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SUMMARY

This thesis focuses on thermoelectric properties of nano-scale devices
based on quantum effects. These properties involve interesting funda-
mental physical phenomena and can also be used for practical applica-
tions, e.g., in optimising the heat waste problem in electronics.

Chapter 1 provides a general introduction to the topic and an out-
line of the thesis.

Chapter 2 contains a concise description of the theoretical con-
cepts relevant to the study.

Chapter 3 describes the implementation of superconductor-normal
metal-superconductor thermometry in electromigrated break junc-
tion architecture. In this chapter, we show how to create a ther-
mopower device and how to perform thermometry measurements
correctly.

Chapter 4 is dedicated to the detailed description of the double
lock-in method that allows to simultaneously measure differential
conductance and thermocurrent. We focus on the different aspects
behind the technique including performing the experiments, pro-
cessing the data and interpreting the results.

Chapter 5 describes the experimental investigation of the ther-
mopower response of a di-radical all-organic molecule in a proximity-
induced superconducting junction. We demonstrate how the sys-
tem can be switched from the Kondo state to the Yu-SHiba-Rusinov
regime, which is accompanied by a five-fold increase in the power
factor.

Chapter 6 contains the description of the first single-molecule par-
ticle exchange heat engine and the process of fine-tuning it to find
the optimal load value for maximum power output.

Chapter 7 describes the thermocurrent response of a CrSBr flake
upon changes in the magnetic field and temperature. We demon-
strate that spin-entropy plays a role and that the Seebeck coeffi-
cient is enhanced close to the phase transition point. We also show
that at low temperatures the power factor of the device can be
changed by 600% upon applying a magnetic field.

Xi



xii Summary

e Chapter 8 concludes this thesis with a discussion of the results pre-
sented in the previous chapters, ideas on potential future follow-up
experiments and on practical implications of the findings presented.



SAMENVATTING

Dit proefschrift richt zich op thermo-elektrische effecten van apparaten
op de nanoschaal die gebaseerd zijn op kwantumeffecten. Deze eigen-
schappen omvatten interessante fundamentele fysische fenomenen en
kunnen ook gebruikt worden voor praktische toepassingen, zoals bijvoor-
beeld het optimaliseren het warmteverspillingsprobleem in elektronica.

e Hoofdstuk 1 geeft een algemene inleiding over het onderwerp en
een overzicht van het proefschrift.

¢ Hoofdstuk 2 bevat een beknopte omschrijving van de theoretische
concepten die relevant zijn voor dit werk.

e Hoofdstuk 3 beschrijft de implementatie van supergeleider-normaal
metaal-supergeleider thermometrie in een geélektromigreerde breek-
junctie architectuur. In dit hoofdstuk laten we zien hoe een ther-
movermogen apparaat gemaakt wordt en hoe thermometrie metin-
gen juist worden uitgevoerd.

e Hoofdstuk 4 is gewijd aan de gedetailleerde beschrijving van de
dubbele lock-in methode die het toelaat om tegelijkertijd de differ-
entiéle geleiding en de thermostroom te meten. We richten ons
op de verschillende aspecten achter de techniek, waaronder het
uitvoeren van de experimenten, het verwerken van de data en het
interpreteren van de resultaten.

¢ Hoofdstuk 5 beschrijft het experimentele onderzoek naar de ther-
movermogensrespons van een diradicaal, organisch molecuul in een
nabijheid-geinduceerde supergeleidende junctie. We laten zien hoe
het systeem geschakeld kan worden van een Kondo toestand naar
het Yu-Shiba-Rusinov regime, die gepaard gaat met een vijfvoudige
toename van de vermogensfactor.

e Hoofdstuk 6 bevat de beschrijving van de allereerste enkel-moleculaire
warmtewisselingsmotor en het proces van het afstellen daarvan om
zo de optimale belastingwaarde voor maximaal vermogen te vin-
den.

e Hoofdstuk 7 beschrijft de thermostroom respons van een CrSBr
vlok bij veranderingen in het magneetveld en de temperatuur. We
demonstreren dat spin-entropie een rol speelt en dat de Seebeck

Xiii
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coéfficient versterkt wordt dicht bij het faseovergangspunt. We
laten ook zien dat bij lage temperaturen de vermogensfactor van
het apparaat veranderd kan worden met 600% door het aanleggen
van een magnetisch veld.

Hoofdstuk 8 concludeert dit proefschrift met een discussie van
alle gepresenteerde resultaten, ideeén voor mogelijke vervolgex-
perimenten en de praktische implicaties van de gepresenteerde
bevindingen.



INTRODUCTION

"I am among those who think that science has great beauty."

Marie Curie



2 1. Introduction

n endless pursuit of progress creates an impressive synergy between

modern physics and technology. Both compete, challenge and push
each other forward. Breakthroughs in physics serve as a base for
technological revolutions, while new concepts of technology open fresh
avenues for physical research and development. By formulating the
theory of electromagnetism [1] in the second part of the XIX century,
Maxwell stimulated the work [2] of Hertz, who experimentally confirmed
the existence of electromagnetic waves. This immediately rose a
question about possible applications, and Guglielmo Macroni’s patent
swiftly appeared [3]. Strikingly, further development of the radio
technology stimulated the emergence of new fields in astrophysics, and
these days humankind have the ability to touch the deepest questions
of Universe, collect the microwave background radiation and evaluate
the Big Bang Theory [4]. There are a lot of similar stories: the laser
invention enabled a wide variety of experiments in quantum mechanics;
the development of X-ray technology has driven advancements in both
medical imaging and crystallography, etc. They can be more or less
interesting depending on one's preferences and background. Some
connections are non-trivial to grasp, especially if you are not an expert
in the field. For example, the Global Position System (GPS) that we
commonly use for cycling in Delft relies [5] on Einstein’s theory of
relativity. And some of these stories captured the interest of the author
and pushed him to do a PhD and write this thesis.

One of the more fascinating examples of unison between physics
and technology started with the invention of the transistor [6] by
John Bardeen, Walter Brattain, and William Shockley. This event
marked the beginning of modern computer technology and dramatically
stimulated physics to create smaller, faster, more reliable, and more
energy-efficient computer components. The scientific community tried
various platforms and approaches to boost the computational power
and make computers smaller. That lead to the formulation of Moore’s
Law [7], which predicts the exponential growth in the number of
transistors on a microchip, and states that the amount of transistors in
the circuit doubles each few years. Indeed, this prediction was accurate
so far, and, as a result, in less then one century technology went from
the thermionic triode, the vacuum tube with tremendous size, to micro
metal-oxide-semiconductor (MQOS) transistors, which everyone has in
their personal computers today. However, from the beginning it was
clear that technology would reach the limit of single atom or a group
of atoms. So even in the beginning, there were proposals [8] to use
single molecules as building blocks for computers. This gave a rise to
the field of molecular electronics and initiated fundamental studies of
single molecules. Modern development of semiconducting industry with
components of already below [9] 5 nm questions the ability of molecules
for being the main ingredient in electronics, but does not erase the
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possibility.

1.1. MOLECULAR ELECTRONICS

As mentioned before, the idea of utilizing a single molecule as an
electronic component is an old one. It was first formalized by von
Hippel [8] in 1956 and existed for some time without substantial
response from the scientific community. The situation changed with
the proposal by Aviram and Ratner [10] in 1974. They presented the
concept of a rectifier based on a single molecule, consisting of donor and
acceptor systems separated by a tunneling bridge. This work stimulated
multiple research studies, primarily focusing on developing techniques
for applying contacts to single molecules and possible applications.
Different logic gates were proposed [11] and the different groups worked
on their realization.

The history of molecular electronics is fascinating, but we will not
address it here. For a detailed overview of the history of molecular
electronics, we recommend checking the review by Ratner et al. [12]
or an extended study by Vhoi et al. [13]. The next significant
milestone occurred in the 1990-s, when scientists finally managed to
contact molecules with different platforms. At that time, multiple
studies appeared, both offering practical applications and deepening
the fundamental understanding of the physics of nano-scale objects.
It was experimentally shown that molecules can act as diodes [14];
many studies (see [15] for a comprehensive review) demonstrated high
rectification ratios both in single molecules and molecular mono-layers.
Also, molecular junctions were shown to exhibit memory effects which
allowed them to be used for information storage and processing [16-18].
An interesting realization of logic operation in molecular devices was
shown with the realization of a Single Electron Logic Calculator [19].
Molecules also were shown to be utilized for mechanical sensors [20].
Another interesting aspect of molecules is that they could be harvested
for thermoelectric purposes [21, 22]. We will discuss it in more detail in
Sec.1.3 as this topic forms the foundation of this thesis.

1.2. WAYS TO PROBE THE MOLECULE

The reasonable question that could be asked is how all these charge
transport measurements on single molecules can be performed. It
is not trivial to contact and measure an object which is of only a
few nm in size. The answer is hidden behind the enormous efforts
of physicists and engineers. At the moment, there are three widely
used architectures [23-25] that allow to fulfil this task, each with its
own advantages and disadvantages. The choice of the framework
is dictated by the specifics of the research inquiry that is raised
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during molecular investigation. Also, a framework [26] that utilizes
micro-electromechanical system (MEMS) technology [27] already exists
and has the potential to become the mainstream one, though it still
needs further development. We discuss it further in the "Concluding
remarks" chapter 8 of this thesis.

One of the ways to measure the charge transport characteristics
through a molecule is using a scanning tunneling microscope (STM).
The idea behind it is to employ the atomically sharp tip of the STM
to probe the tunneling current from the conducting surface to the
tip through molecule. The main advantage of this method is the
ability to move the tip in space and probe the molecule at different
positions. Also, the operator has a direct vision of what is being
measured, and the image of the molecule can be captured during the
transport measurements. However, it has some drawbacks. First,
typically there is a high asymmetry between molecular coupling to
the tip and substrate (this coupling is usually large, leading to poor
energy resolution). Second, with this method it is not possible to apply
a gate voltage in order to tune the energetic levels of the molecule
independently from the chemical potential of the leads. With the
addition of an extra insulating layer between the conducting substrate
and molecule (see e.g. [28-30]) the coupling to the substrate can
be made weaker so that the energy resolution improves. Furthermore,
some approaches to tackle the second issue have been proposed [31,
32], however they are not commonly used in literature. Importantly,
the STM method is not scalable, so it is mainly suitable for research
purposes. Yet, it is useful for this as after the first measurements on
a Cgo molecule [23] a lot of interesting research was performed with
this technique [33]: molecule-substrate interactions [34], molecular
vibrations [35-37], investigation of Yu Shiba Rusinov (YSR) states [38],
thermopower measurements on molecules [39] and many other topics.
The molecule that we use in Chapter 6 was measured with the STM
technique [40] and as we will demonstrate later the data in [40] is in
good agreement with the content of this thesis.

Another widely used and powerful platform is the mechanically
controlled break junction (MCBJ) [24]. In this method, a weak link,
typically a thin gold wire, is gradually broken by mechanical strain
applied through a piezoelectric element or motor, creating two contacts
to the molecule. Usually, the current is constantly monitored under
constant bias as the gold is first stretched to the single atom contact with
conductance, G =7.75 * 10~> S, and then further displaced ("breaking
trace") until the measured signal reaches the noise level. Subsequently,
the applied strain is gradually removed, and the weak link can restore
its initial state ("making trace"). The process can be repeated many
times and in some of the traces there molecules are trapped between
the contacts. This method allows to collect large amounts of data and
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provides basic transport information about the molecule both at room
temperature [41] and at low temperatures [42, 43]. It serves not only as
a good platform to investigate how the anchoring groups influence [44,
45] transport through the molecules, but also to reveal various physical
phenomena such as large negative differential conductance [46], Kondo
physics [47], interference phenomena [48, 49], etc. The main
advantages of this method are the high mechanical stability, the high
control of the gap size to sub-angstrom precision, and the ability to
collect large amounts of data for statistical purposes. At the same time,
it does not provide information about the exact configuration of the
molecule inside the junction and, only a limited number of studies have
successfully implemented a gate in this setting [50-52].

6/21/2024 | dwell | HV | HPW | pressure | ma
5:13:27 PM | 5ps | 10.00 kV | 8.29 pm | 7.69e-4 Pa | 25 000 x

p:4

Figure 1.1: False colored scanning electron microscopy picture of a
typical thermopower device used to perform thermoelectric
measurements on single molecules. Parts of the devices are
highlighted with color: blue (heater), purple (gate), yellow
(golden bridge), orange (suerconducting contacts).

Finally, there is another architecture that we use in this thesis. This
technique is known as the electromigrated break junction (EMBJ) [25],
illustrated in figure 1.1. We will discuss it in detail later on, and
here we focus only on the weak link (shown in yellow in figure 1.1),
further referred to as the golden bridge, and a local gate (shown
in purple in figure 1.1). By applying a voltage across the golden
bridge, it is possible to generate a current density high enough to
push atoms of gold from their positions to form a nanometer-sized
gap. The process can be implemented in a controllable way [53] to
avoid formation of gold quantum dots. In this dissertation, we migrate
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devices up to 4-6 kQ and leave them for self-migration [54]. This
allows us to obtain gaps of less than 2 nm, capable of trapping a
single molecule. The local gate allows precise tuning of molecular
energy levels, enabling charge/discharge control of the molecule and
switching between resonance and off-resonance transport. This is the
key advantage of this technique compared to STM or MCBJ. However,
this method also has disadvantages. First of all, it requires more
lithographic steps and has a low yield. Also, using this method, the
molecule is studied in one particular configuration, which can be difficult
to reproduce. In our studies, the typical yield to obtain molecular
EMBJ devices is 20% and the amount of bonded devices per chip was
limited to two due to the additional contacts required for thermoelectric
measurements, shown in blue on figure 1.1. These extra contacts act
as local heaters and allow to perform thermoelectric measurements on
single molecules.

1.3. THERMOELECTRICITY IN MOLECULAR DEVICES

The integration of heaters into the EMBJ platform unlocks a huge area of
research opportunities in the field of molecular thermoelectricity. While
it is primarily stimulated by waste heat harvesting applications, it also
provides a unique opportunity to probe fundamental questions related
to heat and energy flow in nanoscale devices and presents a good
platform to check classical theories, such as the Wiedemann Frantz Law,
at the nano scale. Additionally, the thermopower signal can be a tool
to provide information which is challenging to obtain with conventional
transport measurements [55, 56], in a non-invasive manner. Yet key
milestones [57] remain unmet, keeping this area both timely and active.
This thesis makes a contribution to the ongoing work. Below is a short
introduction to the topic.

Thermoelectricity research originates from the research conducted in
the end of the XVIII century and the beginning of the XIX century with
the pioneering works [58, 59] of Aepinus, Volta, Galvani, Seebeck (for
historical inspiration refer to [60]). These early researchers focused
their attention on the interplay between heat and charge flow, laying
the foundation for several key thermoelectric effects. Among these,
the most well known are the Seebeck effect [59], Peltier effect [61],
Thomson effect [62] and the Nernst effect [63]. The Seebeck effect
is of particular interest for this thesis. It refers to the build-up of a
thermovoltage due to a temperature gradient across the material. The
potential to use it for power generation was recognised right after the
effect was described and has been a focal point in the development of
thermoelectric technologies ever since. Scientists consistently explored
various materials to achieve higher Seebeck coefficients. Over time,
it was discovered that optimizing heat-to-energy conversion efficiency
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requires more than just a high Seebeck coefficient, as electrical and
thermal conductance are also crucial for it. During investigation of
different semiconductors, loffe introduced [64] the ZT figure of merit,

2 . . .
ZT = SGCE:T, where S is a Seebeck coefficient, Ge, and Gt are electrical

and thermal conductance, respectively. This ZT coefficient is directly
connected to the energy conversion efficiency of the device harvesting
heat into useful power, with efficiency reaching the Carnot limit as
ZT — oo. This discovery provided the scientific community with a
direction to search for materials with high Seebeck coefficient, high
electric conductance and low Gi,. Unfortunately, these values are
interconnected and, typically, an increase in S leads to a decrease in Ge,
and vice versa. Among different materials, semiconductors are the most
prominent candidates, but their ZT values typically range [65] from 1 to
3, with the current record [66] of 5.4 for n-type pristine few-layer black
phosphorus. To substantially enhance energy conversion efficiency,
achieving ZT values of an order of magnitude higher is required, but
this seems unattainable with existing semiconductor technology.

Meanwhile, molecular devices introduce an alternative platform that
has a potential to reach high ZT values [67, 68] paving the way for
better waste heat control. The high charging energy of molecules allows
to treat them as a single-level system [69] in first approximation. The
level plays a role of energy filter that is typically narrow compared
to the thermal energy kgT (where kg is the Boltzmann constant and
T is temperature), which helps to minimise entropy generation during
particle transfer [70], desirable for high efficiency. At the same time, itis
possible to manipulate/construct the energy levels in a way that boosts
their Seebeck coefficient [71] and suppresses the phonon contribution
to the thermal conductance [72]. A lot of theoretical [73-75] and
experimental work [76-78] has been performed on this topic, mainly
utilizing quantum interference of electron waves travelling through
the molecule. However, despite impressive theoretical predictions,
results are still not satisfying. Current ZT values [76] for Cgo are still
not high enough to outperform semiconductors. The development of
a molecular device with high heat-to-energy conversion efficiency is
still an ongoing effort. Achieving this breakthrough would unlock a
wide range of applications, including charging of wearable electronics,
enhanced thermal management systems within microchips, and beyond.

Additionally, thermoelectric studies of molecular devices not only have
potential for practical applications, but also serve as a non-invasive
source of extra information about the system under the investigation.
For example, by measuring the thermovoltage it is possible to determine
the location of the Fermi level [79] with respect to the highest
occupied and lowest unoccupied molecular orbitals. The change of the
thermocurrent sign is a benchmark [55] for the extraction of the Kondo
temperature, the position of which is difficult to determine from transport
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measurements. Also, thermocurrent can reveal information [56] about
the transitions between different states in the molecule. We will discuss
this in more detail and demonstrate the thermopower measurement
effectiveness using our experimental data in Chapter 4.

1.4. THESIS OUTLINE

This dissertation is dedicated to the investigation of thermoelectric
properties of nano-scale devices, and in particular molecular devices,
and to the exploration of their potential applications. We first start
with the preparation for the measurements. This includes developing
the necessary sub-kelvin thermometry to accurately determine the
temperature difference across the device, enabling precise estimation
of physical values. Additionally, we ensure that the method used for the
measurements is reliable and correctly configured. After achieving this,
we investigate two molecules: a diradical nitronyl nitroxide compound
(NNDR) and an all-organic diradical molecule (Sme-20s), inside EMB]
devices with local heaters. The first molecule was cooled to 100 mK. The
interaction between the spin of the molecule and the Cooper pairs on the
proximity-induced superconducting leads gave rise to Yu-Shiba-Rusinov
bound states. These bound states and their thermopower response
can be employed as energy filters that boost the thermal efficiency of
the device. The second molecule was investigated at 1.7 K. We first
investigated its magnetic fingerprints (Kondo effect and inelastic spin flip
excitation) and then used it for thermal energy utilization. By connecting
a load resistor to it in series and applying a temperature gradient
across the junction, we realised the first molecular heat engine. Then,
we investigated the maximum power output and engineering efficiency
of the system as a function of the load resistance and extracted its
optimal value. Finally, we conclude the thesis with the exploration of
the thermoelectric response of a 2D magnet. This experiment is an
outlier of the molecular story, however, it uses the method developed
during the preparation stage and provides an alternative platform for
heat-to-energy harvesting purposes. In this study, we show that spin
entropy plays a significant role in heat-to-charge conversion and found
that there is a significant enhancement of thermoelectric power factor
around Néel point.

Each chapter after the first two entitled "Introduction" and Theory"
is self-contained and can be read independently. All the necessary
information can be found in supplementary information and references.
Still, these narratives are coherent and can be combined into one
"Thermoelectric effects in quantum systems" story with the outline
described below.

In Chapter 2 we give the theoretical background providing the
reader with the main concepts of the features detected in molecular
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measurements in three-terminal devices at low temperatures. We
quickly go through Coulomb blockade theory, Kondo physics, elastic/in-
elastic cotunneling, spin-spin interactions, while avoiding complicated
calculations. Then, we briefly describe the Onsager theory and physical
quantities related to thermopower, concluding the chapter with a
discussion of the heat engine theory. Also, a small part of the chapter is
devoted to superconductivity and the theory of Josephson junctions, as
well as to the effects that can be observed in this context, in particular,
Yu-Shiba-Rusinov bound states.

Next, in Chapter 3 we implement the superconductor-normal metal-
superconductor thermometry in the EMB] architecture. The chapter
contains information on how to fabricate a thermopower device and
how to extract the temperature difference across the molecular junction
during the experiment.

Chapter 4 describes another necessary component to perform
successful thermoelectric experiments. Here, we focus on the
double lock-in method used to measure differential conductance and
thermocurrent simultaneously. We discuss the details for setting up the
measurement, explain how the raw data should be postprocessed to
arrive to the physical values, and provide information on the different
regimes for which the method should and should not be applied, as well
as hints on data interpretation. This chapter should be seen as a guide
for thermoelectric measurements.

In Chapter 5, we investigate the thermopower response of a diradical,
all-organic molecule in a proximity-induced superconducting junction.
We tune the system from the Kondo state to the YSR regime and
demonstrate a five-fold increase in the power factor.

The first application of the molecular device as a particle exchange
heat engine is described in Chapter 6. We first demonstrate
thermopower results that reveal magnetic fingerprints of the diradical
molecule. Then, we realise a molecular heat engine and experimentally
find the load value for which the engine produces the maximum power
output.

Further on, in Chapter 7 we investigate how differential conductance
and thermocurrent through a CrSBr flake change once we sweep the
magnetic field and temperature, i.e., change the magnetic order. Our
study reveals how different types of entropy are effecting the Seebeck
coefficient, and we particularly highlight the role of spin entropy.

Finally, we finish this thesis with the "Concluding remarks" in
Chapter 8, where we discuss the possible follow-up research studies.
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THEORY

"You know, | couldn’t do it. | couldn’t reduce it to the freshman level.
That means we really don’t understand it."

Six Easy Pieces: Essentials of Physics By Its Most Brilliant Teacher by
Richard Feynman

In this chapter, we focus our attention on the basic concepts behind
charge and heat transport through molecular devices. We will do so in
an explanatory way avoiding heavy calculations.
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20 2. Theory

C onducting a successful experimental work requires not only a well-
prepared sample and a functioning measurement set-up but also
investigation of the theory behind the topic of exploration. Of course,
that does not indicate that the experimentalist will fully understand all
the data points he sees in the equipment, but rather the theory would
guide the design of the experiment and would help to understand main
trends and highlight the anomalies, that do not match with the theory
and should then become the main focus of the investigation.

The goal of this chapter is to provide the reader with a layman-
friendly introduction to the theory behind thermoelectric transport in
single-molecular junctions. Here, the attention will be focused on
explaining the main features of the differential conductance vs. bias and
gate voltage (stability diagrams) captured during the measurements
(i.e., Coulomb blockade regions, Kondo resonance peaks, co-tunneling
regions, etc.). We will discuss the role of a thermal gradient across the
junction in electron transport and explain the Onsager relations and their
relevance to the thermoelectric effects we observe in this thesis. We will
also briefly discuss superconductivity, particularly the superconducting
current in long superconductor-normal metal-superconductor junctions
that are used for thermometry, and discuss Yu-Shiba-Rusinov bound
states. For a more detailed explanation of electron transport in
nano-scale objects, we refer the reader to excellent books [1, 2] and
papers that cover the theory behind transport in molecular junctions [3,
4]. A comprehensive description of thermoelectric effects is given in [5],
and reviewed in [6]. Also, some of the theory required for understanding
this thesis is presented in the appendix of chapter 5 (see Zero bandwidth
approximation of Anderson model used for fitting the Yu-Shiba-Rusinov
peaks) and in Chapter 7 we refer to the supplementary information
(SI) of [7], where colleagues performed first-principles simulations to
support our findings.

2.1. SIZE

Each experiment starts with setting up the measurements by checking
the equipment for malfunctioning and potential offsets. We do it mainly
by inspecting the current-voltage characteristics measured on a sample
simulator box. A sample simulator is a branch of the resistors with
different nominal values. Transport of electrons in this system is very
well understood and follows Ohm’s law. Meanwhile, the subject of our
study is very small, usually not exceeding a few nanometers in size. It is
natural to expect that physical behavior changes once the dimensions
are reduced. But how? What role does the size play? To answer this
question, we should define a few characteristic length scales that govern
the physical behaviour of the sample and give a physical meaning to
"bigger" and "smaller". Among these measures are: the mean free path
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[, which is the average length a charge carrier travels without change
of its direction or energy; the phase-coherence length [y, which is the
length over which the charge carrier keeps its coherence; and the Fermi
wavelength, Af, associated with energy of the carriers participating in
transport. To give a feeling of the range of these values we provide
numbers for bulk gold at low temperatures: [ is usually in the range
of 10 nanometers, while [y is of the order of micrometers and Af is
around 5 Angstroms. If we now compare the sizes, [q, of the resistors
in the sample simulator, we see that they are much larger than the
ones mentioned above. Thus, we expect transport in these resistors to
obey the classical descriptions, and follow the Drude formula. As the
size decreases and g becomes smaller than one of the characteristic
lengths mentioned above, quantum effects begin to play a role in the
physical behaviour of the sample. One of the examples is the presence
of conductance quantization [8] effect (which arises when [3 < (). In this
regime, the conductance can be expressed as:

2e?
G=—— tn, 2.1
- Z (2.1)

where e is the electron charge, h is Planck constant, t, is the tunneling
probability ranging from 0 to 1, and the summing is over all channels
that are involved in transport.

As mentioned previously, a single molecule can be as small as 1 nm,
and this size is of the order of the Fermi wavelength of the conduction
electrons in gold. Therefore, we need to take quantum effects into
account to accurately describe the observed phenomena in molecular
junctions. Electrons inside the molecule experience spatial confinement.
Similarly to the quantum mechanics particle-in-a-box problem [9] we
can write down the energy for each level as follows:

m2h2 n2 ni  n?

E =—(Z2+2L+2, (2.2)
X0z om aZ af/ g)

where ny, ny, n; are quantum numbers, ax, ay, a; are lateral dimensions,
and m is the mass of the electron. Assuming all lateral dimensions of
the molecule to be approximately 1 nm, the energy level separation
is estimated to be of the order of A ~0.4 eV. However, in individual
molecules, this value often varies due to electron-nucleus interactions,
which lead to the formation of molecular orbitals.

At the same time, there is another type of energy that needs to be
paid to add an electron to a molecule. This energy cost arises due
to Coulomb interactions, typically quite strong in small molecules. The
classical expression for the charging energy is:

e? e?

~2c” 8meor’

Ec (2.3)
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where C is the capacitance of the molecule. Here, we approximate the
molecule as a sphere with radius r, of 0.5 nm, and apply the formula for
the capacitance of an isolated sphere, with dielectric constant €g. This
allows to estimate the charging energy, Ec ~ 1.4 eV. This energy is much
larger than the thermal fluctuation energy (kT ~ 25 meV at T =300 K,
here kg is the Boltzmann constant). Therefore, at room temperature,
molecules have a stable number of electrons. To add an extra electron
to the molecule one should pay the addition energy, Eqqq, consisting of
twice the charging energy and possibly including a contribution from the
energy level spacing.

2.2. CONTACTS TO THE MOLECULE, COUPLING

Up to this point, we have considered the molecule without accounting
for the environment surrounding it. It is important to highlight that
introducing the measurement contacts to the system influences the
energy spectrum of the molecule, as the electrons inside the molecule
interact with the environment.

For a further description of transport in this system, we treat the
golden contacts as ideal metal electron reservoirs in which electrons are
in equilibrium and have a defined temperature, T, and electrochemical
potential, u. The amount of the electrons in the contacts can change
as they are connected to a voltage source. At a given temperature, we
can expect to find electrons in particular energy states according to the
Fermi-Dirac distribution:

f(E, 1) =

1
exp((E—p)/ksT)+ 1

At zero temperature, this distribution is a step function and all states
below the chemical potential are filled; all states above are empty. With
increasing temperature, we change the energy of the electrons in such
a way that some states with energy less than the chemical potential
become empty, and some higher energy states become filled.

When a molecule connects to the contacts, electrons may move from
the contacts to the molecule and back. The rate at which they do, is
connected to the strength of the interaction between electrons inside
the molecule and those in the contacts, which is also known as the
electrode coupling. This coupling is denoted as I'=Ts + 'p, where I's p
is the electrode coupling to the source or drain contact, respectively.
The characteristic time it takes an electron to tunnel to the source or
drain can be written as h

Ts,p = —. 2.5

S,D Moo (2.5)

The physics of the device is governed by the difference between this
tunneling time and the time scale for interactions within the molecule,

(2.4)
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such as the electron-electron, electron-phonon interactions, or other
internal relaxation processes. Thus, by comparing the coupling with
other energetic scales we can conclude which physical phenomena
can be observed in the system. For example, if the coupling is high
(F'>> Ec, A, kgT), electrons move frequently between the contacts and
the molecule, so their phase does not change. This scenario is often
referred to as the strong coupling regime.

