.
The results measured herein using the MCBJ are in agreement with those of Leary et al., who
observed a conductance of 1 x 1073 Gg [90]. In addition, unpublished STM-BJ measurements of
the Aul pentanedithiol | Au junction carried out by a group member, Yang Chaolong support the
MCBJ measurements of the same junction as they display a conductance peak in a similar region
(approximately 1 x 1073 Gy) , as is shown in Figure 3.17. These measurements were taken using
in a liquid environment using a 0.05 M aqueous solution of NagSOy4 to create a solution with a

droplet of ethanol saturated with pentanedithiol.
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FIGURE 3.16. MCBJ 2D conductance histogram of an Au | PDT | Au junction. Formed
from 135 traces. Molecular feature is visible at (2.0+0.1)x1073 G.

3.3.2.1 I-V Curves

A series of I-V curves were collected in the same way as those described in Section 2.4.3. Using
methods similar to those of Beebe and coworkers, the I-V curve was used to find the conductance
of the metal-molecule-metal junction [12]. In this case, the I-V curve shown in Figure 3.18 has
an approximately linear and symmetric region between -0.1 V and +0.1 V. This, along with 3
other I-V curves were used to determine an average conductance value of 2 x 1073 G¢ which is
in agreement with the value determined using the histogram in Figure 3.15. A 2D histogram
was constructed from the Aul PDT | Au I-V traces, this is shown in Figure 3.19. This shows the
preferred path of the I-V data.
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3.3.3 1,4-benzenedithiol

The MCBJ was used to measure the conductance of the Aul1,4-benzenedithiol | Au junction.
As discussed in Section 1.3.1.1, there has been a large variety in the measured conductance of
the Aul 1,4-benzenedithiol | Au junction. The values have varied over three orders of magnitude,
ranging from 107% Gy to close to Go [60, 84, 90, 167, 169, 185], whereas some measurements
fail to show any peak at all [106, 169]. The measurements reported in this thesis show two
conductance peaks at (8.5 +0.3) x 1072 Goand (1.4+£0.1) x 1072 Gyo. These values were found by
fitting a Gaussian to the peaks of the histograms shown in Figure 3.20. They are in agreement
with several previous reports including Tao et al. who observed a peak with a conductance of
1.1x1072 Gg. They also measured junctions with a conductance equal to multiples of this value
as a result of two or three molecule junctions [185]. Most similarly, Tsutsui et al. found peaks
close to 0.01 Gg and 0.1 Gg [167]. These were attributed to different binding configurations as
explained in Section 1.3.1.1. In addition, Kim et al. also found conductance values close to 0.1
Go and 0.01 Gg. In Figure 3.20, it is clear from the individual traces that there are a number of
different "types" of plateaus. Martin and coworkers have suggested that this is due to a large
spread in geometrical variations in the metal-molecule junctions. They conclude that the possible
interactions between the benzene core and gold electrodes may contribute to variations in the
conductance values measured [107]. Similar to the work reported here, the measurements of
Martin and coworkers were performed using self assembled monolayers on a gold surface [107]. It
is thought that without the use of a stabilizing solvent, it could be possible to measure junctions
that consist of a molecule lying flat on the electrode surface. Figure 3.21 shows some examples

of possible linking configurations. The interaction of m-orbitals with the gold electrodes could
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FIGURE 3.20. (a) Histogram showing conductance of the Aul 1,4-benzenedithiol | Au
junction measured using the MCBJ technique. Histogram is constructed from 200
traces. Molecular features are visible at (8.5+0.3) x 1072 Gy and (1.4 +0.1) x 1072
Gyo. (b) Typical traces used to construct the histogram. The starting point of each
trace is staggered for clarity.
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FIGURE 3.21. Some possible configurations of the Aul 1,4-benzenedithiol | Au junction.
Red atoms represent carbon, blue atoms represent hydrogen and green atoms
represent the thiol group (physisorbed bond) or a single thiol atom (chemisorbed
bond).

lead to significantly different measured conductance values than those measured with upright

molecules [107].

3.4 Chapter Summary

The conductances of several different molecules have been measured in a junction with Au
electrodes, using both the STM-BJ technique and the MCBJ technique. These results are sum-
marised in Table 3.1. This work focused on dithiol linked molecules. I-V measurements were

used to demonstrate the stability of the MCBJ. Through I-V measurements it was also possible
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Junction Measurement Technique Molecular gonductance
0
Aul 4,4 -bipyridine | Au STM-BdJ 1074 1073
Aul 4,4 -vinyledipyridine | Au STM-BdJ 1074 1073
Au | pentanedithiol | Au MCBJ (2.0+0.1)x1073
Aul 1,4-benzenedithiol | Au MCBJ (85+0.3)x107% [ (1.4+0.1)x 1072

Table 3.1: A summary of the results obtained within Chapter 3.

to corroborate the conductance values of the AulPDT | Au junction determined using MCBJ tech-
niques. This value was also found to be in agreement with measurements made using STM-BJ in
unpublished work by group memeber Yang Chaolong. Although the literature presents a range of
values measured for this junction, the value obtained within is the same order of magnitude as
that of Leary et al., who observed a conductance of 1 x 1072 G [90].

In addition, the conductance of the Aul 1,4-benzenedithiol | Au junction was measured. Sim-
ilarly, a wide range of conductance values have been obtained for this junction. However, the
conductances measured within were in agreement with several previous reports. These include
Tao et al., who observed a peak with a conductance of 1.1x 1072 Gg; Tsutsui et al., who found
peaks close to 0.01 Gy and 0.1 Gg [167] and Kim et al., who also found conductance values close
to 0.1 Gy and 0.01 Gg.

The multiple conductance states of the Aul4,4’-BP | Au junction measured using the STM-BJ
technique were investigated in more depth using correlation analysis, this is the first instance
of this analysis being used on this particular junction. It was noted during this analysis that
it was possible to measure a trace containing a single high conductance plateau. However, one
was more likely to observe a low conductance plateau in a trace which also contained a high
conductance plateau. It was significantly less likely that one would see a trace containing a single

low conductance plateau.
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CHAPTER

MOLECULAR CONDUCTANCE MEASUREMENTS WITH
FERROMAGNETIC ELECTRODES

ncreasingly, researchers are choosing to study the impact of changing the contact metal

in a metal-molecule-metal junction. A large focus of this work is exploring the effects

of using ferromagnetic contacts as they are expected to exhibit interesting and useful
spintronic characteristics such as magnetoresistance [61, 191, 199]. Measuring characteristics of
ferromagnetic metal-molecule-ferromagnetic metal junctions presents difficulties which must be
overcome. This is largely due to the speed at which iron group metals oxidise, which is important
as oxide contamination can alter the properties of the junctions and any results measured. Hence,
most previous work has been carried out with gold electrodes as it does not oxidise quickly
[19]. In addition, the low symmetry in dominant d-orbital conductance channels such as those
present in nickel, result in large variation in measured conductances as they are sensitive to
small variations in the experimental environment [57].

This chapter explores single molecule conductance measurements using cobalt and nickel
electrodes, and ways to overcome the obstacles encountered when measuring using metals
that experience rapid oxidation. These measurements were performed using both the STM-BJ
technique and MCBJ technique and the two methods are compared. The results obtained using

ferromagnetic electrodes will also be compared with those collected using gold electrodes.

4,1 STM Measurements

4.1.1 Electrochemical Control

Electrochemistry can be used during molecular conductance measurements to prevent oxidation

of the electrode surfaces [19]. It also allows for investigation into the impact of electrochemical
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STM sample Biaée B diL yringe containing
o g - Veleétrolyte

FIGURE 4.1. Photograph showing the set up of electrochemically controlled STM-BJ
experiments showing the STM sample plate, where the Pt counterelectrode is
situated, and the mercury sulfate reference electrode.

gating on the conductance of single-molecule junctions.

A typical electrochemical set up consists of a three electrode arrangement within a liquid
electrolyte environment. A potentiostat is used to control the voltage between the working
electrode (WE) and the electrolyte. In STM-BJ experiments, both the tip and substrate are used
as two separate working electrodes. Hence, a four-electrode cell configuration is required. A
bipotentiostat is used to independently control the potential of each working electrode with
respect to the electrolyte, but the potential difference between the tip and the substrate is kept
constant during the experiments. The potential of the substrate with respect to the reference
electrode was varied.

A photograph detailing this four-electrode set up can be seen in Figure 4.1. A hollow Teflon box
is used to secure a syringe containing electrolyte and a typical reference electrode such as mercury
sulphate. A tube leaves the box and enters a teflon STM cell which was produced to facilitate the
experiments. Teflon was chosen due to its chemical resistance. Before experiments, the cell was
immersed into concentrated HoSO4 for 20 minutes and then sonicated in an ultrasonic bath in
deionised water with resistivity greater than 18 MQcm. It was then dried in a heated cabinet
at 70 °C. The tube carries the electrolyte through to the STM cell. This is shown in Figure 4.2.
It contains the substrate (working electrode) and a 0.25 mm diameter Pt wire ring (Goodfellow,
99.99%) (counter electrode). The ring shape allows for a more homogeneous electric field at the

working electrodes, but also allows movement of the tip (working electrode) without obstruction.
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FIGURE 4.2. View of the STM cell on the STM plate from above with connections for
reference electrode (RE), counter electrode (CE) and substrate (WE) labelled.

4.1.1.1 Nickel

STM measurements using Ni were taken using a Pt wire reference electrode. Initially, a 0.25
mm diameter Pt wire coated with a partially oxidised film of polypyrrole was used instead as a
reference electrode. These types of electrodes are useful as they can be miniaturised easily which
allows them to be integrated into compact set ups. The electrodes were produced by following the
methods of Ghilane et al., who demonstrated that such electrodes can provide a stable reference in
a number of different solutions [51]. However, it was found that these films were highly fragile and
when in contact with the electrolyte solution within the STM cell, the films were often stripped
from the Pt wire. Hence, a Pt wire was used as the reference electrode. Although these have been
known to have potentials which are not well defined and may shift over time, in this case, the
potential proved to be well defined for the duration of the experiments. The potential of the Pt
electrodes have been shown to have an open circuit potential of +0.55 V with respect to a standard
hydrogen electrode [18]. Cyclic voltammetry (CV) was used to determine which potentials would
provide an oxygen free surface for the STM-BJ measurements. CV was performed in a pH 3, 0.05
M NaySOy4 solution. It has been demonstrated that measurements performed at pH 3 provide
a good balance between minimising the current due to hydrogen evolution and maintaining
protection against oxide formation whilst preventing anodic dissolution of the nickel [18]. Figure
4.3 shows the CV taken in situ. During the measurements, the substrate was maintained at a
potential between -0.75 V vs Pt and -1.05 V vs Pt. More negative than this, the CV shows that
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FIGURE 4.3. Example cyclic voltammogram performed on Ni electrodes in-situ in STM
cell. Voltage vs Pt. Arrows represent the direction of the voltage scan. From this it
was deduced that STM measurements could be carried out with gating potentials
between -0.75 V vs Pt and -1.05 V vs Pt

hydrogen reduction begins, demonstrated by the peak in the first scan, centred around -1.15 V vs

Pt. Hydrogen reduction can interfere with junction formation.

