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Summary

In this dissertation, we investigate charge transport in magnetic nano-objects. We
use the mechanically-controlled break junction (MCBJ) technique to contact sin-
gle molecules and use three different device geometries to optimize the process
of contacting nanoparticles. We focus in particular on magnetic signatures in the
quantum transport of these structures.
Chapter 1 gives a brief introduction to the field of spintronics. It provides a short
history of the discovery of spin and highlights several important discoveries. Fi-
nally, it introduces the idea of nanoscale devices which incorporate nano-objects
and describes the two techniques employed in the rest of this work.
In chapter 2 we report on the optimization of the fabrication process of high
aspect-ratio nanogaps. We investigate the impact of each parameter on the fi-
nal structure of the nanogap. These nanogaps were then used to characterize
charge transport in gold nanoparticles; a reference system for experiments on more
complicated systems. We find that the current-voltage characteristics at cryogenic
temperature can be described within the orthodox Coulomb blockade model.
Chapter 3 focuses on prussian blue analogue (PBA) nanoparticles, consisting of Co
and Fe centers linked by cyanide groups. These particles are trapped in three differ-
ent device geometries: point-contacts, high aspect-ratio contacts and overlapping
contacts. We observe different transport characteristics for the different geome-
tries. In the point-contacts we observe Coulomb blockade and see a gating effect.
The other two geometries show an exponential dependence of the conductance as
a function of temperature. We hypothesize that the different types of behavior are
a result of how the nanoparticles are contacted by the electrodes.
In chapter 4 we present experiments on a spin crossover (SCO) molecule with a
Mn(III) center; a molecule which has two possible spin states: S = 1 or S = 2.
We employ the MCBJ technique to perform fast-breaking measurements at room
temperature, as well as to obtain current-voltage characteristics at cryogenic tem-
perature. At room temperature, we compared the SCO molecule with its ligand
(which lacks the Mn(III) center) and observed plateaus in the conductance as a
function of electrode separation for the Mn SCO molecule, which is not the case
for the ligand. At cryogenic temperature we observed transport phenomena which
have been linked to a spin-state switch in SCO complexes in previous studies. We
present and discuss each of these phenomena.
Chapter 5 reports on experiments on two open-shell organic radicals in an MCBJ
setup: para-NNR andmeta-NNR. At room temperature, we observe a plateau in
the conductance for the para substituted molecule, which is only visible at higher
bias voltages for the meta substituted molecule. At cryogenic temperature we
found that para-NNR displays a Kondo resonance. Analysis of the Kondo peak re-
veals a constant width, independent of background conductance. This suggests an

ix



x Summary

asymmetric coupling between the molecule and the electrodes. Due to the absence
of such a signature for meta-NNR we attribute this difference to the proximity of
the radical group to the anchoring group in the case of para-NNR.



Samenvatting

In dit proefschrift onderzoeken we ladingstransport in magnetische nano-objecten.
We gebruiken de mechanisch regelbare breekjunctie (MCBJ) techniek om individu-
ele moleculen te contacteren en maken gebruik van drie verschillende devicegeo-
metrieën om het contacteren van nanodeeltjes te optimaliseren. We richten ons in
het bijzonder op magnetische signaturen in het kwantumtransport van deze struc-
turen.
Hoofdstuk 1 geeft een korte introductie tot het vakgebied van spintronica. Het
geeft een beknopte geschiedenis van de ontdekking van spin en belicht verschil-
lende belangrijke ontdekkingen. Tot slot introduceert het het idee van nanoschaal-
apparaten die nano-objecten bevatten en beschrijft het de twee technieken die in
de rest van dit werk worden gebruikt.
In hoofdstuk 2 rapporteren we de optimalisatie van het fabricageproces van na-
nogaps met een hoog aspect-ratio. We onderzoeken de impact van elke parame-
ter op de uiteindelijke structuur van de nanogap. Deze nanogaps werden ver-
volgens gebruikt om ladingstransport in goud nanodeeltjes te karakteriseren; een
referentiesysteem voor experimenten op meer complexe systemen. We vinden dat
de stroom-spanningskarakteristieken bij cryogene temperatuur beschreven kunnen
worden binnen het orthodoxe Coulomb-blokkademodel.
Hoofdstuk 3 richt zich op pruisisch blauw-analoog (PBA) nanodeeltjes, bestaande
uit Co- en Fe-centra die verbonden zijn door cyanidegroepen. Deze deeltjes worden
gevangen in drie verschillende devicegeometrieën: puntcontacten, contacten met
hoge aspect-ratio en overlappende contacten. We observeren verschillende trans-
portkenmerken voor de verschillende geometrieën. In de puntcontacten observeren
we Coulomb-blokkade en zien we een gating effect. De andere twee geometrieën
vertonen een exponentiële afhankelijkheid van de geleiding als functie van de tem-
peratuur. We veronderstellen dat de verschillende soorten gedrag het resultaat zijn
van de manier waarop de nanodeeltjes worden gecontacteerd door de elektroden.
In hoofdstuk 4 presenteren we experimenten op een spin crossover (SCO) mole-
cuul met een Mn(III)-centrum; een molecuul met twee mogelijke spin-toestanden:
S = 1 of S = 2. We gebruiken de MCBJ-techniek om snelle breukmetingen uit
te voeren bij kamertemperatuur, en om stroom-spanningskarakteristieken te ver-
krijgen bij cryogene temperatuur. Bij kamertemperatuur vergeleken we het SCO
molecuul met zijn ligand (dat het Mn-centrum mist) en observeerden we plateaus
in de geleiding als functie van de afstand tussen de elektrodes voor het Mn(III)
SCO-molecuul, wat niet het geval was voor het ligand. Bij cryogene temperatuur
observeerden we transportverschijnselen die in eerdere studies zijn gekoppeld aan
een transitie in de spin-toestand van het SCO-complex. We presenteren en bespre-
ken elk van deze verschijnselen.
Hoofdstuk 5 rapporteert experimenten met twee open-shell organische radicalen
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in een MCBJ opstelling: para-NNR en meta-NNR. Bij kamertemperatuur obser-
veren we een plateau in de geleiding voor het para-gesubstitueerde molecuul, dat
alleen zichtbaar is bij hogere voltages voor het meta-gesubstitueerde molecuul.
Bij cryogene temperatuur vonden we dat para-NNR een Kondo resonantie ver-
toont. Analyse van de Kondo-piek toont een constante breedte, onafhankelijk van
de achtergrondgeleiding. Dit suggereert een asymmetrische koppeling tussen het
molecuul en de elektrodes. Door de afwezigheid van een dergelijke signatuur voor
meta-NNR kennen we dit verschil toe aan de nabijheid van de radicale groep tot
de verankeringsgroep in het geval van para-NNR.



1
Introduction

1.1. The need for energy-efficiency
Modern-day society critically relies on electronics, all of which require power to run.
Not only do households have more devices on average than ever, with no signs of
this increase stopping soon, but also chips are being pushed to be faster than ever.
The modern world runs on data, which has to be transferred, processed and stored.
The energy demand has become so large over the recent years that for example the
energy grid in the Netherlands is running into problems [1]. Energy consumption
is, however, not the only problem, in the push to accelerate processing speeds; the
approach of the past 60 years has been to shrink the size of transistors such that
more fit on a chip. With the process resolution currently being 3 nm [2], problems
such as excessive heat generation arise. A solution which simultaneously allows
for the amount of devices to grow, as well as chips to become even faster, is to
find an alternative that is energy efficient. One such alternative would be to base
devices on the manipulation of the spin state of electrons, instead of the absence
and presence of charge.

1.2. The concept of spin
During the start of the 20th century, several phenomena were observed which could
not be explained by classical physics. The famous Stern-Gerlach experiment, car-
ried out in 1922, was the first evidence of electron spin. The experiment had the aim
of determining whether an atom’s magnetic moment was quantized or not. Clas-
sically, no quantization was expected: the atoms’ magnetic moments should have
a random orientation. When passed through an inhomogeneous magnetic field,
each orientation would experience a different force and thus a different deflection,
leading to a continuous distribution of deflections on the detector. However, quan-
tum mechanically, the magnetic moments were predicted to be quantized. This
quantization would lead to several discrete spots on the detector, as each value of
the magnetic moment causes a specific degree of deflection. In the experiment, a
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beam of silver atoms was sent through an inhomogeneous magnetic field, which
led to two separate spots on the detector. This result proved that the magnetic
moment, and thus the angular momentum was quantized.
The origin of this quantization was unclear: initially it was assumed that it was the
orbital angular momentum which was quantized. However, this was later debunked
when the same experiment was carried out with hydrogen atoms, where again two
spots were observed, despite the atom possessing zero angular momentum. The
degree of freedom which later came to be known as spin was first introduced by
Wolfgang Pauli in 1924, who called it a ’two-valuedness not describable classically’.
Initially, it was suggested that this two-valuedness could be due to an electron ro-
tating around its own axis, producing an angular momentum. However, an electron
having a finite radius instead of being a point particle, would mean that the surface
of electrons moves faster than light, which violates the theory of relativity. When
in 1926 a discrepancy between theory and experiment in the fine structure of the
hydrogen spectrum was resolved by adding a relativistic correction to the spin-orbit
coupling, known as the Thomas precession, electron spin came to be the accepted
interpretation. Since its discovery, much research has been done into how to ma-
nipulate the spin degree of freedom and how it can be used in different types of
applications. The field which aims to exploit the spin property for the encoding,
processing and storing of information is called spintronics [3–7].

1.3. Spintronics: spin as the foundation of electronic
devices

Traditional electronic devices rely on the manipulation of electric charge to encode,
process and store information. The most important element, found in almost every
electronic device, is the transistor [8], for which the Nobel prize in Physics of 1956
was awarded [9]. The transistor is a device which can switch and amplify electrical
signals. It consists of three terminals: a source, a drain and a gate. When a suffi-
cient voltage is applied to the gate, it allows for a current to flow from the source
to the drain. This way a logical 0 and 1 can be encoded as respectively the absence
and presence of a current. Furthermore, logical operations such as the OR, AND
and NOT operations can be performed by a circuit consisting of two transistors. Cur-
rently, electronics are dominantly charge-based and are facing problems such as
excessive power dissipation which hampers further miniaturization and efficiency.
The field of spintronics aims to create devices which utilize the electron spin, a
degree of freedom which requires much less energy to manipulate, and exists in
structures at the atomic scale. Generally, the inception of the field is said to be the
experiments on giant magnetoresistance, for which Albert Fert and Peter Grünberg
were awarded the 2007 Nobel prize in Physics [10, 11]. By creating a sandwich of
two ferromagnetic layers separated by a thin non-ferromagnetic layer, the orienta-
tion of the magnetization of the ferromagnetic layers is anti-parallel. In a magnetic
field, the orientation becomes parallel, in which case an electron with a spin that is
opposite to this orientation experiences a larger resistance than an electron with the
same spin orientation when traveling through the structure. These experiments are
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the first observations of spin-dependent transport. Shortly after these experiments,
Supriyo Datta and Biswajit Das [12] published a paper in which they proposed a
spin field-effect transistor: a device which manipulates electron spin through the
application of an electric field. Since then, the field has matured significantly and
many applications have been proposed: spin qubits for quantum computing, data
storage, magnetoresistive random access memory and sensors [6, 13–16].
Using spin to encode information has a major advantage over using charge: it is a
quantum property. Consider an electron, with a spin of either ±1/2. These states
can be represented in bra-ket notation in the following manner: |0⟩ = -1/2 and |1⟩
= +1/2. In quantum mechanics, these are not the only two possible states, but
combinations of these two are allowed as well. For example, 1/√2 (|0⟩ + |1⟩) is a
valid state as well. Instead of the classical possibility of having only a zero and a
one to encode and process information, now there is the possibility to have any
combination of the two. Algorithms are being designed which exploit this property,
leading to an exponential speedup for certain problems [17].

1.4. Nanoscale devices incorporating single molecules
and nanoparticles

Another advantage of spin-based electronics is that spin is a property which exists
at the nanoscale; single atoms, molecules and nanoparticles can have a net mag-
netic moment which can be manipulated. The intrinsically small size provides a
natural way to create devices with a large amount of functional components, such
as processing units, through a bottom-up approach, where a chip is built from the
ground up by putting together billions of these structures.
However, incorporating spin into actual electronic devices is not easy [18]. One
of the main challenges lies within the stability; at room temperature the available
thermal energy is large enough to facilitate random spin-flips. Not only this, when
placing these systems close together, they interact, and may as a result change
for example their spin in a random fashion. The most straightforward approach to
increase the stability of nanoscale devices is by reducing the temperature to a few
degrees Kelvin. At this temperature the so-called spin coherence time, the time in
which the spin state is predictable, is long enough to perform measurements.
In order to study molecules and nanoparticles which possess a net magnetic mo-
ment, several methods exist. In this thesis, we focus on the electronic transport
of spin systems; hence a device geometry is required with at least two electrodes:
one electrode to source a voltage or current and one electrode to read the resulting
current or voltage. A third electrode can be added to act as a gate, changing the
electrostatic potential of the molecule or particle with respect to that of the elec-
trodes. For molecules, the distance between these electrodes should be of the order
of 1 nm, whereas for nanoparticles the distance between the electrodes needs to
be fine-tuned to the diameter of the particle, which can be of the order of 10-100
nm. We briefly explain the techniques which are used in this thesis: nanogaps and
mechanically-controlled break junctions (MCBJs).
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Nanogaps
For the study of nanoparticles we use a so-called nanogap: a device which con-
sists of two electrodes separated by a gap with a size that is slightly smaller than
the diameter of the nanoparticles under study. Not only the distance between the
electrodes, but also the width and material of the electrodes are important. Wider
nanogaps facilitate easier contacting of nano-objects through their larger contact
area, whereas thinner, more point-like contacts are easier to fabricate with smaller
gap sizes and are better suited for measurements incorporating a gate electrode
due to their limited screening of the electric field [19]. For the fabrication of wider
nanogaps with small gap sizes, special techniques are required such as creating a
self-aligning physical mask through the oxidation of a Cr layer [20]. The material
used for the electrodes depends on the nature of the nanoparticles that are being
investigated. The most commonly used metal for the electrodes is gold, due to
its excellent electrical conductivity and its resistance to oxidation. However, occa-
sionally the particles have undesirable interactions with gold and merit the use of
other noble metals such as platinum or palladium. In these devices, it is possible to
shift the electrostatic potential of the nanoparticle either through the presence of
a local gate electrode, or through applying a voltage to the back plane of the chip,
which consists of heavily doped Si. The nanogap geometry makes this technology
scalable and is therefore close to a real-world integrated chip.
Once proper nanogaps are fabricated, the nanoparticles have to be trapped. Un-
fortunately, due to their size, it is impossible to pick one up and place it inside an
empty nanogap. Instead, we have to rely on chance: a suspension is made of the
nanoparticles and this suspension is then either drop cast on the chip or the chip
is submerged in the suspension, after which the chip is left to dry. By measuring
a current-voltage (IV) characteristic of each nanogap before adding the nanopar-
ticles and after doing so, we can detect the trapping of a particle: if the nanogap
does not contain a particle, there should be no current flowing whereas if a particle
has been trapped, there is a current. However, from this alone it is not possible
to distinguish between a gap containing a single nanoparticle and a gap containing
multiple. To confirm whether we trapped and measured a single particle, we need
to look at its quantum transport characteristics or attempt to image the gap in the
scanning electron microscope (SEM).

Mechanically-controlled break junctions
Mechanically-controlled break junctions (MCBJs) are used to investigate molecules
[21–25]. This method uses a chip which consists of a phosphorous bronze sub-
strate, coated with an electrically insulating poly-imide layer on top of which gold
bridges are patterned using electron beam lithography. By fixating the sides of the
chip, it can be bent by pushing in the middle with a rod. By bending the substrate,
the gold bridges are stretched and eventually break. Gold is a malleable metal and
as a result the bridges can be repaired by reversing the bending and pushing the
ruptured ends into each other. The pushing rod is driven by a motor controlling a
differential screw, resulting in micrometer precision. The MCBJ is designed in such
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a way that this micrometer control translates to a sub-Angstrom precision over the
separation of the gold bridge. In an MCBJ setup, either the conductance is mea-
sured as a function of separating the gold contacts (called a breaking trace), or
IV characteristics are recorded. The MCBJ can be used at room-temperature (RT),
together with a piezo element which can break and make the junction rapidly, to
obtain large datasets and perform a statistical analysis. But the MCBJ can also be
used at cryogenic temperature (CT), where the junction lifetimes are on the order
of days due to the exceptional mechanical stability. This allows for the systematic
study of IV characteristics, as well as the probing of vibrational modes through in-
elastic tunneling spectroscopy. The integration of a gate electrode to control the
charge state has been demonstrated but is difficult because of the bending of the
substrate [26]. It is important to note that there is no control over how a molecule
is contacted; many different configurations of the molecule inside the junction exist,
leading to different transport behaviors [27].
Molecules have been demonstrated to behave as for example rectifiers [28, 29],
sensors [30, 31], transistors [32, 33] and memristors [34]. In this thesis, we focus
on molecules which have a net magnetic moment and therefore exhibit spin-related
behavior such as the Kondo effect [35, 36] and spin-state switching [37–39]. This is
achieved by using either radicals, molecules with at least one unpaired electron, or
using molecules containing a metal ion such as Fe(II) or Mn(III). In addition, these
molecules are usually designed to possess so-called anchoring groups: a group
which facilitates the binding of the molecule to the gold electrodes, either cova-
lently or datively depending on the type of anchoring group [40]. The anchoring
group also influences the overall molecular conductance [41, 42].

1.5. Thesis outline
This thesis investigates electronic transport in nano-objects which possess a net
magnetic moment. These systems are either molecules or nanoparticles. The main
objective of this work is to trap the particles and molecules to determine how the
electron transport is influenced by the spin property of these objects, as well as
to establish methods with which we can control either the spin-state or the way in
which transport occurs. Measurements are performed on spin-crossover systems.
These have two spin states between which can be switched by external stimuli such
as light, pressure, temperature and electric field. Although many studies cover the
properties and behavior of such materials in bulk systems, little has been done on
the nanoparticle and molecular scale. The main goal here was to demonstrate the
integration of these objects into devices and to drive the switch in spin-state with
electric field, temperature or light. Finally, an organic radical, a molecule with a
net magnetic moment, molecular system was investigated. We study the effect of
quantum interference in the backbone on the overall transport properties by com-
paring two molecules.
This dissertation is structured as follows: in chapter 2 we discuss the fabrication pro-
cess of high aspect-ratio nanogaps, a process which did yield 10-15 nm nanogaps
over a width of 1 𝜇m in the past but reproducing it turned out to be challenging.
We change parameters in every step of the fabrication process and discuss the
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impact of those parameters. We also trap gold nanoparticles in 25 nm gaps and
characterize their electronic transport properties. In chapter 3 the electronic trans-
port of 15 nm Prussian blue analogue nanoparticles is studied using three different
nanogap designs. In chapter 4, single-molecule measurements are carried out in a
mechanically-controlled break junction on a Mn complex. The molecule is expected
to exhibit a switch in spin state and we aim to observe this switch in the electronic
transport features. Finally, in chapter 5 we investigate how quantum interference
in the molecular backbone affects the spin-related electronic transport in an organic
radical.
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2
Fabrication of Self-Aligned

High Aspect-Ratio Nanogaps
and Measurements on Gold

Nanoparticles as a Reference
System

In physics, you don’t have to go around making trouble for yourself –
nature does it for you.