In contrast, if the coupling is low (I' << Ec, A, kgT), the electrons stay
at the molecule for a long time and do not move often. This leads to
dephasing of the electrons moving through the molecule. This situation
can be referred to as the weak coupling regime. Coulomb blockade and
incoherent transport through a sequence of single electron tunneling
processes are characteristic phenomena to be observed in this regime.
There is also an intermediate coupling regime when the coupling is
comparable to the other energetic characteristics. Below, we will focus
mainly on the weak coupling regime.

2.3. TRANSPORT THROUGH THE MOLECULE:
SINGLE-LEVEL MODEL, COULOMB BLOCKADE

a I r, b dl/dV (nS

S(N+1) 40 ) 0.6
0.4
0.2
0.0

Figure 2.1: Single-electron tunneling (SET) transport in the weak
coupling regime. a. Schematic description of transport
happening in molecular three-terminal device. The left (red)
and right (blue) leads represented by electron reservoirs filled
up to the Fermi energy. Here, for simplicity Ts = Tp =0 K.
The molecular levels are shown with a black horizontal lines,
they are broaden by Lorentzians as depicted with the pink
color. b. Coulomb blockade stability diagram measured on a
Ferritin nanoparticle (this experiment is not presented in the
thesis).
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Now we will explain the transport through three-terminal molecular
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junctions. For that purpose, we use the chemical potential diagram
depicted in figure 2.1a. Here, the source and drain are illustrated as
Fermi functions, and the energy states of the molecule are represented
as the discrete levels. Each level is labeled with a number, N,
corresponding to the amount of electrons inside the molecule. Coupling
to the source, I's, and drain, I'p , is shown with the grey barriers.
Applying a bias voltage moves the electrochemical potentials in such
a way that us—up = eV with V being the bias voltage (aka "bias
window"). At the same time the gate electrode is capacitively coupled
to the energy levels of the molecule and can move them in energy, as
increasing the gate voltage (V) shifts the levels down in energy. Current
flows through the system once a molecular energy level, is inside the
bias window and is blocked otherwise. This process leads to Coulomb
blockade [1] illustrated in figure 2.1b. Here, we plot the differential
conductance (dI/dV) as a function of bias and gate voltages, often
referred to as stability diagrams. In the figure, fully blockaded regions,
Coulomb diamonds, appear separated by regions where a sequential
electron tunneling (SET) can take place. The distance between the
two Coulomb diamonds provides information about the addition energy,
Eqdd = aeAVg, where a is the gate coupling parameter. Usually, the
amount of electrons on the molecule is not known and the additional
energy is very high, so in the experiment only one level is accessed with
the gate voltage, and in a stability diagram one would see parts of the
Coulomb diamonds and their edges, see also figure 2.2a.

To get a more quantitative picture, one can follow the derivation of
Coulomb blockade theory in the constant interaction model [4]. This
model assumes that the spacing between molecular levels does not
depend on the amount of the electrons in the molecule and that the
coupling to the contacts is not sensitive to N. For derivation purposes,
the schematic in figure 2.1a should be changed. Contacts should
be seen as reservoirs with electrons that have a certain energy and
tunneling barriers should be changed to effective RC circuits where R
is inversely proportional to the coupling parameter and C is connected
to the ability of the molecule to store the charge. The molecule
itself should be seen as an island that can store an integer amount of
electrons. Then, the total electrostatic energy for N electrons on the
island can be summarized as

VsCs + VpCp + VgCsg N
U(N) = EcN2 — eN — + > En, (2.6)
n=1

where C is the total capacitance of the molecule that consists of the
sum of capacitances to the source, drain, and gate, Csp,g, and Ep
corresponds to the single-particle energy of occupied molecular levels.
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By defining the chemical potential of the molecule as
H(N)=UN)—-UN-1), (2.7)

one can get to expressions for the slopes of the Coulomb edges
in the stability diagram by equating this chemical potential to the
electrochemical potential of the contacts:

y 1 Cov (2N—1)e ENC) 08
D= Ce+Cp C 2 e '

(2N—1)e ENC
+ ).
2 e
This allows to extract the following values from the recorded experimen-
tal stability diagram: y = % B= —g—‘;, and the gate coupling a = %G
(with 2 = 2+ 7).
Now, let us estimate the absolute value of the current that we measure
in this stability diagram. For this, we refer to figure 2.1a, and introduce
transmission function T(E), depicted in the picture with the red line. The

conductance of the system can be written with the Landauer-Butticker
formalism [10] and write down:

1
Vp=——(CgVg + (2.9)
Cs

2 (o]
(V) = ff JET(E)(fs — fo), (2.10)

—00

where integration is through all energies. The exact form of T(E) is not
known and should be determined from a quantum calculation. However,
we can apply a single-level approximation introducing the transmission
function as a Lorentzian. We can then write down the expression for
current as [3]:

s p

(V) = 420

€o+ (1—a1)eVv €g—a1eV )
e N's+Ip ’

where a; is the asymmetry coefficient, a; = % . Employing this

formula allows to estimate the ratios F—[S)g—; by fitting the formula 2.11
to the data.

2.4. OTHER FEATURES IN THE STABILITY DIAGRAM:

EXCITATIONS AND HIGHER-ORDER PROCESSES

In figure 2.2a, we provide a schematic of the differential conductance
map, commonly observed during measurements. The map highlights
the most frequently observed features; for a more comprehensive
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Lina

Figure 2.2: Transport features in a stability diagram. a. Schematic
stability diagram with excitation levels, Kondo resonance
and co-tunneling features. b. Sketch explaining inelastic
co-tunneling. An electron tunnels from the molecular level
to the Fermi level of the drain lead, while another electron
tunnels from the source lead to the excited state of the
molecule. The effect is observed once 6 > eV c. Sketch
explaining Kondo. A spin on the molecule forms a singlet
state with conduction electrons in the leads. During a
co-tunneling event, this spin is effectively flipped, resulting
in the Kondo effect.

Kondo
cloud

discussion, we refer the reader to the "Molecular Electronics An
Introduction to Theory and Experiment" book [11]. The key features
include lines parallel to the Coulomb blockade edges, attributed
to molecular excitations, a zero-bias peak associated with Kondo
correlations in the system, and horizontal lines, which can be explained
by a co-tunneling mechanism.

2.4.1. EXCITATIONS

When both the excited state and ground state of the molecule lie
within the bias window, an increase in current is observed due to
the availability of an additional conduction channel for electrons. The
signatures of these excitations appear as lines running parallel to the
edges of the Coulomb diamonds, occurring in pairs and symmetric
with respect to the Vg axis (for a symmetric coupling with I's = I'p).
These lines terminate when they intersect one of the Coulomb diamond
edges. The point of intersection in the stability diagram (V, Vg) provides
valuable information about the energy separation between the ground

and excited states, given by § =eV. If % ~ 1, the intensity of the

excitations will be similar for both positive and negative bias. It is also
possible for one of the lines not to be visible in the stability diagram,
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indicating highly asymmetric coupling.

As the coupling to the molecule increases from the weak to the
intermediate regime, higher-order processes begin to contribute to the
transport. In this regime, although the Coulomb blockade remains
present, additional lines, unrelated to sequential tunneling, emerge
within the blockaded regions, signaling the onset of these higher-order
effects. We will discuss them in the next two subsections.

2.4.2. ELASTIC AND INELASTIC CO-TUNNELING

Co-tunneling happens when there is no molecular level in the bias
window. In first order transport is forbidden, but for a short time scale,
dictated by the Heisenberg energy-time uncertainty principle, electrons
can move to and from the molecule. Co-tunneling can be elastic and
inelastic. In case of elastic co-tunneling, the electron preserves its
energy in the process, and in the case of inelastic co-tunneling, the
energy changes while moving through the intermediate states because
of the additional interactions between the electron and the environment.
In figure 2.2b we show the example of inelastic electron tunneling: in
the initial state the electron is in uy state, it then tunnels to the drain,
while at the same time an electron from the source is tunneling to the
excited level ug*© and stays there. These events occur once eV > 6 and
lead to the horizontal lines that intersect the Coulomb diamond at the
same V that corresponds to the ground-excited states separation energy
in the differential conductance map (drawn black lies in figure 2.2a).

2.4.3. KONDO EFFECT

The Kondo effect can also be observed in molecular junctions,
manifesting as a complex many-body quantum phenomenon. A
simplified illustration is shown in figure 2.2c. In this case, the electron on
the molecule with spin 1/2 interacts with the conduction electrons in the
contacts via an antiferromagnetic exchange coupling. This interaction
leads to the screening of the molecular spin by the electrons in the
contacts, resulting in a total singlet ground state for the system. A
co-tunneling process could lead to an effective spin flip on the molecule
and leads. This mechanism gives rise to the Kondo resonance: a sharp
peak in the density of states near the Fermi level. The temperature
below which the Kondo effect becomes significant is known as the Kondo
temperature, Tkx. For a more quantitative understanding of the process
we refer to the article by Pustilnik and Glazman [12].

Here, we will focus solely on the formulas that are essential for
analyzing the measured data. For simplicity we consider that the total
spin on the molecule is S = 1/2. In this case, from the full peak width
at half maximum (FWHM) of Kondo peak we can estimate the Kondo
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temperature using [13]

2
FWHM = g\/(nkBT)z + 2(kgTk)2. (2.12)

Furthermore, Tk can be extracted by measuring the amplitude of the
Kondo conductance peak as a function of temperature. To achieve this,
one should fit the data to empirical formula [14]:

T2

G(T) = Gb + Gi( (25 + 1)), (2.13)
Tk
where Gy, is the background conductance coming from a parallel
2
tunneling pathway between the leads, G| = %(riisrr;)Z is the maximum

conductance at zero temperature and s = 0.22 for a spin-1/2 system.

Finally, Tk can be investigated with the application of a magnetic field
to the system. Above a certain magnetic field value, the Kondo peak
is expected to undergo Zeeman splitting with eV = 2gugB, where g is
Landé factor, and ug is Bohr magneton. Typically, the transition point
is difficult to determine from the conductance measurements, however,
this is possible with thermocurrent measurements (see more details and
an example in chapter 4).

2.5. THERMOELECTRIC SIGNAL, ONSAGER RELATIONS

In this section we will give a brief theoretical background behind
thermoelectrics in molecular junctions. We will extend it further in
Chapter 4.

H(N)

T
Vv \Y

e G

Figure 2.3: Thermocurrent. a. Schematic description of transport
in a molecular three-terminal device under Au =0 and
AT =Tg—Tp > 0 conditions. b. Thermocurrent as a function
of gate voltage modeled with the Landauer approach.
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So far, for most of the figures we considered the Fermi function as a
step function, considering T = 0 K. We will now investigate what would
happen in case Ts,p # 0 K, and Ts > Tp. Figure 2.1a would then change
to figure 2.3a. Let us follow the current that is going through the
system as we change the gate voltage. Here, we consider V=0V, so
Us = Up. If the molecular level energy is higher than the electrochemical
potential of the contacts, but transmission function of the molecule is
non-zero at energies corresponding to high-energy electrons within the
Fermi-Dirac distribution, the electrons would move from the left contact
to the right, and a negative current governed by the thermal gradient
will appear there. As we increase the gate voltage, at a certain moment
the molecular level would be in resonance with the contacts and the
amount of the electrons that travel from the left to right would be
equal to the amount of holes that travel in the same direction; the
thermocurrent would be exactly zero. Further increasing Vg causes the
hole transport to dominate, leading to a positive thermocurrent. This
behavior is illustrated in figure 2.3b.

2.5.1. SINGLE-LEVEL MODEL AND THERMOCURRENT

We can get a quantitative expression for the thermocurrent described in
figure 2.3b by applying Landauer-Butticker formula 2.10. In case of a
small bias voltage and a small temperature gradient one can write:

of of E—EF
fs(E)—fD(E)=—a—EAIl—a—E( T

where Ef is the Fermi energy, Au=eAV, and AT = Ts—Tp. Inserting this
expression in 2.10 gives an expression for the total current:

)AT, (2.14)

I =GAV + GSAT, (2.15)

where the integral expressions for G and GS can be written:
G= EJ‘OOdET(E)(—i), (2.16)

h Jo oE
GS = 2—efdeT(E)(E—EF)(—i). (2.17)
hT Jo oE

If we use Sommerfield expansion at low T [15] we find that:

s~ (20TO) e

As demonstrated by this equation, the thermopower S could be
enhanced by sharp features in the transmission function near the Fermi
energy. This observation serves as a motivation to use molecules for
energy harvesting purposes (see chapter 6).
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2.5.2. ONSAGER RELATIONS

When a thermodynamic system is not in equilibrium, it has thermody-
namic fluxes Ji caused by thermodynamic forces Fj, e.g. heat flow Q
or electron flow J. Fluxes are usually proportional to the forces that
cause them when the system is near equilibrium. The Onsager relations
describe the general relationships between different fluxes and forces:

Ji =ZLiij, (2.19)
J

where Lj; are transport coefficients. The diagonal elements of the matrix
characterize the relationship between J; and the fundamental force that
governs it, while off-diagonal terms describe the influence of other
forces on it. Lj; can also be equal to 0 if there is no connection between
Ji and Fj. In addition, the Onsager reciprocal relation states that Ljj = Lj;
in case of the linear response regime.

During transport, carriers (electrons or holes) simultaneously transfer
both charge and heat. Meanwhile, the charge current is primarily driven
by electrochemical gradients, while the heat flow typically arises from
temperature gradients. Thus, it is possible to introduce two forces
F1 = % = ¥ and 7 = V(%). It allows to write the expression for the
charge (Ie) and heat (Iq) current in the Onsager way:

Av
I\ _ (L le) ¥
(IQ)_(LM L2z (% (2.20)

By introducing the well-known physical quantities, such as electrical
conductance G, thermal conductance K, Seebeck coefficient S, and
Peltier coefficient TT, we can rewrite equation 2.19. First, let us recall
that the electrical conductance G characterizes the charge flow per unit
voltage in the absence of a temperature gradient:

I L
G:(_e) :ﬂ. (2.21)
AV Ja1—0 T

The thermal conductance K describes the heat flow in the system per
unit of temperature gradient when no charge current is present:

I 1 Lol
K=(—q) =—(L22— 12 21). (2.22)
AT [e=0 T2 L11

The Seebeck coefficient S defines the voltage build-up due to
temperature gradient in an open circuit:

AV L1y
AT TlLq1

S= (2.23)
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and the Peltier coefficient TT represents the amount of heat carried per
unit of electrical current when charge carriers move through:

L
m= -2t (2.24)
L11
In summary, 2.20 can be rewritten in the following way:
I\ _(G GS AV
(h)_(@T(K+G§ﬂ)@U)' (2.25)

It makes the first equation for charge current the same as equation 2.15.
Further on, in this thesis we measure the components of this equation
separately, to extract the thermocurrent Iy, = GSAT and estimate S
values.

2.5.3. ZT FIGURE OF MERIT, EFFICIENCY OF MOLECULAR HEAT
ENGINE

In comparison to semiconducting counterparts, molecular devices offer
a high dimensionless figure of merit ZT:
GS°’T
T = . (2.26)
K
This value is characterizing the ratio between the work that can be
done by the molecule to the heat flow that is running through it, thus
it characterizes the efficiency of heat-to-energy harvesting abilities of
the molecular heat engine. The maximal efficiency of a thermoelectric
generator is related [6] to ZT:

VZT+1)—-1
Nmax —nchr 1—flcl

where nc is Carnot efficiency, nc = l—T—z, as Ts > Tp. In case of ZT — oo,
the efficiency of a molecular heat engine would reach this Carnot limit.
However, for practical applications, where the molecule can perform
real work, it is useful to consider the efficiency for maximum power
output. This value is given by the Curzon-Ahlborn efficiency limit [16]:

(2.27)

Nca=1—\|—- (2.28)

2.6. MOLECULAR JUNCTIONS WITH SUPERCONDUCTING

CONTACTS

Finally, in our three-terminal devices, we utilize superconducting
contacts that touch the golden bridge. Primarily, they were supposed
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to serve only for thermometry applications (see chapter 3), but as
described in chapter 5 they can also influence the physics of the whole
device.

The discovery of superconductivity occurred in 1911 in the laboratory
of Heike Kamerlingh Onnes [17], and it has been extensively studied
and exploited in physics ever since. The key characteristic of
superconductivity is the loss of electrical resistance in a material below a
certain temperature, known as the superconducting critical temperature.
For an extensive study of the topic, we refer the reader to the excellent
Tinkham book [18]. Here, we will primarily focus on the effects that
occur when superconductors are brought into proximity with normal
metals or magnetic impurities.

A superconductor is characterized by two key parameters: the
superconducting energy gap, A, and the phase of the superconducting
order parameter, which together describe the macroscopic quantum
state of the material. A represents the energy required to break a Cooper
pair and create excitations. When a normal metal is brought into contact
with a superconductor, an intriguing effect can take place. The electron
from the normal metal with an energy less than the superconducting gap
cannot directly enter the superconductor, however, the superconductor
accepts it by pairing it with another electron (of opposite spin and
momentum to form a Cooper pair) and reflecting a hole back into the
normal metal. This process is also known as Andreev reflection [19]. Now
let us consider a situation where two superconductors are connected
by a normal metal (SNS junctions). Multiple Andreev reflections are
possible in this case. An electron from the normal metal can undergo an
Andreev reflection on the first interface with the superconductor, and
become retroreflected as a phase-coherent hole. This hole may then
move through the normal metal to the other interface, undergo one
more Andreev reflection, and be converted back to a phase-coherent
electron. As a result, effectively, a Cooper pair from one superconductor
travels to the other one without energy dissipation via phase-coherent
multiple Andreev reflections. A supercurrent inside the SNS junction
occurs, i.e., the normal metal is proximitised. The critical current,
the current until which the SNS junction stays fully proximitised when
increasing it, is very sensitive to the electron temperature and can
therefore be exploited for thermometry.

2.6.1. THERMOMETRY

In chapter 3 we implemented long SNS junctions for thermometry
objectives. Here, the characteristic length of the junction was larger
than the mean free path but lower than the phase coherence length.
Also, A >> e7 (which serves as a definition of the long junction), where
et is the Thouless energy related to the rate with which electrons diffuse
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across the sample. The Thouless energy can be written as e = ’Z—?,

where D is the diffusion coefficient in the normal metal and L is the
length of the junction. The behavior of the critical current as a function
of temperature in long SNS junctions is given in [20]. The solution can
be obtained by harvesting a quasi-classical approach based on Green’s
functions in imaginary space [20, 21] and solving the Usadel equation
at all energies [20]. It does not have an analytical expression, but can
be written at zero temperature as:

eRnIc =10.82¢€T, (2.29)

where Ry is a resistance of the normal metal part of the junction and
Ic is the critical current. Also, there is an expression for Ic in the
high-temperature limit, kgT >> €T:

® L Aexp(—L/Ly,
eRnlc = 64mksT . P n)

2 Loy (wn + Qn + V2(Q2 + wnQn))?
where Qp = ,/A2+wﬁ, Ly, = \/zr_,_fn' and wp = (2n + 1)mkgT is the

Matsubara frequency, n is integer starting from zero.

(2.30)

2.6.2. BOUND STATES AND YU-SHIBA-RUSINOV STATES

Multiple Andreev reflections can constructively interfere with one
another, localize in an area with varying pair potential and form
Andreev bound states inside the gap, that also may be observed in
transport measurements. In case the superconducting gap of the
electrode is much larger than the charging energy of the molecule, a
proximity-induced bound state can be established (see for example [22]).

The opposite situation, when the superconducting gap of the electrode
is much smaller than the charging energy of the molecule, the formation
of a Yu-Shiba-Rusinov state (YSR) appears if the molecule is strongly
coupled to the superconductor. In this case, the interaction between
the spin on the molecule with the spins of Cooper pairs leads to the
formation of bound states inside the superconducting gap. To determine
how YSR would show up in a stability diagram, we need to solve the
Anderson impurity model in a regime where the charging energy tends
to infinity. In the appendix of chapter 5 we will solve this Hamiltonian
with zero-bandwidth approximation.
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IMPLEMENTATION OF SNS
THERMOMETERSINTO
MOLECULARDEVICES FOR
CRYOGENIC THERMOELECTRIC
EXPERIMENTS

Thermocurrent flowing through a single-molecule device contains
valuable information about the quantum properties of the molecular
structure and in particular, on its electronic and phononic excitation
spectra, and entropy. Furthermore, accessing the thermoelectric heat-to-
charge conversion efficiency experimentally can help to select suitable
molecules for future energy conversion devices, which - predicted by
theoretical studies — could reach unprecedented efficiencies. However,
one of the major challenges in quantifying thermocurrents in nanoscale
devices is to determine the exact temperature bias applied to the
junction. In this work, we have incorporated a superconductor-normal
metal-superconductor (SNS) Josephson junction thermometer into a
single-molecule device. The critical current of the Josephson junction
depends accurately on minute changes of the electronic temperature
in a wide temperature range from 100 mK to 1.6 K. Thus, we present
a device architecture which can enable thermoelectric experiments on
single molecules down to millikelvin temperatures with high precision.

Parts of this chapter have been published in Appl Phys Let. 122, 103501 (2023) [1].
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3.1. INTRODUCTION

Thermoelectric effects, i.e., the conversion between heat and charge
currents, have received renewed interest from the nanoelectronics
community [2, 3] and in particular in the field of single-molecule
electronics [4, 5]. Recent studies [6-10] show that thermoelectric
measurements at cryogenic temperatures contain important information
about the physical and quantum-thermodynamic properties of nanoscale
and molecular systems, which are hard to access with conventional
transport experiments. Furthermore, according to theoretical predic-
tions, molecular devices could achieve a very high dimensionless figure
of merit [11] ZT - a quantity that is a measure for the heat-to-charge
conversion efficiency. While the highest observed ZT of inorganic
materials is currently only [12] about 5.4, the predicted ZT of molecular
heat engines could reach values of ~ 100, which would result in
efficiencies close to the Carnot efficiency limit [13]. This efficiency could
be even further enhanced at cryogenic temperature [14]. However,
to quantify thermoelectric effects it is primordial to know the exact
temperature drop across a molecular junction. This is in particular
challenging at cryogenic temperature because most thermometers used
so far are metal-based resistive sensors with low sensitivity at T < 20 K.
This work fills this gap by developing a superconducting thermometer,
which is sensitive down to mK temperature, and by implementing this
thermometer into an electromigrated break junction (EMB]J) device.

Different types of low-temperature thermometry approaches have
been explored in the literature, including Johnson Noise thermome-
try [15], Coulomb Blockade thermometry [16], and Hybrid Tunnel Junction
thermometry [17]. In this chapter, we focus on superconductor-normal
metal-superconductor (SNS) thermometers because of their excellent
properties: low impedance, high sensitivity at low temperatures, and
a negligible access resistance [18]. Furthermore, they can be easily
implemented into molecular junctions: To this end, we further improve
our single-molecule thermoelectric junctions [19], by contacting the
source and drain gold contacts with two superconductors, forming a local
SNS junction. By measuring the critical current over this SNS junction
the temperature can be extracted. In this manner, the contacts can
be simultaneously used for thermometry and transport measurements.
Here, we use a molybdenum rhenium (MoRe) superconductor, for its high
critical temperature of 8.7 K (with a zero-temperature superconducting
gap of about A~ 1.8kgTc ~ 1.3 meV).

3.2. DEVICE FABRICATION

The fabrication procedure of the devices on Si wafers with a 285 nm
layer of SiO; oxide is illustrated in figures 3.1a-d. First (figure 3.1a),
the local gate was made by depositing a 1 nm thick adhesion layer
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a)

Figure 3.1: a-d. Fabrication process overview. a. Electron beam
(E-Beam) deposition of the local back gate electrode (purple).
b. Deposition of sample heaters (blue). c. Deposition of
13 nm thick golden bridge (yellow). d. Metal sputtering
of superconducting contacts which act as source/drain
connections and thermometers. e-f. False-colored scanning-
electron microscopy (SEM) images of the fabricated sample.
e. False-colored SEM picture of the thermopower device and
(f) of the MoRe/Au/MoRe junction; purple: gate electrode;
blue: heaters; yellow: gold bridge; brown: MoRe contacts.

of titanium (Ti) and a 7 nm thick layer of palladium (Pd) by standard
electron-beam lithography and metal evaporation. This gate thickness is
chosen to decrease the heat transport from source to drain [19]. Then,
the heater was fabricated by depositing 3 nm of Ti and 27 nm of Pd
(figure 3.1b). Subsequently, 10 nm Al,03 was deposited by atomic layer
deposition. The aluminium oxide forms the insulating layer between the
heater and the electrical contacts, and acts as the dielectric of the local
gate. Afterwards, the 13 nm thick Au bridge was made (see figure 3.1¢).
To get a high-quality gold bridge, the deposition rate during evaporation
was kept low (0.5 A/s) and a high vacuum around 10—8 mbar was
used. In the last step, the 100 nm thick MoRe contacts were created by
electron-beam lithography, metal sputtering and lift-off (figure 3.1d).

False-colored scanning electron microscope (SEM) images of the final
device together with a zoom-in of an individual Josephson junction are
shown in figures 3.1e-f. The spacing between the superconducting
contacts varies, and is 253 nm on one side of the gold bridge
(thermometer A) and 247 nm on the other side (thermometer B), in the
device shown here.
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3.3. MEASUREMENT TECHNIQUE

To calibrate the thermometers, devices were cooled down to 100 mK
in a dilution refrigerator. A four-point measurement scheme was
applied, where a DC current (Ij) was biased over the junction and
the voltage response (V)) was simultaneously recorded. A typical DC
current-voltage characteristic at 100 mK for thermometer A is shown in
figure 3.2a. In the low-current regime, the gold bridge between the two
superconductors is proximitized and the Cooper pairs can move from
one superconductor to the other without dissipation, forming an Andreev
bound state [20]. At a certain current level —i.e., at the switching current
(Isw) - the gold weak link changes its state from superconducting to
normal, resulting in a voltage increase in the current-voltage (I— V)
characteristic. From the slope of the I — V characteristic at I > Isw the
normal resistance of the gold weak link is calculated and the diffusion
coefficient of the electrons in this region is estimated. When ramping
the current back, the gold weak link becomes superconducting again at
the retrapping current (Ir). This current value typically differs from Isy,
which has been explained by capacitive effects in the junction [21] or by
heating of the electrons in the normal conducting junction during current
sweeping [22]. Since the geometrical capacitance of the junctions used
in this work is not sufficiently large to explain the existence of the
retrapping current, we attribute the observed hysteresis to heating.

Importantly, the switching to the superconducting state with increasing
current bias is a stochastic process [23], so several I—V curves need
to be recorded and a mean value of Isyw is calculated. To this end,
the critical current was measured with an AC technique [24] (see
figure 3.2b). In a typical measurement the junction is biased with a
300 Hz triangular AC current from -20 pA to 87 pA. At these settings,
gold stays in the normal state only for a short time, preventing the
system from heating. Also, the offset is chosen to ensure that the
junction stays proximitized in the negative current part and can relax
to the base temperature. Using this approach, in a typical experiment
we recorded 3000 measurements of switching events with a current
resolution of about 0.07 pA.

3.4. RESULTS AND DISCUSSION

Using the AC measurement technique, it is possible to measure Isy
at different base temperatures and calibrate the thermometers in the
device. The Isw histograms for thermometer A are shown in Figure 3.2c.
It can be seen that the switching current is very sensitive to the
sample temperature and decreases from 80 pA at 150 mK to 61 pA
at 750 mK. We also note an asymmetry in the switching current
distributions. Such asymmetry has been observed before [25] and
attributed to thermal fluctuations. The stochasticity of switching current
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Figure 3.2: a. Voltage vs. current characteristics of a MoRe/Au/MoRe
junction. The current was ramped up from 0 to 100 pA, then
to -100 pA and back to zero. b. Schematic of the signal path
during an AC experiment. A function generator was used
to bias the superconducting thermometer with a current I
and to measure the voltage drop V on the thermometer.
A DC heater current Iheqt Can be applied to one of the
micro heaters to generate a thermal bias on the junction.
c. Histogram of stochastic switching current Isyy of a SNS
junction at different temperatures.

is dominated by quantum noise at temperatures below the Thouless
energy, while thermal fluctuations become the dominating mechanism
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at higher temperatures (see discussion in appendix 3.6.3). From the
fits to the current histograms we extract the average switching current

< Isw > as a function of temperature for the two thermometers (see

figure 3.3). The sensitivity of the thermometers, defined as dé%, in the

temperature range from 100 mK to 750 mK is 31.5 uA/K and 42 uA/K for
thermometer A and B, respectively (see appendix 3.6.2 for data of other
thermometers and appendix 3.6.5 for a comparison with other Au-based
SNS thermometers). These values are typical for long SNS junctions and
similar to those reported for Nb-Cu-Nb SNS junctions [26]. Furthermore,
both thermometers have a temperature resolution better than 15 mK
within the investigated temperature range (see appendix 3.6.4 for more
details).

e A thermometer
e Bthermometer

80 - Theoretical fit
—— Theoretical fit

30 1 1 1 1 1 1 1
0 200 400 600 800 1000 1200 1400 1600

Temperature (mK)

Figure 3.3: Temperature dependence of the averaged switching current,
< Isw >, for thermometers A (red) and B (blue), respectively.
Theoretical fits using the Usadel equation (see main text) are
shown as solid lines.