4.1.1.2 Cobalt

Cobalt measurements were performed using a mercury sulphate reference electrode (MSE).
In-situ CVs were carried out to determine which potential would provide an oxygen free surface
for the STM-BJ measurements. Again, this was measured in a pH 3, 0.05 M NagSO4 solution.
These CVs are shown in Figure 4.4. It was determined that STM-BJ measurements under
electrochemical control could be carried out whilst the substrate was maintained at a potential
between -0.95 V vs MSE and -1.2 V vs MSE. The peak seen centering around approximately -1.2
V vs MSE signifies the beginning of hydrogen reduction, below which it is undesirable to take
measurements. This is the reduction of H30" rather than electrolysis of water as demonstrated

by the finite nature of the peak.

4.1.2 STM Sample Preparation
4.1.2.1 Tips

STM tips were made using electrochemical etching based on the methods of Chen and coworkers

and Albonetti and coworkers [2, 3, 27, 31]. A 0.25 mm diameter platinum wire, shaped into a
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FIGURE 4.4. Example cyclic voltammogram performed on Co electrodes in-situ during
STM-BJ measurements. Voltage vs MSE. Arrows represent the direction of the
voltage scan. From this graph, it was deduced that STM measurements could be
carried out with gating potentials between -0.5 V vs MSE and -1.2 V vs MSE.

ring of approximately 10 mm diameter was used as the counter electrode. It is possible to form
a meniscus of aqueous KCI solution in the Pt ring due to surface tension, through which 0.25
mm diameter Ni or Co wire (which acts as the anode and is etched during the process) can be
threaded without the meniscus breaking. A small ball of Blu Tack ®was fixed to the end of the
wire meaning that when etching was complete, two tips could be gathered: a top tip and a bottom
tip. Without the Blu Tack ®, the bottom tip remained suspended from the meniscus due to surface
tension resulting in tips with reduced quality, as they over-etched and became blunt. For Ni wire,
a Keithley 2400 source meter was used to supply a constant potential difference of 2.4 V between
the Ni wire and the Pt electrode. The etching of Ni wire results in NiCly forming at the anode
and water splitting occuring at the cathode. Initially, this method was also used to produce Co
tips, but the quality of these tips was relatively poor. They were often blunt and dull in colour
rather than sharp and shiny like the corresponding Ni tips. It has been noted previously by Xu et
al. that the etching current indicates the amount of charge carriers supplied to the anode per
second and hence determines the etching rate. Therefore, varying the current will not provide
a stable etching process [190]. As a result, to overcome the issue in etching Co tips, they were
etched in constant current mode. A current of 9 mA was maintained throughout etching, whilst
the compliance voltage was set at 8 V. In the case of cobalt tips, CoClg was produced at the anode
and again, water splitting took place at the Pt cathode. Deionised water was then used to remove

organic contaminants from the tips before use. The following equations describe the reactions
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occuring at the anode and cathode during the etching process (for Co replace Ni with Co):

4.1) Anode:Ni+2Cl” —2e” +NiCly

(4.2) Cathode :2H90 +2e~ — Ho +20H "~

For use in electrochemical STM, the etched tips were insulated using chemically inert Apiezon
wax. It was necessary to insulate the tips to prevent ionic currents within the electrolyte from
dominating the current through the tip during STM measurements. A soldering iron was used to
melt the Apiezon wax and STM tips were then passed through the molten wax allowing them to
be coated. Surface tension ensured that the sharp apex of the tip remained exposed when the

wax had hardened. Optical microscope images of the tips are shown in Figure 4.5.

4.1.2.2 Substrates

Substrates for STM-BJ measurements were produced by electrodeposition of Ni and Co films onto
gold coated glass slides. An acidic solution composed of 0.5 M boric acid and 0.2 M nickel (cobalt)
sulphate hexahydrate in Milli-Q water was used for the deposition. Boric acid is commonly used
in electrodeposition as it can led to higher quality films. This is because of its action as a pH
buffer. The H3BO3 inhibits local changes in pH taking place close to the working electrode (in
this case the gold coated glass slide), which is where the depletion of protons by the hydrogen
evolution reaction takes place. As a result of this, a local rise in pH is minimised, preventing the
precipitation of Ni(OH)g (Co(OH)2), which would negatively impact the film quality [109, 196].
Prior to deposition, the gold substrates were cleaned by immersion in concentrated sulphuric
acid on a hot plate heated to 90 °C for approximately 20 minutes and then rinsed thoroughly
in ultra pure water. During the rinsing, if the surface was hydrophilic, this indicated a clean
surface [151]. If the surface was hydrophobic, this indicated that the substrate required more
cleaning. The cleaning process was observed to be highly important as dirty Au surfaces lead
to low quality Ni (Co) films. A crocodile clip wrapped in Teflon tape was attached to the corner
of the substrate ensuring that the plating solution would only contact the gold substrate. The
substrate was immersed in the plating solution and then a potentiostat was used to perform
the deposition. A potential was applied between the gold coated glass substrate and a platinum
foil counter electrode using a mercury sulphate electrode (MSE) as a reference. The potential
of the working electrode was chosen to be -1.3 V vs MSE. This decision was based on previous
work performed by Dr Doug Szumski who demonstrated that this potential produced mirror-like
films with little evidence of pitting when compared with more positive potentials, which resulted
in uneven deposition, and more negative potentials which resulted in large amounts of pitting
in the film due to hydrogen evolution [156]. The thickness of the film can be calculated using
Faraday’s law of electrolysis, shown in Equation 4.3

(92}
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(b)

FIGURE 4.5. Optical microscope images of electrochemically etched tips taken at 20 x
zoom. (a) Before coating and (b) after coating with Apiezon wax.
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where F is the Faraday constant, M is the molar mass, z is the number of electrons which must
be transferred to each ion (for Ni this is 2), @ is the total charge accumulated at the working
electrode and m is the total mass of deposited film. By observing the charge, @, during deposition,
assuming a current efficiency of 100% and a uniform deposit on the surface, the thickness of the
film can be calculated assuming the density of Ni and knowing the surface area of the electrode.
A 100 nm thick film on an electrode with a surface area of 1 cm? requires approximately 300
mC charge [18]. The charge was monitored by the software, Nova, that was used to control the
potentiostat and when the desired level of charge was reached, the current was switched off. The

substrate was then removed, rinsed with ultra pure water and blown dry using nitrogen gas.

4.1.3 Atomic Contacts

Before investigating the conductance of metal-molecule-metal junctions, the characteristics of
atomic contacts of nickel and cobalt were explored. As discussed in Section 1.4, ferromagnetic
contacts behave differently to gold contacts and there have been a large number of contrasting
reports on the topic [33, 42, 70, 79, 88, 101, 119]. In particular, measurements with cobalt

electrodes are rare and a lot remains to be learnt about their characteristics.

4.1.3.1 Nickel

The STM-BJ method was used to measure the conductance of nickel atomic contacts. These
measurements took place in an electrochemically controlled pH 3, 0.05 M NaySO,4 environment
with a bias of 100 mV applied between the tip and the sample. The measurements were obtained
with a gating potential of -0.9 V vs Pt. The results of these measurements are shown in Figure
4.6 which shows 1D conductance histograms on both linear and logarithmic conductance scales.
Figure 4.7 shows the same data presented as a 2D histogram. It can be seen from the typical
STM-BJ conductance vs distance traces for the Ni atomic contacts shown in Figure 4.6, that
conductance plateaus occur within the traces. In contrast to gold, these plateaus do not occur
at integer multiples of Gg, or any other regular interval. The histogram shows a broad peak
at approximately 1 Gg, in agreement with previous electrochemically controlled measurements
using Ni electrodes which exhibit a similar peak [79, 88]. A 2D histogram is shown in Figure 4.7,
this shows the region after the NilNi junction has been broken in the case where there is no

molecule present.

4.1.3.2 Cobalt

The STM-BJ method was used to measure the conductance of cobalt atomic contacts. These
measurements took place in an electrochemically controlled pH 3, 0.05 M NasSO,4 environment
with a bias of 100 mV applied between the tip and the sample. The gating potential applied to

the substrate was -1 V vs MSE. The results of these measurements are shown in Figure 4.8,
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FIGURE 4.6. Conductance histograms and typical conductance vs distance traces of
the NilNi junction measured using STM, plotted on an (a),(c) linear conductance
scale (b),(d) logarithmic conductance scale, constructed from 1171 traces. In the
histograms a feature can be seen near to G as described in the text. Start points
of typical conductance traces have been staggered for clarity.

a 1D conductance histogram plotted on a logarithmic conductance scale, and Figure 4.9, a 1D
conductance histogram plotted on a linear scale. The cobalt individual conductance vs distance
traces seen in Figure 4.9 share some similarities with those of nickel. They exhibit plateaus
but the plateaus do not occur at integer values of Gy, or any other regular interval. Previous
measurements of cobalt atomic contacts taken at room temperature under electrochemical control
and low temperature under UHV have observed a broad peak around 1.3 Gy [18, 88, 115, 170].

This is in agreement with the histogram seen in Figure 4.8.