Frank Wilczek

Abstract
A previously working fabrication recipe for high aspect-ratio nanogaps was found to
produce gaps that were 30 nm with rough edges as opposed to the desired 10-15
nm with smooth edges. In this chapter we explore the impact of each step of the
fabrication process on the final result with the goal of fabricating 10-15 nm gaps
with a width of 1 𝜇m. The fabrication process consists of the patterning of a central
main electrode which is topped by a chromium layer. The oxidation of the chromium
layer forms a self-aligning physical mask for the second step. Changes were made
in the evaporation system, the thickness of the metal layers, the evaporation rates
of the metal layers, the length of the oxygen plasma, the duration and temperature
of the wet etching and the height difference between the ME and the AE. None
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of these changes resulted in the desired nanogaps, however it was found that the
evaporation system had a large impact on the size of the nanogaps. Using another
system resulted in gaps which were 10-15 nm, but filled with particles.
A batch with nanogaps of around 25 nm was obtained and used for the measure-
ment of 30 nm gold nanoparticles. These measurements serve as a reference for
future experiments on more complex systems. Comparing the current-voltage (IV)
characteristics before and after deposition of a solution containing the nanoparti-
cles, we found that two junctions displayed a sizable current after deposition while
they displayed no current before deposition. These junctions were cooled down to
10 K in a cryo-free probestation and IVs were found to display Coulomb blockade-
like behavior. To confirm this, the orthodox Coulomb blockade theory model was
fitted to these IVs and good correspondence was found. After the measurements
the junctions were imaged in a scanning electron microscope and for sample 1 we
observed a single nanoparticle trapped between the electrodes, which provides vi-
sual confirmation of our measurements.

2.1. Introduction
Chips are embedded in our society like never before. Every ’smart’ device contains
a chip which is needed to process and store information. The demand for chips is
increasing and is expected to keep increasing. All these devices use power, leading
to overcrowded electricity networks and a rapidly rising electricity usage. Addi-
tionally, heating problems are preventing chip manufacturers from putting more
transistors on a chip. Therefore, low-power alternatives are an important area of
research. One such alternative is the Single Electron Transistor (SET), first demon-
strated by Likharev and Averin [1] in 1986. A SET consists of three electrodes
and a conductive island. The island is isolated by the electrodes through tunnel
junctions, each characterized by a capacitance C, and a resistance, R. Electron
transport in a SET is dominated by single electron tunneling events, as long as the
total resistance is much larger than the quantum resistance Rq = h/2e2 ≈ 12.9
kΩ where h is Planck’s constant and e the elementary charge, and the charging
energy of the island (e2/2C) is a few times larger than the thermal energy [2].
Nanoparticles can be used as the island to form a SET. A metallic particle such as a
gold nanoparticle will create a relatively simple SET, displaying Coulomb Blockade
(CB) [3]. However, properties can be added to the SET by using for example spin
crossover (SCO) nanoparticles, which can be switched between a low-spin and a
high-spin ground state [4].

To facilitate measurements on nanoparticles, a gap between the two conducting
electrodes is needed to trap them. This gap should be smaller than the diameter
of the particle, which is generally on the order of 10-100 nm. Especially for smaller
particles, fabrication becomes non-trivial because effects such as the proximity ef-
fect in the electron beam lithography step make it impossible to directly define your
structure [5]. In our case, trapping a nanoparticle is a random process: a droplet
containing the nanoparticles is drop-cast on top of the structure and there is a
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small chance a particle will end up in the nanogap. This trapping probability can
be increased through for example dielectrophoresis [3], but the most straightfor-
ward method is through increasing the area of the nanogap. Our ideal device has
nanogaps of 10-15 nm, with a large area to trap the particles on. Such a design was
made in 2008 by A. Fursina et al. [6], where oxidized chrome is used as a physical,
self-aligning mask to define high aspect-ratio nanogaps with a gap size of 10 - 100
nm over a width of 1 𝜇m. This design was later further optimized in the van der
Zant group at the Delft University of Technology for this type of measurements by
J. Houtman, who managed to achieve nanogaps with an average gap size of 13 nm
with a yield of 90% [7]. Finally, J.A. Labra-Muñoz [8] implemented a local gate in
this design.
This wide-gap design has also been used by F. Prins et al. [4] in their study on
electronic transport measurements of a SCO nanoparticle where they observe the
switching of the spin state through the conductance. One major difference in our
device is the electrode material; we cannot use gold due to the nature of the
nanoparticles we want to measure. These particles are so-called Prussian blue ana-
logues (PBAs), which contain cyanide. Previous attempts by J. Houtman [7] to mea-
sure these particles with gold electrodes resulted in the etching of the electrodes
through the formation of the cyano-complex Au(CN)2 [9]. Therefore, platinum
is used as electrode material instead. However, following the fabrication process
documented by J. Houtman [7] yielded unsatisfying results; gap sizes were around
30 nm, electrode edges were rough and contaminations were observed. To obtain
nanogaps of sufficient quality which are needed for measurements on the 15 nm
PBAs presented in the next chapter, we explored the impact of changing the differ-
ent parameters in the fabrication process on the final result.
Additionally, PBA nanoparticles are expected to display a spin transition under ex-
ternal stimuli such as light, temperature and magnetic field, as well as an accom-
panying charge transfer. To properly investigate how these phenomena affect the
electrical transport of the system, we need a reference system. To this end, 30 nm
gold nanoparticles were trapped on chips which displayed gaps that were around
25 nm and electronic transport measurements were performed at both room- and
low-temperature. The current-voltage (IV) characteristics at low temperatures were
fitted to the Coulomb blockade model.
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2.2. Device fabrication
2.2.1. Chip design and fabrication process
An overview of the device layout is shown in figure 2.1. The Main Electrode (ME) is
shown in blue and the Auxiliary Electrodes (AE) are shown in red. At the interface
between the ME and AE are nanogaps. A Local Gate (LG) is located underneath the
nanogaps (green), which allows for the gating of nanoparticles inside the nanogaps.

Figure 2.1: Overview of the device design. Green is the gate electrode, blue is the main electrode and
red are the auxiliary electrodes.

The fabrication process to obtain these devices, which have been used in previous
studies in the van der Zant group at the Delft University of Technology, is shown
schematically in figure 2.2. A 19x19 mm, doped Si/SiO2 substrate is first cleaned in
fuming nitric acid (figure 2.2a). The cleaned substrate is either used immediately
or stored in a desiccator for later use. If the substrate was stored in a desiccator, it
is exposed to an oxygen plasma before spincoating e-beam resist. A layer of CSAR
4% (AR-P 6200.04) is spincoated at 4000 rpm and baked for 210 seconds at 180
∘C (figure 2.2b). The resist is then exposed by the e-beam (Raith EBPG 5200 in the
Kavli Nanolab). After exposure the pattern is developed by submerging the sub-
strate in pentyl-acetate for 1 minute while gently agitating, followed by a descum
in xylene for 5 seconds. The gate electrode (GE) is then evaporated by first evap-
orating a sticking layer of 3 nm titanium, followed by 12 nm platinum (figure 2.2c).
The resist is stripped using AR 600-71, leaving only the GE (figure 2.2d). Atomic
layer deposition (ALD) is performed to create a 22 nm thick layer of hafnium oxide
(figure 2.2e).
Next, the Main Electrode (ME) is defined, following the same steps as before. Re-
sist is spincoated, baked, exposed and developed. The electrode is made by evap-
orating 5 nm titanium, 25 nm platinum and 30 nm chrome after which lift-off is
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performed (figure 2.2f). At the end of the day, the chip is put in a desiccator and
left until the next morning. The chrome is then forcefully oxidized by exposing it to
an oxygen plasma in the Tepla, created using a flow of 70 sccm O2 and a power of
120 W for 3 minutes (figure 2.2g). The Auxiliary Electrodes are now patterned by
again following the same steps: spincoating, baking, exposing, developing. This
time a layer of 5 nm titanium and 20 nm platinum is evaporated, followed by a
lift-off (figure 2.2h). At this point, the nanogaps are still covered by the oxidized
chrome. This layer is removed by wet etching using TechniEtch Cr-01, which is a
mixture of perchloric acid HClO4 and ceric ammonium nitrate (NH4)2[Ce(NO3)6]
[10]. The chip is put in this chrome etchant for roughly 2 minutes during which it
is lightly sonicated for 1 minute (figure 2.2i).
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Figure 2.2: Schematic of the fabrication process (sideview). a) A 19 x 19 mm2 silicon substrate with a
285 nm thick layer of silicon oxide which has been cleaned using fuming nitric acid. b) Spincoating and
baking of a layer of CSAR 4% (AR-P 6200.04) e-beam resist, followed by e-beam exposure to define
the gate electrode. c) Development in pentyl-acetate folowed by a descum in xylene and evaporation
of titanium (3 nm) and platinum (12 nm). d) Lift-off using AR 600-71. e) Atomic layer deposition of 22
nm of hafnium oxide. f) Definition of the main electrode by spincoating, baking, exposing, developing,
evaporating 5 nm titanium, 25 nm platinum and 30 nm chromium, and lift-off. g) Oxidation of the
chromium top layer by exposure to an oxygen plasma. h) Definition of the auxiliary electrodes by
spincoating, baking, exposing, developing, evaporating 5 nm titanium and 15 nm platinum, and lift-off.
i) Removal of the chrome and chrome oxide by wet etching using TechniEtch Cr-01.
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2.2.2. Encountered problems and the impact of different pa-
rameters on the fabrication process

As mentioned in the introduction, following the recipe that J.A Labra-Muñoz used
for her work, resulted in gaps of insufficient quality. Several problems were ob-
served, illustrated with scanning electron microscopic (SEM) images in figure 2.3.
This is somewhat surprising since the equipment and followed procedures have not
changed. Apparently, uncontrolled parameters in the equipment or fabrication pro-
cess are responsible for the low quality of the samples.

Figure 2.3: Scanning electron microscopic images showing different issues with the fabrication of the
nanogaps. a) Tearing of the resist due to heat induced stress. b) Metal-like particles in the gap. c)
Large gaps with rough edges.

In panel a, b and c three different problems are illustrated. In panel a, a chip is
shown where only the ME was fabricated. The ME, which is the structure entering
the picture from the right, displays broad, white edges. While the edges of a struc-
ture always appear bright in a SEM due to the edge effect [11], the edges in this
case are very broad, indicating that the metal layer is not flat with a well-defined
edge as expected. Additionally, separated from the ME we see an isolated struc-
ture. This structure has a broad edges which does not seem to match the structure
itself, as well as an unwanted deposition in the form of a line going down and to
the left from this isolated structure. This line suggests that either the resist has
torn, opening a crevice where metal is deposited, or the resist below has cross-
linked [12]. In the former case some process caused compressive stress in the
resist layer resulting in a tear, in the latter case heating is the most likely culprit. A
note should be made about the isolated structure, which is an artifact from a faulty
ebeam pattern generator (EBPG).
In panel b we see a junction of a finalized chip where the gap size is around 15 nm,
however, particles seem to be filling the gap between ME and AE. Measuring the
current across this junction results in most cases in a short circuit, indicating that
these particles are metallic in nature and bridge the two electrodes. The origin of
these particles is unknown.
Finally, in panel c we see a junction of a finalized chip with a gap size of around 30
nm and rough electrode edges. Since the gaps are defined through the oxidation
of the Cr layer on top of the ME, the cause of the large gap size is probably an
excessive oxidation of the Cr. The edge roughness indicates that the oxidation of
the Cr is inhomogeneous and needs to be more controlled.
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To determine the cause of these problems and solve them, each parameter of the
fabrication process was changed and its impact was investigated. Specifically, the
parameters are: 1) the evaporation system, 2) the thickness of the Pt layer, 3)
the thickness of the Cr layer, 4) the oxygen plasma duration, 5) the timing of the
oxygen plasma, 6) the Cr etching, 7) the height difference between the ME and the
AE and 8) the evaporation rate of the Cr. In the coming sections, SEM images are
presented showcasing the impact of each parameter, followed by a short discus-
sion.
Prior to the results that are presented below, several batches were fabricated using
the recipe from J.A Labra-Muñoz [8]. Following this recipe resulted in severe prob-
lems related to excessive heating of the chip during evaporation, which turned out to
be caused by a contaminated Pt crucible in the Temescal, which is an ebeam phys-
ical vapor deposition system. After this pocket was replaced, problems as depicted
in figure 2.3a did not occur anymore, but the resulting junctions looked consis-
tently as the one in panel c of the same figure. Therefore the problems depicted in
panel a were most likely caused by excessive heating of the chip during evaporation.

Platinum is a relatively difficult metal to evaporate [13]. To investigate whether
further reducing the heating of the chip during evaporation would increase the
quality of the gaps we decided to reduce the thickness of the Pt layer by 5 nm for
both the ME and the AE: from 25/20 nm to 20/15 nm. The results are shown in
figure 2.4, with panel a showing a thickness of 25/20 nm and panel b showing the
reduced thickness.

Figure 2.4: SEM images of chips fabricated with differing Pt thicknesses. a) A junction fabricated in the
Temescal using 25 nm Pt for the main electrode and 20 nm Pt for the auxiliary electrode. b) A junction
fabricated in the Temescal using 20 nm Pt for the main electrode and 15 nm Pt for the auxiliary electrode.

From the SEM images, no clear difference is observed; the gap size is still around
30 nm and the edges of the electrodes remain rough. Either the Pt thickness has
no direct effect on the quality of the gap, or the effect of a 5 nm reduction is too
small to observe. Due to lack of improvement, other evaporation systems were
tested: the AJA-QT for Ti and Pt, and the AJA-MB for Cr. Because both systems
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are required for the full fabrication process, we will refer to them as the AJAs from
this point on. Initial tests using the AJAs produced nanogaps with a size of 5-15
nm, but with particles inside the gap as shown in figure 2.3b. However, due to
the small gap size we decided to switch to the AJAs for the evaporation step and
instead work on obtaining consistent gap sizes and removing the particles inside
the gap.
Fursina et al. [6] report that the thickness of the Cr layer is the determining fac-
tor for the gap size when using oxidized chromium as a physical mask. Therefore
the thickness of the Cr layer was varied between 20 and 35 nm with the goal of
tuning the gap size. Figure 2.5 shows a representative gap for each thickness.
No difference is observed; all gaps are approximately of the same size and have
particles inside them. This is surprising because Fursina et al. [6] reported a gap
size as large as 70 nm for a Cr thickness of 35 nm. The lack of any effect of
the Cr thickness would indicate a lack of oxidation of the Cr layer, which is unex-
pected because chromium oxidizes in ambient conditions. Moreover, the oxygen
plasma cleaning step before the fabrication of the AE should oxidize the Cr rapidly.
J.Houtman reported in his thesis [7] that the addition of an oxygen plasma cleaning
step decreased the gap size and improved the smoothness of the gap. He observed
an upward curling of the ME at the edges as a result of the rapid oxidation of the
Cr and argued that the resulting increased vertical space between the ME and AE
and decreased horizontal extrusion of the Cr lead to the improved gap quality.

Figure 2.5: SEM images of chips with varying Cr thicknesses. a) A junction with a layer of 20 nm Cr. b)
A junction with a layer of 25 nm Cr. c) A junction with a layer of 35 nm Cr.

In our process, the oxidation of the Cr layer is influenced by 3 steps: 1) the duration
of the oxygen plasma, 2) whether the chip is exposed to an oxygen plasma at the
end of the first day or at the start of the second day and 3) the resist baking step
before the EBL exposure of the AE. The third step can only be changed by chang-
ing resist, but for example a double layer of polymethylmethacrylate (PMMA) and
methylmethacrylate (MMA) requires baking at the same temperature, therefore the
effect of the first two was investigated. The duration of the oxygen plasma was
originally 10 minutes with a power of 120 W and a flow of 70 sccm and was used
to remove organic residues. To investigate the effect of the oxygen plasma on the
oxidation of the Cr and whether it is needed to remove organic contaminations, we
fabricated the ME using no oxygen plasma, using a 3 minute plasma and using a
15 minute plasma. The results are shown in figure 2.6. First, the batch without
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a plasma (panel a and b) displays protrusions at the intersection of the ME and
the substrate. These protrusions are not present in panels c,d (3 minute plasma)
and e,f (15 minute plasma), indicating that these protrusions are most likely resist
residues which are removed in the plasma. This step is therefore essential and
should not be omitted.
In the oxygen plasma, the surface chromium layer is expected to oxidize rapidly.
How long is needed for the surface to completely oxidize is unknown but could
have a large impact on the nanogaps. The original process by J. Houtman [7] used
a 10 minute oxygen plasma, which was replicated in most of our batches. Here,
we experimented with a plasma time of 3 minutes (panels c,d) and of 15 minutes
(panels e,f). In both panels d and f a slight upward curling of the edge is present,
which is the result of the oxidation of the Cr layer. No clear difference is observed,
indicating that the oxidation takes place rapidly and has already taken place after 3
minutes of plasma. Surprising are the small structures lying on top of the ME at the
edge, present in both panels d and f. These seem to be metallic, given their simi-
lar contrast as the electrode. Possible explanations for these structures could be a
slight sidewall coverage during evaporation, resulting in collapsed metal structures
after lift-off, or an inhomogeneous oxidation, causing a rough edge.
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Figure 2.6: a,b) SEM images taken under an angle of the main electrode without exposure to an oxygen
plasma. c,d) Top-view and view under an angle of a main electrode exposed to a 3 minute, 70 sccm, 120
W oxygen plasma. e,f) Top-view and view under an angle of a main electrode exposed to a 15 minute,
70 sccm, 120 W oxygen plasma. g) SEM image of a finalized junction where the oxygen plasma step
was done immediately after finishing the main electrode. h) SEM image of a finalized junction where
the oxygen plasma step was done before starting fabrication of the auxiliary electrode.
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Not only the oxygen plasma has an impact on the oxidation of the chromium layer,
but also the timing of the plasma: because the fabrication process of the ME and
the AE spans two days, the oxygen plasma can either be done at the end of the
first day, or at the start of the second day. In the former case, the oxygen plasma
actively oxidizes the Cr layer and less oxidation in ambient conditions might take
place, whereas in the latter case, the Cr layer first oxidizes passively in ambient
conditions throughout the night, after which it is exposed to a plasma. Important
in this regard is the fact that Cr is not expected to oxidize completely in ambient
conditions, as for a complete oxidation a temperature of 300 ∘C is required [6, 14].
Results for the timing of the plasma are shown in figure 2.6 panels g (end of 1st
day) and h (start of second day). Please note that these batches were fabricated
using the Temescal for evaporation. The electrode roughness is higher for the chip
which was exposed to the plasma on the 1st day. Moreover, the gap is slightly
larger. We infer from this that the timing of the oxidation influences the quality of
the gaps; exposing the chip to a plasma at the end of the 1st day results in large
and rough gaps. Most likely, letting the Cr oxidize overnight results in an initial ho-
mogeneous oxidation and the effect of the subsequent plasma is reduced. In the
rest of the batches, the plasma step was always done at the start of the second day.