In the following, we discuss the temperature dependence of < Iy >
(see figure 3.3). In Josephson junctions this dependence is very sensitive

to the interplay between the energy scales of the proximity effect, the

Thouless energy, Ety = ’Z—?, and the superconducting gap A. Here,

D = VFT'e is the diffusion coefficient in the normal metal, where vg, (e
are the Fermi velocity and the elastic mean free path of electrons,
respectively, and L is the distance between the superconducting
electrodes. In the long junction limit A > Ety, the temperature
dependence of Isywy can be described theoretically by using a quasi-
classical approach based on Green’s functions in imaginary space [27,
28]; it requires solving the Usadel equation at all energies [28].

We used the usadell package [29] to fit the experimental data. We
assumed that the interfaces between the superconductor and the normal
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metal are perfectly transparent and that the phase difference between
the superconductors is fixed at ¢ = 1.27n/2, similar to Dubos et al. [28].
Furthermore, we fixed the normal resistance, Ry, of the junction and A
of the superconductor to values obtained from transport measurements.
The solid lines in figure 3.3 show the resulting fits where the Thouless
energy and the suppression coefficient, a, which accounts for the
non-ideality of the normal metal-superconductor contact, were used as
fitting parameters. Details about the fitting and the resulting parameters
can be found in the appendix. We find a suppression coefficient a ~ 0.5,
similar to the value obtained by Courtois et.al. [22]. The Thouless
energies, ENT =49.4 —87.2ueV, obtained from the fits in figure 3.3
are close to the values determined from the transport measurements,

EZXP ~ 40peV, which can be calculated as [30] EEXP = VN%EF)ZTI_IgN' where
V=L-w-t is the volume of the gold film, N(Ef) is the volumetric
electronic density of states of gold at the Fermi level and Rq = % is
the resistance quantum. N(Ef) can be obtained from the electronic
specific heat[31] Y =0.69-10"3 ) mol~! K=2 and the molar volume[32]

v=1.021-10"5 m3 mol~! as[33] N(Ef) = —2X— =1.73-1028 ev—1 m~3,

2.2+,
nekgVv

3.5. CONCLUSION

In summary, we implemented an SNS superconducting thermometer in
a molecular thermoelectric device. MoRe is used as the superconductor,
which allows to perform thermometry in a temperature range from
100 mK to 1.6 K with a high sensitivity of up to 40 pA/K. Other
than previously used resistance thermometers, the SNS thermometers
developed in this work directly measure the temperature of the electronic
system in the immediate proximity to the molecule. Therefore, our
devices will allow to e.g. extract the absolute Seebeck coefficient from
thermopower measurements on a molecule and will thus pave the way
for precise investigations of molecular heat engines.

3.6. APPENDIX

3.6.1. THERMOMETER A: fiTS AND DISCUSSION

The best theoretical fit with two parameters o and EEXP is shown on
figure 3.5. A clear disagreement in the lower temperature range is
present that could be related to the fabrication issues. It is possible that
edge sputtering artefacts are touching the golden bridge and that the
spacing between the MoRe contacts is not homogeneous (see figure 3.4).
In this case, the 1D approximation that we use would not be valid and
2D calculations would be required. To avoid complex calculations we
decided to focus on a qualitative comparison and simulated the junction
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Thermometer | w (nm) [ L (nm) | Ry (Q) | EEP (ueV) | EHIT (ueV) | a
A 511 253 1.7 43.0 49.4 0.31
A* 511 253 1.7 43.0 87.2/7.5 0.5
B 503 247 1.8 40.9 31.5 0.47

Table 3.1: Sample parameters.

The junctions width (w), length (L),
normal resistance (Ry) are listed. The experimental Thouless
energy (ESXP) is calculated from the normal resistance and

geometry of the sample. The Thouless energy, E?J and

suppression coefficient, a are determined from the fit to the
data. (Note that the A* and B fits are shown in the main text.)

Figure 3.4: False-colored SEM picture of the A thermometer; purple:
gate electrode; blue: heaters; yellow: gold bridge; brown:

MoRe contacts.

90

® A thermometer

Theoretical fit

0

L L L L L L L L
200 400 600 800 1000 1200 1400 1600

Temperature (mK)

Figure 3.5: Temperature dependence of the averaged switching current,
< Isw >, for thermometer A and a theoretical fit to the data
using the Usadel equation with two parameters o and Ef}

are shown as solid lines.
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with two junctions connected in parallel with Isw = Isw1 + Isw2, and

R = %. This approach allows us to get a good fit for the data (see
main text for the fit, and fitting parameters in table 3.1). The extracted
high Thouless energy for the first junction is two times smaller than
the experimental value and corresponds to the part of the thermometer
where edge sputtering artefacts are touching gold, thus making the
effective distance smaller. The existence of a second Thouless energy
Ety = 7.5ueV can possibly be explained by a discontinuity of the gold
film at the step edge over the heater electrode. The heater electrode is
30 nm thick, which is considerably thicker than the 13 nm thick gold
film. Thus a parallel SNS junction with a relatively larger volume and
normal state resistance, thus smaller Thouless energy, may be formed
by the EMB]J constriction.

3.6.2. RESULTS OF OTHER THERMOMETERS

To optimize thermometer design we varied the spacing between
superconducting contacts. In figure 3.6 we present the switching current
and theoretical fits to the data for two test samples C and D with L
of 300 nm and 350 nm, respectively. The parameters of the junctions
and estimated theoretical fit values are listed in the table 3.2. We do
observe at low temperatures that Isyw decreases with increasing length
of the normal part of the junction.

w (nm) [ L (nm) [ t (nm) [ Ry (Q) [ EEXP (ueV) | EXT (ueV) | a

C 440 305 14 1.6 38.4 23.1 0.45
D 436 332 14 1.5 36.5 25.8 0.31

Table 3.2: Sample parameters for thermometers C and D. The junctions
width (w), length (L), normal resistance (Rn) are listed. The
experimental Thouless energy (EEXP) is calculated from the
normal resistance and geometry of the sample. The Thouless
energy, E?J and suppression coefficient, a, are determined
from the fit to the data.

3.6.3. ORIGIN OF THE flUCTUATIONS OF SWITCHING CURRENT

The JJ switching is a stochastic process, and the distribution of
switching currents is influenced by thermal activation and quantum
noise/tunneling. The standard deviation normalized by the switching
current, ;Z, as a function of temperature is shown in figure 3.7. In

’ IS_W'
figure 3.7, there are two different regions: 1) Islw stays constant at the

low temperatures. Here, the escape rate has a quantum origin with
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Figure 3.6: Temperature dependence of the averaged switching current,
< Isw >, for thermometers C (red data points), and D (blue
data points). Theoretical fits using the Usadel equation are
shown as solid lines.

Isiw ~ (%)(4/5) (Ej Josephson energy) [34] up to temperatures of the

order of Ety. 2) At higher temperatures, the process is driven by thermal
activation and scales with ﬁ o (%)(2/3) (see green dashed lines) [34].
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Figure 3.7: The standard deviation o normalized by Isw vs temperature
for A (red), B (blue), C (yellow), and D (green) thermometers.
The dashed green line is a theoretical fit assuming thermal
activation.

3.6.4. TEMPERATURE RESOLUTION OF THERMOMETERS

The temperature resolution, etr, of a thermometer is the minimum
temperature that the thermometer can distinguish at a certain bath
temperature, Tpath, Of the cryostat. We define this value as
ETR = — gaw/dTon” where Al is full width at half maximum (FWHM) of

measured switching current distribution at Tpath. In figure 3.8 €e1r
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is plotted as a function of temperature for thermometers A and B
(described in main text), and C,D (see appendix 3.6.2).
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Figure 3.8: The temperature resolution,etr of thermometers A (red),
B(blue), C (yellow), and D (green) vs. temperature.

Thermometers A and B, mentioned in main text, have a resolution
between 10 and 15 mK which stays constant in the temperature range
from 200 mK to 700 mK. We observe a slight decrease in resolution
at the lower temperatures, which we attribute to the fact that the
switching current is less dependent on temperature as T approaches
zero. The resolution of thermometers C and D is better than for A,B and
reaches a value of 5 mK. Despite the fact that thermometers C and D
perform better in the investigated temperature range (100 - 400 mK),
for molecular devices we prefer to have thermometers with a higher Isy
and thus allowing to use them in a large temperature range.

3.6.5. OTHER POSSIBLE THERMOMETERS

SNS | Isw (LA) | Ru (Q) [ Erw (uev) | A (mev) [ Zau™ (ua/K) [ source
A-AU-AI 18 4 19 0.17 25 [35]
Nb-Au-Nb | 178 1.7 52.0 1.23 60 [36]

Table 3.3: Parameters reported in literature for SNS junctions that can
be implemented in molecular junctions for thermometry. Isw

-switching current, Ry -normal resistance, Etyq - Thouless

. * . .
energy, A -superconducting gap, dé% current resolution in a

temperature range from the lowest measured temperature to
1K.

SNS thermometry can be readily implemented in EMBJ devices as
it does not require many additional lithographic steps and provides
negligible access resistance, which is beneficial for conductance



3. Implementation of SNS thermometers into molecular devices for

48 cryogenic thermoelectric experiments

measurements. In this work, we used MoRe as a superconductor
because of its high critical temperature. Below we present a list
of parameters for previously reported SNS junctions that could be
implemented for thermometry purposes. We limit this table to junctions
that have Au as a normal metal because gold is the most used material
to contact the molecule in single-molecule studies [37].
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THERMOPOWER
MEASUREMENTS WITH THE
DOUBLE LOCK-IN TECHNIQUE

“Old man,” said a fellow pilgrim near,

“You are wasting your strength with building here;
Your journey will end with the ending day,

You never again will pass this way;

The builder lifted his old gray head;

“Good friend, in the path | have come,” he said,
“There followed after me to-day

A youth whose feet must pass this way.

This chasm that has been as naught to me

To that fair-haired youth may a pitfall be;

He, too, must cross in the twilight dim;

Good friend, | am building this bridge for him!”

"The Bridge Builder" by Will Allen Dromgoole
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4.1. INTRODUCTION

he journey of exploring thermoelectric effects, i.e., the interplay
between electrical currents and heat flow, dates back to the end
of the XVIII century with the first experiments of Aepinus, Galvani and
Volta. Particularly, Alessandro Volta [1] observed movement in the body
of a frog when an arch with a temperature gradient was immersed
into two glasses of water connected by the animal’'s body. After
experimenting with various arches and temperatures, he concluded
that the thermoelectric force arose from the temperature difference.
This experiment was conducted almost 30 years before the famous
Seebeck work [2] on "thermomagnetism", describing a magnetic needle
changing its angle under the influence of a current caused by a
temperature difference in a closed bismuth-copper loop. Despite an
incorrect interpretation (later corrected by Oersted [3]) provided in the
study, Seebeck’s work had a huge impact on the field, and nowadays
a coefficient that characterizes the voltage build-up in a wire under a
temperature difference carries his name. Shortly thereafter, the inverse
effect was observed by Peltier [4] and a theoretical explanation [5]
by Lord Kelvin (a.k.a. William Thomson) followed. Thomson not only
demonstrated that the effects described by Seebeck and Peltier were
related and had the same nature but also predicted that generation or
absorption of heat should be observed when current passes through a
homogeneous wire under a temperature gradient (Thomson effect).
Observations of thermoelectric effects immediately sparked interest
in their potential applications for different types of coolers, heat pumps,
etc. The quest for optimizing the efficiency of heat engines stimulated
both theoretical and experimental studies in the field. Theoretical
works of Alternkitch focused on the efficiency of thermopiles [6] and
deliberated over potential materials that could work close to the Carnot
limit. Onsager works [7], as well as work by Callen [8] contributed to the
understanding of fundamental processes behind thermoelectric effects
and described these effects on a phenomenological level. At the same
time, experimental studies predominately focused on the investigation
of different semiconductors as prospective candidates for thermoelectric
applications. In loffe’s group, a selection of prospective materials was
measured and evaluated, eventually leading to the development of one
of the first commercial thermoelectrical power generators [9]. loffe also
started using the intrinsic material figure of merit, Z, to characterize
the quality and efficiency of a thermoelectric material [10], which is
still widely used nowadays (Z = 5,2<—°, where S is the Seebeck coefficient
of a material and o and k are the electrical and heat conductivity,
respectively). Consequently, the material research community gained
understanding on candidates of potential "thermopower" materials with
focus on highly doped semiconductors.
Despite these extensive studies and high hopes, the field slowed
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down in the 1950-1960s. The ZT values peaked around 1 (currently, the
highest figure of merit, 5.4, belongs to few-layer black phosphorus [11]),
and for a long time, higher values were not considered realistic to be
achieved. Even nowadays, many devices continue to employ materials
that were investigated more than 50 years ago. For example, bismuth
telluride, the heat conduction of which was measured by Goldsmid in
1958 [12], can be found in modern household refrigerators. Most
of the current spaceships and autonomous satellites are powered by
radioisotope thermoelectric generators that contain silicon-germanium
thermocouples (thermoelectric properties of which were measured [13]
in 1962). The Voyager 1 is still sending signals to Earth despite the
degradation of the thermocouples that generate the energy harvesting
from the heat of Plutonium-238.

The interdependence of electrical conductivity, the Seebeck coefficient
and thermal conductivity fundamentally constrains the figure of merit
Z, as altering one of these parameters typically affects the other two.
This results in a limited increase in the figure of merit when optimizing
one of them. For instance, enhancing the Seebeck coefficient often
leads to a reduction in electrical conductivity. This interdependence
stimulated scientists to think in other directions and try to utilize
quantum mechanics principles to overcome this issue. At the end of
the XX-th century two breakthrough theoretical works by Hicks and
Dresselhaus appeared [14, 15]. They showed that by changing the
dimension of the sample and harvesting quantum confinement, one
can dramatically change the Z value. In Ref. [15] they calculated
that the figure of merit of a 2D 4-nm quantum well BixTes is two
times higher than in its bulk counterpart, and by going to 1D [14] this
value can be further enhanced. Numerous experimental and theoretical
studies have emerged investigating the potential of thermoelectricity
at the nanoscale (see Ref. [16] and the references therein). One of
the representatives of quantum objects is molecules. These nm-size
entities can have remarkably high energy harvesting abilities [17, 18].
By utilizing their interference features [19], manipulating coupling to
the leads [20] or changing their length [21] the figure of merit can be
enhanced.

Thus, investigating the thermoelectric properties of molecules is an
interesting field predominately governed by the search for the best
heat-to-energy converter. To do it there should be a method to
extract the components of the figure of merit. It is difficult to obtain
the heat conductance during the experiment and this value is often
calculated theoretically. Meanwhile, the electrical conductance and
Seebeck coefficient can be determined experimentally. One of the
ways would be to first measure the open-circuit voltage after applying
a temperature gradient, and then measure the conductance under
a small bias voltage. These two values strongly depend on the
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position of the molecular energy levels relative to the electrochemical
potentials of the contacts, which is why gate sweeps are commonly
performed. Unfortunately, during the gate ramping, the electrostatic
environment of the molecule can be changed, i.e., the molecular level
can shift from one gate trace to another one, and that would lead to
an error in the estimation of S2(Vg)G((Vg)). To avoid this problem
the double lock-in method was developed [22]. This method enables
simultaneous measurement of thermocurrent and conductance, which,
together with thermometry, provides the necessary data to calculate
the numerator of the figure of merit. Additionally, it allows experiments
to be conducted under non-zero bias voltage, which is advantageous, as
thermoelectric measurements can reveal information not easily captured
by conventional transport techniques (see, for example, [23]).

In this chapter, we will focus our attention on the thermopower
measurements by the AC double lock-in technique. We start with
a description of the method, providing a comprehensive guidance
on how to perform the measurements and pointing out the systems
where the method could be utilized. Special attention will be paid to
accurately extracting the thermocurrent signal from the measurements
(sign and prefactor) to avoid further inconsistencies in the literature.
Subsequently, we will describe different temperature-voltage regimes
that one can observe in the experiments and will link the readings of the
lock-ins to real physical values such as the Seebeck coefficient, Power
factor, etc.

The data to support this study is collected on various molecular
and golden grain measurements, which are treated as single-level
quantum dots. Therefore, Onsager equations hold for the zero-bias
measurements in linear regime, where the thermocurrent is proportional
to the temperature difference, Ity o< AT. We demonstrate that Iy, can be
linked to the open-circuit thermovoltage as It = —GV,, where G is the
electrical conductance. Thermopower, S, also known as the Seebeck
coefficient, can then be derived as S = Xfﬁ = If”

Subsequently, we focus our attention on the hlgh bias regime. This is
specifically interesting in case the conductance is temperature-sensitive
in the range of applied temperature gradients. Finally, we conclude
by providing a checklist containing recommendations and remarks for
thermopower measurements in single-molecule devices.

4.2. METHOD

To simultaneously measure conductance and thermocurrent, we apply
a double lock-in protocol. A scheme of the method with a scanning
electron microscope image of a typical molecular device is depicted in
figure 4.1. We utilize a small AC component on top of the DC bias voltage
at a constant frequency, w1 = 13 Hz, synchronously with an alternating
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Figure 4.1: AC double lock-in measurement protocol applied to a typical
molecular device.

current through the heater at w; = 3 Hz to demodulate the signal into
different components. To disentangle the different components, the
ammeter’s readout is connected to a Keithley, a voltmeter measuring
the DC output signal, and to two lock-in amplifiers recording the signals
at w1 and 2w;. The current flowing through the molecule can be
written as I =Ipc + Iy, + I2w,. Here, Ipc is the DC component from which
the conductance is extracted, G = IDTC Iy, is the AC component that

characterizes the differential conductance G* = dé%, and Iy, is the

current related to the temperature gradient applied over the molecule.
It is important to note that Ipc always contains a small DC component
resulting from the temperature gradient (usually for molecular devices
this component is at least 2 orders lower and in most cases can be
neglected).

As described previously, I, is the current caused by the temperature
gradient over the molecule that will be further referred to as the
thermocurrent:

1—cos(2wzt)
5 .

The current through the heater, Iheqter, generates Joule heating with
power, P, that leads to the generation of a temperature gradient over
the molecule, AT. In the linear approximation (i.e., low Iheqter and low
T), AT «< P and the generated signal has two components: a DC one and
an AC one at 2w>. Itiis important to highlight that the AC signal is shifted
by g so that the thermocurrent signal occurs at the Y component of the

Ith o< AT o P o sin?(wat) o«
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lock-in at the second harmonic of the signal sourced on the heater. To
extract the thermocurrent, a factor of —2+/2 has to be taken into account
(see subsection 4.2.3), where -2 is the result of the transformation
between the heater current and the temperature gradient enhancement,
and ¥2 because of the working principle of the lock-in amplifier that
displays the signal in Vims. Below, we show that I, multiplied by this
prefactor matches DC measurements at I(V,T,AT)-I(V,T,0). Adding the
prefactor is important as it contains physical information. First, by the
sign of the signal one can judge if transport is dominated by electrons
or holes (negative Iy corresponds to electron transport). Secondly,
correct estimations of the Seebeck coefficient and Power Factor require
the right prefactor.

In the next subsectioon, we provide snapshots of the used equipment,
which are a valuable starting point for conducting the measurements. It
is essential to select the correct frequency for accurate measurements.
Firstly, the frequencies must be sufficiently spaced apart, so that they do
not cross talk (the frequency difference between w; and w,/2w> should
be sufficiently larger than the bandwidth of the lock-in low-pass filter).
Secondly, lower frequencies are preferable to avoid spurious capacitive
effects and to make sure that the temperature of the system is changing
quasiadiabatically. Lastly, the frequencies should be moved far away
from potential sources of noise (i.e., from 50/60 Hz). Additionally, it is
worth keeping in mind that the time of acquiring the signal depends on
the measured frequency. For experimental purposes, we recommend
using specific frequencies based on our previous investigations. For
instance, w1 = 13 Hz, and w; = 3 Hz has been used for single-molecule
measurements [24-26], and w1 = 91 Hz, and w; = 17 Hz for experiments
on a graphene quantum dot [27].

4.2.1. MEASUREMENT SET-UP

In this subsection, we will extend the description of the measurement
protocol with the double lock-in technique focusing attention on the
connections and providing a coherent step-by-step guide on the mea-
surement itself. The experiment is done with two Standford Research
SR830 digital lock-in amplifiers, two Keithley multimeters (Keithley
2100 and Keithley 2700), and with a home-built IVVI Rack [28] with
voltage/current sources (S1d, S3b/S4c) and current/voltage measure
modules (M1b/M2m). The specific details of each module (like in-
put/output resistances, maximum voltage swing, noise level, bandwidth,
etc.) can be found online [28]. Further on we specify some crucial
information for the experiment settings; for convenience we indicate the
settings that were used during Sme-20s measurements as described in
Chapter 6.

The measurement set-up is illustrated in figure 4.2. The IVVI Rack
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Figure 4.2: Set-up for thermopower measurements. Left lock-in sources

the AC bias voltage to the sample through the S3b voltage
source module at a constant frequency of w3 =13 Hz. At
the same time, the second lock-in supplies the current to
the heater at wy = 3 Hz with the help of the S4c voltage-to-
current converter. The output voltage of the S4c module is
recorded with a Keithley multimeter and provides information
about the resistance of the heater. Then two lock-ins
simultaneously measure the differential conductance (at w1)
and thermocurrent (at 2w;) by reading the voltage from the
M1b I-Measure module. Second Keithley multimeter monitors
the DC component of the current, revealing information
about the conductance of the system. All the modules are
located on the IVVI Irack board and connected to the sample
vias Matrix Module. Instead of real pins on the Matrix Module,
the schematic of the molecular EMBJ device is shown. Here
the different parts of the sample are highlighted with colors:
purple (gate), red (heaters), and yellow (contacts to the gold
bridge).

is the central unit that sends and receives the signals from and to the
sample, employing different interchangeable modules. These modules
can be controlled internally via a computer or externally by sending the
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voltage signal from lock-in amplifiers to the Iso-In module. The signal
is measured by M-modules and converted to a voltage, which further
can be read out from the Iso-Out module. In this measurement we
use the S3b module as the voltage bias source. The DC component is
controlled via the internal DAC value of the IVVI Rack. Meanwhile a small
AC component is supplied from the lock-in amplifier (at w1 =13 Hz;
sine out) which is connected to Iso-In 2. The AC amplitude in the
measurements is 10 uV. There is a factor of 0.01 for the signal that
goes from Iso-In 2 to S3b (can be changed by rewiring the S2¢c summing
module) and together with the S3b range (we use 1 mV/V for low bias
measurements) the required lock-in amplitude is 1 V. Gate voltage is
controlled by the S1d module that is connected to the gate contact
through a 100 MQ series resistance to ensure minimal gate currents
during voltage ramping and avoid electrical discharges from the gate
to the device. Temperature gradient is obtained by applying a current
through the heater with the means of S4c I-source. The amplitude
of the current is determined by the amplitude of the second lock-in
(w2 = 3 Hz) and the range of S4c that for Sme-20s was chosen to be
1 mV/V. To obtain this, the output of the lock-in amplifier is connected
to Iso-In 1 that is wired to the first slot of IVVI Rack, where S4c is
located. Connection of M2m voltage measure module to the monitor
output of the S4c module grands us the ability to read the voltage
output of the current source. By measuring this value using a Keithley
instrument in AC mode, we can estimate the resistance of the heater
(440 Q). The electrical current of the molecular device is measured with
M1b I-measure module with further 0.1G A/V amplification. The output
signal is then split between both lock-in amplifiers (see their settings in
table 4.1) and second Keithley instrument operating in DC mode.

Typically, the measured differential conductance of the molecular
devices at zero-bias ranges from tens of uS to nS; at the same time
the thermocurrent in the linear regime rarely exceeds hundreds of
pA, thus the correct amplifiers and filters should be applied. The
M1lb I-measure module allows to amplify the signal by a maximum of

100 GV/A and to perform measurements with a noise floor of 5% (at a

multiplication of 1 GV/A). The energy that goes back to the device from
the module is low and can be neglected, but that leads to a drawback
caused by high internal resistance (Rjnt) of the I-measure module. This
resistance, depending on the range of amplification, should be taken
into account during the measurements to estimate the real voltage drop
on the measured device. We recommend to avoid a situation where
Rint > %op'e, and if it is not possible then the data should be corrected
for the voltage drop over Rint. Frequently, amplification used for
molecular devices is 0.1 GV/A (Rint =102 kQ) or 1G V/A ((Rint =1 MQ),
and these values could be lowered by one order by choosing the Low-Rin
knob instead of the Low-Noise one. Also, the non-zero resistance of
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the ammeter can play the role of active load and should be considered
during heat-to-energy characterization of the molecular device.

Lock-in 1 (G) Lock-in 2 (Ixh)

Amplitude 1V 0.1V
Frequency 13 Hz 3 Hz
Phase 0° 0°
Harmonic 1 2
Source Internal Internal
Trig Sine Sine
Time constant 1ls 1ls
Slope/Oct 18 dB 18 dB
Sync < 200 Hz Off On
Sensitivity 50 mVv 500 uv
Reserve Normal Normal
Filters Nan Nan
Signal input A, DC, Float A, DC, Float
Display R, 0 X,Y

Table 4.1: Lock-in settings during thermopower investigation of the
Sme-20s molecule.

Finally, a step-by-step guide to perform thermopower measurements
on the molecular device is the following:

e Perform a low-bias DC gate trace in the accessible voltage range
(for 10 nm Al;03 that is used in the device design illustrated
in figure 4.1, the safe voltage range is [-7.5 .. 7.5] V). The
recommended starting bias is 0.1 mV; this value can be increased
in case the gate sweep does not show any signatures of molecular
presence (e.g. this could happen in a case of Franck-Condon
blockade [29] or spin blockade [30]). The DC voltage below 5 mV
is considered to be safe for the molecule, but extra care in slow
ramping should be present to avoid reconfiguration of the molecule
inside the electromigrated gap and potential damaging of the
sample. The quality of the gate oxide can be extracted from the
background slope of the gate trace and the resistance between
gate and ground must exceed 100 GQ.

e Set up the lock-in amplifiers (for starting point see table 4.1).

e Put lowest possible AC bias voltage that allows recording the
differential conductance (recommended starting point is 5 uV).
Verify that the |6] < 5° of the left lock-in (the one that measures
differential conductance); 6 can be higher when passing the charge
degeneracy point as the conductance can change by orders of
magnitude.
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e Apply a reasonable heater current from the second lock-in. The
value should be determined experimentally and should satisfy few
conditions: being small, so that the double lock-in method is valid,
and in the linear regime but large enough to be able to detect a
signal. We recommend using P = 4.4 x 10~10 W at 300 mK, which
for the used sample design creates a 50 mK temerature difference,
and P=2.6 x 10~8 W power at 1.7 K as a starting point, that leads
to a 0.4 K gradient across the junction. Verify that the 6 of the
second lock-in is close to £90°, so that the whole signal is in the
Y-component.

e Cross-check that there is no signal at wz and 3w;,. The last one
indicates leakages and parasitic capacitance couplings.

4.2.2. THERMOCURRENT, THERMOVOLTAGE, SEEBECK AND
RELATIONS BETWEEN THEM.

In this subsection, we discuss the relations that connect the thermocur-
rent, the thermovoltage and the Seebeck coefficient, addressing a sign
discrepancy that is present in some of the past literature. In particular,
we will justify why the thermocurrent and the thermovoltage have the
opposite sign, by connecting the charge carrier type that Itn, Vin, and S
predict, when we heat the source side and keep the drain side at base
temperature. Here, we will provide an experimental confirmation why
the relations should be written as:

s=_U -Gy (4.1)
AT’ th th- .

We performed thermocurrent measurement with the double lock-in
technique on a junction with the molecule [Zn(Tpy)21(ClO4),. The zero-
bias gate traces can be seen in figure 4.3a. The differential conductance
shows a pronounced Fano resonance that arises from quantum
interference. Strikingly, the measured simultaneously thermocurrent
is very asymmetric and gives a high Ity = 150 fA for a temperature
difference of not more than 40 mK across the junction at a base
temperature of 630 mK. The direct measurement of thermovoltage
(red curve in figure 4.3b) on the same configuration also exhibits
the same asymmetry with a dominant hole-mediated thermotransport.
Upon comparing the red curves in figures 4.3a and 4.3b, it becomes
evident that a minus sign should be applied. In figure 4.3b the
measured thermovoltage is in good agreement with the calculated
value, Vin =—%h, from double lock-in measurements (see blue curve
in figure 4.3b). There is a gate shift of 0.1 V between the two
curves, which is a typical drift of the molecule caused by changes in
its electrical environment due to gate ramping. This is not a problem
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Figure 4.3: Thermocurrent and thermovoltage measured for a
[Zn(Tpy)21(ClO4)2 molecule. a. Differential conductance
(blue) and thermocurrent (red) measured simultaneously
with the double lock-in technique allow us to calculate the
thermovoltage. b. Thermovoltage measured on the device
under the same temperature gradient that is applied in (a)
portrayed with the red color. The minus sign should be
taken into account to get the same dependence as the
thermocurrent measurements, Vin =—%h. presented in (a).
The calculated value is demonstrated with the blue color and
shifted in vertical direction by 2 uV for clarity.

when comparing data but at the same time it highlights the necessity
to measure thermocurrent and conductance simultaneously when using
data to calculate the Seebeck coefficient.