4.1.4 4,4-bipyridine

The conductance of the nickel | 4,4’-bipyridine | nickel junction was explored using the STM-BJ
technique under electrochemical control with a Pt counterelectrode and a Pt reference electrode
in a pH 3, 0.05 M NaySO4 electrolyte to which a 1 mM solution of the molecule was added.
A gating potential of -0.9 V vs Pt was applied to the substrate. These measurements were
made as a test in order to validate future results as there is literature available assessing the

Nil4,4-bipyridine | Ni junction. Figure 4.10 shows the results of these measurements, including
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FIGURE 4.7. 2D conductance vs distance histogram of the Ni|Ni junction measured
using STM. As expected, no molecular features are visible in this histogram.
Formed from 1171 traces.

a conductance histogram and some typical individual conductance vs distance traces. The traces
show molecular plateaus between 1072 Gg and 10~ Gg. The histogram shows a single peak in this
region corresponding to these plateaus. Plotted on the same axes is a graph of the conductance
of the NilNi junction. As the peak is only observed in the histogram where the molecule was
present, it is attributed to the formation of Nil4,4’-BPINi junctions. This single peak is in
contrast to when gold electrodes are used to measure the conductance of 4,4’-BP, shown in Figure
3.7 where two peaks are visible. As discussed, 4,4-BP can link to gold in two different ways,
so two peaks (a high conductance and a low conductance peak) are seen in the conductance
histogram. Although the conductance of both configurations of the molecule can also be measured
when using Ni electrodes, only a single peak is visible. This may be because the conductance is
insensitive to the contact angle, an idea which is supported by DFT-based calculations [19]. In
addition, the conductance of a Nil4,4’-BP | Ni junction is higher than that of an Aul4,4-BP|Au

junction. This has also been explained using DFT-based theory calculations which suggest that
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FIGURE 4.8. Conductance histogram for the ColCo junction measured using STM
plotted on a logarithmic conductance scale. Conductance peaks are visible at and
above Gg. This histogram is formed from 794 traces.

the Ni d-electrons hybridise strongly with the LUMO of the molecule [19]. As a result, they can
offer a large transmission at the Fermi energy. The conductances measured here match those in
the literature [19]. A small shoulder can be seen in the Nil4,4’BP | Ni histogram slightly below
Gy. This is a feature that has been frequently reported in previous literature. It is thought that
this may be due to the adsorption of hydrogen on the electrodes, as discussed in Section 1.4.
However, as hydrogen adsorption exhibits a strong dependence on the crystal orientation of Ni
surfaces, this peak is not always observed [1]. A 2D conductance vs distance histogram for the
junction was also plotted and displayed in Figure 4.11. The conductance feature observed in the
2D histogram is in agreement with that seen in the 1D histogram. When compared with the 2D
histogram when Au electrodes were used (shown in Figure 3.8), the conductance features extend

out to the same distance of 0.4nm.

4.1.5 1,4-benzenedithiol
4.1.5.1 Cobalt

The conductance of the cobalt | 1,4-benzenedithiol | cobalt junction was explored using the STM-

BJ technique under electrochemical control with a Pt counterelectrode and a mercury sulfate
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FIGURE 4.9. (a) Conductance histogram showing the conductance of the Co | Co junction
measured using STM plotted on a linear scale, constructed from 794 traces.(b)
Typical conductance vs distance traces measured for the Co | Co junction. The start
points of these individual traces have been staggered for clarity.
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FIGURE 4.11. 2D conductance vs distance histogram of the Nil4,4’-BINi junction
measured using STM. Molecular feature is visible between 1072 G¢ and 1072 Go.
This histogram is formed from 286 traces.

reference electrode in a pH 3, 0.05 M NaySOy4 solution. 1,4-benzenedithiol is not soluble in water.
Therefore, to prepare the molecular solution, a saturated solution of 1,4-benzenedithiol in ethanol
was made. A drop of the ethanol solution was then added to the electrolyte solution and this was
used for the measurements. There have been very few investigations into molecular junctions
using cobalt electrodes. STM based measurements were used by Catarelli and coworkers to
measure the conductance of a cobalt | 1,8-octanedithiol | cobalt junction [26]. They used a self
assembled monolayer to passivate the substrate, which helped protect it from surface oxidation
and measured the junction in an electrochemically controlled ionic liquid environment [26]. They
observed that the conductances measured during experiments with Co electrodes were very
similar to those measured using Au electrodes. Here, a histogram shown in Figure 4.12a was
constructed using individual conductance vs distance traces which contained plateaus observed
between 10™! G¢ and 1072 Gy, such as those in Figure 4.12b. The histogram shows a broad peak
at (3.3+0.2) x 1072 G¢. Measurements made using 1,4-benzenedithiol often exhibit broad peaks,
due to the high number of possible junction configurations 1,4-benzenedithiol can take.

It has previously been shown that changing the gating potential during an STM measurement
can impact the measured value of conductance of the metal-molecule-metal junction. Brooke et al.
demonstrated that making the gating potential applied to both Au and Ni substrates (with respect
to the surrounding electrolyte solution) less negative, resulted in a decrease in the conductance of

ajunction containing 4,4-BP [19]. The gating effects they observed were larger using Ni electrodes

94



4.1. STM MEASUREMENTS

0304 '

0.25 4

0.20 4

0.15 4

0.10 4

MNormalised Counts

0.00

[ bias -1V
bias -1.1V
[ no molecule

(a)

-0.25 A
—~-0.50 1

-0.75 1
-1.00

-1.25 4

-1.50 1
-1.75

Conductance (log,,(G/Gp)

-2.00

T T
=1.0 =0.5 0.0 0.5

Conductance (log,,(G/G,))

(b)

4 6
Distance/nm

FIGURE 4.12. (a) Conductance histogram for the cobalt|1,4-benzenedithiol | cobalt
junction measured using STM, formed from (blue) bias -1 V vs MSE: 119 traces
selected from 297, (orange) bias -1.1 V vs MSE: 168 traces selected from 420. The
molecular feature has been identified as a broad peak at (3.3 +0.2) x 1072 G¢. The
inset shows a possible Co | 1,4-benzenedithiol | Co junction. (b) Typical conductance
vs distance traces of the Co | 1,4-benzenedithiol | Co junction, where the start points
of the individual traces are staggered.

95



CHAPTER 4. MOLECULAR CONDUCTANCE MEASUREMENTS WITH FERROMAGNETIC
ELECTRODES

10¢
Uli: L
M,
9 - B
= S
(=]
I=! ]
W - 10!
L L
= L
B [
[
=
=]
=
o
O
._5—
T T T T T 1 lﬂﬂ
0.00 0.25 050 0.75 1.00 1.25 150 1.75 2.00

Distancef nm

FIGURE 4.13. 2D conductance vs distance histogram for the Co | 1,4-benzenedithiol | Co
junction measured at a bias of -1 V vs MSE using STM. Formed from 119 traces.
Two molecular features are visible, the low conductance at (3.2+0.7) x 107 Gy and
the high conductance at (3.3 +0.2) x 1072 Gy.

than using Au. They explain the gating effect as a shift in the Fermi level of the electrodes relative
to the Fermi level of the molecule. This shift is due to the potential applied between the electrodes
and the electrolyte solution which contains the molecules. The Fermi level of the electrodes is
raised when the potential is made more negative and the energy barrier for electron tunnelling
between the Fermi level of the electrodes and the lowest unoccupied molecular orbital (LUMO)
decreases [141]. For this reason, the conductance of the cobalt | 1,4-benzenedithiol | cobalt junction
was measured at two different gating potentials, -1 V vs MSE and -1.1 V vs MSE. These are shown
as separate histograms in Figure 4.12. The peaks in the histogram appear in approximately the
same position and hence it was concluded that for the cobalt | 1,4-benzenedithiol | cobalt junction,
a shift in the gating potential has no impact on the measured value of conductance. This comes in
spite of the fact that theories have predicted the conductance of 1,4-benzenedithiol may exhibit an

interesting dependence on the gating potential [17, 41]. However, in their experiments measuring
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FIGURE 4.14. Histogram displaying the conductance of the Co | BZDT | Co (119 traces)
junction, as displayed in Figure 4.12 a, but over an extended conductance range to
show the region where the background counts obscure the low conductance peak
which was observed in the 2D histogram.

the conductance of the Aul 1,4-benzenedithiol | Au junction, Xiao and coworkers also found that
the conductance of the junction did not depend on the gating potential over a range of -1V -0.5V
[185].

A 2D histogram was plotted using the data collected at -1 V vs MSE bias, which is shown
in Figure 4.13. For this particular metal-molecule-metal junction, the 2D histogram presents
evidence for a high conductance configuration and a low conductance configuration. The low
conductance region was not clear from the 1D histogram alone due to a high number of background
counts. In the data collected with a gating potential of -1.1 V vs MSE, it did not appear present
at all due to a higher leakage current that covers the region of the plateaus during these
measurements. The low conductance region is measured between 1072 Gy and 107 Go. A
Gaussian was used to determine that the peak appears at (3.3 +0.7) x 10™* Go. A conductance

histogram showing just the data collected with a gating potential of -1 V vs MSE and the data
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FIGURE 4.15. Possible configuration of dimeric 1,4-benzenedithiol in cobalt contacts
where the length of the electrode gap would be approximately 2 nm.

with no molecule is shown in Figure 4.14. From this figure it can be noted that there are more
counts in the region where the low conductance is measured compared with the histogram that
contains no molecule. However, the histogram does not exhibit a clear peak in this region.

In this experiment, the measurement of dimers is highly likely, as the electrode separation
when the low conductance is measured is longer than the length of a 1,4-benzenedithiol molecule
which is approximately 0.99 nm [90]. In addition, it has been demonstrated that, under ambient
conditions, 1,4-benzenedithiol can convert to dimeric-1,4-benzenedithiol spontaneously as a result

of oxidative dimerization [200]. A possible low conductance configuration is shown in Figure 4.15.

4.1.6 Pentanedithiol

The conductance of the cobalt | pentanedithiol | cobalt junction was explored using the STM-BJ
technique under electrochemical control with a Pt counterelectrode and a mercury sulfate refer-
ence electrode in a pH 3, 0.05 M NaySQO4 solution. Like 1,4-benzenedithiol, pentanedithiol is not
water soluble. Therefore to prepare the molecular solution, a saturated solution of pentanedithiol
in ethanol was made. A drop of the ethanol solution was then added to the electrolyte solution
and this was used for the measurements. Due to a high number of background counts, no peak
was observed in the initial histogram shown in Figure 4.16. After analysis using the automatic
data selection process described in Section 3.1.2, a new histogram was formed from 188 selected
traces. The automatic selection process only retains data points that are from within a plateau,
so the background is removed and a peak can be resolved. This histogram is also plotted in 4.16,
and reveals a peak at (2.6 +0.2) x 1072 Gy. A 2D histogram of the data is shown in Figure 4.17.
This shows a feature at the same conductance as the 1D histogram which extends over a range
from 0.25 nm to 1.1 nm. As the length of a pentanedithiol molecule is approximately 1.1 nm [145],
it can be assumed that the thiol groups become attached to the electrodes at an angle and then
as the electrodes continue to separate, the molecule becomes stretched to its full extent before

the junction is broken.
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FIGURE 4.16. Conductance histogram of the Co | PDT | Co junction shown before (538
traces) and after (188 traces) automatic data selection. The trace plotted after data
selection only contains the counts which contributed to a plateau in a trace. A
molecular peak is observed after data selection at at (2.6 +0.2) x 1073 Go.