Up to this point, the particles inside the gap have been a consistent feature through
all iterations where the AJAs were used for evaporation. Aside from these particles,
the gaps appear to meet our criteria; the gap size is around 10-15 nm and the
edges of the ME and AE are smooth enough. Therefore, removing these particles
might result in nanogaps with the desired gap size and smooth edges. The origin of
these particles remains unknown, however, the Cr layer was regularly incompletely
etched. As described in section 2.2, the final step in the process is the wet etching
of the Cr layer using TechniEtch Cr-01, which is a mixture of perchloric acid HClO4
and ceric ammonium nitrate (NH4)2[Ce(NO3)6] [10]. The reported etching rate of
Cr is 60-100 nm/min; hence the 2 minute etch employed in our process should be
long enough to get rid of all Cr. As this was not the case, we tried an aggressive
approach: the chip was first agitated in the etchant during 1 minute, followed by
a 10 minute bath at 50 ∘C. The heated etchant with the chip was then gently son-
icated for 7 minutes, agitated for 1 minute and finally left in a final bath at 50 ∘C
for 7 minutes. The result is shown in figure 2.7. Panel a shows a chip with the old
etching process, panel b a chip after the aggressive process. The particles are still
present in the gaps and therefore are not chromium particles. Important to note is
that the Cr layer is fully etched using the aggressive approach, whereas this is not
always the case with the old process. The incomplete etching after 2 minutes is
unexpected given the advertized etching rate and is problematic for the fabrication
of devices with a LG. J.A. Labra-Muñoz has tested the breakdown voltage of the
Hf oxide layer before and after the Cr etch and found that the breakdown voltage
was lower as a result of the wet etching step. A balance should be found between
getting rid of the sacrificial Cr layer while at the same time minimizing the etching
time.
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Figure 2.7: a) SEM image of a junction fabricated using the old etching method: 2 minutes at room
temperature of which 1 minute sonication. b) SEM image of a junction fabricated using an aggressive
etching method: 1 minute in the etchant while slowly moving the sample, 10 minutes in a beker with
etchant heated to 50 ∘C, gentle sonication for 7 minutes followed by a final bath at 50 ∘C for 7 minutes.

Still uncertain about the origin of these particles, we decided to study several fi-
nalized chips under a large angle in the SEM. Figure 2.8 shows two SEM images of
chips from different batches. In both pictures, the AE is folding upward and lying
on top of the ME. Based on this, the metallic particles are actually sharp protrusions
from the metal of the AE, which appear extra bright in the SEM as a result of the
edge effect [11]. The folding of the electrode is unexpected due to evaporation
being a line of sight process. The overhang resulting from the oxidation of the Cr
layer should create an area where no metal is deposited during evaporation; in-
stead, it seems as though the metal was evaporated on top of something, allowing
the protrusions to reach higher than the ME.
One possible explanation for this would be that the evaporation occurred under
a small angle, allowing the coverage of the side of the ME. However, this folding
was observed on both sides of the ME and the orientation of the stage was fixed
throughout the evaporation, invalidating this scenario. Another scenario would be
the presence of stress within the Cr layer. A study by Shaginyan et al. [15] reports
that the grain size of Cr is expected to increase during evaporation as a result of
the rising surface temperature. As a result of this increased grain size, a stress
gradient exists within the Cr layer. It is possible for this stress gradient to cause the
top to compress slightly with respect to the bottom of the layer, leading to a slight
angle on top of which particles are deposited during evaporation. This is, however,
speculation. More investigation is needed to determine the cause of this folding.
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Figure 2.8: SEM images of finalized chips taken under an angle. a) Chip with a local gate electrode. b)
Chip without a local gate electrode.

In order to prevent the folding of the electrode, we increased the height difference
between the ME and the AE from 5 to 10 nm. During the evaporation of the AE, also
a metal layer is deposited on top of the ME, i.e., on top of the Cr. The reasoning be-
hind increasing the height difference was that these layers might get disconnected
and we could get rid of the folding through this. The result is shown in figure 2.9,
with panel a) showing a junction with a height difference of 5 nm and panel b) with
a 10 nm difference. No difference is observed; the ME and AE remain connected.
It would be of interest to investigate the effect of having no height difference in a
future batch.

Figure 2.9: a) Junction with a height difference of 5 nm between main- and auxiliary electrodes. b)
Junction with a height difference of 10 nm between main- and auxiliary electrodes.
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Finally, to investigate whether stress within the Cr layer is the cause of the folding,
we increased the Cr layer thickness to 40 Å, varied the evaporation rate between
0.5 Å/s and 2.0 Å/s and evaporated in cycles of 5 nm with a one minute pause
between the cycles. The cyclic evaporation should reduce the effect of changing
surface temperature during evaporation if that is indeed present. The results are
shown in figure 2.10. Panel a shows a junction which was fabricated using 40 nm
chrome and a rate of 0.5 Å/s, the rate which was used for most batches. Comparing
this junction to the previous ones, we do not see a clear difference, which would
mean that the effect of the cycles is negligible. Increasing the rate to 1.0 Å/s and
2.0 Å/s seems to decrease the amount of protrusions slightly, as well as increasing
the edge roughness. A higher evaporation rate has been reported to lead to an
increase in grain size for Al [16]. A larger grain size would explain the increased
edge roughness.

Figure 2.10: SEM images of chips where the Cr layer was 40 nm thick, as well as evaporated in 5 nm
cycles with a pause in-between. a) Junction where the Cr was evaporated at a rate of 0.5 Å/s. b)
Junction where the Cr was evaporated at a rate of 1.0 Å/s. c) Junction where the Cr was evaporated at
a rate of 2.0 Å/s.
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2.3. Reference measurements
Nanoparticles can be synthesized in many ways. Our goal is to measure nanopar-
ticles with built-in functionalities, which combines the SET character of a particle
between two electrodes with quantum transport features. To interpret measure-
ment results, a set of reference data is needed for our device structure. The ref-
erence data should be recorded for a relatively simple system, namely a metallic
nanoparticle. In prior research, gold nanoparticles were used as a reference system
because of their relative simplicity [3, 17, 18]. For example, Khondaker et al. [3]
report the observation of Coulomb Blockade, confirmed by the fitting of orthodox
Coulomb blockade theory to the experimental data.

2.3.1. Trapping of a single gold nanoparticle
Despite the fabrication issues, some of the samples (especially the ones with a large
gap) yielded devices that were suitable for further studies. Here, we report on the
fabrication and measurement of reference samples containing gold nanoparticles
with a diameter of 30 nm. The trapping of these nanoparticles is a probabilistic
process. A solution containing the nanoparticles is drop-cast on top of the chip and
left to evaporate, resulting in a small chance of a particle bridging the ME and AE. A
solution of 30 nm gold nanoparticles suspended in citrate buffer from Sigma-Aldrich
was used. The solution has a concentration of ∼1.8x1011 particles/mL. Letting the
solution evaporate resulted in a ’coffee stain’ of nanoparticles on the chip, shorting
all junctions. Therefore, on a next chip, the droplet was left on the chip for 1 minute
and then the remaining liquid was removed by sucking it up with a tissue. Current-
voltage (IV) characteristics were recorded on 2 different chips at room temperature
in a vacuum; a total of 3 junctions were found to show a signature of a trapped
nanoparticle.
Figure 2.11a shows a SEM image of sample 1 containing a single gold nanoparticle
imaged after the measurements finished. Panel b) shows the corresponding IV
characteristic before and after deposition of the nanoparticles. Before deposition no
current is observed up to a bias voltage of 1.5 V (blue drawn line). After deposition
a current of 1 nA is observed at a bias voltage of 350 mV (orange curve). This
change is indicative of trapping a nanoparticle in the nanogap and is normally the
only way of telling whether a particle has been trapped or not. However, because
gold nanoparticles conduct well and, if they are large enough, they can be observed
in a SEM as shown in figure 2.11a. Panel c) shows the IV characteristic before and
after deposition of sample 2. This sample 2 has a current of 3 nA at a bias voltage
of 350 mV, a factor 3 higher than Sample 1. The current displays switches; these
seem to occur between two conductance levels. The size of these switches is much
larger than the noise level and is therefore not caused by electrical noise. Finally,
panel d) displays the IV characteristic before and after trapping of sample 3, where
a current of around 12 pA was observed at a bias voltage of 350 mV. The difference
in current compared to the other samples is most likely the result of a difference
in the widths of the tunneling barriers between the nanoparticle and the platinum
electrodes.
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Figure 2.11: a) Zoomed in scanning electron microscopic image of a nanogap containing a single gold
nanoparticle. b) Current-voltage characteristic of sample 1, measured at room temperature in a vacuum
across a nanogap before and after deposition of a solution with gold nanoparticles; this characteristic
corresponds with the sample whose SEM picture after measurements is shown in a). c) Current-voltage
characteristic of sample 2, measured in the same conditions as sample 1. d) Current-voltage character-
istic of sample 3, measured in the same conditions as sample 1.

2.3.2. Low-temperature measurements
The samples were cooled down to around 10 K in a cryo-free probestation and
current-voltage (IV) characteristics were recorded. Two examples of IVs at base
temperature are shown in figure 2.12a,b. IV characteristics were recorded for a
bias voltage between -50 to +50 mV. Figure 2.12a,b show two IVs, one from Sam-
ple 1 and one from Sample 2. A consistent offset of 10 mV was observed in the
measurements, therefore the plots were shifted by -10 mV and cut off at 40 mV.
In panel a, around zero bias a flat region is observed until ±10 mV, after which the
current increases (decreases) with increasing (decreasing) bias voltage. Addition-
ally, small steps are observed in the current. The current displays switches above
a bias voltage of 20 mV. In panel b the same behavior is observed, although the
steps are less visible.
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Figure 2.12: Current-voltage (IV) measurements on nanogaps containing a gold nanoparticle at 10 K.
a) IV characteristic of Sample 1. b) IV characteristic of Sample 2. c) IV characteristic of Sample 1 to
which the orthodox Coulomb blockade model was fitted (red). d) IV characteristic of Sample 2, to which
the orthodox Coulomb blockade model was fitted (red).

In order for the junction to behave as a SET, Coulomb Blockade (CB) is needed. CB
is a consequence of making a system very small and confining the electrons inside
it. These electrons experience a strong Coulomb repulsion, leading to an energy
cost, the charging energy EC, associated with adding an electron to the system.
If the thermal energy is small compared to EC, no current can flow unless energy
is provided to tunneling electrons through for example a bias voltage. If such a
system is placed between two electrodes, isolated from them through tunneling
barriers such that the resistance of the tunneling junction, R ≫ Rq = h/2e2 ≈ 12.9
kΩ, we obtain a SET. In a SET, most electron transfer processes only involve a single
electron. In IVs, CB can be recognized by two possible characteristics: a region of
(close to) zero current around zero bias, and/or steps in the current as a function
of bias voltage. The manifestation of these depends on parameters such as the
alignment of the energy levels of the island with respect to the Fermi energy of the
electrodes, charges in the proximity and the coupling of the island to the electrodes.
In [3], CB is observed in a SET made with gold nanoparticles of 10 nm diameter. The
classical CB model is fitted to their data and shows great correspondence. In order
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to verify that we are observing CB, we fit the same model to our data. The model
contains 6 parameters: two capacitances (one for each barrier), two resistances
(one for each barrier), the temperature and the offset charge. The fitting is done
by tweaking these parameters by hand in order to obtain a curve which follows the
experimental data. The parameters for the fits in figure 2.12c,d are shown in table
2.1.

C1 (aF) C2 (aF) R1 (MΩ) R2 (MΩ) T (K) Q0
Sample 1 8 5.8 600 2400 10 0.85
Sample 2 3.7 4.7 460 180 10 0.75

Table 2.1: Table displaying the fit parameters of the Coulomb Blockade model, fitted to the data pre-
sented in figure 2.12. C1,2 are the capacitances of the tunnel barriers, R1,2 the resistances of the tunnel
barriers, T the temperature and Q0 the offset charge.

The data can be fitted well by the orthodox CB model, confirming single electron
transport. The two different junctions display similar behavior, with a blockade
region between ±10 mV after which the current goes up (down) for increasing
(decreasing) bias voltage. In orthodox CB, the current is blocked between V =
±e/C = 2EC/e, which means that the charging energy is around 5 meV in our case
for both samples. We can also compare this with the value we obtain from our fits,
where EC = e/(2 ∗ C) with C = C1 + C2. This yields a charging energy of 6 meV
for Sample 1 and 10 meV for Sample 2. These values are close to each other and
consistent with what is expected for particles of this size. The difference between
the two can be explained by a difference in the contact between the particle and
electrodes, resulting in a slightly different total capacitance. In this case, Sample 2
is contacted more symmetrically as seen from the values listed in table 2.1 for the
capacitances. Comparing the values to Khondaker et al.[3] we see similar values for
the capacitances, which is surprising considering we have 30 nm particles, whereas
Khondaker et al. used 10 nm particles. The difference could be explained by the
difference in chip geometry. Where they built a bridge with 20 nm nanoparticles,
break it with a voltage and then deposit the 10 nm particles to obtain a SET, we
have two platinum electrodes between which we trapped a single nanoparticle. For
a full understanding of the CB behavior, a gate electrode should be added such that
the Coulomb diamonds can be measured.

2.4. Conclusion and outlook
In this chapter we investigated the impact of different fabrication steps on the
quality of the nanogaps in an effort to obtain 15 nm high aspect-ratio nanogaps
following a formerly working process [6–8]. We changed parameters one by one
to pinpoint the origin of the problems, but did not manage to obtain consistently
good nanogaps. The thickness of the Pt did not have any impact on the final result.
Surprisingly, this was also the case for the thickness of the Cr layer, which was
reported by Fursina et al. [6] to directly control the gap size. Looking at the oxida-
tion process of the Cr, which is done by leaving the sample in a desiccator for one
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night and exposing it to an oxygen plasma, we found that the Cr seems to barely
oxidize. The best order in which to do these two steps is to first leave the chip in
the desiccator during which it will oxidize slowly and evenly. The oxygen plasma
will then clean the substrate and oxidize the Cr layer a little more, but the oxidation
will remain quite homogeneous. In most gaps fabricated in the AJAs the nanogaps
seemed fine but filled with unwanted particles, shorting the two electrodes. To re-
move these particles, we first performed an extensive Cr etching step, which was
found to have no effect at all. Imaging these particle-filled junctions under an an-
gle in the SEM showed that these particles were in fact protrusions from the AE,
which somehow had folded on top of the ME. First we increased the height differ-
ence between the ME and AE in an attempt to get rid of this folding, which was
unsuccessful. A possible explanation for the cause of this folding is compressive
stress within the Cr layer, which is a result of an increasing surface temperature
during evaporation, leading to a change in grain size and thus in a stress gradient
within the film. This hypothesis was tested by evaporating the Cr in cycles of 5 nm
with a 1 minute pause between cycles. No difference was observed for a Cr rate
of 0.5 Å/s and 1.0 Å/s, which indicates that stress is not the cause of the folding.
However, the layer thickness of Cr was also increased to 40 nm, therefore it would
be prudent to perform the same test with a thickness of 25 nm for a definitive con-
clusion. Also a rate of 2.0 Å/s was tested: the gaps seemed cleaner, but also less
smooth. This is probably the result of a larger grain size. Why this would lead to
less protrusion from the AE is unclear. For future batches, we would first perform
the above-mentioned test where cyclic evaporation of Cr is done for a thickness
of 25 nm. Another batch should be made without the height difference between
ME and AE to investigate whether this has any effect. Finally, the oxidation we
observe seems to be taking place to a lesser extent than J. Houtman [7] observed.
Therefore, we would investigate whether oxidizing at an elevated temperature (at
least 300 ∘C) yields different results.

We have also measured 30 nm gold nanoparticles on these chips to obtain a set of
reference data. Trapping of the nanoparticles was found to be done optimally by
first drop-casting 5 𝜇L of solution on the chip and extracting the fluid after 1 minute,
preventing all particles from precipitating on the sample. A current was observed
after drop-casting in 2 junctions. Sample 1 was visually confirmed to contain a sin-
gle nanoparticle through a SEM image. At 10 K, the IVs displayed a region of low
current around zero-bias. The data could be fitted accurately by the orthodox CB
model with similar values for the two samples and is consistent with those reported
in literature. The observation of CB confirms that our system behaves as a SET and
the measurements serve as a reference for the measurements performed in the
next chapter. It would be interesting to add a gate electrode to the measurements
and try to measure the Coulomb diamonds to obtain a full picture of the behavior
of these SETs.
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3
Trapping and

Characterization of Prussian
Blue Analogue Nanoparticles
on Different Chip Geometries

Abstract
Prussian blue analogue nanoparticles have attracted interest due to their potential
application as sensors, memory elements and spintronics devices. These parti-
cles have a diamagnetic low spin state and a paramagnetic high spin state, be-
tween which can be switched reversibly through for example light. This study
investigates electronic transport through 15 nm Prussian blue analogue nanoparti-
cles using three device geometries: point-contact nanogaps, chromium nanogaps,
and overlapping-contact nanogaps, in order to optimize the trapping of a single
nanoparticle. The chromium nanogaps were found to have the highest trapping
rate (1.2%), followed by the point contacts (0.7%) and the overlapping electrodes
(0.5%). Current-voltage measurements at 10 K show different behaviors for the
different device geometries. The point-contact gaps exhibited Coulomb blockade-
like behavior, while no signal was detected in the other two geometries; however,
warming up the devices restored the signal. The Coulomb blockade-like behavior in
the point-contact gaps is characterized by an asymmetric large suppression region
around zero bias, followed by steps of different sizes. Additionally, a stability dia-
gram reveals only two of the four lines making up Coulomb diamonds. These obser-
vations suggest that the electronic transport takes place through multiple particles
in series, which are coupled asymmetrically to the electrodes. For the chromium
and the overlapping-electrode nanogaps the temperature dependence of the cur-
rent was investigated and Arrhenius behavior was observed, suggesting thermally
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activated transport. We discuss our results in the context of the double Schot-
tky barrier model, as well as the Mott and Efros-Shklovskii variable range hopping
models. Due to the limited range of our current-voltage characteristic, fitting yields
inaccurate estimates for the parameters. From an Arrhenius fit we extract activa-
tion energies of 0.52 and 0.35 eV, which are similar to the barrier energies found in
another study in a conductive atomic force microscope setup. The average hopping
length is estimated for both hopping models. For the Mott variable range hopping
the estimate is around 1.1 nm, about the same size as the unit cell, which would
be more in line with nearest neighbor hopping. For Efros-Shklovskii variable range
hopping we obtain an estimate of 93/𝜖 pm, with 𝜖 the dielectic constant, which is
smaller than the atomic radius. Based on our data, we cannot distinguish between
the double Schottky barrier model and the nearest neighbor hopping model; more
current-voltage measurements need to be recorded in a larger bias range. The two
observed behaviors, Coulomb blockade and thermally activated transport, can be
explained by larger effective tunneling barriers for the latter case. When the particle
makes good contact with the electrodes, the tunneling barriers are small enough
to observe Coulomb blockade at low temperatures. When the contact is poor how-
ever, the effective barriers are large and the transport becomes thermally activated,
resulting in an exponentially decaying conductance with decreasing temperature.
As a result, no current is observed at low temperatures.