4.2.3. JUXTAPOSITION OF AC AND DC THERMOCURRENT, 242
PREFACTOR.

In this subsection, we examine the thermocurrent measured with the
double lock-in technique and compare it with the signal extracted from
a direct measurement of Iyn, where a constant temperature difference
is applied across the junction. We refer to the latter as the DC
measurement of thermocurrent. In the following we experimentally
show that a prefactor of —2+4/2 for the AC thermocurrent should be
applied in case of non-zero bias points in Vg-V space. As an example,
the co-tunneling region will be considered below.

We performed several V-bias sweep measurements at constant
Ve =0 V on a Sme-20s molecular junction that showed inelastic co-
tunneling for the whole accessible gate range. First, DC measurements
were performed as following: the I-V trace from 7 mV to -7 mV was
recorded without current through the heater, and the retrace was taken
at constant Iheater. Subtraction of the first curve from the second
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directly provides the DC thermocurrent Itn(V) = Ipc(V, AT) —Ipc(V, 0).
Subsequently, another DC measurement was performed: for each V-bias
point the heater was switched on and off and the two respective current
values were determined. This measurement was in good agreement
with the first one but lasted significantly longer (not presented in this
thesis).

I (nA)
Ith (PA)

V(mV) S v

Figure 4.4: AC & DC thermocurent signals at finite bias. a. DC
measurement of current as a function of applied bias voltage
without heater (blue line) and with heater on (orange line).
b. Thermocurrent as a function of bias voltage: AC response
(red line), Itn extracted from (a) (green line), and calculated
curve, with a prefactor of —2+/2 (blue line).

Next, we repeated these DC measurements for heater values in
the range between 0.06 and 1.47 mA. A representative measurement
outcome is shown in figure 4.4a (Iheater = 0.1 mMA). Subsequently,
we connected the lock-ins and performed the AC measurements for
the same amplitudes. All AC measurements resulted in a lower
thermocurrent and had an opposite sign (red curve in figure 4.4b). There
was a good agreement between AC and DC data once the prefactor of
—24/2 was used (green and blue lines in figure 4.4b). The coefficient of
S IRC(V)—(=2/2) * I5 (V1))?

S URC(VD-IRC)?
value of IEhC(V), remained above 0.98 for the measurements.

determination, R2 =1—

, where Igf is the mean

4.3. DOUBLE LOCK-IN TECHNIQUE APPLICATION:

RESULTS AND DISCUSSION

Electrical current through the heater, bias voltage and gate voltage
can be seen as tuning knobs to drive the system through different
regimes. Further on, we take a look into them separately to correctly
interpret the measured values and to match lock-in readings with the
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physical quantities such as Seebeck coefficient, Power Factor (PF that
characterises the heat-to-energy conversion efficiency [31], PF = 52G),
etc.

Linear regime. The most simple case to analyse is the linear regime
(LR). It is characterized by both the temperature difference AT and
the bias voltage V being much smaller than the thermal energy of
the system, specifically AT < T and eV < kgT, where T is the base
temperature of the environment near the nano object during the
experiment, e is the electrical charge, and kg is the Boltzmann constant.
Note that T is in general different from the base temperature, Thqse,
and the temperature on the cold side, T¢c (Thase < Tc < T), which can
be particularly relevant for large AT. Within this regime, the Onsager
relations can be applied [7], allowing electrical current and heat flow to
be expressed as:

I =GV + SGAT,

J = GTIV + (K + GSTI)AT, (4.2)

where S and TT are the Seebeck and Peltier coefficients, respectively,
and K denotes the thermal conductance, comprised by electron Kg
and phonon Kpn components (the second one can be neglected at
low temperatures). These parameters together with G are sufficient
to describe the thermoelectric dynamics of the system in this regime,
simplifying the further analysis significantly. The double lock-in
technique allows to directly obtain G*, which equals G in the linear
regime, and the thermal current at 2wz (Ithn = SGAT), so that S can be
determined.

The results of a typical measurement at zero bias at a small constant
temperature gradient on a gold grain quantum dot (QD) are depicted in
figure 4.5a. By sweeping the gate voltage, the position of the energy
levels of the QD are tuned. A conductance peak occurs once the
energy level is in resonance with the leads; this point also coincides
with zero thermocurrent. This behavior aligns with the schematics of
the chemical potential diagrams in figure 4.5a. When the resonant
energy level of the QD is above the chemical potentials of the leads,
the thermocurrent is primarily driven by electrons moving from the hot
to the cold side, resulting in a negative thermocurrent detected by the
amperometer. Conversely, when the molecule’s energy level is below
the chemical potentials of the leads, electrons from the cold side move
to the hot side, generating a thermocurrent with a positive sign. This
condition corresponds to hole-mediated transport, characterized by the
QD level being predominantly occupied and the charge carriers entering
the system being effectively holes. Thus, the thermocurrent sign holds
important information about the transport carriers in the system.

In this linear regime, it is possible to extract the thermovoltage Vi, =
—Iin/G and by knowing the temperature gradient (see the paragraph
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Figure 4.5: Zero-bias measurements with the double lock-in technique
on a gold quantum dot (QD). a. Differential conductance
(blue) and thermocurrent as a function of gate voltage Vg.
The differential conductance shows a pronounced peak at
Vg =1.72 V, once the energy level of the QD is in resonance
with the leads; meanwhile, the thermocurrent changes its
sign at this point. The different signs correspond to different
types of carriers that are responsible for the transport with
electron transport for Ity < 0, and hole transport for Ity > 0
(see schematic diagram explaining the process below). b.
Seebeck coefficient as a function of gate voltage calculated
from the data measured in (a). c. Thermocurrent with
gate voltage for different heater currents (see inset for color
clarification). d. Maximum of positive thermocurrent as a
function of power dissipated in the heater. The double lock-in
technique can be applied when Ity =1, (below 1 yW for this
device). e. Temperature difference over the QD as a function
of heater power.

on thermometry in appendix) the Seebeck coefficient, depicted in

2
figure 4.5b. Further on, the system’s Power Factor (52G = 5.3 * 10—4kh—3)
and the dimensionless figure of merit (ZT = S2GT/K) can be estimated.
These metrics are useful for comparing the performance of different
nano-scale objects as heat-to-energy harvesters. It is essential
to perform such measurements for different molecules in order to
achieve the best values and consequently realize particle exchange
heat engine [32] that would meet theoretical expectations [18, 33,
34] and would operate close to the Carnot limit. Recent scientific
publications [22, 35] reveal values that are still much smaller then
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theoretical limit for the Power Factor for a non-interacting single level
2

which equals 0.46 x I;—B [36]1, where h is Planck constant.

To determine the applicability of formula 4.1 in describing the
current, it is important to understand the range for the values of
temperature gradient and voltage bias that can be applied to the
system. The accuracy of these formulas under conditions of non-
negligible temperatures and voltages has been examined through
simulations of microscopic models [37-39]. These studies provide
a practical definition of small perturbations, suggesting that AT ST
and eV < kpT are adequate for ensuring less than 5% error in the
current predictions. However, we recommend to determine the range
during the experiment by sweeping the heater current and checking
the thermocurrent response and change of the lead temperature. Both
measurements and interpretation of the results are less complex in
linear regime.

Figure 4.5c illustrates the response of the thermosignal to various
heater powers, showing that while the zero-value point remains constant
(position of energy level is not influenced by the heater), the amplitude
of the thermopower signal varies. Figure 4.5d depicts the evolution of
the Igp (positive maximum of thermocurrent) at a fixed gate voltage
across a range of heater powers. It is noted that the linear temperature
regime assumption is not valid for all heater powers, and there is a
point where the dependence stops being linear, enabling the estimation
of Phmax1- This point serves as an cut-off value below which the linear
regime assumption is valid.

Partially linear voltage regime. It is useful to perform thermometry
during the measurements (see figure 4.5e) and to find the point where
the system is in the partially linear regime (PLR) experimentally. The PLR
occurs when one of the two external parameters (temperature difference
or bias voltage) meets the linearity condition, while the other does not.
In this context, we consider AT £ T, and eV < kgT. Here, thermoelectric
parameters depend on temperature, and the non-linear thermocurrent
can be represented as Itn = G(T)S(T)AT. In this regime, an engineering
figure of merit, (ZT)eng, can be utilized for efficiency indication [39].
Note, that it can require integrating thermoelectric parameters over the
temperature range from T¢ to Ty, which practically means measuring
the conductance and the thermocurrent at several base temperatures,
thereby complicating the measurement. It is worth discussing what
temperature should be used in this case. The temperature of the
nanoobject is not defined, but the temperature of its surroundings can
be estimated as T = M, where Ty and T¢ are the temperatures on
the heater side and on the opposite side, respectively. Figure 4.5e
details the calibration of temperatures within the system, measured
using SNS thermometry (see appendix). Figure 4.5e summarizes how
AT depends on heater power.This figure shows that the double lock-in
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method remains applicable when AT ~ T. However, in this regime, it
is advisable to use the engineering figure during the characterization
of efficiency, and thermoelectric measurements should be conducted at
different temperatures.

Partially linear temperature regime. A general method to electrically
characterize a nanoobject is to measure the stability diagram in which
differential conductance or current is plotted as a function of gate and
bias voltage. With the double lock-in method the thermocurrent signal
can be obtained simultaneously, and in case of a small temperature
gradient across the nanoobject the partially linear temperature regime
(PLTR), i.e. AT < T,eV £ kgT, can be accessed. It is important
to understand the meaning of the signal and correctly estimate the
Seebeck coefficient and Power Factor in this regime to avoid further
misinterpretations (reported values [40] in the PLTR regime are usually
much higher than at zero bias, and are calculated in the same way as
done at zero-bias which is in general not correct).

d//dv (Srg)g) b

-48 46 44
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Figure 4.6: Stability diagram of a Sme-20s molecule. a-c. Differential
conductance (a) and thermocurrent (b) as a function of
the gate and bias voltage measured simultaneously with
the double lock-in technique at 1.7 K. Different regions at
the stability diagram are highlighted with colors: zero-bias
regime (yellow), Kondo region (purple), co-tunneling region
(green), high-bias edges of Coloumb diamonds (red for
source lead in resonance with molecular energy level, and
blue for the situation when drain is in resonance), and their
schematic description is described in (c).
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A typical measurement in the PLTR regime is illustrated in figure 4.6. In
this case the system under investigation is a biradical organic molecule
abriviated with Sme-20s. The differential conductance stability map
indicates the presence of a charge degeneracy point at Vg =—4.7 V,
where the system changes the amount of electrons from N to N+ 1
with pronounced edges of Coulomb diamonds that appear once the
energy level of the molecule is in resonance with the Fermi level of
one of the leads (see figure 4.6¢). In the N state a zero-bias Kondo
peak is present. It arises from the interaction between the spin on the
molecule and the Kondo cloud in the leads. In the N + 1 state inelastic
co-tunneling is present as a result of a change from the singlet ground
state to the triplet excited state (indicated by the green dashed region
in figure 4.6a).

As can be seen from figure 4.6b, the thermocurrent changes its
amplitude and sign in different parts of the stability diagram and
contains information about the features mentioned above. Iy changes
from a minimum value of -187 to 575 pA. The figure can be split in
different regions of interest: zero-bias region (yellow), Kondo region
(purple), inelastic co-tunneling region (green) and edges of Coulomb
diamonds at higher voltage related to the source (red) and drain (blue)
resonances with the molecular energy level.

Before undertaking a comprehensive review of the regimes, it is worth
to define what is the effective temperature difference, ATes, that governs
the thermocurrents across different sections of the stability diagram. In
the yellow region, where |V| < kgT, the effective temperature gradient
is ATeff = AT =Ty —Tc. In the higher voltage range, the red and
blue regions in the stability diagram, the thermocurrent is dictated by
the temperature of the lead that is in resonance with the molecular
level. The influence of the other lead is negligible because of minimal
overlap between the transmission function of the molecular level with
the density of states of the other lead (see the two middle panels in
figure 4.6c¢). Thus, the red region, defined by e|V|> kgT and u(N) =~ un,
should be characterized with ATeff = Ty — Tphase, and blue one, with
e|V|> kgT and u(N) = uc, has ATesf = Tc — Thase-

Another feature that should be taken into account is the fact that the
heater not only creates a temperature difference AT but also raises the
overall temperature AT = (TH + Tc)/2 — Tpase in the close vicinity to the
molecule. If in this situation G depends on the temperature in the range
[Thase, AT], then in the non-zero bias case the double lock-in method
picks up an extra signal, Ip7, which also has a frequency of 2w3. In
the PLTR this term can be approximated as a first-order temperature
perturbation of the conductance:

oG(V,T)

Iyi=—"2" VAT. (4.3)
o aT Thase
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The contribution of I,7 is negligible at zero bias due to its
proportionality to the applied bias voltage. However, at finite bias,
this term can significantly impact the signal, and one can expend the
thermocurrent signal to first order, giving:

aG(V, T -
¥ > VAT, (4.4)

Thase, 7

In(V, AT, AT) = G(V)S(V)AT+ <

where the average value of GWT) qyer the range [Thase, 71 is used.

Here, S(V) is an effective Seebeck coefficient at constant voltage that
still can be used to estimate the engineering Power Factor.
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Figure 4.7: Kondo effect. a. AC differential conductance (blue) of the
Kondo peak fitted with a Lorentzian function (black line)
and thermocurrent (red) as a function of bias voltage. b.
Thermocurrent as a function of bias voltage at different
magnetic fields (see colors in inset for clarification).

In figure 4.7a the differential conductance and Ip,, for the purple
region at Vg = —5.6 V, is depicted. This region exhibits a Kondo
resonance. A pronounced zero-bias peak with G =54 nS with a half
width at half maximum (HWHM) of 1.59 £ 0.08 mV can be seen. At the
same time, the thermocurrent signal changes its sign at V=0 V and
reaches its minimum of -1.93 pA at 0.9 mV and its maximum of 1.12 pA
at -0.8 mV. Observation of a negative thermocurrent at positive bias
voltage immediately rises the question of potentially creating a particle
exchange heat engine at constant bias. To achieve this, it is possible
to connect a load resistance (Rjoaq) to the system in series (here the
useful work is done), and perform the measurements. After performing
the temperature dependence measurement it is possible to extract the
first term of equation 4.4. Then, by calculating the heat flow J through
the system, it is possible to estimate the engineering efficiency of this
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heat engine:
(G(V)S(V)AT)?Rioad

J+ I3 c(Rioad + 1/G(V))’

Neng(V) = (4.5)

where we also take into account the work done by the source,
I%C(Rload + 1/G(V)).

In the Kondo region the double lock-in method also plays a significant
role in extracting the Kondo temperature. It has been demonstrated
previously [23] that the derivative of the thermocurrent with respect
to voltage bias at 0 V is a universal function of the ratio between
magnetic field and Kondo temperature. By performing a magnetic field
(B) sweep it is difficult to extract the Zeeman splitting point from a
differential conductance measurement. Meanwhile, It, changes the sign
of the slope at zero-bias at a critical field, B¢, from which Tx can be
extracted. Figure 4.7b illustrates the dependence of the thermocurrent
as a function of magnetic field. The change of the slope at zero-bias is
seen for the purple curve taken at B = 2.4 T yielding Tx = 7 K (estimated
using B¢ =~ 0.5kgTkgus, where ug is the Bohr magneton constant and
g = 2). At the same time, we can estimate Tk from the HWHM using the
formula 2.12 which yields a temperature, that is in a good agreement
with the previous estimation.

In the green region in figure 4.6b it is recommended to perform
temperature measurements of differential conductance to check if there
is a contribution to the thermocurrent from 260 Once such a
measurement is done, it is possible to utilize formula 4.4 and extract
Seebeck coefficient at constant voltage. This value could potentially be
a hallmark to characterize the ground - first excited state transition.
Here, the ground state of the molecule in the N + 1 state would either
be a singlet or triplet with the opposite being the excited state. This
could be clarified with a magnetic field sweep, mapping the evolution
of the energy and the possible splitting of the IETS. However, in case
gSupB < 3.5kgT, the temperature broadening of the peaks smoothens
the peaks and then it is difficult to draw clear conclusions about the spin
states involved. We speculate that the Seebeck coefficient extracted
above should in principle contain information about the entropy. Thus, it
should be different for a singlet-triplet or a triplet-singlet transition. This
statement requires further experimental and theoretical verification.
Non-Linear regime. Finally, the non-linear regime (NR) arises when
AT £ T and eV £ kgT. In this case linear expressions for I and J are not
valid, and it is impossible to use only G, S, TI, K to describe the system
dynamics. These quantities become functions of both the temperature
and voltage, and the non-linear figure of merit Z(V, T)T can no longer
be used as an efficiency metric. Despite attempts to derive expressions
that align with complex numerical simulations, success in obtaining
them remains elusive. A possible approach is to utilize the engineering
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power factor (PFeng) and efficiency (neng) proposed by Kim et al., which
have shown reliable results in several examples [39]. In the case of
the realization of a heat engine we recommend to directly measure the
power output at the load resistance connected to the system under
investigation. Also, it is more practical to use an engineering efficiency
(ratio between useful work to energy dissipated in the heater) instead
of the real efficiency. Extraction of the latter seems elusive, as it is
both theoretically and experimentally challenging to estimate the heat
flow through the system. Aligning results with microscopic models
presents difficulties, as standard methods such as the rate equation or
scattering theory rely on simplifying assumptions and are characterized
by numerous free parameters. Also, one should pay attention to
the source that performs the useful work. It should be done by the
thermovoltage, but not by the voltage source. To make sure that this
is the case, one should check that the direction of thermocurrent is
opposite to the bias voltage.

4.4. CONCLUSION

To summarise, in this chapter we provided a detailed explanation of the
double lock-in method that allows to simultaneously preform differential
conductance and thermocurrent measurements. It is essential to
understand the boundaries of this technique and correctly interpret
the signal in different voltage and temperature regimes. In this
work, we described the most common features that appear during
the measurements of a single molecule and discussed the physical
meaning of the measured thermocurrent. For application purposes, we
recommend to stay within the linear regime in order to extract the
correct Seebeck coefficient and Power Factor in the hunt for an ideal
molecular energy harvester. It is important to apply a prefactor to the
measured data to get the correct value. Thermocurrent data at constant
bias need further theoretical and experimental analysis. Both theory
and experiment should go hand in hand to search for universalities in It
that would provide information on physical quantities that can not be
extracted simply from transport measurements.

4.5. APPENDIX

4.5.1. TEMPERATURE CALIBRATION.

In this subsection, we will focus on extracting the temperature difference
across the molecular junction once the power is applied to the
heater. Accurate temperature calibration is essential for extracting
thermoelectric parameters from measured currents. This can be
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achieved either by directly measuring temperatures with methods
reliable within the target range or through microscopic modeling, which
relies on assumptions and can therefore include numerous parameters.
In our device, shown in figure 4.1, we used superconductor-normal
metal-superconductor (SNS) thermometers [41] (see also chapter 3)
to determine the contact temperatures between 1.7 and 5.2 K. The
calibration also confirms that AT scales linearly with Ppegter at low
heater currents thereby providing information where the double lock-
in technique can be used, and where AC measurements accurately
represent the thermocurrent Iih.
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Figure 4.8: SNS thermometry. a-b. Temperature dependence of the
switching current for the SNS thermometer near the heater
(a), hot side, and for the thermometer on the opposite side
(b), cold side. c-d. Temperature on the hot (c) and cold (d)
sides as a function of heater power.

In particular, MoRe contacts connected to the gold bridge create
two SNS junctions that are used as secondary thermometers on each
side of the molecule. To calibrate them, we first record th switching
current, Isw, as a function of the base temperature. Representative
data for one of the thermometers is shown in figure 4.8a. The switching
current changes from 23.8 uA at 1.7 K to 8.6 uA at 5.2 K. The

sensitivity of the thermometer, defined as dé%, changes accordingly
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from approximately 9.7 % in the lower temperature region to 2.5 %
at higher temperatures. These values are much lower than the values
reached at milli-Kelvin temperatures with the same junction design [41]
and should be optimized to achieve the best performance in this
temperature range. There is also a kink in the Isw(T) curve around 2.8 K,
it increases the temperature measurement error in range between 2.8 K
and 3.1 K.

The calibration curve for the second thermometer, the one on the cold
side, is shown in figure 4.8b. Here, the switching current at 1.7 K is
slightly higher than that of the first thermometer and reaches 31.8 uA.
Similar to figure 4.8a, we observe two regions with different dISW. In this
case, the change occurs around 2.1 K. The difference in temperatures
where the switch happens between the thermometers suggests that
this phenomenon is not related to sample thermalization issues. The
region below 2.1 K has a higher sensitivity of around 8.5 % but suffers
from a larger switching current distribution width that leads to errors in
the determination of Isw in the order of 0.4 uyA. In the second region,
above 2.4 K, the switching current dependence exhibits an almost linear

behavior with dé%=1.8 HA. The highest error in the switching current

determination is 0.1 uA.

Subsequently, we reduce the temperature to the minimum achievable
base temperature of 1.7 K and measure the switching current for both
thermometers as a function of power dissipated by the heater located in
the closest vicinity to the first thermometer. This allows to determine the
temperature on the hot and cold sides of the golden bridge. The results
are illustrated in figure 4.8c and 4.8d. Both dependencies are probed up
to Pheater =1.0 uW, which demonstrates the impact on temperature on
both sides of the bridge. The hot side has a much stronger response to
heating with its temperature rising up to 5.1 K. At the same time, the
temperature on the cold side stays below 2 K for Pheqgter < 0.65 uW.

Finally, we calculate the temperature gradient across the golden

bridge, AT = Thot—Tcold, and estimate its error by 6AT = AT\/(‘STThh‘;t (‘STTCC—O‘Tf)Z.

Despite the small amount of data points, we conclude that the tempera-
ture gradient is linear for low heater current values, and deviates from
this linear behavior when the heating power is increased above about
0.2 uW, as is illustrated in figure 4.9. The exact transition point can not
be determined from this plot, but the figure shows that for AT gradients
of the order of the Tpase the double lock-in technique can still be used
(orange line in figure 4.9). Strikingly, a similar AT was extracted when
analyzing the dependence of thermocurrent amplitude as a function
of applied heating power. Thus, when performing thermometry on a
sample is not possible, It vs. Iﬁeuter can be a reasonable indication
of the applicability of the AC-measurement technique, with the remark
that linear thermoresponse is expected from the physical system under
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investigation.

AT (K)

Heater power (W)

Figure 4.9: SNS thermometry. Temperature gradient across the gold u
bridge vs. heater power showing more or less linear relation
for low Pheqter Values as indicated by the drawn orange line.
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ENHANCING THERMOELECTRIC
EFfiCIENCYIN A MOLECULAR
HEAT ENGINE UTILIZING
YU-SHIBA-RUSINOV BOUND
STATES

The interaction between magnetic impurities and superconductors leads
to fascinating phenomena resulting from the competition between
Kondo screening and Cooper pair formation. For example, individual
magnetic impurities can form states within the superconducting gap,
called Yu-Shiba-Rusinov (YSR) bound states, that create sharp features
in the density of states. Here, we employ thermocurrent spectroscopy
to experimentally study the thermoelectric properties of a neutral
and stable all-organic radical molecule coupled to proximity induced
superconducting break-junction electrodes at milliKelvin temperatures.
We find that the sharp YSR features also result in a strong enhancement
of the thermoelectric response. By driving the molecular heat engine
through a phase transition from a Kondo state into the YSR regime,
we observe a five-fold increase in the thermoelectric power factor.
This observation could pave the way for practical applications such
as cryogenic waste heat recovery and efficient spot-cooling for future
quantum computing architectures.
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5.1. INTRODUCTION

uantum systems coupled to superconductors offer a rich landscape
Qof fundamental insights and potential applications in electronics
and quantum computing. In recent years, multiple extensive studies
were performed on nanotubes [1-3], nanowires [4-7], semiconducting
quantum dots [8], molecules [9-12], atoms [13, 14] and topological
insulators [15] directly linked to a superconductor. A variety of
physical phenomena including Andreev reflections [16], multiple Andreev
reflection [17], and Cooper pair splitting [18, 19] have been studied
under different conditions. Special emphasis has been placed on
examining the interplay between a superconductor and a magnetic
moment on a quantum dot. This interplay is similar to a normal
metal-impurity connection, where electrons in the metal actively screen
the impurity, thereby giving rise to the Kondo effect [20]. In case
of a coupled superconductor-quantum dot system, superconducting
phenomena compete with Kondo screening. This competition can
reveal itself through the formation of Yu-Shiba-Rusinov (YSR) bound
states induced inside the superconductor gap [21-23]. Lately, YSR
states have gained interest due to their potential to form topological
bands that support non-Abelian Majorana modes, as indicated in
several studies [24-27]. This allows potential realisation of topological
superconductivity and presents a good platform for developing a
quantum computer.

So far, the studies exploring YSR were performed mostly using the
scanning tunnelling spectroscopy (STM) technique [28-30], primarily
focused on magnetic atoms/molecules coupled to superconducting
substrates. The use of STM spectroscopy allowed examination of
the YSR state hybridization[31, 32] and identification of the different
subgap excitations. However, STM has limitations in tuning the
energy level of the investigated structure without changing the coupling
rates, which could be surpassed by using a 3-terminal device. This
approach allows exploration of the phase diagram in a more controllable
manner. However, it requires complicated device fabrication, and as a
consequence there are limited reports on YSR in molecular devices[11,
12]. In particular, Island et al.[12] investigated all-organic radical
molecules in break junction devices with proximity-induced leads that
behaved as a spin 1/2 system but did not vary the number of electrons
on the molecule by gate.

In this chapter, we explore if sharp features in the density of states
created by YSR bound states can serve as efficient energy filters to
enhance the performance of a molecular heat engine. To this end, we
measured a diradical nitronyl nitroxide compound (NNDR) molecule in
a three-terminal device with proximity-induced superconducting leads.
The subject of study behaves as a spin-1/2 system with a large charging
energy. The induced superconductivity leads to the existence of in-gap
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bound states. We were able to tune the system from a magnetic doublet
ground state to a Kondo singlet by applying an external magnetic field
and to a BCS-like singlet by changing the number of electrons on the
molecule. We find that this phase transition enhances the thermoelectric
power factor — a quantity proportional to the efficiency of the molecular
particle exchange heat engines - by a factor of five.

5.2. MAIN

To investigate the performance of the molecular particle exchange
heat engine we measure its electrical and thermoelectric properties at
the same time, and at millikelvin temperatures, by using our recently
developed device architecture [33, 34] whose working principle is shown
in figure 5.1a. To this end, we electrically and thermally bias the
junction simultaneously using an AC bias voltage Vac at frequency wi
and an AC heater current Iy at w>. At the source terminal we then
demodulate the resulting AC current at w; and 2w; to access both the
differential conductance dI/dV = Iac/VB and the thermocurrent Iy, (see
chapter 4 for more details). For the molecule, an all-organic NNDR is
used (figure 5.1c), which is a stable diradical. As will be shown later, by
applying a negative gate voltage Vg, one electron can be removed from
the molecule and it then acts as a spin-1/2 system.

The superconducting contacts used in this study serve a dual purpose
as they are used as thermometers [34] and allow to induce proximity
superconductivity in the molecular junction which leads to a competition
between Kondo screening (characterized by the Kondo temperature,
Tk) and superconducting pairing (characterized by the gap energy,
A = (A1 + Az)/2, where A; and Ay are source and drain gap energy
respectively). As depicted in figure 5.1a, the coupling of a spin-1/2
impurity (i.e., the molecule) to the superconducting electrodes yields
the formation of bound states inside the superconducting gap as
quasi-particles try to screen the spin of the impurity.

Figure 5.1d shows a detailed Vg and Vg map of dI/dV around the
charge degeneracy point (CDP) recorded at a temperature of 62 mK.
Two horizontal lines (highlighted by white dotted guidelines for the eye
in figure 5.1d) indicate the voltage at which the coherence peaks of the
source and the drain overlap, with their respective gap energies A; and
Ay (where A1 + Ay = 130 ueV). When Vg is decreased below —2.8 V, the
charge ground state changes from N to N— 1 and the molecule is in the
spin-1/2 state. As we find only one CDP in the accessible gate range,
the charging energy, Ec, is much larger than the other relevant energy
scales (A, Tk, ). Furthermore, two excited state lines at V =90 uV
in the N—1 and at V =120 uV in the N charge state, respectively,
merge near the charge degeneracy point. We attribute the bound state
to a YSR state since the electronic coupling to the leads in our device
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didv (nS)
100

Figure 5.1: a. Sketch of the superconductor-quantum
dot-superconductor (S-QD-S) system. An unpaired spin
(orange sphere) residing on the molecule couples to a
Cooper pair (purple spheres) inside the proximitized gold
leads forming YSR bound states. b. Energy filtering via YSR
states. A thermoelectric current Ity (red arrow) is flowing
from the left (hot) side to the right (cold) side. The grey
dotted lines depict the Fermi-Dirac distribution functions
of the leads. c. Schematic of the thermopower device
(back gate electrode (pink), heaters (light blue), golden
bridge (yellow), superconducting contacts (grey)). The circuit
diagram indicates which terminals are used to apply a gate
voltage Vg, a DC bias voltage Vg, an AC bias voltage Vac
(w1) and an AC heater current Iy (w2), and which terminals
are used to measure the DC Ipc, the AC Iaoc (w1) and the
thermocurrent Ity (w>). The insert shows the structure of the
Nitronyl nitroxide diradical molecule (NNDR) which posseses
two free spins on the oxygen atoms. d. Map of the differential
conductance as a function of gate and bias voltage recorded
at 62 mK. The bound states and the superconducting gap are
highlighted by green and white dotted lines, respectively.

is highly asymmetric and A 2 Tk (see discussion of figure 5.2 below).
The bound state undergoes a phase transition and changes its ground
and excited state when increasing Vg and changing the charge state to
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N (see discussion below). When going through this transition, the gap
between bound states at positive and negative bias voltage decreases
to 100 ueV - without a complete closing — which is the typical behaviour
of a superconductor-quantum dot-superconductor system.
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Figure 5.2: a, b. Differential conductance as a function of bias voltage
and magnetic field at Vg=-2.85 V (a) and Vg=-2.65 V
(b), respectively. ¢, d. Differential conductance (c) and
thermocurrent (d) measured simultaneously as a function
of bias voltage and magnetic field. The white dotted line
indicates the Zeeman splitting of the Kondo resonance that
occurs at a field of By 0.49 T (vertical black dotted lines).