4.2 MCBJ Measurements

4.2.1 Pentanedithiol

The MCBJ method was used to measure the conductance of Co | pentanedithiol | Co junctions.
The samples were prepared as described in Section 3.3.1. Measurements were carried out under
ambient conditions and the results are shown in the form of a histogram in Figure 4.18 and a
2D histogram in Figure 4.19. A peak was observed between 10~! Gy and 1072 Gy and typical
traces are also shown which exhibit plateaus in this region. A Gaussian was fitted to the peak to
determine a value of (1.7 +0.2) x 1072 G¢ as the most probable conductance. This is an order of
magnitude higher than the value measured using the STM-BJ technique. This result is not in
agreement with previous measurements carried out to compare MCBJ and STM-BJ, which show

that the measured conductance of molecules is independent of the measurement technique.
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FIGURE 4.17. 2D conductance vs distance histogram for the Co | PDT I Co junction
measured using STM-BJ techniques. Formed from 538 traces. Molecular feature is
visible between 1072 G and 10 Gy.

There are differences between measurements taken using STM-BJ and MCBJ methods.
The MCBJ method operates at a lower speed than the STM-BJ method. MCBJ junctions are
generally not broken at more than 1nm/s, whereas STM measurements can have maximum
breaking speeds of more than 100 nm/s [100, 161]. It is thought that this can impact the measured
conductance of molecules [66, 165]. Experimental results have indicated that fast stretching
of MMMJs (for example, during STM measurements) leads to force dominated breaking of the
MMMJ. In contrast, low speed stretching results in spontaneous breakdown [107]. This difference
in breaking mechanism in combination with the different electrode shapes used could explain
why the measurements of conductance of the Co | PDT | Co junction, collected using the STM-BdJ
method, shown in Figures 4.16 and 4.17 is an order of magnitude larger than the conductance
measured using MCBJ techniques (Figure 4.18).

Another factor that can impact the outcome of single-molecule conductance measurements
is the preparation technique of the substrates. Inkpen and coworkers have observed that SAM
measurements of dithiol terminated molecular junctions have a considerably lower conductance
than measurements of the same molecule in solution [68]. They have shown that the gold-sulfur
bond of the SAMs does not have chemisorbed character, where the gold-sulfur bond formed

during measurements with the molecule in solution is likely to have chemisorbed character. This
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FIGURE 4.18.(a) 1D conductance histogram showing the conductance of the
CoIPDT | Co junction, formed of 136 traces. A molecular peak can be seen at
(1.7+0.2) x 1072 Gyg. (b) Typical MCBJ conductance vs distance traces for the
Co | PDT I Co junction.
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FIGURE 4.19. 2D conductance vs distance histogram of the Co | PDT | Co junction mea-
sured using MCBJ, formed of 136 traces. A red ellipse has been used to highlight
the molecular conductance region.

can lead to differences between the conductances measured, although these effects were most
noticeable in longer chain alkanedithiols. A discrepancy between SAM measurements (MCBJ)
and solution measurements (STMBJ) was observed when measuring the conductance of the
Co-PDT-Co junction. However, in contrast with the Inkpen work, the SAM measurements in this
case have a higher conductance than the solution measurements and as their measurements
were carried out using gold electrodes, this is unlikely to be the explanation here.

It was also observed that the conductance of pentanedithiol when measured with cobalt
electrodes using the MCBJ method (Figure 4.18) is an order of magnitude higher than when
it was measured with MCBJ using gold electrodes (Figure 3.15). There are very few previous
measurements using cobalt electrodes available for comparison. However, it has previously been
observed that conductance measurements of the Col4,4’-BP | Co junction collected with STM-BJ
methods produced a conductance value of 0.02 G [18]. This value was significantly larger than
values obtained using both Au and Ni electrodes. The high conductance was attributed to the
hybridisation of the Co d-band with the molecular orbitals, which may be more pronounced in Co
than Ni [18]. This is a similar observation to this work with pentanedithiol. In all likelihood, it is
a combination of the above factors that lead to a difference in the measured conductance of the

Co-PDT-Co junction. The discrepancies between measured conductance values here reinforces the
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fact that measured conductance is highly sensitive to microscopic details of the molecule-electrode
contact. As such, when the geometry of the junction changes, a large variation in conductance
can occur [185]. In general, the measured conductance of thiol based molecular junctions has
varied significantly [93, 95, 169]. Furthermore, there are factors which have been known to cause
discrepancies between MCBJ and STM-BJ measurements. Specifically, preparation methods
of the samples used and breaking speed. However, it is worth reiterating that in the case of
the measurements included herein, observing a difference between the MCBJ and STM-BJ
conductance measurements of the cobalt | pentanedithiol | cobalt junction is an anomaly as the

conductances measured remain consistent independent of measurement technique.

4.2.2 1,4-benzenedithiol

The measurements presented in Figure 4.20 were carried out using 1,4-benzenedithiol con-
tacted by cobalt electrodes with no data selection. They show a conductance of (4.0 +0.1) x
1072 Gy for the Col1,4-benzenedithiol | Co junction. The single peak we see in the Col1,4-
benzenedithiol | Co measurement, as opposed to distinct high and low conductance peaks when
the Aul 1,4-benzenedithiol | Au was measured (results seen in Figure 3.20), suggests a strong
preference in binding site when dithiols bond with cobalt. A potential explanation of this is that
the molecular conductance of this junction may not be impacted by contact angle, a similar result
to the measurements of 4,4’-BP taken with nickel. A high number of background counts were
observed and in addition, several small peaks between Gy and 0.1 Gy were measured.

In Figure 4.12, the STM-BJ technique was used to measure Co | 1,4-benzenedithiol | Co junc-
tions. The lack of additional background counts and peaks in the data collected using STM could
be due to the difference in preparation technique of the samples. As these MCBJ measurements of
the Col1,4-benzenedithiol | Co junction were taken without a stabilizing solvent, it is thought that
there could be potential for an increased number of junction configurations, such as a molecule
lying flat on the surface. This could lead to different conductance values due to the interaction
of m-orbitals with the electrodes [107]. This is explained in Section 3.3.3 and some examples
of potential configurations are shown in Figure 3.21. A particularly prominent example of an
additional peak is seen in Figure 4.20 at (0.41+0.01) G¢. Figure 4.18 contains the conductance
data for a Co | pentanedithiol | Co junction and does not show a similar peak in this region and
so the peak is likely to be a consequence of the benzene ring. To add weight to this conjecture,
conductance measurements were taken of the Co | biphenyl-4-carboxylic acid | Co junction. The
structure of biphenyl-4-carboxlyic acid (BC4PA) is shown in Figure 4.22a. A selection of individual
conductance vs distance traces are shown in Figure 4.22b. The plateaus highlighted appear to
agree with the peaks seen between 1 Gy and 0.1 Gy in Figure 4.20. As the traces exhibited
multiple plateaus at various conductance values, the features could not initially be distinguished
clearly in the 1D histogram, though an increase in counts between 1 Gy and 0.5 Gy could clearly

be observed. Manual data selection was carried out where traces with plateaus observed between
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FIGURE 4.20. (a) Conductance histogram for the Col 1,4-benzenedithiol | Co junction
measured using MCBJ. Formed from 200 traces. Molecular feature can be seen
at (4.0+0.1) x 1072 Gy. (b) Typical conductance vs distance traces for Col1,4-
benzenedithiol | Co junctions. Start points of individual traces have been offset for
clarity.
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FIGURE 4.21. 2D conductance vs distance histogram for the Co | 1,4-benzenedithiol | Co
junction measured using MCBJ. Formed from 200 traces. Molecular feature is
visible between 107! G and 1072 Gy.

1 Gy and 0.1 G( were kept, traces without plateaus in that region were discarded and a peak was
resolved at (0.30+0.02) Gg. The original and selected data is shown in histograms in Figure 4.23.
The fact that the BC4PA molecule consists of just 2 phenyl rings and a carboxyl group means
that the most likely scenarios for junction formation involve current flowing between at least one
of the Co contacts and a phenyl ring, without passing through any intermediate contact group.

Manual selection was used to assess the region between 1 Gy and 0.1 Gg for cobalt | cobalt,
cobalt | pentanedithiol | cobalt, cobalt | 1,4-benzenedithiol | cobalt and cobalt | biphenyl-4-carboxylic
acid | cobalt junctions. If traces exhibited a feature resembling a plateau in this region, they
were kept, if there was no plateau in the region, they were discarded. For the cobalt | cobalt
junction, 4% of traces exhibited features resembling a plateau in the specified region. For the
cobalt | pentanedithiol | cobalt junction, 5% of traces exhibited features resembling a plateau in
the specified region. For the cobalt | 1,4-benzenedithiol | cobalt junction, 19% of traces exhibited
features resembling a plateau in the specified region. Finally, for the cobalt | biphenyl-4-carboxylic
acid | cobalt junction, 33% of traces exhibited features resembling a plateau in the specified region.
This suggests that the peak is caused by the presence of the benzene ring and its ability to link to
electrodes in a number of different configurations.

Kiguchi and coworkers have researched molecular junctions based on direct binding of ben-
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FIGURE 4.22. (a) Schematic image showing the structure of the molecule. (b) Typical
conductance vs distance traces for Co | biphenyl-4-carboxylic acid | Co junctions.
Blue highlight region shows the plateaus believed to be formed from direct interac-
tions of the benzene ring with the electrodes.

zene (and other n-conjugated molecules) to Pt and Au electrodes [80, 82]. This work is relevant
because the molecules used do not have anchoring groups, which are normally relied on in single
molecule conductance measurements as they generally provide the link to the electrode. These
experiments were carried out in ultra high vacuum. They found that the junction has a similar
conductance value to that of metallic atomic junctions, in the region of 0.1-1 G, depending on the
atomic configuration. In addition, they noted that for a Pt |benzene | Pt junction, when the plane
of the benzene molecule was perpendicular to the Pt junction axis, a conductance of approximately
1 Go was measured. The conductance then decreased continuously as the molecule was tilted.
This demonstrates a precedent for the observation of direct interactions between a metal contact

and the m-orbitals of a phenyl ring.