3.1. Introduction
With the ever-increasing need for smarter and smaller devices, the idea of creating
materials which exhibit specific functionality as a result of their intrinsic properties
has grown in popularity. Spin crossover (SCO) is a phenomenon which has gained
interest in this regard. SCO compounds have the fascinating property that they
possess two spin states: a low-spin (LS) and a high-spin (HS) state, between which
can be reversibly switched through external stimuli such as temperature, pressure,
light or magnetic field. SCO occurs in octahedral complexes of first-row transition
metal ions with 4-7 3d electrons [1, 2]. The d-orbitals of the central metal ion are
distorted by the field of the ligands, causing a splitting between the dxy, dyz and
dzx orbitals and the dz2 and dx2–y2 orbitals. Due to the competition between the
ligand field stabilization energy and the spin-pairing energy, many SCO compounds
can undergo a thermal spin transition (ST), where at a critical temperature the
ground state changes from LS to HS or vice versa. Additionally, a switch in spin
state is often accompanied by a change in the physical properties such as color
and size of the material. For example in Iron(II) complexes the Fe-N bond length
changes from 2.0 to 2.2 Å [3]. Depending on the cooperativity of the crystal,
thermal hysteresis can be present [4, 5], where the transition temperature for LS-
>HS is not the same as the one from HS->LS [6]. This bi-stability property paired
with the thermal hysteresis opens up potential applications of these complexes as
for example spintronics devices, sensors, or actuators and memory elements [7, 8].
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Figure 3.1: a) Sketch of the crystal structure of CsCoFe nanoparticles. Dark blue spheres denote cobalt
atoms, grey spheres iron atoms, dark-green carbon atoms, light-green nitrogen atoms and pink the
cesium cations. Each pair of cobalt and iron atoms is connected through a cyanide group. b) Energy
level diagram showcasing the transition between the LS and HS states, which is caused by a charge-
transfer process where Co(III) reduces to Co(II) by receiving an electron from Fe(II), which oxidizes to
Fe(III).

A subset of SCO complexes is the so-called Prussian Blue Analogue (PBA) com-
pounds, consisting of two metallic ions bridged by cyanide ligands. The name is
derived from the infamous Prussian Blue (PB), or ferric hexacyanoferrite, which was
used as a paint color in for example Vincent van Gogh’s ’Starry Night’. PB nanopar-
ticles (NPs) have a broad range of applications: from cancer treatment, to battery
electrode material, to antidote for internal radioactive contamination [9–12]. Re-
placing one or both of the metallic ions by other transition metal ions (for example
Zn, Mn, Co) leads to the creation of PBAs, see figure 3.1a for an example of a CsCoFe
PBA [13]. PB and its analogues are of interest because of their magnetic proper-
ties. Particularly interesting about PBAs is that not only are they bistable, with a LS
and a HS state, the ST goes paired with a Charge Transfer (CT) between the metal
ions, changing their oxidation state (see Fig. 3.1b). Research has shown that upon
light irradiation of the earlier mentioned CsCoFe nanoparticles, the ST is triggered,
causing an elongation of the Co-N bonds, resulting in the transfer of an electron
from the Co ion to the Fe ion [14, 15]. Another important matter is the presence of
the cesium cations, which provide charge balance. Without these cations inserted
in the crystal, a structure deficiency of hexacyanometallate is present and the co-
ordination sphere of the cobalt centers neighboring a vacancy is filled by water
molecules [13]. This has an impact on the ST and photomagnetic properties of the
particles since H2O provides a weak ligand field compared to cyanide, leading to
less distortion of the d-orbitals. Hence, it is possible to tune the ST and photomag-
netic properties of PBA through the amount and type of inserted cations [16]. For
a crystal with a higher H2O content the ground state tends towards HS due to the
weak ligand field, while for higher cation insertion the ground state tends towards
LS.
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Due to the ST and photo-magnetic properties of PBAs, potential applications in
nanoscale devices are possible such as sensors, memory elements or spintronics
devices. For these applications, the electronic transport properties of PBA nan-
particles are essential. Research has focused on the photo-magnetic properties at
the nanoscale, but little is known about the transport characteristics. A few studies
were done at the micro-scale for thin films and powders [17, 18]. More recently,
two studies were performed on the same CsCoFe nanoparticles as studied here
through conductive atomic force microscopy (C-AFM) measurements [19, 20]. In
the first study electron transport through devices consisting of 1-3 nanoparticles
was investigated. They observed an exponential dependence of the current on
distance with low decay factors. In the second study different particle sizes are
measured and they observe an almost size-independent electron injection barrier.
Additionally, no correlation between conductance and particle size is found. Bulk
PBAs have been shown to behave as a semiconductor with a band gap of around
2 eV [21, 22]. Therefore, they argue that the system can be modelled by a double
Schottky barrier with barrier heights in the range of 0.28 - 0.43 eV and they are
able to accurately fit this model to their data. However, in their C-AFM setup it is
not possible to tune the electrostatic potential due to the lack of a gate electrode,
nor can the temperature dependence of the electronic transport be studied.

In this chapter we study CsCoFe nanoparticles with the chemical formula
Cs0.7Co[Fe(CN)6]0.9(H2O)0.6, synthesized by the group of Prof. Dr. T. Mallah
[23] and shown in figure 3.1a. They consist of pairs of Co and Fe ions, linked
through cyanide ligands. Cesium cations are present for charge balance [13, 24].
Important to note is that the particle contains vacancies: around 10% of Fe(CN)6
sites are empty and water molecules coordinate to the Co atoms; this is not shown
in the figure. The Co(III)Fe(II) LS state (Fig. 3.1b) is diamagnetic, whereas the
Co(II)Fe(III) HS state is paramagnetic with the total spin of a Co-Fe pair being S
= 2. The goal is to characterize the transport properties of the nanoparticles with
on-chip devices and investigate how the ST affects these properties. To this end,
we trap these nanoparticles using three different device geometries to optimize the
trapping process. Current-voltage (IV) measurements are performed at room- and
low temperature for different gate voltages. We observe different behaviors for
different device geometries and fit these into a picture that is coherent with the
C-AFM measurements.
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We trap and perform charge transport measurements on 15 nm CsCoFe PBA nanopar-
ticles. The synthesis of the particles was done by the group of Prof. Dr. T. Mallah
in Paris and is reported in a publication by Trinh et al. [23]. The trapping process
of nanoparticles within a nanogap is a matter of chance, with generally low trap-
ping rates (< 1%). In order to optimize this process, three different chip designs
were tested: the point-contacts, the high-aspect ratio Cr gaps and the overlapping
electrodes (see figure 3.2a,c,e). Fabrication was done in the Kavli Nanolab at the
Delft University of Technology.
The point-contact nanogaps are shown in figure 3.2a, together with a scanning
electron microscopic (SEM) picture in panel b. A junction consists of two contact
pads with two platinum electrodes in-between. The electrodes are separated by a
5-15 nm gap. The point-contacts are fabricated by direct ebeam writing and elec-
trode evaporation (see the recipe in the appendix section 3.6.1). The advantages
of this design is the easy and quick fabrication process, which makes it possible
to achieve the smallest gap sizes out of all three designs, as small as 5 nm. The
downsides of the point-contact gaps are their narrow electrodes and the absence of
a local gate. The trapping of nanoparticles can only happen in a small area, leading
to a low trapping yield. Due to the absence of a local gate, a gate voltage can only
be applied to the silicon substrate, which is separated by 285 nm of silicon oxide
from the electrodes, leading to a weak gate electric field at the junction.
The second design is the high-aspect ratio chromium (Cr) nanogaps described in
Chapter 2. The design is shown in figure 3.2c, with a SEM image in panel d.
The chip consists of a platinum main electrode (ME) in the middle, surrounded by
platinum auxiliary electrodes (AEs), with the nanogaps at the points where they
intersect. This design incorporates a local gate (LG), which is buried beneath a 20
nm HfOx layer. The high-aspect ratio is expected to increase the trapping rates, but
gap sizes are generally 15-25 nm. The main advantages of this geometry are the
high aspect-ratio and the presence of a local gate. The trapping rate is expected to
scale with electrode area, hence the high aspect-ratio should lead to more trapping
events. The local gate allows for the effective application of an electric field at the
junction. The disadvantage of the high aspect-ratio gaps is the elaborate fabrica-
tion process. As laid out in chapter 2, it has not been possible to achieve sub-15
nm gap sizes. This is expected to render trapping a particle difficult, as the particle
are cubes with sides of 15 nm on average.
Finally, we have used overlapping contacts, which consist of two palladium elec-
trodes patterned such that the last 120 nm is next to the other electrode, with a
15-20 nm gap between the two electrodes (see panel e and f of figure 3.2). The
fabrication was done by following the procedure documented in section 3.4.1 of
Dr. D. Bouwmeester’s doctoral thesis [25], using palladium as material for the
electrodes. No sticking layer is present, as this diminished the smoothness of the
electrodes. As a result, extra care is required when drop-casting solution on the
chip or immersing the chip. This design is a compromise between the two pre-
viously mentioned geometries: it possesses a relatively large junction width (120
nm), which should facilitate the trapping of a nanoparticle and the fabrication pro-
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cess is relatively simple. Similar to the point-contacts, no local gate is present.

Trapping of the nanoparticles can be done in different ways. The main method
employed in this chapter is the drop-casting of a solution on top of the chip and
waiting for the liquid to evaporate. Due to the high surface tension of water, solu-
tions were made with differing quantities of methanol, which reduces the surface
tension and allows the droplet to cover a larger area. This method results in an
aggregation of the particles towards the edges of the droplet and a lower concen-
tration in the middle. Alternatively, some chips were submerged in solution, which
results in a more homogeneous coverage of the particles on the chip.

Current-voltage (IV) measurements were performed in a lakeshore CRX-6.5 cryo-
free probestation. It possesses six arms which can be freely moved. The probesta-
tion operates under a vacuum and can reach a base temperature of around 10 K.
Two heaters are present in the system, allowing for precise temperature control
over the full 10-300 K range. An IVVI rack built by DEMO at the Delft University of
Technology was used to perform the measurements [26]. Two-probe IV measure-
ments were done by applying a voltage bias and measuring the resulting current.
The D5 bias-DAC module was used as a voltage source, connected to an S1d mod-
ule to allow for amplification if needed. Measurement was done by passing the
signal through the M1b module which acts as a current amplifier and readout was
done with a Keithley 6500.
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Figure 3.2: a) Sketch of the point-contact device geometry, where the electrodes consist of a Ti sticking
layer with a Pt layer on top. b) SEM image of a point-contact nanogap of 11 nm. c) Device geometry for
the Cr-based nanogaps, consisting of a local gate (shown in yellow) buried beneath an Hafniumoxide
layer, a central main electrode (blue) and auxiliary electrodes (red). The electrodes consist of a Ti
sticking layer and a Pt layer. d) SEM image of a high aspect-ratio nanogap of 20 nm. e) Overview of the
overlapping electrodes geometry, with the electrodes consisting of only a layer of Pd. f) SEM image of
a single nanogap of 19 nm.
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3.3. Results

3.3.1. Room-temperature characterization and trapping
Before any particles are deposited on a chip, all junctions have to be characterized.
To this end, an IV is recorded at room-temperature in a vacuum for every junction
from -1.5 to 1.5 V bias. In the case of an empty junction, no current should be
observed. Junctions which displayed a current higher than 2 pA at ±1.5 V are not
used in any measurements.
After this initial characterization step, a solution is prepared by diluting the original
solution (a colloidal suspension of the particles in de-ionized water with 400x1014
NPs/L) 2-50 times in either de-ionized water or methanol. Deposition is done by
either drop-casting a droplet of 5 𝜇L on top of the chip or immersing the chip in
the solution for around 10 seconds. After deposition the chip is left in ambient
conditions to dry, after which it is loaded in the probestation and the chamber is
pumped to a vacuum by a turbopump.
All junctions which did not display a current before (we refer to them as being ’open’)
are now measured again. This time in a smaller bias voltage range to reduce the
risk of losing a trapped particle. If something has been trapped in a junction, a cur-
rent is observed. See figure 3.3 for examples of IVs that were recorded on junctions
where something has been trapped. Panels a), b) and c) represent measurements
on the point-contacts. The panels represent different junctions on the same chip.
Panels d) and e) were recorded on two different chips with the Cr nanogap geom-
etry and f) was recorded on a chip with the overlapping-electrode geometry. In
all panels, a clear difference in the IV characteristic is observed before and after
deposition of the nanoparticles, which indicates that something has been trapped
in the junction. Interesting is the high resistances (defined as Vmax/I@Vmax) we
observe: 400 MΩ (panel a) up to as high as 500 GΩ (panel f). Important to note
is that the resistances for the point-contact gaps are the lowest: 400, 800 and 125
MΩ, whereas the resistance for the other geometries are much higher: 350, 2.3
and 500 GΩ. Different line-shapes are observed: in panels a), b) and c) the current
increases non-linearly with increasing bias voltage with a slight asymmetry between
positive and negative bias voltage in a), panel d) shows a linear IV, in panel e) we
observe a current that saturates at around 150 pA and in f) the current increases
linearly with increasing bias voltage, but shows a suppressed region around zero
bias.
For the point-contact nanogaps, 11 chips were measured, with 60 junctions on
each chip. On one chip something was trapped at room-temperature; 5 junctions
displayed a current after deposition. This chip was completely immersed in the
solution, as opposed to the drop-casting of solution on top of the chip.
16 chips were measured with the Cr nanogap geometry, each chip has 36 junctions.
In 7 junctions across 3 chips something was trapped at room-temperature.
For the overlapping nanogaps, 2 chips were measured, with 96 junctions per chip.
1 junction displayed a current after deposition. Also here, deposition was done by
submerging the chip in the solution, instead of drop-casting.
From these numbers, it is clear that the trapping rate is low. The most success was
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achieved on the Cr nanogaps with a yield of 1.2%. For the point-contacts the yield
was 0.7% and for the overlapping electrodes 0.5%. The Cr gaps having the highest
trapping rate was expected due to their high aspect-ratio. However, the overlap-
ping contacts were expected to have a higher trapping rate than the point-contact
gaps. The low rate might be a result of the small sample size (only 2 chips) and
the method of deposition: for one chip we drop-cast the solution, for the other we
immersed the sample in the solution.
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Figure 3.3: Current-voltage (IV) characteristics recorded at room-temperature before (blue) and after
(orange) deposition of the nanoparticle solution. a,b,c) IV characteristics recorded on the point-contact
gaps. The panels show 3 different junctions located on the same chip. d,e) IV characteristics recorded
on the Cr nanogaps, on two separate chips. f) IV characteristic recorded on an overlapping electrode
gap.
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3.3.2. Low-temperature behaviour
All samples where something had been trapped, were cooled down to around 10
K and again IV characteristics were recorded. A representative example for each
device geometry is shown in figure 3.4. Panel a) shows an IV which was recorded
on a point-contact nanogap. A region with approximately zero current is observed
between -7 and +80 mV. At positive bias, a large step in current occurs, while
at negative bias several smaller steps are observed. These steps are not equally
spaced: the first one is at -7 mV, the second one at -48 mV and the third at -105
mV. The overall line-shape is similar to Coulomb-Blockade (CB). On this chip, 3
junctions displayed the behavior showcased in panel a). The IV shown in panel b)
was recorded on a Cr nanogap and the one in panel c) on an overlapping electrode
nanogap. In both cases, no signal is observed above the noise level, up to a bias
voltage of 1 V. All junctions on the Cr and overlapping geometries in which some-
thing was trapped, i.e., a signal was observed at room-temperature, did not display
a current at low-temperature. Warming up the sample again restores the signal,
and in the case of the sample in figure 3.3e even changes the line-shape.
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Figure 3.4: Low-temperature IVs for different device geometries, measured on chips where a particle was
trapped. All IVs were recorded around 10 K. a) IV characteristic recorded on a point-contact nanogap.
b) IV characteristic recorded on a Cr nanogap. c) IV characteristic recorded on an overlapping nanogap.

The junctions displaying CB-like features were gated by applying a voltage to the Si
back-plane of the chip. By measuring IVs as a function of gate voltage we construct
a stability diagram of the differential conductance as a function of bias and gate
voltages. Figure 3.5 shows two stability diagrams in panels b) and d), together
with an IV from each stability diagram. The IV in panel a) was recorded at a gate
voltage of 5.5 V and exhibits a region with approximately zero current between -80
mV and +160 mV. After this region, steps in the current are observed: one step at
negative bias and two steps at positive bias. The stability diagram in panel b) does
not display a current between -50 and +125 mV; the steps in the IV correspond to
the bright diagonal lines in the stability diagram. The bias voltage at which the step
occurs shifts symmetrically towards lower bias voltages for increasing gate voltage.
Figure 3.5c shows an IV recorded at a gate voltage of 3.0 V and also exhibits a
region with approximately zero current between a bias voltage of 0 mV and +75
mV. Outside this region, steps in the current are observed with a spacing of about
50 mV. The stability diagram shown in panel d) shows current blockade between 0
mV and +30 mV. The bright diagonal lines correspond to the steps in the current



3.3. Results

3

43

in the IVs, which shift symmetrically towards lower bias voltages with increasing
gate voltage. Between a gate voltage of -4 and +4 V we vaguely observe diamond
shapes, which is expected for CB.
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Figure 3.5: a) IV measured on a point-contact nanogap displaying Coulomb blockade-like features at
a gate voltage of 5.5 V. b) Stability diagram recorded on the same junction as a). c) IV measured on
a point-contact gap displaying Coulomb blockade-like features at a gate voltage of 3.0 V. d) Stability
diagram recorded on the same junction as c).

As mentioned above, for the Cr gaps and the overlapping gaps, when a junction in
which something had been trapped was cooled down the current vanished. Warm-
ing up the junction recovered the signal, which indicates that the particle is still
inside the junction. A current which vanishes at low temperature usually indicates
some type of thermally activated transport, where an electron must overcome an
energy barrier. To investigate this further, we measured IVs as a function of tem-
perature, as shown in figure 3.6a,c. Both measurements were performed on a Cr
nanogap, on two different chips. A seemingly exponential decay of the current as
a function of temperature is observed. Note that the current levels are at least two
orders of magnitude smaller than the CB IV displayed in figure 3.5a,c.