An external out-of-plane magnetic field is expected to suppress Cooper
pairing while favouring Kondo screening. In figure 5.2a the differential
conductance as a function of bias voltage and magnetic field, at constant
Vg =—2.85 V (left hand side of CDP, N—1) is depicted. Around zero
magnetic field two differential conductance peaks which we attribute to
the YSR states are visible: one at positive and one at negative bias. The
voltage difference between the two peak positions stays almost constant
up to a field of 10 mT and decreases - due to a change of the exchange
coupling J and A with magnetic field - in the range between 10 mT
and 30 mT, where the two peaks merge and form a single zero-bias
peak. We attribute this zero-bias peak to a Kondo resonance. The
continuous evolution between the two competing ground states of the
system, which can be triggered at nearly zero temperature, is a hallmark
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for quantum criticality[35]. For our molecular junction we observe
that the quantum phase transition, driven by the external magnetic
field, has a quantum critical point at & 30 mT. Such quantum phase
transition of the molecular quantum dot is absent in the N charge state
(Ve =—2.65V, see figure 5.2b): the in-gap bound states are closing with
the magnetic field and disappear completely, indicating the transition of
the proximitized gold electrodes to their normal state. Furthermore, the
presence/absence of a Kondo resonance on the left/right hand side of
the CDP, respectively, allows us to conclude that an unpaired electron
resides on the molecule in the N— 1 charge state.

In figure 5.2c and 5.2d we show the Vg and high B-field dependence
of the differential conductance and thermocurrent measured simultane-
ously at Vg =—2.85 V. The Kondo resonance starts to Zeeman split at
a magnetic field of Bty = 0.49 T. At the same time, the slope dlin/dV
of the thermocurrent at zero bias changes sign. It have been shown
recently [36] that the magnetic field By, at which this sign-change
occurs, can be used to accurately extract the Kondo temperature

Tk = %“E,’(ith, where kg is the Boltzmann constant and ug is the Bohr
magneton. We find Tk = 0.8+ 0.1 K, which agrees well with the
value estimated from the width of the Kondo peak (0.73 + 0.04 K).
Furthermore, from the Zeeman splitting at high magnetic fields (dotted
line in figure 5.2c) we conclude that the junction is a spin-1/2 system
with a g factor of 2 (see more details and Kondo analysis in appendix).
To further study how the quantum phase transition between the
YSR and the Kondo regime impacts the thermoelectric properties of
the single-molecule particle exchange heat engine, we simultaneously
recorded maps of the bias and gate voltage dependent differential
conductance and thermocurrent at a temperature of 150 mK for
different applied magnetic fields between 0 and 60 mT (figure 5.3). For
zero magnetic field, the differential conductance map (see figure 5.3a)
resembles that shown in figure 5.1d; YSR bound states can be observed
on the left/right hand side of the CDP, respectively. There is a
small asymmetry between the differential conductance at positive and
negative bias voltage with peak heights in the range of 2 to 62 nS for
the upper arc and 2 to 108 nS for the lower one, which do not exceed

the upper bound (%) of the theoretical expectations for YSR [37].
We note that the asymmetry in intensity of the in-gap excitations at
positive/negative bias is changing as the gate voltage is increased (i.e.,
when changing the exchange coupling). Furthermore, the gate voltage
can also be used to tune the phase transition from a doublet ground
state on the left to an BCS-like singlet ground state on the right hand
side. By applying a small perpendicular magnetic field, the proximity
effect in the gold leads is suppressed. This leads to a broadening of
the in-gap states (figure 5.3b) and to a quantum phase transition to the
Kondo regime (figure 5.3d) at higher magnetic fields.
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Figure 5.3: a-d. Maps of differential conductance and e-h, thermocurrent
measured simultaneously as a function of bias and back
gate voltage at different magnetic fields (0, 10, 20, and
60 mT, respectively). i. Thermoelectric power factor S(Z)G as
a function of magnetic field.

The thermocurrent measured simultaneously with the differential
conductance is shown in figures 5.3e-h. We observe that the bias-
dependent Iy, changes sign at bias voltages where the slope of the
differential conductance, d2I/dV?2, changes. The magnitude of I,
is proportional to d2I/dV? and exhibits an enhancement near sharp
features of the differential conductance (see figures 5.3e-h). At zero
magnetic field, the maximum/minimum values of I, are around 1 pA
/ -250 fA, respectively, and are at negative bias (bound state with
negative energy with respect to the Fermi level). When a magnetic
field is applied, the Itn maps change in shape and magnitude: while the
bias dependent I, changes sign 3 times in the YSR regime at B=10
(figure 5.3e), it changes once in the Kondo regime (left-hand side of
figure 5.3h). Furthermore, I, decreases with increasing B and is reduced
by a factor of ~ 2.8 when going from 0 to 60 mT.

Using our cryogenic superconducting on-chip thermometers, we
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extract a temperature drop of AT =105+ 15 mK across the molecule
and calculate the differential thermoelectric conductivity (differential
Seebeck coefficient) dS = dVin/dT = Iin/(dI/dV)/AT. We find a high
dS=470 uvKlatVg=-2.71V, V=—135 uV and B = 0. The quantum
phase transition at finite magnetic fields reduces this maximum value
by almost 50% to dS = 255 uVK™! at Vg =—2.74 V, V =—=200 uV
at B =60 mT. A similar enhancement by a factor of two originating
from the presence of YSR states was found for the Seebeck coefficient,
So = dVin/dT|v=0, defined at zero bias voltage. We find Sg = 154 uVvK~1
at B=0 and Sg =45 uVK™! at 60 mT (i.e., in the Kondo regime).
Furthermore, the corresponding power factor, S%G, at zero bias can
be calculated (see Fig. 3i). This value serves as a valuable indicator
for assessing the efficiency of heat-to-energy conversion [38]. Our

calculation reveals a five-fold enhancement by the YSR states to
k2 K2 .
S2G =1.36 x 107*3%, compared to SJG = 0.27 x 10~*2 in the Kondo

regime.

5.3. DISCUSSION

At small magnetic fields B > 60 mT, in the absence of superconductivity,
gold is in its normal state and the system reveals the Kondo effect on
the left-hand side of the CDP. From the Zeeman splitting (figure 5.2c¢),
the temperature dependence of the width of the zero bias peak, and
the shift of the CDP with magnetic field to more negative energies (see
more details in the appendix), we deduce that the molecule hosts an
unpaired electron (S = 1/2). The extracted Kondo temperature kgTk =~
70 ueV is greater than the typical values observed in GaAs quantum
dots, yet aligns with the lower range associated with molecules[39].
Simultaneously, the tunnel coupling to the contacts exhibits notable
asymmetry (from the Kondo analysis we extract a value of ~ 1.2 x 10%)
that is frequently observed in electromigrated molecular junctions.
Subsequently, the introduction of an additional electron to the system
results in the disappearance of the zero-bias peak and changes the total
spin of the molecule to zero (right-hand side of CDP).

When reducing B to zero, the gold undergoes a transition to proximity-
induced superconductivity, resulting in a substantial reduction of the
current within the bias window of the order of £(A; + Ay)/e. However,
in-gap excited states remain which originate from the interaction
between proximity-induced quasi-particles on the contacts and the spin
on the molecule. The high asymmetrical tunnel coupling to the contacts
excludes the possibility that the peaks originate from Andreev multiple
reflections because tunnel coupling asymmetries > 1 x 103 are typically
sufficient to completely suppress them [40]. These arguments together
with the large addition energy found in our sample (large-U regime),
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allows us to attribute the excitations to YSR states.

To further qualitatively describe the experimental data, we performed
numerical simulations using the single impurity Anderson model [41]
with one spin degenerate pair of quasi particles at energy A =100 ueV,
derived from a zero-bandwidth approximation (ZBW) fit [42]. The results
of this calculation are shown in figure 5.1d as dotted green lines. We find
that the model describes the system’s behavior with high fidelity and
provides a comprehensive explanation for both the ground state and
the observed excitations in the stability diagram: On the left side of the
CDP, the system is in a doublet ground state, with its first excited state
being the YSR singlet. By adding an electron to the molecule, a phase
transition from a doublet ground state to a BCS-like singlet is induced
(right-hand side of the CDP). Here, the excited states take the form of
a doublet. Since the system experiences weak coupling (kgTk < A) it
can be tuned from the YSR to a Kondo-like singlet via a doublet-singlet
quantum phase transition by applying an external out-of-plane magnetic
field, which predominately suppresses the superconducting gap and
the exchange coupling (see figure 5.2a). According to numerical
renormalization group theory (NRG) calculations [43] and experimental
studies [44, 45] this phase transition happens at kgTk/A~ 0.3—1, in
agreement with the results presented here.

The quantum phase transition from YSR to Kondo physics has a strong
impact on the thermoelectric response of the system. As observed
earlier for single-molecule junctions in the Kondo regime [36], there
is a correlation between the derivative (with respect to bias voltage)
of the differential conductance and the thermocurrent, where sharp
conductance features yield high thermoelectric response. Thus, since
the sharpness of the conductance resonances depends on the magnetic
field and temperature, we observe lower thermocurrent values as these
parameters increase (figure 5.2d and figure 5.3). This ultimately results
in a two fold increase of the Seebeck coefficient and a five-fold increase
of the power factor when going through the quantum phase transition
from Kondo to YSR.

5.4. CONCLUSION

In this work we performed thermoelectric transport measurements
in an all organic diradical molecule coupled to proximity induced
superconducting electrodes. The molecule plays the role of a spin-1/2
system with a high addition energy that, by interacting with the
superconducting electrodes, leads to the presence of in-gap Yu-Shiba-
Rusinov excitations. By applying a gate voltage, the charge on the
molecule can be reproducibly changed from N—1 to N, thereby inducing
a phase transition from a doublet to singlet ground state. Applying
an external magnetic field destroys the induced superconducting gap
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and drives a quantum phase transition from the YSR to the Kondo
regime. This leads to a drastic decrease in the thermoelectric efficiency
of the system. Thus, our work demonstrates that the efficiency of
heat-to-energy conversion can be amplified by the presence of YSR
states which act as sharp energy filters. While follow-up studies are
required to investigate heat flow in such junctions, this work already
provides information on how the power factor values can be boosted by
in-gap states. By further optimizing parameters like the tunnel coupling
strength, such molecular heat engines might posses thermoelectric
efficiencies close to the theoretical limit.

5.5. APPENDIX

5.5.1. SAMPLE FABRICATION

The device is assembled on a Si wafer with a 285 nm layer of SiO; on
top. All lithography steps are performed with electron beam lithography
(Raith EBPG 5000+). Before each step, the sample is pretreated with
acetone and isopropanol for one min. and spincoated with two layers
of resist (8.5 MMA, 11% in Ethyl Lactate; 6000 rpm for 1 min.; baking
at 180 °C for 5 min., and PMMA Solid 2% in Anisole, 950.0 molecular
weight; 4000 rpm for 1 min.; baking at 180 °CC for 3 min.). After
lithography and development in MIBK : IPA = 1 : 3 for 90 s, the
metals (Ti, Pd and Au) are deposited onto the structure by means of an
e-beam evaporator (high vacuum around 10— mbar, evaporation rate
of 0.5 A/s) and molybdenum rhenium (MoRe) superconducting contacts
are sputtered with an AC450 Allience system (RF generator power
100 W, process pressure 20 mbar pressure, Ar flow 15 sccm).

A schematic design of the sample is depicted in figure 5.1a. It consists
of a local gate (purple color) that is made by depositing a 1 nm thick
adhesion layer of Ti and a 7 nm thick layer of Pd; two heaters (blue
color) that are put together by evaporation 3 nm of Ti and 27 nm of Pd;
13 nm thick Au bridge (yellow color); and contacts (brown color) that
are assembled by sputtering 100 nm MoRe. An insulating layer of 10 nm
aluminum oxide, Al;03, is deposited by atomic layer deposition in an
Oxford Instruments FlexALD system (300 °C) right after the gate and
heater deposition steps to form a dielectric for the gate and to prevent
leakage from the heaters to the contacts.

5.5.2. ELECTROMIGRATION OF THE JUNCTION AND MOLECULAR
DEPOSITION

Electromigration of golden junctions is performed by means of an active

breaking scheme [46]. The idea behind the method is to increase the

voltage across the junction via an ADwin GOLD box while simultaneously

monitoring the resistance in an active feedback loop. The application
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of a high current density through the narrowest constriction induces
electron momentum, which is sufficient to move the gold atoms,
resulting in junction resistance modifications. Once the change of
resistance reaches a specific value (cut-off parameter), the voltage is
automatically reduced to zero and the ramping process is repeated. In
such way the junction resistance is increased to 4 kQ and then the
junction is allowed to undergo self breaking [47] for approximately 10
min with further breaking during the subsequent molecular deposition
and vacuum steps.

The molecule is dissolved in Dichloromethane (DCM) with a 0.1 mM
concentration and deposited on the chip right after electromigration via
the drop-cast method. To avoid self-breaking of the gold junctions to
sizes that would exceed the molecular size (1 —2 nm), the sample is
thereafter immediately pumped to a low pressure and cooled down to
low temperatures.

5.5.3. SIMULTANEOUS CONDUCTANCE AND THERMOPOWER
MEASUREMENTS

The measurements of conductance and thermocurrent are done
simultaneously with a lock-in double-modulation technique [33] that is
schematically illustrated in figure 5.1c. The differential conductance
G, thermal current Ity and Ipc are measured by adding a small ac
component (Vac =5 uV) at a frequency wi =13 Hz to bias voltage Vg,
while an ac current through the heater at a frequency w; =3 Hz is
applied that creates an ac temperature bias proportional to Joule heating
~Iﬁ. The G is extracted from \I/Ach where the Iac current is measured
with a lock-in at w1, and the Iy, is measured at 2w». To determine the
value of thermocurrent it is important to apply a correction factor of
-24/2 to Y-component of the lock-in, recording the thermocurrent signal.
This adjustment parameter arises from two factors: firstly, ¥2 from
the fact that lock-in measures the root-mean-square voltage value and,
secondly, -2 is attributed to the physical relationship between measured
signal and AT that is proportional to ~IE|. The AC measurements were
conducted with 1 uA current passing through the heater (440 Q), which
was the default setting employed through all stability measurements at
150 mK.

5.5.4. STABILITY DIAGRAM AT 675 MK

Figure 5.4a shows the conductance as a function of gate voltage for the
devices discussed in the main text. Within the accessible gate range
(-5 V.. 5 V) only one conductance peak (indicating a charge degeneracy
point) is observed. The corresponding stability diagram, with a large bias
window of 30 mV is shown in figure 5.4b. From the edges of the Coulomb




5. Enhancing Thermoelectric Efficiency in a Molecular Heat Engine

2 o : .
9 Utilizing Yu-Shiba-Rusinov Bound States
A B di/dV (nS)
15 30
8
—~ 06 -
9 S
< 4 EO 15
© >
2
0
-15 0
5 0 5 -3.2 2.6 2.0
V_(V) V, (V)

G

Figure 5.4: a. Conductance as a function of gate at 10 mV bias showing
one pronounced peak. b. Stability diagram in the peak
vicinity depicted for 30 mV bias window. Blue and red dotted
lines highlight the edges of the Coulomb diamond. Switches
are present due to changes in the electrostatic environment,
most likely due to the motion of trapped charges in the gate
oxide. Both figures are recorded at 675 mK.

diamond the slopes, CGEL—GCD ~ 0.078 and (C:—‘S; ~ 0.031 can be determined,
where Cg,Cs and Cp are the mutual capacitances between the molecule
and the gate, the source and the drain, respectively. In addition, the
gate coupling parameter can be estimated as a = 0.022, allowing the
estimation of the lower limit for the addition energy Egqq > 0.18 eV.
Such high Eyqq are typical for single-molecule devices.[48] Gold grains
of comparable nanometer sizes typically exhibit higher gate couplings
(> 0.2)[49] and lower addition energies.

5.5.5. ESTIMATION OF THE KONDO TEMPERATURE

At magnetic field values higher than 30 mT, the system exhibits a
pronounced zero bias peak in the N— 1 region of the stability diagram,
related to the Kondo effect. To estimate the Kondo temperature we
recorded bias traces of the differential conductance at a magnetic
field of 60 mT, Vg = —2.85 V and for different base temperatures
(figure 5.5a). The Kondo peak broadens and its amplitude decreases
with increasing temperature. The full peak width at half maximum
(FWHM) at 100 mK is 0.16£0.01 meV. This value allows to estimate the
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Kondo temperature using[50]

FWHM = 24/ (kg T)2 + 2(ksTk)2, (5.1)

which yields Tx = 0.73 £ 0.04 K. Furthermore, a Lorentzian function
was used to fit each dI/dV curve, and to extract the amplitude of the
conductance peak (figure 5.5b).To extract the Kondo temperature, we
fitted the this data using the empirical formula[51]

T2
G(T) = Gb + Gi(= (25 + 1)), (5.2)
Tk
where Gy, is the background conductance coming from a parallel
2
tunneling pathway between the leads, G| = %(r‘lisrr:)z is the maximum
S

conductance at zero temperature and s = 0.22 for a spin-1/2 system.
The resulting Kondo temperature is 0.78+£0.16 K (figure 5.5b). From G
we can also confirm that the coupling to the leads is very asymmetric,
and that the ratio of the couplings is ~ 1.2 x 10%.
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Figure 5.5: a. Differential conductance as a function of bias voltage
at a constant gate voltage of Vg =—2.85 V, for different
base temperatures. b. Maximum of peak conductance as
a function of temperature extracted from A (blue dots) and
fit to the s = 1/2 Kondo model (equation 5.2 with s = 0.22)
with fit parameters Gp = 8 nS, and G|, =25 nS. The Kondo
temperature is indicated in the figure.
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5.5.6. CHARGE DEGENERACY POINT VS. MAGNETIC fiIELD

To investigate what the ground state of the system is once the number
of electrons on the molecule changes from N—1 to N, we recorded
zero-bias gate sweeps for different magnetic fields. The measured data
indicates that the charge degeneracy point (CDP) is moving towards
less negative gate voltages (figure 5.6a). This behavior indicates that
the ground-state spin in the N region is lower than that in N—1, in line
with a doublet singlet transition. To further confirm this, we fitted a
Lorentzian function to each dI/dV vs. Vg and extracted the maximum of
the peak at different magnetic fields. This maximum corresponds to the
position of the CDP and shows nonlinear dependence on the magnetic
field (see figure 5.6b). We relate this non-linearity to Kondo correlations
that influence the peak position at lower magnetic fields. The data at
higher magnetic fields is used to extract adA(eVg)/dB=1.0+0.1 up
(green linear dotted line in figure 5.6b), where a is the gate coupling.
This coefficient is proportional to the difference of ground-state spins on
the N—1 and the N side:

al(eVg) = ug(gVsN — gV-1sN-1)B, (5.3)
where up is the Bohr magneton, S is the total spin, and g is the Lande

g-factor. The value of 1ug aligns well with expectations for g=2, and
AS=1.
2

adA(eV,)/dB = 1.0£0.1p,

3 4 5 6
B(T)

Figure 5.6: A) Differential conductance as a function of gate voltage and
magnetic field at 100 mK. B) Charge degeneracy position as
a function of applied magnetic field.
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Figure 5.7: a. Histogram of stochastic switching current for one of the
thermometers at 150 mK. b. Temperature dependence of
averaged switching current, Isw, for the thermometer located
close to the heater (red) and for the thermometer on the
opposite side (blue).

5.5.7. THERMOMETRY

The temperature difference across the molecule during thermoelectric
measurements was determined via the thermometry method that we
developed for molecular devices[34] (see also chapter 3). Briefly, MoRe
contacts together with the golden bridge form superconductor-normal
metal-superconductor junctions, where the critical current depends on
the electronic temperature of the gold. We calibrate the thermometers
with respect to the base temperature. To achieve this, we bias the
current through the junction and read out the voltage, and record the
switching current at each temperature. A typical distribution is shown
in figure 5.7a. At each temperature, we also apply current through
the heater and check how it influences the value of the switching
current. Consequently, we get a switching current dependence on the
temperature for two thermometers: one located close to the heater
(figure 5.7b red symbols), and one on the opposite side (figure 5.7b
blue symbols). From the fits, we estimate that at a base temperature
of 150 mK (the base temperature used in figure 5.3 in the main text),
the temperature drop over the molecule is around 105 mK. It is also
worth mentioning that during all thermometry measurements, we keep
the magnetic field constant (30 mT) to decrease the value of switching
current and avoid overheating during the measurements.
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5.5.8. THEORETICAL MODEL FOR SUB-GAP STATES
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Figure 5.8: a. Differential conductance as a function of bias voltage at

different gate voltages. Curves are displaced vertically for
clarity, with gate voltage increasing from bottom to top and
highlighted with its color. Two dotted black lines indicate the
superconducting gap. b. Gate trace at Vg =-2.7 V fitted with
two Gaussian functions and a spline (red color). c. Position
of the positive in-gap state as a function of gate voltage
(blue dots); the red solid line is a fit to the data using the
zero-bandwidth approximation.

In order to model the dispersion of the sub-gap peaks in the differential
conductance, we model the molecule as an Anderson impurity, a single
quantum level with on-site energy €4 and charging energy, U. The gold
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electrodes, which exhibit a superconducting energy gap (or minigap) due
to the superconducting proximity effect from the MoRe, are modelled as
BCS superconductors, with order parameters A1 and Aj, respectively.
These are considered as electron baths to which the impurity is coupled
by tunnel couplings 'y and ;. Considering the electron baths as
constant density bands with a bandwidth D; and D, with N1 and N
states, the Hamiltonian of the Anderson impurity model can be written
as:

H=¢€q Z ﬁd,o + Uﬁd,Tﬁd,l
oe{1,l}

+ >, €kfik,o

keQi1uUQp,0e{1,1}

+ > (ML AT kol D (B2l €+ ASE i oCho)

keQi,0e{1,1} keQy,0e{1,1} ﬂ
MD; . A D> At A At oA
T N Z (Cz,acd,a + CL,oCk,o) + 4 N Z (CLUCd,o + CLIOCk,o),
N1 keqi oe{t,1} N2 keq,.oe{t,1}

(5.4)

where ¢4,5 is the annihilation operator for electrons with spin o on the
impurity, €k o is the annihilation operator for electrons with index k and
spin o in the electronic bath. Furthermore, fg o = 5L,de,o is the operator
for the occupancy of the impurity with spin o.

Already without superconductivity, the single impurity Anderson model
has not been solved analytically. To find an approximate solution, we
solved the single impurity Anderson model by exact diagonalization in
the zero bandwidth limit (ZBW). In the ZBW, one takes D;,D; — O,
reducing Q; and Q; to single levels, while keeping the effective tunnel
coupling constant. In addition, we consider the limit where 'y > I'.
The effective hopping integral is t = 4/ F;Tl,\?ll. In this limit only a single
level in Q1 with €k, =0 needs to be taken into account and the single
impurity Anderson model becomes a two-site model. Furthermore, since
the experimentally found charging energy is large, we consider the limit
where U — oo,

Solving the model by exact diagonalization results in eigenstates and
eigenenergies. These eigenenergies disperse as a function of €4, which
we use to simulate the gate voltage dependency. When €4 > 0, the
impurity is unfilled and the ground state is a spin singlet. On the other
hand, when €4 < 0, the impurity is filled with a single electron and the
ground state is a spin doublet state. The transition between these two
ground states lies around €4 = 0. Around the transition, there is a low
energy excitation with Eexc < |A1] - @ sub-gap excitation. The excitation
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energy, the energy difference between the ground state and the first
excited state, is the minimum energy that is required for electrons to be
injected or ejected from the impurity site. In transport, electrons are
transferred from the impurity site to a superconductor with minimum
excitation energy |Az| (or vice versa). As a result, in transport the
subgap excitation is observed at a voltage Vexc+ = £(|A2| + Eexc)/€.

Qualitatively, the model describes the physics of an Anderson impurity
coupled to a BCS superconductor. In this model, Yu-Shiba-Rusinov
(YSR) sub-gap states form due to the pair breaking associated with
the non-superconducting impurity. In the model, the excitation energy
related to the YSR state depends on the on-site energy of the impurity
level. To allow for fitting the model to the experimental data, two
Gaussian functions and a spline were fitted to the extracted dI/dV
bias traces for different gate voltages from the stability diagram (see
figure 5.8b). This procedure allows us to take into account the
background and obtain positions of the peaks. The evolution of the
in-gap states is depicted in figure 5.8c. Their energy decreases and
reaches a minimum at Vg = —2.83 V (indicating the value of |A3|/e)
near the doublet-singlet transition and then rises and saturates as the
energy of the peak reaches the superconducting gap ( bias voltage
of e(A1 + Az)). The transition itself happens at around -2.83 V and is
on the left side with respect to the CDP. By solving the Hamiltonian
of equation 5.4 we extract the energy difference between the excited
state and the ground state. We use Aj, Ay, and t, as fitting parameters.
The fitting parameters rely minimally on charging energy (in the range
of 0.18 eV .. 10 eV) and thus the last one is fixed to be 1 eV. The fit
depicted with the red solid line in figure 5.8c has been obtained with
A1 = 62 ueV, A, =54 ueV, and t = 110 ueV.

5.5.9. PROXIMITY INDUCED SUPERCONDUCTIVITY IN GOLD BRIDGE

Induced superconductivity in the gold bridge coupled to magnetic
moment of the molecule leads to the formation of Yu-Shiba-Rusinov
states in the EMB]J junction. In this section a calculation of the density of
states of gold is given to justify the experimental findings. The results
are summarized in figure 5.9 and briefly discussed below.

To calculate the modified density of states as a function of distance,
we consider a gold wire connected to a MoRe superconductor with
critical temperature of 8.7 K (A = 1.3 meV, see figure 5.9a). The
calculation is performed using the Usadel formalism, which works in the
quasi-classical diffusive regime. To this end, we adapted the 1D code
of Bosboom et al [52], which assumes that the inverse proximity effect
of the gold on the MoRe is negligible. We have used the interface
scattering parameter ygm as a free parameter in the model. The phase
difference between the superconductors is fixed at ¢ = 0. We estimate
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Figure 5.9: a. Temperature dependence of the corrected two-terminal
resistance of MoRe. The arrow indicates the 50% resistance
drop used to define the critical temperature. b. Scanning
electron microscopy of the gold bridge and MoRe contacts
with the dimension specifications. Parts of the device are
highlighted with colors: pink (gate), yellow (gold bridge), gray
(MoRe contacts). c. Simulated local density of states (LDOS)
atL =1, 10, 50, 100, 300, 450 nm (highlighted with different
colors) with the inset displaying LDOS at L =450 nm. The
right panel shows a sketch of the superconductor-normal
metal system used for the simulation.

the mean free path and diffusion coefficient using the normal state
resistance of our thermometer at T =100 mK, R =1.08 Q. Using the

dimensions Lt = 250 nm and A = 450 x 13 nm? of the thermometer, we
RA

find p= 72 = 2.53:1078 Q m. The Fermi velocity of gold is vf = 1.4-10°
m s~! and the electron density is n =5.9-1028 m=3. Then, using the

2 . _— .
Drude formula £ = 26T where T is the mean scattering time, we find

) m '
that the mean free path is [ = vfT = gf’,‘;’; =36 nm. Here, we have

used an effective mass of 1.1 times the electron mass, consistent with
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earlier studies by Wolz et al [53]. Then, the diffusion coefficient is
Dy = 0.017 m2/s. The effective coherence length in the gold thin film is

En = % ~ 66 nm.

Using the diffusion constant found above and ygm = 0.01, we calculate
the local density of states at the end of a wire of length L. We calculate
the local density of states at L = 1, 10, 50, 100, 300, 450 nm. The last
value is chosen to match the real dimensions of the sample (see SEM
picture of the device in figure 5.9b). The results of this calculation are
shown in figure 5.9¢. As can be seen from these results, the gold bridge

contacting the molecule is fully proximitized with A =60 peV, which is

close to the Thouless energy Eth = % =55 peV. This value is in a good

agreement with experimental observations.
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AMONOMOLECULARHEAT
ENGINE

"I sell here, Sir, what all the world desires to have—POWER."