4.2.2.1 Additional Calibration

The 2D histograms constructed for the Co | 1,4-benzenedithiol | Co junction using STM and MCBJ
can be used to check the calibration of the MCBJ calculated in Section 2.5. In Figure 4.13 which

was measured using the STM-BJ method, the high conductance molecular feature appears at
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FIGURE 4.23. 1D conductance histogram for the Co | Biphenyl-4-carboxylic acid | Co
junction measured using MCBJ, before manual data selection formed from 407
traces and after manual data selection formed from 135 traces. High conductance
peak is visible at (0.30+£0.02) Gg, low conductance peak is visible at (1.6+0.3) x 1073
Go.

an electrode separation between approximately 0.1 nm and 0.9 nm. In Figure 4.21 which was
measured using the MCBJ method, the molecular feature occurs at a distance when the piezo has
been moved between approximately 0.2 um and 1.2 um vertically. This corresponds to a reduction
ratio, r=(6.3+0.1)x10~%, which provides support for the ratio calculated in Section 2.5 (3x10™%),

as it has the same order of magnitude.

4.2.3 Why is it Interesting?

As mentioned previously, when working with ferromagnetic electrodes oxidation takes place
extremely quickly, and so generally ferromagnetic transition metals measurements are carried
out under electrochemical control to prevent oxidation of the electrode surface [19]. Oxide

contamination on the electrode surface could alter the electronic properties of the junction and
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consequently change any conductances measured. In the work reported here, it was possible to
measure the conductance of single thiol-ended molecules without taking any measures to reduce
the oxide on the electrode surface. One explanation for this is that a thiol interaction may occur
more quickly than cobalt can oxidise in ambient conditions.

The third method described in Section 3.3.1 was used to prepare these MCBJ samples. This
method was based on studies by Mekhalif et al. who have shown that alkane-thiols can form
SAMs on nickel substrates [107, 111, 164]. Critically, they showed that the quality of the SAM is
significantly impacted by the length of time for which the nickel surface is exposed to the alkane-
thiol. Though in contrast to the methods used herein, they formed monolayers by the immersion
of samples into neat alkanethiol liquids or solutions of alkanethiols in different solvents. They
compared SAMs formed when the exposure time is 15 minutes with the SAMs formed when
the exposure time is 18 hours. From a series of XPS spectra, they observed that after a longer
exposure time, the amount of surface oxide is decreased for electrochemically reduced nickel.
Interestingly, it was noted that this is also true of oxidised nickel surfaces. During experiments,
a substantial decrease in oxygen on the oxidised nickel surface was detected. They claim that
this effect is likely due to the reduction of the surface oxide by the alkane-thiol molecules, an
effect which has also been observed in copper [111, 112, 164]. The concept of "chemical cleaning"
was discussed by Catarelli and coworkers, who used a similar method as the one used herein
to prepare SAMs of alkanethiol molecules on cobalt substrates for STM measurements [26].
"Chemical cleaning” is a mechanism first suggested by Pirlot and coworkers [134]. They suggest
that oxide free or reduced-oxide coverage metal may occur even if no treatment of the surface has
taken place to reduce the oxide initially as the alkanethiol may be oxidised into several products.
As these products are more weakly adsorbed than the alkanethiol, they become displaced by
fresh alkanethiol, which has the potential to result in an oxide-free alkanethiol covered surface
[26, 134]. Hence, this is another potential explanation of why we were able to measure electrical
conductance using electrodes in ambient conditions without taking measures to reduce the surface
oxide beforehand. The prospect of single molecule conductance measurements with ferromagnetic
electrodes taken under ambient conditions without electrochemical control is an exciting one, as

it increases the possibility of integrating cobalt into single molecule devices.

4.3 Chapter Summary

The conductance of ferromagnetic atomic contacts and metal-molecule-metal junctions formed
using ferrromagnetic electrodes was explored.

The conductance of the Nil4,4’-bipyridine | Ni junction was measured and the value obtained
was in agreement with the relevant literature [19]. There are very few examples of conductance
measurements using cobalt electrodes in the literature, therefore the results obtained using

cobalt electrodes within can not be compared with any past works. Significantly, the molecular
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Junction Measurement Technique Molecular g(())nductance
Ni | 4,4’-bipyridine | Ni STM-BJ between 1072 and 1073
Co|1,4-benzenedithiol | Co STM-BJ (82+0.7)x107% | (3.3+£0.2)x 1072
Col 1,4-benzenedithiol | Co MCBJ (4.0+0.1)x1072 | (4.0+0.1)x 1071
Co | pentanedithiol | Co STM-BJ (25+0.2)x 1073
Co | pentanedithiol | Co MCBJ (1.7+0.2) x 1072
Co | biphenyl-4-carboxylic acid | Co MCBJ (1.6£0.3)x 102 [ (3.0£0.2)x107"

Table 4.1: A summary of the results obtained in Chapter 4.

conductance of dithiol linked molecules was measured successfully using MCBJ techniques with
cobalt electrodes without the use of electrochemical control to ensure the electrode surface is
oxide free. This is a novel result and an important finding as it suggests it could be possible to
integrate cobalt into single molecule devices without electrochemical control.

Some comparisons were drawn between STM-BJ and MCBJ measurements of the same
molecule. In general, it was found that molecular conductance was consistent independent of
measurement technique. However, measurements of the Co | pentanedithiol | Co junction taken
using the STM-BJ method show a conductance an order of magnitude higher than that for
the same junction using MCBJ methods. Although there may be an explanation for this, when
compared with other measurements it provides an anomalous result.

MCBJ measurements of the Co | 1,4-benzenedithiol | Co junction exhibited additional peaks
in the region between Gy and 0.1 Gg. This was attributed to coupling between the m-orbitals of
the 1,4-benzenedithiol phenyl ring and Co. A similar peak was observed for BP4CA but not for
PDT, consistent with our hypothesis. We also observe that conductances of pentanedithiol, 4,4’-
bipyridine and 1,4-benzenedithiol are dependent on the contact metal and that for pentanedithiol,
using cobalt electrodes results in a higher conductance (approximately an order of magnitude)
than gold electrodes. This could be attributed to the hybridisation of the Co d-band with the
molecular orbitals.

A table containing a summary of the data collected in this chapter is shown in 4.1.
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CHAPTER

MAGNETIC EFFECTS IN SINGLE MOLECULE JUNCTIONS

n recent years, many researchers have dedicated a great amount of time to understanding

the electron spin and its effect on transport in a material. This area of research is called

spintronics and encompasses fundamental effects such as giant magnetoresistance, tun-
nelling magnetoresistance and anisotropic magnetoresistance. This follows the advances that
stemmed from employing the spin degree of freedom of the electron in conventional, charge-based
electronics [142, 183].

Several early magnetoresistance measurements were presented showing extremely large
values of MR, for example by Garcia and coworkers, who measured the magnetoresistance for few-
atom Ni contacts [50]. They found that the values of MR reached up to 280% at room temperature
for applied magnetic fields of 100 Oe [50]. In addition, Hua and coworkers observed MR up to
100000% in stable, electrodeposited Ni nanocontacts at room temperature and in fields of only a
few hundred oersteds [65]. These large values were attributed to the "ballistic magnetoresistance"
(BMR) effect, so called because the electron transport taking place in these instances is ballistic
rather than diffusive. In BMR, one expects that the conductance of a ferromagnetic ballistic
conductor would change abruptly with the magnetisation direction, rather than exhibiting a cos®
variation like in AMR. In addition, the BMR relative magnitude would be much larger than bulk
AMR (of the order of e2/h) [45]. However, this interpretation was questioned as the effects were
not observed in well-controlled mechanical break junctions [49]. It was deduced in later work
that the large values of MR were most likely to be a result of mechanical artefacts including
magnetostriction and magnetostatic attraction between the contacts [45, 47, 49]. Egelhoff and
coworkers explained that these effects can result in alteration of the electrode shape, causing the
junction to open or close [45, 47]. Since then, measures were taken during experiments to prevent

magnetostrictive effects impacting the measured magnetoresistance. Ralph et. al suggested that
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at least three conditions should be met to avoid interference from magnetostriction and magneto-
static forces [15]. Firstly, the electrodes of the sample should be attached rigidly to the substrate.
Having no suspended elements reduces the effects of magnetostriction. Secondly, they suggest
that the measurements should be performed at cryogenic temperatures to ensure that the contact
region is thermally stable. Finally, the design of the geometry of the electrodes should be such
that the magnetic moments of the electrodes can be controlled between antiparallel and parallel
configurations [15]. They noted that in previous experiments which were carried out at room
temperature or which used devices with geometries that were more sensitive to magnetostrictive
effects and magnetostatic forces, extremely large values of magnetoresistance were measured, as
previously described [49, 50, 175]. Ralph et. al measured a low temperature magnetoresistance
of <3% for permalloy contacts and up to 85% in the tunnelling regime. Measurements taken by
Von Bieren et al. presented a magnetoresistance of up to 50 % using similar precautions [176].
These results match the predictions of theorists more closely [71].

In the early 2000s, theoretical predictions suggested that metal-molecule-metal junctions con-
sisting of a nonmagnetic, organic molecule linked by two ferromagnetic electrodes should exhibit
magnetoresistance when the two ferromagnetic layers switch between parallel and antiparallel
configurations relative to each other [37, 94, 132]. This is known as giant magnetoresistance and
is discussed in detail in Section 1.4.1. GMR can be defined as

R(AP)-R(P)
(5.1) GMR = —RD) x 100%,
where R(AP) is the resistance with an antiparallel orientation for the magnetisations of the
electrodes and R(P) is the resistance with parallel magnetisations. Schmaus et al. measured the
giant magnetoresistance in UHV across a single hydrogen phthalocyanine molecule contacted by
a cobalt coated, tungsten tip [146]. They measured a GMR of 60% in ultra high vacuum at 4 K.