In order to better display the decrease in current with decreasing temperature,
we determine the conductance by fitting a linear function to the IVs in panels a)
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and c) between -100 and +100 mV. The conductance obtained this way is plotted
against inverse temperature in figure 3.6b,d. An exponential function of the form:
G ∝ exp(–Ea/kBT) is fitted to the data, where Ea is the activation energy, kB the
Boltzmann constant and T the temperature. Good fits are obtained this way, with
activation energies of respectively 0.52 and 0.35 eV.
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Figure 3.6: a) IVs recorded at different temperatures ranging between 200 K and 300 K in a Cr nanogap.
b) Arrhenius fit of the differential conductance estimated from a) as a function of inverse temperature.
c) Temperature dependence of another Cr nanogap in which a particle was trapped, measured on a
different chip. d) Arrhenius fit of the differential conductance estimated from c) as a function of inverse
temperature.
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3.4. Discussion
The measured IV characteristics displayed two distinct behaviors: Coulomb block-
ade and thermally activated transport. We will discuss each separately and then
discuss whether they can be reconciled into one coherent picture.

3.4.1. Coulomb blockade
In the point-contact nanogaps the observed current at room-temperature was sig-
nificantly higher than for the other two geometries. Upon cooldown to around 10
K, the samples became even more conductive in most cases and the IVs started
displaying a region around zero bias where the current was approximately zero,
together with steps in the current as a function bias voltage. This behavior is
expected in the case of CB: a small conducting island is separated from the two
electrodes by a sufficiently large tunneling barrier, such that the tunneling con-
ductances are much smaller than the conductance quantum: G ≪ G0 = 2e2/h,
with e the elementary charge and h Planck’s constant. In this case the system
behaves like a single-electron transistor (SET): the electron transport is dominated
by single electron transfers [27]. In the case of a single conducting island sand-
wiched between two electrodes, the IV will display a region of zero current between
V = ±e/C = ±2EC/e, with C the total capacitance of the island, EC the charging
energy of the conducting island and e the elementary charge (1.6x10–19C). When
the island is coupled asymmetrically to the electrodes, steps in the current are ob-
served outside the suppressed region: the Coulomb staircase. These steps occur
at intervals of e/C. Through a gate electrode it is possible to apply an electric field
to the island, causing its chemical potential to shift. In a so-called stability dia-
gram, the conductance is displayed as a function of bias voltage and gate voltage,
resulting in diamond-shaped regions where current is blocked: Coulomb diamonds.
The size of these diamonds and the slope of the edges provides information about
how the island is coupled to the electrodes. When the coupling is asymmetric, the
diamonds are skewed, meaning the IVs are asymmetric around zero bias.

Looking at the low temperature IVs which displayed CB-like behavior we distin-
guish two features: 1) a region with approximately zero current. This region is
asymmetric around zero bias: the bias voltage value for which the current is sup-
pressed is larger for positive bias voltage than it is for negative values, 2) steps in
the current outside this suppressed region. These steps are not equidistant and
the magnitude of the steps can be different. The two stability diagrams in figure
3.5 show that these steps move towards lower bias voltage values when the gate
voltage is increased. In figure 3.5d it seems as though a couple of segments are
present where the opposite happens and diamonds are formed. When the island is
coupled asymmetrically, it is possible for only two of the four edges of the diamond
to be visible. An asymmetric coupling, where the coupling with one electrode is
much stronger than the coupling with the other electrode, is also the cause for the
asymmetry of the region where the current is suppressed in the IVs.
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The bias values at which the steps occur are not spaced equidistantly. Because the
values at which these steps occur are related to the charging energy, this would
suggest the presence of (at least) two different charging energies. This is the case
when there are two or more particles in series, as has been observed, for example,
in ferritin SETs [28]. When transport occurs through two or more particles in series,
the current is blocked unless at least one energy level of each particle is within the
bias window. In a stability diagram, this leads to non-closing diamonds. Although
we do see a clear effect of applying a gate voltage, we do not observe a closing of
the diamonds.

The presence of islands in series may be related to the core-shell structure that
has been proposed as a model for PBA nanoparticles [23]. In such a structure,
Trinh et al. [23] propose that the 11 nm CsCoFe nanoparticles consist of a well-
crystallized core of around 7 nm with almost no vacancies, and a shell around it
consisting of Fe(II)Co(III)Co(II)(H2O)xFe(III). In this case we can imagine the
existence of a tunneling barrier between the well-crystallized core and the ’defec-
tive’ shell. An electron could first tunnel from the source to an impurity state on the
shell, before tunneling to the core and finally to the drain, as illustrated in figure
3.7. In this case we should observe two different charging energies, one larger
(corresponding with the shell) and one smaller (corresponding with the core), as
well as non-closing diamonds. Such a scheme has also been proposed by Labra-
Munoz et al. [28] in their study on ferritin SETs, which have a core-shell structure
as well; the core consists of the Fe ions whereas the shell is the protein-based con-
tainer in which they are stored. It is important to note that we observed CB in three
different junctions, all present on the same chip. Therefore, more measurements
are needed to gain a better insight into the exact mechanism responsible for CB in
these particles.

Substrate

Source Drain

Fe(II)Co(III)Co(II)(H
2
O)

x
Fe(III)

CsCo(III)Fe(II)

Impurity state

e-

Figure 3.7: Schematic drawing of the core-shell structure and the electron tunneling process which
would lead to the observed non-closing Coulomb diamonds: an electron first tunnels from the source
electrode to an impurity state in the shell, before tunneling to the core and finally tunneling to the drain
electrode.
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3.4.2. Thermally activated transport
In both the Cr and the overlapping-electrode nanogaps, thermally activated trans-
port was observed, as evidenced by the exponential decrease of the conductance
as a function of temperature. This observation indicates the presence of an energy
barrier. Within the context of our measurements, two scenarios are likely: either
there is an energy barrier located between the electrodes and the particle, or the
energy barrier is located in the particle itself due to disorder. In the former case, we
have a barrier between a metal and a semiconductor, leading to a Schottky barrier.
As discussed in the paper by Therssen et al.[20] the metal-CsCoFe-metal system
can be modelled by a double Schottky barrier model. In the latter case we are deal-
ing with a disordered semiconductor, such that an electron travelling through the
particle has to overcome several energy barriers in a multi-step hopping process.
In this context, we will discuss Efros-Shklovskii and Mott variable rangle hopping.

Double Schottky barrier
In the double Schottky barrier (DSB) model, two back-to-back Schottky diodes are
considered. Each diode is characterized by a tunneling barrier 𝜙1,2 and an ideality
factor n1,2 which accounts for the low dimensionality of the metal-semiconductor
interfaces [29]. In the paper by Therssen et al.[20] a resistor is added in between
the Schottky diodes which accounts for the intrinsic resistance of the nanoparticle.
Within this model, the tunneling current IT between the two electrodes is given by:

IT =
2IS1IS2sinh ( eU

2kBT)

IS1exp (– eU
2kBTn1

) + IS2exp ( eU
2kBTn2

)
; U = V – RIT, (3.1)

with e the elementary charge (1.6x10–19 C), kB the Boltzmann constant
(1.38x10–23 J K–1), T the temperature, V the applied bias voltage, R the intrin-
sic resistance of the nanoparticle and IS1,S2 the reverse saturation currents of the
Schottky diodes, given by:

IS1,S2 = S1,2A
∗T2exp(–

𝜙1,2
kBT) , (3.2)

with S1,2 the area of the junctions, A∗ the Richardson constant (1.2x106 Am–2K2)
for free carriers [30]) and 𝜙1,2 the effective Schottky barriers.

Therssen et al.[20] performed room temperature conductive AFM (C-AFM) mea-
surements in ambient conditions. Their IVs were fitted to the DSB model with 𝜙1,2,
n1,2 and R as fit parameters. Good fits were obtained, with values for 𝜙1,2 between
0.28 and 0.43 eV, for n1,2 between 1.21 and 1.5 and for R between 20 MΩ and 1.75
GΩ. The asymmetry between the barrier height is explained by their setup: the
particle is located on top of an HOPG substrate and contacted at the top with a PtIr
needle. Due to the different work functions, different barrier heights are expected.
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Our setup differs in a few ways from the conducting atomic force microscope (C-
AFM) setup: both electrodes are made of Pt, the contact area can be symmetric
or asymmetric depending on how the particle is positioned in the gap and no me-
chanical contact (as with the needle in the AFM) is made, leading to worse contacts
and thus larger tunneling barriers between particle and electrodes. In our case
the nanogaps were all at least 15 nm wide, which is the size of the cubic particle.
Therefore a configuration where the particle is inside the gap for the Cr nanogaps
and on top for the overlapping-electrode nanogaps is likely, and the contact area
with both electrodes is expected to be relatively symmetric. Under the assumptions
that S1 = S2 = S and 𝜙1 = 𝜙2 = 𝜙, equation 3.1 simplifies to:

IT =
2ISsinh ( eU

2kBT)

exp (– eU
2kBTn1

) + exp ( eU
2kBTn2

)
; U = V – RIT. (3.3)

Due to stability reasons, our IVs were mostly measured up to 350 mV. As a result,
the fitting of the IVs does not yield accurate estimates for the parameters. From
equation 3.3 we see that the main scaling of the current with temperature is due
to the exponential factor with 1/T. Therefore we can obtain an estimate for the
barrier heights from the temperature dependence in figure 3.5c,e. The values ob-
tained this way are 0.52 and 0.35 eV, which are similar to the barrier heights that
were measured with the C-AFM setup and determined from a detailed analysis of
the IV characteristics.
While it is difficult to qualitatively compare our IVs to those of Therssen et al. due
to our limited bias range, our samples do display a lower current than theirs. Since
the particles are identical, we attribute this difference to our chip geometries. For
the Cr gaps, the electrodes possess a height difference of 5-10 nm and a gap size
of 15-25 nm. Given these parameters, it is most likely that the particle is located
inside the gap, where it is unable to form a good contact with both electrodes due
to its size. For the overlapping-electrode gaps, the gap size was 15-20 nm, leading
to two possible contact configurations: one where the particle is inside the gap and
does not make proper contact with both electrodes, and one where the particle
is bridging the electrodes along its diagonal, which leads to a small contact area
on both sides. In the case of the particle being located inside the gap, it cannot
contact both electrodes properly due to the gap being larger than the particle. This
poor contact leads to an additional tunneling barrier, resulting in a higher effective
resistance.
We conclude that while our results can be explained within the DSB model, addi-
tional measurements are needed. These measurements should cover a larger bias
range at different temperatures, allowing for the fitting of equation 3.1 to the data.

Mott variable range hopping and Efros-Shklovskii hopping
As described in the introduction, the CsCoFe nanoparticles possess a large amount
of vacancies (∼ 10%) [23]. Moreover, bulk PBAs have been shown to behave as a
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semiconductor with a band gap of around 2 eV [21, 22]. Due to the large amount
of vacancies, the particle can be considered a disordered semiconductor. Because
disorder can lead to randomness, variable range hopping is a relevant transport
mechanism to consider. Due to the disorder, bands are prevented from forming,
which leads to localized charge carriers. Conduction then takes places through
hopping between hopping centers [31]. Below a certain transition temperature
these hops do not necessarily happen between nearest neighbors, but involve an
optimization in energy difference between states and distance which maximizes
the hopping probability. Here we will consider two models: Mott’s variable range
hopping (MVRH) in three dimensions and Efros-Shklovskii variable range hopping
(ESVRH) [32, 33]. Within these models, the conductance is expected to decay as
ln(G) ∝ T–𝛽 with 𝛽 = 1/2 for ESVRH and 𝛽 = 1/4 for 3D-MVRH. The difference
between the two models is that within ESVRH electron-electron interactions are ac-
counted for. For a more detailed explanation of the models, please refer to [32–34].

Within MVRH, different regimes are to be considered, depending on the applied
electric field. In the low-bias regime, where |eR̄F| ≪ kBT with R̄ the average
hopping distance and F the electric field, the conductance follows the relation:

G ∝ exp(–
T0
T )

1/4
, (3.4)

where T0 is given by:

T0 =
24𝛼3
𝜋kBN𝜇

. (3.5)

Here, 𝛼 is the localization parameter, kB the Boltzmann constant (8.617x10–5 eV K–1)and
N𝜇 the density of states around the Fermi level [33].
The average hopping distance is then given by:

R̄ = 3
4 (

3
2𝜋𝛼N𝜇kBT)

1/4
. (3.6)

For the high-bias regime, the electric field provides enough energy for the hopping
events and transport is field dominated. In this regime, the current is proportional
to the electric field following:

I ∝ exp(F0
F )

1/4
, (3.7)

with F0 given by:

F0 =
81𝛼4
16𝜋eN𝜇

. (3.8)

Within ESVRH, electron-electron interactions are important and the temperature
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dependence is adjusted. In this case, the conductance is expected to follow:

G ∝ exp(–
T0
T )

1/2
, (3.9)

with T0 defined as:

T0 ≃
2.8e2

4𝜋𝜖𝜖0akB
, (3.10)

where 𝜖 is the dielectric constant, 𝜖0 the vacuum permittivity and a the localization
length [35].

We fitted a function of the form ln(G) = G1exp(–T0/T)𝛽 to the conductance as
a function of decreasing temperature for 𝛽 = 1/2 and 1/4 and obtain good fits as
shown in figure 3.8. The values for T0 are 5x105 and 14x109 K, corresponding with
ESVRH and MVRH respectively. From the temperature dependence itself we can-
not distinguish between Arrhenius behavior, MVRH or ESVRH. Therefore we try to
estimate the localization length for both MVRH and ESVRH and determine whether
these values are realistic.
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Figure 3.8: a) Differential conductance versus T–1/2 for the sample in figure 3.5c. An exponential

function of the form exp (–T0/T)1/2
was fitted to the datapoints, resulting in the blue line. b) Differential

conductance versus T–1/4 for the sample in figure 3.5c. Here, an exponential function of the form

exp (–T0/T)1/4
was fitted to the datapoints.

In our measurements (fig. 3.5c,e) the current at ± 350 mV is temperature depen-
dent, which means we are not in the high-bias regime. The conductance shown in
figure 3.8a,b is determined by fitting a linear function to the IVs between ±100 mV,
hence we should approximately be in the low-bias regime. Therefore we use the
equations for the low-bias regime to estimate the average hopping distance within
the 3D-MVRH model. Equation 3.6 shows that we need an estimate for the density
of states around the Fermi level. We can obtain a rough estimate for the density
of states based on the stability diagram in figure 3.5b. In Coulomb diamonds, lines
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parallel to the diamond edges at a distance of the level spacing are expected. As
those are absent, the level spacing should be smaller than the resolution of that
measurement. Because the resolution of this measurement was around 2 mV, we
obtain a lower bound for the density of states:

N𝜇 ≈
1

L3ΔE
> 1
(15x10–9)3 ⋅ 2x10–3 = 1.48x1026 eV–1m–3 (3.11)

with L the size of the system and ΔE the level spacing. With this estimate and the
fitted value for T0 = 14x109 we can use equation 3.5 and 3.6 to obtain an upper
bound for the average hopping distance. The value for the average hopping dis-
tance obtained this way is 1.1 nm, which is around the same as the lattice constant
of ∼10 Å [23]. This would indicate that electrons hop from unit cell to unit cell to
cross the particle, which would be more in line with the nearest neighbor hopping
model. For nearest neighbor hopping, the conductance is expected to scale with
exp(–1/T), which we observe as shown in figure 3.5d,f. However, with our data
we cannot distinguish between nearest neighbor hopping and the double Schottky
barrier model.

For ESVRH we obtained a value for T0 = 5x105 K, which we can use in equa-
tion 3.10. The obtained localization length is a = 93/𝜖 pm. Considering the radius
of atoms is of the order of 100 pm, we can conclude that the ESVRH model can be
discarded as an explanation of the observed behavior.

3.4.3. Reconciling the two observed behaviors

Two different types of behavior are observed in different chip geometries. Coulomb
blockade is observed in the point-contact nanogaps, and thermally activated trans-
port is seen in both the Cr and the overlapping-electrode nanogaps. This in-
dicates that depending on how the particle is contacted, the observed behavior
changes. In the case of CB, tunneling barriers are present between the electrodes
and the nanoparticle, which is a conducting island. At low temperature, such that
kBT ≪ EC, the conductance is still high enough to measure and we are able to
observe a Coulomb staircase. In the case of the thermally activated transport,
which was observed in the Cr and the overlapping-electrode nanogaps, the room-
temperature conductance was much lower than that of the chips displaying CB.
At low temperature no signal was observed. From this we can conclude that the
tunnel barriers are smaller for the point-contact gaps. A possible explanation for
this difference is the gap size: only for the point-contact geometry were we able to
achieve gap sizes smaller than the size of the particle. In the two other geometries,
a particle can be inside the gap or bridging the two electrodes over its diagonal. In
both cases, the contact is poor and a larger effective tunnel barrier is expected.
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3.5. Conclusion
In conclusion, we managed to trap one or more nanoparticles on all three device ge-
ometries with different rates of success. Immersing the sample in a diluted solution
yields the highest trapping rates. The Cr nanogaps have the highest trapping rate,
which is to be expected due to their large gap width. The overlapping-electrode
nanogaps have the lowest trapping rate, which is unexpected because the gap width
is large compared to that of the point-contacts. However, only two of these chips
were measured; on one the solution was drop-cast, the other was submerged in so-
lution. The low trapping yield is probably due to the small sample size and method
of deposition.
The room-temperature measurements show that the point-contact gaps have the
highest conductance. Upon cooldown, the point-contact gaps display CB, whereas
the Cr and overlapping-electrode nanogaps do not display a current. The features
of the observed CB indicate that we are not measuring a single nanoparticle, but
rather two or more particles in series with different sizes. The temperature depen-
dence of the IVs recorded on the two Cr nanogaps shows that the conductance
decreases exponentially with 1/T. Arrhenius fits yield activation energies of 0.52
and 0.35 eV. These values are compared to the ones obtained in a C-AFM study
where the double Schottky barrier model is used to explain their findings [20]. The
obtained values for the barrier are similar to the ones they obtain through fitting the
model to their IVs. The data was also considered within Mott’s and Efros-Shklovskii’s
variable range hopping models and good fits to the expected temperature depen-
dence of the conductance were obtained. Within these models, estimations are
made for the average hopping distance. For MVRH we obtain a value smaller than
1.1 nm and for ESVRH we obtain a value of 93/𝜖 pm. The value obtained for MVRH
is about the size of the unit cell, which would be more in line with nearest neighbor
hopping. The value for ESVRH shows that our data is not captured by the model.
The different behaviors we observe for the different geometries can be explained
by the difference in gap size between the geometries. The point-contact had gap
sizes smaller than the particle, whereas the other two geometries had gaps larger
than the particle. Due to poor contacting in the latter cases, larger effective barri-
ers are expected between the nanoparticle and the electrodes, leading to a much
lower conductance. For the point-contact devices the tunnel barriers are apparently
thin enough to facilitate the observation of Coulomb blockade physics at the lowest
temperatures that were probed in our measurements.
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3.6. Appendix
3.6.1. Fabrication recipe point-contact nanogaps
These are the steps for fabricating the point-contact nanogaps used in this chapter:

1. Spincoat a layer of AR-P 6200.04 at a rate of 4000 rpm. Bake the resist at
185 ∘C for 3 minutes.

2. Expose the resist with the e-beam to lithographically define the point-contacts.
We use an acceleration voltage of 100 kV and an aperture of 400 𝜇m. For the
coarse structures a beam current of 160 nA is used, for the fine structures
a beam current of 918 pA. A dosetest is necessary to determine the optimal
dose.