James Watt

In this chapter, we explore the thermoelectric properties of a diradical
organic molecule at a few Kelvin temperatures with the double lock-in
technique. By subjecting the molecule to a temperature gradient
and connecting it in series to a load resistance, we realize a particle
exchange heat engine. Such an engine does not have any moving
parts and is a few nanometer in size. It emerges as an ideal
candidate for low-temperature applications where miniaturization is
of paramount importance. We observe a variation of a few orders
of magnitude in device performance between two molecular junction
configurations, thereby illustrating the importance of precise control
over the molecular-lead coupling. Our findings thus highlight the pivotal
role of the connection of the molecule to the leads when aiming to
harness the potential of single molecular devices for energy harvesting
applications.
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6.1. INTRODUCTION

ddressing heat waste is of crucial importance, considering the fact
that more than 70% of the global energy is wasted as heat [1],
contributing to global warming [2] and equipment malfunction. One
of the approaches to tackle this problem is to use conventional cyclic
heat engines, that use a temperature difference to produce useful work.
However, they require moving parts and can not be utilized in small
devices, making them impractical for nanoelectronics. The particle
exchange (PE) heat engines [3] may serve as a good alternative. PE
heat engines utilize particles (electrons, photons, etc.) to transfer
heat between the hot (temperature Ty) and cold parts (temperature
Tc) of a device. The heat can then perform work against an external
electrical field. Also, depending on the architecture, the size of PE heat
engines can be as small as tens of nanometers which makes them ideal
candidates to be implemented in systems that suffer from local heating.
Recently, different PE engines were proposed theoretically [4-6] and
realised [7-9] with various degrees of success in maximizing power
output and efficiency. Some of the most efficient solutions include
superconducting spin selective tunnel junctions [10], heat engine with
ultracold atoms [11] and a realization of an InAs/InP heterostructured
nanowire quantum dot (QD) heat engine [12]. In the latter work, the
authors reached high efficiency at a finite power that exceeded 0.7nc,
where nc=1-— ;—C is the Carnot efficiency. The study revealed a high QD

potential as a good heat harvester. Follow-up investigations (e.g. [13,
14]) devoted to optimization of power output and efficiency revealed
how to reach the optimal load resistance that maximizes the power
output [13] and discussed the importance of the lead-dot coupling (I')
optimization (i.e., creating an optimal energy band filter, I'/kgT; here,
kg is Boltzmann constant) to achieve the best performance at a certain
temperature T [14].

Another interesting platform to consider for PE heat engine applica-
tions is the field of molecular devices. Recently, single molecules have
shown to exhibit a potential for future applications, including memory
effects [15, 16], negative differential conductance [17], magnetic ef-
fects [18-20], spin blockade effects [21], etc. Thermoelectric properties
of the single molecules are of interest as well. Thermoresponses of
molecular devices were investigated in several studies [22-24] (see
also [25] and references within). It is theoretically predicted that they
should exhibit a high thermoelectric response [26]. The straightforward
construction and further synthesis of molecules enable the utilization
of effects such as quantum interference [27-30], the Kondo correla-
tions [31, 32], the Fano resonance [33, 34], leveraging of molecule-lead
interaction (i.e., how it is done in Chapter 5) to generate sharp features
in the transmission function and boost the system’s Seebeck response.
This potentially could result in an infinitely high figure of merit, ZT



6.2. Device and measurement protocol 109

coefficient, suggesting that such devices might operate as efficient
heat energy harvesters near the Carnot efficiency limit, with efficiency,

_ o VIFZT-1 . Co .
N=Nc 1 This outlook highlights the strong demand for realizing

a monomolecular heat engine.

In this work, we investigated a diradical molecule as a potential
candidate for heat-energy harvesting purposes. First, its thermal and
transport properties were examined in three-terminal electromigrated
break junction (EMBJ) devices. Then, different load resistances (Rjoad)
were connected in series to the device, and a temperature gradient
was applied across the molecule. For each Rjpqq We recorded the
power output and estimated the engineering efficiency of the device
as a function of gate voltage and active load. Our data indicated that
Sme-20s can execute work and act as a monomolecular heat engine.

We organize this report as follows: first, we offer a brief overview of
the device architecture and measurement technique. Next, we describe
the structure of the molecule and provide a motivation for utilizing the
Sme-20s molecule in this study. Then, we describe the physics behind
two stable configurations of the molecule inside the EMBJ and move on
to the realization of the molecular heat engine. We focus our attention
on the maximum power output of the monomolecular heat engine for
different Rioqg and discuss its efficiency.

6.2. DEVICE AND MEASUREMENT PROTOCOL

6.2.1. DEVICE

For this study, we employ a three-terminal EMB] device with two
embedded local heaters near a golden bridge [23]. The schematic
representation and scanning microscope photographs of the device are
depicted in figures 1l.a,c. The main components include the 8 nm Pd
gate (pink), 27 nm Pd heaters (blue), 12 nm Al,O3 protective layer
(not visible), 13 nm Au bridge (yellow), and 50 nm Au contacts (grey).
Details on the fabrication process are available in a Ref. [35]. We
deposited the Sme-20s molecule (0.1 mMol solution of the molecule and
dichloromethane (DCM)) on the sample (see next paragraph). The gold
bridge electromigrated [36] to 4 kQ and left for self migration (at room
temperature, 10~2 mbar) for approximately 10 minutes with further
cooling down to the base temperature of 1.8 K.

6.2.2. MOLECULE

In this work, we utilized the polycyclic aromatic hydrocarbon (PAH)
all-organic diradical Sme-20s molecule that was synthesized by the
group of Diego Pefia (see [37] for synthesis details). The molecule
consists of two fluorenyl moieties hosting a radical center each and
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Figure 6.1: a. Sme-20s molecule captured with the EMB] device and
thermoelectric properties of it are extracted via a double
lock-in technique. b. Schematic drawing of the chemical
potentials of a molecular quantum dot showing carriers
can be moved against an external field once there is a
temperature gradient across the junciton. c¢. Scanning
microscope picture of a sample.

is linked together by two anthracene units (see figure 6.1a). The
shape of the molecule is highly non-planar, which helps to protect its
radical properties and determines the interaction between the radical
parts. It also has sulfur stabilizing groups that play the role of
anchors to the gold [38] and helps to increase the yield of the junction
formation [39]. This molecule was investigated before using mechanical
break junctions [39] (MCBJ), scanning tunneling microscope [37] (STM),
and demonstrated Kondo resonances and inelastic electron tunneling
spectroscopy signatures (singlet-triplet excitation energy ~ 3 meV).
These properties were found to be sensitive to molecular configuration
within the junctions, with different configurations leading to a different
coupling between spins and different observed phenomena.

6.2.3. THERMOELECTRIC MEASUREMENT TECHNIQUE

The measurements were performed with the AC double lock-in technique.
The detailed description of the measurement methodology can be found
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in chapter 4. Here, we present a schematic representation of the
measurement in figure 6.1a and briefly describe it as follows: a small AC
component of 50 uV voltage bias (w1 =13 Hz) is applied simultaneously
with a current through the heater (w, =3 Hz) for different gate and bias
voltages. Then, the signal is demodulated with two lock-in amplifiers
and a Keithley is used to record the differential conductance G (w1),
thermocurrent, Ith (2wz2), and current, 1 (DC). The dilution fridge has a
magnet that can apply the magnetic field up to 9 T, and the heater near
the cold finger controls the temperature of the sample. Different Rjoag
are connected in series, and the thermocurrent is measured as a function
of gate voltage and power dissipated in the heater. The temperature
gradient over the molecule (AT = Ty — T¢) can push carriers against
the voltage drop,eV = uc — uny, where uy, uc are the electrochemical
potentials of the contacts, and perform useful work. This process is
controlled by the gate voltage, as the molecular level serves as a bridge
and a filter for electric and heat flows (see figure 6.1b). Normally, the
charging energy of the molecules is very high [40], and only one level
needs to be considered. In case of small molecular-lead coupling T,
unwanted heat flow is suppressed. If no external voltage is applied,
but heater is on the circuit self-consistently satisfies V = —IhRjoaq. The
carriers would then perform work on the load with power P=It2hR. The

efficiency of the process calculated as n = where Jq is a heat flow
through the molecule.

P
Jo’

6.3. CHARACTERIZATION OF MOLECULAR CONfIGURATION

We investigated the thermoelectric properties of Sme-20s in two stable
configurations (see figures 6.2a,b). In both instances, it was possible
to observe one molecular level in the accessible gate voltage range.
The second configuration was attained in the same junction after an
uncontrolled change in the configuration. Each of the configurations
displays similar physical phenomena: a Kondo resonance on the left
side from the charge degeneracy point (CDP) and inelastic co-tunneling
on the other side. Despite the fact that the molecular level does not
move much in energy during the reconfiguration, we witness the change
of coupling and as a result an order change in the conductance and
thermocurrent response. Also, there is a current-blockaded region at
low negative bias on the right side of the configuration 2. Below we
describe both configurations in more detail.

The stability diagram in figure 6.2a is recorded in configuration 1 for
V=—7to7 meVand Vg =-5.5to —4.0 V. It shows parts of a Coulomb
diamond with a charge degeneracy point located at Vg =—4.7 V. The
slopes of the edges of the diamonds are 0.004 and 0.012, providing
information about the gate coupling of 0.009 and the ratio between
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Figure 6.2: a,b. Differential conductance as function of gate and bias
voltage for configuration 1 (a) and configuration 2 (b).c,d.
Zero-bias gate traces for differential conductance and
thermocurrent as a function of gate voltage for configuration
1 (c) and configuration 2 (d).

lead capacitances g—; = 3.5. The conductance of the system increases

up to 52 uS at Vg =—-4.48 V, V=7 mV and is higher for the positive
diamond edge. There is a pronounced excitation line at positive bias
that runs parallel to the edge of the diamond and intersects the other
edge at 3 mV. We do not observe signatures of the same excitation for
negative bias, suggesting an asymmetric coupling to the source and
drain ('s << Mp).

We continue exploring the stability diagram by focusing our attention
on the zero-bias peak at the left hand from CDP. This conductance
enhancement has a Kondo origin. The full width at half maximum
(FWHM) of the peak is around 2 meV that allows us to estimate the
Kondo temperature from [41], FWHM = g\/(nkBT)2 + 2(kgTk)2, where
Tk is the Kondo temperature and T = 1.8 K. The extracted value of
Tk around 7 K is in good agreement with the value obtained from
magnetic field measurements (see more details in appendix). Magnetic
field sweeps at Vg = —5.6 V indicate that the system behaves as a
spin-1/2 with a g-factor around 2 and that the zero-bias peak splits at




6.3. Characterization of molecular configuration 113

3 Tyielding [42] Tk =7 K.

At the right part of the CDP, Vg > —4.7, there are two symmetric
horizontal lines that are crossing the Coloumb edges at a bias voltage
between 3 and 4 mV. The amplitudes of this signal are asymmetric, and
respond to external magnetic field, allowing us to exclude their possible
vibration origin, and instead attributing them to a spin excitation origin.
The magnetic field unveils that the ground state (GS) is a singlet and
the excited state is a triplet. The radical centers thus experience an
antiferromagnetic coupling with J =~ 3 meV. Also, the CDP is moving to
the less negative gate voltages when applying a magnetic field implying
that the GS on the left hand side of the CDP has a higher spin than on
the right. Thus, we have a doublet to singlet transition once we add an
electron to the system.

Stability for the second configuration is depicted in figure 6.2b with
the bias window from -5 to 5 mV and Vg ranging from -5.2 to -3.9 V.
Here, the conductance is almost 5 times lower and the diamond edges
are broader. The signal is very smeared and it is difficult to detect
the exact edges of the Coulomb diamonds.Furthermore, the coupling is
more symmetric than for the first configuration and we do observe the
excitations at the positive and negative bias. There is also a suppressed
current region at negative bias for Vg between 0 and -2.5 mV. But
overall the system demonstrates the same Kondo peak with Tx =7 K
and the same IETS lines with the maximum at 3 mV. The magnetic field
does not lift the blockaded region up to 9 T and moves the CDP to the
less negative gate voltage values.

In figure 6.2.c,d, we compare the zero-bias gate traces of differential
conductance and thermocurrent for both configurations with a heater
current of 0.1 mA. In figure 6.2c, the maximum differential conductance
reaches 0.4 uS at Vg =—4.7 V. The coupling can be estimated from
the full width at half maximum of the differential conductance curve
and is around 0.5 meV. The thermocurrent changes from a minimum of
-29.6 pAat Vg =—4.79V to a maximum of 49.1 pA at Vg =—4.66 V, with

% ~ 1.66. For the second configuration, G is much lower and attains
a maximum of 0.07 uS around Vg =—4.5 V. Meanwhile, thermocurrent
response changes even more drastically. Its amplitude drops more
than 10 times to -2.6 pA at Vg =—4.35 V. Also, the asymmetry of the

thermocurrent changes and the positive thermocurrent now is much

lower than negative. We estimate the ratio of % to be approximately
0.2. If we consider that the resistor of the ammeter (100 kQ) plays
the role of external load, we can estimate that the maximum power
output for the first configuration to be 0.24 fW, while for the second
one it is much lower, 0.0007 fW. This highlights the important role of
the molecular configuration and coupling inside the junction for heat

harvesting purposes.
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6.4. HEAT ENGINE

The second configuration remained stable throughout the evaluation of
molecular device for heat engine applications. We connected different
Rioag from 100 kQ to 10 MQ and investigated how the power output
changed in order to determine the optimal resistance for maximum
power output. The measurements were performed for different heater
currents between 0.05 and 0.2 mA.

6.4.1. MAXIMUM POWER OUTPUT

For each Rjpaq, We swept the gate to find the maximum thermocurrent
output of the system and estimate the power output. In figure 6.3a
we summarize the results of these measurements. The behavior of
maximum power output on Rjpqqg Was the same for 3 different current
values running through the heater (0.10, 0.15, and 0.20 mA). First,
the power output increases as the load increases. Then it reaches
the maximum around 2.75 MQ which is the optimal Rjpqq for this
configuration. Here, the maximum power output is 0.07 fW for 0.1 mA
and 0.45 fW for 0.2 mA heater current. Lastly, the value decreases
for higher Rjoqq reaching the same values as for low load resistance.
We investigated the load resistance only up to 10 MQ, as at higher
values capacitive effects start influencing the measurements and it is
impossible to extract reliable values of thermocurrent.

6.4.2. EFficCIENCY
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Figure 6.3: a,b. Maximum power output (a) and engineering efficiency
(b) of the heat engine under different load resistances is
recorded for different heater currents (blue 0.1 mA, orange
0.15 mA, green 0.2 mA).

In order to estimate the efficiency and see how close the molecular
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heat engine is to the Carnot limit, the exact heat flow through the
system should be determined. However, in this study, it was not possible
to measure it directly as it was done in [43]. Also, configuration 2 still
needs a reliable theoretical model that explains the transport features.
To avoid misinterpretation and speculation we utilize the engineering
efficiency, nen, defined as neng = P/Pin Where Piy =12, . Rheater is the
power dissipated in the heater. This value serves as a good indicator
for application objectives but should be used carefully once comparing
results from different studies. The exact location of the heater with
respect to the "engine" (i.e., molecule) and the parasitic heat flow
through the substrate can change the result. Thus values that are
recorded with the same sample architecture or the maximum values if
two different sample designs are used.

The results of neng are illustrated in figure 6.3b. As expected, the
curve replicates figure 6.3a with Py as scaling factor. The maximum
engineering efficiency value for the load with the maximum power
output is 1.7 * 10712, This value is lower than the one that can
be estimated from the measurements in configuration 1. The ratio
between them, around 32, indicates that the first configuration is
preferable for applications and highlights the need to have the right
configuration/coupling in the system. Here, we also want to indicate that
the ratio we provide is underestimated and in reality is much higher. A
load resistance for configuration 1 is 100 kQ. Similarly to [13] we can
estimate the maximum power output would be at 26 kQ (to obtain this

value Roptimal & 1.25@5, and assume that Ty + Tc = 5 K). Also,

as a side remark, we also provide here the highest neng = 12 * 10712
obtained in [12]. This value is comparable with the second configuration
and lower than the one in configuration 1.

In order to push the system back to the first configuration, we heated
up the system several times to 200 K for a few minutes and then rapidly
cooled it down. During this process few things can happen. First, the
molecule can rearrange its position inside the junction. Second, the
distance between the contacts can increase by thermal activation, as
for our gold bridge design it is energetically favorable for the system to
have a 10-15 nm gap between the leads. Thus, the process should be
fast and can be implemented only a few times until the size of the gap
is bigger than the length of the single molecule.

After this manipulation, we observed that the molecule was in several
quasi-stable configurations and randomly changed between them. Here,
by quasi-stable, we mean that the molecule was stable during one full
gate sweep or more. We tried to record the maximum power output at
different Rioqq. The results are represented in figures 6.4a and 6.4b. We
used the same heater power (Inegter = 0.08 mA) and recorded the values
first changing the load resistance from the minimum to maximum and
then back. Their configuration was changing from one to another one
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from one resistance to another (see green line in figure 6.4a). The
maximum power output was still achieved around 2.75 MQ.
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Figure 6.4: a,b. Maximum power output (a) and engineering efficiency
(b) of the heat engine under different load resistances is
recorded for different heater currents(red and purple for
0.1 mA; blue and green for 0.08 mA).

6.5. CONCLUSION

In this work, we investigated the thermoelectric properties of a diradical
molecule in two stable configurations. For both formations, we observed
oxidation/reduction of the molecule with the application of gate voltage.
The system displays a pronounced Kondo peak on the left side of the CDP
with a similar Tk for both cases and in-elastic cotunneling excitations at
the same bias voltage on the right side. Magnetic field spectroscopy
reveals an antiferromagnetic coupling between the radical spins of the
molecule. Thermopower response was measured for both configurations
and was higher for the first configuration. A monomolecular heat engine
was realized by connecting a load resistor to the device. For the
second configuration we investigated how the maximum power output
and efficiency depend on load resistance. By varying load resistance
we determined that the optimal resistance for performance is around
2.75 MQ. The engineering efficiency in the case of the first configuration
is much more efficient for a load resistor of 100 kQ than for any load
resistor at the second configuration. This observation indicates the
importance of the control of molecular coupling to the leads.
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Figure 6.5: a,b. Differential conductance (a) and thermocurrent (b)
stability diagrams for configuration 1.

6.6. APPENDIX

6.6.1. CONfiIGURATION 1: STABILITY DIAGRAM

In figures 6.5a and 6.5b we display the differential conductance
and thermocurrent measured simultaneously with the double lock-in
technique for configuration 1. A summary of the measurements : is the
following

e CDP is around -4.7 V, there is only one CDP in the accessible gate
range (-7.5 .. 7.5 V).

e Negative diamond edge slope 0.04; positive diamond edge slope
0.012; gate coupling 0.009.

e Pronounced excitation parallel to negative slope at positive bias
with a high conductance at around 0.5 uS; the same excitation at
the negative bias voltages is faintly visible.

e Highly asymmetric molecule-lead coupling; total I'~ 0.53 meV
estimated from the Coulomb peak conductance vs. gate voltage at
zero bias.

e Thermocurrent signal in the investigated V Vg space (V =
—7..7 meV, Vg =—5.5.. — 4.0 V) reaches a highest value of 300 pA.

e Thermocurrent changes its sign on the edge of the diamond that
corresponds to the lead where we apply the heater.

e Ity is positive for IETS V > 0 and negative for V < 0.
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Figure 6.6: a,b. Magnetic dependence of the Kondo peak at
Ve = —=5.6 V shows a Zeeman splitting in differential
conductance (a) and change of the sign in thermocurrent (b).
From I, measurements the critical Kondo field of 3 T can be
extracted. Dashed line in (a) illustrates the Zeeman effect
for a spin 1/2 system with g = 2 (blue) .

6.6.2. CONfiIGURATION 1: KONDO

To investigate the zero-bias peak for Vg < —4.7 V, we recorded current-
voltage characteristics at Vg =—5.6 V for different magnetic fields from
0to 9 T. In figure 6.6a and 6.6b we demonstrate how the signal changes
vs. B. Differential conductance decreases and the peak broadens with
increasing magnetic field and shows the Zeeman splitting. At the
highest magnetic field, the difference in energy between the ground and
excited state is proportional to the magnetic field and can be written as
%g/.lBSB, where g is the g-factor, ug is the Bohr magneton, S is the spin,
and B is magnetic field.A good agreement with the measured data is
found if we use S = % and g ~ 2 (see dotted lines forg=2,and g=4in
figure 6.6a). From this measurement, it is difficult to estimate at what
magnetic field the splitting starts to occur. Meanwhile, thermocurrent
allows extraction of this value as the thermocurrent changes its sign
at the transition point [42]. This point is approximately at 3 T (i.e.,
Tk =7 K).

6.6.3. CONfiGURATION 1: IETS

On the right-hand side of the CDP, we observe inelastic cotunneling
excitations which in literature is also often referred to as inelastic electron
tunneling spectroscopy (IETS). We recorded its behavior as a function
of the magnetic field. Differential conductance and thermocurrent are
illustrated in figures 6.7a and 6.7b. The IETS signal broadens but we
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Figure 6.7: a,b. Investigation of IETS signal with magnetic field at
Ve = —4.15. Differential conductance (a) of the peaks are
broadening with the increase of the magnetic field. At the
same time the maximum/minimum peak of thermocurrent
(b) remains constant. Due to the temperature smearing
the transitions from the ground to excited state are not
distinguishable. The dotted green lines correspond to the
Zeeman shifts (g=2) of the singlet to triplet excitations.

do not see a clear splitting of the excitation. The broadening of the
signal reaches 0.9 meV at the highest applied magnetic field of 9 T. At
the same time, for the base temperature 3kgT ~ 0.45 meV which would
give the same broadening of around 0.9 meV. To reveal the transitions

a lower base temperature or a higher magnetic field is thus required.
However, considering S =% on the right part of the CDP, the moving
of the charge degeneracy point to the more positive gate voltages
indicates that the ground state is singlet and the excited state is triplet

(see dotted lines in the corresponding figures).

6.6.4. CONfiGURATION 1; CDP VS. B

We performed zero-bias gate traces for different magnetic fields up to
9 T. Differential conductance and thermocurrent as a function of gate
voltage for the different magnetic fields are depicted in figures 6.8a
and 6.8b. Here, we indicate the trace at 0 T with blue color and the
trace at 8.8 T with yellow. The differential conductance decreases in
value with increasing field and moves to less negative gate values. At
the same time, the thermocurrent almost does not change with just a
small change of amplitude and asymmetry. From this data, taking into
account that by adding one electron to the system we change the spin
of the ground state by 1/2 and that the CDP vs. B moves to the lower
ground state spin, we conclude that on the right side of the CDP, there
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Figure 6.8: a,b. Zero-bias gate trace of differential conductance (a) and
thermocurrent (b) for different magnetic fields indicating a
shift of the charge degeneracy point to less negative gate
voltages. lllustration of different magnetic field strengths,
represented by the color of the line: blue indicates 0 T,
transitioning to yellow at 8.8 T

is a singlet ground state and the interaction between radical parts is
antiferromagnetic with an exchange coupling around 3 meV.

6.6.5. CONfiIGURATION 2: STABILITY DIAGRAM

The dIdV and Iy, for the second configuration are illustrated in
figures 6.9a and 6.9b. We also show the response of the signal at
9 T (see figures 6.9c and 6.9d.). The dramatic difference of this
configuration with respect to the first one is the much lower differential
conductance and thermocurrent response that indicates a decrease of
the coupling to the leads. Also, there is a blockaded region at the
negative bias voltage near the drain edge of the Coulomb diamond. This
blockade is not lifted with the magnetic field. The main observations are
indicated as bullet points:

e CDP is around -4.4, there is one CDP in accessible gate range (-7.5
.. 7.5 V).

e It is difficult to draw the exact lines of the edges of Coulomb
diamonds because of the large broadening of the signal; it is
estimated that the negative diamond edge slope is 0.018, positive
diamond edge slope is 0.014; gate coupling is 0.008.

e There is a broad excitation around 2-3 meV in the positive bias;
the thermocurrent reveals that there is also an excitation line at
negative bias between -3 and -2 meV.
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Figure 6.9: a-d.Differential conductance (a,c) and thermocurrent (b,d)
measured simultaneously as a function of bias and gate
voltage at different magnetic fields: 0 T (a,c), and 9 T (b,d)
for configuration 2.

e ' <T1, where 2" and '1’ correspond to different configurations.

e Itp is positive for V > 0 and is negative for V < 0 except for the
region where the excitation is present.

e Thermocurrent behaviour for the Kondo and IETS is similar to the
one in configuration 1. Strikingly the amplitude of Iy, in "1’ and '2’
is similar in this regions.

We would like to emphasize that an exact model is needed to explain
the thermocurrent. There are some open questions related to Iin:

e Why do we not see any indication of a blockaded region in
thermocurrent data?

e Why does the signal does not change sign in the source diamond
edge?
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e Why does a magnetic field change the symmetry of thermocurrent
for positive and negative part?

e What is the mechanism that enhances the thermocurrent response
of the excitation in the V < 0 part?

6.6.6. CONfiGURATION 2: KONDO AND IETS
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Figure 6.10: a. Differential conductance of Kondo peak as a function of
magnetic field and bias voltage for configuration 2 reveals
Tk =7 K. b. IETS signalat Vg=4VatO0T.

In figure 6.10a we present the differential conductance as a function of
bias voltage and magnetic field. The data is noisy but looks comparable
to figure 6.6a. The FWHM is around 2 mV, allowing us to conclude
that the Kondo temperature experienced negligible changes after the
molecular "jump" between configurations 1 and 2.

Meanwhile, in figure 6.10b we show the IETS signal for the second
configuration. Differential conductance at Vg = —4 V shows a clear
cotuneling peak at 3 mV with an amplitude of 50 nS (the same value we
recorded for configuration 1). At -4 meV the differential conductance is
also 20 nS (for configuration 1 it is 70 nS) and grows for higher negative
bias voltages. At the same time, the thermocurrent is reaching its
maximum of 15 pA at 3 mV and its minimum of -12 pA at -3 mV. These
values match the ones recorded in configuration 1 (see figure 6.9b for a
comparison of configurations 1 and 2).

6.6.7. CONfIGURATION 2: CDP VS. B

We did not perform a detailed measurement of the CDP vs. B, but
from the stability diagrams at 0 and 9 T we can see that the charge
degeneracy point is moving to less negative gate voltages. However,
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Figure 6.11: Differential conductance as a function of bias voltage and
magnetic field for Vg =—4.2 V

this observation can not serve as a solid confirmation as from time
to time large gate sweeps change the electrical surrounding of the
molecule and CDP shifts can be induced. Magnetic field does not
change significantly the differential conductance in blockaded region.
So, by measuring IVs at constant gate voltage the suppression gap
is increasing as we increase B (see figure 6.11), consistent with the
movement of the CDP to the left.

6.6.8. TRANSPORT INTERPRETATION

Configuration | Configuration Il

Figure 6.12: Proposed model for explaining the current features in

configurations 1 and 2.

Here, we provide a possible explanation for the transport features in
the system. The schematic representation of this hypothesis is depicted
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in figure 6.12. In configuration 1, the molecule location mainly allows
for transport through one radical part. The molecule is asymmetrically
coupled to the leads, such that '1 =TFs+I'p =~ 's. On the left side
of CDP, there is one electron less on the molecule, a doublet. This
doublet changes to a singlet once an electron is added to the system by
changing the gate voltage. This explanation would be consistent with
the S = 1/2 Kondo effect on the left and IETS with an antiferromagnetic
ground state on the right from CDP.

When the molecule rearranges to configuration 2, the second radical
part starts participating in transport. The coupling to the leads of the
first radical part becomes weaker and lifts the high asymmetry in a
way that M, < Ty, Ms ~ Mp. Most likely, the electron configuration of
the molecule is the same as in configuration 1 (i.e., 1 electron less
on the left side, and neutral on the right side of CDP) with the same
doublet to singlet transition induced by the gate voltage. However, this
time there is also hoping of electrons between the second radical part
and the leads and between the radical parts of the molecule. In this
picture for a specific range of couplings it is possible to have a current
suppressed region in the stability diagram (see [44]). It is not clear how
the thermocurrent would be in this case; further theoretical calculations
are needed. The possibility of the spin blockade origin (see [45]) should
also not be ruled out.
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IMPACT OF SPIN-ENTROPY ON
THE THERMOELECTRIC
PROPERTIES OF A 2D MAGNET

Heat-to-charge conversion efficiency of thermoelectric materials is
closely linked to the entropy per charge carrier. Thus, magnetic
materials are promising building blocks for highly efficient energy
harvesters, as their carrier entropy is boosted by a spin degree
of freedom. In this work, we investigate how this spin entropy
impacts heat-to-charge conversion in A-type antiferromagnet CrSBr.
We perform simultaneous measurements of electrical conductance and
thermocurrent while changing magnetic order using temperature and
magnetic field as tuning parameters. We find a strong enhancement
of the thermoelectric power factor around the Néel temperature. We
further reveal that the power factor at low temperature can be increased
by up to 600% upon applying a magnetic field. Our results demonstrate
that the thermoelectric properties of 2D magnets can be optimized by
exploiting the sizeable impact of spin entropy and confirm thermoelectric
measurements as a sensitive tool to investigate subtle magnetic phase
transitions in low-dimensional magnets.