Yamada and coworkers used a mechanically controllable break junction to determine the
anisotropic magnetoresistance of a nickel | 1,4-benzenedithiol | nickel junction by changing the ori-
entation of the external field with respect to the current flow [191]. A negative magnetoresistance
up to 30% for the molecular junction and up to 30% for the anisotropic magnetoresistance of Ni
atomic contacts and tunnel junctions were observed. Similarly, Sakai et al. measured electron
transport through the Nil 1,4-benzenedithiol | Ni single molecule junction in the presence of a
magnetic field [64]. They observed magnetoresistance up to 90% when varying the magnetic field
strength from 0 T to 250 mT. More recently, in 2015, Li and coworkers formed terephthalic acid
single-molecule junctions with Fe electrodes using the STM-BdJ approach in combination with
an external magnetic field which was either parallel or perpendicular to the direction of current
flow [94]. These measurements were performed at room temperature. Using this method, they
reported a giant single-molecule tunnelling anisotropic magnetoresistance of up to 53 %.

A small number of reports demonstrate magnetoresistance through single Cgy molecules
contacted with magnetic electrodes. Kawahara and coworkers investigated magnetoresistance

in Cgp molecules deposited on an antiferromagnetic Cr(001) surface [77]. The measurements
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FIGURE 5.1. Schematic diagram of the electromagnet used in STM-BJ experiments. It
consists of 700 windings of copper around an iron core and has two pole pieces that
fit on either side of the STM sample plate.

were carried out under UHV at 5K and relied on the use of different atomic terraces of the
Cr(001) surface, which exhibit opposite magnetisation directions due to the antiferromagnetic
ordering of the Cr. Magnetoresistance up to 100% was observed at zero bias. In addition, neg-
ative tunnelling magnetoresistance (TMR) was noted, something which was also measured by
Yoshida and coworkers who observed TMR values up to -80% in a junction formed from two Ni
electrodes contacting a Cgp molecule [77, 195]. Beyond these examples, experimental evidence of
magnetoresistance in molecular junctions is limited. This is most likely a result of the difficulties
involved with constructing magnetic junctions with good reproducibility [94]. This difficulty
stems partly from the previously mentioned magnetostriction effects. In addition, both MCBJ and
STM-BJ techniques work using a "crash-to-contact" principle which means that a new junction
is formed with every measurement. As a result, the structure of the junction is not consistent
or reproducible and so it is not uncommon to observe significant variability within a single set
of measurements [94]. Another obstacle is the speed at which ferromagnetic metal electrodes
oxidise as this makes it difficult to conduct investigations under ambient conditions.

This chapter will focus on the effects a magnetic field has on ferromagnetic atomic contacts
and single-molecule junctions formed using ferromagnetic electrodes. The investigations were
carried out using both MCBJ and STM-BdJ methods.
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FIGURE 5.2. Photograph of STM sample plate that is used in conjunction with the
electromagnet, with the places where the magnet’s pole pieces fit and the sample
labelled.

5.1 Magnetic STM set up

5.1.1 Electromagnet

For the STM-BJ experiments using cobalt and nickel electrodes in the presence of a magnetic
field, an electromagnet was used. The magnet used in conjunction with the STM was designed by
Dr Richard Brooke and constructed by the University of Bristol workshop [18]. It was designed to
fit within the components of the STM. It consists of 700 windings of copper wire wound around an
iron core, shaped so that the opposite poles face each other across an air gap, as shown in Figure
5.1. Initially, the electromagnet was powered by a Kepco BOP36-12D bipolar power supply but
this resulted in highly noisy current-distance traces. Hence, a Keithley 2400 was used to power
the electromagnet. However, this caused other limitations as the maximum current that can be
provided by this power supply is 1 A, which reduced the maximum magnetic field available. The
electromagnet was calibrated by Dr Richard Brooke using a Hall probe gaussmeter, the results of
which are shown in Figure 5.3. This electromagnet does not have an inbuilt cooling system and
it has previously been observed that electrical heating of the coil at higher current values can
result in a higher electrical resistance. This causes the voltage required to maintain a constant

current to become non-linear and it increases more quickly as a function of current [18]. In
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FIGURE 5.3. Calibration curve of the electromagnet showing the magnetic field strength
measured as a function of the current as measured by Dr Richard Brooke.

addition, heating of the sample during STM measurements can result in the molecular solution
evaporating. However, as these experiments were typically carried out using a current of 1 A,
which produced a magnetic field of approximately 1 kOe, the heating was generally insignificant.

Due to the restricted amount of space when doing electrochemically controlled STM-BJ
experiments using the electromagnet, a teflon cell small enough to fit in the air gap between the
poles of the magnet is used. In addition, the glass casing of reference electrodes such as mercury
sulphate is too bulky. Therefore, a Pt wire was used as a reference electrode for these experiments.
Although the potential of a Pt electrode is not usually well defined and may shift over time due to

the formation of surface oxide [51], here it proved capable of providing a stable reference.

5.2 STM Measurements in a Magnetic Field

5.2.1 Atomic Contacts
5.2.1.1 Nickel

The STM-BJ technique was used to investigate nickel atomic contacts in the presence of a
magnetic field with a substrate potential of -0.9 V vs Pt. Figures 5.4 and 5.5 show a comparison of
the measured conductance of these contacts with and without the application of a 1 kOe magnetic
field applied in the plane of the substrate surface. The individual scans have been offset on the
x-axis to synchronise them at a conductance value of 12 GO. Figure 5.4 demonstrates that without
an applied magnetic field, the atomic contacts are maintained over larger tip-sample separations
than when there is an applied magnetic field. It has been suggested that this may be due to the
magnetostatic interaction between the tip and the sample. When a magnetic field is applied,
it causes the electrodes to become magnetically aligned. As it is energetically unfavourable for
the electrodes to be magnetised in the same direction in the substrate surface plane, this could

result in the electrodes being forced to separate more quickly [18]. This result is similar to that of
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FIGURE 5.4. 2D conductance vs distance histogram showing the conductance of the
NilNi atomic junction measured using STM, (a) without (constructed from 1171
traces) and (b) with a 1 kOe magnetic field (constructed from 254 traces).
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FIGURE 5.5. 1D conductance histogram showing the conductance of the Ni|Ni atomic
junction measured using STM with (254 traces) and without (1171 traces) a 1 kOe
magnetic field applied in the plane of the substrate. (a) Logarithmic conductance
scale (b) Linear conductance scale.
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FIGURE 5.6. 1D histogram showing a comparison between the conductance of Nil 1,4-
benzenedithiol | Ni junction in the presence and absence of a 1 kOe magnetic field
and the Nil Ni junction in the absence of field. These measurements were taken
using the STM-BJ technique. The histogram for the Nil 1,4-benzenedithiol | Ni
junction in the presence of magnetic field is formed from 86 traces selected
using automatic data selection from 557 traces.The histogram for the Nil1,4-
benzenedithiol | Ni junction in the absence of magnetic field is formed from 56
traces selected using automatic data selection from 403 traces.

Miyano et al. who also observed that the separation of Ni wires in an applied magnetic field at
room temperature was much faster than with no magnetic field [131]. As the tip and the substrate
are magnetised in the same direction, this provides a well defined magnetic configuration, hence
there is a larger variation in the conductance vs distance traces collected without a magnetic field.
From Figure 5.5, one can see that the peak close to 1 Gg visible in the histogram produced from
data with no magnetic field was not visible when a magnetic field was present. This observation
is in agreement with the results of Miyano et al. and Serena et al. who both observed that in a
magnetic field, curves with a conductance step close to 1 Gg do not appear [42, 131]. As previously
mentioned, in a magnetic field, the electrodes separate more quickly than in the absence of
field. Hence, the lack of a peak close to 1 Gg could be attributed to shorter plateaus during the
opening process. However, referring back to Figure 5.4b, it is clear that there are a high number
of counts around 1 Gy and so the presence of a 1 Gy peak in Figure 5.5 may have been obscured
by background counts due to the noise introduced by the addition of the electromagnet in the

set-up.
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FIGURE 5.7. (a) 2D conductance vs distance histogram for the Ni | 1,4-benzenedithiol | Ni
junction in the absence of magnetic field constructed from 56 traces. The red ellipse
highlights the molecular feature in the histogram. (b) Individual conductance

vs distance traces for the Nil 1,4-benzenedithiol I Ni junction in the absence of
magnetic field. The start points of the individual traces have been offset for clarity.
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FIGURE 5.8. Diagrams showing some possible magnetic configuration of the electrodes
(A) in the presence of a magnetic field large enough to align the electrodes parallel
to each other and (B) without the presence of a magnetic field.
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5.2.2 Molecular Measurements
5.2.2.1 STM Measurements

The Nil 1,4-benzenedithiol | Ni junction was measured in the absence of a magnetic field. A
saturated solution of 1,4-benzenedithiol in ethanol was produced and a droplet of this was then
added to a pH 3, 50 mM NasSO,4 aqueous solution. The histograms constructed are fairly low
quality as they are only made up of 56 traces. However, the 1D histogram shown in Figure 5.6
shows two peaks. The first peak is at (6.4+0.4) x 1074 Gy and the second peak is at (2.5+0.3) x 1073
Gyo. In the 2D histogram shown in Figure 5.7a, a molecular feature can be identified in the region
between 1072 Gy and 1073 Gy. In addition, this is supported by the individual conductance vs
distance traces in Figure 5.7b, which exhibit plateaus in the same conductance region, though
many of these traces exhibited noisy decay. These values are not in agreement with those
measured by Yamada et al. (0.6 x 1072 Gy and 2.4 x 1072 Gg) and Sakai et al. (2x 1072 Gy).
[64, 191]

The Nil 1,4-benzenedithiol | Ni junction was measured in the same way but in the presence of
a 1 kOe magnetic field applied in the plane of the substrate (perpendicular to the current flow).