3. Cold development of the resist:

• Pre-cool a beaker in the fridge for at least 1 hour.

• Take pentyl acetate from the freezer and pour it in the pre-cooled beaker.

• Submerge the substrate for 1 minute while moving it gently.

• Put the substrate in xylene for 5 seconds as a liquid descum.

• Spray the substrate with IPA while moving it to a beaker with IPA and
soak it for at least 30 seconds.

• Blow-dry with an N2 gun.

4. Evaporate metals in an e-beam evaporator such as the Temescal or MB-AJA.
We do not rotate the stage while evaporating. First evaporate 5 nm Ti at 0.5
Å/s, followed by 30 nm Pt at 1.0 Å/s.

5. Lift off using anisole heated to 80 ∘C or AR-600-71 heated to 70 ∘C. Leave
it for an hour, when taking it out, first sonicate at P=5 for 5 minutes. Then
spray with IPA while taking it out and soak in IPA for 1 minute.
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4
Electronic Characterization of

a Mn(III) Spin Crossover
Single-Molecule Junction

Abstract
Single-molecule electronic transport measurements are presented on a Manganese(III)
spin crossover (SCO) complex with a total spin, S = 1, low-spin (LS) and a high-
spin (HS) state with S = 2. A mechanically-controlled break junction (MCBJ) setup
was used to perform measurements at both room temperature and at 6 K. The
fast-breaking measurements at room temperature show a molecular plateau in the
conductance as a function of electrode separation at a conductance of 3x10–5 G0,
with G0 = e2/h the conductance quantum. Comparison with the ligand of the
molecule which shows tunneling behavior, indicates that the Mn center changes
the electronic transport characteristics of the molecule. At cryogenic temperature,
current-voltage (IV) characteristics are recorded while the conductance of the junc-
tion is lower than 1 G0 and above the noise level. Three features can be distin-
guished in the IVs: a large, wide conductance peak which is observed in around
half of all IVs, a zero-bias conductance peak, also known as a Kondo resonance,
which is observed in about 6% of all IVs, and a step in the conductance, observed in
around 7% of all IVs, which is indicative of inelastic tunneling spectroscopy (IETS)
and is observed when the bias voltage is large enough to excite a vibrational mode
or facilitate a spin-flip. The large, wide conductance peak was found to shift as
much as 50 mV in a single breaking trace and is therefore attributed to a molecular
orbital close to the Fermi energy (mechanical gating). The behavior of the Kondo
resonance in a magnetic field was compared to what is expected for a spin-1/2
system. We found that the splitting, as well as the suppression of the peak was
significantly stronger than one would expect for a spin-1/2 system. Looking at the
IVs which display IETS, we observe a characteristic width of 10 - 30 mV.
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High-voltage IVs were recorded in an attempt to drive the spin-state switch through
an electric field. The bias voltage was swept from -1 V to +1 V and back. Jumps
in the current were observed at high bias voltage, both positive and negative, in-
dicating a switch in the conductance state. In around 10% of the high-voltage IVs
the switch was reversible, also known as memristance.

4.1. Introduction
Molecular electronics is the field which aims to create molecular building blocks for
integrated circuits. To this end, molecules are required to exhibit functionalities
such as rectification [1, 2], switching [3, 4] and sensing [5, 6]. One such func-
tionality is spin switching, where the molecule can reversibly switch between two
distinct spin states through external stimuli such as light, temperature, magnetic
field or mechanical stress [7–9]. Because a switch in spin state is often accom-
panied by a structural change, many of these compounds exhibit a hysteresis in
the transition temperature. These properties allow for the use of these molecules
as switches, sensors, transistors and memory devices. Two main methods can be
distinguished for performing nanoscale experiments on single molecules: scanning
probe experiments using a scanning tunneling microscope (STM) [10, 11] or using
break junctions. The break junction experiments can be subdivided in mechani-
cally controlled break junctions (MCBJs) [12, 13], electromigrated break junctions
(EMBJs) [14] and electroburned graphene break junctions [15]. STM experiments
allow for the molecule to be imaged, but the technique lacks scalability, which is
required for applications. Break junctions allow for the integration of a gate elec-
trode, thereby creating a spin transistor in which it possible to reversibly oxidize
/ reduce the molecule. This technique is scalable and measures molecules in an
environment that is most similar to an integrated device.

The first steps towards applications involve the determination of the spin state
of the molecule. For bulk crystals this can be done through magnetic susceptibility
studies, however at the nanoscale this is not possible and the spin state needs to
be determined by analyzing the electronic transport. Several groups have reported
on being able to distinguish the high-spin (HS) and low-spin (LS) state in Fe(II)
complexes. Miyamachi et al. observed memristive behavior in the current-voltage
(IV) characteristics, where the resistance depends on the history of the applied volt-
age, and used Kondo physics to show that the high conductance state corresponds
with the HS state. They demonstrate that the spin state can be switched through
the application of voltage pulses [16]. Another way to determine the spin state
was reported by Bairagi et al.. In Fe(II) complexes, the metal-ligand bond length
can change as much as 10% between the LS and HS state, which alters the vibra-
tional spectrum of the molecule [17]. By looking at the differential conductance
characteristics, vibrational modes (or other inelastic processes) can be recognized
by a step, a phenomenon known as inelastic tunneling spectroscopy (IETS). When
the bias voltage is equal or larger than the energy of such a vibrational mode, it
is possible for an electron to excite this vibrational mode while still contributing to
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transport, effectively opening an additional conductance channel which leads to a
step-like increase of the conductance at both negative and positive bias voltage. In
their study, density functional theory (DFT) calculations were used to calculate the
vibrational coupling constants for both the LS and the HS state. The HS state was
strongly coupled to two vibrational modes, whereas the LS state was not. Look-
ing at IV characteristics, they were able to observe both conductance states and
switch from the LS to the HS state using light [18]. Finally, a study by Burzuri et
al. reported on the observation of two distinct IV curves: one with a small gap
and one with a large gap, after this gap the differential conductance displayed a
large peak, corresponding with the closest frontier orbital. DFT studies indicated a
reconfiguration of the orbital energies upon switching between the two spin states,
where the HS state corresponded with the small gap state [9].

In this study, we employ an MCBJ setup to perform electronic transport measure-
ments at cryogenic temperature on a Manganese(III) SCO complex (shown in figure
4.1a). All studies mentioned in the previous paragraph involve SCOmolecules based
on Fe(II), which possesses an LS state with total spin S = 0 and an HS state with
S = 2. No studies exist where similar measurements are performed on a Man-
ganese(III) complex, which is known to exhibit SCO behavior when surrounded by
ligands in an octahedral symmetry. The key difference between the two lies in the
spin states: the LS state of Mn has S = 1 and the HS state S = 2 (see figure 4.1b).
We investigate how the charge transport is affected and whether the spin switch
can be observed by looking at the earlier-mentioned phenomena: Kondo physics,
IETS, memristance and orbital reconfigurations. The molecules in this chapter were
synthesized by the group of Prof. Dr. A. Mondal in Bangalore, India. We character-
ize the molecule with fast-breaking measurements at room temperature, record IV
characteristics at cryogenic temperature and discuss the different types of behavior
we observe.
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Figure 4.1: a) Structure of the Manganese complex; the thiol groups on both ends act as anchoring
groups. b) Energy diagrams of the low-spin (LS) and high-spin (HS) state of the Mn complex. The LS
state has a net spin of 1 and the HS state a spin of 2. c) Schematic of the two-terminal mechanically
controlled break junction setup.

4.2. Methods
A Manganese(III) SCO complex (see figure 4.1a) was measured in an MCBJ setup at
both room- and cryogenic temperature. In the MCBJ setup (see figure 4.1c), a gold
wire is gradually stretched by bending the bronze substrate. Eventually the gold
wire ruptures, leading to a snap-back of the electrodes after which a sub-nm gap
remains; this gap can be bridged by one or more molecules, leading to a molecular
junction [19]. At room temperature, the molecule was characterized through fast-
breaking measurements, where the conductance is measured while opening the
gap. At a certain point the gap becomes too large to bridge for a molecule and the
junction breaks, causing the conductance to drop below the noise level. One such
measurement is called a breaking trace. In fast-breaking measurements, sets of
thousands of breaking traces are obtained, from which characteristics such as the
molecular conductance can be derived. Prior to drop-casting a solution containing
the Mn complex on the chip, the bare gold junctions were characterized to confirm
their cleanliness (see Appendix figure 4.9). A solution is made with a molecular
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concentration of approximately 0.1 mMol, of which a 3 uL droplet is drop-cast on
the chip. After the solution has dried, the sample space is closed off and, in the
case of cryogenic temperature measurements, pumped to a vacuum.
At room temperature, fast-breaking measurements are performed, which are then
analyzed by using a machine learning algorithm to separate different types of be-
havior [20]. At cryogenic temperature, the increased junction stability allows for the
measuring of current-voltage (IV) characteristics, as well as magnetic field measure-
ments. Due to the lack of a piezo element at cryogenic temperatures, the breaking
of the junction is done with the motor, allowing us to open the gap in steps of
around 0.15 pm. Breaking traces are measured, but when the conductance drops
below 1 G0, IVs are recorded for each electrode separation: the bias voltage is
varied and the resulting current is measured. Afterwards, a Savitzky-Golay filter
was applied to the IVs to obtain differential conductance vs. bias voltage traces.

4.3. Results and discussion
Fast-breaking measurements were performed on the Mn(III) complex, as well as
its ligand (shown in appendix figure 5.8a). Figure 4.2a shows a dataset of 10.000
traces measured at a bias voltage of 100 mV. No clear molecular feature is present,
therefore a machine learning algorithm [20] is used to filter out the tunneling traces.
Panel b shows a two-dimensional histogram of the breaking traces which were la-
beled as containing no molecule. Panel c displays the remaining traces (around
5%), which are labeled as being molecular. In the histogram of this molecular class,
a high density of counts is observed around 3x10–5 G0, where G0 = 2e2/h with e
the elementary charge 1.6x10–19 C and h = 4.136x10–15 eV/Hz the Planck con-
stant. On the right the one-dimensional histogram is shown, which is obtained by
summing the data over all electrode displacements. A peak is present at 3x10–5 G0,
which is the molecular conductance. The same analysis is done for the ligand in
order to compare the data and determine whether the presence of the Mn center
affects the electronic transport. For comparison, the one-dimensional histogram
of the ligand is shown as the drawn green line in figure 4.2c. The fast-breaking
measurement of the ligand is discussed in the appendix in section 4.5.2. Important
to note is the peak just below 10–6 G0 for both molecules; this is an artifact of
the amplifier and not a molecular feature. For the ligand, no molecular plateau is
observed; breaking traces are observed which decay exponentially in conductance
with increasing electrode displacement, suggesting that single-barrier electron tun-
neling is the dominant transport mechanism. However, the decay of the conduc-
tance is slower than the one observed for a bare gold junction. Most likely, the
presence of the ligand on the gold influences the work function and thereby the
barrier for direct tunneling across the gap formed by the two gold electrodes [21].
A new chip was prepared with the Mn(III) complex for the low temperature setup.
The sample space was pumped to a vacuum below 10–4 mbar, after which it is
submerged in liquid helium. The increased junction stability at cryogenic tempera-
ture leads to the observation of molecular plateaus between 1 and 10–5 G0; three
examples of breaking traces are shown in figure 4.3. Each point represents a step
in the electrode separation of around 15 pm. As can be seen in the graph, the
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Figure 4.2: Two-dimensional histogram of the fast-breaking measurements on the Mn complex. a)
Histogram constructed from 10.000 traces showing the raw data measured at a constant bias voltage
of 100 mV. b) Two-dimensional histogram of the traces which were classified as tunneling by a neural
networks model. c) Two-dimensional histogram of the data labeled as molecular by a neural networks
model, with a one-dimensional histogram on the right. A peak is observed at 3x10–5 G0. For reference,
the one-dimensional histogram of the ligand (see also fig 4.10) is also shown here as the green line.
The peak just below 10–6 G0 is an artifact of the amplifier and not a molecular feature.

conductance displays a sharp drop around 1 G0, after which a molecular junction
forms and the conductance remains relatively constant with increasing electrode
separation. For each of the points after this sharp drop, IVs were recorded: in total
2164 obtained in 109 breaking traces.
In these IVs, three different features were distinguished, as shown in figure 4.4.
On the left, the IV is characterized by a low-conductance region around zero bias,
followed by an abrupt drastic increase at -30 mV. This is reflected in the differential
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Figure 4.3: Three examples of breaking traces which display a molecular plateau measured in a vacuum
at cryogenic temperature. Dots represent measurement points. At each dot below a conductance of
1 G0 a current-voltage characteristic was recorded.

conductance as a sharp peak, which is often larger than one order of magnitude.
In some cases, two peaks were observed, symmetric around zero bias. Large-
amplitude peaks were observed in approximately half of all IVs and are the most
prevalent feature. These peaks often shifted with increasing electrode separation.
An example is discussed in the appendix section 4.5.3.
The second characteristic behavior is shown in the middle panels: the differential
conductance displays a zero-bias peak. Such a zero-bias peak was observed in
around 130 IVs and may indicate the presence of a Kondo resonance, as this has
been reported before for similar molecules [22–29]. The observation of a Kondo
resonance would confirm that the non-zero spin character of the Mn(III) complex
persists when captured in the break junction.
Finally, on the right a flat region in the conductance is observed around zero bias
voltage, followed by a step in the conductance. Such a step-like feature is usually
the result of an inelastic process being energetically accessible and is called inelastic
tunneling spectroscopy (IETS). In the case of a system with a spin, it is possible
that this is a spin-flip (SF) excitation, also called SF-IETS. Alternatively, coupling
to vibrational modes may also lead to a similar IETS feature, where the position of
the step reflects the energy of the vibrational mode involved. Such a line shape is
observed in around 150 IVs.
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Figure 4.4: Three examples of different behaviors observed in the current-voltage (IV) characteristics.
The upper row displays the differential conductance obtained from the IV below it. On the left a sharp
peak is observed in the differential conductance at -50 mV, this peak is interpreted as an orbital due to
its size and width. In the middle a Kondo resonance is observed at zero bias voltage, followed by an
increase in conductance. On the right a flat region followed by a step in the conductance is observed,
this is attributed to inelastic tunneling spectroscopy.

As mentioned in the introduction, the Mn(III) complex possesses two spin states,
one with S = 1 and one with S = 2. Previous studies have been able to identify
the spin state through phenomena such as Kondo physics and IETS. Because both
states possess a non-zero spin, we first focus on these spin-related phenomena.
A Kondo resonance is the result of the (partly) screening of the molecular spin
by the electrons in the electrodes, leading to an enhanced conductance at the
Fermi energy [30]. In order to observe the Kondo effect, the system temperature
needs to be below the characteristic Kondo temperature, TK. The higher the Kondo
temperature, the stronger the coupling between the electrodes and the molecular
spin, as can be seen from the Haldane relation [31]:

kBTK = √
UΓ
2 e𝜋𝜖0(𝜖0–U)/UΓ, (4.1)

where Γ = ΓL +ΓR is the sum of the electronic coupling between the molecule and
the left and right electrodes (ΓL,R), U the Coulomb repulsion energy, 𝜖0 the energy
of the level through which electron transport occurs and kB the Boltzmann constant
(8.617x10–5 eV/K). The universal scaling behavior of this zero-bias resonance as
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a function of temperature is the best way to confirm that it is indeed a Kondo
resonance [32]. Unfortunately, our setup has no temperature control, therefore
we estimate the Kondo temperature by looking at the full-width at half-maximum
(FWHM) of the peak. The width of the peak is related to the Kondo temperature
according to:

FWHM = 2
e
√(𝜋kBT)2 + 2 (kBTK)

2, (4.2)

with T the system temperature and e the elementary charge (1.6x10–19 C). We
fitted a Lorentzian to the conductance traces displaying a Kondo peak following the
procedure outlined in Chapter 5 section 5.5.4 to obtain statistics about the width
of the peak. From these fits we find an average FWHM of 9.2 meV with a standard
deviation of 3.85 meV, which corresponds to a TK of around 35 K at a system
temperature of 6 K. The smallest FWHM we observed was around 5 meV, which
corresponds with a TK of 16 K.