Parts of this chapter have been published in Nano Letters, 24(22), 6513-6520 (2024)
[1].
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7.1. INTRODUCTION

he Seebeck coefficient (a) quantifies the electromotive force or

gradient of the electrochemical potential VV = V[i/q developing in
a material exposed to a temperature gradient VT (figure 7.1), and is
the central parameter that determines the efficiency of a thermoelectric
device [2, 3]. As the electrochemical potential i of a population
of electrically charged particles consists of the sum of the chemical
potential u and the electrostatic contribution q¢, the Seebeck coefficient
can be written as [4]:

o[ 0 2
a=—H __°H 2% (7.1)

where q is the elementary charge. The second term of equation 7.1,
often referred to as effective Seebeck coefficient, contains dynamical
effects linked to scattering/carrier relaxation processes [4, 5]. In
contrast, the first component — known as the Kelvin formula [6, 7] - is
purely thermodynamic. On the basis of thermodynamic considerations
for an electronic system, this term is directly related to the average
entropy transported per charge carrier [2, 8] using the Maxwell equation

(g—‘T‘)N = —(%)T, where N is the mean time-averaged population of
the system and S is the electronic entropy [8-10]. This implies that
mechanisms that increase the entropy per carrier can enhance the
Seebeck coefficient. In particular, the spin degrees of freedom of carriers
in magnetic materials can lead to such increased entropy [8, 11-13].
Figure 7.1 illustrates this concept by comparing the Seebeck effect of
an antiferromagnet in three temperature regimes, linked to different
magnetic phases. In all cases, under open-circuit conditions, a thermally
driven diffusion current of charge carriers (red arrows) from the heated
region (depicted in orange) to the cold one (in blue) is balanced by a drift
current generated by an electric field that builds up inside the material.
Moreover, the so-called spin-entropy, Sy, in magnetic materials can
contribute to their Seebeck effect (bottom panels of figure 7.1) [2, 8]. S
is minimum below the "spin freezing" temperature (figure 7.1a, a special
magnetic state in CrSBr, see discussion below). Thermal fluctuations will
then increase Sy, (figure 7.1b) and it reaches its maximum above the
phase transition temperature, as the material enters the paramagnetic
state (figure 7.1c) [2].

In this context, thanks to their controllable magnetism [14-17],
two-dimensional (2D) magnets provide an ideal platform to test this
effect. Among the layered van der Waals (vdW) materials A-type
antiferromagnet CrSBr stands out for its good cleavability as well
as its Neel temperature Ty of 132 K, one of the highest reported
among vdW antiferromagnets [15, 18]. Compared to ferromagnets,
AFM materials offer the possibility to change their spin structure into
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Figure 7.1: Seebeck effect in non-magnetic and magnetic materials.
Schematic illustrating the working principle of the Seebeck
effect in a material at different magnetic phases. The
three images refer to different temperature ranges and
consequently magnetic phases: "spin freezing" state (a),
antiferromagnetic state (b) and paramagnetic state (c). The
top pictures show the thermally-driven diffusion of the charge
carriers, of which direction and magnitude are qualitatively
indicated by the red arrows. The bottom images show
the additional contribution of the spin entropy (Sm) to the
Seebeck coefficient. Direction and magnitude of the entropy
flow are qualitatively indicated by the black arrows [2, 8].
Temperature ranges are indicated in the large orange arrow
at the bottom of the figure, while, in a), the direction of
the temperature gradient is illustrated by an orange-to-blue
arrow.

a field-induced FM configuration upon the application of an external
magnetic field, adding a degree of freedom in tuning the electronic
and thermoelectric properties [19, 20]. Each CrSBr van der Waals
layer consists of two fused buckled planes of CrS, sandwiched between
Br atoms and stacked along the c axis (see figure 7.2a) [15, 18].
CrSBr is an A-type antiferromagnet, with intralayer ferromagnetic (FM)
coupling and interlayer antiferromagnetic (AFM) interaction, and with
easy/medium/hard axis coinciding with the crystallographic b/a/c axes,
respectively [21]. Furthermore, CrSBr shows semiconducting transport
properties, with a direct bandgap of Eg = 1.5 eV and finite electrical
conductivity at low temperature [19]. In particular, thanks to the
strong coupling between magnetic ordering and transport properties in
CrSBr, an external magnetic field can be used to alter the electrical
resistance, which tends to decrease as the field increases. This comes
as a consequence of the reduction of spin fluctuations, and the different
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interlayer spin-flip scattering between AFM and FM configurations [18,
19, 21, 22]. While the electrical transport and magnetic properties of
this material have been extensively investigated [18, 19, 21-23], the
effect of magnetic order on the entropy and thus the thermoelectric
properties has not been reported to date.

In this chapter we study the impact of electron and spin entropy
on the thermoelectric properties of CrSBr thin flakes. To this end,
we change magnetic order by varying the sample temperature or by
applying an external magnetic field, while simultaneously measuring
the electrical and thermoelectric transport properties. We observe a
steep increase of the Seebeck coefficient and the thermoelectric power
factor with increasing temperature as electrons and spins mobilize, with
a local maximum slightly below Ty which we explain by a competition
between electronic band entropy and magnetic entropy in CrSBr. We
further reveal that a magnetic field can enhance the power factor by
up to 600% at low temperatures. These findings highlight how spin-
entropy engineering in 2D magnetic materials could be used to realize
thermoelectric heat engines with strongly enhanced performance.

7.2. RESULTS

To measure the electrical and thermoelectric properties of CrSBr
thin flakes we employ a device architecture (figure 7.2b-c) that was
recently developed for thermoelectric experiments on single molecule
junctions [24, 25]. It consists of pre-patterned contacts, thermometers
and microheaters on top of which a CrSBr flake has been stamped using
a dry transfer method (see appendix). A thin hBN flake is used to
encapsulate CrSBr to prevent degradation and contamination. An optical
micrograph of the final device is shown in figure 7.2d. For a typical
measurement (figure 7.2c), an AC current I, at frequency w; is applied
to the microheater which generates a temperature bias AT proportional
to Iﬁ, therefore having frequency 2w;. Simultaneously, an AC voltage

Vsq at frequency w> > w1 is applied to the drain contact. The current
to ground on the source contact is then demodulated at frequencies

w2 and 2w1 to extract the differential conductance G = Isq/Vsq and the

Seebeck coefficient a = —V—tﬁ = —% (see appendix for details on the

temperature calibration), respectively. All magnetic fields in this study
were applied parallel to the a (medium) axis of CrSBr.
d?G

Figure 7.2e illustrates the temperature dependence of G and of Fiel
respectively. G decreases when lowering T, typical for semiconducting
materials and in good agreement with previous studies [18, 19, 22].
Furthermore, we observe a maximum in G and a sharp dip in ‘;27(23 around
133 + 1 K. We associate this value with the Neéel temperature Ty,

where the transition from the paramagnetic (PM) state (white region) to
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Crystal structure, measurement setup, and electrical
transport of CrSBr. a. Crystal structure of CrSBr, from the
C axis (top left), a axis (top right) and b axis (bottom). Cr,
S and Br atoms are represented as cyan, pink and purple
spheres, respectively. b. Side view of the schematic of the
device. c. Schematic of the setup used for magnetotransport
and thermoelectric measurements. d. Optical image of the
measured device. The magenta dashed guideline highlights
the position of the CrSBr flake, covered by the hBN layer.
e. Temperature dependence of the conductance G (purple)
and the second derivative of the conductance (cyan). The
white region and the light blue/grey region correspond
respectively to the paramagnetic (PM) and antiferromagnetic
(AFM) phases of CrSBr. f. Magnetoresistance ratio (MRR)
versus the applied magnetic field B at different temperatures
between 20 and 160 K. An offset of 6% is applied for clarity
between each pairs of curves. The AFM and FM magnetic
phases are shaded grey and green, respectively. The black
dotted line defines the saturation field Hs. Scale bar in (d):
10 pm.

antiferromagnetic (AFM) (grey region) occurs [11, 18, 19, 23, 26]. Upon
further lowering T, G drops by one order of magnitude between Ty and
20 K[22]. At temperatures lower than Tfeeze = 47 £ 2 K the appearance
of a low-temperature magnetic hidden order has been reported [19,
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23, 27]. We do not observe changes in G around Tfreeze, however, as
we will show later, the Seebeck coefficient changes abruptly below this
temperature. G values depicted in figure 7.2e are in good agreement
with the conductance reported in previous works ([18, 19]).

R(B)—R(B=0) .

In figure 7.2f we show the magneto-resistance ratio MRR = R(B=0)

100 at different temperatures between 20 and 160 K (measurements on
additional CrSBr devices can be found in the Supplementary Information
section S7 in Ref. [1]). Below Ty, for low magnetic fields, spins are
coupled antiferromagnetically between layers and aligned along the b
(easy) axis (see grey area). As reported previously, this suppresses
the interlayer tunneling, and thus leads to an increase in electrical
resistance [18, 19]. By raising the applied magnetic field, spins tend
to cant: This re-enables interlayer tunneling and therefore lowers
the resistance [18, 19, 28]. Saturation of the MRR is visible when
ferromagnetic order between the layers is established (see green
area) [18].

Figure 7.3a shows the temperature dependence of the Seebeck
coefficient simultaneously measured with G(T) (figure 7.2e). The
negative sign of o is consistent with the n-type doping typically found
in CrSBr, which is attributed to Br vacancies [18, 29]. We observe an
overall decrease from -265 pV/K to -9 uV/K when cooling the sample from
200 K to 20 K, which is the base temperature of our experiment. Three
areas have been highlighted by means of different colors. In the white
region (T > Ty), corresponding to the paramagnetic phase, |a| increases
as T decreases. |a| reaches its maximum at Ty, stays constant until
T ~ 90 K, then decreases (overall about 45%) until Tfreeze (grey region).
When cooling below Tireeze (light blue area), |a| decreases faster — as can
be seen in the first derivative da/dT (cyan curve) - down to the value of
-9 nV/K at 20 K. To explain this behaviour, we performed first principles
calculations within the constant relaxation time approximation [30], for
a doping of ~ 8.1018 electrons per cm?3 (see Supplementary Information
Fig. S8 in Ref. [1]). In figure 7.3b we compare the AFM ground state, a
collinear PM state (averaging special quasirandom structures [31]), and
an interpolation between the two [32]. The calculations are in good
quantitative agreement at low and intermediate temperatures, show the
same qualitative extremum and upturn around Ty, but underestimate
the upward jump of o in the fully PM phase. Calculation of the bands in
a collinear paramagnetic state produces a smaller Seebeck amplitude
(less negative). Freeing the spins to be non collinear PM should produce
even more phase space and entropy for the spins, and therefore a larger
jump. It should be noted that this first principle model is not suitable
to predict a(T) at T <50 K. In this regime, a strong modulation of
the carrier concentration is expected which is not accounted for in the
calculations.

To gain further evidence for the impact of magnetic order on the
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Figure 7.3:
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Magnetic field and temperature dependence of the Seebeck
coefficient of CrSBr. a. Variation of the Seebeck coefficient
(purple curve) and its first derivative (cyan curve) at B=0T
as a function of temperature. The temperatures Ty and
Tireeze S€parate the graph in three areas, colored respectively
in white, grey and light blue. b. First principles Seebeck
coefficient as a function of T, for a representative (n-type)
doping level, calculated in the AFM (black curve), PM (orange
curve), and interpolated magnetic states (purple curve). c.
Magneto-Seebeck coefficient as a function of temperature.
Each curve is offset by 5% for clarity, and averaged as
sa(B)+6a(—B) o

=== in order to remove any parasitic effect due
to drift in the measurement. The three regions - AFM,
transition/canting, FM - are depicted in green, pink and grey,
respectively. The field-dependent spin reorientation and
interlayer tunneling is illustrated in the top part of the image.
The orientation of the crystallographic axes is also reported.
An electron residing on one of the layers (dark grey sphere)
can tunnel (indicated by the black curved arrows) or not
(indicated by the black curved arrows with red X) depending
on its spin orientation.
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thermoelectric properties of CrSBr, we measured the change in Seebeck
coefficient as a function of the applied magnetic field. Figure 7.3c shows

this magneto-Seebeck coefficient ratio éa = %-100 versus
magnetic field B at temperatures varying between 20 K and 160 K. At
160 K, the flake is in a paramagnetic state and the curve shows almost
no variation with applied B field. Below Ty and for small magnetic fields,
CrSBr is AFM ordered (grey area) and éa is minimum at B = 0 T. As the
absolute value of B becomes larger, éa increases and reaches a local
maximum, then decreases until saturating when FM order is established
(green area). The areas including the local maxima of éa (in pink) can
be identified as transition regions, in which the spins are canting from a
to b direction due to the application of external B field [23]. We observe
an increase in §a of up to 13% at low T when changing from AFM to FM
order.

Figure 7.4a displays the temperature-dependent power factor PF =
a? .0, where o is the electrical conductivity of CrSBr. As part of the figure
of merit zT, the power factor helps quantifying the energy harvesting
efficiency of the material. As it is also proportional to the maximum
achievable output power, it is a useful parameter for quantifying Peltier
cooling. At B = 0, PF shows a peak of 7 uW m~1 K=2 around Ty, where
also the maxima of G and a simultaneously occur. This peak increases
in magnitude and shifts to lower temperatures when a magnetic field
of B=4 T is applied. Figure 7.4b shows the Magneto-power factor

§PF = PHEADSRE=0) as a function of temperature. We observe that the
relative change 8PF increases with decreasing temperature and reaches
values up to 600% at 20K (see Supplementary Information Fig. S7 in
Ref. [1]). Below we will discuss that these findings can be explained by
the intrinsic band structure of AFM CrSBr, taking into account variations

in the entropy linked to the magnetic order.

7.3. DISCUSSION

As we described at the beginning of this chapter, the Seebeck
coefficient is closely linked to the entropy S of the system (see
equation 7.1) [9, 33]. The entropy of a mesoscopic system can be
estimated using the Boltzmann formula S = kg In(Q), where Q represents
the number of all possible microstates of the system [2, 34]. Here,
we assume that Q contains three main contributions. Qp represents
the conventional distribution of momenta of the electron gas (electronic
band contribution). Then, we take into account a layer degree of
freedom Qjqyer Which quantifies the number of layers a charge carrier
can access, as CrSBr is a layered vdW material in which interlayer
tunneling is precluded when switching to AFM order [35]. Lastly, we
include a term Qs representing all possible spin configurations, which
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Figure 7.4: Field and temperature dependence of the power factor. a.
Temperature dependent power factor, for B =0T (purple) and
B = 4T (blue). b. Magneto-power factor (6PF) as a function
of temperature, measured at B =4T.

yields the spin-entropy Sm [36]. The sign of this contribution depends on
the nature of the d bands hosting the magnetization, which is positive
in CrSBr (hole like, from the d band valence electrons) [2]. Therefore,
the electronic and spin entropy contributions have opposite signs. We
now turn back to figure 7.3a, that depicts the temperature dependence
of a. As T = Tfreeze, the growth of the Seebeck coefficient abruptly
slows down, which is simultaneous with the appearance of a magnetic
hidden order below Tfreeze. Such hidden order was already observed
previously by other groups, who associate its origin either to a magnetic
coupling between self-trapped defects [19], the anisotropic structure
of CrSBr — which can be seen as weakly and incoherently coupled 1D
chains [22], or a spin-dimensionality crossover caused by a slowing down
of the magnetic fluctuations (spin freezing) [23, 27]. The consequence
of the spin freezing phenomenon is that spin fluctuations are fully
suppressed (Qs = 1) below Tireeze, and therefore cannot contribute
to the entropy [23] to counteract the electronic a [2]. Additionally,
interlayer tunneling is suppressed (Qiayer = 1) [22, 23, 27]. As the
spins mobilize upon heating, their contribution Sy, is superimposed on
the intrinsic electronic a. Due to the opposite signs of the electronic
and spin entropy contributions, their combined action leads to a plateau
and turnover when increasing T. At higher temperatures (T ~ Ty), two
effects cause the reduction in |a| observed in our experiment: Firstly,
fluctuations and Sy, increase as CrSBr approaches Ty, then saturate
in the fully paramagnetic phase [11, 37]; secondly, an increase in
carrier concentration decreases the magnitude of o (less negative, see
Supplementary Information Fig. S8 in Ref. [1]). The subsequent increase
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in |a] beyond temperatures of 200 K, as observed in our experiments
and predicted by theory, can be attributed to the dominance of Qp over
the saturated Qs in the fully paramagnetic (PM) state.

Figure 7.3c illustrates how an external magnetic field B affects a. The
application of B along the a direction of CrSBr produces a continuous
canting of the spins [11]. Such field-induced spin reorientation initially
raises Qs, which leads to an increase in |a| (pink shaded areas). When
further increasing B, the FM order is established and Qs is minimized,
reducing |al again [36, 38]. In addition, the transition from AFM
to FM order enables interlayer tunneling and thus raises Qiqyer (see
figure 7.4c). This could explain the higher a in the FM phase compared
to the AFM one and has an important consequence: Since both o and
a simultaneously increase with magnetic field, the relative change of
the power factor (a20) between AFM and FM order can reach very high
values, up to 600% as observed in our experiment (figure 7.4b).

7.4. CONCLUSIONS

In this work, we investigate the magnetic field and temperature
dependent electric and thermoelectric properties of the A-type antifer-
romagnet CrSBr. We reveal a strong impact of magnetic order on the
thermoelectric response of the material, which we attribute to a spin
entropy contribution in the total thermopower. In particular, we detect
a peak in both the Seebeck coefficient and the power factor around the
magnetic transition temperature Ty. These findings present a potential
way to overcome the limits of conventional thermoelectric devices,
by employing magnetic materials. While devices based on CrSBr
show enhanced thermoelectric properties at cryogenic temperatures,
future research should investigate 2D magnets with higher transition
temperature to enable room temperature operation. Promising materials
that deserve attention are the recently investigated 2D compounds
CrTe; and FezGaTez with magnetic ordering temperatures > 300 K [39,
40]. To this end, the use of 2D materials adds further benefits, such
as the possibility to tune the transition temperature by varying the
flake thickness, composition, electrostatic gating, or by producing het-
erostructures of different layers, in order to yield optimum performance
at room temperature [41-44].

7.5. APPENDIX

7.5.1. DEVICE FABRICATION

The thermopower devices have been fabricated by standard Electron
Beam Lithography (EBL) on a Silicon (Si) wafer with a 285 nm top layer
of Silicon Oxide (SiO3). First, the heaters are fabricated by depositing
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3 nm of Titanium (Ti) and 27 nm of Palladium (Pd). Afterwards, the
sample is covered by 10 nm of Aluminum Oxide (Al;03) via atomic
layer deposition, performed in an Oxford Instruments FlexAL system.
Then, 3 nm of Ti and 47 nm of Gold (Au) are deposited as top contacts.
Crystals of CrSBr were synthesized using a chemical vapor transport
method. This synthetic technique involved the transport of material
from 950 °C at the source side to 850 °C at the sink side of a slightly off
stoichiometric combination of Cr, S, and CrBr3 in an evacuated fused
silica ampoule. The detailed synthesis and cleaning procedure can be
found elsewhere [45]. CrSBr flakes are mechanically exfoliated using
the Scotch tape method [46, 47] and deposited on a PDMS square of
approximately 1 mm x 1 mm positioned on a glass slide to facilitate
its handling [48, 49], and transferred onto the pre-patterned contacts.
Encapsulation with hBN is then performed by means of the dry transfer
method using a PDMS-Polypropylene carbonate (PPC) stamp [50, 51].
CrSBr handling is entirely done under inert atmosphere in a N, glove
box, with <0.5 ppm of O and <0.5 ppm of H,O content, in order
to avoid air degradation and contamination of the sample. More
details about the fabrication process can be found in the Supplementary
Information in Ref. [1]

7.5.2. THERMOELECTRIC AND ELECTRICAL TRANSPORT
MEASUREMENTS

Electrical transport and thermopower measurements were performed
in a %He cryostat using home-built ultra-low noise voltage/current
sources and pre-amplifiers. We employed a lock-in double-demodulation
technique[25] (see also chapter 4), which allows to decouple the
thermocurrent fth flowing as a response to a thermal bias AT from fsd
. the response to a voltage bias Vsq [25]. To this end, an AC current
Iy = 0.5 mA (power P = 0.12 mW) at frequency w1 = 3 Hz is applied
to the Pd heater with a Stanford Research SR830 lock-in connected
to a current source. Simultaneously, an AC voltage Vsg = 10 mV at
w2 = 13 Hz is applied to the drain contact. The current at the source
contact is pre-amplified by a low-noise transimpedance amplifier and
demodulated at wi and w; to obtain Ity and Isq, respectively.

7.5.3. CALIBRATION OF AT

In order to evaluate the Seebeck coefficient of CrSBr, it is necessary to
know the temperature difference AT along the flake. Such parameter
can be obtained by calibrating the temperature-dependent resistance
of the two gold thermometers, defined as R4 and Rg. The setup used
to calibrate thermometers A and B is displayed in figure 7.5a and 7.5b
respectively. The calibration consists in a resistance measurement with
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and without a thermal gradient applied. Such gradient is generated
via Joule effect, by feeding the heater on a current I. Figures 7.5a-b
shows the resistance values Ra and Rp, respectively, in a range
between 20 K and 200 K. To perform the resistance measurement, both
resistors are biased with a current of 1 pA. Let us consider the formula
R =Ro(1+ TCR(T —Tp)), where TCR stands for Temperature Coefficient
of Resistance. By linearly fitting the two curves, we extract the slopes
in figures 7.5a-b, corresponding respectively to the products TCRaARo, =
0.045 Q/Kand TCRgRog = 0.290 Q/K. Figures 7.5c-d report the resistance
values on thermometers Ra and Rg, respectively, as a function of the
power P produced on the heater. The AC current I, is swept between 0
and 1.5 mA. The measurement is performed at a constant temperature
of 30 K. Resistance values are then converted in temperature jumps
6T induced by the thermal gradient on the two thermometers A
and B, equal to 1.4 K and 0.1 K at 30 K. By subtracting the two
temperature-dependent 6T, we obtain the temperature difference AT
at the extremes of the device at a given temperature. For the used
power value of 0.12 mW we extract a AT of 1.3 + 0.1 K at 30 K. By
following this procedure, we are able to extract the values of AT for
the temperatures in range between 20 and 220 K, thereforetaking into
account the temperature-dependent variation of AT.
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Figure 7.5: Calibration of the thermometers. a,b. Resistance of gold
thermometers A (a) and B (b) vs T. c¢,d. Resistance of gold
thermometers A (c) and B (d) vs power applied to the heater
P. e,f. Extracted temperature jump 6T on thermometers
A (e) and B (f) vs P. The black dashed line indicates the
power value used in the experiments described in the main
text (0.12 mW), while the cyan dashed line indicates the
corresponding temperature jump for the two thermometers
(1.4 and 0.1 respectively).
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CONCLUDING REMARKS

"The time will come when diligent research over long periods will bring
to light things which now lie hidden. A single lifetime, even though
entirely devoted to the sky, would not be enough for the investigation
of so vast a subject... And so this knowledge will be unfolded only
through long successive ages. There will come a time when our
descendants will be amazed that we did not know things that are so
plain to them... Many discoveries are reserved for ages still to come,
when memory of us will have been effaced."

"Natural Questions, Book VII", Seneca
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very journey eventually comes to an end, marked by lessons learned,

work accomplished, and opportunities left behind. Not an exception
is this path of "Thermoelectric effects in quantum systems". Under
"quantum systems", different molecular devices are considered in this
work, except in the last chapter where we discuss the thermoelectric
response of a two-dimensional magnet. As a last step, | would like
to go through the main conclusions, pinpoint their relevance and
remark on the missed opportunities. As such, | would identify some
questions/problems that naturally occurred along the way but were
not fully addressed or explored and could serve as a basis for the
future studies. Then, | finish with an outlook which goes beyond
thermoelectricity and questions the role of single molecules in future
electronics.

8.1. CONCLUSION

This dissertation started by developing thermometry for three-terminal
molecular devices [1] with the local heaters. Among many different
approaches (see [2] and references therein) and inspired by [3], we
decided to proceed with SNS-thermometry. This allowed us to keep
the same number of lithographic steps and did not over-complicate
the fabrication process. Instead of golden contacts, we used MoRe
superconductors that form Josephson junctions with the golden bridge
and provide information about the electronic temperature in the close
vicinity of the molecule. This facilitated the experimental extraction of
the temperature gradient across the junction, previously unattainable
for molecular EMBJ devices in the low-T (< 10 K) range. It paved
the way to accurately determine the Seebeck coefficient. It also
made the future heat flow-related experiments possible (for example,
investigation on gate control of heat flow, similar to [3], can be done
in molecular devices). Optimal selection of parameters provided a
sensitive thermometer in the range from 100 mK and up to 5 K.
However, there were some limitations. First of all, for low temperatures,
MoRe completely proximitizes a part of the gold bridge. It means that
we effectively probe the molecule via a metal with a gap in its density
of states spectrum. Interesting physical phenomena can originate from
this, e.g. formation of in-gap bound states, but on the other hand,
for certain measurements this effect could be undesired. There are
two ways to avoid the presence of subgap states: either apply a small
magnetic field (greater than 100 mT) to mitigate the proximity effect
or extend the golden bridge length and position the superconducting
contacts further from the molecule. The latter approach could impact
the accuracy of the measured temperature gradient compared to the
actual gradient, as the thermometer would be far away from the
molecule.
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Another problem is that the resistivity of MoRe is higher than that
of Au and the contact resistance in our design is around 1 MQ which
is not desirable for electromigration. We are avoiding this problem by
connecting all four contacts on each side of the golden bridge in parallel,
but then the device cannot be used if one of the contacts do not work.
Also, each thermometer requires four contacts for the thermometry
measurements which reduces the amount of different devices that could
be bonded on one chip carrier (two instead of six). We found a solution
to this by adapting the design in such a way that there is a possibility of
having more devices connected to the chip, but this new generation of
samples never reached the dilution refrigerator and were not tested in
real measurements.

In the next chapter, we discussed the measurement technique. The
double lock-in technique was employed and many important physical
discoveries were obtained with it [4-6]. It allows to measure the
thermocurrent and differential conductance simultaneously, which is of
crucial importance for 'jumpy’ molecular devices. However, in previous
studies, there were issues with the post-processing of raw data, and
the method itself was poorly documented. Although using raw readings
from the lock-in did not affect the conclusions in these experiments,
accurate analysis is important to extract the right thermovoltage values,
essential for precise estimation of power factors and ZT figures of
merit. In this chapter, we found that a prefactor of —2+2 should
be applied to match the thermocurrent signal measured with DC
and AC double lock-in technique. Both the sign and the coefficient
matter: the ’-’ sign contains information about the carriers, while the
coefficient influences the absolute value of the real thermovoltage in
the device. We organized the chapter in a way that it serves both
as a manual for the thermoelectric measurement setup and as a
guide on physical information that could be extracted from the data
in different temperature and bias-voltage regimes. We discuss the
necessity to check the origin of the signal to avoid misinterpretation of
thermocurrent in case of a temperature difference much larger than the
base temperature or in the situation where the conductance is highly
dependent on the temperature and mixes up with the measured signal.
We hope that the gathered information will be sufficient for the reader to
perform measurements and fully leverage the potential of the described
technique.

The double lock-in method has a great promise to become the standard
approach for molecular investigation. It gives all the information that
conventional transport measurement can give and contains invaluable
information that thermocurrent can reveal. However, it also has
limitations. For example, one of the primary issues, unfortunately not
addressed in this thesis, is the slow rate of data accumulation. With the
current frequencies, it takes 3-5 seconds to acquire a single data point.
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It is important to consider higher frequencies for future measurements.

The culmination experiment of this dissertation is described in
chapter 5. Using the double lock-in technique, we investigated
the thermoelectric response of a stable all-organic diradical nitronyl
nitroxide compound molecule inside an EMBJ device. The presence of
superconductors used for thermometry fully proximitized the gold bridge.
As a result, the molecule was effectively coupled to superconducting
electrodes. The interaction between quasiparticles on the bridge and
spin on the molecule gave rise to so-called Yu-Shiba-Rusinov in-gap
bound states [7-9]. We investigated their thermoresponse once the
system experienced a temperature gradient.

The data revealed that the thermoelectric efficiency of a nanoscale
device, consisting of a single molecule only, can be drastically
increased by YSR. We demonstrated this by performing thermocurrent
experiments at mK temperatures and at different external magnetic
fields. By driving the system through a quantum phase transition from
the Kondo into the Yu-Shiba-Rusinov regime by changing the magnetic
field, i.e., by controlling the proximity effect, we showed that the
superconducting bound states act as ultra sharp energy filters, boosting
the thermoelectric response. These findings are relevant for heat energy
harvesting applications, i.e, for the implementation of a molecular heat
engine design by engineering spin-full single molecules and coupling
them to superconducting leads that could reach the thermodynamic
conversion limit.

The presented data still lacks theoretical support, and further
experimental/theoretical work is needed. It would be interesting to
explain the data in greater detail and see how the experimental results
depend on the temperature, on the coupling to the leads, and on
the amplitude of Kondo correlations, to find an optimal point for the
maximum output of the system. Besides, inspired by [10] it would be
interesting to investigate whether thermocurrent provides information
on the spin of the impurity and number of Kondo channels. We
believe that addressing these questions within both the STM and EMB]
techniques is essential for gaining a comprehensive understanding.