Possible magnetic configurations of the electrodes are shown in Figure 5.8. 557 traces were used
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FIGURE 5.9. 2D histogram showing the conductance of the (a) Ni | Ni junction (b) Nil 1,4-
benzenedithiol | Ni junction in the presence of a 1 kOe magnetic field perpendicular
to the current flow with a molecular conductance feature visible between 1072 Gg
and 1073 Gg. These measurements were carried out using the STM-BJ technique.
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FIGURE 5.10. Diagrams showing some possible magnetic configuration of the electrodes
(A) without the presence of a magnetic field and with the magnetic field applied
parallel and perpendicular to the junction (B) and (C).

to construct a 1D conductance histogram which appeared featureless. This was due to additional
noise introduced by the presence of the magnet which obscured peaks created by plateaus.
Automatic data selection was used to identify traces which contained plateaus in the conductance
region below Gg. From this, 86 traces were selected and used to form the 1D histogram shown
in Figure 5.6. Figure 5.9a shows a 2D conductance vs distance histogram of the Ni|Ni junction
for comparison. A 2D histogram is shown in Figure 5.9b, constructed from all 557 traces. This
histogram exhibits a molecular feature at (1.7 +0.2) x 1073 G, which corresponds to a negative
magnetoresistance of 47%. The molecular feature in Figure 5.7b extends out approximately twice
as far as the molecular feature in Figure 5.5b and also appears flatter. Previous measurements
have identified MR in the Nil 1,4-benzenedithiol | Ni junction [64, 191].

5.2.2.2 MCBJ Measurements

An MCBJ was used to measure Co | pentanedithiol | Co junctions in the presence of a 1 kOe
magnetic field provided by the quadrupole magnet described in Chapter 2. Possible magnetic
configurations of the MCBJ electrodes are shown in Figure 5.10. The sample was prepared with
the molecule by exposing it to a pentanedithiol rich environment for 48 hours, as described in
section 3.3.1. The results are shown in Figure 5.11. The conductance of the Co | pentanedithiol | Co
junction with no magnet was (1.7 £ 0.2) x 1072 G as presented in Chapter 4. When the magnetic
field was applied parallel to the direction of the current flow, this resulted in the conductance of
the junction dropping to (3.5+0.2)x 103 Gy, a negative MR of 567%. This is an order of magnitude
larger than accepted values for similar systems and the values predicted by theory [94]. However,
the conductance value agrees relatively well with the conductance measured for the Co | PDT | Co
junction measured using the STM-BJ technique in Chapter 4. When the 1 kOe magnetic field was

applied perpendicularly, the conductance was (1.3 +0.1) x 1072 Gy which represents a negative
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FIGURE 5.11. 1D histogram showing the conductance of the Co | pentanedithiol | Co
junction measured using the MCBJ without a magnetic field ((1.7 +£0.2) x 1072 Go)
and in the presence of a magnetic field with various orientations. The histogram
for the Co | PDT | Co junction with parallel magnetic field ((3.5+0.2) x 1072 G) was
constructed from 165 traces manually selected from 635 traces. The histogram for
the Co | PDT | Co junction with perpendicular magnetic field (1.3 +0.1) x 102 Gy)
was constructed from 201 traces manually selected from 1458 traces.

MR of 54%. This MR value is the same order of magnitude as those previously measured by
Horiguchi et al. and Yamada et al.. However, the measurements of Horiguchi and Yamada involve
the use of a conjugated molecule and it has been both predicted by theorists and observed during
experiments that the MR for 7-conjugated molecules is higher than for non-conjugated molecules
[142]. Values of this magnitude are much more credible than previous measurements of up to
100000% MR which have been discredited due to the influence of magnetostriction on the results
[65]. In addition, the three histograms in Figure 5.11 were formed from data collected during a
minimum of three repeats of the experiment, using different samples each time. When adding
data from the repeat experiments to the original histograms, the positions of the peaks appeared
unchanged. The conductance shown in Figure 5.11 varies with the orientation of the magnetic
field, which is a characteristic of tunnelling anisotropic magnetoresistance. The measured AMR
in this case is 77%. This is the same order of magnitude as the AMR observed in Li’s work on
Fel terephthalic acid | Fe single-molecule junctions (53%) which was also carried out at room
temperature [94].

The 2D histogram shown for the Co | PDT | Co junction with no magnet in Figure 4.19 shows

that the conductance feature is relatively flat. This suggests that the impact of magnetostriction
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on the conductance measurements taken with an applied magnetic field may not be significant.
Additionally, to reduce the impact of magnetostrictive effects, the magnetic field was applied when
the junction was open. A static field was then maintained as the measurements were carried out.
This is important because one is more likely to observe magnetostrictive effects if the separation
of the electrodes is kept constant and the conductance measurements are made in different fields.
Despite these measures, previous magnetoresistance investigations have required much stricter
experimental procedures to eliminate the influence of magnetostriction and magnetostatic effects
on the measurements. These included performing the experiments at cryogenic temperature
and using a particular electrode geometry as discussed in the introduction to this chapter [15].
The MCBJ samples used for the experiments within consisted of Co wires, used as electrodes,
fixed to a substrate using epoxy. Samples constructed in this way have been proven to be highly
susceptible to the consequences of magnetostriction as epoxy has a modulus of elasticity a factor
of 100 smaller than Co [47]. This means the epoxy will deform with the Co electrodes, allowing
them to reshape easily. In fact, it is thought that artefacts resembling magnetoresistance are
highly likely to be observed in any data recorded using the sample geometry used for these
measurements [15].

Figure 5.12 shows conductance of the Co | Co junctions in the presence of a 1 kOe magnetic
field perpendicular to the direction of current flow. The individual traces used to construct this
histogram mostly showed noisy decay, likely due to the electrodes being oxidised. However, even
after manually selecting for plateaus, there are no clear peaks visible. In particular, there is no
peak around log1o(G/Gg) = -2, the region where a peak is seen in the conductance histogram
for the Co | pentanedithiol | Co junction. This strongly suggests that the peak in Figure 5.11is a
result of the presence of a molecule in the junction and not an artefact due to the magnetic field.

To validate these results further, future work should include taking conductance measure-
ments of the Aulpentanedithiol | Au junction in the presence of a magnetic field. As gold is
not ferromagnetic, it would be surprising if any change in conductance on the application of a
magnetic field were to occur. Therefore if the conductance of the Au |l pentanedithiol | Au junction
did shift under these conditions, it would suggest that the supposed magnetoresistance effect
seen in the Co | pentanedithiol | Co junction was actually a result of another factor. In addition, the
data collected were not sufficient to form useful 2D histograms so more data should be collected
to improve this. Good quality 2D histograms would allow the electrode separation at which the
molecular feature occurs in the three histograms in Figure 5.11 to be compared. If the feature
appears at the same electrode separation in each histogram, this would suggest that the peaks
observed result from the same junction configuration and may be the result of magnetoresistive
effects.

Producing lithographically patterned substrates would allow electrodes to be formed in ge-
ometries which reduce the likelihood of significant magnetostriction impacting the results. For

example, von Bieren et al. suggest the use of electrodes shaped like those in Figure 5.13 [176].
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FIGURE 5.12. 1D histogram showing the conductance for the Co | Co atomic junction
with a 1 kOe magnetic field applied measured using the MCBJ. The histogram is
constructed from 362 traces.

In this case, domain walls can be positioned precisely. Hence if a saturating field is applied
in the direction 6 = 0°, when the field is removed the magnetization of the electrodes will be
antiparallel as shown in Figure 5.13B. In contrast, Figure 5.13C shows the parallel magnetization
of the electrodes after a saturating field is applied in the direction 6 = 90°. These states are
remanant, and so remain magnetized in the described configurations when H=0. This means
artefacts caused by magnetostriction can be avoided during GMR style measurements, as it is

not necessary to apply a magnetic field while the measurements are taking place.

5.3 Chapter Summary

The conductances of two metal-molecule-metal junctions have been measured in the presence of
magnetic fields. Specifically, the Nil 1,4-benzenedithiol | Ni junction was investigated using the
STM-BJ technique in combination with a custom-made electromagnet. A negative magnetoresis-
tance of 47% was measured. This value is the same order of magnitude as measurements of MR
in the same system taken by Horiguchi et al. (90%) and Yamada et al. (30%).

The Co | pentanedithiol | Co junction was also investigated using the MCBJ technique and a
quadrupole magnet. These measurements showed evidence of magnetoresistance. The measured
AMR was 77%. No previous attempts have been made to measure the AMR of this system but

the value obtained was the same order of magnitude as the AMR observed in Li’s work on
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C)

FIGURE 5.13. Schematic view of curved electrode geometry that can be used to eliminate
magnetostriction during magnetoresistance measurements and the corresponding
magnetic configurations at H= 0 after applying a magnetic field, H, parallel to (b)
6 =0° and (c) =90 °.

Fe |l terephthalic acid | Fe single-molecule junctions (563%) which was also carried out at room
temperature [94]. The MR in this case was -567%. Again, this is the first attempt to measure
MR in this system. However, values of MR measured for similar systems display MR an order of
magnitude smaller than this value and theory also predicts values of MR an order of magnitude
smaller than -567% [94]. Despite the fact that precautions were taken to reduce the impact of
magnetostriction on the results, it is likely that the shift in conductance of the junction in the
presence of a magnetic field is due to this and other magnetostatic effects rather than an observa-
tion of magnetoresistance. Future work is suggested which would help to determine the cause of
the conductance shift. Improvements to the experimental set up, in particular development of
the current samples into lithographically patterned samples with a particular geometry, which
may prevent false results due to magnetostriction are also suggested.

A table containing the results obtained in this chapter is shown in Table 5.1.
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Molecular Conductance

Junction Measurement Technique G Magnetic Field/ kOe
0
1
s -3

Co | pentanedithiol | Co MCBJ 3.5+0.2)x10 (parallel to current)

Co | pentanedithiol | Co MCBJ (1.3+0.1)x 1072 . 1
(perpendicular to current)

Nil 1,4-benzenedithiol | Ni STM-BJ (1.7+0.2)x 1073 1

(perpendicular to current)

Table 5.1: A summary of the results obtained in Chapter 5.







CHAPTER

CONCLUSIONS AND FUTURE PATHS

he main aim of this work was to investigate the electronic and spintronic transport prop-
erties of metal-molecule-metal junctions. This was achieved via two methods: STM-BdJ
and MCBJ.

The design and construction of a mechanically controllable break junction was discussed in
Chapter 2. The device was then tested using Au electrodes in order to determine its suitability
for molecular conductance measurements. Au electrodes were chosen at this stage due to the
breadth of relevant literature available, which enabled the legitimacy of results obtained with
this device to be validated.

After ascertaining the capabilities of the device, single molecule conductance measurements
carried out with Au electrodes were explored and discussed in Chapter 3. The conductance of
dithiol linked and bipyridyl linked molecules were investigated using MCBJ and STM-BJ meth-
ods and the values measured were generally in agreement with previously measured literature
values. For example, high conductance and low conductance peaks were observed in bipyridyl
linked molecules due to the different linking capabilities that the molecule have with gold.