The behavior of a Kondo resonance in a magnetic field can provide information
about the ground state. When a Kondo resonance was observed in an IV, the
breaking process was stopped, allowing us to record the evolution of a specific
molecular configuration in a magnetic field. After such a magnetic field measure-
ment, the breaking process is resumed. Figure 4.5a displays a Kondo resonance
exposed to a magnetic field; a two-dimensional map of the same measurements
is shown in panel b. As the magnetic field increases, the peak is suppressed and
seems to become slightly wider. As a first-principles analysis, we compare this be-
havior to that of a spin-1/2 Kondo. In that case the peak at zero magnetic field can
be described as two Lorentzians centered at zero bias, which in a magnetic field
split according to Zeeman splitting. The peak corresponding with the energy level
for spin up will move up, while the peak corresponding with spin down will move
down in bias voltage. The inset of figure 4.5d shows a schematic of this splitting,
where ΔE = gms𝜇BB, with g the landé g-factor which we set to 2, ms the spin
quantum number (either ±1/2), 𝜇B the Bohr magneton and B the magnetic field.
Panel c shows a two-dimensional map of a spin-1/2 Kondo resonance in a magnetic
field, where the peak at zero magnetic field was scaled to be identical to the one in
panel a. Comparing the two maps, we see that the measured resonance displays
a stronger suppression than expected for a spin-1/2 Kondo. To analyze the width
of the peak, we fit a Fano lineshape to every curve in panel a:

Fano(V) ∝
(q+ 𝜖)2

1 + 𝜖2 , (4.3)

where V is the bias voltage, q the asymmetry factor, 𝜖 = (eV – 𝜖0) /ΓFano, with
𝜖0 the energy of the resonance and ΓFano half the FWHM. The asymmetry factor
q leads to a Lorentzian for q → ∞ and a dip for q → 0. In the appendix section
4.5.4 a few examples of fits are shown. Figure 4.5d shows a comparison of the
FWHM of the peak in panel a and the FWHM of the spin-1/2 Kondo peak. In the
appendix section 4.5.5 the same comparison is shown for the height of the peak.
In our measurement we observe a stronger splitting and a stronger suppression of
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the Kondo resonance that what would be expected for a spin-1/2 system. These
observations indicate the presence of a molecule with a spin higher than 1/2.
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Figure 4.5: a) Kondo resonance measured as a function of magnetic field. b) Two-dimensional conduc-
tance map of a). c) Two-dimensional conductance map of the expected splitting of a peak similar in
size as in a) for a spin-1/2 system. d) The width of the peak, defined as the difference in conductance
between 0 and 10 mV, set out against the magnetic field strength. The blue dots show the peak heights
as extracted from a); the solid red line shows the expected width for a spin-1/2 system. The inset
displays how the energy levels of a spin-1/2 system split according to the Zeeman effect.
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In an STM study, Bairagi et al. distinguished the two spin states of a Fe(II) SCO
complex through a difference in their IETS spectra. In an IV characteristic, upon
reaching a certain bias voltage, a new conduction channel opens up which manifests
as an increased slope. In the conductance this inelastic tunneling spectroscopy fea-
ture is observed as a step. The origin of this new conduction channel can be either
vibrational if the electron-phonon coupling of the system is strong enough, or a
spin-flip excitation [33]. Figure 4.6 shows three examples of IETS curves we ob-
served. As mentioned earlier, around 150 IVs displayed such a lineshape. In both
panel a and b, the width of the valley is 30 mV, whereas the curve in panel c looks
more like a dip, with a width of 10 mV. This width characterizes the energy of the
vibrational mode or the spin excitation. The different widths or the presence and
absence of a Kondo peak could be indicative of the spin state of the molecule, but
theoretical calculations are needed to provide insight into the relevant vibrational
energies for each spin state, as well as energies of the possible spin excitations.
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Figure 4.6: Three traces displaying an inelastic tunneling process. a) An IV with steps occurring at ±
15 mV. b) An IV with a Kondo resonance and steps occurring at ± 15 mV. c) An IV with steps occurring
at ± 5 mV.

As mentioned in the introduction, studies have reported the observation of memris-
tive behavior for Fe SCO complexes [7, 16]. To investigate whether our Mn(III) SCO
complex displays memristive behavior and whether the spin switch can be induced
by an electric field, high-voltage IV characteristics were recorded. In these mea-
surements, we look for jumps in the IV, as well as changes in IETS and Kondo in the
differential conductance, as this could reflect the change in spin state. As shown in
figure 4.7a, memristive behavior was observed; the conductance state depends on
the history of the applied voltage. Upon reaching around 900 mV a jump occurs to
a state with a lower conductance, while at -950 mV the high conductance state is
recovered. Such a reversible cycle is observed in around 10% of the high-voltage
IVs, whereas just a switch to another conductance state is present in around 80%
of all IVs.
Panel c shows the differential conductance of the IV in panel a. We see that the
initial high conductance state has a narrow region where the conductance is sup-
pressed; this region is larger for the low conductance state. This behavior is similar
to that reported in a study on a Fe SCO complex in an electroburned graphene
junction by Burzuri et al. [9]. They report a SCO-induced reconfiguration of the
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orbital energies, which is reflected in the differential conductance as a state with a
small gap (SG) and a state with a large gap (LG). A reconfiguration of the orbital
energies is likely; several magneto-structural studies on similar bulk Mn(III) SCO
complexes show a distortion of the coordination sphere which is stronger for the
HS state than for the LS state [34–36]. This distortion has been studied extensively
in Fe SCO systems and yields a change of the bond lengths between the metal ion
and its ligands. This effect is also present in Mn(III) SCO systems, albeit to a lesser
extent: the Mn-N bond lengths change by at most 0.1 Å, while the Mn-O bond
lengths are roughly constant. These same magneto-structural studies also show
that the nature of the substituents and the anions affect the spin transition and
the degree of distortion. Therefore, the observed SG and LG states are likely due
to a reconfiguration of the molecular orbitals, but density functional theory (DFT)
calculations should be performed to provide a better insight in how the alignment
of the molecular orbitals changes.
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Figure 4.7: a) IV displaying a reversible switch at a bias voltage close to 1 V. The arrows indicate in
which direction the bias voltage was swept. The system starts in the high conductance state. b) IV
displaying a switch at a bias voltage of 1 V. The arrows indicate in which direction the bias voltage was
swept. The system starts in the low conductance state. c) Differential conductance obtained from the
IV in a). A low conductance valley is observed around zero-bias voltage, followed by a strong increase
in conductance. The width of this valley increased after the system switched to the low conductance
state. d) Differential conductance obtained from the IV in b). The low conductance state displays a
conductance valley around zero bias voltage, followed by steps at ±50 mV. The high conductance state
shows more pronounced steps at the same bias voltage and a clear Kondo resonance.
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In figure 4.7b another IV displaying a switch is shown; panel d displays the cor-
responding differential conductance. In this case, the system is initially in a low
conductance state and switches to a higher conductance state at high bias. In the
initial low conductance state, the differential conductance displays an IETS signa-
ture, with steps occuring at ±50 mV. The high-conductance state displays steps
at the same bias voltage, but larger in amplitude, as well as a Kondo resonance.
Important to note is that this is the only high-voltage IV displaying this behavior
out of almost 2000 IVs. Nevertheless, such a change in the conductance lineshape
might be evidence of a spin switch. A possible scenario is that the low conductance
state is only weakly coupled to the electrodes, therefore having a Kondo tempera-
ture which is too low for a resonance to be present. The high conductance state is
more strongly coupled, resulting in a higher conductance, a larger IETS signal, as
well as a TK higher than 6 K which results in a Kondo resonance.
Finally, the fact that both low- and high-conductance states are found as the starting
point has been reported in other studies [16, 18]. Apparently, when SCO molecules
are in close contact to surfaces, strain may lead to spin-switching even at low tem-
peratures where only the LS state should be present.

During the high-voltage IV measurements, six consecutive IVs with memristor char-
acteristics were found to display identical behavior, while the gap was opened by
15 pm between each IV. These consecutive IVs and their differential conductance
traces are shown in figure 4.8. The conductance around zero bias is the same for the
trace (-1 V to +1 V) and retrace (+1 V to -1 V), but we distinguish an SG and an LG
state; the trace is the SG state with peaks occurring at around 100 mV; the retrace
is the LG state with peaks occuring at around 270 mV. The peak on the right side
is much larger for the LG state, while the peak on the left is about the same height
for both the SG and LG states. Interestingly, this behavior remains as the elec-
trode separation is increased. This suggests a configuration of the molecule inside
the junction which remains stable upon stretching. As discussed in the appendix
section 4.5.3, a mechanically-induced reorganization of the molecular orbitals can
occur as the electrodes are separated.
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within a breaking trace. Between each characteristic the electrode gap was opened by approximately 15
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4.4. Conclusion and outlook
We have performed electronic transport measurements on a Manganese(III) SCO
complex in an MCBJ setup. The room-temperature fast-breaking measurements
showed a molecular plateau at a conductance of 3x10–5 G0, while this plateau
was absent in reference measurements on the ligand. This result shows that the
molecule can be trapped and form junctions with a conductance that is within our
experimental range. At cryogenic temperature, different behaviors were observed
in the IV characteristics. A large peak in the differential conductance traces sug-
gests the presence of a molecular orbital close to the Fermi energy. Increasing the
electrode separation results in the shifting of this resonance, suggesting a mechan-
ical gate effect, where distortion of the molecular structure induces a shift of the
molecular orbitals. Additionally, a Kondo resonance was present in around 6% of
IVs with a FWHM between 5 and 10 mV. In a magnetic field the peak was found
to be suppressed, but not split due to its width. Comparing the observed behavior
with that expected for a spin-1/2 Kondo resonance we found that the splitting of
the peak, as well its suppression is stronger in our measurement. This indicates
that we are most likely measuring a system with a spin S ≥ 1. Moreover, IETS
lineshapes were observed in around 7% of IVs. IETS can either be related to a
vibrational mode if the electron-phonon coupling is sufficiently strong, or to a spin-
flip process. The characteristic energy scales that we observed were 10 and 30 mV.
In order to link these energies to either a vibrational mode or a spin-flip process,
DFT calculations, as well as spectroscopic studies should be performed.
Finally, high-voltage measurements were performed with the goal of driving the
switch in spin state through an electric field. Jumps in the IVs were observed at
voltages above 800 mV and in some cases the IVs displayed memristive behavior.
In the differential conductance an SG and an LG state can be distinguished, which
is possibly linked to a reconfiguration of the molecular orbitals upon a switch of
the spin state. Also, a series of six identical, consecutive IVs were observed while
increasing the electrode separation in between each IV. This suggests the existence
of mechanically stable configurations, where the transport through the molecule is
not affected by stretching it.
We have observed phenomena which in previous studies have been linked to a
spin-state switch in SCO complexes. Despite these indications of a switch within
the Mn(III) SCO complex, we cannot link a specific behavior to either of the spin
states. Therefore, theoretical studies are required, i.e., DFT calculations consid-
ering different configurations of the molecule inside the junction and the two spin
states. These calculations should also look at the vibrational modes and possible
spin-flip excitations. Additionally, single-crystal X-ray diffraction measurements are
needed to gain insight in how the coordination sphere is distorted for both spin
states.
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4.5. Appendix
4.5.1. Fast-breaking measurements on bare gold junctions
Prior to depositing the molecular solution on top of the break junction, measure-
ments are performed on the bare gold junctions to check whether they are of suffi-
cient quality. Figure 4.9 shows a two-dimensional histogram for the samples used
for the fast-breaking measurements with the Mn(III) SCO complex (panel a), mea-
surements after deposition are presented in figure 4.2. The sample which was used
for the ligand is shown in panel b, the measurements after deposition are presented
in figure 4.10. In both cases, the conductance drops sharply below 1 G0 to a lower
conductance level, after which it decays exponentially with increasing electrode dis-
placement. This behavior is characteristic for direct electron tunneling between the
two electrodes. The sample in panel a is of high quality, with a clean drop to be-
low 10–3 G0. The sample in panel b displays a less clean drop in the conductance,
which is most likely due to a less well-defined gold bridge. Nevertheless, the sam-
ple displays clean tunneling behavior: no plateaus are present in the conductance
as a function of electrode displacement.
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Figure 4.9: Two-dimensional histogram of the fast-breaking measurements on bare gold junctions. a)
The characterization of the chip on which the Mn complex was measured. b) The characterization of
the chip on which the ligand was measured.
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4.5.2. Fast-breaking measurements on the ligand
In order to establish whether the Mn center actually influences the electron trans-
port through the molecule, fast-breaking measurements were also carried out for
the ligand. The molecular structure is shown in figure 4.10a. Panel b shows a two-
dimensional histogram made from 10.000 consecutive breaking traces, recorded at
a bias voltage of 100 mV. It is clear that compared to figure 4.9b, breaking traces
are present where the conductance decays more slowly, but still exponentially with
increasing electrode displacement. Panel c shows a histogram of the traces which
were labeled as tunneling by a neural networks model [20] and panel d shows the
traces which were not classified as tunneling. In panel d we do not see a molecular
plateau, but rather tunneling behavior with a lower decay factor. The correspond-
ing one-dimensional histogram on the right confirms this: there are no clear peaks
visible in the sub-G0 region. Most likely, multiple stable configurations are possible
due to the gold electrodes being able to configure to the nitrogen atoms, as well
as the sulphur anchoring groups. These configurations lead to a stabilization of the
electrodes, resulting in a slower decay of the conductance compared a bare gold
junction.
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Figure 4.10: a) Molecular structure of the ligand. b) Two-dimensional histogram of the raw data of
the fast-breaking measurements. c) Two-dimensional histogram of the traces which were labeled as
tunneling by a neural network model [20]. d) Two-dimensional histogram of the traces which were not
labeled as tunneling by the model with the corresponding one-dimensional histogram on the right. The
peak around 10–6 G0 is an artifact of the amplifier and not a molecular feature.
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4.5.3. Shifting molecular orbitals as a function of electrode
displacement and magnetic field

While recording IVs, traces were observed which displayed a large peak in the
differential conductance as a function of bias voltage. These peaks were generally
larger than an order of magnitude. Vibrational and spin-flip processes usually lead
to increases in the conductance of 1-10% of the baseline conductance[37–39],
therefore, we attribute these peaks to the presence of a molecular orbital close
to the Fermi energy [40]. Upon increasing the electrode separation, these peaks
were found to shift to a different bias voltage; these shifts can be as large as 30
mV within a breaking trace (see figure 5.11a). Additionally, sudden changes in the
spectrum are observed. A two-dimensional map of the conductance as a function
of bias voltage and electrode separation is shown in figure 4.11a. The peak has
the highest conductance and corresponds with yellow in the map. Three IVs from
different places in this map are shown in panels b,c and d: the map displays a
cross with a number corresponding to the IV with the same number. Initially, the
differential conductance displays a large peak at -50 mV. As the electrodes are
separated, this peak shifts to -40 mV and another peak becomes visible at +100
mV. Finally, a configuration is observed with a peak at -20 mV and one at +50 mV.
The shifting of molecular orbitals is probably a result of a mechanical gating effect,
where the distortion of the molecular symmetry induces a shift of the energies.
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Figure 4.11: a) Two-dimensional map constructed from differential conductance measurements at each
motor position within a single breaking trace. b,c,d) IV (blue) and differential conductance (orange)
measured at three points indicated in a).

The peaks were found to shift not only with changing electrode separation, but
also when applying a magnetic field. An example of such a measurement is shown
in figure 4.12. The differential conductance traces in panel a display a zero-bias
Kondo peak, as well as an orbital at a bias voltage of 50 mV. Panel b) displays a
more detailed view of this peak in the differential conductance. At zero magnetic
field, the peak is located at 47 mV. As the magnetic field strength increases, the
peak position shifts towards higher bias voltages. At 9 T, the peak is located at 51
mV. Also, the height of the peak seems to decrease as the magnetic field increases,
while at the same time the full-width at half-maximum of the peak increases by 1
mV.
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Figure 4.12: a) Differential conductance traces as a function of bias voltage at different magnetic field
strengths. b) Zoom-in of the resonance seen in panel a) around a bias voltage of 50 mV.

4.5.4. Examples of Fano fits on a Kondo resonance
In figure 4.5a we show a Kondo resonance in a magnetic field, which we then fit
with a Fano lineshape to analyze the width of the peak. The equation used to fit
the Fano lineshape is the following:

Fano(V) = d(
q+ (V–𝜖0

Γfano
)
2

1 + (V–𝜖0
Γfano

)
2)+ e,

with d a scaling factor for the height of the peak, q the asymmetry factor, 𝜖0 the
energy of the resonance, Γfano the half-width-half-maximum, V the bias voltage and
e the background conductance. In figure 4.13 we present a few examples of the
fits, together with the values of the fit parameters. Panels a, b, c and d are the
Kondo resonances at respectively 0, 3, 6 and 9 T. The values of the fit parameters
are shown in the panels.
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Figure 4.13: Fano lineshape fits of the magnetic field measurements in figure 4.5a. Panel a is at 0 T,
panel b at 3 T, panel c at 6 T and panel d at 9 T. Blue drawn lines show the measured data while the
dashed orange lines represent the fits.

4.5.5. Height of the Kondo peak in a magnetic field
In figure 4.5 we discuss the evolution of the zero-bias resonance in a magnetic
field and compare the FWHM of the measurement to what is expected for a spin-
1/2 Kondo peak. The splitting of the peak is found to be stronger than would be
expected for a spin-1/2 system. In the same manner, the height of the resonance is
compared to that which would be expected for a spin-1/2 Kondo peak. For the com-
parison, the peak at zero-bias is assumed to consist of the sum of two Lorentzians;
these Lorentzians represent the two spin states up and down and their maxima will
thus shift apart in a magnetic field. We scale the Lorentzians such that their sum
is identical to the peak at 0 T. For each magnetic field strength, the Lorentzians
are shifted according to Zeeman splitting and summed to obtain the peak at that
magnetic field. This resulting peak is then fitted with a Fano lineshape to stay
consistent with the analysis presented in figure 4.5. The height of the peak in the
model is defined as the difference between the baseline of the fitted peak, which is
the conductance value at ±10 mV, and the conductance at 0 mV of the fitted peak.
The comparison between the model and the data is shown in figure 4.14.
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5
Mechanically Stable Kondo
Resonance in an Organic

Radical Molecular Junction

Abstract
Organic radicals are promising candidates for molecular spintronics due to their
intrinsic magnetic moment, their low spin-orbit coupling and their weak hyperfine
interactions. Using a Mechanically Controlled Break Junction (MCBJ) setup at both
room- and low-temperatures (6 K), we analyse the difference in charge transport
between two Nitronyl-Nitroxide Radicals (NNR): one with a backbone in the para
configuration, the other with a backbone in the meta configuration. We find that
the para-NNR displays a Kondo resonance at 6 K, while themeta-NNR does not.
Additionally, the observed Kondo peak in the differential conductance has a roughly
constant width independent of the conductance, consistent with a scenario where
the molecule is coupled asymmetrically to the electrodes.

Parts of this chapter have been published in The Journal of Physical Chemistry C 2025, 129, 6, 3152-
3157 [1]
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5.1. Introduction
A major objective of the field of molecular spintronics is to use the spin property
of magnetic molecules as a platform to implement logic, memory and sensing ca-
pabilities in electronics. Particularly, organic magnetic molecules stand out as an
excellent candidate for spintronics applications as it offers several advantages over
the currently used inorganic materials, including long spin decoherence times, a
weak hyperfine interaction and their naturally small size [2–4]. Of special interest
are radicals, molecules with an open shell, called the singly-occupied molecular or-
bital (SOMO). A half-filled orbital contributes one spin: a single radical thus has a
total spin of 1/2, whereas a di-radical can have a total spin of 0 (when the two spins
are anti-ferromagnetically coupled), or 1 (when the two spins are ferro-magnetically
coupled). Radicals can carry a net charge or they can be neutral. Being able to
control the spin-degree of freedom in molecules allows to study spin transport phe-
nomena at the molecular level, and could offer new functionalities as a result of
built-in molecular properties. For example, recent studies have found radicals to
display promising thermoelectricity properties [5, 6], rectifying behavior [7] and to
function as a molecular wire where the conductance increases with length [8, 9].

Experiments on molecular junctions with organic radicals display Kondo physics
at cryogenic temperatures [10–12]. Observation of a Kondo resonance in a molec-
ular junction confirms the presence, as well as the radical character of the molecule
in the junction. So far, research has focused on the observation and manipula-
tion of the Kondo resonance [11, 12] and, more recently, other magnetic effects
such as magnetoresistance [13, 14]. The configuration of the backbone of the
molecule is known to affect the molecular conductance: a para configuration gen-
erally has a higher conductance than a meta configuration due to quantum inter-
ference [15, 16]. The effect quantum interference in the molecular orbitals has on
spin-related phenomena such as the Kondo effect is unknown. Here, we study two
all-organic single radicals in a mechanically controlled break junction (MCBJ) setup
at both room and cryogenic temperatures. We find that the configuration of the
molecular backbone affects the coupling of the radical to the electrode.
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Figure 5.1: a) Schematic of the two-terminal mechanically controlled break junction setup. b) The
chemical structure of the para-nitronyl-nitroxide radical. c) The chemical structure of the meta-nitronyl-
nitroxide radical.