In chapter 6, we continued with the fundamental study of a nanoscale
heat-energy harvester based on a single molecule. This time, we
investigated the thermoelectric properties of an all-organic, diradical
molecule in an EMB]J device without SNS thermometers. By applying
a gate voltage, we controlled the molecule’s charge state, leading
to a Kondo resonance in one charge state and inelastic cotunneling
excitations in the other. Data is consistent with previous STM [11] and
MCBJ [12] results on the same molecule. We also determined that for
the investigated configurations, antiferromagnetic coupling between the
spins on the radical parts of the molecule was present. By applying a
temperature gradient over the junction and connecting a load resistor,
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we utilized the molecule as a quantum heat engine and measured the
dependence of the maximum power output as a function of active load.
This represents the first realization of a molecular particle exchange heat
engine. Our findings suggest that molecular devices offer a compelling
alternative to conventional cyclic heat engines, as they operate without
moving components, exchanging particles between two heat reservoirs
through a narrow molecular energy band. We also observed that
the engineering efficiency of the device was very sensitive to the
configuration of the molecule inside the junctions. Two distinct stable
configurations of the molecule yielded power outputs that differed by
two orders of magnitude under the same load conditions. This finding
underscores the critical importance of precise molecular control within
the junction for optimizing performance in practical applications.

Despite these insights, several key aspects of this work remain
unexplored and need to be investigated further. First, it is essential to
calculate the exact heat flow in the system to see how close to the
Carnot limit the molecular engine operates. Second, the thermotransport
response of the molecule displayed a blockade region in conductance,
while at the same time, it did not show it in thermocurrent. Also,
the thermocurrent did not change sign on the edges of the Coulomb
diamonds and stayed positive at the positive side and negative at
the negative bias voltage. We do not have an explanation for these
observations and follow-up theoretical work would be helpful.

Finally, we finished this dissertation with an investigation of the
thermopower response of a 2D magnet. Here, we implemented the
double lock-in technique to study an A-type ferromagnet CrSBr flake. We
recorded the change of conductance and thermocurrent as a function
of temperature and applied magnetic field (field oriented in parallel to
the medium a-axis). Both of these parameters changed the magnetic
order of the material and led to changes in the Seebeck coefficient
and power factor coefficient. At low temperatures, below 50 K, we
observed hidden magnetic order characterized by a rapid decrease
of the Seebeck coefficient, similarly to prior studies [13, 14]. With
increasing temperature, we detected an enhancement of the power
factor and S coefficient, with an amplitude maximum around Néel
temperature. Our data also indicated that for temperatures where CrSBr
is in the antiferromagnetic phase, we could boost the power factor by
changing the system to a ferromagnetic phase with the means of an
external magnetic field. For the lowest temperatures, we observed
around a 600% increase of the PF at the AFM-FM phase transition
point with respect to the PF at 0 magnetic field. We showed that we
can explain all these findings by taking into account variations in the
entropy linked to the magnetic order. Particularly, we demonstrated that
spin-entropy plays a significant role in the thermopower response.

Our observations paved the way to use 2D magnets as energy
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harvesting devices with controlled efficiency. Further studies are needed
to investigate these effects in 2D magnets with Ty close to room
temperature and to collect results in ambient conditions. For example,
CrTe; and FesGaTe, deserve extra attention. Also, the thermoresponse
exploration of CrSBr is not complete. In follow-up studies, it would
be interesting to check for the Nerst effect [15] and compare the
thermocurrent of the system along a and b axes for different number of
layers. We already know that there is a high anisotropy in conductance
along different directions [16], and it would be interesting to see what
the difference is in Iy, and whether we can conclude anything about the
transport mechanism along the b-axis.

8.2. OUTLOOK

In the previous section, we already highlighted a few follow-up projects
that could be carried out in future experiments. Here, we expand on
that by offering a broader perspective on potential areas of molecular
research beyond thermoelectricity. During this PhD journey, the author
was oscillating between two states: "molecules are good candidates
for future electronics ", and "molecules are only useful for fundamental
studies, not practical applications". The true answer can be revealed
only during the measurement, so we would keep it open and concentrate
on possibilities for future experiments.

Recent realization of microelectromechanical systems (MEMs) archi-
tecture for molecular devices [17] opens a new space for further
research. The next goal would be to implement a local gate, heaters
and thermometry in the same device and then one would have every
tool to fully characterize the molecule. This method would combine
benefits from EMBJ and MCBJ, and it would be possible to use only one
device in order to catch the molecule and have access to the different
coupling regimes. We believe that once developed, this platform would
be standard for molecular studies. Among different molecules and ques-
tions that could be probed by this technique magnetic molecules are of
special interest. Recent studies [18-22] already demonstrated interest-
ing physical phenomena such as negative differential conductance [18]
(NDC), cotunneling-assisted single-electron tunneling [20] (COSET), spin
blockade [21], etc. It would be interesting to investigate the spin
properties and understand the exact spin-relaxation mechanisms pre-
sented in the system. By harvesting the correct molecule, it would be
possible to probe the interaction of the spins inside the molecule (like
investigating RKKY interactions [23]) and tackle fundamental questions
related to Kondo physics. We would like to highlight here that the
same physics can be measured in quantum dots but molecular devices
offer the accessibility to higher Tk than their GaAs QD counterparts (for
example, for Ceo molecule [24] Tk exceeded 50 K). Another big area
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of research with these molecules could be related to thermoelectric
measurements on them. Their magnetic properties can boost their ZT
value and make them good candidates for heat-to-energy harvesting.
Besides that thermocurrent itself could be a tool that provides more
light on understanding of COSET, NDC, etc.
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ing to keep the equipment in good order. | think | know so much about
the pumps now :). Much appreciation to people who run the machines
in the clean room, especially to Bas, Marinus, Eugene, Lodi, Arnold,
Charles, Mark, Anja, Brian, Roald. Kavli clean room is a Camp Nou,
and Delft scientists can do cutting-edge science there. | want to thank
DEMO for making the best IVVI-rack, which makes the life of an exper-
imentalist easy; it is a piece of art that gives the advantage to Delft
research when competing in this Glass Bead Game.

Endless thanks to the people who synthesized and characterized the
molecules: Prof. Marcel Mayor, David Vogel, Christina Wegeberg,
Prof. Diego Peiia, Manuel Vilas-Varela, Saleta Fernandez, Ab-
hisheck Mondal, Sakshi Mehta. Although the yield of my successful
tries was not very high, | had an excellent opportunity to study your cre-
ations under low temperatures, sometimes blowing them up with high-
temperature gradients or voltages. Also, | would like to specially thank
the people who were involved in the CrSBr project. Starting as a person
who prepared the prepatterned contacts, | had a great opportunity to
measure our best sample in low temperatures. | opened a world of 2D
magnets for myself and significantly broadened my sphere of knowledge.
I know this project would not be possible without Sayooj Satheesh,
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José Pedro Alvarinhas Batista, Alois Castellano, Daniel G. Chica,
Xavier Roy. And, of course, | want to highlight Alessandra, who pushed
this project to the level of a strong paper. It was nice meeting you, and
we had fun in the Netherlands when you came to pick up the samples
for your experiments. You are a good scientist. It is very sad that you
will leave academia, but at the same time, your art is magnificent, and |
believe you will succeed in this field! | am waiting for your new science
comic book. Thank you very much for the cover of my thesis. It was
precisely the thing | wanted!

The chapters of this thesis would not be complete without the support
of my dear friends, who assisted me in conducting measurements or
fabricating samples. Chunwei, you were my mentor at the beginning of
my PhD, and you were the first to show me how to dissolve molecules
and to guide me through the first experiments. You are a very kind and
thoughtful person. It was a pleasure to have all the conversations with
you. | know how difficult and stressful PhD was for you, but, in the end,
you published impactful papers and defended your thesis a few months
before the end your contract; it is very rare in Delft. | am pleased that
you now have a job you love and finally found a balance between work
and personal life. Congratulations on your first child! | know how much
you wanted to have a bigger family!

Damian, my dear friend Damian, the one who introduced me to the
dilution fridge and measurements. You were the person who always
doubted everything we measured and was always very pedantic. | miss
all of our talks near the blackboard, where we mainly discussed the ques-
tions related to superconductivity. It is funny as you were primarily fo-
cused on GNRs, and | was on molecules, but all conversations lead to
superconductivity. The moment you defended was when | started to use
my blackboard less. Science is one of many things you are mastering.
It was nice to play board games, cycle, and discuss politics with you.
| wish you all the best in your journey. | know you do not want to re-
turn to academia, and you believe that most of the academic works are
not practically applicable, but the scientific community lost a valuable,
reliable unit...

Thomas, a French guy always busy with his molecules, always enthu-
siastic about his results. | thoroughly enjoyed working with you on mea-
suring the Sme-20s system. | learned a lot from you. You always knew
what to measure, where to dig, and could easily give advice. | loved your
optimism; whatever life put on the table, you always had a vision of over-
coming obstacles. Enjoy your new career, but do not forget that we still
need to write some things up; expect the draft of the heat engine story
soon so we can claim the first single molecule engine, a.k.a. a "Moltronic
heat engine"! Also, | have many questions on blockchain and crypto, and
you are my only friend with a deep understanding of these things. And
let's play football again.
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MSc students in our group, and | was lucky to have you. | learned a lot
once | was trying to transfer my knowledge and help you to become in-
dependent. The results we measured together will soon be published,
and you both know you played an enormous role in these projects. You
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lot of love for life who can ease any inconvenient situation with a nice
joke. Thank you for agreeing to be my paranymph. | am delighted that
you have grown to the level where everyone canrely on your measure-
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the van der Zant lab. Arnaud, you are a person with tremendous fabri-
cation intuition, who feels the parameters and can give the breath to the
most complicated structures with a few magic tricks in the clean room.
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directly involved in this thesis but with whom we had a nice time in the
lab and who contributed to this work . Luca, thank you very much for
sharing an office with me and always being ready for an engaging dis-
cussion; thank you for checking my figures and giving advice on my
code. You were always very kind and knew everything about how dif-
ferent molecular anchoring groups change the physics of the devices.
Playing ping-pong after work and consulting on life-related questions was
also fun! Our time in the US during the APS meeting was cool; | am very
happy that we explored Minneapolis together. | hope you can make it
to my defense and we play one more game (spoiler alert: the students
damaged the table considerably, so we should look for another place to
play). Jacqueline, it was a pleasure to work with you; | am very sad
that, in the end, we never proved that our measurements were made
on ferittin. Sometimes, it is difficult to say whether it is a particle or a
golden grain that is being measured. Anyway, interacting with you was
always exciting, and | was very happy that you shared the most impor-
tant moment with me and witnessed my wedding. When | think of you,
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| always see your smile. You were always someone who could almost
immediately change your serious expression to a calming smile. | hope
you are happy with your new job and enjoy life and its miracles.

Tristan, we started almost at the same time and somehow never in-
teracted much in the beginning, but started chatting closer to the end
of the PhD track. | found you to be a very reliable person with a kind
heart who is always ready to help. | look forward to reading your thesis
to learn something new about nanoparticles and to attend your defense.
All the best! Sebastiaan, somehow, our situation was similar; | do not
know why we interacted so little initially. But | am happy we chatted a
lot last year about lab, life, etc. | am very happy that you want to stay in
academia, and | wish you all the best in picking up the next place where
you will continue to use your potential to the fullest. | want to add one
thing that | always admired about you. You were always focused on what
you wanted to achieve and moved without any chaotic scattering. | wish
you the further ballistic way to however you would define success for
yourself.

| also want to thank my friend Josep. Working and interacting with you
during my PhD was great. | learned a lot from you: measurement tricks,
a lot about spintronics and 2D materials in general. Because of you, |
know the best recipe for BLG samples and have experience measuring
QPCs. But what is more important is that even though we do not chat
often, | always know that somewhere at MIT, | have an authentic person
whom | can call a friend, with whom | can chat at any moment and ask for
advice. | keep my fingers crossed that you find a good academic position.
Because of people like you, the system (aka the scientific community)
becomes more valuable and more trustworthy. All the best, Pep! Talieh,
thank you for the PMMA transfer method; in the end, | have never used
it, but | keep this knowledge with me and await the opportunity. You are
a smart, ambitious scientist; | am very happy you will start your group
in Delft this summer. | wish you all the best and hope our paths will
eventually intersect. We did not chat much during your post-dock here,
so let’s change it! Jasper, we fixed Cactus together! Congratulations on
your defense, and good luck with your new job! Maurits, it was nice to
meet you and see how a person who worked in theory before successfully
performed outstanding experiments. Good luck in Germany!

Additionally, | want to thank the younger generation of PhD students
in our lab, who are bright minds with bright futures. Enjoy the journey!
Yonggqing, | am super happy that | met you. You are a very hardworking,
insightful person. It is a pleasure to work on the GNR project together. |
hope we will touch on beautiful physics as soon as possible. | am look-
ing forward to cooling down to mK together and giving you the privilege
of being responsible for our Leiden beauty that eats around 120 | of lig-
uid Helium per week :) Thank you very much for the chats and nice
dinners together. You and your wife are always welcome in our house!
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Cosimo, you are a very structured person who likes to keep everything
in order. | am thrilled you have nice results with cable bacteria, and |
greatly enjoyed the transport model you proposed. That’'s the magic of
physics, where a simple, intuitive framework can explain complicated
things. Alvaro, always smiling, joking, and simultaneously the one who
accomplished the tasks one by one without any hesitation. | wish you
luck with the drum business, "drum baby drum™" :).

Linde, | often see how you work at night and scan your samples to
find the best flakes for a long time. | wish you a successful PhD and in-
teresting experiments ahead. Thank you very much for being a valuable
member of the van der Zant team! Raul, we have known each other
for a very short time, and | was swamped with writing my thesis when
you joined the group, but | see how much progress you made during this
time. Well done! | wish you all the best and hope we can cook up some
nice experiments together one day. | also want to thank all our Mas-
ter students! Alessandro, Joerin, Danyil, Dan, Lucas, Sebastian,
Benedict, Abel, Davit, | am sure your life paths will be full of nice mo-
ments and joy! Hope to see you around! And of course, Loic, no, man, |
will not forget about you. | remember all your crazy ideas, and you kept
inventing new and new. That’s how things are done! You are a good per-
son, and you are much more special then you think you are. Looking at
you, | understand that the enormous force you apply beats not the most
convenient boundary conditions. | am sure you can do more; believe and
keep going.

| also thank everyone from the QN department with whom | interacted.
Ulderico, thank you very much for helping me a lot, for killing my para-
noid attitude to setups, and for grounding me once it should have been
done. It is always a pleasure to discuss Josephson junctions and the rea-
sons behind diode effects in them. You have a correct, healthy attitude
to the work, and | wish you a successful defense! Martin, Makar, it
is so sad we overlapped only for a short period; | am happy you are
both staying in academia. Thierry, you were a good office mate, and
your knowledge always amazed me. | am happy that you are successful
in your work. We should watch football one day together, discuss life,
and have a pleasant conversation like we used to have three years ago.
Fabian, it was a pleasure to be in the room with you; you have a nice
taste in music. | love the idea of making a Pl-like office; maybe we exag-
gerated it a bit with four screens per person as too many people believe
we are security guys now :) All the best with your PhD. Samuel, an ex-
pert on CrSBr, each time | needed a correct reference and struggled with
literature, you were always ready to help with good advice. Thank you
very much. It is nice to see someone still in the lab at 10 p.m. | hope
your hard work will award you with lovely fruits. Gesa, | was lucky to
meet you at the Veldhoven conference, and then | figured out you had
moved to Delft. It is always lovely to catch up with you and talk about
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life. You are a great scientist. | am looking forward to finding out which
German university you chose for your PI position. All the best!

| also had the pleasure of meeting some extraordinary compatriots (I
hope this is the most correct English word). Tess, it was great to meet
you at the summer school in Copenhagen; | am very happy we had a lot
of conversations, mainly about the quantum world but not limited by it.
| am so glad you found a nice postdoc position and are trying to make
Qutech great again :) | know how it hurts and how frustrating this world
can be, but keep going and do what you are very good at. Artem, you
are such a kind and nice person; | am happy that Yaroslaw hired you.
| know our conversations are mostly about politics, traitors, and war,
but | hope once the world becomes a better place, we will have more
time to speak about physics. | hope you find the next position to your
liking! Dima, | have known you for quite a long time; we first met at
the olympiads at school. It is so great that our paths crossed again in
a completely different country; it is nice that we both do what we like.
Thank you for all the help, especially for fighting with my code; | know
how exhausting this can be. | wish you good luck, and may all these
random walks always lead you to the desired outcomes. Do not forget
that the way itself should be joy, especially if you are not living in a 1D
world where the movement is complex and, as a rule, collective.

Alina, you are fearless; thank you for doing the things that most of
us did not do. Putting on hold your career for the people you love and
risking your life to help them is the most honorable thing | have ever
seen. Sergiy, thanks for cheering-up conversations and all the help you
give everyone. lvan, | know that it is not objective reality to put you
in this paragraph, but my brain and heart still both do it. | thank you
for everything you did for my country. | hope you enjoy your work at
ASML, and | look forward to meeting you again. Folks, | know how painful
it is; 1 know what you are all going through and what levels of stress
you are all dealing with. The greatest creature in the world, the human
body, must not sink in blood, violence, and desire to submit or erase
someone. But we live in a different reality, and the world stopped being
a stable place. | believe it never was; we closed our eyes and ignored the
conflicts in Africa, Syria and elsewhere on the globe. It was the education
system that made many enjoy the history of empires and their glory,
and, unfortunately, there are a lot of fools who believe that they know
who should live and who should be erased. What is worse are the people
who keep silent because it is unpleasant to talk about things, and it is
easier to ride pink ponies. | do not know how it will end. | do know we
all will die in the end :) This is the script, but let’s try to feel a life a little
bit, love, catch a few interesting things, explore, push the boundaries of
human knowledge, and make the lives of others more enjoyable.

| went far off track in my previous paragraph, so | would like to stabilize
the situation. It would be better to anchor my gratitude to the people |
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met outside of Delft University, who were especially influential on the
way. First of all, | would like to thank my parents. My childhood was
happy, without worries, surrounded by love. You always supported me
with all the choices that | made in life and never doubted my decisions.
Dad, thank you very much for all the books that you always gave me
as presents; thank you for all the walks in the forests and all our trips.
Thank you very much for renovating my whole house. The best thing we
did together was playing football in one team for a whole summer. You
did great and were much better than all the younger players. | am look-
ing forward to spend more free time with you. You do not have excuses
anymore to play beach volleyball together, so let’s schedule something
for this summer. Mom, thank you very much for all your efforts to orga-
nize a nice holiday for me; thank you for assistance in drawing classes
and for spending so much time with me on learning foreign languages.
You were always a person who could help me with a kind word in difficult
life situations. You are a role model of a hardworking person who dedi-
cated almost all her young age to her studies. It could be that you were
the reason | opened the books, as these objects did not want to leave
your hands. | hope you enjoy this thesis; I'll be happy to explain. We
should meet more often!

Mira, my lovely little sister. We spent all our childhood together, cy-
cling a lot. You played football with us and scored that final penalty when
we played against a different street :) | always could rely on you, and
you always were there with good suggestions on what to read, listen or
watch. Now you are a pretty, smart, grown woman who has her own way
of dealing with things in life and does not need my advice anymore. |
wish you luck with your life in Canada, | hope "Arimka" will grow up one
day so | can buy some of your stocks, or maybe you’ll gift me some? :)
I’'m super happy that you’ll be here during my defense together with your
husband Alex, who already become a valuable, beloved member of our
big family! Pavlo, my little brother, | am happy that we live closer now.
| hope you will study well and figure out who you want to be once you
are older. Grandpa Boris, thank you very much for everything you have
done for me. | really enjoy our fishing trips and chats near the fire. Once
you visit me, | will take care of getting a fishing permit. Godmother Na-
talia, thank you very much for always being there for me, for suggesting
the best books and for all the warmth and care.

Grandpa Dmytro, | do not remember you very well, but | know you
spent a lot of time with me when | was a child. Thank you for everything.
I am also very lucky to have had wonderful grandmothers Valentina
and Marusia. It is so sad we will never celebrate this thesis together.
You were great, caring people. Thank you for your love and time during
my childhood. And many thanks for my greatgrandgranny Galyna!
You were the whole world to me. All the good | have is because of you.
Thank you for your life stories and for all the time and love. You are
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always in my heart.

| want to mention all the teachers at the Sytkivtsi school who made
the classes interesting, challenging, and valuable. They say the level of
education in small villages is much worse than in big cities, but this state-
ment is not valid for our school. | thank Sergij Mukolayovich, Michaylo
Borisovych, Natalia Anatoliyivna, Galyna Volodymyrivna and many
others for giving their best to give us the knowledge and to spark curios-
ity.

One of the best decisions in my life was to enter the UPML in Kyiv.
It is the best lyceum in Ukraine. There, | understood what | wanted
to do in life, and there, for the first time, | had a impression that ev-
erything is possible. UPML gave a strong belief that all things can be
learned and mastered, and the question is always just about the amount
of time invested. | want to give a special thanks to my mathematics
teacher, Inna Yakivna, informatics teacher Iryna Viliyivna and physics
teacher Gerogiy Ivanovich, as well as our counsellor Galina Olek-
siyivna. Many thanks to all my classmates Oleksandr, Volodymyr,
Slava, Mykyta, Dima, lvan, Viktor, Leonid, Oleksiy, Maks, Misha,
Sergij, Oleksandr, Liza, Maria, Liliya, Valeria, and Ania for being
there and enjoying that journey together. It is nice to know that you have
good friends all around the globe.

In UPML, | met three people who dramatically influenced my life. This
thesis is dedicated to one of them who, unfortunately, will never read
this acknowledgment. Oleksandr was a good friend, always ready to
help, calm and peaceful. We spent a lot of evenings together drinking
tea, discussing poetry, and doing robotic car competitions. These were
conversations full of high hopes for a bright future. | was introduced to
the unofficial rules and traditions. It was nice to go to "gitarka" together.
| remember that in one of such conversations, | said that | wanted to try
to participate in physics olympiads, and Oleksandr was the person who
connected me with the right people who later became my best friends.
I will always be grateful for that. Oleksandr was also always the first to
congratulate me on victories in competitions. Time moved on, we grew
up, and our life paths diverged. Later on, the war started, first with the
annexation of Crimea and the East. Oleksandr dropped out of the univer-
sity and joined the army... From that moment, we chatted occasionally;
it was not about war but more about love and plans for the future. | often
regret that I did not return to Ukraine then; that’s something that | have
to live with... Once we touched that topic Oleksandr always cheered me
up, but... And then the full-scale war began in 2022... Rest in peace,
brother...

I was lucky to meet Roman and Vova, who first became my mentors in
physics and mathematics and then best friends. | am very grateful that
you provided me with a clear plan and strategy on what to learn. Roma,
we walked around UPML each evening and talked about everything. The
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same thing as we did at university later on. Thank you for always be-
ing there, ready to listen, understand, and give the best advice. You
are a kind, great person with an open heart. | am constantly thinking
about everything you’ll go through now, and | want the war to end so
you can think about something more prominent, as before. It is painful
to hear that your biggest dream now is to survive. | can not understand
it entirely, but | firmly believe no one should go through such hell. All the
best, friend. | look forward to our meeting after the war! Vova, somehow
it happened that it was always about physics, girls, and more physics for
us. You were always a close friend, and we went through a lot together.
| firmly believe that Google hired a great scientist, so the future of quan-
tum computing is in good hands. | remember our last in-person chat
during the APS meeting. You are often correct in your statements, but
there were two that | really wish were utterly wrong. First, | believe you
are underestimating Europe as a player, and | hope we will soon figure
that out. Secondly, | do not think that you have already written your best
work; it is still yet to come.

I am also grateful to the good people whore were there during my
Bachelor’s and Master’s studies at MIPT. | thank the Chernogolovka team
for being good friends. Kolya, | think that dropping out from your PhD
in a third year moving to Europe and starting everything from scratch
was the difficult but correct decision. | wish you all the best. Thanks
for introducing me to nice music and art. Aleksey, you were always
a good reliable friend. We often talked about some analytical tricks to
solve different problems. During our last year of Masters, we frequently
drank tea, listened to music, and worked till late at night in the lab. You
are intelligent and hardworking, which are great ingredients to success. |
wish you luck in your research and very happy that you have a big family
now! Sergey, congratulations on your thesis, and good luck with your
postdoc. It was nice to see you in the US; even though | missed your
talk, we had a long chat to discuss your research and life. Stay positive
as always, and keep sending pictures from your trips all around Asia.
Evgenij, thank you for sharing the room in dorm with me and for your
constant optimism and love for life. All the best!

In general, my undergraduate life was good, and | met many good
people, for which | am very grateful. It was a privilege to have lectures
from world-known professors and attend seminars led by young, suc-
cessful researchers. | am grateful for everything to Prof. Markeev,
Prof. Andreev, Prof. Skvotsov, Prof. Kiselev, Prof. Ryazanov,
Prof. Pudalov, Prof. Tsirlina, Prof. Kukushkin and many others.
Thanks to A.Yu. Kuntsevich for being my first supervisor and helping
me with my first steps in experimental physics. MIPT was considered
to be the best place for physicists in post-Soviet Union countries; most
likely, that’s true. In another reality, it could serve me as a reserve base
in a case of life turbulence, but that is not the case for me anymore.
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The moment they supported the war was the moment when they were
forever destroyed by a rocket in my heart...

After my Master’s, | went to Germany and worked in the group of Prof.
Dr. Alexey Ustinov. | am very grateful for this opportunity and happy
that, at a certain point, | was a part of one of the leading quantum com-
puting group in the world. Dr. Ustinov, thank you for the opportunity
and advice, especially when discussing future life paths. In the end, your
high esteem towards Herre was one of the markers for me to dive into
the unknown and enjoy the molecular world under van der Zant’'s team
wings. That year in Karlsruhe was the best of my life so far. The science
went very fast, and the ideas on what to do and how to improve the
recipes appeared one by one.

Of course, that would not be possible without two great people who
are so deep in my heart and whom | own so much, Alex and Jiurgen.
Working and spending free time with you was such a pleasure. The time
ran out so fast :(... Alex, thank you for being my mentor in the clean
room and teaching me all the tricks. You are the best fabrication person
| know, | met many great people who can do magic in a CR, but no one
was close to being as good as you. | like our Zoom chats and all the
discussions on how to fix the setups, arrange some measurements, or
conversations on how to find yourself in this world and what "I" really
means :) | am happy you are in Google now and have more capabilities
for experiments then usual universities do, but | still hope that one day
you will go back to academia, to teach a lot of young students like me on
how to make the best Transmon qubits. Jirgen, my dear Jirgen, the best
of the best. Our interaction was a melody; you knew everything about
TLS, and | hope if someone would put a full stop to this topic one day,
then it would be you! Thank you very much for all our lunches, all the
drawings on the blackboard, and cheat notes on measuring qubits. | have
kept that book with me, and | hope we can do some experiments together
one day. What do you think about molecules for QC? Of course, no GHz
anymore, 10s of THz in the best case, but why not? Jurgen, you are a
super kind and super shiny person. | love how you deal with pressure;
you are a role model of how an honest researcher should behave. Good
luck with everything you are doing!

Along the way, | met the most important person in my life - someone
with whom | share everything and plan to spend the rest of my days.
| love you so much, my lovely wife Olga. Thank you very much for
everything! You were why | agreed to start searching for a position in
the Netherlands. You are incredibly smart, bright, beautiful, magnificent,
inspiring, compassionate, talented, and truly one of a kind. | love how
you think, speak, express yourself, smile, and fly. | love your explanations
of biology, cancer, viruses, and bacteria and your introduction to the
history of humankind. | love your care, and time with you is gold. | know
we have already been through so much together... losing someone we
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loved... holding on through the chaos of war, and the constant feeling of
being emigrants. But together we were always able to find the strength
to smile even when all we wanted to do was scream... To "hold on when
there is nothing in you except the Will which says: ‘Hold on!'". | know
that | can always rely on you, | know you will fight for us and | promise
to do the same. | really appreciate that you understand that sometimes |
need to stay longer in a clean room or near the fridge. Sometimes, once
| come back from work when you are already sleeping, | just stay near
you to realize how blessed | am. Thank you very much for our trips and
for our cycling, and thank you for educating me in art and cinema. Thank
you for everything you did for me, my family, and my people. I'm sure
the best is still ahead - there should always be a sunrise to look forward
to, right?

| also want to thank the small creatures that are occupying all floors of
my house, who are constantly chewing something and give a meaning to
this life: Hidde, Agatha, Rosa, Fedya, Tasia, Pet’ka, Alaya, Taras,
Gertrusha, and Quentin.

Finally, and most importantly, | want to express my deepest gratitude
to those who put their lives on hold to take on the most difficult and dan-
gerous work. To those who traded offices and warm homes for trenches,
where death looms constantly. There is no greater honor than defending
the ones you love - fighting for the right to exist; to feel the warmth of
the sun; to gaze at the blue sky in freedom; to be able to choose the
future and build it on your own.

It is madness that, in the 21st century, there are still those who deny
the existence of an entire nation, dehumanize its people, and believe
borders can be redrawn by force, disregarding the lives of those who live
there. Some say the situation is not black and white, but they are wrong!
This is a clear and undeniable fight between right and wrong! | wish us all
the strength. The nearest future of the word depends on Armed Forces
of Ukraine. Vovchik, Zhenia, Sasha, stay safe, see you in the nearest
feature! Slava Ukraine!
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