A number of additional analysis techniques were used to support the information gathered
from 1D conductance histograms. These include I-V curves, 2D histograms, conditional his-
tograms and 2D correlation histograms. 2D correlation histograms and conditional histograms
were used to determine the relationship between high conductance and low conductance peaks in
the histogram showing the conductance of the Aul4,4’-bipyridine | Au junction. From this analy-
sis, it was determined that in this case, it was possible to observe both high and low conductance
plateaus within one conductance vs distance trace. There were also some cases where traces
exhibited solely a high conductance plateau were detected. However, one was far less likely to

observe traces where only low conductance plateaus where measured.
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Single molecule conductance measurements were carried out with both STM-BJ and MCBJ
methods using Co electrodes in Chapter 4. The conductance values obtained were compared
with those collected using Au electrodes. It has been reported within that the conductance of
metal-molecule-metal junctions may rely on the choice of metal contact. MCBJ measurements
have shown that the conductance of a Col PDT | Co junction is close to an order of magnitude
larger than that of an AulPDT | Au junction. In addition, STM-BJ measurements were used to
demonstrate that where Aul4,4-bipyridine | Au junctions exhibit both high conductance and low
conductance peaks, Nil4,4’-bipyridine | Ni junctions only exhibit a single peak. The differences
between measurements taken with ferromagmetic electrodes and gold electrodes is thought
to be due to the increased role of the d-band electrons in electronic transport experienced in
ferromagnetic metals.

The differences between measurements taken using the MCBJ method and the STM method
were also discussed in Chapter 4. Previous literature has suggested that the significantly slower
breaking speed of the MCBJ when compared with the STM could result in different conductance
values for the same metal-molecule-metal junctions [107]. However, It has been observed that
the conductance of a metal-molecule-metal junction measured with using the MCBJ, is often in
agreement with that measured using the STM.

During the discussions in Chapter 4, it was determined that single-molecule conductance
MCBJ measurements could be taken using cobalt electrodes without taking any measures, such
as electrochemically reducing the oxide, to prevent oxidation of the surface. This is a significant
result as it increases the likelihood that metal-molecule-metal junctions with ferromagnetic
electrodes will be incorporated into electronic devices. It is suggested that the thiol, which linked
to the electrodes, can help clean the substrate surface and hence prevent the formation of surface
oxide. In addition, it is possible that on separating the electrodes, a thiol-cobalt bond forms
between the molecule and the exposed cobalt before the cobalt has oxidised.

Finally, the impacts of a magnetic field on atomic contacts and metal-molecule-metal junctions
were explored in Chapter 5 using both STM-BJ and MCBJ methods. An attempt was made to
measure magnetoresistance in a Co | PDT | Co junction using an MCBJ. An MR of up to 567% was
measured however it is likely that this is due to artefacts rather than magnetoresistance. An
AMR of 77% was also measured. This is the same order of magnitude as previous measurements
of similar systems [94]

Important improvements for future work involve the development of a reproducible litho-
graphically patterned substrate for use with the MCBJ. This would allow electrodes to be
produced on a much finer scale and in a reproducible way, which could lead to a more predictable
breaking mechanism. It would also allow samples to be produced with a geometry more suitable
for magnetoresistance measurements. Using a curved geometry, for example, may help to reduce
the effects of magnetostriction when measuring the conductance of the junction.

Secondly, development of a pre-amplifier to use in conjunction with the MCBJ. It is possible
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FIGURE 6.1. logarithmic amplifier chip circuit diagram.

to purchase commercial logarithmic amplifier chips, for example LOG101 and LOG112 manufac-
tured by Texas Instruments. A log amplifier is an amplifier for which the output voltage, V,,; is

described by the following equation

Vin

(6.1) Vout = Kln(Vref

),

where V. is the normalisation constant, V;, is the input voltage and K is the scale factor.
Logarithmic amplifier chips can be used to extend the dynamic range of circuits. This could
be particularly useful for measuring the conductance of single molecules as a high number
of measurements need to be taken over a wide range of currents. It would also allow for the
measurement of molecules with lower conductance values which would provide a more extensive
analysis of molecular conductance.

In Chapter 5, improvements to the experimental method and potential future experiments
have been suggested as a way to more convincingly prove or disprove whether what we have
observed is a magnetoresistive effect. This includes control experiments using Au electrodes. As
they are not ferromagnetic, one would not expect to see any changes in conductance of molecular
junctions linked with Au due to the influence of a magnetic field. In addition, the quantity of
data collected should be increased so that high quality 2D histograms can be constructed with
conductance data for junctions in a magnetic field. The resulting 2D histograms could then be
compared to the 2D histograms constructed using data collected in the absence of a magnetic
field which would provide further insight into what may be causing the shift in conductance of
the junctions under magnetic field.

Table 6.1 contains a summary of all the results obtained in this thesis.
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. Junction
Junction HEWM@M“”“@S& Primary OQBMJMo»mhom Peaks Formation Magnetic Field/ kOe
Probability
Aul pentanedithiol | Au MCBJ (2.0+£0.1)x 1073 29% 0
Co | pentanedithiol | Co MCBJ (1.7+0.2) x 1072 27% 0
Co | pentanedithiol | Co MCBJ (8.5+0.2)x 1073 26% .
(parallel to current)
Co | pentanedithiol | Co MCBJ (1.3+0.1)x 1072 14% . .
(perpendicular to current)
Co | pentanedithiol | Co STM-BJ (2.5+0.2)x 1073 35% 0
Aul 1,4-benzenedithiol | Au MCBJ (1.3+£0.1)x1072 | (8.5+0.3)x 1072 28% 0
Col1,4-benzenedithiol | Co MCBJ (4.0+0.1)x1072 | (4.0+£0.1)x 107! 22% 0
Co1,4-benzenedithiol | Co STM-BJ (32+0.7)x107% | (3.3+£0.2)x 1072 40% 0
Nil1,4-benzenedithiol | Ni STM-BJ (6.4+0.4)x107* | (2.5+0.3)x 1072 14% 0
Nil 1,4-benzenedithiol | Ni STM-BJ (1.7+0.2)x 1073 15% ) 1
(perpendicular to current)
Co | biphenyl-4-carboxylic acid | Co MCBJ (1.6£0.3)x10% [ (3.0£0.2)x 107" 33% 0

Table 6.1: A summary of the results obtained within this thesis.
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6.1. 2D HISTOGRAMS

6.1 2D histograms

The 2D conductance vs distance histograms for the data collected in this thesis and corresponding
to the results shown in Table 6.1 are shown below. The 2D conductance histograms for junctions
containing pentanedithiol are shown first. The AulPDT | Au junction histogram is shown in
Figure 6.2. The Co | PDT | Co histogram measured using the MCBdJ technique is shown in Figure
6.3 and the histogram measured of the same junction using the STM-BJ technique is shown
in Figure 6.4. The 2D histograms formed when the Co | PDT | Co junction was measured in the
presence of a magnetic field are shown in Figures 6.5 and 6.6. These histograms do not show
clear molecular features due to poor quality traces because of the noise introduced by adding a
magnet to the system. Next, the 2D histograms for junctions containing 1,4-benzenedithiol are
shown. Firstly, Aul 1,4-benzenedithiol | Au in Figure 6.7 and secondly Col 1,4-benzenedithiol | Co
in Figure 6.8. STM-BJ measurements of the Co | 1,4-benzenedithiol | Co junction are shown in
Figure 6.9. Measurements of the Nil 1,4-benzenedithiol | Ni junction were taken in the absence
(Figure 6.10) and presence (Figure 6.11) of a 1 kOe magnetic field. Finally, the 2D conductance vs
distance histogram for the Co | BP4CA | Co junction is shown in Figure 6.12. In this histogram
there is no clear molecular feature due to a large number of molecular plateaus occuring at

different values of conductance in the individual conductance vs distance traces.
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FIGURE 6.2. MCBJ 2D conductance histogram of an AulPDT | Au junction. Formed
from 135 traces. Molecular feature is visible at (2.0+0.1)x1073 Gy.
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FIGURE 6.3. 2D conductance vs distance histogram of the Co | PDT | Co junction mea-
sured using MCBJ, formed of 136 traces. A red ellipse has been used to highlight
the molecular conductance region.
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FIGURE 6.4. 2D conductance vs distance histogram for the Co | PDT | Co junction mea-
sured using STM-BJ techniques. Formed from 538 traces. Molecular feature is
visible between 1072 G and 10 Gy.
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FIGURE 6.5. MCBJ 2D conductance histogram of an Co | PDT | Co junction in the pres-
ence of a 1 kOe magnetic field perpendicular to the current flow. Formed from 201
traces. No molecular feature is visible due to the poor quality of the data.
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FIGURE 6.6. MCBJ 2D conductance histogram of an Co | PDT | Co junction in the pres-
ence of a 1 kOe magnetic field parallel to the current flow. Formed from 165 traces.
No clear molecular feature is visible due to noisy traces.
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FIGURE 6.7. MCBJ 2D conductance histogram of an Aul 1,4-benzenedithiol | Au junc-
tion. Formed from 200 traces. Molecular features are visible around 10~! Gy and
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FIGURE 6.8. 2D conductance vs distance histogram for the Col 1,4-benzenedithiol | Co
junction measured using MCBJ. Formed from 200 traces. Molecular feature is
visible between 10™! Gy and 1072 Gy.
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FIGURE 6.9. 2D conductance vs distance histogram for the Co | 1,4-benzenedithiol | Co
junction measured at a bias of -1 V vs MSE using STM. Formed from 119 traces.
Two molecular features are visible, the low conductance at (3.2+0.7) x 10~ Gy and
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FIGURE 6.10.(a) 2D conductance vs distance histogram for the Nill,4-
benzenedithiol I Ni junction in the absence of magnetic field constructed from
56 traces. The red ellipse highlights the molecular feature in the histogram.
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FIGURE 6.11. 2D histogram showing the conductance of the Nil 1,4-benzenedithiol | Ni
junction in the presence of a 1 kOe magnetic field perpendicular to the current flow
with a molecular conductance feature visible between 10™2 Gg and 103 Gg. These
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FIGURE 6.12. 2D histogram showing the conductance of the Co | BP4CA | Co junction.
There is no molecular feature due to the small amount of data collected during this
experiment. These measurements were carried out using the MCBJ technique.
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