5.2. Methods
The conductance of the two molecules was characterized in an MCBJ setup (figure
5.1a), at both room-temperature and ∼6 K. A gold nanowire is broken by slowly
bending the bronze substrate with the pushing rod. Eventually, the wire ruptures
and a molecular junction can form. More details on the MCBJ method can be found
in prior work [17]. In short, before dropcasting the solution containing the molecule
on the break junction, reference measurements were taken on the bare gold junc-
tions (see appendix figure 5.5) to confirm they were clean. Afterwards, the molecule
was dissolved in dichloromethane (DCM) to obtain a solution with a molecular con-
centration of 0.5 mMol for the para-NNR and 0.2 mMol for the meta-NNR. Ap-
proximately 5 𝜇L of this solution was dropcast on the break junction, after which the
sample space was closed and pumped to a vacuum below 10–4 mbar. Fast-breaking
measurements were performed in vacuum at room-temperature, where thousands
of conductance vs. electrode spacing (breaking) traces are recorded at a constant
bias voltage of 100 mV. To measure at low temperatures, the insert with the sample
was submerged in liquid helium, cooling the setup down to a temperature of ∼6
K. In this case, current-voltage (IV) characteristics were recorded at different elec-
trode displacements in a two-probe configuration: a varying bias voltage is applied
across the junction and the resulting current is measured. Afterwards, a Savitzky-
Golay filter was applied to the IVs in order to obtain differential conductance vs.
bias voltage traces.
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5.3. Results and discussion
At room temperature, fast-breaking measurements were performed in vacuum to
obtain statistics on junction formation and molecular conductance. A two-dimensional
histogram showing conductance versus electrode displacement is constructed from
a set of consecutive breaking traces. Figure 5.2 displays the two-dimensional his-
tograms for the para-NNR (figure 5.2a) and for the meta-NNR (figure 5.2b),
together with the one-dimensional histogram of both (figure 5.2c); A log-normal
distribution (shaded area) is fitted to the one-dimensional histogram of the para-
NNR to obtain the most probable molecular conductance.
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Figure 5.2: a) Two-dimensional histogram of the fast-breaking measurements recorded at room-
temperature in a vacuum on para-NNR constructed from 7.490 consecutive traces measured at a
bias voltage of 100 mV. The black line is a single trace from this set. b) Two-dimensional histogram of
the fast-breaking measurements on meta-NNR constructed from 10.000 consecutive traces measured
at a bias voltage of 100 mV. c) Corresponding one-dimensional histogram of the data in a) and b). A
log-normal distribution (the shaded area) is fitted to the histogram of the para-NNR to extract the
molecular conductance. For para-NNR a conductance of 2.8 ⋅ 10–5 G0 is found.

The para-NNR displays a clear plateau in the conductance as a function of elec-
trode displacement. The conductance is found to be 2.8⋅10–5 G0, where G0 = 2e2/h
is the conductance quantum, e the elementary charge and h Planck’s constant. The
length of the plateaus is on average ∼0.7 nm. Considering snapback of the gold
contacts, this length corresponds with that of the molecule. [18]. The observation
of these clear plateau indicates the formation of molecular junctions. The meta-
NNR on the other hand, does not display clear plateaus at 100 mV, only at higher
bias voltages plateau-like features start to appear (see appendix figure 5.6). This
indicates that molecular junctions are formed, however at 100 mV the plateaus
are not visible in the accessible measurement range. The lower conductance of
the meta-NNR is consistent with the presence of quantum interference in the
central meta-connected benzene ring; due to quantum interference, the meta con-
nection of the central benzene ring blocks electron waves from passing through it,
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leading to an overall lower conductance compared to the para connected benzene
ring.[15, 16].
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Figure 5.3: a) Example of two breaking traces at low temperatures where a molecular junction has
formed. The conductance was recorded at a bias voltage of 50 mV. b,c) Statistics of the breaking
measurements at 6 K, showing the percentage of traces which contained a molecular plateau and in the
case of the para-NNR how many of those displayed a Kondo peak in the differential conductance. d)
Example of a Kondo peak measured at 6 K with a Lorentzian fitted to it. The blue dots are the recorded
data points and the orange line is the Lorentzian fit. The height h, as well as b, c and d are the fit
parameters.

We have also studied the electronic transport of para- and meta-NNR at a tem-
perature of around 6 K and recorded current-voltage (IV) characteristics while sep-
arating the electrodes from each other. For both molecules, plateaus (see figure
5.3a for an example) were observed in the conductance between 10–1 and 10–6 G0,
which are attributed to the formation of a molecular junction. There is a large con-
ductance range over which plateaus are observed, possibly due to the high junction
stability at cryogenic temperature, which also leads to the observation of plateaus
for meta-NNR. Furthermore, as shown in figure 5.3a, the conductance of the
plateaus can fluctuate more than one order of magnitude within a breaking trace.
This is in line with other low temperature MCBJ experiments and is attributed to
the existence of more stable molecular configurations, including those where the
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electrode distance is smaller than the molecule [12, 14, 19]. In the following analy-
sis, we call a plateau molecular if the breaking trace contains more than three data
points below a conductance of 1 G0 and above the noise level. Figure 5.3b) and c)
show the statistics for the para- and meta-NNR. For the para-NNR, in 17% of
the traces, a molecular plateau was observed. For themeta-NNR this was in 25%
of the traces. Inside these plateaus, IVs were recorded to study charge transport
through the molecule.

In the para-NNR, a small percentage (3.6%) of IVs showed a zero-bias peak in
the differential conductance; an example is displayed in figure 5.3d. Such a peak
has been observed before in molecular junctions where the molecule is a radical
[10–12, 20–22] and is attributed to the Kondo effect. Interesting to point out is
the study by Zhang et al., where an identical molecule except for the anchoring
groups is studied. They observed a Kondo resonance in the anti-ferromagnetic
weak-coupling regime.[21] While the observed peak is too wide to be split with a
magnetic field of 8 T, we did observe a slight suppression of the peak (see ap-
pendix figure 5.11), consistent with the expectations for a spin-12 Kondo. To study
the width and height of the peak, we fitted a Lorentzian to the zero-bias peaks
(figure 5.3d):

f(V) = a
𝜋b (

c2

(V – b)2 + c2) + d, (5.1)

where a is the scaling factor of the height of the peak, b is the bias voltage at
the maximum of the peak, 2c is the Full-Width at Half-Maximum (FWHM) and d
the baseline of the Lorentzian. To address a small degree of asymmetry in some
resonances, they were also fitted using a Fano lineshape. Both lineshapes yielded
good fits, but overall the Lorentzian lineshape resulted in a higher R2 and is there-
fore used in the following discussion (see Supporting Information section S5 for a
comparison between the two lineshapes). The width of the peaks was found to
be consistently close to 10 meV, independent of the conductance of the molecular
junction. This observation is consistent with other studies, where the constant res-
onance width is explained by an asymmetric coupling between the molecule and
the electrodes.[11, 12, 14] No trend was observed in the height of the peaks (see
appendix figure 5.12).
To observe a Kondo peak, the system temperature needs to be below the char-
acteristic Kondo temperature, TK, which is both related to the width of the zero-
bias peak and the widths of the tunneling barriers between the gold electrodes
and the molecule. The FWHM of the peak is related to this Kondo temperature:

FWHM = 2
e
√(𝜋kBT)2 + 2 (kBTK)

2, where T is the sample temperature and kB
the Boltzmann constant [23]. With the average FWHM of 10.3 meV (see figure
5.4a) and a temperature of 6 K, we obtain a Kondo temperature of 40.2 K.
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Within the Anderson model, the Haldane relation [24] shows that

kBTK = √
UΓ
2 e𝜋𝜖0(𝜖0–U)/UΓ, where Γ = ΓL+ΓR, the sum of the electronic coupling to

the left and right tunneling barriers (ΓL,R), U the Coulomb repulsion energy and 𝜖0
the energy level of the orbital through which electron transport occurs. Under the
assumption that only a single level contributes to transport and that the coupling
Γ is independent of energy (wide-band limit), the conductance of the molecular
junction is proportional to: G ∝ ΓLΓR

ΓL+ΓR
≈ ΓL if ΓL ≪ ΓR. A peak width (i.e. a Kondo

temperature) that is constant across several orders of magnitude in the conduc-
tance thus suggests that the Γ on one side is much larger than the one on the other
side, and that only the smaller Γ is sensitive to the separation of both electrodes
[12, 14, 25]. The former determines the Kondo temperature whereas the latter
determines the conductance of the molecule.

To some extent this strongly asymmetric coupling to both electrodes was expected
for para-NNR. The nitronyl nitroxide radical group is much stronger interacting
with the pyridyl anchor group in ortho position than to the other one to which it
is in a meta relationship. However, the large difference in the mechanical stabil-
ity of both anchor groups points at an additional stabilization of the ortho-pyridyl
anchor group. The spatial proximity of the nitronyl-nitroxide radical to the ortho-
pyridyl suggests that the nitronyl-nitroxide coordinates directly to the electrode.
The hypothesized arrangement is sketched in 5.4b) and would explain the finding
of a radical group coupling strongly to only one of the two electrodes, which is at
the same time considerably less affected mechanically by variations in the electrode
spacing. We thus argue that the conductance through the para-NNR is dominated
on one side by the radical group, whose connection to the electrode is additionally
stabilized by the proximity of the anchoring group (figure 5.4b).

Following these arguments, the complete absence of a Kondo peak in meta-NNR
would indicate that the radical group is not in direct contact to any of the two elec-
trodes (see sketch in figure 5.4c). Apparently, the electronic contact between the
electrodes and the radical group is too weak to lead to observable Kondo features
at the accessible temperatures. While this can easily be rationalized by the spatial
distance between anchor group and radical group, it is noteworthy that the effect
is additionally assisted by the poor communication through the meta-connections
between radical and anchor groups in meta-NNR. Both effects lead to a much
lower TK, to a value that is below the 6 K reachable in the experiment.
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Figure 5.4: a) Full-width at half maximum from the Lorentzians fitted to all Kondo peaks versus the
conductance of the baseline of the fit (fit parameter d). Each blue dot represents an IV-measurement.
The solid horizontal black line is the average of all values; the dashed black lines are at one standard
deviation from the average. Two data points have been left out to improve clarity, one at 16 mV and
one at 17 mV but are included in the analysis. b) The proposed configuration of para-NNR inside the
junction. ΓL is the weak coupling of the molecule to the left electrode that changes upon separating the
electrodes and ΓR the coupling to the right electrode. c) Proposed configuration of meta-NNR inside
the junction.

5.4. Conclusions
In conclusion, we have investigated charge transport in a para- and in a meta-
configured NNR in an MCBJ setup through fast-breaking measurements at room
temperature and through IVs at 6 K. At room temperature, a clear conductance
plateau was observed for the para-NNR, while this was not the case for themeta-
NNR. A Kondo peak was observed in the low-temperature measurements on the
para-NNR. Analysis of this peak revealed a constant peak width, independent of
the conductance of the molecular junction. We hypothesize that this is a result
of a very asymmetric coupling of the molecule to the electrodes. The coupling
of the radical group to one of the electrodes is stabilized by the proximity of the
anchoring group. It would be of interest to perform ab initio conductance calcula-
tions considering the different configurations of the molecules inside the junction
and to elucidate the role of the stabilization by the anchoring group. These results
provide a better understanding of the effect the molecular structure has on elec-
tron pathways and the presence of magnetic fingerprints in it. Both are important
considerations for creating molecular spintronic devices.
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5.5.1. Reference measurements on bare gold junctions
Prior to using a sample for molecular measurements, the sample is characterized.
In case no contaminations are present on the sample, an exponential decay of the
conductance as a function of electrode separation is expected. Figure 5.5 shows
these measurements performed on the same junctions as those which were used
for the measurements displayed in figure 5.2 of the main text. In both cases the
conductance decays exponentially with increasing electrode displacement, indicat-
ing a clean junction.
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Figure 5.5: a) Two-dimensional histogram of the fast-breaking measurements on a bare gold junction.
The same junction was used for the measurements on the para-nitronyl-nitroxide radical in this paper.
Traces were recorded at a bias voltage of 100 mV. b) Two-dimensional histogram of the fast-breaking
measurements on a bare gold junction which was later used to measure the meta-nitronyl-nitroxide
radical.
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5.5.2. Two-dimensional histograms of meta-NNR at different
bias voltages

In our break junction experiments we record sets of consecutive traces at different
bias voltages. For the meta-NNR, no clear plateaus were observed at a bias volt-
age of 100 mV (see figure 5.2 in the main text). Figure 5.6 shows two-dimensional
histograms of sets of consecutive breaking traces recorded at 100 mV (a), 250 mV
(b) and 350 mV (c). At 100 mV, the histogram is barely distinguishable from the
bare gold junction (figure 5.5b). At higher bias, a feature forms at a conductance
of around 10–5 G0 as more plateaus are observed.
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Figure 5.6: a) Two-dimensional histogram of fast-breaking measurements recorded at room-temprature
in a vacuum on the meta-nitronyl-nitroxide radical at a bias voltage of 100 mV. b) At 250 mV. c) At 350
mV.

5.5.3. Clustering of themeta-NNR fast-breakingmeasurements
In figure 5.6a, around 10–6 G0 two clusters seem to be present: one which decays
quickly to the noise level and one which decays slower. To better investigate this,
we used a neural network model [26], which has been trained with datasets of
both bare gold junctions and junctions containing molecules, to separate breaking
traces of the fast-breaking measurement recorded at a bias voltage of 100 mV. The
result is shown in figure 5.7. The algorithm was set to consider the region between
a conductance of 10–2 and 10–6 G0 and between an electrode displacement of 0
and 2.5 nm. The first panel shows the two-dimensional histogram of the traces
which are labeled as class 1 and the second panel shows the two-dimensional his-
togram of the traces which are labeled as class 2. Class 1 has a lower decay factor
compared to the one of class 2, most likely due to the presence of molecules on
the electrode surface. No conductance plateaus are observed, nor a clear peak in
the one-dimensional histogram; hence we cannot assign a most likely molecular
conductance to the molecule from this measurement at 100 mV.
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Figure 5.7: Two-dimensional and one-dimensional histograms obtained after clustering the dataset of
the fast-breaking measurements on meta-NNR recorded at a bias voltage of 100 mV (figure 5.6a).

5.5.4. Fits on Kondo peaks
In total, 129 zero-bias peaks were observed among 3330 IVs. A Lorentzian was
fitted to all these peaks in order to determine the width and the height of the
peaks. In most cases, the Lorentzian fitted the data accurately. Figure 5.8 shows
several more peaks with the corresponding fit.

Because several Kondo resonances displayed a small degree of asymmetry, we also
fitted the peaks using a Fano lineshape [27, 28]:

Fano(V) ∝ (q+ 𝜖)
2

1 + 𝜖2 , (5.2)

with q the asymmetry factor and 𝜖 = (eV – Ek)/ΓFano where e is the elementary
charge 1.6 ⋅ 10–19, V the bias voltage, Ek the energy of the resonance and ΓFano
the half-width at half-maximum of the resonance. Fits of the same resonances
as in figure 5.8 are shown in figure 5.9. In most cases, good fits could be made,
however, as seen in panel d this was not always the case. From the fitting of a Fano
lineshape to the 129 Kondo resonances we found an average q factor of 16.6 with
a standard deviation of 4.26. For a comparison between the fits with a Lorentzian
lineshape and a Fano lineshape, the R2 values for both are shown in figure 5.10.
It is clear that a Lorentzian lineshape yields better fits.
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Figure 5.8: a-d) Four examples of observed zero-bias peaks in the differential conductance as a function
of bias voltage (blue). Each of these peaks was fitted with a Lorentzian (orange).
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Figure 5.9: a-d) Four examples of observed zero-bias peaks in the differential conductance as a function
of bias voltage (blue). Each of these peaks was fitted with a Fano lineshape (orange).
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Figure 5.10: a) Histogram of the squared residuals for the fit using a Lorentzian lineshape. b) Histogram
of the squared residuals for the fit using a Fano lineshape.

5.5.5. Magnetic field measurements on para-NNR
One key characteristic of a Kondo resonance, is that it will split under a magnetic
field due to the lifting of the spin-degeneracy. Depending on the width of the peak
(and thus the Kondo temperature), this is observed as either a suppression of the
peak, or a full splitting. In the case of the para-NNR, the peak width is usually
around 10 meV, which is too broad to split. In one magnetic field measurement (out
of 5) however, a suppression of the peak at high magnetic fields was observed (see
figure 5.11). In order to qualitatively view the behavior of the peak, the traces were
all normalized with respect to the baseline (parameter d) of the fitted Lorentzian.

-30 -20 -10 0 10 20 30

Voltage (mV)

0.8

1

1.2

1.4

1.6

1.8

2

2.2

N
o

rm
a

liz
e

d
 d

I/
d

V
 (

G
/G

)

B = 8 T

B = 7.5 T

B = 7 T

B = 6.5 T

B = 6 T

B = 5.5 T

B = 5 T

B = 4.5 T

B = 4 T

B = 3.5 T

B = 3 T

B = 2.5 T

B = 2 T

B = 1.5 T

B = 1 T

B = 0.5 T

B = 0 T

Figure 5.11: Plot of the normalized differential conductance as a function of bias voltage at magnetic
fields ranging from 0 T to 8 T measured on the para-nitronyl-nitroxide radical. The conductance was
normalized with respect to the baseline (parameter d) of the fitted Lorentzian.
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5.5.6. Height of the Kondo resonances
The height of the peaks was analyzed in the same way as the width. The height of
a peak was defined as the difference between the highest point of the peak and the
baseline of the fitted Lorentzian. In order to compare traces which were recorded
at different order of magnitude of conductance, the height was normalized with
respect to the baseline of the fitted Lorentzian. This resulted in figure 5.12. No
trend is observed: there is no correlation between the height of the peak and the
conductance at which it was recorded, nor is it constant across different orders of
magnitude of conductance. The large variation in normalized height is probably
due to the changing coupling strength of the backbone of the molecule during
breaking. The lack of correlation suggests that many different configurations are
possible, between which the coupling of the backbone to the electrodes and the
radical group to the electrodes do not depend on each other.
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Figure 5.12: The normalized height of the Lorentzians fitted to differential conductance measurements
taken on the para-nitronyl-nitroxide radical versus their baseline conductance (parameter d). The nor-
malized height is defined as the difference between the conductance at zero-bias and the baseline
conductance (parameter d), divided by the baseline conductance.
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